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Connectivity between populations shapes the genetic structure of species being crucial
for an effective management of environmental resources. Genetic approaches can
provide indirect measures of connectivity, allowing the identification of genetically
differentiated — unconnected — populations. In this study, we applied a 2b-RAD approach
based on hundreds of polymorphic loci to provide the first detailed insight into the
population genomics of the Mediterranean mussel Mytilus galloprovincialis in part of
its native geographical range. We sampled 19 localities within the Mediterranean and
Black Seas, and analyzed a total of 478 samples. We detected strong differences
between the two seas, whereas no differences were found between samples from
the Western and Central Mediterranean and within Western Mediterranean samples.
In the Central Mediterranean a significant differentiation emerged comparing Central
Adriatic samples with those from South Adriatic and lonian Seas. Furthermore, an
East-to-West genetic structuring was found in the Central Adriatic Sea, which was not
present in the Southern Adriatic and lonian Seas. These results possibly reflect the local
oceanography, with a Middle Adriatic gyre unable to prevent genetic differentiation in
this species, and a Southern Adriatic gyre that effectively mixes propagules in Southern
areas. In the Black Sea, no signal of genetic structure was found, although samples were
spaced at similar distances as in the Adriatic-lonian area. Genetic connectivity patterns
of M. galloprovincialis reveal peculiar species-specific features respect to other species
with similar larval duration, suggesting caution in using genetic connectivity data of single
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species in defining conservation units. We recommend of using genetic connectivity
data of many species representing a variety of life history traits, and we call for new
investigations using high resolution population genomics, particularly in the Black Sea, to
understand if areas separated by hundreds of kilometers can be considered genetically
connected as mussels’ data suggest. This information will be critical to ensure “a well-
connected system of protected areas” according to Aichi Target 11 of the Convention

on Biological Diversity.

Keywords: connectivity, mussel, population genomics, 2b-RAD, SNP markers, Mediterranean, Black Sea

INTRODUCTION

Understanding the distribution of genetic variability is a keystone
for environmental resources management and conservation
biology of marine species (Moritz, 1994; Palumbi, 2003; Cowen
et al, 2006). Population connectivity plays a crucial role
in local and metapopulation dynamics, genetic structure and
population resiliency, e.g., in response to human exploitation
(Hastings and Harrison, 1994; Cowen et al., 2007; Weersing and
Toonen, 2009; Puckett et al., 2014). Most marine species release
planktonic larvae which disperse over days up to months with
the currents and thereby constitute the primary source of the
dispersal capacity (Mileikovsky, 1971; Ward et al., 1994; Gilg and
Hilbish, 2003). Direct labeling and tracking of larvae is rarely a
possibility (Levin, 1990; but see Becker et al., 2007), so genetic
data are widely used for the indirect inference of population
connectivity (Hellberg et al., 2002; Thorrold et al., 2002; Palumbi,
2003; Broquet and Petit, 2009; Cowen and Sponaugle, 2009;
Lowe and Allendorf, 2010).

The FP7 CoCoNET European project aimed at an in-depth
analysis of connectivity among present and future Marine
Protected Areas (MPAs) in the Mediterranean and Black Seas to
instruct the placement of future networks of MPAs (Boero et al.,
2016). A major task was the exploration of the population genetic
structure of species from different taxonomic and functional
groups having different ecological roles and dispersal modes.
Specific traits related to the biology of each species, e.g.,
pelagic larval duration (PLD), reproductive timing, behavioral
traits can determine recruitment success and result in different
connectivity outcomes (Boissin et al., 2016; Jahnke et al., 2016,
2017; Carreras et al., 2017; Paterno et al., 2017; Boscari et al,,
2019). Multispecies genetic analysis is needed to obtain a
“collection of networks of genetic variation of all species within
a community” (Fortuna et al., 2009).

Mussels of the genus Mytilus occur worldwide in all oceans
and major seas in both northern and southern hemispheres
(Gerard et al., 2008; Kijewski et al., 2011; Zbawicka et al,
2012) showing a wide distribution range. Specifically, in Europe,
the presence of 3 distinct Mytilus species (M. galloprovincialis;
M. edulis Linnaeus, 1758; M. trossulus Gould, 1850) and 2
hybrids (M. edulis/ M. trossulus and M. edulis/ M. galloprovicialis)
has been traditionally reported (McDonald et al, 1991;
Rawson et al., 1996).

The Mediterranean mussel Mytilus galloprovincialis (Lamarck,
1819) was selected in the project CoCoNET as model organism

for species with a strong dispersal potential to typify patterns of
genetic structure expected within scenarios of high connectivity.
M. galloprovincialis is a sessile filter-feeder with pelagic larvae
very common in both Mediterranean and Black Seas. The species
undergoes multiple spawning events per season (Da Ros et al.,
1985) with high fecundity per event. In addition, this mussel
has long-lived pelagic larvae (i.e., more than a month; Caceres-
Martinez and Figueras, 1998; Bierne et al., 2002) able to settle
onto rafts of natural and artificial substrates, thus to arrive at the
final recruitment sites even as postlarval stages (Miller et al., 2018;
see also Lane et al., 1985). This mussel is therefore considered a
species with an exceptionally high potential for dispersion over
time and space (Chicaro and Chicaro, 2000; Salinas-de-Leon
etal., 2012). The species is also economically important (Astorga,
2014) since largely utilized in aquaculture, where production is
based on natural recruitment, which can further increase genetic
mixing, at least at the spatial scale of spat collection. Being a
sessile filter-feeder, M. galloprovincialis also serves as bioindicator
of environmental conditions (Gosling, 1992).

Mytilus galloprovincialis originated in the Mediterranean Sea
around 2 million years ago (Daguin and Borsa, 2000) and, at
present, it occurs as a pure taxon in the latter and in the Black
Sea (Smietanka et al., 2004; Kijewski et al., 2011). Few studies
describe its genetic structuring along the coasts of Mediterranean
and Black Seas, and they are characterized by restricted numbers
of sampling sites, low within-site replication and by the molecular
markers used. High resolution, hypervariable nuclear markers
such as microsatellites are typically of low densities and of
difficult isolation in molluscs (Cruz et al., 2005; McInerney et al.,
2011) and the use of mitochondrial markers is complicated by
the doubly uniparental inheritance (DUI) of these organelles
in mussels (Skibinski et al., 1994; Zouros et al., 1994). To
overcome these limits, single nucleotide polymorphisms (SNPs)
have started to be developed as markers in Mytilus spp., and
they have been successfully used to differentiate species and
populations within taxa in native and non-native areas (Zbawicka
et al,, 2012, 2018; Gardner et al, 2016; Larrain et al., 2018;
Wilson et al., 2018).

Regardless of these findings, a consistent and reliable SNPs-
based population structure of M. galloprovincialis across its native
range is still missing. A restricted gene flow was found for this
species throughout the Atlantic, Mediterranean and Black Seas
(the native range), by using allozyme loci, mtDNA and RFLPs
(Quesada et al., 1995; Sanjuan et al., 1996, 1997, Ladoukakis et al.,
2002). At a finer geographical scale including only the Aegean Sea
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and the Central-Eastern Mediterranean Sea, genetic homogeneity
was found in contrast to an evident genetic heterogeneity within
the Adriatic-Ionian basins (microsatellites, mtDNA F and M;
Ladoukakis et al., 2002; Giantsis et al., 2014a,b). Genetic data
about this species are still scarce in the Adriatic region because of
the restricted number of locations considered (up to 3; Giantsis
et al.,, 2014a,b), while in the Black Sea the genetic diversity of
M. galloprovincialis is essentially unknown.

The Next Generation Sequencing (NGS) population genomics
approach applied in the present study is based on hundreds
of polymorphic loci and takes advantage of the wide scale
sampling design within the CoCoNET network, with analyses
on 8 localities in the Central Mediterranean (Adriatic-Ionian
basins), 2 in the Western Mediterranean and 9 in the Black Sea,
providing the first insight into the M. galloprovincialis population
genomics across a substantial part of its native distribution range.
We used the RADseq 2b-RAD protocol (Wang et al., 2012) for the
isolation and genotyping of SNPs with a genome-wide coverage.

Specifically, through a big effort of samples collection across
both Mediterranean and Black basins, the present study aims to:
(1) provide the overall genetic structure of M. galloprovincialis at
the large scale (i.e., Mediterranean and Black Seas); (2) investigate
the presence of genetic differentiation at a smaller scale within
basins (i.e., Central Mediterranean and Black Seas); (3) compare
our findings to those obtained for other species investigated in
the same CoCoNET project. We anticipate that the outcomes
provide useful insights for the conservation management and in
particular for the design of connected MPAs, within the target
areas, but potentially exportable to other geographic regions.

MATERIALS AND METHODS

Sampling and Genomic DNA Extraction
Totally, 478 individuals of M. galloprovincialis were collected
from 2013 to 2014 in the Mediterranean and Black Seas at 19
sampling locations (9 sites in the Black Sea, 8 sites in the Central
Mediterranean, i.e., Adriatic and Ionian Seas), and 2 sites in
the Western Mediterranean Sea (see Table 1 and Figure 1 for
details). At each location, the shell of each sample was opened,
the body removed and preserved in absolute ethanol until the
genomic DNA (gDNA) extraction from gills (Eurogold Tissue
DNA mini kit, EuroClone). For all the samples, the quality of
extracted gDNA in terms of fragments size (1% agarose gel
electrophoresis), concentration and purity ratio (NanoDrop UV-
Vis spectrophotometer) was checked.

Construction and Next Generation

Sequencing of 2b-RAD Libraries

The concentration of high-quality RNA-free gDNA obtained
from M. galloprovincialis samples was optimized for the 2b-RAD
protocol (Wang et al., 2012) at about 250-400 ng for each
individual. All the collected samples (N = 478) were processed
following the 2b-RAD protocol steps described in Paterno et al.
(2017), except for (i) the ligation of adaptors with partially (not
fully) degenerated overhangs to the restriction fragments and
(ii) the 2b-RAD tags amplification for a smaller number of

cycles (14). Three pools (about 160 barcoded-samples each) were
assembled and the high-molecular weight fragments and primer-
dimers removed in two steps as in Paterno et al. (2017). The Next
Generation Sequencing (NGS) of each pool was performed on
Mlumina HiSeq platforms with a SR50 High Output mode by UC
Davis Genome Center (CA, United States) and Genomix4Life
S.r.l. (Baronissi, SA, Italy); the sequencing services performed
also the data demultiplexing and quality-filtering. In order to
increase the read depth and ensure an equal number of reads
for each sample, each pool was sequenced twice, adjusting
the relative volumes of barcoded-samples on the second run
(Paterno et al., 2017).

De novo Analysis: In silico Identification

of Loci and Genotyping

The quality of the raw demultiplexed and quality-filtered reads
was verified by using FASTQC 0.11.5'. Later, custom-made
Python™ scripts were used for trimming the adaptors and
filtering the reads for the presence of the IIB restriction enzyme
(CspCI) recognition site, producing trimmed high-quality reads
of uniform 32 bp-length.

STACKS 1.42 (Catchen et al., 2013) was used to carry out the
assembly of loci and the individual genotyping (denovo_map.pl
pipeline). Two technical replicates (one Mediterranean and one
Black Sea specimen) were included for the optimization of the
de novo assembly parameters in STACKS. Parameters were set as
follows: m = 15 (minimum stack depth per allele in a sample),
M = 4 (number of mismatches allowed between stacks to build
a locus in an individual), n = 4 (maximum distance between
loci from distinct individuals to be merged in the population
catalog), SNP bound = 0-0.1 (error rate to call SNP), alpha = 0.05
(significance level to call a heterozygote or homozygote).

The employment of SNPs as RAD-Seq markers in population
genomics typically implicates a certain level of missing data in
the dataset because not all the genotyped markers are shared
by all the samples (Chattopadhyay et al., 2014). This implies
the need to retain only those loci shared among a reasonable,
yet arbitrary, fraction of individuals for downstream analysis.
However, if the missing data are not evenly scattered among the
samples, a dataset of many individuals collected from distinct
areas could lose power in detecting a fine genetic differentiation
within areas because of the decrease of the number of shared
polymorphic markers usable for the analyses.

For this reason, we performed three independent STACKS
runs in order to achieve the best power of resolution according
to the geographical scale considered: the wide scale (the entire
study area) on one side, and the basin scale (Adriatic-Ionian
basins or Black Sea) on the other side. First, an overall catalog
of loci for the exploration of the global population structure of
the species throughout the entire study area was obtained by
running together all 478 samples (with two additional technical
replicates) from the 19 population samples. Later, the 207 samples
(plus one technical replicate) from the 8 Adriatic-Ionian sites and
the 232 samples (plus one technical replicate) from the 9 Black
Sea’s sites were run separately to obtain basin-specific datasets

'http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
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TABLE 1 | Sampling information about the 19 Mytilus galloprovincialis population samples collected from the Mediterranean and Black Seas.

Region Nation Name of sampling location Acronym Coordinates N - E Sampling Date N
lonian Sea Greece Corfu island OTH-A* 39°47.522" —19°54.211/ November 2013 28
lonian Sea Albania Karaburun Peninsula KAP 40°23.568 - 19°19.498' June 2013 18
Adriatic Sea Montenegro Boka Kotorska Bay BOK 42°23.252' - 18°34.178' June 2013 30
Adriatic Sea Croatia Kornati islands KOR 43°47.535' - 15°16.889' June 2013 25
Adriatic Sea [taly Tremiti islands TRE 42°08.315' — 15°31.437' June 2013 27
Adriatic Sea [taly Torre Guaceto TOG 40°42.999" — 17°48.003' May 2013 21
Adriatic-lonian Sea [taly Otranto OTR 40°06.554" — 18°31.153' May 2013 29
lonian Sea [taly Porto Cesareo POC 40°11.715' = 17°55.077' May 2013 29
Western Med. Sea Tunisia Haouaria TUN 37°03.026" — 10°58.020" October 2014 22
Western Med. Sea France Banyuls FRN 42°28.937" — 03°08.245' October 2014 17
Black Sea Ukraine Karadag KAR 44°54.370" - 35°15.330/ July 2013 29
Black Sea Ukraine Tharkhankut TAR 45°20.030" — 32°33.090" July 2013 19
Black Sea Romania Costinesti Monastery COs 43°55.534" — 28°38.442' July 2013 28
Black Sea Bulgaria Cape Kaliakra KAL 43°24.712' - 28°21.001" May 2013 28
Black Sea Bulgaria Ropotamo-Kiten ROK 42°11.706" — 27°50.163' June 2013 27
Black Sea Turkey Sile SIL 41°10.986" — 29°36.736" July 2013 30
Black Sea Turkey Sinop SIN 42°00.964" — 35°10.956' May 2013 22
Black Sea Georgia Batumi BAT 41°41.279 — 41°42.078' July 2013 26
Black Sea Russia Novorossiysk-Gelendzhik RUS 44°31.995" — 38°04.878' July 2013 23

For each population samples, we report: area, nation, sampling location, acronym, coordinates (with latitude, N, and longitude, E), date of collection and number of
samples (N). *Sampling site alternative to Othonoi Island, where the species was not found, following CoCoNET code.

< ‘ Western zJJ

Mediterranean Sea

TI:IS}

e—i/_Kéﬂﬂtﬂvgs

Black Sea

>

.

N | A

FIGURE 1 | Map of sampling sites of the 19 Mytilus galloprovincialis population samples in Mediterranean and Black Seas. See Table 1 for acronyms.

for the evaluation of the genetic structuring of the species at a
small spatial scale.

For each of the three STACKS runs, we selected a final dataset
consisting of all the polymorphic loci shared by at least 80% of
the individuals with up to 3 SNPs and 6 alleles. When more
than one SNP was found at a locus, only the SNP with the

highest expected heterozygosity across each dataset was retained
(Phillips, 2005). The threshold of missing loci per individual was
set to 30%. Since the parameter m (minimum read depth for
allele) was set to 15, no additional filter for sequencing depth was
applied (Paterno et al., 2017). At the end, we obtained 3 distinct
datasets (i.e., the overall dataset, the Adriatic-Ionian dataset, and
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the Black Sea one). The package Populations in STACKS was used
to generate input file in GENEPOP format, and later CREATE
(Coombs et al., 2008) and PGDSPIDER 2.1.0.3 (Lischer and
Excoffier, 2012) were used for the conversion in several formats
for genetic analyses.

Statistical Power of the Basin-Specific
Datasets

The statistical power to detect true levels of genetic differentiation
was evaluated and compared for the Adriatic-lonian and
Black Sea’s datasets by the simulation method of Ryman and
Palm (2006) implemented in POWSIM 4.1 (SNPs executable
Powsim_b). POWSIM simulates sampling from populations at
various levels of expected divergence under a classical Wright-
Fisher model without migration or mutation. Simulations were
run using default parameter values for dememorizations (1000),
batches (100), and iterations per batch (1000) for a scenario
involving 8 and 9 subpopulations, respectively, using a range of
effective population size (N, = 1000-10,000) and of generations
of drift (+ = 10-100). The statistical power to detect an
expected divergence as small as Fsy = 0.005 was estimated
after 200 replicates as the proportion of statistically significant
test (P < 0.05).

Population Genomics

The genetic variability within population samples, population
structure and genetic differentiation were evaluated separately
for the three datasets (overall, Adriatic-Ionian, Black Sea). The
observed heterozygosity (H,), unbiased expected heterozygosity
(H,) and the inbreeding coefficient (Fis) of each population
sample were assessed on the polymorphic loci (GENETIX 4.05.2;
Belkhir et al., 2000); the allelic richness (Ar) was calculated on
the smallest population sample size of each dataset (HP-RARE;
Kalinowski, 2005). Non-hierarchical and hierarchical analysis
of molecular variance (AMOVA; Excoffier et al., 1992) as well
as the pairwise genetic distances between population samples
(Fst) were calculated (ARLEQUIN 3.5; Excoffier and Lischer,
2010); due to the presence of missing data, the locus by locus
option was set. Benjamini and Hochberg (1995) correction for
multiple tests was applied for adjusting the significance level in
multiple comparisons. The Discriminant Analysis of Principal
Components (DAPC; ADEGENET for R, Jombart, 2008) was
used (1) to find the best number of clusters of genetically related
individuals (based on the Bayesian Information Criterion, BIC)
without the reference of the original populations and (2) for the
visual assessment of the between-population differentiation of the
original population samples. Bayesian clustering (STRUCTURE
2.3.4; Pritchard et al., 2000) was also performed to infer the most
likely genetic clusters. After some trials, a burn-in of 100,000
followed by one million steps, K = 1-8 (depending on the
datasets) and 5 iterations per each K value was set; sampling
locations as prior (model LOCPRIOR, Hubisz et al., 2009) was
used; admixture model and correlated allelic frequencies were
assumed. The most probable number of clusters was identified
based on delta K (STRUCTURE HARVESTER online; Earl and
VonHoldt, 2012).

Detection of Loci Under Selection
(Outliers)

For the identification of putative loci under directional selection,
two neutrality tests were employed. The first test is the Bayesian
method implemented in BAYESCAN 2.01 (Foll and Gaggiotti,
2008), and the second one is the Fsr-outlier method implemented
in LOSITAN (Antao et al., 2008). Both software were run
separately with the three datasets. LOSITAN parameters were
set as follows: 1 million simulations under neutral mean Fgr,
confidence interval of 0.95% and a false discovery rate (FDR) of
0.01; the infinite allele model was applied. For each run, three
replicates were performed. BAYESCAN parameters were: burn
in = 50,000; thinning interval = 30; sample size = 5000; numbers
of pilot runs = 50; length of pilot runs = 5000 and the same
false discovery rate (FDR) threshold set in LOSITAN (0.01).
The loci detected by both methods were considered outliers
under selection.

RESULTS

Sequencing Results, Filtering and

Selection of Loci for Genetic Analysis

For all the collected samples (N = 478), high-quality RNA-free
gDNA was successfully extracted from the gills. The Illumina
sequencing of the three 2b-RAD pools (N = 480; 2 technical
replicates included) produced 1,032,760,048 de-multiplexed and
quality-filtered reads (mean quality score per base > 37) and
more than 92% was retained after trimming and filtering
for CspCI restriction site (about 1,990,000 reads for each
sample). The three independent STACKS runs identified 113,494,
77,459, and 83,000 2b-RAD tags considering, respectively, all
the 19 population samples, the 8 Adriatic-Ionian ones alone,
or the 9 Black Seas collections; about the 33% of loci were
polymorphic in all 3 runs.

After filtering and the exclusion of the two technical replicates
and of those individuals showing more than 30% of missing loci,
we obtained three datasets as follows: (1) the overall dataset:
461 individuals, 512 polymorphic loci; (2) the Adriatic-Ionian
dataset: 201 individuals, 811 polymorphic loci; and (3) the Black
Sea’s dataset: 228 individuals, 998 polymorphic loci.

Genetic Analyses

Statistical Power of the Basin-Specific Datasets

The 200 simulations performed by POWSIM showed that
the population sample size, number of loci and their allele
frequencies have enough statistical power to detect Fsr values
as small as 0.005 with a power approaching 100% under all the
tested conditions of effective population sizes and number of
generations of drift.

Genetic Variability

For the three datasets, similar values were obtained among the
population samples for H,, unbiased H, and Ag, confirmed
by one-way ANOVA detecting no significant differences among
samples (P > 0.05; Supplementary Tables S1-S3). A generalized
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heterozygote deficit was detected, as evident from the positive
values obtained for the inbreeding coefficients (Fis) in all
the populations (Supplementary Tables S1-S3). Locus-by-locus
analysis showed that the distribution of Fis values is skewed
toward positive values, though the majority of the loci show
Fis values very close to 0 and few of them negative values
(Supplementary Figures S1-S3).

Genetic Structure at the Large Scale

The non-hierarchical AMOVA carried out on the 19 population
samples (the overall dataset, 512 polymorphic loci) provided
a clear indication of genetic structuring at the large spatial
scale, with a statistically significant global multilocus Fgr
(Fst = 0.03243, P < 0.0001). Considering the 171 pairwise
Fsr (Table 2), all 90 comparisons involving a location from
the Mediterranean Sea and a location from the Black Sea
were statistically significant after correction for multiple tests
(Fst range = 0.04208-0.08079; P < 0.0001), indicating a
clear genetic differentiation between the 2 seas. In addition,
among Mediterranean samples 14 comparisons out of 45 were
significant after multitest correction (Fsy range = 0.00809-
0.02075; P < 0.05); in this case, pairwise differences were mainly
due to the deviation of the sample from Montenegro (BOK,
9 significant comparisons). The North-Western (FRN) and the
South-Western (TUN) samples were not genetically different
despite the geographic distance, and they differed only weakly
from the Central Mediterranean ones (3 significant comparisons,
2 of them involving the BOK sample). No significant pairwise Fsr
was detected within the Black Sea.

Hierarchical AMOVA showed that the genetic variation of
the dataset can be best partitioned into 2 groups, one including
the 10 Mediterranean population samples, and the other one the
9 Black Sea’s population samples (Fcr = 0.05286, P < 0.0001),
maximizing the genetic variance between groups. Similarly, the
DAPC identified two genetic clusters as the optimal clustering
solution based on the lowest BIC (Figure 2A), with the 2
clusters corresponding to the Mediterranean Sea and the Black
Sea population samples (Figure 2B). Interestingly, the graphs
plotting the density of the inferred clusters and the original
populations on the single discriminant function described the
same trend (Figures 2C,D). The Bayesian clustering carried out
by STRUCTURE was consistent with the DAPC, in fact the most
probable number of clusters was identified for K = 2 with the
same groupings (Figure 3).

Genetic Structure at the Basin Scale

The lack of genetic structure of the Black Sea and the signal of
genetic differentiation in the Central Mediterranean found with
the overall dataset were confirmed by the more powerful basin-
specific datasets.

The non-hierarchical AMOVA conducted on Adriatic-Ionian
dataset (811 polymorphic loci, 8 population samples) pointed out
that most of the genetic variation (>99%) arose from the within-
populations level and only 0.69% from the among-populations
level, with, however, a statistically significant global Fgr
(P < 0.0001). A number of pairwise Fst values were statistically
significant after correction for multi-test (9/28; Table 3) and, once

TABLE 2 | Pairwise genetic distances (Fst) between all the 19 population samples based on the overall dataset of 512 polymorphic loci.

KOR TRE TOG OTR POC TUN FRN KAR TAR Ccos KAL ROK SIL SIN BAT RUS

BOK

OTH-A KAP

<0.0001
<0.0001
<0.0001
<0.0001

<0.0001
<0.0001
<0.0001
<0.0001

<0.0001
<0.0001
<0.0001
<0.0001

<0.0001
<0.0001
<0.0001

<0.0001
<0.0001
<0.0001
<0.0001

<0.0001
<0.0001
<0.0001
<0.0001

<0.0001
<0.0001
<0.0001
<0.0001

<0.0001
<0.0001
<0.0001
<0.0001

<0.0001
0.2244  <0.0001

0.1631

0.1260 0.2912

0.3554
0.0006

0.4441
0.1098

0.0363 0.3853

0.3317  0.0011

OTH-A

KAP

0.0326  0.2389
<0.0001

0.6835
0.0180
0.0191

0.0022 0.0141

0.00370

<0.0001

0.0112 <0.0001

0.0028 <0.0001

0.6951

0.0171

0.01052 0.01336

BOK
KOR

<0.0001

0.0088 <0.0001

0.0339 0.3798

0.0041

0.00739 0.01161 0.00816
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FIGURE 2 | Discriminant analysis of principal components (DAPC) for the overall dataset of 19 population samples from Mediterranean and Black Seas. (A) BIC
value. Graph of BIC values for increasing value of number of clusters (k). (B) Graphical table showing the number of original populations (ori) VS the number of
inferred clusters (inf) and the group sizes of each correspondence. Original populations legend: ori 1: Corfu Island, Greece (OTH-A); ori 2: Karaburun Peninsula,
Albania (KAP); ori 3: Boka Kotorska Bay, Montenegro (BOK); ori 4: Kornati islands, Croatia (KOR); ori 5: Tremiti islands, Italy (TRE); ori 6: Torre Guaceto, ltaly (TOG);
ori 7: Otranto, ltaly (OTR); ori 8: Porto Cesareo, Italy (POC); ori 9: Tunisia (TUN); ori 10: France (FRN); ori 11: Karadag MPA, Ukraine (KAR); ori 12: Tharkhankut,
Ukraine (TAR); ori 13: Costinesti Monastery, Romania (COS); ori 14: Cape Kaliakra, Bulgaria (KAL); ori 15: Ropotamo-Kiten, Bulgaria (ROK); ori 16: Sile, Turkey (SIL);
ori 17: Sinop, Turkey (SIN); ori 18: Batumi, Georgia (BAT); ori 19: Novorossiysk-Gelendzhik, Russia (RUS). (C) 2D scatterplot representing the density of the inferred
numbers of clusters (k = 2) on the single discriminant function. (D) 2D scatterplot representing density of the 19 original populations on the single discriminant

function.
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again, most of these comparisons (6/9) involved the Montenegro
sample (BOK); 2 significant values were obtained comparing
the Croatia sample (KOR) with the Tremiti islands (TRE)
and with Otranto (OTR), and the last significant value was

between TRE and OTR. Both the genetic clustering methods
found out a single cluster including all the population samples
(BIC values of the DAPC in Figure 4; STRUCTURE plot not
provided). Interestingly, a hierarchical AMOVA found the best
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FIGURE 3 | Bayesian clustering performed with STRUCTURE on the overall dataset of 19 population samples from Mediterranean and Black seas. Legend: 1: Corfu
Island, Greece (OTH-A); 2: Karaburun Peninsula, Albania (KAP); 3: Boka Kotorska Bay, Montenegro (BOK); 4: Kornati islands, Croatia (KOR); 5: Tremiti islands, Italy
(TRE); 6: Torre Guaceto, ltaly (TOG); 7: Otranto, Italy (OTR); 8: Porto Cesareo, Italy (POC); 9: Tunisia (TUN); 10: France (FRN); 11: Karadag MPA, Ukraine (KAR); 12:
Tharkhankut, Ukraine (TAR); 13: Costinesti Monastery, Romania (COS); 14: Cape Kaliakra, Bulgaria (KAL); 15: Ropotamo-Kiten, Bulgaria (ROK); 16: Sile, Turkey (SIL);
17: Sinop, Turkey (SIN); 18: Batumi, Georgia (BAT); 19: Novorossiysk-Gelendzhik, Russia (RUS).

TABLE 3 | Pairwise genetic distances (Fst) between the 8 Adriatic-lonian population samples based on Adriatic-lonian dataset (811 polymorphic loci).

OTH-A KAP BOK KOR TRE TOG OTR POC

OTH-A 0.3084 0.0023 0.2309 0.1383 0.4631 0.0497 0.0364
KAP 0.00419 0.0009 0.0296 0.5433 0.4056 0.1269 0.0375
BOK 0.00795 0.01133 0.1677 <0.0001 0.0140 <0.0001 <0.0001
KOR 0.00407 0.00878 0.00464 0.0001 0.7508 0.0105 0.0264
TRE 0.00440 0.00265 0.01154 0.01097 0.7715 0.0005 0.0181
TOG 0.00291 0.00422 0.00787 0.00138 0.00097 0.21056 0.3810
OTR 0.00609 0.00674 0.01252 0.00843 0.00960 0.00523 0.0863
POC 0.00579 0.00740 0.01443 0.00669 0.00655 0.00329 0.00535

Fsr indices and p-values are reported below and above the diagonal, respectively; significant indices in bold. Benjamini and Hochberg (1995) correction for multiple tests
was applied. See Table 1 for location acronyms.

TABLE 4 | Pairwise genetic distances (Fst) between the 9 population samples from the Black Sea based on the Black Sea’s dataset (998 polymorphic loci).

KAR TAR COs KAL ROK SIL SIN BAT RUS

KAR 0.5039 0.5200 0.9232 0.5624 0.8246 0.3893 0.2206 0.1632
TAR 0.00305 0.2894 0.51056 0.5045 0.8897 0.1232 0.2061 0.3549
COSs 0.00247 0.00450 0.5670 0.7575 0.4215 0.0930 0.7892 0.4902
KAL 0.00017 0.00318 0.0023 0.7817 0.7631 0.1285 0.7395 0.5749
ROK 0.00217 0.00318 0.00143 0.00118 0.9188 0.2941 0.1630 0.5437
SIL 0.00104 0.00087 0.00302 0.00147 0.00032 0.7063 0.8643 0.7254
SIN 0.00369 0.00698 0.00609 0.00555 0.00426 0.00225 0.4197 0.6066
BAT 0.00405 0.00536 0.00140 0.00158 0.00458 0.00096 0.00386 0.2842
RUS 0.00475 0.00441 0.00302 0.00243 0.00254 0.00185 0.00281 0.00411

Fsr indices and p-values are reported below and above the diagonal, respectively. Benjamini and Hochberg (1995) correction for multiple tests was applied. See Table 1
for location acronyms.

clustering solution for three groups: the first group with the
population sample from Tremiti islands (TRE) alone, the second

value resulted to be significant within this basin (Table 4).
Both Bayesian clustering methods conducted by ADEGENET

group including BOK sample and the Croatian sample (KOR),
and the last including the three other Italian samples (OTR,
POC, and TOG), the Greek (OTH-A) and Albanian (KAP)
samples (Fct = 0.00312, P < 0.05). The scatterplot of the
discriminant analysis set on the original populations reflected
the weak genetic differentiation detected among these population
samples (Figures 4B,C).

The Black Sea dataset (998 polymorphic loci, 9 population
samples) revealed a small and not significant global multilocus
Fgr value (Fsr = 0.00278, P = 0.59584) and no pairwise Fsr

and STRUCTURE found only one genetic cluster (BIC values
of the DAPC in Figure 5; STRUCTURE plot not reported).
As expected due to the lack of genetic structuring, the visual
assessment of the between-population differentiation of the
original populations showed all the samples strongly overlapping
(DAPC plots, Figures 5B,C).

Outliers Detection
The outliers detection conducted on the overall dataset
identified 25 loci putatively under positive selection.
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FIGURE 4 | Discriminant analysis of the principal components (DAPC) for the Adriatic-lonian dataset of 8 population samples. (A) Graph of BIC values for increasing
value of number of clusters (k). (B) Scatterplot of the discriminant analysis set on the original populations. (C) 2D scatterplot showing the density of the original
populations plotted on the single discriminant. For the acronym locations see Table 1.

(Mediterranean population samples against Black Seas
population samples; Fcr = 0.01565; P < 0.0001) and with 86/90
significant pairwise Fsr distances between the Mediterranean
and the Black Sea.

Fourteen out of these 25 loci were detected by both
software, and 11 only by BAYESCAN. The exclusion
of these loci resulted in a substantial reduction of the
global genetic variance of the dataset (Fst = 0.01152;

P < 0.0001), but the general pattern of structuring was
maintained, with the best clustering solution for two groups

The scan of the Adriatic-Ionian dataset by both software
detected 2 putative outliers, whose exclusion caused a small
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FIGURE 5 | Discriminant analysis of the principal components (DAPC) for the Black Sea’s dataset of 9 population samples. (A) Graph of BIC values for increasing
value of number of clusters (k). (B) Scatterplot of the discriminant analysis set on the original populations. (C) 2D scatterplot showing the density of the original
populations plotted on the single discriminant. For the acronym locations see Table 1.

decrease of the molecular variance (Fgy = 0.00591; P < 0.0001) DISCUSSION

and the loss of 3 significant pairwise Fgr, all involving the

population sample from Montenegro (BOK). As expected due to  The genomic analysis of the 19 M. galloprovincialis populations
the complete lack of genetic differentiation, the scan of the Black sampled across different locations: (1) provided the first
Sea’s dataset did not identify any locus putatively under selection  detailed analysis of the metapopulation structure of this species
within the Black Sea. throughout part of its native range at the large scale; (2) allowed
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to investigate the presence of genetic differentiation at a smaller
scale within basins; (3) enabled the comparisons with other
CoCoNET species.

Using hundreds SNPs identified and genotyped with the
2b-RAD protocol (Wang et al, 2012), we detected a clear
differentiation between the Mediterranean and the Black Sea
samples, the existence of weak genetic structuring within the
Adriatic-Ionian Sea and a complete genetic homogeneity in
the Black Sea. We also detected a generalized heterozygote
deficit caused by an excess of loci showing positive Fig values.
This result could be explained by an extensive mixing at the
local scale, expected for a species with an exceptionally high
potential for dispersion such as M. galloprovincialis, leading
to a Wahlund effect at all the analyzed locations. However,
technical factors linked to genotyping can also lead to loss of
heterozygotes, particularly when dealing with Next Generation
Sequencing (NGS) approaches (Andrews et al., 2016). Thus,
further investigations, with a specific experimental design, are
needed to understand the potential biological relevance of the
detected heterozygote deficit.

Genetic Structure at the Large Scale

A marked difference in genetic structure comparing the
Mediterranean and the Black Seas was found. This result
confirms and strengthens the limited genetic data obtained
for this species (Ladoukakis et al, 2002), which hinted at
reduced gene flow between the two seas. A similar differentiation
was previously reported for other species (including anchovies,
Magoulas et al., 2006; sticklebacks, Makinen and Merild, 2008;
sprats, Limborg et al., 2012; bluefishes, Miralles et al., 2014). The
effect of oceanographic features like the narrow Dardanelles and
Bosphorus straits and the existence of environmental barriers
(salinity, temperature) limit the exchange of water and species
between the two seas and are suspected as a probable cause. The
extent of isolation of the Black Sea makes it a potential refuge for
temperate and cold water species under future warm conditions.
The current absence of the harbor porpoise (Phocoena phocoena),
a cold-water adapted species, from the Mediterranean Sea and
its presence in the Atlantic Ocean and in the Black Sea (the
latter colonized not before 5000 years ago) seems to confirm
such refuge potential (Fontaine et al., 2014). A post-glacial timing
of Black Sea colonization has been recently suggested for the
black scorpionfish (Scorpaena porcus Linnaeus, 1758), another
species analyzed in the CoCoNET project, facilitated by the
reopening of the connection between the Black Sea and the
Mediterranean Sea about 8000 years ago (Boissin et al., 2016).
Both time estimates are consistent with timing of the Black Sea
postglacial transition from a fresh/brackish-water ecosystem to
a fully marine ecosystem allowing new colonizations from the
Aegean Sea. This shift followed a period of isolation from the
Mediterranean due to glacial advance and sea level retreat, when
water salinity was strongly reduced leading to the eradication
of the preexisting marine fauna (Aksu et al, 1999; Cagatay
et al,, 2000). It is worth noting that, besides being obtained
with different genetic markers, the level of differentiation found
between Mediterranean and Black Seas samples (average SNPs
Fst = 0.058, range 0.042-0.081, our study) is comparable to
that found for the black scorpionfish (average microsatellites

Fst = 0.057, range 0.011-0.126; Boissin et al., 2016), suggesting
that a recent colonization of the Black Sea occurred in mussels as
well, also considering that microsatellites tend to underestimate
genetic differentiation (O’Reilly et al., 2004), due to their higher
heterozygosity compared to SNPs.

Within the Mediterranean Sea, no signal of differentiation
was found between Western and Central Mediterranean based
on mussel population samples. This result is unexpected since
the Sicily Channel is known to act as a barrier and seems to
prevent the gene flow in many other species (Borsa et al., 1997;
De Innocentiis et al., 2004; Zitari-Chatti et al., 2009; Serra et al.,
2010; Pascual et al., 2017). The lack of differentiation, however,
again agrees with the genetic structure observed for the black
scorpionfish (Boissin et al., 2016). A similar lack of differentiation
within Western Mediterranean samples from France and Tunisia
was found in the present study on mussels despite a geographic
separation of more than 1000 km.

Genetic Structure at the Basin Scale

In contrast to the Western Mediterranean, the Central
Mediterranean, represented by  Adriatic-Ionian mussel
population samples, showed a weak but significant genetic
differentiation, which was not affected by the presence of a
few outliers. Our results confirm and complement previous
reports that indicated, despite a limited sampling effort, genetic
heterogeneity in the Adriatic for this species (Giantsis et al.,
2014a,b). In our study, differences were weak, e.g., Bayesian
clustering failed to detect genetically differentiated clusters,
and significant pairwise Fst comparisons were found mostly
in pairing involving BOK sample (Montenegro). However,
hierarchical AMOVA clearly indicated that genetic variation
of the dataset can be best partitioned into three groups: a first
group consisting of TRE sample (Tremiti Islands) alone, a second
including BOK and KOR (i.e., Montenegrin and Croatian)
samples, and a last group comprising the remaining three Italian
samples (POC, OTR, TOG) together with OTH-A and KAP
samples (i.e., Greek and Albanian samples respectively). This
pattern suggests an East-West differentiation in the Central
Adriatic Sea and a further North-South differentiation between
the Central Adriatic and the South Adriatic and Ionian Seas.
A general homogeneity was found among localities within
the latter ones (i.e., South Adriatic-Ionian area). Considering
that the adult stage of mussels species is sessile, their dispersal
ability (and thus the gene flow) is mostly due to the passive
transport of larvae driven by the complex water circulation of
the Adriatic and Ionian Seas (i.e., characterized by the presence
of minor gyres in addition to the main currents). Indeed, the
differentiation found here seems to reflect the general surface
circulation of the area and the need to support this hypothesis
with further sampling. The Adriatic is characterized by a large-
scale cyclonic meander, with a northerly flow along the East
coast and a southerly flow along the West one (Orli¢ et al., 1992).
Within this large system, three cyclonic gyres further divide
the basin into three regions named North, Central and South
Adriatic Sea (hereafter NAd, Cad, and SAd respectively). The
NAd gyre is defined mainly in autumn and located at the surface,
while the middle MAd and SAd gyres become more intense in
summer and autumn (Artegiani et al., 1997). According to this,
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the genetic subdivision detected by AMOVA suggests that the
boundary between the MAd and SAd gyres can represent an
area of genetic discontinuity, with the MAd unable to prevent
East to West differentiation in the Central Adriatic and the SAd
promoting an effective mixing of the genetic pool in the Southern
Adriatic, further extending to the Ionian Sea. Interestingly,
also the population of shore crab Carcinus aestuarii follow this
pattern as highlighted with genetic markers and biophysical
models provided by Schiavina et al. (2014).

As far as in the Black Sea we found a complete lack of
genetic structure, the current patterns combined with the long
PLD probably ensure a good connectivity among the sampled
locations. Unfortunately, the lack of baseline information
regarding M. galloprovincialis population genetic structure in
the Black Sea impair us to make comparisons. Further insights
can be obtained exclusively by comparison with the black
scorpionfish Scorpaena porcus populations (Boissin et al., 2016)
also showing a remarkably homogeneous genetic structure in the
basin Black Sea.

Comparison With Other CoCoNET

Species

Striking similarities occur between M. galloprovincialis and the
black scorpionfish analyzed in the CoCoNET project. Both
species show Mediterranean/Black Sea weak but significant
differentiation, no differences between Western and Central
Mediterranean samples, genetic heterogeneity among Adriatic-
Ionian samples and genetic homogeneity in the Black Sea (Boissin
etal., 2016). However, when the comparison is extended to other
species analyzed in the CoCoNET project in the Adriatic-Ionian
basins, the picture becomes more nuanced.

Black scorpionfish are benthic, with a pelagic larval stage life
duration of about 4 weeks (Raventds and Macpherson, 2001).
Within the Adriatic-Ionian basins they show a clear East to
West genetic break between population samples (Boissin et al.,
2016), extending to southern localities the pattern found in the
Central Adriatic in M. galloprovincialis. In this case, the East to
West differentiation seems to prevail on the Adriatic sub-basin
regionalization based on oceanography, suggesting that both the
MAd and the SAd gyres are not able to effectively connect eastern
and western localities across the sea, whereas dispersal alongshore
and nearby islands (TRE in the West or KOR and OTH-A in the
East) is sufficient to prevent differentiation.

The east Atlantic peacock wrasse Symphodus tinca
(Linnaeus, 1758) is a demersal fish with a larval duration
of about 10 days (Raventés and Macpherson, 2001). The
evaluation of the population structure of this species in
the Adriatic-Ionian basins identified the existence of 2
barriers to gene flow separating as before the eastern shore
localities from the western ones, but also differentiating
the Tremiti islands’s sample (TRE) from all the others
(Carreras et al., 2017). Thus, in this case, the Tremiti islands
sample seems not connected with the samples collected
from the mainland Italian coast, which might be tentatively
explained with its shorter larval duration and nearshore
larval distribution.

For the marble crab Pachygrapsus marmoratus (Fabricius,
1787), a rocky shore crab species with a PLD of about
4 weeks, population samples collected at the same Adriatic-
Ionian localities showed a fairly genetic homogeneity, with a
weak differentiation only due to a single locus putatively under
selection (Marino et al., personal communication). This result
could be explained with the existence of random fluctuations of
allele frequencies depending on variability in fecundity, mortality
or reproductive success, that can lead to a scenario of genetic
patchiness in a general context of genetic homogeneity, as was
previously reported by different studies on this species (Silva
et al., 2009; Fratini et al., 2011, 2013, 2016).

At the extremes of this differentiation range, still considering
a propagule duration of about one month, the habitat former
Posidonia oceanica (Jahnke et al., 2017) and the sea urchin
Paracentrotus lividus (Lamarck, 1816) (Paterno et al., 2017)
showed completely different patterns. The seagrass P. oceanica
(Linnaeus Delile, 1813) showed a marked genetic structuring
within and between Adriatic-Ionian basins, even between the
closest localities, with a possible north-to-south subdivision
(Jahnke et al, 2017). On the other side, the analysis of
P. lividus samples indicated a clear genetic homogeneity in
the same area, with a broadly consistent prediction of the
potential larval exchange among the same sites (obtained with
Lagrangian simulations). This latter outcome supports the view
of a relatively persistent flux of propagules from each sites to
the closest neighbor, mostly in a counterclockwise direction
(Paterno et al., 2017).

Implications for MPAs

MPAs have been increasingly considered the most effective
tool for conservation and management of marine environment,
able to mitigate the alteration of ecosystems and the negative
effect of human activities (Gaines et al., 2010; Gabrié et al.,
2012). The implementation of networks of MPAs, where
the protected areas can cooperatively operate, is the new
conservation target, because it is supposed that networks
could be more effective and offer more protection than the
individual sites alone (Wood et al, 2008; Wabnitz et al.,
2010; Fenberg et al., 2012; Grorud-Colvert et al, 2014).
Connectivity data obtained so far in the CoCoNET study area,
highlighted species-specific connectivity patterns, ranging from
the total absence of genetic differentiation (P. lividus) to a
strong structuring (P. oceanica). In the marine environment,
historical and evolutionary processes as well as temperature
and ocean currents strongly contribute in shaping species
distribution at large biogeographical scale and thus determine
the different connectivity patterns observed. Altogether, the
framework developed in CoCoNET highlighted the importance
of evaluating and discussing the genetic data of population
structure in the light of those biological, physical and ecological
factors that could have a significant role in shaping the
genetic variability of these species. In a management and
conservation perspective, the implementation of ecological
effective networks of MPAs should rely on the knowledge of
connectivity patterns of a representative panel of species living
in the selected areas.
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The different connectivity outcomes so far obtained
(i) indicate the importance of evaluating the genetic distribution
of the species under a seascape genomics framework (Di Franco
et al,, 2012; Pujolar et al., 2013; Paterno et al., 2017); (ii) warn
against any generalization in defining conservation units based
on the results of a single species because they cannot represent
the entire community (Melia et al, 2016); (iii) suggest to
take into account connectivity data for different species with
a variety of life history traits to improve the efficacy of the
management and conservation strategy of the marine ecosystem
(Pascual et al., 2017). Besides these limitations, on the basis of
the study outcomes, we can anticipate that the delineation of
Cells of Ecosystem Functioning, ecologically coherent units of
management based on connectivity (Boero et al., 2016), will likely
result in much smaller units of conservation in the Adriatic-
Ionian area than in the well-connected Black Sea, this latter being
particularly promising for the establishment of “a well-connected
system of protected areas” according to Aichi Target 11 of the
Convention on Biological diversity (Brooks, 2014).
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