2297

NOTE

Systematics of the Atlantic-Mediterranean soles
Pegusa impar, P. lascaris, Solea aegyptiaca,

S. senegalensis, and S. solea (Pleuronectiformes:
Soleidae)

Philippe Borsa and Jean-Pierre Quignard

Abstract: Nucleotide-sequence variation at the cytochramiecus was investigated in fiv8oleaspecies, with a
reappraisal of meristic data and a review of allozyme data pertinent to their systeratiea.aegyptiagaconsidered

a synonym ofSolea soleaand Solea(Pegusa impar, considered a synonym @&. (P.) lascaris are shown to be valid
species according to the morphological, phylogenetic, genotypic, and biological species definitions. The validity of the
genusPegusawas examined in the light of both allozyme and cytochrdmgene sequence data.

Résumé: Les séquences nucléotidiques au locus du cytochrormoet été analysées chez cing especes du gBolea

et conjointement une ré-évaluation des données méristiques et une synthése des données génétiques pertinentes a leur

systématique ont été faites. La distinction erfi@ea aegyptiac&t Solea soleaainsi que celle entr&olea(Pegusa

impar et S. (P.) lascaris toutes deux ayant été remises en cause dans la littérature, sont pourtant en plein accord avec
les définitions morphologique, phylogénétique, génotypique et biologique de I'espéce. La validité diPggunsaest
examinée a la lumiere des données allozymiques et des données sur les séquences au locus du cytochrome

Introduction the two taxa (Chabanaud 1927; Quignard et al. 1984), were
, ) i ) overlapping. Ben Tuvia (1990) considered that variation in
Seven nominal species have been recognised in the genyg, number of vertebrae, the only character previously quoted
Soleain the northeastern Atlantic Ocean and Mediterraneanyg diagnostic between the two species (Quignard et al. 1984),
Sea B. aegyptiacaS. impay S. kleini S. lascaris S. nasuta  «can pe attributed to the differences in hydrographic conditions
S. senegalensiand S. vulgaris Quéro et al. 1986)Solea 4t the time of spawning in various geographical regions.
aegyptiacaChabanaud, 1927 was considered to be a speci§en Tyyia (1990) also synonymizedl imparBennett, 1831
distinct fromS. soIea(L|nnaeus,.1758). (;‘5_. vulgarisQuensel, __andS. nasutaPallas, 1811) undes. lascaris(Risso, 1810),
1806; see Wheeler 1988). This distinction followed a partialy, the basis that insufficient diagnostic characters had been
revision of the genus based on meristics and aIIozym%iven by previous authors to enable their separation.

electrophoresis of samples from the Golfe-du-Lion in the . . .
. Nty Electrophoretic studies (Quignard et al. 1984; Pasteur et
western Mediterranean and the Khalij-Qabis in the eastergl_ 1985; Goucha et al. 1987: She et al. 1887987) have

Mediterranean (Quignard et al. 1984). Ben Tuvia (1990 .
synonymizedS.(aeg%/ptiacawith S. so)leabecause sgme )demonstrgted,_however, that aegyptiacand S. soleaare
morphometric characters (numbers of anal fin rays, dors??eprOd.UCt'Vely isolated from each other wherever they were
fin rays, and vertebrae), earlier reported to differ betweerl2und in sympatry, i.., in the Golfe-du-Lion, along the coast
of Tunisia, and in the Suez Canal. Allozymes also revealed
that betweerS. imparand S. lascarisalternative alleles are
Received March 8, 2001. Accepted September 19, 2001. fixed at a considerable proportion of loci (9/20; Goucha et
Published on the NRC Research Press Web site at al. 1987) thus demonstrating their genetic isolation. The sep
http://cjz.nrc.ca on January 9, 2001. aration ofS. soleafrom S. aegyptiacaand that ofS. impar
P. Borsal? Institut de Recherche pour le Développement, from .S' lascariswere further supported by a phylogenetic
Département des Ressources Vivantes, Unité de Recherche frée inferred from allozymes (Goucha et al. 1987). Extant
081 and Laboratoire Génome Populations Interactions, Unit¢ hybridization was reported betweeB. aegyptiacaand
Mixte de Recherche 5000 du Centre National de la Recherch®. senegalensikaup 1858 (She et al. 198).

Scientifique (CNRS), Montpellier et Sete, France. Tinti and Piccinetti (2000) examined nucleotide variation
J.-P. Quignard. Laboratoire d’Ichtyologie, 1 allée de at two mitochondrial DNA (mtDNA) loci {6S rRNA
PErmitage, 34170 Castelnau le Lez, France. cytochrome p in Soleaspp. samples from the Mediterra
ICorresponding author (e-mail: Philippe.Borsa@noumea.ird.nc)nean, the aim being “to provide an independent insight into
’Present address: Institut de Recherche pour le the systematics of molecular characters which, with respect

Développement, B.P. A5, 98848 Nouméa, New Caledonia. to the morphological ones, are free from subjective
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interpretations and environmental pressure”. SurprisinglyHoarau and Borsa (2000). All SSCP variants (two in 16

the mtDNA sequences of theilS! aegyptiacasample ap ~ S. aegyptiacaone in 11S. lascaris and two in 10S. soleawere

peared to be very close to the sequences of tBeisolea sequenced using th_e Thermose_quenase kit (_Amersham L_|fe Sci

sample. Those authors thus endorsed the synonymy ce, Cleveland, Ohio, U.S.A.) withiP-labelled dideoxynucleotides
o : . : Amersham). All five sequences, which were deposited in GenBank

S. aegyptiacavith S. soleaand also that o5. imparwith . ;

S. Iasgggris because of tﬁe:lose molecular relatpedness of (accession Nos. AF289716-AF289720), were aligned on 301 bp

L Lo . with all otherSoleaspp. cytochromé gene sequences in GenBank.
individuals presumed to bB. lascariswith S. impar(1.6 and A phylogenetic tree was derived from the matrix of nucleotide-

0.3% nucleotide divergence at théS rRNAandcytochrome b givergence estimates among sequences using the neighbor-joining
loci, respectively). Tinti and Piccinetti (2000) also sampledalgorithm; nucleotide divergences were estimated using Kimura’s
in the lonian Sea soles “with ambiguous characters” that theywo-parameter model with a ratio of two transitions to one
eventually referred to asS: senegalensiswith 39-41 verte  transversion (procedures DNADIST and NEIGHBOR of PHYLIP;
brae, and whose mtDNA sequences were distant from thodeelsenstein 1993). The robustness of the nodes was tested by 1000
of Cadiz Bay S. senegalensidy 3.8% (16S rDNA) and bootstrap resamplings of the sequence matrix using procedure
11.6% (cytochromé gene) nucleotide divergence. SEQBOOT of PHYLIE. Parsimony analysis was done on the same
Altogether, morphometrics, allozymes, and mtDNA phylo sequence dataset using the MAXIMUM PARSIMONY procedure

ies thus h b dt it " tradi tof MEGA (Kumar et al. 1993), with 1000 bootstrap resamplings.
genies thus have been used o support apparently ContradiCtlyc o chjrys variegatugDonovan, 1808) in the Soleidae was eho

views of the systematics and taxonomy $bleaspecies. gen as outgroup because its genetic distance fromSamgaspe

The aim of this note is to clarify the systematic relationshipscies is larger than interspecies genetic distances within the genus
among Atlantic-MediterraneaBoleaspecies. For this, we Solea(Goucha et al. 1987; Tinti et al. 2000). A nuclear phylogeny
reassessed Ben Tuvia's (1990) results, compiled and anaas also inferred using the neighbor-joining algorithm on the ma
lysed a comprehensive allozyme dataset from the literaturdtix of pairwise Nei's genetic distances between species (proce
and added new phylogenetic information to that provided bydures GENDIST, NEIGHBOR, and SEQBOOT of PHYLIP). Nei's
Tinti and Piccinetti (2000) by analysing nucleotide variationgenetic distances were based on allozyme frequency data at 16
at thecytochrome Hocus in new samples d8. aegyptiaca  |0Ci: that is all loci scored by Goucha et al. (1987) excéfi

S. lascaris and S. solea In addition, the genetic data “WNichwas also scored as loclg3 (P. Borsa, personal observation).
allowed testing of the validity of a distinct gentRegusa The systematic positions 08. kleini (Bonaparte, 1833) and

naS. i S | - ds X h S. nasutaare not addressed here because no sample material and
grouping . Impay >. lascars and >. nasutaversus other ., 5jj0zyme data for these species were available to us. However,

Soleaspp. (e.g., Bini 1968). partial nucleotide sequences of the cytochromgene and 16S
rDNA of S. kleini have been presented by Tinti and Piccinetti
. (2000).
Materials and methods A subsample of the fish analysed in the present study was de-

. S .eposited as voucher specimens at Museum National d’Histoire
To_ examine th? extent Qf genetic dlfference§ between speci Naturelle (MNHN), Paris, under registration Nos. MNHN 2000—
relative to the variation within species, we compiled allozyme data5629 to 5633 aeéyptiac}a MNHN 2000-5637 to 56405, soled,

on Soleaspp. populations from Quignard et al. (1984), Goucha elnd MNHN 2000-5634 to 56365( lascari3. In the absence of any
al. (1987), She et al. (1987 198h), and Kotoulas et al. (1995). known holotype or paratyp&. soleaspecimen MNHN 20005637

All the foregoing studies were conducted in the same Iaboratorywas designated as neotype, in conformity with the recommenda

;Jsmg EjheTShamel prtotocols,hthfus maklng crc;sg-comparls%r:;tSzfralgtﬁons of the International Commission on Zoological Nomenclature
orward. 1he electromorph frequencies at > enzyme { (1999). The designation of a historical specimen collected by P.

Gpi-1, Gpi-2, Ldh-2, Pt-3) scored in common in all studies, and in Chabanaud and preserved at MNHN as neotypeSfoaegyptiaca
five Atlantic—MediterranearSoleaspecies were arranged under a is pending (J.-C. Hureau, personal communication in a letter)

matrix form suitable for correspondence analysis (Lebreton et al.
1990).

The new material analysed for nucleotide variation at the
cytochrome blocus consisted of 165. aegyptiacafrom Zarzis,
Tunisia (33°28N, 11°07E), sampled in May 2000, &. solea

from Pertuis Breton, France (46°19, 01°24 W), sampled in Ne - s -
vember 1999, B. solearom an unknown location on the Atlantic the basis of meristic characters (Quignard et al. 1984) was

coast of France sampled in June 200(.4ascarisfrom the Loire deemed unrellablg by Ben Tuvia (:!'990)’ the numbers of
estuary, France (47°0R, 02°20W), sampled in June 2000, and 7 Vertebrae, dorsal-fin rays, and anal-fin rays presented in the
S. lascarisfrom Pertuis Charentais, France (45°M8 01°14W), latter article for ‘Solea solea(Ben Tuvia's Tables I, Ill, and
sampled in June 2000. The samples were identified to species atV) had bimodal distributions. For any of these characters,
cording to the identification key provided by Quéro et al. (1986).each mode of the distribution corresponded to the mode pre
The numbers of dorsal-fin rays i8. aegyptiacamean + SD =  viously given for eitherS. aegyptiacar S. solea(Quignard
71.8 + 1.3;N = 13) andS. solea(81.1 + 1.7;N = 10) were in a¢ et al. 1984), and the degree of variation within either species
cordance with previous reports (Quignard et al. 1984, 1986). Thehroughout the Mediterranean was lower than that between
gyg\moﬂei?&mwiﬂ "‘;asgesxfagg?si USIQing p(kg)enol - r‘;r'ﬁmf?m:h_species at any given location (Quignard et al. 1984). The distri
y ' P p) portion of they inn of thenumber of vertebrae presented f@&.“4ascarié

cytochromeb gene was amplified by polymerase chain reaction . . : . .
(PCR) using universal primers for tt@B2-HCB1-L fragment (see by Ben Tuvia (1990: Table VI) was bimodal, with the first

Palumbi et al. 1991), as did Tinti and Piccinetti (2000). The PCRMOode corresponding to typic8l. imparsamples and the sec
products were formamide-denatured to single DNA strands an@®nd mode to samples collected in the northeastern Atlantic,

subjected to electrophoresis on non-denaturing polyacrylamide gavhere the predominant speciesSslascaris(Marinaro 1988;
(SSCP), thus revealing nucleotide-sequence polymorphism, as ih.-P. Quignard, personal observation). The distinction be

Results and discussion

Although the distinction o5. aegyptiacdrom S. soleaon
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Fig. 1. Correspondence analysis (BIOMECO package; Lebreton et al. 1990), showing projection on the plane defined by axis 1 and
axis 2 (with percentages of total inertia in parenthese) of 16 Atlanto-Mediterredel@aspp. samples. All samples (A, Brittany; B, C,

D, E, 5, and 9, Golfe-du-Lion, western Mediterranean; EG, Suez canal; 1, Dakar, Senegal; 2,: Lisbon, Portugal; 3, Ebro delta, Spain;
4, Bizerte lagoon, Tunisia; @and §, Gulf of Tunis, Tunisia;7, Khalij-Qabis, eastern Mediterranean; 10, Brittany) were characterized

by their electromorph frequencies at 5 allozyme lo&ai-2 Gpi-1, Gpi-2, Ldh-2 and Pt-3; nomenclature according to Quignard et al.
1984). Data for samples A—E are from Quignard et al. (1984); 15%,6 and 7, from She et al. (198, 9 and 10 from Goucha et

al. (1987); and EG from Kotoulas et al. (1995).
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tweenS. imparand S. lascariswas also evident from the AF11185). The other haplotype we found in AtlanBic solea
distributions of the numbers of dorsal-fin and anal-fin rays(GenBank AF289717; frequency = 0.10) differed from the
compared with the values given for either of the type speciformer by one nucleotide transition. The most common
mens examined by Ben Tuvia (Table VII in Ben Tuvia 1990). haplotype inS. aegyptiacdrom southern Tunisia (GenBank
Numbers of vertebrae plotted against numbers of either anaAF289718; frequency = 0.94) was identical with one of the
fin or dorsal-fin rays for individual Pegusa lascarisfrom two haplotypes found by Tinti and Piccinetti in lonian Sea
the Atlantic and Mediterranean (including§. impar and  Soleasp. specimens (eventually referred toSasenegalensis
S. lascaris then considered synonyms; see Figs. 35 and 3&enBank AF113188 = AF113190 = AF113191). The rarer
in Chabanaud 1929) provided even more convincing eviS. aegyptiacahaplotype (GenBank AF289719; frequency =
dence of two distinct morphs, as two disjunct clusters were.06) differed from the former by one nucleotide transition.
observed on each scattergram. Knowing thatS. senegalensisybridizes withS. aegyptiaca
Correspondence analysis of allozyme-frequency data (Fig. ih a narrow zone of contact in northern Tunisia (She et al.
showed the total separation of each taxon from the others987), one cannot exclude the possibility tr&t senegalensis
Solea aegyptiagaS. senegalensisand S. soleawere each might be introgressed b$. aegyptiacantDNA. However,
represented by 4-5 samples collected across wide geographicalnsidering thaS. senegalensisas not been reported from
areas. For instance, &. soleasamples, including samples the eastern Mediterranean (Quignard et al. 1986), and that
from Brittany (A), Golfe-du-Lion (B, C), and Suez (EG) are the number of vertebrae of the specimens collected by Tinti
clustered onto a small spot in Fig. 1. Indeed, geographic differand Piccinetti (2000) in the lonian Sea were typical of
entiation inS. soleas weak, albeit detectable, with pairwise S. aegyptiacgQuignard et al. 1984, 1986), we here reassign
Fst (Wright 1951) estimates increasing by only ca. 0.01Tinti and Piccinetti's lonian SeaSolea sp. sample to
every 1000 km in an isolation-by-distance fashion from theS. aegyptiacaFinally, the unique haplotype found #i lascaris
English Channel to the eastern Mediterranean (Kotoulas g€GenBank AF289720) differed fron8. impar (GenBank
al. 1995; Borsa et al. 199). Such low levels of genetic AF113194) by 6.0% nucleotide change. The lonian Sea
heterogeneity across vast distances in each of these thré8. lascari§ sequence provided by Tinti and Piccinetti
taxa, and their clear separation from one another (Fig. 1}GenBank AF113195) was therefore much more closely re
warranttheir recognition as separate species, in spite of hylated toS. imparthan to AtlanticS. lascaris The phylogeny
bridization in areas of contact (betweeB. aegyptiacaand presented in Fig. 2, inferred from nucleotide-divergence
S. senegalensisShe et al. 1983). estimates, demonstrated the clear separatiorS.ofsolea
The most common mtDNA haplotype (cytochroimgene) haplotypes from those 0. aegyptiacaof S. aegyptiaca
found by us in AtlanticS. solea(GenBank AF289716; from S. senegalensiend ofS. lascarisfrom S. impar The
frequency = 0.90) was identical with the apparently mosttopology of the parsimony tree was identical with that of the
commonS. soleahaplotype found in the Adriatic Sea by neighbor-joining tree and was supported by high bootstrap
Tinti and Piccinetti (2000) (GenBank AF113181 = AF113184 =scores (Fig. 2). The phylogenetic relationshipsSofaegyptiaca
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Fig. 2. Neighbour-joining tree (NEIGHBOR procedure in the PHYLIP package; Felsenstein 1993) of partial nucleotide sequences (301
bp) of the cytochromé gene in 5 Atlantic—Mediterranea®oleaspecies, usingMicrochirus variegatusas outgroup. Sequence numbers

are those allocated by GenBank. Numbers at a node are percentages of occurrence after 1000 bootstrap resamplings of nucleotide site:
(neighbor-joining bootstrap values above branches, parsimony values below branches). Unlabelled nodes had bootstrap scores <74%.
Scale bar = 1% nucleotide divergence.
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Fig. 3. Neighbor-joining tree (NEIGHBOR procedure in the PHYLIP package; Felsenstein 1993) derived from the matrix of pairwise
Nei’s (1972) genetic distances among 5 Atlantic—Mediterrar@aleaspecies. Nei's distances were calculated using the GENDIST
procedure of PHYLIP, from electromorph-frequency data at 16 enzyme Al Aat-2, Aat-4, Est-1 Est-3 Glo, Gpd-1, Gpi-1,

Gpi-2, Ldh-1, Ldh-2, Mdh-1, Pgm Pt-3, Pt-4, and Sod-) scored in common in all five species and in outgrddpvariegatusby

Goucha et al. (1987). Numbers at a node are percentages of occurrence after bootstrap resampling of loci (1000 bootstraps) using the
procedure SEQBOOT of PHYLIP. Scale bar = 0.1 Nei’'s genetic distance.
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S. senegalensisand S. soleacytochromeb gene sequences (Quignard et al. 1984; She et al. 1#87his paper); the data
appeared to be similar to those inferred from electromorphef She et al. (1983) also conform to the genotypic-cluster
frequency data (Goucha et al. 1987; Fig. 3), thus providinglefinition of species (Mallet 1995). The distinction between
no support for the ad hoc hypothesis tifat senegalensis S. imparand S. lascarislikewise fulfills the definitions of
possesseS. aegyptiacanitochondria. morphological and phylogenetic species (Goucha et al. 1987;
Thus, the distinction betwee8. soleaand S. aegyptiaca Ben Tuvia 1990; this paper). The congruence of phylegen
fulfills the definitions of morphological species (Quignard et etic relationships derived from such independent datasets as
al. 1984; Ben Tuvia 1990), phylogenetic species (Goucha etllozymes and cytochromie gene sequences is both a pow
al. 1987; present results), and biological species, since thessful and a robust test of their systematics. These results re
two taxa are reproductively isolated throughout their rangestore the taxonomy of Quéro et al. (1986) and demonstrate

© 2001 NRC Canada



Note 2301

that at the level of differentiation reached by the species ir{range 19.1-26.2%; Perrin and Borsa 2001). In our view this

the genusSolea mtDNA or allozymes are equally reliable as is a sufficient argument in support of a distinct genus, namely

characters for use in identification. Meristic characters effecPegusa

tively distinguishS. aegyptiacdrom S. soleaand S. impar

from S. lascaris however, the assignment of a small propor

tion of individuals may be ambiguous when a single charac

ter is used. We are grateful to Francoise Lagardere for providing
Chabanaud (1927) has suggested $haiparandS. lascaris ~ P. lascarisand S. soleasamples and for helpful insights, to

be grouped into the genuegusaGiinther, 1862 s.str., on Louis Euzet for providingS. aegyptiacasamples, to Jean-

the basis of shared morphological features that are absefiaude Hureau from MNHN for helpful advice, to Audrey

in the other Atlantic-MediterraneaBolea species (except Rohfritsch for excellent assistance in the laboratory, and to

S. nasut® such as the anterior nostril on the blind side en Frangois Bonhomme and Fausto Tinti for comments and

larged, rosette-shaped, and close to the posterior nostril. Birsiuggestions. We are especially grateful to Francois Bonhomme

(1968) and Desoutter (1990) again incluglempayS. lascaris ~ for continuing support. Funding was provided by Unité de

and S. nasutain the genusPegusa The mitochondrial tree Recherche Marine (UMR) 5000 &NRS, URM 16 of the

(Fig. 2) lends some support to this distinction by groupinglnstitut Francais de Recherche pour I'Exploitation de la Mer, and

S. imparwith S. lascarisas a separate clade, at the sameAction Budgetée 632740 of the Département des Ressources

time suggesting that the anterior nostril's shape and positiolivantes, Institut de Recherche pour le Développement.

are characters of phylogenetic value. As shown in the fol

lowing points, the case for considering these to be a differenReferences

genus is strong (see point 3), although not watertight (see

points 1 and 2). (1) The neighbour-joining tree derived fromAutem, M., and Bonhomme, F. 1980. Eléments de systématique
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