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INTRODUCTION

Studies of genetic divergence and population struc-
ture in marine species have used various molecular
techniques (reviews by e.g. Park & Moran 1995, Car-
valho & Hauser 1998), the most common being enzyme
(allozyme) electrophoresis. This remains the most
rapid, simple and inexpensive method for population
level studies, where large numbers of samples need
to be screened, and it is the technique of choice for
analyses of fish stocks (see e.g. Utter et al. 1987, Ward
1989, Utter 1995, Ward & Grewe 1995, Thorpe et al.
2000). Nevertheless, recent molecular methods may

provide higher resolution of genetic structuring within
species (Ward & Grewe 1995). A relatively straightfor-
ward method is PCR-RAPD, the random amplification
of polymorphic DNA (RAPD) by polymerase chain
reaction (PCR) (Welsh & McClelland 1990, Williams et
al. 1990). This provides a simple means of detecting
polymorphisms, e.g. for genetic mapping or strain
identification (Hadrys et al. 1992).

RAPD has been used in studies on a range of organ-
isms (e.g. nematodes: Caswell-Chen et al. 1992; in-
sects: Black et al. 1992, Chapco et al. 1992), particu-
larly plants (e.g. Huff et al. 1993, Kazan et al. 1993,
Peakall et al. 1995, Rossetto et al. 1995) and freshwater
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fish (e.g. Bardakci & Skibinski 1994, Naish et al. 1995,
Williams et al. 1998, Koh et al. 1999, Liu et al. 1999,
Nesbo et al. 1999), and in work on endangered species
(e.g. frogs: Kimberling et al. 1996; snakes: Gibbs et al.
1994; whales: Martinez & Pastene 1999; and birds:
Haig et al. 1994, Nusser et al. 1996). In marine species
its use has been limited (e.g. Allegrucci et al. 1995,
Bielawski & Pumo 1997, Harding et al. 1997, Smith et
al. 1997, Todd et al. 1997, Gomes et al. 1998, Heipel et
al. 1998, Hirschfeld et al. 1999, Mamouris et al. 1999),
and the database on RAPD is not as extensive as that
long been available for allozyme studies (see e.g.
Thorpe 1982, Nei 1987, Thorpe & Sole-Cava 1994).

The primary objective of the present study was to
compare patterns of allozyme and RAPD variation in 6
Atlantic populations of Dover sole Solea solea (L.), a
commercially important soleid flatfish in shallower
inshore waters of Europe (Rijnsdorp et al. 1992). Allo-
zyme data on Dover sole were available from an
earlier study (Exadactylos et al. 1998; see also Kotoulas
et al. 1995, Exadactylos et al. 1999, Exadactylos &
Thorpe 2001) and the intention was to use RAPD to
estimate levels of genetic diversity within and be-
tween populations based on the same material as
used previously by Exadactylos et al. (1998). It was
hoped that RAPD might help to differentiate between
populations that were very similar in the allozyme
study and provide firstly an empirical assessment of
the ability of RAPD to resolve interpopulation dif-
ferences not detected by allozymes, and secondly a
direct comparison of levels of divergence revealed by
the 2 methods.

PCR-RAPD applies the PCR technique to genomic
DNA samples, using randomly constructed oligonu-
cleotides as primers. A single short primer (10 base
pairs) and low annealing temperature are combined to
obtain specific amplification patterns from individual
genomes. These anonymous DNA fragments are sepa-
rated by size on a standard agarose gel and visualised
by ethidium bromide staining. The method can detect
extensive polymorphisms and does not require a priori
sequence information on the organism studied. Poly-
morphisms result from either size changes within the
amplified region or base changes that alter primer
binding (Lynch & Milligan 1994). Such polymorphisms
are usually inherited in a Mendelian fashion and can
be used as genetic markers (Bardakci & Skibinski
1994). PCR-RAPD is simpler, considerably faster and
less expensive than other methods for detecting DNA
sequence variation (Caetano-Anolles et al. 1991a,b).
Since RAPD can be used over numerous loci in the
genome, the method is generally attractive for analysis
of genetic distance, genetic structure at the population
level, breeding applications, and phylogenetic recon-
struction (Clark & Lanigan 1993).

Practical problems in RAPD applications include the
difficulty in distinguishing products of different loci
with similar molecular weights (co-migration) (see e.g.
Grosberg et al. 1996). Polymorphism is detected as
band presence versus absence after PCR amplification,
since RAPD markers are usually dominant characters
(Williams et al. 1990). These phenotypically dominant
markers in diploid organisms make it impossible to
distinguish between homozygotes and heterozygotes
for the dominant allele (Lynch & Milligan 1994). This
problem does not preclude the estimation of allele fre-
quencies necessary for population genetic analysis,
but it does reduce the accuracy of such estimates com-
pared to analysis with co-dominant markers, i.e.
allozymes (Lynch & Milligan 1994). Each RAPD locus is
treated as a 2 allele system, with the assumption that
only 1 of the alleles per locus is amplifiable by the PCR.
The existence of multiple amplifiable alleles at a locus
is reported to be relatively rare (Clark & Lanigan
1993), but evidence to the contrary has also been
reported (Grosberg et al. 1996). Under random mating
the inbreeding index FIS is zero and the expected
genotype frequencies follow Hardy-Weinberg expec-
tations, another assumption to consider in population-
genetic structure analyses with dominant genetic
markers (Stewart & Excoffier 1996).

MATERIALS AND METHODS

Sample tissue collection and digestion. A total of
96 individuals, 16 from each of the 6 Atlantic popula-
tions of Solea solea (3 from the Irish Sea, 2 from the
North Sea, 1 from the Bay of Biscay) studied by
Exadactylos et al. (1998) were randomly selected for
analysis. Allozyme data had shown that Dover sole
from the Mediterranean were genetically distinct from
those in the Atlantic, so these samples were excluded
from the RAPD analysis. The sampling protocol of the
6 Atlantic populations has already been described
(Exadactylos et al. 1998). Frozen tissue samples of
skeletal muscle stored at –75°C were used for DNA
extractions. Preliminary trials were carried out to eval-
uate DNA extraction techniques. To get good results
with any given species, techniques have to be per-
fected, often by trial and error, and the extraction and
PCR methods for Dover sole are given below.

DNA extraction and quality control. Tissue samples
were digested in sterile Eppendorf tubes containing a
solution of 500 µl TNE buffer (10 mM Tris-HCl,
100 mM NaCl, 10 mM EDTA, pH 8), 50 µl Tris-HCl at
pH 8, 25 µl 25% SDS and 20 µl Proteinase K (Bio-
metra). These were shaken gently and incubated at
55°C for 2 h, or until the tissue was dissolved. After
tissue digestion, 600 µl phenol-chloroform was added
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to the Eppendorf tubes, to dissolve any remains of pro-
teins or enzymes. The tubes were rotated on a mixing
machine (Stuart Scientific Rotator Drive STR4, Jen-
cons) at 8.25 speed for 10 min and then centrifuged
(Biofuge 13, Heraeus Sepatech) at 13 000 × g for
10 min. The dissolved DNA in the buffer solutions was
extracted off the top of the phenol-chloroform layers,
using cut pipette tips rather than the normal uncut
tips, to avoid breaking of DNA in the sample. The
supernatants were added into new Eppendorf tubes
containing 600 µl chloroform/iso-amyl alcohol. The
contents were mixed by rotation for 10 min and
centrifuged for another 10 min, as described above.
This step removed phenol-chloroform left in the DNA
sample.

The supernatants were removed using cut pipette
tips and added to a new set of Eppendorf tubes con-
taining 1 ml of absolute ethanol. Gentle mixing by
inverting dissolved any chloroform/iso-amyl impurities
left in the sample, 6 µl 3 M sodium acetate was added
to the DNA in the ethanol and the tubes were frozen at
–70°C for 30 min. This step precipitates the DNA. After
thawing, the tubes were centrifuged for 5 min and
excess ethanol was poured off to leave a small white
pellet at the bottom of each tube. Pellets were washed
with 200 µl cold 70% ethanol and again centrifuged for
5 min. Ethanol was poured off again and the tubes
(with pellets at the bottom) were incubated at ~40°C
for ~20 min to evaporate excess ethanol. Finally, 50 µl
of ultrasterile water was added to each pellet. The
ultra-sterile water was prepared by deionising, fol-
lowed by sterilisation with UV radiation to denature
enzymes and nucleic acids. DNA samples were stored
frozen until analysed.

Most of the samples had good quality DNA, but some
yielded little or no DNA, or poor quality, degraded
DNA. To assess quality and quantity of DNA, a small
aliquot of each sample was run on a 1% agarose
minigel (0.21 g MP agarose; Boehringer-Mannheim) in
30 ml of 1× Tris-borate-EDTA-buffer (Sigma) pH 8.3,
stained with 3 µl ethidium bromide (BDH) and
assessed under UV light. Samples with clear, sharp,
bright bands had good quality DNA, whilst faint
bands, or no bands at all had low concentrations or no
DNA, respectively. Samples that showed smearing on
the top of the gel had badly degraded DNA. Extraction
from the original tissue was repeated in these cases.

PCR-RAPD procedure. PCR reactions were per-
formed in 20 µl total volume containing 2 µl 10× reac-
tion buffer (100 mM Tris-HCl, pH 8.8; 15 mM MgCl2;
500 mM KCl; 1% Triton X-100; Dynazyme™ II,
Flowgen Instruments), 0.2 mM (pH 7) of each de-
oxynucleotide triphosphate (dATP, dCTP, dTTP, dGTP;
Amresco), 0.75 mM 10-mer primer (Operon); 1 µl
genomic DNA and 11.75 µl water (molecular biology

grade, BDH). The reaction mixture was overlaid with
30 µl mineral oil (Sigma). DNA amplification was per-
formed in a thermal cycler (model TCI, Perkin Elmer).
The tubes were placed at random in the PCR machine
for an initial melting step at 94°C for 3 min, before
0.5 U of Taq DNA polymerase (Dynazyne™ II) was
added. For the first cycle, denaturation was at 94°C for
3 min, annealing at 36°C for 30 s, and extension at
72°C for 1.5 min. Denaturation time was decreased to
30 s for the following 43 cycles. A final extension step
at 75°C was performed for 5 min before the samples
were finally cooled off at 4°C. A negative control with
template DNA replaced by water, was performed
for each set of amplifications, in order to verify the
absence of contamination.

The amplification products were resolved electro-
phoretically on 1.4% agarose gels run at 60 V for 12 to
14 h in 1× TBE buffer and fragments were visualised
by staining with ethidium bromide (BDH). Sizes were
estimated by comparisons with a 1 kb ladder
(Promega) and by running some individuals as refer-
ence samples on different gels. Gels were distained for
several hours in a bath of distilled water and photo-
graphed under UV light with a DS34 Polaroid camera
using monochrome negative film (Type 655). In a pilot
survey, 25 different 10-base primers (Operon Kits R,
Y and F) were evaluated, of which 15 primers gave
clear, reproducible, informative marker patterns, coded
by 37 polymorphic and 1 monomorphic scorable band
fragments (Table 1), and these were selected for the
final analysis. Band fragments were 350 to 1150 bp in
length and were scored for presence (1) or absence (0),
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Primer codes Primer sequence Scorable Band size
(5' to 3') bands

OPR14 CAGGATTCCC 2 550–750
OPR15 GGACAACGAG 2 350–490
OPF09 CCAAGCTTCC 2 590–1150
OPF07 CCGATATCCC 3 540–1090
OPF15 CCAGTACTCC 3 450–990
OPR05 GACCTAGTGG 2 390–580
OPR16 CTCTGCGCGT 3 480–730
OPY15 AGTCGCCCTT 4 400–830
OPF17 AACCCGGGAA 4 590–1020
OPR10 CCATTCCCCA 3 350–1030
OPR11 GTAGCCGTCT 3 550–840
OPR13 GGACGACAAG 3 380–690
OPR06 GTCTACGGCA 2 400–640
OPF03 CCTGATCACC 1 540
OPR20 ACGGCAAGGA 1 640

Total
15 380

Table 1. Solea solea. Summary of data obtained on 6 popula-
tions by RAPD analysis for 15 primers. Band size: approximate 

band size range (bp) of polymorphic markers
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Primer code Locus Population
CUM IOM IRL FRA GER EAN

OPR14-A A 0.750 0.500 0.375 0.750 0.438 0.563
B 0.250 0.500 0.625 0.250 0.563 0.438

OPR14-B A 0.438 0.219 0.563 0.281 0.375 0.656
B 0.563 0.781 0.438 0.719 0.625 0.344

OPR15-A A 1.000 1.000 0.750 0.563 1.000 1.000
B 0.000 0.000 0.250 0.438 0.000 0.000

OPR15-B A 0.438 0.438 0.250 0.500 0.281 0.250
B 0.563 0.563 0.750 0.500 0.719 0.750

OPF09-A A 1.000 1.000 0.750 0.438 0.750 0.344
B 0.000 0.000 0.250 0.563 0.250 0.656

OPF09-B A 0.750 0.750 0.750 0.750 0.500 1.000
B 0.250 0.250 0.250 0.250 0.500 0.000

OPF07-A A 0.750 0.750 1.000 1.000 0.750 1.000
B 0.250 0.250 0.000 0.000 0.250 0.000

OPF07-B A 0.750 0.563 1.000 0.281 0.656 1.000
B 0.250 0.438 0.000 0.719 0.344 0.000

OPF07-C A 0.438 0.281 0.563 0.750 0.563 1.000
B 0.563 0.719 0.438 0.250 0.438 0.000

OPF15-A A 1.000 1.000 1.000 1.000 1.000 0.656
B 0.000 0.000 0.000 0.000 0.000 0.344

OPF15-B A 1.000 1.000 1.000 1.000 1.000 1.000
B 0.000 0.000 0.000 0.000 0.000 0.000

OPF15-C A 0.281 0.281 0.375 0.438 0.281 0.438
B 0.719 0.719 0.625 0.563 0.719 0.563

OPR05-A A 0.750 0.438 0.250 0.344 0.438 1.000
B 0.250 0.563 0.750 0.656 0.563 0.000

OPR05-B A 1.000 0.344 1.000 0.656 0.563 0.344
B 0.000 0.656 0.000 0.344 0.438 0.656

OPR16-A A 0.344 0.656 0.656 0.375 0.156 0.656
B 0.656 0.344 0.344 0.625 0.844 0.344

OPR16-B A 0.750 0.563 0.563 0.438 0.281 0.375
B 0.250 0.438 0.438 0.563 0.719 0.625

OPR16-C A 0.438 0.500 0.563 0.250 0.375 0.500
B 0.563 0.500 0.438 0.750 0.625 0.500

OPY15-A A 0.500 0.281 0.219 0.500 0.438 0.563
B 0.500 0.719 0.781 0.500 0.563 0.438

OPY15-B A 1.000 0.563 0.375 0.125 0.500 0.438
B 0.000 0.438 0.625 0.875 0.500 0.563

OPY15-C A 0.563 0.563 0.563 0.344 0.563 0.500
B 0.438 0.438 0.438 0.656 0.438 0.500

OPY15-D A 1.000 1.000 0.750 0.438 1.000 1.000
B 0.000 0.000 0.250 0.563 0.000 0.000

OPF17-A A 0.375 0.375 0.344 0.563 1.000 0.250
B 0.625 0.625 0.656 0.438 0.000 0.750

OPF17-B A 0.156 0.250 0.438 0.750 1.000 0.250
B 0.844 0.750 0.563 0.250 0.000 0.750

OPF17-C A 0.250 0.156 0.281 1.000 1.000 0.563
B 0.750 0.844 0.719 0.000 0.000 0.438

OPF17-D A 0.750 0.438 0.500 0.563 1.000 0.438
B 0.250 0.563 0.500 0.438 0.000 0.563

OPR10-A A 0.656 0.438 0.125 0.344 0.563 0.344
B 0.344 0.563 0.875 0.656 0.438 0.656

OPR10-B A 0.375 0.250 0.219 0.563 0.438 0.344
B 0.625 0.750 0.781 0.438 0.563 0.656

OPR10-C A 0.344 0.438 0.563 0.563 0.563 0.281
B 0.656 0.563 0.438 0.438 0.438 0.719

OPR11-A A 0.656 0.656 0.656 0.563 0.750 0.438
B 0.344 0.344 0.344 0.438 0.250 0.563

Table 2. Solea solea. RAPD band frequencies for 38 scorable loci (15 oligonucleotide primers) in 6 Atlantic populations. A and B
indicates presence or absence of variable bands. Populations: CUM: Cumbria; IOM: Isle of Man; IRL: Ireland; FRA: Bay of Biscay; 

GER: German Bight; EAN: East Anglia; North Sea
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generating a matrix of RAPD phenotypes (for further
details see Exadactylos 1997).

Data analysis. The following assumptions were
made about RAPD profiles in Dover sole: (1) all RAPD
loci showed complete dominance, and the absence of a
band indicated the genotype of a homozygote for the
recessive allele (q2), (2) all loci had 2 alleles with fre-
quencies p and q, and only 1 allele amplified to pro-
duce a band; polymorphic bands segregated in a
Mendelian fashion, (3) all populations were in Hardy-
Weinberg equilibrium (p2 + 2pq + q2; p + q = 1) (Lynch
& Milligan 1994) and the calculated genetic diversity
represents that expected under Hardy-Weinberg
equilibrium. Despite the possibility of underestimating
(heterozygotes are undetected in visible dominant
markers) or overestimating (band frequencies are
below 50%) genetic diversity, RAPD provides useful
estimates of genetic variation allowing for the neces-
sary assumptions (Kimberling et al. 1996).

The entire data set from 96 individuals was used
for the analysis, including the single monomorphic
marker. The computer programme RapdBios (Black
1993) provides input files suitable for Biosys-2 (Swof-
ford & Selander 1989), which was used to calculate
allele frequencies, heterozygosity estimates and stan-
dard genetic analyses of population structure. Hetero-
geneity χ2 analyses of allele frequencies between 
populations and groupings were performed by hier-
archical analysis using Biosys-2. The sequential Bon-
ferroni procedure was employed to control the proba-
bility of incorrectly rejecting null hypotheses at the
0.005 significance level (Holm 1979).

Calculation of Wright’s (1978) non-hierarchical FDT

was carried out in Biosys-2 to facilitate comparison of

the RAPD data set with that obtained from the
allozyme study (Exadactylos et al. 1998). Weir & Cock-
erham’s (1984) unbiased estimates of F statistics were
calculated using the RapdFST programme, version 3.0
(Black 1995), using the weighted mean frequency of
alleles and their deviation from zero (significant popu-
lation differentiation) and were tested with a contin-
gency χ2 table: χ2 = 2NFST; df = k – 1, where N is the
total number of individuals sampled across k popula-
tions. Contemporary estimates of gene flow (Nem)
were calculated using Slatkin’s (1993) approximation,
assuming equilibrium between migration and genetic
drift.

Two methods of cluster analyses were performed,
UPGMA using Modified Rogers Distance (DT) and
Wagner procedure using Prevosti’s Distance (Wright
1978), with the fit of the dendrograms assessed by
goodness of fit statistics. The relation between matri-
ces of genetic and linear geographic distances was
examined with Mantel’s (1967) test of time-spacing
clustering using the Ntsys programme (Rohlf 1993).
Resulting r values are interpreted as correlation co-
efficients; 1: positive correlation, –1: negative correla-
tion. UPGMA and Wagner procedure dendrograms,
Mantel’s test, Nem, FST and FDT were calculated and
compared for both data sets (allozymes and RAPD) on
the 6 Atlantic populations of Solea solea.

RESULTS

We used 8 experimental protocols to establish
whether the amplification products originated from
Solea solea DNA or were artifacts of the amplification
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Primer code Locus Population
CUM IOM IRL FRA GER EAN

OPR11-B A 1.000 0.750 1.000 0.750 1.000 0.750
B 0.000 0.250 0.000 0.250 0.000 0.250

OPR11-C A 0.344 0.281 0.250 0.281 0.281 0.344
B 0.656 0.719 0.750 0.719 0.719 0.656

OPR13-A A 0.656 0.656 0.344 1.000 0.563 1.000
B 0.344 0.344 0.656 0.000 0.438 0.000

OPR13-B A 1.000 0.438 0.063 0.656 0.656 0.156
B 0.000 0.563 0.938 0.344 0.344 0.844

OPR13-C A 0.500 0.656 1.000 0.656 1.000 1.000
B 0.500 0.344 0.000 0.344 0.000 0.000

OPR06-A A 0.250 0.563 0.219 0.250 0.250 0.281
B 0.750 0.438 0.781 0.750 0.750 0.719

OPR06-B A 0.750 1.000 1.000 0.750 0.375 1.000
B 0.250 0.000 0.000 0.250 0.625 0.000

OPF03-A A 1.000 0.656 1.000 0.656 1.000 1.000
B 0.000 0.344 0.000 0.344 0.000 0.000

OPR20-A A 1.000 0.438 0.375 0.563 1.000 1.000
B 0.000 0.563 0.625 0.438 0.000 0.000

Table 2 (continued)
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procedure; artifacts are a known problem in RAPD am-
plifications if parameters are not precisely regulated
(see e.g. Ellsworth et al. 1993). Trial runs were carried
out to test the effect of Mg++, DNA, dNTP and Taq
polymerase concentrations, which can affect the size
and the number of amplified products. Consistent, re-
producible results were obtained by standardising the
reaction conditions to those given above (see also Ex-
adactylos 1997). Estimated allele frequencies at RAPD-

encoding loci varied between populations (Table 2).
From a total of 38 loci, 37 were 100% polymorphic in
all 6 populations. Table 3 shows genetic diversity esti-
mates for all 38 markers over all samples. The mean
expected genetic heterozygosity estimate was very
high (H = 0.339 ± 0.033) but varied little between pop-
ulations. Heterozygosity was not significantly related
to latitude (r = 0.616, F1,5 = 2.448, p = 0.193).

Contingency χ2 analysis for heterogeneity of allele
frequencies between populations (Table 4) indicated
significant differences at 22 loci even after the Bonfer-
roni correction (Holm 1979, Rice 1989) at a’ = 0.005 for
multiple tests. The samples were grouped at several
spatial scales, but significant differences in allele fre-
quencies within a grouped sample were detected only
within the 4 British (Cumbria, Isle of Man, Ireland and
North Sea) and the 2 European coast (Bay of Biscay
and German Bight) populations (Table 5). Overall,
there was extensive heterogeneity between popula-
tions, even greater than that observed with the
allozyme data set (Exadactylos et al. 1998). The most
marked variation was a significant northwest to south-
east pattern of population differentiation, as also indi-
cated by the allozyme allele frequencies.

Population differentiation (mean unbiased FST) esti-
mated from Rapd FST was 0.193 and was statistically sig-
nificant (χ2 = 37.056; df = 5, p < 10–6). Weir & Cocker-
ham’s FST estimates were significantly greater than zero
for 21 loci (Table 6), indicating a high level of population
differentiation. The locus with the greatest overall
genetic variation was OPF17-C; the A allele had the
greatest FST value and was therefore the most variable
between the sampling locations. Its frequency increased
gradually from northwest (Irish Sea) to southeast (Euro-
pean coast) (Fig. 1). The mean estimate of Wright’s non
hierarchical FDT calculated from Biosys-2 was 0.162 and
was also significant (χ2 = 31.104; df = 5, p < 0.001).
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Population Sample Alleles Poly- H
size morphism

1. CUM 16 1.7 (0.1) 100 0.313 (0.034)
2. IOM 16 1.8 (0.1) 100 0.385 (0.029)
3. GER 16 1.7 (0.1) 100 0.315 (0.036)
4. IRL 16 1.8 (0.1) 100 0.326 (0.033)
5. EAN 16 1.7 (0.1) 100 0.301 (0.037)
6. FRA 16 1.9 (0.1) 100 0.393 (0.027)

Total 0.339 (0.033)

Table 3. Solea solea. Genetic variability at 38 loci in 6 popula-
tions of  A locus is considered polymorphic if the frequency of
the most common allele does not exceed 0.99. Sample size:
sample size per locus; alleles: number of alleles per locus
(mean and SE); polymorphism: percentage of polymorphic
loci; H: heterozygosity, expected unbiased estimate (Nei
1978) under Hardy-Weinberg equilibrium (mean and SE)

Locus χ2, df = 5

OPR15-A 55.24***
OPF09-A 59.45***
OPF07-A 27.43**
OPF07-B 58.59***
OPF07-C 41.74***
OPF15-A 58.34***
OPR05-A 51.38***
OPR05-B 62.01***
OPR16-A 29.18**
OPY15-B 53.00***
OPY15-D 73.49***
OPF17-A 47.48***
OPF17-B 71.298***
OPF17-C 93.06***
OPF17-D 33.16***
OPR11-B 27.43**
OPR13-A 50.53***
OPR13-B 78.36***
OPR13-C 50.66***
OPR06-B 64.00***
OPF03-A 49.69***
OPR20-A 74.27***

Table 4. Solea solea. Contingency χ2 analysis for hetero-
geneity of allele frequencies at all loci for six populations. Two
alleles were found in each locus. **p < 10–4; ***p < 10–6; 

overall χ2 = 1386.9, df = 185, p = 10–10

Fig. 1. Solea solea. Variation of allele frequencies at the locus
OPF17-C in 6 populations. Shaded part of the circle repre-
sents the A allele with the greatest FST value, i.e. the most 

variable. Populations: see Table 2
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Gene flow estimates of approximately one effective
migrant per generation (Nem) were calculated from
these FST values. This was considerably lower than the
migration rate previously estimated from the allozyme
data (approximately 10 migrants per generation)
(Table 7). If populations are currently at an equilibrium
between migration and genetic drift, an estimate of
Nem = 1 is sufficiently low to imply population differ-
entiation, as is also indicated from the contingency χ2

analyses (Table 4) by the significant allele frequency
differences between populations.

UPGMA (Sneath & Sokal 1973) and Wagner proce-
dure (Wright 1978) clustering of Modified Rogers and
Prevosti’s genetic distances respectively, further
illustrated population relationships (Figs. 2 & 3). The

Wagner procedure tree gave a better fit according to
the goodness of fit statistics. The observed cophenetic
correlation was 0.887, and the allozyme cophenetic
correlation was 0.96, suggesting a better agreement
between the original matrix and the phenogram than
with the RAPD data. The matrix of Modified Rogers
Distance (DT) and the pairwise estimates of linear geo-
graphic distances are shown in Table 8. DT ranged
from 0.232 between the Isle of Man and eastern Irish
coast populations to 0.342 between the 2 North Sea
populations, indicating little genetic divergence be-
tween these populations. Both dendrograms produced
a cluster of the geographically proximate Irish Sea
populations, which were related to the East Anglian
coast population. The Bay of Biscay population was
closely related to the German Bight population, as
indicated by the allozyme data as well.
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Locus Irish Sea European Coast

OPR14-B –– <4 × 10–4

OPR15-A <2 × 10–5 ––
OPF09-A –– <1 × 10–6

OPF07-A <3 × 10–4 <4 × 10–5

OPF07-B <3 × 10–4 <1 × 10–6

OPF07-C –– <1 × 10–6

OPF15-A –– <1 × 10–6

OPR05-A –– <1 × 10–6

OPR05-B –– <1 × 10–6

OPY15-B <2 × 10–4 <1 × 10–6

OPY15-D <1 × 10–6 <1 × 10–5

OPF17-A <2 × 10–5 ––
OPF17-B <3 × 10–4 ––
OPF17-C –– <4 × 10–4

OPF17-D <2 × 10–5 ––
OPR10-A –– <3 × 10–4

OPR11-B <3 × 10–4 <4 × 10–5

OPR13-A <2 × 10–6 <1 × 10–6

OPR13-B –– <1 × 10–6

OPR13-C <3 × 10–5 <1 × 10–6

OPR06-B <3 × 10–4 <1 × 10–6

OPF03-A <3 × 10–5 <1 × 10–6

OPR20-A <2 × 10–6 <1 × 10–6

Table 5. Solea solea. Significant probability values from con-
tingency χ2 analyses for independence of allele frequencies
within samples from the Irish Sea and from the European 

Coast. –: not significant

Locus FST Nem

OPR15-A 0.285 0.6
OPF09-A 0.311 0.6
OPF07-A 0.143 1.5
OPF07-B 0.298 0.6
OPF07-C 0.212 0.9
OPF15-A 0.313 0.5
OPR05-A 0.268 0.7
OPR05-B 0.326 0.5
OPY15-B 0.270 0.7
OPY15-D 0.380 0.4
OPF17-A 0.245 0.8
OPF17-B 0.365 0.4
OPF17-C 0.474 0.3
OPF17-D 0.171 1.2
OPR11-B 0.143 1.5
OPR13-A 0.265 0.7
OPR13-B 0.396 0.4
OPR13-C 0.267 0.7
OPR06-B 0.324 0.5
OPF03-A 0.267 0.7
OPR20-A 0.379 0.4

Total 0.193 1.0

Table 6. Solea solea. Significant Weir & Cockerham’s (1984)
FST values and gene flow estimates, number of effective
migrants (Nem) for 6 populations. All are significant at p < 10–5

Method Population N FST Nem (1) FDT Nem (2) r Mantel’s p

PCR-RAPD 6 96 0.193 1.045 0.162 1.293 0.37116 0.917
Allozymes 7 303 0.021 11.655 0.0262 9.292 0.54204 0.976

Table 7. Solea solea. Estimates of population differentiation (F-statistics), gene flow and correlation of genetic distance with
approximate linear geographic distance for PCR-RAPD and allozyme data sets. Population: number of populations studied; N:
number of fish screened; FST: Weir & Cockerham (1984); Nem (1): gene flow calculated from Weir & Cockerham’s FST using
RapdFST (Black 1993); FDT: Wright (1978); Nem (2): gene flow calculated from Wright’s (1978) FDT using Biosys-2; r: correlation 

coefficient; Mantel’s p: Mantel’s probability using 1000 permutations
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Mantel’s test shows that genetic distance increased
with geographical distance (r = 0.37; t = 1.385), but the
correlation coefficient was not statistically significant
(Table 7). Correlation of geographic distance with
genetic distance was also positive for the allozyme
data set yielding higher r and t values (r = 0.54;
t = 1.978), but also statistically non-significant.

DISCUSSION

Comparison of RAPD and allozyme data

The fish used for this study had been previously
investigated for allozyme variation (Exadactylos et al.
1998), allowing a direct comparison of the results of the
2 techniques. However, the assumptions involved are
quite different. Allozyme markers are usually co-
dominant and the genetic basis of their variation is well
understood (Allegrucci et al. 1995), although the
method is less sensitive in detecting genetic variation
than RAPD (e.g. Grosberg et al. 1996). On the other

hand, RAPD markers are usually dominant, and more
loci need to be screened to obtain the same accuracy of
estimates of genetic variation levels (Lynch & Milligan
1994).

The 27 polymorphic allozyme loci studied by
Exadactylos et al. (1998) provide a comparison with
variation at 37 polymorphic RAPD markers. Allozyme
and RAPD markers produced similar results, but
RAPD markers detected more variation in the Dover
sole populations studied by Exadactylos et al. (1998)
and Kotoulas et al. (1995). There are no direct com-
parisons of allozymes with RAPD in Dover sole in the
literature, but higher levels of variation have been
observed with RAPD as compared to allozymes in
fish (e.g. Allegrucci et al. 1995, Naish et al. 1995),
grasses (e.g. Peakall et al. 1995), birds (e.g. Haig et
al. 1994), insects (e.g. Puterka et al. 1993) and bac-
teria (e.g. Wang et al. 1993). RAPD probably detects
more variation within or between populations due to
the number of markers available, which is effectively
unlimited, in contrast to the limited number of
allozyme markers (Clark & Lanigan 1993).

Percentage of polymorphism and ge-
netic diversity estimates were very high,
but because of dominance, RAPD can-
not provide totally reliable estimates of
heterozygosity (Welsh & McClelland
1990, 1991), nor direct interpretation of
allele frequencies (Heun & Helentjaris
1993), without making several assump-
tions (see above). Nevertheless, there
was no clear general overall geographic
trend to either RAPD or allozyme allele
frequencies over the range of poly-
morphic loci studied.
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Fig. 3. Solea solea. Wagner procedure dendrogram of 6 popu-
lations, using Prevosti’s Distance (Wright 1978). Goodness of
fit statistics: Farris (1972) f = 0.148; Prager & Wilson (1976) F =
4.426; % SD (Fitch & Margoliash 1967) = 5.978; cophenetic 

correlation = 0.887. Populations: see Table 2

Population FRA IRL IOM EAN GER CUM

FRA 1012.5 1125.0 1375.0 1725.0 1200.0
IRL 0.308 112.5 1162.5 1512.5 187.5
IOM 0.295 0.232 1275.0 1625.0 75.0
EAN 0.314 0.285 0.290 350.0 1350.0
GER 0.269 0.325 0.320 0.342 1700.0
CUM 0.336 0.307 0.244 0.318 0.299

Table 8. Solea solea. Estimates of Modified Rogers distance (DT) (below the dia-
gonal) and linear coastal geographic distances between headlands in km (above 

the diagonal) for 6 Atlantic populations. Abbreviations: see Fig. 1

Fig. 2. Solea solea. UPGMA dendrogram of 6 populations,
using Modified Rogers Distance (DT) (Wright 1978). Good-
ness of fit statistics: Farris (1972) f = 0.211; Prager & Wilson
(1976) F = 4.701; % SD (Fitch & Margoliash 1967) = 6.174; 

cophenetic correlation = 0.819. Populations: see Table 2
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The χ2 contingency analyses (allele frequencies and
hierarchical FST and non- hierarchical FDT) indicated a
highly significant heterogeneity between populations
and between groupings (northwest versus southeast
populations) in the results from both techniques. This
is consistent with the life history of Dover sole, its
homing behavior (e.g. Rijnsdorp et al. 1992) and dis-
crete spawning areas (e.g. Symonds & Rogers 1995).
These characteristics serve to reduce the homogenisa-
tion of population allele frequencies between spawn-
ing stocks. Another reason may be the absence fur-
ther north of some alleles present in the southern
European populations. The progressive decline in allo-
zyme allelic diversity northwards is a possible conse-
quence of a population bottleneck, founder effect,
genetic drift, or a combination of these (Exadactylos et
al. 1998), particularly since the populations in south-
ern Europe were more genetically variable than those
from northern Europe; similar mechanisms have been
proposed to explain the general tendency for popula-
tions to exhibit reduced genetic variability in areas
glaciated during the Pleistocene (e.g. Highton & Web-
ster 1976, Bellemin et al. 1978, Vaisanen & Lehvasliho
1984, Singh & Rhomberg 1987). The RAPD data do
not support the ‘bottleneck’ hypothesis of Exadactylos
et al. (1998), since levels of genetic variation are simi-
lar within all populations sampled and the small dif-
ferences that do exist show no obvious geographic
trend.

The disjunction in the RAPD data between Irish Sea
and European coast populations indicates reduced
exchange of migrants between these regions, confirm-
ing the earlier allozyme study. Apparent divergence
between these regions is shown by the cluster analyses
(UPGMA, Wagner procedure) of both allozyme and
RAPD data. However, allozymes provided a slightly
better fit of data to genetic distance predictions (higher
values of cophenetic correlation of clusters from the
goodness of fit statistics) and better correlation be-
tween genetic and geographic distances (Mantel’s r);
this may be due the small sample sizes for RAPD. For
such studies allozymes remain valuable for many types
of population study despite the development of new
genetic markers (Schaal et al. 1991, Ward & Grewe
1995, Thorpe et al. 2000). Both allozyme and RAPD
cluster analyses show a strong similarity between the
Bay of Biscay and the German Bight populations, and
suggest a similarity between the three Irish Sea and
the East Anglian populations. The possible movement
of migrants through the English Channel, previously
suggested by Exadactylos et al. (1998) from allozyme
data, was also supported by the RAPD results and by
earlier tagging experiments (Greer-WaIker & Emerson
1990) indicating a seasonal migration of Dover sole
through the Straits of Dover.

Thus both RAPD and allozyme data indicate a
degree of genetic separation between Solea solea
populations from the coasts of the British Isles and
the coast of continental Europe. This is surprising
given the short closest distance (<40 km) between
the coasts of England and France (at the Straits of
Dover). However, the depth of the Straits of Dover
(50 to 100 m) may inhibit Dover sole from crossing
the Channel, as they favor shallow coastal waters
(Rijnsdorp et al. 1992) and are rarely found below
70 m (Wheeler 1969). Deeper water may constitute a
barrier to gene flow. For example, Allcock et al.
(1997) concluded that genetic differentiation between
populations of the Antarctic octopus Pareledone tur-
queti resulted from depths which the species was
unable to cross. Other factors, for example unsuitable
substratum or strong tidal currents, could also be
responsible.

DNA variation between populations

The apparent absence of isolation-by-distance (non-
significant correlation of genetic with geographic dis-
tance) in both the allozyme and RAPD studies suggests
that Solea solea is not at genetic equilibrium (Slatkin
1993), in which case the F statistics will underestimate
the degree of differentiation and overestimate gene
flow (Slatkin 1985). Estimated Nem values of approxi-
mately 1 migrant into the average deme per genera-
tion theoretically indicate sufficient gene flow between
populations to prevent population differentiation, if
populations are currently at an equilibrium between
migration and genetic drift.

Most of the populations sampled came from areas
that were not immersed until less than 10 000 yr BP,
after the end of the last ice age (McCave et al. 1977),
i.e. very recently in evolutionary terms (Lauder &
Liem 1983, Exadactylos & Thorpe 2001), so that it is
likely that genetic equilibrium has not been reached
and thus, our estimates of gene flow are probably
high.

FST/FDT results may be inaccurate also because of
unreliable estimates of within population variation
derived from limited sample sizes. Gene flow values
from such FST estimates should thus be interpreted
with caution, although they are a useful relative mea-
sure of variation between populations (Larcson et al.
1989). Overall, on the basis of the RAPD loci examined,
the population differentiation observed in the Atlantic
is primarily the result of random genetic drift or differ-
ential selection. Alternative means of detecting poly-
morphism in Solea solea, including the use of single-
locus minisatellite probes and mtDNA analysis, may
provide further clarification.
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