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Chapter 1 Introduction

Chapter 1

Introduction

1.1 Economic impact of the gilthead seabream culture

The gilthead seabream is one of the most important aquaculture species in the
Mediterranean countries, with a trade of 240,786 t in 2019 and a demand that has grown by 27.3 %
in the last 5 years (APROMAR, 2016, 2017, 2018, 2019, 2020). In recent years, more than 95 %
of the gilthead seabream’s supply comes from aquaculture and the fishery volumes of this species
have remained constant with an amount of 6,000-9,000 t per year. This means that market demand
must be satisfied from aquaculture production, which resulted, in economic terms, in an amount

of 1,251.9 M€ in 2020 only in the Mediterranean (APROMAR, 2021).

Gilthead seabream is currently farmed in 20 countries, and if we focus on EU data, its
production in 2018 ranked third in farmed fish, after salmon and rainbow trout. In terms of
economic value, it occupies the 4" position with an amount of 434.1 M€, having been surpassed

in the last five years by sea bass (APROMAR, 2016, 2017, 2018, 2019, 2020).

The total production of seabream fingerlings in Europe (including Turkey) has remained
at a value of approximately 700 million units since 2016, 20-25 % more than the quantity
produced in the previous five years (2011-2015). The average estimated sale price in Spain is
0.22 €/unit, at an equivalent weight of 2 g per unit (APROMAR 2020), which would mean a

market of 154 ME, if the price in the rest of the countries is similar.



Chapter 1 Introduction

1.2 Species under study
The gilthead seabream, Sparus aurata (Linnaeus, 1758), is a marine teleost belonging to
the Actinopterygii class, Perciformes order, Sparidae family:
Kingdom: Animalia
Phylum: Chordata
Subphylum: Vertebrata
Class: Actinopterygii
Infraclass: Teleostei
Superorder: Acanthopterygii
Order: Perciformes
Family: Sparidae
Genus: Sparus
Species: aurata

It has an oval, deep and compressed body. It has a curved head profile, small eyes and a
low, slightly oblique mouth with thick lips. It exhibits 4-6 canine-type teeth in the first row of
teeth, followed by 2-4 rows of increasingly blunt teeth or molars. It has strong jaws and the teeth
of the outer rows are stronger than the inner ones. It has a silvery-gray color and a large black
spot at the origin of the lateral line that extends over the upper margin of the operculum. In
addition, it has a characteristic golden front stripe between the eyes, bordered by two dark areas;
longitudinal dark lines on the sides of the body; a dark band on dorsal fin; and the fork and caudal

fin tips with a black border (Figure 1).

Figure 1. External appearance of a gilthead seabream adult (lateral view)
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It is geographically distributed in subtropical coastal areas of the Mediterranean, Black
Sea and eastern Atlantic, from the coasts of the United Kingdom and the North Sea to the coasts
of Senegal (Froese & Pauly, 2019) (Figure 2). Due to its eurihalin and eurythermic habits, gilthead
seabream is found both in marine environments and in coastal lagoons and estuaries, in addition
to having been introduced in other regions by aquaculture. It inhabits in shallow waters, in the
algae of rocky areas and sandy surfaces, generally up to 50 m deep, but can reach 150 m. Born
offshore, the juveniles migrate to shallow coastal waters during the spring and return to deeper

waters in late fall, when the adults reproduce (Moretti et al., 1999).

This species is a protandric hermaphrodite, reaching sexual maturity as a male at 2 years
of age and changing to a female at 2-3 years, conditioned by social and hormonal factors.
Females spawn in intermittent batches, being able to lay between 20,000 and 80,000 eggs each
day for a period of up to 4 months. Their reproductive season begins when the days are short
and the hours of light decrease, generally from October to December in the western
Mediterranean (Arias, 1980) and between November and February in the eastern
Mediterranean (Ben-Tuvia, 1979). The eggs are planktonic, spherical and transparent,
approximately 1 mm in diameter and with one or more lipid droplets inside

(Moretti et al., 1999).

Figure 2. Geographical distribution of Sparus aurata in 2019. The range of colours shows the adequacy of the habitat,

which can be interpreted as the relative probability of occurrence (Image taken from www.aquamaps.org).
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1.3 Industrial impact of morphological deformities in fish aquaculture

At present, it is common to find individuals with skeletal deformities during the industrial
culture process of the main aquaculture species with commercial importance. These deformities
have great economic consequences for aquaculture companies by affecting their market value and
increasing production costs. Previous studies have estimated that the economic loss due to skeletal
deformities in Europe is at least 50 M€ per year (Haga et al., 2011). In addition, although the
incidence of skeletal deformities is species dependent, incidences of between 50-100 % of
production have been reported in species such as Japanese snapper (Pagrus major), seabream
(Sparus aurata), sea bass (Dicentrarchus labrax), Atlantic cod (Gadus morhua), grouper
(Epinephelus), Japanese sole (Paralichthys olivaceus), amberjack (Seriola), Senegalese sole
(Solea senegalensis), Atlantic salmon (Salmo salar) and rainbow trout (Oncorhynchus mykiss)

(Haga et al ., 2011).

Economic losses produced for deformities occur at two levels, hatchery and ongrowing.
The appearance of deformed animals in hatcheries reduces the survival and growth rate of
deformed larvae (Fernandez et al., 2008). This forces them to introduce additional costs in healthy
animals by having to oversize their production and/or carry out manual sorting procedures to
eliminate deformed animals, since ongrowing companies do not accept batches with a prevalence
of deformed animals greater than 5 % (Afonso & Roo, 2007), when some deformed fish could
remain undetected by external observation. At the level of juvenile to growth in ongrowing
companies, deformed fish must be discarded or sold below the market prices, which implies a
supplementary production cost in addition to that produced by their 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; Fernandez et al.,
2008; Karahan et al., 2013). On the other hand, the presence of deformities generates a negative
impact on animal welfare and on the consumer's perception of aquaculture products (Komen et
al., 2002). Therefore, the presence of deformities is the second character in economic importance
for the industrial production of gilthead seabream, due to the reduction in the marketing value of

the product throughout the value chain, aggravated by its sale as whole fish (Bardon et al., 2009;
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Georgakopoulou et al., 2010; Boglione & Costa, 2011; Boglione et al., 2013a, 2013b). For this
reasons, morphological quality traits have acquired the same importance as growth traits in

European genetic breeding programs, in terms of frequency (Janssen et al., 2017).

1.4 Types of morphological deformities and their importance in aquaculture

Morphological abnormalities are deviations of the fish morphology from a standard
quality. The prevalence of these anomalies in industrial batches is associated with the
intensification of the cultivation of fish species with commercial interest and affect their integral
quality (Divanach et al., 1996; Afonso & Roo, 2007). The main anomalies that have industrial
importance are those that affect the shape of the body of the fish, since the shape is the first visual
criterion for evaluating the quality of a species, especially in those that are marketed as whole fish
(Divanach et al., 1996; Afonso & Roo, 2007). In general, in fish farms, animals that are
recognized as having an abnormal body shape have vertebral deformities (Gjedrem & Baranski,
2009). Spinal cord deformities, with neurocranial and appendicular skeleton deformities, are
classified within the group of skeletal deformities and they are the main cause of variation in fish
shape (Afonso & Roo, 2007). In addition to skeletal deformities, morphological anomalies can be
classified as scale malformations and pigmentation problems, but these anomalies generally have

less economic impact, particularly in the studied species.

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
fish showing malformations (Koumoundouros et al., 1997b; Boglione et al., 2001; Lee-Montero

et al., 2015; Boursiaki et al., 2019).

1.5 Etiology of morphological deformities in fish

The origin and factors that cause most of the deformities are not precisely known and in
most species, the deformities appear during embryological, larval or early adult development
(Boglione et al. 2009; Loizides et al. 2014; Azevedo, et al. 2017; Fragkoulis et al. 2017; Thuong
et al. 2017). In general, the increased prevalence of deformities is associated with unfavorable

abiotic conditions, such as excessive handling, the presence of xenobiotics or nutritional
5



Chapter 1 Introduction

imbalances, and biotic conditions such as parasites. However, although the deformities have a
strong environmental component, there are several studies that suggest an interesting genetic

component to be exploited in breeding programs.

1.5.1 Non-genetic factors

There are numerous studies that associate unfavorable management or culture conditions
with a higher incidence of deformed animals in fish species. Thus, high densities of culture in
gilthead seabream have been related to the appearance of a higher proportion of caudal anomalies
and vertebral deformities in general at an industrial level (Koumoundouros et al., 1997b;
Prestinicola et al., 2013). Chaptain and Ounais-Guschemann (1990) reported the occurrence of
90 % prevalence of lordosis in gilthead seabream larvae caused by non-inflation of the swim
bladder due to oil layers on the water surface or high hydrodynamic conditions (Chatain &
Ounais-Guschemann, 1990; Chatain, 1994). Although lordosis can be associated with swim
bladder inflation problems, it can also develop with fully functional swim bladders
(Andrades, 1996). The appearance of deformities due to high water currents has also been
described in other species close to gilthead seabream such as sea bass and red seabream (Chatain,
1994; Divanach et al., 1997; Kihara et al., 2002). Temperature is another factor that in gilthead
seabream can also increase the prevalence of deformities, as well as the mortality rate during early
larval stages (Polo et al., 1991; Georgakopoulou et al., 2010). This also occurs in other sparids
such as the common pandora (Sfakianakis et al., 2004) and species such as
sea bass (Koumoundouros et al., 2001; Abdel et al., 2004; Sfakianakis et al., 2006;

Georgakopoulou et al., 2007).

Regarding xenobiotics, an increased incidence of deformities has been reported in fish
exposed to pesticides for a long time (Chun et al., 1981; Whittle et al. 1992). Similarly, there are
reports of a higher incidence of deformities in fish from water contaminated with agricultural,
industrial and urban effluents (Slooff, 1982; Browder et al., 1993), as well as with selenium

residues (Lemly, 1993).
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The prevalence of deformities in fish is also associated with nutritional imbalances during
larval development (Boglione et al., 2013b; Cahu et al., 2003b). Thus, an excess of vitamin A is
the cause of a higher proportion of deformities in gilthead seabream (Fernandez et al., 2008) and
other fish species (Haga et al., 2011). Dominguez et al., (2022) suggested that an appropriate K3
levels in gilthead seabream fingerlings reduce the prevalence of skeletal disorders. Cahu et al.
(2003a) reported that a diet with inadequate phospholipid values results in a higher prevalence of
mouth and spinal deformities in sea bass. Similarly, using high levels of docosahexaenoic acid in
the diet was able to reduce the incidence of skeletal deformities in red porgy by 50 %

(Izquierdo et al., 2010).

As biotic effects that can trigger the appearance of deformities in fish, Lom et al. (1991)
have described that parasitization by the myxosporea family can cause skeletal anomalies due to
ectopic agglomeration along the connective tissues of the central canal that surround the spinal
nerve. Similarly, jaw anomalies have been associated with mouth parasites in halibut

(Morrison & MacDonald, 1995).

1.5.2 Genetic factors

Skeletal deformities have also been associated with a genetic basis. Thus, it has been
reported that inbreeding depression, which is a consequence of the level of consanguinity, affects
the presence of malformations. In rainbow trout, Austal and Kittelsen (1971) found a prevalence
of deformed fingerlings 38 times higher in families of full siblings. On the other hand,
Kincaid (1983) detected a prevalence of deformities of 37.6 % compared to families of unrelated

individuals.

In gilthead seabream, Andrades et al. (1996) proposed a genetic origin to explain the
prevalence of lordosis in a cultured population. Afonso et al. (2000) reported for the first time a
statistical association of an idiopathic disease with a specific family from a genetic breeding
program. This disease is a triple skeletal malformation (Lordosis, Scoliosis and Kyphosis (LSK)),
repeated from head to tail. Astorga et al. (2004) proposed the segregation of a major gene by
considering all deformities as a single trait (presence-absence of any deformity), after obtaining

very high heritability estimates using an animal model and Bayesian analysis (0.78 and 0.85,
7
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respectively). Afterwards, Lee-Montero et al. (2015) estimated medium-low heritabilities (0.07-
0.26) for the presence-absence of any deformity from fingerlings to adults, but with high genetic
correlations between them (0.83-0.99), using an animal model. At the same time, Negrin-Béez et
al. (2015b) reported a significantly higher number of offspring with operculum deformity,
lordosis, and spinal fusion from directed crosses of parents with the same deformities with
heritability estimates between 0.34-0.46 for these three deformities. Garcia-Celdran et al. (2015)
confirmed this high heritability estimates for spinal deformities (0.38-0.56) and operculum (0.43-
0.46) through Bayesian analysis at 163 and 690 days post hatching (dph), respectively. Using an
animal model at 163 dph, heritability estimates of 0.53 and 0.37 for lordosis and lack of
operculum, respectively (Garcia-Celdrén et al., 2016). In this last study, a medium heritability
estimates was also determined for the non-inflation of the swim bladder, which also showed a
positive genetic correlation with lordosis (0.48) (Garcia-Celdran et al., 2016). Also in larvae of
39 dph, was estimated a medium heritability for fusion of maxillae with premaxillae (0.22)
(Fragkoulis etal., 2018) and for abnormalities in the caudal fin (0.15-0.27)
(Fragkoulis et al., 2020). More recently in adults, Fragkoulis et al., (2021) used gilthead seabream
juveniles from 155 dph to study body shape variations until 589 dph, determining a substantial
heritability ranged between 0.17-0.51 and a genetic correlation between ages ranged between

0.22-0.76 (Fragkoulis et al., 2021).

1.6 Evolution of breeding programs in gilthead seabream

The gilthead seabream culture started in the 1970s with the fattening of larvae captured
from the environment (Janssen et al., 2017), accelerating the development of this industry in 1990
thanks to the improvement of reproduction techniques (Divanach & Kentouri, 2000). The first
genetic improvement trials in the species arrived in the mid-1990s (Knibb et al., 1998, 1997) and
the first industrial-level genetic breeding program began in the early 2000s (Thorland et al., 2007;
Chavanne et al., 2016; Janssen et al., 2017). The main objective of the breeding programs is to
increase the profitability and sustainability of the productive companies, while maintaining the
genetic variability of the culture stocks (Martinez, 2007). Traditionally, the main trait of industrial

interest in breeding programs has been growth, but over time other traits have gained industrial
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importance and have been added, such as deformity or resistance to pathogens (Chavanne et al.

2016; Janssen et al. 2017; Vandeputte et al., 2019; Boudry et al., 2021).

Currently, there are companies that carry out breeding programs for gilthead seabream in
France, Greece, Italy, Spain, Croatia, Israel and Turkey (Boudry et al., 2021). Most of them use
mass selection as a selection method, although there are companies that use family selection
methods, including best linear unbiased prediction methodology (BLUP) through molecular
pedigree or separate family growth (Boudry et al., 2021). The use of molecular markers, such as
microsatellites and single nucleotide polymorphisms (SNPs), improves the efficiency of selection
methods, thanks to the linkage disequilibrium association of these markers, located in specific
regions of the genome, with the phenotype of quantitative traits of interest, thus determining a
quantitative trait locus (QTL) (Pérez-Enciso y Toro, 2007; Yue, 2014). Traditional QTL detection
approaches allow finding those QTLs with a medium-high effect on the character of interest, but
not those with a low effect (Yue et al., 2014). This allows marker-assisted selection (MAS) to be
carried out, improving selection accuracy and genetic gain, especially in characters that are
difficult to measure or have low heritability, such as deformity (Meuwissen, 2003; Martinez,
2007; Yue et al., 2014; Boudry et al., 2021). At present, the improvement of massive sequencing
techniques and their lower cost has allowed the availability of a large number of molecular
markers, as well as the genome and transcriptome of many of the culture species. This has

permitted the development of technigques such as RNAseq or genomic selection.

RNAseq is a technique that allows the total RNA of a sample to be sequenced, mapped,
annotated and quantified at once (Saroglia & Liu, 2012; Qian et al., 2014). In fish aquaculture, it
has been used to assemble new transcriptomes, annotate genomes, detect SNPs and perform
expression analysis (Qian et al., 2014). RNAseq is a cheaper technology than whole genome
sequencing (WGS) and although it is limited to the coding regions of the genome, it can be used
to reliably detect genomic variants such as SNPs (Piskol et al., 2013). There are markers that are
associated with genomic loci that regulate the expression levels of certain genes that could be of
interest, these regions are known as eQTLs (Sarogliay Liu, 2012). The analysis of eQTLs of complex

traits allows to study the molecular processes that underlie the pathobiology (Ogura et al., 2015).
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Genomic selection (GS) was proposed by Meuwissen et al. in 2001 and dictates that with a
sufficiently high number of molecular markers spread throughout the genome (genome-wide (GW)),
most quantitative trait loci would be in strong linkage disequilibrium with at least one marker, which
would allow adding the effects of each of them to predict the behavior of this trait (Meuwissen et al.,
2001). In this way, it can be summarized that the BLUP selection calculates the genetic potential of
the breeders (estimated breeding value (EBV)) through the information of their relatives, the MAS
selection uses molecular markers associated with QTLs with a medium-high effect on the trait of
interest and the selection GS predicts the genetic potential through a model made from the sum of

effects of the GW markers (Figure 3).

Although MAS and GS selection have been shown to be potentially effective in controlled
experiments, in an industrial aquaculture context they are not widespread selection methods,
probably due to the lack of studies on the balance of extra costs and extra benefits that

implementing these techniques (Yue et al., 2014; Boudry et al., 2021).
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Figure 3. Scheme of the selection systems (BLUP, MAS and GS). Scheme is based on the phenotypic and genotypic
information in the training population and the methodology used to estimate the genetic value and perform the ranking

in the breeding population
1.7 Molecular markers and genomic resources available in gilthead seabream

The industrial importance of gilthead seabream has made it a species on which numerous
studies are focused, which has allowed numerous genomic resources and molecular markers for

this species to exist over time (Manchado et al., 2016). Some of these genomic resources were
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carried out within the framework of the BRIDGEMAP project (2000-04), financed with European
Community funds. In 2005, Sarropoulou et al. constructed the first cDNA microarray containing

10,176 clones from a cDNA library from a mixture of embryonic and larval stages.

In 2006, Senger et al. constructed a preliminary radiation hybrid map. The same year, it
was reported by Franch et al. (2006) the first linkage map, with 26 linkage groups, made from
204 microsatellites. On the other hand, numerous studies focused their efforts on obtaining
expressed sequence tags (ESTs) from different tissues and moments of development in order to
study not only markers in the genome, but also discover which genes are expressed (Manchado
et al., 2016). Already in the 2010s, different authors reported additional transcriptomes for
samples of skeletal muscle, skeletal tissues, intestine, blood and kidney from juvenile seabream,
which resulted in a global transcriptome of 113,927 contigs, of which approximately 50 % were
annotated (Garcia de la Serrana et al., 2012; Calduch-Giner et al., 2013; Vieira et al., 2013;
Manchado et al., 2016). At the end of this same decade, genomes of this species began to be
available, complete enough to be assembled into chromosomes. Dray et al. (2016) reported the
mitochondrial genome and later in 2018, within the framework of the AquaTrace (2012-2016)
and FISHBOOST (2014-2019) projects, Pauletto et al. achieved the complete genome. In 2019,
Séanchez et al., within the framework of the AQUAEXEL2020 project (2015-2020), also reported

another complete assembly of the gilthead seabream genome.

All this genomic information makes it very close to obtaining a stable transcriptome and
genome that can be used to perform robust RNAseq analyzes and a standardized annotation that
allows comparison with other species and carry out a correct functional analysis. Although
RNAseq does not require a priori knowledge of the species genome, it can clearly benefit from
the abundant information contained in genomes by reducing their complexity in a practical way

(Manchado et al., 2016).

It should be noted that the succession of molecular markers reported in this species and
the advancement of molecular and genomic techniques led to the beginning of QTL studies for
different characters in seabream, including morphological traits and skeletal deformities. Boulton

et al. (2011) found a significant QTL that explains 13-23 % of the phenotypic variance of their
11
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population for morphometric traits. Between 2015 and 2016 Negrin-Béez et al. carried out
different experiments in which they reported different QTLs associated with skeletal deformities.
In 2015, they found three significant QTL that explained 1.6-11.4 % of the variance, one for
fusion of vertebrae (QTLFV3), one for lordosis (QTLOR1) and another for mandibular deformity
(QTLJIWL), the latter located very close to 2 of the microsatellites used (Cld-26-H, Cld-03-F)
(Negrin-Béez et al., 2015a). In 2016, they performed a QTL analysis for LSK deformity using
linear regression and linear mixed model, detecting four significant QTLs (QTLSK3, QTLSK®,
QTLSK12, QTLSK14) at the genome level, which showed a large effect in both methods
(>35 %), jointly explaining 65-94 % of the variance and also finding 2 microsatellite markers
(DId-03-T and Bt-14-F) strongly linked to this deformity (Negrin-Béez et al., 2016b). That same
year, using linear regression methodology, they detected 2 significant QTLs (QTLOP1 and

QTLOP2) for operculum deformity, with an effect of around 27 % (Negrin-Béaez et al., 2016a).

The study in primary cultures of mesenchymal stem cells derived from gilthead seabream
bone cells has made it possible to characterize the gene networks that regulate the osteogenesis
process under different temperature conditions (Riera-Heredia et al., 2018) and treated with fatty
acids (EPA, DHA, LA and ALA) (Riera-Heredia et al., 2019a). On the other hand, by comparing
the tissues of deformed fish and normal fish, it was determined that the expression pattern of
genes related to the maturation and mineralization of the bone extracellular matrix (collal, op,
ocn, mgp and tnap) as well as the involved in bone resorption (ctsk and mmp9), seem to be key to
distinguish between normal fish and fish with spinal deformities (lordosis and LSK), without

finding a differential pattern in jaw and operculum deformities (Riera-Heredia et al., 2019b).

1.8 Objectives

The course of generations of aquaculture fish production has achieved the domestication
of various farmed species by studying their biology and improving the methodologies for their
culture and reproduction. Previously, the strategy followed in industrial production systems was
culture intensification and the selection through growth traits to increase production and satisfy
market demand. But over time, the increase in the competitiveness of the sector and the maturity

of the market has stabilized or even decreased the price of these products, forcing the industrial
12
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sector to reduce production costs or achieve added value to its products to maintain profitability.
The seabream sector is a good example of this event. In this species, the improvement of the
quality of the final product and the reduction of production costs have gained industrial interest,

so reducing the rate of deformed animals cultivated is of vital importance.

Against this background, the objective of this study is to study the genetic structure
underlying in the prevalence of skeletal deformities in aquaculture gilthead seabreams and to
describe genetic markers that can be used to characterize the genetic potential of the breeder

stocks in order to reduce the incidence of deformities with genetic origin in production.

To achieve this general objective it is necessary to establish these series of specific

objectives:

-Analyze the EBV for the prevalence of deformity (EBVdef) in a large number of animals
coming from industrial lots that guarantees a sufficient number of recombinants to elucidate the

genetic mechanism through the comparison between animals with different EBVdef.

-Determine the existence of a differential expression pattern in target tissues from
breeders of families with distant EBVdef (with high and positive EBVdef or genetically deformed

(gD) and with high and negative EBVdef or genetically normal (gN)).

-Establish batches of phenotypically normal breeders with distant EBVdef (gD and gN)
in order to analyze their spawning quality and to carry out the larval culture of their descendants
to determine the existence of differences in the deformity prevalence and the moment of

development in which they originate.

-To determine the existence of a differential expression pattern and sequence differences

between the genes of both groups (gD and gN) at target stage of larvae development.
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Chapter 2

Materials and methods

2.1 General design

The general design of the trials conducted in this thesis included the genetic evaluation
for the presence of skeletal deformities of a commercial batch of gilthead seabream with
commercial size of the 3" generation of the National breeding programme PROGENSA®-I1I
(Lee-Montero et al., 2015; Leon-Bernabeu et al., 2021), by characterizing the presence of
deformities in the phenotype visually and connecting information between animals through
genealogical reconstruction using molecular tools. After the evaluation, the selection of
breeders was made to carry out 3 different experiments, all the selected breeders were
phenotypically normal, but with divergent levels of EBVdef. Experiment 1 was based on the
selection of 4 full sibs families with divergent EBVdef (2 families of 3 individuals with high
and positive EBVdef and 2 families of 3 individuals with high and negative EBVdef). Then,
differential expression pattern of total RNA coming from three target tissues (vertebra, white
muscle and brain) was analysed two determine differences between gD and gN animals.
Experiment 2 and experiment 3 were based on the selection of two different stocks per duplicate
of breeders according to their divergent EBVdef. In experiment 2, spawning quality was
monitored daily for a complete spawning season to determine if the deformity genetic
background affect the quantity and quality of the spawning. Finally in experiment 3, the
offspring of these breeder batches were produced per triplicate and separately following
common commercial protocols up to 73 dph, taking samples daily between 0-35 dph and every
other day between 35-73 dph for osteology and gene expression analysis. Figure 4 shows an

overview of the experimental design carried out in this work.

The study was conducted according to the European Union Directive (2010/63/EU) on
the protection of animals for scientific purposes and it was approved by the Bioethical

Committee of the University of Las Palmas de Gran Canaria.
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Figure 4.0verview of the experimental design followed in this work. In order the steps are the deformity breeder’s
evaluation and the animal selection for the 3 experiments carried out.
2.2 Broodstock maintenance

The breeders selected for this three experiments came entirely from the 3" generation
of the National breeding program PROGENSA®-111, specifically from the backup populations
of the Canary Islands (Leon-Bernabeu et al., 2021). The breeders come from a base population
with an estimated medium-low heritability for any type of deformity (0.07-0.26) and a high

genetic correlation between ages (0.83-0.99) (Lee-Montero et al., 2015).

All breeders were identified by an intraperitoneally passive integrated transponder
(EID Iberica SA-TROVAN, Madrid, Spain) tagged at fingerling stage, when fin samples were

also collected to stablish parental assignment (Navarro et al., 2006; Lee-Montero et al., 2013).

After genetic evaluation, selected breeders were moved to the FCPCT-ULPGC
facilities, where were maintained in a 40 m? circular tank with 600 % water exchange rate,
nature photoperiod and fed a commercial diet (Skretting, Spain). For experiment 1, selected
breeders were separated and acclimated in a different tank for 1 month before sampling. The
sampling date was chosen outside the spawning season so that the animals did not have

developed gonads to minimize interference based on gender and maturity stage.
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For experiment 2, breeders’ gender was determined by a gentle abdominal massage to identify
males that were spermiating and by cannulation to identify mature females, previously to the
spawning season. Then, duplicate batches of gD and gN breeders were established into different
experimental 1,000 L tanks and their spawning quality checked every day for the whole
spawning season. For experiment 3, the same broodstocks from experiment 2 were used for
rearing larvae. During the experiment, broodstock were fed twice daily, cleaned once a week

and kept under natural photoperiod and thermoperiod.

2.3 Breeders genetic evaluation

To carry out the evaluation process using BLUP, it is necessary to measure the
phenotypic traits to be quantified (yield matrix) and obtain genetic information (genetic matrix),
in this case by reconstructing the pedigree using molecular markers and exclusion

methodology.

For this purpose, fish deformities were visually assessed at commercial size in
accordance with AquaExcel-ATOL (ATOL: 0000087) (AQUAEXCEL, 2013). Caudal fin
samples were digested with proteinase K (Qiagen), then DNA was extracted by using DNeasy
96 protocol® in BioSprint96® robots (Qiagen) following the manufacturer’s protocol. DNA
guantity and quality was verified by measurement in NANODROP-8000 spectrophotometer
(ThermoFisher) and by 1 % agarose gel electrophoresis. Robot TECAN FreedomEvo® was
used to normalize the DNA samples to 30 ng/ul before genotyping by BioRad PCR with the 11
loci microsatellite supermultiplex SMsal (Lee-Montero et al., 2013) and followed by
sequencing analysis using the MACROGEN fragments service. Electropherograms were read
using GeneMapper software (v5.0) (Applied Biosystems) and parental assignments were

carried out with Vitassign software (Vandeputte et al., 2006).

EBVdef were estimated for both data matrix (phenotypic and genotypic information)
with BLUP methodology by using the restricted maximum likelihood method with
VCE 6.0 software (Neumaier & Groeneveld, 1998; Groeneveld et al., 2010) and a

complementary program to help for managing input data and automatize processes
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(VCE_Executer, v3.0) (Leon-Bernabeu et al., 2021). In all experiments EBVdef were used to
select the breeders and phenotypically deformed fish were discarded to simulate the real

situation at the hatchery companies.

2.4 Spawning quality assessment

Maturation and spawning occurred spontaneously under natural conditions in
December 2019. During the spawning season, eggs were collected daily (20 h after release and
fertilization) from each tank overflow in semi-submerged 500-um mesh net egg collectors
placed in a nearby incubation tank. The oocyte yield (ATOL:0001723), fertilization rate
(ATOL:0001775), viability rate (ATOL:0001531), hatching rate (ATOL:0001531), larvae
survival rate at yolk sac resorption (ATOL:0001531) were measure daily in accordance with
AquaExcel-ATOL (Kjersvik et al.,, 1990; Fernadndez-Palacios et al., 1995, 1997;

AQUAEXCEL, 2013).

Briefly, eggs from each tank were collected in 5 L plastic beakers. Then, 3 randomized
samples of 10 mL were taken using strong aeration to guarantee a correct homogenization. Egg
samples were placed in Bogorov counting chamber, observed and counted under a binocular
stereo microscope to estimate volumetrically the oocyte yield, fertilization rate and viability
rate. The good egg viability was considered as transparent eggs, perfectly spherical with clear,

symmetrical early cleavages.

In addition, to calculate the hatching rate and survival rate, two 96-well microplates
(VWR, West Chester, USA) were used to hold 192 floating eggs (1 per well) with 200 pl
filtered seawater and incubated at 19 °C. After 24 and 96 h, the number of hatched eggs and the
number of alive larvae was counted, respectively. The total number of hatched eggs and alive
larvae in the spawn was determined based on the hatching rate and larval survival rate of these

samples.
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2.5 Larval rearing

Larvae of experiment 3 were reared per triplicate under controlled conditions using the
protocols established in EcoAqua Institute facilities, after checking a good spawning quality
(enough oocyte yield, a good fertilization and viability rates and a period with high hatching

and larvae survival rates) as detailed below.

Following the methodology of the section 2.4, eggs were collected in 5 L plastic
beakers and a good spawning quality was verified. Then, eggs floating phase was separated and
counted, and dead eggs were discarded to avoid bacterial blooms associated with an excess of
organic matter. Viable eggs were transferred to 500 L larval rearing tanks with an initial density

of 100 eggs/L, calculated volumetrically after counts.

The larval rearing tanks had the water inlet from the bottom and the outlet at the top of
the tank wall connected to a filter, with a mesh size adaptable to larvae size. They also have an
aeration system in the center and an air blower skimmer. This system facilitates the maintenance
of eggs and larvae in suspension in the early life stages and keeps the surface free of lipids, a
prerequisite for correct inflation of the swim bladder (Chatain & Ounais-Guschemann, 1990).
Tanks were matured with phytoplankton strain (Nannochloropsis sp.) 24 h before the eggs
transfer to guarantee good water quality and prevent the growth of unwanted microorganisms.
Temperatures and dissolved oxygen concentrations were measured daily, ranged between 19-

22 °C and 6-12 ppm, respectively.

The water renewal was adjusted from 10 to 40 % of the volume per h until the
establishment of microdiet feeding (~46 dph). 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. Until hatching, high aeration
is maintained to keep a good eggs dispersion, then is reduced enough to keep the larvae
suspended in passive movement until 3 dph (mouth opening). At this time, aeration was
adjusted at a low level to avoid microbubbles formation and larvae gas hypersaturation derived

problems. The ‘green water’ technique was applied during the period 3-28 dph by using the
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same phytoplankton strain (250 + 100 x 102 cells/mL). This technique improves the vision of
the larvae to hunt rotifers, keeps them enriched more time and improve water quality. Regarding
feeding, larvae were fed twice a day with rotifers (Brachionus plicatilis) enriched with ORI-
GREEN (Skretting). Rotifer density was progressively increased from 5 to 10 rotifers per mL.
Artemia nauplii (EG, INVE, Belgium) were offered twice a 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 um;
Skretting, Spain) with manual feeding each hour from 08:00 to 16:00 and automatic feeding 3
times from 17:00 until 19:00, maintaining one feeding with enriched-metanauplii at 12:00.
During this period passive aeration induced by water flow was enough and not grading or

scaling was performed along the whole experiment.
2.6 Sampling procedures

2.6.1 Breeders

Selected breeders for experiment 1 were fasted and anesthetized with clove oil (10 ppm
clove oil:methanol, 1:1 volume in sea water). Then, each fish was slaughtered with an excess
of clove oil, certifying the death by exsanguination with a cut in the gills, to collect white
muscle, brain and vertebra samples for the RNAseq analysis. Surfaces and sampling material
were cleaned with propano AF and rinsed with water treated with diethylpyrocarbonate 0.01 %
(DEPC) before sampling and between samples. Samples of all tissues were taken from the same
region for all animals. Until RNA isolation, Vertebra samples were quickly frozen with liquid
nitrogen and kept at —80 °C and white muscles and brain samples were conserved in RNAlater
(Sigma-Aldrich) in a ratio 1:5 (sample:solvent) and trimming the tissue sample to be less than
0.5 cm in at least one dimension, according to the manufacturer's recommendations. Then, were

kept overnight at 4 °C and stored at — 80 °C until RNA isolation.
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2.6.2 Larvae

Larvae samples were taken in experiment 3. The sampling was carried out daily from
the egg phase until day 35 dph and alternate days from 35 to 71 dph for osteology and RNAseq
analysis. For osteological analysis in each sample point (day and tank) a minimum of 10 larvae

were taken, and for RNAseq analysis a minimum of 10 larvae and 100 mg of sample.

Sampling is a fundamental step to guarantee a representative sample of our population.
During the “green water” phase, the larvae were collected randomized 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 randomized and taken all the size represented in the tank
to obtain a representative sample. If necessary, the larvae were grouped using a mesh to reduce

the volume of water.

Slaughtering was carried out immediately after taking the samples, quickly and
following the current legislation to reduce, as much as possible, animal suffering and possible
alterations derived from stress. Samples were sacrificed by thermal shock by immersing them
in seawater with ice at 0 °C and keeping there until 5 min after the last larvae movement with

the help of a plastic strainer.

Finally, larvae were washed with DEPC-treated water and the excess water was dried
on filter paper to avoid altering the solvents. In case of osteology, samples were conserved with
4 % formalin buffered with phosphate at 7.2 pH in a 1:10 ratio (sample:solvent) and stored in
darkness at room temperature until staining and osteological analysis. In case of RNAseq,
samples were conserved in RNAlater (Sigma-Aldrich) in a ratio 1:5 (sample:solvent) and
guaranteeing a size less than 0.5 cm in at least one dimension, according to the manufacturer's
recommendations. Then, samples were kept overnight at 4 °C, stored at — 80 °C and sent with

dry ice to the Institute of Aquaculture Torre de la Sal (IATS-CSIC) for RNAseq analysis.
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2.7 Osteology analysis

For the examination of skeletal deformities, a mean of 22 formalin fixed specimens per
condition (high and low EBVdef) and per sampling day, from day 35 to day 73, were stained
for bone and cartilage using a double-staining protocol with some modifications (Potthoff,
1984; Taylor & Van Dyke, 1985). In brief, specimens were washed in distilled water to
eliminate formalin, followed by a bleaching step in peroxide (3 %) and KOH (0.5 %). The
bleaching process removes the pigments and contributes to degrading the muscle fibers,
allowing the dyes to penetrate to the bone. 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). This dye has a high affinity for cartilage, but it is a step that must be
carried out with great care not to overstain, since the acidic pH can demineralize the bone.
Therefore, the next step was the neutralization of the samples using a 1 % KOH aqueous
solution. In this step the pH is checked regularly and the solution is changed in case it becomes
acidic, keeping the samples inside until the elements of the skeleton are 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).
Trypsin digests the muscle fibers and is required by large larvae to facilitate dye penetration
into the bone and Alizarin red stains the ossified bone matrix red (calcium). Finally, samples
were cleared by using trypsin and KOH (1 %) and preserved in glycerin with thymol. Staining

time was variable and depended on the larvae size.

In accordance with the degree of mineralization, samples from 39 dph to 73 dph were
used for the examination of severe skeletal deformities. In total a number of 808 specimens
were evaluated, 453 of low EBVdef and 355 of high EBVdef. The analysis of deformities was
based on the normal osteological phenotype of the species (Divanach et al., 1996;
Koumoundouros et al., 1997a; Faustino & Power, 1998; Fragkoulis et al., 2018) and on the
existing descriptions of skeletal deformities in marine fish larvae (Divanach et al., 1996;

Boglione et al., 2001; Boglione & Costa, 2011; Boglione et al., 2013a, 2013b).
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Larvae samples were analysed under a light microscope (CX41, Olympus, Tokyo,
Japan), each larvae was placed with the head to the left and the tail to the right, as the dorsal
part upwards and the ventral part downwards. Each section was individually analyzed (Skull,

cranial and pre-haemal vertebrae, haemal and caudal, the pectoral, dorsal, anal and caudal fins).

2.8 RNA sequencing analysis

2.8.1 RNA isolation

For experiment 1, Samples (60-70 mg) were extracted using the RNeasy Mini Kit
(Qiagen). The homogenization process was carried out with Tissue Lyzer-11 (Qiagen, Hilden,
Germany) in 1 mL TRI Reagent (Sigma-Aldrich) in case of brain and white muscle samples. A
specific protocol was carried out on vertebra samples, they were homogenized using a
homogenizer with metal case with 6 mL TRI Reagent (Sigma-Aldrich) and it was cooled on
the outside with liquid nitrogen to avoid overheating the sample, then 1 mL were separated to
continue with the RNA isolation process. Samples were centrifuged with chloroform for phase
separation (12,000 RCF, 15 min, 4 °C). The upper aqueous phase containing RNA was mixed
with 75 % ethanol and transferred into the RNeasy spin column, where total RNA bound to a
membrane and RW1 and RPE buffers were used to wash away contaminants. A DNase
digestion step was added according to the manufacturer’s protocol with the RNase-Free DNase
Set (Qiagen). Purified RNA was eluted with 50 uL of RNase-free water in white muscle
samples and in 35 pL of RNase-free water in vertebra and brain samples. RNA quality was
checked by 1.4 % agarose electrophoresis and quantified by using NANODROP-8000
spectrophotometer (ThermoFisher) before sending them to the Sequencing Unit from the
University of Malaga, Spain. There, RNA was analyzed prior to sequencing to assure that it
met specific qualitative and quantitative standards. RNA quality was analyzed by lab-on-a-chip
electrophoresis using the bioanalyzer 2100 kit (Agilent, Amstelveen, Netherlands).
Quantification of samples was performed using a Qubit fluorimeter (LifeTechnologies). RNA

aliquots were stored at -80 °C for later processing.
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In case of experiment 3, each sample tank-day, with at least 10 larvae, was pooled and
extracted using the MagMAXTM-96 RNA isolation kit (Life Technologies, Carlshbad, CA,
USA). The quality and integrity of RNA were checked with an Agilent Bioanalyzer 2100

(Agilent, Amstelveen, Netherlands) to verified the RNA Integrity Number were higher than 7.

2.8.2 RNA sequencing

In experiment 1, lllumina RNAseq libraries were prepared using the Illumina TruSeq
Stranded mRNA Library Preparation Kit (NEB, USA), according to the manufacturer’s
instructions. Once MRNA libraries were prepared, sequencing was performed using

NextSeq 550 (Illumina), 150 cycles of 2 x 75 pb mRNA sequencing was performed.

In samples of experiment 3, Illumina RNAseq libraries were prepared from using the
Illumina NEBNextUItraTMRNALIibrary Prep Kit (NEB, USA), according to the manufacturer’s
instructions. All RNAseq libraries were sequenced on an Illumina NovaSeq 6000 sequencing
system in a 2 x 150 pb 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 (SRA ACCESSIONS: SRR13136984-7005) under the Bioproject

accession number PRINA680766 (BioSample accession numbers: SAMN16913187-208).

2.8.3 Bioinformatic analysis

The reads resulting from the massive sequencing procedures must pass a sequence
quality filter to eliminate short sequences or sequences with a high error rate. In addition, reads
was mapped to a reference transcriptome or a correctly annotated genome to count the number
of times each transcript is represented. Finally, this information is used for differential

expression analysis between groups, functional analysis and variant calling analysis (Figure 5).

In experiment 1, Picasso supercomputer of University of Malaga was used for all
bioinformatic tests, implementations and executions. It consisted of an OpenSUSE LEAP 42.3
with Slurm queue system and Infiniband network (54/40 Gbps) containing 216 nodes with Intel
E5-2670 2.6 GHz cores for a total of 3,456 cores and 22 TB of RAM. The required software

was already installed.
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Figure 5. General workflow followed to carry out the processing and bioinformatics analysis of the output readings
of the sequencer. Sequence filtering, its mapping in a reference genome, counting of expressed transcripts and later
the different analyses (differential expression (DE), variant calling and functional enrichment analysis). In light
blue is represented new data incomes, in yellow the process and in dark blue outputs or processed data.
2.8.3.1 Reads quality and genome mapping

In experiment 1, raw reads were filtered with SeqTrim using default parameters
(Falgueras et al., 2010). Only good quality reads over 60 bp were mapped onto the
transcriptome deduced from the haploid gilthead seabream genome assembly fSpaAurl.l

(GCA_900880675.1), with STAR and using transcriptome mapping parameters (Dobin et al.,

2013). Mapping was converted in expression values using featureCounts (Liao et al., 2014).

In experiment 3, quality analysis was performed with FASTQC v0.11.7
(https:/iwww.bioinformatics.babraham.ac.uk/projects/fastqc/), and libraries were filtered with
Prinseq (Schmeider & Edwards, 2011) for reads reaching Q30 quality and less than 10 % of
ambiguous bases in the sequence, represented as “Ns”. Q30 is considered a benchmark for
quality in next-generation sequencing (meaning every 1,000 bp sequencing read may contain
an error). A large percentage of N can be a sign of a low quality sequence and is used to infer
the quality of reads if no quality scores are available. Libraries were mapped and annotated
using HISAT2 v2.05 (Kim et al., 2019) and the CSIC gilthead seabream draft genome as

reference (Pérez-Sanchez et al., 2019). Read numbers mapped over each gene were counted
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using FeatureCounts (Liao et al., 2014). To consider the effect of sequencing depth and gene
lengths, gene expression levels were measured using reads per kilo base per million mapped
reads (RPKM).
2.8.3.2 Differential expression analysis

In experiment 1, the differential expression analysis was performed using
DEGenes Hunter (Gonzélez et al., 2017), now available at Bioconductor as the R library
ExpHunterSuite (Perkins et al., 2021). The libraries used were edgeR and DEseq?2 to generate
files with quality control and expression data. Default thresholds for differential expression are
absolute fold-change (FC) > 2 and false discovery rate (FDR) <0.05 in every algorithm (edgeR
and DESeq_2). Differential expression patterns were analyzed by family (gD1, gD2, gN1 or gN2
vs. gD or gN) and by condition (gD vs. gN). Some online tools were used to represent the data
of differentially expressed genes (DEGS) in each comparison, volcano plot of the Galaxy
Platform was used to represent the volcano plots (Afgan et al., 2016) and Heatmapper server

to represent heatmaps (Babicki et al., 2016).

In experiment 3, DEGs were retrieved with normalized RPKM values using DEseq2
v1.20.0 (Love et al., 2014) at an adjusted FDR of 0.05. To increase the number of DEG 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 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.
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2.8.3.3 Gene enrichment analysis
Gilthead seabream is not included in most widely used algorithms for functional

interpretations, so model organism orthologs was determined for each transcript as reference.

In experiment 1, zebrafish ortholog was determined for each differentially expressed
transcript (DET) using the Full-LengtherNext algorithm annotation tool (instructions and off-
line installation can be obtained in http://www.schi.uma.es/site/scbi/downloads/313-full-
lengthernext) and the current zebrafish proteome from UniProt (UP000000437). This
annotation tool is relied in BLAST+ (Camacho et al., 2019). Then, gene enrichment analysis
was performed using a functional enrichment analysis web tool called WebGestalt (Liao et al.,
2019) by an Over-Representation Analysis (ORA) of biological process gene ontology (GO-
BP) with the total DET obtained from the family and condition comparisons (gD1 vs. gN +
gD2 vs. gN + gD vs. gN1 + gD vs. gN2 + gD vs. gN) and by a Gene Set Enrichment Analysis
(GSEA) with the condition comparison (gD vs. gN), all of them per tissue (brain, white muscle

and vertebra). R package apcluster was used to cluster gene sets.

In experiment 3, genes with a VIP value > 1 (discriminant genes) were used in gene
enrichment analysis. Discriminant genes were converted into their human equivalents and used
to perform an ORA with GO-BP using the ShinyGO v0.61 (Ge et al., 2020). Significantly
enriched GO-BP 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.

2.8.3.4 Variant calling analysis

Variant calling analysis requires a large number of samples to guarantee adequate
statistical power. So, this analysis was carried out in experiment 3, due to the pooled nature of
the samples, with genes having a VIP value > 1 (discriminant genes). Alignment files generated
in the mapping step were used for the calling of genetic variants, being the transcription start
sites of discriminant genes in silico predicted within 5,000 bp upstream start codon (ATG) of

each gene using PROMOTER 2.0 (Knudsen, 1999). To minimize biased estimates of allele
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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 & Marth,
2012). 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 (SS) using
bedtools v2.29.2 (Quinlan & Hall, 2010), and clustering of higher variant density SS was

performed using the average linkage method and Euclidean distance of R function hclust.

2.9 Statistical analysis

2.9.1 Breeders evaluation

All breeders data traits were tested for normality and homogeneity of variance by using
a General Linear Model analysis, by SPSS package, version 22.0 (SPSS Inc, Chicago, United
States). Variance components for all traits were estimated by BLUP using the following

mixed model:
y=Xp{+Zu+e

where y is the recorded data on the studied traits, S the fixed effects, u the random
animal effect, and e the residual error. All models were resolved with the software package
VCE (v 6.0) (Neumaier & Groeneveld, 1998; Groeneveld et al., 2010) and a complementary
program to help for managing input data and automatize processes (VCE_Executer, v3.0)

(Ledn-Bernabeu et al., 2021).
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2.9.2 Spawning quality

The data were tested for normality using the one sample Kolmogorov—Smirnoff test,
as well as for homogeneity of variance using Levene’s test. When a normal distribution and/or
homogeneity of variance was not achieved, data were subjected to the Kruskal-Wallis non-
parametric test (Zar, 1984). To study the variation of spawning quality traits throughout the
whole spawning season, comparisons between types of crosses (gD vs. gN) and between
experimental tanks (D1, D2, N1, N2) were carried out, using the day as a unit of measurement.
The variation of spawning quality traits was also studied in short time periods, structuring the
whole spawning season into twelve fortnights. Each spawning quality trait was compared
between types of crosses (gD vs. gN) within each fortnight. Additionally, each trait was
compared within types of crosses (gD or gN) between fortnights. The following general linear

model was used:
Yik = |+ oi + Bij + i

Where, [ is the mean of the population, a; is the effect of the genetic factor (types of

crosses), Bij is the effect of the tank factor within genetic factor, and &ij is the residual error.

For the oocyte yield and number of alive larvae traits, within fortnights, the influence
of genetic and tank factors was measured by the following statistical algorithm: execution of
a standard regression analysis, and estimation of variance components of principal factors.
Within fortnights, the same statistical algorithm was also applied to explain the number of
alive larvae trait using as predictors the oocyte yield, fertilization rate, viability rate, hatching
rate and larvae survival rate traits. Statistical analysis was performed using the SPSS
package, version 22.0 (SPSS Inc, Chicago, United States). All statistically significant
comparisons of this work, include the correction factor of Bonferroni’s to minimize the
Type | error (Gordon et al., 2007). Thus, significant differences were considered from 0.05

as confident level.
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2.9.3 Larvae deformity

The association between factors (mating, tank, dph, length) and deformity within experiment
was analysed by a Loglinear model by using the SPSS package, version 22.0 (SPSS Inc,
Chicago, United States). 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, 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).

Lnfij = p+ ai+ Bj+ of

where Infj is the expected frequency from observed frequency of each deformity (i) in each
factor considered (ij); p is the average value of expected frequencies logarithms, o is the effect
of the deformity factor (i), B; is the effect of the factor biological (j) and af; is the effect due to

interaction.
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Abstract

Morphological abnormalities in farmed gilthead seabream (Sparus aurata) are an important
problem that entails great economic losses. In this study, divergent selection for skeletal
deformities was realized in order to describe differential expression patterns in brain, white
muscle and vertebra as deformity target tissues of breeders. The mean estimated breeding
values for the deformity in different family groups was 0.024 in genetically deformed (gD)
families and -0,038 in genetically normal (gN) families. Brain and vertebrae seems to have
similar transcriptome complexity with around 10,000 expressed transcripts, about double of
transcripts than white muscle. After differential expression analysis a total of 59 differentially
expressed transcripts (DET) were found between deformity condition levels, 2 of them in the
three tissues, the coagulation factor XIII-A (f13al) and E3 ubiquitin-protein ligase like
(TRIM39I). At family level, a total of 702 DET were detected taking together the 3 tissues
results. In terms of functional analysis, vertebra was the unique tissue showing enrichment
categories between groups using Gene Ontology Biological Process database. For the first time,
at least to our knowledge, an RNAseq study has been carried out in samples with divergent

genetic predisposition to deformity, opening up numerous possibilities for future studies.

Keywords: Gilthead seabream, estimated breeding value, skeletal deformity, RNAseq,
gene expression analysis, breeders.
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3.1 Introduction

Gilthead seabream (Sparus aurata) is one of the most important aquaculture species in
the Mediterranean countries with more than 95 % of the supply coming from aquaculture. It is
currently produced in 20 countries and had a market of 278,199 t in 2020 and an estimated

value at first selling of 1,251.9 M€ (APROMAR, 2021).

The presence of deformities is the second trait in economic importance for the industrial
production sector of gilthead seabream, due to the devaluation of the market value that it causes
in the product throughout the production chain, aggravated by its sale as whole fish (Bardon et
al., 2009; Georgakopoulou et al., 2010; Boglione & Costa, 2011; Boglione et al., 2013a, 2013b).
So, in this species, morphological quality traits have acquired the same importance as growth

traits in European breeding programs, in terms of frequency (Janssen et al., 2017).

Deformities have a very high environmental component, but they also have a genetic
component that can be used to improve breeders and stock quality permanently (Andrades et
al., 1996; Afonso et al., 2000; Castro et al., 2008; Fernandez et al., 2008; Boglione et al.,
2013b). In gilthead seabream, a significant family association for a triple column deformity was
found and more type of deformities was associated with their family in segregation studies
(Afonso et al., 2000; Negrin-Béez et al., 2015b). Furthermore, diverse heritabilities for the
presence of deformities (Astorga et al., 2004; Lee-Montero et al., 2015; Negrin-Béez et al.,
2015b; Garcia-Celdréan et al., 2015, 2016; Fragkoulis et al., 2018, 2020, 2021), QTLs (Negrin-
Baez et al., 2015a, 2016a, 2016b) and differential expression patterns have been reported in this

species (Riera-Heredia et al., 2019b).

Nowadays, with improvement of sequencing technologies there is an increasing
number of genomic information from different species. Thus, Pauletto et al. assembled in 2018
the first complete genome of gilthead seabream, distributed in chromosomes and fully

annotated (Pauletto et al., 2018).

This study is carried out within the framework of the national MORFOGEN Project,
with the objective of use RNAseq technique to determine different gene expression patterns

between animals with different genetic values for the presences of deformity. RNAseq is
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cheaper than other techniques as WGS, and allows to map, annote and quantify at once gene
expression in different samples (Piskol et al., 2013), benefiting of the available information of

the genome to obtain information about the expressed genes (Manchado et al., 2016).

3.2 Material and methods

3.2.1 Biological Material and Experimental Design

A total of 5,281 gilthead seabream adults from the 3" generation of the Spanish
National Breeding Program (PROGENSA®-111) (Leén-Bernabeu et al., 2021) were visually
assessed for the presence of deformity at commercial size (ATOL:0000087), in accordance
with AquaExcel-ATOL (AQUAEXCEL, 2013). These animals come from a base population
with a heritability for the deformity between 0.17-0.25 in adults (689 and 539 dph, respectively)
and a genetic correlation between other stages of development higher than 83 % (Lee-Montero
et al., 2015). The genotyping of all animals evaluated for morphology was also established
through the molecular characterization of microsatellite markers (SMsal), with PCR
methodology, following the instructions of its authors (Lee-Montero et al., 2013). The genetic
relationship between descendants (study population) and their parents (parental assignment)
was reconstructed, comparing breeders’ and descendants’ genotypes by using Vitassign
software (Vandeputte et al., 2006). Genetic parameters were estimated for both data matrix
(phenotypic and genotypic information) by using the restricted maximum likelihood method
with VCE 6.0 software (Neumaier & Groeneveld, 1998; Groeneveld et al., 2010) and a
complementary program to help for managing input data and automatize processes

(VCE_Executer, v3.0) (Leon-Bernabeu et al., 2021).

The EBVdef of the 5,281 evaluated gilthead seabream ranges between -0.044 for
normality and +0.077 for deformity (Figure 6) distributed in 220 families, with an average of
24 descendants by family and standard deviation value of 39.9. The mean, min, and max
EBVdef by family is represented in Figure 7. After discarding the dead and misshapen, a total
of 12 breeders of 4 families (two gN families and two gD families) located in the Canary Islands
region (AQUANARIA S.L. and FCPCT-ULPGC facilities) were selected on the basis of their

EBVdef, considering that there were at least 3 full sibs per family with similar EBVdef to be
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use as biological replicates. In this way, it was possible to establish two groups of breeders with
opposite values in their EBVdef, which corresponds to a value of +0.024 in gD group
(+0.023 in Family 1 and 0.025 in Family 2) and -0.038 in gN group (-0.033 in Family 1 and -
0.043 in Family 2) (Table I). All these breeders was moved to the FCPCT-ULPGC facilities

for conditioning.

Breeders’ EBVdef distribution

0.0600 0.5% 96.5% 3.0@1;
1

gD Families
EBVdef=0.024

EBVdef

gN Families
EBVdef = 0,038

(i

0 750 1500 2150 3000 3750 4500 5150

Breeders evaluated for deformity

Figure 6. EBVdef’ distribution of the 5,281 breeders evaluated for deformity. Yellow lines delimit the breeders with
an EBVdef lower than the average of genetically normal selected families (gN Families) and blue lines the breeders
with an EBVdef higher than the average of the genetically deformed selected families (gD Families). Between

selected families, EBVdef distance is delimited in black and population distance in red.
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Figure 7. Distribution of the families’ EBVdef in experiment 1. Mean, min and max EBVdef by Family are

represented in dark blue and violet, respectively. The range where the two selected genetically normal families (gN

Families) is marked in orange, and the two genetically deformed families (gD Families) in blue.

Table 1. Estimated breeding values for the deformity (EBVdef) of the 12 selected breeders in experiment 1. There

are 3 animals per family as biological replicate (a, b, and c), two families per condition (Family 1 and Family 2)

and two experimental conditions (genetically deformed (gD) and genetically Normal (gN))

Condition Family Animal EBVges Animal EBVges Family  EBVger Condition
HD1a 0.022
Family 1 HD1b 0.024 0.023
HD1c 0.023
gD 0.024
Family 2 HD2b 0.025 0.025
HD2c 0.025
LD1a -0.033
Family 1 LD1b -0.034 -0.033
LD1c -0.033
4 N LD2a -0.044 -0.038
Family 2 LD2b -0.044 -0.043
LD2c -0.042
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3.2.2 Sampling procedures

Fish were fasted 24 h and anesthetized with clove oil (10 ppm clove oil:methanol, 1:1
volume in sea water). Then, each animal was slaughtered with excess of clove oil and certified
by exsanguination, to collect white muscle, brain and vertebra samples for the RNAseq
analysis. The cleaning procedure was applied between samples with propano AF and DEPC
water. Tissue samples were collected from the same region in all animals. Vertebra samples
were quickly frozen with liquid nitrogen and kept at —80 °C and white muscles and brain
samples were conserved in RNA Later (Sigma-Aldrich) overnight at 4 °C, and kept at — 80 °C

until RNA isolation.

3.2.3 RNAseq analysis

3.2.3.1 RNA isolation
Samples (60-70 mg) were extracted using the RNeasy Mini Kit (Qiagen). The

homogenization process was carried out with Tissue Lyzer-11 (Qiagen, Hilden, Germany) in
1 mL TRI Reagent (Sigma-Aldrich) in case of brain and white muscle samples. Vertebra
samples were homogenized using a homogenizer with metal case with 6 mL TRI Reagent
(Sigma-Aldrich) and it was cooled on the outside with liquid nitrogen to avoid overheating the
sample, then 1 ml were separated to continue with the RNA isolation process following
manufacters’ protocol. A DNase digestion step was added with the RNase-Free DNase Set
(QTAGEN). Purified RNA was eluted with 50 pL. of RNase-free water in white muscle samples
and in 35 pL of RNase-free water in vertebra and brain samples. RNA quality was checked by
1.4 % agarose electrophoresis and quantified by using NANODROP-8000 spectrophotometer
(ThermoFisher) before being sent with dry ice to the Sequencing Unit from the University of
Malaga, Spain. RNA quality was analyzed by lab-on-a-chip electrophoresis using the
bioanalyzer 2100 kit (Agilent, Amstelveen, Netherlands). Quantification of samples was
performed using a Qubit fluorimeter (LifeTechnologies). RNA aliquots were stored at -80 °C

for later processing.
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3.2.3.1 RNA sequencing

Illumina RNAseq libraries were prepared using the lllumina TruSeq Stranded mRNA
Library Preparation Kit (NEB, USA), according to the manufacturer’s instructions. Once
mMRNA libraries were prepared, sequencing was performed using NextSeq 550 (Illumina),
150 cycles of 2 x 75 pp mRNA sequencing was performed.
3.2.3.1 Bioinformatic analysis

Picasso supercomputer of University of Malaga was used for all bioinformatics tests,
implementations and executions. A scheme of the workflow followed to obtain the different

result from the raw reads is represented in Figure 8.
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Figure 8. General workflow followed to carry out the processing and bioinformatics analysis of the output readings
of the sequencer in experiment 1. Sequence filtering, its mapping in a reference genome, counting of expressed
transcripts and later the different analyses (differential expression (DE) and functional enrichment analysis). In

light blue is represented new data incomes, in yellow the softwares’ names and in dark blue processed data.

3.2.3.1.1 Reads pre-processing and genome mapping

Raw reads were pre-processed using SeqTrim using default parameters (Falgueras et
al., 2010). Then, reads were mapped onto the transcriptome deduced from the haploid gilthead
seabream genome assembly fSpaAurl.1 (GCA _900880675.1) using STAR (Dobin et al., 2013).

Mapping was converted in expression values using featureCounts (Liao et al., 2014).
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3.2.3.1.2 Differential expression analysis

The differential expression analysis was performed using DEGenes Hunter (Gonzélez
et al., 2017). The libraries used were edgeR and DEseq?2 to generate files with quality control
and expression data. Default thresholds for differential expression were absolute FC > 2 and
FDR < 0.05 in every algorithm (edgeR and DESeq2). Differential expression patterns were
analyzed by family (gD1 vs. gN, gD2 vs. gN, gD vs. gN1 and gD vs. gN2) and by condition
(gD vs. gN). Volcano plot online tools of the Galaxy Platform was used to represent expression
data in volcano plots (Afgan et al., 2016) and Heatmapper server to represent DET expression

data of all samples in heatmaps (Babicki et al., 2016).

3.2.3.1.2 Gene enrichment analysis

Gilthead seabream is not included in most widely used algorithms for functional
interpreation, so the zebrafish ortholog was determined for each transcript using the Full-
LengtherNext algorithm annotation tool (instructions and off-line installation can be obtained
in http://www.scbi.uma.es/site/scbi/downloads/313-full-lengthernext) and the current zebrafish
proteome from UniProt (UP000000437). This annotation tool is relied in BLAST+ (Camacho
et al., 2019). Then, gene enrichment analysis was performed using a functional enrichment
analysis web tool WebGestalt (Liao et al., 2019) by an ORA of biological process using the
GO-BP functional database with the total DET obtained from the family and condition
comparisons (gD1 vs. gN + gD2 vs. gN + gD vs. gN1 + gD vs. gN2 + gD vs. gN) and by a
GSEA with the condition comparison (gD vs. gN), all of them per tissue (brain, white muscle
and vertebra). R package apcluster was used to cluster gene sets.

3.2.4 Statistical analysis

All breeders data traits were tested for normality and homogeneity of variance by using
a General Linear Model analysis, by SPSS package, version 22.0 (SPSS Inc, Chicago, United
States). Variance components for all traits were estimated by BLUP using the following mixed

model:

y=Xp+Zu+e
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where y is the recorded data recorded on the studied traits, S the fixed effects, u the
random animal effect, and e the residual error. All models were resolved with the software
package VCE (v 6.0) (Neumaier & Groeneveld, 1998; Groeneveld et al., 2010) and a
complementary program to help for managing input data and automatize processes

(VCE_Executer, v3.0) (Leon-Bernabeu et al., 2021).

3.3 Results

3.3.1 Reads Preprocessing

Only one of the 36 samples that were collected was lost during the sequencing process
due to technical problems, corresponding to the gN2Va sample. The cDNA libraries of the
other samples had an average size of fragment length between 200 bp and 500 bp, in addition
to not presenting more than 5 % in sizes less than 200 bp. This resulted in an average of 34.2 M
raw paired-end reads resulting from the sequencer.

3.3.2 Differential expression analysis

In terms of expression, a total of 10,506 transcript corresponding to 10,321 unique
genes in brain, 5,525 transcripts corresponding to 5,493 unique genes in white muscle and
10,035 transcripts corresponding to 9,933 unique genes in vertebra, for a total of 60,650

transcript corresponding to 31.394 unique genes in fSpaAurl.1 genome assembly.

In comparisons between EBVdef groups there were two DEG overexpressed in gD in
the 3 tissues (f13al and TRIM39I) and other two uncharacterized DEG, also overexpressed in
gD group, in brain and vertebra (Matnll and LOC115582631). Counts of the number of DEG

in the analysis by EBVdef condition is represented in Table 2 and detailed below by tissue.

After carrying out the differential expression analysis between conditions (gD vs. gN),
it was decided to study whether there were differences in expression at family level (gD1 vs.
gN, gD2 vs. gN, gD vs. gN1 and gD vs. gN2), thus increasing the number of DET to be studied
later in the functional analysis. Taking into account DEG in at least one of the family
comparisons, the uncharacterized gene LOC115582631 was overexpressed in the three tissues
and another 2 new genes were overexpressed, one in gN (entpd4l) and another one in gD

(impdh2). 1 DEG was overexpressed in gD group in brain and muscle (LOC115590264).
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13 DEG were overexpressed in brain and vertebra, 10 in gD (LOC115569868, smulb, sparcll,
arfdal, fell, nlrp12l, dennd4b, slc25a19, hoxb6a and bhmtl), and 3 in gN (hudt4a, rrp36l and
ch25h). Finally, 5 DEG were overexpressed in muscle and vertebra, all of them in gD (igfbp5a,

yjefn3, tpm3, LOC115589942 and LOC115577687).

Table 2. Number of differentially expressed genes (DEG) by tissue and condition. There are 3 tissues (brain, muscle
and vertebra) and two levels of one condition, genetically deformed group vs. genetically normal (gD vs. gN). The
DEG are separated by those overexpressed in gD and gN. In addition, if genes appear in the two statistical analyses

(DEseqg2 and edgeR) are marked in blue, only DEseq2 in green and only edgeR in red.

Tissue NeDEG Ne gD No tgN
18312 621 1711
Brain 23 2 14
194 81 114
Muscle 25 m 15
512 44 16
Vertebra 17 m 7

3.3.2.1 Brain

There are a total of 23 DET in brain in the comparison between gD and gN groups, 18
as result of the two statistical analysis realized (DEseg2 and edgeR), 3 only coming from de
DEseq?2 analysis and 2 from the edgeR analysis. The data of the 23 DET is represented in
Table 3 and the different Z score between samples should be see in the heatmap represented in
Figure 9A. Of the 23 DET, 9 were overexpressed in gD group and 14 in gN group. The edgeR
analysis was selected, for showing more restrictive results, to be represented in a volcano plot

to show the differences of expression values between gD and gN groups in Figure 10A.

At family level, a total of 121 DET were detected in at least one of the 4 families and
one of the two statistical analysis (DEseq2 or edgeR), with 31, 43, 28 and 19 DET in families
gD1, gD2, gN1 and gN2, respectively. Of the 121 DET, there are left 96, if transcripts that are
repeated between the results of the different families are removed, and 78, counting only those
that were not in the results of the comparison between gD and gN groups. Of this 78, 3 were
differentially expressed in a gN and a gD family and the other 75 DET were distributed in 21,

30, 15 and 9 of gD1, gD2, gN1 and gN2, respectively.
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Table 3. Information of the 23 differentially expressed transcripts (DET) in brain samples between genetically

deformed and normal groups (gD vs. gN). The available information is Transcript ID, condition, lofFC and FDR of

two statistical analysis (DEseq2 and edgeR), gene name, symbol and description.

Transcript ID Condition logF C FDR Gene Symbol Description
(Deseq?|edgeR) (Deseql-edgeR)

XFE_003954196 gD vs. gN (-9.76 | -9.52) (0.000-0.002) LOCI15582631 LOC115582631  Uncharacterized LOC115582631

XM_030418694 gD vz gN (-8.87|-9.42) (0.003-0.000) LOCI15382626 Mamil Uncharacterized LOC115382626

XM_030418695 gD vs. gN (-7.39 | -7.95) (0.091-0.008) LOCI15582627 LOC115582627  RNA-binding protein 25-like

XM_030418686 gD vz gN (-6.52 | -6.23) (0.043-0.024) LOCI115382623 LoC115582623  Uncharacterized LOC115582623

XM_030398122 gD vz gN (-3.42|-3.38) (0.012-0.048) f13al f3al Coagnlation factor XIII A chain

XM 030431575 gD vs. gN (-2.66 | -2.65) (0.007-0.028) LOCI15596271 LOC115590271  EJ ubiguitin-protein ligaze TRIM39-like

XM_030429348 gD vz gN (-1.66 | -1.65) (0.037-0.050) LOCI15388637 nl Titin-like

XE_003951182 gD vs. gN (-1.63 | -1.62) (0.036-0.068) LOCI15567383 LOC115567383  Uncharacterized LOC115567383

XM_030422001 gD vz gN (-1.16 | -1.15) (0.026-0.057) LOCI15384527 smull WD40 repeat-containing protein SMU1-like

XM_030441183 gD vz gN (1.00 | 1.00) (0.016-0.028) LOCI15596284 LOC115596284  Nuclear factor 7, ovary-like

XM 030428222 gD vs. gN (1.06 | 1.06) (0.022-0.046) LOCI15587996 LOC115587996  Coiled-coil domain-containing protein 8§ homolog

XM 030431336 =D va. gN (1.14 | 1.14) (0.000-0.000) LOCI15380073 Haver2h Hepatitiz A viros cellular receptor I homoloz

XM 030419906 D va. gN (130 | 1.30) (0.036-0.057)  LOC115583256 dnasell Deoxyribonucleage-1-like

XM_030424655 gD vz gN (135 1.35) (0.028-0.046) LOCI115385965 LOC115585965  E3 ubiguitin-protein ligaze TRIM47-like

XM 030416622 =D va. gN (1.43 | 1.43) (0.004-0.008) gplbb gpibb Glycoprotein Ih platelet zubunit beta

XM 030440245 gD vs. gN (1.50 | L.50) (0.000-0.000) LOCI15595589 LOC115595589 23 KDa integral membrane protein-like

XM_030429645 gD vz gN (L.55| L.54) (0.028-0.044) LOCI115588959 epdll Ependymin-1-like

XM 030399416 D va. gN (1.79 | 1.80) (0.002-0.008) ch25k ch25k Chalesterol 25-hydroxylase

XM_030416510 gD vz gN (1.83 | L.83) (0.000-0.000) LOCI15381590 myolha Unconventional myosin-Th-like

XM_030398382 gD vs. gN (1.95 | 1.96) (0.007-0.024) LOCI15576106 CstalAl Cyztatin-Al-like

XM_030393540 gD vs. gN (2.25] 2.28) (0.031-0.028) LOCI15567190 hampl Uncharacterized LOC115567190

XM_030393120 gD vz gN (2.57| 2.56) (0.018-0.050) LOCI15367004 hampl Hepcidin-like

XM 030398384 =D ve. gN (3.07 | 3.06) (0.000-0.002)  LOC115576106 CsealAl Cyztatin-Al-like

3.3.2.2 White muscle

There are a total of 25 DET in muscle in the comparison between gD and gN groups,

19 as result of the two statistical analysis realized (DEseq2 and edgeR) and 6 coming only from
the DEseq?2 analysis. The data of the 25 DET is represented in Table 4 and the different Z score
between samples should be see in the heatmap represented in Figure 9B. Of these 25 DET, 10
were overexpressed in gD group and 15 were overexpressed in gN group. The results of the
DET by edgeR analysis between gD and gN groups were represented in a volcano plot in

Figure 10B.

At family level, a total of 147 DET were detected in at least one of the 4 families and
one of the two statistical analysis (DEseqg2 or edgeR), with 66, 29, 40 and 12 DET in families
gD1, gD2, gN1 and gN2, respectively. Of the 147 DET, there are left 119, if transcripts that are
repeated between the results of the different families are removed, and 97 counting only those

that were not in the results of the comparison between gD and gN groups. Of this 97, 2 were
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differentially expressed in a gN and a gD family and the other 95 DET were distributed in 52,

14, 26 and 3 of gD1, gD2, gN1 and gN2, respectively.

Table 4. Information of the 25 differentially expressed transcripts (DET) in white muscle samples between
genetically deformed and normal groups (gD vs. gN). The available information is Transcript ID, condition, lofFC

and FDR of two statistical analysis (DEseq2 and edgeR), gene name, symbol and description.

logFC FDR

Transcript ID Condition (Deseq2jedgeR) (Deseq2-edgeR) Gene Symbol Description
XM 030431118 gD vz, gN (-8.70 | -8.54) (0.000-0.004) LOCI15589942 LOCI15589942 Uncharacterized LOC115589942
XM_030395122 2D vz, gN (-8.44|-8.39) (0.000-0.001) f3al 3l Coagulation factor XITT A chain
XM_030431575 2D vz, gN {-3.10 | -3.08) (0.005-0.017) LOCI15590271 LOC115590271 E3 ubiguitin-protein ligaze TRIM39-like
XM_030430209 gD va gN (-2.76 | -2.75) (0.000-0.000) LOCI15589347 Gimapdl GTPaze IMAP family member §-like
XM_030440898 gD va gN (-2.47 | -2.46) (0.000-0.000) LOCI15596101 che-11 High-affinity choline transporter 1-like
XM_030406652 gD vz, gN (-1.47 | -1.46) (0.002-0.004) LOCI15574953 LOCI15574933 Tryptaze-like
EM_030412447 gD vz, gN (-1.43 | -1.43) (0.000-0.000) LOCI15379000 pdeiaa cGMP-zpecific 3',5 -cyclic phosphodiesterase-like
XM 030411820 gD vz gN {-1.33 | -1.32) (0.018-0.032) LOCI15578715 Taa Thrombozpondin type-1 domain-containing protein TA-like
XM 030416800 gD vz gN {-1.25 | -1.26) (0.025-0.054) selenap selenop Selenoprotein P
XM_030392365 2D vz, gN {-1.14 | -1.14) (0.047-0.080) LOCI15566466 adhl Alcohol debhydrogenaze 1
XM_030441638 gDl vz gN {L06| 10T (0.018-0.032) phyhipl phyhpl Phytanoyl-CoA I-hydroxylaze interacting protein like
XM 030418452 gD vz, gN (112 ] L12) (0.036-0.062) LOCI15582508 che-11 High affinity choline tranzporter 1-like
XM 030425798 gD vz, gN (113 1L13) (0.012-0.017) chkb chikb Choline kinaze beta
XM 030395443 gD vz gN (1.22 | 1.12) (0.001-0.002) gfedl gfedl Clucose-fructoze oxidoreductaze domain containing 1
XM 030434733 gD vz gN (125 1.15) (0.000-0.002) musk wusk Muzele azzociated receptor tyrosine kinaze
XM_030405977 2D vz, gN (1.38 | 1.39) (0.008-0.014) LOCI15574448 Sfosab Proto-oncogene c-Foz
XM_030413076 2D vz, gN (151 | L.51) (0.009-0.016) angpel angpel Angiopoietin 1
XM_030441054 gD va gN (L.75 | L.75) (0.000-0.000) LOCI15596203 ninl Ninein-like protein
XM 030426573 gD va gN (L75 | L.74) (0.000-0.000) LOCI15587024 oner 891 Transmembrane protein 189-like
XM 030392730 gD vz, gN (2.24]1.258) (0.038-0.073) LOCII5566755 atsrp Protein C-ets-1-like
XM_030426406 gD vz, gN (2.41]2.41) (0.008-0.017) folh falh Fatty acid }-hydroxylaze
XM 030435702 gD vz gN (2.92)2.91) (0.002-0.006) LOCI15594560 rypll Myozin regulatory light chain 1B, cardiae muzele isoform-like
XM_0304125851 2D vz, gN {3.09 ] 3.09) (0.027-0.103) LOCII5579373 pm3 Tropomyozin alpha-3 chain
XM_030431385 gD vz gN (3.753.72) (0.018-0.062) ppargela ppargele PPARG coactivator 1 alpha
XM 030395524 gD v, =N {4.03 | 4.02) (0.005-0.029) LOCI15568331 DDIT4L DNA damage-inducible tranzcript 4-like protein

3.3.2.3 Vertebra

There are a total of 17 DET in vertebra in the comparison between gD and gN groups,
5 as result of the two statistical analysis realized (DEseq2 and edgeR) and 12 coming only from
de DEseq2 analysis. The data of the 17 DET is represented in Table 5 and the different Z score
between samples should be see in the heatmap represented in Figure 9C. Of these 17 DET, 10
were overexpressed in gD group and 7 were overexpressed in gN group. The results of the DET

by edgeR analysis between gD and gN groups were represented in a volcano plot in Figure 10C.

At family level, a total of 525 DET were detected in at least one of the 4 families and
one of the two statistical analysis (DEseg2 or edgeR), with 12, 408, 15 and 90 DET in families
gD1, gD2, gN1 and gN2, respectively. Of the 525 DET, there are left 510, if transcripts that are

repeated between the results of the different families are removed, and 492 counting only those
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that were not in the results of the comparison between gD and gN groups. Of this 494, 5 were
differentially expressed in a gN and a gD family and the other 489 DET were distributed in 9,

392, 7 and 81 of gD1, gD2, gN1 and gN2, respectively.

Table 5. Information of the 17 differentially expressed transcripts (DET) in vertebra samples between genetically
deformed and normal groups (gD vs. gN). The available information is Transcript ID, condition, lofFC and FDR of

two statistical analysis (DEseg2 and edgeR), gene name, symbol and description.

logFC FDR

Transcript ID Condition (Deseq2ledgeR) (Deseq2-edgeR) Gene Symbol Description
X0L_030398122 gD vz, gN (-9.47| -9.46) (0.000-0.005) fidal fl3al Coagulation factor XIIT A chain
XML_030418694 gD vz, gN (-7.40 | -8.08) (0.003-0.005) LOC115582626 Mamil Uncharaeterized LOC115562626
XR_003984196 gD vz gN (-6.82 | -6.77) (0.000-0.070) LOC115582631 LOC115582631  Uncharacterized LOC115582631
XNL_030415961 D vs. N (-6.74| 653 (0.000-0.000)  LOCII5581104 gone3l f:::‘\jllgﬁs::::ﬁ}ﬁ‘fﬁl“;‘:’:ﬁ}:“‘"mi‘ beta-1,6-N-
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Figure 10. Expression values’ volcano plots per genetic group using edgeR by tissue. Values with an FDR < 0.05
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group (logFC > 1).
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3.3.3 Gene enrichment analysis

Of the 60,650 transcripts available in the fSpaAurl.l gilthead seabream genome,
19,895 orthologs in zebrafish proteome were found. Of them, 18,812 were found in Webgestalt
and 8,159 were annotated to the selected functional category. This last 8,159 set of peptides
was used as reference set for ORA using the GO-BP functional database for the analysis in the
three tissues (brain, white muscle and vertebra). None of the tissues reported enriched
categories results with an FDR < 0.05, but the top 10 enriched categories was reported as a
description of the biological process overrepresented by the DET. This results and GSEA are

reported below by tissue.

3.3.3.1 Brain

A total of 101 DET were resulted of the different comparisons in brain (23 from gD vs.
gN comparison and 78 from family comparisons), 75 with orthologs in zebrafish. Of them, 61
were found in Webgestalt and 28 were annotated to the GO-BP functional database. The top 10
enriched categories were represented in Figure 11A and were clustered in the next 4 non-
redundant categories with the normalized enrichment score in brackets: cellular modified amino
acid catabolic process (65), glutamate metabolic process (49), alcohol metabolic process (12)

and cellular nitrogen compound catabolic process (8).

Of the 10,506 transcripts expressed in brain, 9,785 had orthologs in zebrafish and were
used for GSEA. Of them 8,899 were unique peptides, 8,296 were found in Webgestalt and
3,720 were annotated to the GO-BP functional database. The top 10 enriched categories were
represented in Figure 12A. The 10 enriched categories in gN group had a p-values < 0.05 and
were clustered in the next 6 non-redundant categories with an normalized enrichment score
between 1.7 and 1.8 (reactive oxygen species metabolic process, immune effector process,
extracellular structure organization, urogenital system development, regulation of hormone
levels and response to xenobiotic stimulus). On the other hand, only 4 of the 10 enriched
categories in gD group had a p-value < 0.05 with an normalized enrichment score between -1.4
and -1.6 (pattern specification process, sialylation, regulation of signaling receptor activity and

positive regulation of biosynthetic process).
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3.3.3.2 White muscle

Atotal of 122 DET were resulted of the different comparisons in white muscle (25 from
gD vs. gN comparison and 97 from family comparisons), 104 with orthologs in zebrafish. Of
them, 98 were found in Webgestalt and 48 were annotated to the GO-BP functional database.
The top 10 enriched categories were represented in Figure 11B and were clustered in the next
6 non-redundant categories with the normalized enrichment score in brackets: isoprenoid
catabolic process (56), carnitine metabolic process (42), vasculogenesis (21), ribosomal large
subunit biogenesis (14), cellular modified amino acid metabolic process (13) and actomyosin

structure organization (9).

Of the 5,525 transcripts expressed in white muscle, 5,256 had orthologs in zebrafish
and were used for GSEA. Of them 4,963 were unique peptides, 4,751 were found in Webgestalt
and 2,205 were annotated to the GO-BP functional database. The top 10 enriched categories
were represented in Figure 12B. 1 of the 10 enriched categories in gN group had a FDR < 0.05
and a normalized enrichment score of 1.9 (response to abiotic stimulus) and the others had p-
values < 0.5 and were clustered in the next 4 non-redundant categories with an enrichment score
between 1.7 and 1.5 (organic acid transport, cardiovascular system development,
supramolecular fiber organization and immune effector process). On the other hand, only 1 of
the 10 enriched categories in gD group had a p-value < 0.05 with an normalized enrichment

score of -1.7 (ossification).

3.3.3.3 Vertebra

A total of 511 DET were resulted of the different comparisons in vertebra (17 from
gD vs. gN comparison and 494 from family comparisons), 405 with orthologs in zebrafish. Of
them, 377 were found in Webgestalt and 169 were annotated to the GO-BP functional database.
The top 10 enriched categories were represented in Figure 11C and were clustered in the next
3 non-redundant categories with the enrichment score in brackets: localization within

membrane (8), neurotransmitter transport (6) and chemical synaptic transmission (4).
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Of the 10,035 transcripts expressed in vertebra, 8,895 had orthologs in zebrafish and
were used for GSEA. Of them 8,124 were unique peptides, 7,829 were found in Webgestalt and
3,564 were annotated to the GO-BP functional database. The top 10 enriched categories were
represented in Figure 12C. All the enriched categories showed an FDR < 0.05 in gN group and
were clustered in the next 3 non-redundant categories with an normalized enrichment score
between 2.2 and 1.8 (organelle fission, chromosome organization and reproduction). Also in
gD group, the 10 enriched categories showed FDR < 0.05 and were clustered in the next 4 non-
redundant categories with an normalized enrichment score between -1.7 and -1.9 (behavior,

neuropeptide signaling pathway, receptor metabolic process and neurotransmitter transport).
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3.4 Discussion

In this study, the number of expressed transcripts varies greatly between tissues, having
brain and vertebra higher numbers of transcripts than white muscle, 1.9 and 1.8 fold higher,
respectively. Similar results have been reported in trout, having the brain between 1.4-3.9 times
more transcripts than white muscle, but reporting less proportion of tissue specific genes (Salem
et al., 2015). On the other hand, the same number of transcripts were expressed in brain and
vertebra, suggesting similar transcriptome complexity, as it was reported in human

(Jongeneel et al., 2005).

There are 2 DEG between the gD and gN groups (f13al and TRIM39I). f13al codify
for the coagulation factor XI11-A with has a known role in blood clotting, but is likely involved
in other aspects including bone formation angiogenesis. Thus, in mouse, the circulating factor
is produced predominantly in bone marrow cells but is also produced in other tissues by
monocytes, macrophages, chondrocytes, osteoblasts, osteocytes, and preadipocytes (Myneni et
al., 2016). In these cell types, FXII1-A can regulate cell differentiation and extracellular matrix
deposition (Myneni et al., 2016). But in seabream, this gene was reported to be overexpressed
in cartilage, in a study comparing the transcriptional responsiveness of bone and skeletal muscle
stimulated with a flooding dose of leucine on the development of skeletal deformities (Garcia
de la serrana et al., 2016). On the other hand, TRIM39I is an E3 ubiquitin-protein ligase like,
member of the tripartite motif family with a not well identified function, but it is related with
immune system, cell homeostasis control, including mediating apoptosis, cell cycle, and

cytostasis (Zhang et al., 2012; Wang et al., 2016).

There were a total of 59 DET in condition comparison (gD vs. gN), 702 taking into
account the between families comparison. Of them, only an average between the three tissues
of 33.4 % transcripts had a homolog in zebrafish and were annotated to the GO-BP functional
database and 11.7 % are uncharacterized genes. This apparently high number of
uncharacterized transcripts is lower than those reported in a study in the blackstripe livebearer

(Poeciliopsis prolifica) reporting a percentage of 79.4 % of not identifiable highly expressed
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transcripts (Jue et al., 2018). So, further research is needed in this field to really know the extent

of the genes found in studies like these, using RNAseq tool.

Despite the lack of functional information for most of the genes, the vertebra was the
only tissue in which differentially expressed transcripts showed functional enrichment by
GSEA analysis with an FDR < 0.05 in GO-BP functional database. The categories enriched in
vertebrae are mostly related to the regulation of the cell cycle, and nervous and cell signaling,
specific categories compared with the categories variability showed in bone in other study in
carp (Luo et al., 2021). On the other hand, muscle showed a functional category and brain none,
with these statistical restrictions, being surprising that the only category that was

overrepresented with a p-value < 0.05 in the gD group was ossification.

On the other hand, of the 702 DET found in family analysis, 69.6 % comes from
vertebra tissue analysis, 16,6 % from muscle and 13.8 % from brain, suggesting that bone
expression patterns plays an important role in the deformity ontogeny. Riera et al. 2019b
reported in gilthead seabream using vertebra samples that the pattern of expression of genes
related to extracellular matrix maturation and mineralization and bone resorption seems to be

key to discern between normal and malformed fish in lordosis and LSK.

In conclusion, in this study a battery of 59 DET between gD and gN (702DET between
family comparisons) using 3 different tissues between animal breeders with divergent genetic
prevalence for the deformity is reported. These transcripts can be used to confirm their
expression level in a larger number of individuals and families or even to study the existence

of markers, such as SNPs, that can be used to identify deformed animals.
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Abstract

Fish egg quality is strongly related with the ability of the egg to be fertilized and develop a
normal embryo with good survival and a lack of abnormalities. Large variations in the spawning
quantity or quality impact directly in the competitiveness and sustainability of hatcheries, which
create an overly large broodstock in order to satisfy the on-growing companies’ demand for
undeformed fry. The present study reports, for the first time in relation to gilthead seabream,
the effect of the genetic background of breeders for presence or absence of deformity on their
spawning quality and the importance of considering this when creating broodstock. The
spawning quality of crosses of breeders with genetic background for presence or absence of
deformity (EBVdef ), were evaluated during a whole spawning season, through study of the
following traits: oocyte yield, fertilization rate, viability rate, hatching rate, larval survival rate,
fertilized eggs, viable eggs, hatched eggs, and number of alive larvae. Breeders with a genetic
background for deformity and a normal phenotype had shorter spawning periods, lower oocyte
yield and, consequently, produced a lower number of alive larvae. In these two traits, the
genetic background of breeders was of greater importance during intermediate spawning
periods, when spawning is generally considered optimal for the industry, while environmental
factors were more important at the beginning and end of the spawning season. In conclusion,
these results demonstrate the importance of controlling the breeders’ genetics when creating

broodstock.

Keywords: gilthead seabream, estimated breeding value, skeletal deformity, spawning quality, oocyte

yield, viability rate, number of alive larvae
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4.1 Introduction

The gilthead seabream (Sparus aurata) is a demersal and eurythermal species with a
large reproductive capacity. It is found in subtropical coastal areas, from the Eastern Atlantic to
the Mediterranean (Froese & Pauly, 2019). In the wild spawning starts in October in the Gulf of
Cadiz or December-January in eastern Mediterranean and lasts for 3—4 months (Arias, 1980;
Kissil et al., 2001). Every female releases over two million eggs per kilogram they weigh
(APROMAR, 2017). In aquaculture, larval rearing of the gilthead seabream is carried out at 16—
24 °C (Tandler et al., 1989; Koumoundouros et al., 1997a,b; Shields, 2001), an optimal.
Temperature for the hatching rate and larval survival rate at the yolk sac resorption stage (Polo
et al., 1991). The wide natural distribution and environmental conditions experienced by the
gilthead seabream have made it one of the most important species in the European marine fish
farming and production is still expanding worldwide. In a European context, gilthead seabream
was fifth in terms of annual production, at 91,964 t, and fourth in terms of economic value

(APROMAR, 2020).

Breeding programs are essential tools that contribute to the long-term development
of aquaculture in order to improve the quality of the farmed strains. Aquaculture production
based on genetic selection schemes has increased from 1 % in 1997 to 80-83 % in 2017
(Gjedrem, 1997, 2004, 2012; Janssen et al., 2017). In gilthead seabream, genetically selected
seed production only accounts 31-44 % of total fry in the European market (Chavanne et al.,
2016), with an estimated increase in growth of 5-29 % (Knibb, 2000; Brown, 2003; Thorland
et al., 2015). However, in this species quality of morphology and growth traits are deemed to
have the same level of importance in the industry (Janssen et al., 2017) as the fish are sold
whole and due to the loss of market value throughout the value chain (Bardon et al., 2009;

Boglione & Costa, 2011; Boglione et al., 2013).

Skeletal deformity is the most important trait when defining the morphological quality
of the fish, reducing the physiological ability of fish for correct development i.e., reducing
their growth rate, increasing their mortality rate and significantly affecting their welfare
(Andrades et al., 1996; Karahan et al., 2013; Garcia-Celdréan et al., 2016). The presence of
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deformities can affect up to 30 % of production, causing an annual loss of more than 50 M€
in the European aquaculture industry (Castro et al., 2008; Fernandez et al., 2008; Haga et al.,
2011). In gilthead seabream, deformity appears early in development and its prevalence

increases with age (Lee-Montero et al., 2015).

Abiotic, biotic, xenobiotic, nutritional and environmental factors have been studied as
the causes of deformities (Afonso & Roo, 2007), as well as genetic factors or interactions
(Andrades et al., 1996; Afonso et al., 2000; Fernandez et al., 2008). Although environment has
a large effect on deformity, different families or cohorts have shown a variable response to
specific environmental stressors, suggesting additive genetic variation in these traits (Kause et
al., 2007; Lee-Montero et al., 2015; Garcia-Celdran et al., 2016), the presence of QTLs
(Negrin-Béez et al., 2015a,b) or inbreeding depression as a consequence of the consanguinity
level (Aulstad & Kittelsen, 1971; Kincaid, 1983). In gilthead seabream, segregation of a major
gene (Astorga et al., 2004) and polygenic inheritance (Afonso et al., 2000; Lee-Montero et al.,
2015) have been suggested as explanations for the incidence of skeletal deformities. Negrin-
Baez et al. (2015b) reported a significant excess of descendants with severe deformities from
directed crosses involving parents with the same deformities, suggesting the elimination of

deformed fish from a breeding nucleus or the inclusion of this trait in breeding programs.

In sparid species, evidence of mineralization can be discerned from 30 dph (Socorro,
2006), where the temperature-dependent differential expression of genes associated with bone
formation suggests the long-term regulation of osteogenesis (Riera-Heredia et al., 2018). In
gilthead seabream, jaw and mouth bones are formed after the onset of exogenous feeding
(Faustino & Power, 2005). In fact, additive components already appear from the larvae

(Fragkoulis et al., 2018, 2020) and fingerling stages (Garcia-Celdran et al., 2016).

Therefore, amajor issue in the aquaculture industry is the production of a large number
of eggs through controlling gamete quality in order to satisfy market demand for seeds through
breeding programs (Bobe & Labbé, 2010; Migaud et al., 2013). Fish egg quality, measured

through traits such as fertilization rate, oocyte yield and alive offspring number, is considered
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very important in accordance with European scientific criteria (AQUAEXCEL, 2013),
including good survival and lack of abnormalities (Kjgrsvik et al., 1990; Brooks et al., 1997).
Gametes, both in terms of their quantity and quality, are closely associated with the
competitiveness and sustainability of hatcheries and farms (Bromage et al., 1992; Migaud et

al., 2013; Theodorou et al., 2016).

The spawning quality of breeders depends of many factors related with nutrition,
genetics, environmental conditions and any stress (Brooks et al., 1997; Fernandez-Palacios et
al., 1997; Almansa et al., 1999; Bobe & Labbé, 2010; Scabini et al., 2011; Jerez et al., 2012;
Migaud et al., 2013; Bobe, 2015). Many traits related to reproduction, survival, morphology
and growth (Kjarsvik et al., 1990, 2003; Bromage et al., 1992; Fernandez-Palacios et al., 1995;
Brooks et al., 1997; Shields et al., 1997; Lahnsteiner & Patarnello, 2004, 2005; Lahnsteiner et
al., 2008; Bobe & Labbé, 2010; Migaud et al., 2013; Bobe, 2015) have been proposed for the
characterization of spawning quality in different species. At the industrial level it is important
to start fattening a suitable quantity and quality of animals. Spawning quality can affect the
success of juveniles in the completion of internal metamorphosis (Kjarsvik et al., 2003),

survival, and the appearance of deformities (Bonnet et al., 2007).

The aims of this study were to research, for the first time in gilthead seabream, the
additive genetic component effect of skeletal deformities on spawning quality and to establish
the main traits for evaluating reproductive ability at an industrial level. For this purpose,
estimated breeding values for the presence or absence of deformity when the breeders were a
commercial size (EBVes) was calculated and their reproductive ability traced throughout an
entire spawning season.

4.2 Material and methods

All animal experiments were conducted in accordance with the European Union
Directive (2010/63/EU) on the protection of animals for scientific purposes, at the Fundacion
Canaria Parque Cientifico Tecnoldgico (FCPCT) of the Universidad de Las Palmas de Gran

Canaria (Canary Islands, Spain).
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4.2.1 Biological Material and Experimental Design

A total of 4,108 gilthead seabream adults from the Canary Islands region and the 3™
generation of the Spanish National Breeding Program (PROGENSA®-I111) (Lee-Montero et al.,
2015) at AQUANARIA S.L. were visually asessed for the presence or absence of deformity at
commercial size (ATOL:0000087), in accordance with AquaExcel-ATOL (AQUAEXCEL,
2013). The genotyping of all animals evaluated for morphology was also established through
the molecular characterization of microsatellite markers (SMsal), with PCR methodology,
following the instructions of its authors (Lee-Montero et al., 2013). The genetic relationship
between descendants (study population) and their parents (parental assignment) was
reconstructed, comparing breeders’ and descendants’ genotypes by using Vitassign software
(Vandeputte et al., 2006). Genetic parameters were estimated for both data matrix (phenotypic
and genotypic information) by using the restricted maximum likelihood method with VCE 6.0
software (Neumaier & Groeneveld, 1998; Groeneveld et al., 2010). A stock of breeders was
then preselected on the basis of its EBVdef for conditioning and sexing before the spawning
season, and moved to the FCPCT-ULPGC facilities. Fish with a deformed phenotype were

discarded.

The EBVdef of the 4,108 gilthead seabream stock ranges between -0.10515 for
normality and +0.07821 for deformity (Figure 13), with an average value of -0.01551 and a
standard deviation value of 0.02681. After discarding the dead and misshapen, a total of 32
breeders were selected on the basis of their EBVdef, gender, weight and relationship
coefficient. In this way, it was possible to establish two groups of breeders with opposite values
in their EBVdef, which corresponds to a value of +0.05443 in the group of genetically deformed
(gD) breeders, and -0.05964 in the group of genetically normal (gN) breeders. Between EBVdef
values of gD and gN selected breeders, was contained almost 96% of the evaluated
population (Figure 13).

Two different types of crosses, with different EBVdef, were established in 2 m?

cylindroconical tanks, with duplicates to minimize the environmental factors. The first was a

cross of gN fish (N1 and N2) and the second a cross of gD fish (D1 and D2), with the same
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intensity of selection but reverse EBVdef (EBVdef = -0.05 vs. EBVdef = +0.05, respectively).
The crosses were established by taking into account the EBVdef, relationship coefficient,
biomass, and the weight ratio of males and females, so that the duplicates were similar and the
differences between crosses were exclusively due to the EBVdef. The biomass sex-ratio (kg
male/kg female) was similar between tanks; 1.43, 1.3, 1.18, and 1.1 for N1, N2, D1, and D2,
respectively, with a mean of 1.28 kg male/kg female, as recommended by Fernandez-Palacios
etal. (1995, 1997). All breeders had normal phenotypes and the same age, between and within
crosses, aiming to avoid the impact of females age on spawning quality (Jerez et al., 2012), by
keeping the biomass sex-ratio constant. Thus, breeders’ maturation and spawning occurred
spontaneously under natural conditions. The coefficient of relationship, EBVdef, total biomass,
male and female biomass, number of males and females were measured in breeders in the four
experimental tanks (Figure 14). Tanks were supplied with 16 L/min seawater at 7.98 + 0.10 pH
and kept under natural light photoperiod (11-13 h light). Breeders were fed a commercial diet

(Skretting ARC, Stavanger, Norway).

During the spawning season, the monthly average temperature decreased between
December and February from 20.9 to 19.9 °C, followed by an increase to 22.8 °C in June. Food
intake, expressed as a percentage of biomass, remained constant throughout the experiment

with a range from 0.1 to 1.1 % and an average value of 0.4 % in all tanks.
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Figure 13. The distribution of 4,108 breeders from the 3™ generation of the Spanish National Breeding Program

(PROGENSA®-|||) according to their estimated breeding value for the presence or absence of deformity at
commercial size (EBVdef). In yellow is the mean EBVdef of the genetically normal (gN) preselected breeders and
the percentage of breeders with a lower value. In blue is the mean EBVdef of the genetically deformed (gD)
preselected breeders and the percentage of breeders with a higher value. In red is the percentage of breeders with

intermediate EBVdef.
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Figure 14. Experimental design representation that shows the two genetic groups (genetically deformed, gD;

genetically normal, gN) with their duplicates (D1, D2 and N1, N2), the number of breeders per tank and their data:
kinship (a), estimated breeding value for the presence or absence of deformity at commercial size (EBVdef ),

biomass, female weight (?weight), and male weight (Zweight).

4.2.2 Spawning Quality Traits

During the spawning season, eggs were collected daily (20 h after release and
fertilization) from each tank overflow in semi-submerged 500-um mesh net egg collectors
placed in a nearby incubation tank. The oocyte yield (ATOL:0001723), fertilization rate

(ATOL:0001775), viability rate (ATOL:0001531), hatching rate (ATOL:0001531), larvae
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survival rate at yolk sac resorption (ATOL:0001531) were measure daily in accordance with
AgquaExcel-ATOL (Kjarsvik et al., 1990; Fernandez-Palacios et al.,, 1995, 1997;

AQUAEXCEL, 2013).

Samples of eggs were collected and observed under a binocular stereo microscope. The
oocyte yield, fertilization rate and viability rate were estimated volumetrically after samples
were counted. In addition, two 96-well plates were used to hold 192 floating eggs (1 per well)
with 200 mL filtered seawater and incubated at 19 °C. After 24 and 96 h, the number of alive
larvae was counted in order to calculate the hatching rate (number of hatched larvae/number of

fertilized eggs) and the survival larval rate (%).

The number of fertilized eggs, viable eggs, hatched eggs and the number of alive larvae
were also calculated as associated traits, since they represent the ultimate aim of the industry,
a collection of quantitative and qualitative data that determines the final number of larvae
available for rearing.

4.2.3 Statistical Analysis

The data were tested for normality using the one sample Kolmogorov—Smirnoff test,
as well as for homogeneity of variance using Levene’s test. When a normal distribution and/or
homogeneity of variance was not achieved, data were subjected to the Kruskal-Wallis non-
parametric test (Zar, 1984). To study the variation of spawning quality traits throughout the
whole spawning season, comparisons between types of crosses (gD vs. gN) and between
experimental tanks (D1, D2, N1, N2) were carried out, using the day as a unit of measurement
(Table 6). The variation of spawning quality traits was also studied in short time periods,
structuring the whole spawning season into twelve fortnights. Each spawning quality trait was
compared between types of crosses (gD vs. gN) within each fortnight. Additionally, each trait
was compared within types of crosses (gD or gN) between fortnights (Table 7). The following

general linear model was used:

Yijk = U+ ai + Bij + &ijk
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Where, U is the mean of the population, a; is the effect of the genetic factor (types of

crosses), Bij is the effect of the tank factor within genetic factor, and eij« is the residual error.

For the oocyte yield and number of alive larvae traits, within fortnights, the influence
of genetic and tank factors was measured by the following statistical algorithm: execution of a
standard regression analysis, and estimation of variance components of principal factors.
Within fortnights, the same statistical algorithm was also applied to explain the number of alive
larvae trait using as predictors the oocyte yield, fertilization rate, viability rate, hatching rate
and larvae survival rate traits. Statistical analysis was performed using the SPSS package,
version 22.0 (SPSS Inc, Chicago, United States). All statistically significant comparisons of
this work, Tables 13, 14, include the correction factor of Bonferroni’s to minimize the Type-I
error (Gordon et al., 2007; see Supplementary Material for differences between Bonferroni and
Benjamini-Hochberg tests). Thus, significant differences were considered from 0.05, as

confident level.

Table 6. Mean values of spawning quality traits throughout the spawning season (oocyte yield, fertilization rate,
viability rate, hatching rate, larvae survival rate, fertilized eggs, viable eggs, hatched eggs, number of alive larvae)
per Tank (D1, D2, N1, N2) and per Genetic group (gD, gN). Results are expressed as means + SEM. For each trait,
values in the same row followed by different letters are significantly different (P < 0.05), values between genetic

groups are expressed with capital letters, and values within genetic groups between tanks with lower-case letters.

. Tank Genetic group
Trait
D1 D2 N1 N2 gD gN
Oocyte yield (10°%) 47+04 83+06 | 382+1.0* 304+09°| 65+04% 343+07°
Fertilization rate (%) 98.4+03* 908+1.2° | 96.1+0.4 954+06 | 94.1+0.8 95.8+0.3
Viability rate (%) 449+35 399+30 | 499+128 409+1.7°| 420+23 453+1.1
Hatching rate (%) 96.1+0.3* 849+1.1° | 89.2+1.2° 87.6+0.8°] 89.8+0.8 88.4+0.7
Larvae survival rate (%) 82.3+15* 70.2+2.1° | 822+0.9 79.3+12 | 754+14®% 80.8+0.7*
Fertilized eggs (10°) 46104 74+05 | 36.8+1.0* 29.2+09°| 6.0+0.38 33.0+0.7°
Viable eggs (10°) 20+0.2 36+04 | 187+07* 13.6+08°| 28+0.28 16.1+05"
Hatched eggs (10%) 19+0.2 30+03 | 16.7+06* 11.9+0.7° | 25+0.28 14.1+04"
N° alive larvae (10°) 16+0.2 21+02 | 13.7+05 95+0.5° 21+028 123047
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Table 7. Mean values of spawning quality traits throughout the spawning season, by fortnight (oocyte yield, fertilization rate, viability rate, hatching rate, larval survival rate, fertilized eggs,

viable eggs, hatched eggs, number of alive larvae) per Genetic groups (gD, gN). Results are expressed as means + SEM. For each trait, values in the same column followed by different lower-

case letters are significantly different (P < 0.05) between genetic groups’ crosses during the same spawning period. Values in the same row followed by different capital letters are significantly
different (P < 0.05).

Trait  Genetic 14-31/12/2019 01-15/01/2019  16-31/01/2019  01-14/02/2019  15-28/02/2019  01-15/03/2019  16-31/03/2019  01-15/04/2019  16-30/04/2019  01-15/05/2019  16-31/05/2019  01-15/06/2019
Oocyteyield gD  28+13b DE 11.5+22b ABC 132+080 A 118+13b AB 12509 A 93+07b AB 74+05b ABC 50+08b BCD 28+07b CDE 01+0lb E 00%00b E 00%00b E
(10°) gN 391+28a AB 489+23a A 432+17a A 388152 AB 378+16a AB 385+10a AB 366+17a AB 3L7+1la BC 265+14a CD 253+14a CD 238+20a CD 88+20a D
Fertilization 9D 843+39 B 863+46b AB 89633 AB 94714 AB 963+10 A 953+11 A 971+06 A 96809 AB 979+08 A - - -
rate (%) gN 887+21 D 971+04a AB 96.7+05 ABC 946+20 ABC 97.3+05 AB 969+05 ABC 982+03 A 982+03 A 983202 A 973+04 AB 950+08 BCD 889+20 CD
Viability rate 9D 65863 ABC 689+40 AB 786%22a A 50966 BC 227+38b CDE 421%53b BC 35047 BCD 117+31b DE 23%06b E - - -
(%) gN 501+41 ABC 58642 AB 588+18b A 56920 AB 564:16a AB 551+16a AB 449+24 BCD 337+20a ED 327+32a CDE 351+28 CDE 240+32 E 329+72 CDE
Hatching rate gD 955+2.0a 88.0£3.0 933+1.1a 87.6 £3.2 88.0+18 88.1+18 916+16 920+17 70.6 +10.2b - - -
(%) gN 804+40b 80.1+4.1 83.5+3.0b 89.1+£12 85.7£2.0 92.1+09 92.7+14 92.1+09 91.6+1.0a 929+10 92.7+0.8 949+15
Larval gD 936+13a A 837+23 AB 898+lla A 799+29 AB 643+46b B 703+30b B 691+33b B 590+62b B 396+59p B - - -
Surv'(\é/ao; rate gN 837+15h AB 839:+18 AB 859+15b A 85614 AB 776+38a AB 8l5:t24a AB 80.7+20a AB 788+26a AB 722+36a B 754+25 B 815:t18 AB 858+24 AB
Fertilized 9D 23%10b DE 98+19b ABC 119+08) A 110+11b AB 12109 A 88+07b AB 7.1+05b ABC 4.8+08b BCD 2.8+06b CDE - - -
egys (10 gN  355+28a AB 475:22a A 418+17a A 368+16a AB 369+16a AB 37.3+10a AB 360+16a AB 311+10a BC 261%14a CD 246%13 CD 225+18 CD 7617 D
Viableeggs 9D 13%06b D 66+13b BC 96x07b A 56+10b AB 26:04b ABC 36+05b AB 2203b BC 05%02b CD 00£00b D - - -
(10%) gN 181+20a AB 268+2la A 246+13a A 215+13a A 208+1la A 205+07a A 162+1.3a ABC 103+06a CD 97+12a BCD 94%11 CD 69+12 D 32+11 D
Hatchedeggs 9D 1306b D 58+11b BC 89060 A 48:09b AB 22:04b AB 32+05b AB 20+03b BC 05%01b CD 00%0b D - - -
(10%) gN 145+16a BCD 214+16a AB 204+10a A 193+13a AB 179+10a AB 189+07a AB 150+1.1a ABC 95+06a CD 90+12a CD 8910 CD 64+11 D 30%10 D
NC alive gD 12+06b D 50+09 BC 80+06b A 412070 AB 18+03b AB 26+04b AB 16+02b BC 03+01b CD 00x00b D - - -
larvae (10 gN  117+13a BCD 17.1+13a AB 170+08a A 174+12a A 154+09a AB 174+06a A 138+10a ABC 87+05a CDE 84+1la CDE 83+10 CDE 60+10 DE 28+09 E
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4.3 Results

In all experimental tanks, breeders spawned daily between December 2018 and June
2019. The numbers of spawning days registered were 86, 116, 176, and 177 days for tanks D1,
D2, N1, and N2, respectively. In Table 6, the mean values of all spawning quality traits are
reported per tank and type of cross. In Table 7, the comparisons for all spawning quality traits
are presented: within fortnight per types of crosses, and within type of cross per fortnights.
4.3.1 Oocyte Yield

Oocyte yield contribution among tanks, for both types of crosses, was generally higher
and more reproducible in the middle of the spawning season and lower at either ends of it

(Figure 15).

Across the whole spawning season the values between tanks were only significantly
different within the gN group. Between genetic groups, the gN group reported a value 5.27
times higher than the gD group (Table 6). This significant difference was maintained across all
fortnights (Table 7 and Figure 16A). Over the fortnights, within each genetic group both
registered their best values in the first phase of the spawning season (fortnights two—five for
gD, and fortnights one—seven for gN). Within fortnights oocyte yield was explained by genetic
factor, from 29.1 % in fortnight twelve to 90.9 % in fortnight six (Figure 17A) and a mean
value across fortnights of 59.6%. The tank factor explained less in the middle (0 % in fortnight
six) and more at the beginning (44 % in fortnight two) and at the end (65 % in fortnight eleven)

of the spawning season, with a mean value of 23.5 %.

4.3.2 Fertilization, Viability, and Hatching Rates
In the whole spawning season these three traits did not report statistical differences
between genetic groups, while statistical differences were estimated within genetic groups

between tanks (Table 6).

Within fortnights, statistical differences were detected between genetic groups in
fortnight two for fertilization rate, in fortnights three, five, six, eight, and nine for viability rate,
and in fortnights one, three, and nine for hatching rate (Table 7 and Figures 16B-D). The

fertilization rate of gD was lower than for gN across the fortnights. The viability rate of gD
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was higher than gN across fortnights at the beginning of the spawning season (fortnights one,
two, and three) and lower than gN in the rest of the fortnights. The trend for hatching rate

between gD and gN groups did not follow any regular pattern (Table 7).

4.3.3 Larval Survival Rate
For the whole spawning season, the gN group reported a value 7.2% higher than the
gD group (Table 6). Within the same genetic group between tanks, only significant differences

were found for the gD group.

Within fortnights, at the beginning of the spawning season (fortnights one-three), the
gD group showed higher values than the gN group, a trend which was reversed for the rest of
the spawning season (Table 7 and Figure 16E). Regarding the evolution of this trait across the
fortnights, it was observed that the values of the gN crosses were generally constant throughout
the spawning period, while in the gD crosses the values declined slightly at the end of the

spawning period (Figure 16E).

4.3.4 Fertilized Eggs, Viable Eggs, Hatched Eggs, and Number of Alive Larvae

In the whole spawning season these traits all differed significantly between genetic
groups, the gN group being almost 6 times higher than gD group (Table 6). Within the same
genetic group between tanks there were significant differences only in the gN group. Within
fortnights the gN group was superior throughout the whole spawning season (Table 7 and
Figure 16F). Between fortnights, the gD and gN groups showed the same pattern in the
distribution of values across all traits: low values at the beginning, high values in the middle

and low values at the end (Table 7).

For the number of alive larvae, the explanation of its variability within fortnights due
to genetic and tank factors is shown in Figure 17B. Thus, genetic factors were highest in the
middle of the spawning season (from fortnights five to eight), ranging from 63 to 87 %.
Conversely, the impact of the tank was high after the beginning of the spawning season, low in

the middle and at its highest at the end (80-84 %). However, environmental factors (not

63



Chapter 4. The Effect of the Deformity Genetic Background of the Breeders on the Spawning Quality
of Gilthead Seabream (Sparus aurata L.)

explained) were especially influential at the beginning (56-46 % in fortnights one to two,

respectively) and at the end (66 % in fortnight twelve) of the spawning season.

Figure 17C shows the importance of the oocyte yield, fertilization rate, viability rate,
hatching rate, and larvae survival rate on the number of alive larvae. It can be seen that oocyte
yield and viability rate explain the majority of variance. The influence of oocyte yield was at
its maximum between fortnights three and seven (70.8-89.1 %). Conversely, viability rate was
at its maximum between fortnights nine and eleven (58-89.7 %). Taking all traits into account,

the best linear model explained between 84.5 and 98.7 % of total variation of the number of

alive larvae.
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Figure 15. Evolution of the daily oocyte yield per tank (D1, D2, N1, N2) from the beginning to the end of the

spawning season.
4.4 Discussion

Body malformation is one of the most important traits defining the quality of batches.
Deformities have a negative effect on the profit of aquaculture companies, especially
hatcheries, because on-growing companies do not accept deformed fry (Afonso & Roo, 2007).
Most skeletal anomalies in marine aquaculture species occur during their embryonic, larval and
metamorphosis stages (Koumoundouros, 2010), and poor spawning quality is often associated
with the appearance of such deformities. In gilthead seabream, variation in the inbreeding of

breeders produces differences in spawning quality (Astorga, 2005).
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Figure 16. Evolution of the quality and quantity of spawning traits per genetic group (gD, gN) by fortnight,
throughout the spawning season. Each capital letter corresponds to a trait: (A) oocyte yield, (B) fertilization rate,
(C) viability rate, (D) hatching rate, (E) Larval survival rate, (F) Number of alive larvae.

In this study the effect of the EBVdef on spawning quality traits (oocyte yield,
fertilization rate, viability rate, hatching rate, larval survival rate, fertilized eggs, viable eggs,
hatched eggs and number of alive larvae) is reported for first time in gilthead seabream.
Breeders started spawning naturally at the beginning of the species’ spawning season in
December-January and continued until April-June (Arias, 1980; Fernandez-Palacios et al.,
1995; Kissil et al., 2001; Ibarra-Zatarain & Duncan, 2015). The number of spawning days from
all tanks ranged between 86 and 116 days for the gD group, and 176-177 for the gN group.
These results agree with values reported by Jerez et al. (2012) (121-130 days of spawning).
The difference in spawning days observed between both genetic groups was robust because it
was reproduced in the same way within the genetic groups between tanks, suggesting at least a

genetic effect based on the EBVdef.

The oocyte yield trait reported the greatest variability, showing differences between
genetic groups (fed with commercial diets). In any event, their values ranged according to the
locality and environmental conditions (Fernandez-Palacios et al., 1995). While the oocyte yield
of gN group was in line with Xu et al. (2019), oocyle yield of gD group was 5.3 times lower in

comparison to the gN group for the same time period. These differences were kept within
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fortnights. On the other hand, the gD group reported values lower than those reported by Jerez
et al. (2012), and much lower than those reported by Xu et al. (2019), using diets with
nutritional deficiencies. Oocyte yield trait was widely influenced by genetic factor throughout
the whole spawning season, while environmental factors was only relevant at the beginning and
end of the spawning season. In line with this, breeders with high genetic content in
morphological deformity stimulate poor spawn quality through a lower level of oocyte yield

and would be characterized for their EBVdef content.

Traits as fertilization, viability, and hatching rates are widely used for controlling
spawning quality but in this study, they did not show significant differences between genetic
groups, although viability rate and hatching rate estimates were, respectively, lower and similar
to other studies (Fernandez-Palacios et al., 1995, 1997; Scabini et al., 2011; Xu et al., 2019;
Ferosekhan et al., 2020). The number of breeders and sex-ratio used in both types of crosses
per tank (gN and gD groups) were in concordance with value used by Ibarra-Zatarain and
Duncan (2015), in reproductive season of gilthead seabream. In fact, the fertilization rate
registered was in line with values reported by other authors, also using mass spawning to study
this species (Fernandez-Palacios et al., 1995, 1997; Scabini et al., 2011; Jerez et al., 2012;
Ibarra-Zatarain & Duncan, 2015), and higher than other research using mating with only one

male or female (Gorshkov et al., 1997; Xu et al., 2019; Ferosekhan et al., 2020).

Larval survival rate reported in this study was within range for this species (Carrillo et
al., 1989; Fernandez-Palacios et al., 1995, 1997; Scabini et al., 2011; Xu et al., 2019;
Ferosekhan et al., 2020) and the higher survival of the gN group compared to the gD group

suggest a major susceptibility of the latter to environmental factors.
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Figure 17. Histograms of the variance explained in the linear regression analysis by fortnight, throughout the
spawning season. Each capital letter represents a different analysis: (A) the importance of environmental and
genetic factors (Tank and Genetic, respectively) on the oocyte yield. (B) The importance of environmental and
genetic factors (Tank and Genetic, respectively) on the number of alive larvae. (C) The importance of measured

traits (oocyte yield, fertilization rate, viability rate, hatching rate, larval survival rate) on the number of alive larvae.
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The large differences observed for fertilized eggs, viable eggs, hatched eggs and the
number of alive larvae between genetic groups were similar along the whole spawning season,
having significant differences between groups within fortnights (6 times higher in the gN group
vs. the gD group). Moreover, between fortnights and independently of the genetic group, the
same pattern in the distribution of values across these traits was reported: significantly low
values at the beginning, high values in the middle, and low values at the end. Oocyte yield
values described a distribution pattern practically equal but with differences of 5.3 times

between groups, showing the high responsibility of it on all those traits, as expected.

The number of alive larvae is determinant for defining the effective production of
hatcheries, in order to satisfy the on-growing companies’ demand, which requires planning. It
is therefore essential to know the spawning window within which the spawning quality is
optimal. Genetic improvement is accumulative, permanent, and extendable to the whole
production chain (Falconer & Mackay, 2001). In this study, the genetic factor showed a
significant impact on the number of alive larvae (63-87 %), mainly in the middle of the
spawning season, in line with the period when spawning is considered optimal at an industrial

level (Navarro et al., 2009).

A linear regression modeling of spawning for number of alive larvae, revealed that
oocyte yield and viability rate traits explained the majority of its variance, being maximum in
the middle of the spawning season by the oocyte yield. These results are in concordance with

the empiric suggestions reported by Fernandez-Palacios et al. (1995).

In conclusion, this study demonstrates how the deformity genetic background of
phenotypically normal breeders affects and explains their spawning quality, for the first time
in gilthead seabream. Shorter spawning periods, lower oocyte yield and, consequently, a lower
number of alive larvae were found among gD breeders. The number of alive larvae, the most
determinant trait of spawning quality, peaked in the middle of the spawning season on the basis
of oocyte yield and genetic factor, reflecting the importance of controlling the breeders’ genetics

and the utility of oocyte yield trait for tracking spawning quality. Conversely, the viability rate
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and tank factor supported the number of alive larvae at the beginning and end of the spawning
season. Given the results obtained, for oocyte yield trait and number of alive larvae, the gN
breeders showed values 5.3 and 6 times higher than gD breeders, respectively. For future
studies, it would be useful to estimate the differential gene expression patterns between
breeders with different EBVdef values, as well as between their offspring, in order to discover

the genetic structure involved in skeletal deformity determination, in gilthead seabream.
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Abstract

The economic losses that the aquaculture industry has due to the presence of deformities is
especially important in gilthead seabream due to it is sold as whole fish. Thus, this work
proposed to verify the genetic architecture of morphological abnormalities trait using
transcriptome tools in the offspring of two groups, genetically normal (gN) and deformed (gD),
during different stages of larvae development. After the confirmation of deformity prevalence
by osteology analysis, a total of 324 differentially expressed transcripts were found between
groups, increased to 1,868 transcripts after a discriminant analysis approach that totally
separated experimental groups at 35 dph. Gene ontology analysis highlighted that more than
50% of them participated in more than one of the over-represented categories. The major
interaction was found between the nervous system development and cellular developmental
process and between the processes of organic substance transport and the regulation of
signalling. Finally after variant calling analysis, 64 discriminant and polymorphic genes
between groups are proposed as candidates for future deformity studies. The results were
consistent with previous deformity-associated studies, due to 8 genes presented overlapping to
deformity QTL previously reported. This genes are egfl7 (27 variants), meisl (13 variants),
supt20h (5 variants), kentl (5 variants), asrgll (5 variants), mycp2 (2 variants), psma2 (2

variants) and palm (1 variant).

Keywords: Gilthead seabream, estimated breeding value, skeletal deformity, RNAseq,
gene expression analysis, larvae
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5.1 Introduction

Gilthead seabream (Sparus aurata L.) is the most important marine fish farming of
Mediterranean countries with a total production of 278,199 t in 2020 and a positives annual
variation rates for production and economic value (7.2% and 10.22 %, respectively)

(APROMAR, 2021).

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 M€ in the European aquaculture industry (Castro et al., 2008; Fernandez et al.,
2008; Haga et al., 2011). In this species, 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 fish showing malformations (Koumoundouros et al., 1997; Boglione
et al.,, 2001; Lee-Montero et al., 2015; Boursiaki et al., 2019). In fish, the first stages of
development, such as embryonic, larval and metamorphosis stages, are the most critical periods
in which abnormal development can occur, giving rise to deformities that can worsen with age
and define the quality of the final product (Koumoundouros, 2010). Most of skeletal deformities
occurs at this periods, such as operculum and jaw deformities or column deviations (Boglione
et al., 2013b). So, in marine aquaculture a prevalence of deformities around 20 % at the end of

the hatchery phase is consider a good result (Boglione et al., 2013a).

Although there is a strong environmental component as a cause of the presence of
deformities in fish, skeletal deformities have been associated to genetic basis as well (Andrades
et al., 1996; Afonso et al., 2000; Castro et al., 2008; Fernandez et al., 2008; Boglione et al.,
2013b). So, in gilthead seabream, European breeding programs give the same importance to

morphology and growth performance traits, in terms of frequency (Janssen et al., 2017).

In this species, different types of deformities had been associated with genetic bases
and family association (Andrades et al., 1996; Afonso et al., 2000; Negrin-Béez et al., 2015b).
Also, sustancial heritabilities for deformities and morphological traits has been described
(normally, range between 0.15-0.56) (Astorga et al., 2004; Lee-Montero et al., 2015; Negrin-
Béez et al., 2015b; Garcia-Celdran et al., 2015, 2016; Fragkoulis et al., 2018, 2020, 2021) and

71



Chapter 5 Differential expression patterns in larvae of gilthead seabream (Sparus aurata) from divergent
selection for the prevalence of skeletal deformities.

high genetic correlation between different ages (0.83-0.99) (Lee-Montero et al., 2015). On the
other hand some QTLs for different deformities (vertebral fusion, lordosis, jaw, LSK and

operculum) has been reported in different studies (Negrin-Béez et al., 2015a, 2016a, 2016b)

In this study, in the framework of the Spanish National Breeding Program
(PROGENSA®) and the European project PerformFISH, the EBVdef at commercial size of
breeders of the 3™ generation of the breeding program has been estimated. Crosses have been
forced to check whether this EBVdef also has the effect of causing a higher proportion of
skeletal deformities in the offspring during larval development and to check in which window

of development the deformities appear.

5.2 Materials and Methods

5.2.1 Experimental design and biological material

The breeders come from the 3™ generation of the National Spanish Breeding Program
PROGENSA®-11I (Lee-Montero et al., 2015; Ledn-Bernabeu et al., 2021), from a base
population with an estimated heritability for any type of deformity that range between 0.07-
0.26 and a genetic correlation between ages between 0.83-0.99 (Lee-Montero et al., 2015). The
presence of any deformity was visually assessed in 6,000 gilthead seabreams in accordance
with AquaExcel-ATOL (ATOL: 0000087) (AQUAEXCEL, 2013). Also, caudal fin samples
were collected for connecting information between animals through genealogical
reconstruction using molecular tools. The parental assignment was established by using the
microsatellite multiplex (SMAS1) (Lee-Montero et al., 2013), genotyping with the
GeneMapper software (v5.0) (Applied Biosystems) and comparing the genotypes with the
software Vitassign, to incorporate the coancestry data and to take care of the Kinship
(Vandeputte et al., 2006). Evaluation process was carried out using BLUP methodology with
the software VCE 6.0 (Groeneveld et al., 2010; Neumaier & Groeneveld, 1998) and a
complementary program to help for managing input data and automatize processes

(VCE_Executer, v3.0) (Ledn-Bernabeu et al., 2021).

Using this data two different mates were established, one with gN fish and another with
gD fish and the highest EBVdef range between them but similar kindship, biomass and

proportion of females and males, in weight (Figure 14). Phenotypically deformed fish were
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discarded to simulate the real situation in the Hatchery, where these kind of fish are discarded
as broodstock. Maturation and spawning occurred spontaneously under natural conditions in
December. For each mate larvae were rearing until 73 days per triplicate to analysis the
deformities in different tanks, minimizing the environmental factor.
5.2.2 Larval rearing

Larvae were reared per triplicate under controlled conditions using the protocols
established in EcoAqua Institute facilities, after checking a good spawning quality (enough
oocyte yield, a good fertilization and viability rates and a period with high hatching and larvae
survival rates). Viable eggs were transferred to 500 L larval rearing tanks with an initial rearing

density of approximately 100 eggs/L.

The larval rearing tanks had the water inlet from the bottom and the outlet at the top of the
tank wall connected to a filter with a mesh size adaptable to the size of the larvae. They also have an
aeration system in the center and an air blower skimmer. Temperatures and dissolved oxygen
concentrations were measured daily, ranged between 19-22 °C and 6-12 ppm, respectively. The
water renewal was adjusted from 10 to 40 % of the volume per h until the establishment of
microdiet feeding (~46 dph). The *green water’ technique was applied during the period 3-28
dph by using a phytoplankton strain (Nannochloropsis sp.) (250 £ 100 x 103 cells/mL).
Regarding feeding, larvae were fed twice a day with rotifers (Brachionus plicatilis) enriched
with ORI-GREEN (Skretting). Rotifer density was progressively increased from 5 to 10 rotifers
per mL. Artemia nauplii (EG, INVE, Belgium) were offered twice a 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 (73
dph), larvae were progressively weaned onto dry feed, with Gemma Micro (size range: 75 to
500 pum; Skretting, Spain) with manual feeding each hour from 08:00 to 16:00 and automatic
feeding 3 times from 17:00 to 19:00, maintaining a feeding with enriched-metanauplii at 12:00.
5.2.3 Sampling procedures

The sampling was carried out daily from the egg phase until 35 dph and alternate days
from 35 to 73 dph for osteology and RNAseq analysis. Samples were sacrificed by thermal

shock by immersing them inice, washed with DEPC-treated water and stored with 4 % formalin
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buffered at 7.2 pH in a 1:10 ratio (sample:solvent) for osteology analysis and were conserved
in RNAlater (Sigma-Aldrich) in a ratio 1:5 (sample:solvent), kept overnight at 4 °C and stored
at -80 °C for RNAseq analysis. During the ‘green water’ period 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. For osteological analysis in each
sample point (day and tank) a minimum of 10 larvae were taken, and 10 larvae or 100 mg of
sample for RNAseq analysis.
5.2.4 Osteology analysis

For the examination of skeletal deformities, a mean of 22 formalin fixed specimens per
condition (high and low EBVdef) and per sampling day from day 35 were stained for bone and
cartilage using a double-staining protocol with some modifications (Potthoff, 1984; Taylor &
Van Dyke, 1985). Specimens were washed in distilled water to eliminate 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.

In accordance with the degree of mineralization, samples from 39 dph to 73 dph were
used for the examination of severe skeletal deformities. In total a number of 808 specimens
were evaluated, 453 of low EBVdef and 355 of high EBVdef. The analysis of deformities was
based on the normal osteological phenotype of the species (Divanach et al., 1996; Faustino &
Power, 1998; Fragkoulis et al., 2018; Koumoundouros et al., 1997a) and on the existing
descriptions of skeletal deformities in marine fish larvae (Boglione et al., 2013a, 2013b, 2001;

Boglione & Costa, 2011; Divanach et al., 1996).
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Larvae samples were analysed under a light microscope (CX41, Olympus, Tokyo,
Japan). Each section was individually analyzed (Skull, cranial and pre-haemal vertebrae,
haemal and caudal, the pectoral, dorsal, anal and caudal fins).
5.2.5 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, 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).
Lnfij=p+oi+ B+ ofi

where Infj is the expected frequency from observed frequency of each deformity (i) in
each factor considered (ij); u is the average value of expected frequencies logarithms, a; is the
effect of the deformity factor (i), B; is the effect of the factor biological (j) and af;; is the effect

due to these factors’ interaction.

5.2.6 RNA sequencing analysis

5.2.6.1 RNA isolation

Sample were sent with dry ice to the Institute of Aquaculture Torre de la Sal (IATS-
CSIC) for RNA isolation and sequencing analysis. Each sample tank-day, with at least 10
larvae, was pooled and 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 the
RNA Integrity Number values between 7 and 10.
5.2.6.1 RNA sequencing

[llumina  RNAseq libraries were prepared from using the Illumina
NEBNextUItra™RNALibrary Prep Kit (NEB, USA), according to the manufacturer’s

instructions. All RNAseq libraries were sequenced on an Illumina NovaSeq 6000 sequencing
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system in a 2 x 150 pb 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 (SRA ACCESSIONS: SRR13136984-7005) under the Bioproject
accession number PRINA680766 (BioSample accession numbers: SAMN16913187-208).
5.2.6.1 Bioinformatic analysis

A scheme of the workflow followed to obtain the different result from the raw reads is
represented in Figure 18. Briefly, two phases were necessary, one for preprocessing the
readings and another for analysis. In the first, good quality readings were filtered and mapped
to the genome, and their expression level counted. In the second, differential expression

analyses, functional analysis, variant calling and physical distribution analysis were carried out.

. \ Good quality
% Prinse * !
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Expression \ )
P € featureCounts é reads € HISAT2 <
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\/
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Figure 18. General workflow followed to carry out the processing and bioinformatics analysis of the output readings
of the sequencer in experiment 3. Sequence filtering, its mapping in a reference genome, counting of expressed
transcripts and later the different analyses (differential expression (DE), functional enrichment and variant calling
analysis). In light blue is represented new data incomes, in yellow the softwares’ names and in dark blue processed

data.

5.2.6.1.1 Reads pre-processing and genome mapping

Quality analysis was performed with FASTQC v0.11.7
(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/), and libraries were filtered with

Prinseq (Schmeider & Edwards, 2011) for reads reaching Q30 quality and less than 10 % of
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ambiguous bases in the sequence. Then, reads were mapped and annotated using HISAT2 v2.05
(Kim et al., 2019) using the CSIC gilthead seabream draft genome as reference (Pérez-Sanchez
et al., 2019). Read numbers mapped over each gene were counted using FeatureCounts (Liao
et al., 2014). To consider the effect of sequencing depth and gene lengths, gene expression

levels were measured using RPKM.

5.2.6.1.2 Differential expression analysis

DEG were retrieved with normalized RPKM values using DEseq2 v1.20.0 (Love et al.,
2014) at an adjusted FDR < 0.05. To increase the number of DEG without loss of statistical
robustness, supervised 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 of genes contributing to group separation (gD35 vs. gN35) was determined by the
minimum 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 > 1 (discriminant genes) were listed and used
in three different procedures, including gene enrichment analysis, SS localization and variant

calling analysis.

5.2.6.1.2 Gene enrichment analysis

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 of discriminant
genes in silico predicted within 5,000 bp upstream start codon (ATG) of each gene using

PROMOTER 2.0 (Knudsen, 1999).
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5.2.6.1.3 Variant calling analysis

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 SS using bedtools v2.29.2
(Quinlan and Hall, 2010), and clustering of higher variant density SS was performed using the

average linkage method and Euclidean distance of R function hclust.

5.3 Results

5.3.1 Osteology analysis and association study

In the osteological analysis, all severe deformities were classified as kyphosis, lordosis,
partial and 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 (Figure 19).

g : ' = e N
Figure 19. Osteological deformities in gilthead seabream larvae. a, Vertebral anomaly. b, Vertebral anomaly.
¢, 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.
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The association analysis between the presence-absence of severe deformities per type
of genetic cross is reported in Table 8. Normal phenotype was significantly associated with gN
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 gD cross, reporting an excess of

larvae with this phenotype (Z = + 4.12, p < 0.05)

Table 8. Z-values between morphological phenotype (normal, deformity) against type of genetic cross (gD and gN)

in the spawning season as a whole.

TYPE OF CROS5

PHENOTYPE EMN BD
Mormal 4,109396 -4,109396
Deformity | -4,109396 4,109396

In Table 9, the interaction between deformity or normal phenotypes per dph time is
shown, where can be appreciated a significant excess of deformity phenotype between
67-71dph (Z=+1.99/ + 2.96, p-value < 0.05), within gD. While, in those same 67-71 dph
exists a significant defect of normal phenotype (p-value < 0.05). 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 gN cross, the distribution
between deformity and normal phenotypes and dph time was not significant.

Table 9. Z-values between morphological phenotype (normal, deformity) against 35-73 dph, globally and per type
of cross (gD and gN).

GLOBAL

BOTH CROSSES

B |3 |4 43 (45 46 4T 49 |51 |53 |55 | (B9 [e1 [BY [B5 |67 |8 " |

Normal | 1167|883 2 120| -001| 1626204 -801) 71 34| 6| 520( -148(-1982| 1514 -B18| -458|.2 382 .1,996|-2,830|-2.434| -

Deformity | 1,167| -883|.2,120| 001|-1826| 204 e91] 71| .314] .218] .520| 1d0) 1182.1518) 18| 458 2380 19096 2830 2434

MxN

LI ] 43 45 46 4T 48 |51 |53 |85 (&7 B9 [&1  [B2  [B§ |BT &9 " T mn

MNormal | 1.088| 338| 1957| -305| 668-812) -128) -877) 1387| 1080| -115( -784(-1257) 1208 048| 272 -4T1 0B8| -812| -

HE

Deformity | -1,088| - 338 -1.957| 305| -668| 812) 128) B7T7)-1387|-1080) 115 784( 1257(-1208| -048| -272| 4T -DBB| 812

DxD

LI 43 |45 48 47 49 |51 53 |55 |57 58 |61 63 65 |67 LE] [A] T2 73

Normal | -508| 1383) 1206| B61| 1784 352) -B23| 1830) -A08| 355 1017 @78 22| 1,157 - 355 - 355|.1,986|-2,702| - 2,955| -1 A18| -

Deformity | 506|-1383| 1,200 -B61|-1784|-352) B23)-1830| A08| J355|-10M7( -878( - 922|957 355| 255| 1986 2,702| 2955 1418
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The projection of deformity phenotype frequency distribution between genetic crosses
(gN and gD) per dph time, is shown in Figure 20. A significant change of tendency can be
observed between both types of genetic crosses, reporting an early intersection in

development (43 dph).
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Figure 20. Deformity phenotype frequency distribution (%) versus time (dph).

The association between deformity phenotype and dph time was confirmed in different
replicate (tank within cross) (Table 10). Only significant excesses of deformity phenotype

occurred at 67 dph (Z =+ 2.53, p<0.05) and at 71 dph (Z = + 3.18, p < 0.05) within gD crosses.

Table 10. Z-values between morphological phenotype (normal, deformity) against 35-71 dph, in tank (1 and 2)
within type of cross (gD and gN).

Severe deformity (dph/tank)

gN1

35 39 4 43 45| 46 47 49 51 53 55 57 59 &1 63| 65 &7 69 il
Normal | -760| 876 1456 756 ,162|-760|-1042|-1,042| 1,252 772| ,506| -711|-1,434| 433|-1,042|-326] 1,042 433| 1,123
Deformity| 760| -B76|-1456| -756| -162| 760| 1042) 1,042(-1252| -772| -506) 7T11| 1434 -433] 1,042] 326] 1042 -433|-1,123]

N2

35 39 4 43 45| 48 47 49 51 53 55 5T 59 61 63] 65 67 69 7

MNormal | -T48| A45T| 1138 d457| -295|-748| 1,065 457 -T48| 1.138)|-1,004| -285| -205| 1.138| 1,138) 681 457 -285|-1.004

Deformity| 7T48( -457(-1.138] -457| 285| 748|-1.065| -457| ,748(-1,138| 1,004| 295 295)-1,138(-1138| -681| -457| 295 1,004

35 39 4 43 45| 46 47 43 51 53 35 a7 59 61 63| 63 &7 L] m

MNormal | -130] .769| 1.737| 1502| 1353|-130)-1.521| 1,149 -076| 185 -130) 001) 185 426  -400|-400|.2528 -1,521| -972

Deformity| 130 -769|-1737|-1502(-1353| 130| 1521|-1,14%| 076 -185) ,130| -001| -185| -426| 400 400 2528 1521| 472

35 39 41 43 45| 46 47 49 51 53 55 57 59 61 63| 65| &7 69 Al

MNormal | -877| 962| 77| -B29| 1029|-629| 0862| 962\ -B29| -B29| AT7| 1090| AT7| 962 77| 77| 962| -B77|-3,176
Deformity | 877| -962| -177| 629|-1,029| 629| -962| -962| 629| B29| -177|-1.090| -177| -962| -A77|-177| -962| A877| 3175
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5.3.2 Differential expression analysis

Approximately 1,152 M paired-end reads were obtained from 22 pooled sequenced
samples (1 gN5, 4 gD5, 10 gN35 and 8 gD35), with an average of ~52 M reads per sample.
After trimming and quality filtering, remaining reads ranged between 48-67 M reads in all
samples. 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 unique gene descriptions were expressed at 5 dph and 17,042 at 35 dph.

5 dph samples from different genetically crosses were taken as a whole in the same
category as an initial reference point (N5 & gD5 = g5). Then comparisons between 5 and 35
dph (g5 vs. gN35 & g5 vs. gD35) and within genetically crosses in 35 dph (gN35 vs. gD35)
were made, obtaining 3,817, 2.718 and 324 DET, respectively (corresponding to 2,456, 1,843
and 260 unique gene descriptions, respectively) (Figure 21). Altogether, 4,678 DET (3,302
unique descriptions) in at least one comparison were obtained and used in PLS-DA. The two
first components of the resulted model explained 83 % of total variance at 35 dph and clearly
separated gN35 and gD35 groups (Figure 22A). Differences in the model were driven by a total
of 1,868 discriminant transcripts (VIP > 1; 1,398 unique gene descriptions). The classifier
performance of PLS-DA model was validated by 500-model permutation tests and hierarchical

clustering of samples and discriminant transcripts shown in Figure 22B.

35 dph
5 dph
A1
oN'S 39
g5
gD5
] <> g
Total DEG: 4,678
(FDR = 0,05)

(3,417 unique gene descriptions)

Figure 21. Total DEG results from the differential expression analysis performed in larvae using Deseq2. Circles
represent conditions (gD35 and gN35), merged circle represents two conditions taken as one (gN5 + gD5); arrows

represent comparisons and the number of DEG resulted.
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Figure 22. PLS-DA and clustering analyses that separate the two genetic conditions of deformity at 35 dph (gN35
in blue and gD35 in red). A) PLS-DA model using total DEG as input; B) Heatmap with the expression values of
the 1,868 discriminant transcripts (rows) in the 35 dph samples (columns). Dendrograms shows the hierarchical

clustering.

5.3.3 Gene enrichment analysis

GO-BP enrichment analysis disclosed 6 different enriched GO-BP categories,
allocating 317 discriminant transcripts (Figure 23A) 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
signaling (G0:0023051; 101 human equivalents, 2.6% total); cellular developmental process
(G0:0048869; 112 human equivalents, 2.3% total); organic substance transport (GO:0071702;
69 human equivalents, 2.2% total); and small molecule metabolic process (G0O:0044281; 36

human equivalents, 1.4% total).

The clustering of the enriched GO-BP categories showed two different nodes of
associations (Figure 23B). The first one included 117 discriminant transcripts corresponding to

the categories of nervous system development, cellular developmental process, and biological
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adhesion. The second cluster (120 discriminant transcripts) was composed by the categories of
regulation of signaling, organic substance transport and small molecule metabolic process.
Between them, the higher degree of overlap were found between nervous system development
and cellular developmental process (83 discriminant transcripts), and between regulation of

signaling and organic substance transport (85 discriminant transcripts).

B
(A) . (B)
129 2 Regulation of signaling
—_ 5
IS
< 85
S 4 Organic substance transport [l
o E 37
8 s 51 g 120
% 101 o R
I} 12 o o Small molecule metabolic process
g 5 35
{=]
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o 36
K A 37
! . 5 Cellular developmental process [
[
7 |
0 < : - ; 3 83
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Figure 23. Gene enrichment categories results using GO-BP database. A) Bar graphic with the 6 GO-BP enriched
categories (FDR < 0.05) and the percentage of genes in the categories (the number of genes is also located above
each bar). B) Cluster dendrogram that shows the number of discriminant genes in common between 6 GO-BP

enriched categories.
5.3.4 Variant calling and variants physical distribution

A total of 973 discriminant transcripts (52.2%) were located along the 24 SS sequences
constituting the virtual karyotype of gilthead seabream genome

(https://seabreamdb.nutrigroup-iats.org) (Figure 24). The SS17 showed the highest number of

discriminant transcripts (68), followed by SS5 (62), SS21 (58), SS1 (56) and SS20 (56). After
scaffold-length normalization, the SS20 showed the highest number of discriminant transcripts
per Mbp (2.5), followed by SS12 (1.9), SS17 (1.69), SS7 (1.66), and SS21 (1.6). This top five

super-scaffolds concentrated 27.8 % of DET.
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A total of 205,375 bi-allelic variants were called in discriminant genes using both gN
and gD reads. When allelic frequencies were estimated and tested (FDR < 0.05), significant
differences between gN35 and gD35 groups were found for 832 variants, all coming from
alternate alleles of the deformity group. According to the type of mutation (Figure 25A),
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 25B),
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.

The alternate alleles overlapped with 64 genes that were part of the list of discriminant
transcripts in the PLS-DA (Table 11). The average number of alternative alleles per gene was
13, ranging from 1 to 30. Among this final list of genes, the most abundant 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).
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Figure 24. Discriminant transcripts’ distribution in larvae between genetic groups. (A) Number and position of

discriminant transcripts in SS; (B) Discriminant transcripts density (transcripts/Mb) per SS.

(A) (B)
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Figure 25. Classification of the genetic variants of the discriminant transcripts between genetic groups in larvae.
(A) According to the type of mutation (SNP, Complex, Insertion or Deletion); (B) According to the genomic

localization and effect over protein sequence (5’UTR, Intronic, Missense, Synonymous or Non-sense).
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Table 11. List of 64 differentially expressed genes carrying differential variants related with deformity trait ordered

by number of variants. In red are coloured the genes that coincide with the position of deformity QTLs described in

gilthead seabream.

Gene

egfl7
cacna2d?
hspb6
pabpnl
fi1
oxrl
scnlb
psma2
slc13a3
fegrt
whamm
neto2
ss1812
ctsd
tkt
cyplal
man2b1
add2
cand1
elovl4
syne2
sesnl

Number
of
variants
(%)
27 (3.24)
22 (2.64)
16 (1.92)
12 (1.44)
9(1.08)
8 (0.96)
8 (0.96)
2 (0.24)
30 (3.60)
23 (2.76)
20 (2.40)
16 (1.92)
11(1.32)
9(1.08)
9(1.08)
8 (0.96)
28 (3.36)
24 (2.88)
24 (2.88)
23 (2.76)
21 (2.52)
20 (2.40)

5.4 Discussion

Gene

gpat3
rpl39
chi1
kctd6
cuzd1
ndufs3
nubpl
pigh
rpl12
stx7
gapdh
ligl2
rgl3
snap25
gotl
meis1
apoptl
evc
magil
rad9b
ofil
agxt2

Number
of
variants
(%)
18 (2.16)
18 (2.16)
17 (2.04)
17 (2.04)
15 (1.80)
15 (1.80)
15 (1.80)
15 (1.80)
15 (1.80)
15 (1.80)
14 (1.68)
14 (1.68)
14 (1.68)
14 (1.68)
13 (1.56)
13 (1.56)
12 (1.44)
12 (1.44)
12 (1.44)
12 (1.44)
10(1.20)
10 (1.20)

GO-
BP

1,4,5

1,4

Gene

btn2a2
flnb
hsd17b8
kidins220
kdr
atpbapl
chrnd
dclk1
kecnj15
rpli4
tbcd
Irre7
aco2
popdc2
ptprzl
asrgll
kent1
supt20h
mycbp2
palm

Number
of
variants
(%)
10 (1.20)
10 (1.20)
10 (1.20)
10 (1.20)

GO-BP

2,3

1,3,4

2,34

3,4

1,4

1,2,4
1,2,3

13,4

The most important economically significant skeletal deformities include the opercular

complex, neurocranium, vertebral column and appendicular skeleton abnormalities in

Sparus aurata (Koumoundouros et al., 1997; Boglione et al., 2001; Lee-Montero et al., 2015;

Boursiaki et al., 2019). Being the most critical periods in fish the first stages of development,

such as embryonic, larval and metamorphosis stages in which abnormal development can occur

(Koumoundouros, 2010). Genetic architecture of morphological abnormalities trait and the

analysis of skeletal deformities has been developed in this work.
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According to the osteology analysis four development windows were pointed as
relevant in the appearance of deformities and two of them were selected for RNAseq analysis.
The osteology analysis showed a differential amount of deformities between 67-71 dph in gD
cross. At this time, the metamorphosis is completely finished and it is considered the end of the
hatchery stage in the industry (Faustino y Power, 1998; Sitja-Bobadilla et al., 2005). A
significant change of tendency can be observed between deformity phenotype frequency and
both types of genetic crosses, reporting an early intersection after the late metamorphosis at 43
dph, where weaning is normally carried out (Mhalhel et al., 2020). Also, the complete
evaluation of the entire skeleton could be done from 35 dph. In sparid species, evidence of
mineralization can be discerned from 30 dph (Socorro, 2006) and 34 dph is consider the earliest
moment to determine complete mineralisation in seabream larvae (lzquierdo et al., 2013).
Finally, in this species, jaw and mouth bones are formed after the onset of exogenous feeding
(Faustino & Power, 2005), thus, 5 dph was selected as initial reference point, prior to swim
bladder inflation. In concordance with our results, samples from 5 and 35 dph development

windows were considered for RNAseq analysis.

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 to the deformity trait in this important cultured species. The
conducted approach in this study combined typical differential expression tests with a
discriminant analysis capable of increase the number of discriminant genes driving the

separation of groups at 35 dph. These genes were located in all 24 gilthead seabream's SS.

Nervous system development is the most over-represented functional category within
the set of differentially expressed genes. Gene ontology analysis of discriminant genes between
gN35 and gD35 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 hypothesized that changes in
genes involved in neural differentiation processes are related to the deformity trait. An

important interaction was also found between the processes of organic substance transport and
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the regulation of signalling, which suggested that altered conformation of membrane proteins

or solute carriers can cause 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.

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, these results were consistent with previous deformity-
associated studies, where a total of 22 QTL were linked to this complex trait (Negrin-Béez et
al., 2015b, 20164a, b). 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 gD35 (log2FC > 2.5) against gN35 group. Furthermore, 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), meisl (13 variants), supt20h (5
variants), kentl (5 variants), asrgll (5 variants), mycp2 (2 variants), psma2 (2 variants) and
palm (1 variant) overlapped with QTLSK3, QTLOP2, QTLSK14, QTLSK3, QTLOP4,

QTLJIW1, QTLOP4 and QTLORD2, respectively (Negrin-Béaez et al., 2015b, 2016a, b).

In conclusion, this study has generated a list of genes proposed as useful to discriminate
the presence or absence of deformity, contributing with new criteria to the European Certificate

of Juvenile Quality (ECJQ, a proposal to the sea bream aquaculture industry).
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Chapter 6

Conclusions

1. The amplitude of the divergent selection according to the EBVdef was an effective
method to investigate differential expression patterns between genetically deformed and
genetically normal breeders and larvae.

2. A set of 59 differentially expressed transcripts between genetically and normal groups
(702 between family comparisons) was determined from 3 target tissues between the selected
breeders with divergent estimated breeding value for deformity.

3. Genetically deformed breeders showed significantly shorter spawning periods, lower
oocyte yield and, consequently, lower number of alive larvae than genetically normal breeders.

4. The number of alive larvae in the middle of the spawning period is closely related with
the oocyte yield and genetic factor.

5. The offspring coming from genetically deformed breeders showed a significantly
higher incidence of deformity in the developmental window between 67-71 days post hatching
than those coming from genetically normal breeders through osteological analysis.

6. A set of 324 differentially expressed transcripts between genetically deformed and
normal larvae, coming from selected mates with divergent estimated breeding values for
deformity, was determined at the beginning of mineralisation process.

7. Nervous system development is the most over-represented functional category within
the set of differentially expressed genes between genetically deformed and normal larvae.

8. A number of 64 discriminant genes between genetically deformed and normal larvae
showed polymorphic sequences engaging a total of 832 variants.

9. A list of 8 polymorphic and discriminant genes, between genetically deformed and

normal larvae, was overlapped with deformity QTL genome regions, as previously reported.

These results provide a large number of candidate genes that can be used to develop
precise molecular tools applicable in the industrial sector to decrease the prevalence of
deformities. These tools could be implemented in breeding programs and contribute to
improving the competitiveness of the gilthead seabream production.
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Chapter 7

Resumen ampliado en espaiol

7.1 Importancia econdémica del cultivo de la dorada

La dorada es una de las especies acuicolas mas importantes de los paises del
Mediterraneo, con un mercado de 240.786 toneladas en 2019 y una demanda que ha crecido un
27,3 % en los ultimos 5 afios (APROMAR, 2020, 2019, 2018, 2017, 2016). En los Gltimos afios,
mas del 95 % de la oferta de dorada procede de la acuicultura, habiéndose mantenido constante
los volimenes de captura de pesqueria de esta especie entre 6,000-9,000 toneladas anuales.
Esto supone que la demanda del mercado debe ser satisfecha a partir de la produccion acuicola,
cuya produccion en el mediterrdneo en 2019 supuso en valor econémico 1.135,8 M€

(APROMAR, 2020).

Actualmente existe produccion acuicola de dorada en 20 paises, y si nos centramos en
los datos de la UE, la produccién de dorada en 2018 ocup0 la tercera posicién de pescado de
crianza, después del salmén y la trucha arcoiris. En cuanto a valor econémico, ocupa la 4°
posicion con una cuantia de 434,1 M€, habiendo sido superada durante el ultimo lustro por la

lubina (APROMAR, 2020, 2019, 2018, 2017, 2016).

La produccion total de alevines de dorada en Europa (incluyendo Turquia) se mantiene
en un valor aproximado de 700 millones de unidades desde el afio 2016, un 20-25 % mayor que
la cantidad producida el lustro anterior (2011-2015). El precio medio estimado de compraventa
en Espafia de 0,22 €/unidad, a peso equivalente de 2 g/unidad (APROMAR 2020), lo que

supondria un mercado de 154 ME si el precio en el resto de paises es similar.
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7.2 Especie en estudio
La dorada, Sparus aurata (Linnaeus, 1758), es un teleésteo marino perteneciente a la clase
Actinopterygii, orden Perciformes, familia Sparidae:

Reino: Animalia

Filo: Chordata
Subfilo: Vertebrata
Clase: Actinopterygii
Infraclase: Teleostei
Superorden: Acanthopterygii
Orden: Perciformes
Familia: Sparidae
Género: Sparus
Especie: aurata

Posee el cuerpo de forma ovalada, profundo y comprimido. Tiene el perfil de la cabeza
curvo, los ojos pequefios y la boca baja, muy levemente oblicua y con labios gruesos. Exhibe
en la primera hilera de dientes entre cuatro y seis dientes de tipo canino, seguidos por entre 2 'y
4 hileras de dientes cada vez mas romos o molares. Posee fuertes mandibulas y los dientes de
las filas externas son méas fuertes que los interiores. Luce un color gris plateado y una gran
mancha negra en el origen de la linea lateral que se extiende sobre el margen superior del
opérculo. Ademas, posee una banda frontal dorada caracteristica entre los 0jos, bordeada por
dos areas oscuras; lineas longitudinales oscuras sobre los costados del cuerpo; una banda oscura

sobre la aleta dorsal; la horquilla y las puntas de la aleta caudal bordeadas con negro (Figura 1).

Se distribuye geogréaficamente (Figura 2) en zonas costeras subtropicales del
Mediterraneo, Mar Negro y Atlantico oriental, desde las costas de Reino Unido y del Mar del
Norte hasta las costas de Senegal (Froese & Pauly, 2019). Debido a sus habitos eurihalinos y
euritermos, la dorada se encuentra tanto en ambientes marinos como en lagunas costeras y
estuarios, ademas de haber sido introducida en otras regiones por la acuicultura. Habita entre
las algas de zonas rocosas y superficies arenosas poco profundas, generalmente desde el nivel
del mar hasta los 50 m de profundidad, pudiendo llegar a los 150 m. Nace en alta mar y los

juveniles migran a aguas costeras poco profundas durante la primavera y regresan a aguas mas
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profundas a finales de otofio, momento en el que los adultos se reproducen

(Moretti et al., 1999).

Esta especie es hermafrodita protandrica, alcanza la madurez sexual como macho a los
2 afios de edad y cambia a hembra a los 2-3 afios condicionado por factores sociales y
hormonales. Las hembras desovan en tandas intermitentes, pudiendo poner 20.000-80.000
huevos cada dia por un periodo de hasta 4 meses. Su estacion reproductiva comienza cuando
los dias son cortos y las horas de luz decrecientes, generalmente de octubre a diciembre en el
Mediterraneo occidental (Arias, 1980) y entre noviembre y febrero en el Mediterraneo oriental
(Ben-Tuvia, 1979). Los huevos son plancténicos, esféricos y transparentes, de
aproximadamente 1 mm de didmetro y con una o varias gotas lipidicas en su interior
(Moretti et al., 1999).
7.3 Repercusion industrial de las deformidades morfoldgicas en piscicultura

En la actualidad es frecuente encontrar individuos que presenten deformidades
morfoldgicas durante el cultivo de las principales especies acuicolas con importancia
comercial. Estas deformidades causan grandes consecuencias econémicas a las empresas de
acuicultura al incidir en su valor de mercado y aumentar los costes de produccion. En estudios
previos se ha estimado que en Europa la pérdida econdémica debida a las deformidades
esqueléticas es de al menos 50 M€ anuales (Haga et al., 2011). Ademas, pese a que la incidencia
de deformidades esqueléticas es especie dependiente, se han reportado incidencias de entre el
50-100 % de la produccion en especies como pargo japonés (Pagrus major), dorada (Sparus
aurata), lubina (Dicentrarchus labrax), bacalao del Atlantico (Gadus morhua), mero
(Epinephelus marginatus y Epinephelus septemfasciatus), lenguado japonés (Paralichthys
olivaceus), medregal (Seriola), lenguado senegalés (Solea senegalensis), salmén del Atlantico

(Salmo salar) y trucha arcoiris (Oncorhynchus mykiss) (Haga et al., 2011).

Las pérdidas econdmicas producidas por la aparicion de deformidades ocurren en dos
niveles, a nivel de produccién de alevines y de engorde de juveniles. La aparicion de animales
deformes en las hatcheries reduce la tasa de supervivencia y de crecimiento de las larvas
deformes (Fernandez et al., 2008). Esto obliga a las mismas a introducir sobrecostes sobre los
animales sanos al tener que sobredimensionar su produccion y/o realizar procedimientos de
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cribado manuales para eliminar los animales deformes, ya que las empresas de engorde no
aceptan lotes con prevalencias de deformes mayores al 5 % (Afonso & Roo, 2007), teniendo
en cuenta que en este estadio algunos peces deformes pueden pasar desapercibidos por
observacion externa. A nivel de empresas de engorde de juveniles, los peces deformes deben
descartarse o venderse por debajo del nivel de mercado, lo que supone un gasto adicional,
ademas del producido por su menor rendimiento productivo (menor capacidad natatoria, ratio
de conversidn y de crecimiento y tasa de mortalidad y susceptibilidad al estrés y afeccion por
patégenos) (Andrades et al., 1996; Boglione et al., 2001; Ferndndez et al., 2008; Karahan et al.,
2013). Por otro lado, la presencia de deformidades genera un impacto negativo en el bienestar
animal y en la percepcion que tiene el consumidor sobre los productos acuicolas (Komen et al.,
2002). Por ello, la presencia de deformidades es el segundo caracter en importancia econémica
para el sector de produccion industrial de dorada, debido a la devaluacion del valor de mercado
gue provoca en el producto a lo largo de la cadena de produccidn, agravado por su venta como
pez entero (Bardon et al., 2009; Georgakopoulou et al., 2010; Boglione & Costa, 2011;
Boglione et al., 2013a, 2013b). Todo esto ha influido en que los caracteres de calidad
morfoldgica hayan adquirido la misma importancia que los caracteres de crecimiento en los

programas de mejora genética europeos, en términos de frecuencia (Janssen et al., 2017).

7.4 Principales tipos de deformidades morfolégicas y su importancia en acuicultura

Las anomalias morfoldgicas son desviaciones de la morfologia del pez respecto a un
estandar de calidad. La prevalencia de estas anomalias en lotes industriales esta asociada a la
intensificacion del cultivo de especies piscicolas de interés comercial y afectan a su calidad
integral (Divanach et al., 1996; Afonso & Roo, 2007). Las principales anomalias que tienen
importancia industrial son aquellas que afectan la forma del cuerpo del pez, ya que la forma es
el primer criterio visual de evaluacion de la calidad de una especie, especialmente en aquellas
gue se comercializan como pez entero (Divanach et al., 1996; Afonso & Roo, 2007). De manera
general en piscifactorias, los animales que son reconocidos por tener una forma corporal
andmala tienen deformidades vertebrales (Gjedrem & Baranski, 2009). Las deformidades en la
espina dorsal, junto con deformidades neurocraneales y en el esqueleto apendicular, se

clasifican dentro del grupo de deformidades esqueléticas y son la principal causa de variacion
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de la forma del pez (Afonso & Roo, 2007). Las anomalias morfoldgicas pueden clasificarse en
malformaciones de las escamas y problemas de pigmentacion, ademas de en deformidades
esqueléticas, pero estas anomalias tienen generalmente menor impacto econdmico,

particularmente en esta especie de estudio.

7.5 Etiologia de las deformidades morfoldgicas en peces

La causa de la mayoria de las deformidades no se conoce con exactitud y en la mayoria
de las especies aparecen durante el desarrollo embrioldgico, larvario o comienzo de la etapa
adulta (Boglione et al. 2009; Loizides et al. 2014; Azevedo, et al. 2017; Fragkoulis et al. 2017;
Thuong et al. 2017). De manera general el aumento de prevalencia de deformidades se asocia
a condiciones abioticas desfavorables, como manejo excesivo, presencia de xenobidticos o
desbalances nutricionales, y condiciones bidticas como parésitos. Sin embargo, aunque las
deformidades tienen un fuerte componente ambiental, existen diversos estudios que sugieren
un componente genético suficiente como para ser explotado en los programas de mejora.

9.5.1 Factores no genéticos

Existen numerosos estudios que asocian condiciones desfavorables de manejo o de
cultivo con una mayor incidencia de animales deformes en dorada y en otras especies. Asi pues,
se han relacionado las altas densidades de cultivo en dorada con la aparicion de una mayor
proporcion de anomalias caudales y deformidades vertebrales en general a nivel industrial
(Koumoundouros et al., 1997; Prestinicola et al., 2013). Chaptain y Ounais-Guschemann
publicaron la aparicion de un 90 % de prevalencia de lordosis en larvas de dorada ocasionada
por la no inflacion de la vejiga debido a capas de aceite en la superficie del agua o a altas
condiciones hidrodindmicas (Chatain & Ounais-Guschemann, 1990; Chatain, 1994). Pese a que
la lordosis puede asociarse a problemas de inflacion de vejiga, también puede desarrollarse con
vejigas natatorias completamente funcionales (Andrades, 1996). La aparicion de deformidades
debidas a altas corrientes de agua ha sido descrita por otros autores en otras especies cercanas
como lubina y dorada roja (Chatain, 1994; Divanach et al., 1997; Kihara et al., 2002). Otros
factores como la temperatura también pueden aumentar la prevalencia de deformidades en
dorada, asi como la tasa de mortalidad durante estadios larvarios tempranos (Polo, Yufera &

Pascual, 1991; Georgakopoulou et al., 2010). Esto ocurre ademas en otros esparidos como la
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breca (Sfakianakis et al., 2004) y especies como la lubina (Koumoundouros et al., 2001; Abdel

et al., 2004; Sfakianakis et al., 2006; Georgakopoulou et al., 2007).

En cuanto a xenobidticos, se ha reportado un incremento en la incidencia de
deformidades en peces expuestos de manera prolongada a pesticidas (Chun et al., 1981; Whittle
et al. 1992). Del mismo modo existen reportes de mayor incidencia de deformidades en peces
procedentes de aguas contaminadas con efluentes agricolas, industriales y urbanos (Slooff,

1982; Browder et al., 1993), asi como con residuos de selenio (Lemly, 1993).

La prevalencia de deformidades en peces estd asociada también a desbalances
nutricionales durante el desarrollo larvario (Cahu et al., 2003b; Boglione et al., 2013b). Asi
pues, un exceso de vitamina A es causante de una mayor proporcion de deformidades en cultivo
de dorada (Fernandez et al., 2008) y otras especies piscicolas (Haga et al., 2011). Cahu y cols.
(2003a) reportaron que una dieta con valores inadecuados de fosfolipidos tiene como resultado
mayor prevalencia de deformidades de boca y de columna en lubina. De igual forma, utilizar
niveles elevados de acido docosahexaenoico en la dieta logré reducir un 50 % la incidencia de

deformidades esqueléticas en pargo rojo (Izquierdo et al., 2010).

Como efectos bidticos que pueden desencadenar la aparicion de deformidades en peces,
Lom y cols. han descrito que la parasitacion por la familia myxosporea puede causar anomalias
esqueléticas por la aglomeracion ectépica a lo largo de los tejidos conectivos del canal central
gue rodean el nervio espinal (Lom et al., 1991). Del mismo modo, se han asociado la aparicion
de anomalias de mandibula con parésitos en la boca en fletdn del atlantico
(Morrison & MacDonald, 1995).
9.5.2 Factores genéticos

Las deformidades esqueléticas también se han asociado con una base genética. Asi, se
ha reportado que la depresién consanguinea, que es consecuencia del nivel de consanguinidad
incide en la presencia de malformaciones. En trucha arcoiris, Austal y Kittelsen (1971)
encontraron una prevalencia de alevines deformes 38 veces mayor en familias de hermanos
carnales (Aulstad & Kittelsen, 1971). Por otro lado, Kincaid (1983) detect6 una prevalencia de

deformidades un 37,6% respecto a familias de individuos no emparentados (Kincaid, 1983).
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En dorada, Andrades y cols. (1996) propusieron un origen genético para explicar la
prevalencia de lordosis en una poblacion de cultivo en dorada. Afonso y cols. (2000),
describieron por primera vez la asociacion estadistica de una deformidad compleja a una familia
concreta perteneciente a un programa de mejora genética. Esta anomalia es una triple
malformacidon esquelética (lordosis, escoliosis y cifosis (LSK)), repetida desde la cabeza hasta
la cola. Astorga y cols. (2004) propusieron la segregacion de un gen mayor al considerar todas
las deformidades como un solo rasgo (presencia-ausencia de alguna deformidad), tras obtener
estimas de heredabilidad muy elevadas tanto mediante un modelo animal como con anélisis
bayesiano (0.78 y 0.85, respectivamente). Posteriormente, Lee-Montero y cols. (2015)
estimaron heredabilidades medio-bajas (0.07-0.26) para presencia-ausencia de cualquier
deformidad desde alevines hasta adultos, pero con altas correlaciones genéticas entre ellas
(0.83-0.99), utilizando un modelo animal. Al mismo tiempo, Negrin-Baez y cols. (2015b)
reportaron un namero significativamente mayor de descendientes con deformidad de opérculo,
lordosis y fusion vertebral provenientes de cruces dirigidos de padres con las mismas
deformidades, con estimas de heredabilidades de entre 0.34-0.46 para estas tres deformidades.
Garcia-Celdran y cols. (2015) confirmaron estas altas heredabilidades para deformidades de
columna (0.38-0.56) y de opérculo (0.43-0.46) mediante analisis bayesiano a los 163y 690 dias
después de la eclosion, respectivamente, y posteriormente mediante un modelo animal a 163
dias después de la eclosion, con heredabilidades de 0.53 y 0.37 para lordosis y deformidad de
opérculo, respectivamente (Garcia-Celdran et al., 2016). En este Gltimo estudio se determind
también una heredabilidad media para la no inflacion de la vejiga natatoria (0.36) y una
correlacion genética positiva de lamisma con la lordosis (Garcia-Celdran et al., 2016). También
en larvas de 39 dias posteriores a la eclosion Fragkoulis y cols. (2018) estimaron una
heredabilidad media para la fusion de maxilares con premaxilares (0.22) y para anomalias en
la aleta caudal (0.15-0.27) (Fragkoulis et al., 2020). En estudios en adultos, Fragkoulis y cols.
(2021) estudiaron la variabilidad de la forma corporal de juveniles de dorada de 155 dias hasta
los 589 dias de edad, determinando la existencia de heredabilidades sustanciales con valores

entre 0,17-0,51 y una correlacidn genética entre las distintas edades de 0,22-0,76.
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7.6 Evolucion de los programas de mejora genética en dorada

El cultivo de dorada comenzé en la década de los 70, a partir del engorde de larvas
capturadas del medio (Janssen et al., 2017), acelerandose el desarrollo de esta industria en 1990
gracias a la mejora de las técnicas de reproduccion (Divanach & Kentouri, 2000). Los primeros
ensayos de mejora genética en la especie llegaron a mediados de 1990 (Knibb et al., 1997,
1998) y el primer programa de mejora genética a nivel industrial comenzo iniciada la década
2000 (Thorland et al., 2007; Chavanne et al., 2016; Janssen et al., 2017). El principal objetivo
de los programas de mejora es aumentar la rentabilidad y sostenibilidad de las empresas
productivas, pero manteniendo la variabilidad genética de los stocks de cultivo (Martinez,
2007). Tradicionalmente el principal caracter de interés industrial en los programas de mejora
ha sido el crecimiento, pero con el tiempo se han sumado caracteres que han ido ganando
importancia industrial como la deformidad o la resistencia a patégenos (Chavanne et al. 2016;

Janssen et al. 2017; Vandeputte et al., 2019; Boudry et al., 2021).

En la actualidad existen empresas que llevan a cabo programas de mejora genética de
dorada en Francia, Grecia, Italia, Espafia, Croacia, Israel y Turquia (Boudry et al., 2021). La
mayoria de ellas utilizan la seleccion masal como método de seleccion, aungue algunas utilizan
métodos de seleccion familiar, incluyendo metodologia BLUP mediante pedigri molecular o
crecimiento de las familias por separado (Boudry et al., 2021). ElI uso de marcadores
moleculares, como los microsatélites y los SNP, permite mejorar la eficiencia de los métodos
de seleccién, gracias a la asociacién por desequilibro de ligamiento de estos marcadores
situados en regiones concretas del genoma con el fenotipo de caracteres cuantitativos de interés,

determinando asi un QTL (Pérez-Enciso & Toro, 2007; Yue, 2014).

Los enfoques de detecciéon de QTLs tradicionales permiten encontrar aquellos QTLS
con un efecto medio-alto sobre el carécter de interés, pero no aquellos con un bajo efecto (Yue
et al., 2014). Esto permite realizar seleccion asistida por marcadores (MAS), mejorando la
precision de la seleccién y la ganancia genética, especialmente en caracteres dificiles de medir
0 de baja heredabilidad, como la deformidad (Meuwissen, 2003; Martinez, 2007; Yue et al.,
2014; Boudry et al., 2021). En la actualidad la mejora de las técnicas de secuenciacion masiva

y el abaratamiento de estas ha permitido la disposicion de un gran numero de marcadores
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moleculares, asi como el genoma y transcriptoma de muchas de las especies de cultivo. Esto ha

contribuido al desarrollo de técnicas como el RNAseq o la seleccion gendmica.

El RNAseq es una técnica que permite secuenciar el RNA total de una muestra,
mapearlo, anotarlo y cuantificarlo de una vez (Saroglia & Liu, 2012; Qian et al., 2014). En
acuicultura de peces esta técnica ha sido utilizada para ensamblar nuevos transcriptomas, anotar
genomas, detectar SNPs y realizar analisis de expresion (Qian et al., 2014). El RNAseq es una
tecnologia mas econdmica que la secuenciacion completa del DNA (WGS) y pese a que se
limita a las regiones codificantes del genoma, puede ser utilizado para detectar de manera fiable
variantes gendmicas como SNPs (Piskol et al., 2013). Existen marcadores que estan asociados
a loci gendmicos que regulan los niveles de expresion de determinados genes, estas regiones
son conocidas como eQTLs (Saroglia & Liu, 2012). El analisis de eQTLs de caracteres
complejos permite estudiar los procesos moleculares que subyacen a la patobiologia (Ogura et

al., 2015).

La seleccion gendémica (GS) fue propuesta por Meuwissen y cols. en 2001 y dicta que
con un numero suficientemente elevado de marcadores moleculares repartidos por todo el
genoma (GW), la mayoria de los loci de caracteres cuantitativos estarian en fuerte desequilibrio
de ligamiento con al menos un marcador, lo que permitiria sumar los efectos de cada uno de
ellos para predecir el comportamiento de dicho caracter (Meuwissen et al., 2001). De esta
forma, se puede resumir que mediante la selecciébn BLUP podemos calcular el potencial
genético de los reproductores a través de la informacion de sus parientes, la seleccion MAS
utiliza marcadores moleculares asociados a QTLs con un efecto medio-alto en el caracter de
interés y la GS permite predecir el potencial genético a través de un modelo realizado utilizando

la suma de efectos de los GW (Figura 3).

Pese a que se ha demostrado que la seleccion MAS y GS es potencialmente eficaz en
experimentos controlados, no son métodos de seleccion extendidos en un contexto industrial
en acuicultura, probablemente debido a la falta de estudios acerca del balance de sobrecoste y

beneficios extra que supone implementar estas técnicas (Yue et al., 2014; Boudry et al., 2021).
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7.7 Marcadores moleculares y recursos genémicos disponibles en dorada

La importancia industrial de la dorada ha hecho que sea una especie sobre la que se
centran numerosos estudios, lo que ha permitido que con el tiempo existan NUMerosos recursos
gendmicos y marcadores moleculares para esta especie (Manchado et al., 2016). A continuacion

se detallan algunos de estos recursos genémicos y marcadores, asociados con la deformidad.

Uno de los primeros intentos de generar recursos genémicos en esta especie se realizé
en el marco del proyecto BRIDGEMAP (2000-2004), financiado con fondos comunitarios
europeos (Manchado et al.,, 2016). En 2005, Sarropoulou y cols. construyeron el primer
microarray de cDNA con 10.176 clones de una biblioteca de cDNA procedente de un mix de
estadios embrionarios y larvario (Sarropoulou et al., 2005). En 2006, Senger y cols.
construyeron un mapa hibrido de radiacién preliminar. Ese mismo afio fue reportado por Franch
y cols. (2006) el primer mapa de ligamiento, con 26 grupos de ligamiento (LG), realizado a
partir de 204 marcadores microsatélites. Por otro lado, numerosos estudios centraron sus
esfuerzos en obtener ESTs de distintos tejidos y momentos del desarrollo para poder estudiar
no s6lo marcadores en el genoma, sino descubrir qué genes se expresan. Ya en 2010 distintos
autores reportaron transcriptomas adicionales para muestras de musculo esquelético, tejidos
esqueléticos, intestino, sangre y rifién de juveniles de dorada, lo que dio como resultado un
transcriptoma global de 113.927 contigs, de los cuales aproximadamente el 50 % fueron
anotados (Garcia de la Serrana et al., 2012; Calduch-Giner et al., 2013; Vieira et al., 2013;
Manchado et al., 2016). A finales de esta misma década, se comenzé a disponer de genomas de
esta especie, suficientemente completos como para ser ensamblados formando cromosomas.
Dray y cols. reportaron en 2016 el genoma mitocondrial y posteriormente, dentro del marco de
los proyectos AquaTrace (2012-2016) y FISHBOOST (2014-2019), Pauletto y cols. (2018)
lograron el genoma completo. En 2019, Pérez-Sanchez y cols., dentro del marco del proyecto
AQUAEXEL2020 (2015-2020), reportaron también otro ensamblaje completo del genoma de
dorada. Toda esta informacion gendmica hace que se esté muy cerca de obtener un
transcriptoma y genoma estable que pueda ser utilizado para realizar analisis RNAseq robustos
y una anotacion estandarizada que permita comparar con otras especies y llevar a cabo un
correcto analisis funcional. Aungue el RNAseq no requiere un conocimiento a priori del

genoma de la especie, claramente puede beneficiarse de la abundante informacién contenida en
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los genomas al reducir su complejidad de manera préctica (Manchado et al., 2016).

Cabe destacar que la sucesion de marcadores moleculares reportados en esta especie y
el avance de las técnicas moleculares y gendmicas hizo que en dorada comenzaran a realizarse
estudios de QTLs para distintos caracteres, incluyéndose caracteres morfologicos y
deformidades esqueléticas. Boulton y cols. encontraron un QTL significativo que explica el 13-
23 % de la varianza fenotipica de su poblacién para rasgos morfométricos (Boulton et al.,
2011). Entre 2015 y 2016 Negrin-Baez y cols. realizaron distintos experimentos en los que
reportaron varios QTLs asociados a distintas deformidades esqueléticas. En 2015, encontraron
tres QTL significativos que explicaban 1.6-11.4 % de la varianza, uno para fusion de vertebras
(QTLFV3), uno para lordosis (QTLORL1) y otro para deformidad mandibular (QTLJW1), este
Gltimo localizado muy préximo a 2 de los microsatélites utilizados (Cld-26-H, Cld-03-F)
(Negrin-Béez et al., 2015a). En 2016, realizaron un analisis de QTLs para la deformidad LSK
mediante una regresion lineal y un modelo mixto lineal, detectando cuatro QTLs (QTLSKS,
QTLSK®6, QTLSK12, QTLSK14) significativos a nivel de genoma, que mostraron un gran
efecto en ambos métodos (>35 %), explicando conjuntamente el 65-94 % de la varianza y
encontrando ademas 2 marcadores microsatélites (DI1d-03-T and Bt-14-F) fuertemente ligado a
esta deformidad (Negrin-Baez et al., 2016b). Ese mismo afio, mediante metodologia de
regresion lineal, detectaron 2 QTLs significativos (QTLOP1 and QTLOP2) para la deformidad

del opérculo, con un efecto entorno al 27 % (Negrin-Béez et al., 2016a).

El estudio en cultivos primarios de células madre mesenquimales (MSC) derivadas de
células dseas de dorada, ha permitido caracterizar las redes de genes que regulan el proceso de
la osteogénesis en distintas condiciones de temperatura (Riera-Heredia et al., 2018) y tratados
con acidos grasos (EPA, DHA, LA y ALA) (Riera-Heredia et al., 2019a). Por otro lado,
mediante la comparacion de tejidos de peces deformes y peces normales, se determiné que el
patron de expresion de genes relacionados con la maduracion y mineralizacion de la matriz
extracelular ésea (collal, op, ocn, mgp Yy tnap) asi como los implicados en la reabsorcion dsea
(ctsk y mmp9), parecen ser clave para discernir entre peces normales y peces con deformidades
de columna (lordosis y LSK), sin encontrarse un patrén diferencial en deformidades de
mandibula y opérculo (Riera-Heredia et al., 2019b).
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7.8 Objetivos

El transcurso de generaciones de produccion piscicola ha logrado la domesticacion de
diversas especies de cultivo mediante el estudio de su biologia y la mejora de las metodologias
para su cultivo y reproduccién. Este hecho ha permitido que la oferta de estas especies de
acuicultura se haya aproximado a los niveles de demanda regular de pescado del mercado, lo
gue ha conseguido que el precio de estos productos se mantenga mas 0 menos constante a lo
largo del afio. Antes de esta situacion, la estrategia seguida en los sistemas productivos era la
intensificacion de los cultivos y la seleccion a través de caracteres de crecimiento para aumentar
la produccién y satisfacer la demanda del mercado. Pero con el tiempo, el incremento de la
competitividad del sector y la madurez del mercado ha hecho que el precio de estos productos
se haya estabilizado e incluso decaido, obligando al sector industrial a bajar los costes de

produccién o dar valor afiadido a sus productos para mantener la rentabilidad.

El sector de la dorada es un claro ejemplo de este acontecimiento. En esta especie ha
ganado interés industrial la mejora de la calidad del producto final y la reduccién de costes de
produccién, por lo que reducir el nimero de animales deformes en los cultivos es de vital

importancia.

Con estos antecedentes, el objetivo de este estudio es descubrir la estructura genética
subyacente en la prevalencia de deformidades esqueléticas en dorada de acuicultura y describir
marcadores génicos que puedan ser utilizados para evaluar el potencial genético de los animales
utilizados como reproductores y reducir la incidencia de deformidades de origen genético en la

produccion.
Para lograr este objetivo general se establecen los objetivos especificos siguientes:

-Analizar el valor genético aditivo para la prevalencia de deformidad en un gran
nimero de animales procedentes de lotes industriales, garantizando un ndmero de
recombinantes suficiente para dilucidar el mecanismo genético a través de la comparacion entre

animales con distintos valores de cria para la deformidad (EBVdef).

-Determinar la existencia de un patron de expresion diferencial en distintos tejidos

procedentes de familias con EBVdef distantes, utilizando animales reproductores con elevada

101



Chapter 5 Differential expression patterns in larvae of gilthead seabream (Sparus aurata) from divergent
selection for the prevalence of skeletal deformities.

predisposicion genética para la deformidad y con elevada predisposicion genética para la

normalidad.

-Establecer lotes de reproductores fenotipicamente normales y EBVdef distantes (uno
con un EBVdef elevado y positivo y otro con un EBVdef elevado y negativo) con el objeto de
analizar la calidad de la puesta de los lotes de reproductores formados y realizar el cultivo
larvario de sus descendientes para determinar la existencia de diferencias en la prevalencia de

la deformidad y el momento del desarrollo en el que se origina.

-Determinar la existencia de un patrén de expresion diferencial y diferencias de
secuencia entre los genes de ambos grupos (gD y gN) en diferentes estadios del desarrollo

larvario.

7.9 Resumenes de los estudios

Las prevalencia de anomalias morfol6gicas en especies acuicolas es un problema que
conlleva grandes pérdidas econdmicas en el sector industrial, esto es especialmente importante

en la dorada de cultivo (Sparus aurata), debido a que se comercializa entera.

En el primer experimento se realizd una seleccion divergente en base al antecedente
genético de deformidades esqueléticas con el fin de describir los patrones de expresion
diferencial en reproductores, utilizando cerebro, masculo blanco y vértebras, como tejidos
diana de la deformidad. Los valores mejorantes medios de deformidad en diferentes grupos
familiares fueron 0,024 en familias genéticamente deformes (gD) y -0,038 en familias
genéticamente normales (gN). Los transcriptomas de cerebro y vértebra muestran una
complejidad similar, con unos 10.000 transcritos expresados, mientras que el transcriptoma de
musculo blanco posee la mitad de transcritos expresados. Tras el anlisis de expresion
diferencial, se encontraron un total de 59 transcritos diferencialmente expresados (DET) entre
los dos niveles genéticos de deformidad, 2 de los cuales se encontraban diferencialmente
expresados en los tres tejidos diana, el factor de coagulacion X111-A (f13al) y gen similar a E3
ubiquitina-proteina ligasa (TRIM39I). A nivel familiar se detectaron un total de 702 DET
tomando en conjunto los resultados de los 3 tejidos. En términos de analisis funcional, la
vértebra fue el Unico tejido que mostrd un enriquecimiento en categorias funcionales entre los

dos grupos, utilizando como base de datos de referencia la ontologia génica de procesos
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biolégicos. Por primera vez, se ha llevado a cabo un estudio de RNAseq en muestras de
animales seleccionados de manera divergente en base a su predisposicion genética a la

deformidad, lo que abre numerosas posibilidades para futuros estudios.

En el segundo estudio, se estudia por primera vez en esta especie, como los
antecedentes genéticos de presencia de deformidad afecta en la calidad de la puesta de
reproductores, poniendo de manifiesto la importancia de controlar este valor genético aditivo a
la hora de establecer lotes de reproductores. La calidad de los huevos de peces se define como
la capacidad que tienen para ser fertilizados y desarrollar embriones con buena supervivencia
y sin anomalias. Las grandes variaciones en la cantidad y calidad del desove existentes en
especies marinas impactan directamente en la competitividad y la sostenibilidad de los
criaderos, que sobredimensionan sus lotes de reproductores para garantizar la produccién de
alevines, sin animales deformes, que demandan las empresas de engorde. En el experimento,
se evalUa la calidad de la puesta de lotes de reproductores genéticamente deformes y normales
durante una temporada de puesta completa mediante el control de los siguientes parametros:
rendimiento de ovocitos, tasa de fertilizacion, tasa de viabilidad, tasa de eclosion, tasa de
supervivencia larvaria, nimero de huevos fertilizados, nimero de huevos viables, nimero de
huevos eclosionados y nimero de larvas vivas. Aun teniendo un fenotipo normal, los
reproductores con antecedentes genéticos de deformidad tuvieron periodos de desove mas
cortos, menor rendimiento de ovocitos y, en consecuencia, produjeron un menor nimero de
larvas vivas. En estos dos parametros, el antecedente genético de los reproductores fue de
mayor importancia durante los periodos intermedios de puesta, momento en el que
generalmente la puesta es considerada 6ptima en cultivos industriales, mientras que los factores

ambientales fueron mas importantes al principio y al final de la temporada de puesta.

En el tercer estudio, se utiliza la descendencia de grupos de dos grupos de reproductores
seleccionados de manera divergente en base a su potencial genético de deformidad con el
objetivo de esclarecer la arquitectura genética subyacente en el componente genético de la
deformidad. Para ello, se tomaron muestras durante los cultivos larvarios de ambos grupos, se
confirmo la prevalencia de animales deformes en una ventana del desarrollo larvario entre
grupos mediante analisis osteoldgico y se utilizaron herramientas transcriptomicas para
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determinar la existencia de patrones diferenciales de expresidn y variaciones entre sus
secuencias. Como resultado se encontrd, en larvas de 35 dias post eclosion, un total de 324
transcritos diferencialmente expresados entre grupos genéticos, nimero que aument6 a 1.868
después de un procedimiento de analisis discriminante que separ6é por completo los grupos
experimentales. Ademas, un andlisis de ontologia génica muestra 6 categorias funcionales
sobrerrepresentadas en estos transcritos discriminantes, destacando que mas del 50 %
participan en mas de una de las categorias funcionales. La principal interaccidn se encontro
entre el desarrollo del sistema nervioso y el proceso de desarrollo celular y entre los procesos
de transporte de sustancias organicas y la regulacion de la sefializacion. Finalmente, después
de un analisis de variantes, se proponen 64 genes discriminantes y polimorficos entre grupos
como candidatos para futuros estudios de deformidad. Estos resultados fueron consistentes con
estudios previos de deformidad en esta especie, ya que 8 de los genes propuestos se encuentran
en regiones del genoma compatibles con QTL de deformidad previamente reportados. Estos
genes son egfl7 (27 variantes), meisl (13 variantes), supt20h (5 variantes), kentl (5 variantes),

asrgll (5 variantes), mycp2 (2 variantes), psma2 (2 variantes) y palm (1 variante).

7.10 Conclusiones

1. La amplitud de la seleccion divergente atendiendo al valor mejorante para la
deformidad fue un método efectivo para investigar patrones de expresion diferencial en

reproductores y larvas genéticamente deformes y genéticamente normales.

2. Se determinaron un total de 59 transcritos diferencialmente expresados entre
grupos genéticamente deformes y normales (702 transcritos teniendo en cuenta las
comparaciones entre familias) a partir de 3 tejidos diana en reproductores seleccionados

de manera divergente segln su valor mejorante para la deformidad.

3. Los reproductores genéticamente deformes mostraron periodos de desove
significativamente mas cortos, con un menor rendimiento de ovocitos y, en consecuencia,

un menor nimero de larvas vivas que los reproductores genéticamente normales.

4. El nimero de larvas vivas en la mitad del periodo de puesta esta estrechamente

relacionado con la produccion de ovocitos y el factor genético de sus reproductores.
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5. Las larvas provenientes de reproductores genéticamente deformes mostraron
una incidencia significativamente mayor de animales deformes en la ventana de desarrollo
comprendido entre 67-71 dias post eclosion respecto a las provenientes de reproductores

genéticamente normales, a través del anélisis osteologico.

6. Se determind un conjunto de 324 transcritos diferencialmente expresados entre
larvas genéticamente deformes y normales, provenientes de cruces seleccionados de
manera divergente en base a su valor mejorante para la deformidad, al inicio del proceso

de mineralizacion.

7. El desarrollo del sistema nervioso es la categoria funcional mas sobre-
representada dentro del conjunto de genes diferencialmente expresados entre larvas

genéticamente deformes y normales.

8. Un numero total de 64 genes discriminantes entre larvas genéticamente
deformes y normales mostraron secuencias polimérficas incluyendo un total de 832

variantes.

9. Una lista de 8 genes polimdrficos y discriminantes entre larvas genéticamente
deformes y normales, co-localizan en regiones del genoma asociadas a QTL para

deformidades, descritos anteriormente.

Estos resultados proporcionan un gran nimero de genes candidatos que pueden
utilizarse para desarrollar herramientas moleculares precisas aplicables en el sector industrial
para disminuir la prevalencia de deformidades. Estas herramientas podrian implementarse en
programas de mejora genética y contribuir a la mejora de la competitividad del sector de la

dorada.
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