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Abstract

Résumé

Machordom A., P. Berrebi, I. Doadrio. Aguat. Living Resour., 1990, 3, 295-303..

Five Barbus populations were analyzed by enzyme electrophoresis to verify hybridization between
two species in Spain, B. meridionalis and B. haasi. Two populations supposed to be hybrid have been
named B. meridionalis-2 and B. hausi-2 becausc of their morphological resemblance to the correspond-
ing parent species. 88.9% of B. haasi-2 genes are of the “meridionalis™ type, a value obtained using
six loci distinguishing the two species. None of the individuals in this population was identified as an
Fl hybrid. On the other hand, B. meridionalis-2 showed no sign ol introgression and is thus a
population of the pure species B. meridionalis. The absence of known current contact between the
hybrid population and both parent populations and the present genetic results suggest that the
hybridization is currently interrupted in the studied locality.

Keywords : Hybridization, enzyme clectrophoresis, hybrizymes, Barbus.

Hybridation de barbeaux espagnols déteciée par des marqueurs enzymatiques : Barbus meridionalis
Risso x Barbus haasi Mertens (Osteichteyes, Cyprinidae).

Cinq populations de barbeaux ont été analysées par électrophorése des protéines enzymatiques afin
de vérifier la réalité d’une hybridation entre deux espéces d’Espagne: Barbus meridionalis et B. haasi.
Deux populations supposées hybrides ont ét¢ nommeées B. meridionalis-2 ¢t B. haasi-2 d’aprés leur
ressemblance morphologique avec I'unc ou l'autre des espéces parentales. B. meridionalis-2 n’a pas
montré de trace d’introgression et constitue donc une population d’espéce pure. Par contre B. haasi-2
posséde 88,9 % de génes de type « meridionalis », valeur obtenue grice a l'utilisation de six locus
marqueurs cntre les deux espéces. Aucun individu de cette population n’a pu étre identifié comme F1.
Les résultats génétiques obtenus et I'absence de contact actuel connu entre cette population hybride
et les populations parentales suggérent que 'hybridation est actuellement interrompue dans la localité
étudiée.

Mots-clés : Hybridation, ¢lectrophorése enzymatique, hybrizymes, Barbus.
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INTRODUCTION

The occurrence of localized interactions between
the differentiated genomes of two taxa and the appar-
ent stability of many hybrid zones raises problems
that are both theoretical (species definitions, repro-
ductive isolation) and evolutionary (homogenization
of genomes, speciation). Many authors have discussed
the adaptive value or biological significance of hyb-
rids (e.g. Ferguson ef al., 1985 a, Barton and Bengts-
son, 1986; Descimon and Geiger, 1988). Studies of
hybrid populations in different zoological groups have
proliferated, e. g. Hung (1985) and Rand (1988) in the
invertebrates, Avise and Saunders (1984), Gollmann
et al. (1988), and Vanlerberghe et «l. (1988) in the
vertebrates. Different approaches (morphology,
karyology, polymorphism of enzymes or mitochon-
drial DNA) have made it possible to investigate new
cases of hybridization or to complement data on
previously detected cases. They have also allowed the
evaluation of gene flow and the study of hybrid zones,
which are “zones of tension” (Key, 1968; Barton and
Hewitt 1985, 1989), resulting from an equilibrium
between selection and dispersion.

In the fishes, many cases of hybridization or intro-
gression have been detected between individuals or
different species (Aspinwall and Tsuyuki, 1968; Avise
and Smith, 1974; Wallis and Beardmore, 1980) and
more specifically in the cyprinids (Brassington and
Ferguson, 1976; Cross, 1978; Bianco, 1982; Collares-
Pereira and Coelho, 1983; Crivelli and Dupont, 1987,
Berrebi et al., 1989). In the case of B. meridionalis, a
species examined in the present article, hybridizations
with B. barbus has been reported in Yugoslavia by
Stratil ef a/. (1983) and in France by Berrebi et al.
(1987).

In Spain, morphological studies suggest hybri-
dization occurs between two tetraploid species,
B. meridionalis and B. haasi (Doadrio, unpub. data).
The taxonomic status of B. haasi is at present unre-
solved. Tt was first considered to be a species on its
own (B. haasi Mertens, 1924), and then as a subspe-
cies of B. barbus (B. barbus bocagei Almaga, 1971),
B. capito  (B. capito haasi Karaman, 1971), and
B. plebejus (B. plebejus haasi Almaga, 1982). After
studying the external morphology and osteology of
Spanish Barbus, Doadrio (1984) restored B. haasi to
species status, considering that B. haasi had enough
characters of its own to distinguish it from B. barbus,
B. plebejus, or B. capito. However, he indicated that
only minor characters separated B. haasi from
B. meridionalis and that if there was any doubt about
the specific status of B. haasi, it should be considered
to be a subspecies of B. meridionalis. This author has
described the geographical distribution of the two
species. The boundary separating the two species is
illustrated in figure 1.

The objective of the present study was to verify
putative hybridization between B. meridionalis and
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Figure 1. ~ Distribution of sample populations in France and in

Spain.

B. haasi in five populations by enzyme electropho-
resis. This method has been shown to be effective in
this type of study, especially when introgression is
slight and cannot be detected by morphological
markers (Hunt and Selander, 1973). Moreover, exch-
anges of alleles between species can be quantified by
defining the degree of introgression in putative hybrid
populations.

MATERIJALS AND METHODS

Sampling was done at five locations in the Iberian
Peninsula and France (fig. 1). In the field, taxa were
identified by their external morphological characteris-
tics (Doadrio, 1984). Samples were taken from the
following rivers, the first four in Spain, the last in
France:

e Matarrafa: 38 individuals of the species B. haasi,

® Ripoll: 27 putative hybrid individuals, morpho-
logically close to B. haasi, which we designated as
B. haasi-2,

e Tordera: 45 individuals of the species B. meridio-
nalis,

e Arbucias: 11 putative hybrid individuals, mor-
phologically very similar to B. meridionalis, which we
designated as B. meridionalis-2.

e Dourbie: 17 individuals of B. meridionalis.

The B. haasi sample from the Matarrafia river and
the B. meridionalis sample from the Tordera river
were taken at a distance or nearly 100 km either side
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of the interspecific boundary as seen in figure 1. Thus,
those samples, morphologically typical of each spe-
cies, are considered as belonging to pure species.

The liver and about 1.5 g of skeletal muscle were
taken from each individual and stored in liquid nitro-
gen for transfer to the laboratory, where they were
kept at —70°C until analysis.

Enzyme electrophoresis on horizontal starch gel
was carried out according to the method described
by Selander et al. (1969) and Pasteur et al. (1987).
Fourteen enzyme systems were studied, corresponding
to 29 loci (the nomenclature used is that of Berrebi
et al. 1988). Electrophoretic data were analyzed by
the following methods.

At the individual level, allelic data were coded as
0 when the allele was absent, 1 when it was in the
heterozygous state, or 2 when it was in the homo-
zygous state. The resulting tables were processed by
Factor Correspondence Analysis (Benzécri, 1973)
using the Biomeco program (CEPE V), 1988). This
analysis made it possible to project each individual
on a plane according to all its genetic variables,
without taking into account its population of origin.

On the population level, the following methods
were applied.

— Chi-square analysis was used to verify agree-
ment between the genotype frequencies observed and
those predicted according to the Hardy-Weinberg
model, applying Yates’ correction in the case of small
samples.

— Genetic distances of Nei (1972) separating the
different populations were calculated from the allele
frequencies observed in them. The table of distances
was then analyzed by the program “Fitch” which
constructs phylogenetic dendrograms (software pack-
age “Phylip” by Felsenstein, 1989) using the algo-
rithm of Fitch and Margoliash (1967).

— Phylogenetic dendrograms were also constructed
by taking into account the presence or absence of
each allele in the populations, according to the Dollo
method of parsimony (“Dollop” in “Phylip” by Fel-
senstein, 1989). This method reveals relationships
between groups in terms of the ‘history” of each
allele, whose presence or absence does not merely add
to that of the others, but interacts according to the
rules of phylogeny and parsimony on which Dollo is
based (Farris, 1977). The consistency of the dendro-
gram obtained (total number of variables analyzed/
number of events in the dendrogram) indicates homo-
plasia (reversions, convergences, parallels) in the data.
By applying the program “Bootstrap” (Felsenstein,
1989) the robustness of the branches was also quanti-
fied.

) Equipe de Biométrie de CEPE, Logiciel BIOMECO P.C.
compatible, version 3.0, CEPE, B.P. n° 5051, 34033 Montpellier-
Cedex, France.
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— The introgression index *“I”” was calculated from
the frequency of diagnostic alleles (alleles that are
fixed in one of the pure species) present in the putative
hybrid populations (Hunt and Selander, 1973). This
parameter can be used to quantify hybridization. In
the present study, “I”” was taken to correspond to the
percentage of B. haasi diagnostic alleles in the genome
of the putative hybrids.

RESULTS

Among the 29 loci studied, 16 were monomorphic
and expressed the same allele in the S populations
analyzed. Specifically, these were 4k-1, Ak-2, Aat-3,
Ck, Gda, Idh-1, Ldh-1, Ldh-2, Ldh-3, Mdh-1, Mdh-4,
Mdh-5, Pgi-3, Sdh, Sod-1, Sod-2.

The polymorphic loci (table 1) showed the follow-
ing characteristics:

o Locus 6Pgd showed different frequencies for the
same alleles in all the Spanish populations, but was
fixed for the French sample.

e Three loci expressed alleles characteristic (semi-
diagnostic) of a pure species, i.e. Aat-1°° (B. haasi),
Fum?°® (B. meridionalis, Spanish distribution), and
Est-5 (which only showed variants in the French
B. meridionalis population).

o Two loci expressed, apart from the alleles of the
parent species, alleles only found in one of the puta-
tive hybrid populations, i.e. Pgi-1 and Pgi-4. In the
latter case, there was an almost total disappearance
of allele Pgi-4'°°, which was present in the other
populations.

o Six loci, which expressed fixed alleles that differed
between the Spanish populations of B. meridionalis
and B. haasi, were chosen as markers, i.e. Aat-2,
Mdh-2, Mdh-3, Pgi-2, Pgm-1, and Pgm-2.

e Locus Est-1, which could be considered to be
a marker, was not used because of difficulties in
interpreting heterozygotes.

Deviations from panmixia

Significant divergences from the genotype frequen-
cies of Hardy-Weinberg (table 2) appeared in the fol-
lowing cases. In the “pure” B. meridionalis species,
the divergences corresponded to the loci Fum and
Pgi-2, expressing alleles that are exclusively those
of populations of this species in Spain. There were
disequilibria at certains of the loci in B. haasi-2 show-
ing introgression, particularly due to the absence of
one of the three possible genotypes. Tests were carried
out separately for males and females to investigate
possible sex-related disequilibrium, but no difference
between the sexes was detected in the polymorphic
loci.
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Table 1. — Allele frequencies of polymorphic loci. (H= Barbus
haasi; H2= B. haasi-2; ME = B. meridionalis (Spanish sample);
ME2= B. meridionalis-2; MF = B. meridionalis (French sample)).

Specics H H2 ME ME2 MF
n 38 27 45 1 17
Aat-1
90 0.092
100 0.908 1.000 1.000 1.000  1.000
Aat-2
100 0.963 1.000 [.000  1.000
103 1.000  0.037
Est-1
98 1.000 1.000 1.000
100 1.000 1.000
Est-5
95 1.000 1.000 1.000 1.000 0912
100 0.088
Fum
100 1.000  0.648  0.400 0.364  1.000
200 0.352  0.600  0.636
Mdh-2
100 0.852 1.000 1.000  1.000
125 1.000  0.148
Mdh-3
88 1.000  0.222
100 0.778 1.000 1.000  1.000
6Pgd
125 0.039 0333 0.155 0.182
130 0.961 0.667 0.845 0.818  1.000
Pgi-1
90 0.352
100 1.000  0.648 1.000  1.000  1.000
Pgi-2
100 1.000  0.467 0.636  1.000
109 0.533  0.364
11t 1.000
Pgi-4
0 0.962
100 1.000  0.038 1.000 1.000  1.000
Pgm-1
85 1.000  0.056
100 0.944 1.000 1.000  1.000
Pgm-2
84 1.000  0.204 0.029
100 0.796 1.000 1.000 0971

Multidimensional analyses

All the allele data were subjected to Factor Corres-
pondence Analysis (fig. 2). Populations of “pure”
species formed clouds that were well differentiated on
the plane defined by factor axes 1 and 2. The first
axis (63% inertia) is mainly explained by the allcles
Aat-2'°°, Mdh-3°8, Pgi-2!"!, Pgm-1%° and Pgm-2%*
in the positive direction and by the alleles Aat-2!°°,
Fum?®® and Pgm-1!%° in the negative direction of
the axis. The second axis (16.5% inertia) is essentially
explained by the allele Pgi-4!°° (positive direction)
and the alleles Pgi-1°°, Pgi-2'°° and Pgi-4° (negative
direction). The individuals of B. meridionalis-2 were
included in the Spanish population of B. meridionalis.
The putative hybrids, B. haasi-2, were not at the F1

A. Machordom et al.

T axis 1

Figure 2. — Projection of individuals on the first plane of factor
correspondence analysis (axis 1: 63% inertia; axis 2: 16.5% incrtia).
The number of superimposed individuals on the same point is
signaled by numcrals. H=Barbus haasi; H2=B. hausi-2,
ME = B. meridionalis (Spanish sample); ME2= B. meridionalis-2;
MF = B. meridionalis (French sample).

hybrid position (halfway between the two parent
populations), found by Neff and Smith (1979) using
Principal Components Analysis, nor did they reflect
a “Guttman effect” (individuals distributed along an
arc: Volle, 1981). The alleles specilic to B. haasi-2
(Pgi-1°° and Pgi-4%) distinguish them from the other
groups, which are in turn differentiated by their char-
acteristic alleles. However, the genetic characteristics
of B. haasi-2 are mostly of the “meridionalis” type,
which makes it resemble this species.

Genetic distances

Table 3 gives the Nei (1972) genetic distances
between populations. The data was analyzed with the
Fitch program to construct a dendrogram (fig. 3).
One of the putative hybrid populations, B. haasi-2, is
unquestionably similar to the B. meridionalis popula-
tions, though more similar to the French population
than to the Spanish populations.

Aquat. Living Resour.
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Table 2. — Test showing significant deviation between the genotype frequencies obscrved and those predicted by the Hardy-Weinberg law.
FO: frequencies observed; EQ: effects observed; FP: frequencies predicted; EP: effects predicted. Chi®c: value of chi-square with Yates
correction. (*p<0.05; **p<0.01; ***p<0.001.)

Locus ) Genotype EO  EO  FP EP  CHI? ICHI* CHI% 3CHI%
B. meridionalis (Spain)
Fum 100100 0.00 0 0.16 7.20 720 20.00 6.23 | 7.95%**
100200 0.80 36 0.48 21.60 9.60 8.84
200200 0.20 9 0.36 16.20 320 2.77
Pgi-2 100100 0.47 21 0.22 9.80 1280 4500 11.68  42.04***
100109 0.00 0 0.50 22.40 2240 21.41
109109 0.53 24 0.28 12.80 9.80 8.94
B. meridionalis-2
Pgi-2 100100 0.64 7 0.40 4.45 1.45 11.00 0.94 7.96**
100109 0.00 0 0.46 5.09 5.09 4.14
109109 0.36 4 0.13 1.45 4.45 2.88
B. haasi-2
Fum 100100 0.30 8 0.42 11.34 0.99 7.96 0.71 6.24*
100200 0.70 19 0.46 12.31 3.63 31
200200 0.00 0 0.12 3.34 3.34 2.42
Mdh-2 100100 0.85 23 0.73 19.59 059  27.00 043  20.55%**
100125 0.00 0 0.25 6.81 6.81 5.85
125125 0.15 4 0.02 0.59  19.59 14.26
6Pgd 125125 0.00 0 0.12 3.00 3.00 6.75 2.08 5.12%
125130 0.67 18 0.44 12.00 3.00 2.52
130130 0.33 9 0.44 12.00 0.75 0.52
Pgi-1 90090 0.00 0 0.12 334 334 7.96 2.42 6.24*
90100 0.70 19 0.46 12.31 3.63 3.11
100100 0.30 8 0.42 11.34 0.99 0.71
Takle 3. — Genetic distances of Nei, 1972 (top): H=Barbus haasi; H2= B. haasi-2; ME= B. meridionalis (Spanish sample);

ME2= B. meridionalis-2; MF = B. meridionalis (French samplc).

Parameters for measuring genetic variability (bottom): A —=mean numbcr of alleles; P=rate of polymorphism; Ht=mcan theoretical
heterozygosity.

Species H H2 ME ME2  MF
B. haosi
B. haasi-2 0.2570
B. meridionalis (Spain) 0.2547 0.0606
B. meridionalis-2 0.2579 0.0549 0.0011
B. meridionalis (France) 0.2416 0.0530 0.0250 0.0213
. A P H
Q . T
Speies 0.95 0.9
B. haasi 1.071 0.036 0.071 0.009
B. haasi-2 1.321 0.250 0.321 0.090
B. meridionalis (Spain) 1.107 0.107 0.107 0.044
B. meridionalis-2 1.107 0.107 0.107 0.044
B. meridionalis (France) 1.071 0.036 0.071 0.008
2
N Parsimeny
Ch ~!~IF ] In the Dollo system (fig. 4), no character distin-
T o guishes the two Spanish B. meridionalis populations.
o The French B. meridionalis population is situated
FITCH  p=oc2 between the B. haasi-2 hybrids and Spanish B. meri-
Figure 3. — Fitch dendrogram using Nei's genetic distances. dtonaltg, ,Ho“fever’ there gre .mOI:C cevents separatlpg
H = Barbus haasi; H2= B. haasi-2; ME = B. meridionalis (Spanish B. merzdzonal_zs. (Fre;nch dlSt.I'I‘bu'[IO.n) and B. haas".z
sample); ME2=B. meridionalis-2; MF = B. meridionalis (French than B. me”dlonahs/p- meridionalis-2 and B. haasi.
sample). v The consistency of this dendrogram, i.e. 0.87 (21/24),
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Figure 4. — Dollo dendrogram obtained from 4 table of presences
and absences of alleles. The results of the Bootstrap test (shown
in circles), are expressed as percentages of appearance of the branch
in 100 random drawings of variables. H= Barbus haasi;, H2=B.
haasi-2; ME = B. meridionalis (Spanish sample); ME2= B. meridio-
nalis-2; MF — B. meridionalis (French sample).

indicates low homoplasia. The robustness of the
branches in the dendrogram, as tested by the program
“Bootstrap”, shows that the structure is stable.

Introgression index

The index “I'" ranged from 0% introgression of
B. haasi gencs into the B. meridionalis-2 population,
to 11.12% into the B. haasi-2 population. B. meridio-
nalis-2 is thus a “pure’ population that is only distin-
guished from the Spanish distribution of B. meridio-
nalis by small differences in allele frequency at certain
loci.

Thus, 88.88% of the alleles of B. haasi-2 are of the
Spanish “meridionalis” type, in contrast with what its
morphological characteristics appear to indicate.
None of the individuals in this population could be
identified as F1 hybrids (heterozygous at all diag-
nostic loci).

With regard to two of the loci marking introgres-
sion, Aat-2 and Mdh-2, the allele characteristic of
B. haasi was only present in the homozygous state in
the putative hybrid individuals. In the individuals of
the B. haasi-2 population, locus Pgi-2 expressed only
allele 100, which is characteristic of Spanish B. meri-
dionalis, and was also the only allele expressed by the
French population of B. meridionalis. None of the
putative hybrid individuals showed, cven in a hetero-
zygous state, allcle 111, which is characteristic of
B. haasi, nor allele 109 of Spanish B. meridionalis. 1t
should also be noted that even in the latter “pure”
population of B. meridionalis, which expresses two
different alleles at nearly equal frequencies, no hetero-
zygote was dctected out of 45 individuals studied
(table 2).

DISCUSSION

Enzymatic data releaved the existence of genctic
markers (fixed or alternative allcles) distinguishing
pure species of B. meridionalis and B. haasi. These

A. Machordom et al.

species can therefore be unambigously identified with
the markers. Other alleles showed different frequen-
cies in these two species in Spain (Aat-1°° and
Fum?29%),

Fixed alleles revealed the existence of introgression
by B. haasi gencs into a pool of “meridionalis™ genes
in onc of the two putative hybrid populations, i.e.
B. haasi-2. No introgression was found in the other
population, B. meridionalis-2, at the loci studied. This
therefore represents a population of B. meridionalis
with no characteristics other than those found this
species in Spain,

We reported above that, in the B. Aaasi-2 popula-
tion, no heterozygote was detected at the three diag-
nostic loci, Aat-2, Mdh-2 or Pgi-2. All the hybrids
were homozygous at these loci and expressed mostly
a “meridionalis” genotype. The loci may have under-
gone selection or they could be evidence of incompati-
bility in expressing alleles of the two species simulta-
neously. Incompatibility between alleles belonging to
differentiated genomes, or preferential expression by
certain genes of fixed alleles of only one parental
population, has been evidenced on scveral occasions
in hybrids (c.g. Herrera, 1979; Pasdar ef al., 1984;
Biirki, 1985; Hung 1985).

Certain loci of B. haasi-2 show significant diver-
gences from frequencies predicted by the Hardy-
Weinberg law. The genotypes are hybrid at these
loci, or express alleles typical only of the hybrid
population. The almost total loss of expression by
one of the loci (null allele for Pgi-4) and the existence
of an allele that was not detected in the other popu-
lations analyzed (Pgi-1°°) may indicate that the
B. haasi-2 population has evolved independently, per-
hapts because of isolation,

In view of the existence of two alleles specific to
B. haasi-2 (Pgi-1°° and Pgi-4°), it is also possible that
this is a different group or is the original population
of B. meridionalis and B. haasi. However, in one of
the two cases (Pgi-4°), this “characteristic” allele only
represents the predominant non-expression of locus
Pgi-4, as indicated above. This locus is monomorphic
and expresses the same allele (Pgi-4!°%) in a dozen
different species of Barbus studied in Europe (Berrebi
et al., 1988, and unpublished data). Thus, in the case
of B. haasi-2, it could represent silencing of a dupli-
cate locus, which is common in tetraploids (Allendorf
and Thorgaard, 1984). Moreover, high allele fre-
quency in hybrids versus low frequency in the pure
species, and the existence of allcles specific to hybrids
(named hybrizymes by Woodruff, 1989), are pheno-
mena that have previously been detected. They could
be caused by deterioration of selective values, higher
mutation rates in the hybrids, intracistronic recombi-
nations, or genetic drift (see Gollman et al., 1988).
We thus favor the concept that B. haasi-2 is of hybrid
origin, which appears to be the most probable expla-
nation for the data obtained in this population.

Aquat. Living Resour.
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The genetic distance between B. hausi and B. meri-
dionalis (D=0.25) is of the same order as that found
between other species, such as Cottus confuses and
Cottus cognatus, which hybridize under natural condi-
tions (Zimmerman and Wooten, 1981). The genetic
distance separating the hybrids of B. meridionalis in
Spain is greater than that separating these hybrids
from French B. meridionalis. This quantitative para-
dox can be explained by the disappearance of allele
Pgi-2'°? in the hybrids. From a qualitative viewpoint,
the existence in B. haasi-2 of alleles characteristic of
B. meridionalis in Spain (Fum?°® and 6 Pgd'2%) shows
that the hybridization occurred with a population
having characteristics rather similar to the Spanish
populations analyzed.

None of the individuals in this hybrid population
could be identified as an F1 hybrid. Consequently,
these individuals clearly arise from many backcrosses,
showing an absence of strong reproductive barriers,
in contrast with other cases where the hybrid popula-
tions apparently only consist of first-generation hyb-
rids (Danzmann and Down, 1982; Avise and Saun-
ders, 1984; Berrebi et al., 1989).

Two opposite predictions can be made about the
fate of hybrid populations:

e If the hybrids originated from secondary contact
between two species that diverged into allopatry, they
will have reduced fitness due to the disturbance of
genetic complexes that had coadapted in the parent
species, which will reinforce, in a certain way, the
mechanisms of reproductive isolation (Dobzhansky,
1970) and progressively reduce their numbers.

e The existence of an ecotone between the preferen-
tial habitats of the parent species could give the hyb-
rids increased fitness (Moore, 1977). In addition, a
heterosis effect (selective superiority of heterozygotes)
could appear in the hybrids (Ferguson, 1980; Fergu-
son et al., 1985 a), which would produce high stability
in the hybnd population.

Data on the B. huasi-2 hybrid population favor the
second hypothesis. No individual of “pure” species
identity was found in this locality. Nevertheless, we
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cannot give evidence for an increase in hybrid fitness.
It is not a question of a simple dilution of 11% of
B. haasi alleles and of 89% of B. meridionalis alleles.
Thus, the original pool has undergone modifications
(drift, selection, appearance of hybrizymes) which
explains why we found different specific proportions
at each locus. For example, Pgi-2!'' and Pgi-2!°°
totally disappeared in the hybrid population. It can
therefore be assumed that the hybrids have acquired
a certain equilibrium or advantage in the environment
they occupy, which has allowed them to form a stable
introgressed population.

There are two arguments to suggest that the inter-
specific contact which occurred previously, did not
occur this time: (1) there were modifications of the
allelic proportions relative to those expected if we
had a simple dilution of alleles from two species and
(2) according to our field data, there is not, at present,
any sympatry between the two pure species in that
region (fig. 1). This contact can be considered as
ancient because of the period of time modifications
to allelic proportions need to establish.

Another explanation for the success of the hybrids
is based on the tetraploid condition of the species
analyzed. Ferguson et al. (19855b) reported that the
absence of incompatibility in the development of hyb-
rids of different trout species may be due to the large
flexibility of salmonids (tetraploids) compared to dip-
loid groups. Moreover, Chevassus et al. (1983) carried
out experiments on crosses between Salmo gairdneri
and other salmonids (Salmo trutta, Salvelinus fonti-
nalis, and Oncorhynchus kisutch) which support this
hypothesis. The authors induced retention of the
second polar body in the ovules of females that were
to be inseminated, thereby producing diploid ovules.
There was a higher level of viability in the “triploid”
hybrid strains obtained than in the “diploid” controls.
In our case, geographic or climatic conditions favor-
able to secondary contact, the absence of strong
reproductive barriers, and the tetraploid condition of
the species involved, among other conditions, have
allowed or even favored the existence and persistence
of the hybrid population.
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