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Abstract

This study focuses on the population genetic structure of the green crab Carcinus aestuarii along part of the African Medi-
terranean coast, with the main target being to confirm genetic subdivision across the well-documented genetic boundary of the
Siculo-Tunisian Strait. For this purpose, the mitochondrial COI (cytochrome oxidase I) gene and five polymorphic microsatellite
loci were analysed in 144 and 120 specimens, respectively. Our results show the existence of two distinct haplogroups separated by
16 mutational steps and revealed a non random distribution of the genetic variation along the African Mediterranean coast. Dating
analyses, based on the use of different molecular clock models and rates, placed the divergence among both haplogroups at 1.91
Myr (95% HPD: 1.11-2.68 Myr) to 0.69 Myr (95% HPD: 0.44—0.98 Myr). This range of divergence time estimation corresponds
to the Early Pleistocene. The particular pattern of genetic divergence among Eastern and Western African Mediterranean popula-
tions of C. aestuarii, detected by 2-level AMOVA at the mitochondrial level, was consistent with that inferred from microsatellite
analysis and suggests a vicariant event in C. aestuarii. Demographic reconstruction, inferred from mismatch distribution and BSP
analyses, yielded different patterns of demographic history between both African Mediterranean groups. The distribution pattern
of the two haplogroups across the African Mediterranean coast, along with the results of a Bayesian analysis of genetic structure,
revealed an intermediate geographic group between the two divergent groups of the African coast, thus supporting the hypothesis
of secondary contact between two historically isolated groups. Although this hypothetical contact zone, thought to be located near
the Siculo-Tunisian Strait, still needs to be verified, the asymmetric gene flow from the Western to the Eastern African Mediter-

ranean, as inferred by the results of a MIGRATE analysis, reinforces the previously mentioned results.
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Introduction

Contemporary Mediterranean marine fauna bears a
genetic legacy resulting from an extensive desiccation
period between 5.59 and 5.3 million years ago, called the
Messinian Salinity Crisis (Hsi et al., 1977) that extir-
pated most species from the region or reduced species
distributions to small isolated eastern refugia (Peres,
1985). Subsequent flooding of the Mediterranean Basin
from the Atlantic was followed by episodic changes in
sea levels associated with glacial cycles. Successive peri-
ods of colonization and isolation left longitudinal gradi-
ents in genetic diversity across the Mediterranean and in
some cases resulted in great genetic diversity in the cen-
tral Mediterranean as a result of bidirectional coloniza-
tion and secondary contact (Arnaud-Haond et al., 2007).
Furthermore, the existence of a particularly complex
oceanographic circulation pattern in the Mediterranean
Sea (Astraldi et al., 1999; Patarnello et al., 2007), as well
as several kinds of physical barriers such as straits and
channels (Béranger et al., 2004), play an important role
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in shaping marine diversity and promoting genetic dif-
ferentiation among populations of different species (e.g.
Borsa et al., 1997, Patarnello et al., 2007).

The relatively narrow strait between north-eastern
Tunisia and western Sicily, separating the Eastern and
Western Mediterranean basins, constitutes one of the best
documented biogeographical transition zones in the ma-
rine environment, shaped by both present and past physi-
cal oceanographic properties. During the last two million
years, this region has been affected by dramatic geologi-
cal events and climatic fluctuations, with the occurrence
of numerous episodes of sea level regressions (Thiede,
1978) and notable diverse hydrographic features in both
Mediterranean basins (Pinardi & Masetti, 2000). During
the last glacial maximum (LGM, between 26,500-20,000
years before present; Clark ez al., 2009), oscillations of
sea levels led to periods of reduced connectivity between
the Eastern and Western basins, which stabilized about
11,000 years ago (Collina-Girard, 2001). Nowadays,
the factors proposed to account for the maintenance of a
biogeographical barrier in the area include the water cir-
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culation pattern, characterized mainly by a constant and
unidirectional east-south-east flow of a marine surface
current arriving from Gibraltar (known as the Algerian
Current) and bifurcating offshore of the north-eastern tip
of the Tunisian coast. This contrasts with the rest of the
Eastern Mediterranean Basin, which is characterized by
very weak circulation (Pinardi & Masetti, 2000). Numer-
ous studies have analysed variable mitochondrial or/and
nuclear markers in populations of several vertebrate and
invertebrate species around the Siculo-Tunisian Strait
and suggested the existence of a genetic boundary in this
region, which is probably the signature of past isolation
events (e.g. Quesada et al., 1995; Borsa et al., 1997; Bah-
ri-Sfar et al., 2000; Nikula & Vainola, 2003; Zitari-Chatti
et al., 2009; Marino et al., 2011; Ragionieri & Schubart,
2013; Deli et al., 2015). The existence of similar diver-
gence patterns among populations of different species
from the Eastern and Western Mediterranean basins re-
inforce the idea that these Mediterranean species were
facing the same historical oceanographic events. These
resulted in vicariance across the Siculo-Tunisian Strait
during Pleistocene glacial episodes, characterized by
lower sea levels and surface temperatures in this region
(Thiede, 1978).

The Mediterranean green crab Carcinus aestuarii
(Nardo, 1847) has received much attention because of its
success as a global invader and the longstanding debate
regarding its classification (Bulnheim & Bahn, 1996;
Geller et al., 1997; Clark et al.,, 2001; Behrens Yamada
& Hauck, 2001; Roman & Palumbi, 2004). C. aestua-
rii is a very common inhabitant of estuaries and lagoons
of the Mediterranean and Black seas (Mori et al., 1990;
Behrens Yamada & Hauck, 2001). It inhabits protected
and often brackish habitats including subtidal and inter-
tidal mud and sand in lagoons and estuaries, salt marsh-
es and seagrasses (own observations). It is a voracious
omnivore and aggressive competitor, and in parts of the
Mediterranean subject to fisheries. It has a wide toler-
ance for salinity, temperature, oxygen, and thus habitat
type (Mori et al., 1990; Mistri et al., 2001). Similarly
to its closely related Carcinus maenas, C. aestuarii ex-
hibits high fecundity and long planktonic larval stage of
approximately six weeks (Darling et al., 2008; Marino
et al., 2011). In the last few centuries, specimens of C.
aestuarii have been accidentally introduced into several
regions outside their native range as a result of maritime
commerce and ballast transport: Canary Islands (Almaca,
1962), Tokyo Bay, Japan (Furota et al., 1999) and South
Africa (Geller et al., 1997, Carlton & Cohen, 2003; Dar-
ling et al., 2008).

With these life history characteristics, green crabs
are expected to exhibit lack of population divergence and
weakly or seemingly unstructured populations (Hilbish,
1996; Waples, 1998). Nevertheless, population genetic
studies on C. aestuarii from native and invasive regions
(Darling et al., 2008; Marino et al., 2010; 2011; Ragio-
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nieri & Schubart, 2013) have revealed extensive genetic
variability and population differentiation linked mainly
to oceanographic discontinuities that characterize these
areas. Specifically, Marino et al. (2011) and Ragionieri &
Schubart (2013) found significant genetic differentiation
among populations from the Western and Eastern Euro-
pean Mediterranean coastlines. Recently, a small-scale
geographic survey of the genetic structure of C. aestua-
rii, based on restriction fragment length analyses of the
mitochondrial cytochrome oxidase I (COI), revealed a
sharp haplotypic discontinuity among Eastern and West-
ern Mediterranean sites of Tunisia (Deli et al., 2015).
Both groups were found to be genetically and morpho-
logically differentiated across the Siculo-Tunisian Strait
(Deli et al., 2014; 2015).

These interesting insights trigger the necessity of
detailed phylogeographic and population genetic exam-
inations of this species across the well-known biogeo-
graphic barrier of the Siculo-Tunisian Strait in order to
describe and delimit divergent groups within this species
in detail. These may reflect residual effects of vicari-
ance events during Pleistocene glacial episodes, usually
involved in generating genetic differentiation in marine
invertebrates (Palumbi ez al., 1997). It would also allow
confirming and detailing the phylogeographic break, as
well as tracing back the evolutionary history of the green
crab. To achieve these targets, samples from eleven Afri-
can Mediterranean locations, covering parts of the Tuni-
sian and Libyan coasts, and for comparison a population
from Venice Lagoon, were collected and part of the COIL
gene was sequenced. In addition, we genotyped a set of
polymorphic microsatellite loci specifically isolated and
characterized for this species by Marino et al. (2008).

Material and Methods

Sampling and DNA extraction

Individuals of C. aestuarii were sampled during field
missions from eleven locations along the African Medi-
terranean coast (Fig. 1). Crab legs from a population of
the Venitian Lagoon (Italy) were included for population
comparison and phylogeographical analysis. From each
crab, muscle tissue was removed from a pereiopod and
stored in absolute ethanol at -30 °C until needed. A total
of 144 green crabs were used for mtDNA sequencing and
120 for microsatellite analysis (Table 1). Total genomic
DNA was extracted from muscle tissue, using the Wiz-
ard® genomic DNA purification kit (Promega).

Mitochondrial DNA amplification and sequencing

A fragment of 658 basepairs (bp) of the mitochon-
drial COI was amplified using the primers COL6a and
COHBS6, specifically designed for brachyuran crab species
(see Schubart, 2009). The PCR reaction mix contained
13.5 ul ddH,0, 2.4 pl dNTPs (1.25 mM), 2.5 pl 10x PCR
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Fig. 1: Sampling locations for the green crab Carcinus aestuarii along the African Mediterranean coast, and sea surface currents in
the study region (according to Béranger et al., 2004). (AC: Algerian Current; AIS: Atlantic Ionian Stream; ATC: Atlantic Tunisian
Current).

buffer, 4 ul MgCl, (25mM), 0.3 pl of both primers, 1 ul
Fermenters-TAQ (0.5 u) and 1 pl of diluted DNA, adding
up to a final master mix volume of 25 pl. PCR amplifica-

tions were carried out with an initial denaturation phase
of 4 min at 94°C, followed by 40 cycles, composed of 45
s of denaturation at 95°C, 60 s of annealing at 48°C and

Table 1. Sampling information on the green crab Carcinus aestuarii including collection sites, countries, regions, geographic
coordinates and the number of specimens examined for mtDNA and microsatellite analyses.

Collection site  Country Region Geographic coor- Number of examined specimens
dinates mtDNA Microsatellite loci
Tabarka Tunisia Western Mediterranean 36°57'N 08°45'E 10 10
Bizerte Tunisia Western Mediterranean 37°16'N 09°52'E 15 10
Sidi Rais Tunisia Western Mediterranean 36°46'N 10°32'E 11 10
Kelibia Tunisia Western Mediterranean 36°51'N 11°05'E 10 10
Benikhia Tunisia Western Mediterranean 36°28'N 10°46'E 12 10
Monastir Tunisia Eastern Mediterranean 36°10'N 10°49'E 11 10
Chebba Tunisia Eastern Mediterranean 35°14'N 11°07'E 12 10
Sfax Tunisia Eastern Mediterranean 34°44'N 10°45'E 15 10
Djerba Tunisia Eastern Mediterranean 33°52'N 10°51'E 14 10
Tripoli Libya Eastern Mediterranean 32°54'N 13°11'E 11 10
Mosrata Libya Eastern Mediterranean 32°22'N 15°05'E 12 10
Venice Lagoon Italy Eastern Mediterranean 45°27'N 12°16'E 11 10

completed with an extension of 60 s at 72°C. These cycles
were followed by 8 min of final extension at 72°C. PCR
products were loaded and visualized on 1.5 % agarose
gel. Strong products were outsourced for sequencing with
primer COL6a to LGC Genomics (Berlin). The obtained
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sequences were visually corrected with Chromas Lite,
aligned with Clustal W, implemented in BIOEDIT (Hall,
1999), and trimmed to a 613 bp fragment for subsequent

analyses.
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Microsatellite loci amplification and allele sizing

A total of 120 individuals of C. aestuarii were
screened for polymorphisms at five variable microsat-
ellite loci (Cae01, Cae07, Cae33, Cae71 and Cae86),
specifically isolated and described for the green crab
(Marino et al., 2008). DNA amplification was carried
out in 10.2 pl reactions under the following conditions:
6 ul ddH,O, 1 ul dNTPs (1.25 mM), 1 pl 10x PCR buf-
fer, 0.5 ul MgCl, (25mM), 0.2 pl of both primers, 1 pl
Fermenters-TAQ (0.5 u) and 1 pl of diluted DNA. PCR
thermal cycling conditions include 35 cycles with 30
s for denaturation at 94°C, 30 s for annealing at 50°C-
56°C (annealing temperatures specific to the studied loci
as indicated in Marino et al., 2008) and 30 s for exten-
sion at 72°C, preceded by 4 min of initial denaturation at
94°C and followed by 10 min of final extension at 72°C.
For the detection of polymorphisms, the forward primer
for each locus was 5’-labelled, and labelled amplicons
from the five loci were combined into three different sets
(Cae01 FAM + Cae07 VIC; Cae33 NED + Cae71 FAM;
and Cae86 VIC). For each set, 1 pl of each diluted PCR
product was loaded with 25 pl of formamide and 0.5 pl of
size standard TAMRA 500 in a final volume of 26.5 pl for
successive dimensional analysis. Sizing was performed
in an ABI Prism 310 Genetic Analyzer (Applied Biosys-
tems) of the University of Regensburg with reference to
the internal size standard TAMRA 500 using Genotyper
ver. 3.5 and GeneScan ver. 3.5 (Applied Biosystems).

Statistical analysis of mtDNA data

The nucleotide composition was assessed with
MEGA, version 5.2 (Tamura et al., 2011). Measurements
of DNA polymorphism, including number of haplotypes
(Nh), number of polymorphic sites (Nps), haplotype di-
versity (h; Nei, 1987), nucleotide diversity (z; Tajima,
1983; Nei, 1987), and mean number of nucleotide dif-
ferences (K) were calculated for each population using
DNASP, version 5.10 (Librado & Rozas, 2009).

A statistical parsimony network, implemented in
TCS software, version 1.21 (Clement et al., 2000), was
constructed in order to infer intraspecific evolutionary
relationships among the COI haplotypes of C. aestuarii.
This method uses coalescence theory (Hudson, 1990)
to determine the limits of parsimony and define a set
of plausible connections among haplotypes that have
accumulative probability of more than 95 % of being
true (Templeton et al., 1992). The distribution pattern
of the corresponding haplotypes was examined across
the African Mediterranean coast. COI haplotypes were
used to compute both levels of population subdivision
using unordered (G,) and ordered haplotypes (V) in
order to assess the relationship between phylogeny and
the geographical distribution of haplotypes, and test the
presence of phylogeographic structure. These parameters
were estimated following the methods described by Pons
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& Petit (1995; 1996) using PERMUT & CPSRR, version
2.0 (Pons & Petit, 1996). G, is solely based on haplo-
type frequencies, whereas N also takes into account the
genetic relationship among haplotypes. A N, higher than
the G, usually indicates the presence of phylogeograph-
ic structure (Pons & Petit, 1996; Petit et al., 2005), i.e.
if closely-related haplotypes are more often found in the
same area than less closely-related haplotypes. Finally,
these two parameters were compared using the U-test
(Pons & Petit, 1996).

Divergence time between the resulting mitochondrial
haplogroups was estimated using BEAST, version 1.7.5
(Drummond et al., 2012), considering the closure of the
Gibraltar Strait at the start of the Messinian Salinity Cri-
sis (5.59 million years ago; Krijgsman et al.,, 1999) as
calibration point for rate estimation. During the Messini-
an Salinity Crisis, the contact between the Mediterranean
and the Atlantic Ocean was interrupted, thus providing
the geographic barrier necessary for the speciation of
C. aestuarii and C. maenas (Demeusy, 1958; Geller et
al., 1997). A simplified phylogenetic approach was used,
ignoring the intraspecific nature of our data. The Birth-
Death process (Rannala & Yang, 1996; Yang & Rannala,
1997), including only unique haplotype sequences, cor-
responding to the encountered C. aestuarii haplogroups
and the Atlantic sister species C. maenas respectively,
were used as a tree prior model of speciation. Analyses
were carried out with an uncorrelated lognormal relaxed
clock (Drummond et al., 2006). The normal distribution
with a standard deviation of 55,000 years (Marino et al.,
2011) was used to incorporate the calibration priors on
the root of the tree. The use of deep calibration points
derived from biogeographic events could bias recent di-
vergence times, resulting in divergence estimates older
than their actual age (Burridge et al., 2008). In order to
avoid such uncertainty and obtain a comprehensive es-
timation of divergence time among obtained green crab
haplogroups, additional analyses involving the entire
intra-specific data of C. aestuarii were performed using
a strict molecular clock and assuming the GTR model of
sequence evolution, as calculated by MODELTEST, ver-
sion 3.7 (Posada & Crandall, 1998), and a coalescent tree
prior. Two different clock rates for the COI gene were
tested in order to obtain a comprehensive view on diver-
gence estimation: 1.4 % per million years (Myr) as cal-
culated for this gene in the Panamanian snapping shrimp
Alpheus (see Knowlton & Weight, 1998) and a specifi-
cally estimated mutation rate for Carcinus of 3.86 % per
Myr (see Marino et al., 2011). For all kinds of analyses,
the Markov chain Monte Carlo (MCMC) simulations
were run for 100 million steps and sampled every 1000
steps. All Bayesian outputs, produced through BEAST,
were also reviewed in TRACER, version 1.5 (Rambaut
& Drummond, 2007) for robustness in a similar manner
to the MrBayes simulations. We summarized the resul-
tant trees in TreeAnnotator to create a 50 % majority
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rule consensus maximum clade credibility tree. FigTree,
version 1.4.0 (Rambaut, 2009), was used to exhibit the
results.

Evidence of population genetic differentiation was
assessed by I-level AMOVA (Analysis of molecular
variance) (Excoffier et al., 1992), as implemented in
ARLEQUIN, version 3.1 (Excoffier et al., 2005), based
on nucleotide diversity and haplotype frequency. The ex-
tent of genetic differentiation between populations was
estimated using the fixation indices: @, (based on the
Tajima-Nei model, suggested for unequal nucleotide
frequencies, as observed in our dataset; Tajima & Nei,
1984) and F, (computed using haplotypic frequency).
Significance levels of pairwise genetic distances, esti-
mated among populations, were assessed by a random-
ization procedure with 10,000 permutations. Test of iso-
lation by distance was assessed by the Mantel Test, as
implemented in the AIS (Alleles in Space) program, ver-
sion 1.0 (Miller, 2005). The statistical significance of the
test was assessed by running 10,000 random permuta-
tions. Analysis of molecular variance (2-level AMOVA)
was also used to examine population genetic structure
of C. aestuarii under two biogeographic hypotheses: (1)
Western Mediterranean vs. Eastern Mediterranean basins
and (2) Western African Mediterranean vs. Eastern Afri-
can Mediterranean vs. Adriatic Sea. Additional AMOVA
analyses were carried out, considering only African Med-
iterranean populations and aimed at testing genetic sub-
division within the investigated region (Western African
Mediterranean vs. Eastern African Mediterranean). In
order to obtain a comprehensive view on the population
genetic structure of C. aestuarii, we also investigated the
relationship between genetic distance and geographic
location of the twelve studied populations of the green
crab, using the spatial analysis of molecular variance
(SAMOVA) approach implemented in SAMOVA, ver-
sion 1.0 (Dupanloup et al., 2002). This method allows
defining groups of geographically proximate popula-
tions that are maximally differentiated from each other,
through a simulated annealing procedure without prior
assumption of group composition. The program was run
with 100 random initial conditions for 10,000 iterations,
testing for the grouping options from a predefined num-
ber of groups (K = 2-7).

Signatures of population demographic changes were
investigated in African Mediterranean C. aestuarii popu-
lations using three neutrality tests: Tajima’s D (Tajima,
1989), Fu’s Fs (Fu, 1997), and Ramos-Onsins & Rozas’s
R, (Ramos-Onsins & Rozas, 2002), in addition to mis-
match distribution (MMD) and Bayesian Skyline Plots
(BSP) analyses. Based on the outcome of population
genetic structure, MMD and BSP demographic analy-
ses were performed separately for the two differentiated
groups of the Western and Eastern African Mediterra-
nean (as identified by AMOVA analyses).
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The examination of deviation from neutrality by both
D and Fs indices was based on 1000 coalescent simu-
lations, as implemented in ARLEQUIN. R, statistics of
Ramos-Onsins & Rozas (2002) was calculated using a
coalescent simulation algorithm implemented in DNASP
with 1000 simulations. Demographic changes in C. aes-
tuarii were also examined by calculating Harpending’s
raggedness index rg (Harpending, 1994) of the observed
mismatch distribution for each of the populations accord-
ing to the population expansion model implemented in
ARLEQUIN, and its significance was tested using para-
metric bootstrapping (10,000 replicates). These indices
were calculated for each population and the whole
dataset.

To provide other estimates of population size chang-
es, we also examined site mismatch distributions for the
Western and Eastern African Mediterranean basins. Con-
trasting plots of observed and theoretical distributions
of site differences provide insight into past population
demographics. The expected mismatch distributions un-
der a sudden expansion model were computed in ARLE-
QUIN. The sum of squared deviations (SSD) between
observed and expected distributions was used as a mea-
sure of fit, and the probability of obtaining a simulated
SSD greater than or equal to the expected was computed
by randomization. If this probability was > 0.05, the ex-
pansion model was accepted. Graphical representation
was carried out by means of the growth-decline model
implemented in DNASP. Range expansion in C. aestuarii
groups was investigated by the spatial expansion model,
as implemented in ARLEQUIN (Excoffier, 2004).

The magnitude of historical demographic events for
the African Mediterranean regions of C. aestuarii was in-
vestigated using Bayesian Skyline Plots (BSP, Drummond
et al., 2005). In comparison with simple parametric and
older coalescent demographic methods, the smoother esti-
mates and sensitivity of this method, together with a cred-
ibility interval, provide a realistic population size function
and enable retrieval of more details than just summary
statistics. Furthermore, estimation of time since expan-
sion event is much more accurate with BSP than with the
expansion parameter Tau (7), inferred from the mismatch
distribution analysis, as recent expansions in a BSP are
not affected by deep coalescences (Grant, 2015). Analyses
were run in BEAST, version 1.7.5, using a GTR model
and a strict molecular clock, implementing the specific
mutation rate of 3.86 % per Myr, estimated for Carcinus
by Marino et al. (2011). The Markov chain Monte Carlo
simulations were run with 30,000,000 iterations, while
genealogies and model parameters were sampled every
1000 iterations. Two independent runs were carried out.
The first 3,000,000 iterations were discarded as burn-in,
whereas the remaining results were combined in LogCom-
biner and summarized as BSPs after analysing their con-
vergence (Effective Sample Sizes (ESS) of all parameters
> 200 for each group) in TRACER, version 1.5.
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Statistical analysis of microsatellite data

The dataset was checked for genotyping errors (i.e.
null alleles) by means of equation 2 from Brookfield
(1996), as implemented in MICRO-CHECKER, ver-
sion 2.2.3 (Van Oosterhout et al., 2004). Deviations from
Hardy-Weinberg equilibrium (HWE) in the Mediterra-
nean green crab populations were tested using the Mar-
kov chain method with 5000 iterations as implemented
in GENEPOP, version 4.2 (Raymond & Rousset, 1995).
Genetic variability at the typed microsatellite loci (Ar:
allelic richness, Ho: observed heterozygosity and He:
expected heterozygosity) as well as Weir & Cockerham
(1984) estimation of F, F and F, were calculated
using FSTAT, version 9.2.3.2 (Goudet, 1995). Genetic
diversity measures for each population (Ho: observed
heterozygosity, He: expexted heterozygosity and F:
inbreeding coefficient) were estimated with GENEPOP
using the Markov chain parameter with 10,000 dememo-
rizations, 20 batches, and 5000 iterations per batch.

Genetic differentiation was estimated by means of the
exact test (G) of population differentiation (Raymond &
Rousset, 1995), as implemented in GENEPOP. This test
verifies the existence of differences in allele frequencies
at each locus and for each population. Single locus P val-
ues were calculated using a Markov chain with 10,000 de-
memorizations, 100 batches, and 5000 iterations per batch,
combined over loci using the Fisher exact test. The exis-
tence of genetic differentiation was also assessed by 1-lev-
el AMOVA (Excoffier et al., 1992), using ARLEQUIN,
version 3.1. Pairwise comparisons of genetic differentia-
tion were estimated from the %2 of the Fisher exact test and
the F values. Level of significance (P) was computed by
permutation tests from 10,000 random permutations for
F, values and estimated by the Markov chain algorithm
(10,000 dememorizations, 100 batches, and 5000 itera-
tions per batch) for > values. Correlations between genetic
(F, values) and geographic distances were assessed by the
Mantel Test, as implemented in ARLEQUIN, with 10,000
random permutations. Additional 2-level AMOVA was
performed grouping populations according to the tested
biogeographic hypotheses with mtDNA data.

The Bayesian approaches implemented in the soft-
ware packages STRUCTURE, version 2.3.4 (Pritchard et
al., 2000), and BAPS, version 3.2 (Corander et al., 2003),
were also used to identify clusters of genetically similar
populations based on the nuclear microsatellite data. BAPS
generally tends to recover more clusters than STRUC-
TURE, and it has been suggested that both approaches
should be used, particularly where levels of differentiation
between populations might be low (Latch ez al., 2006). For
STRUCTURE analysis, the model without admixture was
processed using correlated allele frequencies. The models
without admixture assume that the sample is a mixture of
K diverging subpopulations. Individuals were then proba-
bilistically assigned to the K genetic clusters (Francois &
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Durand, 2010). The probability of the number of popula-
tions (K) was estimated by fixing prior values of K (from
1 to 12 in our study) and comparing the Ln P (D) (the log
probability of the data) and the log likelihood of the data.
Three replicates for each K were independently performed,
providing reproducible results. The most likely number of
independent population clusters was verified using the AK
method of Evanno ez al. (2005). The analysis was run for
500,000 generations with a burn-in of 20,000 iterations.
For BAPS analysis, the number of genetically diverged
groups (K) in both clustering of individuals and cluster-
ing of groups of individuals corresponded to the highest
log marginal likelihood of the data (log (ml)). Burn-in
period of 10,000 iterations was used followed by 50,000
iterations.

Genotypic assignment was also assessed by GENE-
CLASS, version 2.0 (Piry et al., 2004). The most prob-
able origin of each individual was calculated by compar-
ing the likelihood of the multi-locus genotype of a given
individual in a set of pre-determined populations. The
Bayesian method, proposed by Rannala & Mountain
(1997), was chosen together with a threshold of 0.05.
GENECLASS also allowed detecting the number of mi-
grants. The frequencies-based method described by Paet-
kau et al. (1995) was used and a threshold of 0.01 was
set. For both tests, the rejection probability was obtained
by simulating 10,000 individuals from allelic frequen-
cies based on the simulation algorithm of Paetkau et al.
(2004).

Contemporary gene flow analysis and migration pat-
terns among Western and Eastern African Mediterranean
groups of populations of C. aestuarii (group 1: Tabarka,
Bizerte, Sidi Rais, Kelibia, Benikhiar; group 2: Monastir,
Chebba, Sfax, Djerba, Tripoli, Mosrata) were evaluated
using MIGRATE-n, version 3.6, software (Beerli, 20006).
MIGRATE estimates migration rates M and effective
population sizes @ among both regional groups, based on
the analysis of the examined loci. A Brownian mutation
model was used and the mutation considered was con-
stant for all loci. MIGRATE software uses a maximum-
likelihood (ML) framework based on the coalescence
theory and investigates possible genealogies with migra-
tion events using a Markov chain Monte Carlo approach
(Beerli & Felsenstein, 2001). For each locus, the ML
was run for chains with 5000 and 50,000 recorded ge-
nealogies, respectively, after discarding the first 10,000
genealogies (burn-in). Unlike estimates of gene flow us-
ing F-statistics, MIGRATE-n allows asymmetrical mi-
gration rates among both investigated groups of popula-
tions (M1—2 and M2—1) separated by barriers to gene
flow as identified by AMOVA, STRUCTURE and BAPS.
Thus, these estimates were used to report the estimated
main direction of gene flow across the recognised bio-
geographic barrier (Siculo-Tunisian Strait).
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Results

Mitochondrial DNA

Sequences corresponding to the mtDNA COI gene
from 144 individuals and twelve locations of C. aestua-
rii were proofread and trimmed to an alignment length
of 613 bp. A total of 60 nucleotide sites were variable,
of which 42 were parsimony-informative. Among these
sequences, 54 haplotypes were identified. The nucleotide
composition of the analyzed fragment showed an A-T
bias (C=18.53 %; T=36.15 %; A=26.35 %; G=18.97
%), which is typical of invertebrate mitochondrial DNA
(Simon et al., 1994).

Overall, genetic diversity analyses of this mitochon-
drial dataset showed high haplotype (4 = 0.888 + 0.021)
and nucleotide (z = 0.0122 £ 0.001) diversities (Table
2). The mean number of nucleotide differences (K) can
also be considered as high (K = 7.5) and ranged from
0.166 in the population of Benikhiar to 12.164 in Djerba
(Table 2). A remarkable difference in this parameter was
shown mainly among the northwest African populations
(Tabarka, Bizerte, Sidi Rais, Kelibia, Benikhiar) and
their north-eastern counterparts (Monastir, Chebba, Sfax,
Djerba, Tripoli, Mosrata). The latter group of populations
exhibited higher levels in the mean number of nucleotide
differences (Table 2) suggesting possible genetic subdi-
vision within the analyzed data. The statistical parsimony
procedure revealed the existence of two haplogroups,
each characterized by a star-like shape and separated by
16 mutational steps (Fig. 2). These two haplogroups were

centered on two main haplotypes, 2 and 29 respectively,
distinguished by 19 mutational steps. A clear separation
was also noted within the second haplogroup, in which
haplotype 29 was distinguished from haplotype 40 by 12
mutational steps. The latter haplotype was found in two
specimens from the populations of Djerba and Mosrata
(Fig. 2). The first haplogroup (type I) was represented
in all populations while the second (type II) was mainly
found in the Eastern African Mediterranean populations
of Tunisia (Monastir, Chebba, Sfax, Djerba) and Libya
(Tripoli, Mosrata). Calculations of N, (0.179) and G,
(0.081) revealed that the N value was significantly high-
er than the G value (P < 0.01), inferring a significant
relationship between phylogeny and the geographical
distribution of haplotypes, and indicating the existence of
phylogeographic structure among the examined samples.

The distribution pattern of the two haplogroups across
the African Mediterranean coast showed that the propor-
tion of type I, dominant in Western Mediterranean popula-
tions, decreases notably in the Eastern counterparts (Fig.
3). Both types, I and II, were shown to be mixed in the
Eastern Mediterranean. Divergence time between the
two mitochondrial types was estimated based on differ-
ent models and calibration strategies. In a first analysis,
including only unique haplotypes, using a 5.59 Myr split
between C. aestuarii and C. maenas as calibration point
(Krijgsman et al., 1999) and assuming a Birth-Death prior
and uncorrelated lognormal relaxed clock, Bayesian phy-
logenetic analysis estimated divergence among both hap-
logroups to occur approximately around 1.20 Myr (95%

Table 2. Mitochondrial and nuclear diversity measures for each population of Carcinus aestuarii as well as for the entire sample.
N: sample size for each population; Nh: number of haplotypes; Nps: number of polymorphic sites; 4: haplotype diversity; K: mean
number of nucleotide differences; z: nucleotide diversity; P: the P-value of departure from the Hardy-Weinberg equilibrium (val-
ues in bold indicate significant departure from H-W equilibrium); Ho: observed heterozygosity; He: expected heterozygosity; Fg:
inbreeding coefficient.

Genetic marker Mitochondrial COI gene Microsatellite loci

Population N Nh Nps h K n N P Ho He F
Tabarka 10 5 6 0.755+£0.130 1.355 0.0022+0.000 10 0.625 0.880 0.875 -0.005
Bizerte 15 8 10 0.866+0.067 1.771 0.0028 +£0.000 10 0.076 0.860 0914 0.059
Sidi Rais 11 5 23 0709+0.137 4.600 0.0075+0.004 10 0.118 0.840 0.896 0.063
Kelibia 10 5 6 0.666+0.163 1.355 0.0022+0.000 10 0.137 0.880 0.915 0.038
Benikhiar 12 2 1 0.166+0.134 0.166 0.0002+0.000 10 0.445 0.920 0.926 0.007
Monastir 119 30 0945+0.066 8.781 0.0143+0.005 10 0.205 0.920 0.912 -0.008
Chebba 12 11 33 0.984+0.040 10.242 0.0167+0.004 10 0.058 0.840 0.901 0.067
Stax 15 13 30 0.971+£0.039 10.838 0.0176+0.002 10 0.007 0.800 0.902 0.113
Djerba 14 9 32 0912+£0.059 12.164 0.0198+0.002 10 0.192 0.880 0.896 0.018
Tripoli 117 25 0909+0.066 5.781 0.0094+0.004 10 0.415 0.920 0.928 0.009
Mosrata 129 31 0.939+0.058 9.893 0.0161+0.004 10 0.000 0.780 0.900 0.133
Venice 118 11 0945+0.054 3.745 0.0061 £0.000 10 0.068 0.820 0.916 0.105
Lagoon

Total 144 54 60 0.888+0.021 7.500 0.0122+0.001 120 0.195 0.861+0.038 0.907 £0.011 0.050 + 0.040
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Fig. 2: TCS haplotype network of Carcinus aestuarii, based on the alignment of 613 bp of the mitochondrial gene COI, show-
ing the relationships among the recorded haplotypes. Haplotype 2 corresponds to the ancestral haplotype. Each line between two
points represents one mutational step. Circle size depicts proportions of haplotypes; the smallest corresponds to 1 and the largest

to 44 individuals.
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Fig. 3: The distribution pattern of the two types of haplogroups in Carcinus aestuarii along the African Mediterranean coast.

HPD (high posterior density interval): 0.51-1.68 Myr). Us-
ing a strict molecular clock, and assuming the GTR model
of sequence evolution and a coalescent tree prior, involv-
ing the entire intra-specific data of C. aestuarii, the time to
the most recent common ancestor (tMRCA) was estimated

540

at 1.91 Myr (95% HPD: 1.11-2.68 Myr), when applying
the substitution rate of 1.4 % per million years (Myr) (see
Knowlton & Weight, 1998). Estimated time of the split
between the two haplogroups was notably younger (0.69
Myr (95% HPD: 0.44-0.98 Myr)), based on the species-
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specific mutation rate of 3.86 % per Myr calculated and
used by Marino et al. (2011) for Carcinus.

The 1-level AMOVA evidences highly significant ge-
netic differentiation among examined populations of C.
aestuarii, based on Tajima-Nei distances and haplotype
frequencies (Table 3). The Mantel Test revealed non-
significant correlation between genetic and geographic
distances (r = -0.072, P = 0.739), suggesting absence of
obvious isolation due to distance. Pairwise comparisons
of genetic differentiation, estimated from genetic diver-
gence and haplotype frequencies, showed that the major-
ity of significant values were those between the Eastern
and Western Mediterranean populations (Table 4). Based
on these insights, we carried out a 2-level AMOVA in or-
der to test the genetic structure of the C. aestuarii popu-
lation under the two possible biogeographic hypotheses:
(1) Western Mediterranean vs. Eastern Mediterranean and
(2) Western African Mediterranean vs. Eastern African
Mediterranean vs. Adriatic Sea. Overall, genetic structure
was significant under both biogeographic scenarios, with
the first hypothesis explaining better the genetic separa-
tion among samples (Table 3). Considering only African
Mediterranean populations for AMOVA analyses, genetic
differentiation among populations was highly significant
(1-level AMOVA: & = 0.190, P < 0.001, based on Taji-
ma-Nei distances; Fi. = 0.087, P <0.001, based on haplo-
type frequencies) and genetic structure, testing the separa-
tion between Western and Eastern African Mediterranean
groups, was much more pronounced (2-level AMOVA:

@, =0.192, P<0.01, based on Tajima-Nei distances; F.,
=0.105, P < 0.01, based on haplotype frequencies; Table
3). Spatial analysis of molecular variance (SAMOVA), de-
picting patterns of population structure within the exam-
ined dataset, showed that partitioning of variance among
groups (@) was highest in the case of three hierarchical
groups (K = 3: [Sfax] vs. [Djerba] vs. [Tabarka + Bizerte
+ Sidi Rais + Kelibia + Benikhiar + Monastir + Chebba
+ Tripoli + Mosrata + Venice]; @..= 0.365, P = 0.011).
Spatial distribution of genetic structure revealed the ex-
istence of genetic separation between the south-castern
Mediterranean populations of Sfax and Djerba and the re-
maining populations. The results also agree with the phy-
logeographic signal inferred from the COI haplotype net-
work and confirm the general trend of genetic separation
between the Eastern and Western Mediterranean basins, as
inferred from the AMOVA results.

Population demographic history was reconstructed us-
ing three neutrality tests, mismatch distribution, and BSP
analyses. The applied neutrality tests (D, F, and R, tests)
revealed significant deviations from mutation-drift equi-
librium for the populations of Bizerte, Sidi Rais, Kelibia
and Benikhiar (Table 5) and suggest recent events of pop-
ulation expansion. For the whole dataset, departure from
neutrality was inferred from Fu’s F (-24,537, P <0.001).

At the regional scale, focusing mainly on the Western
and Eastern African Mediterranean, mismatch distribu-
tion analysis showed unimodal variation for the western
populations (Fig. 4a), which is consistent with a recent

Table 3. Analysis of molecular variance testing for genetic differentiation among studied populations of Carcinus aestuarii and
partition of the genetic variance under different biogeographic hypotheses. Significant values are in bold, calculated from 10,000

permutations.

Partition tested

Nucleotide divergence
(Tajima and Nei distance)

Microsatellite loci
Distance method:
Number of different
alleles (F,)

mtDNA

Haplotype frequency

Considering all examined populations

Among locations: Tabarka, Bizerte, Sidi Rais,
Kelibia, Benikhiar, Monastir, Chebba, Sfax,
Djerba, Tripoli, Mosrata, Venice Lagoon.

Among: Western Mediterranean (Tabarka,
Bizerte, Sidi Rais, Kelibia, Benikhiar) vs. East-
ern Mediterranean (Monastir, Chebba, Sfax,
Djerba, Tripoli, Mosrata, Venice Lagoon).
Among: Western African Mediterranean
(Tabarka, Bizerte, Sidi Rais, Kelibia, Benikhiar)
vs. Eastern African Mediterranean (Monastir,
Chebba, Sfax, Djerba, Tripoli, Mosrata) vs.
Adpriatic Sea (Venice Lagoon).

Considering African Mediterranean populations

@, =0.193 (P <0.001)

@, =0.117 (P <0.01)
@ = 0.251 (P <0.001)
@, =0.151 (P <0.05)

@ .= 0.091 (P < 0.05)
@, =0.246 (P < 0.001)
@, =0.171 (P=0.084)

F,,=0.080 (P<0.001) F, =0.018 (P<0.001)

F.=0.026 (P <0.05)
F, =0.124 (P < 0.001)
F_,=0.100 (P < 0.001)

F,.=0.016 (P < 0.001)
F, =0.021 (P <0.001)
F, = 0.005 (P < 0.05)

F,,=0.027 (P <0.05)
F,=0.111 (P <0.001)
F_,=0.086 (P <0.01)

F,,=0.013 (P<0.001)
F_ =0.021 (P <0.001)
F_,=0.008 (P <0.01)

Among: Western African Mediterranean @ . =0.086 (P <0.05)
(Tabarka, Bizerte, Sidi Rais, Kelibia and Be- @& . =0.262 (P <0.001)
nikhiar) vs. Eastern African Mediterranean @ _ =0.192 (P <0.01)

(Monastir, Chebba, Sfax, Djerba, Tripoli and
Mosrata).

F,_=0.028 (P <0.05)
F_ =0.131 (P <0.001)
F_ =0.105 (P <0.01)

F,.=0.026 (P <0.05)
F,,=0.124 (P <0.001)
F_,=0.100 (P <0.001)
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demographic expansion event. Nevertheless, multimodal
distribution was clearly revealed for the Eastern African
Mediterranean group (Fig. 4c). Statistical analysis of mis-
match distributions, yielding non-significant values for the
two demographic indices SSD and rg, allowed accepting
the model of demographic expansion for both groups (Fig.
4a, c). A spatial expansion model was only accepted for
the Western African Mediterranean (SSD = 0.000; P =
0.873, associated with a strictly positive migration rate: M
=17.852 [1.049-99999, for a 95 % confidence interval]).

Demographic history of the two African Mediterra-
nean regions of C. aestuarii was also inferred from the
coalescent approach of the BSP analysis. The pattern of
effective population size evolution over time showed a
sudden and recent increase in the effective size of the
population, following a short phase of decrease in num-
bers. These two phases were preceded by quite a long sta-
tionary period (Fig. 4b, d). Overall, the BSP results were
well concordant with those inferred from mismatch dis-
tribution and revealed that the expansion time occurred
approximately about 33,300 years ago (CI: 18,750-
43,750 years ago) for the Western African Mediterranean
and about 29,166 years ago (CI: 25,000-50,000 years
ago) for the Eastern African Mediterranean. Notably, the
increase in effective size was much more pronounced in
the Eastern African group (Fig. 4d). Expansion events for
both regions were seemingly preceded by recent declines
or bottleneck events, even if the retrieved signals might
not be significant, as clearly shown by the fact that the
slight lowering of the median traces is well included in
the wide highest 95 % posterior density intervals of the
demographic functions (Fig. 4b, d).

Table 4. Pairwise comparisons of genetic differentiation estimated from genetic divergence (D

lotype frequency (F,
permutations).

Microsatellite loci

Overall, a total of 152 alleles were detected at the
five genotyped microsatellite loci. MICRO-CHECKER
analysis of the dataset revealed absence of null alleles
for the examined loci. All loci were polymorphic, with
the number of alleles per locus ranging from 11 (locus
Cae01) to 42 (locus Cae07). The mean number of alleles
per locus was 30. All populations were in Hardy-Wein-
berg Equilibrium, except for those of Sfax (P <0.01) and
Mosrata (P < 0.001) (Table 2). The mean observed and
expected heterozygosities across loci were 0.855 + 0.064
and 0.907 + 0.057, respectively. The mean allelic rich-
ness across loci was 12.316 + 2.952. Weir & Cockerham
(1984) estimation of F-Statistics showed that the high-
est values of /7 (0.155 + 0.023) and F (0.139 + 0.022)
corresponded to locus Cae33, whereas Cae01 exhibited
the highest value of £ (0.023 £ 0.016) Jackniving and
bootstrapping over loci (for 95 and 99 % confidence inter-
vals) showed a higher level of F; than those recorded for
F, and F. The observed and expected heterozygosities
and the F  estimates for the twelve studied populations
are shown in Table 2. The mean observed and expected
heterozygosities across populations were 0.861 = 0.038
and 0.907 + 0.011, respectively. Heterozygosity deficit,
as measured by Wright’s F., showed low levels in most
populations when averaged across loci, ranging from
-0.008 (population of Monastir) to 0.133 (population of
Mosrata) (Table 2). The average value of F; across popu-
lations was 0.050 + 0.040, indicating a low heterozygote
deficiency. This recorded mean F g value highlighted less
important heterozygote deficiency than that considered
for the global population (F, = 0.066 + 0.029), probably
due to the Wahlund effect (Wahlund, 1928).

below the diagonal) and hap-

ST

_above the diagonal). Values with P < 0.05 are reported in bold (significance levels calculated from 10,000

Western Mediterranean

Eastern Mediterranean

Tabarka Bizerte Sidi  Kelibia Benikhiar Monastir Chebba Sfax Djerba Tripoli Mos- Venice
Rais rata
Tabarka * 0.000 -0.032  -0.045 0.165 0.090 0.048  0.088 0.098 0.074 0.056 0.024
Bizerte 0.005 * 0.027 0.028 0.235 0.061 0.021  0.055 0.061 0.067 0.039 0.024
Sidi Rais  0.005 0.034 * -0.065 0.131 0.073 0.051  0.100 0.085 0.118 0.035 0.046
Kelibia 0.003 0.029  -0.024 * 0.087 0.102 0.069 0.125 0.116  0.122 0.069 0.064
Benikhiar  0.043 0.029 0.032 0.044 * 0.403 0320 0370 0362  0.423 0347 0.342
Monastir  0.066 0.103  -0.049  0.043 0.112 * 0.012  0.011 0.020 0.024 -0.036 -0.003
Chebba 0.107 0.141  -0.014  0.097 0.142 -0.064 * 0.005 0.022 0.015 0.010 0.004
Sfax 0.517 0.553 0.400 0.516 0.560 0.264 0.191 * -0.024  0.029 0.011  0.011
Djerba 0.259 0.300 0.127 0.252 0.303 0.021 -0.018  0.042 * 0.071  0.009 0.033
Tripoli 0.009 0.056 -0.042 0.014 0.070 -0.030 -0.010  0.372 0.121 * 0.039  0.007
Mosrata 0.114 0.153  -0.014  0.095 0.160 -0.068 -0.060  0.213  -0.018 -0.000 * -0.011
Venice 0.103 0.156 0.044 0.131 0.211 0.067 0.090 0466 0.216 0.011  0.086 *
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Fig. 4: Mismatch distribution (a, c¢) and Bayesian skyline plot (BSP, implemented in BEAST) (b, d) for the African Western
and Eastern Mediterranean populations of Carcinus aestuarii. (a, ¢) Observed frequencies (dotted line) were compared to the
expected frequencies (continuous line), estimated by the growth-decline model implemented in DNASP. The demographic expan-
sion parameters used, T and 0, .. ., were calculated in ARLEQUIN; 6,  value was fixed at 1000 to simulate the infinite. The two
demographic indices SSD and rg, provided for the observed mismatch distributions, were calculated under the assumption of a
demographic expansion model, implemented in ARLEQUIN. (b, d) BSP plots showing changes in effective population size (Ne
multiplied per generation time) over time (measured in years before present). The thick solid line depicts the median estimate, and
the margins of the blue area represent the highest 95% posterior density intervals.

Table 5. Neutrality tests (Tajima’s D, Fu’s F, and Ramos-Onsins & Rozas’s R, tests) and mismatch distribution raggedness index
(rg) for each population of Carcinus aestuarii as well as for the entire sample. Significant values are in bold.

Population D F, R, rg

Tabarka -1.492 -1.507 0.137 0.042
Bizerte -1.613 -3.541 0.083 0.064
Sidi Rais -1.893 1.658 0.260 0.094
Kelibia -1.492 -1.507 0.137 0.037
Benikhiar -1.140 -0.475 0.276 0.472
Monastir -0.660 -1.194 0.122 0.054
Chebba -0.283 -2.789 0.123 0.051
Stax 0.735 -2.983 0.160 0.029
Djerba 0.899 1.108 0.168 0.042
Tripoli -1.481 0.011 0.231 0.158
Mosrata -0.163 -0.337 0.143 0.077
Venice Lagoon -0.011 -2.287 0.136 0.080
Whole Data -0.952 -24.537 0.060 0.025
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Overall, our results showed highly significant ge-
netic differentiation among populations. Based on the
outcome of the Fisher exact test, we rejected the hypoth-
esis of genetic homogeneity in the distribution of allele
frequencies for the entire dataset of microsatellites (y2
= o0, ddl = 10, P < 0.001). Furthermore, pairwise com-
parisons of genetic differentiation were significant for
most pairs (Table 6). At the genotypic level, the exact
test of genetic differentiation (G), implemented in GE-
NEPOP, showed high genotypic differentiation among C.
aestuarii populations based on the examined loci (y2 =
oo, ddl = 10, P < 0.001). The 1-level AMOVA test also
confirmed the hypothesis of a partitioning of genetic
variation among populations (< = 0.018, ddl = 239, P
< 0.001; Table 3). A significant relationship was found
between genetic and geographic distances (r = 0,544, P =
0,001) by means of a Mantel Test, supporting an isolation
by distance hypothesis to explain population separation.
The significant pairwise F values are shown in Table 6;
they concern mainly comparisons between Western and
Eastern Mediterranean populations. Population genetic
structure, within the analyzed data, was examined by
means of 2-level AMOVA, grouping specimens accord-
ing to their geographic origin and testing for partitioning
of genetic variance under the biogeographic hypothesis

1.00
0.80
0.60
0.40

0.20
0.00

of a separation between the Western Mediterranean and
Eastern Mediterranean. Our results showed significant
genetic subdivision across the Siculo-Tunisian Strait
(F.; = 0.005, P < 0.05; Table 3). When contrasting the
Venice Lagoon population (considered as a particular
group of the Adriatic Sea) with those belonging to the
Western and Eastern African Mediterranean, the differ-
entiation pattern was more pronounced (£, = 0.008, P
< 0.01; Table 3). Similarly to the findings with mtDNA,
genetic structure, based on microsatellite data and testing
only the separation between both African Mediterranean
groups (Western vs. Eastern African Mediterranean), was
found to be highly significant (2-level AMOVA: F . =
0.100, P <0.001; Table 3).

Population genetic structure was also revealed based
on genotypic assignment. The Bayesian inference, imple-
mented in STRUCURE, allowed identifying two divergent
genetic clades within the analyzed twelve populations of
C. aestuarii. The number of possible groups (K = 2) corre-
sponded to the highest value of log probability of data (Ln P
(D) =-3676.6) and was confirmed by the method proposed
by Evano et al. (2005), showing a clear peak at K = 2. The
first clade was composed of the populations of Tabarka, Bi-
zerte, Sidi Rais, Kelibia, Benikhiar, Monastir and Chebba,
whereas the second clade included those of Sfax, Djerba,

Clade 1 (Tabarka, Bizerte, Sidi Rais, Kelibia, Benikhiar, Monastir, Chebba) Clade 2 (Sfax, Djerba, Tripoli, Mosrata, Venice Lagoon)

(b)

Group 1 (Tabarka,
Bizerte, Sidi Rais)

Group 2 (Kelibia, Benikhiar, Monastir,
Chebba)

Group 3 (Sfax, Djerba, Tripoli,
Mosrata)

Group 4
(Venice Laggon)

Fig. 5: Population structure of Carcinus aestuarii using the Bayesian approach, implemented in STRUCTURE (a) and BAPS (b),
to identify clusters of genetically similar populations based on nuclear microsatellite data.
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Table 6. Pairwise comparisons of genetic differentiation estimated from the %2 of the Fisher exact test (above the diagonal) and
the F . values (below the diagonal). Significant ¥2 and F, differentiation values between populations of Carcinus aestuarii are

indicated in bold (P < 0.05).

Western Mediterranean

Eastern Mediterranean

Tabarka Bizerte S“!' Kelibia Be.nlkh- MO.- Chebba Sfax Djerba Tripoli Mosrata Venice
Rais iar nastir

Tabarka * 17.690 24.057 11.149 15344 10.284 21.140 42.803 26.773 34.755 18.795 47.025
Bizerte 0.019 * 18.267 17.243  13.023 8.654 14.770  21.660 26.669 28.361 15.267 43.121
Sidi Rais 0.015 0.012 * 21.426 15915  26.100 22.367 27.182 30.215 31.534 23.863 29.254
Kelibia 0.000 0.000  0.009 * 13.423 9.991 5433  26.801 25.005 16.354 28.520 34.889
Benikhiar  0.008 0.006  0.008 -0.001 * 5.429 9.948  23.691 18.050 26.916 24.754 28.041
Monastir 0.006 -0.001  0.021  -0.005 -0.010 * 5.056  20.342 12451 28.198 18.154  32.466
Chebba 0.033 0.010  0.030 -0.008  0.004 -0.005 * 23.351 18.262 18.806 15.359  23.648
Sfax 0.038 0.014  0.025 0.014 0.013 0.014 0.017 * 19.573 26.190 17.800 27.440
Djerba 0.037 0.030  0.039  0.020 0.011 0.003 0.018 0.019 * 29.614  23.827 35.899
Tripoli 0.039 0.020  0.033 0.005 0.023 0.025 0.022 0.025  0.024 * 23.563 27.916
Mosrata 0.013 0.006  0.016  0.018 0.018 0.015 0.022 0.005  0.032  0.026 * 42.949

Venice 0.057 0.039  0.033 0.025 0.019 0.026 0.019 0.033  0.029  0.021 0.048 *

Tripoli, Mosrata and Venice Lagoon (Fig. 5a). Bayesian
analysis of population structure inferred from BAPS was
more efficient than STRUCTURE in detecting the number
of possible genetic groups: BAPS analysis allowed identify-
ing four groups of genetically similar populations (K = 4;
group 1: Tabarka, Bizerte, Sidi Rais; group 2: Kelibia, Be-
nikhiar, Monastir, Chebba; group 3: Sfax, Djerba, Tripoli,
Mosrata; group 4: Venice Lagoon; Fig. 5b), corresponding
to the highest log marginal likelihood of the data (log (ml
=-3319)) and reflecting a clear subdivision within the two
clades obtained by STRUCTURE. AMOVA, based on ge-
notypic grouping, inferred from STRUCTURE and BAPS
analyses, also yielded significant allelic structure (AMO-
VA-based on STRUCTURE grouping: F.. = 0.006, P <
0.01; AMOVA-based on BAPS grouping: F.. = 0.010, P
< 0.001). It should be pointed out that the results inferred
from the BAPS analysis showed an intermediate geograph-
ic group (group 2) between the two divergent groups of
the Western (group 1) and Eastern African Mediterranean
(group 3), which may suggest a possible existence of con-
tact zone across the African Mediterranean coast. The result
of genotypic assignment, yielded by the GENECLASS soft-
ware, showed that 23.30 % of the individuals were correctly
attributed (with a quality index of 14.11 %) to the popula-

tions from which they were sampled. GENECLASS also
revealed that eleven individuals (P < 0.01) were potential
first generation migrants.

Gene flow analysis within C. aestuarii was based on
the outcome of genetic structure, focusing mainly on the
two African Mediterranean population groups. The sta-
tistical approach, implemented in MIGRATE software,
recorded an important and asymmetric gene flow be-
tween populations of the Western African Mediterranean
(group 1: Tabarka, Bizerte, Sidi Rais, Kelibia, Benikhiar)
and those of the Eastern African Mediterranean (group 2:
Monastir, Chebba, Sfax, Djerba, Tripoli, Mosrata). Gene
flow from the first group of populations towards the sec-
ond group was much more pronounced than the opposite
flow (Table 7).

Discussion

The results of this study reveal a non-random dis-
tribution of genetic variation in C. aestuarii along the
central part of the African Mediterranean coast. Based
on sequences of the mitochondrial DNA gene COI and
nuclear microsatellite data, F-statistics and AMOVA

Table 7. Gene flow analysis in African Mediterranean Carcinus aestuarii, based on the analysis of microsatellite loci. (@: effec-
tive size of the population; M: migration rate; group 1: Tabarka, Bizerte, Sidi Rais, Kelibia, Benikhiar; group 2: Monastir, Chebba,

Sfax, Djerba, Tripoli, Mosrata).

Allloci  Bayesian Analysis : posterior Acceptance ratios for all MCMC-Autocorrelation and effective
distribution parameters and the genealogies MCMC sample size
Autocorrelation Effective sample size
o1 0.097 0.492 0.348 14107.620
02 0.098 0.558 0.489 10573.590
M2-->1 14.293 0.382 0.411 10980.190
M1-->2 24.471 0.696 0.616 6621.910
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analyses showed a marked genetic structure among Afri-
can Mediterranean populations of C. aestuarii, allowing
the identification of two distinct genetic groups and re-
vealing further genetic distinction between both African
Mediterranean coastal stretches and the northern Adriatic
Sea.

The findings of this investigation are in line with
the geographic separation of the Western and Eastern
Mediterranean basins, previously described by Marino
et al. (2011) and Ragionieri & Schubart (2013) for the
European Mediterranean populations of C. aestuarii,
and supports the recent results of Deli et al. (2015) that
reveal such a differentiation along the Tunisian coast.
While these latter investigations and part of our work fo-
cus mainly on mtDNA data, our study provides further
evidence of nuclear divergence in C. aestuarii across
the transition zone of the Siculo-Tunisian Strait. Several
biotic and abiotic factors potentially leading to genetic
differentiation between geographically close popula-
tions have been suggested and broadly discussed (Kyle
& Boulding, 2000; Selkoe et al., 2008; 2010; Schunter
et al., 2011), but their role and respective contributions
require further empirical clarifications and support. For
instance, we can hypothesize that the genetic differentia-
tion among C. aestuarii populations could be the result
of regional adaptation to specific abiotic features, such
as temperature and salinity. It is known that the Eastern
Mediterranean Basin is warmer and more saline than the
Western Basin: average water temperatures range be-
tween 16 and 29°C, with an average salinity of 39 ppt, as
opposed to lower temperatures (12-23°C) and a salinity
of 36 ppt in the Western Basin (Serena, 2005).

The genetic distinctiveness of the Lagoon of Venice,
noted in our study and in a previous investigation by Ra-
gionieri & Schubart (2013), may also suggest the impact
of abiotic features in promoting genetic differentiation,
given that the Adriatic Sea has its own characteristics of
salinity, temperature, and depth (Maggio er al., 2009).
The impact of abiotic features in promoting genetic dif-
ferentiation has been investigated recently by Jorde et al.
(2015) who correlated the spatial genetic patterns in the
northern shrimp Pandalus borealis throughout its North
Atlantic distribution zone with geographic distances,
patterns of larval drift obtained through oceanographic
modelling, and temperature differences, within a mul-
tiple linear regression framework. The authors found that
bottom temperature differences explained the most mul-
tiple genetically distinct groups of the investigated spe-
cies, indicating a major role played by local adaptation to
temperature conditions in promoting evolutionary diver-
sification and speciation in the marine environment. We
also think that biotic factors linked to reproduction and
recruitment events might have triggered genetic differen-
tiation among the studied green crab populations. Simi-
larly, Marino et al. (2010) argued that selective forces
acting during recruitment must have given rise to genetic
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differentiation among local C. aestuarii in the Venitian
Lagoon.

Alternatively, historical processes, known to be in-
volved in shaping Mediterranean marine diversity (i.e.
the climate fluctuations of the Pleistocene period; see
Patarnello et al., 2007), may have triggered such a pat-
tern of divergence in C. aestuarii. Phylogenetic relation-
ships between haplotypes, inferred from the statistical
parsimony procedure, as well as PERMUT calculations
of both levels of population subdivision (N, and G,),
confirmed the geographic portioning of genetic variation
and revealed a significant relationship between phylog-
eny and the geographical distribution of haplotypes. In
this phylogeographical pattern, we distinguished two
haplogroups, separated by at least 16 mutational steps,
indicating a relatively old separation along the study area
and suggesting that both mitochondrial clades had been
sendered by long-term biogeographic barriers, and their
differentiation was probably maintained by restricted his-
torical gene flow. Our dating procedures, based on the use
of different molecular clock models and rates, placed the
divergence between the two haplogroups of C. aestuarii
at 1.91 Myr to 0.69 Myr. This range of divergence time
estimation corresponds to the Early Pleistocene (1.8 to
about 0.781 Myr; Riccardi, 2009). This period was char-
acterized by strong climate changes and fluctuations in
the water level of the Mediterranean Sea (including spo-
radic isolation from the Atlantic Ocean). These environ-
mental changes may have profoundly affected the genet-
ic structure of the populations of several marine species
(see Hewitt, 2000; Patarnello et al., 2007). On the other
hand, the contemporary geographic concentration of the
second haplogroup (Type II) in Eastern Mediterranean
locations (Monastir, Chebba, Sfax, Djerba, Tripoli, Mos-
rata) might not only reflect the impact of historical events
in the region, but rather hint at the influence of a number
of abiotic factors such as the thermo-haline circulation
system and other physical factors, such as winter surface
isotherms that could play an important role in shaping
the current species distribution in the Mediterranean Sea
(Bianchi & Morri, 2000; Bianchi, 2007).

Demographic history reconstruction, based on the
main phylogeographic signal detected in our study, yield-
ed different patterns of demographic history among both
African Mediterranean groups. Mismatch distribution
analyses recorded a unimodal distribution obtained for
the Western African Mediterranean versus a multimodal
distribution characterizing the Eastern African group. We
could attribute this difference of distribution patterns to
the genetic composition of each examined group of pop-
ulations given that the Western African Mediterranean is
characterized mainly by Type I while the Eastern Afri-
can Mediterranean harbours both differentiated types, |
and II, and is thought to be the stronghold of second-
ary contact between them. Ray er al. (2003) stated that
multimodal distribution usually characterizes differenti-
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ated populations or populations influenced by migration.
Multimodal mismatch distribution may also correspond
to demographic growth associated with a subsequent bot-
tleneck (Ray et al., 2003). While both African Mediter-
ranean groups have undergone demographic expansion,
as clearly revealed by the combined statistical analyses
of mismatch distribution and Bayesian Skyline plots,
only the Western group experienced spatial expansion.
BSP analyses dated time since expansion for both Af-
rican Mediterranean regions approximately to the Last
Glacial Maximum. During this period, the Mediterranean
Sea experienced a dramatic sea-level fluctuation and cold
conditions (Waelbroeck et al., 2002; Patarnello et al.,
2007). Immediately after the LGM, drastic alterations
took place in the Mediterranean Sea, including the rising
of the sea level, which might have contributed to the re-
colonization of different areas in the Mediterranean, i.e.
the Adriatic Sea, which flooded 18,000 years ago (Thie-
de, 1978). Notably, the increase of effective size being
much more pronounced in the Eastern group together
with the recent time since demographic expansion, sug-
gest recent colonization of the Eastern African Mediter-
ranean, probably originating from refugia present in the
Eastern Mediterranean, such as the Sea of Marmara (Pei-
jnenburg et al., 2004). Marino et al. (2011) hypothesized
that Eastern Mediterranean populations of C. aestuarii,
probably originated from the adjacent lonian Sea, could
have colonized the Adriatic Sea sometime during the last
18,000 years. In addition, the unimodal distribution and
L-shaped BSP trend observed for the Western African
Mediterranean strongly suggest a post-glacial spatial ex-
pansion event (Crandall et al., 2012). The different effects
of Pleistocene glacial cycles on habitat availability may
explain the observed differences in demographic tenden-
cies (Kousteni et al., 2014). Hence, the different patterns
of demographic history among the different studied Afri-
can Mediterranean regions suggest that genetic structure
could also be affected by population history (Palumbi,
1994; Patarnello et al., 2007).

In general, the particular pattern of genetic diver-
gence among Eastern and Western African Mediterranean
populations of C. aestuarii, detected by 2-level AMOVA
at the mitochondrial level, is consistent with that inferred
from microsatellite analyses (AMOVA, STRUCTURE
and BAPS). This phylogeographical pattern, verified by
both mitochondrial and nuclear markers, is interestingly
in congruence with previous morphometric investiga-
tions of green crab populations from the same region,
which showed strong morphometric differentiation be-
tween Eastern and Western Mediterranean populations
(Deli et al., 2014). The concordance of genetic and phe-
notypic characters in defining two distinct groups of C.
aestuarii suggests geographic separation, triggered by di-
vergent selection pressures between alternative environ-
ments, and may hint at a possible signature of historical
events that took place in the study region and might have
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shaped the genetic structure of many marine species,
such as fishes (Bahri-Sfar et al., 2000; Mejri et al., 2009;
Kaoueche ef al., 2011), molluscs (Gharbi et al., 2011),
and shrimps (Zitari-Chatti et al., 2008; 2009). The strik-
ing similarity of biogeographic patterns reinforces the
idea that these Mediterranean species were probably fac-
ing the same historical events and strongly suggests vi-
cariance events during Pleistocene glacial episodes char-
acterized by strong climate fluctuations (Thiede, 1978).

Indeed, the Pleistocene was characterized by a suc-
cession of abrupt climate changes, involving alternat-
ing glacial and interglacial periods (Lisiecki & Raymo,
2007). In the Mediterranean Sea, temperature and sea
level fluctuations led to the fragmentation of the distribu-
tion range of marine species on either side of the Sicu-
lo-Tunisian Strait (Thiede, 1978; Pielou, 1979; Nilsson,
1983; Peres, 1985). It should be noted that during the last
glacial maximum, the Eastern Basin was warmer than the
Western Basin, with a temperature difference of about
10°C between the basins according to Thiede (1978),
and this temperature gradient is preserved until present
(Mojetta & Ghisotti, 1996). It is therefore quite possible
that the ancient separation between the populations of the
two Mediterranean basins allowed the accumulation of
significant variations over time, thus offering the oppor-
tunity to diverge during the last two million years. This
divergence is currently maintained by a restricted con-
temporary gene flow across the Siculo-Tunisian Strait,
as revealed by the nuclear microsatellite analysis. In this
context, the pattern of nuclear differentiation could be at-
tributed to the pattern of sea surface currents across the
study region. Contemporary water circulation along the
North African littoral is characterized by a unidirectional
surface current called ‘the Algerian current’ originat-
ing from the Atlantic, which moves eastwards along the
North African coast and only leaves the coastal zone op-
posite the north coast of Tunisia (around Kelibia), close
to the border of the Eastern Mediterranean Basin (see
main surface currents in Fig. 1). There is no local surface
current in the opposite direction, and the Eastern Medi-
terranean Basin is characterized by very weak circulation
(Pinardi & Masetti, 2000). Therefore, larvae (as the main
dispersal stage) drifting in the surface water layers would
move along the northern Tunisian coast and homogenize
populations there, but could not reach the south-eastern
populations. Water currents would probably transport
C. aestuarii larvae away from the eastern Tunisian and
Libyan populations to locations farther northeast in the
Mediterranean and may lead to reduced connectivity
along the African coastline.

Despite the significant genetic structure of the Medi-
terranean green crab C. aestuarii, recorded between the
two basins of the Mediterranean, the distribution pattern
of the two haplogroups along the African Mediterranean
coast showed haplotype mixing in the Eastern Mediter-
ranean (types I and II). As already invoked by Ragionieri
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& Schubart (2013), such results indicate that the Western
Mediterranean Basin might have played a crucial role as
a source of genetic variability for the Eastern Basin, at
least during the recent past. Therefore, the remarkable co-
existence of the two types in Eastern African Mediterra-
nean populations highlights the possibility of secondary
contact between already differentiated genetic groups.
This result seems to be consolidated by the nuclear data,
inferred from the Bayesian analysis of genetic structure
(BAPS), showing an intermediate geographic group
(group 2) between the two divergent groups of the West-
ern (group 1) and Eastern African Mediterranean (group
3). Although this hypothetical contact area, thought to
be located at the Siculo-Tunisian Strait, still needs to be
verified, the asymmetric gene flow (from the Western to
the Eastern African Mediterranean), as inferred by the re-
sults of the MIGRATE analysis, reinforces the previously
mentioned results and supports the hypothesis of a sec-
ondary contact between two historically isolated groups.
In addition, the reported asymmetric gene flow (in a
west-east direction) confirms this phenomenon in C. aes-
tuarii, as already highlighted based on mtDNA analysis
by Ragionieri & Schubart (2013). This is in agreement
with the main circulation systems of the study region.

In summary, the overall results allow us to advance
the following hypothesis: During periods of Early Pleis-
tocene glaciations, regressing sea levels limited the bi-
otic exchange across the Siculo-Tunisian Strait. The
Eastern Basin was more influenced by these environ-
mental changes and experienced more or less important
desiccation episodes in different parts (Meijer & Krijgs-
man, 2005). Thus, being separated from the rest of the
Mediterranean, an endemic fauna of the Eastern Medi-
terranean may have originated and evolved a particular
and different genetic composition. In this context, hap-
logroup Type II may correspond to an eastern Mediter-
ranean endemic isolate, originating from climate oscilla-
tions during the Pleistocene. Several biological and geo-
logical pieces of evidence support the existence of refuge
zones or isolates in the Eastern Mediterranean (Pielou,
1979; Peres, 1985). Subsequently, the secondary contact
between populations of the two basins might have been
promoted through recolonization episodes, mediated
mainly by the rise in sea level. In a study focused on the
genetic structure of Posidonia oceanica in the Mediterra-
nean, Arnaud-Haond et al. (2007) showed the existence
of significant nuclear divergence between the two basins
of the Mediterranean, with the remarkable existence of
a relatively high allelic richness in the Siculo-Tunisian
Strait region (considered a secondary contact zone).
These authors also hypothesized a vicariant phenomenon
in this species followed by secondary contact.

Finally, the haplotypic composition found so far in
C. aestuarii along different parts of its distribution range
(European and African Mediterranean) suggests a com-
plex evolutionary history of the species and invokes the
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existence of a vicariant event across the Siculo-Tunisian
Strait, as shown by mitochondrial and nuclear markers.
These insights are very important and suggest that the
green crab consists of several genetic stocks in the Medi-
terranean Sea. Further genetic investigations, stretching
to more distant locations in the Eastern Mediterranean,
are required to characterize and delineate these evolu-
tionary units in more detail.
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