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A B S T R A C T   

Gilthead seabream is a key fish species for farming in the Mediterranean region and is farmed in a large 
geographical area under various production circumstances. However, more than 80% of the genetically 
improved fingerlings originate from a single country, Greece, which poses a potential risk for genotype by 
environment interaction (GxE). Therefore, the objective of this study was to quantify GxE for several traits of 
gilthead seabream in two distinct commercial production sites, one in south of Greece (Galaxidi Marine Farm) 
and another in southeast of Spain (Cudomar). For this GxE experiment, a population of juveniles was produced 
by mass spawning of 33 males and 20 females on a single day. These juveniles were stocked in sea cages in both 
locations when they reached stocking size (~3 g) and grown under commercial conditions. Management con-
ditions during the grow-out period were kept the same between the production sites, while the fish were subject 
to naturally occurring differences such as water temperature, dissolved oxygen, and salinity. Phenotypes were 
recorded when the fish reached commercial harvest size (~400 g). Genetic parameters were estimated by using a 
genomic relationship matrix that was built by using ~30 k SNP. All traits studied had higher genetic variation 
and heritabilities in Cudomar. For instance, the heritability of harvest weight was 0.37 ± 0.05 in Galaxidi and 
0.55 ± 0.05 in Cudomar. GxE was estimated as genetic correlations between the same trait measured on different 
fish in the two environments. Moderate GxE was found for harvest weight (0.45 ± 0.11), growth (0.43 ± 0.11), 
fillet weight (0.49 ± 0.12), liver weight (0.61 ± 0.11), and viscera weight (0.62 ± 0.10). Weak GxE was found for 
fillet fat (0.87 ± 0.06), heart weight (0.76 ± 0.11), cardiosomatic index (0.93 ± 0.14), viscerosomatic index 
(0.90 ± 0.05), and hepatosomatic index (0.79 ± 0.09). In conclusion, moderate GxE estimates for growth traits 
indicate that with a single breeding program, performance data from both environments should be included, or 
that two separate breeding programs may be needed for the two environments. The higher genetic variances 
observed in Cudomar suggest that this environment is a more suitable test environment for selective breeding.   

1. Introduction 

Animal breeding strives to create populations that will perform well 
under commercial production circumstances. The performance of ge-
notypes changes in response to varying environmental conditions. Ge-
notype by environment interaction (GxE) occurs when different 
genotypes respond differently to variation in environmental conditions 
(Falconer and Mackay, 1996). If GxE leads to reranking of genotypes, the 
genetically improved animals that perform well in one environment may 
not perform as expected in another, which implies that the information 

collected in one environment is of limited value to another environment. 
A significant GxE interaction between sites will reduce the effec-

tiveness of a breeding program. The actual production performance of 
the genetically improved stock will differ from the expected perfor-
mance that is based on data from the selection environment. Significant 
GxE was reported in various production systems, for example, in Penaeus 
monodon culture between indoor recirculating aquaculture systems and 
outdoor ponds (Van Sang et al., 2020), in rainbow trout (Oncorhynchus 
mykiss) culture between fresh and brackish water environments (Sae- 
Lim et al., 2013), and in Nile tilapia (Oreochromis niloticus) culture 
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between cage and pond environments (Khaw et al., 2012). Significant 
GxE was also reported in response to differences in environmental 
conditions in the same production systems, such as, dissolved oxygen 
levels (Mengistu et al., 2020a), different nutrition conditions (Romana- 
Eguia and Doyle, 1992), and salinity levels (Domingos et al., 2021). The 
issue of GxE attracts more attention when breeding companies start to 
distribute genetically improved stock internationally (Mulder and 
Bijma, 2005), in which case the genetically improved animals are ex-
pected to perform well in different locations with different production 
conditions. In aquaculture, one of the species whose genetically 
improved fingerlings are distributed internationally is gilthead seab-
ream (Sparus aurata). 

Gilthead seabream is a key fish species for farming in the Mediter-
ranean region. The total production of gilthead seabream increased by 
90% between 2009 and 2019 to approximately 260,000 tons, making it 
the second most produced fish species in 2019 in the Mediterranean 
region (FAO, 2021). In 2019, gilthead seabream was farmed in 23 
countries and the leading producers were Turkey, Greece, and Egypt 
(FAO, 2021). Gilthead seabream is farmed both semi-extensively in 
ponds and intensively in sea cages or indoor tanks (Elalfy et al., 2021; 
Lee-Montero et al., 2015). The production of gilthead seabream is spread 
over large distances from around the Canary Islands in the North 
Atlantic Ocean (Urbieta and Ginés, 2000) to the shores of the Red Sea in 
the Arabian Peninsula (FAO, 2017). Although gilthead seabream is 
farmed in a large geographical area and under various production cir-
cumstances, more than 80% of the genetically improved fingerlings 
originate from a single country, Greece (Janssen et al., 2015), which 
poses a potential risk for GxE interaction. 

If the magnitude of GxE between different production sites is quan-
tified, breeding programs may adjust their selection criteria to reach a 
balanced performance in many locations rather than a high performance 
in a single location (Sae-Lim, 2013). However, studies that quantify GxE 
for commercially important traits in gilthead seabream are limited 
(Elalfy et al., 2021; Lee-Montero et al., 2015; Navarro et al., 2009a, 
2009b). The objective of this study was to quantify GxE for production 
traits and organ weights of gilthead seabream in two distinct commer-
cial production sites, one in south of Greece and the other in southeast of 
Spain. The production sites were monitored for changes in water tem-
perature, dissolved oxygen, and salinity. The traits analyzed were har-
vest weight, growth, fillet weight, fillet percentage, fillet fat percentage, 
viscera weight, viscerosomatic index, heart weight, cardiosomatic 
index, liver weight, and hepatosomatic index. 

2. Materials & methods 

2.1. Production sites, production of experimental fish, and grow-out 
management 

Two distinct commercial production sites of gilthead seabream were 
selected to perform this GxE experiment. One production site is located 
in south of Greece in The Gulf of Corinth (Galaxidi Marine Farm S.A., 
Galaxidi, Greece) (GPS location: 38◦21′06.6′′N 22◦23′18.8′′E) and the 
other production site is located in southeast of Spain at open sea 3.1 km 
from shore near El Campello, Alicante (Cudomar SL, El Campello, Ali-
cante, Spain) (GPS location: 38◦25′12′′N 0◦20′51′′W). For this GxE 
experiment, a population of juveniles was produced by mass spawning 
of 33 males and 20 females on a single day at Galaxidi Marine Farm. 
Juvenile fish were raised as a single group to avoid introduction of 
common environmental effects. When fish reached an average weight of 
3 g, one batch of 99,000 juveniles was stocked in a sea cage at Galaxidi at 
a density of 0.13 kg/m3 and another batch of 84,605 juveniles was 
stocked in a sea cage at Cudomar at a density of 0.42 kg/m3. The fish in 
both locations were fed with the same commercial diet after reaching an 
average weight of 100 g. The feed was provided once a day. The amount 
of feed given per kilogram of biomass was recorded throughout the 
grow-out period (Table 1). 

The management conditions during the grow-out period were kept as 
consistent and similar as possible between the production sites by hav-
ing meetings between the production managers of the two sites and the 
researchers before the start of the project. Consensus decisions were 
made on stocking density based on the availability of sea cages at the 
time of stocking and on feeding rates based on the effects of water 
temperature on feeding level throughout the experiment. The environ-
mental conditions of water temperature, dissolved oxygen, and salinity 
were measured regularly at both locations (Table 2). The dissolved ox-
ygen was measured inside the sea cages in Galaxidi and outside of the 
sea cages in Cudomar. 

The minimum temperature required for gilthead seabream to grow is 
12 ◦C (Hernández et al., 2003). Therefore, the effective daily tempera-
tures were calculated by subtracting 12 ◦C from observed daily tem-
peratures. The cumulative degree days during the grow-out period were 
calculated by summing all the effective daily temperatures (Fig. 1). 

2.2. Phenotypic data collection 

Data on production traits and organ weights were collected from the 
commercially produced fish that were harvested after a grow-out period 
of 465 days in Galaxidi and 500 days in Cudomar. Both locations comply 
with local regulations to produce and harvest seabream in their facil-
ities. In total, 998 fish in Galaxidi and 945 fish in Cudomar were sampled 
for data collection. The data were collected over 7 days in Galaxidi 
(daily 100–170 fish) and 5 days in Cudomar (daily 150–200 fish). A 
random sample of fish were harvested every morning from the same 
cage into an oxygenated tank. Before processing, a small batch of fish 
received a mortal dose of clove oil (0.03 mL/L). This process was 
repeated until all the harvested fish was measured for all the traits. 

After the fish was killed, body weight was measured with a scale 
sensitive to 0.5 g. Fillet fat measurements were taken on whole fish from 
eight points (four on each side of the fish) by using Distell Fish Fat meter 
equipment (Distell Inc., West Lothian, Scotland). The fillet fat percent-
age for each fish was calculated by taking the average of eight mea-
surements on the same fish. The fish were then gutted, and viscera 
weight was recorded with a scale sensitive to 0.5 g. Viscera included all 
the internal organs and abdominal fat. Liver and heart were subse-
quently separated from the viscera and weighed by a scale sensitive to 
0.001 g. The gutted fish were then filleted and fillet weight (one side) 

Table 1 
Feed given daily (g) per kg of biomass for different size classes.  

Average weight of the fish (g) Feed given (g) per kg of biomass 

Galaxidi Cudomar 

<100 25.6 29.7 
100–200 8.9 6.8 
200–300 10.1 12.1 
300–400 12.2 10.9  

Table 2 
Average environmental and management conditions in Galaxidi and Cudomar.  

Variable Galaxidi Cudomar 

Overall water temperature (◦C) A 20.5 21.4 
Summer water temperature (◦C) A 25.1 26.1 
Autumn water temperature (◦C) A 20.0 21.7 
Winter water temperature (◦C) A 14.3 15.2 
Spring water temperature (◦C) A 16.5 17.7 
Total degree days from stocking until harvest (◦C) 3830 4630 
Dissolved oxygen (mg/L) A 5.58* 8.19* 
Salinity (‰) 39.0B 37.3A  

A Average daily values. 
B Based on historic steady values. 
* Dissolved oxygen measurements were made inside of the sea cages in Gal-

axidi, outside of the sea cages in Cudomar. 
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was recorded. The recorded fillet weight was multiplied by two to 
calculate the total fillet weight. Measurements were standardized be-
tween the two sites, except fillet weight which was skin-off, trimmed in 
Galaxidi and skin-on, not-trimmed in Cudomar. Measurements taken in 
a single day were performed by the same person for each trait. 

Editing of the data was performed by using R software and the 
“tidyverse” package collection in R (R Core Team, 2020; Wickham et al., 
2019). Fillet percentage was calculated as (fillet weight/body weight) x 
100. The viscerosomatic index was calculated as (viscera weight/body 
weight) x 100, the cardiosomatic index was calculated as (heart weight/ 
body weight) x 100, and the hepatosomatic index was calculated as (liver 
weight/body weight) x 100. 

Thermal growth coefficient (TGC) is a standardized growth rate that 
accounts for initial body weight and the sum of daily effective temper-
atures until harvest. Thermal growth coefficient was calculated as 
TGC =

[(
W

2 /

3
t − W

2 /

3
0
)/

(T x t)
]

x 1000, where Wt is harvest weight, W0 is 
stocking weight, T is the average effective temperature in ◦C, t is the 
number of days during grow-out period (Mayer et al., 2012). Stocking 
weight was on average 2.73 g in Galaxidi and 3 g in Cudomar. Because 
stocking weight was not individually measured, it was set to 2.73 g and 
3 g for every fish in Galaxidi and Cudomar, respectively. 

2.3. DNA extraction and genomic relationship matrix 

DNA was isolated from fin clips by IdentiGEN (Dublin, Ireland). The 
genotyping was performed by using the ~30 k “MedFish” SNP array 
(Peñaloza et al., 2020). After removing 18 duplicate and 24 missing 
samples, 963 and 939 fish were available for genetic analyses from 
Galaxidi and Cudomar, respectively. 

Genotypic data was filtered by excluding SNPs that had missing call 
rates exceeding 10%, that were fixed, or had Hardy-Weinberg equilib-
rium exact test p-value below 1e-10. We computed a genomic relation-
ship matrix (GRM) based on the remaining 28,164 SNPs by using 
calc_grm software (Calus and Vandenplas, 2019). The calculation of the 
GRM was based on the “vanraden” option (VanRaden, 2008), in which 
the GRM is computed as = ZZ′

2
∑

pi
pi (1− pi)

. To use this option, marker ge-

notypes were coded as “0”, “1”, or “2”. Z is a matrix that contains marker 
genotypes for all loci, which is corrected for the allele frequency per 
locus. pi is the frequency of the less frequent allele and was calculated by 

using all the fish in both locations. In total, 18 animals were genotyped 
in duplicate. The GRM was recomputed after removing these animals 
from the dataset. The inverse of the GRM matrix was obtained directly 
from calc_grm by using “giv” function. Genotypes of the parents were 
not available, which prevented the reconstruction of family relation-
ships from parentage analysis. 

2.4. Estimation of heritabilities and correlations 

The magnitude of the GxE was estimated for each trait as the genetic 
correlation (rg) of the same trait measured on different animals in the 
two environments by using a bivariate animal model in ASReml version 
4.1 (Gilmour et al., 2015). In the bivariate models, the same traits 
measured on different fish in the two locations were treated as different 
traits. Heritabilities of the trait in both environments were estimated by 
using the same bivariate animal model. 

The bivariate animal model is y = Xβ + Zu + e, where y is a vector of 
phenotypes for the same trait in two environments, β is the vector of 
fixed effect “sampling day”, u is the vector of random animal additive 

genetic effects ∼

⎛

⎝

[
0
0

]

,G

⎡

⎣
σ2

a,TG
ra,TG,C σa,TG σa,TC

ra,TG,C σa,TG σa,TC σ2
a,TC

⎤

⎦

⎞

⎠, where G 

is the genomic relationship matrix and σa, TG
2 is the additive genetic 

variance of trait measured in Galaxidi, σa, TC
2 is the additive genetic 

variance of trait measured in Cudomar, ra, TG, C is the additive genetic 
correlation between the same trait measured in Galaxidi and Cudomar 

and e is the vector of random residual effects ∼

⎛

⎝

[
0
0

]

, I

⎡

⎣
σ2

e,TG
0

0 σ2
e,TC

⎤

⎦

⎞

⎠,

where I is an identity matrix, σe, TG
2 is the residual variance of trait 

measured in Galaxidi, and σe, TC
2 is the residual variance of trait 

measured in Cudomar. The residual covariance between the two envi-
ronments was set to zero because no individual was measured both in 
Galaxidi and Cudomar. X and Z are design matrices, that relate obser-
vations to the fixed effect and additive genetic effect of animals, 
respectively. The fixed effect “sampling day” was a categorical variable 
with one category for each measurement day (7 days in Galaxidi and 5 
days in Cudomar). Gilthead seabream is a protandrous fish (Loukovitis 
et al., 2011) and all individuals were males during harvest. Therefore, 
“sex” was not included as a fixed effect in this study. The expectation of 

Fig. 1. Cumulative degree days (◦C) in Galaxidi (——) and Cudomar (- - - -) from stocking to harvest.  
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cov(u,e) is zero. Heritability (h2) of each trait was calculated as h2 =

σ2
a

σ2
a+σ2

e
. After fitting the bivariate animal models for each trait by using all 

963 and 939 phenotypic records in Galaxidi and Cudomar, residuals that 
were more than 3.5 standard deviations in magnitude were identified 
and the corresponding phenotypic records were removed. Table 3 shows 
the number of fish used in the analysis of each trait. 

Genetic and phenotypic correlations among the traits within the 
same environment were also estimated by using bivariate animal 
models. In this case, u is the vector of random animal additive genetic 

effects ∼

⎛

⎝

[
0
0

]

,G

⎡

⎣
σ2

a,T1
ra,T1,2 σa,T1 σa,T2

ra,T1,2 σa,T1 σa,T2 σ2
a,T2

⎤

⎦

⎞

⎠, where σa, T1
2 is 

the additive genetic variance of trait 1, σa, T2
2 is the additive genetic 

variance of trait 2, ra, T1, 2 is the additive genetic correlation between trait 

1 and 2. Also, e is the vector of random residual effects ∼

⎛

⎝

[
0
0

]

, I

⎡

⎣
σ2

e,T1
re,T1,2 σe,T1 σe,T2

re,T1,2 σe,T1 σe,T2 σ2
e,T2

⎤

⎦

⎞

⎠,where I is an identity matrix, 

σe, T1
2 is the residual variance of trait 1, and σe, T2

2 is the residual variance 
of trait 2, and, re, T1, 2 is the residual correlation between trait 1 and trait 
2. 

3. Results 

3.1. Descriptive statistics 

Descriptive statistics of body weight at harvest, thermal growth co-
efficient, fillet weight, fillet percentage, fillet fat percentage, viscera 
weight, viscerosomatic index, liver weight, hepatosomatic index, heart 
weight, and cardiosomatic index were calculated (Table 3). 

The harvested fish in Cudomar were on average 40.1 g heavier than 
in Galaxidi; however, the coefficients of variation were virtually the 
same. TGC was higher in Galaxidi. The average fillet weight of harvested 
fish in Cudomar was on average 63.2 g higher than in Galaxidi; however, 
this is mainly because the fillet was skin-on and not trimmed in Cudo-
mar, while it was skin-off and trimmed in Galaxidi. The coefficients of 
variation of fillet weight were very similar. The viscera weights of har-
vested fish in the two environments were very similar despite the dif-
ference of 40.1 g in harvest weights. The liver of harvested fish in 
Cudomar was on average more than 70% heavier than in Galaxidi, 
which was also reflected in the large difference in hepatosomatic 
indices. Liver and heart weights, and corresponding indices had high 
coefficients of variation in both environments. The mean fillet fat per-
centages of harvested fish in the two environments were almost iden-
tical; however, the coefficient of variation was somewhat higher in 

Cudomar. 

3.2. Genetic parameters 

The only fixed effect in our dataset, “sampling day”, was significant 
in the analysis of all traits (p < .05) except for harvest and viscera weight 
in Galaxidi. The estimates of genetic variance, environmental variance, 
and heritability were obtained from bivariate models for each trait 
(Table 4). 

The heritability estimates were higher for all traits in Cudomar than 
in Galaxidi, although the differences were significant only for fillet 
weight and hepatosomatic index (p < .05). The heritability estimates of 
harvest weight were moderate to high. The heritability estimates of TGC 
were almost identical to the heritability estimates of harvest weight. 
Heritability estimates of fillet percentage were low in both environ-
ments. In comparison, the heritabilities of viscerosomatic, hep-
atosomatic, and cardiosomatic indices were higher than fillet percentage 
in both environments, with higher values in Cudomar. The heritability 
estimates for liver and heart weight were moderate to high in both en-
vironments. The heritability for cardiosomatic index was lower than the 
one for heart weight, but the difference was not as big as between fillet 
weight and fillet percentage. 

3.3. Genetic and phenotypic correlations 

The genetic and phenotypic correlations between traits were esti-
mated with fish grown in Galaxidi (Table 5) and in Cudomar (Table 6). 
The genetic correlation between harvest weight and TGC was close to 
unity in both environments, indicating these two traits are genetically 
same. The genetic correlation between harvest weight and fillet weight 
was also very close to unity, which means selecting for increased harvest 
weight will result in correlated favorable response in fillet weight. 
However, the genetic correlation between harvest weight and fillet 
percentage was negative in Galaxidi (although the correlation was weak 
and not significantly different from zero) and positive in Cudomar (with 
a large standard error). This indicates that selecting for increased har-
vest weight in Galaxidi will not result in correlated favorable response in 
fillet percentage; however, some correlated response is expected in 

Table 3 
The number of fish (N) used for analyses, and means and coefficients of variation 
(CV) of all traits in the two production environments.  

Trait Galaxidi Cudomar 

N Mean* CV N Mean* CV 

Harvest weight (g) 957 372.1 17.0 938 412.2 17.0 
TGC (g2/3 x ◦C− 1 × 1000) 955 12.8 11.9 936 11.4 11.9 
Fillet weight (g) 960 116.6 19.6 933 179.8 19.8 
Fillet percentage (%) 946 31.4 8.1 929 43.6 7.1 
Fillet fat (%) 950 12.7 18.1 932 12.8 21.6 
Viscera weight (g) 963 27.2 27.0 935 29.3 23.1 
Viscerosomatic index (%) 961 7.3 16.8 934 7.1 13.9 
Liver weight (g) 947 3.9 29.1 930 6.8 31.4 
Hepatosomatic index (%) 945 1.0 21.2 933 1.6 23.4 
Heart weight (g) 963 0.38 25.6 933 0.48 21.4 
Cardiosomatic index (%) 954 0.10 21.6 927 0.12 13.4  

* All trait means were significantly different between sites (p < .001) except 
for fillet fat (%). 

Table 4 
Genetic variance (VA), environmental variance (VE), and heritability of the traits 
in the two production environments.  

Trait Galaxidi Cudomar 

VA VE h2 (se) VA VE h2 (se) 

Harvest weight 1474 2553 
0.37 
(0.05) 

2863 2361 
0.55 
(0.05) 

TGC 0.87 1.49 0.37 
(0.05) 

1.09 0.87 0.56 
(0.05) 

Fillet weight 34.60 82.7 
0.30 
(0.05) 156.32 156.10 

0.50 
(0.05) 

Fillet 
percentage 0.09 1.21 

0.07 
(0.04) 0.21 1.49 

0.13 
(0.04) 

Fillet fat (%) 2.24 2.64 0.46 
(0.05) 

3.54 2.94 0.55 
(0.05) 

Viscera weight 21.84 33.12 0.40 
(0.05) 

23.16 26.24 0.47 
(0.05) 

VSI 0.66 0.85 
0.44 
(0.05) 0.50 0.48 

0.51 
(0.05) 

Liver weight 0.43 0.84 
0.34 
(0.05) 2.05 2.48 

0.45 
(0.05) 

HSI 0.013 0.032 0.29 
(0.05) 

0.066 0.070 0.48 
(0.05) 

Heart weight 0.002 0.007 0.23 
(0.05) 

0.004 0.006 0.39 
(0.05) 

CSI 0.69 3.56 
0.16 
(0.04) 0.48 2.02 

0.19 
(0.05) 

VSI = Viscerosomatic index, HSI = Hepatosomatix index, CSI = Cardiosomatic 
index. 
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Cudomar. Harvest weight was strongly and positively correlated with 
viscera and organ weights, which means that selecting for increased 
harvest weight will result in correlated response for increased organ 
weights; however, the genetic correlations between harvest weight and 
organ indices were not significantly different than zero, indicating that 
selecting for increased harvest weight will not result in correlated 
response for the increased proportion of organs to body weight. 

Fillet fat percentage was positively correlated to viscera weight and 
viscerosomatic index, indicating that selecting for heavier viscera will 
result in correlated response for increased fillet fat. Fillet fat percentage 
was also positively correlated to liver weight and hepatosomatic index, 
which means that selecting for increased liver weight will result in 
correlated response for increased fillet fat. 

3.4. Genotype by environment interaction between the production 
environments 

Genotype by environment interactions were estimated as genetic 
correlations between the same traits in two production environments 
(Table 7). 

TGC had the lowest genetic correlation between the two production 
environments, and therefore the strongest genotype by environment 
interaction. Harvest weight and TGC had very similar levels of genotype 
by environment interaction. The GxE interaction for fillet weight, liver 
weight, and viscera weight was moderate. On the other hand, the GxE 
interaction for fillet fat percentage, heart weight, cardiosomatic index, 
and viscerasomatic index was weak. 

4. Discussion 

The objective of this study was to quantify genotype by environment 
interaction for production traits and organ weights of gilthead seabream 
in two distinct production sites in the Mediterranean, one site in The 
Gulf of Corinth, Greece (Galaxidi Marine Farm) and the other site in 
open sea near El Campello, Spain (Cudomar). Estimates for heritabilities 
were higher in Cudomar. TGC, harvest weight and fillet percentage 
showed the strongest genotype by environment interaction, which are 
traits of economic importance and commonly included in fish breeding 
programs (Chavanne et al., 2016; Janssen et al., 2017). Fillet fat per-
centage, on the other hand, had weak genotype by environment 
interaction. 

4.1. Experimental design 

The two commercial production locations were specifically chosen to 
analyze the effect of distinct temperature profiles on genotype by 
environment interaction with respect to production traits and organ 
weights. The historical sea surface temperature data indicate that the sea 
surface water in south of Greece is warmer than in southeast of Spain, 
which makes Greece the more favorable environment for growth 

(Besson et al., 2016; Llorente and Luna, 2013). Water temperatures 
recorded during this experiment however, revealed a different pattern 
(Fig. 1), which was mainly due to the specific location of Galaxidi, which 
is in The Gulf of Corinth. In this experiment, Cudomar was characterized 
by consistently higher daily average water temperatures during the first 
summer, which led to increasing differences in cumulative degree days 
in favor of Cudomar until the beginning of winter. Winter only fortified 
the divergence of cumulative degree days until the beginning of second 
summer, which did not cause further divergence in cumulative degree 
days. The 35 days gap in harvesting dates was also an influential factor 
on the final difference on cumulative degree days. Water temperature 
has a direct effect on the performance of fish. Fish that are subjected to 
higher temperatures grows faster (Green and Fisher, 2004); however, 
temperatures above certain limits inhibit the growth (Azaza et al., 
2008). The water temperature in the Mediterranean has been increasing 
consistently over the last decades (Pastor et al., 2018). The temperature 
has increased at different levels in different parts of the Mediterranean. 
Therefore, increasing water temperature is likely to become a major 
factor contributing to genotype by environment interaction in fish 
farming in the future as temperature has a direct effect on physiological 
performance. In addition to water temperature, the two locations 
differed in the levels of dissolved oxygen and salinity (Table 1), which 
may also have contributed to genotype by environment interactions. 
Lower salinity was concluded to result in improved growth in various 
marine fish species including gilthead seabream (McKay and Gjerde, 
1985; Morgan and Iwama, 1991; Tandler et al., 1995; Ytrestøyl et al., 
2020). The underlying reason for this may be that higher salinity de-
mands higher metabolic costs in order to maintain the osmotic pressure 
of the body fluids within acceptable ranges, therefore any saved energy 
due to lower salinity can be spent for growth (Morgan and Iwama, 1991; 
Tandler et al., 1995). Feed efficiency was detected to improve in lower 
salinity, which reflects that more of the feed is used for growth rather 
than for other metabolic processes (Imsland et al., 2001; Ytrestøyl et al., 
2020). Higher dissolved oxygen concentrations were reported to 
improve growth and feed efficiency (Duan et al., 2011; Mengistu et al., 
2020a, 2020b). Under hypoxia, the blood flow through the intestines is 
restricted (Axelsson and Fritsche, 1991), which can negatively affect the 
nutrient absorption and feed utilization. Taking these observations 
together, Cudomar appeared to be the more favorable environment for 
fish growth, which could explain why the estimates of genetic variation 
(Table 4) were higher in Cudomar compared to Galaxidi. 

In this study, genotype by environment interaction was quantified as 
the genetic correlation between the same trait measured in the two 
production environments. The experimental fish were grown in com-
mercial sea cages to commercial harvest size and they were subject to 
natural environmental conditions. In this study, no systematic manip-
ulation of environmental conditions was applied, and the same com-
mercial feed was given in both sites from an average weight of 100 g 
until the time of harvest. 

The fish that were stocked in sea cages in Galaxidi and Cudomar 
resulted from a single mass spawning event. In mass spawning, it is not 
possible to control the mating and the contribution of the parents may be 
skewed (Loughnan et al., 2013). While mass spawning leads to unequal 
contribution of parents, which is a disadvantage for genetic parameter 
estimation, it also avoids introduction of common environmental effects 
that could obscure genetic differences between families. Unequal family 
sizes may create a slight bias on the estimations of genotype by envi-
ronment interaction when the analyses are performed using the pedigree 
relationships (Sae-Lim et al., 2010); however, the genetic analyses were 
performed using genomic relationships in this study. The use of genomic 
relationships increases the accuracy of parameter estimates as compared 
to the use pedigree relationships (Veerkamp et al., 2011). 

4.2. Heritability of the traits 

In this study, the genetic variances of all the traits were higher in 

Table 7 
Genetic correlations between the production environments of Galaxidi 
and Cudomar for all traits.  

Trait Genetic correlation (se) 

Harvest weight 0.45 (0.11) 
TGC 0.43 (0.11) 
Fillet weight 0.49 (0.12) 
Fillet percentage 0.51 (0.30) 
Fillet fat (%) 0.87 (0.06) 
Viscera weight 0.62 (0.10) 
Viscerosomatic index 0.90 (0.05) 
Liver weight 0.61 (0.11) 
Hepatosomatic index 0.79 (0.09) 
Heart weight 0.76 (0.11) 
Cardiosomatic index 0.93 (0.14)  
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Cudomar, which also resulted in higher heritability estimates. One of the 
possible consequences of genotype by environment interaction is 
heterogenous genetic variances across environments (Calus, 2006). The 
heterogenous genetic variances between the two environments (Table 4) 
leads to scaling effects. It appears that the environmental conditions 
(both measured and unmeasured) in Cudomar were more favorable than 
in Galaxidi, which led to higher genetic variances. This may imply that 
when breeding for these two environments, keeping the selection can-
didates at Cudomar may increase the selection response due to the 
higher genetic variances observed in Cudomar. Higher heritabilities 
would also lead to higher accuracies of EBVs. 

Harvest weight was moderately heritable in Galaxidi and highly 
heritable in Cudomar. The heritability of harvest weight in Galaxidi 
(0.37 ± 0.05) is very similar to the value reported for gilthead seabream 
(0.34 ± 0.06) by Navarro et al. (2009b), although their estimation 

comes from a population that consisted of a combination of tank-farmed 
and cage-farmed fish. The value reported by Fernandes et al. (2017) 
(0.41 ± 0.03) for harvest weight of tank-farmed gilthead seabream is in 
between the values estimated for Galaxidi (0.37 ± 0.05) and Cudomar 
(0.55 ± 0.05). The genetic correlation between harvest weight and TGC 
was almost one, which indicates that these traits are controlled by the 
same set of genes. The heritability estimates of harvest weight and TGC 
were almost equal. These may be related to how the TGC was calculated. 
TGC depends on harvest weight, stocking weight, water temperature, 
and duration of the grow-out period (Section 2.2). In this study, indi-
vidual stocking weights were not available, and an average was used for 
all fish in the same location. The stocking weights, however, did not 
affect TGC to a high degree because they were very small, less than 1% 
of the harvest weights. Therefore, the variation in TGC was dominated 
by the variation in harvest weight. 

Table 5 
Genetic (below diagonal) and phenotypic (above diagonal) correlations among the traits measured at harvest in Galaxidi. HW (harvest weight), TGC (thermal growth 
coefficient), FW (fillet weight), FP (fillet percentage), FF% (fillet fat percentage), VW (viscera weight), VSI (viscerosomatic index), LW (liver weight), HSI (hep-
atosomatic index), HeW (heart weight), and CSI (cardiosomatic index).   

HW TGC FW FP FF% VW VSI LW HSI HeW CSI 

HW  >0.99 
(<0.01) 

0.90 (0.01) 0.05 (0.04) 0.32 (0.04) 0.79 (0.02) 0.28 (0.04) 0.69 (0.02) 0.18 (0.04) 0.56 
(0.03) 

− 0.16 
(0.04) 

TGC >0.99 
(<0.01)  

0.91 (0.01) 0.09 (0.04) 0.38 (0.04) 0.80 (0.02) 0.31 (0.04) 0.70 (0.02) 0.21 (0.04) 0.57 
(0.03) 

− 0.18 
(0.04) 

FW 0.98 (0.01) 0.98 (0.01)  0.46 (0.03) 0.41 (0.03) 0.73 (0.02) 0.28 (0.04) 0.67 (0.02) 0.23 (0.04) 0.52 
(0.03) 

− 0.16 
(0.04) 

FP − 0.15 (0.22) − 0.10 (0.25) 0.11 (0.25)  0.26 (0.03) 0.06 (0.04) 0.06 (0.04) 0.11 (0.04) 0.13 (0.04) 0.05 
(0.03) 

0.13 (0.04) 

FF% 0.16 (0.13) 0.17 (0.13) 0.24 (0.13) 0.38 (0.19)  0.34 (0.04) 0.23 (0.04) 0.48 (0.03) 0.43 (0.03) 0.11 
(0.04) 

− 0.19 
(0.04) 

VW 0.75 (0.05) 0.77 (0.05) 0.75 (0.06) − 0.04 
(0.24) 

0.26 (0.12)  0.80 (0.01) 0.70 (0.02) 0.35 (0.03) 0.43 
(0.03) 

− 0.16 
(0.04) 

VSI 0.24 (0.11) 0.27 (0.11) 0.26 (0.12) 0.01 (0.22) 0.29 (0.11) 0.82 (0.04)  0.42 (0.03) 0.37 (0.04) 0.14 
(0.04) 

0.01 (0.04) 

LW 0.73 (0.07) 0.76 (0.06) 0.77 (0.07) − 0.02 
(0.25) 

0.50 (0.10) 0.67 (0.07) 0.35 (0.11)  0.83 (0.01) 0.36 
(0.03) 

− 0.17 
(0.04) 

HSI 0.25 (0.13) 0.27 (0.13) 0.29 (0.14) 0.05 (0.26) 0.64 (0.09) 0.36 (0.12) 0.28 (0.12) 0.83 (0.04)  0.06 
(0.04) 

− 0.11 
(0.04) 

HeW 0.81 (0.07) 0.81 (0.07) 0.75 (0.09) − 0.28 
(0.27) 

− 0.08 
(0.15) 

0.46 (0.12) − 0.04 
(0.14) 

0.48 (0.13) − 0.02 
(0.17)  

0.69 (0.02) 

CSI − 0.11 (0.18) − 0.11 (0.19) − 0.17 
(0.19) 

0.05 (0.26) − 0.35 
(0.16) 

− 0.34 
(0.16) 

− 0.16 
(0.16) 

− 0.35 
(0.18) 

− 0.41 
(0.18) 

0.50 
(0.14)   

Table 6 
Genetic (below diagonal) and phenotypic (above diagonal) correlations among the traits measured at harvest in Cudomar. HW (harvest weight), TGC (thermal growth 
coefficient), FW (fillet weight), FP (fillet percentage), FF% (fillet fat percentage), VW (viscera weight), VSI (viscerosomatic index), LW (liver weight), HSI (hep-
atosomatic index), HeW (heart weight), and CSI (cardiosomatic index).   

HW TGC FW FP FF% VW VSI LW HSI HeW CSI 

HW  >0.99 
(<0.01) 

0.95 (0.01) 0.20 (0.04) 0.28 (0.04) 0.81 (0.02) 0.18 (0.04) 0.71 (0.02) 0.25 (0.04) 0.77 
(0.02) 

− 0.06 
(0.04) 

TGC >0.99 
(<0.01)  

0.95 (0.01) 0.21 (0.04) 0.30 (0.05) 0.81 (0.02) 0.19 (0.04) 0.71 (0.02) 0.26 (0.04) 0.77 
(0.02) 

− 0.06 
(0.04) 

FW 0.99 (0.01) 0.99 (0.01)  0.48 (0.03) 0.33 (0.04) 0.76 (0.02) 0.15 (0.04) 0.69 (0.02) 0.28 (0.04) 0.74 
(0.02) 

− 0.04 
(0.04) 

FP 0.39 (0.15) 0.39 (0.15) 0.50 (0.13)  0.28 (0.03) 0.14 (0.04) − 0.01 
(0.04) 

0.23 (0.17) 0.19 (0.04) 0.17 
(0.04) 

0.02 (0.04) 

FF 0.14 (0.10) 0.15 (0.10) 0.20 (0.10) 0.62 (0.13)  0.32 (0.04) 0.21 (0.04) 0.46 (0.03) 0.45 (0.03) 0.15 
(0.04) 

− 0.09 
(0.04) 

VW 0.80 (0.04) 0.80 (0.04) 0.72 (0.05) 0.30 (0.18) 0.23 (0.10)  0.70 (0.02) 0.76 (0.02) 0.46 (0.04) 0.65 
(0.02) 

− 0.03 
(0.04) 

VSI 0.06 (0.11) 0.06 (0.11) − 0.08 
(0.11) 

− 0.43 
(0.15) 

0.25 (0.10) 0.61 (0.07)  0.43 (0.04) 0.85 (0.01) 0.16 
(0.04) 

0.01 (0.04) 

LW 0.68 (0.06) 0.69 (0.06) 0.64 (0.07) 0.29 (0.17) 0.45 (0.09) 0.81 (0.04) 0.45 (0.09)  0.85 (0.01) 0.53 
(0.03) 

− 0.07 
(0.04) 

HSI 0.15 (0.10) 0.16 (0.10) 0.12 (0.11) 0.22 (0.17) 0.54 (0.08) 0.45 (0.09) 0.54 (0.08) 0.81 (0.04)  0.19 
(0.04) 

− 0.05 
(0.04) 

HeW 0.92 (0.03) 0.92 (0.03) 0.95 (0.03) 0.54 (0.16) − 0.06 
(0.12) 

0.70 (0.06) − 0.01 
(0.12) 

0.55 (0.09) 0.06 (0.12)  0.58 (0.03) 

CSI − 0.02 (0.15) − 0.01 (0.15) 0.08 (0.16) 0.49 (0.22) − 0.26 
(0.14) 

− 0.08 
(0.16) 

− 0.16 
(0.16) 

− 0.15 
(0.16) 

− 0.19 
(0.15) 

0.39 
(0.13)   
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Fillet percentage was lowly heritable in both production environ-
ments (0.07 ± 0.04 in Galaxidi and 0.13 ± 0.04 in Cudomar), similar to 
the value reported by Navarro et al. (2009a) (0.12 ± 0.03) for a popu-
lation that consisted of a combination of tank-farmed and cage-farmed 
fish and slightly lower than the estimate reported by Vandeputte et al. 
(2020) (0.22 ± 0.05) for cage-farmed gilthead seabream. The herita-
bility estimates of fillet percentage are typically found to be lower than 
the heritability of fillet weight (Navarro et al., 2009a; Thodesen et al., 
2012; Vandeputte et al., 2017), which is also the case in this study. The 
differences in heritability estimates for fillet percentage may partly be 
caused by different filleting methods (skin-off, trimmed in Galaxidi and 
skin-on, not trimmed in Cudomar) used in the two production envi-
ronments (Kocour et al., 2007; Thodesen et al., 2012). The genetic co-
efficient of variations for fillet percentage were very small, which 
indicates that the prospect of genetic improvement of this trait by direct 
selection is not good. Fillet percentage may be improved to some extent 
by selecting on harvest weight based on the positive genetic correlation 
between harvest weight and fillet percentage in Cudomar. 

Fillet fat percentage was highly heritable in both production envi-
ronments (0.46 ± 0.05 in Galaxidi and 0.55 ± 0.05 in Cudomar). The 
heritability of fillet fat estimated in this study is larger than the value 
reported by Elalfy et al. (2021) (0.27 ± 0.08), who also measured fillet 
fat of gilthead seabream with Distell equipment. The heritability of fillet 
fat estimated in this study is also larger than the values reported for 
striped catfish (0.04 ± 0.03) (Van Sang et al., 2012), for European 
whitefish (0.26 ± 0.09) (Kause et al., 2011) and for Atlantic salmon 
(0.28 ± 0.05) (Powell et al., 2008); however, lower than the value re-
ported for common carp (0.68 ± 0.10) (Prchal et al., 2018). High genetic 
coefficients of variation were found for fillet fat, which indicate that this 
trait would respond well to genetic selection. Fillet fat content may be 
regarded as a quality trait of the farmed fish from the perspective of 
consumers (Van Sang et al., 2009). Consumers in certain markets may 
prefer to purchase fish with a higher fillet fat content. Even though 
gilthead seabream farmers are not paid on the basis of quality charac-
teristics of the meat, farmers may wish to advertise their product as 
having higher quality due to increased fillet fat to allure a certain market 
and distinguish themselves in the market. On the other hand, fillet fat is 
positively (unfavorably) correlated to viscera weight. Viscera is a stor-
age for fat in the body. Fat content of the body is expected to be unfa-
vorably correlated to feed conversion ratio and therefore, selecting for 
increased fillet fat may create fish that are less efficient converters of 
feed (Kause et al., 2016; Quinton et al., 2007). Therefore, rather than 
extreme values, an optimum is required for fillet fat percentage. 

Heart and liver weights, and indices were moderately heritable in 
both production environments, although the estimations were higher in 
Cudomar. In both environments, the genetic correlation between heart 
and harvest weights was high but not unity. Therefore, selection for 
growth could result in fish with slightly lower cardiosomatic indices. A 
lower cardiosomatic index may be associated with reduced cardiac ca-
pacity and consequently, reduced robustness of the fish (Vassgård, 
2017). Growth rate of the fish has been reported to affect the prevalence 
of cardiac diseases (Farrell, 2002), which may be caused by the 
increased pressure on the heart to supply more blood to the fast-growing 
body. In broiler chickens, cardiac diseases, specifically ascites, was 
observed to have higher prevalence in faster-growing animals (Closter 
et al., 2009). The increase of ascites in broilers is related to genetic se-
lection for higher performance (Julian, 1993). Therefore, heart weight is 
an important trait to monitor for unwanted correlated responses that 
could affect health and robustness. Heart weight is a difficult to measure 
trait because measuring of it requires sacrificing the fish. However, 
genomic selection makes it easier to implement such traits in a breeding 
program because after phenotyping and genotyping a reference popu-
lation, the selection candidates do not have to be phenotyped and can 
still receive accurate breeding values. Hepatosomatic index has been 
reported to increase in response to differences in lighting regime 
(Døskeland et al., 2016) and use of additives in feed in Atlantic salmon 

(Salmo salar) (Larsson et al., 2014), exposure to insecticides in Nile 
tilapia (Oreochromis niloticus) (Thomaz et al., 2009), and exposure to 
toxins in redbreast sunfish (Lepomis auritus) (Everaarts et al., 1993). 
Enlargement of the liver may be positively correlated by its capacity to 
transform xenobiotics and cleanse the body (Porter and Janz, 2003). 
Therefore, hepatosomatic index can be regarded as a general health 
indicator of fish (Thomaz et al., 2009). Suboptimal environmental 
conditions during grow-out may cause the hepatosomatic indices to 
increase because the growth of the body is more susceptible to envi-
ronmental conditions than the growth of the organs (Døskeland et al., 
2016). However, the effect of individual environmental factors, such as 
water temperature and salinity, on hepatosomatic index is unknown. 

4.3. Genotype by environment interaction and implications for breeding 
programs 

Genotype by environment interaction may manifest itself as scaling 
or reranking of genotypes. In case of reranking of genotypes, good 
performing genotypes in one location may not perform as expected in 
another location. It was suggested that the reranking of genotypes due to 
genotype by environment interaction is practically important only if the 
genetic correlation of the same trait in different environments is below 
0.8 (Robertson, 1959). In this experiment, environmental effects that 
can be controlled, such as feeding and stocking density, were kept as 
consistent as possible between the two production sites and fish were 
subject to natural water conditions that cannot be controlled, such as 
water temperature and salinity. Therefore, any genotype by environ-
ment interaction present is most likely due to different water conditions 
rather than different husbandry practices. 

The genetic correlation of harvest weight was 0.45 ± 0.11 and the 
genetic correlation of TGC was 0.43 ± 0.11 between Galaxidi and 
Cudomar, which indicates a moderate genotype by environment inter-
action for these traits. Navarro et al. (2009a) estimated a weaker ge-
notype by environment interaction for harvest weight (0.70 ± 0.10) in 
gilthead seabream although the experimental fish in that study were 
reared in different production systems (tanks and sea cages). In tanks, 
environmental conditions can be controlled, which may then lead to low 
genotype by environment interaction. Lee-Montero et al. (2015) esti-
mated weak to strong genotype by environment interaction for specific 
growth rate (0.05 ± 0.18–0.99 ± 0.12) in gilthead seabream among 
different regions of Spain and varying grow-out conditions including 
intensive rearing in tanks and sea cages, and semi extensive rearing in 
ponds. In their study, grow-out conditions as well as geographical dis-
tance strongly affected the magnitude of genotype by environment 
interaction. Growth is the primary trait of interest in aquaculture and 
highly relevant for breeding programs (Chavanne et al., 2016). Growth 
and harvest weight had very similar genotype by environment interac-
tion in this study. Moderate genotype by environment interaction 
detected for growth indicates that an optimization procedure may be 
applied if the interest is in reaching a balanced performance in the two 
environments. An obvious optimization procedure is to standardize the 
environmental conditions between the two environments (Sae-Lim 
et al., 2013); however, husbandry practices in this experiment were 
largely standardized and sea cages were subject to naturally fluctuating 
water conditions that cannot be controlled. Other optimization options 
are combining the performance of fish in both environments in an index 
and selecting on this index in a single breeding program or running two 
separate breeding programs for the two environments (James, 1961). If 
genotype by environment interaction is present, using performance data 
from the second production environment in an index increases the ge-
netic gain in that environment significantly (Chu et al., 2018). To decide 
whether to select on an index or to run separate breeding programs, the 
“break-even correlation” should be considered. The break-even corre-
lation is the genetic correlation between the same trait in different en-
vironments at which the genetic gain of the two approaches is equal 
when the costs of two smaller breeding programs are the same as the cost 
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of one large breeding program (Mulder et al., 2006). Mulder et al. 
(2006) suggests applying separate breeding programs if the genetic 
correlation is below 0.5–0.7. 

The interest of breeding companies that distributes genetic material 
widely would be to produce fish that performs well in many conditions 
and environments. Therefore, depending on the genotype by environ-
ment interaction, data of more than two locations may need to be used in 
a breeding program to reach a balanced performance across those lo-
cations. Several methods are available to group different types of envi-
ronments in a breeding program (Chenu, 2015). The number and type of 
locations depend on the specific interests of the breeding companies. 

Genotype by environment interaction for fillet weight was moderate. 
The GxE interaction for fillet weight was slightly weaker than for harvest 
weight, although not significantly different. This small difference is in 
line with the result of Navarro et al. (2009a) who also estimated weaker 
genotype by environment interaction for fillet weight (0.94 ± 0.19) than 
harvest weight (0.70 ± 0.10) in two production sites of gilthead seab-
ream. However, their estimate of 0.94 ± 0.19 was much higher than our 
estimate (0.49 ± 0.12). The magnitude of genotype by environment 
interaction can depend highly on the specific differences between the 
environments. 

The genetic correlation of fillet fat percentage in Galaxidi and 
Cudomar was 0.87 ± 0.06, which indicates a very weak genotype by 
environment interaction. This may mean that accumulation of fat in the 
muscle is not strongly affected by environmental changes. The weak 
genotype by environment interaction is in accordance with the result of 
Elalfy et al. (2021), who estimated no genotype by environment inter-
action for fillet fat (1.00 ± 0.00) between intensive and semi-extensive 
grow-out conditions. Navarro et al. (2009b) estimated a much stron-
ger genotype by environment interaction for fillet fat (0.15 ± 0.94) 
measured with chemical methods in gilthead seabream; however, their 
estimation was with a very high standard error and probably not 
significantly different from our estimate. A genetic correlation of 0.86 ±
0.06 for fillet fat percentage indicates that reranking of genotypes is 
minimal to absent for this trait. 

5. Conclusion 

Local water conditions may differ considerably between production 
sites, which indicates that local niches play an important role in the 
production of gilthead seabream. In this study, moderate genotype by 
environment interaction was detected for harvest weight, TGC, fillet 
weight and liver weight, and weak genotype by environment interaction 
was detected for fillet fat percentage and heart weight. This shows that 
the relative genetic merit of gilthead seabream in different farms can 
vary considerably and that breeding programs need to consider using 
data from multiple locations if the produced fish must perform in 
different locations. With the moderate genetic correlations observed, 
separate breeding programs may be needed. 
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