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ing closely related species (Muir et al. 2000). Indeed
different microsatellite markers were used recently to
distinguish estuarine forms of F. vesiculosus and F. spira-
lis (Wallace et al. 2004).

MATERIALS AND METHODS

Sampling. Twenty populations were sampled in the Brit-
tany region, France (Table 1) to investigate whether genetic
distances were greater between taxa, between habitats (estu-
ary vs. open coast populations), or between locations (geo-
graphic distance). Taxon determination was primarily based
on the following morphological characters: wide thalli and
presence of vesicles for F. vesiculosus; wide thalli, receptacles
with a rim of sterile tissue, and absence of vesicles for
F. spiralis; and very thin thalli with acute and branched recep-
tacles and absence of vesicles for F. ceranoides. The sampling
of the three taxa was also based on their habitat characteris-
tics: F. spiralis inhabits mainly open coastal rocky shores and
F. ceranoides occupies muddy estuaries, whereas F. vesiculosus
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F. vesiculosus, but most loci were fixed for one allele
(or nearly fixed with the allele frequency of the most
common allele greater than 0.95) for the other two
taxa (Table 2). Nevertheless, because of the fixation for
different alleles, F. spiralis and F. ceranoides samples
could be easily distinguished with the monomorphic
loci. The fixed (or nearly fixed) alleles for F. spiralis and
F. ceranoides were, respectively, alleles 169 and 190 at
locus L38, alleles 145 and 154 at locus L94, and alleles
122 and 131 at locus L78. Moreover, at locus L78, all-
eles 122 (typical of F. spiralis) and 131 (typical of
F. ceranoides) were very rare (observed at a frequency
less than 0.05) within F. vesiculosus, making this locus
diagnostic for identifying the three different taxa in
Brittany (Table 2). Although internal transcribed spac-
er sequences failed to resolve these taxa, and even
showed geographic clustering (Serrão et al. 1999), we
clearly show here that microsatellite loci can be used to
distinguish the three taxa in the ‘‘F. vesiculosus/F. spiralis/
F. ceranoides’’ clade within Brittany.

Three groups of individuals were identified by CA.
The first axis enabled us to differentiate F. spiralis from
the two other taxa, whereas the second axis separated
F. ceranoides from F. vesiculosus (Fig. 1). Estuarine indi-
viduals of F. ceranoides and F. vesiculosus did not group
together; rather, F. ceranoides individuals from north-
ern and southern Brittany grouped together to the
exclusion of other estuarine individuals from northern
Brittany. Therefore, this analysis shows a clear separa-
tion along taxonomic lines. The distribution along the
first axis (Fig. 1) was more scattered for individuals
identified as F. vesiculosus than for the two other species
with some intermediate points coming from FvSant2
and FvBrig2 populations (Table 1). This last result
could be explained by the higher level of polymorph-
ism within F. vesiculosus and also by the existence of
genetically intermediate individuals resulting from
gene flow between F. vesiculosus and the other taxa.
Specifically, one F. vesiculosus individual collected in the
Penzé River tended to cluster with F. spiralis rather than
with F. vesiculosus (Fig. 1, open triangle in the middle of
dark squares). The genotype of this individual, identi-
fied as F. vesiculosus in the field, matched this taxon at
the diagnostic locus 78, whereas for all four other loci
its genotype was typical of F. spiralis. This individual
may be the result of hybridization between F. vesiculosus
and F. spiralis.

The UPGMA and neighbor-joining phylogenetic
reconstruction methods (Fig. 2, A and B, respectively)
did not produce exactly the same tree topology. Nev-
ertheless, both showed that, in general, F. vesiculosus
and F. ceranoides were genetically closer to each other
than either was to F. spiralis (Fig. 2). In the UPGMA
tree, three distinct clades were well supported by boot-
strap values greater than 90%, confirming that indi-
viduals were grouped according to their taxonomic
assignment and not their geographic origin (Fig. 2A).
Indeed, F. ceranoides individuals from Penzé did not
cluster with F. vesiculosus individuals from the same
area but with individuals of the same taxon collectedT
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more than 100 km away (e.g. Saint-Laurent). We also
found that F. vesiculosus individuals were split into two
different clades corresponding to their habitat (the es-
tuarine clade being supported by a bootstrap value of
78%), revealing differentiation between estuarine and
open coast populations (Fig. 2A).

In the neighbor-joining tree, two well-defined
clades (bootstrap values 488%) were again found for
F. ceranoides and F. spiralis (Fig. 2B). However, contrary
to UPGMA, the latter reconstruction method was not



ing of F. vesiculosus populations through the tree
revealed that this taxon is not as genetically cohesive
as the other two taxa. Like the CA, this result suggests
that reproductive isolation may not be complete within
F. vesiculosus with the occurrence of intermediate indi-
viduals. The occurrence of individuals genetically in-
termediate between F. spiralis and F. vesiculosus was
recently demonstrated in the northwest Atlantic
(Maine, USA, Wallace et al. 2004) and in two distant
regions of the northeast Atlantic coast (Cape Gris-Nez
in northern France and Viana do Castelo in northern
Portugal, Engel et al. 2005). Consequently, interspecif-
ic gene flow occurring after divergence of the two taxa
may be responsible for this pattern, particularly in re-
gions where both species co-occur. If so, the pattern of
mosaic hybridization between these two species ap-
pears to be a very different process to that observed
between F. serratus and F. evanescens by Coyer et al.
(2002) for which hybridization was restricted to a zone
of recent contact.

Average Nei’s genetic distances confirmed that the
three morphological entities correspond to different
genetic entities. Average distances between taxa (1.94
between F. spiralis and F. ceranoides, 1.30 between
F. spiralis and F. vesiculosus, and 0.88 between F. vesi-
culosus and F. ceranoides) were approximately 200 to
300 times higher than within taxa (0.05 for F. cerano-
ides, 0.01 for F. spiralis, and 0.23 for F. vesiculosus). This
analysis also showed that the two dioecious species,
F. ceranoides and F. vesiculosus, were more closely related
to one another than to the hermaphroditic F. spiralis,
contradicting the results of Hardy et al. (1998), who
concluded that F. ceranoides was the more distant taxon
within this species complex. However, they based their
study on the chemical phenotype of the taxa, which
may be highly influenced by the estuarine environ-
ment of F. ceranoides.

Finally, the genetic distance between F. vesiculosus
from estuary and open coast habitats (0.32) was twice
as large as the genetic distance within the F. vesiculosus
open coast group (0.15) and three times as large as that
within the F. vesiculosus river group (0.09). This differ-
entiation between rocky shore and estuarine F. vesi-
culosus might reflect restricted dispersal between
estuarine and rocky shore populations, possibly due
to geographic distance between locations or hydrody-
namic factors. Local population acclimation or adapta-
tion to specific habitats causing lower establishment
success between habitats cannot be ruled out as an ad-
ditional explanation for this rocky shore versus estua-
rine population differentiation. The values of Nei
genetic distances (D) observed between taxa are rather
large in comparison with the empirically defined
threshold value of D � 0.15 that has been accepted
in the literature to delineate animal species (Sites and
Marshall 2004). Nevertheless, these large D values con-
firm that the three taxa constitute very different
genetic entities.

We conclude that our genetic results clearly support
the separation of F. vesiculosus, F. spiralis, and F. cerano-

ides into distinct species within the Brittany region. The
three species could be identified as three different ge-
netic entities independent of geography. However, in
agreement with recently published papers (Wallace
et al. 2004, Engel et al. 2005), we suggest that repro-
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