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ABSTRACT Non-amplifying, PCR-null alleles are detected at 49 (51%) of 96 microsatellite DNA markers tested for Mendelian
segregation in three families of the Pacific oyster Crassostrea gigas Thunberg. The average frequency of null alleles among F1 hybrid
grandparents is 0.093. The frequency of null alleles suggests a high level of sequence polymorphism in PCR primer-binding sites and
yields a conservative estimate of one single nucleotide polymorphism (SNP) every 82 base pairs. Among 86 markers tested on
congeneric species, 83 (96.5%) are likely to be useful markers for the Portuguese oyster Crassostrea angulata, 71 (82.6%) for the
Kumamoto oyster C. sikamea, 31 (36.0%) for the Suminoe oyster C. ariakensis, and only 11 (12.8%) for the Eastern oyster C. virginica.
PCR product-yield and mean numbers of alleles per locus also decline significantly across this series of congeneric species, which
separated from the Pacific oyster <1, ∼2, ∼4, and >5 million years ago, respectively. Decline in cross-specific PCR yield does not
depend on microsatellite repeat-motif but is correlated with the frequency of null alleles across loci. The high nucleotide diversity
suggested by these observations for the oyster may be a by-product of high fecundity, consistent with G. C. Williams’ (1975)
Elm-Oyster evolutionary model and experimental evidence for a high mutational load. Microsatellite loci should be identified de novo
for each species of cupped oyster, and their inheritance should be validated before use in population analyses. Homology of micro-
satellite loci among related species should be confirmed by sequencing of flanking regions.
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INTRODUCTION

With the completion or impending completion of genome se-
quences for the human, fruit fly, nematode, mouse, and other eu-
karyotic genetic models, much attention is being paid to DNA
sequence polymorphism and its potential use in understanding the
genetic basis of complex phenotypes, such as disease susceptibility
(Zwick et al. 2000). Whereas nucleotide diversity is becoming
very well described for model organisms, which are all low-
fecundity species (<103 − 104 eggs per female), little is known
about DNA polymorphism in high-fecundity species (>106 eggs
per female). We might expect highly fecund species to have high
nucleotide diversity, owing to large population sizes, and perhaps
higher mutation rates. Indeed, G. C. Williams (1975) argued with
his Elm-Oyster Model that highly fecund species with high early
mortality (Type-III survivorship) should reproduce sexually, show
tremendous variation in individual fitness, and carry a large load of
recessive deleterious mutations.

A large load of recessive deleterious mutations has recently
been confirmed for the European flat oyster Ostrea edulis (Bierne
et al. 1998) and the Pacific oyster Crassostrea gigas Thunberg
(Launey & Hedgecock 2001, Bucklin 2002). Oysters naturally
carry dozens of highly deleterious recessive mutations, which ex-
plain widespread observations of heterosis for fitness-related traits
in bivalve mollusc species, at the whole organism and genetic-
marker levels, and distortions of Mendelian segregation ratios at
marker loci (Launey & Hedgecock 2001). On a practical level,
discovery of genetic load in bivalves suggests that marker inher-
itance and linkage should be confirmed early in larval develop-
ment, before selection can substantially distort genotypic propor-
tions. Typing 11-day-old larvae and using double-hybrid crosses to
reduce homozygosity by descent and inbreeding depression in
mapping families, Hubert & Hedgecock (2004) have produced the
first low-density microsatellite DNA marker maps for the Pacific
oyster.

Microsatellite DNA markers are short tandem repeats of nucle-
otide motifs, 2 to 6 base pairs (bp) in length, which are distributed
throughout the genome in prokaryotes and eukaryotes (Chambers
& MacAvoy, 2000). Because they are highly polymorphic, mi-
crosatellites have been widely used as genetic markers for studies
of linkage, kinship, and population structure (Goldstein & Schlöt-
terer 1999, Chambers & MacAvoy 2000). Presently, the DNA
sequences of 369 microsatellite containing clones from C. gigas
are deposited in GenBank. Of these, 123 have been developed into
PCR-amplifiable markers with confirmed inheritance (Magoulas et
al. 1998, Huvet et al. 2000, McGoldrick et al. 2000, Li et al. 2003,
Sekino et al. 2003) and 100 have been placed on linkage maps for
the Pacific oyster (Hubert & Hedgecock 2004). Here, we present
data on polymorphism of 96 of these microsatellite DNA markers
and show that there seems to be little or no dependence of poly-
morphism on repeat-motif or motif complexity.

In developing microsatellite markers for constructing a linkage
map of the Pacific oyster, we also uncovered two lines of evidence
that nucleotide diversity and rate of sequence evolution in cupped
oysters may be extremely high. Because high nucleotide diversity
has important implications for future genetic and genomic studies
with oysters, we present these findings here. First, we show that
there is a high frequency of nonamplifying PCR null alleles, which
likely result from polymorphism in the nonrepetitive flanking se-
quences to which PCR primers are designed to anneal. The inher-
itance of these null alleles is confirmed in multigenerational fami-
lies, which were derived from the same population from which the
microsatellite markers were cloned. Second, we show a dramatic
decay in ability to amplify these markers across a series of four
congeneric species that diverged from the Pacific oyster from <1 to
>5 million years ago. This decay in cross-species amplification is
independent of microsatellite repeat-motif but is correlated with
the frequency of null alleles across loci. These observations con-
trast sharply with reports of success in amplifying microsatellites
from very divergent vertebrate taxa (Garza et al. 1995, Pépin et al.
1995, Schlötterer et al. 1991, FitzSimmons et al. 1995, Rico et al.*Corresponding author. Email: dhedge@usc.edu
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1996) and species groups of Drosophila flies (Colson et al. 1999,
Huttunen & Schlötterer 2002).

MATERIALS AND METHODS

Microsatellite Markers

Inheritance and polymorphism of 96 microsatellite markers
was determined for three, multigenerational families that were
used to construct linkage maps for the Pacific oyster (see Hubert &
Hedgecock 2004). Of the markers that were mapped, 79 come
from Li et al. (2003) and 17 come from previous publications (13
listed in Table 1 plus cmrCgi61, cmrCgi141, um2Cgi10, and
um2Cgi48; Magoulas et al. 1998; Huvet et al. 2000; McGoldrick et
al. 2000; see Hubert & Hedgecock 2004). Eighty-six of the 96
markers were further tested in cross-specific PCR amplifications.

Polymorphism and Nonamplifying Null-Allele Frequencies in C. Gigas

The C. gigas used for this study were F2 or F3 hybrid parents
of the three mapping families, (7 × 6) × (5 × 2), (2 × 5) × (7 × 9),
(7 × 9) × (2 × 5), their F1 grandparents (or, for hybrid line 7 × 6,
the F1 great-grandparents), and other individuals from inbred lines
under investigation (Bucklin 2002, Hubert & Hedgecock 2004).
These lines were derived from the same Dabob Bay, WA, popu-
lation, from which the microsatellite DNA clones were obtained
(Li et al. 2003). DNA of the F1 individuals was available from a
previous study (Launey & Hedgecock 2001). Whereas families 2
× 5 and 5 × 2 share great grandparents (from inbred lines 92-2 and
89-5, respectively), families 7 × 6 and 7 × 9 are descended from
lines 89-7 and 93-7, respectively, and are unrelated.

We typed the eight F1 grandparents or great-grandparents of
these four families to estimate the observed proportion of hetero-
zygous individuals per locus, Ho, and the number of alleles per
locus, na. Null alleles, which are included in na, were identified
and confirmed by segregation analysis in mapping families. The

minimum number of independent null alleles per locus (#null in
Table 1 and Table 1 of Li et al. 2003) was tallied by tracing allele
pedigrees back to inbred great-grandparents (for families 2 × 5 and
5 × 2) or, when allele pedigrees were incomplete (for 7 × 9 and 7
× 6), by assuming that multiple null alleles at a locus were identical
by descent. Differences in Ho (arcsine square-root transformed),
na, and #null among classes of microsatellite motifs were tested by
ANOVA. Repeat-motifs were classified as di-, tri, or tetra-
nucleotide repeats or alternatively cross-classified into categories
of motif-complexity (simple or compound vs. pure or interrupted
by nonmotif nucleotides; following Chambers & MacAvoy 2000,
with compound and complex motifs combined).

Cross-species Amplifications

For cross-species comparison, we obtained DNA from five or
six individuals of three other Asian species and the American
species of Crassostrea, as described by Li et al. (2003). For each
of 86 markers, PCR amplifications were done simultaneously for
the five species, using a single PCR reaction mix, followed by a
single acrylamide gel separation and fluorescent scan. PCR prod-
uct was quantified by peak optical density per pixel (OD) in bands
of similar size and appearance as bands observed in C. gigas on the
same gel, using FMBIO software (Hitachi Genetic Systems). Ow-
ing to variable DNA template concentrations and a significant
positive regression, within C. gigas, of OD on initial DNA con-
centration (F1, 1135 � 9.95, P � 0.0017), we used a natural log
transformation, adjOD � ln[(OD + 10)/C], where C is template
DNA concentration. Regression of adjOD, on C was not signifi-
cant (F1, 1135 � 1.02, P � 0.31).

Variation in adjOD was analyzed with linear models (GLM
procedure of SAS version 7, SAS Institute, Inc., Cary, NC) of
completely randomized block design, with 5 species × 3 repeat-
motif or 4 cross-classified categories of motif-complexity × 2 dif-
ferent observers working with different DNA extractions (blocks).
There were 3051 observations in these ANOVAs for repeat motif
and 2593 observations for motif-complexity categories. Signifi-
cance of block and main effects was tested by the within-block
variance of species-motif combinations, using Type III sums of
squares. Relationship between null-allele counts within C. gigas
and ability to amplify markers from congeneric species was de-
termined by stepwise regression, with adjOD dependent on species
and null-allele count.

Allelic diversity per locus was estimated by counting the num-
ber of unique bands (na) observed per marker, per species (over all
markers and individuals, n � 380). Six 7 × 6 F3 hybrid individuals
were included in this analysis as an additional comparison. Analy-
sis of these data must account for varying numbers of individuals
successfully amplified, per species and PCR reaction (ni), and an
expected, positive correlation between na and ni. The number
of individuals amplified was used as a covariate in a 2-factor
ANCOVA of species and repeat motif (6 × 3). Least-squares es-
timates of the na for each species, adjusted to a constant ni � 5,
were obtained with estimate statements in PROC GLM.

A qualitative and partially subjective assessment was made of
whether each marker worked sufficiently well in another species to
advise its use as a genetic marker for that species. A marker was
judged likely to work for another species if it amplified from at
least four of the five or six individuals surveyed and it produced
bands of sufficient strength for genotypes to be reliably deter-
mined. These assessments are listed under the “cross species”

TABLE 1.

Cross-species amplification success and number of null alleles for
13, previously published, Pacific oyster microsatellite loci.

Locusa
C.

angulata
C.

sikamea
C.

ariakensis
C.

virginica
#null in
C. gigasb

cmrCg1c +e + − − 0
cmrCg3c + + − − 0
cmrCg5c + + + − 1
imbCg44d + + − − 3
imbCg49d + − − − 1
imbCg108d + − − − 0
ucdCg1c + + + + 0
ucdCg2c + + − + 0
ucdCg3c + − − − 0
ucdCg6c + − − − 0
ucdCg14c + + − − 1
ucdCg18c ? + + + 2
ucdCg28c + + + − 1

a Loci names modified slightly from the original published name to con-
form to conventional nomenclature.
b Number of independent null-alleles in F1 hybrid grand- or great grand-
parents
c McGoldrick et al. 2000; Launey & Hedgecock 2001
d Magoulas et al. 1998
e +, amplification; −, insufficient amplification; ?, slight amplification
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column of Table 1 of Li et al. (2003), for the 79 loci presented
there, and are summarized here in Table 1, for previously pub-
lished markers, as “+,” for amplification, “−,” for insufficient am-
plification, and “?,” for slight amplification.

RESULTS

Heterozygosity and Null-allele Frequencies

The 96 microsatellite markers used for determination of poly-
morphism in C. gigas comprise 58 di-, 22 tri- and 16 tetra-
nucleotide repeat-motif. Alternatively they can be classified into 4
crossed categories of motif-complexity: 41 are simple-pure, 23,
simple-interrupted, 11, compound-pure and 21, compound-
interrupted (Table 2). Interrupted repeat arrays comprise 45.8%
(44/96) of the loci tested. These markers vary widely in degree of
polymorphism, with numbers of alleles (na), ranging from 2 to 10
(mean, 5.77 ± 0.14) and observed heterozygosity (Ho), ranging
from 0.125 to 1.0 (mean, 0.748 ± 0.047; see Table 2). Neither
measure of polymorphism, however, varies significantly by repeat-
motif (di-, tri-, and tetra-nucleotide motifs; for na, F2, 93 � 0.90,
P � 0.41 and for Ho, F2, 93 � 0.81, P � 0.45) or motif-
complexity category (simple-pure, compound-pure, simple-
interrupted, compound-interrupted; for na, F2, 93 � 1.77, P �
0.16, and for Ho, F2, 93 � 1.33, P � 0.27) in our sample of F1

hybrids.
Non-amplifying PCR-null alleles are found at 49 (51%) of the

96 loci. Minimum counts of independent PCR-null alleles per
locus, in the F1 grandparents or great grandparents of the mapping
families, range from 0 to 4 and sum, over all loci, to 75 (Fig. 1).
The average number of independent alleles per locus is 8.6, and the
average frequency of null alleles is 0.093. Neither null-allele fre-
quency nor null-allele count (see Table 2) varies among repeat-
motifs (F2, 93 � 1.53, P � 0.22) or motif-complexity categories
(F3, 92 � 0.83, P � 0.48).

Cross-species Amplifications

Among 86 markers tested on congeneric species, 83 (96.5%)
are likely to be useful for C. angulata, 71 (82.6%) for C. sikamea,
31 (36.0%) for C. ariakensis, and only 11 (12.8%) for C. virginica.
These qualitative observations of amplification are supported by a

quantitative analysis of PCR yields. Variance in amount of PCR
product, as measured by peak optical density, is corrected for
differences in initial concentration of template DNA (adjusted
OD). Variance in adjOD is analyzed by 2-way, randomized, com-
plete-block linear models with fixed effects. Both models are
highly significant, the first accounting for 41.2% of variance in
adjusted OD and the second accounting for 41.3% of variance. In
both models, the block effect (different observers working with
different DNA extractions) is nonsignificant. Species, on the other
hand, has a highly significant effect on adjusted OD in both analy-
ses (F4, 14 � 81.71, P < 0.0001, for the repeat-motif analysis, and
F4, 19 � 36.13, P < 0.0001, for the motif-complexity analysis).
Repeat-motif has only a mildly significant effect on adjusted OD
(F2, 14 � 3.99, P < 0.043), motif-complexity has no effect on
adjusted OD, and species-by-motif interaction terms are nonsig-
nificant. Mean adjusted OD declines from 12.6 in the focal species,
C. gigas, and 12.4 in its nearest relative, C. angulata, which are not
significantly different, to 10.9, 8.1, and 6.7 in the nonfocal species
C. sikamea, C. ariakensis, and C. virginica, which are significantly
different from C. gigas and C. angulata and from each other
(Fig. 2).

Regression of adjusted OD on species and null-allele count per
locus (#null) in C. gigas is significant for both variables. Species
explains 35% of variance in the adjusted OD, whereas null-allele
count per locus, though significant, accounts for only 0.3% of
variance (adjOD � 14.772 – [1.481 · species] – [0.210 · #null];
F1, 3012 � 1647.6 for species, P < 0.0001 and F1, 3012 � 13.04,
P < 0.0003 for #null).

Variance in allelic diversity is analyzed with 2-way linear mod-
els, in which the main effects are species (six, including an F3

hybrid group of C. gigas) and either repeat-motif or motif-
complexity categories. The dependent variable, na, is standardized
by the covariate ni, the number of individuals amplified. Both
models are significant, accounting for 43.8% of variance in the
analysis of species and repeat motifs and 41.6% in the analysis of
species and motif-complexity categories. In both models, the co-
variate is highly significant (F1, 394 � 61.4, P < 0.0001, and F1, 388

� 43.74, P < 0.0001, respectively) and positively related to allelic
diversity (slopes of 0.43 and 0.37, respectively), as expected. Spe-

TABLE 2.

Observed heterozygosity, numbers of alleles, and numbers of
independent null alleles, by (A) repeat motif and (B) motif-

complexity categories, for 96 microsatellite markers in C. gigas.

A. Repeat number

Motif (number of loci) Hobs ± SE na ± SE #null ± SE

Di-nucleotide (58) 0.769 ± 0.028 5.93 ± 0.26 0.948 ± 0.128
Tri-nucleotide (22) 0.704 ± 0.046 5.27 ± 0.42 0.545 ± 0.207
Tetra-nucleotide (16) 0.729 ± 0.054 5.88 ± 0.50 0.688 ± 0.243
Overall (96) 0.748 ± 0.022 5.77 ± 0.20 0.812 ± 0.100

B. Motif complexity

Simple, pure (41) 0.742 ± 0.033 5.54 ± 0.31 0.683 ± 0.153
Compound, pure (11) 0.758 ± 0.064 6.54 ± 0.59 1.182 ± 0.295
Simple, interrupted (23) 0.689 ± 0.045 5.30 ± 0.41 0.783 ± 0.204
Compound, interrupted (21) 0.817 ± 0.047 6.33 ± 0.43 0.905 ± 0.214
Overall (96) 0.748 ± 0.022 5.77 ± 0.20 0.812 ± 0.100

Figure 1. Distribution of 96 microsatellite markers, according to the
number of potentially independent null alleles in 4 lineages of Pacific
oysters. Forty-nine markers (51%) have at least 1 null allele, and the
total number of potentially independent null alleles is 75.
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cies is also highly significant in both models (F5, 394 � 16.08, P
< 0.0001, and F5, 388 � 17.43, P < 0.0001, respectively). Repeat-
motif is significant (F2, 394 � 4.21, P � 0.016), whereas motif
complexity is barely significant (F3, 388 � 2.78, P � 0.041). The
interaction terms are not significant in these analyses. Mean num-
ber of alleles, adjusted to a common sample size of 5 individuals,
declines from 4.54 and 4.58 in the C. gigas and C. angulata (not
significantly different), to 3.42, 2.64, and 2.09 in C. sikamea,
C. ariakensis, and C. virginica, respectively (Fig. 3). The 7 × 6 F3

hybrid C. gigas have 4.27 alleles on average, fewer but not
significantly fewer than noninbred C. gigas or C. angulata. Mean
na for trinucleotides, 3.13, is significantly less than the mean

for tetra-nucleotide repeats (3.85) or di-nucleotide repeats (3.51),
respectively.

DISCUSSION

Polymorphism in C. gigas

The diversity of repeat motif and motif-complexity of markers
used in this study should help reduce bias in polymorphism or
distribution across the oyster genome (Tóth et al. 2000, Katti et al.
2001). Interruptive mutations, which occur in almost half of the
microsatellite loci in C. gigas (see Table 2), are hypothesized to be
the first step in the “death” of microsatellites because they prevent
slipped-strand mispairing and stabilize the repeat (Taylor et al.
1999). This scenario is not supported here, because neither het-
erozygosity nor number of alleles per locus varies among repeat-
motif or motif-complexity categories. However, the power of this
test is uncertain, because we measure heterozygosity and allele
diversity in only four pairs of sibling F1 hybrids. Nevertheless, we
do compare a large number of loci in each repeat-motif category.
Ideally, one would like to base comparisons of polymorphism
among microsatellite motifs on large samples from natural popu-
lations, but the widespread occurrence of null alleles confounds
estimation of heterozygosity and allelic diversity in natural popu-
lations.

Null Alleles at Microsatellite DNA Markers

Null alleles at allozyme loci have been detected in experimental
crosses of several bivalve species (see references in Gaffney
1994). Gaffney (1994) reported null alleles at 10 of 11 allozyme
loci in the coot clam Mulinia lateralis, with an average frequency
per locus of 0.04. Since the advent of PCR, nonamplifying null
alleles at DNA markers have been reported in the American oyster,
the Pacific oyster, and the geoduck clam (Hu & Foltz 1996,
Launey & Hedgecock 1999, 2001, McGoldrick et al. 2000, Va-
dopalas & Bentzen. 2000, Reece et al. 2001). Among 47 family
tests of Mendelian transmission of microsatellites in Pacific oyster
families, 17% of parental alleles were nonamplifying (McGoldrick
et al. 2000). Similarly, of 94 segregation ratios tested in seven
families by Launey & Hedgecock (2001), 15 showed unexpected
progeny phenotypes that were best explained by null alleles. More
recently, Sekino et al. (2003) report population data for nine mi-
crosatellite DNA markers in the Pacific oyster; of eight loci that
are polymorphic, four show a deficiency of heterozygotes that is
significant at the nominal 5% level. The mean frequency of null
alleles at these four loci is 0.111.

Of 96 microsatellite DNA markers assayed in this study, 49
(51%) have at least one nonamplifying null allele in the three
families examined (see Fig. 1). This is especially surprising, be-
cause these families were derived from the same natural popula-
tion from which the microsatellite libraries were originally cloned.
The average frequency of null alleles for oyster microsatellite loci,
0.093, is twice as high as the frequency of allozyme null alleles. If
we make the simple assumption that each PCR-null allele is caused
by a single nucleotide polymorphism (SNP) in a primer-binding
site, then, given 3997 nucleotide base pairs in the PCR primers for
96 loci, we infer a SNP density of 49/3997 � 0.0123, one SNP
every 82 base pairs. This is likely to be an underestimate, because
not all nucleotides in primer binding sites are essential to primer
binding. An estimate based on the assumption that the 75 null
alleles in independent lineages are different, 0.0188, is signifi-

Figure 2. Average adjusted optical density (least-squares means and
standard errors) of amplified microsatellite DNA markers with di-,
tri-, and tetra-nucleotide repeat-motifs, among 5 species of Crassostrea,
C. gigas (Cgi, n = 1137), C. angulata (Can, n = 516), C. sikamea (Csi,
n = 430), C. ariakensis (Car, n = 484), and C. virginica (Cvi, n = 484).
Superscripts on species names indicate significant differences; bars
give the upper 95% confidence limits on least-squares means. diN,
di-nucleotide repeat; triN, trinucleotide repeat; tetN, tetra-nucleotide
repeat.

Figure 3. Mean number of alleles, standardized to 5 individuals, for
microsatellite DNA markers, amplified from 5 species of Crassostrea
and an F3 hybrid group of C. gigas (Cgi-In): C. gigas (Cgi, n = 85;
Cgi-In, n = 52), C. angulata (Can, n = 85), C. sikamea (Csi, n = 78),
C. ariakensis (Car, n = 50), and C. virginica (Cvi, n = 30). Superscripts
on species names show significant differences. Bars show 95% confi-
dence intervals on least-squares means.
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cantly greater, but this may be an overestimate if many of the nulls
segregating among inbred lines are allelic. The frequency of non-
amplifying null alleles at microsatellite DNA loci in this oyster
population suggests high nucleotide polymorphism in C. gigas.

In population studies, PCR-null alleles produce an excess of
homozygotes relative to Hardy-Weinberg (random mating) equi-
librium genotypic proportions. Although PCR-null alleles may be
visualized by redesigning primers to more conservative parts of the
flanking region (Jones et al. 1998), primer redesign does not guar-
antee that all PCR-null alleles will be eliminated from all popula-
tions of potential interest. It will be necessary to exercise caution
in applying microsatellite markers to studies of natural bivalve
populations.

Decline in Cross-species Amplification of Microsatellite Markers

The congeneric species used in this study are thought to have
diverged from the Pacific oyster from <1 to >5 million years ago
(Mya). Divergence times, however, must be inferred largely from
molecular differences, without benefit of a fossil record or other
means for calibrating rates of molecular evolution.

The Portuguese oyster C. angulata is the closest relative of the
focal species C. gigas. Indeed, the Portuguese oyster is believed to
be synonymous with the Pacific oyster, based on similarity of
allozymes, indistinguishable larval and adult shells, complete
cross-fertility, and normal meiosis in hybrids (see Boudry et al.
1998, Ó Foighil et al. 1998, and references therein). Mitochondrial
DNA analysis implicates Taiwan as the source of introduction of
this oyster to Portugal, likely by 16th century Portuguese traders
(Boudry et al. 1998). An average 2.3% difference in mitochondrial
cytochrome oxidase I (COI) nucleotide sequence suggests, how-
ever, that the Taiwanese and Japanese populations of this species
may have diverged several hundred thousand years ago (Ó Foighil
et al. 1998). The next closest relative of C. gigas is the Kumamoto
oyster C. sikamea, which diverged perhaps 1.4–1.8 Mya, based on
mitochondrial 16S rDNA sequences and allozymes (Banks et al.
1994). This divergence may also be estimated as ∼2.3 Mya, based
on the 9.3% average nucleotide difference for the COI sequences
determined by Ó Foighil et al. (1998) and assuming a 2% per
million years rate of evolution. In the same manner, an average of
14.5% nucleotide difference between the COI sequences of C.
gigas and C. ariakensis suggests a divergence of ∼3.6 Mya,
whereas the separation of the American oyster C. virginica from
the Asian Crassostrea clade (C. gigas, C. ariakensis, and C.
belcheri) might have occurred more than 5 Mya. The latter seems
to be an underestimate based on Littlewood’s (1994) finding that
sequences for 28S rDNA suggest that C. virginica is a sister group,
along with Saccostrea commercialis, to the Asian Crassostrea
clade.

Thus, ability to amplify microsatellite markers developed for
the Pacific oyster from the DNA of congeneric Crassostrea spe-
cies declines precipitously over an evolutionary time span of only
5–10 million years (see Fig. 2). Fewer than one out of eight Pacific
oyster microsatellite markers are likely to be useful for the Ameri-
can oyster. Of course, we may have underestimated PCR success
in nonfocal species because of 3 limitations in the survey. First,
only a single PCR reaction and gel was run for each primer set,
though on multiple individuals and always with the same C. gigas
controls. Second, comparisons were performed under the PCR
condition optimized for the focal species. Third, homology of PCR
products across congeneric species was assumed for fragments in

the same size range as those observed in C. gigas, without being
confirmed by sequencing. Despite these limitations, we observe a
clear signal of PCR decay, perhaps owing to the large number of
comparisons, 86 markers, and more than 3000 observations.

The slight but highly significant, negative correlation between
null-allele frequency within C. gigas and PCR product yield from
closely related species implies that failure of cross-species ampli-
fication results from evolution of flanking sequences. Fixation of
nucleotide substitutions and insertions/deletions causes wide-
spread PCR-null alleles within C. gigas, and this same process,
over evolutionary time scales, results in loss of ability to amplify
homologous loci from related species.

Decline in the ability to amplify Pacific oyster microsatellites
from congeneric species is paralleled by a decline in allelic diver-
sity for those markers that do amplify (Fig. 3). The validity of this
trend is supported by the observation that an F3 hybrid family of
Pacific oysters has fewer alleles than the various F1 hybrid or first
generation inbred Pacific oysters or the unrelated individuals of
C. angulata surveyed. The decline in allelic diversity across the
congeneric species surveyed is consistent with ascertainment bias,
the expectation that, owing to a relationship between allele size
and polymorphism, loci selected to be polymorphic in a focal
species are likely to be less polymorphic in other species (Ellegren
et al. 1995; Goldstein & Pollock 1997). For the limited data in
Table 1 of Li et al. (2003), allele size seems to be uncorrelated with
either heterozygosity or allele-diversity, leaving the cause of as-
certainment bias uncertain.

Homologous microsatellite loci have been successfully ampli-
fied with the same PCR primers from very divergent animal taxa—
humans and chimpanzees (4–6 Mya), cow and goat (14–17 Mya),
cetaceans (35–40 Mya), marine and freshwater turtles (300 Mya),
and fish (470 Mya), (Schlötterer et al. 1991; Garza et al. 1995;
Pépin et al. 1995; FitzSimmons et al. 1995; Rico et al. 1996).
These studies suggest that microsatellite flanking regions are well
conserved in vertebrate taxa, at least in selected cases.

Studies of cross-specific amplification of microsatellites in
Drosophila provide invertebrate comparisons. Again, many stud-
ies have selected markers that could be amplified in related Droso-
phila species to reconstruct phylogenies (e.g., Noor et al. 2001,
Noor M, personal communication). Two studies, however, seem to
have tested cross-specific amplifications for a large, randomly se-
lected set of microsatellite loci. Colson et al. (1999) report that 86
(80.4%) of 107 microsatellite loci characterized from D. melano-
gaster can be amplified from D. simulans and D. sechellia. Based
on the nucleotide divergence of Adh sequences and a rate of evo-
lution calibrated for Hawaiian species, which are endemic to is-
lands of known age, the latter two species are estimated to have
diverged from the focal species about 2.3 ± 0.65 Mya (Russo et al.
1995). These authors point out that this estimate has large standard
errors and may not be inconsistent with previous estimates of 2–5
Mya. The results of Colson et al. (1999) are thus comparable with
the 82.6% amplification success of C. gigas microsatellites from
C. sikamea, which are believed to have diverged ∼2 Mya. How-
ever, in a study of the Drosophila virilis group, Huttunen &
Schlötterer (2002) report that, of 42 microsatellite markers devel-
oped from Drosophila virilis, 34 (81%) and 32 (76%) can be
amplified from D. montana and D. flavomontana, respectively.
Based, again, on divergence of Adh sequences and the Hawaiian
calibration of evolutionary rate, Nurminsky et al. (1996) estimate
that the virilis and montana clades diverged 9.0 ± 0.07 Mya. The
success of cross-specific amplification in the virilis group is
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clearly much higher than what we observe for the C. gigas versus
C. ariakensis (36.0%) or C. gigas versus C. virginica (12.8%)
comparisons. Compared with vertebrates or Drosophila, then,
cross-specific amplification of Pacific oyster, microsatellite DNA
markers show an unusually precipitous decline across a series of
closely to progressively more distantly related species.

Nucleotide Diversity and High Fecundity

The evidence for high nucleotide polymorphism in the Pacific
oyster is interesting in light of recent experimental evidence for a
high mutational load in this species (Launey & Hedgecock 2001,
Bucklin 2002). High mutational load, nucleotide diversity, and
rapid sequence evolution may all be by-products of sexual repro-
duction in highly fecund organisms having very high rates of mor-
tality in early life stages (Williams 1975). Female Pacific oysters
routinely spawn tens of millions of eggs per year, with an upper
limit of about 100 million per year (Galtsoff 1964). Species with
very high fecundity likely generate more mutations than low fe-
cundity species, owing to the large number of cell divisions re-
quired to produce millions or billions of gametes (cf. similar to the
argument for male-driven evolution in humans, Li et al. 2002). An
association of high mutation rate with high fecundity was previ-
ously proposed to explain the distribution of mitochondrial DNA
variant haplotypes in the Pacific oyster (Beckenbach 1994). An
extremely variable position of C. virgincia in a bivalve phylogeny
based on 18S rDNA was also attributed to a high substitution rate
of this species (Steiner & Muller 1996). Whether the mutation rate
per-cell-division, as well as the number of cell divisions, is higher
in oysters than in low-fecundity species is so far unknown. The
high rate of somatic cell aneuploidy in bivalve molluscs, which

correlates with reduced individual growth and probably fitness in
the Pacific oyster (Leitão et al. 2001), suggests that important
cellular and molecular mechanisms may be more labile in these
animals than in vertebrates.

CONCLUSION

The evidence obtained from developing and mapping micro-
satellite DNA markers suggests that nucleotide sequences in the
Pacific oyster are mutating and diverging rapidly. This nucleotide
diversity has a dramatic impact on the population genetics and
evolution of microsatellite markers. Nucleotide substitutions and
insertions/deletions in microsatellite flanking regions produce a
high frequency of null-alleles, even within the source population
from which microsatellites were cloned, and contribute to failure
in amplification of microsatellite markers from closely related,
congeneric species. As a result, microsatellite loci should probably
be identified de novo for each new species and validated with
progeny testing before use in population analyses. Homology of
microsatellite loci among related species should be confirmed by
sequencing before use in phylogenetic analysis.
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