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Summary Lack of operculum, a neurocranial deformity, is the most common external abnormality to

be found among industrially produced gilthead seabream (Sparus aurata L.), and this entails

significant financial losses. This study conducts, for the first time in this species, a

quantitative trait loci (QTL) analysis of the lack of operculum. A total of 142 individuals

from a paternal half-sibling family (six full-sibling families) were selected for QTL mapping.

They had previously shown a highly significant association with the prevalence of lack of

operculum in a segregation analysis. All the fish were genotyped for 106 microsatellite

markers using a set of multiplex PCRs (ReMsa1–ReMsa13). A linear regression method-

ology was used for the QTL analysis. Four QTL were detected for this deformity, two of

which (QTLOP1 and QTLOP2) were significant. They were located at LG (linkage group)

nine and LG10 respectively. Both QTL showed a large effect (about 27%), and furthermore,

the association between lack of operculum and sire allelic segregation observed was

statistically significant in the QTLOP1 analysis. These results represent a significant step

towards including marker-assisted selection for this deformity in genetic breeding

programmes to reduce the incidence of the deformity in the species.
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Lack of operculum can affect a high proportion of the

aquaculture output of gilthead seabream (Sparus aurata L.)

(Prestinicola et al. 2013). Although this abnormality does

not directly affect growth traits and fish quality, it has been

related with a lower resistance to environmental stress in

the fish and a higher predisposition towards bacterial

infection of the gills (Prestinicola et al. 2013). Furthermore,

lack of operculum affects the final appearance of the product

and reduces its commercial value, so hatcheries have to sort

the fish manually to select and eliminate the fish with this

deformity. Despite the strategy, several fish show this

deformity at commercial size (Negr�ın-B�aez et al. 2015b).

Many studies determined that the prevalence of this

deformity can be reduced, but not eliminated, by controlling

environmental factors (Prestinicola et al. 2013). Other

studies suggest not only that the environment at an early

age is the main factor influencing the prevalence of lack of

operculum but also that it shows low additive genetic

estimation when the fish reach a larger size (Lee-Montero

et al. 2015). Marker-assisted selection (MAS) implemented

with the identification of the genomic regions responsible for

phenotypic variations [quantitative trait loci (QTL)], when

included in breeding programmes, could be a useful tool to

reduce the prevalence of lack of operculum. It is especially

pertinent for traits that are difficult to measure, for ones

measured later in development and for those showing a low

heritability (Yue 2014), such as lack of operculum in

gilthead seabream (Castro et al. 2008; Lee-Montero et al.

2015). Hence, microsatellite markers are useful molecular

markers for genetic mapping, and they can be used in

multiplex PCR to reduce costs and minimise errors in QTL

search processes (Negr�ın-B�aez et al. 2015a). QTL for com-

mercially interesting traits have been reported in gilthead

seabream using microsatellite markers: QTL related to

growth, sex determination and several morphometric traits

were found by Loukovitis et al. (2011, 2012, 2013), two

QTL for resistance to pasteurellosis were found by Massault

et al. (2010), and one significant QTL for morphometric

traits and two suggestive QTL for stress response to

confinement were detected by Boulton et al. (2011). How-

ever, no QTL for operculum deformity has been reported.

In this study, mating structure, rearing conditions,

phenotypic assessment and parental assignment were



previously described in detail by Negr�ın-B�aez et al.

(2015b). Offspring from an industrial broodstock from

the PROGENSA� breeding programme were reared to

689 days post-hatching (524.4 � 12.6 g). A sample of

810 fish was phenotypically analysed to identify vertebral

deformities and/or lack of operculum. Fish not showing

any of these deformities were considered normal. Pedigrees

were determined by genetic characterisation, specifically

using the microsatellite multiplex PCR SMsa1 (SuperMul-

tiplex Sparus aurata) (Lee-Montero et al. 2013). Sixty-six

full-sibling families were formed, and the prevalence of

lack of operculum was the only deformity showing a

statistically significant association with any breeder or

family. About 50% of individuals suffering from lack of

operculum were descendants of one sire (called ♂1O).
Therefore, descendants of this sire (six full-sibling families,

FAM6 to FAM11) were selected for QTL mapping, and

their phenotypes were coded as normal (1) or lack of

operculum (2). All the individuals analysed per family and

their phenotypes are shown in Table 1. Genotyping was

performed using 13 multiplex PCRs (ReMsa1–ReMsa13),

previously described by Negr�ın-B�aez et al. (2015a). These

multiplex PCRs include 106 microsatellite markers located

on the genetic map of this species (Franch et al. 2006). A

linear regression (Knott et al. 1996) was performed using

GRIDQTL software (Seaton et al. 2006). Half-sibling and full-

sibling regression analyses were carried out. Chromosome-

wide and genome-wide significance thresholds were esti-

mated at P = 0.05 and P = 0.01 with a permutation test

set to 10 000 iterations (Churchill & Doerge 1994). A QTL

was considered suggestive when its significance was

between 5% and 1% and was considered significant when

it was below 1% at the chromosome-wide level. It was

considered significant when significance was between 5%

and 1% at the genome-wide level (Rodr�ıguez-Ramilo et al.

2011; Vallejo et al. 2014). Family was included as a fixed

factor in the model for half-sibling analysis. Confidence

intervals were calculated by bootstrapping the samples

10 000 times. The effect of the QTL in terms of the

percentage of variance explained (PVE) was estimated

using the following models, pursuant to Knott et al.

(1996):

PVEHS ð%Þ ¼ 4� ððRMS red � RMS fullÞ=RMS redÞ � 100

PVEFS ð%Þ ¼ 2� ððRMS red � RMS fullÞ=RMS redÞ � 100;

where HS is the half-sibling analysis, FS is the full-sibling

analysis, RMS red is the residual mean square from the

reduced model in which the QTL effect is excluded and RMS

full is the residual mean square from the model in which the

QTL effect is fitted. The classification of PVE magnitude was

established as a small effect when it was lower than 5% and

a large effect when it was higher than 10% (Massault et al.

2011).

The association between phenotype and sire allele segre-

gated for microsatellite markers that were close to each

significant QTL was determined by contingency tables and

Pearson chi-square tests. A significant association was

considered when P ≤ 0.05.

A total of 106 microsatellite markers were genotyped, five

of which were non-informative markers because either the

breeders were homozygous or null alleles were observed.

The length of the gilthead seabream genetic linkage map is

1241.9 cM, and 916.9 cM was covered in this study

(73.8%). The covered length was significantly higher than

that in other QTL studies in this species (Boulton et al.

2011; Loukovitis et al. 2012). There was an average of four

microsatellite markers per linkage group, and the average

distance between microsatellite markers was 13.8 cM,

which is shorter than the recommended maximum distance

for QTL searching (20 cM) (Massault et al. 2008).

With respect to QTL related to the lack of operculum

deformity, two significant QTL (QTLOP1 and QTLOP2) and

two suggestive QTL (QTLOP3 and QTLOP4) were detected at

the chromosome-wide level using half-sibling analysis.

QTLOP1 was also significant at the genome-wide level, a

more stringent statistical level (Loukovitis et al. 2012), and

it was also significant in the full-sibling analysis. Thus,

QTLOP1 seems to be the most robust QTL for this deformity

(Table 2). Both significant QTL had significant effects (more

than 25% of the phenotypic variance). However, these

values were estimated within a single half-sibling family, so

they should be verified in other families. Their 95%

confidence intervals were very large, so new microsatellite

markers with genetic variability for this male in these LGs

would be necessary to obtain more exact QTL positions. In

this regard, there are other microsatellite markers (seven at

LG9 and three at LG10) in the genetic linkage map of

gilthead seabream (Franch et al. 2006; Massault et al.

2010), which could be used to improve the QTL mapping,

which were not included in the set of multiplexes.

The informative close-to-QTLOP1 microsatellite marker

was Gd-78-F (40.5 cM), which showed a significant asso-

ciation (P-value = 0.02) between sire allelic segregation and

presence of the deformity in offspring. No significant

association with any closely located markers was found

with respect to QTLOP2.

Table 1 Family structure, number of analysed offspring and number of

fish showing each phenotype.

Sires Dams Families n

Lack of

operculum Normal

♂1O ♀1O FAM6 13 6 7

♀2O FAM7 5 1 4

♀3O FAM8 79 10 69

♀4O FAM9 10 1 9

♀5O FAM10 6 1 5

♀6O FAM11 29 4 24

Total 142 23 118

n, number of analysed offspring in each family.



These QTL for lack of operculum in gilthead seabream,

QTLOP1 and QTLOP2, highlight the possibility of consider-

ing this trait in MAS-implemented breeding programmes for

this species, especially QTLOP1, as it could be a simple way

to reduce the incidence of the most common external

deformity and, thus, the financial losses it entails in the

gilthead seabream industry. However, these results should

be verified in other gilthead seabream families before they

are used for genetic selection.
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