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ABSTRACT

We investigated the relationships between allozyme genotypes at nine polymorphic loci and survival
in a natural population of the bivalve Spisula ovalis sampled on three occasions (1993, 1994, and 1995)
in three different sites (2855 individuals analyzed). This species displays annual growth lines allowing
identification of annual cohorts. Therefore we could avoid cohort mixing, a frequent bias in such
studies, and evaluate the consistency of the observed effects across cohorts and sites. Significant viability
differences were observed both among alleles and between heterozygotes and homozygotes at some loci.
Multiple-locus heterozygosity was positively correlated with viability in the 1993-1994 period, but not
in the 1994-1995 interval. The observed selective effects were significantly dependent on the cohort
and the site considered. A bibliographic survey suggests that such variability is a common feature of
studies analyzing heterozygosity-survival relationships. Two explanations are consistent with our results.
First, allozyme genotypes may have direct effects on viability that interact with subtle environmental
variation in a complex and unpredictable way. Second, allozyme genotypes may be transiently associated
with other viability genes responsible for heterotic effects. In any case, the results militate against allozyme

loci being themselves consistently overdominant for viability in natural populations.

EUTRALITY is a desired quality for any genetic
marker to be used in population studies. Since

the discovery of electrophoretic variation (LEWONTIN
and HuUBBY 1966), molecular markers have been largely
used in population genetics and their neutrality has
been the subject of intense debates. The most widely
used molecular markers are allozymes, although an in-
creasing proportion of studies use DNA markers (AVISE
1994; MrtTtoN 1994). Unlike many anonymous DNA
sequences, allozymes have known physiological func-
tions and therefore are or have been a target for natural
selection, as evidenced by adaptations and structure-
function relationships observed at the protein level (re-
viewed in GILLESPIE 1991). However, the question of
how many allozyme polymorphisms are maintained by
some form of natural selection and how many are neu-
tral and transient remains under discussion (LEWONTIN
1991). Predictions of the neutral theory concerning
broad statistical properties such as the distribution of
the genetic diversity H, have generally been confirmed
(see for a recent example WOODWARK ¢t al. 1993), al-
though the tests may suffer from lack of statistical
power, especially to detect some selective regimes that
mimic neutral distributions (GILLESPIE 1991). However,
many case studies document selective effects on allo-
zymes, following two approaches. The first one consists
in a detailed functional dissection of allozyme proper-

Corresponding author: Patrice David, Génétique et Environnement-
CC 065, Institut des Sciences de I’Evolution, Université Montpellier
II, Place Eugéne Bataillon, 34095 Montpellier Cedex 05, France.
E-mail: david@isem.univ-montp2.fr

Genetics 146: 335-344 (May, 1997)

ties relevant to fitness (e.g,, WATT 1983, review in GIL-
LESPIE 1991). The second one, which will be the focus
of the present study, is a correlative approach, i.e., the
analysis of relationships between fitness components
and genotypic variation at allozyme loci. One of the
main components of fitness is viability, and viability-
genotype relationships have been investigated in vari-
ous organisms (plants: SCHAAL and LEVIN 1976; am-
phibians: SamoLLow 1980; Drosophila: MUKAI et al.
1974; marine bivalves: ZOUROS et al. 1983; DIEHL and
KOEHN 1985). Relationships between enzyme heterozy-
gosity and viability have received much attention, as
heterozygote superiority is the simplest way to maintain
polymorphism under selection.

Evidence for heterozygosity-survival relationships in
natural populations have been accumulating rather
slowly, although a publication bias may favor significant
results (BOOTH et al. 1990; GAFFNEY 1990). A high pro-
portion of these studies have concerned marine bi-
valves, and have yielded inconsistent results. Several
cases of superior viability of heterozygotes have been
found (KOEHN et al. 1973; ZOUROS ef al. 1980; DIEHL
and KOEHN 1985). However some nonsignificant results
(GAFFNEY 1990) and even significantly lower survival of
the heterozygote (ALVAREZ et al. 1989) have also been
reported. Although this inconsistency may partly rely on
the heterogeneity of the sampling designs and statistical
methods used, it is also possible that no general trend
actually exists in these organisms. Importantly, the re-
peatability in time and space of the presumed selective
effects has not been statistically assessed in the studies
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cited above. An interesting attempt is GAFFNEY’s (1990)
study on Mytilus edulis, in which the positive heterozy-
gosity-viability relationship initially observed failed to
repeat; however no statistical test was provided on
whether genotypespecific survival significantly dif-
ferred across samples.

We here present a study of genotype-viability relation-
ships in a marine bivalve, Spisula ovalis (Sowerby), which
was designed to meet four desirable criteria for such
studies: (i) the individuals used were recruited and
spent their whole life in their native wild population;
(ii) a large number of individuals (2855) and polymor-
phic loci (9) were analyzed; (iii) age was determined
using a character independent of size (annual growth
lines), allowing discrimination of the effects of differen-
tial survival vs, differential growth; and (iv) comparisons
were made between temporal samples of the same co-
horts, not between different cohorts, allowing discrimi-
nation of intrageneration effects due to differential via-
bility from among-generation differences of unknown
origin. Specifically, we asked the following questions:
(i) Do different alleles at a given locus confer different
individual survival abilities? (ii) Does heterozygosity in-
fluence survival rates? and (iii) Are the observed survival
differences repeatable from year to year, and across
independent generations and sites?

MATERIAL AND METHODS

Sampling: The surf clam S. ovalis (Bivalvia: Mactridae) is
an infaunal suspension-feeder occupying sandy bottoms up
to 50 m deep along the European Atlantic coasts. The plank-
tonic larval life lasts up to several weeks, while the adult life-
span can reach 10 years. Recruitment period varies with tem-
perature (and latitude) and is mainly restricted to the summer
(between July and October) in the locality sampled for the
present study. Individuals were dredged at three sites (A, B,
and C) in the Glénans Archipelago, off the Bay of Concarneau
(Brittany, France) (47°25'N, 4°00'W). A size bias may be pres-
ent, as small individuals may be resuspended more easily than
large ones during dredge movements. However there is no
evidence for size differences among electrophoretic geno-
types within cohorts (P. DAavID, unpublished results), so that
sampling bias cannot result in apparent survival differences
between genotypes. The same three sites were resampled on
three occasions in 1993 (April 1), 1994 (May 5), and 1995
(May 3). In 1995, the population of site C apparently went
extinct, as no living individual of Spisula was caught despite
repeated attempts. Spisula shells display narrow, conspicuous
shell lines related to winter growth pauses, which have proven
to be reliable indicators of age (see DAVID et al. 1995). On
this basis, we distinguished annual cohorts, i.e., groups of
individuals born on the same year, within each sample. Ten
different cohorts were represented in the cumulated sample
of 1993, 1994, and 1995 (cohorts 1985 to 1994). However,
some cohorts were absent some years at some sites, and the
frequency of the 1985 and 1986 cohorts remains very low in
all samples. Sample sizes for each year, cohort, and site are
given in Table 1. Sites A, B, and C are separated by only a
few hundred meters (with no obvious physical or ecological
barrier among them) and share similar ecological conditions,
i.e., subtidal sandflats, with no seagrass, sheltered from oce-
anic swell by the numerous surrounding rocks and islets.

TABLE 1

Sample size of Spisula ovalis per sampling year,
site, and cohort

Year 1993 1994 1995

Site A B C A B C A B C

Cohort
1985 0 3 0 0 0 0 0 0 0
1986 11 14 19 1 0 0 0 0 0
1987 80 100 64 46 50 17 60 64 0
1988 39 54 36 142 71 50 90 56 0
1989 119 24 32 133 75 58 84 58 0O
1990 76 4 15 167 33 16 181 46 0O
1991 3 0 0 70 5 5 124 37 0
1992 0 0 0 25 25 3 108 54 0
1993 0 0 0 0 0 0 111 42 0
1994 0 0 0 0 0 0 15 39 ¢

Given the duration of the larval pelagic phase and the poten-
tial for dispersion in Spisula, these sites must be considered
as “‘open populations”” (ROUGHGARDEN et al. 1985), i.e., there
is not necessarily genetic continuity among successive cohorts
at a given site. For this reason, each group of individuals of
the same cohort from the same site must be considered as a
separate genetic entity in our samples. As a convention, these
entities are referred to as “‘populations’ in the following.

Individual genotypes at nine polymorphic enzymatic loci
(PGI, PGM, LAP, AAT, IDH, EST, GAL, PGD, and LAP2) were
determined using horizontal starch-gel electrophoresis. De-
tailed procedures are given in DAVID ef al. (1995) for the first
seven loci. PGD and LAP2 were run on Tris-citrate pH 8.0
gels (¢f. DAVID et al. 1995) using muscle and digestive gland
extracts, respectively, and were stained according to PASTEUR
et al. (1987). The genetic structure of this sample (Hardy-
Weinberg equilibrium, differentiation among sites and co-
horts) has been presented elsewhere (P. Davin, M.-A. PER-
DIEU, A-F. PERNOT and P. JARNE, unpublished results). The
overall result was that significant heterozygote deficiencies
were detected every year within all sites and cohorts, and there
were significant genetic differences in both space (among
sites) and time (among cohorts).

Data analysis: We first tested whether allelic frequencies
remained identical over time. Given the genetic stucture men-
tioned above, pooling of individuals over cohorts or sites
would yield spurious results as the within-generation temporal
variation would be confounded with the spatio-temporal ge-
netic structure. Therefore we compared the allelic contin-
gency tables at each locus for the three (or two) temporal
resamplings of each cohort in each site. This was done using
an approximate exact test for population differentiation (Ray-
MOND and ROusseT 1995a) performed with the software GEN-
EPOP 2.0 (RayMOND and ROUSSET 1995b). In this test, the
probability of occurrence of the observed allele X population
contingency table under the null hypothesis of no differentia-
tion is compared to that of samples with random reallocation
of alleles across populations, generated using a Markov chain
process. The null hypothesis is rejected when the sum of the
probabilities of the observed sample and less probable ones
is, say, less than 0.05. To obtain standard errors one order of
magnitude lower than the estimated probabilities, we set the
numbers of steps of the Markov chain to 4 X 10° for all tests.
Exact tests were performed when the sample size exceeded
30 for at least two recaptures of a given cohort in a given site,
in order to exclude tests with low power. Exact tests are of
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interest as they are not sensitive to low-frequency classes and
therefore allele pooling is not required. However they do
not allow a global approach to the selective effects over all
populations, nor do they provide a test of the homogeneity
of these effects across sites, cohorts, or years. Therefore we
also tested the stability of allele frequencies using a Poisson
log-linear model (MANLY 1985, p. 46-51), after pooling alleles
of nearest electrophoretic mobilities until all allelic classes
had frequencies higher than 0.05. The model can be summa-
rized as follows:

Log (Gg) = p +a;i+ B+ vu + (BY)x
+ (@) + b+ naa + €5, (1)

where Gy is the number of genes observed in the allelic class
iin year jin population k, g is the mean logarithm of Gy, a;
is the main effect of allelic class 4, 8, is the main effect of the
year of sampling j (three modalities, 1993-1995), v, is the
main effect of population %, (8y)u and (ay)s are the two-
way interaction terms, « is the age in years (quantitative vari-
able), 6, is the main effect of age in allelic class i, 7, is the
effect of age in allelic class i in population %, and € is the
error term. Gy has a Poisson distribution and was treated
accordingly (Log transformation and Poisson errors, see
CRAWLEY 1993, p. 226). Model 1 can be interpreted as follows.
The first five terms permit the total number of genes of each
allelic class (summed over all populations and years), and the
total number of genes in any given population in any given
year, to be set to the observed values. The (ay); interaction
fits the variation in the relative proportions of allelic classes
across populations. The 6,a term fits the variation of these
proportions in time (i.e., the selective effects on allele fre-
quencies). The 7,4 term accounts for heterogeneous selective
effects across populations.

In order to analyze the relative viabilities of heterozygotes
versus homozygotes at each locus, we fitted the following gen-
eralized linear model:

Log (1 fIMHkl) =+ Ba+ v+ €, (2)
where H,, is the heterozygosity at the locus considered for
individual /in population % (0 if the individual is homozygous
at this locus, 1 if heterozygous), a, is the effect of population
k, B is the main effect of age q, 7y, is the effect of age in
population %, and ¢, is the error term. H,, is a binary variable
and was treated accordingly, using logit transformation and
Bernoulli error (CRAWLEY 1993, p. 291).

Multilocus heterozygosity (MLH) was computed for all indi-
viduals by summing up H values over loci (0 =< MLH =< 8; no
individual had MLH = 9). The resulting variable has neither
a normal nor a binomial error, and is therefore impractical
to handle as the dependent variable in a model similar to
(2). Therefore, instead of testing directly the effect of age on
MLH as in (2), we tested the null hypothesis of temporal
stability of the relative proportions of MLH classes, after pool-
ing the extreme classes to obtain reasonable sample sizes
(classes MLH = 0 and 1 pooled together; same for MLH =
6, 7, and 8; total: six classes). This test is based on a Poisson
log-linear model (MANLY 1985, p. 46—51) in which the depen-
dent variable is Ny, the number of individuals in the MLH
class ¢ in year j in population k. In contrast with MLH, the
distribution of N is simple (Poisson distribution). The model
is

Log (Ny) =g+ a; + B, + vi + (BY)i
+ (ay)a+ ba+ maa + €5, (3)

where all terms have the same meaning as in model 1, except

that N, is a number of individuals (not genes) and the sub-
script ¢ refers to MLH class i (not to the allelic class i). Note
that the MLH class is treated as a factor (six unranked modal-
ities) and not as a quantitative variable. Absolute mortality
rates, i.e., \; values in the equation

N(t) = k™™

(where k; is a constant, and N;({) is the number of individuals
in the MLH class ¢ at time f) cannot be estimated from our
dataset, as the sampling effort is not standardized across years
(MaNLy 1985). However model 3 allows estimation of relative
survival rates of different MLH classes. The class MLH = 6
was arbitrarily chosen as the reference class and assigned a
value of A\¢ = 0. The estimated values of (6; — 6,) in model
3 give the class-specific mortality rates (A, values) relative to
the reference class.

In model 3, the null hypothesis of stability of the MLH
distribution is tested against no specified alternative. How-
ever, we were especially interested in testing this null hypothe-
sis against the hypothesis of a linear (either positive or nega-
tive) effect of MLH on survival, as is usually tested on other
fitness traits such as growth (e.g., DAVID ¢t al. 1995). This was
done using the following model:

Log(Ny) = p+a; + B, + vi + (B7)i
+ (a’y),k + am + nkai + 61'7’;” (4)

where the first six terms are as in (3). The relative survival of
MLH class i (noted 4; in model 3) is now assumed to be a
linear function of i with slope 6. Therefore the effect of age
on Ny is expressed as the product dai. This term represents
all changes of the MLH distributions in time that can be
explained by a linear effect of individual MLH on survival.
The 7.ai term describes the variation of this effect across
populations (indexed by k). Note that, as for model 3,
no assumption on the distribution of MLH is needed in
model 4.

Models 1 to 4 allow tests for effects of genotype on survival
constant over time (referred to as linear selection in the follow-
ing), as a is a numerical quantitative variable. Temporally
variable effects were fitted simply through replacing a by Y,
the sampling year factor in all models. When Y is used, the
heterogeneity between years is tested, regardless of the exis-
tence of a consistent direction in selective effects in 1993~
1994 and 1994-1995.

Hypothesis testing for models 1 to 4 was done through
model simplification procedures. The significance of a term
of the model is evaluated by a chi-square test on the change
in residual deviance when this particular term is removed
from the model (CRAWLEY 1993, p. 188). Terms are removed
sequentially, starting from the complete model and removing
first the highest-level interactions. The significance of tempo-
ral variation in selective effects was assessed by a chisquare
test on the difference in deviance between the model using
the Y factor and the same model using the variable a. This
can be done as the latter model is included in the model
with ¥, meaning that replacing Y by @ is indeed a model
simplification. All computations for models 1 to 4 were done
using the software GLIM 4.0 (BAKER 1987). Samples of a given
population in a given year were excluded from the log-linear
Poisson models when their size was less than 15 individuals
or when the same population had not been resampled in
another year (final sample size: 2546 individuals). All individ-
uals were included in the single-locus heterozygosity analysis
(model 2), except when the sample size was lower than five
individuals over the 3 years.

Our sampling scheme sometimes involved a large number
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TABLE 2

Probabilities of type I error given by the exact tests for population differentiation among successive resamplings
of the same populations (cohort X site)

Global test

Cohort 1987 1988 1989 1990 1991 1987 1988 1989 1990 1988 1989 Chisquare

Site A A A A A B B B B C C (22 d.f)) P
Loci
PGl 0.363 0.965 0.835 0.883 0.832 0.084 0419 0.719 0.073 0.196 0911 19.1 0.639
PGM 0.728 0.039 0.872 0.559 0.248 0.849 0.896 0.665 0296 0379 0.595 18.1 0.699
LAP 0.430 0.064 0.047 0519 0.350 0.233 0.346 0.195 0.045 0.056 0.023 445 0.003
AAT 0.648 0.393 0.714 0.056 0.631 0.625 0.033 0.068 0.295 0933 0.442 27.5 0.194
IDH 0.087 0.416 0.257 0.070 0.808 0.686 0.185 0426 0.335 0857 0513 24.8 0.308
EST 0.802 0.042 0505 0.165 0924 0933 1.000 0.701 0.067 0.183 0.038 28.1 0.173
GAL 0.405 0.066 0599 0.492 0.009 0.366 0.709 0.340 0.356 0.304 0.364 30.5 0.107
PGD 0.730 0.926 0.177 0.149 0.246 0.031 0.785 0.491 0.766 0.003 0.982 321 0.077
LAP2 0334 0.442 0.666 0.300 0533 0.889 0551 0266 0.722 0.869 0.263 16.0 0.817
Global test All tests
Chi-square Chi-square
(18 d.f.) 15.2 29.2 168  25.1 20.3 1.92 16.6 18.8 27.2 29.3 23.0 (198 d.f.) = 240.6
P 0.65 0.046 0.535 0.123 0315 0.38 0.548 0.407 0.076 0.045 0.191 P=10.021

Chi square values and their associated probabilities are global tests using Fisher’s method. P values are across loci (last row),
populations (last column) or both (All tests, bottom right). Boldface denotes significance at the 0.05 level.

of replicated independent tests. In order to obtain global
significance values, we used Fisher’s method for combining
independent test results (SOKAL and ROHLF 1995).

RESULTS

Variation of allele frequencies among years within
populations: The results of exact tests are presented in
Table 2. Fisher’s test on the whole table is significant
(P=0.021), indicating some temporal changes in allele
frequencies within populations. Significant tests are
rather evenly distributed across populations and loci,
although a larger number of significant tests is detected
at the LAP locus than at the other loci. The results of
the log-linear Poisson model 1 are summarized in Table
3. This model confirms the existence of significant dif-
ferences in allele frequencies between populations. Sig-
nificant variation among successive resamplings of the
same populations is also observed. The é,a term in (1),
and the corresponding terms in (2) to (4), represent
the amount of selective effects that are uniform across
populations and are referred to as the uniform compo-
nents in the tables. For model 1, the uniform compo-
nentis never significant, i.e., there are no general trends
across all populations as far as allelespecific viabilities
are concerned. In contrast, overall highly significant
effects appear when variation of the selective effects
across populations is taken into account (na term).
The results obtained when the variable « is replaced by
the factor Yin model 1 are qualitatively similar to those
of model 1 (not shown). For all loci, the extra deviance
explained when Yis used (instead of ) is not significant
(last column in Table 3), indicating a lack of significant
temporal variation in viability differences among alleles.

Variation of heterozygosity among years within popu-
lations: The results of the single-locus heterozygosity
analysis (model 2) are given in Table 4. Overall, there
are significantly different levels of single-locus heterozy-
gosity among populations and among successive resam-
plings of the same populations. Heterozygosity within
populations increased between 1993 and 1995 for six
loci out of nine, as attested by positive coefficients for
the uniform component (8 > 0). Moreover, all cases
of significant variation in heterozygosity (EST, GAL and,
to a lesser extent, PGI) are associated with positive coef-
ficients. However, the uniform component itself is sig-
nificant for £EST only, and the overall test is not signifi-
cant. In contrast, most significant effects are found in
the population-specific component, indicating that the
selective effects observed may not be generalized across
populations. No cases of temporal variation were ob-
served in these selective effects.

The distribution of multiple-locus heterozygosity did
not vary across populations (Table 5). Model 3 pointed
to significant changes of MLH distributions over years
within populations. In contrast to the single-locus analy-
sis, the uniform component was significant, whereas
population-specific effects were absent. Model 4 showed
that these types of variation could only be partly ex-
plained by a linear effect of MLH on survival, as the
uniform component in model 4 was only marginally
significant (P < 0.10, two-tailed test). However, there
was significant temporal variation in this effect. We
therefore analyzed the 1993-1994 and 1994-1995 peri-
ods separately using model 4. A significant effect of
MLH on survival [dai term in (4)] was observed in the
1993-1994 period, when high MLH classes achieved
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TABLE 3

Intrageneration variation in allele frequencies within populations of Spisula ovalis

Temporal
Linear selection variation
Population All selective Uniform Population-specific All selective
effect’ effects’ component’ component’ effects’
Locus Ne* DD P DD P DD P DD P DD P
PGI 2 2706 (14) 0.019 2749 (15) 0.025 0.02 (1) 0.890 27.47 (14) 0.017 2.10 (9) 989
PGM 2 2844 (14) 0.012 1209 (15) 0.672 050 (1) 0480 11.60 (14) 0.639 3.15 (9) 0.958
LAP 4 5769 (42) 0.054 80.76 (45) 0.0008 1.19 (3) 0.755  79.58 (42) 0.0004 28.67 (27) 0.377
AAT 2 18.48 (14) 0.186 1535 (15) 0.427 0.08 (1) 0.783  15.27 (14) 0.360  16.34 (9) 0.060
IDH 2 6.33 (14) 0.957 1236 (15) 0.652 0.81 (1) 0.369  11.55 (14) 0.643 9.07 (9) 0.431
EST 2 2534 (14) 0.031 1483 (15) 0.464 090 (1) 0342 1393 (14) 0455 11.44 (9) 0.247
GAL 5  94.65 (56) 0.0009 7553 (60) 0.085 1.71 (4) 0.789  73.82 (56) 0.055  42.83 (36) 0.201
PGD 4 3284 (42) 0.844 59.03 (45) 0.078 258 (3) 0460 56.45 (42) 0.067  30.82 (27) 0.279
LAP2 4 40.40 (42) 0.541 4394 (45) 0.516 194 (3) 0584 42.00 (42) 0.471 2479 (27) 0.586
Global test 0.0001 0.0042 0.9322 0.0011 0.393

Values are deviances (DD) explained by several components of model 1, with corresponding d.f. in parentheses, and and
probabilities of type I error (P) given by chi-square tests. Boldface denotes significance at the 0.05 level.

“Number of allelic classes after allele pooling.

* Among-population differences in allele frequencies [term (ay), in model 1].

“Terms 6,a + Nua.

“Term &,a only.

“Term naa only.

/Differences in deviance between model 1 and the same model when « is replaced by Y.

better survival than low ones (Figure 1). In 1994-1995, high mortality in 1994-1995. However, this could be
no general trend was apparent, and the ai term was due to sampling variance.

not significant. Note that the relationship between

MLH and mortality in 1994-1995 is similar to that in DISCUSSION

1993-1994 (Figure 1), with the exception of the MLH The main result of this study is to show the existence
= 6 class, which apparently suffered an unexpected of viability differences both at the allelic and genotypic

TABLE 4

Results of linear models using single-locus heterozygosities (model 2)

Temporal
Linear selection variation
Population All selective Uniform Population-specific All selective
Locus H," effect’ effects” component’ component’ effects’
PGI 0.121 0.020 0.058 0.009 (0.999) 0.041 0.983
PGM 0.210 0.042 0.552 0.017 (0.752) 0.488 0.227
LAP 0.521 0.049 0.274 0.059 (0.317) 0.269 0.219
AAT 0.337 0.570 0.222 0.063 (0.317) 0.216 0.575
IDH 0.464 0.688 0.177 —0.097 (0.094) 0.248 0.968
EST 0.523 0.908 0.004 0.119 (0.038) 0.009 0.208
GAL 0.611 0.116 0.012 0.097 (0.100) 0.018 0.076
PGD 0.401 0.207 0.908 —0.043 (0.480) 0.896 0.086
LAP2 0.600 0.912 0.899 —0.032 (0.584) 0.877 0.575
Global test 0.039 0.006 (0.170) 0.011 0.253

Boldface denotes significance at the 0.05 level.

“Observed heterozygosities.

* P values for among-population differences in heterozygosity (term a; in model 2).

¢ Pvalues for terms fSa and vy,a together.

“Term fa only, estimates of the age effect () with P values in parentheses.

‘ Pvalues for term -y,a only.

/ Pvalues for the differences in deviance between model (2) and the same model when a is replaced by Y.
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TABLE 5

Intrageneration variation in the distribution of MLH

Temporal
Linear selection variation
Population All selective Uniform Population-specific Uniform
effect” effects’ component’ component* component’
Model DD p DD P DD P DD p DD p
3 71.78 (70) 0.419 7413 (75) 0507 13.72 (5) 0.017 60.41 (70) 0.786 6.43 (5) 0.267
4 71.78 (70)  0.419 1455 (15) 0.484 2.72 (1) 0.099 11.83 (14) 0.620 4.64 (1) 0.031
4,1993-1994 only  61.53 (70) 0.755  14.83 (13) 0.318 6.33 (1) 0.012 8.50 (12) 0.745 — —
4,1994-1995 only  71.78 (70) 0.419 10.09 (11) 0.522 0.62 (1) 0.433 9.48 (12) 0.488 — —

Values are deviances (DD) explained by several components of models 3 and 4, with corresponding d.f. in parentheses, and

probabilities of type I error (P) given by chi-square tests.

“ Among-population differences in MLH distribution [term (a7y); in models 3 and 4].

"Terms 8,a + nza for model 3 and éai + n,ai for model 4.
“Term 8,a for model 3 and éai for model 4.
“Term nua for model 3 and 7,4i for model 4.

‘ Differences in deviance between model 3 or 4 and the same models where Y is substituted for a. The three-way interactions
(population-specific components) are never significant in (3) or (4) and were therefore not taken into account to estimate
temporal variation in selective effects. —, no temporal variation can be assessed when two sampling dates only are taken into

account.

levels in the populations of S. ovalis studied. Differences
among genotypes mainly consist of instances of hetero-
zygote advantage, at the single- and multiple-locus lev-
els. The detailed study of linear models and exact tests
highlighted considerable variability of selective effects
among populations (i.e., cohorts and sites). Indeed al-
lele frequency changes occurred at different loci, de-
pending on the population (Table 2). Moreover most
significant changes in allele frequencies and single-lo-
cus heterozygosity values are concentrated in the inter-
actions with the population factor, while the uniform
components are not significant (Tables 3-5). There-
fore no consistent survival advantage or handicap is
associated with any genotype or allele in our dataset.
Such inconsistency had already been evaluated qualita-
tively by GAFFNEY (1990), who noticed the lack of re-
peatability of age-heterozygosity associations in the mus-
sel M. edulis, over three independent experiments.
Among-population variation in selective effects may be
explained by two features of the Spisula populations
studied: (i) each population may have experienced a
unique environmental history, if environmental condi-
tions vary in space (among sites) and/or in time
(among cohorts); (ii) each population may have a
unique genetic background, as different populations
may come from different parental stocks. Indeed, the
spatio-temporal genetic structures observed in Spisula
(P. DAvID, M.-A. PERDIEU, A-F. PERNOT and P. JARNE,
unpublished results) and other bivalves (HEDGECOCK
1994) are consistent with each cohort in a given site
descending from a limited number of parents, and rela-
tively low effective population sizes, although larval dis-
persion has been classically claimed to promote large
effective sizes and genetic mixing.

A significant positive effect of MLH on survival is
observed between 1993 and 1994. Although globally
consistent across populations, this effect was due to dif-
ferent loci in different populations. This effect was not
observed in 1994-1995 and model 4 points to a signifi-
cant difference in selective regimes between the two
periods. This can be explained by either a change in
environmental selective pressures or by the exhaustion
of the genetic variance under selection. However, selec-
tion on single locus heterozygosity is maintained over
both periods (temporal variation not significant).

In contrast with heterozygosity-growth or heterozy-
gosity-size relationships (reviewed in MITTON and
GRANT 1984), studies of relationships between allozyme
heterozygosity and survival are relatively scarce in ma-
rine bivalves, as well as in other organisms. A literature
survey of these studies is summarized in Table 6. We
focused on the sampling design and statistical methods
used, bearing in mind the desired criteria for survival
analysis mentioned in the Introduction. Most authors
concluded that heterozygosity and survival were either
unrelated or positively related. The same study some-
times produced both results when analysing different
samples or periods. On the whole, we can hardly con-
clude that there is definitive evidence for generalized
genotype-dependent survival, for two main reasons.
First, a diversity of statistical methods is used, which
makes between-study comparisons or generalizations
difficult. For example, the same data on toad tadpoles
gave no significant heterozygosity-survival relationship
using contingency chi-square tests (SAMoLLOwW 1980)
and a significant positive relationship when reanalyzed
using sign tests (SAMOLLOW and SOULE 1983). The sta-
tistical analyses may be individual, MLH class or pop-
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FIGURE 1.—Relative mortality rates \; for MLH classes i =
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As. Data are displayed as estimated \; * SD. Estimates of the
linear effect of MLH on survival (6 values in model 4) are
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1994-1995, respectively.

ulation-based. Population or class descriptors such
as heterozygote deficiency or excesses (WATT 1977; Sa-
MOLLOW 1980) or class viability estimates (ZOUROS et
al. 1983; DIEHL and KOEHN 1985; ALVAREZ ¢f al. 1989)
are used in unweighted linear models despite nonnor-
mal distributions and heterogeneous variances. Second,
with the exception of SaAMOLLOW (1980), none of these
studies meets all four criteria described in the Introduc-
tion. Most studies have large sample sizes (of the order
10%) but it is generally impossible to exclude biases due
to population or cohort mixing. As individuals cannot
be unambiguously aged in most species, cohorts cannot
be followed through successive samplings. An exception
is the study of GREEN et al. (1983) on Macoma balthica,

where annual shell lines allow age determination as in
Spisula. However there is only one sampling date in
this study, and the sample size is small (154 individuals).
Cohort mixing may be an important bias as substantial
genetic differentiation between cohorts has been ob-
served in various species including molluscs (e.g., JOHN-
soN and BrAack 1984; P. DAviD, M.-A. PERDIEU, A.-F.
PERNOT and P. JARNE, unpublished results) and fishes
(JorDE and RyMAN 1996). Whatever the origin of this
differentiation, it may obscure intrageneration viability
effects if different cohorts are compared. Therefore the
results of studies in which several cohorts are mixed in
the analysis should be interpreted with caution.

In contrast with previous studies, the present study
allows direct evaluation of differences in heterozygosity
within a given site and a given cohort, resampled at
different occasions, and therefore quantification and
testing of relative viabilities of genotypes in natural
populations, using the appropriate log-linear model
(MANLY 1985). The significant variability in selective
effects and overall weak, though significant, heterozy-
gote advantage observed here are consistent with many
null results previously obtained in marine bivalves (see
Table 6), frequently in papers reporting heterozygote
advantage for other samples or periods (ZOUROS et al.
1983; DIEHL and KOEHN 1985; GAFFNEY 1990; BORSA et
al. 1992). Moreover, the only study that meets the four
criteria stated in the Introduction (SAMOLLOw 1980)
gave results qualitatively similar to the present study,
with significant selective effects highly fluctuating in
time in an unpredictable way and overall very slight
evidence for heterozygote advantage. We conclude that
both the present study and the literature survey provide
limited evidence for positive associations between heter-
ozygosity and survival and that these associations consis-
tently exhibit great variability, both in time and across
populations. Temporal fluctuations in apparent selec-
tion coefficients on allozyme genotypes have also been
described at the intergeneration level in a long-term
study of Daphnia wild populations (LyNCcH 1987).

Hypotheses on the origin of genotype-dependent sur-
vival mainly fall into two categories, depending on
whether or not the marker genes themselves are as-
sumed to determine viability differences. This is an im-
portant issue, intimately related to the problem of the
neutrality of allozyme markers (LEWONTIN 1991). If we
assume that the marker genotypes directly influence
viability, we then have to deal with how the genetic
polymorphism is maintained in the long term. Two
chief types of selective regime may play this role. The
first is overdominance, where the heterozygous geno-
types consistently enjoy a net selective advantage. The
second is genotype-environment interaction, meaning
that different genotypes are favoured in different envi-
ronmental conditions, whether in time or in space (cf.
e.g., GILLESPIE and TURELLI 1989). Overdominance is
not supported by the present dataset, given the high



P. David and P. Jarne

342

{gaonng, {qIay, {peol, ‘ysy, SMO[[0] St sa1adg
. 1891 ou ‘— ‘A1s084zo1219Yy
snoof-a[8uts g7s snoo[ ‘DO {(aidwes 10 uonendod) spenpuarput jo dnoi§ o ssep o1dlouad 1o F “10 fenplarpur ‘(NI :sasdtpudred ur usAl st (yutod ®1ep U0 =)
$1591 91 Ul PAIIPISUOD JTUN [RINSNEIS Y] ‘suonngnsip Juowe wostredwod ‘IS ‘sueow Suoure uosteduiod ‘| ‘diysuone(ar IesUr] YT :PIasn 183 [EINSHEIS JO ad4y, ,
“§129]J2 [PAIAINS PUE (IMOIS U2aM]Dq UOISNJUOD 3[qissod DI0JA12Y) PUE SISSED 9ZIS WOL) PIUMULIANOP e [enplarput
“(S) £(s110403 Jo uonBIWIRP 2s1921dWI) SUONDLISAT YIM SAL “2X fOU ‘N (SO ‘A (510932 PaaIdsqo Jo 22.nos [enualod e se papn[dXa 3q Jurxiu 110Yod 10 uonendod ueyy,
"SUONIPUOD
[BIMEU A[[1 10U IO PI[[ONUOI-WDS ‘NS SUORIPUOd pajonuod ) uonemndod [emieu ‘gN ‘Apmas [ealains oy3 Sunnp S[ENPUIPUL JO IIURU)ULRUL JO SUONIPUOT ,
‘surens A1o1eroqe] ‘qe ‘suoneindod [eimyeu ‘gN S[ENPIAIPUL P1II[[0D jO UISLQ ,
‘sasauated ur pazd[euer O] swdzof[e Jo IPqUINU Y] YIim PIzA[eUR S[ENPIAIPUL JO IqUNN ,
“PaUONUSU A1 Y10 ‘SHNSoI JUsIoPIp 2aed sojdures [e1oaos
uayp "A[pannadsal ‘g 1o ‘— ‘4 porou axe sdiysuone(ar [ealIns-ANso84zoralay 1uedyuSisuou pue ‘2apesau ‘vanisod Apmis 3yl JO SIASIT S} UO SUOISNPUOD SIoPny,

(uonemdod g) ss20xa 91084z01m10y pue

28e palewnss ULSwW UIIMII] UONR[DLIOD YUrey (o) 91 N dN dN (1) 9¢8 anpopyd ) +
(so1ep §) 91ep Surdures pue ssadxa
21084201219 USIMIIG UONER[ILIOD PAYBIMu[] (49) 91 N dN dN (1) ¥3¢ ro1popyd svijo) + (LLBT) LIVM
a8e [enpurput .
PRIEWINSD PUE HTjY U22MI13G UONIRIILIO]) (aND 91 N dN dN (9) 8¥81 posvipup sury + (9£61) NIAT'T PU® TVVHOS
suonendod pue o[ ssoroe ‘sSurpduresaa anoqe (£861)
om1 U2am1aq uoneires L1so8izoraray uo 1591 udis (Y9 ‘D01 W A IN IN (6) Z€€T ay1 jo aspdwesqng +/0 T1N0S PUe MOTIONVS
arep Surdures uo s3urduresax 2aIssa00NSs
3O $590%2 10 AOUsYIP 21084201919y JO UOIsSIIZY M9) A1 A IN dN (6) 80L% SD2109 ofng 0 (0861) MOTIONWVS
(sasse]> TN 10 ['7S Suoure) $3ssol1d pajjoxiuod
oy Sutidsgjo Jo sarer pealans jo suostreduwio)) (aND) W A o) qe] (2) 09601  -arsvlouvpru vpydosoxq 0 (F£61) 17 12 IVAION
sSurrduresax 2A155200ns JO (7Y ULIUW UO 1831 (GND W (9) A dN dN (31) 39¢1 STHI0LPY SRNPUNLT + (G261) NHEOY PUER NOLLIN
NEYiTe)
a8e 1uarapIp
Jo sapdures usam15q sUOCHNQLISIP HTW UO 159} (10) Is1d N J0S dN (¥—%) 691¢ porwdnn 7 +/0 (€861) 17 42 SOYNOZ
(sse[ 9z1s) o8e pIrewnss
'sa £ouapyap 91084zo1919y Jo yderd 9s91 oN — (S) N IN IN (1) 6£53 SNSSTUIP SNJOIPOIN + (€261) 17 1 NHIOY
ade [enpAIpul /H T UONE[ILIO)) (aND 91 N dN dN (9) pe1 DYwg W + (€861) 77 12 NATID
saxmdesar omy
Jo {'IS u9amdq uostredwod sapeenb 53 oN - "X 208 dN (9) 862 synps "W 0 (0661) AINLIVY)
uoNII[As I0J IPUIPIAD s paraxdiajul ‘Broquiopm
-Apael 01 paredurod ss30xa 21084z01219Y JO 1S9, (1D) ISIa N dN AN (3) o181 SD58 vaujsossva)y +/0 (6L61) 1 12 ollng
suonnqrostp Iy uo (10) 1sIa
1591-0 ‘sSunduresar usam1aq 7Y URSW U0 15314 ‘(aND W A 208 dN (g) ggs1 synps "W +/0 (6861) NHIOY pue THII(J
sajep Surdwes om) UsaMIaq TV ULSW UO 1593 (aNI) W N AN dN (L) 083 SnIpssnIap Y +
Yieap 03 Jwn/HJ UOBE[ILIO]) (QND ¥'1 A 20 dN (L) ¢g smwssnazp saguipny 0 (8661) 17 12 vSd0q
(srurod §) sassep HTW Jo
serewnso AIIQELs/H TV UONE[3110 PAYSIaMu) (10) 91 A 20 qe] (9) 179 synps vo4sQ -/0 (6861) 17 12 ZTAVATY
SIA[EAI] JULIEIA
51893 edound jo uonduosaq AL Suixiy  suonpuoy) Juidug  spenplarpur saradg LSuoISNPUON) 20U213]3Y
JO 'ON

[ealamns pue AsoS4zoiaey swikzo[e usamiaq sdigsuoneral ayp uo Lsams osmdesSonqiq e jo Areurumg
9 ¥194VL



Survival and Genotype in Bivalves 343

between-population differences. The relationship be-
tween MLH and survival observed is consistent across
populations, but does not involve the same loci, as ex-
pected under overdominance. Genotype-environment
interactions could produce the among-population vari-
ation observed in this study. However, (i) this hypothe-
sis does not explain why MLH should be related to
survival within populations, in a given period, as we
found in 1993-1994 and (ii) the three sites are very
close to each other and ecologically similar. Of course
we cannot exclude the possibility of subtle environmen-
tal differences between sites. In the absence of a de-
tailed study of environmental parameters and their
influence on physiological allozyme functions, the ge-
notype-environment interaction hypothesis is ad hoc,
and could fit any kind of results. Such a detailed study
may be found in WATT (1983) and WATT et al. (1983),
where ecological, genetical, and biochemical data sug-
gest that the polymorphism at the PG/ locus in Colias
butterflies is partly maintained by a combination of
overdominance and selection in heterogeneous envi-
ronments characterized by different thermal regimes.
An alternative approach consists in comparing the re-
sults obtained from allozymes and presumably neutral
DNA markers (POGSON and ZoOURrOS 1994). Their re-
sults suggest that only allozyme genotypes correlate with
fitness traits (in their case, body size). However the
difference between the two classes of genetic markers
were only marginally significant, so this experiment
needs to be replicated.

Alternatively, viability differences among allozyme ge-
notypes may reflect their association with viability genes
(the associative hypothesis). This is consistent with the
observed variability of selective effects among popula-
tions, as interlocus associations may be transient and
highly dependent on the genetic background of the
population. The positive relationship observed between
MLH and survival (or any fitness trait) is expected if
allozyme heterozygosity is correlated with that of other
genes, either because of transient linkage desequilibria
due to low effective population size or because of iden-
tity disequilibria generated by partial inbreeding
{Houik 1994). Indeed, allozyme-associated heterosis
has been observed for the two measurable fitness traits
in Spisula, i.e., growth (DAVID et al. 1995) and survival
(present study). The associative hypothesis implies that
populations are not at Hardy-Weinberg equilibrium, be-
cause of either small effective size or inbreeding.
Spisula populations indeed display significant heterozy-
gote deficiencies (P. DAvID, M.-A. PERDIEU, A.-F. PER-
NOT and P. JARNF, unpublished results), like most ma-
rine bivalves (ZOUROS and FoLTz 1984). However these
deficiencies generally cannot be attributed to inbreed-
ing, although very low levels of inbreeding cannot be
excluded (GAFFNEY 1990; P. DaviD, M.-A. PERDIEU,
A.-F. PERNOT and P. JARNE, unpublished results). The
inbreeding hypothesis thus has weak empirical support.

Moreover, inbreeding can generate apparent heterozy-
gote advantage at marker loci, but cannot generate the
apparent advantages for particular alleles observed here
(Tables 2 and 3). As previously mentioned a given co-
hort in a given site may be engendered by a limited
number of parents. Heterogeneity among parental
stocks and drift effects could result in transient interlo-
cus associations, as well as in different genetic back-
grounds in different cohorts.

In conclusion, this study, and other ones, show con-
text-dependent survival differences between allozyme
genotypes. This leaves two possible explanations, i.e.,
(i) that each genotype directly influences viability, al-
though in a environment-dependent manner, and (ii)
that observed viability differences rely on transient asso-
ciations between electrophoretic genotypes and viabil-
ity genes, therefore being sensitive to variation in both
the environmental conditions and the genetic back-
ground. Hypothesis (ii) is consistent with previous
knowledge on the population structure and heterosis
in S. ovalis. Although we have mainly focused on viabil-
ity, other fitness-related traits such as growth have
yielded similar results (MITTON and GRANT 1984) and
the same hypotheses have been put forward to explain
them. Following POGSON and Zouros (1994), an inter-
esting approach would be to assess apparent fitness ef-
fects of other markers, such as microsatellites, for which
neutrality in the short term (within one generation) is
less questionable than for allozymes.
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