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a b s t r a c t
Preliminary analyses revealed the presence of at least five mitochondrial clades within the widespread sea urchin 
Echinocardium cordatum (Spatangoida). In this study, we analyzed the genetic (two mitochon-drial and two nuclear sequence 
loci) and morphological characteristics (20 indices) from worldwide samples of this taxon to establish the species limits, 
morphological diversity and differentiation. Co-occurring spatangoid species were also analyzed with mitochondrial DNA. 
The nuclear sequences confirm that mitochondrial lineages correspond to true genetic entities and reveal that two clades 
(named A and B1) hybridize in their sympatry area, although a more closely related pair of clades (B1 and B2), whose 
distributions widely overlap, does not display hybridization. The morphology of all E. cordatum clade pairs was significantly 
differentiated, but no morphological diagnostic character was evidenced. By contrast, other spatangoid species pairs that 
diverged more recently than the E. cordatum clades display clear diagnostic characters. Morphological diversity thus appears 
responsible for the absence of diagnostic characters, ruling out stabilizing selection, a classical explanation for cryptic 
species. Alternative classical explanations are (i) environmental plasticity or (ii) a high diversity of genes determining 
morphology, maintained by varying environmental conditions. We suggest a new hypothe-sis that the observed 
morphological diversity is selectively neutral and reflects high effective population sizes in the E. cordatum complex. It is 
supported by the higher abundance of this taxon compared with other taxa, a trend for the genetic and morphological 
diversity to be correlated in Europe, and the higher genetic and morphological diversities found in clades of E cordatum 
(except B1) than in other spatangoid samples in Europe. However, the Pacific clades do not confirm these trends.

1. Introduction

Cryptic species cover a wide taxonomic spectrum (Knowlton,
1993, 2000; Klautau et al., 1999; Bickford et al., 2007; Pfenninger 
and Schwenk, 2007; Trontelj and Fišer, 2009), and are being dis-
covered at an increasing rate. Nevertheless, few studies go beyond
the raw identification, and even fewer propose hypotheses for the 
processes involved in cryptic speciation.

When the absence of diagnostic character is established, it may 
result from the fact that divergence is too recent or from a partic-
ular slowdown of morphological differentiation. Comparisons with
taxa that are phylogenetically closely related to the cryptic species

complex, for which divergence times are known, (Poore and 
Andreakis, 2011) can be used to disentangle the two above-
mentioned hypotheses.

The most invoked adaptive process to explain crypticism (when 
recent speciation is ruled out) is stabilizing selection (Eldredge and 
Gould, 1972; Charlesworth et al., 1982; Colborn et al., 2001; 
Wiens and Graham, 2005; Caputi et al., 2007; Smith et al., 2011). 
Stabilizing selection is mostly expected for ecological specialists 
or taxa displaying restricted distribution ranges. Additionally, mor-
phological conservatism may also result from developmental con-
straints (Wake et al., 1983; Maynard Smith et al., 1985). In such 
cases, low morphological variation is expected within each species.

Conversely, crypticism may also be frequent when morpholog-
ical variation within species is high because the establishment of 
diagnostic differences among such species takes more time. High 
polymorphism is expected to be advantageous in environments
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submitted to spatio-temporal fluctuations. Morphological poly-
morphism may be achieved by two different mechanisms: envi-
ronmental plasticity (a single genotype may lead to a variety of 
morphologies) or genetic polymorphism. The regime of environ-
mental fluctuations and the life history traits of the taxon play a 
major role in determining whether plasticity or high genetic diver-
sity is the best strategy (Stearns, 1992). Genetic polymorphism has 
a cost (the selective load), but it may be sustainable in species with 
large fecundity and effective population sizes. Whatever the 
underlying determinism (plasticity or genetic polymorphism), high 
morphological variability is more likely for taxa with large 
geographical ranges inhabiting a wide variety of environments. 
This is the case of species with high dispersal potential.

Although the causes examined above directly involved natural 
selection, population genetics theory suggests that strictly neutral 
processes could also be involved. Higher polymorphism at neutral 
loci is expected for taxa with larger effective population sizes. If 
such a taxon splits into separate species, ancestral polymorphism 
will remain shared among the daughter species for a longer time 
than in taxa with lower effective population sizes. If the pheno-
typic characteristics studied to diagnose species are selectively 
neutral (Bijlsma et al., 1991; Ouborg et al., 1991), this leads to an 
absence of diagnostic characteristics for a longer time in the high 
effective population size taxon.

Marine benthic organisms with a pelagic phase in their life-cycle 
are good candidates to investigate factors explaining cryptic 
species. They are prone to dispersal and may undergo high 
environmental variations during early development stages, but 
they are also closely linked to a specific environment once settled 
on or in the bottom (as juveniles and adults). They are also 
expected to display large effective population sizes (Boissin et al., 
2011; Foltz et al., 2003, 2004). These features may promote differ-
ent paths toward cryptic speciation: (1) stabilizing selection, (2) 
diversifying selection or selection for plasticity and (3) large 
effective population sizes leading to high diversity and thus 
absence of diagnostic characteristics.

Echinocardium is a genus of the Loveniidae family (order 
Spatangoida) composed of five contemporaneous species: E. 
mediterraneum Forbes, 1844 in the Mediterranean Sea and on the 
southern coasts of Portugal and Northern coasts of Morocco; E. 
flavescens Müller, 1776 in the Atlantic Ocean from the southern 
coasts of Iceland to the Azores; E. pennatifidum Norman, 1868 from 
Norway to Spain; E. capense Mortensen, 1907 in the Mediterranean 
Sea, Japan and Southern Africa (but see Mironov, 2006) and E. 
cordatum Pennant, 1777 presenting an antitropical distribution 
covering European Seas, from Norway to Greece, the Pacific Ocean 
in the Northern (Sea of Japan) and Southern hemisphere (Australia 
and New Zealand), and the Southern Atlantic Ocean (Southern 
Africa). In addition to these five well-established species, six other 
forms have long been considered as distinct species, [E. mortenseni 
Thiéry, 1909, E. laevigaster Agassiz, 1869, E. lymani Lambert & 
Thiéry, 1917, E. fenauxi Péquignat, 1963, E. australe Gray, 1851 and 
E. zealandicum Gray, 1851], but their specific status has since been 
invalidated (Mortensen, 1951; Higgins, 1974; David and Laurin, 
1996; Féral et al., 1998).

Echinocardium cordatum occupies temperate sandy to muddy 
habitats, ranging from the intertidal to more than 250 m deep, but 
it is absent from American coasts (both Atlantic and Pacific)
(Mortensen, 1951; Buchanan, 1963, 1966; Higgins, 1974; Féral et 
al., 1998; Kashenko, 2007). Its abundance and efficient burrow-ing 
activity make it a key ecological species (Osinga et al., 1995; Lohrer 
et al., 2004, 2005), which can represent up to 60% of the 
macrobenthic biomass (Nakamura, 2001). E. cordatum has a 
bentho-pelagic life cycle with external fertilization leading to a 
pelagic planktotrophic larva that settles and metamorphoses into a 
benthic juvenile. The echinopluteus larva can stay between 15

and 40 days into the water column (Kashenko, 2007; Nunes and 
Jangoux, 2007). During the first 12 days, the larvae remain distant 
from the bottom and can, in theory, drift over large distances 
(Shanks et al., 2003; Shanks, 2009) potentially contributing to 
genetic homogeneity. E. cordatum is probably the most studied 
Spatangoid, for its general biology (Moore, 1935, 1936; Goodwin 
and Srisukh, 1951; Buchanan, 1966; Duineveld and Jenness, 1984; 
De Ridder et al., 1985; Yakovlev, 1987; De Ridder and Jangoux, 
1993; Osinga et al., 1995; Nunes and Jangoux, 2004; Vopel et al., 
2007; Egea et al., 2011), ecology (Thatje et al., 1999; Dautov, 2000; 
Rosenberg et al., 2002; Ozolin’sh and Nekrasova, 2003; Lohrer et al., 
2004, 2005; Gilbert et al., 2007; Zhou et al., 2007; Dashfield et al., 
2008; Egea et al., 2011), development (David and Laurin, 1991; 
Saucede et al., 2006; Kashenko, 2007; Nunes and Jangoux, 2007), 
morphology (Higgins, 1974; De Ridder et al., 1987; Ghyoot et al., 
1987; David et al., 1988, 1999; Hanot et al., 1990; David and Laurin, 
1996) and genetics (Féral et al., 1995, 1998; Chenuil and Féral, 
2003; Chenuil et al., 2008). Never-theless our understanding of the 
evolutionary history of this taxon remains incomplete.

E. cordatum has long been considered a cosmopolitan species; its 
broad distribution is consistent with its reproduction mode, 
although the other species of the genus, which have similar life 
cycles, are only recorded in European waters (except E. capense). 
Preliminary analyses based on the 16S ribosomal gene of the mito-
chondrial DNA revealed that E. cordatum is split into several mito-
chondrial lineages. Three lineages were identified in Europe (clade 
A on the Atlantic coasts, clade B1 in the Mediterranean Sea and the 
Atlantic coasts of the Iberian Peninsula, and clade B2 in the 
Mediterranean Sea (Chenuil and Féral, 2003)).

Although molecular approaches, particularly mitochondrial 
DNA, have proved useful in species delimitation ((Avise, 2000; 
Hebert et al., 2003; Vogler and Monaghan, 2007; Meier, 2008) 
but see also (Galtier et al., 2009)), the occurrence of a deep diver-
gence between mitochondrial lineages does not prove that they 
are distinct non-interbreeding species because demographic (e.g. 
a bottleneck) and/or selective events (e.g. several selective sweeps) 
can generate such topologies within a single panmictic unit 
(Wakeley, 2006).

The aims of the present study were to confirm whether mito-
chondrial clades uncovered in E. cordatum by Chenuil and Féral 
(2003) represent true cryptic species and whether they hybridize. 
We used both mitochondrial and nuclear markers, combined with a 
large morphological survey. We compared the genetic and 
morphological diversity, putting the results in perspective with 
more or less closely related spatangoid species presenting wide 
distributions and comparable ecologies. Our hypothesis that mor-
phological diversity could be neutral in E. cordatum and that large 
effective population sizes may be associated with a type of cryptic 
species will be discussed.

2. Material and methods

2.1. Specimen collection & study strategy

The samples studied in this paper were mostly collected by 
scuba-diving, allowing morphological identification of the 
specimens according to Mortensen’s (1951) identification key. The 
sampled sites cover most of the European coastline (Fig. 1) and a 
wide spectrum of environments, from fine silty-sandy (eg. Bodø) to 
coarse sediment (eg. Marseille).

For the purposes of our study, we considered mitochondrial, 
nuclear and morphological markers at different scales. First, at 
the widest geographical and taxonomic scale, mitochondrial 16S 
and COI sequences were obtained from several E. cordatum



populations, as well as from other species of the genus: E. mediter-

raneum, E. capense, E. flavescens and E. pennatifidum, and from a set 
of species phylogenetically more or less closely related and pre-
senting comparable distribution areas and habitats, such as other 
Loveniidae, the Spatangidae Spatangus purpureus and the Schizas-
teridae of the genus Abatus (Table 1). Nuclear markers were then 
characterized in the different mitochondrial clades of E. cordatum to 
test whether gene flow was restricted among them. Third, because 
morphology provides valuable diagnostic characteristics to 
differentiate species of the genus Echinocardium (Laurin et al.,

1994; David and Laurin, 1996; David et al., 1999), we performed an 
analysis of the morphology within E. cordatum and searched for 
morphological significant differences between the mitochon-drial 
clades.

2.2. Molecular analyses

DNA was extracted from the spines or gonads preserved in 95%
ethanol using the Chelex� 100 chelating resin (Sigma) (Walsh 
et al., 1991) as described in Chenuil and Féral (2003).

Table 1

Number of individuals/haplotypes sequenced for each genetic marker or analyzed for 20 morphological indices, according to mitochondrial clades (determined by 16S nucleotide

sequence) or origin (gray cells). For nuclear loci, several sequences were done per individual after PCR-cloning.

⁄ Some morphological analyses were performed by some authors of this study (David et al., 1999) but were not included here.

Fig. 1. Geographic localization of Echinocardium sampling sites. Solid black squares indicate localities for which several closely sites were sampled. Circles indicate unique

sampling site. Solid black symbols represent localities where E. cordatum was sampled, whereas empty symbols indicate presence of other species of Echinocardium but not

E. cordatum.



The 16S ribosomal gene and a portion of the Cytochrome Oxydase 
subunit I (COI) of the mitochondrial genome were amplified for 
various individuals of the five Echinocardium species and for S. 
purpureus (Table S1), as in Chenuil et al. (2008), for 16S with 16SF2 
(50GTTTCGCCTGTTTACCAAAAACAT) and 16SR 
(50CGAACAGACCAACCC TTAAAAGC) primers and for the partial COI 
gene using Stockley et al. (2005) COIe5 (50GCYTGAGCWGGCA 
TGGTAGG) and COIe3 (50GCTCGTGCRTCTACRTCCAT) primers. For 
these two markers, PCR reactions were performed in 25 ll final 
volume using 1 ll of the DNA solution, with 0.65 U of the GoTaq� 

Flexi DNA Polymerase 5 u/ll (Promega), 5 ll of the 5X Colorless 
GoTaq� Flexi Buffers, 1.55 lM of MgCl2, both provided by the 
manufacturer, 0.2 mM of each dNTP and 0.9 lM of each primer. 
Amplification was performed on a 96 well Eppendorf Mastercy-

cler�. For the 16S marker, an initial denaturation step at 94 �C for 3 
min was followed by 40 cycles of three steps: 94 � C for 40 s, 
annealing at 65 �C for 30 s and elongation at 72 �C for 2 min. For 
COI, a similar program was used, except that the initial denatura-
tion step was followed by 35 cycles of 30 s at 94 �C, 30 s at 52 �C 
and 1 min at 72 �C, followed by a final elongation at 72 �C for 5 min.

Exon Primed Intron Crossing (EPIC) provides fast evolving 
nuclear markers potentially applicable across species and for which 
evolutionary relationships among alleles can be inferred (Chenuil 
et al., 2010). To study the nuclear genome, two markers were 
obtained for E. cordatum based on Chenuil et al. (2010): the first 
intron of the Elongation Factor 1 a (EF1a) and the intron of the 
Calpain gene (i21). These markers were, respectively, amplified 
with specifically designed primers EF1a-F (50TAGTTGGTTTCAATA 
TCAAGAACG), and EF1a-R (50AATATGAGCAGTATGGCAATCCA), and 
i21-F (50GGAGATAGTCGTCTATGATGAC), and i21-R (50 GTTGA 
TCCAGAGGATGACCATGTA). For these markers, the PCR reactions 
were performed in 13 ll final volumes using 1 ll of the DNA 
solution, with 0.35 U of the GoTaq� Flexi DNA Polymerase 5 u/ll 
(Promega), 1.3 ll of the 5X Colorless GoTaq� Flexi Buffers, 0.5 lM of 
MgCl2, 0.2 mM of each dNTP and 1.5 lM of each primer. For EF1a, 
the PCR amplification program was composed of an initial 
denaturation step at 94 �C for 2 min followed by 40 cycles of 94 �C 
for 30 s, 55 � C for 1 min and 72 � C for 1 min 30 s and a final 
elongation step of 3 min at 72 �C. For i21, only 35 cycles of 20 s at 
94 �C, 1 min at 57 �C and 1 min at 72 �C were performed, followed 
by 5 min at 72 �C.

Cloning of the nuclear markers was performed using the 
pGEM�-T Easy Vector Systems (Promega) according to manufac-
turers’ recommendations. Positive clones were screened for the 
presence of appropriate-sized inserts by PCR amplifications, and 
clones (when possible, four per individual) were sequenced using 
the T7 universal primer (50-TAATACGACTCACTATAGGG-3). PCR 
products for mitochondrial markers were sequenced with the pri-
mers 16SR2 and COIe3. Cloning PCR products can create artefactual 
mutations leading to more than two allelic forms for a diploid 
organism (Bierne et al., 2007). For both i21 and EF1a, a proportion 
of approximately 80% of the individuals displayed, after cloning 
their PCR product, more than two different sequences. When more 
than two different sequences were obtained for the same individ-
ual, those presenting 99% similarity were considered as PCR artifact 
products of the same allele (Acinas et al., 2005; Schloss et al., 2011). 
The ‘‘true’’ allele was then considered as the consensus of the 
different sequences, the spurious sequences were identified by the 
fact that they were in low frequency (singletons in each individual 
cloning) and very similar to more frequent haplotypes (that may be 
frequent also in the global sample, i.e. the whole clade) (Bierne et 
al., 2007).

Once the alleles were defined, intron sequences were aligned 
using MUSCLE (Edgar, 2004) in the Seaview platform (Galtier

et al., 1996) and using the ClustalW algorithm (Thompson et al., 
1994) in BioEdit for the mitochondrial markers.

Phylogenetic tree reconstructions were conducted for each 
marker. Maximum likelihood analysis was performed with PhyML 
3.0 (Guindon et al., 2010). All parameters of the nucleotide substi-
tution model and the gamma shape parameter were simultane-
ously estimated by maximum likelihood and were adjusted. A 
batch bootstrap procedure was applied (1000 replicates). Bayesian 
analyses were performed using MrBayes 3.2 (Huelsenbeck and 
Bollback, 2001; Ronquist and Huelsenbeck, 2003) and with 
3,000,000 iterations, the first 10% being considered as the burn in.

The best substitution model implemented in MrBayes 3.2 and 
PhyML 3.0 was determined for each marker, according to the 
Bayesian Information Criterion (BIC) (Schwarz, 1978; Posada and 
Buckley, 2004) using jModelTest 0.1.1 (Posada, 2008).

The information contained in indels can be treated in different 
ways. Aside from considering gaps as a fifth state and multi-
position gaps as separate presence/absence characteristics, gaps 
can be considered as missing data or can be coded to consider 
multi-position gaps as a single mutational event (simple indel 
coding or multiple indel coding method (Simmons and Ochoterena, 
2000; Müller, 2005a, 2005b)). For introns, all four indel coding 
strategies were compared in order to determine the best coding 
procedure to extract the maximum information from gaps.

Genetic diversity was estimated with DnaSP 5.10.11 software 
(Rozas et al., 2003), for 16S, EF1a and i21 but not for COI for which 
the sample size was too low. Rarefaction analysis (Mousadik and 
Petit, 1996) was performed at the 16S locus using Contrib (Petit 
et al., 1998) to correct for large sample size differences between 
species.

Haplotype or allele networks were reconstructed with the 
program Network 4.5.1.0 (www.fluxus-engineering.com) using the 
Median-Joining method (Bandelt et al., 1999).

The hierarchical structure of the genetic variation of the nuclear 
data sets was examined by Analysis of MOlecular VAriance 
(AMOVA) as implemented in Arlequin software (Excoffier et al., 
1992; Excoffier and Lischer, 2010). The components of genetic 
variance were computed at two hierarchical levels: between 

mitochondrial clades (r2
a), and among geographical areas within 

those clades (r2
b). Differentiation between samples was assessed 

by computing pairwise FST and UST with Arlequin software. FST was 
calculated using Slatkin’s distance, and UST was based on the 
pairwise difference between alleles. Significance was assessed 
using 1000 permutations.

The genealogical Sorting Index (gsi) (Cummings et al., 2008) 
measures the degree of genealogical divergence in a specified group 
of taxa supplementing the bootstrap support and the posterior 
probability of monophyly by providing an independent measure of 
monophyly on a scale between zero and one. The null hypothesis 
that the degree of monophyly observed is what would be expected 
at random is tested through permutations, and a rejection of the 
null hypotheses implies that the labelled groups are distinct from 
each other. A high GSI indicates substantial sorting of ancestral 
polymorphisms and implies low gene flow between groups. Gsi 
analyses were conducted using the web interface 
(www.genealogicalsortingindex.org) for each tested locus based on 
100 randomly sampled Bayesian posterior distributions of trees 
and tested via 10,000 permutations. These 100 individual GSI 
measurements were then used together with equal weight to 
calculate an ensemble GSI statistic (gsiT) for each locus. Thus, GSIT 

measurements serve as a summary of the genealogical exclusivity 
across the Bayesian posterior distribution of trees for a given locus 
and monophyly is considered to be supported when the gsiT values 
are above 0.90 and are significant at P < 0.001 (Cummings et al.,
2008).



2.3. Morphological analyses

Morphometric analyses were conducted on 522 individuals of 
the five clades of Echinocardium cordatum coming from different 
locations (Tables 1 and S2) and various environments. Only adult 
specimens over 20 mm long were retained for analysis to reduce 
allometric effects (David and Laurin, 1991). Before measurement, 
the tests of the specimens were cleaned of their appendages 
following Higgins’s Method (1974). The morphology of each 
specimen was characterized via 21 morphometric parameters 
combined into 20 indices (David and Laurin, 1991; David et al., 
1999). These parameters cover the most important aspects of the 
morphology of sea urchins: general shape, fascioles, architecture of 
plastron and ambulacral areas (David et al., 1999, Fig. S1). 
Multivariate analyses were performed in two steps. A principal 
component analysis (PCA) was conducted without a priori 
information on the mitochondrial clade of individuals, and the dis-
criminant analysis (DA) was performed after assignment of each 
individual to its mitochondrial clade. The mitochondrial clade was 
determined for each specimen according to the 16S gene sequence 
or, for Pacific samples for which we could not access DNA, 
according to geographical location (Table S2). ANOVA and non-
parametric tests were also used to test the differences found by PCA 
and DA. The Mahalanobis distance (Mardia et al., 1979) was used to 
quantify the morphological distance between clades.

3. Results

3.1. Mitochondrial DNA

A total of 668 individuals of Echinocardium cordatum were 
sequenced for the mt-16S marker, allowing for determination of 
their mitochondrial clade. More than 200 specimens of co-
occurring spatangoids (mostly from genus Echinocardium) were 
also sequenced for this marker (Table 1). To determine the phylo-
genetic relationships among clades and Echinocardium species, 33 
E. cordatum and 5 other Echinocardium samples were also 
sequenced for mt-COI (Table 1). The 16S ribosomal gene alignment 
(446 bp) revealed a greater genetic diversity of the nominal species 
E. cordatum compared to the other species of the genus Echinocar-
dium or to S. purpureus (Table 2: Poly, H, Hd). The rarefaction anal-
ysis set to the lowest number of individuals considered for a single 
species (i.e. N = 9) confirmed this result (Table 2: AR). The nucleo-

tidic diversity p was also higher for E. cordatum, with a ten-fold dif-
ference between E. cordatum and E. mediterraneum.

This higher genetic diversity can be explained by the phyloge-
netic tree (Fig. 2 right panel) obtained from the 16S marker with 
the best fitted model Hasegawa–Kishino–Yano (HKY) model 
(Hasegawa et al., 1985) and gamma-shaped rate variation across 
sites (HKY + G), showing a deeply structured genetic diversity in E. 
cordatum, with five mitochondrial clades displaying distinct geo-
graphic distributions (Fig. 3). Individuals forming clade A were 
found only in the North Eastern Atlantic Ocean, from the Norway 
Sea to Lisbon, individuals of clades SP and NP were collected, 
respectively, in the Southern Pacific Ocean (Australia and New 
Zealand), and in the Northern Pacific (Vladivostok), and clades B1 
and B2 were restricted to the Mediterranean Sea, from Greece to 
Spain, except for some individuals of clade B1 that were also 
encountered on the West coast of Iberia (Galicia and South of 
Portugal).

For COI analyses, the substitution model was determined for 
each codon position. The most appropriate model implemented in 
MrBayes 3.2 for the first and second codon position was GTR + G, 
whereas F81 (Felsenstein, 1981) and equal rates were most 
appropriate for the third position. For PhyML 3.0 analyses, we 
selected the best fitted model for the whole molecule: HKY + I + G.

The COI tree (not shown) was mostly concordant with the genetic 
structure observed with the 16S locus: clade A was still opposed to 
a super clade comprising B1, B2, SP and NP, but in contrast to the 
16S tree, clades SP and NP clustered together in a monophyletic 
group (clade P) in the same way as B1 and B2, although the poste-
rior probability of this node was low (0.88).

Genetic distances (K2P) among E. cordatum clades ranged from 
1.35% to 3.86% for 16S and from 2.31% to 8.58% for COI (Table S3). 
In contrast, the 16S within-clade genetic distances never exceeded 
0.30% (Table S3, diagonal). For the 16S marker, the haplotype 
diversity varied among clades, and B1 displayed a lower diversity 
compared to the two other European clades (for which the sam-
pling effort is comparable).

The best supported topology (for the relationships among E. cor-
datum clades and Echinocardium species) was obtained with the 
concatenated data set joining the two mitochondrial markers (16S 
and COI), with the best model of evolution corresponding to each 
portion, as specified above. The Bayesian (MrBayes) and max-imum 
likelihood (PhyML) topologies were identical. This topology was the 
same as the COI topology, with higher node supports, although 
support for the NP + SP clade (Fig. 2 left panel) was still modest 
(0.66 posterior probability for MrBayes, and 60% boostrapt for the 
PhyML tree). This tree also displays the molecular patristic 
distances among three species of the genus Spatangus, which are 
well-defined morphologically, and appeared genetically much clo-
ser than the distances between clade A and other E. cordatum 
clades.

Contrary to E. cordatum, E. mediterraneum and S. purpureus, 
which were also present in both the Atlantic Ocean and the 
Mediterranean Sea, did not exhibit any genetic subdivision, and 
some 16S haplotypes were shared between the Atlantic and 
Mediterranean basins (Figs. 2 and S2).

Table 2
Genetic diversity at three markers, mt-16S, intron EF1a and intron i21, for the five 
mitochondrial clades of E. cordatum and, only for mt-16S, for other sea urchin 
spatangoid species living in the same environment. N: number of sequences, TNS: total 
number of sites, for nuclear markers we put the total alignment length, but there are 
numerous insertions and deletions according to alleles, Poly: number of polymorphic 
sites, H/A: number of haplotypes or alleles, Hd: haplotypic diversity, Sd Hd: standard 

deviation of haplotype diversity, AR: rarefied allelic richness to N = 9 ,  and p: 
nucleotidic diversity.



3.2. Nuclear genome

Nuclear markers were successfully amplified for the five E. 
cordatum mitochondrial clades, as well as for some individuals of E. 
flavescens (EF1a and i21) and E. pennatifidum (i21).

Although incorporating indel information can provide reliable 
characters for phylogenetic analysis (Barriel, 1994; Simmons and 
Ochoterena, 2000; Müller, 2005; Simmons et al., 2007), particu-
larly for introns (Creer, 2007), it was not the case here. Considering 
gaps as a 5th state, missing data, or recoding indels with the simple 
indel coding procedure (Simmons and Ochoterena, 2000) gave con-
cordant phylogenetic information. Consequently, in subsequent 
analyses only alignments considering gaps as missing data are 
presented.

Both introns displayed a high genetic diversity (Table 2) with a 
global heterozygozity of 0.94 for EF1a and 0.70 for i21.

The phylogenetic tree obtained with the HKY + G nucleotide 
substitution model (not shown) and allelic network reconstruction

of EF1a (Fig. 4a) highlighted a strong structuring of alleles in good 
agreement with the formerly identified mitochondrial clades.

Alleles isolated from individuals of mitochondrial clade A 
tended to cluster together (cluster A) except for a few, mostly from 
Galicia, which were found in cluster B1 (out of 12 alleles in cluster 
B1 that are not issued from individuals of the B1 mitochondrial 
clade, 7 were isolated from Galician samples). Conversely, the A 
cluster also presented alleles belonging to individuals of other 
mitochondrial clades (mostly B1, 5 out of 7 alleles). All alleles from 
the Northern Pacific individuals formed a monophyletic clade, and 
alleles from New Zealand and Australia clustered in two distinct 
groups according their geographic origin. Only two alleles of indi-
viduals belonging to the SP mitochondrial clade were not found in 
this group but within the A and B2 clusters. Clades B1 and B2 were 
less well-distinguished (numerous alleles of B1 individuals cluster-
ing into a dominantly B2 group).

In contrast, the global reconstruction of both the i21 phyloge-
netic tree (not shown) and allele network showed no apparent

Fig. 2. Left: Bayesian phylogenetic reconstruction of concatenated mt-COI and mt-16S genes. Only posterior probabilities lower than 1 are indicated (1,000,000 iterations).

Right: 16S gene phylogenetic reconstruction obtained by the Bayesian and maximum likelihood methods. Posterior probabilities and bootstrap values are given, respectively,

under and above each branch of the tree. Central pie charts indicate the geographical origin of individuals analyzed for the 16S marker for each clade, according to the

‘‘geographic origin’’ legend. Color of individual identification codes on the concatenated mt-COI and mt-16S genes correspond to the clade color in Figs. 3 and 4. (For

interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)



Fig. 3. Confirmed geographic distribution of E. cordatum mitochondrial clades.

Fig. 4. Allele networks of EF1a (a) and i21 markers (b and c with only clades B1 & B2) with individual mitochondrial clade assignment.



clustering of alleles by mitochondrial lineage (Fig. 4b) except when 
the reconstruction was restricted to B1 and B2 (Fig. 4c).

Nevertheless, the analysis of molecular variance (AMOVA) per-
formed on alleles grouped according to their mitochondrial clade 
and sampling localities concluded that for both EF1a and i21, a sig-
nificant part of the total genetic variation could be explained by the 
belonging of individuals to one mitochondrial clade or another.

Significant UST differences were found for all pairwise compar-
isons of clades with both EF1a and i21. When the tests were 
restricted to localities where two different clades occurred in sym-

patry, the UST values and related permutation tests revealed signif-
icant differentiation between clades B1 and B2, regardless of the 
locality, whereas clades A and B1 showed no genetic structuring of 
their nuclear alleles in Galicia (Table 3).

Although the monophyly of mitochondrial clades has not been 
achieved for the nuclear genes, there was significant (P val-ues < 
0.05) genealogical divergence between groups across all loci. GSI 
analyses of the tree generated from the Bayesian analyses of the 
EF1 gene and the i21 introns confirmed that all labelled groups 
were monophyletic with significant measures of exclusive ancestry 
(p < 0.05), even if only low-moderate genealogical divergence was 
exhibited (the low GSIT values ranged from 0.19 to 0.50).

3.3. Morphology

The total length of the test reached much larger values for B1 
(up to 86.38 mm) compared to all other clades. Nonparametric 
Dunn’s bilateral test, corrected for multiple test comparisons with 
the Bonferroni procedure confirmed that the test sizes in clade B1 
were significantly different than the other four clades. Clade A also 
showed significant differences from clades B2 and SP (Fig. S3).

This parameter is not a candidate diagnostic character of mito-
chondrial lineages because young individuals of the ‘‘large’’ clade 
are in the range of the ‘‘small’’ clades. Numerous morphological 
indices displayed significant differences among clades (Table S4), 
but the overlapping distributions (boxplots Fig. S4) forbid their use 
as diagnostic characters.

The Principal Component Analysis on morphological data high-
lighted the differences among clades, although some individuals 
presented intermediate morphologies (Fig. 5). The first three axes 
represented 49.40% of the total variance. Clade B1 was well-
separated from the other clades on the first two axes, except for a 
pool of specimens from Galicia that mixed with clade A indi-
viduals. Individuals of SP and NP formed two groups separated on 
the second axis, whereas individuals of clades A and B2 were best 
differentiated on the third axis. Dunn’s test on the pairwise differ-
ences of the coordinates of individuals on axes F1, F2 and F3 con-
firmed the statistical differentiation among mitochondrial clades 
(Fig. 5 bottom).

Morphological differentiation between B1 and B2 was con-
firmed when individuals of syntopic populations were compared in 
the PCA (Fig. 6a and b), but no differentiation was found for 
individuals of clades A and B1 in Galicia, the only region where they 
were found in sympatry (Fig. 6c).

The discriminant analysis established a model combining the 20 
indices to maximize the discrimination of a priori defined groups 
(here the mitochondrial clades). Four axes condensing 100% of the 
total dataset variance were defined, with the two first axes 
representing 82.61% of this variance. As in the PCA, individuals of 
the different mitochondrial clades clustered together (not shown). 
The reassignment tests allowed, on the basis of the generated 
model, a posteriori reattributing individuals to one or the other 
groups defined a priori. These tests correctly reassigned, on aver-
age, 94.64% of the specimens (90.63% for clade A, 90.91% for NP, 
93.83% for B1, 94.36% for B2 and 99.22% for SP). When individuals 
from Galicia were removed, the average global reassignment 
success increased to 95.84%, with 95.40% correct reassignment for 
clade A individuals.

The morphological disparity of each clade was estimated by cal-
culating the average distance on the 20 axes (Table 4) between each 
individual’s coordinate projection and the barycenter of the 
corresponding clade. Despite a higher sample size, clade B1 dis-
played the lowest disparity, revealing a significantly lower mor-
phological diversity than the other European clades A and B2 as 
established by Dunn’s tests (Table 4).

When the genetic distances estimated by calculating the UST 
between clades on the 16S marker were compared with the mor-
phological Mahalanobis distances (Table 5) using the mantel test, 
no correlation between the genetic and morphological distances 
were highlighted (regression coefficient R2 = 0.03 NS). The geneti-
cally closest clades (B1 and B2) were distinct morphologically 
(based on the PCA in Fig. 5).

4. Discussion

4.1. Echinocardium cordatum, a complex of cryptic species

4.1.1. Presence of different species and hybridization
Mitochondrial genetic data (16S and COI) reveal at least five 

genetic entities in Echinocardium cordatum: mitochondrial clades A, 
B1, B2, SP and NP (Fig. 2) found mostly in allopatry (Fig. 3), except 
for clades B1 and B2 found in sympatry and even syntopy around 
the Mediterranean Sea, and clades A and B1, which present a zone 
of contact on the western coasts of the Iberian Peninsula (Galicia). 
These results agree with the study of Chenuil and Féral (2003) 
based on a much smaller sample size. When divergent lin-eages 
(reciprocally monophyletic) are allopatrically distributed, 
vicariance is the most likely interpretation (i.e. a long period of 
allopatry led to divergent clades, eventually allopatric speciation in 
case of reproductive isolation). When lineages are found in sym-
patry however, selective sweeps or bottlenecks are plausible alter-
native hypotheses to explain the absence of intermediate 
haplotypes, leading to a pattern of divergent clades (within a single 
species). Nuclear markers segregating independently of the mito-
chondrial genome offer an efficient tool to discriminate the species 
of a complex (Zhang and Hewitt, 2003; Boissin et al., 2008, 2011; 
Poore and Andreakis, 2011). In theory, if independent molecular 
markers generate similar topologies and congruent individual clus-
tering patterns, reproductive isolation among lineages is definitely 
established. However, when clades defined by distinct markers do 
not perfectly match, this does not rule out the hypothesis of repro-
ductive isolation because it can reflect the historical events respon-
sible for the extant distribution of evolutionary lineages (e.g., Ross 
et al., 2010). Although the nuclear markers (EF1a and i21, Fig. 4) 
show imperfect or no reciprocal monophyly according to mito-
chondrial clades, the GSI analyses, AMOVA and genetic differentia-
tion statistics (Table 3) confirm the significant differentiation 
among all pairs of mitochondrial clades at both loci, even in sym-
patry, (clades B1 and B2, Table 3), demonstrating limited gene flow 
between these two clades despite the lack of physical barriers. On

Table 3
Genetic differentiation Ust values and significance (⁄p < 0.05, NS: Not Significant) 
between pairs of clades found in sympatry for nuclear markers. The number of alleles 
analyzed for each clade and locus is given in parentheses. For geographic indication, 
refer to Fig. 1.

EF1a I21

�0.01
⁄ 
NS (A-8/B1-20) 

0.13 (B1-16/B2-21)
�0.05

⁄ 
NS (A-9/B1-9) 

0.12 (B1-17/B2-17) 
0.25⁄ (B1-10/B2-19)

A vs. B1 in Galicia B1 
vs. B2 in Marseille B1 
vs. B2 in Banyuls B1 
vs. B2 in Varkiza 0.44⁄ (B1-10/B2-3)

0.13⁄ (B1-13/B2-16) 
0.17⁄ (B1-18/B2-7)



the contrary, clades A and B1, which are sympatric in Galicia, show 
no genetic differentiation of their nuclear alleles in this sample 
location (Table 3), suggesting contemporaneous gene flow in this 
area. This results from a secondary contact and cannot be a zone of 
origin from where two populations (A and B1) diverged because the 
mitochondrial lineages are very divergent, and no intermediate 
haplotypes are found in this zone.

Genetic distances between mitochondrial lineages are often 
used as preliminary indicators to identify candidate species 
(Vences et al., 2005; Fouquet et al., 2007; Vieites et al., 2009). Here, 
the COI K2P-distances between mitochondrial clades of E. corda-
tum (2.31–8.58%) are comparable with the levels of inter-specific 
divergence identified among other complexes of cryptic species 
(Landry et al., 2003; Hebert et al., 2004; Hart et al., 2006; Wilson et 
al., 2007; Owen et al., 2009; Stöhr et al., 2009; Puillandre et al., 
2010) and between closely related species of echinoderms

(Palumbi, 1996; Wada et al., 1996; McCartney et al., 2000; 
Lessios et al., 2001; Kerr et al., 2005).

Based on the genetic distances calculated between the mito-
chondrial clades and on the absence of gene flow between the two 
closest clades B1 and B2, all mitochondrial clades fulfill the 
phylogenetic species concept and are characterized by distinct 
evolutionary trajectories, although the possibility of interbreeding 
is not excluded (observed gene flow between clades A and B1 in 
Galicia). Even though this mitochondrial clade revives the spec-
trum of previously described and then discarded sister/synony-
mous species of Echinocardium cordatum, it is not possible here to 
assigne any of the clades to such species. Considering the signif-
icant larger test size of clade B1 specimens, one would be tempted 
to assign them to E. fenauxi which was described as a larger species 
compared to E. cordatum in the second paper of Péquignat (1964), 
but the fact that the species was founded on a chimera made of

Fig. 5. Top: morphological PCA performed on the 20 morphometric indices considered (indices are coded as in David and Laurin, 1991). Specimens are mapped according their 
mitochondrial clades on the first 3 axes; middle: correlation circle quantifying the contribution of indices (arrow lengths) and correlation among indices (arrow angles); 
bottom: pairwise differences among clades of mean individual coordinate projections on the first 3 axis, bold values indicate significant differences among clades.



Fig. 6. Morphological PCA from individuals of different clades sampled at the same location (a: Sormiou station at Marseilles, b: Elmes station at Banyuls, c: Galicia station at 
Galicia see Fig. 1) and contribution of indices.

Table 4

(a) Multidimensional disparity of clades [
p
(
P

distance-to-barycenter2)], N Ind:

number of individuals of the group; and (b) Dunn’s test on morphological disparities

among pairs of clades.

Clade disparity N Ind A B1 B2 NP

a b

A 4.164 96 B1 <0.0001*

B1 3.220 195 B2 0.133 0.005*

B2 3.493 81 NP 0.644 0.122 1.000

NP 3.527 22 SP 0.001* 0.112 0.714 0.872

SP 3.304 128

* Indicates a significant p-value after Bonferroni correction.

Table 5

Upper matrix: pairwise Mahalanobis morphological distances; lower matrix: 16S

population pairwise Ust.

A B1 B2 NP SP

A 0 21.87 15.85 27.16 30.02

B1 0.95 0 18.79 27.88 36.07

B2 0.92 0.90 0 34.69 37.26

NP 0.87 0.98 0.92 0 18.61

SP 0.88 0.97 0.88 0.84 0



fragments from several specimens collected in France and in Italy, 
and the concomitant absence of morphotype of E. fenauxi prevent 
to re-use this name. Morpho-cladisitc studies of clade SP 
individuals could permit to confirm that the morpho-group S2 
identified in David et al., 1999 is in fact Echinocardium australe.

4.2. Morphological data confirm the cryptic species status

The morphological study performed on genetically 
characterized individuals reveals a statistically significant 
morphological differentiation between the putative cryptic species 
of the E. cordatum species complex (Figs. 5 and 6) with the 
discriminant analysis correctly reassigning 95.8% of the individuals 
to their mitochondrial clade. In the principal component analyses, 
individu-als of the sympatric clades B1 and B2 are statistically 
segregated (Fig. 6a and b), whereas the morphospaces delineated 
by individuals of clades A and B2 greatly overlap, despite their 
strictly allopatric distributions. In the same way, individuals of Les 
Elmes and Sormiou (Fig. 1: NWM: sampling sites of Ban and Mrs 
respectively) are more efficiently segregated according to their 
mitochondrial clade (B1 or B2) than according to their locality. One 
striking exception to this morphological differentiation match-ing 
mitochondrial clades is the population of Galicia (Fig. 6c) where 
individuals from mitochondrial clades A and B1 display 
considerable morphological variation that covers all of the 
morphospace between type A and B1, including morphologies 
distinct from A and B1 from other locations, reflecting an increased 
variability, likely related to the new multilocus genotypes 
generated by hybridization.
4.2.1. Comparison with other cases
4.2.1.1. Decoupling of genetic and morphological evolution. Molecu-
lar datations based on fossil calibrations from the genus Echinocar-
dium and mitochondrial sequences of 16S estimated a divergence 
time of approximately 6 million years between clade A and clade 
B (B1 and B2) (Chenuil & Féral, 2003). This datation suggests 
that morphological differentiation between cryptic species of 
Echinocardium cordatum is particularly slow. Indeed, other 
well-differentiated echinoid species such as Eucidaris thouarsii 
Agassiz & Desor, 1846 and E. tribuloides Lamarck, 1816, diverged 
‘‘only’’ 3 million years ago, following the formation of the Isthmus 
of Panama. Similarly, our phylogenetic tree based on the 
mitochondrial COI sequences (Fig. 2) also established that a pair 
of morphologically well-differentiated spatangoid sea urchins 
(Spatangus purpureus and S. multispinus) diverged more recently 
than E. cordatum’s mitochondrial clades.

In mussels of the genus Mytilus, three nominal species, M. edulis, 
M. galloprovincialis, and M. trossulus, form well-known hybrid zones 
in Europe (Bierne et al., 2003; Gardner and Thompson, 2009) and 
divergence time estimations are of 2 mya between M. edulis and M. 
galloprovincialis and of 3.5 mya between M. trossulus and the other 
two species (Hilbish et al., 2000). Analyses of Morphological 
Mahalanobis distances and overlap in the distribu-tion of 
individuals on Principal Component Analysis plots reflected a lower 
morphological differentiation among Mytilus species (Gardner and 
Thompson, 2009) than among E. cordatum species (this study), a 
paradox knowing that E. cordatum spp. do not dis-play any 
diagnostic characters whereas M. edulis, M. galloprovin-cialis, and M. 
trossulus constitute nominal species. This supports (cf last section) 
that it is the very high morphological diversity in E. cordatum clades 
that causes the absence of diagnostic characters, because it leads to 
character overlap, despite a statistically very significant 
morphological differentiation. Compared to E. cordatum, the 
morphological differentiation among Mytilus species is better 
correlated to divergence times (Gardner and Thompson, 2009): M. 
trossulus, the first species to have diverged, is much more differ-
entiated morphologically than M. edulis and M. galloprivincialis are

from one another (Hilbish et al., 2000) although morphology and 
genetic divergence are far from being proportional in Mytilus. I n 
E. cordatum, the discrepancy between morphological and genetic 
divergence is even more salient because the two closest species 
(B1 and B2, estimated to have diverged about 2 mya) are much 
more differentiated morphologically than A and B2 (6 mya 
divergence).

4.2.1.2. Highly divergent species hybridize in E. cordatum. Hybridiza-
tion of E. cordatum cryptic species that diverged more than 6 mya 
(clades A and B1) is exceptional. Indeed, the cryptic species 
complex of Ciona intestinalis is considered remarkable for the 
divergence time of its cryptic and hybridizing species, although 
lineages that were shown to hybridize in this complex diverged 
only about 3 mya (Roux et al., 2013). Numerous cases of hybridiza-
tions have been reported in marine benthic invertebrates, some of 
them occurring in the Northeastern Atlantic Coast of France (e.g. 
Bierne et al., 2003, for Mytilus spp., and Becquet et al., 2012; 
Strelkov et al., 2007, for Macoma balthica) and in Spain, particularly 
in Galicia where we found E. cordatum hybrids (Hurtado et al., 
2011, for the groove carpet shell Ruditapes decussatus with an 
introduced Ruditapes, see also Conde-Padín et al., 2007; Guerra-
Varela et al., 2009). Theory predicts that tension zones, i.e. hybrid 
zones maintained by counterselection of hybrids, are expected to 
be trapped in regions where natural barriers to gene flow occur, 
where population density is lower, or in ecotones, even when 
counterselection is not caused by different environmental optima 
but by genomic incompatibilities (Barton, 1979). It is therefore not 
possible to determine the factors controlling the location of the 
tension zone in E. cordatum from our analysis. Genetic analyses 
with codominant markers in additional popula-tions of the Atlantic 
Coasts of Iberia and France are necessary to establish the precise 
nature of E. cordatum hybridization.

4.2.2. Mechanisms leading to cryptic species apparition in E. cordatum
The fact that the two phylogenetically closest clades (B1 & B2) 

display morphologies statistically more different than clades with 
higher genetic distances suggests a decoupling of the molecular and 
morphological evolution within the species complex (genetic and 
morphologic distances are not correlated). Many cases of cryptic 
speciation are attributed to (i) stabilizing selection (Dobzhansky, 
1970; Mayr, 1982), which maintains a constant phenotype across 
the range of the group (Williamson, 1987) a s a  result of a strong 
pressure of the environment or (ii) to fluctuating selection, which 
leads to the retention of a high morphological polymorphism or to 
the acquisition of a certain plasticity on a character, both 
mechanisms preventing the appearance of diagnostic morphological 
differences between species. Under the stabilizing selection 
hypothesis, only a limited number of morphologies co-exist in the 
same environment (Lieberman and Dudgeon, 1996; Colborn et al., 
2001; Sáez et al., 2003).

According to this hypothesis, distinct clades of E. cordatum 
found in the same environment should share the same morpholo-
gies. On the contrary, our morphological analyses reveal significant 
morphological differentiation for all pairwise comparisons among 
clades, even for those living in syntopy in the different sampled 
areas (Mrs, Ban, Var) (except in Galicia where A and B1 hybridize).

Furthermore, stabilizing selection is not likely to occur in 
bentho-pelagic species such as E. cordatum, which due to their high 
dispersal potential, may encounter a wide range of environmental 
conditions. By contrast, spatio-temporal environmental variation 
may have two consequences: either the evolution of environmen-
tal plasticity or the presence of a high genetic diversity at loci 
determining adaptation to environmental conditions.

Although never considered, a simpler hypothesis, the selective 
neutrality of morphological diversity, could account for such



cryptic species with high morphological variability. The high mor-
phological diversity of E. cordatum, causing the absence of diagnos-
tic characters, may be a simple consequence of its high effective 
population size, leading to high genetic diversity of characters 
encoding morphology. Indeed, E. cordatum is the most abundant 
spatangoid species found when diving or dredging in Europe. Euro-
pean clades A and B2 display higher rarefied allelic richness for the 
mt-16S marker compared to other species, such as E. mediterra-

neum, E. pennatifidum, E. flavescens, E. capense or Spatangus pur-
pureus, living in the same basins (see AR9 Table 2), suggesting a 
higher effective population size. Another observation supports the 
hypothesis that the diversity of the morphological characters in E. 
cordatum may simply reflect neutral genetic diversity (thus 
effective population size): clade B1 displays a much lower genetic 
diversity than clades A and B2 at all markers (mt-16S, i21 and EF1) 
and presents a significantly lower morphological disparity (Table 
4). This finding suggests that this clade has a lower effective 
population size than the other clades. Including the Pacific clades in 
the comparison does not confirm this trend, which may be partly 
caused by their much lower sample sizes for genetic (NP and SP 
clades), and morphological data (NP). More detailed genetic and 
morphological analyses at the level of populations and inves-
tigating the correlations among genetic and morphological diver-
sity levels among populations would allow further testing of the 
hypothesis that morphological diversity is neutral in E. cordatum. 
This will not be straightforward because morphology is very likely 
influenced by environmental plasticity in Echinocardium cordatum 
and E. flavescens (Saucède et al., 2006, and David, pers comm.). If 
neutral evolution of morphology appeared to be a common phe-
nomenon, cryptic species complexes would be expected to be more 
frequent in taxa with high effective population sizes. This factor 
may contribute to the high frequency of marine cryptic species 
(Knowlton, 1993) because numerous marine species have large 
fecundities.
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