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EDGARDO DÍAZ-FERGUSON*1

School of Aquatic and Fishery Sciences, University of Washington,
Box 355020, Seattle, Washington 98195, USA

ISMAEL CROSS, MARIA DEL MAR BARRIOS, AND LAUREANA REBORDINOS
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Abstract.—We assessed the population structure of the

Senegalese sole Solea senegalensis in the southern Atlantic off

the coast of the Iberian peninsula using restriction fragment

length polymorphism analysis of three mitochondrial gene

regions: 16S rRNA (620 base pairs [bp]), 12S rRNA (440 bp),

and cytochrome b (380 bp). Fourteen composite haplotypes

were detected among 109 adult fish from five natural

populations. Haplotypic diversity values ranged between 0%

and 18%, with the highest values in the Lisbon and

Valdelagrana populations. A single composite haplotype

predominated in most collections; two other haplotypes also

occurred at low frequencies in three of the analyzed

populations. The remaining 11 haplotyes were found only in

single populations. A genetic differentiation index revealed

significant differentiation between two groups (Lisbon and the

other populations). However, from a conservative manage-

ment perspective and based on the topology of the neighbor-

joining consensus tree and bootstrap values (54–88), the

possibility of three groups (Lisbon, Portimao, and the other

populations) should be considered.

Genetic diversity within and among populations

ensures the evolutionary potential of species in the long

term and individual fitness in the short term (Lande

1988; Ferál 2002). Accordingly, knowledge of genetic

structure and degree of gene flow among populations is

needed to guide fishery management and conservation

programs (Mustafa 1999). Thus, failure to detect

population units can lead to local overfishing and

ultimately to severe population declines (Palumbi and

Wilson 1990).

The Senegalese sole Solea senegalensis, a common

flatfish, is distributed off the eastern Atlantic coast

from the northern part of Senegal to France and in the

Mediterranean Sea from the Strait of Gibraltar to the

coast of Tunisia (Dinis et al. 1999). Catch data for the

Iberian peninsula indicate that density is high in the

Gulf of Cadiz (Spain; Figure 1), less in Portuguese

waters, and quite low in Cantabrian and Mediterranean

waters (Rodriguez Martinez 1984; Rodriguez and

Rodriguez 1980; Dinis et al. 1999). This species is

gonochoric (i.e., well adapted to warm climates) and

commonly raised in extensive earthen ponds along the

southern coasts of Portugal and Spain. It is considered

the most important commercial species in this region,

with high economic value and high-quality flesh (Dinis

et al. 1999; Imsland et al. 2003).

Solea senegalensis is an inshore species with a short

larval development period and spawns in estuarine

zones where temperatures range from 128C to 178C

(Dinis et al. 1999). After day 19, when metamorphosis is

complete, the larvae start their migration to inshore areas

characterized by sandy bottoms (Dinis et al. 1999). As

with other fish with pelagic development, physical

factors (currents, depth, temperature, salinity boundar-

ies, hydrodynamic eddies, and sea floor topography)

and biological factors (predation and competition) exert

a strong influence on the distribution and differentiation

of its populations. However, it is of probably greater

importance that the life history of this species is divided

into an estuarine juvenile phase and a predominantly

marine adult phase (Cabral et al. 2003). This life history

pattern may have an impact on the structuring of adult

populations, and particularly their genetic differentia-

tion, since there is a strong association between

particular spawning and nursery areas (Stepien 1999).

Nonetheless, low levels of genetic differentiation have

been reported for this species along the Portuguese coast

(Cabral et al. 2003), and no genetic information is

available for the Spanish populations. This lack of

differentiation may reflect the low resolution level of the
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allozyme markers that have been used (Cabral et al.

2003) or a reduction in the larval retention and homing

behavior of spawners due to specific physical and

biological characteristics of the coast.

However, evidence of genetic differentiation has

been noted in congeneric species with distributions

overlapping those of S. senegalensis. Genetic differen-

tiation consistent with isolation by distance was

reported both in Dover sole S. solea (also known as

sole S. vulgaris; Koutolas et al. 1995) and sand sole S.

lascaris (Pinheiro et al. 2005). In contrast, other studies

have shown differences between the Mediterranean and

northern European populations of Dover sole, suggest-

ing that local selection, genetic drift, or single-

generation sampling effects are important in these

areas (Exadactylos et al. 1998).

Mitochondrial DNA (mtDNA) has proven useful for

evolutionary and population studies in eukaryotic

organisms because of its intrinsic features and the ease

with which informative DNA sequence data can be

obtained by selective gene amplification using univer-

sally conserved primers (Kocher et al. 1989; Palumbi

and Wilson 1990; Cunningham et al. 1992). The

mtDNA genome is haploid and maternally inherited,

resulting in a fourfold increase in the rate of genetic drift

relative to nuclear DNA (Ovenden 1990). Variations of

the entire mtDNA genome, individual genes, or

restriction fragment length polymophisms (RFLPs)

have been useful in characterizing taxa, establishing

phylogenetic relationships, clarifying conspecific hy-

bridizations, making maternal assignment tests, and

assessing stocks in many fish species (Moritz 1994;

Grant and Bowen 1998; Tinti et al. 2000). At the

landscape genetics level, diversity within species is an

indicator of new colonization, population fluctuation,

natural selection, extinction, and recolonization on a

local scale (Grant and Bowen 1998). In addition, RFLPs

of mtDNA provide evidence of female-mediated gene

flow, founder events, and other population-level

processes (Birky et al. 1983; Ferris and Berg 1987).

This study examines the population structure of

Solea senegalensis using RFLP analysis of the 16S

rRNA, 12S rRNA, and cytochrome b mtDNA genes.

These results represent the first attempt to clarify the

genetic relationships among populations of this species

along the southwestern Iberian peninsula and to assess

the population structure of this species using RFLPs of

mtDNA.

FIGURE 1.—Geographical locations of the five Solea senegalensis populations analyzed by means of mtDNA variations.
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Methods

A total of 109 adult S. senegalensis (average weight,

200 g) were collected during 2001–2002 from

commercial fisheries at five Spanish and Portuguese

locations (Figure 1). Approximately 25 mg of muscle

tissue was collected and preserved at �808C until the

DNA extraction was conducted by means of the DNA

Fastkit before using the Fastprep equipment (Qbio-

gene). Polymerase chain reaction (PCR) amplifications

of the 12S rRNA, 16S rRNA, and cytochrome b
mitochondrial gene segments were performed using the

respective sets of primers 12SAL–12SBH, 16SARL–

16SBRH, and L14841–H15149 (Kocher et al. 1989;

Palumbi and Wilson 1990; Cunningham et al. 1992).

The DNA amplifications were performed in 50-lL

volumes containing 2 units of Taq polymerase, 5 lL of

103 reaction buffer, 0.2–0.5 mM deoxynucleotide

triphosphate mix, 1.5 mM MgCl
2
, approximately 100–

150 ng of DNA, and 0.5 lM of each primer. The PCR

amplification conditions were as follows: one prelim-

inary denaturation step at 948C for 5 min followed by

35 cycles in which denaturation was carried out at 948C

for 1 min followed by annealing for 1 min at 528C for

16S rRNA, 578C for 12S rRNA, and 508C for

cytochrome b, and primer extension at 728C for 1.5

min. The PCR cycles were followed by a final

extension at 728C for 5 min.

Two PCR products from each gene segment were

sequenced and verified using mtDNA sequences from

GenBank. WEBCUTTER 2.0 software (http://www.

firstmarket.com/cutter/cut2.html) was used to identify

restriction sites in these sequences. We selected

endonucleases with one or more restriction sites for

RFLP analyses. Amplicons of the 16S rRNA gene from

each individual were digested with the restriction

enzymes Bln I (C#CTAGG), Hae III (GG#CC), Vsp I

AT#TAAT, and Mbo II (GAAGA [N
8
]). The enzyme

Mae I (C#TAG) was used for the 12S rRNA segment

and the enzymes Mae II (A#CGT) and Mae III

(#GTNAC) for cytochrome b. The digestion tempera-

ture for all enzymes was 378C, which was maintained

for 2 h; reactions were then subjected to 658C for 10

min to stop the restriction activity.

Digested segments were then separated electropho-

retically on a 2% agarose gel in tris–borate–EDTA

buffer, stained with ethidium bromide, and viewed

under ultraviolet light. The DNA fragment sizes were

compared with the PCR marker XIV (Promega) run on

the same gel.

Statistical analysis.—Haplotypic diversity (h) and

haplotype frequencies were estimated by the number of

haplotypes of mtDNA segments obtained using the

GENETIX 4.01 program (Belkir et al. 1996). Genetic

differentiation, given by the overall genetic differenti-

ation index (F
ST

) and pairwise comparisons among

populations were quantified with the theta of Weir and

Cockerham (1984) using GENETIX 4.01 (Weir and

Cockerham 1984; Belkir et al. 1996). The significance

of this parameter was evaluated through random

permutation procedures (minimum of 10,000 permuta-

tions). In addition, Bonferroni adjustment was per-

formed (Rice 1989). A genetic distance matrix based

on Nei genetic distance (Nei 1972) was constructed

using the NEIGHBOUR.EXE program in the PHYLIP

3.5 package (Felsenstein 1995). A consensus unrooted

neighbor-joining tree and bootstrap percentages were

generated by means of the PHYLIP software.

Results

The RFLP analyses revealed that the most variable

segment was that for 16S rRNA (Table 1). All seven

endonucleases detected at least one restriction site, and

TABLE 1.—Fragment size estimates in base pairs (bp) of all patterns generated by the endonucleases in the mtDNA segments

for analysis of Solea semegalensis populations.

mtDNA
segment (bp)

Restriction
endonuclease

Restriction fragments
and sizes (bp)

Total fragment
size (bp)

12S rRNA (430) Mae I A: 200 þ 170 370
C: 230 þ 200 430

16S rRNA (620) Hae III A: 350 þ 250 600
B: 620 620

Vsp I B: 620 620
Bln I A: 500 þ 120 620

B: 620 620
C: 400 þ 120 þ 100 620

Mbo II A: 300 þ 150 þ 100 550
B: 620 620
C: 400 þ 150 þ 100 650

Cytochrome b (340) Mae II A: 200 þ 150 350
C: 100 100

Mae III A: 190 þ 100 290
C: 100 100
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six (Hae II, Bln I, Mbo II, Mae I, Mae II, and Mae III)

produced polymorphic restriction fragments. Only Vsp

I was not informative for the mtDNA regions analyzed.

A total of 14 composite haplotypes were found for

the analyzed gene regions where the values of h did not

exceed 0.18 (18%) in any of the five analyzed

populations (Table 2). Composite haplotype frequen-

cies per population identified three haplotypes that

occurred in more than one sample. Haplotype 1

occurred in four or more individuals in all samples.

Haplotype 3 was found in one or two individuals

among three geographically proximate locations in the

Gulf of Cadiz. Single individuals with haplotype 8

were found in the Punta Umbria and Lisbon collec-

tions. The 11 remaining haplotypes were unique within

the populations.

Pairwise estimates of F
ST

values ranged between

0.000 and 0.293 (Table 3). Significant differences were

found in 4 of the 15 pairwise comparisons, all involving

the Lisbon samples versus those of the other locations.

Although no other significant comparisons were

observed, the lowest F
ST

occurred among samples from

the Gulf of Cadiz. Thus, two distinct genetic groups

were identified (Lisbon and all others) and there may be

three (Lisbon, Portimao, and the Gulf of Cadiz). The

topology and bootstrap values (54–88) of Figure 2

support the existence of these three groups, as does the

high level of structure for the Lisbon population.

TABLE 2.—Composite haplotypes, haplotype frequencies by population, haplotypic diversity (h) and number of Solea
senegalensis individuals per population (N).

Composite
haplotypes
and statistic

16S rRNA
12S rRNA

(Mae I)

Cytochrome b
Population

Lisbon Portimao
Punta

Umbria
Valdela-

grana
Rio

San PedroHae III Vsp I Bln I Mbo II Mae II Mae III

1 A B A A A A A 0.20 1.00 0.60 0.68 0.80
2 A B A A A C A 0.10
3 A B B A A A A 0.05 0.10 0.10
4 A B A A C A A 0.06
5 A B B C A A A 0.06
6 B B B A A A A 0.03
7 A B C A A A A 0.06
8 A B A B A A A 0.05 0.05
9 A B A C A A A 0.05
10 A B A A A A C 0.30
11 A B A A A A A 0.20
12 A B B A A C C 0.20
13 B B A A A A A 0.25
14 A B B B A A A 0.05
h 0.183 0.00 0.088 0.107 0.088
N 20 20 29 20 20

TABLE 3.—Fragment sizes of all patterns of the mtDNA segments and representation of how the haplopypes appeared in

agarose gels.

Fragment
size (bp)

16S rRNA

12S rRNA (Mae I)

Cytochrome b

Hae III Vsp I Bln I Mbo II Mae II Mae III

A B (B) A B C A B C A C A C A C

620 ____ ____ ____ ____
500 ____ ____
450
400 ____
350 ____
300 ____
250 ____
240 ____ ____
200 ____ ____
190 ____
170 ____ ____
150
120
100 ____ ____ ____ ____
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Discussion

Detecting genetic variation in mtDNA between

organisms depends mainly on the evolutionary rate of

genes and the number of nucleotide bases surveyed

(Moritz et al. 1987; Papasotiropoulos et al. 2002). We

found that the largest gene region (16S rRNA) showed

the highest haplotype diversity. In other species, for

which the analyzed segment of 16S rRNA is almost the

same size as that for other genes (such as cytochrome

b), no significant differences in variation were

observed. Other mitochondrial genes such as cyto-

chrome b are intraspecifically conserved but contain

enough interspecific heterogeneity to produce species-

specific patterns (Carr and Marshall 1991). For

example, several differences were found among Solea
solea, plaice Pleuronectes platessa, European flounder

Platichthys flesus, and Greenland halibut Reindhartius
hippoglossoides through the use of PCR–RFLP

analysis of cytochrome b (Céspedes et al. 1999). In

addition, several differences have been reported among

five pleuronectiform species that inhabit the Adriatic

and Mediterranean basins (Tinti et al. 1999, 2000) by

researchers using the nucleotide variation of cyto-

chrome b and control region segments. Other segments,

such as those for 16S rRNA and 12S rRNA, are also

considered useful for the establishment of phylogenetic

relationships among pleuronectiform species (Berend-

zen and Wheaton 2002; Infante et al. 2004). Never-

theless, intrapopulation variation studies using mtDNA

segments have not been reported for Solea senegalensis
or other congeneric species.

Although neither cytochrome b nor 12S rRNA were

highly informative for population structure analysis in

S. senegalensis using PCR–RFLP, their added varia-

tion was important for generating composite haplo-

types unique to some individuals and populations and

to obtain values for h. Analogous to genetic diversity,

haplotypic diversity is a good estimator of genetic

health, levels of exploitation, and population size

(Avise 2004). Overall, our h values are fairly low in

comparison with other values obtained for pelagic

species using mtDNA RFLP (e.g., Grant and Bowen

1998; Klossa-Kilia et al. 2002; Karaiskou et al. 2003).

These values corroborate the low levels of genetic

diversity obtained for Solea senegalensis and Solea
solea when isoenzymes were used to study the genetic

structure of Portuguese populations (Cabral et al.

2003). However, the higher values of h found at

Lisbon and Valdelagrana are consistent with more

females partaking in the reproduction process in these

areas and probably points to the existence of some

degree of spawning philopatry, since this behaviour

have been reported in other flatfish species (Stepien

1999).

The absence of apparent genetic structure among

Gulf of Cadiz populations based on RFLP analysis of

mtDNA segments may reflect high gene flow and

homogenization within this area. Larval transport via

the Atlantic Superficial Current would mediate such

gene flow in the Gulf of Cadiz (Michina and

Rebordinos 1997). The north-to-south pattern of this

current and the proximity of Solea senegalensis
populations would promote the admixture of these

populations. Some unique haplotypes in locations like

Punta Umbria, Rio San Pedro, and Valdelagrana may

reflect some differentiation among these populations,

but the presence of these haplotypes is not extensive

enough for them to be considered subpopulations of the

species.

On the other hand, the genetic differentiation

observed in Lisbon is very likely a consequence of

the coastal topography of Setubal Bay. Previous

population studies along the Portuguese coast related

the observed genetic differentiation to canyons in this

area that acted as barriers to gene flow (Cabral et al.

2000, 2003). Such level of structure is corroborated by

elevated and significant pairwise values of F
ST

(Table

4). Further isolation suggested by fixation of haplotype

1 in the Portimao population (located on the northern

boundary of the Gulf of Cadiz) and the absence of

unique southern Gulf haplotypes (types 2 to 7) in

Portuguese populations (Lisbon and Portimao; Table 2)

provides evidence for gene flow with a north-to-south

pattern. Separation between Portuguese and Gulf

populations is also suggested by the topology of the

neighbor-joining tree. A possible explanation, since we

are using mtDNA markers, is that females are less

likely than males to migrate long distances, instead

staying in larger reproductive areas like Lisbon.

FIGURE 2.—Consensus neighbor-joining tree showing the

bootstrap values of the five surveyed Solea senegalensis
populations based on a Nei (1972) genetic distance matrix.
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Marine flatfishes are characterized by weak or no

population differentiation on a large spatial scale,

especially in species that display long larval develop-

ment (Bouza et al. 1997; Waples 1998; Hourau et al.

2002). However, even in those species contradictory

results have been obtained. For instance, Solea solea
have shown a lack of genetic differentiation within the

Mediterranean Sea populations (Koutolas et al. 1995),

while strong genetic differentiation has been found

between those populations and northern European

populations (Exadactylos 1998). Another example is

the Japanese flounder Paralichthys olivaceus, for

which low genetic differentiation has been reported

by researchers using microsatellite loci (Sekino and

Hara 2001) while mtDNA sequencing analysis has

revealed significant genetic heterogeneity between two

adjacent populations in the same area (Fujii and

Nishida 1997).

In the case of Solea senegalensis, the observed

genetic differentiation in the Lisbon population despite

the marine habits of the species is consistent with

homing behavior in. In addition, the short larval

development of the species (19 d) and the enclosed

shape of Setubal Bay in Lisbon promote larval

retention. In light of the natural history of Solea
senegalensis, more populations with defined popula-

tion structure are expected; however, the use of finer

scale markers should be considered in order to detect

such levels of heterogeneity (Diaz-Ferguson 2004).

In conclusion, the significant values of F
ST

observed

in Lisbon and the existence of unique haplotypes in

almost all surveyed populations are consistent with

some degree of structure among the analyzed popula-

tions. Although the pairwise F
ST

values support the

existence of only two groups (Lisbon and the other

populations), conservative management may recognize

three groups (Lisbon, Portimao, and the other popula-

tions) based on the topology of the neighbor-joining

consensus tree. These preliminary observations are

intended to guide management and promote further

studies to clarify the geographic and temporal details of

this apparent structure. Such studies should include

further sampling at both previously studied and other

locations over a spatial scale covering the whole

distributional range of the species. Furthermore, a

comparative analysis involving both mtDNA and finer

scale nuclear markers (microsatellites) will be neces-

sary to corroborate the observed structure and establish

proper management and conservation programs for

Solea senegalensis along the southern Atlantic coast.
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