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1 Introduction 
1.1. PerformFISH framework 
The D1.4 deliverable, Genetic architecture of morphological abnormalities trait in gilthead sea 
bream, is the output of Task 1.2.4.1, Analysis of skeletal deformities in gilthead sea bream, in 
which industrial partners are developing breeding programmes to improve their product quality, 
minimize production costs and increase the total production, by exploring the genetic basis of 
critical economic traits, as a different and complementary approach to other strategies. 

It has been lead by ULPGC (Partner-2) with the participation of CSIC (IATS, Partner-7) and 
APROMAR (AQUANARIA, Partner-3). 

 

1.2. Industrial context 
Gilthead seabream (Sparus aurata L.) is the most important marine fish farmed in the European 
Union with 228,000 tons production, and positive annual variation rates for production and 
economic value (4.8% and 3%, respectively) (APROMAR, 2020). 

Despite the development and consolidation of the gilthead seabream aquaculture industry, it is 
estimated that the presence of deformities can affect up to 30% of production, causing an 
annual loss of more than 50 million euros in the European aquaculture industry (Castro et al., 
2008; Fernández et al., 2008; Haga et al., 2011).  

This problem has a negative impact on animal welfare and on the consumer's perception of the 
aquaculture product (Komen et al., 2002). In fact, the presence of deformities is the second most 
important trait economically for gilthead seabream industrial production, due to the reduction 
in the marketing value of the product throughout the value chain (Bardon et al., 2009; 
Georgakopoulou et al., 2010; Boglione and Costa, 2011; Boglione et al.,2013a,b). European 
breeding programs consider equally important the morphology and growth performance traits 
(Janssen et al., 2017). 

Economic losses due to deformities occur at two levels, husbandry and on-growing. The 
presence of deformities reduces the larval survival rate and growth efficiency in on-growing 
farms, and deformed fish must be discarded or sold below market prices (Fernández et al., 2008; 
Haga et al., 2011). As a result, deformities increase production costs, since they require manual 
sorting and have lower production yields (such as swimming capacity, conversion rate, growth 
rate, higher mortality rate and susceptibility to stress, pathogens and bacteria) (Andrades et al., 
1996; Boglione et al., 2001; Karahan et al., 2013). To compensate for it, farming companies 
overproduce biomass, introducing associated costs on sold healthy animals, as on-growing 
facilities do not accept batches with deformities prevalence higher than 5% (Afonso and Roo, 
2007), when some deformed fish could remain undetected by external observation. This is 
especially critical for the sustainability and survival of small companies because deformities are 
morphological alterations, in comparison with a quality standard, normally not reversible (Lee-
Montero et al., 2015).   
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1.3. Academic context 
In gilthead seabream, the most economically significant skeletal deformities include severe 
abnormalities of the opercular complex, neurocranium, vertebral column and appendicular 
skeleton abnormalities, given that fish are sold mainly as whole fish and customers rarely accept 
malformed fish (Koumoundouros et al.,  1997; Boglione et al., 2001; Roo et al., 2005; Lee-
Montero et al., 2015; Boursiaki et al., 2019). 

Evidence of different environmental factors as cause of presence of deformities in fish has been 
produced. As abiotic factors, Chatain (1994) reported a 90% prevalence of lordosis as main 
deformity in juveniles of gilthead seabream and European seabass, due to high hydrodynamic 
conditions and its relationship with swim bladder inflation. Koumoundouros et al. (2001b) 
reported a higher development of pectoral fin in European seabass larvae cultured at 20ºC. As 
biotic factors, parasites of the Myxosporea family have been described as causing skeletal 
deformities by accumulating ectopic agglomerations of spores surrounding the central canal in 
connective tissues around the spinal nerve (Lom et al., 1991). As xenobiotic factors, Chun et al. 
(1981) showed increasing damage to the vertebral column such as scoliosis, lordosis and 
compression of the spine, when Misgurnus anguillicaudatus fish suffered longer exposure time 
to certain pesticides (diaton, malathion, toxaphene). As nutritional factors, diets with high levels 
of phospholipids decrease the prevalence of vertebral deformities in European seabass larvae 
(Cahu et al., 2003). As factors associated with culturing system, Koumoundouros et al. (2001a) 
studied the effect of extensive and semi-intensive systems in larvae of Dentex dentex larvae on 
abnormalities and meristic traits, describing greater meristic variability in cultured fish than in 
wild ones. 

In gilthead d seabream, skeletal deformities have been also associated with the genetic 
background. Andrades et al. (1996) suggested genetic origin to explain the prevalence of lordosis 
in a cultured population. Afonso et al. (2000) showed for the first time, a statistical association 
of a triple skeletal malformation (LSK; lordosis, scoliosis, kyphosis), repeated from head to tail, 
with only one family from a breeding programme in an idiopathic disease. Astorga et al. (2004) 
proposed segregation of a major gene when considered all these deformities as a single trait 
(presence-absence of any deformity), from an estimation of a very high heritability by animal 
model and Bayesian analysis. Negrín-Báez et al. (2015a) demonstrated significant excesses of 
descendants with operculum, lordosis, and vertebral fusion from directed crosses involving 
parents with same deformities. Lee-Montero et al. (2015) estimated low and medium 
heritabilities for presence-absence of any deformity from fingerling to adults, with high genetic 
correlations between them, by using animal model. García-Celdrán et al. (2016) confirmed high 
heritabilities for column and operculum deformities by Bayesian analysis. Fragkoulis et al. (2018, 
2020) estimated a medium heritability for fusion of maxillaries with pre-maxillaries, and caudal 
fin abnormalities in larvae 39 days post-hatch (DPH). 

Another genetic factor affecting the presence of malformation is the inbreeding depression, 
which is a consequence of the consanguinity level. In rainbow trout, Austal and Kittelsen (1971) 
found 38-fold more prevalence of deformed fingerling of full sib families, while Kincaid (1983) 
detected an increasing of 37.6% of deformities.   

Quantitative trait loci (QTL) have been also studied in gilthead seabream, in order to locate 
genomic regions involved in the genetic determination of deformities. Boulton et al. (2011) 
found a significant QTL for morphometric traits, explaining 13–23% of the phenotypic variance. 
Negrín-Báez et al. (2015b), found three significant QTLs, one for vertebral fusion (QTLFV3), one 
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for lordosis (QTLOR1) and another one for jaw deformity (QTLJW1), explaining 1.6% to 11.4% of 
variance, and two closest-to-jaw-deformity-significant-QTL microsatellite markers (CId-26-H, 
CId-03-F). Negrín-Báez et al. (2016a) performed QTL analysis for LSK deformity by a linear 
regression and a linear mixed model, detecting four QTLs (QTLSK3, QTLSK6, QTLSK12, QTLSK14) 
significant at genome level and showed an extremely large effect (>35%) with both methods, 
explaining 65% – 94% of variance. These authors identified two molecular markers (DId-03-T 
and Bt-14-F) strongly linked to this deformity. Negrín-Báez et al. (2016b) detected two significant 
QTLs (QTLOP1 and QTLOP2) for operculum deformity with large effect (about 27%) by a linear 
regression methodology. 

Expression QTL (eQTL) analysis, previous GWAS identification, of complex traits allows to study 
molecular processes underlying the pathobiology (Ogura et al., 2015). In osteological target 
tissues of gilthead seabream juveniles, different genes have been reported downregulated in 
vertebra (osteonectin, osteocalcin, cathepsin K [CTSK], IGF) and gill arches (osteocalcin) or up-
regulated (Matrix metalloproteinase 9; MMP9) in gill arches (Viera et al., 2013). Fibronectin 1α 
(Fib1α) seems important in the first stages of bone formation, and Collagen type 1 alpha-1 
(Col1A1), Osteonectin/SPARC (ON) and osteopontin/Spp1 (OP) in regulating matrix production 
and mineralization processes (Riera-Heredia et al., 2018). Riera-Heredida et al. (2019a) 
described differential expression patterns in gilthead seabream with lordosis and LSK 
deformities versus normal ones, in genes related to bone extracellular matrix (ECM) maturation 
and mineralization (Col1a1, OP, osteocalcin [OCN], matrix Gla protein [MGP] and tissue non-
specific alkaline phosphatase [TNAP]), and other involved in bone resorption (CTSK and MMP9). 
In primary cultures of gilthead seabream bone-derived Mesenchymal Stem Cells (MSCs), down-
regulation of Runt-related transcription factor 2 (Runx2) was detected when they were treated 
with fatty acids (EPA, DHA, LA and ALA) (Riera-Heredida et al. (2019b). 

The appearance of skeletal deformities in fish, although they have a complex nature and 
difficulty to be detected, represents an opportunity to identify the genes that are relevant for 
the development of the skeleton, and at the same time to gain insight in the role of 
environmental factors during skeleton genesis (Dietrich y Kessel, 1999). 

 

1.4. Specific objective 
It was to study the genetic architecture of morphological abnormalities trait in gilthead 
seabream, contributing with new criteria to the European Certificate of Juvenile Quality (ECJQ), 
using a methodology integrating an effective quantitative and molecular strategy (eQMS). 
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2 Materials and methods 
2.1. Research structure 
In order to study all aspects, the research was organized in three phases: 

 

 Phase-1 

 Genetic evaluation of 4,100 breeders, by Best linear unbiased prediction (BLUP), for 
presence-absence of deformities from PROGENSA® and AQUANARIA company. 

 Selection of 2% and 9% of breeders for high and low Estimated Breeding Values (EBV) of 
presence-absence of deformities, respectively. 

 

 Phase-2 

 Crosses between Deformed (DxD) and Normal breeders (NxN), with replicate, according 
to their EBV but with consanguinity control.  

 Spawning quality and larval culture, per triplicate and crossing (DxD and NxN), during     
70 consecutive days post-hatching. 

 Larvae tissue banks for analysis of gene expression and osteological. 

 Development windows determination (DWD) when severe deformities occur. 

 

 Phase-3 

 RNA extraction from DWD larvae. 

 Massive sequencing. 

 Bioinformatics and functional analysis. 

 
2.1 Phase - 1 
2.1.1 Biological material 

Breeders used in this experiment came from the Spanish National Breeding Program 
(PROGENSA®) (Afonso et al., 2012). In this project, genetic selection is carried out to improve 
the quality of seabream seeds in Spain, evaluating industrial parameters such as growth, carcass, 
flesh and fish quality (including morphology), and resistance diseases. At random, 2,000 gilthead 
seabream cultured in an oceanic cage of AQUANARIA company, from third generation of 
PROGENSA®, were slaughtered at harvest size and characterized for growth, carcass, flesh and 
fish quality. A sample of 2,100 alive breeders from AQUANARIA, were characterized for 
presence-absence of any skeletal deformity and growth traits. During sampling process, a piece 
of caudal fin was cut to each fish and stored in RNAlater. DNA was extracted by using DNeasy 96 
protocol® of QIAGEN on robots BIOSPRINT96®. DNA quality and quantity were measured by 
NANODROP-8000 and normalized to 30 ng/µl on robot TECAN FreedomEvo®. All animals were 
genotyped by SMsa1 microsatellite supermultiplex (Lee-Montero et al., 2013), with BioRad PCR 
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device and using the MACROGEN service, and read by Genemapper software. The parental 
assignments were estimated with VITTASIGN software (Vandeputte et al., 2006). All animals 
were evaluated by BLUP methodology with VCE software (Neumaier and Groeneveld, 1998; 
Groeneveld et al., 2010), as reported by Lee-Montero et al. (2015). From estimated breeding 
value (EBV), and additive relationship coefficient (a), breeders were selected to establish 
different type of crosses. Phenotypically deformed fish were discarded to simulate the real 
situation at the hatchery companies. Maturation and spawning occurred spontaneously under 
natural conditions in December of 2019. A great spectrum of EBV for presence-absence of any 
skeletal deformity was available: from –0.09 for normal fish up to +0.08 for deformed fish                      
(Figure 1). 

 

 
Figure 1. EBV distribution for presence-absence deformity (Red colour, deformed breeder; Blue 
colour, normal breeder). 

 
2.2 Phase - 2 
2.2.1 Crosses 

Only using breeders with normal phenotype or deformed, two types of crosses were designed: 
mating of females vs males with high EBV for presence of deformity (DxD), and mating of females 
vs males with low EBV for presence of deformity (NxN). Each type of crossing was duplicate, in 
order to guarantee the reproducibility and robustness of the results. The offspring of each cross 
was cultivated by triplicate. Breeders were selected according to following criteria (Figure 2): 

- same intensity of EBV but with contrary sign (+0.05 for deformed breeders vs -0.05 for 
normal breeders), to avoid genetic asymmetry. 

- same additive relationship coefficient or a (0.25 – 0.28), to avoid consanguinity effect or 
inbreeding depression effect. 
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- similar total biomass (8.0 – 8.7 kg per tank), to avoid differential effect on spawning 
quality.  

With this triple condition (EBV-a-biomass), sex ratios per tank were 4:6 and 3:3 (female : male) 
for normal and deformed crosses, respectively, allowing to analyse biological samples according 
EBV  main factor, independently of breeder mated and tank replicate. 

 
 

 
 
Figure 2. Example of mating scheme for two tanks within type of crossing, with indication of 
additive relationship coefficient (a), estimated breeding value (EBV), total biomass, sex 
biomass, sex ratio (Red colour, deformed breeder; Blue colour, normal breeder).  

 

2.2.2 Larval rearing 

Spawning occurred under natural photoperiod and thermoperiod, in 1,000 litre tanks. After                 
20 hours, eggs were collected and transferred indoors for larval rearing in 500 litre tanks. Then, 
they were hatched approximately 48 hours after spawning, with an initial rearing density of 
approximately 100 eggs/L. Temperature and dissolved oxygen concentrations were measured 
once per day, ranged between 19-22°C and 6–12 ppm, respectively. High aeration, during                         
0–1 days post-hatch (DPH), kept passively moving larvae suspended, with aeration at low level 
during green water phase (sufficient to distribute algae over water column). The 
homogenization of the larval distribution into the tanks, and the reoxygenation, were achieved 
by an external air lift recirculation pump creating a gentle vertical convection current from the 
tank bottom. After this phase, passive aeration induced by water flow was sufficient.  

The water surface was maintained free from any lipid film (a prerequisite for swim bladder 
inflation), thanks to an air blower skimmer (Chatain and Ounais-Guschemann, 1990). The green 
water technique was applied during the period 3–28 DPH, using the phytoplankton strains 
(Nannochloropsis sp.). Larvae were fed enriched rotifers (Brachionus plicatilis, lorica length: 
178±30 μm) twice per day from 3 DPH to 20 DPH. Rotifer density was progressively increased 
from 5 to 10 rotifers per ml. Artemia nauplii (EG, INVE, Belgium) were offered twice per day to 
larvae from 17 to 22 DPH, in increasing density from 0.5 to 2 nauplii per ml, and 2 days enriched-
metanauplii from 20 to 40 DPH (1 to 5 metanauplii per ml). From 36 DPH to the end of the 
experiment (71 DPH), larvae were progressively weaned onto dry feed, with Gemma Micro (size 
range: 75 to 500 μm; Skretting, Spain), with manual feeding each hour from 8:00 to 16:00 and 
automatic feeding 3 times from 17:00 until 19:00, maintaining one feeding with enriched-
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metanauplii at 12:00. Minimization of environmental factors were achieved rearing larvae of 
each mating until 71 days per triplicate. 

 

2.2.3 Sampling 

The sampling was carried out daily from the egg phase until 35 DPH and alternate days from 35 
to 71 DPH. Samples were sacrificed by thermal shock by immersing them in ice, washed with 
DEPC-treated water and stored with 4% formalin buffered at 4.5 pH. During the green water 
phase, the larvae were collected by taking water samples at different points in the tank, since 
the larvae are homogeneously distributed. After this period, larvae were collected with the help 
of a net, quickly, during the feeding time, also taken the samples in different points of the tank 
and taken all the size represented in the tank to obtain a representative sample. 

Daily, a minimum of 100 mg of larvae were sampled from each individual tank, at random and 
in different part of each one. They were filtered, cleaned with MilliQ water and stored in tubes 
with RNAlater, until their analysis.  

 

2.2.4 Skeletal analysis 

For the examination of skeletal deformities, a random sample of 10 formalin-fixed specimens 
were stained for bone and cartilage using double-staining protocols with some modifications 
(Potthoff, 1984; Taylor and Van Dyke, 1985). Specimens were washed in distilled water to 
remove formalin, followed by a bleaching step in peroxide (3%) and KOH (0.5%). Then, 
specimens were dehydrated through a graded series of ethanol (25–95%) and stained with 
Alcian blue 8GX (0.02% in 70% alcohol and 30% glacial acetic acid) and neutralized using a                        
1% aqueous solution of KOH until skeletal elements were clearly visible. Later, series of trypsin 
digestion (35% saturated sodium borate, 65% distilled water and trypsin powder) and staining 
with Alizarin red S (stock solution: 1% Alizarin red in 1% KOH). Finally, samples were cleared by 
using trypsin and KOH (1%) and preserved in glycerine with thymol. Staining time was variable 
and depended on the size of the specimen. 

10 specimens of stained samples from 39 DPH to 71 DPH were used for the examination of 
severe skeletal deformities, including replicate and cross. Afterwards, the presence of severe 
skeletal deformities was examined in all samples, in order to study the evolution of each 
deformity during fish development. The analysis of deformities was based on the normal 
osteological phenotype of the species (Divanach et al., 1996; Koumoundouros et al., 1997; 
Faustino and Power, 1998; Fragkoulis et al., 2018) and on the existing descriptions of skeletal 
deformities in marine fish larvae (Divanach et al., 1996; Boglione and Costa, 2011; Boglione et 
al., 2001, 2013a, 2013b). 

 

2.2.5 Statistical analysis 

The association between factors (mating, tank, DPH, length) and deformity within experiment 
was analysed by a Loglinear Model by using the statistical software SPSS (PASW Statistics v18). 
Deformity factor was measured in each fish as presence (1) or absence (0) of the deformity. 
Loglinear model gives the significance of any deformity factor (its prevalence [i]) against any 
biological or functional factor (depending of data [j]), organized under a contingency table, 
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through the normalized values or Z-values. Normalized Z-values for statistical significance of 
deformity in any family, breeder or mating ranged from > +1.96 (significant excess) to < −1.96 
(significant deficit). 

Lnƒ ij = μ + α i + β j + αβ ij 

where lnƒ ij is the expected frequency from observed frequency of each deformity (i) in each 
factor considered (ij); μ is the average value of expected frequencies logarithms, α i is the effect 
of the deformity factor (i), β j is the effect of the factor biological (j) and αβ ij is the effect due to 
these factors interaction. 

 

2.3 Phase - 3 
2.3.1 RNA extraction 

Total RNA of pooled samples of whole larvae at 5 DPH (4 pooled samples) and 35 DPH (18 pooled 
samples), from normal and deformity breeding crosses, was extracted using the MagMAXTM-
96 RNA isolation kit (Life Technologies, Carlsbad, CA, USA). The quality and integrity of isolated 
RNA were checked with an Agilent Bioanalyzer 2100 (Agilent, Amstelveen, Netherlands), varying 
RIN (RNA Integrity Number) values between 7 and 10. 

 

2.3.2 Illumina sequencing and data processing 

Illumina RNA-seq libraries were prepared from 1 µg total RNA using the Illumina 
NEBNextUltraTMRNALibrary Prep Kit (NEB, USA), according to the manufacturer’s instructions. 
All RNA-seq libraries were sequenced on an Illumina NovaSeq 6000 sequencing system in a 
2 × 150 nucleotides paired-end (PE) read format, according to the manufacturer’s protocol. Raw 
sequenced data were deposited in the Sequence Read Archive (SRA) of the National Center for 
Biotechnology Information (NCBI) under the Bioproject accession number PRJNAXXX (BioSample 
accession numbers: SAMNXXX-XXX)2. 

Quality analysis was performed with FASTQC v0.11.7 
(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/), and libraries were filtered with 
Prinseq (Schmeider and Edwards, 2011) for quality > 30 and < 10% of Ns in the sequence. 
Libraries were mapped and annotated using HISAT2 v2.05 (Kim et al., 2019) and the CSIC gilthead 
seabream draft genome as reference (Pérez-Sánchez et al., 2019). Read numbers mapped over 
each gene were counted using Feature Counts v1.5.0-p3 (Liao et al., 2014). To consider the effect 
of sequencing depth and gene lengths, gene expression levels were measured using Reads Per 
Kilobase of Exon Model per Million mapped reads (RPKM). 

 

2.3.3 Differential gene expression analysis and data post-processing 

Differential expressed genes (DEGs) were retrieved with normalized RPKM values using DESEQ2 
v1.20.0 (Love et al., 2014) at an adjusted false discovery rate (FDR) of 0.05. To increase the 
number of DE genes without loss of statistical robustness, supervised partial least-squares 
discriminant analysis (PLS-DA) and hierarchical clustering of samples were sequentially applied 
using EZinfo v3.0 (Umetrics, Umea, Sweden) and R package ggplot2, respectively. The final list 

 
2 Awaiting to receive from NCBI 

https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
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of genes contributing to group separation was determined by the minimum Variable Importance 
in the Projection (VIP) values (Li et al., 2012; Kieffer et al., 2016), driving the right clustering of 
all individuals in the heatmap analysis. To discard the possibility of over-fitting of supervised 
discriminant model, a validation test consisting in 500 random permutations was performed 
using SIMCA-P+ v11.0 (Umetrics). The heatmap and clustering representations were constructed 
using iDEP v0.91 (Ge et al., 2018), with the average linkage method and Euclidean distance as 
main parameters. 

Genes with a VIP value > 1 (discriminant genes) were listed and used in three different 
procedures, including super-scaffold localization, gene enrichment analysis and variant calling 
analysis (Supplementary Figure 1). According to this, discriminant genes were located among 
the 24 super-scaffolds of the second draft of gilthead seabream genome (Pérez-Sánchez et al., 
2019), and the density of discriminant genes was calculated in each super-scaffold. Next, 
discriminant genes were converted into their human equivalents, and used to perform Biological 
Process Gene Ontology (GO-BP) enrichment analysis using the ShinyGO v0.61 (Ge et al., 2020). 
Significantly enriched GO categories were obtained after FDR correction with a cut-off of 0.05, 
and clustered to observe overlapping using the average linkage method and Euclidean distance 
of R function hclust. Finally, alignment files generated in the mapping step were used for the 
calling of genetic variants, being the transcription start sites (TSS) of discriminant genes in silico 
predicted within 5,000 bp upstream start codon (ATG) of each gene using PROMOTER 2.0 
(Knudsen, 1999). 

 

2.3.4 Variant calling and differential allelic frequencies 

To minimize biased estimates of allele frequencies, PCR duplicates were removed from the 
samples files using SAMtools v1.6 (Li et al., 2009). The resultant files were then introduced in 
Freebayes v1.0.2 (Garrison and Marth, 2012). Considering the pooled nature of the samples, 
variants were considered in discriminant genes when (i) quality of the variant base-pair position 
was at least 30, (ii) at least 2 reads supported the alternate allele, and (iii) the variant allele 
frequency in the pool was above 0.05. The resulting variant calling files were formatted and 
allelic frequencies differences were calculated using the scripts snp-frequency-diff.pl and fisher-
test.pl from Popoolation2 v1.201 package (Kofler et al., 2011). Significant coding variants were 
annotated using SnpEff v4.3 (Cingolani et al., 2012), and genetic architecture of discriminant 
genes with significant variants was represented using the genemodel v1.1.0 R package. Variant 
physical position was located among the 24 super-scaffolds using bedtools v2.29.2 (Quinlan and 
Hall, 2010), and clustering of higher variant density super-scaffolds was performed using the 
average linkage method and Euclidean distance of R function hclust. 
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3 Results and Discussion 
3.1 Osteological analysis 
In the osteological analysis, all severe deformities were classified as kyphosis, lordosis, partial 
vertebral fusion, total vertebral body fusion, vertebral anomaly (shape anomaly, ossification 
ridges, marked reduction in length or elongation, intervertebral bony plate), anomalous 
maxillary and/or pre-maxillary, anomalous dentary and other cephalic anomalies (glossohyal, 
neurocranium, etc.) (Figure 3). 

 

 
 

Figure 3. Osteological deformities in gilthead seabream larvae. a, Vertebral anomaly. b, 
Vertebral anomaly. c, Anomalous maxillary and/or pre-maxillary. d, Cephalic anomalies. e, 
Cephalic anomalies.  f, Vertebral anomaly. g, Vertebral anomaly. h, Lordosis. i, Partial 
vertebral fusion, total vertebral body fusion and vertebral anomaly. 

 

All the samples considered in this study, came only from two replicates per genetic crossing, 
which completed the whole spawning season: tanks D1 and D2 of DxD-T23 deformity cross, and 
tanks N1 and N2 of NxN-T22 normal cross (Figure 4). 

 

 
 

 

 

 

 

 

 

Figure 4. Distribution of samples collected during whole spawning season (replica and cross). 
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3.2 Spawning quality 
To trace the correct larvae development, the spawning quality per replicate and cross was 
quantified daily to compile the total samples available, including alive eggs, dead eggs, survival, 
larvae length and total egg corrected by female weight. 

In terms of the entire spawning season, the mean number of eggs daily collected was 9,500 and 
12,500 from deformity crosses (tanks D1 and D2, respectively), and 38,500, and 30,500 from 
normal crosses (tanks N1 and N2, respectively). The daily oocyte yield obtained for tanks of 
different EBV for the presence of deformities throughout the spawning season are shown in 
Figure 5. The mean egg fertilization rate was greater than 90 % and the mean egg viability rate 
ranged from 40-50% in all tanks. In terms of larvae quality, mean hatching rate was greater than 
85% and the larval survival rate at YSR ranged from 70% to 85% in all tanks. The mean value for 
each group and tank for all the parameters in the global spawning season is represented in Table 
1. 

 

 
Figure 5. Daily spawn quality of deformity and normal crosses, including replicate.  

 

Table 1. Mean value of the parameters measured along the spawning season (Oocyte yield, 
Fertilization rate, Viability rate, Hatching rate, Larval survival) per Tank (D1, D2, N1, N2) and 
per Genetic EBV (DxD, NxN) 

 
Tank Genetic 

 
D1 D2 N1 N2 DxD NxN 

Oocyte yield (103) 4,7 ± 0,4c 8,3 ± 0,6c 38,2 ± 1,0a 30,4 ± 0,9b 6,5 ± 0,4B 34,3 ± 0,7A 

Fertilization rate (%) 98,4 ± 0,3a 90,8 ± 1,2c 96,1 ± 0,4b 95,4 ± 0,6b 94,1 ± 0,8 95,8 ± 0,3 

Viability rate (%) 44,9 ± 3,5ab 39,9 ± 3,0b 49,9 ± 1,2a 40,9 ± 1,7b 42,0 ± 2,3 45,3 ± 1,1 

Hatching rate (%) 96,1 ± 0,3a 84,9 ± 1,1c 89,2 ± 1,2b 87,6 ± 0,8c 89,8 ± 0,8 88,4 ± 0,7 

Larval survival YSR (%) 82,3 ± 1,5a 70,2 ± 2,1b 82,2 ± 0,9a 79,3 ± 1,2a 75,4 ± 1,4B 80,8 ± 0,7A 
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Results are expressed as means ± SEM. For each parameter, values in the same row followed by different lowercase letters are 

significantly different (P<0.05) between groups during the spawning season by each fixed factor (Tank, Genetic). 

 

3.3 Association analysis 
The association analysis between the presence-absence of severe deformities per type of 
genetic cross is reported in Table 2. Normal phenotype was significantly associated with normal 
genetic cross, reporting an excess of larvae with this phenotype (Z = + 4.12, p<0.05). At the same 
time, deformity phenotype was significantly associated with deformity genetic cross, reporting 
an excess of larvae with this phenotype (Z = + 4.12, p <0.05). 

In Table 3, the interaction between deformity or normal phenotypes per DPH time is shown, 
where a significant excess of deformity phenotype between 67 – 71 DPH (Z = + 1.99 / + 2.96, p 
<0.05), within deformity genetic cross (DxD) can be observed. While, in those same 67 – 71 DPH 
a significant defect of normal phenotype (p <0.05) exists. It is repeated in the global analysis but 
including a significant excess of deformity phenotype at 72 DPH, and a significant excess of 
normal phenotype at 41 DPH (Z = + 2.12, p <0.05). In normal genetic cross (NxN), the distribution 
between deformity and normal phenotypes and DPH time was not significant. 

 

Table 2. Z-values between phenotype morphological (normal, deformity) against type of 
genetic cross (DxD, NxN) 

 
 

 

 

Table 3. Z-values between phenotype morphological (normal, deformity) against 35 – 73 DPH; 
global and type of cross (DxD, NxN) 
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The projection of deformity phenotype frequency distribution between deformity and normal 
genetic crosses per DPH time, is shown in Figure 6. A significant change of tendency can be 
observed between both types of genetic crosses, reporting an early intersection in development 
(43 DPH). 

The behaviour of larvae growth was in concordance with DPH time, by type of genetic cross and 
tank and total population. In all cases, the linear model explained between 90% and 94%, for 
type of genetic cross and tank (Figure 7), and 97% in the total population (Figure 8).  

Using this mean growth of larvae per DPH time (Figure 8), the deformity incidence data was 
organized and compared again (Figure 9), reporting a significant excess of deformity phenotype 
at 1.75 – 1.9 cm interval, which corresponds at 62 – 66 DPH (Z = + 2.9, p <0.05), corroborating a 
significant excess of deformity phenotype from 62 DPH.  

The association between deformity phenotype and DPH time was confirmed in different 
replicate (tank within cross) (Table 4). Significant excesses of deformity phenotype occurred only 
at 67 DPH (Z = + 2.53, p <0.05) and at 71 DPH (Z = + 3.18, p <0.05) within deformity genetic 
crosses (DxD). 

 

 

 
 

Figure 6. Deformity phenotype frequency distribution (%) versus DPH time.  
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Figure 7. Length of larvae per tank of genetic crosses versus DPH time.  

 

 

 

 
 

Figure 8. Mean length of larvae per DPH time.  
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Figure 9. Deformity phenotype frequency distribution (%) versus mean larvae length, 
organized by intervals.  

 

 

Table 4. Z-values between phenotype morphological (normal, deformity) against 35 – 73 DPH; 
in tank within type of cross (DxD, NxN) 

 
 

 

This study reports as relevant four development windows: 

 Larvae from days 5-6 DPH, where swim bladder pre-inflation occurs.  

 Larvae from days 35-37 DPH, where beginning of mineralization process. 

 Larvae from days 45-47 DPH, where weaning is normally carried out. 

 Larvae from days 67-71 DPH, where normally mineralization is completed. 
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In gilthead seabream, jaw and mouth skeleton are constituted after the onset of exogenous 
feeding (Faustino and Power, 2005). In sparid species, evidence of mineralization can be 
recorded from 30 DPH onwards (Socorro, 2006), where temperature-dependent differential 
expression of genes implicated in bone formation suggest long-term regulation of osteogenesis 
(Riera-Heredia et al., 2018). 

In concordance with our results, samples from 5 DPH and 35 DPH development windows were 
considered for RNAseq analysis. 

 

3.4 Discriminant analysis increases the stringent FDR list of GEDs 
Approximately 1,152 million PE reads were obtained from the 22 pooled sequenced samples, 
with an average of ~52 million reads per sample. After trimming and quality filtering, around 
1.75% of all skeletal muscle reads were discarded, and the remaining reads ranged between       
48 million (~12 Gb) and 67 million (~17 Gb) in all samples (see details in Supplementary Figure 
1). Up to 89% of these pre-processed reads were mapped against the gilthead seabream 
reference genome, which showed a total of 42,852 expressed transcripts, corresponding to 
18,577 unique gene descriptions (87.42% of total predicted unique transcripts). Of these, 17,998 
(84.7% of total) unique gene descriptions were expressed on 5 DPH, whereas 17,042 (80.2% of 
total) were detected on 35 DPH (Supplementary Figure 2). 

As shown in Figure 10, when comparisons were made between 5DPH as a whole (NxN5 + DxD5) 
and NxN35 group, 3,817 differentially expressed transcripts (FDR < 0.05; 2,456 unique gene 
descriptions) were found, whereas the comparison of 5DPH and DxD35 group revealed 2,718 
differentially expressed transcripts (1,843 unique gene descriptions). On 35 DPH, the 
comparison between normal and deformity groups revealed 324 differentially expressed 
transcripts (260 unique descriptions). Altogether, 4,678 differentially expressed transcripts 
(3,302 unique descriptions) in at least one comparison were retrieved and used in discriminant 
analysis. Supervised PLS-DA model elucidated 97% of explained variance, and 84% of the 
predicted variance in the model. (Figure 11A). The two first components explained 93% of total 
variance, and larvae transcriptome at 35 DPH were clearly separated NxN35 and DxD35 groups 
along the first component (60% of total variance) (Figure 11B). Differences in the model were 
driven by a total of 1,868 discriminant transcripts (VIP > 1; 1,398 unique gene descriptions). Such 
approach largely increased the initial list of transcripts (from 324 to 1,868) contributing to 
separate experimental groups at 35DPH. The classifier performance of PLS-DA model was 
validated by 500-model permutation tests (Supplementary Figure 3), and hierarchical clustering 
of samples when applied different cut-offs for VIP values (Figure 11C). 

 

 

 



D1.4: Genetic architecture of morphological abnormalities trait in  
gilthead sea bream   

21 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10. Differential expression analysis results 

 

 

 

3.5 Five super-scaffolds concentrate more than 25% of discriminant 
transcripts 

A total of 973 discriminant transcripts (52.2%) were located along the 24 super-scaffold 
sequences constituting the virtual karyotype of gilthead seabream genome 
(https://seabreamdb.nutrigroup-iats.org) (Figure 12). The super-scaffold 17 showed the highest 
number of discriminant transcripts (68), followed by super-scaffold 5 (62), super-scaffold 21 
(58), super-scaffold 1, and super-scaffold 20 (56). After scaffold-length normalization, the super-
scaffold 20 showed the highest number of discriminant transcripts per Mbp (2.5), followed by 
super-scaffold 12 (1.9), super-scaffold 17 (1.69), super-scaffold 7 (1.66), and super-scaffold 21 
(1.6). This top five super-scaffolds concentrated 27.8% of differentially expressed transcripts. 

 

 

 

 

  

https://seabreamdb.nutrigroup-iats.org/
https://seabreamdb.nutrigroup-iats.org/


D1.4: Genetic architecture of morphological abnormalities trait in  
gilthead sea bream   

22 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11.  PLS-DA and clustering analysis 
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Figure 12. Super-scaffold localization of discriminant transcripts 
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3.6 Gene enrichment analysis identifies six main overlapping processes 
GO-BP enrichment analysis disclosed six (6) different enriched BP categories, allocating 317 
discriminant transcripts (Figure 13A) that corresponded to 305 unique gene descriptions. The 
most significant categories were nervous system development (GO:0007399) with 129 human 
equivalents, representing the 5.2% of genes of this category in the GO-BP database; biological 
adhesion (GO:0022610; 51 human equivalents, 3.2% total); regulation of signalling 
(GO:0023051; 101 human equivalents, 2.6% total); cellular developmental process 
(GO:0048869; 112 human equivalents, 2.3% total); organic substance transport (GO:0071702; 
69 human equivalents, 2.2% total); and small molecule metabolic process (GO:0044281; 36 
human equivalents, 1.4% total). 

The clustering of the enriched GO-BP categories showed two different nodes of associations 
(Figure 13B). The first one included 117 discriminant transcripts corresponding to the categories 
of nervous system development, cellular developmental process, and biological adhesion. The 
second cluster (120 discriminant transcripts) was composed by the categories of regulation of 
signalling, organic substance transport and small molecule metabolic process. Between them, 
the higher degrees of overlap were found between nervous system development and cellular 
developmental process (83 discriminant transcripts), and between regulation of signalling and 
organic substance transport (85 discriminant transcripts).  

 

3.7 Variant analysis leads to the identification of 64 polymorphic DEGs 
A total of 205,375 bi-allelic variants were called in discriminant genes using both normal and 
deformity reads. When allelic frequencies were estimated and tested (FDR < 0.05), significant 
differences between NxN35 and DxD35 groups were found for 832 variants, all coming from 
alternate alleles of the deformity group. Accofigurrding to the type of mutation (Figure 14A),                          
736 (88.5%) significant variants were classified as SNPs, 54 as complex (6.4%), 32 as insertion 
(3.8%) and 8 as deletions (1.3%). Giving its position in the genomic region (Figure 14B),                             
304 (36.34%) significant variants were located in 5’ untranslated regions (5’UTR), 271 (32.37%) 
in intronic regions, and 262 (31.29%) in coding exons sequences. The effect of the mutations in 
amino acid sequence was determined and a total of 154 variants (18.5%) were classified as 
missense, 105 (12.6%) were classified as synonymous, and 3 (0.3%) were considered as non-
sense mutations.  

Up to 431 of alternative alleles were distributed along super-scaffolds and regression 
plots of cumulative variants highlighted an over-representation (230 variants, 52.3% of total) in 
the first 4 super-scaffolds (Figure 15A). These super-scaffolds with high variant density were 
clustered into two nodes (super-scaffold 12 +17, CLASS 1; super-scaffold 4 +7, CLASS 2). In                   
Class 1, the 62.7% of variants are located in the 5’UTR region (54.8%) or codifying sequences 
(7.9%), and the remaining 37.3% in introns. Conversely, in Class 2, 50% is located in introns, 38% 
in 5’UTR regions and 12% in codifying sequences (Figure 15B). 

 The alternate alleles overlapped with 64 genes that were part of the list of discriminant 
transcripts in the PLS-DA (Table 5). The average number of alternative alleles per this list of 
transcripts was 13, ranging from 1 to 30. Among this final list of genes, the most abundant 
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enriched GO-BP category was cellular developmental process (28 genes), followed by nervous 
system development (23), regulation of signalling (18), organic substance transport (13), 
biological adhesion (9), and small molecule metabolic process (8). The genetic architecture of 
the selected 16 genes, corresponding to Class 1 (8) and 2 (8), is shown in Supplementary Figure 
4. 

  

Figure 13. Gene enrichment analysis results 
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Figure 15. Super-scaffold localization 
analysis of differential variants 

 

 

 

 

 

 

 

Figure 14. Variant calling analysis results 
according to (A) kind of mutation and (B) 
genomic localization and effect over protein 
sequence. 
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Table 5. List of 64 differentially expressed genes carrying differential variants related with 
deformity trait ordered by number of variants 

Gene 

Number 
of 

variants 
(%) 

Cluster GO-
BP 

 Gene 
Number of 

variants 
(%) 

Cluster GO-BP 

egfl7 27 (3.24) CLASS 1 2,3,4 
 

gapdh 14 (1.68)  1,5 
cacna2d2 22 (2.64) CLASS 1 1,4,5 

 
llgl2 14 (1.68)  3 

hspb6 16 (1.92) CLASS 1 4 
 

rgl3 14 (1.68)  3 
pabpn1 12 (1.44) CLASS 1 5 

 
snap25 14 (1.68)  1,4,5 

f11 9 (1.08) CLASS 1 4 
 

got1 13 (1.56)  3 
oxr1 8 (0.96) CLASS 1 1 

 
meis1 13 (1.56)  1,4 

scn1b 8 (0.96) CLASS 1 1,2,4 
 

apopt1 12 (1.44)  3 
psma2 2 (0.24) CLASS 1 3 

 
evc 12 (1.44)  3 

slc13a3 30 (3.60) CLASS 2 5 
 

magi1 12 (1.44)  2 
fcgrt 23 (2.76) CLASS 2 5 

 
rad9b 12 (1.44)  3 

whamm 20 (2.40) CLASS 2 2 
 

gfi1 10 (1.20)  1,3,4 
neto2 16 (1.92) CLASS 2 1,3 

 
agxt2 10 (1.20)  1 

ss18l2 11 (1.32) CLASS 2 1,4 
 

btn2a2 10 (1.20)  2,3 
ctsd 9 (1.08) CLASS 2 5 

 
flnb 10 (1.20)  4 

tkt 9 (1.08) CLASS 2 6 
 

hsd17b8 10 (1.20)  6 
cyp1a1 8 (0.96) CLASS 2 4 

 
kidins220 10 (1.20)  1,3,4 

man2b1 28 (3.36)  5 
 

kdr 9 (1.08)  2,3,4 
add2 24 (2.88)  1,2 

 
atp6ap1 9 (1.08)  3,4 

cand1 24 (2.88)  4 
 

chrnd 9 (1.08)  1 
elovl4 23 (2.76)  6 

 
dclk1 9 (1.08)  1,4 

syne2 21 (2.52)  1,4 
 

kcnj15 9 (1.08)  5 
sesn1 20 (2.40)  3 

 
rpl14 9 (1.08)  5 

gpat3 18 (2.16)  3 
 

tbcd 9 (1.08)  1,2,4 
rpl39 18 (2.16)  5 

 
lrrc7 8 (0.96)  1,2,3 

chl1 17 (2.04)  1,2,4 
 

aco2 8 (0.96)  4 
kctd6 17 (2.04)   3 

 
popdc2 8 (0.96)  4 

cuzd1 15 (1.80)  2 
 

ptprz1 8 (0.96)  1,4 
ndufs3 15 (1.80)  1,3 

 
asrgl1 5 (0.60)  6 

nubpl 15 (1.80)  4 
 

kcnt1 5 (0.60)  5 
pigh 15 (1.80)  6 

 
supt20h 5 (0.60)  4,6 

rpl12 15 (1.80)  5 
 

mycbp2 2 (0.24)   1,4 
stx7 15 (1.80)  1,5   palm 1 (0.12)  1,3,4 
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3.8 Concluding remarks 
Transcriptomes of normal and deformed fish at 5 DPH and 35 DPH coming from genetic crosses 
between breeders coming from PROGENSA® breeding program in gilthead seabream, were 
compared in this study. The use of pools of whole larvae families represented a cost-effective 
strategy which enabled the identification of several differentially expressed genes, genomic 
regions, pathways, and genetic variants associated with the deformity trait in this important 
cultured species. 

The approach conducted in this study combined typical differential expression tests with a 
discriminant analysis capable of increasing the number of discriminant genes driving the 
separation of groups at 35 DPH. These genes were located in all 24  gilthead seabream's super-
scaffolds, and interestingly it was found that more than 25% of them were distributed in five 
super-scaffolds: 7, 12, 17, 20 and 21, showing their association with deformity traits. 

Gene ontology analysis of discriminant genes between NxN 35 and DxD 35 highlighted that more 
than 50% of them participated in more than one of the over-represented processes. The major 
interaction was found between the processes of nervous system development and cellular 
developmental process, which suggests that changes in genes involved in neural differentiation 
processes are barely related to the deformity trait. An important interaction was also found 
between the processes of organic substance transport and the regulation of signalling, which 
indicated that altered conformation of membrane proteins or solute carriers can provoke 
changes in the signal transduction of the deformed fish cells. 

Variant calling showed that all differential variants had a higher alternative allele proportion in 
deformity samples. This pointed out to the fact that deformed individuals are more prone to 
have their genomic sequence modified than normal individuals. Variant calling landscape also 
displayed an equivalence of differential variant proportion associated to 5’ UTR, intronic and 
codifying sequences, which shows a considerable effect of variants located in genomic 
regulatory regions of the genes related to the deformity trait, suggesting that these regions 
might be valuable targets for the detection of deformed fish. When differential variants were 
located in super-scaffolds, the results corroborated the association previously seen with 
differential genes of the super-scaffolds 7, 12 and 17 with the deformity trait, together with 
super-scaffold 4. Furthermore, super-scaffolds 4 and 7 carry genes with a major proportion of 
intronic variants and super-scaffolds 12 and 17 contain genes more likely to have their promoter 
region mutated. 

In total, 64 genes were determined as discriminant, enriched and polymorphic at the same time, 
which strongly correlate genomic regions with differentially expressed genes, metabolic routes 
and genetic variants related to the deformity, becoming this trait a complex hub with diverse 
levels. Indeed, our results were consistent with previous deformity-associated studies (Negrín-
Báez et al., 2015b, 2016a, b), where a total of 22 quantitative trait loci (QTL) were linked to this 
complex trait. The alignment of these QTL markers displayed 33 overlapping gilthead seabream 
genes. From these, 8 genes were up-regulated in the stringent FDR comparison between DxD35 
(log2FC > 2.5) against NxN35 group. Furthermore, all the 8 genes were found as enriched 
discriminant genes, carrying all of them at least 1 differential variant associated to deformity. 
The list of genes includes egfl7 (27 variants), meis1 (13 variants), supt20h (5 variants), kcnt1                   
(5 variants), asrgl1 (5 variants), mycp2 (2 variants), psma2 (2 variants) and palm (1 variant). 
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Annex I: Supplementary Figures 

Supplementary Figure 1. Workflow of the pipeline conducted in the analysis. Black boxes with 
white text indicate generated genomic resources, according to the following steps: experimental 
procedures and sequencing, discriminant analysis, chromosome localization, gene enrichment 
analysis and variant calling analysis. 
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Supplementary Figure 2. Number of actively transcribed unique gene descriptions at 5 (red 
column) and 35 (green column) dph. Numbers over the column indicate the percentage over the 
total unique gene descriptions described in gilthead sea bream genome. 

Supplementary Figure 3. Validation plot of the PLS-DA model between NxN35 and DxD35 
groups, consisting in 500 random permutations (pCV-ANOVA < 0.05). 
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Supplementary Figure 4. Genetic architecture of the eight discriminant enriched genes showing 
the nucleotide change in the genomic sequence. Colour markers indicate a variant located in  
promoter regions (yellow), intronic region (blue), codifying region with a synonymous effect 
(green) and codifying region with a missense effect (red). 
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Supplementary Figure 5 continued 
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