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Abstract
Background  Red mullet (Mullus barbatus) is a key species in Mediterranean fisheries, yet its stock structure and 
population dynamics remain poorly understood due to a lack of comprehensive genomic resources. This study 
provides the first high-quality reference genome for M. barbatus and a comprehensive set of SNP markers to 
investigate its population structure and adaptive potential across the Mediterranean.

Results  Using the newly generated chromosome-level reference genome, we re-analyzed a Mediterranean-wide 
reduced-representation genomic dataset. Our analysis reveals a panmictic population structure with strong genetic 
connectivity across the species’ range, likely driven by extensive larval dispersal and multigenerational gene flow. 
Despite minimal genome-wide differentiation, outlier analysis identified candidate loci under directional selection, 
linked to key biological processes such as ontogeny and environmental adaptation.

Conclusions  This study presents the first genomic resource for M. barbatus, providing valuable insights into its 
genetic structure and adaptive mechanisms. While the identification of loci under selection offers promising leads, 
these findings are preliminary due to the limited genomic coverage of the dataset. Nonetheless, they pave the way 
for future genomic studies to explore how M. barbatus adapts to environmental and anthropogenic pressures. These 
results hold significant implications for the sustainable management of Mediterranean fisheries, especially in the 
context of climate change and conservation.

Keywords  Reference genome, Genome assembly, Genome annotation, Population structure, Genetic connectivity, 
Genomic adaptation, Fisheries management, Mediterranean fisheries, Red mullet, Demersal species
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Background
Red mullet as a key commercial fish species
The red mullet (Mullus barbatus L., 1758) is a demersal 
fish species with a broad geographic distribution span-
ning the Mediterranean and Black Seas, as well as the 
eastern Atlantic Ocean, from the North Sea to Senegal 
[1]. It shares its range with the congeneric striped red 
mullet (Mullus surmuletus L., 1758). These two spe-
cies co-occur on continental shelves at depths reaching 
200 m, though striped red mullet can be also present in 
deeper waters [2, 3]. Despite their overlapping habitats, 
they exhibit notable differences in substrate preference 
with M. barbatus favoring muddy seabeds, while M. sur-
muletus is typically associated with rougher bottom types 
[1, 2].

Both species are key targets for Mediterranean demer-
sal fisheries [3–5]. The red mullet, in particular, is a target 
for coastal bottom-trawl fisheries [3]. The stocks of this 
species were considered to be under high fishing pressure 
in the past [6, 7]. A reduction in effective population sizes 
(Ne) for both species was observed, attributed to factors 
such as excessive fishing pressure, habitat fragmentation, 
and natural population fluctuations [8]. Nonetheless, 
recent assessments indicate that stocks of red mullet are 
currently sustainably exploited in most of the Mediterra-
nean Sea [9], with biomass increasing since 2008 in sev-
eral GFCM Geographical SubAreas (GSAs) [3].

Genetic insights into the Mediterranean stock structure
Larval dispersal plays a major role in determining the 
spatial scales over which marine populations are con-
nected. Marine environments, with their putative con-
tinuity, often foster high connectivity and unrestricted 
dispersal among populations, which can lead to low 
genetic differentiation [10–13]. In species with high dis-
persal capabilities during their larval or adult stages, sig-
nificant gene flow frequently results in weak population 
structure [14–18]. Red mullet exhibits low adult mobil-
ity, but larvae are able to remain in the water column 
for 25–35 days before settling in a suitable habitat [19]. 
Gargano et al. (2017) [20] reported that larvae and pre-
recruits from the Strait of Sicily can reach suitable coastal 
areas to recruit even far from their natal area, support-
ing the existence of a meta-population structure. This 
complex dispersal dynamic challenges traditional stock 
assessments, making it difficult to define discrete popu-
lation units. Misclassifications in stock structure can 
undermine management efforts and jeopardize fishery 
sustainability [21]. Furthermore, aligning biological pro-
cesses with management strategies is crucial for sustain-
able fisheries management [22].

Studies on the population genetics of M. barbatus 
within the Mediterranean Sea have relied largely on 
nuclear microsatellite markers [8, 23–26]. However, 

methodological differences have often led to conflict-
ing results. For instance, while Matic-Skoko et al. (2018) 
[8] reported genetic homogeneity between Western and 
Eastern Mediterranean populations, Galarza et al. (2009) 
[24] identified distinct genetic clusters. No local struc-
ture was evident along the Spanish Mediterranean coast 
[26], while the Adriatic Sea appeared genetically distinct 
in some instances [23, 25]. Interestingly, Matic-Skoko et 
al. (2018) [8] identified three overlapping genetic clusters 
within the Adriatic region.

First genomic efforts
The population structure of the congeneric M. surmule-
tus has been explored at high resolution thanks to numer-
ous population genomic studies [16, 27–30]. In contrast, 
genomic investigation of M. barbatus has remained lim-
ited. The MED_UNITs project [31], funded by the Euro-
pean Commission, has been, to date, the only initiative to 
apply genomic techniques to M. barbatus, with the goal 
of aligning biological and management stock units across 
the Mediterranean for this and several other key com-
mercial species.

This project employed a multidisciplinary approach, 
combining otolith shape analysis and microchemistry, 
with genomic methods, including Reduced Representa-
tion DNA Sequencing (RRS). RRS is a common genomic 
method employed in studies aimed at non-model species 
[32] as it provides genome-wide data from large sample 
sizes at a relatively low cost [33]. Although RRS captures 
only a fraction of the genome, it provides enough resolu-
tion to assess population structure in dispersive marine 
fish [34]. Indeed, a dataset of 853 SNPs, called in at least 
70% of the 771 retained individuals, was used to infer 
genetic structure. The analysis revealed very low genetic 
differentiation values, suggesting a lack of distinct popu-
lation structure in the Mediterranean. This finding was 
further supported by otolith shape analysis and micro-
chemistry, which provided only weak and inconclusive 
evidence for the presence of two to three sub-populations 
in the region.

Reference genome improvements
High-quality reference genomes have significantly 
advanced genomic studies, providing unparalleled 
insights into species biology at increasingly affordable 
costs [35]. Initiatives like the Earth BioGenome Project 
(EBP) and its European node, the European Reference 
Genome Atlas (ERGA), are spearheading efforts to cre-
ate comprehensive reference resources for eukaryotic life 
[36, 37].

When MED_UNITs conducted its genomic study, 
no reference genome was available for M. barbatus. As 
a result, genomic loci were constructed de novo [38], 
leading to a low number of high-quality loci. Aligning 



Page 3 of 18Massa et al. BMC Ecology and Evolution          (2025) 25:101 

genomic sequences to the species’ reference genome 
enhances the accuracy of inferences obtained from RRS 
data [39, 40]. Furthermore, reference genomes allow in 
silico optimization of RAD-seq protocols, enhancing 
genotyping accuracy and SNP marker quality [41].

This study addresses a major gap in Mediterranean 
fisheries genomics by producing a high-quality refer-
ence genome for M. barbatus as part of the ERGA Pilot 
Project (I). The reference is then used to refine the first 
and only available genomic dataset for this species (II), 
improving the resolution of population structure analyses 
and informing sustainable fishery management strategies 
(III). Finally, we explore signatures of potential adaptive 
selection across the Mediterranean and report a prelimi-
nary set of candidate loci (IV).

Methods
Reference genome
Sampling and specimen information
An adult male Mullus barbatus (fMulBarb1, ERGA_PI_
BG_01) was collected from the Black Sea, Bulgarian coast 
(Varna Bay) on July 20, 2021, using a trawl. This individ-
ual was used for reference genome assembly. For tran-
scriptome sequencing, fin tissue was taken from the same 
reference individual, while gonad and kidney were sam-
pled from additional specimen fMulBarb6 (ERGA_PI_
BG_06) and muscle from fMulBarb2 (ERGA_PI_BG_02).

DNA extraction, library preparation, and long-read 
sequencing
High-molecular-weight (HMW) DNA was extracted 
from brain tissue of fMulBarb1 using the Nanobind Tis-
sue Big DNA kit (PacBio). For Oxford Nanopore Tech-
nologies (ONT) long-read sequencing, two libraries 
were prepared: one fragmented to approximately 20  kb 
(Megaruptor, Diagenode) to optimize sequencing yield, 
and one unfragmented to maximize read length, with 
size selection performed using Short Read Elimina-
tor (PacBio), only for the latter. Quality of the extracted 
and treated samples was monitored using UV/VIS for 
purity (Little Lunatic, Unchained Labs), fluorescence 
for concentration (Qubit, ThermoFisherScientific) and 
capillary electrophoresis for sizing and integrity (5200 
Fragment Analyzer, Agilent). Library was prepared fol-
lowing an updated protocol 1D Genomic DNA by 
ligation protocol (SQK-LSK109, version: GDE_9063_
v109_revQ_14Aug2019). Libraries were sequenced on 
one FLO-PRO002 flow cell using PromethION P24 for 
72 h with 4 subsequent DNase flushes and library reloads 
for increased yield and fragment sizing.

Hi-C library preparation
Hi-C library preparation was performed using the Dove-
tail Genomics Omni-C kit, following the manufacturer’s 

protocol. Liver tissue from the reference individual was 
manually homogenized prior to library preparation. 
Library fragment size distribution and concentration 
were evaluated using High Sensitivity D5000 Screen-
Tapes on a TapeStation 4150 (Agilent Technologies) and 
a Qubit Fluorometer (Thermo Fisher Scientific).

RNA extraction and library preparation
RNA was extracted from fin, gonad, kidney, and muscle 
tissues using the Quick-RNA Miniprep Plus Kit (Zymo 
Research). RNA integrity and concentration were 
assessed using RNA ScreenTapes (TapeStation 4150) and 
a Qubit Fluorometer. RNA library preparation followed 
a polyA capture protocol with the Illumina Stranded 
mRNA Prep kit, using MagBio HighPrep PCR magnetic 
beads for clean-up. Library fragment size and concentra-
tion were assessed with High Sensitivity D5000 Screen-
Tapes (TapeStation 4150) and a Qubit Fluorometer.

Hi-C and RNA library sequencing
The Omni-C Library was denatured and loaded for 
paired-end sequencing on an Illumina NovaSeq 6000 
system and run in XP mode using two separate NovaSeq 
6000 SP Reagent Kits v1.5 (300 cycles). For the Omni-C 
Library we set a single index running mode to 6:151:151:0 
cycles. The RNA Library was denatured and run in dual-
indexed mode with 10:151:151:10 bp cycles.

Genome assembly
High-accuracy basecalling of ONT reads was performed 
using Guppy (v5.0.13 [42]), followed by filtering with 
Filtlong (v0.2.1 [43]), to retain high-quality reads with 
a minimum read length of 1,000 bp and a targeted total 
base count of 45 Gbp. The expected genome size was cal-
culated via genome profiling with the ONT data, using a 
k-mer spectra analysis (k = 21) with meryl (v1.3 [44]), and 
GenomeScope (v2.0 [45]). The genome was assembled 
with Flye (v2.9 [46]), using default parameters and an 
estimated genome size of 0.56 Gb based on the Genomes 
on a Tree (GoaT) database [47]. Polishing of the ini-
tial assembly was performed in two rounds with Racon 
(v1.4.3 [48]), using the ONT reads aligned to the draft 
assembly with Minimap2 (v2.17 [49]), followed by a con-
sensus polishing step using Medaka (v1.4.4 [50]). Haplo-
typic duplicates were removed using purge_dups (v1.2.5 
[51]). Scaffolding was performed with yahs (v1.2a [52]), 
using Omni-C data, which was aligned to the polished 
assembly with bwa-mem (v0.7.17 [53]). Valid ligation 
events were recorded, and PCR duplicates were removed 
using pairtools (v0.3.0 [54]), generating a.bam file for 
scaffolding. Assembly contiguity metrics were obtained 
with Gfastats (v1.3.1 [55]), and Merqury (v1.3.1 [44]), 
was used to assess assembly quality. Assembly complete-
ness was evaluated using BUSCO (v5.2.2 [56]), with the 
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default BUSCO_MetaEuk workflow option and the acti-
nopterygii_odb10 data set. The final assembly was manu-
ally curated by the Genome Reference Informatics Team 
at the Wellcome Sanger Institute. A Hi-C contact map 
was created and visualised with PretextMap (v0.1.9 [57]), 
PretextView (v0.2.5 [58]), and PretextSnapshot (v0.0.4 
[59]). The mitochondrial genome was assembled using 
MitoHiFi (v2.2 [60]), with the mitochondrial genome 
of Mullus surmuletus (NC_052759) as the most closely 
related reference available.

Genome annotation
To identify the geneset, we mapped the produced RNA-
seq reads against the genome reference using HISAT2 
(v.2.2 [61]). The resulting bam files were merged and 
sorted using samtools (v1.7 [62]). Then to predict the 
gene models we used BRAKER3 (v3.0 [63]), providing as 
evidence the RNA alignments and similarity with known 
proteins as well. To produce the protein similarity hint 
file, we downloaded known proteins from UniProt and 
aligned them against the M. barbatus reference genome 
using miniprot (v0.13 [64]). The predicted geneset was 
reduced to one isoform per gene with AGAT (v1.4 [65]), 
and was then evaluated using BUSCO (v5.3.1 [56]). To 
functionally annotate the predicted geneset, we con-
ducted a BLASTp [66] search against UniProt Database 
[67] and ran InterProScan (v5 [68]).

Population genomics
Sampling design and protocol
The genomic data analyzed in this study were sourced 
from the MED_UNITs project. This project aimed to 
integrate biological and genomic approaches to align 
stock management units for key commercial species 
across the Mediterranean, with M. barbatus as one of 
its focal species.M. barbatus biological samples were 
obtained through the activities of the EU Data Col-
lection Framework (DCF, EU Reg. 1004/2017), which 
included biological sampling from commercial fisher-
ies and experimental trawl surveys conducted as part of 
the Mediterranean International bottom Trawl Survey 
program (MEDITS [69]). The sampling strategy aimed 
to achieve comprehensive spatial coverage, encompass-
ing 38 geographical sites across the Mediterranean Sea, 
from the Alboran to the Levantine Sea. A total of 2,133 
specimens were collected between June 2019 and July 
2020. A standardized sampling and shipping protocol 
was distributed to sampling partners emphasizing the 
collection of skeletal muscle tissues from freshly caught 
specimens. Alternatively, frozen tissues (−20  °C) were 
accepted if immediately frozen post-capture. Samples 
were preserved in 96% ethanol and stored at −20 °C until 
DNA extraction. Despite these guidelines, logistical chal-
lenges onboard commercial vessels sometimes precluded 

optimal preservation conditions. Consequently, tissues 
were collected from freshly caught specimens (35.2%) 
and frozen specimens (32.1%), while no preservation 
details were provided for 32.7% of samples.

DNA extraction
DNA was extracted following a modified salt extrac-
tion protocol [70], with an added RNase treatment step 
to prevent DNA content inflation. DNA integrity was 
assessed through electrophoresis gel imaging, categoriz-
ing extracts into three quality tiers (good, medium, poor). 
DNA concentrations were assessed through Qubit Fluo-
rometer and Qubit dsDNA BR Assay. High variability in 
DNA quality was observed across and within GSAs. In 
general, DNA of good quality was easily obtained from 
fresh tissues, while frozen ones generated larger fraction 
of medium or even unusable DNA. These differences 
underscored the importance of adhering to optimal sam-
pling protocols. Further details on DNA extraction and 
quality control protocols are provided in Supplementary 
Material 1, Additional File 1.

Library preparation and sequencing
A subset of 1,373 specimens from 32 geographical sites 
were obtained by including the majority of the medium 
quality DNA extracts (Supplementary Fig. 2.1, Addi-
tional File 1) (Supplementary Table 0.1, Additional File 
2). Genomic libraries were prepared following a typical 
ddRAD protocol [71] using the SbfI-SphI enzyme pair, 
commonly used for fish species [72–75]. Libraries were 
PCR-amplified with 19 cycles and a gel cut-window of 
400–700  bp was used. Five multiplexed libraries (288 
specimens each, Supplementary Fig. 2.2, Additional File 
1) were finally sequenced on an Illumina HiSeq 4000 
platform (150 bp, paired-end) at the Norwegian Sequenc-
ing Center.

Reads processing and mapping
Demultiplexing, trimming, and quality-filtering of the 
raw sequence reads were performed using the process_
radtags pipeline in Stacks (v2.62 [40]). The filtered reads 
were then mapped to the chromosome-level reference 
genome described in this study using the bwa-mem algo-
rithm (v0.7.17 [53]). Quality of the resulting alignment 
files was assessed using FastQC (v0.12.1 [76]), MultiQC 
(v1.19 [77]), and samtools (v1.7 [62]), ensuring high stan-
dards for Downstream genomic analyses. Further details 
on raw data processing and genome mapping are pro-
vided in Supplementary Material 3, Additional File 1.

Genotype calling
The RAD loci catalog was constructed using the gstacks 
module in the Stacks reference-based pipeline, and bial-
lelic single nucleotide polymorphisms (SNPs) were called 
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from the catalog. SNPs were defined using the popula-
tions module of Stacks based on the following criteria: a 
minor allele frequency of 0.01 (--min-maf 0.01), a maxi-
mum observed heterozygosity of 0.70 (--max-obs-het 
0.70), and a minimum call rate threshold of 80% within 
each geographical site (-r 80 -p $N_POP). The result-
ing set of SNPs was examined for outlier detection. For 
population structure analyses, one random SNP per RAD 
locus was selected from the Stacks populations module 
(--write-random-snp) to minimize Linkage bias. The 
stringent settings applied ensured that high-quality SNPs 
were consistently called across geographical sites, thereby 
mitigating biases introduced by poorly sequenced sam-
ples and low Library complexities - a recurrent issue in 
this study due to variable sample collection conditions. 
Further details on call rate thresholds and missing data 
patterns are provided in Supplementary Material 4, Addi-
tional File 1.

Dataset filtering
The initial dataset of 1,373 specimens exhibited low 
genome-wide SNP call rates, likely due to the presence 
of poorly sequenced samples, as indicated by inconsis-
tencies in sequencing quality across geographical sites 
(Supplementary Material 3–4, Additional File 1). These 
issues were attributed to challenges in tissue collection 
and preservation during fieldwork. To address these chal-
lenges, an iterative filtering approach was implemented to 
remove specimens with high levels of missing data. Itera-
tive filtering strategies have been widely demonstrated 
to improve dataset quality by optimizing the balance 
between specimen retention and SNP call rate [78, 79]. 
An in-depth description of the iterative filtering applied 
is described in Supplementary Material 5, Additional File 
1. Following filtering, the final number of retained RAD 
loci was evaluated against predictions made using Radin-
itio (v1.2.3 [80]), a pipeline for the assessment of RADseq 
experiments where reference genome is in silico digested 
to obtain a series of reference RAD loci. The analysis 
used the SbfI-SphI restriction enzyme pair and an insert 
size range of 400–700 bp, consistent with the parameters 
used during library preparation for most sequencing 
libraries.

Population structure
Prior to the population structure analysis, the statistical 
power of the markers employed was assessed with Pow-
sim (v4.1 [81]), using Powsim_b that can accommodate 
up to 5000 loci. We tested a range of expected divergences 
to estimate the smallest detectable FST. Given the large 
amount of loci, the power was tested by running only 10 
replicates. At the end of each simulation, genotypic sam-
ples with number and sizes corresponding to those of the 
empirical data set were collected and statistical testing of 

homogeneity performed using chi-square and Fisher test-
ing approaches. The proportion of significant outcomes 
(p < 0.05) among replicates was used to estimate statisti-
cal power. Contemporary effective population size (Ne) 
was initially estimated from the final 1,592 SNP dataset 
using the linkage disequilibrium (LD) method imple-
mented in NeEstimator (v2.0 [82]). However, this method 
is known to suffer from several limitations in large 
marine populations, particularly due to high sensitivity 
to sample size and allele frequency thresholds [83–85]. 
To address these concerns, we also employed CurrentNe 
(v1.0 [86]), a complementary LD-based approach spe-
cifically designed to provide robust Ne estimates under 
challenging conditions such as large Ne or limited sample 
sizes. Finally, to validate and contextualize contempo-
rary Ne estimates, we applied the Multiple Sequentially 
Markovian Coalescent method (MSMC2, v2.1.4 [87, 88]). 
Given the method’s reliance on a large and dense set of 
markers [89, 90], MSMC2 was applied to the long-read 
sequencing data from the fMulBarb1 reference indi-
vidual. Full methodological details and results for these 
analyses are provided in Supplementary Material 8, 
Additional File 1. Principal Component Analysis (PCA) 
was conducted using Adegenet (v2.1.10 [91]), employing 
mean imputation for missing data. Given recent findings 
on PCA-related biases in genetic analyses [92, 93], we 
interpreted these results cautiously. Bayesian clustering 
was performed using STRUCTURE (v2.3.4 [94]), to infer 
the most likely number of populations (K). Following the 
Evanno method [95], we conducted 10 independent runs 
for each K value (1-10) under the admixture model with 
correlated allele frequencies, comprising 100,000 burn-in 
steps and 200,000 MCMC replicates. The ad hoc ΔK sta-
tistic was calculated using STRUCTURE HARVESTER 
(v0.7 [96]), and the results were visualized and merged 
using CLUMPAK [97]. Pairwise genetic differentiation 
(FST) between geographical sites was calculated using 
the Weir and Cockerham (1984) [98] estimator imple-
mented in StAMPP (v1.6.3 [99]). Statistical significance 
was assessed using 100,000 permutations following Ben-
jamini-Hochberg correction for multiple comparisons 
(α < 0.05) [100]. To further evaluate the differentiation 
within or among populations, Analysis of MOlecular 
VAriance (AMOVA) was performed in pegas (v1.3 [101]). 
Statistical significance (p < 0.05) was assessed based on 
100,000 permutations and geographical sites were hier-
archically clustered into five macro-areas based on the 
subregional technical units defined by the General Fish-
eries Commission for the Mediterranean (GFCM [102]), 
(Supplementary Fig. 6.1, Additional File 1). This cluster-
ing ensured a balanced sample size at higher hierarchical 
levels. The relationship between pairwise genetic dis-
tance (FST) and geographic distance was evaluated by the 
Mantel test implemented in vegan (v2.6 [103]), to verify 
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whether species fit the Isolation-By-Distance (IBD) pat-
terns among geographical sites. The least-cost geographi-
cal distance was used to account for land barriers [104] 
and 100,000 permutations were performed to assess sta-
tistical significance (p < 0.05).

Outliers detection
Filtered SNPs were analyzed to detect loci under direc-
tional selection using three FST outlier detection meth-
ods: Bayescan (v2.1 [105]), FstHet (v1.0.1 [106]), and 
OutFLANK (v0.2 [107]). Each method’s parameters and 
results are thoroughly described in Supplementary Mate-
rial 9, Additional File 1. Given the panmictic popula-
tion structure identified in this study, geographical sites 
were grouped into the five macro-areas already identified 
based on the subregional technical units defined by the 
GFCM to ensure a balanced sample size. SNPs identified 
as outliers by at least two pipelines were retained as the 
strongest candidates for directional selection. Genomic 
regions containing candidate SNPs were identified using 
IGV (v2.18.4 [108]), and gffread (v0.12.8 [109]), and 
protein sequences for candidate genes were extracted. 
Further insights into the candidate genes function were 
obtained by similarity searches (BLASTp) against the 
NCBI Reference Protein Database (RefSeq [110]), best 
hits were selected.

Results
Reference genome
Genome assembly
ONT long-read sequencing generated 7.37  million 
reads, yielding a total 90.61 Gb with N50 18.48Kb Gbp. 
GenomeScope analysis estimated a haploid genome size 
of approximately 554 Mbp (Fig.  1b). A chromosome-
scale genome assembly for a male Mullus barbatus was 
produced by combining ONT sequencing and paired-
end chromosomal conformation capture data (Omni-C; 
65.6 million reads) (Fig. 1a). The final genome assembly, 
after polishing, haplotypic duplication removal, scaf-
folding, and manual curation, had a total length of 538.9 
Mbp. The assembly achieved a contig NG50 of 12.54 
Mbp and a scaffold NG50 of 23.7 Mbp. Chromosomal 
scaffolds (n = 22) accounted for 535.65 Mbp, covering 
99.39% of the assembly length. Genome completeness 
was evaluated using 3,640 conserved orthologous genes, 
identifying 96.7% as complete with 95.9% in single copy 
and 0.8% as duplicated. Additionally, 1.1% of genes were 
fragmented, and 2.2% were missing. K-mer-based qual-
ity assessment using Merqury resulted in a quality value 
(QV) of 32.1 and k-mer completeness of 84.96% (Fig. 1c), 
indicating that most k-mers from the sequencing data 
were successfully incorporated into the final genome 
assembly.

Genome annotation
RNA sequencing produced 524.34 million reads that were 
mapped against the genome with an average of 85% map-
ping rate. Gene prediction yielded 35,727 genes including 
43,217 transcripts. From those 39,625 had a hit against 
UniProt and 33,003 had a protein Domain assigned 
through InterProScan search. Finally, BUSCO complete-
ness assessment showed that 92.7% of the searched genes 
are present in the predicted geneset, 91.5% in single copy 
and 1.2% as duplicated. Additionally, 3.1% of genes were 
fragmented, and 4.2% were missing.

Population genomics
Final dataset
Approximately 3  billion reads were sequenced across 
the dataset of 1,373 individuals, with per-individual 
read counts ranging from 568 to 59,036,450, highlight-
ing substantial variation (Supplementary Fig. 3.1, Addi-
tional File 1). A similar trend was observed in mapping 
performance, which ranged from 11.31 to 99.88% (Sup-
plementary Fig. 3.2, Additional File 1). An initial catalog 
of 45,751 loci was constructed from the mapped reads, 
but this number dropped to zero after applying call rate 
filtering (Supplementary Fig. 4.1, Additional File 1). The 
iterative filtering strategy significantly reduced the ini-
tial dataset retaining 350 specimens, with approximately 
20 individuals representing each of the 18 Mediterra-
nean geographical localities ultimately included (Fig. 2a). 
Despite the reduction, the obtained dataset retained 
most of the starting Mediterranean geographic coverage 
(Supplementary Fig.  5.4, Additional File 1). Nonethe-
less, we additionally constructed a supplementary data-
set by re-integrating a subset of individuals (58) that had 
been excluded in earlier filtering steps but exhibited high 
call rates at the final 1,592 SNP loci. This complemen-
tary dataset was used to qualitatively explore whether 
the inclusion of individuals from previously underrep-
resented locations might affect the observed patterns of 
structure (see Supplementary Figs. 5.5 and 7.5, Additional 
File 1). The filtering strategy adopted effectively standard-
ized sequencing yield and mapping performance, now 
ranging from 526,068 to 7,108,806 reads per individual 
and 96.48–99.86% mapped reads, respectively (Supple-
mentary Fig.  5.6, Additional File 1). A refined catalog 
of 30,551 loci was built from the mapped reads, which 
decreased to 1,947 after call rate filtering. In silico esti-
mates using radinitio predicted 2,660 RAD loci suggest-
ing Limited potential for further improvement through 
additional filtering given the 1,947 RAD loci ultimately 
retained. These loci provided uniform genome coverage, 
representing 0.106% of the assembled genome, with an 
average inter-locus distance of 333,040  bp. Accordingly, 
the number of high-quality SNPs increased from none 
in the initial dataset to 7,569, with a final set of 1,592 
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retained when randomly selecting one SNP per locus, as 
applied in the population structure analysis (Supplemen-
tary Fig.  5.7, Additional File 1). This final dataset al.so 
exhibited low and uniform levels of missing data across 
geographical localities (Supplementary Fig.  5.9, Addi-
tional File 1).

Population structure
NeEstimator yielded an effective population size of 
7,228 individuals (Supplementary Table 7.2, Additional 
File 1). Comparable estimates were obtained using Cur-
rentNe (Supplementary Table 7.3, Additional File 1), and 
the trend was further supported by MSMC2 analysis on 
the whole-genome sequence of the reference individual 
fMulBarb1 (Supplementary Fig.  8.1, Additional File 1). 
Simulations conducted with Powsim demonstrated that 

our SNP dataset has sufficient statistical power to detect 
FST values as low as 0.0014, given the empirical sample 
sizes (Supplementary Table 7.1, Additional File 1). Such 
a minimal level of genetic differentiation could arise in as 
few as 20 generations of complete isolation, assuming the 
estimated effective population size. Principal Component 
Analysis (PCA) revealed no distinct genetic structure 
within the empirical dataset (Fig. 2b). The first few prin-
cipal components represented only a minimal percentage 
of the total genetic variance, with PC1 and PC2 account-
ing for 0.894% and 0.885%, respectively (Supplementary 
FIgure 7.1, Additional File 1). A low variance retention 
by the primary components further suggests limited dif-
ferentiation among the sampled geographical localities, 
indicating a lack of pronounced genetic structure. This 
pattern was consistent when using the complementary 

Fig. 1   Reference genome assembly overview. (a) Hi-C contact map of the fMulbar1.1 assembly visualized in PretextMap. Chromosomes are ordered 
by size, from top left to bottom right. (b) k-mer profile of ONT reads generated using GenomeScope (len:554,396,671 bp, uniq:81.2%, aa:98.7%, ab:1.3%, 
kcov:37.8, err:3.31%, dup:3.18, k:21, p:2), showing k-mer distribution. (c) k-mer spectra comparison between the assembly and raw sequencing data, 
generated using Merqury
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dataset, which included additional low-missingness indi-
viduals from previously excluded geographical regions. 
The reintegrated samples did not introduce any new 
clustering signal, confirming that the lack of structure is 
maintained even when geographic coverage is extended 
(see Supplementary Figs. 5.5 and 7.5, Additional File 1). 
The Evanno method suggested the most likely number 
of genetic clusters (K) to be 2 (Supplementary Fig. 7.2a, 
Additional File 1). Although the ad hoc ΔK statistic is 
effective for detecting population structure in complex 
hierarchical migration patterns, it cannot identify K = 1 as 
the optimal solution [95]. The mean posterior probabil-
ity of the data for each K, as the model choice criterion 
implemented in STRUCTURE to detect the true K [94], 
suggested K = 1 to be more likely than K = 2 (Supplemen-
tary Fig. 7.2b, Additional File 1). Likewise, the symmetri-
cal distribution of inferred ancestry components between 
clusters (Fig. 2c, Supplementary Fig. 7.3, Additional File 

1) further indicated a lack of clear population structure 
[111]. Pairwise FST values ranged narrowly from − 0.004 
to 0.005, with none showing statistical significance fol-
lowing Benjamini-Hochberg correction for multiple 
comparisons (α < 0.05) (Supplementary Fig.  7.4, Addi-
tional File 1). AMOVA results revealed that most of the 
variance (~ 68.6%) is attributed to the individual level 
rather than among macro-areas (i.e. GFCM subregional 
technical units) or geographical sites. The latter indeed 
exhibited small σ² (0.036124 and 0.044339, respectively) 
and non-significant p-values (0.2465 and 0.3148, respec-
tively) (Supplementary Table 7.3, Additional File 1). The 
Mantel test revealed no significant positive correlation 
between geographic and genetic distances (r = 0.039, 
p = 0.354). These findings are consistent with a panmictic 
population structure across the Mediterranean range.

Fig. 2  Genetic structure of red mullet across the Mediterranean Sea. (a) Map showing the locations of 350 Mullus barbatus specimens from 18 distinct 
geographical sites across the Mediterranean Sea labelled according to the corresponding Geographical SubAreas (GSAs) : 01b: Northern Alboran Sea; 
05abc: Balearic Islands; 06a: Northern Spain; 07a: Gulf of Lion; 10a: Southern and Central Tyrrhenian Sea; 10bc: Northern Sicily; 11ab: Eastern Sardinia; 12 m: 
Northern Tunisia: 14a: Gulf of Gabès; 18b: Southern Adriatic Sea (Western); 18c: Southern Adriatic Sea (Eastern); 19b: Western Ionian Sea (Sothern); 19 cd: 
Western Ionian Sea (Northern); 23p: Northern Crete; 25c: Southern Cyprus; 26b: Southern Levant Sea; 27a: Eastern Levant Sea (Southern); 27b: Eastern 
Levant Sea (Northern). Each site is color-coded according to subregional technical units defined by GFCM (blue for Western Mediterranean, yellow for 
Central Mediterranean, red for Eastern Mediterranean and green for Adriatic Sea). Within each sub regional technical unit, sites located in individual Geo-
graphical SubAreas (GSAs) are further differentiated using various shades of the main color associated with the region. Seabed bathymetry is depicted in 
blue. (b) Principal Component Analysis (PCA) performed on 1,592 high-quality SNPs reveals no significant clustering, as indicated by the minimal variance 
explained by the first two principal components (0.894% and 0.885%, respectively) (Supplementary Fig. 7.1, Additional File 1). The color scheme matches 
that of part (a), maintaining visual consistency across sub-regions. (c) Results from a STRUCTURE analysis with K = 2 show the ancestral proportions (blue 
for K1 and white for K2) for each specimen, grouped by geographical sites. This visual representation supports the conclusion of limited genetic differen-
tiation among the sampled localities, underscoring a panmictic population structure across the Mediterranean
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Outliers detection
The Bayescan, FstHet, and OutFLANK pipelines identi-
fied 10, 203, and 6 Fst outlier SNPs, respectively (Sup-
plementary Figs.  9.1-9.2-9.3, Additional File 1). Among 
these, 9 SNPs were consistently detected by at least two 
of the methods employed and were subsequently classi-
fied as the strongest candidates for directional selection 
(Supplementary Figs.  9.4–9.5, Additional File 1). Nearly 
half of these candidate SNPs (4)  were clustered within 
a 2  Mb region on chromosome SUPER_8, suggesting a 
potential genomic hotspot under directional selection 
across Mediterranean macro areas. Three candidate 
SNPs were distributed across a broader 15 Mb region on 
chromosome SUPER_9, while the remaining two were 
scattered on chromosomes SUPER_2 and SUPER_20 
(Fig. 3).

Most of the candidate SNPs were positioned 
within intronic regions of genes, with only two 
(SUPER_8:21764708 and SUPER_9:154553) being 
located outside the genes but still in close proximity, 
approximately 100  bp and 1,000  bp upstream of neigh-
boring genes, respectively. Sequence similarity searches 
revealed strong homology to genes from other teleost 
species (Table  1). These findings suggest potential rel-
evance of the identified candidate genomic regions for 
directional selection.

Detailed summary and associated gene homology for 
SNPs identified as the strongest candidates for direc-
tional selection within the M. barbatus genome. The 
chromosomal position of each SNP, the outlier detec-
tion pipelines (flagged by at least two out of three meth-
ods), and associated gene names and elements from the 
genome structural annotation are reported. Additionally, 
each entry includes the best hit derived from BLASTp 

searches against the NCBI Reference Protein Database. 
Protein accession number, description, and species name 
are provided, along with query coverage and E-values.

Discussion
The first chromosome-scale reference genome for Mullus 
barbatus
The fMulBar1.1 genome assembly achieved chromo-
some-scale contiguity and high completeness, surpassing 
key Earth BioGenome Project (EBP) benchmarks for ref-
erence genomes. With a scaffold NG50 of 23.7 Mbp and 
contig NG50 of 12.54 Mbp, the assembly exceeds the EBP 
minimum threshold for contiguity (NG50 > 1 Mbp for 
contigs) and meets the criterion for chromosomal-scale 
scaffolding [113]. Despite its high contiguity and com-
pleteness, the genome’s base-level accuracy (QV 32.1, 
~ 99.93%) falls below the EBP-recommended threshold 
(QV > 40) for reference-grade genomes [113]. This is con-
sistent with other ONT-based genome assemblies from 
the ERGA Pilot Project, which tend to have lower QV 
scores than those generated with PacBio HiFi sequenc-
ing [35]. The k-mer completeness of 84.96% also reflects 
common challenges in ONT-based haploid genome 
assemblies, where some sequence loss may occur due to 
haplotypic purging, error correction, and the higher error 
rate of ONT long-read sequencing (Fig. 1b and c). Over-
all, the fMulBar1,1 genome assembly represents a highly 
contiguous and complete chromosome-scale reference 
genome, making it a valuable resource for population 
genomics and functional analyses in Mullus barbatus and 
related species.

Fig. 3  Genomic localization of candidate loci for directional selection. Genomic positions of candidate SNPs identified as potentially under directional 
selection within the Mullus barbatus genome using the Bayescan, FstHet, and OutFLANK pipelines. The strongest candidates for directional selection are 
marked with large, dark blue dots, predominantly clustered on chromosome SUPER_8, suggesting a genomic hotspot for selection pressures. Smaller, 
Light blue Dots represent outliers detected by a single pipeline, indicating additional areas of interest with less robust support. The background of 7,569 
SNPs from the dataset is visualized with faint dots to emphasize their overall genomic distribution. FST values (hierfstat v0.5.11 [112]), are reported for 
each SNP
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Challenges in large-scale population genomics of marine 
species
In this study, we experienced a significant reduction in 
the number of samples and data ultimately available for 
the population genomics analysis. This can arise from 
two main sources: inappropriate selection or application 
of molecular protocols, and issues encountered during 
library preparation and sequencing [80]. Additional chal-
lenges may stem from insufficient filtering of sequencing 
data [78].

The availability of a reference genome enables the opti-
mization of molecular protocols through in silico simula-
tions [80]. However, in this study, the lack of a reference 
genome during dataset production led to the use of 
ddRAD protocols based on prior studies of other marine 
fishes [72–75] in which less frequent cutting restriction 
enzymes (SbfI-SphI) were used aiming to identify SNPs 
supported by high read coverage.

Issues during library preparation and sequencing rep-
resent another significant obstacle. High library complex-
ity - defined by the diversity of unique molecular species 
present prior to amplification - is crucial for genomic 
studies, especially for non-model species with limited 
sample availability [41, 80]. In RAD protocols, low library 
complexity exacerbates issues as the extensive PCR 

amplification required amplifies duplicates, reducing data 
quality and introducing analytical biases. This limitation 
is particularly problematic in ddRAD protocols, where 
PCR duplicates cannot be efficiently removed [114–118]. 
Nonetheless, studies suggest that reliable results can still 
be obtained with high duplicate rates, provided data are 
carefully filtered [119, 120].

Sampling protocols adopted in this study emphasized 
proper tissue preservation methods; however, the oper-
ational realities of commercial vessels often prevented 
optimal preservation conditions. Scientific surveys at sea 
provide a good opportunity to implement a proper sam-
pling design for genomic analyses. However, sampling 
for genomic analyses cannot be a collateral task to the 
many activities carried out on board by scientific staff. 
Adequate resources should therefore be allocated to this 
specific activity to ensure proper performance.

Non-optimal preservation conditions are likely to have 
resulted in reduced DNA quality and increased levels of 
missing data in our study (Supplementary Materials 3–4, 
Additional File 1). Missing loci in RADseq data are often 
attributed to polymorphisms at restriction sites, although 
this typically has a minor effect unless genetic diversity is 
exceedingly high [80, 121, 122]. Accordingly, poor library 

Table 1  Summary of candidate loci under directional selection and associated gene homology
Chromosome Position 

(bp)
Outliers 
detection 
pipeline

Gene name Gene 
element

blastp protein 
accession

blastp protein 
description

blastp spe-
cies name

blastp 
query 
cover

blastp 
E-
value

SUPER_2 41,814,511 Bayescan, 
FstHet

g19994 Intron 24 
(/64)

XP_044044271.1 cilia- and flagella-
associated protein 
47-like isoform X6

Siniperca 
chuatsi

94% 0.0

SUPER_8 20,231,385 Bayescan, 
FstHet, 
OutFLANK

g33565.t1 Intron 22 
(/35)

XP_053733186.1 low-density Lipo-
protein receptor-
related protein 1B 
isoform X4

Synchiropus 
splendidus

99% 0.0

SUPER_8 21,439,221 Bayescan, 
FstHet

g33622 Intron 8 (/12) XP_033472921.1 polycystic kidney 
disease protein 
1-like 2

Epinephelus 
lanceolatus

92% 0.0

SUPER_8 21,439,227 Bayescan, 
FstHet, 
OutFLANK

g33622 Intron 8 (/12) XP_033472921.1 polycystic kidney 
disease protein 
1-like 2

Epinephelus 
lanceolatus

92% 0.0

SUPER_8 21,764,708 Bayescan, 
FstHet, 
OutFLANK

g33637.t1 88 bp 
upstream

XP_051937411.1 neuropilin-2-like 
isoform X1

Hippocam-
pus zosterae

73% 1,00E-
62

SUPER_9 154,553 Bayescan, 
FstHet, 
OutFLANK

g34000 1115 bp 
upstream

XP_033478532.1 myomegalin iso-
form X7

Epinephelus 
lanceolatus

81% 0.0

SUPER_9 8,799,729 Bayescan, 
FstHet

g34639.t1 Intron 20 
(/24)

XP_044055393.1 adhesion G-protein 
coupled receptor 
D2 isoform X1

Siniperca 
chuatsi

99% 0.0

SUPER_9 13,510,067 Bayescan, 
FstHet

g34862.t1 Intron 7 (/8) XP_053178793.1 transmembrane 
protein 59-like

Scomber 
japonicus

79% 0.0

SUPER_20 2,648,926 Bayescan, 
FstHet, 
OutFLANK

g20512 Intron 27 
(/33)

XP_039983191.1 ribonuclease 3 Xiphias 
gladius

98% 0.0
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complexity is likely the primary cause of missing data in 
this study [41, 80].

High missingness can obscure biological signals in 
population structure analyses [92]. While imputation 
can alleviate this issue, it is unsuitable when missingness 
levels are uneven or excessive [93]. In such cases, filter-
ing loci with high missingness is preferable [39, 78, 123]. 
However, when poorly sequenced specimens are wide-
spread, this approach can drastically reduce the SNP set. 
This study indeed faced an inflation of poorly sequenced 
specimens, which initially resulted in the exclusion of 
the entire SNP dataset. After an iterative filtering pro-
cess, the dataset was reduced to 350 specimens, yielding 
7,569 SNPs from 1,947 RAD loci widespread across the 
genome. The final set of high-quality SNPs retained for 
population structure analyses (1,592) was sufficient to 
detect subtle genetic differentiation, as supported by in 
silico simulations. Nonetheless, increased genomic cov-
erage might further enhance the resolution of fine-scale 
population structure.

This strategy, while ensuring robust data quality, also 
led to underrepresentation of certain Mediterranean 
regions. Such sampling imbalance may reduce the abil-
ity to detect localized or fine-scale population structure. 
To explore this further, a complementary dataset was 
assembled by re-integrating low-missingness individuals 
from previously excluded localities. Principal Compo-
nent Analysis confirmed the absence of genetic structur-
ing even within this expanded dataset.

Nonetheless, the unequal sample sizes among loca-
tions, along with the complete absence of several Medi-
terranean regions, still limit the interpretability of 
fine-scale patterns. Additionally, temporal replication 
could help assess the stability of the observed panmixia 
over time. In our case, sampling was explicitly designed 
to minimize cohort effects by avoiding the inclusion of 
individuals from different age classes within the same 
locality. However, implementing a temporally replicated 
sampling strategy would require substantial logistical 
effort and was beyond the scope of the present study.

Previous population genomics analyses of the same 
dataset were conducted at the time the RRS was per-
formed. Due to the absence of a reference genome, RAD 
loci were built de novo [38], which resulted in a Limited 
number of high-quality SNPs. However, the alignment 
of sequenced reads to a reference genome, as Done in 
the present study, significantly increased the number of 
retained SNPs available for population genomics infer-
ences. Specifically, the number of SNPs for popula-
tion genomics analyses rose from 853 to 1,592, thereby 
enhancing the reliability of the inferences [39, 40].

Filtering and parameter optimization protocols may 
not be fully effective if sequencing data capture little of 
the true biological signal [80]. Low library complexity 

can lead to preferential amplification of one allele dur-
ing PCR, distorting allelic ratios at heterozygous loci 
and reducing genotype call accuracy [41, 80]. When low-
complexity libraries are sequenced at high depth, PCR 
duplicates accumulate, further masking allelic imbalance 
and increasing confidence of false homozygote calls for 
true heterozygotes [41]. Since ddRAD protocols do not 
allow direct estimation of PCR duplicate rates, quantify-
ing these biases is challenging [41]. In this study, the com-
bination of suboptimal DNA quality and high sequencing 
depth (Supplementary Materials 3–4, Additional File 1) 
likely contributed to allelic dropout. Given these limita-
tions, careful consideration is required when interpreting 
population genomics inferences from the final dataset. 
To mitigate these limitations in future studies, we rec-
ommend prioritizing optimal tissue preservation and 
employing whole-genome resequencing to enhance data 
quality and the detection of subtle genetic differentiation 
by sampling a greater number of linkage groups across 
the genome. The ability to identify genomic regions 
under directional selection would be improved as well.

Pan-Mediterranean genetic connectivity in the red mullet
This study is the first to use genomic data to investigate 
the population structure of M. barbatus, suggesting a 
panmictic population across the Mediterranean. While 
the previously discussed limitations of the dataset should 
be considered, the findings still indicate strong genetic 
flow across the species’ range. This conclusion is further 
supported by the results from otolith shape and micro-
chemistry analyses performed within the MED_UNITs 
framework, which provided only weak and inconclusive 
evidence for the presence of two to three sub-populations 
in the studied region.

Minimal genetic differentiation was already reported 
from genetic studies [8], but this contradicts other ear-
lier findings suggesting localized genetic structure [8, 23, 
25]. Previous genetic analyses were largely based on mic-
rosatellite markers, which remain widely used in phylo-
geographic and conservation genetics studies due to their 
cost-effectiveness [124]. However, microsatellites have 
known limitations in resolving fine-scale genetic diversity 
and population structure [125]. Discrepancies in previ-
ous findings may also stem from variations in the number 
of markers used, methodologies applied, and sampling 
efforts.

Weak genetic differentiation is a characteristic trait 
of many marine species, primarily due to extensive dis-
persal during their larval or adult stages [14, 15, 17, 18]. 
Red mullet exhibits low adult mobility, but larvae are 
reported to reach suitable coastal areas to recruit even 
far from their natal area [20]. Comparable dispersal pat-
terns have been observed in the congeneric species M. 
surmuletus, where genomic analyses have revealed low 
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genetic differentiation across Mediterranean locations 
[16, 28]. In this species, larval dispersal appears to be a 
critical mechanism for maintaining gene flow at small to 
intermediate spatial scales [28]. On larger spatial scales, 
connectivity in M. surmuletus has been attributed to 
a multigenerational stepping-stone dispersal model, 
underscoring the significance of intermediate habitats in 
preserving genetic connectivity [29, 126–128].

A similar mechanism could explain the observed pat-
terns in M. barbatus, as the species’ larvae settle on 
widely distributed muddy seabeds, facilitating effective 
long-distance dispersal. This phenomenon might also 
extend to the Adriatic Sea, where genetic differentiation 
was reported but not consistently observed [8, 23, 25].

Although genetic structure was not detected in this 
study, the possibility of stock structure cannot be entirely 
excluded. Self-sustaining stocks have been identified 
through traditional population dynamics studies based 
on biomass estimates and Lagrangian models of larval 
dispersal [3, 129]. This likely reflects the differing tempo-
ral scales captured by these approaches as genetic stud-
ies provide insights into evolutionary dynamics, whereas 
classical population dynamics examine ecological-scale 
variations, which occur over shorter and more recent 
timescales [3]. Moreover, the inherent limitations of most 
population genetic approaches pose challenges to accu-
rately inferring demographic connectivity for stock man-
agement [13]. Apparent genetic panmixia can arise under 
various scenarios, ranging from the existence of a single, 
truly panmictic population to nearly complete demo-
graphic independence among large populations [13]. In 
large marine populations, even minimal migration rates 
can prevent genetic differentiation [10, 13, 130]. This 
is likely the case for M. barbatus, whose census size is 
expected to be several orders of magnitude larger than 
the estimated effective population size of approximately 
10⁴ individuals reported in this study [83, 131]. Despite 
the low Ne, this estimate is consistent across multiple 
methods.

However, estimates of contemporary Ne in marine 
fishes are known to be downwardly biased, particularly 
when using linkage disequilibrium. This bias has been 
attributed mainly to methodological constraints—chiefly 
the requirement for extremely large sample sizes to pro-
duce precise estimates in populations with large census 
sizes—rather than to biological factors such as variance 
in reproductive success or overlapping generations [83–
85, 131, 132]. Programs such as CurrentNe were spe-
cifically developed to address some of these limitations, 
particularly in cases of high Ne or limited sample sizes 
[86]. Still, even under ideal conditions, simulations sug-
gest that up to 1% of the total census size may need to be 
sampled to obtain reliable Ne estimates in large marine 
populations [83–85, 131, 132].

Interestingly, similar Ne values were reported for M. 
surmuletus using analogous methodologies [16]. Fur-
thermore, historical Ne estimates obtained with MSMC2 
showed recent values in the same order of magnitude, 
providing additional support for the low contemporary 
estimates observed. Nevertheless, these results must be 
interpreted with caution, due to the limited sample size 
available for both LD-based and coalescent-based meth-
ods, and the reliance on a single individual for MSMC2.

In such cases, where neutral markers may fail to cap-
ture the current level of demographic connectivity, selec-
tion can serve as a more effective counterforce to genetic 
homogenization than drift, particularly as its efficiency 
increases with population size [13, 133]. Recent conser-
vation genetic studies have proposed delineating locally 
adapted units using signals from outlier loci, though 
this approach comes with specific challenges [13]. The 
small number of outlier loci detected in this study was 
too small to draw population structure inferences, likely 
due to the limited portion of the genome sampled with 
the sequencing method used. Future studies employing 
whole-genome resequencing could improve stock struc-
ture resolution, even in such complex scenarios, by cap-
turing a broader range of linkage groups and, in turn, a 
greater number of outlier loci [18, 134]. Broader genomic 
coverage may also uncover fine-scale population struc-
ture that could remain undetected with reduced-repre-
sentation sequencing approaches.

Preliminary evidence for a genomic hotspot under 
directional selection in Mullus barbatus
The identification of loci under directional selection 
remains a fundamental aspect of population genetics, 
especially for understanding local adaptation processes. 
Early outlier detection methods focused on identifying 
loci with elevated FST values relative to neutral expecta-
tions [135, 136]. Recent advancements in genomic tools 
have improved the accuracy of these methods, enabling 
more robust analyses of adaptive divergence [97–99, 137, 
138]. Nevertheless, FST-outlier methods are susceptible 
to false positives under non-equilibrium scenarios [13, 
139], emphasizing the importance of integrating multiple 
approaches to improve reliability [140–144].

Previous studies have successfully applied such 
approaches, leading to the identification of genes under 
putative directional selection in related species. For 
instance, four genes linked to salinity adaptation were 
identified in M. surmuletus, associated with metabolic 
functions [27]. More recently, outlier SNP analyses 
uncovered candidate genes tied to temperature adapta-
tion in the same species, suggesting local adaptation to 
thermal conditions [16].

In the present study, nine candidate loci for directional 
selection in M. barbatus were identified by intersecting 
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the results from multiple FST-outlier detection meth-
ods (Table  1). These loci were linked, through homol-
ogy searches, to genes involved in biological processes 
relevant to development and environmental response in 
other teleost species. However, we fully acknowledge that 
the presence of a well-supported homolog alone is not 
sufficient to define a gene as a strong candidate for adap-
tation. Given the relatively limited genomic coverage of 
the dataset, the genes reported here should be regarded 
as provisional targets for future investigation. Broader 
genomic coverage and functional validation will be 
essential to assess whether these and other loci are truly 
involved in adaptive processes in M. barbatus.

Four candidate loci located within a 2  Mb region on 
chromosome SUPER_8, suggesting a potential genomic 
hotspot under directional selection associated with criti-
cal biological functions. Notably, one locus was Linked 
to the low-density Lipoprotein receptor-related protein 
1B (LRP1B), a gene involved in oocyte development in 
oviparous vertebrates [145, 146]. Two additional loci 
were mapped to the polycystic kidney disease protein 
1-like 2 (PKD1L2) gene, which plays a key role in verte-
brate development [147]. Another locus was located near 
the neuropilin-2-like (NRP2L) gene, a highly conserved 
receptor implicated in neurogenesis and cardiovascular 
development [148]. Gene similarity analyses of loci in 
the SUPER_8 region suggests this genomic region may 
be associated with various aspects of teleost ontogenesis. 
Natural selection acting on this region could regulate the 
expression of these genes, potentially influencing fish 
development in response to environmental conditions or 
fishing pressures.

Similarly, other candidate loci for directional selection 
potentially suggest additional genomic hotspots. How-
ever, the resolution of these findings is Limited by the 
relatively small number of loci examined and the pre-
liminary nature of functional annotation derived from 
sequence similarity. These genes might be involved in 
essential cellular functions, reflecting the complex evolu-
tionary pressures driving the adaptation of this species. 
For instance, mutations in the cilia- and flagella-asso-
ciated protein 47 (CFAP47), located on chromosome 
SUPER_2, have been linked to abnormalities in sperm 
morphogenesis and motility [149]. Similarly, the adhe-
sion G protein-coupled receptor D2 (ADGRD2/GPR64), 
found on chromosome SUPER_9, plays a critical role in 
cell signaling and adhesion, acting as a key component 
in the male reproductive system [150]. Another gene 
on SUPER_9, myomegalin (MMG), particularly its iso-
form X7, is essential for the organization of the Golgi 
apparatus and microtubules [151, 152]. The transmem-
brane protein 59-like (TMEM59L), also on SUPER_9, 
is involved in intracellular protein trafficking and pro-
cessing and has been associated with behaviors in mice, 

including anxiety, depression, and memory [153]. Finally, 
ribonuclease 3 (RNase3), located on chromosome 
SUPER_20, plays a critical role in immune defense [154, 
155].

Associating these candidate loci with environmental 
heterogeneity provides valuable insights into the mech-
anisms underlying local adaptation [16, 27, 140, 141, 
156]. However, the limitations of reduced-representation 
sequencing methods, such as lower genomic coverage, 
likely exclude many loci that contribute to local adapta-
tion, limiting the scope of our conclusions. As a result, 
the few candidate loci identified should be considered 
as preliminary evidence of directional selection. More-
over, the functional interpretation of these loci relies on 
homology-based annotations from other teleost species, 
which may not fully capture lineage-specific gene func-
tions in M. barbatus. These annotations offer useful first 
approximations but should be validated through species-
specific functional studies.

Furthermore, the data quality issues extensively dis-
cussed in previous sections should be carefully con-
sidered when interpreting the final results. In this way, 
whole-genome resequencing offers a more comprehen-
sive alternative for future studies seeking to uncover 
additional adaptive loci [122, 157].

Conclusions
This study presents the first high-quality reference 
genome for Mullus barbatus, significantly enhancing 
our understanding of its population structure, adaptive 
potential, and evolutionary processes. By integrating this 
genome with a Mediterranean-wide genomic dataset, we 
revealed a panmictic population structure with strong 
genetic connectivity, likely driven by extensive larval dis-
persal and multigenerational gene flow. Despite minimal 
genome-wide differentiation, outlier analysis identified 
candidate loci potentially under directional selection, 
associated with key aspects of teleost ontogenesis. None-
theless, given the constrained genomic coverage, these 
candidate loci should be regarded as a preliminary step 
toward identifying the full spectrum of adaptive varia-
tion in this species. These findings have important impli-
cations for the sustainable management of M. barbatus 
fisheries in the Mediterranean, providing evidence for 
strong genetic connectivity across distant populations. 
Additionally, the newly generated genome assembly 
offers the foundation for developing genomic tools that 
can guide conservation strategies. As climate change 
continues to reshape marine ecosystems, understand-
ing the genetic basis of adaptation will be essential for 
managing fish stocks and ensuring their long-term resil-
ience. The preliminary identification of candidate adap-
tive loci highlights the potential of genomic approaches 
and paves the way for future studies using whole-genome 
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sequencing to more comprehensively investigate the 
adaptive potential of M. barbatus, ultimately contribut-
ing to the conservation of marine biodiversity and the 
sustainable use of marine resources.
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