Journal of
EXPERIMENTAL
MARINE BIOLOGY
AND ECOLOGY

Journal of Experimental Marine Biology and Ecology 325 (2005) 46—54

www.elsevier.com/locate/jembe

Fine-grained spatial genetic structure in the bivalve Gemma gemma
from Maine and Virginia (USA), as revealed by Inter-Simple
Sequence Repeat markers

Marco Casu™*, Ferruccio Maltagliati®, Piero Cossu®, Tiziana Lai®,
Marco Curini Galletti®, Alberto Castelli®, John A. Commito®
Dipartimento di Zoologia e Antropologia Biologica, Universita di Sassari, Via F. Muroni 25, Sassari 07100, Italy

bDipm’timento di Scienze dell’'Uomo e dell’ Ambiente, Universita di Pisa, Via A. Volta 6, Pisa 56126, Italy
°Environmental Studies Department, Gettysburg College, Gettysburg, PA 17325, USA

Received 20 January 2005; received in revised form 15 March 2005; accepted 15 April 2005

Abstract

Gemma gemma is a small ovoviviparous bivalve distributed in shallow sand flats along the North American Atlantic and
Gulf of Mexico coasts. Genetic variation in G. gemma was analysed by means of Inter-Simple Sequence Repeats (ISSRs) at the
following levels: (i) between localities (Maine and Virginia), (ii) among 10-m-diameter patches within localities, and (iii) within
patches. Thirty individuals/patch and three patches/locality were analysed. Individuals were genotyped for 67 ISSR poly-
morphic loci from five primers. The portion of the genetic variation found between localities (2%) was small compared to that
found either among patches within localities (37%) or within patches (61%). ISSRs in G. gemma allowed the detection of
significant differentiation at individual and patch levels. By contrast, a low degree of genetic variability was found between
localities. The small-scale genetic heterogeneity does not follow a simple, consistent pattern. Our results contrast with the
generally accepted rule that aplanic species are locally homogeneous and globally heterogeneous and teleplanic species are the
inverse.
© 2005 Published by Elsevier B.V.
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1. Introduction

One of the aims of population geneticists is to
define accurately the spatial extent of populations.
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continuous distributions. As a consequence, it is dif-
ficult to identify or even hypothesise a priori popula-
tion boundaries. In this context, a species’ dispersal
capability assumes relevance because dispersal can be
perceived not only as a way of colonising or recolo-
nising new areas, but also as a means of exchanging
individuals and genes between geographically sepa-
rated (sub-)populations.

It is generally assumed that species lacking pelagic
larval stages (aplanic) and those with short larval life-
spans (anchiplanic) have a very limited potential for
dispersal, whereas the opposite is true for species with
medium or long larval life-spans (actaeplanic and
teleplanic) (Havenhand, 1995). Accordingly, many
studies have reported considerable genetic divergence
among populations of aplanic and anchiplanic species,
and little genetic divergence between distant popula-
tion of actaeplanic and teleplanic species (e.g., Gooch
et al., 1972; Palumbi and Kessing, 1991). However,
exceptions to this rule are provided by a number of
studies on benthic invertebrates (e.g., Johannesson,
1988).

In this paper we report the analysis of genetic
variation in the amethyst gem clam, Gemma gemma
(Totten, 1834) (Eulamellibranchia, Veneridae), at dif-
ferent spatial scales. G. gemma is a small ovovivipa-
rous bivalve (max. shell length =5 mm) widely
distributed along the North American coast from
Nova Scotia to Texas, where the species can be a
dominant member of the infauna in intertidal and
shallow subtidal sandy areas (Bradley and Cooke,
1959; Sellmer, 1967; Schneider and Mann, 1994).
Furthermore, its presence in five Californian bays
has been recorded as a result of human-mediated intro-
ductions (Carlton, 1992). Unlike most marine
bivalves, G. gemma does not have free-swimming
dispersing larval stages. It broods its young and
releases them as benthic juveniles (Sellmer, 1967).
Since there is little evidence for active horizontal
movement through the sediment (J. Belt and J. Com-
mito, unpublished data), dispersal is accomplished
through passive transport (Commito et al., 1995).
These authors found that individuals of G. gemma
can be easily transported in the bedload, and there is
little indication that movement is size- or age-selective
(Commito et al., 1995). This clam is therefore a par-
ticularly appropriate organism for the study of popu-
lation genetic structure across different spatial scales.

Genetic analysis employing highly variable genetic
markers can provide important information about pop-
ulation structure and gene flow, especially when cou-
pled with recently introduced powerful statistical
approaches, such as Bayesian statistics (e.g., Shoe-
maker et al., 1999; Vekemans, 2002; Bertorelle et al.,
2004). Indeed, DNA techniques have been proven
valuable tools in gathering useful genetic information
from natural populations (Avise, 1994). However,
despite the increasing use of PCR-based genetic mar-
kers, their application to the study of marine inverte-
brates generally lags behind that in investigations of
terrestrial organisms.

In this study we used Inter-Simple Sequence Re-
peat (ISSR) markers, also known as Random Ampli-
fied Microsatellites (RAMS) (Zietckiewicz et al.,
1994). This technique is based on the amplification
of the regions between closely spaced, inversely ori-
ented microsatellites (or Simple Sequence Repeats,
SSRs), by means of a single primer composed of a
short microsatellite sequence (typically 18-20 base
pairs) with one to three degenerate nucleotides an-
chored at the 3’ or 5 end. Such amplifications do not
require genome sequence information and lead to
multilocus and highly polymorphic banding patterns
(Zietckiewicz et al., 1994). While ISSRs have been
used by plant biologists for a variety of applications
(e.g., see Wolfe and Liston, 1998), only recently have
they been used in vertebrates (Kostia et al., 2000;
Bornet and Branchard, 2001; Haig et al., 2003; Has-
san et al., 2003) and terrestrial invertebrates (Abbot,
2001; Luque et al., 2002; Chatterjee and Mohandas,
2003; Chatterjee et al., 2003).

We conducted the analysis of G. gemma popula-
tion genetic structure using ISSRs in samples from
two Atlantic coast localities in North America in order
to understand how G. gemma varies genetically across
different spatial scales.

2. Materials and methods
2.1. Samples and DNA extraction

A total of 180 individuals of G. gemma were
collected at Tom’s Cove, Assateague Island, Virginia,

USA (T, 37°53'N; 75°20'W) in March 2002, and
North Carrying Place Cove, Lubec, Maine, USA (L,
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44°51'N; 66°59'W) in July 2002. At each locality, we
sampled within three 10-m-diameter patches approx-
imately 100 m from each other. Thirty individuals per
patch were analysed. Samples were labelled and pre-
served in absolute ethanol until genetic analyses were
conducted. Genomic DNA was extracted from entire
individuals using QIAGEN® DNeasy Tissue kit
(QIAGEN Inc., Valencia, California) according to
the manufacturer’s instructions. We analysed only
individuals with shell lengths from 2.5 to 3.0 mm to
minimise the presence of individuals belonging to
different age classes. Once extracted, DNA was stored
in solution at 4 °C until ISSR-PCR amplifications.

2.2. ISSRs

The ISSR-PCR products result in dominant, dia-
llelic Mendelian markers when divergence in SSR
sites or chromosomal structural rearrangement occurs
(Wolfe and Liston, 1998; Wolfe et al., 1998). Each
band corresponds to a DNA sequence delimited by
two inverted microsatellites. ISSRs are generated by
protocols very similar to those of RAPDs (Random
Amplified Polymorphic DNA), except that ISSR
primer sequences are planned for microsatellite
regions. Moreover, ISSRs are quick and easy to han-
dle, and they have reproducibility because the longer
lengths and higher annealing temperatures of their
primers decrease the amount of template primer mis-
match artefacts typical of RAPDs.

Thirteen sequences among the 18 ISSR primers we
assayed were found on the web (http://www.biosci.
ohio-state.edu/~awolfe/ISSR/protocols.ISSR .html),
whereas the remaining five sequences were designed
directly by the authors. Primers were provided by
Proligo® Primers and Probes, Proligo France SAS.
Primers contained different di- and tri-nucleotide re-
peat motifs to screen different parts of the genome
(Table 1). They were initially tested on four individuals
of G. gemma from both localities in order to find
repeats producing a suitable number of variable
bands. The preliminary screening allowed the identi-
fication of five informative and reliable primers (Table
1). The PCR reaction mixture of 25 pl volume
contained 0.5 wunits of Taqg DNA Polymerase
(Pharmacia®), 1X reaction buffer (Pharmacia®), 3
mM MgCl,, 0.2 pM primer, 200 uM of each ANTP
(Roche®), and up to 30 ng of genomic DNA. PCR

Table 1

Gemma gemma: primer names and sequences used in the ISSR
analysis, number of polymorphic bands per primer and range of
molecular weight in base pairs (bp) amplified by PCR-ISSR for 180
individuals

Primer Sequence No. of Size range of
(5-3") polymorphic polymorphic
bands bands (bp)
UBC 809 (AG)G 14 100-3000
UBC 811 (GA)sC 15 100-2700
UBC 827 (AC)G 13 200-2600
SAS 1 (GTG)4C 11 200-2600
SAS 3 (GAG)4C 14 100-3000

amplification was performed in a MJ PTC-100 Ther-
mal Cycler (MJ research®) programmed for 1 cycle of
3 min at 94 °C, 45 cycles of 40 s at 94 °C, 45 s at 50
(for primers UBC 809, UBC 811 and UBC 827) or 55
°C (for primers SAS 1 and SAS3), and 1 min and 40 s
at 72 °C to complete partial amplification. At the end a
post-treatment for 5 min at 72 °C and a final cooling at
4 °C were performed. For each primer, negative con-
trols and replicates were included in the amplifications
to verify repeatability of results.

2.3. Electrophoresis and analysis of amplification
products

The PCR products were analysed by electrophore-
sis using a 1.5% agarose gel in 1x TAE buffer (0.04
M Tris—acetate and 0.001 M EDTA). Gels were run at
60 V for 2 h and stained by soaking gel ina 1 pl/10 ml
ethidium bromide solution for 15 min. ISSR banding
patterns on gels were visualized using a photo-UV
transilluminator system and recorded by digital pho-
tography. We obtained bands corresponding to dimen-
sions of amplified fragments of approximately 100 bp
to 3000 bp (Table 1). One hundred base pair ladders
(DNA Molecular Weight Marker XIV, Roche®) were
run for reference with each primer.

2.4. Statistical analyses of ISSR data

Since ISSR markers are interpreted as dominant
diallelic markers, the dominant allele determines the
presence of the band, namely A4 and A4a individuals
have the (1) phenotype, whereas aa individuals have
the (0) phenotype. Absence of a band is interpreted as
primer divergence, loss of a locus through deletions of
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SSR site, or chromosomal rearrangement (Wolfe and
Liston, 1998). The program AFLP-SURV (Veke-
mans, 2002) was used to obtain allelic frequencies
at each marker locus in each sample and to estimate
genetic diversity within and between samples. We
carried out the analysis assuming Hardy—Weinberg
equilibrium ( F15=0). Furthermore, we assumed low
(F1s=0.05), moderate (F;s=0.10) and high (Fis=
0.25) disequilibria, because heterozygote deficiency
is very common in bivalves (reviewed in Zouros and
Foltz, 1984; Gaffney et al., 1990). Based on the
estimates of allele frequency, we used the Lynch
and Milligan (1994) approach, which employs the
average expected heterozygosity of the presumptive
loci, or Nei’s (1978) gene diversity, as measure of
genetic diversity. We calculated heterozygosity (H)
and Wright’s fixation index (Fgr) using the Bayes-
ian method with non-uniform prior distribution of
allele frequencies (Zhivotovsky, 1999). The Bayes-
ian method is supposed to give more accurate
results with respect to other approaches, such as
the square root method (Zhivotovsky, 1999). It
provides the frequency of the null allele at each
locus, extracted from the sample size and the num-
ber of individuals in the sample that lack the ISSR
fragment. This approach estimates the distribution
of allele frequencies based on the variation over loci
of the frequencies of ISSR fragments in the sample.
Genetic differentiation among samples and localities
was tested using a permutation procedure with
10,000 pseudoreplicates. The null hypothesis is
that there is no genetic differentiation among the
groups.

Hierarchical relationships were estimated by anal-
ysis of molecular variance (AMOVA). Total genetic
variation was partitioned into (i) between localities,
(i1) among patches within localities, and (iii) within
patches using AMOVAPREP (Miller, 1998) and
WINAMOVA (Excoffier et al., 1992). Significance
levels were calculated using randomisation tests. A
null distribution was obtained by allocating each
individual to randomly chosen populations and the
variance components estimated from 10,000 permu-
tations. This procedure eliminated the normality as-
sumption required for the analysis of variance but
which is inappropriate for molecular data (Excoffier
et al., 1992). For ®@gr (within patches), the variance
component was tested by randomisations across all

patches; for ®@gc (among patches), it was assumed
that the localities are real but patches are not, so that
randomisations occurred within localities; and for
®cr (among localities), it was assumed that the
patches were real and the localities were artificial,
so that randomisations of populations were made
across localities. All statistical analyses were per-
formed applying the method outlined by Lynch and
Milligan (1994).

UPGMA consensus dendrograms of Nei’s (1978)
genetic distances between the six patches were con-
structed with the program TFPGA (Miller, 1997) on
the basis of the four matrices obtained from the
Bayesian analyses with four different prior distribu-
tions (Fis=0, 0.05, 0.10 and 0.25). Nodes of the
dendrogram were tested using bootstrapping with
10,000 replicates.

3. Results

The numbers and sizes of bands resolved per prim-
er ranged from 11 to 15 and from 100 bp to 3000 bp,
respectively (Table 1). We detected a total of 62 bands
in the sample from Virginia and 58 in the sample from
Maine, with nine and five locality-private bands, re-
spectively (Table 2). The frequencies of the dominant
alleles are reported in Table 3.

With the unrealistic hypothesis of Hardy—Wein-
berg equilibrium at the two localities, the values of
heterozygosities were H=0.184 £ 0.018 in the sam-
ple from Virginia, and H=0.169 = 0.018 in the sam-
ple from Maine (Table 4). With the assumption of
increasing disequilibrium due to deficit of heterozy-
gote individuals, the values of heterozygosity in-

Table 2
Gemma gemma: summary of ISSR products per patch and locality

Locality Patch Sample No. of No. of unique

size bands bands
Virginia A 30 46 2
B 30 34 2
C 30 36 1
A+B+C 90 62 9
Maine A 30 44 3
B 30 36 -
C 30 41 -
A+B+C 90 58 5
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Table 3
Gemma gemma: frequencies of dominant alleles estimated using Lynch and Milligan’s (1994) method at all loci in all samples
Primer UBC809
bp 100 150 200 300 400 450 500 900 1300 1500 2500 2600 2800 3000
Virginia-A 042 0.79 045 0.09 02 024 0 0.09 0.02 0 0.14 0 0 0
Virginia-B 0 0.16 034 009 0 022 036 0.02 0 0 0 0 0 0
Virginia-C =~ 0 029 042 009 O 0.18 0.34 0 0 0 0 0 0 0
Maine-A 0 012 024 024 O 039  0.03 0.51 0.03 0.03 0 0.02 0.03 0.02
Maine-B 022 051 0.07 012 0.03 051 0.14 0.07 0 0 0.03 0.02 0 0
Maine-C 0 0.05 022 039 0.07 014 0.05 0.48 0.14 0 0.05 0.07 0 0
Primer UBCS811
bp 100 120 150 200 300 400 450 500 900 1000 1100 1400 1500 2600 2700
Virginia-A 0 0.02 051 007 003 0 0.05 0.09 0.07 0.16 0.03 0.02 0.05 0.05 0
Virginia-B 0.05 0.02 051 0.02 022 0.12 0 0.16 0.02 0.02 0 0.05 0 0 0
Virginia-C 0 005 055 0 031  0.05 0.09 0.07 0.09 0 0 0.03 0.07 0 0
Maine-A 0 0 0 009 027 005 0 0.1 0.02 0.09 0 0 0.1 0.03 0.05
Maine-B 0 0 0 002 0 0 0 0.02 0 0.03 0 0 0 0.14 0.07
Maine-C 0.67 0.07 067 0.05 0 0 0 0.05 0 0.03 0.09 0 0.02 0 0.09
Primer UBC827
bp 150 200 220 300 450 500 600 700 1000 1100 1500 2600 2640
Virginia-A  0.73 045 0 009 0 0 0.51 0.02 0.58 0.03 0 0 0.51
Virginia-B 0.55 048 005 0 0 0.02 045 0 0 0.34 0 0 0
Virginia-C =~ 0 062 0 0 0.18 024 0 0.05 0.02 0 0.39 0.36 0.03
Maine-A 039 034 007 0.07 0 0.09  0.03 0.24 0 0.62 0 0.12 0
Maine-B 039 045 0 005 0.05 002 0 0.34 0.05 0.48 0 0.03 0
Maine-C 0 0 1 0.16 0.73 0.05 0.09 0.1 0.05 0.45 0 0.18 0
Primer SAS1
bp 150 200 300 400 500 900 1000 1500 2500 2700 2900
Virginia-A 0 0.02 045 007 073 0 0.29 0.03 0.02 0 0
Virginia-B 0.36 0 0 079 079 0 0 0.31 0 0 0
Virginia-C =~ 0 0 0.1 0 0 062 0 1 0.36 0.02 0.1
Maine-A 0.2 0 002 055 036 0.1 0 0 0.03 0.03 0
Maine-B 0 0 014 0 051 0 0.12 0 0.1 0.02 0
Maine-C 031 0 0.09 0 058 0 0.18 0 0 0 0
Primer SAS3
bp 100 150 200 250 300 450 500 600 1000 1100 1500 1600 2700 3000
Virginia-A  0.03  0.07 0.05 0.16 0.09 0.67 0.07 0.39 0.36 0.02 0 0.05 0 0
Virginia-B 0 0 0 0 0.02 0.03 048 0.18 0.67 0.24 0.07 0.18 0.05 0.27
Virginia-C =~ 0 0 0.16 0.02 054 022 02 0.03 0 0.14 0 0 0.36 0
Maine-A 0 034 0.07 0.09 045 022 0 0.07 0.14 0 0 0.1 0.16 0
Maine-B 0 0 034 0.12 0.1 062 0 0.51 0.39 0 0 0.09 0.34 0
Maine-C 0 0 036 002 055 039 0.03 0.16 0.12 0.02 0 0.2 0 0

Approximate band sizes are in bold.

creased slightly (Table 4). A summary of the values
of H calculated for each patch at the two localities is
reported in Table 4.

The greatest portion of the genetic variation was
found within patches (61.0%), and the variance
among patches within localities accounted for most
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Table 4
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Gemma gemma: estimates of genetic diversity obtained by patch (suffix pat) and pooling patches within the two localities (suffix loc), applying

the Lynch and Milligan (1994) approach to ISSR data

Locality Patch Deficit of heterozygotes

Hpat

Hloc

F STpat

FSTloc

Virginia Absent ( F15=0)
Maine
Virginia Low (Fi5=0.05)
Maine
Virginia Moderate ( F15=0.10)
Maine
Virginia

High ( F15=0.25)

Maine

AO@WPOQOWPPQOTP>OEPPOQOTP>OET>OQOT > O >

0.170+0.022
0.151+£0.023
0.1524+0.022
0.159+0.020
0.143 +£0.022
0.157£0.021
0.169 +0.023
0.149 +0.023
0.150+0.023
0.158 £0.021
0.142 +0.023
0.155+0.021
0.170 £ 0.023
0.150+0.023
0.151+£0.023
0.160 £ 0.021
0.144 +0.024
0.156 £0.021
0.172+£0.022
0.153 +£0.024
0.155+0.023
0.167 £0.022
0.148 £0.023
0.160 +0.021

0.184+0.018

0.169+0.018

0.186+0.018

0.171£0.019

0.190£0.019

0.174+£0.019

0.200+0.019

0.183£0.019

0.249 +£0.038*

0.263 £0.039*

0.279 +0.046*

0.291 +£0.041*

0.080 +0.039*

0.083 £0.041*

0.085 +0.040*

0.094 +0.039*

Bayesian with non-uniform prior distribution method (see Materials and methods) was applied to calculate heterozygosity (H) and Wright’s

fixation index ( Fsr).

* p<0.001 by permutation tests with 10,000 pseudoreplicates.

of the remaining molecular variance (36.7%). The
amount of variance found between localities was sub-
stantially lower (2.3%) (Table 5). The @-statistics
revealed significant molecular differentiation within
patches and among patches within localities (@gr=
0.390 and @5-=0.376, both p<0.001), but not
among localities (@c1=0.023, p=0.196) (Table 5),
indicating that genetic heterogeneity was present at
small spatial scales.

Table 5

Assuming Hardy—Weinberg equilibrium and the
three degrees of disequilibrium considered, Fgr
values showed no evidence of genetic differentiation
between localities (Table 4). In contrast, Fg values
estimated among patches were substantially higher
(Table 4). All the Fst values were significantly greater
than zero by probability tests (p <0.001).

For each assumed Fig value, we constructed a
dendrogram based on Nei’s (1978) genetic distances

Gemma gemma: results of hierarchical analysis of molecular variance (AMOVA) derived from the cluster analysis computed from the distance

matrix constructed using the formula of Excoffier et al. (1992)

Source of variation df MS Variance Percentage d-statistics P
component of variance

Between Maine and Virginia 1 132.217 0.22098765 2.29 D1=0.023 0.1958

Among patches within localities 4 112.328 3.54773946 36.71 Ds=0.376 <0.0001

Within patches 174 5.896 5.89559387 61.00 D41r=0.390 <0.0001

p-values, calculated from a random permutation test (10,000 replicates), and @-statistics represent the probability of obtaining by chance alone a

more extreme variance than the observed values (Excoffier et al., 1992).
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Fig. 1. Gemma gemma. UPGMA consensus dendrogram of Nei’s
(1978) genetic distances between patches. Bootstrap values were
obtained after 10,000 replicates.

between patches. Genetic distances were greater with
increasing F'jg values, but the topologies of the four
dendrograms were identical (data not shown), hence
we reported only the dendrogram obtained with
F15=0.10. The dendrogram showed inconsistency in
geographic separation among patches (Fig. 1). Boot-
strap support was low to moderate, with the exception
of the high value relative to the node linking patches
A and B in Maine (Fig. 1).

4. Discussion

Our work represents the first application of ISSRs to
a marine invertebrate. Technical results of the present
study provide evidence for the reliability and useful-
ness of ISSR markers, especially in defining fine-scale
population genetic substructuring. A result that stands
out from the present study was the considerable small-
scale genetic heterogeneity in G. gemma at both with-
in- and among-patch levels. By contrast, little addition-
al large-scale genetic variation was detected. Nine
private bands in samples from Virginia and five in
those from Maine (Tables 2 and 3) were not sufficient
to significantly differentiate the two localities because,
with a few exceptions, dominant alleles had very low
frequencies (Table 3). The pooling of patches with high
within-patch and between-patch genetic heterogeneity
decreased the observed fixation indices ( F'srand @)
between Maine and Virginia. The pooling of a set of
highly divergent samples at each locale may account
for the absence of significance of these two parameters.
In fact, long distance gene flow should produce a
decrease in the number of private bands in both

Maine and Virginia and not an increase in private
bands, as observed. Consistent with our results
obtained at the larger spatial scale, a high degree of
genetic homogeneity was found in a preliminary study
employing sequences of the mitochondrial DNA Cy-
tochrome Oxidase I gene in samples from seven sites
from Maine to Virginia (K. Holland, J. Commito, A.
Dickerson and T. Losch, unpublished data). These
investigators observed very low levels of genetic dif-
ferentiation, with only 0.3-0.5% nucleotide sequence
variation between sites.

Strathmann and Strathmann (1982) argued that
brooding is a life-history strategy of small-size benthic
species because as adults they can be easily dispersed
and thus gain little advantage from planktonic larvae.
This strategy is adopted because planktonic larvae
suffer possible disadvantages. They include dispersal
away from favourable habitat, mismatches between
larval and adult physiological tolerances, greater sus-
ceptibility to environmental stresses, predation, and
various costs that may be associated with metamor-
phosing in response to specific chemical cues and
postponing metamorphosis in the absence of those
cues (Pechenik, 1999). Furthermore, it has been
hypothesised that dispersal among populations of
Abra tenuis, a small-size aplanic bivalve ecologically
similar to G. gemma, may occur by means of trans-
port by water currents and transport by waterfowl
(Holmes et al., 2004). Therefore, a degree of medi-
um-to-large scale gene flow cannot be a priori ex-
cluded in G. gemma.

The sensitivity of the ISSRs to detect genetic diver-
sity among G. gemma individuals accounts for the
absence of identical genotypes across all individuals
analysed. The hypervariability of the markers allowed
the detection of fine-grained spatial genetic structure,
with high within- and among-patch genetic heteroge-
neity. Patches were differentiated quite clearly from
each other, but this degree of differentiation was not
consistent with their close geographic proximity. Sim-
ilar structures were referred to as “chaotic genetic
patchiness” in the limpet Siphonaria jeaneae (Johnson
and Black, 1982; 1984) and in the bivalve Spisula
ovalis (David et al., 1997). Our results suggest that,
locally, the genetic structure of G. gemma can be
influenced by the occurrence of a mosaic constituted
by groups of sibs. However, the presence of a number
of diverse genotypes within the patches suggests that
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passive dispersal plays a role at local spatial scale. But
the simple pattern described is further complicated
because there are other factors that may have caused
the observed fine-scale genetic heterogeneity, such as
temporal variation in the abundance, distribution and
paternal genetic component of newly released juveniles
(Botton, 1984; Weinberg, 1985, 1989; Commito et al.,
1995). Mortality of juveniles could also affect the
genetic patchiness, as heavy local mortality could result
from particular conditions of weather, tides or preda-
tion. Furthermore, patterns of heterogeneity resulting
from localised recruitment are ephemeral. Each genetic
patch will fade as old cohorts die and later batches of
new females, some of which will immigrate from dif-
ferent sites, produce new mosaics of genotypes.

The present study opens the way to further research
that should (i) focus on the fine-scale genetic structure
in locations with different rates of passive dispersal
resulting from dissimilar hydrodynamic regimes; (ii)
consider sampling in different periods of the same
year in order to assess the local fine-scale temporal
dynamics; and (iii) enlarge the study area in order to
give insight on the long-distance gene flow (if any)
and assess the possible presence of major biogeo-
graphic discontinuities with genetic breaks or the
presence of large-scale isolation by distance.

5. Conclusion

Results of the present study are in contrast with
the generalisation that aplanic and anchiplanic spe-
cies, in genetic terms, have locally homogeneous but
globally heterogeneous populations, whilst actaepla-
nic and teleplanic species have locally heterogeneous
but globally homogenous populations (for examples
see Gooch et al., 1972; Gaines et al., 1974; Palumbi
and Kessing, 1991; Hunt, 1993; Huang et al., 2000;
Holmes et al., 2004). In addition, our results cannot
reject the hypothesis that, if body size is relatively
small, passive transport of adult benthic aplanic and
anchiplanic invertebrates of low mobility may be a
means of long-distance dispersal (Strathmann and
Strathmann, 1982; Johannesson, 1988). From a popu-
lation genetic perspective, passive dispersers without
free-swimming larvae may be characterised by large-
scale genetic patterns similar to those of most of species
with medium- to long-lived planktonic larvae.
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