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Mitochondrial DNA diversity in Atherina boyeri
populations as determined by RFLP analysis of three
mtDNA segments
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The genetic differentiation and the phylogenetic relation-
ships of eight Atherina boyeri Greek populations have been
investigated at the mtDNA level. The populations studied are
from two different lakes, a lagoon, the interface zone
between the lagoon and the sea, and four marine sites.
RFLP analysis of three mtDNA segments (12s rRNA, 16s
rRNA and D-loop) amplified by PCR was used. Six, seven
and eight restriction enzymes were found to have at least
one recognition site at 12s rRNA, 16s rRNA and D-loop
respectively. Twenty-one different haplotypes were detected
among the populations studied. Several restriction patterns
were revealed. These patterns can be used for the discrimi-
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Introduction
The Atherinidae family is represented by a single genus
in Europe consisting of three species, Atherina boyeri Risso
1810, Atherina hepsetus L.1758 and Atherina presbyter
Cuvier 1829 (Kiener and Spillman, 1969). Atherina boyeri
is commonly found in the coastal waters of the east-
Atlantic Ocean as well as in the Mediterranean, Black,
Caspian and Aral seas (Gon and Ben-Tuvia, 1983).

Atherina boyeri is an extremely euryhaline teleost fish
which inhabits coastal and estuarine waters as well as
lagoon shallow brackish water ecosystems and inland
waters. This small fish forms local semi-isolated popu-
lations which may be different with respect to their popu-
lation biology and morphology (Henderson and Bamber,
1987). In spite of the general morphological similarities
exhibited by A. boyeri populations, studies based on mor-
phometric and meristic characters of marine and lagoon
populations revealed the existence of two different eco-
types (Kartas and Trabelsi, 1990; Focant et al, 1992). More-
over local marine populations, whose morphology distin-
guishes them clearly from their neighbours, have also
been observed by Trabelsi et al (1994).

High degree of genetic differentiation has been
revealed, through protein electrophoresis, among A.
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nation of the populations living in the sea (‘marine’ type
populations) from the others inhabiting the lagoon and the
lakes (‘lagoon’ type populations). The estimated net nucleo-
tide sequence divergence between the populations exam-
ined ranged from 0 to 10.385%, while the Nst value of 0.92
indicates the existence of high interpopulation genetic differ-
entiation. This high degree of differentiation detected
between the ‘lagoon’ and ‘marine’ type populations makes
the classification of these two types of populations as a
single taxon questionable.
Heredity (2002) 89, 363–370. doi:10.1038/sj.hdy.6800144

boyeri populations (Berrebi and Britton-Davidian, 1980;
Creech, 1991). Moreover, Focant et al (1999), who studied
the electrophoretic patterns of some small muscle pro-
teins (paralvoumines), found differences between popu-
lations living in the Rhone delta (lagoon) and a marine
population living nearby.

The differentiation revealed by morphological and
electrophoretic studies has led to a confusion in the taxo-
nomic status of this species. Historically, a number of
species and subspecies have been recognized, which are
now included within the species A. boyeri (Kiener and
Spillman, 1969; Bamber and Henderson, 1985). For this
reason A. boyeri is viewed by many investigators as a
polymorphic complex (Focant et al, 1999).

On the other hand, molecular biology has provided
new and more powerful tools for population genetic
studies. This is because DNA analysis results in a better
resolution of genetic variation than does allozyme
electrophoresis. MtDNA represents a significant marker
system for use in population and phylogenetic studies.
MtDNA is generally maternally inherited without genetic
recombination. The evolutionary rate as well as the gen-
etic differentiation of mtDNA among populations is
thought to be approximately 5–10 times higher than that
exhibited by nuclear genes (Birky et al, 1983, 1989; Wilson
et al, 1985). An extensive review of the advantages of
mtDNA as a tool for population genetic analysis has been
provided by Avise (1991, 1994).

Despite the advantages of mtDNA analysis in popu-
lation genetic studies, no such studies concerning A.
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boyeri populations have been presented so far in the
literature. For this reason we investigate the genetic struc-
ture of A. boyeri populations using restriction fragment
length polymorphism (RFLP) analysis of mtDNA. The
Greek populations used in the present study originated
from Messologi lagoon, from the freshwater lakes of
Trichonida and Kaiafas and from some marine sites of
the western region of Greece. With this experimental sys-
tem, we attempt to answer the following questions:

(1) Are there any important genetic differences between
the populations living in the sea and those inhabiting
the lagoon and the lakes?

(2) Are there any important genetic differences between
the distant lake populations of Trichonida and
Kaiafas.

(3) Is the A. boyeri population in Messologi lagoon a
single homogeneous one or is it a mixed population
consisting of specimens originating from both the
lagoon and the sea?

(4) Is the population living in the lagoon genetically simi-
lar to that living in the nearby lake of Trichonida
since the lagoon and the lake are more or less connec-
ted with each other as well as with the sea?

(5) Is there a single homogeneous population living in
the sea or are there local, genetically differentiated,
marine populations?

Materials and methods
Samples from eight different populations of A. boyeri
were collected from the western region of Greece (Figure
1) using traps. A total number of, 196 individuals were
sampled from the lakes of Trichonida (TRI) in the Central
Greece and Kaiafas (KAI) in Peloponnese, from Messol-
ogi lagoon (MES), from the interface zone between the
lagoon and the sea (MET), as well as from four different
marine sites; one from the coast of central Greece, Monas-
tiraki (MON) and three from the Peloponnese coast,
namely Kiparissia (KIP), Kalamaki (KAL) and Diminio
(DIM).

Figure 1 Sampling sites: TRI, Lake Trichonida; KAI, Lake Kaiafas;
MES, Messolongi Lagoon; MET, Population from the interface zone
between the lagoon and the sea; MON, Monastiraki; KAL, Kala-
maki; DIM, Diminio; KIP, Kiparisia.

All individuals were transferred in dry ice to the lab-
oratory and stored at −80°C until used. Total DNA was
isolated from each individual according to the protocol
of Jackson et al (1991), after minor modifications. About
50 mg of muscle tissue was ground in 400 µl homogeniz-
ing buffer (20 mM Tris-HCl pH: 7.5, 200 mM NaCl, 20
mM EDTA). Then 100 µl of 10% SDS and 5 µl proteinase
K (20 mg/ml) were added and the mixture was incubated
at 50°C for 30 min. DNA was purified with standard phe-
nol: chloroform extractions, precipitated with ice cold
absolute ethanol and resuspended in 50 µl TE (Tris-EDTA
pH: 8) buffer.

For the amplification of the three mtDNA segments
studied, three sets of primers were used. MtDNA vari-
ation was then analyzed by RFLPs, performed on PCR-
amplified products. The primers used for the 12s rRNA
and 16s rRNA mtDNA segments were the universal pri-
mers 12SAL-12SBH and 16SARL-16SBRH described by
Palumbi et al (1991), while the primers for the D-loop
region were those described by Lee et al (1995). Double-
stranded DNA amplifications were performed in 50 µl
volumes containing 2 units of Taq polymerase, 5 µl of
10 × reaction buffer provided by the manufacturer
Promega, 0.2–0.5 mM dNTPs mix, 1.5 mM MgCl2,
approximately 100–200 ng DNA and 0.2–0.5 µΜ of each
primer. PCR amplification conditions were as follows:
one preliminary denaturation step at 94°C for 4 min fol-
lowed by 35 PCR cycles. Strand denaturation was at 94°C
for 1 min, annealing at 57°C (12s rRNA), 50°C (16s rRNA)
and 51°C (D-loop) for 1 min and primer extension at 72°C
for 1.5 min. A final extension at 72°C for 5 min was
performed.

Amplified mtDNA segments from three individuals of
each population were digested with at least 25 restriction
enzymes in order to check the presence of recognition
sites. The informative restriction enzymes were then
applied to approximately 20 individuals from each popu-
lation except in the cases of TRI (40 specimens) and MET
(35 specimens). The informative restriction enzymes used
for the 12s rRNA gene segment were: BstN I, Dde I, Kpn
I, Nla III, Rsa I, Taq I.; for the 16s rRNA gene segment
were: BstN I, BstUΙ, Dde I, Hae III, Hpa II, Nla III and
Taq I., and for the D-loop were: Aci I, BstN I, Dde I, Hind
III, Hinf I, Hpa II, Rsa I and Taq I.

The digested segments were then separated electro-
phoretically on 2% agarose gels, in 1 × TBE buffer, stained
with ethidium bromide and visualized under UV light.
The sizes of DNA fragments were compared to the PCR
marker (Promega) run on the same gel. A letter, in order
of appearance identified single restriction patterns. Com-
posite genotypes for each individual were then defined
from all the restriction patterns of the three mtDNA gene
segments. The restriction fragment data were converted
to restriction site data (gain or loss of restriction site).

The degree of nucleotide divergence was estimated
using the reap computer package (McElroy et al, 1991).
Two methods were used for the construction of the
phylogenetic trees: the UPGMA method (Sneath and
Sokal, 1973), based on net nucleotide divergence between
the populations, and Dollo parsimony analysis (Farris,
1977), based on the presence or absence of restriction
sites. The confidence of the branches was evaluated (1000
replicates) by the application of the bootstrap method
(Felsenstein, 1985). All the above methods are available in
the phylip (version 3.4) computer package (Felsenstein,
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3651993). Trees were drawn using the treeview program
(Page, 1996). The degree of geographical heterogeneity of
mtDNA haplotype distribution was assessed using a �2

statistic as described by Roff and Bentzen (1989). The sig-
nificance level was obtained by 1000 Monte Carlo ran-
domization using the MONTE program from the REAP
package. NST (Lynch and Crease, 1990) was used to esti-
mate the degree of population subdivision at the nucleo-
tide level. The resulting index gives the ratio of the aver-
age genetic distance between genes from different
populations relative to that among genes in the popu-
lation. Values of NST range from 0 (no population
subdivision) to 1 (complete population subdivision).

Results
The sizes of the PCR-amplified mtDNA segments for all
populations studied, were found to be about 450 bp for
12s rRNA, 600 bp for 16s rRNA and 580 bp for D-loop.
Six, seven and eight restriction enzymes had at least one
recognition site in the amplified 12s rRNA, 16s rRNA and
D-loop segments, respectively. The restriction enzymes
used generated a total of 56 restriction sites correspond-
ing to an estimated fragment of 240 bp analyzed. Frag-
ment patterns produced by each restriction enzyme for
the three mtDNA segments studied are shown in Tables
1, 2 and 3.

Several restriction enzymes produced population spe-
cific patterns. Thus, after the digestion of16s rRNA gene
segment with the restriction enzymes BstN I, Hae III,
HpaIII, NlaIII, the digestion of 12s rRNA gene segment
with the restriction enzymes Kpn I, NlaIII, Rsa I and the
digestion of D-loop segment with the restriction enzymes
Aci I, BstN I, DdeI, Hinf I and Rsa I the restriction pat-
terns obtained distinguish Peloponnese marine popu-
lations from the lagoon and the lakes populations. The
aformentioned 12 patterns can be characterized as diag-
nostic (Table 4). Furthermore, nine such diagnostic pat-
terns were also revealed between the ‘lagoon’ and the
Monastiraki marine population, while only one can be
used for the distinction of the Peloponnese marine popu-
lations from that of Monastiraki. Intrapopulation vari-
ation was also observed in all populations examined
except those of MES, MET and KAI.

The 21 different haplotypes (composite genotypes)
which were detected in the eight populations studied,

Table 1 Fragment size estimates (in base pairs) of all fragment patterns observed on mtDNA 12s rRNA gene segment among the eight
populations studied. (Fragments marked with asterisk were not observed but assumed under the criterion of minimum mutational steps)

12s rRNA

BstN I Dde I Kpn I Nla III Rsa I Taq I

Α Α B C A B Α Β C A B C D Ε Α B

370 – 400 – 450 – 450 – 250 –
80 – 280 – – 235 – 350 – 230 – 280 – –

120 – 215 – 290 – 200 – – – – 170 –
90 – 160 – 190 – 120 –
50 – – – 100 – 180 – ×2 50 –
30* – 140 –

90 – –
60 –
20* – –

Heredity

and the haplotype frequencies, and the haplotype and
nucleotide diversity values are presented in Table 4.

Estimated nucleotide sequence divergence among the
21 haplotypes was found to range from 0.000 to 15.890%
(data not shown). The net interpopulation nucleotide
divergence estimates among the eight populations stud-
ied, varied from 0.000% (between MES, MET and KAI)
to 10.385% (between the populations MES, MET, KAI and
KIP; Table 5).

The distance matrix of net interpopulation nucleotide
divergence was used to construct an UPGMA tree relat-
ing the eight populations studied (Figure 2). The popu-
lations were clustered in two distinct clades. The first one
contains the populations living in the lagoon (MES), in
the interface zone (MET) as well as in the lakes Trichon-
ida (TRI) and Kaiafas (KAI); the second clade contains
the four marine populations. Into this clade the three
populations living in Peloponnese coast (KAL, KIP, DIM)
seem to be more close and grouped together, while the
marine population from Monastiraki (MON) is more dis-
tinct. Analogous situation there exist in the majority-rule
consensus tree provided by Dollo parsimony method
(Figure 3), where the first clade contains the most com-
mon haplotype 1 found in the four populations from the
lakes, the lagoon and the interface zone, as well as haplo-
types 2, 3, 4 and 5, found in the lake Trichonida. The
second clade contains all the marine populations. In that
clade the haplotype 6, as well as the haplotypes 9, 10, 11
found in Monastiraki, seem to be more distinct from the
haplotypes found in the three populations of Pelopon-
nese coast which are grouped together. It has to be noted
that the haplotype 7, 8, and 12 originated from Monasti-
raki are closer to that of marine populations from Pelo-
ponnese, being their sister group.

Statistically significant differences in haplotype fre-
quencies among all populations were observed (�2 =
141.41, P � 0.001). The estimated NST value of 0.92 shows
that only 8% of the overall genetic diversity observed,
was within populations as opposed to 92% among popu-
lations.

Discussion
The great variability revealed by various studies based
on morphological and protein electrophoretic data has
led to a confusion about the taxonomic status of A. boyeri.
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Table 2 Fragment size estimates (in base pairs) of all fragment patterns observed on mtDNA 16s rRNA gene segment among the eight
populations studied. (Fragments marked with asterisk were not observed but assumed under the criterion of minimum mutational steps)

16s rRNA

BstN I BstU I Dde I Hae III Hpa II Nla III Taq I

A B C Α Α Β C D Α B C D E Α Β C D Α Β Α Β C

570 – 230 – 600 – 350 – 600 – 600 – 500 –
440 – 210 – 380 – 320 – 420 – 350 – 430 –
300 – 90 – 320 – 290 – – – 290 – 250 – 320 –
160 – – 70 – 280 – 210 – 260 – 180 –
140 – 260 – 180 – – – 180 – – – 100 – – –

30* – 220 – 130 – 160 – 70 –
200 – 70 – – – – 130 –
90 – 60 – – –
30* – 50 –
20* – 40 –

30* –

Table 3 Fragment size estimates (in base pairs) of all fragment patterns observed on mtDNA D-loop segment among the eight populations
studied. (Fragments marked with asterisk were not observed but assumed under the criterion of minimum mutational steps)

D-loop

Aci I BstN I Dde I Hind III Hinf I Hpa II Rsa I Taq I

A B C A B A B A A B C D Ε F Α Α Β C D Α

580 – 580 – 580 – 420 – 580 – 520 – 440 – – 360 –
510 – 450 – 310 – 160 – 500 – 60 – 410 – 220 –
280 – 130 – 230 – 410 – 180 –
230 – 40 – 330 – 160 –

70 – – 300 – 100 –
220 – 90 – – –
200 – 70 –×2
190 – 50 – – –
170 – – – 30* –
50 – – –
30* – – –

This situation is explored by our data based on the study
of mtDNA variation among eight populations of A.
boyeri.

Our results revealed the existence of two clearly dis-
tinguishable types of populations. The first one consists
of the populations inhabiting the lagoon, the lakes and
the interface zone between the lagoon and the sea
(‘lagoon’ type), while the second one contains the popu-
lations living in the sea (‘marine’ type). The assumption
about the existance of ‘lagoon’ type population is
strengthened by the observation that even distant lake
populations as, for example, those of TRI and KAI were
found to exhibit an identical composite haplotype. This
fact supports the view that these ecosystem promote
adaptive divergence which leads to the generation of spe-
cific ‘lagoon’ type ecotypes. An analogous situation has
been described by Beheregaray and Sunnucks (2001) for
Odontesthes argentinensis. It is known that the lake of
Trichonida communicates, through various channels,
with the lagoon and so the population existing in the lake
seems to originate from the lagoon. The sand smelt from
the interface zone between the lagoon and the sea (MET)
are identical with those living in the lagoon and the lake.

An analogous situation, where a population from the
interface zone originated from the single homogenous
population living in the lagoon of Camargue has been
described by Focant et al (1999).

The low levels of genetic variability revealed in the
‘lagoon’ populations are consistent with the observations
of Cognetti (1994) and Cognetti and Maltagliati (2000)
who found that brackish populations had lower levels of
genetic variability than their marine counter-parts. This
situation could be attributed to the more stable and larger
evolutionary population size of marine populations
(DeWoody and Avise, 2000).

As regards the marine populations (KIP, KAL, DIM)
from the Peloponnese coast, it must be underlined they
share the same main composit haplotype. On the other
hand the population originated from the coast of Central
Greece (MON) is quite different from the ‘lagoon’ type,
being closer to the other marine populations. This popu-
lation seems to be a local one having no specimens orig-
inating either from the lagoon or the other marine popu-
lations. This situation supports the assumption according
to which the observed genetic differentiation could be
promoted by marine niches.
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Table 5 Net nucleotide divergence (×102) for mtDNA analysis among the population studied

MES MET TRI KAI MON KAL DIM KIP

MES *
MET 0.000 *
TRI 0.012 0.012 *
KAI 0.000 0.000 0.012 *
MON 9.041 9.041 8.830 9.040 *
KAL 10.256 10.256 10.150 10.256 3.668 *
DIM 10.290 10.290 10.184 10.290 3.623 0.004 *
KIP 10.385 10.385 10.266 10.385 3.656 0.007 0.006 *

Figure 2 UPGMA (Sneath and Sokal, 1973) dendrogram, based on
the net nucleotide divergence, showing the relationships between
the eight populations studied.

The levels of divergence observed between the 21
mtDNA haplotypes studied range from 0.000 to15.890%
(data not presented) which is higher than that for the
intraspecific level (10%) reported by Billington and
Hebert (1991). The observed values of net interpopulation
divergence revealed between the ‘lagoon’ and the three
‘marine’ populations from the coast of Peloponnese
(ranging from 10.150 to 10.385) as well as the values
between the ‘lagoon’ and the marine population of Mona-
stiraki (from 8.830 to 9.041%) were high relative to other
studies. Bernatchez et al (1991), suggest that above 5%
divergence, the existence of undetectable homoplasy in
either restriction or fragment data analysis, leads to an
underestimation of the real values and thus our esti-
mated values should be considered as minima.

The clear genetic differentiation between ‘lagoon’ and
‘marine’ populations is also highlighted by all the den-
drograms presented in this study as well as by the great
number of diagnostic patterns revealed between them.
Moreover, the genetic differentiation between the popu-
lations studied is also evident by the NST value of 0.92
according to which 92% of the overall genetic diversity
observed was among populations. The estimated NST

value is in general higher than those cited by Lynch and
Crease (1990) for various groups of invertebrates and ver-

Figure 3 Dollo parsimony (Farris, 1977) dendrogram showing the
relationships between the 21 mtDNA haplotypes detected. Num-
bers indicate the percentage out of 1000 bootstrap replicates that
each node occurred in this majority-rule consensus tree.

tebrates, but such high values have been reported, after
RFLP analysis of mtDNA, for some freshwater fish
(Apostolidis et al, 1996; Ismiridou et al, 1998; Triantaphyl-
lidis et al, 1999). Due to the high nucleotide sequence
divergence value, the estimated time of divergence
between ‘marine’ and ‘lagoon’ type populations of A.
boyeri is very large even if we accept the most conserva-
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369tive value for this estimate presented in the literature
(Bernatchez et al, 1991, 2% per million years).

It is known that A. boyeri has a wide geographical
range but its preferred habitat is sheltered inshore waters
and coastal lagoons. This situation leads to the sub-
division of this species into isolated or semi-isolated
populations separated by unsuitable habitat. Many of
these populations are quite small, producing ideal con-
ditions for random genetic drift, while selection forces
cannot be excluded and thus it is not surprising that the
species under study displays great variability in morpho-
logical and meristic characters (Henderson and Bamber,
1987). It is also stated by the above authors that A. boyeri
is best viewed as being on the brink of speciation. On the
other hand, based on the continuous nature of the mer-
istic variability, taxonomists assume that A. boyeri popu-
lations form a single species suggesting that much of the
variability is phenotypic rather than genetic. It must be
noted that although extensive variation in the levels of
the mean genetic distance exists within and among major
vertebrates groups (Jones and Avise, 1998) the level
detected in the present study of nucleotide divergence
between the ‘lagoon’ and ‘marine’ type populations is
higher than those presented in the literature for the intra-
specific level and are within the range of 1.4 to 16% for
congeneric freshwater fish reported by Billington and
Hebert (1991).

There is not always a good correlation between the
genetic differentiation revealed by DNA analysis and the
morphology displayed by different species (Patterson et
al, 1993). Large genetic divergence, at least for some por-
tions of DNA, has already been reported for other groups
of fish that have fairly similar morphology (Meyer et al,
1990; Sturmbauer and Meyer, 1992; Patarnello et al, 1994;
Papasotiropoulos et al, 2002). This situation could be
explained by differences in the selective constraints
operating on these two general characters, which seems
to lead to the lack of parallel evolution of these characters
(Caldara et al, 1996; Rossi et al, 1998).

Although all individuals of A. boyeri populations stud-
ied were found to correspond morphologically to the
original description, two genetically distinct groups are
present, one existing in the ‘marine’ habitat with a second
in the ‘lagoon’ habitat. The high levels of genetic differen-
tiation revealed between those two types of populations
are also confirmed by the large number of diagnostic pat-
terns existing between them. All these data support the
working hypothesis that there are two different sibling
species or at least subspecies or semispecies colonizing
‘lagoon’ and ‘marine’ habitats respectively.

Several studies have recently shown that different eco-
types of fishes have experienced rapid genetic divergence
and are, in many cases, on the brink of speciation (eg,
Taylor et al, 1997; Market et al, 1999). Significant genetic
divergence has also been observed between estuarine and
nearby marine populations in the silverside fish Odon-
testhes argentinensis and the authors assume that the
colonization of estuarine habitats seems to have pro-
moted rapid adaptive divergence and reproductive iso-
lation in estuarine populations, which were considered as
incipient ecological species (Beheregaray and Levy, 2000;
Beheregaray and Sunnucks, 2001). Thus the existence of
different sibling species in the sea seems not to be a rare
phenomenon (for review see Knowlton, 1993). However
in our case, further studies with more samples from ma-

Heredity

rine and lagoon habitats are needed to verify our hypo-
thesis.
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