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A B S T R A C T   

Knowledge of population structure and genetic diversity within and between wild and farmed populations of 
gilthead sea bream (Sparus aurata) and European seabass (Dicentrarchus labrax) is important to achieve sus
tainable aquaculture production of these species and to assess the risk of genetic impacts of fish escaped from 
farms. Previous population genetic studies on these species have been based on a limited number of genetic 
markers and samples. In this study, these features were assessed using samples from 24 seabream and 25 seabass 
populations distributed throughout the Mediterranean Sea, and 3 wild seabream Atlantic populations. Samples 
were genotyped with a newly developed combined species SNP array that includes ~60K SNPs. Data from 
sequencing pools of individual DNA from the same populations were also used. Different approaches were 
employed for identifying the extent of population stratification within species. The effective population size (a 
parameter inversely related to the rate at which genetic variability is lost) was estimated for each population 
based on linkage disequilibrium. Population structure results revealed a clear differentiation between wild and 
farmed populations in both species. Wild populations showed a low degree of differentiation, particularly in 
seabream. Despite this, a slight differentiation was observed between Atlantic and Mediterranean seabream 
populations and between western and eastern Mediterranean seabass populations. However, farmed populations 
were quite heterogeneous and showed a high degree of differentiation. Some farmed populations of both species 
showed a genetic makeup similar to that found in wild populations. In general, the effective population size was 
large (> 1000) for wild and small (< 100) for farmed populations of both species. About 40% of the seabream 
and 80% of the seabass farmed populations had estimates of effective population size smaller than 50 high
lighting the need of applying measures to control the rate at which genetic variability is lost.   

1. Introduction 

Knowledge of population structure and genetic diversity within and 
between wild and farmed fish populations is of paramount importance 

to develop optimal strategies for the conservation of native fish and to 
achieve sustainable aquaculture production. The success of any breeding 
program is critically dependent on the way in which the base population 
of breeders is built, as the genetic variability initially available in the 
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founders will determine the genetic progress achieved in the subsequent 
generations of selection. These base populations can be established from 
wild and farmed populations and it is thus necessary to determine the 
relatedness between them in order to optimise their creation (Gjedrem 
and Baranski, 2010; Fernández et al., 2014). Also, once genetic 
improvement programs are operational, the control of inbreeding and 
loss of genetic variability is needed to ensure their long-term sustain
ability. In particular, given the high fecundity of fish species, a large 
number of individuals can be produced from a reduced number of 
broodstock with the consequent decrease in effective population size (a 
parameter inversely related to the loss of genetic variability) and in
crease in inbreeding. The problem may be exacerbated in marine species 
that exhibit mass-spawning behaviour as a large variance in individual 
parental contribution to offspring may be expected (e.g. Brown et al., 
2005). 

Gilthead seabream (Sparus aurata) and European seabass (Dicen
trarchus labrax) are two of the main cultured finfish species in Europe. 
They are highly traded, particularly towards prosperous markets (FAO, 
2018) and farmed almost entirely in the Mediterranean where they have 
become the most important marine farmed fish (Žužul et al., 2019), 
ranking third (seabass) and fourth (seabream) in European aquaculture 
production (Eurostat, 2019). Although still less developed than in sal
monids, selective breeding is expected to play an increasingly important 
role in the commercial production of both species. Different companies 
have initiated breeding programs in recent years and the proportion of 
genetically improved stocks has increased (Janssen et al., 2017). There 
are about four to five breeding programs in operation for each species 
and the most recent available information (Janssen et al., 2017) in
dicates that the number of selected generations varied between two and 
eight in seabass and between one and five in seabream. 

Escapees from aquaculture facilities are perceived as a major threat 
to natural biodiversity. It is clear that they pose an ecological risk of 
transferring diseases to wild fish and may cause undesirable genetic 
effects in native populations due to interbreeding. Little is known about 
escapees from seabream and seabass farms (Polovina et al., 2020) 
although some studies have estimated rates as high as 10–15% 
(Šegvić-Bubić et al., 2011; Brown et al., 2015). Knowledge on the 
relatedness between wild and farmed populations will help to assess the 
level of risk of genetic impacts of any interbreeding between wild fish 
and fish escaped from farms (Žužul et al., 2019; Polovina et al., 2020). 

Most studies investigating population structure in gilthead seabream 
(Alarcón et al., 2004; De Innocentiis et al., 2004; Šegvić-Bubić et al., 
2011; Coscia et al., 2012; Franchini et al., 2012; Loukovitis et al., 2012; 
Žužul et al., 2019; Polovina et al., 2020) and European seabass (Alle
grucci et al., 1997; Caccone et al., 1997; Naciri et al., 1999; Bahri-Sfar 
et al., 2000; Quéré et al., 2012; Souche et al., 2015; Bodur et al., 
2017; Polovina et al., 2020) have been based on a limited number of 
genetic markers (mostly microsatellites) and often on a limited number 
of samples. Results on the degree of differentiation among populations 
from these studies have been inconclusive, particularly for Mediterra
nean populations. 

Despite the importance of effective population size, estimates of this 
parameter for seabream and seabass are scarce. Until very recently the 
few published estimates for both wild and farmed populations were 
obtained from demographic data (Brown et al., 2005; Borrell et al., 
2011) or from linkage disequilibrium measures based on a very limited 
number of microsatellite markers (Loukovitis et al., 2012; Šegvić-Bubić 
et al., 2017). Recently, Saura et al. (2021) provided estimates obtained 
using a large number of SNP genotypes (> 8000) derived from RAD-seq 
but only for a limited number of farmed populations (two seabream and 
one seabass populations). 

Key genomic resources have been developed for both species 
including high-quality reference genomes (Tine et al., 2014, Pauletto 
et al., 2018), which have recently been improved (see GenBank: 
GCA_905237075.1 and GCA_900880675.2), and SNP arrays. SNP arrays 
are high-throughput genotyping platforms that are potentially more 

powerful tools for assessing population structure and genetic variability. 
In particular, Griot et al. (2021) report the development of two Ther
moFisher Axiom™ SNP arrays, one 57K for seabass (DlabChip) and one 
60K for seabream (SaurChip) while a combined ~60K SNP array for 
both species (the ‘MedFish’, also a ThermoFisher Axiom™ SNP array) 
has recently been developed. Details on SNPs shared by platforms are 
given in Peñaloza et al. (2021). The MedFish array, a result of collabo
ration between the EU projects MedAID (http://www.medaid-h2020. 
eu/) and PerformFISH (http://www.performfish.eu/), is described in 
Peñaloza et al. (2021), and it includes ~30K markers for seabream and 
~30K markers for seabass. The array was designed using samples from 
24 populations of European seabass and 27 populations of gilthead 
seabream that were distributed throughout the species range. 

The objective of this study was to make use of the potentially 
powerful combined MedFish SNP array for gilthead seabream and Eu
ropean seabass to i) identify the extent of wild and farmed population 
stratification within species, considering the geographic origin of in
dividuals; and ii) estimate genetic variability, inbreeding and effective 
population size in populations of both species. A large number of wild 
and farmed populations distributed throughout the Mediterranean Sea 
were analyzed for both species, including also three wild seabream 
populations of Atlantic origin. 

2. Material and methods 

2.1. Data description 

2.1.1. Samples 
Samples available came from 11 wild and 13 farmed seabream 

populations and from 9 wild and 16 farmed seabass populations, 
distributed from the Western to the Eastern Mediterranean Sea. Addi
tionally, three wild seabream populations sampled in the Atlantic Ocean 
were also included in the analyses. Most samples were the same as those 
described in Peñaloza et al. (2021). A brief description of the samples 
available for the study is given in Table 1. Populations were ordered 
according to their geographic location, from West to East. Sampling 
locations for wild populations are shown in Fig. 1. 

2.1.2. SNP array data 
The genotype datasets analyzed in this study were basically those 

described in Peñaloza et al. (2021). SNP genotypes were available for 
462 seabream and 516 seabass individuals belonging to 26 seabream 
and 24 seabass populations (see Table 1). From the initial number of 
informative SNPs in the array, monomorphic SNPs and those without 
observed heterozygote genotypes were removed from the dataset. After 
this filtering, the total number of SNPs available for analysis was 25,319 
for seabream and 22,507 for seabass. For seabream, the number of SNPs 
on chromosome-level scaffolds (Table S1 in Supplementary Material) 
ranged from 816 (chromosome 24) to 1188 (chromosome 6) and the 
SNP density (number of SNPs per Mb) ranged from 40.30 (chromosome 
1) to 51.17 (chromosome 24). For seabass, the number of SNPs per 
linkage group (LG) (Table S1 in Supplementary Material) ranged from 
566 (LG3) to 1095 (LG5) and the SNP density ranged from 33.59 (LG5) 
to 45.57 (LG24). The distributions of the MAF (minimum allele fre
quency) for the SNPs used in the analyses of both species are shown in 
Fig. S1 (Supplementary Material). 

2.1.3. Pool-sequencing data 
For the same seabass and seabream populations, data obtained from 

sequencing pools of individual DNA (pool-seq data) used for developing 
the array (Peñaloza et al., 2021) were also available. Compared with 
SNP array genotyping, pool-seq has the advantage that it generates in
formation for millions of SNPs, which allows high precision when esti
mating allele frequencies at the population level. The information 
available for pool-seq was therefore used to perform some population 
structure analyses based on allele frequencies (see below). As described 
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in Peñaloza et al. (2021), most pools were prepared by combining DNA 
of 25 individual fish (see Table 1) and most population pools were 
prepared in duplicate; i.e. the DNA of the same 25 individuals was used 
to prepare two separate pools, which were sequenced independently on 

an Illumina platform. For a small number of populations, the number of 
individuals per pool was less than 25. These pools did not have a tech
nical replicate. Paired-end reads from each population pool were aligned 
to earlier versions of the European seabass and gilthead seabream 

Table 1 
Summary of seabream and seabass populations sampled, including origin, region, country, population ID, number of fish per pool (N/pool) and number of fish 
genotyped in each population (Ng).   

Seabream Seabass 

Origin Region Country ID N/pool Ng Region Country ID N/pool Ng 

Wild Atlantic Spain W-SPA-1  25 12 Mediterranean Morocco W-MOR 25 22   
Spain W-SPA-2  25 12  Spain W-SPA 25 10   
France W-FRA  25 4  France W-FRA 25 24         

Italy W-ITA 25 20  
Mediterranean Spain W-SPA-3  25 19  Croatia W-CRO 25 11   

Spain W-SPA-4  25 10  Greece W-GRE-1 25 24   
Tunisia W-TUN  25 19  Greece W-GRE-2 25 25   
Italy W-ITA-1  25 23  Turkey W-TUR 25 24   
Italy W-ITA-2  25 24  Cyprus W-CYP 15 10   
Greece W-GRE-1  25 15        
Greece W-GRE-2  25 21        
Greece W-GRE-3  25 12        
Greece W-GRE-4  25 16        
Greece W-GRE-5  25 22        
Turkey W-TUR  25 25                 

Farmed Mediterranean Spain F-SPA-1  25 18 Mediterranean Spain F-SPA-1 25 22   
Spain F-SPA-2  25 25  Spain F-SPA-2 25 25   
France F-FRA  25 24  Italy F-ITA 25 24   
Italy F-ITA  25 –  Croatia F-CRO-1 25 –   
Croatia F-CRO  25 19  Croatia F-CRO-2 25 24   
Greece F-GRE-1  14 12  Greece F-GRE-1 25 21   
Greece F-GRE-2  13 13  Greece F-GRE-2 25 21   
Greece F-GRE-3  25 21  Greece F-GRE-3 25 21   
Greece F-GRE-4  25 24  Greece F-GRE-4 25 23   
Greece F-GRE-5  25 20  Greece F-GRE-5 12 12   
Turkey F-TUR  25 25  Greece F-GRE-6 25 21   
Egypt F-EGY  15 14  Greece F-GRE-7 23 22   
Israel F-ISR  25 13  Turkey F-TUR-1 25 22         

Turkey F-TUR-2 – 55         
Egypt F-EGY 15 12         
Cyprus F-CYP 25 21  

Fig. 1. Map of sampling locations for wild seabream (dark blue) and seabass (light blue).  
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genomes (Tine et al., 2014, Pauletto et al., 2018). Read alignment, 
post-alignment quality control (QC), SNP calling and filtering process 
are described in Peñaloza et al. (2021). Allele frequencies were extracted 
for both fish species from the list of high-quality variants called from the 
pool-seq data. For seabream, the dataset contained frequency informa
tion for 1,059,883 SNPs genotyped across 27 population pools (14 wild 
and 13 farmed). For seabass, the dataset represented 1,064,510 SNPs 
genotyped across 24 population pools (9 wild and 15 farmed). 

Data files were processed using an in-house script to deal with SNPs 
having a single or both alleles unknown due to QC filters. We first 
assigned a tag to missing genotype values. Then, we removed SNPs 
showing more than 40% missing values (in either wild or farmed sets). 
In the remaining, the missing values were replaced by the median of the 
frequency values in the rest of populations of the same type (wild or 
farmed) separately for each SNP. Finally, SNPs with all values equal to 
zero were removed. Due to this clean up, the number of SNPs was 
reduced to 1,052,447 (99.3% of the original SNPs) for seabream and to 
420,173 (39.5% of the original SNPs) for seabass. These cleansed 
datasets were the starting point for further analyses. For populations 
with two replicates, the results presented are based on the average MAF 
between the two replicates. 

2.2. Population structure analyses 

Different approaches were used for identifying the extent of popu
lation stratification within species. These approaches included i) Prin
cipal Component Analysis (PCA), using pool-seq and SNP array data; ii) 
distance-based clustering methods, using pool-seq data; iii) model-based 
clustering methods, using SNP array data; and iv) Wright́s fixation index 
(FST), using SNP array data. For the approaches using SNP array data, we 
pruned the SNP dataset based on pairwise linkage disequilibrium to 
produce a reduced set of more independent markers, using PLINK 
(Purcell et al., 2007). Pairwise r2 (the squared correlation between pairs 
of SNPs; Hill and Robertson, 1968) were computed using a window 
approach (window size of 50 SNPs, and shift size of 10 SNPs), and the 
threshold was set to 0.1. A total of 5851 (out of the 25,319) and 7036 
(out of the 22,507) SNPs were pruned out for seabream and seabass, 
respectively. 

2.2.1. Principal Component Analysis 
For pool-seq data, PCA values were calculated using the ‘prcomp’ 

function of the R software. For SNP array data, PCA values were 
calculated using PLINK. Graphical representations for both datasets 
were performed using R software. Wild and farmed populations were 
analyzed jointly. 

2.2.2. Distance-based clustering methods 
Different clustering methods were used for inferring population 

structure. In this case, pool-seq rather than SNP array data were used to 
produce a clearer picture. In an initial stage, hierarchical and non- 
hierarchical clustering methods were compared using several metrics 
computed with the ‘clValid’ function of the ‘clValid’ R package (Brock 
et al., 2008): connectivity, Dunn index and Silhouette index. According 
to these metrics, the optimal clustering method was hierarchical with 
two groups. Four different hierarchical methods were then used, 
including three agglomerative clustering methods (complete-linkage, 
single-linkage and Ward’s) and a divisive clustering method (Rokach 
and Maimon, 2005). To compare the accuracy of the four methods of 
hierarchical clustering, two metrics were computed: the cophenetic 
correlation index and the Gower’s distance. Wild and farmed pop
ulations were analyzed jointly. 

2.2.3. Model-based clustering method 
Inference of genetic ancestry was performed using the SNP array data 

and the software Admixture version 1.3.0 (Alexander et al., 2009; 
Alexander and Lange, 2011; Liu et al., 2013). This software applies a 

model-based algorithm that simultaneously estimates population allele 
frequencies along with ancestry proportions. The analysis is based on 
maximum likelihood estimation of individual ancestries from SNP ge
notypes, providing the best proportions of admixing components (clus
ters) for any hypothetical number (K) of genetic groups. In order to 
identify the value of K for which the model has the best predictive ac
curacy, the Admixture software uses a cross-validation procedure. The K 
value chosen was that with the lowest standard error for the 
cross-validation. Wild and farmed populations within each species were 
analyzed jointly and also separately. 

2.2.4. Wright́s fixation index FST 
Pairwise FST coefficients, that measure the degree of differentiation 

between populations, were obtained from allele frequencies, correcting 
for sample size following Nei and Chesser (1983) and using the software 
Metapop2 (López-Cortegano et al., 2019). The fixation index ranges 
from zero (no differentiation between populations) to one (fixation of 
different alleles in the different populations). Thus, with low rates of 
gene flow among populations, they genetically diverge and FST 
increases. 

2.3. Genetic diversity 

Genetic diversity within each population was measured as the ex
pected heterozygosity (HE, also called gene diversity), using the SNP 

array genotypes. It was computed as 
h
2
PL

k=1pk(1 � pk)
i.

L, where L is 

the number of SNPs and pk is the frequency of the minor allele for SNP k. 
Note that HE equals 1 – f, where f is the average coancestry. The observed 
heterozygosity (HO) which equals 1 – F (where F is the average molec
ular inbreeding coefficient), was computed for each population as the 
number of heterozygotes for SNP markers, divided by the number of fish 
in the population and averaged over all SNPs. Molecular inbreeding 
coefficients based on SNP genotypes were also calculated as the de
viations of the observed frequency of homozygotes from the expected 
frequency in the base population under Hardy–Weinberg proportions (Li 
and Horvitz, 1953). Specifically, the inbreeding coefficient of Li and 
Horvitz (FL&H) was computed as [(1 – HO) – (1 – HE)]/[1 – (1 – HE)]. 

2.4. Effective population size 

Estimates of current effective population size (Ne) were obtained for 
all populations from linkage disequilibrium between independent SNPs 
mapped in different chromosomes or linkage groups (Table S1 in Sup
plementary Material), following Waples (2006) as implemented in the 
software NeEstimator (Do et al., 2014). Linkage disequilibrium was 
measured as r2, the squared correlation between pairs of loci (Hill and 
Robertson, 1968). 

3. Results 

3.1. Population structure 

3.1.1. Principal Component Analysis 
The PCA plots using the two first principal components and 

computed with pool-seq and SNP array data are shown for both species 
in Fig. 2. Using pool-seq allele frequency data, the two first principal 
components explained about 14% and 25% of the total variance for 
seabream and seabass, respectively (Fig. 2a and c). Using SNP array 
genotype data, these percentages increased to 22% and 28% (Fig. 2b and 
d). 

PCA separated wild from farmed seabream populations (with the 
exception of F-EGY and F-ISR that grouped with wild populations) 
(Fig. 2a and b). Also, wild populations of Atlantic origin (W-SPA-1, W- 
SPA-2 and W-FRA) grouped together and separated from most wild 
Mediterranean populations, particularly when using pool-seq data 
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(Fig. 2a). Farmed populations also formed groups that loosely follow 
their hatchery location. However, seabass results from PCA using pool- 
seq or SNP array data indicated that there is no clear differentiation 
between wild and farmed populations (Fig. 2c and d). One farmed 
population (F-GRE-7) clearly differentiated from other farmed pop
ulations and one wild population (W-MOR) differentiate from other wild 
populations. In general, the dispersion within populations was high in 
both species (Fig. 2b and d). 

3.1.2. Distance-based clustering methods 
For both species, the most accurate hierarchical distance-based 

clustering methods were the single-linkage (lowest Goweŕs distance) 
and the divisive (highest cophenetic correlation coefficient) methods. 
Both clustering methods led to equivalent results and only results from 
the single-linkage method, using pool-seq data, are presented (Fig. 3). 
These methods clearly differentiated wild and farmed populations of 
both species. For seabream, clustering analyses revealed that wild 
populations grouped together and separated from farmed populations 
that also grouped together (Fig. 3a). Similar results were observed for 
seabass (Fig. 3b) but there were some exceptions. In particular, two 

farmed populations (F-ITA and F-TUR-1) were grouped with wild pop
ulations and two wild populations (W-MOR and W-CYP) were grouped 
with farmed populations. 

3.1.3. Model-based clustering method 
When analyzing farmed and wild populations jointly, the admixture 

model results revealed that the number of ancestral populations (K) with 
the lowest cross-validation error was 7 for gilthead seabream and 15 for 
European seabass (Figs. S2a and b in Supplementary Material). 
Admixture results also showed a clear differentiation between wild and 
farmed populations (Fig. 4). In general, there was very little differenti
ation among wild seabream populations although a slight differentiation 
was observed between Atlantic and Mediterranean populations 
(Fig. 4a). However, farmed seabream populations were heterogeneous 
and showed different admixture proportions although, confirming the 
PCA results, some populations geographically close showed more 
similar patterns; i.e. the Spanish, French, Croatian and eastern Greek 
populations (Fig. 4b). It is worth noting that the F-EGY population 
showed admixture proportions similar to those found in wild pop
ulations. It is also relevant the observation of some farmed populations 

Fig. 2. Genetic structure of wild and farmed seabream (a and b) and seabass (c and d) populations obtained from Principal Component Analysis using pool-seq (a and 
c) and SNP array (b and d) data. 
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(e.g. F-SPA-2) presented two clearly different groups, probably reflect
ing a very recent mixture of populations. 

Within wild seabass populations, the Moroccan population (W-MOR) 
was very different from the rest (Fig. 4c). Also, the Cyprus population 
(W-CYP) had a different genetic makeup. For the rest of the wild seabass 
populations, a gradual change was observed in the proportions of 
different origins and this change was associated with the geographic 
locations as we move from West to East. It was also observed the pres
ence of individuals within a particular population that clearly differed 
from others in the same population (e.g. in populations W-SPA and W- 
CRO). As with seabream, farmed populations were very heterogeneous 
and there was no direct relationship between the genetic structure and 
the location of the populations. It is interesting to note that also for this 
species, some farmed populations (F-ITA, F-TUR-1 and F-EGY) showed 
admixture proportions similar to those found in wild populations. In 
general, the Admixture results agreed well with the PCA and distance- 
based clustering results. 

Admixture model results obtained when analyzing wild and farmed 
populations separately are shown in Fig. 5. In this case, the number of 
ancestral populations (K) with the lowest cross-validation error was one 
for wild seabream populations (Fig. S2c in Supplementary Material) 
indicating a complete lack of population structure. Using K = 7 (the 

number of ancestral populations with the lowest cross-validation error 
for farmed populations; Fig. S2e) showed again very little differentiation 
among seabream wild populations. However, contrary to what occurred 
when analyzing wild and farmed populations jointly, one population 
(W-TUN) appeared to be much more heterogeneous than the rest. Given 
the way that fish were sampled in this Tunisian population, it is possible 
that a subset of the fish had farm origin. It is also interesting to note that 
two wild populations (W-SPA-2 and W-GRE-2) contained individuals 
with a different makeup than the rest of individuals within the 
population. 

Just as it happened when wild and farmed populations were 
analyzed jointly, wild seabass populations W-MOR and W-CYP were 
clearly different from the rest (Fig. 5c) both with K = 2 (the optimal 
number of clusters for the wild seabass analysis; Fig. S2d) and K = 13 
(the optimal number of clusters for the farmed seabass analysis; 
Fig. S2f). Also, the Italian wild population (W-ITA) had a large number 
of individuals (about a third) with a genetic composition very different 
to that observed for wild populations. For both species, patterns for 
farmed populations were similar to those observed when analyzing them 
jointly with wild populations; i.e. a great heterogeneity was observed 
within and between populations. 

3.1.4. Wright́s fixation index FST 
Pairwise FST coefficients (Tables 2 and 3) were generally low but 

indicated a higher differentiation between seabass than between seab
ream populations. Also, in general, the differentiation was higher among 
farmed than among wild populations in both fish species. For seabream, 
FST ranged from 0.01 to 0.04 in wild populations and from 0.02 to 0.06 
in farmed populations. For seabass, if we exclude the Moroccan popu
lation, FST ranged from 0.01 to 0.05 in wild populations and from 0.02 to 
0.09 in farmed populations. For seabream, the highest FST values were 
observed for comparisons involving the Israeli population (F-ISR). For 
seabass, the highest FST values were observed for comparisons involving 
the Moroccan population (W-MOR) which showed values up to 0.07 
with other wild populations. This agrees with the results from the 
distance-based and model-based (Admixture) clustering analyses. 

3.2. Genetic diversity 

Genetic diversity, measured as HE obtained from the SNP array data 
within each population, is shown in Table 4. For both species, the 
average HE across wild populations (0.379 for seabream and 0.382 for 
seabass) was only slightly higher than the average HE across farmed 
populations (0.372 for seabream and 0.376 for seabass). Consequently, 
the average coancestry was slightly higher for farmed (0.628 for seab
ream and 0.624 for seabass) than for wild populations (0.621 for seab
ream and 0.618 for seabass). In all populations HO was higher than HE. 

In agreement with the results for HE and HO, most inbreeding co
efficients (FL&H) were below zero in both species (Fig. 6), reflecting that 
the observed homozygosity was lower than the expected. The FL&H 
values observed for wild populations were closer to zero than those 
found for farmed populations although differences in FL&H between both 
types of populations were small. The average FL&H across seabream 
populations was � 0.038 for wild and � 0.048 for farmed populations. 
Equivalent figures for seabass were � 0.014 and � 0.068. The variation in 
FL&H across individuals was clearly higher in farmed than in wild pop
ulations for both species (Fig. 6). 

3.3. Effective population size 

In general, estimates of Ne were very high for seabream wild pop
ulations (Ne > 1000 fish) and relatively low for farmed populations 
(Table 4). However, there were some exceptions. In particular, estimates 
for wild seabream populations W-SPA-2, W-TUN and W-GRE-2 were 
relatively low (Ne < 70), and the estimate for the farmed Egyptian 
population (F-EGY) was high (Ne > 400). In seabass, estimates of Ne 

Fig. 3. Single-linkage clustering constructed from allele frequencies estimated 
from pool-seq data for seabream (a) and seabass (b) populations. Blue labels are 
for wild populations and red labels are for farmed populations. 
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Fig. 4. Admixture plots showing the ancestry components of seabream (a and b) and seabass (c and d) populations computed with the SNP array data and analyzing 
wild and farmed populations jointly. Models assumed 7 (seabream) and 15 (seabass) ancestral components (K) which were those with the lowest cross-validation 
error. Population codes are represented on the x-axis. Populations are ordered according to their geographic location, from West to East. Each individual is rep
resented by a thin vertical line partitioned into coloured segments whose lengths are proportional to the genetic contributions of the ancestral components to the 
genome of the individual. Seabream wild populations of Atlantic and Mediterranean origin are also indicated. 
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Fig. 5. Admixture plots showing the ancestry components of seabream (a and b) and seabass (c and d) populations computed with the SNP array data and analyzing 
wild and farmed populations separately. Models assumed 1 and 7 ancestral components (K) for seabream and 2 and 13 ancestral components for seabass. The optimal 
K value (that with the lowest cross-validation error) was 1 for wild seabream, 7 for farmed seabream, 2 for wild seabass and 13 for farmed seabass. Note that for wild 
scenarios, plots are also represented for the optimal K value obtained for the corresponding farmed populations. Population codes are represented on the x-axis. 
Populations are numbered in accordance to the geographic sampling location from West to East. Each individual is represented by a vertical line partitioned into 
coloured segments whose lengths are proportional to the genetic contributions of the ancestral components to the genome of the individual. Fig. 5a for K = 1 is 
included for consistency. 
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were also very high (Ne > 1000) for about half of the wild populations 
and relatively low for farmed populations (Table 4). Wild populations 
W-SPA, W-ITA, W-CRO and W-TUR had a relatively low Ne (< 100) and 
population W-CYP showed an extremely low Ne. The estimate of Ne for 
two seabass farmed populations (F-ITA and F-EGY) was unexpectedly 
high (Ne > 1000). It is important to note that five out of the 12 farmed 
seabream populations and 12 out of the 15 farmed seabass populations 
had a Ne lower than 50 fish. 

4. Discussion 

This study has shown that the recently developed MedFish SNP array 
is a very useful tool for determining the genetic structure across gilthead 
seabream and European seabass populations and the diversity that exists 
within populations. The population genetic analysis has been carried out 
with a very high number of SNP markers and samples and thus, our 
results provide new high-resolution population genetic data to inform 
future breeding and stock management in these key European aqua
culture species. 

We applied a range of approaches to investigate population structure 
in seabream and seabass, using both SNP array and pool-seq data. The 
two first principal components explained a substantial percentage of the 
total variance in both species (22% and 28% for seabream and seabass, 
respectively, using SNP array genotype data), and the PCA results 
showed a differentiation between wild and farmed populations for 
seabream but not for seabass. However, hierarchical clustering and 
admixture model results showed more resolution than PCA and revealed 
a clear differentiation between farmed and wild populations in both 
species. 

A slight differentiation was observed between wild Atlantic and 
Mediterranean seabream populations and between wild Western and 

Eastern Mediterranean seabass populations but, in general, the degree of 
differentiation among wild populations was low, particularly in seab
ream. This indicates that considerable gene flow exists. These results, in 
addition to the general high Ne found, also indicate that there are no 
specific requirements for conservation of wild populations (i.e. there are 
no specific target populations to be conserved). 

On the contrary, farmed populations of both fish species were quite 
heterogeneous, which may indicate that they were generated from 
several origins, possibly including some fish from the Atlantic region. In 
fact, there is anecdotal evidence that broodstock was originally made up 
using fish of different geographic origin across and within hatcheries. 
Our results also showed a high degree of differentiation, pointing to 
different sources of fish for different companies. This was observed when 
analyzing them both jointly or separately from wild populations. In any 
case, Peñaloza et al. (2021) showed that there is some haplotype sharing 
among Mediterranean farmed populations in both species. Also, they 
detected two groups of seabream farms between which haplotype 
sharing was reduced. One group included farms from France, Spain, 
Croatia and Greece and another group included farms exclusively based 
in Greece. This observation agrees with our PCA and admixture results 
(Figs. 2a, b and 4b). A few farmed populations of both species showed 
genetic compositions similar to those found in wild populations which 
may indicate that their selective breeding programs are still in their 
beginnings or that broodstock has been recently renewed using wild fish 
as a means of mitigating inbreeding. 

Given the clear genetic differentiation between wild and farmed 
populations of seabass and seabream, precautions must be taken to 
avoid escapes that could have undesirable genetic effects in native 
populations. The admixture results showed that, within a particular 
population, some wild individuals have a genetic composition very 
different from the rest of individuals in the population. These 

Table 2 
Pairwise FST between seabream populations. Colour codes indicate FST values > 0.03 (pale yellow) and > 0.04 (intense yellow).  
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Table 3 
Pairwise FST between seabass populations. Colour codes indicate FST values > 0.03 (pale yellow), > 0.04 (intense yellow) and > 0.07 (orange).  

Table 4 
Estimates of genetic diversity measured as expected (HE) and observed (HO) heterozygosity, and effective population size (Ne) for seabream and seabass populations.  

Seabream Seabass 

Population HE HO Ne Pop. ID HE HO Ne 

W-SPA-1 0.378 0.397 > 1000.0 W-MOR 0.327 0.340 >1000.0 
W-SPA-2 0.376 0.402 59.6 W-SPA 0.397 0.400 87.8 
W-FRA 0.342 0.441 > 1000.0 W-FRA 0.403 0.411 >1000.0 
W-SPA-3 0.386 0.398 > 1000.0 W-ITA 0.393 0.392 37.7 
W-SPA-4 0.376 0.403 936.3 W-CRO 0.398 0.398 82.4 
W-TUN 0.378 0.397 36.0 W-GRE-1 0.386 0.397 >1000.0 
W-ITA-1 0.387 0.396 > 1000.0 W-GRE-2 0.381 0.392 >1000.0 
W-ITA-2 0.385 0.394 > 1000.0 W-TUR 0.378 0.396 73.7 
W-GRE-1 0.380 0.395 > 1000.0 W-CYP 0.373 0.390 4.8 
W-GRE-2 0.385 0.395 63.6     
W-GRE-3 0.378 0.399 > 1000.0     
W-GRE-4 0.381 0.394 > 1000.0     
W-GRE-5 0.385 0.394 > 1000.0     
W-TUR 0.387 0.396 > 1000.0             

F-SPA-1 0.377 0.397 75.1 F-SPA-1 0.389 0.394 16.3 
F-SPA-2 0.376 0.392 21.5 F-SPA-2 0.402 0.418 22.1 
F-FRA 0.375 0.395 107.1 F-ITA 0.402 0.411 >1000.0 
F-ITA – – – F-CRO-1 – – – 
F-CRO 0.380 0.394 116.9 F-CRO-2 0.391 0.415 19.1 
F-GRE-1 0.372 0.402 94.4 F-GRE-1 0.391 0.414 49.1 
F-GRE-2 0.377 0.402 99.3 F-GRE-2 0.362 0.397 30.0 
F-GRE-3 0.377 0.387 51.3 F-GRE-3 0.381 0.408 35.1 
F-GRE-4 0.368 0.388 43.6 F-GRE-4 0.363 0.381 9.3 
F-GRE-5 0.364 0.395 49.0 F-GRE-5 0.375 0.435 8.9 
F-TUR 0.377 0.392 49.2 F-GRE-6 0.384 0.428 8.9 
F-EGY 0.376 0.395 455.0 F-GRE-7 0.356 0.454 7.0 
F-ISR 0.342 0.412 15.4 F-TUR-1 0.381 0.403 82.4     

F-TUR-2 0.366 0.384 17.8     
F-EGY 0.342 0.385 > 1000.0     
F-CYP 0.356 0.400 13.1  
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individuals may represent escapees from local farms (e.g. Brown et al., 
2015). Also, there have been initiatives in the past to increase the nat
ural supply of fish by means of restocking (Santos et al., 2006). Given the 
differentiation between wild and farmed populations, it is recommended 
that only wild broodstock should be used if fish restocking were to be 
carried out. 

Previous studies that used a much more limited number of markers 
and samples have also found a differentiation between wild Atlantic and 
Mediterranean seabream populations (Alarcón et al., 2004; De Inno
centiis et al., 2004; Franchini et al., 2012). However, their results in 
terms of the differentiation among wild Mediterranean populations led 
to different conclusions. Some studies have suggested a lack of genetic 
structure when using different types of genetic markers (Alarcón et al., 
2004; Loukovitis et al., 2012; Žužul et al., 2019) while other studies 
have suggested a weak differentiation (De Innocentiis et al., 2004; 
Šegvić-Bubić et al., 2011). Results have been inconclusive in other 
studies (e.g. Franchini et al., 2012). For wild seabream, the study coming 
closest to ours was that of Maroso et al. (2021) which was also based on a 
large number of SNPs and samples (1159 SNPs and 23 samples from 
different locations). They found a differentiation between wild Atlantic 
and Mediterranean and also among Mediterranean populations. In 
particular, their analyses suggested a weak subdivision of seabream into 
four major genetic clusters (Atlantic, West Mediterranean, Ion
ian/Adriatic seas and the Aegean Sea). While our results confirm the 
differentiation between Atlantic and Mediterranean populations, they 
do not support a differentiation among Mediterranean populations. 

Most previous studies on wild seabass have showed evidence of some 
genetic differentiation among Mediterranean populations (Allegrucci 
et al., 1997; Caccone et al., 1997; García De León et al., 1997; Naciri 
et al., 1999; Bahri-Sfar et al., 2000; Quéré et al., 2012; Souche et al., 
2015; Bodur et al., 2017). Although in general, this genetic differenti
ation was low, some studies (Bahri-Sfar et al., 2000; Souche et al., 2015) 
have described differentiated clusters rather than the gradual change in 
the genetic composition of populations when moving from West to East 
found here using a very large number of SNP markers (see also Vande
putte et al., 2019). 

In this study, all samples of wild seabass came from the Mediterra
nean Sea but two populations (W-CYP and W-MOR) appeared geneti
cally very different to the rest of wild populations when using the 
different approaches to identify genetic structure (Figs. 2c, d, 3b, 4c and 
5c and Table 3). In the case of the Cypriot population (W-CYP), two 
locations were included in the samples and these locations were very 
close to fish farms. Thus, it is expected that they are a mix of farmed and 
wild fish (see also Brown et al., 2015). Although no geographically 
speaking pure Atlantic wild seabass populations were sampled, the 

Moroccan population (W-MOR) was located in the Alboran Sea where 
the Atlantic intersects the Mediterranean lineages. This, together with 
the fact that it seems that the introgression is asymmetric mostly from 
the Atlantic to the Mediterranean lineage (Tine et al., 2014; Duranton 
et al., 2018; Vandeputte et al., 2019) can lead us to consider the W-MOC 
population as an Atlantic population. 

Our results comparing wild and farmed populations agree with 
previous results showing a genetic differentiation both in seabream 
(Alarcón et al., 2004; Šegvić-Bubić et al., 2011; Loukovitis et al., 2012; 
Žužul et al., 2019) and in seabass (Brown et al., 2015; Polovina et al., 
2020). The knowledge acquired will be very useful when base pop
ulations need to be created in an optimal way to start new breeding 
programs and also to detect and correct introgression arising from es
capes from farmed populations. 

In all populations, HO was higher than HE. As a consequence, the 
inbreeding coefficient FL&H was negative. Note that FL&H depends on the 
allele frequencies in the base population (Villanueva et al., 2021) that in 
our case is the current population. In this situation, FL&H would be ex
pected to be zero. However, it is not exactly zero but takes a negative 
value close to zero due to sampling of gametes. In a finite population, it 
is expected that there will be random differences between the allele 
frequencies between both sexes and this generates an excess of observed 
heterozygotes (HO) with respect to those expected with Hardy-Weinberg 
equilibrium (HE) (Caballero, 2020). In any case, the heterozygosities 
(both observed and expected) given here for the different populations 
are likely to be somewhat overestimated due to the ascertainment bias 
resulting from the selection of SNPs to be included in the array. It is 
common practice to develop SNP arrays with an underrepresentation of 
SNPs with extreme allele frequencies. (e.g. Geibel et al., 2021). 

The average expected heterozygosity (HE) across wild populations 
was only slightly higher than that across farmed populations, for both 
species. There are two reasons why HE was relatively high in farmed 
populations: i) if the time in which farmed populations were established 
was relatively recent, the founder effect would led to a faster loss of rare 
alleles than in heterozygosity because rare allele have little effect on HE 
(i.e. many alleles can be lost without much reduction in HE) in the short 
term (e.g. Luikart and Cornuet, 1998); and ii) the high heterogeneity of 
farmed populations observed here suggests that they were generated 
from many different origins which leads to a high HE. However, as ex
pected, in general, estimates of Ne (the parameter related to the rate at 
which genetic variability is lost) were much higher for wild than for 
farmed populations in both species (Table 4). This general result was 
also observed by Žužul et al. (2019) in seabream and by Šegvić-Bubić 
et al. (2017) in seabass, using microsatellite markers. In our study, most 
wild seabream populations showed estimates higher than 1000 fish and 
most farmed populations showed estimates lower than 100 fish. Ex
ceptions included three wild populations (W-SPA-2, W-TUN and 
W-GRE-2) with relatively low Ne. Given that there was no clear differ
entiation among wild populations, it is likely that these low estimates 
are due to the fact that some of the fish included in these samples are 
escapees as most samples were collected by local fishermen and they 
often fish close to the sea cages. In fact, when analyzing wild and farmed 
populations separately, results show that for these three populations, 
there are individuals with a genetic composition different from the rest 
of individuals within the particular population (Fig. 5a with K = 7). It is 
known that for instance, in Tunisia, fish farms import juveniles from 
different hatcheries in Greece, France, Spain and Italy, and this increases 
the risk that escapees come from divergent genetic backgrounds. The 
low Ne found for some wild populations could be also due to a reduced 
number of families included in the samples. 

On the other hand, the unexpected high Ne estimated for the Egyp
tian seabream farmed population (F-EGY) agrees with the results of the 
Admixture analysis in which this population showed admixture pro
portions very similar to those found in wild populations. This may 
indicate that their selective breeding program is recent and that fish in 
the farm are still closely related to wild fish. 

Fig. 6. Inbreeding coefficient distributions for wild (W) and farmed (F) seab
ream and seabass populations. 
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More exceptions to the general rule of high Ne in wild and low Ne in 
farmed populations were found for seabass. About half the wild pop
ulations had high Ne estimates (Ne > 1000) as expected. However, es
timates for populations W-SPA, W-ITA, W-CRO and W-TUR were 
relatively low (Ne < 100) and that for W-CYP was extremely low (Ne ~ 
5). These low estimates can be also due to the way sampling was done (i. 
e. escapees included in the samples) or to a reduced number of families 
sampled. As described above, the Cypriot population (W-CYP) is ex
pected to be composed by a mix of farmed and wild fish. The very high 
Ne estimate (> 1000) for two farmed seabass populations (F-ITA and F- 
EGY) could indicate that selection is still in its beginnings or that 
broodstock is renewed using wild fish, a common practice in Mediter
ranean aquaculture, particularly in seabass. 

Estimates of Ne below 50 fish were found in many farmed pop
ulations (5 seabream and 12 seabass populations). These estimates are 
lower than the critical size of 50 needed to avoid inbreeding depression 
and retain fitness in the short-term (FAO, 2013). Estimates of this 
magnitude have been found in many other farmed fish populations of 
different species (Eknath and Doyle, 1990; Su et al., 1996; Pante et al., 
2001; Gallardo et al., 2004; Brown et al., 2005; Borrell et al., 2011; 
Yáñez et al., 2014; Šegvić-Bubić et al., 2017; Barría et al., 2018; Barría 
et al., 2019; D’Ambrosio et al., 2019; Saura et al., 2021). This highlights 
the need of applying selection and mating approaches designed to 
control inbreeding and loss of genetic variability in order to ensure the 
sustainability of the breeding programs. 

5. Conclusions 

The MedFish SNP array recently developed is a powerful tool for 
discriminating between wild and farmed populations of gilthead seab
ream and European seabass and for determining the genetic structure 
among populations and the genetic diversity that exists within pop
ulations. Within a species, farmed populations present marked differ
ences among them whereas wild populations show low levels of 
differentiation, particularly in seabream. Nonetheless, there was a slight 
differentiation between Atlantic and Mediterranean seabream pop
ulations and a gradual change in seabass in the proportions of different 
origins that was associated with the geographic locations as we move 
from West to East. There was a clear differentiation between wild and 
farmed populations of both species which indicates that care must be 
taken to avoid escapes that could have undesirable genetic effects in 
native populations. The low estimates of effective population size found 
in several farmed populations highlight the need to apply selection and 
mating approaches designed to control inbreeding and loss of genetic 
variability in order to ensure the sustainability of the breeding 
programs. 
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Estimates of recent and historical effective population size in turbot, seabream, 
seabass and carp selective breeding programmes. Genet. Sel. Evol. 53, 85. https:// 
doi.org/10.1186/s12711-021-00680-9. 
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Population genetic structure of reared and wild gilthead sea bream (Sparus aurata) in 
the Adriatic Sea inferred with microsatellite loci. Aquaculture 318, 309–315. 
https://doi.org/10.1016/j.aquaculture.2011.06.007. 
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