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Abstract Morphological abnormalities, especially skeletal
deformities, are some of the most important problems affect-
ing gilthead seabream (Sparus aurata L.) aquaculture indus-
try. In this study, a QTL analysis for LSK complex deformity
in gilthead seabream is reported. LSK complex is a severe
deformity consisting of a consecutive repetition of three ver-
tebral deformities: lordosis, scoliosis, and kyphosis. Seventy-
eight offspring from six breeders from a mass-spawning were
analyzed: five full-sibling families, three maternal, and two
paternal half-sibling families. They had shown a significant
association with the LSK complex prevalence in a previous
segregation analysis. Fish were genotyped using a set of mul-
tiplex PCRs (ReMsal-13), which includes 106 microsatellite
markers. Two methods were used to perform the QTL analy-
sis: a linear regression with the GridQTL software and a linear
mixed model with the Oxpak software. A total of 18 QTL
were identified. Four of them (QTLSK3, 6, 12, and 14), locat-
ed in LGS, 8, 17, and 20, respectively, were the most solid
ones. These QTL were significant at genome level and
showed an extremely large effect (>35 %) with both methods.
Markers close to the identified QTL showed a strong associ-
ation with phenotype. Two of these molecular markers (DId-
03-T and Bt-14-F) were considered as potential linked-to-this-
deformity markers. The detection of these QTL supposes a
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critical step in the implementation of marker-assisted selection
in this species, which could decrease the incidence of this
deformity and other related deformities. The identification of
these QTL also represents a major step towards the study of
the etiology of skeletal deformities in this species.

Keywords MAS - QTL - Genetic improvement - Lordosis -
Scoliosis - Kyphosis

Introduction

In gilthead seabream (Sparus aurata L.) industry, products are
mainly commercialized as whole fish, so deformities altering
fish appearance like skeletal deformities are considered the
most important, since they affect directly to fish visual quality.
The prevalence of anomalies in juveniles from hatchery com-
panies, which ranges currently from 15 to 50 %, has to be
reduced to 5 % prior to batch commercialization (Afonso
and Roo 2007; Prestinicola et al. 2013). This reduction re-
quires individual manual sorting and visual assessment
(Divanach et al. 1996), which introduces an additional cost
of about 10 % per sold healthy fingerling. However, many
abnormalities are detected later and they persist in fish at har-
vest size. In this way, on-growing companies have to remove
deformed fish prior to their commercialization as whole fish or
to sell them below their production costs, as customers rarely
accept malformation-showing fish (Bardon et al. 2009). This
is the reason why deformed fish affect negatively to the turn-
over of hatcheries and on-growing companies.

Skeletal deformities affect neurocranium or head, vertebral
column, and appendicular skeleton. The most frequent of
which are lordosis, scoliosis, kyphosis, and vertebral fusion.
They not only affect fish appearance but also lead to physio-
logical alterations that result in a decrease of fish commercial


http://crossmark.crossref.org/dialog/?doi=10.1007/s10126-015-9671-7&domain=pdf

Mar Biotechnol (2016) 18:98-106

99

trait value: a lower growth rate, a higher mortality during
handling, and an increased difficulty of filleting (Boglione
etal. 2013). A triple column deformity consisting of a consec-
utive repetition of three of these vertebral deformities, lordo-
sis, scoliosis, and kyphosis (LSK complex), from head to cau-
dal fin, was described for the first time by Afonso et al. (2000)
in gilthead seabream. The prevalence of LSK complex is low
(0-0.2 %) and can be easily diagnosed at early ages, so hatch-
eries can detect and eliminate LSK-deformed individuals be-
fore selling them to on-growing companies. However, a pos-
sible genetic link between this deformity and other significant
skeletal deformities (lordosis and vertebral fusion) has been
reported by Negrin-Béez et al. (2015a). In that study, breeders
that had LSK-deformed descendants were also responsible for
the 11.2 % of lordosis deformed fish and for the 75 % of
vertebral fusion-deformed fish.

On the other hand, for LSK complex in gilthead seabream,
Afonso et al. (2000) found a significant association between a
family and the prevalence of this deformity in its offspring
after a cross-breeding scheme. A significant relation between
breeders and family showing this deformity was also obtained
from a larger experiment in which only six out of 89 families
from an industrial mass-spawning showed the total incidence
of LSK-deformed individuals (Negrin-Béaez et al. 2015a).
These previous findings suggest that the use of genetic im-
provement tools to decrease the incidence of LSK complex in
offspring could also decrease the incidence of lordosis and
vertebral fusion deformities in this species, and consequently
to contribute industry profits.

In breeding programs, the development of new genetic
tools has allowed researchers to identify genomic regions as-
sociated with specific traits of interest (quantitative trait loci
(QTL)), as well as variations of these regions that are respon-
sible for phenotypic variations (Doerge 2002). Having an ac-
curate linkage map is crucial to search for QTL, since the
density of genetic markers is an important factor to detect
them (Rodriguez-Ramilo et al. 2014). In gilthead seabream,
a linkage map based on microsatellite markers is available
(Franch et al. 2006). Microsatellites are useful molecular
markers for medium-high density maps. Multiplex PCR is a
highly effective tool to reduce cost per reaction and to mini-
mize genotyping errors by reducing steps and introducing
automation during the sample analysis process (Navarro
et al. 2008). This is especially important in methodologies
where a large number of markers has to be genotyped, such
as QTL location and identification. In gilthead seabream, a set
of 13 multiplex PCR assays formed by 106 specific microsat-
ellite markers that cover all LG in the gilthead seabream ge-
netic map has been developed by Negrin-Béez et al. (2015b).

Marker-assisted selection (MAS) may be implemented
through identification of QTL. The advantages of MAS are
notable as compared with the traditional selective breeding. A
wide number of studies using microsatellite markers have

revealed the existence of QTL for several traits in different
species. Among these, growth and morphometric parameters
(total length, standard length, eyes diameter, and eyes cross)
were related to QTL in Asian seabass (Lates calcarifer),
European seabass (Dicentrarchus labrax), rainbow trout
(Oncorhynchus mykiss), turbot (Scophthalmus maximus),
Atlantic salmon (Salmo salar), Artic charr (Salvelinus
alpinus), and common carp (Cyprinus carpio L.). QTL related
with resistance to microorganism infection and survival to
furunculosis have been reported in turbot and to infectious
pancreatic necrosis in Atlantic salmon and rainbow trout. In
addition, other traits with an increasing interest, like stress
response and salinity tolerance, have shown an association
to QTL in European seabass and salmonids (reviewed by
Yue 2014). In gilthead seabream, several QTL related with
commercial traits have been also reported for growth, sex
determination, and several morphometric traits are influenced
in this species by 4, 6, and 3 QTL, respectively (Loukovitis
et al. 2011, 2012, 2013); two QTL for resistance to
pasteurellosis were found in LG13 and LG21 (Massault
et al. 2010); additionally, Boulton et al. (2011) detected a
significant QTL for morphometric traits and two suggestive
QTL for stress response to confinement.

LSK complex presents low prevalence, but it is considered
highly important due to its high mortality and its relationship
with other column deformities. MAS of this deformity could
provide farmers with a useful tool to minimize the prevalence
of other economically relevant and more difficult to identify at
carly age deformities, like lordosis and vertebral fusion.
Moreover, the QTL identification of LSK complex would
represent a major step towards the location of genes that de-
termine the presence of skeletal deformities in this species.
Considering all of the above, the main objective of the present
study was to analyze and scan for QTL affecting LSK com-
plex deformity in five families of gilthead seabream.

Material and Methods
Samples, Trait Measurement, and Parental Assignment

Gilthead seabream offspring from an industrial broodstock
were reared until 509 days post-hatching (419.7£3.1 g). At
111 days post-hatching, fish were sorted by deformity to ex-
clude fish showing severe skeletal anomalies. Deformed fish
were culled with the exception of LSK-deformed fish that
were easily identified, selected, and reared separately in a
1000-L fiberglass tank at Marine Science and Technology
Park, property of the University of Las Palmas de Gran
Canaria (PCTM-ULPGC). Non-deformed fish were reared
in a cage of Playa de Vargas 2001 S.L. Company (PLV2001,
Gran Canaria, Spain). Pedigree was determined by genetic
characterization by using the microsatellite multiplex PCR
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SMsal (Lee-Montero et al. 2013). At the end of their rearing
period, 900 fish (LSK-deformed fish and PLV2001 fish) were
genetically analyzed. The PLV2001 fish were also phenotyp-
ically identified as deformed fish (with other deformities) or
normal fish (without deformities). Eighty-nine full-sibling
families were represented, and all the LSK-deformed individ-
uals were descendants of only six of these families. These six
families were originated from two sires (1L and $2L) and
five dams (Q1L, 92L, Q3L, 95L, and Q6L). Five of these
families (FAM1 to FAMS) were selected for QTL mapping.
Rearing conditions, fish sampling, parental assignment, and
measurement methods of phenotypic traits (deformities) are
described extensively by Negrin-Béaez et al. (2015a). The
number of individuals per family and their phenotype are
shown in Table 1. LSK factor was measured in each fish as
presence (1, LSK-fish) or absence (0, normal fish) of the de-
formity (binary trait).

Genotyping

Breeders and their offspring were genotyped by using 13 mul-
tiplex PCRs (ReMsal to ReMsal3), following the conditions
previously described in Negrin-Baez et al. (2015b). These
multiplex PCRs include 106 microsatellite markers which
are all located on the genetic map of this species (Franch
et al. 2006; Senger et al. 2006).

QTL Mapping

Two methods were used to detect QTL: a linear regression
(LR) methodology and a linear mixed model (LMM)
approach.

The LR method (Knott et al. 1996) was performed by using
the GridQTL software (http://www.gridqtl.org.uk) (Seaton
et al. 2006). Due to family structure, half-sibling (HS) and
full-sibling (FS) regression analysis were carried out.
Chromosome- and genome-wide significance thresholds for
P=0.05 and for P=0.01 were estimated from a permutation
test with 10,000 iterations (Churchill and Doerge 1994).

Table 1  Family structure, number of offspring analyzed in this study,
and number of fish showing each phenotype

Sires Dams Families Number® LSK Normal
3l Q1 FAM1 19 13 6

@2, FAM2 25 20 5
32 Q1 FAM3 6 4

Q2 FAM4 13 5

Q3L FAMS5 15 6

Total 78 52 26

*Number of analyzed descendants in each family
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Confidence intervals were calculated by bootstrapping the
samples 10,000 times (Visscher et al. 1996).

The LMM was performed by using the Oxpak software
v.2.16 (http://www.icrea.cat/Web/ScientificForm.aspx?key=
255) (Pérez-Enciso and Misztal 2004). Chromosome- and
genome-wide significance thresholds for P=0.05 and for P=
0.01 were estimated following the method proposed by Nezer
et al. (2002). The 95 % confidence intervals were calculated
according to Mangin et al. (1994).

In both methods, according to a chromosome-wide level,
QTL were considered suggestive when the significance was
between 5 and 1 % and significant when it was below 1 %.
According to a genome-wide level, QTL were considered sig-
nificant when the significance was between 5 and 1 % and
highly significant when it was below 1 % (Rodriguez-Ramilo
et al. 2011; Vallejo et al. 2014). No fixed factor or covariates
were included in the model.

The QTL effect, in terms of the percentage of variance
explained (PVE) from the linear regression analysis, was es-
timated, according to Knott et al. (1996), by using the differ-
ence between the full and the reduced models as follows:

PVEps(%) = 4 x ((RMSred — RMS full) /RMSred)
x 100

PVErs(%) = 2 x ((RMSred—RMS full)/RMSred)
x 100

where HS is half-sibling analysis, FS is full-sibling analy-
sis, 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 QTL effect, in terms of the QTL heritability from var-
iance component analysis (VCA) in the linear mixed model
was estimated by using the Oxpak software v.2.16, and was
expressed as percentage.

The magnitude of the QTL effect (PVE/VCA) was
established, by following the classification of Massault et al.
(2011), as small effect when the value was lower than 5 % and
large effect when it was higher than 10 %, additionally, other
magnitudes were included in the classification: medium effect
when the value was between 5 and 10 % and extremely large
effect when it was higher than 35 %.

Genotypic Association Analysis

In order to determine the association between phenotype (nor-
mal fish vs. LSK-deformed fish) and alleles from markers
close to QTL, contingency tables and Pearson chi-square tests
were performed by using the statistical software package
SPSS (PASW Statistics v18). Alleles were codified to
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discriminate between those coming from the sire (sl and s2)
and those coming from the dam (d1 and d2). The allelic seg-
regation was tested separately, from the sires and from the
dams, for each marker. The association was considered signif-
icant when P<0.05.

Results
Genotyping

Microsatellite markers (106) were genotyped, and there were
several no informative markers in each family because either
the breeders were homozygous or null alleles were observed.
The number of informative microsatellite markers per family,
the map length covered, the average distance between micro-
satellite markers and the average number of microsatellite
markers per linkage group are shown in Table 2.

QTL Mapping

A full-sibling regression analysis was carried out for FAM1 to
FAMS, and a half-sibling regression analysis was carried out
for families from J'1L and 2L (paternal half-sibling) and
families from Q@1L, 92L, and Q3L (maternal half-sibling).
A linear mixed model analysis was carried out also for
FAM1 to FAMS, but also taking into account half-sibling
family structure.

Eighteen QTL for LSK complex deformity were detected.
Their positions, confidence intervals, and significances are
shown in Table 3.

Four of these QTL (named QTLSK3, QTLSKG®,
QTLSK12, and QTLSK14) were significant in, at least, three
of the analyses and showed significance also at genome-wide
level in, at least, two analyses. Their percentages of variance
explained (PVE) and their percentages of heritability from
variance component analysis (VCA) by the QTL effect are
shown in Table 4. Their plots with their LR (ratio of the like-
lihood of the data under the alternative hypothesis that

Table 2 QTL mapping information in full-sibling analysis

Family NM? MLP MD*® MMm?
FAMI 95 936.7 15 3.8
FAM2 96 886.2 13.8 4
FAM3 94 932.5 15 3.8
FAM4 94 9524 14.9 3.9
FAMS5 94 936.9 15.1 3.9

*Number of microsatellite markers used per family
°Map length covered in centimeters
¢ Average distance between microsatellite markers in centimeters

d Average number of microsatellite markers per linkage group

assumes the existence of a QTL and the likelihood under the
null hypothesis of no QTL) for each position and LG are
shown in Fig. 1.

Genotypic Association Analysis

In LG where the QTLSK3, QTLSK6, QTLSK12, or
QTLSK 14 were localized, all microsatellite markers were an-
alyzed, although only data from those that were closer to each
QTL are shown. Microsatellite markers and their allelic sig-
nificant association for breeders are shown in Table 4.

Markers BId-39-T (28.9 ¢cm) and P96 (40.1 cm) were the
closest-to-QTLSK3 markers, and a significant association be-
tween the allelic segregation of a dam and its LSK-deformed
offspring was found. All the LSK-deformed individuals
showed the alleles 74 for BId-39-T and 78 for P96, while none
of the normal individuals showed these alleles. In LGS, the
closest-to-QTLSK6 marker was DId-22-F (37.7 cm), which
showed a significant association between the allelic segrega-
tion of a dam and its LSK-deformed offspring (P=0.05). Only
one microsatellite marker was close to QTLSK12, Gt57
(0 cm). Significant Pearson chi-square test revealed a relation-
ship between the allelic segregation of a sire and a dam and
their LSK-deformed offspring (P<5 10™* and P<4 107>, re-
spectively). For this marker, LSK-deformed individuals had
inherited the allele 150, while normal individuals did not show
this allele. The closest-to-QTLSK 14 microsatellite markers
were DId-03-T and Bt-14-F (1.3 cm). For DId-03-T, the use
of contingence tables and a significant Pearson X? test showed
a high association between breeder’s allelic segregation for
this marker and LSK-deformed offspring in sires (P<4 10 )
or in dams (P<0.01). All the individuals showing this defor-
mity had inherited the allele 126, while none of the normal
fish had inherited this allele. Similar results were obtained for
Bt-14-F, as a high significant association between LSK com-
plex and allelic segregation of sires (P<0.01) or dams (P<5
107%) was observed. In this case, all the LSK-deformed off-
spring showed the allele 110, which did not appear in normal
individuals.

Discussion

The development of new genetic technologies has significant-
ly increased in the last decades. From the emergence of the
molecular-based knowledge as a useful tool in aquaculture
genetic improvement, genetic technologies have gained im-
portance and they will become increasingly important as aqua-
culture further develops (Dunham 2014). In the present study,
genotyping of all the analyzed families was conducted by
using 106 microsatellite markers from 13 multiplex PCRs
with redesigned primer sets (Negrin-Béez et al. 2015b), locat-
ed in the linkage map for this species (Franch et al. 2006;
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Table 3  Position and confidence interval (in brackets) in centimeters for each detected QTL

Analysis®
QTL LG? FS pHS mHS LMM
QTLSK1 1 0 (0-16)* 3 (3-8)*
QTLSK2 3 93 (92-94)**
QTLSK3 5 39 (11-45yx+" 17 (0-47)** 5(0-11)**"
QTLSK4 6 28 (6-48)* 34 (11-38)*
QTLSKS5 7 13 (0-56)** 0 (0-1)**"
QTLSK6 8 29 (10-36)* 34 (17-39)*" 26 (3-39)** 34 (4-35)++"
QTLSK7 10 46 (0-46)* 46 (45-46)**"
QTLSKS 11 0 (0-51)* 37 (36-38)**
QTLSK9 12 94 (46-94)** 94 (93-94)*
QTLSK10 14 0 (0-3)**"
QTLSKI11 15 54 (45-54)* 54 (48-54)*
QTLSK 12 17 0 (0-20)*** 0 (0-17)**" 7 (0-129)* 0 (0-4ys*+"
QTLSKI13 18 8 (0-28)* 30 (22-30)*
QTLSK 14 20 2 (14" 0 (0-10)**™" 2 (1-4y*" 2 (12
QTLSKI15 22 0 (0-0)**"
QTLSK16 23 0 (0-2)** 0 (0-2)**
QTLSK17 24 0 (0-3)**"
QTLSK18 25 4 (1-37)* 42 (40-42)*

*P<(.05 at chromosome level (suggestive QTL); **P<0.01 at chromosome level (significant QTL); ©~ P<0.05 at genome level (significant QTL); ~" P<

0.01 at genome level (highly significant QTL)
*Linkage group

° Type of analysis: full-sibling (FS), paternal half-sibling (pHS), maternal half-sibling (mHS), linear mixed model (LMM)

Senger et al. 2006). The use of multiplex PCR allows the
automation of the genotyping process and entails significant
reduction of costs and minimization of errors. In the present
study, an average of 74.8 % (928.9 cm) of total length of the
genetic linkage map (1241.9 cm) of gilthead seabream has

been covered. In other studies, the covered length was signif-
icantly lower, ranging from 472 cm (Boulton et al. 2011) to
495.4 cm (Loukovitis et al. 2012). At the same time, average
distance between the microsatellite markers was 14.8 cm,
which is lower than the recommended maximum distance of

Table 4 QTL effect for LSK

complex QTL LG*  PVE VCA®  Marker X3 X9
FS HS

QTLSK3 5 72 43.6 66.8 BId-39-T  (-) Q3 (P<2x107%)
P96 ) Q3L (P<6x107)

QTLSK6 8 25 60.0 65.2 Did-22-F  (-) Q1 (P=0.05)
QTLSKI2 17 368 1008  86.7 Gt57 321 (P<5x107%) Q2 (P<4x107%)

QTLSK14 20 987 2205 936 Did-03-T 32, (P<4x107°) QI (P<0.01)
Q21 (P<5x107%)
Bt-14-F 31 (P<0.01) Q3. (P<5x107%)

32, (P<8x107%)

? Linkage group

® Percentage of variance explained of QTL effect in each analysis; full-sibling (FS) an half-sibling (HS) analysis

¢ Percentage of variance explained of QTL effect refers to QTL heritability from variance component analysis in a

linear mixed model

9 Pearson chi-square test for allelic association analysis in sire and dams for the closest microsatellite markers.
Significance when P<0.05; (—) no significance
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Fig. 1 Mapping for each solid QTL for LSK complex by linear mixed
model analysis: QTLSK3 at LG5 (a), QTLSK6 at LG8 (b), QTLSK12 at
LG17 (c), and QTLSK14 at LG20 (d). LR: ratio of the likelihood of the

20 cm for QTL searching (Massault et al. 2008), and larger
than in other QTL searching studies for this species (Boulton
et al. 2011; Loukovitis et al. 2011, 2012, 2013).

In this study, for the first time in gilthead seabream, 18
QTLs for LSK complex deformity have been identified.
These QTLs support the hypothesis of a genetic origin for
LSK complex deformity, previously proposed by Afonso
et al. (2000) and Negrin-Baez et al. (2015a), who found sig-
nificant statistical associations between the prevalence of this
deformity and certain specific families in gilthead seabream.

Two different methodologies for QTL detection were eval-
uated in the present study; LR and LMM methods. Three
analyses using the LR method were performed taking into
account the family structure. However, sample and the family
size were reduced in this study, and consequently a family by
family analysis could have a reduced accuracy. Despite this
limitation, it is remarkable that significant QTL were detected.
This can be explained because the five analyzed families were
from a larger experiment in which only six out of 89 families
contained the total incidence of LSK-deformed individuals
and a significant relationship between breeders or families
and their LSK-deformed offspring was obtained (Negrin-
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data under the alternative hypothesis that assumes the existence ofa QTL
and the likelihood under the null hypothesis of no QTL at each position of
the LG

Béez et al. 2015a). The comparison of LR analyses allowed
also identifying the most solid QTL (QTLSK3, 6, 12, and 14),
which were significant in, at least, two of the analyses at a
chromosome level. It is remarkable that these four QTL also
reached a genome-wide level of significance in at least one of
the analyses. The LMM method provides a flexible and effec-
tive modeling tool, using all markers and pedigree information
jointly (Pérez-Enciso and Misztal 2004), which seems to be
more suitable than LR method given the family structure of
the data analyzed in this study. This method can analyze si-
multaneously these five families and also can take family
structure into account, improving the detection power. Using
this method, more QTL have been localized and their confi-
dence intervals have been narrowed. The major effect QTL
were also the QTLSK3, 6, 12, and 14, being significant also at
the genome-wide level, supporting the results from the LR
analysis.

The percentage of phenotypic variance explained (PVE)
from the linear regression analyses showed an extremely large
effect in the half-sibling analysis, and also for QTLSK12 and
QTLSK 14 in the full-sibling analysis. Actually, PVE values of
these two QTL in the half-sibling analysis were over 100 %.
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This is a common result in QTL mapping studies, as PVE
tends to be overestimated (Wang et al. 2006). It can be ex-
plained by the Beavis effect (Xu 2003), which explains that
the detected QTL effect is overestimated because QTL iden-
tification requires a genetic effect estimation and a statistical
analysis in a shortened distribution. The overestimated QTL
effect value is higher when the family size is small as in this
study. On the other hand, given the reduced number of indi-
viduals and the family structure of this study, a linear mixed
model can provide more accurate estimates of QTL effects, in
terms of the QTL heritability from variance component anal-
ysis (VCA) (Rowe et al. 2006). VCA has the advantage of
direct application to a pedigree regardless of family structure
compared with PVE. In general, when a pedigree structure is
available with half-sibling and full-sibling families, using of
VCA is beneficial to detect alleles that are segregating differ-
ently in sires and dams and is not to be overestimated (Rowe
et al. 2006). In fact, in this study, the effect of these four solid
QTL according to their VCA values seems to be closer to the
real magnitude, as these percentages do not exceed 100 %.
The finding of a large number of QTL suggests that LSK
complex deformity is influenced by a complex interaction
between several regions of the genome, which was expected
since this deformity consists of three different deformities.
However, the results of this study also suggest that LSK com-
plex deformity might be controlled mainly by these four large
effect QTL (solid QTL).

A highly significant association between phenotype and
genotype in these solid QTL was observed. Indeed, QTL clos-
er markers seem to be linked with LSK complex, so all LSK-
deformed descendants of, at least, one breeder showed deter-
mined alleles, while normal individuals did not show these
alleles, and all LSK-deformed descendants of, at least, one
full-sibling family showed the determined genotypes, while
normal individuals did not show them. This strong linkage
between these solid QTL and their markers may have reper-
cussions, like the linkage between the marker Id13 and a QTL
for pasteurellosis resistance found by Massault et al. (2010), in
which all the descendants of a full-sibling family that showed
a determined allele died.

The minimum annual loss estimated for European aquacul-
ture due to deformities is higher than 50 M€/year, so a 50 %
reduction of deformities could save 25 M¢€/year (Hough
2009). LSK complex is a severe column deformity that is
presented with a low prevalence in gilthead seabream finger-
lings and it is associated with high mortality (Negrin-Baez
et al. 2015a). Therefore, this deformity is a minor problem
for aquaculture producers, so it has not been traditionally con-
sidered in deformities studies (Afonso et al. 2000;
Ebrahimnezhad et al. 2009; Negrin-Baez et al. 2015a).
However, lordosis and vertebral fusion are the most frequent
deformities affecting vertebral column in gilthead seabream
(Boglione et al. 2013), which are the major problems for
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industry as they entail significant economic losses. A possible
genetic link between these two deformities and LSK complex
has been reported by Negrin-Baez et al. (2015a). In that study,
breeders responsible for all LSK-deformed descendants of a
commercial batch were also responsible for a large number of
descendants with those deformities, when analyzed at com-
mercial size. This means that if these breeders have not been
selected in that batch, the prevalence of these deformities
would have decreased by 17 %. Furthermore, this batch was
sorted according to deformities at fingerling size with the con-
sequent cost money, so if the batch had not been sorted, the
decrease would have been greater, and even the sorting could
have been avoided. Lordosis and vertebral fusion are defor-
mities that are hardly diagnosed at early ages, can appear
throughout the development of the fish, and even at commer-
cial size the fish may appear normal but after filleted deformi-
ties are evident, resulting in consumer dissatisfaction (Negrin-
Baez et al. 2015a). For this reason, these deformities are dif-
ficult to incorporate into a genetic program. However, the
LSK complex is easily diagnosed at early ages and never
appears after fingerling size. All this indicates that, if the
LSK complex was genetically and negatively selected, the
incidence of lordosis and vertebral fusion would be reduced,
which would be of great economic importance for industry. In
this way, marker-assisted selection (MAS) is a powerful strat-
egy that can help to increase breeding program gains. Two
cases of MAS-including programs have been successfully ap-
plied for diseases resistance in aquaculture species like
Japanese flounder and Atlantic salmon (Ozaki et al. 2012),
thus validating this methodology. In gilthead seabream, the
project PROGENSA® has developed, at Spanish national
scale, a genetic breeding program to improve growth traits
(Afonso et al. 2012), where MAS selection would be imple-
mented. In this study, in three solid QTL (QTLSK3, QTLSK®6,
and QTLSK12), the 95 % confidence intervals were large in
LR analyses. This could have a negative effect in MAS appli-
cation since it implicates that marker—QTL linkage phases are
not stable over generation or population. So, the LSK-linked
markers should be verified in other families to provide a reli-
able tool for MAS. However, these three QTL represent a
major step in the location of genes that determine the presence
of skeletal deformities in this species and focus the search in
these three areas. With respect to QTLSK 14, it showed a short
95 % confidence interval in both methods (4 or 10 cm in LR
analyses and 2 cm in LMM), and a large effect, which high-
lights the importance of considering this QTL in a MAS se-
lection program.

As the next step, it is proposed to perform a second more
comprehensive screening in order to narrow the QTL position
and to search candidate genes or markers linked to this defor-
mity. This could be carried out through a study of comparative
genomics in another species genetically close, as the complete
genome of gilthead seabream is not yet available. As well as in
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guppy (Poecilia reticulata), a major QTL for scoliosis was
associated with MTNRI1B, a candidate gene for human idio-
pathic scoliosis (Gorman et al. 2011). Given all this, the results
of the present study represent a unique opportunity to study
the etiology of skeletal deformities in gilthead seabream. Not
only about the LSK complex but also about other deformities,
as besides this deformity seems to be genetically linked to
others.

In summary, the results obtained in this study confirm the
genetic origin of this severe skeletal deformity and show four
solid QTL associated with LSK complex, which should be
verified in other families. The strongest of them (QTLSK12)
presented a short confidence interval, an extremely large ef-
fect, and two markers (DId-03-T and Bt-14-F) as potential
candidates to be included in a MAS selection for this species.
Genetically selecting the appropriate breeders for non-LSK-
deformed individuals would decrease the incidence of this
deformity in hatcheries and, at the same time, could also de-
crease the incidence of other frequent skeletal deformities
(lordosis and vertebral fusion), thus, increasing company
gains. Moreover, these QTL represent the first step to research
the etiology of skeletal deformities in this species.
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