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Population genomic analysis of
the greater amberjack (Seriola
dumerili) in the Mediterranean
and the Northeast Atlantic, based
on SNPs, microsatellites, and
mitochondrial DNA sequences

Aikaterini Katirtzoglou'?*', Dimitris Tsaparis*f,

Evangelos Kolios'?, Antonios Magoulas?,

Constantinos C. Mylonas!?, loannis Fakriadis?, Tereza Manousaki'
and Costas S. Tsigenopoulos'*

Hnstitute of Marine Biology, Biotechnology, and Aquaculture (IMBBC), Hellenic Centre for Marine
Research (HCMR), Heraklion, Greece, 2Department of Biology, University of Crete, Heraklion, Greece

The greater amberjack (Seriola dumerili) has attracted considerable economic
interest since the 1990s because it possesses traits that distinguish it as a
promising candidate in aquaculture. However, the challenges of its successful
rearing, combined with the need to develop proper management practices,
underline the importance of research into the genetic diversity of both wild
and farmed stocks. We aimed to decipher the genetic structure of S. dumerili
in the Eastern Mediterranean and the Northeast Atlantic using three types of
genetic markers (mitochondrial control region sequences, microsatellites, and
single nucleotide polymorphisms, or SNPs) to evaluate the population genetic
structure of the species. The results were compared to those of previous
studies of the species focusing on the Central Mediterranean and confirmed
the presence of two divergent mtDNA haplogroups distributed without any
detectable geographical structuring within the Mediterranean and the Atlantic.
However, population analyses of the genetic structure of the species using
either 10 microsatellites or a set of 1,051 SNP markers suggest that the species
forms three genetically distinct groups, one in the Mediterranean and two in the
Atlantic. The latter has so far not been reported in the Northeast Atlantic, and that
this differentiation refers to samples from the Canary Islands is surprising. Fifteen
candidate outlier SNP loci were identified in the data set, one located within the
teadla/TEF-1A gene, which has been associated with temperature acclimation
of the medaka. This work enriches our knowledge of the genetic diversity of wild
populations of the greater amberjack in the Mediterranean and the Northeast
Atlantic and attempts to investigate signs of local adaptation toward a better
understanding of the species distribution patterns. Future studies should be
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conducted to investigate the genomic regions associated with temperature
acclimation in marine organisms that have to adapt to the ongoing climate
change pressures, such as sea temperature rise, in order to survive.
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Population genomics, pelagic fish, ddRAD sequencing, genetic structure, outliers

Introduction

The greater amberjack (Seriola dumerili; Risso, 1810) is
an oceanodromous fish of the Carangidae family and has a
circumglobal distribution in subtropical and temperate waters (1).
It is common in the Mediterranean Sea (2) in which S. rivoliana,
another economically important carangid, widely distributed in the
Eastern and Western Pacific, and the lesser amberjack, S. fasciata,
have also been recently reported [see in Segvi¢-Bubi¢ et al. (3)].

The greater amberjack has attracted strong interest in Europe
and Japan since the 1990s because it possesses many qualities that
classify it as an aquaculture candidate, such as a rapid growth
rate, excellent flesh quality, large size, and high worldwide demand
(4). Nevertheless, the challenging reproduction of the species in
captivity (even if the fish were taken from the sea at a very early
stage in their development) has prevented its rapid and extensive
commercial production. The need to diversify the aquaculture
worldwide led to a rekindled interest in the greater amberjack,
especially in developing methods to control egg production in
captivity and studying the reproductive biology of the species,
which still poses problems for its commercial production (5-7).
Reproduction has been successfully induced hormonally in wild-
caught greater amberjack reared in captivity (8), demonstrating the
potential of the species in aquaculture [see references in Corriero
et al. (9)]. However, it has been noted that the reproduction
of greater amberjack from the Mediterranean Sea in captivity is
more difficult than in individuals from the Atlantic Ocean (9).
The differences may be related to the significant differences in
environmental conditions between the two regions (i.e., annual
temperature and photoperiod profiles); however, the existence
of population genetic differences between the two stocks may
also contribute to this reproduction discrepancy (3). Additionally,
bottlenecks in further expanding Seriola spp. farming appear to
be disease control, a lack of genetic selection programs, and
incomplete knowledge of nutrient requirements for these species
(10). These difficulties for the successful rearing of a new organism
in aquaculture highlight the importance of exploring the genetic
background of new marine candidates. Genetic diversity is the
raw material for natural selection that allows species to adapt to
new environmental conditions; thus, its loss will decrease species
adaptive potentials (11). In addition, genetic studies constitute the
baseline for breeding programs to trace the origin of breeders and
can be utilized to assess the potential genetic risk of intra-specific
breeding among wild and farmed fish (12-14).

Concerning the greater amberjack, numerous gaps concerning
the population structure and the ecology of the species remain.
Based on mark-recapture studies and analysis of mitochondrial
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DNA, two genetic stocks have been recognized in the Northwest
Atlantic, one in the northern Gulf of Mexico, and one in the
U.S. southeast Atlantic coast (15). Although genetic data based
on microsatellite loci provided evidence of limited population
structure, the differentiation among samples from the Gulf of
Mexico was statistically significant and in favor of non-panmixia
among fish collected from the Gulf of Mexico and the Florida
Keys (16). There is also evidence for two groups of populations
of greater amberjack in Asia, one in the East China Sea and one
in the South China Sea (17-19). The genetic structure of Eastern
Atlantic and Mediterranean populations indicates the existence of
a strong breakpoint between the two basins (3); moreover, there
is low divergence between the populations sampled in the Central
and Western Mediterranean. The lack of population subdivision of
the greater amberjack in the Western and Central Mediterranean
was confirmed again in a later study that combined microsatellite
markers and geometric morphometrics in wild and farmed fish
(20), showing that wild-origin individuals formed one cluster in the
Mediterranean basin.

As mass aquaculture production of the greater amberjack is
still in its infancy, genomic research on the species has been
limited. Two attempts of whole genome sequencing (WGS) exist
at present for the species, both at the scaffold level (17, 21).
Generally, the cost of WGS techniques is continuously dropping;
however, obtaining complete genomic sequence data is not always
necessary for addressing specific research questions (22, 23).
The development of reduced-representation sequencing (RRS)
methods, such as restriction-site associated DNA sequencing (RAD
sequencing or RAD-Seq), combines the use of genome complexity
reduction with restriction enzymes (REs), and the high sequencing
output of modern sequencing platforms. The applications of RAD
sequencing in aquaculture (24) are numerous and have expanded
in many directions, such as the construction of genetic maps
(25), comparative genomics in non-model organisms (26), genome
assemblies for valuable aquaculture species (27), and mapping QTL
associated with traits of economic importance in various species
(28). RAD-seq techniques have been extensively applied to generate
population-level SNP genotype data and infer population structure
and evolutionary patterns in many marine organisms, such as
the blind cavefish (29), the three-spine stickleback, Gasterosteus
aculeatus (30); the Atlantic mackerel, Scomber scombrus (31);
the Nassau grouper, Epinephelus striatus (32); the redlip croaker,
Larimichthys polyactis (33); the red drum, Sciaenops ocellatus (34);
the American lobster, Homarus americanus (35); and the Chilean
blue mussels, Mytilus chilensis (36), among many others.

The fine-scale genetic structure and stock delineation of
fish species have been greatly moved forward thanks to recent
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advances in genomics assisted by technological and methodological
breakthroughs like high-throughput sequencing and genotyping
by sequencing. The objective of the current study was to
infer the population genetic structure of the greater amberjack
in the Mediterranean and Northeast Atlantic based on SNP
markers generated from double digest Restriction Associated
DNA (ddRAD) sequencing data as well as from mitochondrial
DNA sequences and microsatellites. From the former data set,
neutral and outlier SNP loci were identified and used to explore
the potential signatures of local adaptation between the two
basins. Current results are expected to set the ground for
the development of future management strategies and genetic
improvement programs in wild greater amberjack stocks. Finally,
we investigated markers involved in evolutionary mechanisms that
can lead to an in-depth inspection of the genetic diversity of a
species. They can potentially provide fine-scale patterns of the
population structure not detected with neutral markers and a
better insight into the species’ future geographical distribution as a
consequence of the ongoing fluctuation of environmental variables
due to constant climate changes.

Materials and methods

Sampling and DNA extraction

The
Mediterranean and Eastern Atlantic was investigated using 254

genetic  structure of greater amberjack in the
samples from different aquaculture companies. The information
provided by the companies indicated clearly that the individuals
were wild and were captured in nine different locations across the
Mediterranean Sea and the Northeast Atlantic Ocean. The data set
consisted of three populations originating from the Canary Islands
(1-3) and six populations from the Central and Eastern parts of
the Mediterranean (4-9), as shown in Figure 1.

DNA extraction from the fin-clip tissues preserved in absolute
ethanol was performed following a simple salting out procedure
(37), and DNA quantification was done by measuring its
concentration with a Nanodrop 1000 spectrophotometer (Thermo

Fisher Scientific).

Mitochondrial DNA gene sequencing

A part of greater amberjack’s mitochondrial DNA (mtDNA)
control region [418 base pairs (bp)] was amplified through PCR
using the primer pair SerCR_H (CGATTTCTGTCCCTGACCAT)
and SerCR_L (CCTACCCCTAGCTCCCAAAG) (3). The final PCR
volume was 12 pL, and all reactions were carried out in an
automatic cycler (T100™ Biorad Thermal Cycler), with an initial
denaturation step at 95°C for 1 min, 35 cycles of 50s at 95 °C,
50s at 48°C, and 60s at 72°C and a final extension for 10 min
at 72°C. PCR products were purified using an ethanol/sodium
acetate precipitation protocol, quantified using the Nanodrop
spectrophotometer, and a sequencing reaction followed using the
BigDye terminator v3.1 kit (Applied Biosystems). Finally, PCR
products were run on an ABI 3730 sequencer (Applied Biosystems).

Frontiersin Fish Science

10.3389/frish.2024.1356313

Microsatellite amplification

For the amplification of microsatellite markers, 11 dinucleotide
loci were used [(38); see Supplementary Table 1] in a PCR
multiplex reaction using the QIAGEN™ Multiplex PCR Plus
Kit (39). PCR amplifications were performed in 9 WL reactions
consisting of 1 pL DNA (20-40ng), 4.5 wL Qiagen PCR Master
Mix, 0.5 pL Q solution, and 3 pL of the primer mix that
contained 0.45uM of all primers. Forward primers were labeled
with fluorescent dyes (as shown in Supplementary Table 1). PCR
products were then analyzed on an ABI 3730 automated sequencer
(Applied Biosystems), with the Genescan 500-LIZ size standard
(Applied Biosystems). Alleles sizing and scoring were performed
with the software STRand 2.4.110 (http://www.vgl.ucdavis.edu/
STRand) (40).

Double digestion RAD library preparation
and sequencing

Total DNA from the 254 greater amberjack samples was
extracted following a modified salt-based extraction protocol
described by Manousaki et al. (26). For the ddRAD library
preparation (41), DNA samples were separately digested by two
REs: SbfI (CCTGCA|GG recognition site), and Sphl (GCATG|C
recognition site). Barcoded adapters were designed to meet
specific criteria. The first was that restriction sites should not
be reconstructed by adapter-genomic DNA ligations. Second, the
adapter mix consisted of P1 (SbfI compatible) and P2 (Sphl
compatible) adapters that include a five- to seven-base inline
barcode each. The number of different short sequences used
as barcodes for sample identification was such that the unique
combination of two is individual-specific. Third, P1 and P2 were
added with a ratio of 1:12, as this was expected to more accurately
reflect the abundance of SbfI and Sphl cutting sites. The ligated
samples were then denatured and mixed into a single DNA
pool. Size selection of the DNA fragments was performed by
agarose gel separation, with a range of 300-600 bp, followed by
PCR amplification of the DNA template. The last step of the
ddRAD library preparation included some further cleanup and
size selection using magnetic beads. Finally, paired-end sequencing
with a read length of 150 bases was performed in the Novaseq
Mumina platform.

Bioinformatic data analysis

mMtDNA analysis

Processing and assessing the quality of the chromatograms, as
well as the sequence alignment, were performed with the MEGA
v.6 software (42). In addition, 88 control region sequences from
S. dumerili and 14 from S. rivoliana already published (3) were
included in the analysis to integrate previous knowledge on the
diversity of this locus. The identification of unique haplotypes
for the S. dumerili and the S. rivoliana sequences was done
with the DAMBES software (43). Then, to infer geographically
meaningful groupings, a median-joining haplotype network was
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D fishing areas Abbrev. | samples
1 Gran Canaria, Spain GC 25
2 | North Tenerife, Spain (caughtin 2015) | NTE 13 ..
3 Tenerife, Spain (caughtin 2013-14) TE 22 =
4 Lampedusa, Italy LA 45
5 Astakos, Greece AS 54
6 Chalkidiki, Greece CH 18
7 North Crete, Greece CR 4 . <
8 Cyprus cYy 56
9 Mersin, Turkey TU 17
4
“:("N.‘/ - >
3 ® ) /
FIGURE 1

Greater amberjack sampling details: population ID (1-9), fishing area, and number of captured individuals.

constructed with the NETWORK V5.0.0.1 software (44) following
the default settings, that is, with an equal-distance ratio for all
mutations, a 1:1 transition/transition ratio, and a parameter of
¢ = 0 to result in the minimum spanning network. Population
differentiation among the nine populations was inferred with
the estimation of pairwise ®@st values based on the number of
pairwise differences between sequences with the Arlequin v.3.5.2.
software (45). The same software was used for the analysis
of molecular variance (AMOVA) for mtDNA to examine the
distribution of genetic variation among various hypothetical groups
of populations. Different scenarios of population clustering were
tested based on geographical criteria (e.g., Atlantic-Mediterranean)
and differentiation between populations (e.g., high pairwise
@st values).

Microsatellite analysis

The results were checked for the presence of null alleles,
stuttering, and allele dropout using the Microchecker v.2.2 program
(46). Testing was done for each microsatellite marker within each
defined population.

The basic statistics for investigating genetic diversity and
genetic structure (the frequency of each allele at each locus,
the average number of alleles per population, the heterozygosity
indices, the number of private alleles, and the genotypic linkage
disequilibrium at the significance level of p = 0.05) were calculated
using GenAlEx v.6.5 (47) and Fstat v.9.3.2 (48) software. The
inbreeding coefficient Fig was calculated for each locus separately
and for all loci in each population to verify statistically significant
deviation from heterozygosity due to non-random interbreeding
of individuals within each subpopulation. Significance testing
was performed with permutations and significance levels at p
< 0.05. Pairwise Fst as a measure of gene flow and genetic
differentiation between populations was calculated using Arlequin
v.3.5.2 software (45).
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To check for the presence of patterns of a wider geographical
structure in the populations of S. dumerili relative to the
wild populations investigated in this study, several scenarios of
clustering (as in mtDNA analysis) were tested using the AMOVA
approach in the Arlequin v.3.5.2 software (45). Then, to expand
individual groupings of the Mediterranean and Atlantic amberjack
populations, which are likely to be independent of the geographical
origin of the samples, a data analysis was carried out using
the Structure v.2.3.4 software (49-52). To study the existence
of a genetic structure independent of the geographic origin of
the samples, the analysis was done using a combination of the
admixture model and the correlated allele frequencies model. The
use of the first model includes the assumption that an individual
comes from a mixture of two or more groups and does not belong
exclusively to only one group. The probability was calculated for
each number of K groups (from K = 1 to K = 8), and each
K analysis was performed for 2 million iterations [Markov chain
Monte Carlo (MCMC) iterations], with the first 500,000 ignored as
a burn-in period and the previously described procedure repeated
20 times to see if the results were consistent. The most likely
number of groups was selected with the statistical procedure of the
AK index according to Evanno et al. (53) with the STRUCTURE
HARVESTER v0.6.94 software (54). Each individual was assigned
to one of the groups proposed each time, after the value of the
participation coefficient q was calculated and the percentage of its
genotype corresponding to this specific group was greater than the
objective percentage of 75%.

ddRAD-seq data analysis

Quality check and demultiplexing for ddRAD-seq data
Raw paired-end reads were analyzed in Stacks v2.59 (55) after

a quality control check in fastQC 0.11.9 (56). Stacks assembles

large numbers of short-read sequences from a set of individuals

and then identifies genotypes loci within them in search of SNPs.
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First, the Stacks component process_radtags was used to recover,
clean, and demultiplex the raw data into the individual samples.
The parameters set were - ¢, - g, - . The - ¢ parameter is used
to clean the data and remove reads with uncalled base, - q for
discarding reads with low-quality scores (Phred score < 10), and
- 1 corrects sequence errors in the RAD cut site and barcodes that
would otherwise make them undetectable for the analysis.

Data alignment against greater amberjack reference
genome

To align our samples against the available reference genome
for the species (RefSeq assembly accession: GCF_002260705.1)
(17), the Burrows—Wheeler Alignment (BWA) software package
was employed (57). We used the BWA MEM algorithm to align
the preprocessed paired-end reads with the default settings plus
the -M parameter, which flags additional hits of a read on the
reference genome as secondary. Finally, to assess the mapping
rate of the reads, we used -samtools flagstat from SAMtools
1.9 (58), which generates a report on alignment statistics for
each individual.

Genotyping RAD loci

The alignment output files were passed again to Stacks. In this
step, the software component gstacks examines an RAD data set
one locus at a time, looking at all individuals for that locus, and then
proceeds to identify SNPs within it. All the genotyped loci across
the total of individuals are stored in the catalog file. Then, the use
of populations, the last step of the Stacks pipeline, led to specifying
the number of polymorphic loci (SNPs), with the following settings:
-R = —0.75, which indicates that a locus needs to be genotyped
in at least 75% of individuals across all populations, and -min-
maf = 0.05 and —max-obs-het = 0.7, which are the minimum
minor allele frequency and the maximum heterozygosity required
to process a nucleotide site at a locus, respectively. In addition,
the —write-random-snp option restricts the output to one random
SNP per locus. A final filtering step was implemented by excluding
individuals with >20% of missing data (non-genotyped loci) using
a custom script.

As the number of RAD loci identified was relatively low
compared to some other ddRAD studies in teleosts (59, 60), where
the libraries were constructed with the same restriction enzymes
and reads were analyzed in Stacks (55), we wanted to confirm
if the expected number of sites is similar to the observed one.
SimRAD R package (61) simulates the construction of a restriction-
site associated DNA sequencing (RAD) library, by performing in
silico restriction enzyme digests and fragment size selection on
a given DNA sequence. In order to run the SimRAD program,
the reference genome of greater amberjack (17) was provided
along with recognition sites of the enzymes SbfI and Sphl. The
digestion method was determined (double digest), and finally, the
type of DNA fragments (AB) along with the size selection window
(300-600 bp).

Measures of genetic differentiation

Pairwise Fgr values were calculated using the population
comparison test in Arlequin v 3.5 (45), with 10,000 permutations
at the 0.05 significance level. The inbreeding coefficient Fis for
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each of the nine populations was estimated using the R package
genepop v. 4.7.5 (62) with Hardy-Weinberg exact tests (Probability
test, Fisher’s method) to investigate whether each population is in
equilibrium. The significance of the Fg estimate of each population
was determined based on the p-values of population-specific
Hardy-Weinberg equilibrium (HWE) tests.

Cluster analysis

A locus-by-locus AMOVA was implemented on SNP data using
Arlequin (45), with the number of permutations set to 99,999
and the level of missing data/SNP to 1. Four different clustering
scenarios were tested, based mainly on geographical criteria. In
the first scenario, populations were divided into two groups,
Northeast Atlantic [Gran Canaria (GC), North Tenerife (NTE),
and Tenerife (TE)] and Mediterranean [Lampedusa (LA), Astakos
(AS), Chalkidiki (CH), North Crete (CR), Cyprus (CY), and Mersin
Turkey (TU)]; the second into three groups (GC, NTE and TE, and
Mediterranean, which included LA, AS, CH, CR, CY, TU); the third
case into four (GC; NTE and TE; LA, AS, CH, and CR; and CY and
TU); and in the fourth scenario, the possible groups tested were GC,
NTE and TE, LA and AS and CH, CR, CY, and TU.

Then, we ran STRUCTURE (49) again to infer the population’s
structure. This time we used Structure_threader (63) to implement
the analysis with the following settings: -K = 10, -R = 10,
and a burning length of 100,000 for 500,000 MCMC iterations.
The admixture model was used again and the best K was
chosen according to Evanno et al.’s (53) method. STRUCTURE
HARVESTER v0.6.94 (54) and CLUMPAK (64) were used to
summarize the STRUCTURE results and graphical representation
of Q-plots. ADMIXTURE (65) was also implemented to estimate
ancestry of a given set of unrelated individuals from autosomal
SNP genotype data sets and determine the best value of K using
a cross-validation (CV) procedure.

The last method used to infer the genetic structure of our data
was discriminant analysis of principal components [DAPC; (66)].
In DAPC, the variance in the sample is partitioned into between-
group and within-group components in an effort to maximize
discrimination between groups (67). It was implemented using
adegenet 2.0.0 (68) and ade4 (69).

Search for outlier loci

To detect potential outlier loci in a reliable way, two methods
were used. The first one is an Fgr-based method proposed by
Excoffier et al. (70) and was applied via the Arlequin software
(45) at 100,000 simulations for 100 simulated demes in 10 groups,
with an allowed level of missing data/SNP set of 1. The genetic
structure was defined a priori for K = 3, and loci with a p <
0.001 were considered outliers. We also employed Pcadapt (71),
a principal component analysis (PCA) based approach to identify
candidate outliers. The outliers were selected with an adjusted p-
value = 0.01 using the Benjamini-Hochberg correction. Finally,
we selected the overlapping loci from the two approaches and
annotated them on the reference genome (FTP directory of the
NCBI GCF_002260705.1_Sdu_1.0 genome assembly). We then
explored the biological identity of genes adjacent to the outliers that
are potentially under selection using the function closestBed under
the BEDTools (72) software.
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Gran Canaria

Seriolarivoliana

40

Tenerife

Western Mediterranean Sea Haplogroup B
Central Mediterranean/lonian Sea

Eastern Mediterranean/ Aegean Sea :

Eastern Mediterranean/ Levantine Sea 6

Haplogroup A

- - 1N0UOEN

Seriola rivoliana

FIGURE 2

Median-joining network of mtDNA control region haplotypes of the greater amberjack (S. dumerili) and of S. rivoliana. Each haplotype is depicted by
a circle. The size of the circle is proportional to the haplotype frequency and colors identify the geographical origin of the samples. Lines with no
number correspond to a difference in a point mutation, while the presence of the number in a line indicates the amount of point mutations.

Results
mtDNA analysis

A 395-bp-long fragment of the control region was successfully
sequenced in 250 S. dumerili specimens collected in this study.
Newly derived sequences were aligned with 88 S. dumerili and
13 S. rivoliana sequences from the study of Segvi¢-Bubi¢ et al.
(3). In total, 52 unique haplotypes (HO01-H52) of S. dumerili
and 6 haplotypes (H53-H58) of S. rivoliana were identified
from 351 sequences after analysis with the DAMBE 5 software
(Supplementary Table 2).

Of the 52 haplotypes, 19 (36.5%) occurred in more than
one region while 33 (63.5%) were private ones since they
were found in only one (Supplementary Table 2). In TE, the
dominant haplotype was H18, as in NTE and GC. In contrast,
in the Tenerife samples (TEB) from Segvi¢-Bubi¢ et al. (3), the
dominant haplotype was H45. The dominant haplotype in the
Mediterranean Sea was H51 in the regions of Tunisia (TUN),
Southern Sicily (SSI), Northern Sicily (NSI), Eastern Sicily (ESI),
LA, AS, CH, TU, and CY. A lack of observations of this haplotype
in the CR population is probably due to only four specimens
from this region having been sequenced. Despite many private
haplotypes being present, common haplotypes were observed
between the Atlantic and the Mediterranean (H09, H32, H42,
H51, H52) samples and in a large percentage of the total
samples (60.36%).

The haplotype network construction with the NETWORK
V5.0.0.1 software led to the revelation of two distinct haplogroups
in S. dumerili and a haplogroup for S. rivoliana, as shown in
Figure 2. Haplogroup A comprises 286 of the 338 S. dumerili
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samples, that is, ~84.6%, while haplogroup B comprises 52 samples
(15.4% of the samples). The origin of haplotypes that make up each
haplogroup is presented in detail in Supplementary Table 2. To
investigate meaningful phylogeographical patterns we assigned the
samples of S. dumerili to broader geographical regions as follows:
GC, Tenerife (NTE + TE + TEB), West Mediterranean (TUN
+ SSI + NSI), Central Mediterranean/Ionian Sea (ESI + LA +
AS), Eastern Mediterranean/Aegean Sea (CR + CH), and Eastern
Mediterranean/Levantine Sea (TU + CY). Both haplogroups are
present in all these regions.

Considering only the nine populations analyzed in the current
study, the estimated pairwise @st values (Supplementary Figure 1)
revealed a remarkable and statistically significant differentiation
between the GC population and all the rest (high values
ranging from 17.43% between GC and TE to 59.90% between
GC and CR). On the contrary, Tenerife populations (TE
and NTE) do not differentiate significantly (p > 0.05) from
the Mediterranean populations (highest values: 11.42% between
NTE and CH and 6.69% between TE and CH). Among the
Mediterranean populations, no differentiation is observed (very
low and statistically non-significant values) except for the AS and
CH pair (@st = 12.64%, p < 0.05).

To examine the existence of wider patterns of genetic structure
based on the mtDNA control region diversity, AMOVA was
performed with various combinations of population groupings
(99,999 permutations for p < 0.05). The results of AMOVA are
presented in Supplementary Table 3. Among different scenarios,
the one that separates the GC population from the Tenerife
populations (TE and NTE) and all the Mediterranean populations
(LA, AS, CH, CR, CY, and TU) maximizes the genetic
differentiation among groups (11.01% of the observed variation).
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At the same time, the values of diversity variation due to differences
among populations within groups (0.49%) and within populations
(88.50%) are among the lowest.

Microsatellite analysis

Locus Sdu 43 was the only monomorphic one in the data set
and was therefore excluded from the downstream analysis. We did
not detect the presence of stuttering and allele dropout at any of the
remaining ten loci in any population. However, we observed the
possible presence of null alleles at a few microsatellite loci in some
populations due to the presence of a larger number of homozygous
individuals compared to their expected number; none of these loci
was reported to show a high frequency of null alleles in previous
studies (3, 20). No significant linkage disequilibrium between any
of the 10 loci was detected across all populations. Following the
preceding results, we decided not to omit any microsatellite locus
from the analysis.

From the analysis of the whole data set (254 samples) for 10
microsatellite loci, a high rate of polymorphism was found within
the population of S. dumerili in the Mediterranean Sea and the
Eastern Atlantic. Specifically, the number of alleles varied from 8 to
25; the mean number of alleles per locus was 12.7 (£0.357), while
the mean number of alleles for all loci and across populations was
7.078 (£0.352). A total of 128 alleles were found, while only 18
(14.06%) of them were private; that is, they were identified only in
one population (Supplementary Table 4).

According to the pairwise Fgr, statistically significant genetic
distance values were found between the Gran Canaria and all other
populations. Values between Gran Canaria and the Mediterranean
populations ranged from 14.4% to 17.9% while the values between
Gran Canaria and the other two Atlantic samples were 9.1% (for
TE) and 12.7% (for NTE). Statistically significant but lower Fgr
values were found between the population of Tenerife and the
Mediterranean populations; for TE, it ranged from 4.0% to 5.7%,
and for NTE, it varied between 2.0% and 4.4%. Last, the two
populations from Tenerife show low (Fst = 0.87%) and statistically
non-significant interpopulation differentiation while small genetic
distances and statistically non-significant were also observed
among the Mediterranean populations (see Supplementary Table 5
and Supplementary Figure 2).

Different groupings were examined with AMOVA analysis;
similarly to the mtDNA marker, the main source of diversity
variation was proposed for the GC/TE/Mediterranean scenario
with 8.36%. At the same time, this grouping also gave the
lowest percentages as sources of variation among populations
within groups (0.06%) as well as within populations (91.58%;
Supplementary Table 6).

The results of the STRUCTURE software indicated the
existence of three genetic groups (K = 3 clusters) according to the
maximum mean likelihood values [LnP (K)] that were calculated
(Supplementary Figure 3). In this case, the individuals from GC
are assigned exclusively (with q values higher than 98%) to one
genetic group (yellow in Figure 3), the individuals from Tenerife
are mainly assigned to a second group (orange) while individuals
from the Mediterranean Sea are assigned to either the second or
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third (blue) group, or they exhibit high admixture (between the
second and the third group). However, when the selection of the
best K was done following the AK criterion of the Evanno et al.
(53) method, the value for K = 2 was higher followed by that
for K = 3 (Supplementary Figure 3). For K = 2, the values of
the participation coefficients (q) for each of the 254 individuals
permitted to assign 234 out of 254 specimens to one of the two
genetic groups, that is, a rate of 92.1% (g > 0.75). Conversely, 20
specimens could not be exclusively assigned to only one cluster
because they presented a composite genotype with gmax < 0.75.
In cluster I, some 26 fish (i.e., 10.3% of the total specimens) were
assigned, and 25 of them belonged to the GC population, with an
average coeflicient value of ¢ = 0.98. The last fish for cluster I came
from the TE population. The remaining 208 fish (i.e., 81.8% of the
total individuals) were assigned to group II and originated from TE
and the East Mediterranean. However, the TE samples presented,
in general, a special and significant mixing of the two genetic
clusters, and this was also seen from the Fsr values they showed in
comparisons with the GC and the East Mediterranean populations.

ddRAD-seq analysis

SNP calling

Sequencing yielded 665,877,326 raw reads (332,938,663 read
pairs). After process_radtags, ~4% of the reads were discarded;
550,230 due to low quality (Phred score < 10), 24,855,776 and
2,049,539 for barcode or RAD cut site not found, respectively.
The rest of the reads were demultiplexed successfully and assigned
to the 254 individuals of the data set (Supplementary Table 7).
After alignment against the genome, the percentage of properly
paired reads was very high for 251 Individuals in the analysis (86%
or higher) whereas only 3 samples (2 from LA and 1 from GC
presented a low alignment rate and were therefore removed. Our
analysis resulted in a catalog of 11,706 loci with a mean insert length
of 402.4 bp. The majority of the individuals (~98%) projected 20x
or higher coverage (Supplementary Table 7). After the final filtering
step, the data set consisted of 197 individuals genotyped for 1,051
SNPs. The number of polymorphic sites produced using Stacks is
close to the number of loci/fragments (2,531) produced by the in
silico digestion method. The difference can be attributed to the lack
of loci filtering in the in silico method, as fragments are chosen
based on the cutting sites and fragment length.

Measures of genetic differentiation

From the matrix of the genetic distances (pairwise Fsr),
the population from GC was the most distant from the
Mediterranean populations, especially from CR (0.179), as well as
from both Northeast Atlantic populations from Tenerife (0.127
and 0.091, respectively) despite them being geographically close.
The Tenerife populations (NTE and TE) were divergent from all
the Mediterranean populations but less than the GC one. Also,
the genetic distances between the Mediterranean populations were
smaller and close (0.0006 to 0.0116; Supplementary Figure 4 and
Supplementary Table 8).
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K=2
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FIGURE 3

STRUCTURE Q-plots for 254 individuals analyzed with 10 microsatellite loci and for K = 2 and 3 (1, Gran Canaria; 2, North Tenerife; 3, Tenerife; 4,
Lampedusa; 5, Astakos; 6, Chalkidiki; 7, North Crete; 8, Cyprus; 9, Mersin Turkey).

Measures of inbreeding showed an excess of homozygotes in
every population because the analysis yielded positive values, from
0.1531 to 0.3067. These results indicate that all populations apart
from North Crete (CR) significantly deviate from the Hardy-
Weinberg equilibrium and suggest non-random mating among
individuals especially in the NTE, TE, and LA populations,
with the higher Fis values (Supplementary Table 9). The SNP-
based Fis values were much higher than the ones observed from
microsatellite markers [from —0.006 to 0.079 in this study and in
Supplementary Table 4, and from —0.210 to 0.041 in Segvi¢-Bubié¢
etal. (3)].

Cluster analysis

A locus-by-locus AMOVA was implemented in four clustering
scenarios (presented in Supplementary Table 10). The tested
scenarios were based on the geographical barrier between the two
seas (Mediterranean—Atlantic division) and the previous pairwise
Fgr analysis that showed that the Gran Canaria population may
be separate from the Tenerife ones despite their limited distance.
The source of variation (groups, populations, or individuals) from
each AMOVA analysis shows that the genetic variation among
groups (Fcr) is maximum in the second scenario, which means that
among the tested cases, the structure “Gran Canaria (GC) - Tenerife
(both NTE and TE) - all Mediterranean” explains best the existing
variation in our data.

STRUCTURE was implemented on three different data sets:
the total number of loci, the candidate outlier loci, and neutral
loci (total loci minus outliers, see next section). The number of
clusters (K) for the studied populations was determined using
Evanno et al’s (53) method for the highest value of delta K. For
the total number of 1,051 loci, STRUCTURE revealed evidence
for two clusters (K = 2; Figure 4). The GC population was the
only one in the first genetic cluster, and all the Mediterranean
populations belonged to a second homogeneous group. Both
Tenerife populations showed a high level of admixture of the
two clusters independent of the data set used but seem more
closely related to the Mediterranean group. The same pattern
was shown by the neutral loci (Figure 4C), as well as only with
the outlier loci (Figure 4A), with many individuals in populations
from Tenerife and, to a lesser extent, from LA having a highly
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admixed profile of the two clusters. If we considered three clusters
(K = 3) based on the STRUCTURE results for microsatellite
loci, the distinctiveness of the two Tenerife groups was more
apparent when using the full SNP data set and, to a lesser extent,
with the neutral and outlier data sets (Supplementary Figure 5).
However, for the three groups of loci tested by the program
(total number of loci, neutral and outlier loci), K = 3 was not
defined as the second most likely population structure after K
= 2 according to the Evanno method (Supplementary Figure 6).
Specifically, STRUCTURE denoted K = 4 as the second-most
probable number of clusters for the total number and neutral loci.
For outlier loci, the higher delta K values were K = 6 and then K
= 8 aside from K = 2 (Supplementary Figure 7). The presence of a
fourth cluster lacks support from the different types of analyses—
in both the microsatellite and the SNP data—employed in this
study. Furthermore, as the outliers consist only of 15 loci, relying
solely on them for the interpretation of population structure,
especially based on the second- or third-highest delta K values is
not prudent.

The ADMIXTURE analysis for all loci (65) provided an almost
identical output with Structure, suggesting the same clustering
model (Supplementary Figure 8). The most fit number of clusters
is 2, as the CV error is the least for K= 2 (Supplementary Figure 9).
Finally, in the multivariate analysis (DAPC), the data were
optimally explained by three clusters for 20 PCA and 2 DA
eigenvalues, respectively. Both Tenerife populations (NTE and TE)
formed a single group, which was closer to the Mediterranean
group than to the GC population (Figure 5).

Outlier loci

The number of potential outlier loci identified from Arlequin
(45) and pcadapt (71) were 30 and 32, respectively. Fifteen were
shared by both methods and were used in the downstream analysis,
such as Bayesian cluster analysis, and the exploration of the
biological identity of their closest genes (Supplementary Figure 10).

Searching genomic regions adjacent to the outlier loci, may lead
to identification of candidate markers involved in environmental
adaptation. The results of Bedtools (72) are presented in Table 1.
Ten out of fifteen outliers were mapped on genes, while the
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FIGURE 4

locations of the specimens.

Bayesian individual assignment implemented in STRUCTURE for K = 2 without using geographical area as a priori. The y-axis represents the
proportions of membership of greater amberjack individual genotypes for (A) outlier loci, (B) total loci, and (C) neutral loci, along with the origin
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FIGURE 5

Discriminant analysis of principal components scatterplot. Dots represent individuals of greater amberjack (Seriola dumerili), with colors denoting
sampling populations. In the lower left, the three clusters are shown as peaks in one dimension (GC, Gran Canaria; NTE, North Tenerife; TE, Tenerife;
LA, Lampedusa; AS, Astakos; CH, Chalkidiki; CR, North Crete; CY, Cyprus; TU, Mersin Turkey).

remaining were located at the intergenic region. Upon exploring
their function in the NCBI database, it appears that they play
a role in various important biological pathways. Exploring the
functions of these genes can be challenging as the functional
annotation of non-model organisms, like the greater amberjack,
is constantly improving, and thus, only a fraction of genes possess
well-documented functions. Subsequently, here we focused on the
genes with better established documentation. Most of them were
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involved in aspects of embryonic development, fin morphogenesis,
notochord development in fish (pdgfa, frem2b, col27al) (73-
75), normal brain function and behavioral phenotypes in fish
(grm8, nrxn2) (76, 77), and potential role in immune response in
human tissues (78). Finally, we identified tead1a/TEF-1A, which is
associated with a cold-acclimation mechanism in medaka [Oryzias
latipes; (79)], and sec23ip, which plays a role in spermiogenesis in
mice (80).
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TABLE 1 Closest genes to putative outlier loci after functional annotation.

10.3389/frish.2024.1356313

Locus Position Closest gene Distance from closest gene (bp)
1536 NW_019174290.1: 4953146 | arhgap10 0
3080 NW_019174328.1: 1910056 sec23ip 0
3920 NW_019174352.1:1004533 | LOC111222491 (teadla /TEF-1A) 0
4528 NW_019174375.1:672454 LOC111223882 (gprd) 0
4786 NW_019174389.1:1089064 | LOC111224432 (frem2b) 0
5006 NW_019174393.1:10018474 | LOC111224565 (grm8a) 0
5928 NW_019174422.1:1241776 | nrxn2 0
6009 NW_019174424.1:2843425 pdgfa 6584
6251 NW_019174444.1:4239519 LOC111227500 (LOC111227500 nuclear factor 1 A-type) 33507
6852 NW_019174474.1:8177075 | etfbkmt 2095
6889 NW_019174481.1:842986 LOC111229126 (LOC111229126 WW domain-containing adapter 10241
protein with coiled-coil-like)
8247 NW_019174586.1:4143878 noxl 0
9872 NW_019174845.1:136125 LOC111236173 (col27al) 0
10963 NW_019175495.1:276080 ecell 0
11603 NW_019182528.1:30184 LOC111240016 (LOC111240016 protein NLRC3-like) 669

Columns from left to right represent the locus ID according to the Stacks catalog, locus position on the reference genome, gene name of the closest gene and distance in base pairs (bp) from the
identified closest gene. For many annotations, the program produced genes with “LOC” prefix; in these cases, we searched this term in the NCBI database to retrieve an informative gene name

or gene description, shown in parentheses.

Discussion

In this study, mitochondrial, microsatellite and SNP markers
were used to reveal the genetic structure of the greater amberjack
(S. dumerili) in the Mediterranean Sea and the Northeast Atlantic
Ocean. The mitochondrial marker revealed the existence of two
distinct and coexisting genetic groups in both geographic regions. A
more subtle differentiation was revealed by both microsatellite and
SNP markers, which advocated the genetic differentiation of GC
in relation to all other populations. However, the two populations
from Tenerife had an intermediate genetic status between GC
and Mediterranean populations. Little genetic differentiation was
observed in the Mediterranean basin.

The specific pattern of control region haplotype distribution
in the Mediterranean Sea and the Northeast Atlantic had already
been reported in a previous study of greater amberjack (3). This
two haplogroup allocation was also detected in many other large-
sized and highly migratory pelagic fish like the Atlantic bonito
[Sarda sarda; (81)], and the swordfish [Xiphias gladius; (82)] as well
as smaller pelagic like the anchovy [Engraulis encrasicolus; (83)],
or the coastal flathead gray mullet [Mugil cephalus; (84)]. When
haplotypes were analyzed jointly with those from Segvi¢-Bubi¢
et al. (3), we consequently identified shared haplotypes between
the Mediterranean and the Northeast Atlantic populations; four
haplotypes of both groups A and B occur in both basins (H32,
H42, H51, and H52; Figure 2 and Supplementary Table 2). Once
again, haplogroup A is more frequent than haplogroup B, and there
is no apparent geographical distinctiveness or clinal allocation of
the two haplogroup frequencies. The scenario that has been put
forward from similar phylogeographic results and with the two
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haplogroup also encountered in the Atlantic is that this arose from
paleogeographical and paleoclimatic events that occurred outside
the Mediterranean Sea.

Concerning the Mediterranean population of greater
amberjack, herein sampled at the basin’s central and eastern
parts, our results did not show any geographic subdivision using
any type of markers. This fact, taken together with the strong
diversification of wild and farmed fish, allows us to conclude, on
one hand, that the population differentiation of the species in the
entire Mediterranean distribution is low and, on the other hand,
that the assignment of escapees in its central and western part can
be done confidently (20). This also puts emphasis on the need to
be cautious with the likely translocation of stocks from the Atlantic
to the Mediterranean due to the rapid expansion of the greater
amberjack aquaculture industry; there is a serious obligation
for the inclusion of genetic diversity as a major component for
aquaculture practices and translocation policies of the species in
the region.

Finally, there is a high Atlantic-Mediterranean discrepancy
in our samples that follows the Almeria-Oran front. This has so
far been put forward as a major biogeographic barrier instead
of the Strait of Gibraltar for a number of marine fish (85-90). It
has recently been suggested that the interaction of the Atlantic
water with the denser and more saline Mediterranean water in the
Alboran Sea, results in the formation of the hydrographic front of
Almeria-Oran, which is the transition point for many species (91).
In recent population genetics analyses, a more holistic approach is
applied with the use of spatial, oceanographic, and genomic data
that allow the gene flow between groups to be studied. Studies
are numerous for the Mediterranean rainbow wrasse (Coris julis),
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in which two genetically distinct populations (Mediterranean—
Atlantic) are identified with an intermediate group located in
the Alboran Sea that encompasses both the Atlantic and the
Mediterranean genetic background (92). A clear genetic break
between the two basins was also reported for European hake
(Merluccius merluccius), with a weak differentiation within them
as well as for the rabbitfish (Chimera monstrosa) for which there
were no shared haplotypes between the two basins (93), suggesting
that the shallow depth of the Strait of Gibraltar may act as a barrier
limiting the species dispersal capabilities. Recent studies support
that the integration of information from neutral and potentially-
under-selection SNPs provides useful insights to adaptation
mechanisms and might reveal cryptic divergence. For example, in
European hake (Merluccius merluccius), significant heterogeneity
among Mediterranean samples and a clear break between the
Atlantic and the Mediterranean ones have been revealed (94).
The diversity between the two basins was also clearly shown in
a genome-wide analysis in European sea bass (Dicentrarchus
labrax), and genes associated with adaptation to salinity were
identified (27). In European anchovy (E. encrasicolus), another
study utilized SNP markers to reveal two coexisting ecotypes in the
Central Mediterranean and suggested that population structure
may be due to different behavioral patterns (95). The notion that
population structure is mostly influenced by a small number of
highly differentiated loci, potentially under selection, was also
suggested for the Atlantic horse mackerel [Trachurus trachurus;
(96)]. Overall, investigating signatures of local adaptation
could play a decisive role in safeguarding Mediterranean
biodiversity amid climate change and heavy anthropogenic
influences and lead to the development of effective management
strategies (97).

This lack of population differentiation in the Mediterranean
(and low Fgr values identified) is today increasingly documented
for marine species with elevated gene flow potentials mainly due
to raised dispersal capacities and high pelagic larval duration
(PLD). For the latter, however, there are studies that disprove the
conventional use of PLD as a good predictor for the extent of
gene flow, reporting the absence of genetic structure for species
with relatively long PLD [see (98)]. The greater amberjack is
a species with high dispersal abilities and an extended pelagic
larval stage, which may be at least 30 days in the wild; the
survival of the juveniles that congregate in schools is closely
connected with algae mats or other flowing objects, and it has
been reported that they can be passively transported at long
distances by oceanic currents (18, 99). Even slight changes in
survival rates of juveniles could generate order-of-magnitude
differences in the supply of new recruits (100). In addition, its
reproductive traits (multiple spawnings) that take place from May
to July in the Mediterranean and from April to September in the
Northeast Atlantic (39, 101) could play a central role in the species’
seasonal movements.

Spawning areas can be determined by various criteria, such
as abundance of predators, water temperature, or seawater
circulations, and can seriously affect levels of gene flow between
individuals (102). The greater amberjack is a cosmopolitan species
with a circumglobal distribution, found in temperate to tropical
waters and spawns naturally in slightly different seasons in the
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Gulf of Mexico, the Canary Islands, the Mediterranean Sea, and
Japan [see (9)]. We probably have to deal with different stocks
distributed around the globe and for which little information is
available. Most probably, genetic differentiation patterns of greater
amberjack in the Northeastern Atlantic are better explained either
by individuals sourced from discrete breeding grounds that are
mixed in the feeding grounds in which sampling occurred or
due to potential glacial refugia in which the species might have
survived during the Pleistocene glaciations and from these areas the
recolonization process might have occurred. The Canary Islands
may have conserved much of the ancestral species diversity, but to
our knowledge, no fish stocks have been reported to be genetically
different between Tenerife and Gran Canaria distanced <100 km.
In the Northeast Atlantic, there are areas that have already been
proposed as distinct refugia during glacial maxima like the western
and southern Iberian coasts, Macaronesia (the Canary Islands and
Madeira), and farther west to the Azores [see (98)]. The marine
littoral fauna in the Macaronesia archipelago shares affinities with
the Mediterranean, the western European, and African coasts
despite the dominant average circulation reaching the Azores
current (103). Therefore, new data should come from extensive
sampling in the Western and Central Atlantic in which at least
two stocks have been proposed to exist close to the Gulf of Mexico
(16). Furthermore, Nugroho et al. (19) and Araki et al. (17) have
revealed that at least two genetically different subpopulations exist
in Asia, one in the East China Sea and one in the South China
Sea. Similarly, in the congener yellowtail amberjack (S. lalandi),
Martinez-Takeshita et al. (104), using combined mitochondrial and
nuclear gene data, supported the existence of regionally restricted
clades that correspond to three cryptic species.

The contrasting patterns between the mitochondrial and
nuclear markers are frequent in phylogenetic and phylogeographic
studies, and fish seem to have a higher frequency of reported
discordance compared with other groups [see (105)]; these patterns
are attributed to adaptive introgression of mtDNA, demographic
disparities, and sex-biased asymmetries, with some studies also
implicating hybrid zone movement, and human introductions.
Microsatellite markers exhibit a complex mutational pattern
and when compared to SNPs, which show a simpler mutation
mechanism, they may imply higher gene flow than the latter (106).
Nevertheless, in cases in which differences in the biogeographic
patterns between microsatellites and mtDNA are encountered, the
future use of additional multi-locus nuclear markers is proposed to
confirm this discrepancy.

Recent advances in genomics now allow the use of many SNPs
to assess fine-scale population structure and species boundaries
in the sea. In the current study, the employment of the ddRAD
sequencing approach and the use of 1,051 SNP follow this
trend to resolve this pattern from Mediterranean and Northeaster
Atlantic populations. In the latter region, Cunha et al. (107)
used a genotyping-by-sequencing approach in blackspot seabream
(Pagellus bogaraveo) to reveal the existence of an additional
genetic cluster in the Eastern Atlantic (Gulf of Cadiz) that was
not identified in previous studies based on mitochondrial DNA
or microsatellite data. Therefore, in the new era of population
genomics we anticipate that future studies making use of genome-
wide polymorphic markers are expected to unfold and propose
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novel stock delimitations not only for the greater amberjack but
also for many fish species around the world.

In the current study, we encounter high concordance
between the microsatellite and SNP markers used; Bayesian
results show clearly the Atlantic-Mediterranean divide with an
intermediate position of the Tenerife samples (Figures 3, 4 and
Supplementary Figure 5). Whether the latter might be considered
as a third distinct or an intermediate stock is not supported by the
Evanno criterion although its position is clearly differentiated in the
DAPC analysis (Figure 5). Microsatellites are considered to have a
fast mutation rate and high degree of polymorphism in contrast
to the slower evolving and biallelic SNPs, and these two types of
markers have been jointly used to draw diversity and divergence
estimates in many studies [see (108)], with SNPs showing more
precise estimates of population-level diversity, higher power to
identify groups in clustering methods, and the ability to consider
local adaptation (109).

It is becoming increasingly important to enhance our
understanding of local adaptation mechanisms, through which
different populations of a species develop distinct characteristics in
response to the unique environmental challenges they encounter
in their respective habitats (110). Understanding local adaptation,
provides insight into the genetic basis of traits that respond to
these diverse environmental pressures. Outlier loci in population
genetic analyses could potentially constitute markers for selection
(111). In this study, we identified genes linked to outlier SNPs
involved in various biological processes. We detected two genes
of great interest, teadla/TEF-1A (TEA domain family member 1a)
and sec23ip (SEC23 interacting protein). In medaka (O. latipes)
muscle tissue, the first gene produces two splicing variants, TEF-
1A and TEF-1B mRNAs. During cold acclimation, the mRNA
level of TEF-1A decreased, whereas that of TEF-1B increased
(79). This temperature-sensitive marker should be incorporated
into future research, as it holds significant potential for exploring
the adaptation mechanisms of organisms in the ever-changing
environmental landscape, especially because of rapid climate
change. The Mediterranean Sea specifically, was one of the
first of the world seas where changes related to temperature
were attributed to climate change (112). The identification of
teadla/TEF-1A could provide insights into management strategies
of the greater amberjack in the Mediterranean and Atlantic
stocks. Finally, sec23ip has been mostly studied in mammals
(80, 113). However, if the gene retains this function in fish
and is thus involved in pathways affiliated with reproduction
like spermiogenesis, it might be a marker undergoing adaptive
changes to optimize reproductive success in response to specific
ecological conditions. In conclusion, despite the seemingly less
intricate population structure of the greater amberjack in the
Mediterranean and Northeast Atlantic, an unreported variation
seems to exist that might lead to different adaptation strategies
among populations, potentially impacting their comparative
survival rates and reproductive success.
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