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Abstract: Coalescent methods in population genetics aim to detect biodiversity patterns, evolutionary
mechanisms, and signatures of historical changes in effective population sizes with respect to the
species fidelity. Restriction site-associated DNA sequencing (RADseq) was used to evaluate the
population dynamics of invertebrate species within the same localities. New sequencing technologies,
such as the ones employed by population genetics, could be used to improve the management and
sustainability of marine and aquaculture resources. Sea cucumbers (Holothuria tubolosa) showed
genetic differentiation patterns favoring limited gene flow between studied areas. Similar results for
clams (Venus verrucosa) suggest local adaptation and low-dispersal abilities for sessile organisms. On
the contrary, cuttlefish (Sepia officinalis) exhibited a panmictic pattern, resulting in a single genetic
stock in the area. The larvae settlement duration may be responsible for such interspecies variations.
Interspecies demographic modeling revealed different environmental pressures of historical events’
signatures with respect to the three invertebrates. Sea cucumbers favor a post-glacial bottleneck event
followed by a more recent recovery, whereas cuttlefish favor an expansion before the late glacial
maximum. Lastly, clams showed a constant effective population size in the area. The results of
historical demographic changes in natural populations provide opportunities for critical evaluation
and management in terms of the conservation of the species in the area.

Keywords: Aegean Sea; RAD-sequencing; population genomics; sea cucumber; cuttlefish; clam

1. Introduction

One of the fundamental questions in evolutionary biology concerns the environment’s
potential to shape populations on a spatial scale, with respect to the correlation between site
fidelity heterogeneity, selection pressures, and adaptation [1,2]. Environmental heterogene-
ity shows that species are dependent on climate alterations [3], fitness differences [4], and
population dynamics [5]. These processes could be responsible for generating intraspecific
diversity among populations [6], or even interspecific differentiation regarding the same
geographic regions that differ climatically [7]. Ecological conditions lead to regional scales
of local adaptation, implying a potential influence on marine species’ population dynam-
ics [8,9]. Despite the absence of strong barriers in the marine realm, marine organisms show
significant population structuring with respect to climatic variation, e.g., [10,11]. However,
evolutionary forces, such as adaptation and genetic drift, make it difficult to understand
the relevant evolutionary mechanisms that determine structure. On the other hand, spatial
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genetic structures are evaluated on the landscape level and on geographic distance, with
respect to environmental attributes (e.g., dispersal limitation, climate differences) [12].
Apart from short-time forces (e.g., anthropogenic factors), species biogeography has been
broadly shaped by large-scale climatic shifts (especially in the Quaternary period) see [13].
Effective population sizes [14], re-colonization events, and fragmented distributions have
been largely affected by such demographic changes [15]. On the other hand, bottleneck
events or an expansion-based demographic trajectory could lead to differentiated genetic
diversity over time and space [16–19].

Although research into the genetic acclimation of several invertebrates, such as arthro-
poda, corals and limpets, urchins, and oysters, e.g., [20–25] is promising for ecological risk
assessment, it is still quite limited. While much progress has been made in recent years, it
is clear that continued work on population genetics and demographics is critical, since dif-
ficult sustainability and management decisions must be made. However, to the best of our
knowledge, this study represents the first report concerning the eastern basin of the Mediter-
ranean Sea, which examines genetic diversity between various Sepia officinalis (cuttlefish)
(Linnaeus, 1758), Holothuria tubulosa (sea cucumber) (Gmelin, 1791), and Venus verrucosa
(clam) (Linnaeus, 1758) populations that inhabit different marine areas in the North Aegean
Sea. Nevertheless, studies within the North Aegean Sea show different patterns for a vari-
ety of marine organisms, revealing either high connectivity [26], limited dispersal abilities,
or strong barriers to gene flow [27], showing contrasting patterns of gene flow and adaptive
genetic variation. Regional heterogeneity aside, the latter may be due to species ecology
(e.g., larval settlement) [7] or high selection pressures (e.g., pathogens) [4,28]. Thus, in order
to determine the role of the environment in defining the genetic profile of the above three
invertebrates, double digest RAD (ddRAD) sequencing was employed (as a promising
approach for the detection of molecular adaptation) [29], for an in depth understanding of
the evolutionary mechanisms that may explain the genetic diversity and adaptive variation
of the three different invertebrates. We tested the hypothesis that geographic areas with re-
spect to abiotic factors (such as temperature, salinity, and chlorophyll-a concentrations) are
associated with different levels of genetic diversity among the three species. Additionally,
we used coalescent methods, including Approximate Bayesian Computations (ABC), to
identify the demographic history of each species in the study area, trying to determine the
genomic signatures of historical changes in population size.

2. Materials and Methods
2.1. Animal and Tissue Collection

The method used for the collection of animals is explained in detail in Feidantsis
et al. [30,31]. S. officinalis, H. tubulosa, and V. verrucosa were collected from the Thermaikos,
Pagasitikos, and Vistonikos gulfs (Figure 1). Individuals of the examined species were sam-
pled between 10 and 21 April 2018, 7 and 15 June 2018, 4 and 12 November 2018, and 6 and
11 January 2019. The examined species (6 individuals per gulf per species = 18 individuals
per species) were collected by divers and local fishermen (0–10 m depth). Immediately
after species sampling, individuals were dissected with high precision anatomic tools, and
tissues were immediately placed in DNase- and RNase-free Eppendorf tubes, and thereafter
frozen in liquid nitrogen. The frozen samples were transferred to the laboratory, where
they were stored at −80 ◦C for genetic analysis.

2.2. Genomic Analysis

Muscle tissue was used for DNA extraction using the PureLink™ Genomic DNA Kit.
A DNA library was constructed from 54 samples (6 individuals of each species from three
locations) following the ddRADseq protocol described in Peterson et al. [29]. We chose
a 6 bp cutter (HindIII) and a 4 bp cutter (MspI) based on in silico simulations with the
R package SimRAD (Lepais and Weir, 2014) [32]. The fragment size selection window
was 300–500 bp. Sequencing was paired end (2 × 151 bp) in one lane on an Illumina
NextSeq_500. Reads were trimmed to 110 bp and demultiplexed using the process_radtags
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command of the software STACKS [33]. After quality control (samples with less than
1 million reads were rejected), 47 samples were retained (see Table 1). Paired reads were
mapped against the Holothuria glaberina genome [34] for H. tubulosa samples, Mercenaria
mercenaria for V. verrucosa samples [35] and Sepia pharaonis [36] for S. officinalis using BWA v.
0.7.12 [37]. Each resulting sam file was converted to bam format using SAMtools v. 1.3. [38].
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Figure 1. Sampling sites of the three studied invertebrate species; P: Pagasitikos, T: Thermaikos, V:
Vistonikos (red arrow indicates the Dardanelles cold water outflow).

Table 1. Weir and Cockerham FST pairwise differences among the studied populations. (A) sea
cucumber (H. tubulosa), (B) cuttlefish (S. officinalis), (C) clam (V. verrucosa).

Pagasitikos Thermaikos

A Thermaikos 0.1100 * 0.0000
Vistonikos 0.0130 * 0.1230 *

Pagasitikos Thermaikos
B Thermaikos 0.0003

Vistonikos 0.0060 −0.0070
Pagasitikos Thermaikos

C Thermaikos 0.0470 *
Vistonikos 0.0410 * 0.0990 *

Asterisk (*) denotes high-significance (p < 0.000001).

The command SelectVariants was employed to filter out indels and non-biallelic single
nucleotide polymorphisms (SNPs). Thereafter, the command VariantFiltration and the fol-
lowing settings: –filterExpression ‘QD < 2.0||FS > 60.0||MQ < 40.0||MQRankSum←12.5
||ReadPosRankSum←8.0n, were employed in order for SNPs to be filtered based on
mapping quality. The QUAL score (QD) was normalized by allele depth for a variant, and
the Phred-scaled p-value (FS) used Fisher’s exact tests in order to detect strand bias. The
MQRankSum command set the z-score from a Wilcoxon rank-sum test of Alt versus Ref
read mapping qualities, and ReadPosRankSum did this for reading position bias. Loci were
assembled using the GATK HaplotypeCaller [39].

VCF files were further filtered based on both genotype quality and depth of coverage
greater than 5 using VCFTools [40], as well as to retain only SNPs genotyped in at least
80% of the individuals. Thereafter, SNPs with a depth of coverage twice the mean depth of
coverage were discarded in order to remove potentially paralogous loci. All individuals
with more than 20% missing data were removed and only variants with MAF greater than
0.05 were retained. Finally, SNPs showing significant departures from Hardy–Weinberg
equilibrium with an alpha level of 0.05 were filtered out using the software PLINK v.
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1.9 [41]. The latter was employed in order to prune out putatively linked loci using an r2
threshold of 0.5 as well.

Genetic diversity indices (Number of alleles, Number of effective alleles, HOBS, HEXP
and FIS), estimates of heterozygosity, Structure, Principal Component Analysis (PCA) were
performed using the program SAMBAR [42] through the R platform [43] following authors
recommendations. Weir & Cockerham [44] FST estimates, along with associated significance
values, were generated using the Stampp program.

The R package LEA, that enables ecological association studies from the R command
line, was employed. The package can perform analyses of population structure and genome
scans for adaptive alleles from large genomic data sets [45]. It derives advantages from
R programming functionalities in order to adjust significance values for multiple testing
issues and to visualize results. The significance of an environmental effect was measured by
a z-score statistic computed at each locus using the latent factor models (lfmm) assuming
there are K latent factors [46]. The faststructure software was employed for the optimal
assignment of the analyzed individuals aiming to estimate the K value, reflecting the
theoretically most likely number of populations [47]. This program provides correct null-
hypothesis testing procedures and p-values for ecological association tests. Parameters
used were set at 1 × 106 iterations, 25% burn in followed by 3 repetitions. The factors
used were temperature, salinity, oxygen (Table S6 for mean values of the three abiotic
factors). The results were visualized via Manhattan plots using the R package qqman [48].
Multiple comparisons on the GWAS plots were corrected using the Bonferroni type I error
correction [49].

The amino acid changes, in each of the variants that LEA showed significant associa-
tions, were annotated and predicted using the SnpEff program [50]. This software uses an
in-house build function and produces a required database for each of the reference genome.
Then, the previously produced VCF file and the gff file of the reference genome was used
for the downstream pipeline of the program. Accession numbers of reference genomes
used in the present study were: Holothuria glaberrina: GCA_009936505.2, Sepia pharaonis:
GCA_903632075.3 and Mercenaria mercenaria: GCA_014805675.2.

2.3. Demographic Analyses

The software DIYABC v2.0 [51] was used to analyze the SNP data of H. tubulosa,
S. officinalis and V. verrucosa in order to infer demographic history based on the approximate
Bayesian computation (ABC) approach.

Four simple scenarios were tested for each species and each geographical area (Figure 2).
The scenarios were as follows:

Scenario 1: Constant population size model: The effective population size was constant
at N1 from the past to the present.

Scenario 2: Bottleneck model: The effective population size experienced a bottleneck
from an ancestral population (Nanc) to bottlenecked population (Nb) at tb followed by
population size recovery from Nb to preset population (N1) at current time (tcur).

Scenario 3: Population expansion model: The effective population size increased from
an ancestral population (Nanc) to present population (N1) at texp.

Scenario 4: Bottleneck and expansion model: The effective population size experienced
an expansion from an ancestral population (Nanc) to expanded population (Nexp) at texp,
followed by a bottleneck from Nexp to bottlenecked population (Nb) at tb, with a population
size recovery from Nb to present population (N10) at current time (tcur).
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Figure 2. Demographic scenarios tested with approximate Bayesian computation using DIYABC.
Scenarios are defined by relative changes in effective population size (N) at given times (t) since
present. Scenario 1: Constant population size model; Scenario 2: Bottleneck with population recovery
model; Scenario 3: Population expansion model; Scenario 4: Bottleneck with expansion model.

3. Results

Not all the samples revealed useful information regarding the number of sequence
reads. For sea cucumber and cuttlefish, the final panel of individuals consisted of 6, 5 and 5
for Pagasitikos, Thermaikos and Vistonikos, respectively, whereas for clam the final panel
consisted of 5 individuals per geographical area (Supplementary Information Table S1 for
the final samples per species and population).

3.1. H. tubulosa
3.1.1. SNPs Calling

An average of 5,180,850 sequence reads were generated from which we called 5,274,813
raw SNPs. Application of the filtering criteria described in the Materials and Methods
resulted in a final dataset of 16,142 high quality filtered SNPs (Supplementary Table S1 for
a downstream of applied filtering and remained SNPs).

3.1.2. Genetic Differentiation and Diversity

Genetic indices are shown in Table S7. To test for genetic differences, pairwise FST
values were evaluated. These were highly significant for comparisons involving Pagasitikos
and Thermaikos (FST = 0.110, p < 0.000001), and Thermaikos and Vistonikos (FST = 0.123,
p < 0.000001). On the other hand, for the comparison between Pagasitikos and Vistonikos,
a relatively low but significant differentiation was detected (FST = 0.013, p < 0.000001)
(Table 1A). Principal Component Analysis (PCA) exhibited the presence of two genetic
clusters showing that Thermaikos clearly separated apart from Pagasitikos and Vistonikos,
while Pagasitikos population clustered together with Vistonikos population (Figure 3A).
Structure analysis revealed similar patterns with PCA (Figure S6).
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(C) Venus verrucosa.

3.1.3. Genomics and Environmental Association Analysis

The R program LEA revealed that there is a highly significant (p < 3.09 × 10−6, af-
ter correction for multiple tests) correlation between 17 SNPs and oceanographic features
(Figure 4). The snpEff program predicted that these outliers are located in intergenic regions.

3.1.4. Coalescent Demographic Analyses

Coalescent simulator showed that the most likely demographic scenario was model 3
(Supplementary Table S3—logistic and direct regression of the tested scenarios, Supple-
mentary Figures S1–S3). Model 3 supports bottleneck with an evident population recovery
for all three geographical areas.

In Pagasitikos, the bottleneck event occurred approximately 8.2 thousand genera-
tions ago (Table 2). Since sea cucumber reproduction occurs annually, its generation is
1 year [52]. This implies that the shrink of the population occurred 8.2 thousand years
ago, after the Late Glacial Maximum (LGM), resulting in a decline of effective population
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size at 2.4 thousand individuals. A significant recovery of the effective population size to
approximately 41 thousand individuals 4.9 thousands years ago.
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In Thermaikos and Vistonikos, the bottleneck event occurred 6.9 and 7.8 thousand
years ago, respectively, also after the LGM. For these two regions the bottlenecked popula-
tion was estimated at 5.9 thousand for Thermaikos and 3.4 thousand for Vistonikos, with a
recovery population of 34 and 59 thousand for Thermaikos (4.28 thousand years ago) and
Vistonikos (4.25 thousand years ago), respectively. The latter exhibited that the recovery in
Vistonikos was higher compared to the other two regions (Table 2).

3.2. S. officinalis
3.2.1. SNPs Calling

An average of 3,209,914 sequence reads were generated from which we called 71,171
raw SNPs. Application of the filtering criteria described in the Materials and Methods
resulted in a final dataset of 1083 high quality filtered SNPs (Supplementary Table S1 for a
downstream of applied filtering and remained SNPs).

3.2.2. Genetic Differentiation and Diversity

Genetic indices are shown in Table S7. To test for genetic differences, pairwise FST val-
ues were evaluated. These were no significant for comparisons involving all geographical
areas: Pagasitikos and Thermaikos (FST = 0.0003, p = 0.485), Thermaikos and Vistonikos
(FST = 0.006, p = 0.184), Pagasitikos and Vistonikos (FST = −0.007, p = 0.92). (Table 1B).

Principal Component analysis (PCA) of the full dataset, confirmed no separation
between the examined areas, which share mixed allele frequencies (Figure 3B). Structure
analysis revealed similar patterns with PCA (Figure S6).

3.2.3. Genomics and Environmental Association Analysis

The R program LEA did not reveal significant (p < 4.62 × 10−5, after correction for
multiple tests) association between genomic data and oceanographic features.
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Table 2. Prior distribution settings and parameter estimates (mode and median) for the DIYABC
analyses, using 4 × 106 data sets simulated under supported scenarios for the three invertebrate
species (95% confidence intervals are shown for each of the parameters).

Species Region Parameter Prior Range Mode Median 95% CI low 95% CI High

H. tubulosa

Pagasitikos

Nanc 10–106 8.19 × 104 4.14 × 105 3.59 × 104 9.66 × 105

Nb 10–104 2.52 × 103 2.40 × 103 5.62 × 102 6.26 × 103

Ncur 10–105 2.36 × 104 4.15 × 104 7.26 × 103 9.62 × 104

tb 10–104 9.84 × 103 8.18 × 103 3.32 × 103 9.92 × 103

tcur 10–104 6.58 × 103 4.98 × 103 6.61 × 102 9.00 × 103

Thermaikos

Nanc 10–106 9.67 × 105 7.54 × 105 2.83 × 105 9.89 × 105

Nb 10–104 7.57 × 103 5.97 × 103 1.31 × 103 9.67 × 103

Ncur 10–105 8.51 × 103 3.41 × 104 5.17 × 103 9.62 × 104

tb 10–104 8.24 × 103 6.82 × 103 1.93 × 103 9.83 × 103

tcur 10–104 3.67 × 103 4.28 × 103 3.94 × 102 8.77 × 103

Vistonikos

Nanc 10–106 2.02 × 105 4.67 × 105 1.04 × 105 9.71 × 105

Nb 10–104 3.12 × 103 3.41 × 103 6.36 × 102 8.73 × 103

Ncur 10–105 8.55 × 104 5.95 × 104 8.86 × 103 9.84 × 104

tb 10–104 9.92 × 103 7.79 × 103 2.98 × 103 9.91 × 103

tcur 10–104 3.77 × 103 4.25 × 103 6.74 × 102 8.61 × 103

S. officinalis

Pagasitikos
Nanc 10–106 9.24 × 103 7.34 × 104 3.32 × 103 3.55 × 105

Nexp 10–106 9.67 × 105 7.70 × 105 2.76 × 105 9.91 × 105

texp 10–106 4.69 × 105 5.35 × 105 1.33 × 105 9.50 × 105

Thermaikos
Nanc 10–106 2.90 × 104 8.20 × 104 4.80 × 103 5.11 × 105

Nexp 10–106 9.81 × 105 7.67 × 105 2.54 × 105 9.92 × 105

texp 10–106 2.15 × 105 3.14 × 105 3.57 × 104 9.13 × 105

Vistonikos
Nanc 10–106 6.71 × 103 3.15 × 104 1.36 × 103 1.69 × 105

Nexp 10–106 9.94 × 105 7.84 × 105 2.82 × 105 9.92 × 105

texp 10–106 3.37 × 105 3.97 × 105 1.04 × 105 8.34 × 105

V. verrucosa

Pagasitikos Ncur 10–105 1.56 × 104 4.02 × 104 7.05 × 103 9.63 × 104

Thermaikos Ncur 10–105 8.07 × 103 3.11 × 104 4.74 × 103 9.60 × 104

Vistonikos Ncur 10–105 9.72 × 104 5.92 × 104 8.59 × 103 9.81 × 104

3.2.4. Coalescent Demographic Analyses

Coalescent simulator showed that the most likely demographic scenario was model 3
(Supplementary Table S4—logistic and direct regression of the tested scenarios,
Supplementary Figure S4) with evident expansion for all three geographical areas.

In Pagasitikos, the expansion event occurred approximately 535 thousand generations
ago (Table 2). Since the generation time for cuttlefish is still unknown, we used the
simplest assumption of 1 year/generation. Thus, this implies that the expansion of the
population occurred 535 thousand years ago, before the Late Glacial Maximum (LGM),
during the middle Pleistocene, resulting in a recent population effective size of 73 thousand
individuals.

In Thermaikos and Vistonikos the expansion event occurred 314 and 397 thousand
years ago, respectively, also before the LGM. For these two regions the expanded population
was estimated at 767 thousand for Thermaikos and 784 thousand for Vistonikos (Table 2).

3.3. V. verrucosa
3.3.1. SNPs Calling

An average of 2,936,946 sequence reads were generated from which we called 799,035
raw SNPs. Application of the filtering criteria described in the Materials and Methods
resulted in a final dataset of 3477 high quality filtered SNPs, with a main depth of cov-
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erage over 10×. (Supplementary Table S1 for a downstream of applied filtering and
remained SNPs).

3.3.2. Genetic Differentiation and Diversity

Genetic indices are shown in Table S7. To test for genetic differences, pairwise FST
values were evaluated. These were highly significant for comparisons involving all ge-
ographical areas: Pagasitikos and Thermaikos (FST = 0.047, p < 0.000001), Thermaikos
and Vistonikos (FST = 0.099, p < 0.000001), Pagasitikos and Vistonikos (FST = −0.041,
p < 0.000001) (Table 1C). Principal Component analysis (PCA) of the full dataset, showed
a somewhat differentiation between the examined areas which reflects the FST pairwise
differences (Figure 3C). Structure analysis revealed similar patterns with PCA (Figure S6).

3.3.3. Genomics and Environmental Association Analysis

The R program LEA did not reveal significant (p < 1.44 × 10−5, after correction for
multiple tests) association between genomic data and oceanographic features.

3.3.4. Coalescent Demographic Analyses

Coalescent simulator showed that the most likely demographic scenario was model
1 (Supplementary Table S5—logistic and direct regression of the tested scenarios, Sup-
plementary Figure S5) with constant population effective size for all three geographical
areas. Population constant sizes were estimated at approximately 40, 38 and 59 thousand
individuals for Pagasitikos, Thermaikos and Vistonikos, respectively.

In Figure S3 (Supplementary Information) are presented the posterior distributions of
the parameters of the model of choice for each species.

4. Discussion

This study using RAD-sequencing investigates the population diversity and selection
regarding the population history and adaptive importance of three non-model inverte-
brate species inhabiting the same geographical regions. Moreover, it assesses the utility of
genotyping-by-sequencing approach for cross-species analyses that lack reference genomes
regarding empirical data and demographic analyses. One of the striking outcomes of the
present study was no shared demographic history across the three species, suggesting that
environmental pressures may differentially act in species inhibiting the same geographical
area, resulting in different evolutionary mechanisms for interspecies population dynamics
in the study area. These results are of significant importance since population genetics
could be used to improve the management and sustainability of marine and aquaculture
resources [53]. To this end, several studies have highlighted the importance of molecu-
lar tools used in population genetics towards the design of management strategies and
sustainability of species belonging to clams, cephalopods and holothuria. The latter is
rather important, especially for aquatic species which belong to natural populations, as
the ones examined in the present study [54–56]. As these species are not cultured (at least
in the examined regions), these management strategies can serve as economic incentives
to artisanal fishers. Moreover, due to the ongoing climate change and the threat that heat
intensity by 2050 may lead to extinction 15–37% of the species, the necessity of research
examining all levels of biological organizations in marine species for conservation and
management strategies is highlighted [56–58].

4.1. Limitations of the Sampling Scheme

Despite the parameters’ optimization for the ddRAD analysis, a relative difference
in the number of RAD loci and SNPs was found among the studied species. This might
be due to technical issues (DNA quality and/or applied enzymes) or due to the choice of
the cross-reference genomes for SNP calling. H. tubulosa individuals favored the higher
number of reads which may explain the higher level of polymorphic SNPs that were
identified compared to the other two species. Especially for the S. officinalis, which resulted
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the lowest number of SNPs, we acknowledge the fact that the chosen reference genome
of Sepia pharaonis (which diverged approximately 48 mya) [59], might be the reason for
less homologous loci and thus less SNPs to be called. On the other hand, the observed
difference in genomic diversity among the three invertebrate species may be attributable to
differences in demographic history. For instance, the sea cucumber population that was
subjected in a bottleneck phenomenon in the past, is presently relatively smaller based
on its effective size (34 to 59 thousands), compared to cuttlefish characterized by higher
numbers of population effective size (767 to 784 thousands).

On the other hand, our study deals with a relatively small number of individuals,
which may lead to ambiguous and/or misinterpretation of the outcomes. Indeed, past
studies, using other molecular markers such as microsatellites, indicated that larger sample
sizes were necessary (with a size of 25 to 30 individuals) for population genetic analyses [60].
However, recent studies using high-throughput sequencing argue that population genetics
can be performed with small sample sizes [61,62]. Qu et al. (2020) [63], using resampling
techniques in order to create simulated populations on their empirical data, showed that a
sample size greater than four individuals (n ≥ 4) has little impact on estimates of genetic
diversity using genome-wide high-throughput techniques. Moreover, many earlier studies
comparing older markers and RAD-seq, demonstrate that the greater power availed by
genome scan sampling reveals patterns that may otherwise have been missed [4,58], and
therefore overcomes the relatively small sample size. However, other factors including
dispersal ability, demographic history and overall population dynamics of the studied
species should be considered for any effort to determine an ideal sampling scheme [62,64].

4.2. Population Structure and Genetic Differentiation

Overall, a different pattern of population structure was evident among the studied
species, yielding somewhat mixed results. For instance, FST pairwise calculations revealed
significant differentiation among all three geographical regions in sea cucumber and clam,
whereas Principal Component Analysis (PCA) revealed fewer species-specific genetic
clusters for the same species.

For sea cucumber, FST values revealed a clear genetic differentiation among all three
geographical regions resulting in a high-significant genetic break in the North Aegean
Sea, suggesting a limited low dispersal ability between the three regions. PCA results
suggest two genetic clusters in the area. The first genetic cluster consists of Pagasitikos
and Vistonida Gulf, and the second one consists of Thermaikos Gulf. The latter implies
that nearly all Pagasitikos and Vistonida genotypes are related to each other, with however,
high differentiated allele frequencies.

Interestingly, clam and cuttlefish populations showed a somehow similar pattern
with respect to PCA plots. At this point, PCA did not reveal clear genetic clusters among
populations, thus indicating a possible presence of subpopulations within all three studied
areas for the two species. Despite the absence of association with respect to geographical
areas, FST values document a very different story among the two species. Cuttlefish in-
dividuals showed no differentiation at all, with low pairwise values. Cuttlefish showed
extensive migration strategies for reproduction and food acquisition [65,66] that may ex-
plain the genetic correlation which was observed between gulf populations examined
herein. However, cuttlefish genetic diversity across the Mediterranean Sea was relatively
high among the geographically distant populations, due to a low dispersion capability.
Specifically, it seems that the species exhibits a different degree of genetic exchange among
subpopulations, rather than a continuous population across the Mediterranean Sea [67–69].
Among the Mediterranean areas, the Sardinian coast exhibits the highest degree of diversity,
independently of the known oceanographic factors (such as currents and fronts). The latter
may be attributed to the fact that Sardinia represents a contact zone between the East and
West populations [70]. These Sardinian samples included several haplotypes from the
“Atlantic” lineage, several haplotypes shared with the Croatia-Italian samples and even
an isolated, genetically unique sample [70]. This high degree of genetic diversification
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has also been demonstrated for Greece and Cyprus populations, emphasizing the fact of
long-distance dispersal incapability. The latter concerning Greek marine areas, is attributed
to the fact that Drábková et al. [70] have collected samples only from one area (Thermaikos
gulf). However, we showed that no genetic diversity exists between North Aegean sub-
populations. Therefore, dispersal with unrestricted gene flow and possible effect of some
oceanographic factors is possible in this smaller subarea of the Aegean Sea.

On the other hand, clam showed a highly significant differentiation between the
three examined areas, suggesting potential genetic breaks for the species in the North
Aegean Sea. Although it is quite difficult to define such genetic breaks, the presence of
this limited dispersal is similar to sea cucumber. It has been shown that climate change
effects establish different genotypes among intertidal animals, due to different physical, or
biotic conditions [29]. This pattern may explain clam’s adaptive physiological performance.
In other bivalves, such as mytilids, intraspecies and intrapopulation genetic diversity (in
nucleotide and haplotype diversity terms) has also been observed [71–73]. However, other
bivalve species populations in the Aegean Sea, such as the horse mussel (Modiolus barbatus),
revealed low levels of interpopulation genetic differentiation [74,75]. The latter is mostly
attributed to the long duration (up to 6 months) of its pelagic larval stage [76]. To our
knowledge no information on the larval duration of V. verrucosa exists.

The fact that our data detected fine-scale population differentiation within the North
Aegean Sea for the sea cucumber and the clam, might also be a consequence of higher
genetic resolution compared to cuttlefish, with respect to the number of the analysed
SNPs. However, our results may explain this differentiation with respect to oceanographic
features and how they affect plaktonic larval duration. Studies have shown that the time a
pelagic larva spends in the open sea before settlement is strongly associated with water
temperature [77]: the hotter the water, the shorter the metamorphosis is [78]. However,
larval duration may not be the only evolutionary mechanism that sea cucumber and clam
employ in order to display a higher level of genetic differentiation.

4.3. Genetic Diversity and Environment

Our results showed that only sea cucumber is significantly related to sea water physico-
chemical parameters, such as temperature and salinity, recorded in Pagasitikos, Thermaikos
and Vistonikos gulfs. The different sampling areas exhibit a significantly different geomor-
phology (please refer to Feidantsis et al. [30,31] for detailed data). Specifically, Pagasitikos
(a semi-enclosed with shallow depths) gulf is connected with the Central Aegean Sea
through the Trikeri Channel, which is relatively narrow and deep [79]. On the other hand,
Thermaikos gulf, which exhibits minimum tides and is located in the Northwest Aegean
Sea, is connected to a complicated deltaic ecosystem, including 4 rivers (Aliakmonas, Axios,
Gallikos and Loudias) which are discharged along the coastline. Since some major Greek
ports are located in gulfs such as Thermaikos and Pagasitikos, these areas may suffer
from degradation of ecosystems, which is largely seen in their water quality and habitat
modifications [80]. Compared to the above and the rest of the Aegean Sea (where seabed
topologies of various and different depths are observed), Vistonikos gulf exhibits lower
sandy depths with few rocky areas, and therefore a greater uniformity [81,82]. The part of
the North Aegean Sea, where Vistonikos is located, is largely influenced by the cold Black
Sea outflow. This cold influx affects surface sea temperature, which seasonally remains
lower compared to Thermaikos and Vistonikos [30,31,83–85].

4.4. Demographic History

Despite these differences in SNPs variability and population structure of the three
species, we also found different signatures of historical population demography with
bottleneck remaining evident for sea cucumber, expansion for cuttlefish and no change
in Nexp favoring a constant size for the clam species. That pattern was seen across all
geographic areas for each species. For sea cucumber this bottleneck event was followed
by a recovery in contemporary genomes of the species in all three geographical regions.
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This overall species-specific demography suggests that oceanographic features may play a
key-role to interspecies population dynamics.

Our finding of a demographic bottleneck in sea cucumber occurred approximately six
to eight thousand years ago in the North Aegean Sea. This period occurred after the Last
Glacial Maximum (LGM), when a rapid warming affected the sea levels and subsequently
the oceanography of the species fidelity. The population effective size declined from an
ancestral population of about 0.5 million down to a few thousands, thus signifying a
massive loss of genetic diversity. However, the recovery of the populations that occurred
about four thousand years ago, reflecting local adaptation and potential signatures of
selection, was significant for the species. However, due to the fact that historical data are
missing, the return of the genomic diversity to sea cucumber and these potential signatures
of selection are limited in this study.

In contrast with sea cucumber, demographic models supported an ancestral expansion
of the cuttlefish half million generations ago, although the generation time for cuttlefish is
unknown. Even if we make the simplest assumption that the generation time is 1 year, the
time of the expansion event occurred in the Middle Pleistocene. This result may be consis-
tent with the absence of genetic differentiation associated with local habitat dependence
and climate change. Possibly, the high dispersal of the species may be established by abiotic
factors and evolutionary forces. Species during Pleistocene glaciations were re-distributed
creating refugia [77], followed by post-glacial dispersal and expansion [86]. Additionally,
the observed lack of spatial genetic differentiation could partially have been explained by
rapid population growth [87].

Our results showed that clam did not go through any historical event, implying a
constant population effective size in the area, with limited gene flow according to FST
pairwise values. Therefore, different evolutionary mechanisms may have been recruited
for the adaptation of the species. Although analysis showed that a clam’s history consists
of several periods of constant size, one should bear in mind that its history may also consist
of potential instantaneous changes of sizes between periods, suggesting a more complex
framework of the demography expected in natural populations [88]. However, due to
smaller sample size and lower number of loci, constant size scenarios may be supported
with lower precision during the estimation of summary statistics [89].

The lack of similar demographic history in the North Aegean Sea could be explained
by environmental differences or differences in the historical time frame of exploitation,
recovery, and expansion between regions. In this system in the study area, the historical
demography presented herein provided evidence for managing species. Despite the dif-
ferences in the population dynamic of the three invertebrates, signatures of their different
demographic history are apparent. Consistently, genetic diversity and historical signatures
are correlated with species ecology. The different demography can be influenced by both
abiotic and biotic factors, and changes in the environment may also be responsible for di-
versity patterns [90]. There are several examples of climate change effects among intertidal
animals, in which larval/juvenile survival, or post-settlement selection leads to different
genotypes, which become established in different physical or biotic conditions [91].

5. Conclusions

The data obtained in the present work clearly indicate the fact that economically
important marine invertebrate species’ physiological performance is not solely imposed
on phenotypic plasticity. Genetic diversity, as observed mostly in geographically different
populations of sea cucumber and clam, seems to drive this species effectiveness in cellular
responses’ integration, in comparison to the panmictic cuttlefish. The latter does not
face intense environmental variations, as it is a benthopelagic species. Since climate
change affects also microhabitats, local climate can be responsible for the abundance
and even extinction of various species. Thus, further research examining all levels of
biological organizations, from genes to organisms, is needed in order to obtain marine
species conservation strategies and management plans, since according to the worst-case



Sustainability 2022, 14, 14380 13 of 17

scenario, the heat intensity by 2050, will lead to extinction of several species. Results such
as the ones presented herein and the existing literature highlight the fact that field studies
examining population genetics and the physiological backgrounds of marine organisms are
particularly important since they elucidate species adaptation capacity and their subsequent
sustainable harvesting and population recovery.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/su142114380/s1, Table S1: Number of RAD-seq reads per individual
for all species and populations. It is indicated the percentage of the reads that have been mapped to
the reference genomes. Holothuria glaberina was used for Holothuria tubulosa, Mercenaria mercenaria
for Venus verrucosa samples and Sepia pharaonis for Sepia officinalis; Table S2: Filtering steps that were
carried out to generate the final high-quality SNP dataset starting from the raw SNPs output by the
GATK pipeline. The number of retained SNPs after each step is reported. GQ: Genotype quality; DP:
Genotype depth of coverage; IGR: Individual genotyping rate; maxDP: Depth of coverage (twice the
mean depth of coverage of the raw dataset) greater than 416.24 for H. tubulosa, 176.62 for S. officinalis
and 21.76 for V. verrucosa, were removed; MAF: Minimum Allele Frequency; hwe: Hardy–Weinberg
equilibrium; ld r2: Linkage Disequilibrium pruning r2; Table S3: Confidence intervals for ABC
analysis for Holothuria tubulosa populations for both direct and logistic regression of the scenarios
comparison; Table S4: Confidence intervals for ABC analysis for Sepia officinalis populations for
both direct and logistic regression of the scenarios comparison; Table S5: Confidence intervals for
ABC analysis for Venus verrucosa populations for both direct and logistic regression of the scenarios
comparison; Figure S1: Posterior (green line) and prior (red line) distribution plots of ABC analysis
based on 4 × 106 simulated data sets of historical effective population sizes and time of historical
events based on scenario 2 of H. tubulosa for Pagasitikos population; Nanc: Ancestral population,
Nb: bottlenecked population, Ncur: recovered population, tb: time of bottleneck event, tcur: time
of recovery; Figure S2: Posterior (green line) and prior (red line) distribution plots of ABC analysis
based on 4 × 106 simulated data sets of historical effective population sizes and time of historical
events based on scenario 2 of H. tubulosa for Thermaikos population; Nanc: Ancestral population,
Nb: bottlenecked population, Ncur: recovered population, tb: time of bottleneck event, tcur: time
of recovery; Figure S3: Posterior (green line) and prior (red line) distribution plots of ABC analysis
based on 4 × 106 simulated data sets of historical effective population sizes and time of historical
events based on scenario 2 of H. tubulosa for Vistonikos population; Nanc: Ancestral population,
Nb: bottlenecked population, Ncur: recovered population, tb: time of bottleneck event, tcur: time of
recovery; Figure S4: Posterior (green line) and prior (red line) distribution plots of ABC analysis based
on 4 × 106 simulated data sets of historical effective population sizes and time of historical events
based on scenario 3 of S. officinalis for Pagasitikos (A), Thermaikos (B) and Vistonikos (C) population;
Nanc: Ancestral population, Nexp: expanded population, texp: time of expansion; Figure S5: Posterior
(green line) and prior (red line) distribution plots of ABC analysis based on 4× 106 simulated data sets
of historical effective population sizes and time of historical events based on scenario 1 of V. verrucosa
for Pagasitikos (A), Thermaikos (B) and Vistonikos (C) population; Ncur: constant population effective
size; Table S6: Mean values of temperature, salinity and oxygen recorded during seasonal samplings;
Table S7: Genetic indices per species and population. No: Number of alleles; Ea: Effective alleles;
HOBS: observed heterozygosity; HEXP: expected heterozygosity, FIS: fixation inbreeding index; Figure
S6: Structure plots and Delta-K against K for Structure run given the reduction of Ln from K = 2 for
all populations made using HARVESTER. A: Holothuria; B: Sepia; C: Venus.
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