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source can open new opportunities to evaluate and monitor variability and identify variants that could contribute
to the adaptation to farming conditions. In this work, two DNA pools constructed from cultivated European sea
bass were sequenced using a next generation semiconductor sequencing approach based on lon Proton sequenc-
er. Using the first draft version of the D. labrax genome as reference, sequenced reads obtained a total of about 1.6
million of single nucleotide polymorphisms (SNPs), spread all over the chromosomes. Transition/transversion
Next generation sequencing (Ti/Tv) was equal to 1.28, comparable to what was already reported in Salmon species. A pilot homozygosity
Ion Proton analysis across the D. labrax genome using DNA pool sequence datasets indicated that this approach can identify
SNP chromosome regions with putative signatures of selection, including genes involved in ion transport and chloride
channel functions, amino acid metabolism and circadian clock and related neurological systems. This is the first
study that reported genome wide polymorphisms in a fish species obtained with the lon Proton sequencer. More-
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over, this study provided a methodological approach for selective sweep analysis in this species.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Dicentrarchus labrax L, the European sea bass (or European seabass),
is a teleost fish of the family Moronidae mainly distributed along the
coasts of the North-Eastern Atlantic Ocean and of the Mediterranean
and Black Seas. The European sea bass is a eurythermal and euryhaline
species; for these reasons it is adapted to a broad range of environmen-
tal conditions and regions, from coastal areas to coastal lagoons or estu-
ary and rocky zones and occasionally rivers (Pickett and Pawson, 1994;
Volckaert et al., 2008). This species displays an unusual dual pattern of
activity behavior: diurnal in spring and summer time then switching
to a nocturnal behavior during wintertime (Sanchez-Vazquez et al.,
1998). D. labrax is one of the most important marine species for com-
mercial and sport fisheries and aquaculture production, raising atten-
tions and concerns on one hand for conservation and management of
natural genetic resources and on the other hand for adaptation to aqua-
culture conditions, domestication and selective breeding. The expansion
of the aquaculture sea bass industry, mainly in Mediterranean countries
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like Greece, Turkey, Italy, Spain, Croatia and Egypt, has reached an esti-
mated worldwide production of cultivated European sea bass of about
180,000 t (FAO, 2012). Compared with other economically relevant cul-
tivated fish species, such as salmon and trout, genetic information avail-
able for D. labrax is still in its infancy. Two generations of genetic maps,
developed using microsatellites and AFLPs, were developed (Chistiakov
et al., 2005, 2008). A radiation hybrid map was obtained by Guyon et al.
(2010) and BAC sequencing data and preliminary single nucleotide
polymorphism discovery were reported (Kuhl et al., 2010, 2011a,
2011b). Only recently, the publication of the first version of the assem-
bled D. labrax whole genome has opened new opportunities to evaluate
and monitor genetic stock variability (Tine et al., 2014).

Among the currently available next generation sequencing (NGS)
platforms, lon Torrent has been proposed as a new potentially cost
effective NGS technology (Rothberg et al., 2011; Merriman et al.,
2012). Ion Torrent sequencing is based on the detection in a specifically
constructed chip of H* that are released during the DNA elongation
steps (Rothberg et al., 2011). Recently, the lon Torrent technology has
been implemented in a new machine (lon Proton) that can sequence
in a single run several Gbp (up to 10 Gbp with the Ion Proton chip II),
increasing the throughput if compared with the first lon Torrent
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Personal Genome Machine (PGM) (Boland et al., 2013). We already
have used the lon Torrent PGM and Ion Proton machine for SNP discov-
ery and analysis in complex mammalian genomes (i.e. pig, rabbit and
donkey), demonstrating that semiconductor based sequencing can
identify with high reliability polymorphisms useful for subsequent ap-
plications (Bertolini et al.,, 2014, 2015; Bovo et al., 2015).

In this work, using an Ion Proton sequencer, we sequenced the ge-
nome of farmed European sea bass stocks derived by two Mediterranean
hatcheries, applying a DNA pooling approach to identify single nucleotide
polymorphisms (SNPs) that were used to design a pilot strategy to detect
putative signatures of selection in this species.

2. Materials and methods
2.1. Sample collection and DNA extraction

Six sea bass were randomly collected from each of two different
Mediterranean hatcheries located in two Italian islands: hatchery 1
(HO1) was located in Lampedusa and hatchery 2 (H02) was located in
Sicily, province of Siracusa. The two hatcheries do not exchange genetic
material and have developed their reproductive stocks based on their
breeding programs running for about 25 years and based mainly on
mass selection for production and efficiency traits. During this period,
limited restocking from wild sea bass was carried out a few times, as a
common practice in European sea bass farms, to include additional ge-
netic variability in the cultivated lines but precise records on these
events were not available. DNA was extracted from liver using the
NucliSENS® Nucleic Acid Extraction kit (Biomerieux, Marcy I'Etoile,
France), following the manufacturer's protocol. Integrity, quality and
quantity of extracted DNA was assessed by i) visual inspection of 5 ng
of DNA electrophoresed in 0.8% agarose gels in TBE buffer stained with
1x GelRed Nucleic Acid Gel Stain (Biotium Inc., Hayward, CA, USA)
and ii) by measurements with a NanoPhotometer P-330 (Implen
GmbH). Then, two DNA pools were constructed with equimolar DNA
from each of the six fish of the two different hatcheries (HO1 and HO2).

2.2. lon Proton sequencing

Two lon Proton libraries (one for each of the two DNA pools: HO1
and HO2) were prepared following the manufacturer protocols (Thermo
Fisher Scientific/Life Technologies). Briefly, for each library, 1.2 pg of
pooled DNA was enzymatically sheared, end repaired, adapter ligated
and barcoded using the lon Xpress™ Plus Fragment Library kit (Thermo
Fisher Scientific/Life Technologies) and the lon Xpress™ Barcode
Adapters 1-16 kit (Thermo Fisher Scientific/Life Technologies). The
resulting sheared and adapter ligated DNA was size selected using the
e-gel system (Invitrogen, Carlsbad, CA, USA). To avoid bias due to the
enzymatic shearing, two bands corresponding to 200 bp and 250 bp re-
spectively (considering the insert size and the adapters) were collected
and merged for the preparation of each library. Then, the two barcoded
libraries, containing each the 2 size-select fragments, were i) separately
quantified by qPCR using a StepOnePlus™ Real-Time PCR System
(Thermo Fisher Scientific/Life Technologies) and then ii) merged in
equimolar concentration, to reach the final concentration of 11 pM.
The resulted mix of barcoded libraries was attached to the lon Sphere
Particles (ISP) and clonally amplified using the Ion PI™ Template OT2

200 kit v2 and Ion PI™ Template OT2 200 kit v3 (Thermo Fisher
Scientific/Life Technologies). Then this clonally amplified material was
purified and sequenced on the Ion Proton sequencer using two lon PI
Chip v2 (Thermo Fisher Scientific/Life Technologies) for a total of two
sequencing runs. In this way, both libraries prepared from the two dif-
ferent DNA pools, were sequenced twice considering the two different
runs (Table 1).

2.3. Filtering of sequencing data and alignment on the European sea bass
reference genome

lon Proton reads obtained from the two sequencing runs were first
automatically processed with the lon Torrent Suite (TS) v4.1 on the
lon Torrent Server (Thermo Fisher Scientific/Life Technologies). Prelim-
inary filtering steps included: i) exclusion of polyclonal and low quality
sequences; ii) the trimming of adapters and low quality 3’-ends from
the high quality reads. Then, a Python script was used to retain for sub-
sequent analyses only trimmed reads with length > 30. Alignment to the
reference sequence of D. labrax (accession number: GCA_000689215.1;
Tine et al., 2014) was carried out using the option mem of Burrows-
Wheeler Aligner (BWA,; Li, 2013), with default parameters. The resulted
sam file was converted into binary files, and duplicated reads were re-
moved with Samtools software (Li et al., 2009). The filtered bam files
were deposited in the EMBL-EBI European Nucleotide Archive (ENA)
with the project accession number PRJEB9487.

2.4. Identification of single nucleotide polymorphisms

Single nucleotide polymorphism (SNP) data were extracted by
analyzing sequencing reads from all runs and libraries (SNP discovery
from the whole experiment) or comparing sequencing reads obtained
separately from the two DNA pools (SNP identification and comparison
between the two hatcheries).

Variants were identified using the Samtools mpileup function and
beftools (Li et al., 2009). Several criteria were used to filter and retain
variants. In particular, insertions/deletions (indels) were not considered
in this study due to the low reliability of NGS technologies (in particular
lon Torrent technology) to call this type of variability (i.e. Boland et al.,
2013). Only biallelic SNPs of quality >20 and SNPs not included in
homo-polymeric regions (more than 3 nucleotides of the same type be-
fore or after the mutation point) were retained. Minimum depth at SNP
positions was set at 4 x. Single nucleotide polymorphisms with the low-
est SNP quality (from 20 to 30) were validated by visual inspection of all
read alignments with the help of Integrative Genomic Viewer (IGV)
software (Robinson et al., 2011; Thorvaldsdéttir et al., 2013).

Single nucleotide polymorphism density was calculated in 1-Mbp
windows across the reference genome. A Python script was used to
assign SNPs to coding or non-coding regions using the annotation map
data of the European sea bass reference genome obtained by Tine et al.
(2014) and available at http://seabass.mpipz.mpg.de/DOWNLOADS/.

2.5. Implementation of a selective sweep pilot methodology
Allele frequency estimation of SNPs was obtained from the separat-

ed and the merged DNA pool data by counting the number of reads with
the two alternative nucleotides obtained from the two runs (excluding

Table 1

Ion Proton reads obtained from the different runs and DNA pools (HO1 and HO02).
Items/sequencing runs Run1 Run 2

HO1 HO02 HO1 HO02

No. of sequenced nucleotides 914,742,848 1,844,257,760 2,707,420,490 5,219,189,457
No. of sequenced nucleotides (Q20) 804,959,215 1,650,684,153 2,397,959,759 4,700,424,669
No. of reads 7,188,270 15,781,188 21,222,148 44,695,250
Mean read length (bp) 127 116 127 116
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reads mapping in the Superscaffold). For the merged data, that were
used for selective sweep, only SNP positions with sequenced depth
ranging from 12 to 50 were considered, to avoid regions with low cov-
erage (considering as lower limit the number of sampled chromo-
somes) from one hand and from the other hand to filter out repetitive
regions that might produce biases in the allele frequency estimation
(Rubin et al., 2010). The major and the minor alleles (the most and
the less frequent alleles) were indicated as nyay and nyi, respectively.
Fst (Fixation index) analysis between the two hatcheries-derived
datasets was carried out considering the same alleles as defined in the
merged dataset. Single nucleotide polymorphism positions were used
to define selective sweeps in 50 kbp genomic windows. The 50 kbp win-
dow was selected after testing windows of variable sizes (from 30 kbp
to 100 kbp) and plotting the distribution of SNP counts within these
windows and observing that this window size yielded few windows
with <10 SNPs (less than 10%), similarly to the procedure described
by Rubin et al. (2010) (data not shown). A total of 11,585 windows
along the European sea bass genome were analyzed and only 1064
were discarded due to a low number of SNPs (<10).

Fst values were calculated only to obtain indication about windows
in which allele frequencies were in the same direction in the two hatch-
eries. Fst values comparing the two hatcheries were not reported due to
the limited depth of the separated datasets. For each window, Fst was
calculated according to the formula adapted from Karlsson et al. (2007):

K
F =Fst= 72,’2211\”(
w1 Dk
where
1, 2, k...K is the number of biallelic markers in the two populations
and the variant allele for marker k has frequency pi¥!, p¥/ in the two pop-
ulations and the reference allele k in population i is
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where i = 1,2, and q; and n; are the allele counts and total number of al-
leles for population i.

The pooled heterozygosity (H,) was calculated using the following
formula described by Rubin et al. (2010, 2012):

Hp = ZZ nMA]Z nvin/ (Z Nyaj + Z nMIN>2

where 31y and Snyyy are the sums of ny and nyyy for all SNPs in the
window, respectively. Individual H, values were then Z-transformed:
ZH, = (H, — uH,) / oH,, and the results were used for the homozygotes
analysis.

The same transformation was done for the Fst values. Only windows
that had a negative value of the ZFst in the comparison between the two
hatcheries (that means that there was no difference between the two
hatcheries in terms of allele distribution) were used to evaluate the
ZH), values. In this way it was possible to obtain a combined dataset
with reads from HO1 and HO2 in which the ZHp values might represent

driving forces acting in the same direction on the two cultivated hatcher-
ies. Based on this pre-evaluation analysis, ZH,, value was calculated for a
total of 5888 windows. A threshold of ZH, < — 6 was applied for putative
selective sweeps because windows below this threshold represent the
extreme lower end of the distribution (Fig. S1), following also what was
reported by Rubin et al. (2010).

Genes included in the windows with ZH,, < — 6 were retrieved from
the annotated European sea bass reference genome (http://seabass.
mpipz.mpg.de/DOWNLOADS/; Tine et al., 2014) and analyzed with the
Enrichr platform (http://amp.pharm.mssm.edu/Enrichr/enrich) for
gene functional enrichment analyses (Chen et al., 2013) using the GO
Biological Process and the Kyoto Encyclopedia of Genes and Genomes
(http://www.genome.jp/kegg/; KEGG 2015) and PANTHER (http://
www.pantherdb.org/pathway/) pathway analyses.

3. Results and discussion
3.1. Sequencing and SNP data

Ton Proton sequencing runs produced a total of ~10.7 billion of se-
quenced nucleotides, of which about 90% had quality score equal or
higher than Q20. These data were obtained from a total of ~88.8 million
of reads with averaged length of 116-127 bp. Sequenced nucleotides
and related metrics separated for the two DNA pools constructed from
European sea bass of the two hatcheries (HO1 and HO2) are reported
in Table 1.

About 26% of reads were not considered for further analyses because
read length was <30 nucleotides. The remaining 65,586,049 reads were
aligned to the European sea bass reference genome sequence (Tine
et al., 2014). The current European sea bass reference genome accounts
for about 675 Mbp of assembled sequences. Sequence assembly of the
reference genome was obtained from Adriatic sea bass through a com-
bination of three different sequencing technologies (Sanger sequencing,
pyrosequencing and Illumina sequencing) with the help of different
approaches (whole genome sequencing assembly, radiation hybrid
map, genetic linkage maps, BAC-end and 454 20-kb mate pairs mapped
on scaffold groups to construct chromosomal sized superscaffolds). This
genome version was constituted by ~86% of ordered and orientated
contigs along 24 chromosomes and by a superscaffold of unordered ge-
nomic pieces (UN; Tine et al., 2014). Using this assembly, including the
unordered genomic superscaffold, only a total of 3,248,077 lon Proton
reads that we obtained were not aligned, confirming the general good
quality of the European sea bass genome version available from Tine
et al. (2014). The total mean genome coverage that was produced by
our filtered reads was 97.8% (93.6% for HO1 and 96.2% for HO2; Fig. 1)
and the overall mean depth was 11.4x (more details are presented in
Table S1). As expected, the UN superscaffold regions largely differ
from all other chromosomes in terms of coverage and depth, probably
due to assembly problems that prevented to assign these regions in a
more precise way.

Detection of polymorphisms from the Ion Proton reads was obtained
applying a stringent approach that excluded the main biases derived by
the lon Torrent technology that produces a high frequency of indels and
a high error rate in homo-polymeric regions (Quail et al., 2012; Boland
et al.,, 2013). In addition, we considered a nucleotide coverage in the
SNP positions >4 x that, from our previous studies, was demonstrated
to reduce the false positives, after the pre-filtering step that already
eliminated most of the putative sequencing errors produced by the
semiconductor based sequencing technology (Bertolini et al., 2014;
Bovo et al., 2015). Using these parameters and filters, combining data
from the two hatcheries, we obtained on the whole 1,569,357 SNPs.
Among these SNPs, 247,302 where homozygous in both pools for the al-
ternative allele of the nucleotide present in the reference genome. The
number of SNPs identified in the different chromosomes and in the
UN is shown in Fig. 2 and reported in Table S1. The overall mutation
rate, as determined by comparing the reference genome, was 0.002.
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Fig. 1. Mean coverage (%) of the sequenced reads against the European sea bass reference genome across the whole chromosomes.

The density of SNPs was higher in LG15 and LG16 as reported in the
overview including all chromosomes (Fig. S2) and in the box plots
defined with one Mbp sliding window approach (Fig. S3). The higher
number of SNPs in the superscaffold seems derived mainly by assembly
problems that might have inflated this value. It could be also possible
that the difficulties that limited the assembly of the superscaffold
are derived by the high number of polymorphisms in these regions,
explaining from another perspective the high number of SNPs we
identified in the UN.

The current version of the European sea bass genome has 26,719
annotated genes (Tine et al., 2014). Among these genes, 5681 are still lo-
cated in the superscaffold, while the others are placed along the assem-
bled chromosomes. Among the whole identified filtered SNPs, 169,148
mutations were located in the coding region of a total of 20,914 genes
(the 78% of the annotated genes), 147,598 of these SNPs were heterozy-
gous. The distribution of the genes in which we reported variants are in-
cluded in all chromosomes without any apparent bias (Fig. 3).

The SNP transition/transversion (Ti/Tv) ratio was calculated from
the whole dataset (Ti/Tv = 1.28) and from the SNPs called separately
from the two DNA pools (HO1, Ti/Tv = 1.29; HO2, Ti/Tv = 1.32). In
mammals this value is reported to be around 2 (that means, a double
number of transitions than transversions) in different species, including
also SNPs deduced from next generation semiconductor-based se-
quencing data (Bovo et al., 2015; DePristo et al., 2011; Liu et al., 2012;
Molnar et al., 2014). In fish, few studies reported this value for non-

mitochondrial genes. Smith et al. (2005) reported that in several
Oncorhynchus species, the Ti/Tv ratio ranged from 0.95 to 1.49 in
resequenced nuclear genes but no whole genome analyses have been
reported so far. Taken together from these two studies (Smith et al.,
2005; and our survey in sea bass), it seems that in Teleostei the Ti/Tv
ratio could be lower than in mammals.

3.2. Selective sweep analysis in cultivated European sea bass

Considering the obtained SNP data, we designed a pilot strategy (as
it was based on a limited number of animals) to take advantage from the
genome wide information produced from the two DNA pools. The po-
tential of using pool DNA-seq approaches has been recently discussed
by Schlotterer et al. (2014). In our case, the experiment was set up in
a cost effective way, applying a few filtering and statistical approaches
that, even considering a low number of sampled genomes (but com-
bined from two hatcheries), were able to identify putative selective
sweep signals. Rubin et al. (2010, 2012) used a low number of individ-
uals in a DNA pooling strategy to identify selection signatures in chicken
and pig genomes. The recently assembled reference genome of D. labrax
derived from Adriatic sea bass was used in a comparative way to identi-
fy putative selective sweeps in the cultivated genetic stocks. The ap-
proach does not need to evaluate many different pools as it is based
on homozygosity analysis that can be simply obtained comparing a
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Fig. 2. Distribution of single nucleotide polymorphisms in the different chromosomes for the two DNA pools (HO1 and H02) and from the merged information.
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reference genome despite its origin (from a wild or a cultivated
European sea bass).

Reads from the two DNA pools were merged to increase coverage
and depth and to capture common putative domestication signatures
that might have shaped the genome of the two stocks in the same direc-
tion (Rubin et al., 2012; Cutter and Payseur, 2013). Fst analysis was pre-
liminarily used to filter away signals that might have been derived by
unequal depth and sampling and sequencing biases. Then, to identify
selective sweeps we used the approach described by Rubin et al.
(2010) and calculated ZHp in 50 kb genome windows (excluding the
superscaffold). Fig. 4 reports a genome wide ZHp plot. A total of 17 re-
gions in 11 different chromosomes reached the threshold of —6. Two
significant windows were identified in several chromosomes: LG5,
LG6, LG8, LG10, LG11 and LG14 (Table 2). At least a few Mbp separated
the two significant windows located in the same chromosomes, except
for the two signals identified on LG14 that were separated by 150 kb
only, suggesting that they could be eventually merged to constitute a
larger selective sweep region. The three most significant windows
were on LG14 at position 15.60-15.65 Mbp (ZHp = —8.47), on LG6 at
position 9.25-9.30 Mbp (ZHp = —7.62) and on LG5 at position 29.65-
29.70 Mbp (ZHp = —7.36).

According to the preliminary annotation of the European sea
bass draft genome, a total of 31 different genes were located within
the 17 significant windows (Table 2). Gene Ontology (GO) analysis
for Biological Processes indicated an enrichment (significant at
nominal value, even if not significant after correction for multiple
testing) for a few GO terms (anion transmembrane transporter ac-
tivity, GO:0008509; S-adenosylmethionine-dependent methyl-
transferase activity, GO:0008757; voltage-gated chloride channel
activity, GO:0005247; and chloride transmembrane transporter activity,
GO0:0015108, among the most relevant) that are related to ion transports
and nutritional-related metabolism (Table 3).

Gene Ontology related to ion transport and chloride channel activi-
ties was mainly due to two genes in the significant windows (chloride
channel, voltage-sensitive 2, CLCN2; and solute carrier family 12, mem-
ber 9, SLC12A9) that might play an important role in the osmotic adap-
tation of the euryhaline D. labrax to cultivated conditions, mainly in the
juvenile stages (Lam et al., 2014; Nebel et al., 2005; Varsamos et al.,
2001, 2002). CLCN2 encodes for a transmembrane protein that regu-
lates chloride ion homeostasis in various cells controlling their
volumes that in turn, may affect several essential biological functions in
which osmoregulation is relevant (Jentsch, 2015). SLC12A9 is included
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Fig. 4. Manhattan plot of the ZHp values calculated in 50 kb genomic windows divided by chromosomes (identified with different colors). The threshold (green line) is set at —6.0.
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Table 2
List of 50 kb genomic windows with ZHp < — 6.0 and annotated genes included in corresponding region.
Chr.? Genomic window” No. of SNPs® ZHp Gene symbol Gene name
LG1B 1,350,000-1,400,000 14 —6.9171 PEMT Phosphatidylethanolamine n-methyltransferase
LG5 7,250,000-7,300,000 31 —6.4337 CD276 cd276 antigen-like
LG5 29,650,000-29,700,000 22 —7.3606 - -
LG6 9,250,000-9,300,000 21 —7.6198 GRM3 Metabotropic glutamate receptor 3-like
LG6 20,250,000-20,300,000 18 —6.1522 - -
LG8 3,050,000-3,100,000 22 —6.0127 na‘ Zinc finger protein 27-like
MYO15A Unconventional myosin-xv
LG8 4,400,000-4,450,000 42 —7.0889 PALM2 Uncharacterized protein 1oc101469015 isoform x 1
C28H190RF21 Uncharacterized protein c190rf21 homolog
LG9 14,350,000-14,400,000 20 —6.2349 MYLIP e3 ubiquitin-protein ligase mylip
LG10 12,600,000-12,650,000 32 —7.2727 CLCN2 Chloride channel protein 2-like
ZP2.6 Zona pellucida glycoprotein
THPO Thrombopoietin precursor
SLC12A9 Solute carrier family 12 member 9-like
PER2 Period circadian protein homolog 2-like
LG10 11,800,000-11,850,000 25 —6.0743 EXTL2 Exostosin-like 2-like
MGC80525 Uncharacterized oxidoreductase-like
MGC80525 Uncharacterized oxidoreductase-like
RC3H1 Low quality protein: roquin-like
KIAA1614 Uncharacterized protein kiaal614 homolog
BC034090 Uncharacterized protein kiaa1614
TAL1 T-cell acute lymphocytic leukemia protein 1 homolog
LG11 17,100,000-17,150,000 28 —6.2743 NPHP1 Nephrocystin-1 isoform 1
MAL Myelin and lymphocyte
FBX05 F-box only protein 5
MRPS5 28s ribosomal protein mitochondrial
LG11 19,450,000-19,500,000 12 —6.7757 - -
LG14 15,400,000-15,450,000 11 —6.1268 CADM?2 Cell adhesion molecule 2-like
LG14 15,600,000-15,650,000 11 —8.4682 - -
LG16 13,250,000-13,300,000 15 —7.3058 SERINC1 Serine incorporator 1-like
HIVEP3 Transcription factor hivep3-like isoform x 1
LG17 11,800,000-11,850,000 51 —6.0971 DPYSL5A Dihydropyrimidinase-related protein 5-like
ZMYM1 Zinc finger mym-type protein 1
DNMT3A DNA (cytosine-5)-methyltransferase 3a-like
LG19 17,800,000-17,850,000 19 —7.1685 TNKS Tankyrase-1-like

2 Chromosomes (as reported in Tine et al., 2014).

b Genomic windows are reported with the first and last nucleotide position in the corresponding chromosome.
€ No. of single nucleotide polymorphisms included in the corresponding genomic window.

4" Gene symbol not available.

in the protein family encoding electroneutral cation-coupled chloride Pathway gene analysis using KEGG 2015 suggested that selection sig-
cotransporters that are important for many physiological processes that natures might affect amino acid metabolism (confirming what was al-
control cell volume, neuronal chloride concentration, intercellular ion ready evidenced for the GO Biological Processes analysis), including the
movement and blood pressure (Arroyo et al., 2013). DNMT3 and PEMT genes, and circadian clock and related neurological

Table 3
Gene enrichment functional analyses for genes included in the significant genomic windows of the ZHp analysis. Terms and related metrics are reported for Gene Ontology for Biological
Processes, KEGG and PANTHER pathway analyses. Only terms with P-value < 0.10 are reported.

Terms P-value Adjusted P-value Z-score Combined Score Genes

Gene ontology — biological processes

Anion transmembrane transporter activity (GO:0008509) 0.005 0.121 —2.433 5.146 SERINC1, CLCN2, SLC12A9
S-adenosylmethionine-dependent methyltransferase activity (GO:0008757) 0.011 0.121 —2.394 5.065 DNMT3A, PEMT
Voltage-gated chloride channel activity (G0O:0005247) 0.024 0.167 —2.817 5.048 CLCN2

Chloride transmembrane transporter activity (GO:0015108) 0.007 0.121 —2.321 4910 CLCN2, SLC12A9
Histone deacetylase binding (G0:0042826) 0.005 0.121 —2.314 4.894 PER2, TAL1
Inorganic anion transmembrane transporter activity (GO:0015103) 0.012 0.121 —2.287 4.839 CLCN2, SLC12A9
Voltage-gated anion channel activity (GO:0008308) 0.031 0.167 —2.631 4,713 CLCN2

RNA polymerase binding (GO:0070063) 0.032 0.167 —2.627 4,706 PER2

Peptidase activator activity involved in apoptotic process (GO:0016505) 0.031 0.167 —2.626 4.705 MAL

Glutamate receptor activity (GO:0008066) 0.039 0.167 —2.537 4,545 GRM3
Transcription cofactor binding (G0:0001221) 0.015 0.132 —2.244 4,537 PER2

Neutral amino acid transmembrane transporter activity (GO:0015175) 0.035 0.167 —2.479 4.442 SERINC1

KEGG pathway

Methionine metabolism 0.033 0.109 —1.621 3.597 DNMT3A
Circadian rhythm 0.022 0.109 —1.409 3.126 PER2

Glycine serine and threonine metabolism 0.080 0.180 —1.691 2.902 PEMT

Heparan sulfate biosynthesis 0.036 0.109 —1.299 2.883 EXTL2

PANTHER pathway

Metabotropic glutamate receptor group I pathway 0.031 0.072 —1.715 4.508 GRM3
lonotropic glutamate receptor pathway 0.043 0.072 —1.294 3.402 GRM3

Circadian clock system 0.009 0.047 —0.949 2.907 PER2
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systems (as also confirmed by PANTHER analysis), listing the period circa-
dian clock 2 (PER2) and the glutamate receptor, metabotropic 3 (GRM3)
genes (Table 3). These genes are located in two different significant
windows (LG10 and LG6, respectively). PER2 is a key element regulating
circadian rhythms of activity, metabolism and behavior (Pegoraro and
Tauber, 2011). Pituitary PER2 gene expression in D. labrax was reported
to be mostly antiphasic, with high values during the day and low value
during the night, and in the liver its daily expression differed depending
on the feeding regime, confirming its alternant expression level of circadi-
an systems (Herrero and Lepesant, 2014). Studies in model animals are
supporting an important role of metabotropic glutamate receptor group
II (that include the GRM3 gene) functions in sleep and circadian regula-
tion. Pritchett et al. (2015) reported that deletion of Grm3 disrupted
sleep and activity and increased the sensitivity of the circadian system
to light in mice supporting a role of this gene in photic entrainment and
sleep regulation pathways.

Modification of circadian rhythms and behavioral traits are con-
sidered forms of adaptation to faming or agronomical conditions and
driven by major biological mechanisms that have been at the basis of
the domestication processes of animal and plant species (Price, 1999;
Kasahara et al., 2010; Bendix et al., 2015; Carneiro et al., 2014, 2015).
Benhaim et al. (2013) reported behavioral differences between hatch-
ery and wild-caught European sea bass. Our results in European sea
bass provided a preliminary indication that similar processes are occur-
ring in this species in which domestication is recent and still under con-
solidation, considering also the current breeding practices based on
restocking.

4. Conclusions

In this study we re-sequenced the European sea bass genome from
DNA pools using a next generation semiconductor-based sequencing
technology. We identified about 1.6 millions of SNPs covering the
whole genome, obtaining a large catalog of variants, including polymor-
phisms in most of the annotated genes of the first version of the
D. labrax assembled genome. Then we designed a pilot approach to cap-
ture in a cost effective manner putative selection signatures in the ge-
nome of this teleost species. Interestingly, selection signals were in
regions including genes whose function might be relevant in terms of
adaptation to farming conditions. The obtained results seem in line to
what has been described in domestic species in which artificial direc-
tional selection, even if in a quite short period of time, is able to shape
the genome of a population (Fontanesi et al., 2015). Results obtained
with this pilot study should be confirmed, designing investigations in-
cluding more fishes and more farmed hatcheries. The methodological
approaches that we developed can be easily implemented in more com-
plex experimental designs that will use DNA pooling and whole genome
sequencing for the identification of selection signatures not only in
D. labrax but also in many other marine and aquaculture species.
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