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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

INTRODUCTION
The gilthead seabream (Sparus aurata L.) 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 and 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
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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 tons, 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
and 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; GarcíaCeldrán et al., 2016). The presence of deformities can affect
up to 30% of production, causing an annual loss of more than
€50M in the European aquaculture industry (Castro et al., 2008;
Fernández 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 and
Roo, 2007), as well as genetic factors or interactions (Andrades
et al., 1996; Afonso et al., 2000; Fernández 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; García-Celdrán
et al., 2016), the presence of QTLs (Negrín-Báez et al., 2015a,b)
or inbreeding depression as a consequence of the consanguinity
level (Aulstad and 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. Negrín-Báez 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
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formed after the onset of exogenous feeding (Faustino and
Power, 2005). In fact, additive components already appear from
the larvae (Fragkoulis et al., 2018, 2020) and fingerling stages
(García-Celdrán et al., 2016).
Therefore, a major 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 and Labbé, 2010; Migaud
et al., 2013). Fish egg quality, measured through traits such
as fertilization rate, oocyte yield and alive offspring number,
is considered very important in accordance with European
scientific criteria (AQUAEXCEL, 2013), including good survival
and lack of abnormalities (Kjørsvik 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; Fernández-Palacios et al., 1997;
Almansa et al., 1999; Bobe and 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
(Kjørsvik et al., 1990, 2003; Bromage et al., 1992; FernándezPalacios et al., 1995; Brooks et al., 1997; Shields et al., 1997;
Lahnsteiner and Patarnello, 2004, 2005; Lahnsteiner et al., 2008;
Bobe and 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 (Kjørsvik 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 (EBVdef ) was calculated and their reproductive ability traced
throughout an entire spawning season.

MATERIALS 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 Fundación Canaria
Parque Científico Tecnológico (FCPCT) of the Universidad de
Las Palmas de Gran Canaria (Canary Islands, Spain).

Biological Material and Experimental
Design
A total of 4,108 gilthead seabream adults from the Canary
Islands region and the 3rd generation of the Spanish National
Breeding Program (PROGENSA ) (Lee-Montero et al., 2015)
at AQUANARIA S.L. were visually asessed for the presence
R
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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 (SMsa1), 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
and 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 1), 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 1).

Two different types of crosses, with different EBVdef , were
established in 2 m3 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 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 Fernández-Palacios
et al. (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 2). 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.

FIGURE 1 | The distribution of 4,108 breeders from the 3rd generation of the Spanish National Breeding Program (PROGENSA R ) 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 2 | 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 (♂weight).

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 1).
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 2). The following general linear model
was used:

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-µm 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 (Kjørsvik et al., 1990; Fernández-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 µl 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.

Yijk = µ + αi + βij + εijk
Where, µ is the mean of the population, αi is the effect of the
genetic factor (types of crosses), βij is the effect of the tank factor
within genetic factor, and εijk 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 (SA):
execution of a standard regression analysis, and estimation of
variance components of principal factors. Within fortnights, the
same statistical procedure SA 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 1, 2,
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.

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
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TABLE 1 | The 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).
Trait

Tank
D1

Oocyte yield (103 )

Genetic group

D2

4.7 ± 0.4
0.3a

8.3 ± 0.6

N2

gD

gN

38.2 ± 1.0a

30.4 ± 0.9b

6.5 ± 0.4B

34.3 ± 0.7A
95.8 ± 0.3

Fertilization rate (%)

98.4 ±

96.1 ± 0.4

95.4 ± 0.6

94.1 ± 0.8

Viability rate (%)

44.9 ± 3.5

39.9 ± 3.0

49.9 ± 1.2a

40.9 ± 1.7b

42.0 ± 2.3

45.3 ± 1.1

Hatching rate (%)

96.1 ± 0.3a

84.9 ± 1.1b

89.2 ± 1.2a

87.6 ± 0.8b

89.8 ± 0.8

88.4 ± 0.7

Larvae survival rate (%)

82.3 ± 1.5a

70.2 ± 2.1b

82.2 ± 0.9

79.3 ± 1.2

75.4 ± 1.4B

80.8 ± 0.7A

36.8 ±

1.0a

29.2 ±

0.9b

6.0 ±

0.3B

33.0 ± 0.7A

18.7 ±

0.7a

13.6 ±

0.8b

2.8 ±

0.2B

16.1 ± 0.5A

0.6a

11.9 ±

0.7b

2.5 ±

0.2B

14.1 ± 0.4A

2.1 ± 0.2B

12.3 ± 0.4A

Fertilized eggs
Viable eggs

(103 )

(103 )

4.6 ± 0.4
2.0 ± 0.2

90.8 ±

1.2b

N1

7.4 ± 0.5
3.6 ± 0.4

(103 )

1.9 ± 0.2

3.0 ± 0.3

16.7 ±

N◦ alive larvae (103 )

1.6 ± 0.2

2.1 ± 0.2

13.7 ± 0.5a

Hatched eggs

9.5 ± 0.5b

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.

in fortnights one, three, and nine for hatching rate (Table 2 and
Figures 4B–D). The fertilization rate of gD was lower than for
gN across the fortnights. The viability rate of gD 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 2).
Between fortnights, within genetic groups, fertilization rate
for both groups showed a mild increase toward the end of the
spawning season. In the case of gN group, this rate decreased in
the last two fortnights. For both genetic groups, the viability rate
reported increases from the beginning of the spawning season,
peaking in fortnight three and then decreasing until the end. The
viability rate was more stable for the gN group. The hatching rate
did not report any differences (Figures 4B–D).

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 1, the mean values of all
spawning quality traits are reported per tank and type of cross.
In Table 2, the comparisons for all spawning quality traits are
presented: within fortnight per types of crosses, and within type
of cross per fortnights.

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 3).
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 1). This significant difference was
maintained across all fortnights (Table 2 and Figure 4A). 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 5A)
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%.

Larval Survival Rate
For the whole spawning season, the gN group reported a value
7.2% higher than the gD group (Table 1). 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 2 and Figure 4E). 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 4E).

Fertilization, Viability, and Hatching
Rates

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

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 1).
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
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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 1). 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 2 and Figure 4F). Between
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88.0 ± 3.0
80.1 ± 4.1

83.7 ± 2.3
83.9 ± 1.8

A
AB

DE
AB

D
AB

95.5 ± 2.0a
80.4 ± 4.0b

93.6 ± 1.3a
83.7 ± 1.5b

2.3 ± 1.0b
35.5 ± 2.8a

1.3 ± 0.6b
18.1 ± 2.0a

gD
gN

Larval survival gD
rate (%)
gN

gD
gN

gD
gN

gD
gN

gD
gN

Hatching
rate (%)

Fertilized
eggs (103 )

Viable eggs
(103 )

Hatched
eggs (103 )

N◦ alive
larvae (103 )

AB
AB

01–14/02/2019
11.8 ± 1.3b
38.8 ± 1.5a

89.8 ± 1.1a
85.9 ± 1.5b

93.3 ± 1.1a
83.5 ± 3.0b

78.6 ± 2.2a
58.8 ± 1.8b
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BC 8.9 ± 0.6b
AB 20.4 ± 1.0a
BC 8.0 ± 0.6b
AB 17.0 ± 0.8a

1.3 ± 0.6b
D
5.8 ± 1.1b
14.5 ± 1.6a BCD 21.4 ± 1.6a

1.2 ± 0.6b
D
5.0 ± 0.9b
11.7 ± 1.3a BCD 17.1 ± 1.3a
A
A

A
A

A
A

4.1 ± 0.7b
17.4 ± 1.2a

4.8 ± 0.9b
19.3 ± 1.3a

5.6 ± 1.0b
21.5 ± 1.3a

11.0 ± 1.1b
36.8 ± 1.6a

79.9 ± 2.9
85.6 ± 1.4

87.6 ± 3.2
89.1 ± 1.2

50.9 ± 6.6
56.9 ± 2.0

AB
A

AB
AB

AB
A

AB
AB

AB
AB
A
AB

B
AB
8.8 ± 0.7b
37.3 ± 1.0a

70.3 ± 3.0b
81.5 ± 2.4a

1.8 ± 0.3b
15.4 ± 0.9a

2.2 ± 0.4b
17.9 ± 1.0a
AB
AB

AB
AB
2.6 ± 0.4b
17.4 ± 0.6a

3.2 ± 0.5b
18.9 ± 0.7a

2.6 ± 0.4b ABC 3.6 ± 0.5b
20.8 ± 1.1a A 20.5 ± 0.7a

12.1 ± 0.9b
36.9 ± 1.6a

64.3 ± 4.6b
77.6 ± 3.8a

88.1 ± 1.8
92.1 ± 0.9

BC 22.7 ± 3.8b CDE 42.1 ± 5.3b
AB 56.4 ± 1.6a AB 55.1 ± 1.6a
88.0 ± 1.8
85.7 ± 2.0

16–31/03/2019

AB
A

AB
AB

AB
A

AB
AB

B
AB

BC
AB

01–15/04/2019

DE
ED

35.0 ± 4.7 BCD 11.7 ± 3.1b
44.9 ± 2.4 BCD 33.7 ± 2.0a

2.8 ± 0.6b
26.1 ± 1.4a
0.0 ± 0.0b
9.7 ± 1.2a

7.1 ± 0.5b ABC 4.8 ± 0.8b BCD
36.0 ± 1.6a AB 31.1 ± 1.0a BC
CD
CD
CD
CD
CD
CDE

2.2 ± 0.3b BC 0.5 ± 0.2b
16.2 ± 1.3a ABC 10.3 ± 0.6a
2.0 ± 0.3b BC 0.5 ± 0.1b
15.0 ± 1.1a ABC 9.5 ± 0.6a
1.6 ± 0.2b BC 0.3 ± 0.1b
13.8 ± 1.0a ABC 8.7 ± 0.5a

0.0 ± 0.0b
8.4 ± 1.1a

0.0 ± 0b
9.0 ± 1.2a

39.6 ± 5.9b
72.2 ± 3.6a

59.0 ± 6.2b
78.8 ± 2.6a

69.1 ± 3.3b
80.7 ± 2.0a

70.6 ± 10.2b
91.6 ± 1.0a

2.3 ± 0.6b
32.7 ± 3.2a

97.9 ± 0.8
98.3 ± 0.2

–
97.3 ± 0.4
AB

–
75.4 ± 2.5

D
CDE

D
CD

D
BCD

–
8.3 ± 1.0

–
8.9 ± 1.0

–
9.4 ± 1.1

CDE
–
CD 24.6 ± 1.3

B
B

–
92.9 ± 1.0

CDE

CD

CD

CD

B

–
6.0 ± 1.0

–
6.4 ± 1.1

–
6.9 ± 1.2

–
22.5 ± 1.8

–
81.5 ± 1.8

–
92.7 ± 0.8

DE

D

D

CD

AB

E

–
2.8 ± 0.9

–
3.0 ± 1.0

–
3.2 ± 1.1

–
7.6 ± 1.7

–
85.8 ± 2.4

–
94.9 ± 1.5

E

D

D

D

AB

–
32.9 ± 7.2 CDE

CD

E
D

01–15/06/2019
0.0 ± 0.0b
8.8 ± 2.0a

–
–
95.0 ± 0.8 BCD 88.9 ± 2.0

E
–
–
CDE 35.1 ± 2.8 CDE 24.0 ± 3.2

A
A

E
CD

16–31/05/2019

E
0.0 ± 0.0b
CD 23.8 ± 2.0a

01–15/05/2019

CDE 0.1 ± 0.1b
CD 25.3 ± 1.4a

16–30/04/2019
2.8 ± 0.7b
26.5 ± 1.4a

B
AB

92.0 ± 1.7
92.1 ± 0.9

91.6 ± 1.6
92.7 ± 1.4
B
AB

AB
A

96.8 ± 0.9
98.2 ± 0.3

A
A

7.4 ± 0.5b ABC 5.0 ± 0.8b BCD
36.6 ± 1.7a AB 31.7 ± 1.1a BC

95.3 ± 1.1
A
97.1 ± 0.6
96.9 ± 0.5 ABC 98.2 ± 0.3

AB
AB

01–15/03/2019
9.3 ± 0.7b
38.5 ± 1.0a

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).

BC 9.6 ± 0.7b
A 24.6 ± 1.3a

6.6 ± 1.3b
26.8 ± 2.1a

A
A

A
A

A
A

A
AB

A
AB

15–28/02/2019
12.5 ± 0.9b
37.8 ± 1.6a

89.6 ± 3.3 AB 94.7 ± 1.4 AB 96.3 ± 1.0
96.7 ± 0.5 ABC 94.6 ± 2.0 ABC 97.3 ± 0.5

A
A

16–31/01/2019

9.8 ± 1.9b ABC 11.9 ± 0.8b
47.5 ± 2.2a A 41.8 ± 1.7a

AB
AB

AB
AB

65.8 ± 6.3 ABC 68.9 ± 4.0
50.1 ± 4.1 ABC 58.6 ± 4.2

gD
gN

AB
AB

86.3 ± 4.6b
97.1 ± 0.4a

Viability rate
(%)

B
D

gD
gN

84.3 ± 3.9
88.7 ± 2.1

01–15/01/2019

11.5 ± 2.2b ABC 13.2 ± 0.8b
48.9 ± 2.3a A 43.2 ± 1.7a

Fertilization
rate (%)

DE
AB

gD
gN

2.8 ± 1.3b
39.1 ± 2.8a

Genetic 14–31/12/2018

Oocyte yield
(103 )

Trait

TABLE 2 | The 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).
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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 2).
For the number of alive larvae, the explanation of its variability
within fortnights due to genetic and tank factors is shown in
Figure 5B. 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 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 5C 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.

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
and 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).
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; Fernández-Palacios et al., 1995;
Kissil et al., 2001; Ibarra-Zatarain and 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 (Fernández-Palacios et al.,
1995). While the oocyte yield of gN group was in line with
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FIGURE 3 | The evolution of the daily oocyte yield per tank (D1, D2, N1, N2) from the beginning to the end of the spawning season.

FIGURE 4 | The 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.

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 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.

Frontiers in Marine Science | www.frontiersin.org

(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
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FIGURE 5 | 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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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 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.

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 (Fernández-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 (Fernández-Palacios et al., 1995,
1997; Scabini et al., 2011; Jerez et al., 2012; Ibarra-Zatarain and
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; Fernández-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.
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 and 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 Fernández-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,

Frontiers in Marine Science | www.frontiersin.org

DATA AVAILABILITY STATEMENT
The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT
Ethical review and approval was not required for the animal study
because all the animal experiments were performed according to
the European Union Directive (2010/63/EU) on the protection
of animals for scientific purposes, at Fundación Canaria Parque
Científico Tecnológico (FCPCT) of the Universidad de Las
Palmas de Gran Canaria (Canary Islands, Spain).

AUTHOR CONTRIBUTIONS
ÁL-F, HS, MZ, and JA-L: conceptualization, methodology, and
data curation. ÁL-F, HS, SL-B, JP-S, and CP-G: investigation.
ÁL-F and JA-L: writing—original draft preparation. HS, MZ, SLB, CP-G, and JP-S: writing—review and editing. HS, MZ, JP-S,
and JA-L: funding acquisition. All authors have read and agreed
to the published version of the manuscript.

FUNDING
This work has been co-funded by three projects: PERFORMFISH
project no. 727610, Consumer driven production: Integrating
innovative approaches for competitive and sustainable
performance across the Mediterranean aquaculture value
chain (EU Horizon 2020 programme); PROGENSA III project,
Mejora de la Competitividad del Sector de la Dorada a Través
de la Selección Genética (JACUMAR program, European
Maritime and Fisheries Fund [EMFF]); MORFOGEN project
no. RTA2017-00054-C03-02, Estudio de los factores genéticos y
moleculares que regulan la morfología en dorada (Sparus aurata)
[Instituto Nacional de Investigación y Tecnología Agraria y
Alimentaria (INIA) funded from MCIU/AEI/FEDER, UE].
Research co-financed by the Agencia Canaria de Investigación,

9

May 2021 | Volume 8 | Article 656901

Lorenzo-Felipe et al.

Genetic Effect on Spawning Quality

Innovación y Sociedad de la Información de la Consejería de
Economía, Industria, Comercio y Conocimiento, and by the
European Social Fund (ESF) Integrated Operational Program of
Canary Islands 2014–2020, Axis 3 Priority Theme 74 (85%).

to thank AQUANARIA S.L. for the maintenance of breeders
before preselection and Hipólito Fernández-Palacios for his
recommendations concerning breeder management.

SUPPLEMENTARY MATERIAL
ACKNOWLEDGMENTS
The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmars.
2021.656901/full#supplementary-material

We would like to thank the technical staff of the IUECOAQUA, where research was conducted. We would also like

REFERENCES

Bromage, N., Jones, J., Randall, C., Thrush, M., Davies, B., Springate, J., et al.
(1992). Broodstock management, fecundity, egg quality and the timing of
egg production in the rainbow trout (Oncorhynchus mykiss). Aquaculture 100,
141–166. doi: 10.1016/0044-8486(92)90355-O
Brooks, S., Tyler, C. R., and Sumpter, J. P. (1997). Egg quality in fish: What makes
a good egg? Rev. Fish Biol. Fish. 7, 387–416. doi: 10.1023/A:1018400130692
Brown, R. C. (2003). Genetic Management and Selective Breeding in Farmed
Populations of Gilthead Seabream (Sparus aurata). Ph.D. thesis, Stirling:
University of Stirling.
Carrillo, M., Bromage, N., Zanuy, S., Serrano, R., and Prat, F. (1989). The effect
of modifications in photoperiod on spawning time, ovarian development and
egg quality in the sea bass (Dicentrarchus labrax L.). Aquaculture 81, 351–365.
doi: 10.1016/0044-8486(89)90159-2
Castro, J., Pino-Querido, A., Hermida, M., Chavarrías, D., Romero, R., GarcíaCortés, L. A., et al. (2008). Heritability of skeleton abnormalities (lordosis, lack
of operculum) in gilthead seabream (Sparus aurata) supported by microsatellite
family data. Aquaculture 279, 18–22. doi: 10.1016/j.aquaculture.2008.04.023
Chavanne, H., Janssen, K., Hofherr, J., Contini, F., Haffray, P., Aquatrace
Consortium, et al. (2016). A comprehensive survey on selective breeding
programs and seed market in the European aquaculture fish industry. Aquac.
Int. 24, 1287–1307. doi: 10.1007/s10499-016-9985-0
Falconer, D. S., and Mackay, T. F. C. (2001). Introducción a la Genética
Cuantitativa. Zaragoza: Acribia, 469.
Faustino, M., and Power, D. M. (2005). Osteologic development of the
viscerocranial skeleton in sea bream: alternative ossification strategies in teleost
fish. J. Fish Biol. 58, 537–572. doi: 10.1111/j.1095-8649.2001.tb02272.x
Fernández, I., Hontoria, F., Ortiz-Delgado, J. B., Kotzamanis, Y., Estévez, A.,
Zambonino-Infante, J. L., et al. (2008). Larval performance and skeletal
deformities in farmed gilthead sea bream (Sparus aurata) fed with graded
levels of Vitamin A enriched rotifers (Brachionus plicatilis). Aquaculture 283,
102–115. doi: 10.1016/j.aquaculture.2008.06.037
Fernández-Palacios, H., Izquierdo, M. S., Robaina, L., Valencia, A., Salhi, M., and
Vergara, J. M. (1995). Effect of n-3 HUFA level in broodstock diets on egg
quality of gilthead sea bream (Sparus aurata L.). Aquaculture 132, 325–337.
doi: 10.1016/0044-8486(94)00345-o
Fernández-Palacios, H., Izquierdo, M. S., Robaina, L., Valencia, A., Salhi, M., and
Montero, D. (1997). The effect of dietary protein and lipid from squid and
fish meals on egg quality of broodstock for gilthead seabream (Sparus aurata).
Aquaculture 148, 233–246. doi: 10.1016/s0044-8486(96)01312-9
Ferosekhan, S., Xu, H., Turkmen, S., Gómez, A., Afonso, J. M., Fontanillas, R.,
et al. (2020). Reproductive performance of gilthead seabream (Sparus aurata)
broodstock showing different expression of fatty acyl desaturase 2 and fed two
dietary fatty acid profiles. Sci. Rep. 10:1038. doi: 10.1038/s41598-020-72166-5
Fragkoulis, S., Batargias, C., Kolios, P., and Koumoundouros, G. (2018). Genetic
parameters of the upper-jaw abnormalities in Gilthead seabream Sparus aurata.
Aquaculture 497, 226–233. doi: 10.1016/j.aquaculture.2018.07.071
Fragkoulis, S., Economou, I., Moukas, G., Koumoundouros, G., and Batargias, C.
(2020). Caudal fin abnormalities in Gilthead seabream (Sparus aurata L.) have
a strong genetic variance component. J. Fish Dis. 43, 825–828. doi: 10.1111/jfd.
13180
Froese, R., and Pauly, D. (2019). FishBase. Available online at: www.fishbase.org,
(December, 2019).
García-Celdrán, M., Cutáková, Z., Ramis, G., Estévez, A., Manchado, M., Navarro,
A., et al. (2016). Estimates of heritabilities and genetic correlations of skeletal

Afonso, J. M., and Roo, J. (2007). Anomalías en Peces Cultivados: Morfológicas
Heredabilidad y Selección, en Genética y Genómica en Acuicultura,
Ed. Publicaciones científicas y tecnológicas del Observatorio Español de
Acuicultura, Madrid, 215–240. ISBN, 978-84-00-085537, 527.
Afonso, J. M., Montero, D., Robaina, L., Astorga, N., and Ginés, R. (2000).
Association of a lordosis-scoliosis-kyphosis deformity in gilthead seabream
(Sparus aurata) with family structure. Fish Physiol. Biochem. 22, 159–163.
Almansa, E., Pérez, M. J., Cejas, J. R., Badía, P., Villamandos, J. E., and Lorenzo,
A. (1999). Influence of broodstock gilthead seabream (Sparus aurata L.)
dietary fatty acids on egg quality and egg fatty acid composition throughout
the spawning season. Aquaculture 170, 323–336. doi: 10.1016/S0044-8486(98)
00415-3
Andrades, J. A., Becerra, J., and Ferrhdez-Llebrez, P. (1996). Aquaculture Skeletal
deformities in larval, juvenile and adult stages of cultured gilthead sea bream
(Sparus aurata L.). Aquaculture 141, 1–11. doi: 10.1016/0044-8486(95)01226-5
APROMAR (2017). La acuicultura en España 2017. Cádiz: Asociación Empresarial
de Productores de Cultivos Marinos de España, 93.
APROMAR (2020). La acuicultura en España 2020. Cádiz: Asociación Empresarial
de Productores de Cultivos Marinos de España, 95.
AQUAEXCEL (2013). Deliverable 3.2. Best practices & cross-applicability of
methods to measure phenotypes. Project number 262336. Freeland, WA:
AQUAEXCEL, 106.
Arias, A. (1980). Crecimiento, régimen alimentario y reproducción de la dorada
(Sparus aurata L.) y del robalo (Dicentrarchus labrax L.) en los esteros de Cádiz.
Invest. Pesq. 44, 59–83.
Astorga, N. (2005). Estudio Genético de las Deformidades Esqueléticas de Columna
en Dorada (Sparus aurata L.) en Condiciones de Cultivo Intensivo. Municipality
of Las Palmas: Universidad de las Palmas de Gran Canaria.
Astorga, N., Zamorano, M. J., Toro, M. A., García Cortés, L. A., Montero, D.,
and Afonso, J. M. (2004). Heredabilidad del carácter presencial o ausencia
de deformaciones esqueléticas en dorada (Sparus aurata L.). ITEA 100A,
256–260.
Aulstad, D., and Kittelsen, A. (1971). Abnormal body curvatures of Rainbow Trout
Inbred fry. J. Fish. Res. Board Can. 28, 1918–1920. doi: 10.1139/f71-290
Bardon, A., Vandeputte, M., Dupont-Nivet, M., Chavanne, H., Haffray, P., Vergnet,
A., et al. (2009). What is the heritable component of spinal deformities in
the European sea bass (Dicentrarchus labrax)? Aquaculture 294, 194–201. doi:
10.1016/j.aquaculture.2009.06.018
Bobe, J. (2015). Egg quality in fish: Present and future challenges. Anim. Front. 5,
66–72. doi: 10.2527/af.2015-0010
Bobe, J., and Labbé, C. (2010). Egg and sperm quality in fish. Gen. Comp.
Endocrinol. 165, 535–548. doi: 10.1016/j.ygcen.2009.02.011
Boglione, C., and Costa, C. (2011). Skeletal Deformities and Juvenile Quality.
Sparidae. Hoboken, NJ: Wiley Online Books. doi: 10.1002/9781444392210.ch8
Boglione, C., Gavaia, P., Koumoundouros, G., Gisbert, E., Moren, M., Fontagné,
S., et al. (2013). Skeletal anomalies in reared European fish larvae and juveniles.
Part 1: Normal and anomalous skeletogenic processes. Rev. Aquac. 5, S99–S120.
doi: 10.1111/raq.12015
Bonnet, E., Fostier, A., and Bobe, J. (2007). Characterization of rainbow trout egg
quality: a case study using four different breeding protocols, with emphasis
on the incidence of embryonic malformations. Theriogenology 67, 786–794.
doi: 10.1016/j.theriogenology.2006.10.008

Frontiers in Marine Science | www.frontiersin.org

10

May 2021 | Volume 8 | Article 656901

Lorenzo-Felipe et al.

Genetic Effect on Spawning Quality

deformities and uninflated swimbladder in a reared gilthead sea bream (Sparus
aurata L.) juvenile population sourced from three broodstocks along the
Spanish coasts. Aquaculture 464, 601–608. doi: 10.1016/j.aquaculture.2016.
08.004
Gjedrem, T. (1997). Selective breeding to improve aquaculture production. World
Aquac. Rouge 97, 33–46.
Gjedrem, T. (2004). Status for Breeding Programs in Aquaculture, en. Häholmen:
Fish Breeder’s Roundtable.
Gjedrem, T. (2012). Genetic improvement for the development of efficient global
aquaculture: a personal opinion review. Aquaculture 344-349, 12–22. doi: 10.
1016/j.aquaculture.2012.03.003
Gordon, A., Glazko, G., Qiu, X., and Yakovlev, A. (2007). Control of the mean
number of false discoveries, Bonferroni and stability of multiple testing. Annal.
Appl. Statist. 1, 179–190. doi: 10.1214/07-aoas102
Gorshkov, S., Gordin, H., Gorshkova, G., and Knibb, W. (1997). Reproductive
constraints for family selection of the gilthead seabream (Sparus aurata L.). Isr.
J. Aquac. Bamidgeh. 49, 124–134.
Groeneveld, E., Kovâc, M., and Mielenz, N. (2010). VCE User’s Guide and Reference
Manual Version 6.0. Available online at: ftp://ftp.tzv.fal.de/pub/vce6/doc/vce6manual-3.1-A4.pdf (accessed April 23, 2012).
Haga, Y., Du, S. J., Satoh, S., Kotani, T., Fushimi, H., and Takeuchi, T. (2011).
Analysis of the mechanism of skeletal deformity in fish larvae using a vitamin
A-induced bone deformity model. Aquaculture 315, 26–33. doi: 10.1016/j.
aquaculture.2010.11.026
Ibarra-Zatarain, Z., and Duncan, N. (2015). Mating behaviour and gamete release
in gilthead seabream (Sparus aurata. Linnaeus 1758) held in captivity. Spanish
J. Agric. Res. 13:11. doi: 10.5424/sjar/2015131-6750
Janssen, K., Chavanne, H., Berentsen, P., and Komen, H. (2017). Impact of selective
breeding on European aquaculture. Aquaculture 472, 8–16. doi: 10.1016/j.
aquaculture.2016.03.012
Jerez, S., Rodríguez, C., Cejas, J. R., Martín, M. V., Bolaños, A., and
Lorenzo, A. (2012). Influence of age of female gilthead seabream (Sparus
aurata L.) broodstock on spawning quality throughout the reproductive
season. Aquaculture 350–353, 54–62. doi: 10.1016/j.aquaculture.2012.04.
018
Karahan, B., Chatain, B., Chavanne, H., Vergnet, A., Bardon-Albaret, A., Haffray,
P., et al. (2013). Heritabilities and correlations of deformities and growthrelated traits in the European sea bass (Dicentrarchus labrax, L) in four different
sites. Aquac. Res. 44:3082. doi: 10.1111/j.1365-2109.2011.03082.x
Kause, A., Ritola, O., and Paananen, T. (2007). Changes in the expression of genetic
characteristics across cohorts in skeletal deformations of farmed salmonids.
Genet. Sel. Evol. 39, 529–543. doi: 10.1051/gse:2007019
Kincaid, H. L. (1983). Inbreeding in fish populations used for aquaculture.
Aquaculture 33, 215–227. doi: 10.1016/0044-8486(83)90402-7
Kissil, G. W., Lupatsch, I., Elizur, A., and Zohar, Y. (2001). Long photoperiod
delayed spawning and increased somatic growth in gilthead seabream (Sparus
aurata). Aquaculture 200, 363–379. doi: 10.1016/s0044-8486(01)00527-0
Kjørsvik, E., Hoehne-Reitan, K., and Reitan, K. I. (2003). Egg and larval quality
criteria as predictive measures for juvenile production in turbot (Scophthalmus
maximus L.). Aquaculture 227, 9–20. doi: 10.1016/S0044-8486(03)00492-7
Kjørsvik, E., Mangor-Jensen, A., and Holmefjord, I. (1990). “Egg quality in
fishes, en,” in Advances in Marine Biology, eds J. H. S. Blaxter and A. J.
Southward (Cambridge, MA: Academic Press), 71–113. doi: 10.1016/S00652881(08)60199-6
Knibb, W. (2000). Genetic improvement of marine fish – which method for
industry? Aquac. Res. 31, 11–23. doi: 10.1046/j.1365-2109.2000.00393.x
Koumoundouros, G. (2010). Morpho-anatomical abnormalities in Mediterranean
marine aquaculture. Rec. Adv. Aquacult. Res. 661, 125–148. doi: 10.12681/
mms.235
Koumoundouros, G., Gagliardi, F., Divanach, P., Boglione, C., Cataudella, S.,
and Kentouri, M. (1997a). Normal and abnormal osteological development of
caudal fin in Sparus aurata L. fry. Aquaculture 149, 215–226. doi: 10.1016/
s0044-8486(96)01443-3
Koumoundouros, G., Oran, G., Divanach, P., Stefanakis, S., and Kentouri,
M. (1997b). The opercular complex deformity in intensive gilthead sea
bream (Sparus aurata L.) larviculture. Moment of apparition and description.
Aquaculture 156, 165–177. doi: 10.1016/s0044-8486(97)89294-0

Frontiers in Marine Science | www.frontiersin.org

Lahnsteiner, F., and Patarnello, P. (2004). Egg quality determination in the gilthead
seabream, Sparus aurata, with biochemical parameters. Aquaculture 237, 443–
459. doi: 10.1016/j.aquaculture.2004.04.017
Lahnsteiner, F., and Patarnello, P. (2005). The shape of the lipid vesicle is a potential
marker for egg quality determination in the gilthead seabream, Sparus aurata,
and in the sharpsnout seabream, Diplodus puntazzo. Aquaculture 246, 423–435.
doi: 10.1016/j.aquaculture.2005.01.018
Lahnsteiner, F., Giménez, G., and Estévez, A. (2008). Egg quality determination
based on the shape of the lipid vesicle in common dentex, Dentex dentex. Aquac.
Res. 39, 144–149. doi: 10.1111/j.1365-2109.2007.01865.x
Lee-Montero, I., Navarro, A., Borrell, Y., García-Celdrán, M., Martín, N., NegrínBáez, D., et al. (2013). Development of the first standardised panel of two new
microsatellite multiplex PCRs for gilthead seabream (Sparus aurata L.). Anim.
Genet. 44, 533–546. doi: 10.1111/age.12037
Lee-Montero, I., Navarro, A., Negrín-Báez, D., Zamorano, M. J., Berbel, C.,
Sánchez, J. A., et al. (2015). Genetic parameters and genotype-environment
interactions for skeleton deformities and growth traits at different ages on
gilthead seabream (Sparus aurata L.) in four Spanish regions. Anim. Genet. 46,
164–174. doi: 10.1111/age.12258
Migaud, H., Bell, G., Cabrita, E., McAndrew, B. J., Davie, A., Bobe, J., et al. (2013).
Gamete quality and broodstock management in temperate fish. Rev. Aquac. 5,
S194–S223. doi: 10.1111/raq.12025
Navarro, A., Zamorano, M. J., Hildebrandt, S., Ginés, R., Aguilera, C., and
Afonso, J. M. (2009). Estimates of heritabilities and genetic correlations
for body composition traits and G × E interactions, in gilthead seabream
(Sparus auratus L.). Aquaculture 295, 183–187. doi: 10.1016/j.aquaculture.2009.
07.012
Negrín-Báez, D., Navarro, A., Afonso, J. M., Ginés, R., and Zamorano, M. J.
(2015a). Detection of QTL associated with three skeletal deformities in gilthead
seabream (Sparus aurata L.): Lordosis, vertebral fusion and jaw abnormality.
Aquaculture 448, 123–127. doi: 10.1016/j.aquaculture.2015.05.025
Negrín-Báez, D., Navarro, A., Lee-Montero, I., Soula, M., Afonso, J. M., and
Zamorano, M. J. (2015b). Inheritance of skeletal deformities in gilthead
seabream (Sparus aurata) –lack of operculum, lordosis, vertebral fusion and
LSK complex. J. Anim. Sci. 93, 53–61. doi: 10.2527/jas.2014-7968
Neumaier, A., and Groeneveld, E. (1998). Restricted maximum likelihood
estimation of covariances in sparse linear models. Genet. Sel. Evol. 30, 3–26.
doi: 10.1051/gse:19980101
Polo, A., Yúfera, M., and Pascual, E. (1991). Effects of temperature on egg and larval
development of Sparus aurata L. Aquaculture 92, 367–375. doi: 10.1016/00448486(91)90042-6
Riera-Heredia, N., Martins, R., Mateus, A. P., Costa, R. A., Gisbert, E., Navarro, I.,
et al. (2018). Temperature responsiveness of gilthead sea bream bone; an in vitro
and in vivo approach. Sci. Rep. 8:11211. doi: 10.1038/s41598-018-29570-9
Scabini, V., Fernández-Palacios, H., Robaina, L., Kalinowski, T., and Izquierdo,
M. S. (2011). Reproductive performance of gilthead seabream (Sparus aurata
L., 1758) fed two combined levels of carotenoids from paprika oleoresin and
essential fatty acids. Aquac. Nutr. 17, 304–312. doi: 10.1111/j.1365-2095.2010.
00766.x
Shields, R. J. (2001). Larviculture of marine finfish in Europe. Aquaculture 200,
55–88. doi: 10.1016/s0044-8486(01)00694-9
Shields, R. J., Brown, N. P., and Bromage, N. R. (1997). Blastomere morphology as
a predictive measure of fish egg viability. Aquaculture 155, 1–12. doi: 10.1016/
S0044-8486(97)00105-1
Socorro, C. J. A. (2006). Estudio Comparado del Desarrollo Embrionario y Larvario
del Bocinegro (Pagrus pagrus) y de la Sama de Pluma (Dentex gibbosus). Ph.D.
thesis. Spain: University of Las Palmas de Gran Canaria.
Tandler, A., Har’el, M., Wilks, M., Levinson, A., Brickell, L., Christie, S.,
et al. (1989). Effect of environmental temperature on survival, growth and
population structure in the mass rearing of the gilthead seabream, Sparus
aurata. Aquaculture 78, 277–284. doi: 10.1016/0044-8486(89)90105-1
Theodorou, J. A., Perdikaris, C., and Venou, B. (2016). Origin of broodstock and
effects on the deformities of gilthead sea bream (Sparus aurata L. 1758) in a
Mediterranean commercial hatchery. Int. Aquat. Res. 8, 275–282. doi: 10.1007/
s40071-016-0140-3
Thorland, I., Kottaras, L., Refstie, T., Dimitroglou, A., Papaharisis, L., and Rye, M.
(2015). “Response to selection for harvest weight in a family based selection

11

May 2021 | Volume 8 | Article 656901

Lorenzo-Felipe et al.

Genetic Effect on Spawning Quality

program of gilthead seabream (Sparus aurata), en,” in Proceedings of the XII
international symposium on genetics in aquaculture, Santiago de Compostela.
Vandeputte, M., Mauger, S., and Dupont-Nivet, M. (2006). An evaluation of
allowing for mismatches as a way to manage genotyping errors in parentage
assignment by exclusion. Mol. Ecol. Notes 6, 265–267. doi: 10.1111/j.1471-8286.
2005.01167.x
Xu, H., Turkmen, S., Rimoldi, S., Terova, G., Zamorano, M. J., Afonso, J. M., et al.
(2019). Nutritional intervention through dietary vegetable proteins and lipids to
gilthead sea bream (Sparus aurata) broodstock affects the offspring utilization of
a low fishmeal/fish oil diet. Aquaculture 513, 734402. doi: 10.1016/j.aquaculture.
2019.734402
Zar, J. H. (1984). Biostatistical Analysis, 3 Edn. Upper Saddle River, NJ: PrenticeHaIl.

Frontiers in Marine Science | www.frontiersin.org

Conflict of Interest: SL-B was employed by company AQUANARIA S.L.
The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.
Copyright © 2021 Lorenzo-Felipe, Shin, León-Bernabeu, Pérez-García, Zamorano,
Pérez-Sánchez and Afonso-López. This is an open-access article distributed under the
terms of the Creative Commons Attribution License (CC BY). The use, distribution
or reproduction in other forums is permitted, provided the original author(s) and
the copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

12

May 2021 | Volume 8 | Article 656901

