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A B S T R A C T

Extensive fishing has led to fish stock declines throughout the last decades. While clear stock identification is
required for designing management schemes, stock delineation is problematic due to generally low levels of
genetic structure in marine species. The development of genomic resources can help to solve this issue. Here, we
present the first mitochondrial and nuclear draft genome assemblies of three economically important
Mediterranean fishes, the white seabream, the striped red mullet, and the comber. The assemblies are between
613 and 785 Mbp long and contain between 27,222 and 32,375 predicted genes. They were used as references to
map Restriction-site Associated DNA markers, which were developed with a single-digest approach. This ap-
proach provided between 15,710 and 21,101 Single Nucleotide Polymorphism markers per species. These
genomic resources will allow uncovering subtle genetic structure, identifying stocks, assigning catches to po-
pulations and assessing connectivity. Furthermore, the annotated genomes will help to characterize adaptive
divergence.

1. Introduction

Extensive fishing has led to the decline of Mediterranean fish stocks
over the last decades [17,63]. Yet the identification of stocks is often
problematic due to generally low levels of population genetic structure
[8,26,64]. In this situation, a large number of genetic markers is re-
quired to detect fine-scale population structure [11,20], assign catches
to genetic populations [6] and assess levels of genetic and demographic
connectivity [66]. A large number of genetic markers can also con-
tribute to evaluate the effect of marine protected areas (MPAs) on
fished areas and optimize the efficiency of MPA networks [67], since
MPAs tend to be a reservoir of genetic richness [49]. When genetic
markers are mapped to an annotated reference genome of the same or a
closely related species, they also provide the opportunity to char-
acterize adaptive divergence [23]. This aspect is particularly relevant in
the Mediterranean Sea, which is exposed to extensive anthropogenic
pressures [50,58] including global warming [25,47].

Restriction-site Associated DNA (RAD) sequencing [24] and related
reduced-representation approaches [61,62,65] have become methods
of choice to generate large numbers of Single Nucleotide Polymorphism
(SNP) markers. Due to its applicability to non-model organisms, RAD
sequencing has revolutionized the fields of ecological and conservation
genomics [2]. Yet while the utility of RAD sequencing is well re-
cognized, procedures for library preparation, sequencing and filtering
sometimes lack details that are critical to assess the quality of the data
and the robustness of the results. For example, PCR clones generated
during library preparation can represent a significant proportion of the
data and thereby bias allele frequencies if not identified and filtered
[3]. This is particularly true when the number of PCR cycles is high,
which is often the case when the starting DNA is degraded or present in
low concentrations. The number of RAD markers needs to be known in
order to adjust the sequencing effort, yet this number is difficult to
predict in the absence of a previous study or reference genome. This
often results in a sub-optimal sequencing effort, i.e. too low or too high

https://doi.org/10.1016/j.ygeno.2020.06.041
Received 23 February 2020; Received in revised form 22 June 2020; Accepted 24 June 2020

⁎ Corresponding author.
E-mail address: stephanie.manel@ephe.psl.eu (S. Manel).

1 These authors contributed equally to this work.

Genomics 112 (2020) 4297–4303

Available online 03 July 2020
0888-7543/ © 2020 Elsevier Inc. All rights reserved.

T

http://www.sciencedirect.com/science/journal/08887543
https://www.elsevier.com/locate/ygeno
https://doi.org/10.1016/j.ygeno.2020.06.041
https://doi.org/10.1016/j.ygeno.2020.06.041
mailto:stephanie.manel@ephe.psl.eu
https://doi.org/10.1016/j.ygeno.2020.06.041
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ygeno.2020.06.041&domain=pdf


coverage. The availability of a reference genome allows to estimate the
number of RAD markers generated by different restrictions enzymes
[36] and can greatly improve genotyping quality by providing a tem-
plate to call SNP markers [43]. A reference genome also allows to assess
physical linkage among markers and to consider population genetic
statistics along scaffolds as opposed to a SNP-by-SNP basis [13]. Yet the
process of genome assembly and annotation is complex and computa-
tionally intensive. It requires high-molecular-weight DNA with high
purity and structural integrity, especially when long-read technologies
are used [22]. Finally, stringent filtering of SNP markers with respect to
sequencing coverage, missing data, minimum allele frequency, and
linkage is often required for downstream population genomic analyses.

Here, we present annotated genome assemblies of three exploited
Mediterranean fish species from three families, the white seabream
(Diplodus sargus (Linnaeus, 1758), Sparidae), the striped red mullet
(Mullus surmuletus (Linnaeus, 1758), Mullidae), and the comber
(Serranus cabrilla (Linnaeus, 1758), Serranidae). These three species are
exploited economically in the Mediterranean Sea [27,40], and previous
studies have found weak to no population genetic structure for all of
them (D. sargus [28,29,35]; M. surmuletus [18,42]; S. cabrilla [52]). We
used these nuclear assemblies as references to map RAD markers and
characterize SNPs for the three species, which we filtered stringently
with respect to PCR clones, coverage, missing data, minimum allele
frequency and linkage.

2. Results

2.1. Genome assemblies

Whole-genome sequencing of D. sargus, M. surmuletus and S. cabrilla
with the Illumina HiSeq 4000 platform produced 651, 649 and 755
million paired-end 150 bp reads, respectively. After quality filtering
and trimming, 609, 588 and 730 million reads were kept, respectively,
and used to assemble each genome with the Platanus assembler [34]
(Table 1). First, all paired-end reads were assembled into contigs with
N50s of 1101, 384 and 1135 kbp for D. sargus, M. surmuletus and S.
cabrilla, respectively. Scaffolds were then built using the mate-pair
reads to link contigs into 2344, 2190 and 2940 scaffolds, respectively.
The assembly of D. sargus reached the highest contiguity, with a scaffold
N50 of 3371 kbp. The assemblies of M. surmuletus and S. cabrilla were
overall more fragmented (scaffold N50 of 488 kbp and 613 kbp, re-
spectively), but they also contained very large scaffolds (Table 1) and
almost all Benchmarking Universal Single Copy Ortholog genes
(BUSCOs). The final size of these de novo genome assemblies was 785,
613 and 627 Mbp for D. sargus, M. surmuletus and S. cabrilla, which
represents 72%, 103% and 79% of estimated genome size based on C-
value [21], respectively. Summary statistics of several fish genome as-
semblies, including our study species and the best currently available
fish assembly of D. labrax, are presented in Table S1.

The search for BUSCOs showed the high completeness of the three
genome assemblies. From the set of 978 metazoan BUSCOs, the

D. sargus assembly contains 97.5%, the M. surmuletus assembly 92.5%
and the S. cabrilla assembly 96.7% (Fig. 1A, Table S2). From the set of
4584 Actinopterygii BUSCOs, the D. sargus assembly contains 96.6%,
the M. surmuletus assembly 89.9% and the S. cabrilla assembly 95.3%
(Fig. 1C, Table S3). These results show that the D. sargus assembly is not
only the most contiguous, but also the most complete assembly.

The mitochondrial sequences assembled into circular sequences
with length of 16,513 bp – 16,620 bp. The mtDNA comprised 37 genes,
including 13 protein-coding genes (COX1, COX2, ATP8, ATP6, COX3,
ND3, ND4L, ND4, ND5, ND6, CYTB, ND1), 22 transfer RNA genes
(tRNA), two ribosomal RNA genes (rRNA) (12S rRNA and 16S rRNA)
and the control region (Fig. S1).

2.2. Gene annotation and ortholog gene analysis

The number of predicted genes totaled 31,055 for M. surmuletus,
32,375 for D. sargus and 27,222 for S. cabrilla. To assess these anno-
tations, we compared the percentage of BUSCOs present in the assem-
blies and investigated how many we could recover as annotated gene
models. The D. sargus annotation contained 96.0% of complete BUSCOs,
which is close to the 97.5% found in the genome assembly. Similar
results were obtained for the other two species: the S. cabrilla and M.
surmuletus annotations contained 95.6% and 90.8% metazoan BUSCOs,
respectively (Fig. 1B, Table S4). Of the Actinopterygii BUSCOs, the D.
sargus annotation contained 90.2%, the S. cabrilla annotation 87.6%
and the M. surmuletus annotation 80.3% (Fig. 1D, Table S5).

Using OrthoMCL analysis, we identified genes that are conserved
across our focal species and the D. rerio reference genome, as well as
genes that are unique to our fish species (Fig. 2). Out of the total of
16,432 1:1 orthologs identified, 6446 genes (39%) were shared among
all four species and 3577 genes (21%) were shared by our three target
species. Just 195 (1.1%), 321 (1.9%) and 266 (1.6%) genes were only
present in D. sargus, M. surmuletus and S. cabrilla, respectively. D. sargus
and M. surmuletus share 814 genes, M. surmuletus and S. cabrilla share
761 genes, while D. sargus and S. cabrilla share 1312 genes.

2.3. RAD markers prediction

In silico digestion of the three genome assemblies with SbfI predicted
30,039, 23,078 and 29,931 restrictions sites for D. sargus, M. surmuletus
and S. cabrilla, respectively, leading to an expected number of 60,078,
46,156 and 59,662 RAD markers for the three species since each re-
striction site generates two RAD markers (one on each side).

2.4. SNP description

RAD sequencing of 90 individuals generated a total of 49,009,
39,357 and 52,388 RAD markers for D. sargus, M. surmuletus and S.
cabrilla, respectively, which provided a total of 39,678, 31,009, and
47,954 SNPs (Table 2). After applying stringent filtering, we retained
20,074, 15,710 and 21,101 SNPs for D. sargus, M. surmuletus and S.

Table 1
Summary statistics of the genome assembly for each species using Platanus [34]. All statistics are based on contig sizes larger than 4 kbp.

Species Computing
platform

Library Total size
(Mbp)

# of contigs Contig N50
(kbp)

# of
scaffolds

Scaffold N50
(Mbp)

Scaffold L50 Length of largest
scaffold (Mbp)

Coverage

D. sargus MESO@LR Paired-end
350 bp & 550 bp
insert size,
mate-pair
3kbp & 5kbp
insert size

785 2,408,078 1101 2344 3.37 58 2.27 57×
M. surmuletus MESO@LR1 613 3,146,055 384 2940 0.49 317 3.28 74×
S. cabrilla MBB2 627 2,169,385 1135 2190 0.61 352 2.76 63×

1 MESO@LR is 80 cores and 1 Tb RAM.
2 MBB is 64 cores and 512Gb RAM.
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cabrilla, respectively, corresponding to 45 – 65% of all SNPs (Table 2).
Of these, 173, 178 and 226 were located in the mitochondrial genomes
of D. sargus, M. surmuletus and S. cabrilla, respectively, representing less
than 1% of the total number SNPs (Table 2). The distance between SNPs
averaged 35,389, 30,717 and 28,240 bp per species, respectively. The
SNPs were spread evenly across the genomes (Fig. 3 A,C,E), with a
mean number of 9.81 SNPs per 400,000 bp window in scaffolds larger
than this size. The mean sequencing coverage across individuals was
comparable among the three species, with 38×, 45× and 48× for D.
sargus, M. surmuletus and S. cabrilla, respectively (Fig. 3 B,D,F). Of all
SNPs filtered, 15%, 18% and 17% were located in exons for D. sargus,
M. surmuletus and S. cabrilla, respectively (Table 2).

3. Discussion

We presented annotated nuclear and mitochondrial genome as-
semblies of three exploited Mediterranean fishes from three different
families, the striped red mullet (M. surmuletus, Mullidae), the white
seabream (D. sargus, Sparidae) and the comber (S. cabrilla, Serranidae).

Fig. 1. A) Percentage of conserved Metazoan genes (BUSCOs) found in our Platanus genome assemblies (Table S2); B) percentage of conserved Metazoan genes found
in our gene annotations, compared to the annotations of the D. rerio and G. aculeatus reference genomes used to train the Augustus gene prediction model (Table S4);
C) percentage of conserved Actinopterygii genes found in our Platanus genome assemblies (Table S3); D) percentage of conserved Actinopterygii genes found in our
gene annotations compared to the annotations the D. rerio and G. aculeatus reference genomes used to train the Augustus gene prediction model (Table S5). BUSCO
stands for Benchmarking Universal Single Copy Ortholog genes.

Fig. 2. Four-set Venn diagram of 1:1 orthologous genes shared by M. surmu-
letus, D. sargus, S. cabrilla and D. rerio. Each ellipse shows the total number of
genes specific to each species. Intersections indicate orthologous genes.

Table 2
Summary statistics for the SNP markers generated by RAD sequencing for each species.

Species Number of SNPs1 Number of filtered SNPs1 Average distance (bp) and standard deviation
(SD)

SNPs in coding regions1 SNPs in exons2 Number of mt SNPs

D. sargus 39,678 20,074 35,389 (SD 34,997) 11,978 3138 173
M. surmuletus 31,009 15,710 30,717 (SD 29,190) 10,304 2908 178
S. cabrilla 47,954 21,101 28,240 (SD 27,013) 13,107 3589 226

1 Nuclear and mitochondrial genomes.
2 Coding SNPs which are located in exon.
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To our knowledge, these genome assemblies represent the first genomes
for these species.

The quality of a genome assembly in terms of both completeness
and continuity greatly influences its usefulness for both genome-wide
marker development and gene model prediction [68]. The quality of
our three nuclear genome assemblies is attested by the almost complete
gene content (89.9–96.6% of Actinopterygii BUSCOs) and by the fact
that the sizes of our assemblies are in the expected range based on C-
value. The difficulty in genome assembly generally increases with re-
peat content [53]. Therefore, discrepancies between expected genome
size and assembly size from short-read sequencing technologies are still
common. In a meta-study of avian genomes, Peona, Weissensteiner, and
Suh [48] note that regions highly enriched in repetitive DNA or with
strong deviations in nucleotide composition are often underrepresented
in assemblies. The presence of such GC-rich or repeat-rich genome re-
gions is a possible explanation for the ca. 20–30% gap between as-
sembly sizes and estimated genome sizes for D. sargus and S. cabrilla in
the present study. Comparing contiguity, we found the D. sargus
genome to be more contiguous (higher scaffold N50, Table 1) than the
M. surmuletus and S. cabrilla genomes. Possible explanations could be
higher molecular weight of DNA or a higher homozygosity of D. sargus
in comparison to M. surmuletus and S. cabrilla [34].

The mitochondrial genome is essential to eukaryote life and highly
conserved across vertebrate species. Our mitochondrial genome as-
semblies match those of other fishes and vertebrates in terms of size
(mean length = 16 kb), the presence of 37 genes (13 protein coding, 22
tRNA, and 2 rRNA genes) and the non-coding control region [51].

In all three genomes, the annotation has identified genes that are
highly conserved across metazoans with great accuracy (Fig. 1). For the
benefit of providing a resource as flexible as possible, we did not filter
annotated gene lists with respect to the presence of a starting codon.
For comparison, filtered G. aculeatus and D. rerio genome annotations
contain 20,787 and 26,152 protein-coding genes, respectively, which

are fewer compared to our unfiltered output [69,70]. To note is that a
significant percentage of Actinopterygii specific orthologs are frag-
mented (8%, 13% and 9.8% in D. sargus, M. surmuletus and S. cabrilla,
respectively). This is probably due to the lack of RNA-seq data for our
focal species, which could have allowed the training of specific gene
prediction models. However, we can confirm that the three genome
annotations are exhaustive and almost complete, as the percentage of
missing BUSCOs is low and almost the same in the assembly and an-
notation (Fig. 1A and B, Tables S2 and S4). The OrthoMCL output re-
vealed that D. sargus and S. cabrilla share more ortholog genes than the
two other species pairs. This is consistent with the phylogeny of the
Perciformes, which shows that Mullidae have diverged during the early
Lower Cretaceous (LC), while Sparidae and Serranidae have forked
during the late LC [46]. As such, D. sargus and S. cabrilla are more
closely related to each other than to M. surmuletus [46], which is also
supported by phylogenetic findings [71] .

We used the reference genomes to generate rigorously filtered SNP
datasets for the three species. Our approach with a single restriction
enzyme (SbfI) recovered between 82% and 88% of the total number of
RAD markers predicted by in silico digestion. These RAD markers pro-
vided between 31,000 and 47,000 SNPs pre-filtering and between 15,000
and 21,000 SNPs post-filtering that are evenly distributed across the
genome. Besides providing a reference to align markers, this exemplifies
that we also provide the expected number of markers. This allows
knowing exactly what sequencing effort is needed to attain a given
coverage. The number of high-quality markers generated here provides
strong statistical power for future population genetic analyses. They can
for instance be used for stock identification, investigations of population
connectivity, and assignment studies. In addition, between 2908 and
3589 of our filtered SNPs lie in exonic regions. These markers may be
used to start investigating functional variation (see e.g. [20,30]).

This study provides the first genomic resources for three econom-
ically important fish species in the Mediterranean Sea and as such lays a

Fig. 3. RADseq coverage along the D. sargus (A, B), M. surmuletus (C, D) and S. cabrilla (E, F) genomes for a total of 90 individuals (30 per species). A), C), E) Number
of SNPs per 400,000 bp sliding window along the genome; B), D), F) Coverage per SNP per individual. Each blue dot represents the coverage of one SNP in one
individual and the black line represents mean coverage in 400,000 bp sliding windows. Grey and white rectangles represent the assembly scaffolds. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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solid foundation for future population and conservation genomic and
adaptive studies.

4. Materials and methods

4.1. Genome sequencing

An individual of each species was sampled in the Western
Mediterranean Sea (Table S6). Fin tissues of M. surmuletus and D. sargus
were preserved in 96% ethanol at 4 °C prior to DNA extraction, which
was done within less than 24 h. Tissues were cut into ~2 mm2 pieces,
dried at 70 °C for 20 min, lysed in proteinase K at 56 °C for 18 h and
incubated in RNAse A solution for 10 min at ambient temperature. DNA
was extracted with a Macherey-Nagel Nucleospin® kit. For S. cabrilla,
DNA extraction was conducted directly upon sampling. Tissues were
dried out with filter paper and either flash-frozen in liquid nitrogen and
crushed or cut into ~2 mm2 pieces. The fragmented tissues were lysed
in proteinase K at 56 °C for 60 min and incubated in RNAse A for 10 min
at ambient temperature. DNA was extracted using a Qiagen MagAttract
HMW DNA kit.

For each genome, two paired-end libraries with insert sizes of
350 bp and 550 bp were generated from 1 to 2 μg of double-stranded
DNA, as well as two mate-pair libraries with insert sizes of 3 kbp and 5
kbp from 4 μg of DNA. Libraries were sequenced on an Illumina HiSeq
4000 platform (150 bp paired-end reads). Library preparation and se-
quencing were conducted by FASTERIS (https://www.fasteris.com/
dna).

4.2. Genome assemblies

Nuclear and mitochondrial genomes were assembled using three
computing clusters, the Montpellier Bioinformatics Biodiversity plat-
form (MBB: 64 cores, 512 Gb RAM), the High Performance Computing
Platform of Occitanie/Pyrénées-Méditerranée Region of the Montpellier
Mediterranean Metropole (MESO@LR: 80 cores, 1 Tb RAM), and
CIMENT infrastructure in Grenoble (https://ciment.ujf-grenoble.fr,
Froggy: 32 cores, 512 Gb RAM). The entire bioinformatics workflow for
genome assembly is described in Fig. S1. Reads with < 50% bp with a
phred quality > 20 were filtered out. Adapter sequences were also
filtered out and the 3′ extremities of the retained reads were trimmed
with ngsShoRT [14]. Finally, reads shorter than 90 bp were removed.

Nuclear genomes were assembled using the Platanus assembler [34]
(Fig. S2). Platanus was selected due to its excellent performance with
highly heterozygous genomes, as well as with simulated datasets that
we produced (data not shown). The paired-end libraries were used to
assemble reads into contigs, and both the paired-end and mate-pair li-
braries were used for scaffolding and gap closing. Mitochondrial gen-
omes were assembled and annotated using MitoZ [45]. Five million
sequences were randomly selected as a subset of the full paired-end
sequence set. Mitochondrial sequences were then identified from this
subset using a ranking method based on a Hidden Markov Model profile
of known mitochondrial sequences from 2413 chordate species. Mi-
tochondrial sequences were then used to assemble the mitochondrial
genome.

4.3. Gene annotation

Each fish genome was annotated using the ab initio gene predictor
Augustus v3.2.3 [57] and homology-based extrinsic hints. Each genome
was first repeat-masked using RepeatMasker v4.0.8 [56]. Zebrafish
(Danio rerio) and stickleback (Gasterosteus aculeatus) annotated protein
sequences were downloaded from the Ensembl website (versions
GRCz11 and BROADS1, respectively) and aligned to each repeat-
masked fish genome using Exonerate [55]. Untranslated regions (UTRs)
and alternative isoforms were not predicted due to the lack of species-
specific RNA-seq data. Therefore, in each focal fish species, Augustus

was run with the options “–species=zebrafish –UTR=off –alternatives-
from-evidence=false” and with the respective Exonerate alignments as
extrinsic hints.

All reviewed metazoan proteins were downloaded from UniProt [5]
and used as database to run a search in Blast+ v2.2.30 [9]. The highest
scoring hit was selected as the putative gene name for each gene model.
To functionally annotate the predicted genes, InterProScan v5.19 [33]
was run with options “-appl Pfam -b interpro -iprlookup -goterms” and
functional information was added to the final annotation dataset using
Annie v1.0 [59]. To identify ortholog gene families and species-specific
genes in each Mediterranean fish genome, the OrthoMCL pipeline [39]
was used on the three annotated protein datasets along with the D. rerio
protein dataset. Results were visualized with the venndiagram R package
[15]. Finally, mitochondrial assemblies were annotated using BLAST
family alignments on known protein coding genes, transfer RNA genes
and rRNA genes.

Quality of the nuclear genome assemblies and annotations were
validated against the Metazoan and Actinopterygii Benchmarking
Universal Single-Copy Orthologs (BUSCOs) with BUSCO v3.0.2 [54].

4.4. RAD markers prediction

SimRAD [36] was used to perform in silico digestion of the three
genome assemblies with SbfI to predict the number of restriction sites
and RAD markers in the three species.

4.5. RAD sequencing

A total of 90 samples (30 per species) from the Western
Mediterranean was provided by local artisanal fishermen (Table S7, Fig.
S3) and preserved in 96% ethanol. RADseq libraries were prepared
using 1 μg of genomic DNA per sample in 50 μl reaction volume.
Libraries were prepared following the protocol described in [24] with a
few modifications. At step 3.1 (restriction enzyme digestion), DNA was
digested with 3 μl of the restriction enzyme SbfI-HF (New England
Biolabs Inc., USA) in a 50 μl reaction volume. At step 3.2 (P1 adapter
ligation), we used 2 μl of barcoded P1 adapters (100 nM) in a 60 μl
reaction volume and incubated the samples at room temperature for
1.5 h. Forty-eight samples were pooled per library. At steps 3.4 and 3.5,
NEB Next® Ultra™ II DNA Library Prep Kit for Illumina (New England
Biolabs Inc., USA) was used following the manufacturer's instructions to
combine DNA end repair, 3′-dA overhang addition and P2 adapter li-
gation, followed by purification with a Qiagen QIAQuick PCR Pur-
ification Kit (Qiagen N.V., Netherlands). Finally, step 3.6 (PCR ampli-
fication) was run with the following settings: 30 s 98 °C, 18× (10 s
98 °C, 30 s 68 °C, 30 s 72 °C), 5 min 72 °C, hold 4 °C. P1 and P2 adapter
sequences as well as PCR primer sequences are provided in Table S8.
Each library was sequenced on one lane of a HiSeq 4000 Illumina Se-
quencer (paired-end, 2 × 150 bp) at the Institute of Clinical Molecular
Biology, Kiel University, Germany.

4.6. SNP calling, genotyping and filtering

PhiX174 sequences that were used for quality control and calibra-
tion of the sequencing run were filtered out using BBMap v38.06 [7].
Raw sequences were demultiplexed and filtered using the pro-
cess_radtags pipeline in STACKS v2.2 [12,13]. This included keeping
only individuals with >1,000,000 reads at this step, the removal of
reads with more than one mismatch in the barcode sequence, and the
removal of low-quality reads (with an average raw phred-score < 20
within a 0.2 sliding window). In addition, reads were trimmed to a final
length of 139 bp due to a drop in read quality towards the end of the
read. Taking advantage of paired-end information, clone_filter was used
to remove pairs of paired-end reads that matched exactly, as the vast
majority of these are expected to be PCR clones. Paired-end read se-
quences were subsequently aligned with BWA [37] to the reference
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genomes of M. surmuletus, D. sargus, and S. cabrilla, thereby improving
the reliability of stacks building. Aligned reads were sorted using
SAMTOOLS 1.9 [38] and loci were built with gstacks providing geno-
type calls.

In order to retain only high-quality biallelic SNPs for population
genetic analysis, called genotypes were further filtered with the popu-
lations pipeline and vcftools v0.1.16 [19] . Only the first SNP was re-
tained per RAD marker, and a SNP was retained only if present in at
least 85% of individuals with a minimum minor allele frequency (MAF)
of 1%. In order to reduce linkage among markers, only one locus was
retained for all pairs of loci that were closer than 5000 bp or that had an
r2 value >0.8. Finally, individuals with >30% missing data were fil-
tered out.
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