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Figure 1. Schematic representation of the distribution of array markers in the European
seabass (left) and gilthead seabream (right) genomes after following a SNP selection
strategy based on local nucleotide diversity. (A) Chromosome number. (B) Levels of
diversity (� ) estimated over 70 kb and 85 kb windows in the European seabass and gilthead
seabream, respectively. Red bars represent regions with high nucleotide diversity. (C) Genome-
wide distribution of markers on the combined-species SNP chip. Light blue bars represent
windows for which 1-3 SNPs were selected. Red bars represent windows for which more than
four SNPs were selected.  

The final MedFish SNP array was designed to interrogate 29,888 SNPs in the European
seabass genome and 29,807 SNPs in the gilthead seabream genome. Among these markers,
4,560 SNPs (15%) in the European seabass and 3,208 SNPs (11%) in the gilthead seabream
are shared with other platforms that were being developed at the time of this study [25]. A
significant fraction of the SNPs on the platform are located in genes (46% seabass; 32%
seabream), among which 107 and 179 SNPs, respectively, were predicted in silico to have high
functional effects on proteins. For the SNPs included on the array, the physical distance
between consecutive markers was similar for both species and averaged 20 kb in the European
seabass and 19 kb in the gilthead seabream. The largest gaps between markers (200-300 kb)
represented a small fraction of the platform and comprised five regions on chromosomes 1, 4, 9,
13 and 16 of the gilthead seabream. Detailed examination revealed that these regions lacked
suitable markers matching our SNP selection criteria. No large regions in the European seabass
genome were devoid of assays, with the highest inter-marker distance being ~120 kb. 

Two metrics were used to assess the performance of the assays on the array: (i) conversion
rate and (ii) platform error rate. Here the conversion rate is defined to be the fraction of probes
that yielded strong signals with high-quality clusters discerning different genotypes. The
conversion rate of the European seabass fraction of the array was 91.9%, whereas the gilthead
seabream assays on the array had a conversion rate of 88.7% (Table 4). In terms of the
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informativeness of the markers on the platform, for 99.8% of the validated loci in the European 
seabass the MAF was >5%. In the case of the gilthead seabream, 98.7% of the markers had a 
MAF>5%. The process of calculating the platform error rate involved genotyping two samples 
(one per species) twelve times each. For European seabass, one replicate sample failed to 
generate a CEL file, consequently eleven samples remained for evaluation. The repeatability of 
the assays was 99.43% for the European seabass and 99.75% for the gilthead seabream. 
Taken together these metrics support the high quality and reliability of the genotype data 
generated by the MedFish SNP array. 

Table 4. Number of SNPs for each species falling within each Axiom quality class. The 
categories are based on cluster properties and QC metrics. 
 

Conversion type* 
№ European 
seabass (%) 

№ gilthead 
seabream (%) 

Polymorphic high resolution 26,466 (88.55%) 26,369 (88.47%) 
No minor homozygote 993 (3.32%) 75 (0.25%) 
Total high quality polymorphic  27,459 (91.87%) 26,444 (88.72%) 
Monomorphic high resolution 26 (0.09%) 36 (0.12%) 
Off-target-variant (OTV) 50 (0.17%) 78 (0.26%) 
Call rate below threshold (97%) 889 (2.97%) 1,292 (4.33%) 
Other 1,464 (4.90%) 1,957 (6.57%) 
Total SNPs on the array 29,888 (100%) 29,807 (100%) 

* The Conversion type follows Thermo Fisher’s terminology:  

PolyHighResolution = Class with the highest quality probes. SNP is polymorphic and the 
presence of both the major and minor homozygous clusters is observed. 

NoMinorHom = similar to a PolyHighResolution, but no evidence of individuals with minor 
homozygous genotypes, presumably due to a low genotype frequency. 

MonoHighResolution = SNP can reliably be scored as monomorphic. 

Off‐target variant (OTV) = SNPs where additional (i.e. more than three) clusters are observed, 
making genotype calling ambiguous. 

CallRateBelowThreshold = SNP with the expected number of clusters (usually 3, one for each 
possible genotype), but where the proportion of samples scored at the SNP falls below a 
user‐defined threshold.  

Other = SNPs that do not fall in any of the above categories. 

4.2. Population structure 

To gain a general overview on the population structure within each species we performed a 
PCA analysis on the genotyping data. The two first principal components (PCs) explained 21% 
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and 11% of the total variance for European seabass and gilthead seabream, respectively 
(Figure 2). 

In European seabass, most of the sampled farmed populations form a loose cluster along PC1, 
which explains 16% of the variance. No geographical cline is observed as farms from the West 
(France, Spain), Centre (Italy, Croatia, Greece) and East (Cyprus, Egypt) of the Mediterranean 
cluster at least partially in this dimension. On the other hand, three distinctive clusters are 
recognized for the wild European seabass populations, with a few exceptions corresponding to 
individuals clustering near farmed populations instead. PC2 explains 5% of the total variation 
and mainly separates (i) a single well-defined wild population cluster, (ii) a large group 
containing most of the farmed and wild seabass populations, and (iii) a group of individuals that 
belong to a farm sampled from the Centre of the Mediterranean (farm № 10 sampled from a 
Greek hatchery) (Figure 2A).  

Regarding the gilthead seabream, the sampled farmed populations form a continuum along PC1 
rather than discrete units. Although the majority of gilthead seabream wild populations were 
sampled from the Mediterranean Sea, a few populations from the Atlantic coast of France and 
Spain were included in the analysis. Individuals sampled from a wide range of wild populations 
group by origin into either a Mediterranean or Atlantic cluster on one extreme of the PC1 axis. 
While individuals sampled from farms from the Centre of the Mediterranean (either Italy or 
Greece) are represented at the other end of the PC1 axis. PC2 accounts for 5% of the variance 
and distinguishes two groups of overlapping farmed populations that partially coincide with their 
macro-region of origin. The first group is composed only of farms located in the Centre of the 
Mediterranean (i.e. from either Italy or Greece). A few wild gilthead seabream individuals co-
localize with this group of farmed samples. The second group is comprised of a mixture of all 
three farms sampled from the West of the Mediterranean (i.e. from either France or Spain) and 
a few populations sampled from farms located in the Centre of the Mediterranean, namely farm 
№ 5 (from Croatia) and № 6 (from Greece) (Figure 2B). 
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Figure 2. Population genetic structure of farmed and wild European seabass and gilthead 
seabream populations. (A) PCA of 460 European seabass individuals from fourteen 
Mediterranean populations. All wild populations are from the Mediterranean and are grouped 
under the same population label. (B) PCA of 478 gilthead seabream individuals from thirteen 
populations. Wild individuals are grouped by origin into either a Mediterranean or Atlantic 
population. The different point symbols separate samples by origin in (i) farms from the West of 
the Mediterranean (�), (ii) farms from the Centre of the Mediterranean (�), and (iii) farms from 
the East of the Mediterranean (�), from (iv) wild populations (�). 
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4.3. Haplotype sharing analysis 

After applying QC filters, a total of 21,822 SNPs in European seabass and 24,765 SNPs in the 
gilthead seabream remained for the assessment of haplotype sharing between pairs of 
Mediterranean fish farms. 

The pairwise comparison among European seabass farms revealed that all populations showed 
an excess of haplotype sharing with at least one other Mediterranean farm (Fig. 3 A). A pairwise 
comparison of two Greek seabass farms (farm № 8 vs. farm № 12) resulted in the highest 
percentage of haplotype sharing (43%). The reverse relationship between these two farms (i.e. 
farm № 12 vs. farm № 8) is also significant but is ranked 9th (19%) in terms of haplotype-sharing 
percentage among farms. This difference in reciprocal comparisons is explained by differences 
in the total numbers of shared haplotypes identified within each farm (File S1). Haplotypes from 
individuals of a European seabass farm located in Greece (farm № 7) were present at 
significant frequencies in all farms sampled from the West of the Mediterranean (i.e. farms of 
French or Spanish origin) and most of the seabass farms sampled from the Centre of the 
Mediterranean (i.e. either from Italy, Croatia or Greece). With regards to haplotype count (i.e. 
absolute number of haplotypes shared between farms), farm № 7 shares a significant number of 
haplotype variants with farms № 10 (hap = 1,466), № 2 (hap = 978) and № 3 (hap = 847).  

In common with the results observed for European seabass, all gilthead seabream farms 
evaluated show an excessive sharing of haplotypes with at least one other Mediterranean farm 
(Fig. 3 B). In gilthead seabream, a clear break separates the farms from the West and Centre of 
the Mediterranean in two groups. One group includes six farms – farms № 1, 2, 3, 5, 6 and 7 –
from diverse geographical origins (i.e. France, Spain, Croatia and Greece). The second group 
comprises farms exclusively based in Greece – farms № 8, 9 and 10. Reduced haplotype 
sharing was observed between the farmed populations from both aforementioned groups. 
Moreover, only one gilthead seabream farm – farm № 7 – had haplotypes that were also 
present at significant levels in farms belonging to both groups. A seabream farm sampled from 
the East of the Mediterranean (farm № 12) had the lowest total number of shared haplotypes 
among all commercial farms evaluated from both fish species. Most haplotypes identified in 
farm № 12 were unique and specific to the farm, which showed complete absence of shared 
variants with all but one Mediterranean farms (i.e. farm № 3). 
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Figure 3. Haplotype sharing between farmed populations of (A) European seabass and 
(B) gilthead seabream. On the x-axes, the different farms sampled per species are stratified by 
geographical origin (either West, Centre or East Mediterranean). The stacked bar charts show 
the percentage of haplotypes (relative to the total number of shared haplotype variants identified 
in each farm) shared with another farm (y-axes), color-coded following the legend on the right. 
Only pairs of farm showing a statistically significant excess of shared haplotypes (p-value < 
0.05) are shown. 
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5. Discussion 
 
5.1. Properties of the combined species MedFish SNP array 

A publicly available, combined species SNP chip that assays ~30K SNPs throughout the 
genome of two prominent Mediterranean fish species - the European seabass and the gilthead 
seabream – was developed. To evaluate the performance of the MedFish SNP array two 
metrics were analyzed: conversion rate and platform error rate. The conversion rate is a 
measure of the number of SNPs that are successfully assayed by a technology and reflects the 
quality of both the chosen SNPs and the technology used to score them [42]. Conversion rates 
were high for the SNP array regardless of the fish species. The assay conversion rate of the 
European seabass part of the array was 91.9%, while for the gilthead seabream part it was 
88.8%. These values are slightly lower than terrestrial livestock species arrays (e.g. 92.6% in 
cattle and 97.4% in pigs), however, generally higher than those developed for aquatic 
organisms (e.g. 72.5% in oysters and 86.1% in catfish) [18, 43-45], comparable to the top 
performing finfish arrays [15, 25]. As a second metric to assess performance, the platform error 
rate was calculated based on the genotype concordance of repeated assays on the same 
individual. By this metric, the MedFish platform shows high genotype accuracy, with a 
repeatability ranging from 99.4% - 99.7%. This accuracy levels are comparable to those 
achieved with Illumina GoldenGate assays in humans (99.6%) or Affymetrix SNP chips in trout 
(99.4%) and pig (100%) [15, 43, 46]. Compared to other SNP arrays developed for aquaculture 
species, the MedFish platform stands out both in terms of genotype accuracy and repeatability. 
Until recently, high-throughput genotyping analysis was only achievable in these fish species by 
means of reduced-representation sequencing approaches [9, 11, 34]. Although a cost-efficient 
option, these techniques may suffer from inconsistent marker recovery across experiments and 
comparatively lower robustness to low quality input DNA [47]. Hence, the development of this 
combined species SNP array represents a powerful alternative for high-throughput genotyping 
in European seabass and gilthead seabream, facilitating molecular breeding applications, 
genetic stock identification and population and evolutionary studies in these emblematic fish 
species. Moreover, the fact that the two species are represented on the same platform 
increases the overall volume of arrays that can be purchased, which should reduce the cost of 
the array due to economy of scale. This reduced cost will be key to the uptake of the platform by 
aquaculture breeding and production companies for the routine application of genomic selection 
in a cost-effective way. 

As part of the SNP chip design, over 25 farmed and wild populations (>500 individuals) per 
species were screened for highly informative markers. By following a DNA pooling approach, 
reliable genome-wide allele frequency information was obtained for several fish populations at a 
fraction of the effort of individual sequencing. Given the majority of the samples genotyped with 
the SNP array were also part of the SNP discovery process, metrics such as number and mean 
MAF of polymorphic markers reflected the performance of the SNP selection strategy. Despite 
the relatively small DNA pools (12-25 individuals), we were able to reliably identify and select 
informative markers for inclusion in our SNP array. The number of informative markers (MAF>0) 
was high for both fish species. For the European seabass, 23,900 SNPs (99.8%) of the 
validated markers were polymorphic, whereas for the gilthead seabream this type of markers 
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comprised 26,017 SNPs (99.3%) of the data. The number of polymorphic markers was 
remarkably similar in wild and farmed populations of both species (90-99% across populations), 
demonstrating the efficacy of the SNP selection strategy for recovering highly informative 
markers in Pool-seq data sequenced at a high to moderate coverage across a wide range of 
different populations. When evaluating the MAF across European seabass and gilthead 
seabream populations, the allele frequency profiles were similar within species, and did not vary 
significantly by origin (either wild or farmed) (Fig S1). The mean MAF across the European 
seabass (0.33) and gilthead seabream (0.31) populations was higher than that reported when 
validating SNP arrays in Nile tilapia (0.29) and rainbow trout (0.25) [15, 22]. However, the high 
average MAF observed in this study is most likely influenced by the fact that most of the 
discovery populations were also used for the validation of the SNP chip. Nonetheless, it should 
be noted that the discovery population samples cover a large portion of the distribution range in 
the wild, and include the majority of commercial hatcheries for the two species.  

A significant obstacle to the uptake of high-throughput genotyping technologies by the industry 
is the risk that a low fraction of a pre-built platform yields useful information. Indeed 
ascertainment bias is a common issue for genotyping arrays, and can be caused when 
designing platforms based on a reduced number of individuals [48]. Due to the fact that the 
MedFish 60K array was developed based on the screening of genetic data derived from an 
extensive sampling of dozens of Mediterranean fish populations and hundreds of fish of each 
species, it is tailored to maximize the retrieval of genetic information and provide an increased 
resolution for the analysis of farmed or wild stocks from this region.    

5.2. Population structure and haplotype sharing analysis 

To validate the MedFish SNP array, the genotyping data obtained from typing a diverse range of 
wild and farmed European seabass and gilthead seabream fish were used to perform a principal 
components (PC) and haplotype sharing analysis. 

Regarding the European seabass populations, the two first PCs explained 21% of the genotypic 
variation. Interestingly, the wild Mediterranean populations span a continuum across the range 
of PC1, but has a rather smaller dispersal across the PC2 range. However, this continuum in 
PC1 has gaps and the wild populations seem to be divided into two clearly differentiated 
clusters, which may represent the two different lineages of European seabass described by Tine 
et al. [13]. All farmed European seabass populations have a more limited distribution across the 
range of the two PCs compared to the wild populations, forming clear clouds although not so 
dense as the wild populations, which is probably due to their smaller sample sizes (Table 3). 
Most farm populations fall within the range of the wild populations, with overlap among each 
other. Only a single farmed fish stock seems to have a more distinct pattern (Fig. 2 A; farm № 
10), which might reflect either founder effects, stronger artificial selection, higher number of 
generations of selection, or any combination thereof. European seabass farms of different 
geographical origin tend to cluster together in the PC plot. For instance, farms № 2 and 3 (from 
Spain) group with farm № 7 (from Greece). This observation is consistent with the haplotype 
sharing analysis, as a significant number of 1 Mb SNP-based haplotype variants were jointly 
present in these farms. A high frequency of shared haplotypes between pairs of populations 
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provides information about their historical relationship, reflecting either a common ancestry 
and/or gene flow between populations. In the context of aquaculture farming, a high frequency 
of shared haplotypes between farms might indicate (i) animal transfer between farms or (ii) the 
recent establishment of these farmed populations from the same wild source (i.e. recent 
population divergence). Since the PCA revealed that wild populations of European seabass 
form tight and distinctive clusters, it is likely that pairs of European seabass farms sharing a high 
frequency of haplotype variants are derived from human-mediated translocations of fishes. 
Another interesting finding is that few of the wild individuals fall clearly within the range of farm 
populations. This could be either due to greater genetic similarity of these farmed populations to 
certain wild populations that are poorly represented in the genotyped samples, or that these wild 
individuals are escapees from fish farms, a well-known phenomenon occurring in the 
Mediterranean [49, 50].  

For the gilthead seabream populations, the PCA explained much less of the observed genetic 
variance (only 11% covered by both PC1 and PC2 summed up), showing a less clear structure 
for most of the populations sampled in this study. In this case, wild populations were sampled 
from two regions, the Mediterranean and Atlantic. Wild individuals segregate into two closely 
bound Mediterranean and Atlantic clusters, which is consistent with previous findings indicating 
a low genetic differentiation between basins [51]. Similar to European seabass, a few wild 
individuals are found scattered throughout farmed populations, likely representing escapees 
from local fish farms. Farmed gilthead seabream populations seem to be much more 
differentiated compared to their wild counterparts, with two broader clusters forming a gradient 
of overlapping farmed populations. The first group is composed only of farms located in Greece. 
The second cluster groups a mixture of all three farms sampled from the West of the 
Mediterranean (either France or Spain) and a few Greek farms (Figure 2B). This pattern may 
reflect artificial selection and/or different degrees of admixture between farms. The haplotype 
sharing analysis mirrors this finding and reinforces the idea that most seabream farms from the 
Mediterranean separate in two clusters, between which a reduced recent contact is observed. 
However, while the results for both the European seabass and gilthead seabream highlight the 
utility of the SNP array for detecting and studying population structure, more extensive studies 
are required to further assess these phenomena in the two species.  

6. Conclusions 

A medium density SNP array suitable for genotyping both the European seabass and the 
gilthead seabream was developed. The MedFish SNP array has a high proportion of functional 
and validated SNP assays, as demonstrated by its conversion rate (92% in the European 
seabass: 89% in the gilthead seabream) and repeatability (99.4 - 99.7%). The platform 
interrogates ~30K markers in each fish species, and includes features such as SNPs previously 
shown to be associated with performance traits and enrichment for SNPs predicted to have high 
functional effects on proteins. The SNP array was highly informative when tested on the majority 
of the discovery population samples, and was further validated by performing a population 
structure and haplotype sharing analysis across a wide range of fish populations from diverse 
geographical backgrounds. This recently developed platform will allow the efficient and accurate 
high-throughput genotyping of ~30K SNPs across the genomes of each fish species, facilitating 
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population genomic research and the application of genomic selection for acceleration of 
genetic improvement in European seabass and gilthead seabream breeding programs. 
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