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Phylogeography of the red coral (Corallium rubrum): inferences
on the evolutionary history of a temperate gorgonian

D. Aurelle • J.-B. Ledoux • C. Rocher •

P. Borsa • A. Chenuil • J.-P. Féral

Abstract The red coral Corallium rubrum (Cnidaria,

Octocorallia) is an exploited, long-lived sessile species

from the Mediterranean Sea and the adjacent coastline in

the Atlantic Ocean. Surveys of genetic variation using

microsatellites have shown that populations of C. rubrum

are characterized by strong differentiation at the local scale

but a study of the phylogeography of this species was still

lacking. Here, we used seven polymorphic microsatellite

loci, together with sequence data from an intron of the

elongation factor 1 (EF1) gene, to investigate the genetic

structure of C. rubrum across its geographical range in the

western Mediterranean Sea and in the Adriatic Sea. The

EF1 sequences were also used to analyse the consequences

of demographic fluctuations linked with past environmen-

tal change. Clustering analysis with microsatellite loci

highlighted three to seven genetic groups with the dis-

tinction of North African and Adriatic populations; this

distinction appeared significant with AMOVA and differ-

entiation tests. Microsatellite and EF1 data extended the

isolation by distance pattern previously observed for this

species at the western Mediterranean scale. EF1 sequences

confirmed the genetic differentiation observed between

most samples with microsatellites. A statistical parsimony

network of EF1 haplotypes provided no evidence of high

sequence divergence among regions, suggesting no long-

term isolation. Selective neutrality tests on microsatellites

and EF1 were not significant but should be interpreted with

caution in the case of EF1 because of the low sample sizes

for this locus. Our results suggest that recent Quaternary

environmental fluctuations had a limited impact on the

genetic structure of C. rubrum.

Keywords Red coral � Phylogeography �
Genetic structure � EPIC � Microsatellites

Introduction

The phylogeographic approach yields insights into the

evolutionary history of a species by revealing vicariance

events, migration pathways and population expansion or

bottleneck (Avise 2000). Phylogeography also assists the

management of threatened species by providing informa-

tion on genetic subdivisions, gene flow and genetic diver-

sity. This is crucial in the present context of global change

(including climate change) where species dynamics is

linked to dispersal and recolonisation abilities, and to the

possibility of in situ adaptation. Despite the need of genetic

data for adequate management strategies, such data are still

scarce in most marine species (Féral 2002). Until recently,

this was also the case for the red coral, Corallium rubrum,

in the Mediterranean Sea.

C. rubrum is a sessile cnidarian inhabiting caves, vertical

cliffs and overhangs at depths ranging from 10 m to more
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CNRS UMR 6540 DIMAR, Centre d’Océanologie de Marseille,
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than 800 m (Garrabou and Harmelin 2002; Costantini et al.

2010). It has a fragmented pattern of distribution and occurs

in the western Mediterranean, in some parts of the eastern

Mediterranean and on the neighbouring Atlantic coasts such

as those of Morocco (Zibrowius et al. 1984). C. rubrum has

long been exploited for jewellery. C. rubrum has also been

affected by mortality events linked with positive thermal

anomalies in 1999 and 2003 (Garrabou et al. 2009) which

may have impacted the population dynamics of this species

(Santangelo et al. 2007). C. rubrum is a sessile species with

relatively short larval phase (4–12 days in aquaria; Vighi

1972; Weinberg 1979) and therefore, presumably low dis-

persal abilities. C. rubrum is an appropriate model to study

the genetic consequences of past and current environmental

fluctuations. Genetic consequences of Quaternary climatic

fluctuations have been studied for terrestrial species (Hewitt

2000; Petit et al. 2003) but less frequently in the marine

realm. Concerning the Mediterranean Sea, at the last glacial

maximum (LGM) 20,000 years ago, the sea level in the north

western Mediterranean Sea was around 105–115 m below

the present level (Lambeck and Bard 2000). Few sessile

species (necessarily more strongly affected by recent fluc-

tuations than mobile ones) have been analysed from the point

of view of the genetic consequences of sea-level variations in

the Mediterranean Sea (but see Duran et al. 2004; Serra et al.

2010). Two different scenarios can be proposed for the

evolutionary history of red coral shallow-water populations

in this context. The ‘‘refugia’’ scenario postulates that red

coral populations would have established through long dis-

tance colonisation events from putative distant refugia

within the last 20,000 years: the localization of these puta-

tive refugia and the possibility of long-distance migration

events remain to be investigated. In the North Atlantic sim-

ilar scenarios with different refugia (not only southern but

also periglacial refugia) have been inferred from genetic data

for benthic species (Maggs et al. 2008). In the ‘‘persistence’’

scenario, the shallow-water populations would have origi-

nated from ancestral populations whose habitat gradually

expanded upwards. A similar hypothesis has been proposed

by Marko et al. (2010) in the north eastern Pacific. These

opposite scenarios are expected to leave different genetic

signatures (Hewitt 2000; Marko et al. 2010) but intermediate

hypotheses should be considered as well. Analysing past

demographic changes and population connectivity may also

provide valuable insights into the potential future evolution

of populations in a context of global change (Maggs et al.

2008).

Previous genetic studies of C. rubrum have been per-

formed with allozymes (Abbiati et al. 1993), AFLP (del

Gaudio et al. 2005) and microsatellites (Costantini and

Abbiati 2006; Costantini et al. 2007a, b, 2010; Ledoux et al.

2010a, b). These studies indicated generalised genetic dif-

ferentiation among populations, even at short distances

(starting around 10 m) and therefore, low effective dispersal.

No major genetic break was observed among the most distant

populations and a regional pattern of isolation by distance was

evidenced by Ledoux et al. (2010a) along with local spatial

genetic structure between individuals (Ledoux et al. 2010b).

So far no study was specifically dedicated to the evolu-

tionary history of red coral and nucleotide sequence data

were still needed to evaluate divergence times and to ana-

lyse past demographic fluctuations. Mitochondrial DNA is

not variable enough in this species (Calderón et al. 2006).

Internal transcribed spacers (ITS) were used as nuclear

sequence markers in red coral by Costantini et al. (2007b,

2010), but they have shown high levels of intra-individual

variability in another octocoral species, Eunicella cavolinii

(Calderón et al. 2006). Here we present an evaluation of ITS

intra-individual variability along with new data from an

exon priming intron crossing (EPIC) marker from the

elongation factor 1 (EF1) gene in C. rubrum. Nuclear

sequence markers (including another part of EF1) have

already shown much higher variability than mitochondrial

DNA in cnidarians and have been used to reveal population

isolation in Oculina sp. (Eytan et al. 2009). We assess the

variability of this new marker and use it for the study of the

phylogeography of C. rubrum.

The present study includes samples of C. rubrum from

the south western Mediterranean and the North Adriatic

regions in addition to samples formerly studied with

microsatellites by Ledoux et al. (2010a). Our objective is to

investigate the phylogeography of the red coral across a

larger part of its geographical range and to identify the

main genetic subdivisions over this area. We extended the

microsatellite data of Ledoux et al. (2010a) and analysed

EF1 sequence data in order to assess the levels of diver-

gence between populations and to look for potential signals

of past demographic fluctuations.

Materials and methods

Samples

The samples and their geographical distribution are pre-

sented in Table 1 and Fig. 1. Sampling was hierarchical

and included nine regions: the Adriatic Sea, North Africa,

Corsica, South Italy (Ionian Sea), North Italy (Ligurian

Sea), Balearic Islands, Marseilles, Monaco (Ligurian Sea)

and Catalonia, with several localities in most cases,

resulting in 39 samples. Regions were delineated according

to microsatellite results (Ledoux et al. 2010a; our results)

and to geographical breaks (e.g. island vs. mainland). The

sampling protocol is described in Ledoux et al. (2010a).

For intron sequences we tried as far as possible to

obtain samples scattered throughout the corresponding



Table 1 Corallium rubrum samples: location, hydrographic region, identification code, depth, sample size for microsatellites, sample size for

EF1, and observed heterozygosity (Hobs) for EF1

Regions, Sampling site Hydrographic

region

Code Depth (m) Sample size

microsatellites

(individuals)

Sample size EF1

(individuals)

Hobs EF1

Adriatic Sea

Sazan, Albania Adriatic Sea ALB 58 20 14 0.50

Garmenjak Veli Islet, Croatia Adriatic Sea GHA 57 30 7 0.29

Total Adriatic Sea 50 21

North Africa

Tenes SW Mediterranean TEN 47 15 5 0.80

Tenes SW Mediterranean TNS 33–36 15 0

Ciclon de Fuera Alboran Sea FUE 25–30 22 18 0.72

Cueva del Coral Alboran Sea DEL 42 15 9 0.44

Total North Africa 67 32

Corsica

Baja Casju NW Mediterranean BCA 30 28 1 0

Cala di Ponte NW Mediterranean CDP 26–27 2 0

Palazzinu (cave) NW Mediterranean PUA 40 1 0

Palazzu NW Mediterranean PZU 22 34 7 0.29

Palazzu deep NW Mediterranean PZP 40 9 0

Porto NW Mediterranean POR 24 30 4 0

Total Corsica 92 24

South Italy

Apulia Ionian Sea APU 45 7 0.57

Total South Italy 7

North Italy

Portofino Ligurian Sea PDA 35 30 7 0.43

Total North Italy 7

Balearic Islands

Cap Formentor Balearic Sea FOR 36–38 32 4 0.25

Llosa des Patro Pere Balearic Sea LPP 34–36 30 8 0.25

Total Balearic Islands 62 12

Marseilles

Carro Gulf of Lion CRO 21 35 3 0.33

Carry le Rouet Gulf of Lion CAR 20 37 3 0

Figuier (cave) Gulf of Lion FII 20 1 0

Grand Congloué Gulf of Lion GC 40 1 1

Grotte à Peres (inside cave) Gulf of Lion GPI 20 3 1

Grotte à Peres (outside cave) Gulf of Lion GPE 20 2 0

Impériales du Large Gulf of Lion IML 60 5 0.40

Plane Gulf of Lion PLA 38–41 1 0

Ponteau Gulf of Lion PON 21 28 4 0

Riou (inside cave) Gulf of Lion RII 20 36 14 0.14

Riou (outside cave) Gulf of Lion RIE 20 30 8 1

Riou deep (outside cave) Gulf of Lion RIO 40 1 1

Tiboulen du Frioul Gulf of Lion TFR 38–40 42 1 0

Tremies (cave) Gulf of Lion TRM 14–15 1 0

Total Marseilles 208 48



geographical regions. Concerning microsatellites, 18 sam-

ples already analysed by Ledoux et al. (2010a) were con-

sidered here along with six new samples: four from North

Africa (TEN, TNS, FUE, DEL) and two from the Adriatic

Sea (ALB, GHA; Table 1). Because the intra-regional

genetic structure was not the aim of this paper, a maximum of

six samples per region were analysed in order to avoid any

over-representation of some regions (Marseilles for exam-

ple) in the dataset.

Evaluation of intra-individual variability for internal

transcribed spacers

We evaluated the intra-individual variability of ITS1. The

corresponding methods and results are presented and

discussed in supplementary material. We evidenced a high

level of intra-individual variability for ITS1. Considering

this variability we did not use this locus for further analyses

and instead focused our sequencing effort on EF1.

Molecular analyses of EF1

Total DNA extraction

Genomic DNA was extracted using the QIAmp DNA Mini

Kit 50 (Qiagen�), following manufacturer’s instructions, or

with phenol—chloroform protocol (Ledoux et al. 2010a).

In both cases extractions were performed from 5 to 15

polyps per colony or, when not possible, using coenenc-

hyme scraped from the colony.

EF1 sequencing

EF1 cDNA isolation and sequencing are described in sup-

plementary material. The cDNA EF1 sequence was used to

define primers with the online Primer 3 software (Rozen and

Skaletsky 2000) in order to amplify overlapping fragments

of 200–300 bp of the cDNA. These primers were applied to

genomic DNA to identify introns. We considered that an

intron was identified when the amplified fragment using the

genomic DNA template was longer than the corresponding

cDNA fragment. One primer pair (EF1 CR4 F: TAGA

TAGCATTCTTCCTCCCAAAC and EF1 CR4 R: AACC

AACATTATCTCCAGGAAGAG) gave regular amplifica-

tion of an intron and its flanking regions. PCR conditions for

this EF1 EPIC marker were: Promega� PCR buffer 1X,

MgCl2 2.5 mM, dNTPs 0.125 mM, 0.5 lM of each primer,

Fig. 1 Map of sampling localities of Corallium rubrum. Population

codes are presented in Table 1. FUE and DEL samples are about 2 km

apart; TEN and TNS correspond to two samples from the same site but

at different depths (Table 1). Asterisks indicate regions covering

several sampling sites, detailed in Table 1; the precise locations of

populations inside these regions are described in Ledoux et al. (2010a)

Table 1 continued

Regions, Sampling site Hydrographic

region

Code Depth (m) Sample size

microsatellites

(individuals)

Sample size EF1

(individuals)

Hobs EF1

Côte d’Azur

Monaco Ligurian Sea MON 35–38 23 7 0.43

Villefranche sur Mer Ligurian Sea VIL 22–24 36 2 0

Total Villefranche–Monaco 59 9

Catalonia

Cap de Norfeu NW Mediterranean NOR 24 31 8 0

Cova de la Reina NW Mediterranean CDR 14–17 38 3 0.33

Cova de la Vaca NW Mediterranean COV 18 1 0

Meda Xica NW Mediterranean XIC 35 2 0.50

Pota del Lop NW Mediterranean POT 35 35 8 0.63

Cap de l’Abeille NW Mediterranean BAN 25 1 1

Sec Rederis NW Mediterranean SRE 23–24 27 5 0.60

Total Catalonia 131 28

For microsatellites, sample sizes in bold correspond to samples analysed for this paper; other sample sizes correspond to data from Ledoux et al.

(2010a). EF1 data have all been obtained for the current article



Flexigotaq polymerase (Promega�) 0.025 Ull-1, and 5 ll

of DNA for a 50 ll reaction volume. The PCR program was:

3 min at 94�C, 35 cycles with [1 min at 94�C, 1 min at 59�C,

1 min at 72�C], and a final extension of 5 min at 72�C. PCR

products were sent to the Genomer sequencing platform

(Roscoff, France) or to the Genome Express� company for

purification and sequencing.

EF1 sequences are available in Genbank under acces-

sion numbers GQ202326 to GQ202528.

Microsatellites analysis and polymorphism

The samples analysed with microsatellites are described in

Table 1. Seven loci (Mic13, 20, 24, 26, 27, COR9bis and

COR46bis) were analysed following Ledoux et al. (2010a).

The three other loci used by Ledoux et al. (2010a), Mic 22,

23 and 25, were not used here because they did not give

any amplification in the Adriatic and North African sam-

ples. The parameters describing the levels of polymor-

phism (number of alleles by locus Na, unbiased expected

heterozygosity Hnb, and observed heterozygosity Hobs)

have been computed with the Genetix 4.05.2 software

(Belkhir et al. 1996). The departure from panmixia has

been evaluated with the f estimator of FIS (Weir and

Cockerham 1984); we tested for its significance with 1,000

permutations with Genetix.

EF1 sequence data and polymorphism

Sequences were aligned with BioEdit 7.0.5.3 (Hall 1999).

For EF1 intron, individuals with ambiguous sites were

considered as heterozygous. For individuals heterozygous

at only one site, we directly inferred the two corresponding

haplotypes. As some ambiguous/heterozygous positions

were observed for various EF1 sequences, we tested whe-

ther this was due to heterozygous individuals by cloning

the PCR product for twelve individuals: this confirmed that

these individuals were indeed heterozygous and this

allowed us to identify the corresponding haplotypes. Apart

from the cloned PCR products, the haplotypes of the other

heterozygous individuals were determined with the Phase

2.1 software (Stephens et al. 2001; Stephens and Scheet

2005). The homozygous individuals and the heterozygous

individuals for which the corresponding haplotypes had

been identified were used as known phases resulting in 142

reference individuals. Five independent runs were per-

formed with the multi-allelic option without stepwise

mutation and other parameters set as defaults. Phase also

allowed estimation of the recombination parameter q (Li

and Stephens 2003). We did not get readable sequences for

some individuals heterozygous for insertion-deletion (in-

dels), and they were not used for further analyses

(Table 1).

Observed heterozygosities for EF1 were calculated with

the number of observed heterozygous individuals based on

observed sequence ambiguities and cloning of PCR prod-

ucts. Nucleotide diversity (p) and gene diversity (Nei 1987)

were calculated with DNAsp 5.0 (Librado and Rozas 2009)

at the population and at the regional level according to the

geographical groups indicated in Table 1.

Tests of mutation-drift equilibrium

We tested the null hypothesis of mutation-drift equilibrium

for microsatellite loci with the Bottleneck 1.2 software

(Cornuet and Luikart 1996). We performed the one tail

Wilcoxon’s tests for heterozygosity excess or deficiency

which could indicate a recent bottleneck or population

expansion, respectively. The tests were based on 1,000

replications with a two-phase mutation model with 95%

single-step mutations and 5% multiple-step mutations and

a variance among multiple steps of 12, as recommended by

Piry et al. (1999).

DNAsp was used to test for mutation—drift equilibrium

with EF1 sequence data with a comparison of three different

tests. Fu’s Fs test (Fu 1997) and the R2 test (Ramos-Onsins

and Rozas 2002) are among the most powerful selective

neutrality tests when there is no recombination (Ramı́rez-

Soriano et al. 2008; Ramos-Onsins and Rozas 2002). When

recombination is suspected, Ramı́rez-Soriano et al. (2008)

advise the use of R2 and Tajima’s D (Tajima 1989) test.

Significance was assessed with coalescent simulations based

on the observed theta per gene value with no recombination

(according to Phase results) or intermediate levels of

recombination (with R = 10 per gene and 494 sites). One

thousand replicates were used for each analysis. As the

power of neutrality tests may be greatly reduced for low

sample sizes (Ramos-Onsins and Rozas 2002), they were

also performed by grouping samples at the regional and

global (all samples) levels. The interpretation of the results

took into account the different properties of local, scattered

and pooled samples in these tests (Städler et al. 2009).

Network reconstruction

EF1 sequences were used for a network reconstruction with

the statistical parsimony approach implemented in TCS

1.21 (Clement et al. 2000) with a 95% limit to parsimony

and indels considered as a fifth state.

Clustering analysis

Microsatellite loci were used for a Bayesian clustering

analysis with the Structure 2.2 software (Pritchard et al.

2000) from K = 1 to 25 groups with five replicates for

each run. An admixture model with correlated allele



frequencies was chosen (Falush et al. 2003) with the option

of inferring alpha. Another analysis was also performed

with independent allele frequencies and five replicates to

check the stability of the results to the chosen model.

Preliminary tests showed that a burnin of 50,000 iterations

was enough to get a stationary evolution for the likelihood.

For each run, this burn-in was followed by 200,000 itera-

tions. The estimation of the number K of genetic groups

was performed by considering the peaks in the second

order rate of change of the likelihood function with respect

to K (Delta(K); Evanno et al. 2005) and by focusing on

values of K that capture most of the structure in the data

(Pritchard et al. 2007).

Principal coordinate analysis

Genetic relationships among populations were studied with

a Principal Coordinate Analyses (PCA) performed with the

Genalex 6 software (Peakall and Smouse 2006) on

microsatellite data. The analysis used the algorithm of

Orloci (1978) with the option of standardized distances and

was based on FST values.

Population differentiation and AMOVA

The analysis of population differentiation was performed

with the Arlequin 3.0 software (Excoffier et al. 2005).

Pairwise comparisons with microsatellites were analysed

with the h estimator of FST (Weir and Cockerham 1984).

For EF1, pairwise comparisons were done using FST and

with UST computed with proportion of differences between

haplotypes (Excoffier et al. 1992). Both FST and UST were

tested with 1,000 permutations.

An analysis of molecular variance (AMOVA; Excoffier

et al. 1992) was performed on EF1 and microsatellites with

Arlequin 3.0 in order to evaluate genetic differentiation

within groups and between groups of populations. Nine

population groups were defined according to their geo-

graphical origin leading to the following groups: Adriatic

Sea, North Italy (one population), South Italy (one popu-

lation; not analysed with microsatellites), Monaco, Mar-

seilles, Catalonia, Balearic Islands, Corsica and North

Africa (Table 1). Grouping the two Italian populations did

not change the general results, nor did the grouping of

North Italy with Monaco (both in Ligurian Sea but quite

different on the basis of clustering analysis). For micro-

satellites, the AMOVA was performed on the basis of allele

frequencies (FST like) and by taking into account the sum

of squared differences of allele sizes (RST like). For EF1,

the AMOVA was performed without (FST like) and with

(UST like) sequence information (proportion of differ-

ences). Results were tested with 1,000 permutations.

Isolation by distance

Isolation by distance was tested with microsatellite and

EF1 data separately by comparing FST/(1-FST) with geo-

graphical distance (Rousset 1997). Geographical distances

were measured on Google Earth as the shortest waterway

between populations. IBD web service 3.16 (Jensen et al.

2005) was used to compare non-transformed as well as

logarithms of genetic and geographical distances and to test

the correlation with a Mantel test applied with 1,000 per-

mutations. A reduced major axis regression was performed.

For all analyses, when necessary, a correction for mul-

tiple tests was applied with a false discovery rate of 0.05

(Benjamini and Hochberg 1995).

Results

Microsatellite polymorphism

Six hundred and ninety-nine individuals corresponding to

24 populations were genotyped with the seven microsat-

ellite loci. The mean number of alleles per loci per popu-

lation varied from 4.7 (FUE) to 18.7 (FOR) with a mean

value of 10.2 (Table S2 supplementary material). The

observed heterozygosity varied from 0.39 (TNS) to 0.70

(RIE) with a mean value of 0.56. Unbiased expected het-

erozygosity varied from 0.57 (ALB, GHA, TNS) to 0.84

(LPP) with a mean value of 0.71.The multilocus FIS varied

from 0.07 (for RIE, Marseilles) to 0.36 (PZU, Corsica) with

a mean value of 0.22. The permutation tests indicated a

significant heterozygote deficiency for all populations

except for the FUE sample (f = 0.09; P = 0.05) (Table

S2).

EF1 sequence polymorphism

In all, 376 EF1 sequences corresponding to 188 individuals

were analysed. The length of the sequence alignment was

494 bp, with 46 variables sites including four indels of one

bp each. The alignment of genomic sequences with the EF1

cDNA sequences of red coral indicated that the length of

the intron varied from 344 to 347 bp.

Observed heterozygosity varied from 0 (e.g. PZP, Cor-

sica; n = 9 individuals) to 1 (RIE, Marseilles; n = 8). For

the haplotype reconstruction, the five independent runs of

the Phase software gave identical results. Most haplotypes

were identified with high probability values for the con-

sidered sites (0.8–1). Only three different sites in three

different individuals had lower probabilities: two at 0.50

and one at 0.56. The Phase analysis also indicated low

recombination rate when considering all sequences with an

estimated q value of 0.003, consistent over the five runs.



For the whole data set, 39 different haplotypes were

observed with a nucleotide diversity of 0.006 (Table 2).

The most frequent haplotype was found 105 times (fre-

quency 0.28) and the second most frequent 49 times (fre-

quency 0.13). Eleven haplotypes were observed at least ten

times (minimum frequency in the total dataset 0.03); most

other haplotypes corresponded to one to four occurrences.

At the regional level the number of different haplotypes

varied from two (North Italy) to 17 (for Marseilles, the

region with the highest sample size; Table 2). Haplotype

diversity varied from 0.36 (North Italy) to 0.83 (North

Africa). Nucleotide diversity varied from 0.001 (North

Italy) to 0.007 (Catalonia and Marseilles; Table 2). At the

population level, when considering samples with at least

ten sequences, the number of different haplotypes varied

from 2 (PDA) to 11 (RIE). Haplotype diversity varied from

0.24 (LPP) to 0.95 (RIE). Nucleotide diversity varied from

0.001 (PDA and LPP) to 0.007 (POT; Table 2).

Tests of mutation-drift equilibrium

Bottleneck tests with microsatellites

The Wilcoxon’s test did not allow detection of any sig-

nificant heterozygosity excess or deficiency (Table 3). Six

tests suggested a significant heterozygosity deficiency at

Table 2 Sequence polymorphism for the locus EF1 in C. rubrum

Region/population Sample

size

(2n genes)

h Hd p Observed

Fs value

Mean

simulated

Fs

P (Fs

sim B obs)

Observed

R2

statistics

Mean

simulated

R2

P (R2

sim B obs)

Tajima’s

D

All 376 39 0.88 0.006 -20.95 -0.55 0.00 0.03 0.07 0.04 -1.73

Adriatic Sea 42 7 0.64 0.003 -1.43 -0.03 0.22 0.11 0.12 0.47 -0.26

North Africa 64 11 0.83 0.005 -1.29 -0.22 0.31 0.14 0.10 0.86 0.81

Corsica 48 9 0.79 0.004 -1.09 -0.05 0.33 0.11 0.11 0.58 0.07

South Italy 14 5 0.77 0.003 -0.67 0.11 0.30 0.18 0.17 0.64 0.56

North Italy 14 2 0.36 0.001 0.64 0.31 0.69 0.18 0.20 0.45 0.32

Balearic Islands 24 5 0.38 0.001 -2.08 0.18 0.05 0.10 0.15 0.10 -1.52

Marseilles 96 17 0.77 0.006 -2.69 -0.29 0.19 0.05 0.09 0.08 -1.39

Villefranche-

Monaco

18 4 0.66 0.002 0.18 0.08 0.57 0.14 0.16 0.35 -0.05

Catalonia 56 6 0.81 0.006 3.28 -0.17 0.91 0.16 0.10 0.94 1.24

Population

ALB 28 6 0.66 0.003 -0.71 0.06 0.34 0.12 0.13 0.48 -0.23

GHA 14 3 0.62 0.002 0.78 0.23 0.69 0.24 0.18 0.81 1.46

TEN 10 7 0.93 0.005 -2.36 0.16 0.05 0.27 0.18 0.97 2.09

FUE 36 6 0.75 0.004 0.64 -0.03 0.66 0.16 0.12 0.87 1.01

DEL 18 4 0.73 0.006 2.78 0.05 0.91 0.21 0.14 0.96 1.40

PZU 14 4 0.50 0.004 1.22 0.22 0.77 0.14 0.16 0.35 -0.30

PZP 18 4 0.55 0.002 0.09 0.14 0.55 0.14 0.16 0.33 -0.17

APU 14 5 0.77 0.003 -0.68 0.24 0.28 0.18 0.17 0.62 0.59

PDA 14 2 0.36 0.001 0.64 0.30 0.70 0.18 0.20 0.44 0.32

LPP 16 3 0.24 0.001 -0.98 0.25 0.10 0.13 0.19 0.21 -1.04

IML 10 4 0.80 0.005 1.26 0.28 0.77 0.21 0.18 0.78 1.06

RII 28 6 0.79 0.008 2.65 0.01 0.88 0.15 0.12 0.79 0.56

RIE 16 11 0.95 0.008 -3.82 0.17 0.01 0.09 0.14 0.05 -1.03

MON 14 3 0.60 0.002 0.46 0.25 0.64 0.19 0.19 0.65 -0.39

NOR 16 4 0.77 0.006 2.85 0.11 0.91 0.20 0.15 0.91 1.13

POT 16 5 0.83 0.007 1.80 0.07 0.82 0.18 0.15 0.83 0.91

SRE 10 5 0.82 0.005 -0.05 0.19 0.48 0.15 0.18 0.17 -0.42

The columns indicate the number of analysed sequences for each region or population (2n genes for n individuals; codes for samples as in

Table 1), the number of observed haplotypes (h), the gene diversity (Hd), the nucleotide diversity (p), and the results of the analyses of the Fs, R2

and Tajima’s D tests. For Fs and R2, the observed value is indicated followed by the mean value obtained over 1,000 coalescent simulations, and

the probability that the observed value is higher than the simulated values (see text for details). The first part of the table (‘‘region’’) gives the

results for pooled samples at the regional and global scale; the second part (‘‘population’’) gives the results at the population level for samples

with at least 10 analysed sequences. Values in bold indicate significant tests after correction for multiple test with a false discovery rate of 0.05



the 0.05 level, but these tests were not significant after

correction for multiple tests.

Selective neutrality tests on EF1

The results of selective neutrality tests without recombina-

tion are presented in Table 2 for samples with at least ten

sequences (five individuals) and at global and regional

scales (grouped samples). After corrections for multiple

tests, only the Fu’s Fs test indicated a significant deviation

from mutation—drift equilibrium when considering the

whole data set, with a highly negative Fs value indicating an

excess of rare alleles/rare mutations. The low R2 value

(P = 0.04) was concordant with this observation. At the

regional scale, the signal varied from one region to another

and did not evidence any significant or generalised pattern.

The analyses of Fu’s Fs and R2 with intermediate levels of

recombination gave similar results (data not shown). At the

population level, only RIE (Marseilles) showed significant

Fs and R2 values (P = 0.01 and 0.05, respectively) but these

values were not significant after correction for multiple tests.

EF1 network reconstruction

The EF1 TCS network is presented in Fig. 2. Most links

between haplotypes corresponded to one or two mutations.

The highest divergence was observed for four sequences

(haplotype XXXVII) from two individuals from RII

(Marseilles) which differed by nine mutations from the

nearest haplotype (XI). Several loops were present in the

network, indicating possible alternative relationships

among haplotypes. Several haplotypes (e.g. haplotypes I,

III, X, XI) were shared among distant locations, such as the

most frequent one (X) which was observed in Marseilles,

Monaco, North Italy, Corsica, Catalonia and North Africa.

Nevertheless the network showed heterogeneous distribu-

tion of the haplotypes.

Clustering analysis

The application of the Structure software to microsatellite

data revealed a first peak in the evolution of Delta(K) at

K = 3 followed by four smaller peaks at K = 7, 13, 21 and

23 (Fig. S2). The model with independent allele frequencies

indicated a first peak at K = 3 with a second minor peak at

K = 5; but for identical K values the clustering schemes

were similar with the two models (data not shown). The

solutions with K [ 7 did not provide much more informa-

tion than with K = 7 and the individual assignment profiles

were usually much more complex, therefore, we focused on

K = 3 and 7 (Fig. 3). For K = 3, an African-Adriatic group

appeared as separated from a second group with North Italy,

Monaco and Marseilles, and a third group with the

remaining populations. Apart from the North Italy (PDA)

and Balearic samples (FOR, LPP) most samples presented

high and homogeneous membership coefficients for their

corresponding groups. For K = 7, clustering globally fol-

lowed geographical distribution with more heterogeneous

membership coefficients than for K = 3. However, Adriatic

and African individuals appeared well differentiated from

other samples with high membership coefficients. One out

of five runs grouped GHA (Adriatic) and CAR (Marseilles).

In the four other runs GHA was grouped with the other

Adriatic sample (ALB). Corsican and Catalonian samples

were also well characterized, apart for SRE (Catalonian)

which appeared highly admixed. Samples from Marseilles,

Monaco, North Italy and Balearic Islands appeared

admixed. Despite this admixture the distribution of the

yellow cluster suggested a proximity between samples from

Marseilles (except CAR) and those from Monaco. The PDA

sample (north Italy) appeared admixed but with a predom-

inance of the Corsican cluster.

Table 3 Tests of mutation-drift equilibrium with microsatellites in

C. rubrum: P values for the one-tail Wilcoxon test for heterozygosity

excess and deficiency, respectively

Population Heterozygosity

excess

Heterozygosity

deficiency

ALB 0.42 0.66

GHA 0.96 0.05

TEN 0.98 0.04

TNS 0.96 0.05

FUE 0.19 0.85

DEL 0.47 0.59

BCA 0.81 0.23

PZU 0.85 0.19

POR 0.96 0.05

PDA 0.85 0.19

FOR 0.85 0.19

LPP 0.96 0.05

CRO 0.97 0.04

CAR 0.96 0.05

PON 0.81 0.23

RII 0.77 0.29

RIE 0.95 0.15

TFR 0.53 0.53

MON 0.85 0.19

VIL 1 0.00

NOR 0.85 0.19

CDR 1 0.01

POT 0.99 0.01

SRE 0.98 0.02

No value was significant after correction for multiple tests with a false

discovery rate of 0.05



Principal coordinate analysis

The Principal Coordinate Analyses (PCA) of genetic rela-

tionships between populations based on microsatellites FST

is presented in Fig. 4. Axis 1 indicated a gradient between

North Africa and Adriatic Sea and axis 2 separated these

samples from the other ones which are grouped, except for

CAR (Marseilles). The analysis of axis 3 only separated a

few populations from this last grouping (MON, Monaco on

one side and PZU, Corsica on the other side for example;

data not shown).

Population differentiation and AMOVA

Genetic differentiation between populations

For microsatellites, tests of differentiation at the population

level indicated significant differentiation for all pairwise

Fig. 2 Statistical parsimony

network (TCS) of C. rubrum
EF1 haplotypes. Blue Roman

numbers correspond to

haplotype identifiers. The colors

correspond to the regions of

origin of the sequences. Pie size

indicates the frequency of each

haplotype in the total dataset

Fig. 3 Results of the structure

analysis with microsatellite loci

for K = 3 and K = 7 clusters in

C. rubrum. Individuals are

represented by vertical bars; the

colors correspond to different

genetic clusters and the colors

proportions of the individuals

indicate their membership (from

0 to 1) in the corresponding

cluster. Each graph corresponds

to the combination of five

different runs obtained for each

K value. Population codes are

indicated in Table 1



comparisons except for the comparisons: RIE—RII,

PON—CRO, CDR—POT (Table S3). Highest FST values

reached 0.41 and 0.44 for comparisons of GHA (Adriatic)

with TEN and TNS (North Africa), respectively. Differ-

entiation tests between regions (as defined in Table 1) were

all significant.

For EF1, the estimates (UST and FST) of pairwise pop-

ulation differentiation and results of permutation tests are

presented in Tables S4 and S5. The UST values varied

between -0.75 and 1, whereas FST varied between -0.3

and 1. Permutation tests indicated significant differentia-

tion for the comparisons involving the most distant popu-

lations such as populations from North Africa or the

Balearic Islands compared to those from other regions.

When considering all populations, 41% of the pairwise

comparisons were significant with FST and 38% with UST.

The lowest geographical distance for which significant

differentiation was observed with EF1 corresponded to the

comparison between RII and RIE: two samples from the

same site, but in different environments (inside and outside

cave) and about 15 m apart. For the differentiation test

between regions, when using UST, five tests over 36 com-

parisons were not significant after correction for multiple

tests: Adriatic-South Italy, Marseilles-Catalonia, Mar-

seilles-Monaco, Marseilles-Corsica and Monaco-Corsica.

For FST comparisons, seven tests were not significant:

Adriatic-South Italy, Monaco-North Italy, Marseilles-

Monaco, Marseilles-North Italy, Marseilles-Corsica, North

Italy-Corsica and Monaco-Corsica.

AMOVA

For microsatellites, the AMOVA based on RST indicated

that around 3% of the variation corresponded to differences

between regions and 18% to differences between popula-

tions within regions (Table 4). With FST like analysis, these

percentages were 5 and 8%, respectively. Apart from the

comparison between regions with RST, permutation tests

Fig. 4 Principal Coordinates Analysis of the genetic relationships

between regions for microsatellite data in C. rubrum. FST values were

used for population comparison. Percentages of variation explained

by the axis: axis 1: 46.6%; axis 2: 18.4%; axis 3 (not shown): 15.4%

Table 4 Results of AMOVA on microsatellites (left) and EF1 sequences (right) in red coral

Source of variation Marker type

Microsatellites EF1

Percentage

of variation

Fixation index Percentage

of variation

Fixation index

RST like UST like

Among groups 3.41 FCT = 0.03 (P = 0.21) 12.88 FCT = 0.13 (P = 0)

Among populations within groups 17.13 FSC = 0.18 (P = 0) 15.62 FSC = 0.18 (P = 0)

Within populations 79.46 FST = 0.21 (P = 0) 71.51 FST = 0.28 (P = 0)

FST like FST like

Among groups 4.71 FCT = 0.05 (P = 0) 15.04 FCT = 0.15 (P = 0)

Among populations

within groups

8.34 FSC = 0.09 (P = 0) 12.75 FSC = 0.15 (P = 0)

Within populations 86.94 FST = 0.13 (P = 0) 72.21 FST = 0.28 (P = 0)

Populations were subdivided into nine groups: Adriatic Sea, South Italy, North Italy, Monaco, Marseilles, Catalonia, Corsica, Balearic Islands

and North Africa (see Table 1 and text for details). The first part of the table (UST or RST like) corresponds to the computation of AMOVA using

the sum of squared differences (microsatellites) or the pairwise differences between sequences (EF1); the second part of the table (FST like) only

takes into account allele frequencies and is equivalent to conventional FST. The P values for fixation indices have been obtained with 1,000

permutations



indicated significant differentiation at all levels of analysis.

The AMOVA on EF1 sequences performed by taking into

account sequence differences (UST-like) indicated that

around 13% of genetic variance was due to differences

between regions and 16% to differences between popula-

tions within regions (Table 4). When AMOVA was per-

formed based on haplotype frequencies (FST-like) these

percentages were 15 and 13%, respectively.

Isolation by distance

The Mantel test applied to microsatellites was significant

for all comparisons of genetic and geographical distances

either with logarithm or non transformed distances

(P \ 0.001 in all cases). For the comparison of FST/(1-FST)

with logarithm of geographical distance the reduced major

axis regression indicated a positive correlation with

r = 0.577 (estimated slope: 0.127; intercept: -0.173). For

EF1 data, the Mantel test was significant only when com-

paring the logarithm of both distances (P = 0.014). The

reduced major axis regression indicated a positive corre-

lation with r = 0.133 (estimated slope: 1.953; intercept:

-5.208).

Discussion

The analysis of genetic differentiation with microsatellite

and EF1 suggests a low level of gene flow between red

coral shallow-water populations, even at short distance.

The genetic structuring of red coral in the north western

Mediterranean Sea is congruent with the geographical

locations of the populations and led to the identification of

three to seven geographical groups. These groups were

indeed genetically differentiated which may correspond to

barriers to gene flow. Nevertheless the isolation by distance

pattern could also explain this geographical structuring.

This structuring in geographical groups does not corre-

spond to long-term divergence as suggested by the sharing

of EF1 haplotypes between distant locations and by the low

level of differences between most haplotypes. The null

hypothesis of mutation—drift equilibrium was not rejected.

Along with low sequence divergence, this suggests that

past environmental fluctuations did not strongly impact the

genetic structure and diversity of this species.

Patterns of genetic differentiation

Significant genetic differentiation was evidenced with

microsatellites for almost all comparisons between popu-

lations and between regions. This agrees with previous

studies on red coral using microsatellites (Costantini et al.

2007a, b; Ledoux et al. 2010a). At the population level EF1

data evidenced genetic differentiation at various geo-

graphic distances but with a reduced number of significant

comparisons when compared with microsatellites. This

discrepancy between markers could be linked with differ-

ences in sample sizes (lower for EF1). The observation of

genetic differentiation starting from short distances is in

agreement with the low dispersal abilities of red coral

(Costantini et al. 2007a; Ledoux et al. 2010a, b). Never-

theless, the occurrence of individuals with incorrect cluster

assignment when considering their geographical origin

(Ledoux et al. 2010a; our results) could indicate migration

events. Sporadic long distance migration (compared to the

mean dispersal distance) might be compatible with genetic

differentiation if the level of genetic drift is high enough to

overcome gene flow (Tatarenkov et al. 2010). High genetic

drift may come from low effective size as is assumed for C.

rubrum populations (Costantini et al. 2007a; Ledoux et al.

2010b). Sporadic migration may also explain the sharing of

EF1 haplotypes among distant locations. A more precise

study of migration events should involve individual

assignment tests and should be based on a more extensive

sampling at regional or local scale.

The spatial pattern of genetic structuring evidenced here

extended at higher distances the isolation by distance (IBD)

pattern observed by Ledoux et al. (2010a). The Structure

and PCA analyses indicated that this genetic structuring

agreed well with the geographical location of the popula-

tions. Nevertheless, except for North Africa and the Adri-

atic Sea, individual assignment values obtained with

Structure were often low at K = 7. This could be linked to

reduced discriminating power when compared to the

results obtained with 10 loci (Ledoux et al. 2010a) or to the

effect of unsampled populations, including deep ones.

Under isolation by distance (IBD) (as identified in red

coral; Ledoux et al. 2010b), the number of clusters inferred

by Bayesian structuring can also be overestimated (Frantz

et al. 2009), potentially leading to low assignment values

(Pritchard et al. 2007). Other factors can potentially bias

the clustering approach such as homoplasy with microsat-

ellites at high divergence levels (Viard et al. 1998) or an

evolutionary history not compatible with this clustering

model (Kalinowski 2011); this could for example explain

the grouping of Adriatic and North Africa samples at

K = 3. The high assignment values observed for North

Africa and Adriatic Sea at K = 7 seems to correspond to a

real distinction of these populations but the analysis of

geographically intermediate samples would be necessary to

precise this point.

In any case, the differentiation between the geographical

groups was significant and the percentage of genetic vari-

ation between groups was higher than previously reported

(Costantini et al. 2007b; Ledoux et al. 2010a) possibly

because of more restricted geographical sampling for these



previous studies. Higher variation was observed between

groups with EF1 than with microsatellites. This may be

another consequence of microsatellite allele size homo-

plasy (Viard et al. 1998) or a consequence of the upper

limit of FST estimates inherent to their statistical properties

when applied to highly variable markers (Jost 2008).

Including EF1 sequence differences in the AMOVA

slightly lowered the percentage of variation between

groups indicating that this differentiation was not associ-

ated with high sequence divergence (see below).

Putative barriers to gene flow

The genetic structure of red coral agrees well with the gaps

in suitable habitats (such as between Marseilles and Cata-

lonia or for insular populations) or with the boundaries

between different hydrographic regions as for example

between Adriatic and Mediterranean populations. The

differentiation of Adriatic populations had been observed

for C. rubrum (Costantini et al. 2007b; a single sample) and

for other marine organisms (e.g. Ruggiero et al. 2002, for

Posidonia oceanica). For C. rubrum, further analyses are

required to test whether this differentiation is due to IBD or

is reinforced by a barrier to gene flow. Moreover EF1 allele

frequencies did not demonstrate significant genetic differ-

entiation between samples from South Italy (APU) and

Adriatic Sea; this may be linked to small sample sizes or

indicate that the putative barrier between the Adriatic Sea

and the rest of the Mediterranean Sea is not located

between these locations. In any case the lack of high

divergence with EF1 sequences and the geographical dis-

tribution of haplotypes did not support the hypothesis of

long-term barriers to gene flow (Avise 2000). This is also

in agreement with a recent recolonisation of the northern

part of the Adriatic Sea following its emersion during

glacial events (Ruggiero et al. 2002; Thiede 1978). The

presence of a Siculo-Tunisian genetic break (Borsa et al.

1997) also remains to be tested.

Genetic differences were also evidenced between red

coral populations from the northern and the southern parts

of the western Mediterranean. Nevertheless, as in the case

of the Adriatic Sea, there was no deep genetic divergence

and the IBD pattern may explain the higher differentiation

of the southern samples. South western Mediterranean has

been poorly sampled in most phylogeography studies. In

the rare cases where the sampling design was suitable, the

studied species possessed high dispersal ability and no

genetic differentiation was observed (Bahri-Sfar et al.

2000). This north–south differentiation was suspected in

Sparus aurata (Chaoui et al. 2009), but the sampling

scheme did not allow to precise the origin of this

differentiation.

Although the Atlantic—Mediterranean differentiation

remains to be investigated more thouroughly in C. rubrum,

our data provide preliminary information on this point. For

various marine organisms the Atlantic-Mediterranean

break, when present, is located at the Almeria—Oran front

(Borsa et al. 1997; Patarnello et al. 2007 and references

therein). The comparison of C. rubrum samples from Ceuta

(FUE and DEL) and Algeria (TEN and TNS) located on

either side of this front, did not show any particular genetic

break with EF1 and these samples were grouped by the

clustering analysis (but quite heterogeneous on PCA). This

suggests either a more extended influence of Atlantic pop-

ulations in the Mediterranean, or a lack of such a phylog-

eographic break for this species. The analysis of Atlantic

samples would be necessary to test these hypotheses.

The low divergence among EF1 haplotypes and the

sharing of these haplotypes suggest that all the previously

discussed barriers did not imply long-term isolation which

should have been visible considering the total number of

EF1 sequences considered here. This lack of deep diver-

gence may result from a low evolutionary rate for EF1.

Though we have no way to estimate the mutation rate for

this intron, the observed levels of nucleotide diversity at

this locus for C. rubrum (0.006) were within the range of

values observed in other marine organisms: the deep-water

coral Oculina sp. (Eytan et al. 2009) and the deep-sea

mussels Bathymodiolus thermophilus and B. azoricus

(Faure et al. 2007) for example. This observation does not

suggest a particularly low rate of evolution of this marker

in red coral. Therefore, a scenario of long-term divergence

between regions does not seem probable for red coral. This

low divergence also implies that the main genetic groups

evidenced here should be considered as management units

as suggested in Ledoux et al. (2010a), but not as different

evolutionary significant units (sensu Moritz 2002).

Mutation-drift equilibrium

For EF1, selective neutrality tests (Fs and R2) were sig-

nificant and suggested a population expansion only when

grouping all sequences. These tests were not significant at

regional or population scales which may be a consequence

of reduced power for these tests with the sample sizes used

here (Ramos-Onsins and Rozas 2002). Conversely, the

significant signal for the whole dataset could be a false

positive signal of expansion induced by grouping geneti-

cally differentiated samples (Städler et al. 2009), even if it

is not clear whether our sampling scheme and the observed

level of differentiation for EF1 could generate this effect.

Selection may also produce an apparent expansion signal.

This selective hypothesis would require a hitch-hiking

effect on a selected locus linked to this intron and a similar

scenario has been proposed for EF1 in Mytilus spp. (Faure



et al. 2008). The demographic hypothesis agrees well with

the data of Ledoux et al. (2010a) which evidenced a

putative signal of population expansion with microsatel-

lites, but only for 16 out of 40 C. rubrum samples. In our

case, the tests applied on microsatellite data were not sig-

nificant after correction for multiple tests. The analysis of

additional nuclear sequence markers and the use of higher

sample sizes at population level will be necessary in order

to study more precisely the potential departures from

mutation-drift equilibrium and to potentially discriminate

between the demographic and the selective hypotheses.

Evolutionary history of C. rubrum

The above results on genetic differentiation and selective

neutrality tests shed light on the evolutionary history of C.

rubrum. Two distinct scenarios can be discussed in the

context of Quaternary sea-level fluctuations. In the ‘‘refu-

gium’’ scenario, climatic fluctuations would have induced

important changes in the distribution area of C. rubrum

which could have persisted in geographically distant refugia

at the LGM. This should have led to high divergence

between source populations and various impacts on genetic

diversity including bottlenecks (Hewitt 2000; Petit et al.

2003), but secondary contacts can modify this pattern (Petit

et al. 2003). During the last glacial events, the connections

between the different basins of the Mediterranean were also

potentially more restricted than at present due to sea level

variations (Thiede 1978). This could have induced a long-

term divergence pattern at least between basins. Alterna-

tively, in the ‘‘persistence’’ scenario, C. rubrum would have

persisted in most non-emerged areas with a gradual dis-

placement of populations matching sea level variations.

This scenario would have had less marked consequences for

genetic structure. The low divergence between populations

evidenced in red coral with EF1 sequences and microsat-

ellites offers little support to the refugium scenario but tends

to support that of persistence with gradual population dis-

placement. Other observations support the persistence sce-

nario such as the IBD pattern, which could have been

broken in case of long distance recolonization (see Castric

and Bernatchez 2003). More precise data on selective

neutrality tests should help identify potential demographic

fluctuations linked with recolonisation.

Therefore, C. rubrum populations may have persisted on

the studied geographical area through the last Quaternary

fluctuations, potentially with a demographic expansion

during the last sea level rise. In a comparative study of 14

rocky-shore species from the northeastern Pacific, Marko

et al. (2010) suggested a regional persistence during the

LGM: half of these species had histories consistent with

long-term stability in population size. A persistence sce-

nario is also coherent with the ecological characteristics of

C. rubrum. In the north western Mediterranean, sea-surface

temperatures were lower at the LGM than at present, with

estimates of around 7�C in winter and 9–13�C in summer

(Thiede 1978; Hayes et al. 2005). This temperature may

have been compatible with the presence of C. rubrum in

most parts of western Mediterranean Sea as suggested by

our results. Few fossil data have been published concerning

the genus Corallium, but they suggest that populations of C.

rubrum have been present without interruption in the

Mediterranean basin since the early Pleistocene more than

2,000,000 years ago (Vertino et al. 2010). The study of

‘‘deep’’ samples (i.e. under the depth corresponding to sea

level during the LGM) would also be useful to elucidate the

evolutionary history of this species, in particular for the

identification of putative refugia, either deeper in the same

geographical area or in remote areas. Moreover the com-

parison of the genetic diversity and structure of deep and

shallow populations would shed some light on the genetic

impact or recolonization processes. Genetic data have been

published on deep samples (600–800 m) revealing differ-

ences with shallow populations (Costantini et al. 2010), but

the analysis of more individuals, difficult though it be, is

required for further interpretation.

Additional nuclear markers will help testing the hypoth-

esis of persistence. Multimarker analyses are required to take

into account the inherent variance in genetic and demo-

graphic processes. The advances in sequencing technology

now allow an easier access to multi-locus data. These data

would be useful for a comparative analysis of various evo-

lutionary scenarios. The extension of such studies to other

Mediterranean species should help understand the evolu-

tionary history of marine organisms during past environ-

mental fluctuations and to analyse the potential evolution of

these organisms in a context of global change.
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(2009) Mass mortality in NW Mediterranean rocky benthic

communities: effects of the 2003 heat wave. Glob Change Biol

15:1090–1103

Hall TA (1999) BioEdit: a user-friendly biological sequence align-

ment editor and analysis program for Windows 95/98/NT. Nucl

Acids Symp Ser 41:95–98

Hayes A, Kucera M, Kallel N, Sbaffi L, Rohling EJ (2005) Glacial

mediterranean sea surface temperatures based on planktonic

foraminiferal assemblages. Quat Sci Rev 24:999–1016

Hewitt G (2000) The genetic legacy of the quaternary ice ages. Nature

405:907–913

Jensen J, Bohonak A, Kelley S (2005) Isolation by distance, web

service. BMC Genet 6:1–6

Jost L (2008) GST and its relatives do not measure differentiation. Mol

Ecol 17:4015–4026

Kalinowski ST (2011) The computer program STRUCTURE does not

reliably identify the main genetic clusters within species:

simulations and implications for human population structure.

Heredity 106:625–632

Lambeck K, Bard E (2000) Sea-level change along the French

Mediterranean coast for the past 30 000 years. Earth Planet Sci

Lett 175:203–222

Ledoux JB, Mokthar-Jamaı̈ K, Roby C, Féral JP, Garrabou J, Aurelle D
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	Phylogeography of the red coral (Corallium rubrum): inferences on the evolutionary history of a temperate gorgonian
	Abstract
	Introduction
	Materials and methods
	Samples
	Evaluation of intra-individual variability for internal transcribed spacers
	Molecular analyses of EF1
	Total DNA extraction
	EF1 sequencing

	Microsatellites analysis and polymorphism
	EF1 sequence data and polymorphism
	Tests of mutation-drift equilibrium
	Network reconstruction
	Clustering analysis
	Principal coordinate analysis
	Population differentiation and AMOVA
	Isolation by distance

	Results
	Microsatellite polymorphism
	EF1 sequence polymorphism
	Tests of mutation-drift equilibrium
	Bottleneck tests with microsatellites
	Selective neutrality tests on EF1

	EF1 network reconstruction
	Clustering analysis
	Principal coordinate analysis
	Population differentiation and AMOVA
	Genetic differentiation between populations
	AMOVA

	Isolation by distance

	Discussion
	Patterns of genetic differentiation
	Putative barriers to gene flow
	Mutation-drift equilibrium
	Evolutionary history of C. rubrum 

	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice




