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RESUMEN

El rodaballo (Scophthalmus maximus) es un pez plano de gran valor comercial y
para el cual actualmente existen varios programas de mejora genética, cuyo principal
objetivo es aumentar el crecimiento. Estos programas tienen un gran potencial, dado que
la alta capacidad reproductiva de los peces permite aplicar una selección intensa y, por
tanto, obtener altas respuestas a la selección. Sin embargo, esto también puede conducir
a altas tasas de consanguinidad, con la consiguiente reducción de la variabilidad genética
y un mayor riesgo de depresión consanguínea. Por lo tanto, el control de la
consanguinidad y de la pérdida de variabilidad genética en los programas de selección
del rodaballo, es fundamental para garantizar su sostenibilidad. Sin embargo, hasta la
fecha, no existen estudios que evalúen los niveles de consanguinidad en poblaciones
comerciales de esta especie. El método más eficiente para controlar la pérdida de
variabilidad genética y el aumento de la consanguinidad es el método de Contribuciones
Óptimas (CO). Este método se basa en la optimización de las contribuciones de los
candidatos para minimizar el parentesco de los individuos seleccionados y así minimizar
la consanguinidad esperada en la siguiente generación. Por lo tanto, el elemento central
del método de CO es la matriz de parentesco. Tradicionalmente, esta matriz se ha
obtenido a partir de registros genealógicos, pero el desarrollo reciente de herramientas
genómicas permite estimarla con mayor precisión. De hecho, se han desarrollado distintas
medidas de parentesco (y consanguinidad) genómico, pero se desconoce su eficacia
relativa a la hora de mantener la variabilidad genética. Los objetivos de este estudio
fueron: i) obtener estimas de parentesco y consanguinidad genómicas en una población
cultivada de rodaballo; ii) evaluar la eficiencia de diferentes matrices de parentesco para
retener variabilidad genética cuando se utiliza CO; y iii) determinar los patrones de
consanguinidad genómica en el genoma del rodaballo. Se utilizaron genotipos de 18,097
SNPs disponibles para 1,391 peces pertenecientes a 36 familias de hermanos completos.
Se compararon seis matrices de parentesco genómico: i) SIM, basada en la proporción de
alelos compartidos entre dos individuos; ii) L&H, basada en el exceso de homocigosis;
iii) VR1, basada en la matriz de relaciones genómicas de VanRaden (método 1); iv) VR2,
basada en la matriz de relaciones genómicas de VanRaden (método 2); v) YANG, basada
en la matriz de relaciones genómicas de Yang; y vi) SEG, basada en la proporción de
segmentos idénticos por descendencia compartidos por dos individuos. La magnitud de
los diferentes coeficientes de parentesco difirió considerablemente (el parentesco
promedio fue 0.78 para SIM, 0.00 para L&H, VR1 y VR2 y YANG y 0.13 para SEG) y la
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causa de estas diferencias se debe fundamentalmente al momento en el cual se estableció
la población de referencia. Sin embargo, las correlaciones entre los distintos coeficientes
de parentesco fueron altas (≥ 0.7). Todos los coeficientes resultaron tener capacidad para
discriminar diferentes grados de relación (padres-hijos, hermanos completos, medios
hermanos y peces menos relacionados), y fVR y fYANG fueron los que más se aproximaron
a los valores esperados de parentesco obtenidos a partir de registros genealógicos. La
variabilidad genética retenida en los candidatos seleccionados cuando se utilizaron las
diferentes matrices de parentesco en CO fue similar en términos de heterocigosis esperada
y porcentaje de alelos segregantes (> 99% en todos los casos). Sin embargo, esto se logró
seleccionando un número muy diferente de individuos en cada caso. En particular, con
L&H y SEG solo se seleccionaron el 9% y el 13% del número inicial de candidatos,
respectivamente, en comparación con el 47-85% de los candidatos seleccionados cuando
se utilizaron SIM, VR1, VR2 y YANG. Estas diferencias pueden explicarse por el hecho
de que fL&H and fSEG fueron los coeficientes que presentaron las varianzas más altas en el
grupo de individuos 'menos relacionados' (el grupo más numeroso). Por el contrario, SIM,
que fue la matriz que condujo al mayor número de candidatos seleccionados, también fue
la matriz con menor capacidad para diferenciar relaciones entre individuos.

Palabras clave: consanguinidad, Contribuciones Óptimas, parentesco, rodaballo.
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ABSTRACT

Turbot (Scophthalmus maximus) is a flatfish of great commercial value for which
several genetic breeding programmes are currently underway whose main objective is
increasing growth rate. These programmes have a great potential given that the high
fecundity of fish allows to apply high selection intensities and therefore, to obtain high
selection responses. However, this can also lead to high rates of inbreeding, with the
consequent reduction of genetic variability and increased risk of inbreeding depression.
Thus, the control of inbreeding and the loss of genetic variability in turbot selection
programmes, is fundamental to ensure their sustainability. However, to date, there are no
studies evaluating inbreeding levels in commercial populations of this species. The most
efficient method to control the loss of genetic variability and the increase of inbreeding
is the Optimal Contributions method (OC). This method is based on optimising the
contributions of candidates to minimise group coancestry of the selected breeders and
thus minimise the expected inbreeding in the next generation. Therefore, the central
element of the OC method is the coancestry matrix. Traditionally, this has been computed
from pedigree data but the recent development of genomic tools allows to use genomewide information to estimate it with higher precision. In fact, several measures of genomic
coancestry (and inbreeding) have been developed but their relative efficiency for
maintaining genetic variability is unknown. The aims of this study were to i) obtain
estimates of genome-wide coancestry and inbreeding coefficients in a turbot commercial
population; ii) evaluate the efficiency of different genome-wide coancestry matrices in
retaining genetic variability when using OC; and iii) determine the patterns of genomic
inbreeding across the turbot genome. Genotypes of 18,097 SNPs were available for 1,391
offspring belonging to 36 full-sib families. Six different genome-wide coancestry
matrices were compared: i) SIM, based on the proportion of alleles shared by two
individuals; ii) L&H, based on the excess of SNP homozygosity; iii) VR1, based on the
genomic relationship matrix of VanRaden (method 1); iv) VR2, based on the genomic
relationship matrix of VanRaden (method 2); v) YANG, based on the genomic relationship
matrix of Yang; and vi) SEG, based on the proportion of identity by descent segments
shared by two individuals. The magnitude of the different coancestry coefficients differed
greatly (average coancestry was 0.78 for SIM, 0.00 for L&H, VR1 and VR2 and YANG
and 0.13 for SEG) and that was mainly due to differences in the time where base
populations were set. However, the correlations between them were high (≥ 0.7). All
coefficients had a good ability to discriminate different degree of relationships (parent3

offspring, full-sibs, half-sibs and less related fish), and fVR and fYANG were those that more
approximated to the expected values derived from pedigree data. The genetic variability
retained in the selected candidates when using the different coancestry matrices in OC
was similar in terms of expected heterozygosity and percentage of alleles that remained
segregating (> 99 % in all cases). However, this was achieved by selecting very different
number of individuals. In particular, with L&H and SEG only 9% and 13% of the initial
number of candidates were selected, respectively, in comparison with 47-85% of
candidates selected when using SIM, VR1, VR2 and YANG. These differences can be
explained by the fact that fL&H and fSEG were the coefficients presenting the highest
variances for the group of ‘less related’ individuals (the most numerous group).
Conversely, SIM, which led to the highest number of candidates selected, was also the
matrix with lower ability to differentiate relationships.

Keywords: coancestry, inbreeding, Optimal Contributions, turbot.
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INTRODUCTION

Fisheries and aquaculture are important sources of food, nutrition, income and
livelihoods for millions of people around the world. Fish represents one of the most
commercialized food products and thanks to the intense growth of aquaculture, the world
fish supply reached a historical maximum of 20 kg per capita in 2014 (FAO, 2016). In
fact, while capture fishery production has been relatively static since the late 1980s, the
percentage of fish produced for human consumption from aquaculture increased from 7%
in 1974 to 26% in 1994 and to 39% in 2004. Currently, aquaculture provides half of all
fish for human consumption and represents thus a promising option for nutrition and food
security of a world growing population that is expected to reach 9.7 billion people by
2050 (FAO, 2016).

A major challenge and opportunity for increasing competitiveness of the
aquaculture industry comes from the application of efficient breeding programmes. When
compared with livestock species, genetic breeding programmes in aquaculture species are
relatively recent and scarce. In fact, only about 10% of the current global aquaculture
production is based on genetically improved stocks. This is despite the fact that the
potential of selection programmes in aquaculture species is considerable, given the high
reproductive capacity of these species that permit applying high selection intensities (a
reduced number of breeders is enough for producing a whole generation) and therefore
high genetic gains (Gjerde et al., 1996). For a key trait such as growth, genetic gains per
generation from selection reported in the literature average 13% and show that growth
rate could be doubled in six generations of selection (Gjedrem and Rye, 2016). Successful
examples include the Atlantic salmon national selective breeding programme initiated by
AKVAFORSK in Norway at the beginning of the 1970s (reviewed by Gjedrem, 2010)
and the international collaborative project to improve the genetic performance of farmed
Nile tilapia (Gjedrem, 2012), a project commonly known as the Genetic Improvement of
Farmed Tilapias (GIFT). It has been documented that genetically improved salmon from
the Norwegian breeding programme grow twice as fast as wild Atlantic salmon and
require 25 % less feed (Thodesen and Gjedrem, 2006). The GIFT project showed that five
generations of traditional selection based on a synthetic farmed population of Nile tilapia
gradually increased the body weight at harvest by 67–88% (Bentsen et al., 2017).

Although the reproductive potential of fish species can lead to high selection
responses, it can also lead to high rates at which inbreeding increases if a small number
5

of individuals contribute largely to subsequent generations. Increases in the rate of
inbreeding (F) would have negative consequences such as reductions of genetic
variability and increased risk of inbreeding depression. The risk of high inbreeding can
be even more important when using selection methods that do not make use of family
information; i.e., mass selection (Villanueva et al., 1996). In fact, the magnitude of
estimates of recent effective population size (Ne, a parameter directly related to F given
that Ne = 1/2F) found in commercial fish populations (Su et al., 1996; Pante et al., 2001;
Gallardo et al., 2004; Brown et al., 2005; Yáñez et al., 2014) is generally lower than the
critical value of 50 individuals recommended to avoid inbreeding depression and retain
fitness in the short-term (Frankham et al., 2002). Thus, the control of the rate of
inbreeding, necessary in any selection programme, gains in importance in aquaculture
species.

The coefficient of inbreeding of an individual (F) is defined as the probability that
the two alleles of a locus taken at random from the same individual are identical by
descent (IBD); i.e., both are copies of an allele carried by a common ancestor of the
parents of the individual (Malécot, 1948). It expresses the degree of relationship between
the individual’s parents. Thus, another coefficient that is closely linked with F is the
coancestry coefficient between two individuals (f) that is defined as the probability that
two alleles at a given locus taken at random from two different individuals are IBD. By
definition, both F and f refer to a base population that is assumed to be composed by noninbred and unrelated individuals. The rate at which f increases per generation (i.e., the
rate of coancestry or f) has a direct relationship with Ne given that Ne = 1/2f (Falconer
and Mackay, 1996). Alternatively, as mentioned above Ne = 1/2F. The value of F is
subject to individual mating decisions (i.e., whether or not mattings between relatives are
avoided) and then genetic variability is better given by f. In any case, both measures of
Ne are equivalent with random mating (Caballero and Toro, 2000) or with non-random
mating if the level of non-randomness is constant across generations (Villanueva et al.,
2010). Also, inbreeding depression depends on F, not on f. Thus, both f and F are very
important for managing populations.

Coancestry and inbreeding coefficients are directly related with the expected (HE)
and the observed (HO) heterozygosity (Toro et al., 2009), which are commonly used to
6

quantify genetic diversity. The relationship of f with HE (expected heterozygosity under
Hardy-Weinberg equilibrium) is given by HE = 1  f, and the relationship of F with HO
(the number of heterozygous individuals divided by the sample size) is given by
HO = 1 – F (Frankham et al., 2002).

The most efficient method to control the loss of genetic variability and the increase
of coancestry and inbreeding is the Optimal Contributions method (OC). The method was
developed in the 90s in the context of genetic breeding programmes and provides optimal
contributions for all breeding candidates for maximising gains obtained through selection
while restricting at the same time the increase in coancestry and inbreeding (Meuwissen,
1997; Grundy et al., 1998; Woolliams et al., 2015). However, the application of OC for
simply minimising coancestry is straightforward (Fernández et al., 2003; Villanueva et
al., 2004). The objective function can be modified to accommodate the conservation aim
that would be to minimise rates of coancestry and inbreeding. In this scenario, the method
optimises the contributions of candidates to minimise the group coancestry of the selected
breeders and thus minimise inbreeding in the next generation. Therefore, the central
element of OC is the coancestry matrix () or equivalently, the additive genetic
relationship matrix (A), as A = 2.

Traditionally, f and F have been estimated from pedigree data. However, the new
techniques of large scale genotyping have allowed the detection of a large number of
single nucleotide polymorphisms (SNPs) that can be used to obtain genomic estimates of
these coefficients with a higher degree of accuracy. In particular, next-generation
sequencing (NGS) has greatly reduced the cost of nucleic acid sequencing, and therefore
also genetic marker discovery. This has opened new opportunities for rapid generation of
genome-wide genetic marker datasets, either through SNP arrays or through genotyping
by sequencing (GBS) techniques (Davey et al., 2011). GBS is based on Restriction-Site
Associated DNA Sequencing (RAD sequencing or RAD-Seq) that combines the use of
genome complexity reduction with Restriction Enzymes (REs) and the high sequencing
output of NGS technologies. RAD-Seq was first described by Baird et al. (2008). This
technique is widely used in fish because the low economic value of individual fish
requires a trade-off between this value and genotyping costs. In addition, this technique
has the advantage that does not need previous information about the SNPs (a
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characteristic very useful for non-model species), in contrast to SNP arrays. Depending
on the number and type of REs, different RAD-Seq variants are available, including 2bRAD-Seq. Briefly, this method consists on using REs that cut the genomic DNA at both
sides of the recognition site at a fixed distance, producing short genomic DNA fragments
of identical size (33–36 bp). These fragments are subsequently sequenced on nextgeneration platforms (Wang et al., 2012; Robledo et al., 2017). In comparison with other
RAD-based techniques, an advantage of 2b-RAD is that it facilitates the sampling and
sequencing of identical sites across individuals. An illustration of the RAD-Seq method
is given in Figure 1.

Figure 1. Graphical illustration of the RAD sequencing method. Results of the distribution and
coverage of the fragments sequenced with RAD compared to Shotgun sequencing is also
represented. This comparison evidences a reduced representation of the genome (with higher
coverage) in the case of RAD sequencing.

Genomic coefficients measure the proportion of loci that two particular
individuals have in common (f) or the proportion of homozygous genes (F) directly while
pedigree-based coefficients give only expectations of these proportions that can differ
from the exact proportions. In fact, using genome-wide coefficients in OC has been
proved to lead to higher diversity maintained than pedigree-based coefficients (de Cara
et al., 2011; Gómez-Romano et al., 2013). Other advantages of using molecular measures
are that they permit to investigate patterns of f and F across the genome (Kleinman-Ruiz
et al., 2016) and to incorporate similarity or autozygosity arising from very distant
8

common ancestors (Keller et al., 2011). A very useful application of genomic F is that it
permits the detection of genomic regions responsible of inbreeding depression, which is
not possible with pedigree-based F (Pryce et al., 2014; Saura et al., 2015). Finally,
genomic f and F can be estimated in populations where pedigree recording is difficult or
impossible.

Several measures of genomic coancestry (and inbreeding) have been developed
but their relative efficiency when used in OC for maintaining genetic variability is
unknown. The simplest measures are based on the proportion of alleles shared between
two individuals (coancestry) or the proportion of homozygous genotypes in the individual
(inbreeding). A second measure of coancestry (and inbreeding) is based on the deviations
of the observed number of alleles shared between two individuals (or homozygous
genotypes within an individual) from the expected numbers under Hardy-Weinberg
equilibrium. The former attempts to correct for the homozygosity present in the base
population (Toro et al., 2002, 2014). This second measure of genomic F was first
proposed by Li and Horvitz (1953). Other measures of genomic f and F can be obtained
from the different genomic relationship matrices (G) proposed by VanRaden (2008) and
by Yang (2010) taking into account the fact that  = ½G. Finally, f and F can be obtained
by considering segments rather than single points in the genome. Thus, genomic F can be
obtained from runs of homozygosity or ROH (McQuillan et al., 2008), defined as long
segments of consecutive homozygotes SNPs, and genomic f can be obtained from IBD
segments, defined as segments of DNA that are found to be identical in two individuals
(Gusev et al., 2009; de Cara et al., 2013; Gómez-Romano et al., 2016). An advantage of
the segment-based inbreeding is that it allows to differentiate old from recent inbreeding
according to the length of the segments (Keller et al., 2011; Pemberton et al., 2012;
Bjelland et al., 2013,). Short ROH reflect old inbreeding while long ROH reflect
inbreeding of more recent origin (Gusev et al., 2009).

Within aquaculture species, turbot (Scophthalmus maximus) is a flatfish of great
commercial value. It belongs to the family Scophthalmidae, within the order
Pleuronectiformes and displays a benthic lifestyle. It is naturally distributed along the
entire European coast and Northwest Africa, including the Baltic and the Black Seas, as
well as the Eastern and North-eastern part of the continental shelf of the Atlantic Ocean,
reaching North Africa. Some studies conducted on wild populations show a fairly
9

homogeneous genetic structure with some local adaptations, as a result of gene flow
among populations (Nielsen et al., 2004).

Given its high commercial value, turbot was traditionally the target of extractive
fishing. However, today captive breeding production almost doubles fishing production.
Turbot aquaculture started in Europe in the 70´s but in recent years, it has spread to other
continents (Asia and America) from fry imported from Europe. Currently, Spain is the
leading European producer.

Nowadays, there are genetic breeding programmes well organized for turbot, with
important technological facilities that help the management. In particular, there are three
turbot breeding programmes in Europe, whose main objective is to increase growth rate
(Janssen et al., 2017). However, the magnitude of preliminary estimates of recent Ne in
commercial turbot populations are low (< 50 fish), probably due to important bottlenecks
occurring when domestication started (Saura et al., 2018).

When compared with the genome of other vertebrates, the genome of turbot is
relatively small. Its size is approximately 600 Mb (Figueras et al., 2016; Martínez et al.,
2016), it is organized in 22 pairs of chromosomes and does not show chromosomal
heteromorphism associated with sex (Bouza et al., 1994). In recent years, much progress
has been made in the development of genomic tools for this species (Martínez et al., 2016)
which have led to the development of genetic maps and to the sequencing and assembly
of the complete genome (Figueras et al., 2016, Maroso et al., 2018).

The first genetic map of turbot included 242 microsatellites grouped into 26
linkage groups (LGs) (Bouza et al., 2007). Subsequent maps used a greater number of
markers that were grouped in 24 LGs (Vera et al., 2011; 2013; Navajas-Pérez et al.,
2012). By integrating all previous available information, Hermida et al. (2013) developed
a consensus map that grouped the markers in 22 LGs, a number that corresponds to the
number of chromosomes of this species. Wang et al. (2015) made use of massive
sequencing techniques and constructed a high density consensus genetic linkage map
using 6,647 SNPs which were also assigned to 22 LGs. These genetic maps have been
used to identify loci affecting quantitative traits (QTLs) of interest including growth
(Sánchez-Molano et al., 2011), resistance to diseases caused by bacteria (Millán et al.,
10

2011; Rodríguez-Ramilo et al., 2011), viruses (Rodríguez-Ramilo et al., 2014; Pereiro et
al., 2016) or parasites (Pardo et al., 2012; Rodríguez-Ramilo et al., 2013) as well as to
identify candidate genes associated with sex (Martínez et al., 2009).

As mentioned above, the turbot genome has been sequenced and annotated
recently (Figueras et al., 2016). In fact, turbot is the first vertebrate genetically sequenced
in Spain and the assembled genome is one of the highest quality among aquaculture
species (Martínez et al., 2016). Also, approximately 22,751 genes have been identified
(Figueras et al., 2016). The complete sequencing of the genome of turbot represents a
milestone both to understand the origin and diversification of flatfish and to investigate
optimal designs of genetic selection programmes with proper control of inbreeding and
therefore, loss of genetic variability in farm populations. Very recently, Maroso et al.
(2018) have refined the turbot physical and genetic maps and improved the anchoring of
the genome assembly from 80 to 97%. The consensus map comprehended 8,532 cM and
22 LGs averaging 387.9 cM (range 282.9cM – 588.7cM). After filtering, a set of 18,214
SNPs was identified that can be very useful for obtaining genomic measures of f and F
that can be deployed for managing efficiently the current breeding programmes.

11
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OBJECTIVES

The objectives of this thesis were:

1.

Estimate coefficients of coancestry and inbreeding in a farmed population

of turbot.

2.

Evaluate the use of different matrices of genomic coancestry to maximize

genetic variability using the Optimal Contributions method.

3.

Determine the patterns of genomic inbreeding across the turbot genome.

13
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MATERIAL AND METHODS

Animals
Data used in this study came from a challenge experiment carried out under the
European project FISHBOOST (http://www.fishboost.eu/), currently under development.
The general objective of the project is to increase the efficiency and profitability of
European aquaculture by advancing selective breeding to the next level for each of the
six main finfish species, including turbot. One of the main objectives is to improve disease
resistance and, specifically, to determine the genetic basis of the major components of
host response to pathogens that produces infectious diseases. To this end, CETGA
(Aquaculture Cluster of Galicia) carried out a transmission experiment in turbot infected
with the parasite Philasterides dicentrarchi. This ciliated protozoan causes
scuticociliatosis, a disease that results in severe economic losses in the aquaculture
industry.

The experiment included 1,440 fish challenged by cohabitation. These fish
belonged to 36 full-sib families (i.e., 40 fish per family) created from 23 sires and 23
dams. The resulting full-sib families included 12 paternal half-sib families (11 males were
mated with 1 female, 11 males with 2 females and 1 male with 3 females) and 11 maternal
half-sib families (12 females were mated with 1 male, 9 female with 2 males and 2
females with 3 males). A full description of the experimental design is given in Anacleto
et al. (2018).

The CETGA’s broodstock used to create the 36 families were unrelated and came
from different genetic selection programmes (Cabaleiro, 2017; personal communication)
that had the same wild origin. In fact, the broodstock of CETGA constitutes a population
representative of turbot from the Atlantic area (Maroso et al., 2018). Selective breeding
has been practised for three to five generations (Janssen et al., 2017) and the main
objective has been to increase growth.

Genotypic data
Genome-wide SNP data were available for all 1,440 fish and were provided by
the Universidad de Santiago de Compostela. Genotyped fish included 1,394 offspring
from the 36 full-sib families used in the experiment and their parents (the 23 sires and 23
dams). Genotypes were obtained using a 2b-RAD approach as described in Maroso et al.
(2018). Briefly, after mapping to the reference genome of the turbot (Figueras et al., 2016)
15

and applying quality filters (Maroso et al., 2018) an initial set of 25,511 SNPs was
obtained. From them, only those present in 80% of parents and with a minimum coverage
of 10x were retained. This set of SNPs was used as a reference to obtain the SNPs in the
offspring. Markers showing Mendelian errors (offspring genotype being inconsistent with
Mendelian transmission, given the parental genotypes), unmapped SNPs and those with
MAF < 0.015 in the parental population and with extreme departures of Hardy-Weinberg
equilibrium (P < 0.001) were removed. Also, for tags containing multiple polymorphisms
only one SNP was retained. After quality control a total of 18,125 SNPs were retained.

Imputation
In order to infer haplotype phases (necessary to estimate the coefficient of
coancestry based on shared DNA segments as indicated below) and impute missing
genotypes, the software BEAGLE 4.1 was used (Browning and Browning, 2007; 2011).
The software was run with the default parameters and taking into account the population
structure (parents and offspring). This software performs both tasks (infer haplotype
phases and impute missing genotypes) in a unified framework. Only imputed genotypes
that had a high reliability (> 90%) were included in the analysis. Those that did not reach
this threshold were definitively considered as missing data. Finally, samples with a call
rate (number of called SNPs per sample over the total number of SNPs in the dataset)
lower than 0.95 and SNPs with a call rate (number of called individuals per sample over
the total number of individuals in the dataset) lower than 0.90 were excluded. After this
imputation and filtering step, 1,437 individuals and 18,097 SNPs were available to carry
out the analyses.

Genomic coancestry and inbreeding coefficients
Six different genome-wide coancestry and inbreeding coefficients were
compared. They are described below.
1. fSIM: SNP-by-SNP similarity between two individuals; i.e., the proportion of
alleles shared by two individuals. Specifically, the coancestry coefficient between
individuals i and j (𝑓𝑆𝐼𝑀(𝑖,𝑗) ) was computed as
𝑓𝑆𝐼𝑀 (𝑖,𝑗)

1 𝑆
∑𝑘=1[(∑2𝑚=1 ∑2ℎ=1 𝐼𝑘𝑚(𝑖)ℎ(𝑗) )]
𝑆
=
4
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where S is the number of SNPs for which individuals i and j had genotype and
𝐼𝑘𝑚(𝑖)ℎ(𝑗) is the identity of the mth allele of individual i with the hth allele of
individual j for SNP k and takes the value of 1 if both alleles are identical and zero
if they are not (Gómez-Romano et al., 2013).

2. fL&H: Coancestry coefficient based on the deviation of SNP homozygosity,
computed as
𝑓𝐿&𝐻(𝑖,𝑗) =

∑𝑆𝑘=1 𝑓𝑆𝐼𝑀(𝑖,𝑗)𝑘 − 𝑆 + 2 ∑𝑆𝑘=1 𝑝𝑘 (1 − 𝑝𝑘 )
2 ∑𝑆𝑘=1 𝑝𝑘 (1 − 𝑝𝑘 )

where pk is the allelic frequency of SNP k (Li and Horvitz, 1953). Note that fSIM(i,j)
is the observed coancestry and that 𝑆 + 2 ∑𝑆𝑘=1 𝑝𝑘 (1 − 𝑝𝑘 ) is the expected
homozygosity in the base population.

3. fVR1: Coancestry coefficient computed according to the first method of VanRaden
(2008) for creating a genomic relationship matrix. The genomic relationship
between individuals i and j was computed as
𝑔(𝑖,𝑗) =

∑𝑆𝑘=1(𝑥𝑘𝑖 − 2𝑝𝑘 )(𝑥𝑘𝑗 − 2𝑝𝑘 )
2 ∑𝑆𝑘=1 𝑝𝑘 (1 − 𝑝𝑘 )

where xki is the genotype of individual i for SNP k that was coded as 0, 1 or 2 for
genotypes AA, AB and BB, respectively and 𝑝𝑘 is the frequency of the allele of
SNP k whose homozygote genotype is coded as 2. The coancestry coefficient
between individuals i and j (fVR1(i,j)) was obtained as g(i,j)/2.

4. fVR2: Coancestry coefficient computed according to the second method of
VanRaden (2008) for creating a genomic relationship matrix. The genomic
relationship between individuals i and j was computed as
1 𝑆 (𝑥𝑘𝑖 − 2𝑝𝑘 )(𝑥𝑘𝑗 − 2𝑝𝑘 )
𝑔(𝑖,𝑗) = ∑
𝑆
2𝑝𝑘 (1 − 𝑝𝑘 )
𝑘=1

(1)

As with the previous method, the coancestry coefficient between individuals i and
j (fVR2(i,j)) was obtained as g(i,j)/2.

5. fYANG: Coancestry coefficient computed according to the method of Yang (2010)
that also aims at creating a genomic relationship matrix. In this case, off-diagonal
elements of the genomic relationship matrix are computed as in VanRaden’s
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second method (i.e., Equation 1), while diagonal elements are computed by
considering that self-relationships are expected to be equal to 1 plus inbreeding:
𝑔(𝑗,𝑗)

2
− (1 + 2𝑝𝑘 )𝑥𝑘𝑗 + 2𝑝𝑘2
1 𝑆 𝑥𝑘𝑗
= 1+ ∑
𝑆
2𝑝𝑘 (1 − 𝑝𝑘 )
𝑘=1

As with the previous methods, the coancestry coefficient between individuals i
and j (fYANG(i,j)) was obtained as g(i,j)/2.

6. fSEG: Coancestry coefficients based on IBD segments. In particular, the coancestry
between individuals i and j (fSEG(i,j)) was defined as the proportion of IBD segments
shared by both individuals (both have identical SNP in the segment). Specifically,
𝑓𝑆𝐸𝐺(𝑖,𝑗) =

∑𝑆𝑘 ∑2𝑎𝑖=1 ∑2𝑏𝑗=1(𝐿𝑠𝑒𝑔𝑘 (𝑎𝑖 , 𝑏𝑗 ))
4𝑙

where 𝐿𝑠𝑒𝑔𝑘 (𝑎𝑖 , 𝑏𝑗 ) is the length of the kth shared IBD segment segk measured over
homologue a of individual i and homologue b of individual j, and l is the length
of the genome covered by SNPs. Thus, estimation of fSEG requires that phases of
SNP genotypes are known. As previously stated these were obtained using the
software BEAGLE 4.1. The criteria used to define an IBD segment were based on
the distribution of the distance between two consecutive SNPs and the density of
SNPs observed along the genome; and are given in the Results section.
Frequencies used in coefficients 2 – 5 were those of the parental population.

The relationships between individuals were divided into groups according to the
estimated pedigree relationships as follows: i) parent-offspring; ii) full-sibs; iii) half-sibs;
and iv) less related individuals.

Inbreeding coefficients (FSIM, FL&H, FVR1, FVR2, FYANG and FROH) were obtained
from the diagonal of the corresponding coancestry matrix as 𝐹(𝑖) = 2𝑓(𝑖,𝑖) − 1. Segmentbased inbreeding for individual i (FROH(i)) is defined as the proportion of the genome of
individual i that was covered by long uninterrupted homozygous segments (Lencz et al.,
2007).

Estimates of coancestry and inbreeding are relative to an arbitrary base population
in which the individuals are assumed to be unrelated and non-inbred. Methods 2 – 6
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correct for the homozygosity and coancestry in the base population in an attempt to move
from an IBS to an IBD scale (Toro et al., 2014).

Coefficients fVR1 and fVR2 (and corresponding FVR1 and FVR2) were obtained using
the software Gmatrix (Legarra, personal communication), fSIM, fL&H and fSEG (and FSIM,
FL&H, and FROH) were obtained using our in-house Fortran code and fYANG and FYANG were
obtained using the PLINK 1.9 software (Purcell et al., 2007).

Patterns of genomic inbreeding
Two approaches were used for investigating patterns of inbreeding across the
genome. The first approach was based on FSIM and consisted on dividing each
chromosome into sliding windows of 40 SNPs (approximated length 1 Mb),
and calculating the average FSIM within each window, that was moved one SNP at a time
(Weir et al., 2005; Engelsma et al., 2012). Finally, values were averaged across
individuals. The second approach was performed on ROH-based positional inbreeding.
This approach consisted on representing, for each SNP, the proportion of individuals for
which the SNP was contained in a ROH (Doekes et al., 2018).

Optimisation of contributions
In order to evaluate the amount of genetic variability retained when using different
coancestry matrices in the management of populations, the OC method was used
(Fernández et al., 2003; Villanueva et al., 2004; Woolliams et al., 2015). The problem to
be solved is concerned with the allocation of contributions of the candidates to produce
the next generation so as to minimise the global coancestry, and it can be formulated as:
Minimise cT c
subject to the following constraints:
QTc  ½ 1
ci ≥ 0 for i = 1,…, n candidates
where c is the (n x 1) vector of solutions (i.e., contributions or proportions of offspring
left by each candidate),  is the coancestry matrix, Q is a (n x 2) known incidence matrix
indicating the sex of the candidates with 0’s and 1’s, and 1 is a (2 x 1) vector of ones. The
first inequality ensures that half of the contributions come from males and half come from
females. The problem was solved using a simulated annealing algorithm (Kirkpatrick et
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al., 1983). Only integer solutions were allowed (for details, see Fernández and Toro,
1999). The number of contributing individuals was not restricted. Candidates considered
in the optimisation were the offspring with known sex (1,152 out of the 1,391 genotyped
offspring). Different coancestry matrices (SIM, L&H, VR1, VR2, YANG and SEG) were
used in the optimisation. The amount of genetic variability retained when using each
coancestry matrix was measured as the number of segregating SNPs and the expected
heterozygosity (HE) in the selected candidates.
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RESULTS

The genome had a total length of ~ 524 Mb (Table 1) and was organised in 22
LGs that correspond to the 22 chromosomes of the turbot haploid karyotype. The average
LG length was 24 Mb. We followed the LG nomenclature of Figueras et al. (2016) but
note that LG18 is missing due to its merging with LG08 (i.e., LG08+LG18 is now LG08)
in the most recent genetic map (Maroso et al., 2018). The average number of SNPs per
LG was 824, ranged from 576 (LG22) to 1,131 (LG02) and, in general, increased with
increasing LG length.
Table 1. Number of SNPs (nsnp), length (in Mb), density of SNPs (in SNP/Mb) and average
distance between SNPs (d, in Mb) for each linkage group (LG).

LG

nSNP

Length

01

1,031

26.87

38.33

0.026

02

1,131

31.89

35.46

0.028

03

783

21.32

36.72

0.027

04

902

29.50

30.58

0.033

05

705

24.81

28.42

0.035

06

850

25.19

33.74

0.030

07

697

24.31

28.67

0.035

08

1,061

30.93

34.31

0.029

09

928

25.79

35.99

0.028

10

919

25.10

36.62

0.027

11

801

27.22

29.43

0.034

12

794

25.24

31.46

0.032

13

722

19.99

36.12

0.028

14

775

21.45

36.13

0.028

15

884

24.13

36.64

0.027

16

807

23.80

33.91

0.030

17

678

15.88

42.70

0.023

19

754

21.78

34.62

0.029

20

775

22.75

34.06

0.029

21

760

21.35

35.59

0.028

22

576

14.91

38.63

0.026

23

793

19.89

39.87

0.025

18,125

524.10

Total
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Density

d

Figure 2. Distribution of the minimum allele frequency (MAF).

The distribution of MAF (Figure 2) indicated that almost 70% of the SNPs (12,466
SNPs) had a MAF ≥ 0.05 and only about 8% (1,338 SNPs) had a MAF < 0.01 (notice that
monomorphic SNPs had been removed as indicated in Material and Methods). The
average distance between adjacent SNPs was 0.029 Mb and ranged from 0.025 (LG23)
to 0.035 (LG07). About 96% of adjacent SNPs were at distances ≤ 0.1 Mb (Figure 3).
The average SNP density for the whole genome was 34.90 SNPs/Mb and ranged from
28.42 (LG05) to 42.70 (LG17) SNPs/Mb (Table 1).

Figure 3. Distribution of the distance between adjacent SNPs (in Mb) in the genome.
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Imputation
Before imputation, ~ 83% of the SNPs (15,131) had genotypes available for
> 95% of the individuals. This percentage increased up to ~ 99% after imputation.
Accordingly, before imputation, 82% of the individuals (1,179) had genotypes available
for more than 95% of the SNPs and this percentage increased up to 99.9% after
imputation. In total, the amount of genotypic data available with high reliability (> 90%)
increased by > 13% by carrying out the imputation. Detailed information about the
number of missing genotypes per individual and per marker before and after imputation
is given in Table 2.

Table 2. Number (N) and percentage (%) of individuals and SNPs for different categories of call
rates (in percentage) before and after imputation.

Pre-imputation
Individuals
Call Rate
>99

N
53

%

Post-imputation

SNPs
N

Individuals
%

SNPs

N

%

N

%

3.69

8,645 47.70

1,416

98.47

17,269

95.28

>98

379 26.36

12,291 67.81

1,434

99.72

17,637

97.31

>97

748 52.02

13,841 76.36

1,437

99.93

17,821

98.32

>96

987 68.64

14,593 80.51

1,437

99.93

17,917

98.85

>95

1,179 81.99

15,131 83.48

1,437

99.93

17,980

99.20

>90

1,409 97.98

16,466 90.85

1,438

100.00

18,097

99.85

>80

1,427 99.24

17,331 95.62

1,438

100.00

18,123

99.99

>70

1,430 99.44

17,711 97.72

1,438

100.00

18,124

99.99

>60

1,432 99.58

17,928 98.91

1,438

100.00

18,125 100.00

IBD segments and runs of homozygosity (ROH)
The criteria used to define a ROH and an IBD segment were the same and they
were based on the results obtained when analysing the genomic information available.
The minimum length of a ROH chosen was 0.4 Mb. It is expected that ROH of this length
come from common ancestors born 50 generations ago, when assuming a recombination
rate of 2.5 cM/Mb (Bouza et al., 2007) and the fact that ROH length (in cM) equals
100/2g, where g are the number of generations in the past (Purfield et al., 2017). In order
to avoid that sparsely covered genomic regions increase the length of a ROH and
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artificially inflate estimates of F and f, the minimum density required was 1 SNP every
50 kb and the maximum distance allowed between two consecutive homozygous SNPs
in a ROH was 0.1 Mb. Note that the minimum average density per LG (Table 1) was 28.4
SNP/Mb (i.e., 0.0284 SNP/kb or 1 SNP every 35.1 kb) and that more than 95% of SNP
pairs were at distances shorter than 0.1 Mb (Figure 3). No heterozygous genotypes and a
maximum of 1 missing genotype were allowed in a ROH. These criteria led to a minimum
number of SNPs in a ROH of 9.

Figure 4. Distribution of the number of SNPs within a ROH.

The distribution of the number of SNP in a ROH is shown in Figure 4. A large
proportion of ROH presented a low number of SNPs (66% of ROH had less than 30 SNPs).
This proportion decreased as the number of SNPs within a ROH increased. This is in
accordance with the pattern showed in Figure 5 that reflects a higher proportion of ROH
of shorter length.
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Figure 5. Distribution of the ROH length (in Mb).

The length of the ROH varied between 0.40 and 5.55 Mb. About 80% of the ROH
detected in the entire genome of the offspring population had a length ≤ 1 Mb (Table 3),
which corresponds to ancient inbreeding -approximately 50 generations ago, as
previously mentioned- and only about 0.25% had length > 4 Mb (i.e. recent inbreeding,
less than 5 generations ago). In the parents, the percentage of short ROH (≤ 1 Mb)
increased to 91% and there were no ROH with a length > 5 Mb, thus indicating that most
of the inbreeding in parents and offspring is ancestral.

Table 3. Number of ROH (NROH) and average number of ROH per individual (AveROH) in parents
and offspring populations by ROH length (lROH) category (in Mb).

Parents
lROH

Offspring

NROH

AveROH

NROH

AveROH

0.4 – 1.0 1,501

32.63

62,829

45.17

1.0 – 2.0

117

2.54

12,994

9.34

2.0 – 4.0

24

0.52

2,856

2.05

4.0 – 5.0

1

0.02

133

0.10

> 5.0

0

0.00

40

0.03

The distribution of ROH across the genome was not homogeneous (Table 4).
Large ROH (> 5 Mb) were only observed in LG17 and LG20 and in the offspring
population while ROH of 4 to 5 Mb were only detected in LG10, LG17, LG20 and LG23,
also in the offspring population.
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Table 4. Average number of ROH of different length (in Mb) in parents (P) and offspring (O) for
the different linkage groups (LG).

1

Length ROH category (Mb)
0.4−1.0
1.0−2.0
2.0−4.0
4.0−5.0
>5.0
P
O
P
O
P
O
P
O
P
O
1.13 2.27 0.13 0.55 0.09 0.12 0.00 0.00 0.00 0.00

2

0.87

2.22 0.02 0.58 0.00 0.07 0.00 0.00 0.00 0.00

3

1.11

1.56 0.28 0.56 0.00 0.05 0.00 0.00 0.00 0.00

4

2.04

3.18 0.09 0.49 0.00 0.00 0.00 0.00 0.00 0.00

5

2.24

2.38 0.00 0.35 0.00 0.00 0.00 0.00 0.00 0.00

6

0.96

1.35 0.24 0.65 0.00 0.08 0.00 0.00 0.00 0.00

7

2.22

2.74 0.04 0.19 0.04 0.06 0.00 0.00 0.00 0.00

8

2.78

2.96 0.26 0.62 0.00 0.05 0.00 0.00 0.00 0.00

9

1.35

1.88 0.22 0.55 0.04 0.06 0.00 0.00 0.00 0.00

10

1.15

1.82 0.17 0.42 0.02 0.17 0.00 0.02 0.00 0.00

11

2.67

3.42 0.09 0.32 0.02 0.11 0.00 0.00 0.00 0.00

12

1.09

2.29 0.22 0.35 0.00 0.03 0.00 0.00 0.00 0.00

13

1.48

2.06 0.09 0.39 0.00 0.08 0.00 0.00 0.00 0.00

14

1.43

1.92 0.13 0.60 0.02 0.07 0.00 0.00 0.00 0.00

15

1.04

1.85 0.07 0.33 0.02 0.35 0.00 0.00 0.00 0.00

16

1.59

2.26 0.04 0.42 0.07 0.08 0.00 0.00 0.00 0.00

17

0.74

0.79 0.00 0.16 0.07 0.17 0.00 0.02 0.00 0.01

19

1.48

2.08 0.04 0.38 0.00 0.11 0.00 0.00 0.00 0.00

20

1.30

1.58 0.04 0.35 0.04 0.12 0.00 0.02 0.00 0.02

21

2.20

2.62 0.13 0.40 0.00 0.03 0.00 0.00 0.00 0.00

22

0.30

0.71 0.13 0.30 0.00 0.03 0.00 0.00 0.00 0.00

23

1.46

1.24 0.11 0.40 0.09 0.18 0.02 0.04 0.00 0.00

LG

Total 32.63 45.17 2.54 9.34 0.52 2.05 0.02 0.10 0.00 0.03
The length used for the estimation of fSEG and FROH was the length of the autosome
covered by SNPs (i.e., the chromosome length minus the summed length of gaps longer
than 100 kb).

26

The coefficients based on IBD segments provide a general idea of how inbreeding
has evolved over generations. For instance, considering segments of less than 2 Mb would
reflect the inbreeding about 10 generations ago, in this case FROH(10g) = 0.109, while
considering segments lower than 1 Mb, would reflect the inbreeding 20 generations ago,
which corresponds to a value of FROH(20g) = 0.072.

Estimates of genomic coancestry and inbreeding coefficients
Estimates of the different measures of genomic f and F are given in Table 5, for
both parents and offspring. For coancestry coefficients, results from parents and offspring
were very similar and therefore, we will focus on the results from the offspring. Estimates
of fSIM were much higher (mean = 0.78, SD = 0.02) than estimates for the other
coefficients, in particular those for fL&H, fVR1, fVR2 and fYANG, which were close to zero. The
high values for fSIM can be explained by the fact that this coefficient reflects IBS rather
than IBD. Alternatively, it can be explained by the fact that it is referred to very distant
base population in which all alleles were unique. Given that the allelic frequencies used
to compute fL&H, fVR1, fVR2 and fYANG were those in the parents, this generation can be
considered as the reference population which explain their close to zero values. The
estimate of fSEG was also low but higher than that of fL&H, fVR1, fVR2 and fYANG. As the
probability of inheriting the same segment increases when individuals are related, this
coefficient reflects IBD. In particular, we used a minimum length of segments
corresponding to a common ancestor 50 generations ago, as previously indicated.
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Table 5. Mean, standard deviation (SD) and minimum (Min) and maximum (Max) values for the
estimates of the different coancestry (f) and inbreeding (F) coefficients in parents and offspring.

fSIM

Mean
0.776

Parents
SD
Min
0.026
0.740

Max
0.912

Mean
0.777

Offspring
SD
Min
0.018
0.740

Max
0.927

fL&H

0.002

0.117

0.157

0.608

0.004

0.081

0.157

0.673

fVR1

0.000

0.096

0.123

0.748

0.002

0.062

0.120

0.715

fVR2

0.001

0.199

0.174

1.210

0.002

0.064

0.089

0.974

fYANG

0.001

0.092

0.081

0.649

0.002

0.063

0.089

0.689

fSEG

0.129

0.091

0.032

0.663

0.134

0.064

0.021

0.709

FSIM

0.760

0.016

0.720

0.824

0.774

0.023

0.721

0.853

FL&H

0.074

0.069

0.263

0.196

0.006

0.105

0.265

0.350

FVR1

0.068

0.197

0.272

0.431

0.008

0.119

0.272

0.431

FVR2

0.029

0.509

0.503

1.421

0.000

0.345

0.405

0.948

FYANG

0.004

0.092

0.087

0.654

0.006

0.069

0.154

0.378

FROH

0.064

0.064

0.026

0.316

0.126

0.081

0.017

0.416

In the parents, the highest standard deviation was for fVR2 and the lowest was for
fSIM. The higher the variation, the higher the ability of a particular coefficient to
differentiate relationships between individuals. The distributions of the different
coancestry coefficients in the offspring showed that the lowest dispersion around the
mean corresponded to fSIM, and the highest dispersion corresponded to fL&H (Figure 6).
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Figure 6. Distributions of the different estimates of coancestry coefficients in the offspring.

Results for inbreeding (Table 5) were similar to those obtained for coancestry.
Note that in the estimates of coancestry coefficients, self-coancestries are also included.
Here, again FSIM presented the lowest standard deviation, while it was FVR2 the coefficient
presenting the highest standard deviation both for parents and offspring (much higher
than in the case of coancestry). This is also evident from Figure 7, where FVR2 shows a
skewed right distribution with a high dispersion.
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Figure 7. Distributions of the different estimates of inbreeding coefficients in the offspring.

In order to evaluate the ability to detect different degrees of relatedness for the six
coancestry coefficients analysed, our data were split according to four degrees of
relatedness, including parent-offspring, full-sibs, half-sibs and less related individuals
(Table 6). All coefficients were able to discriminate different degrees of relationships,
although fVR2 and fYANG presented the values that more approximated to the expected
values derived from pedigree-based coancestry (i.e., 0.250 for parent-offspring and fullsibs, 0.125 for half-sibs, Falconer and Mackay, 1996).
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Table 6. Mean, standard deviation (SD) and minimum (Min) and maximum (Max) values of the
estimates of the different coancestry coefficients for different degree of relationships. The number
of individual-pairs (N) compared in each corresponding category is also indicated.

Relationship
Parent-offspring

Full-sibs

Half-sibs

Less related

N
2,783

26,296

42,762

959,929

Mean

SD

Min

Max

fSIM

0.828

0.012

0.802

0.864

fL&H
fVR1
fVR2= fYang

0.231
0.228
0.238

0.055
0.067
0.136

0.117
0.107
0.078

0.395
0.424
0.666

fSEG

0.325

0.042

0.244

0.446

fSIM

0.829

0.013

0.790

0.911

fL&H
fVR1
fVR2= fYang

0.235
0.232
0.241

0.059
0.065
0.106

0.063
0.058
0.059

0.602
0.512
0.637

fSEG

0.328

0.047

0.177

0.567

fSIM

0.799

0.014

0.767

0.854

fL&H
fVR1
fVR2= fYang

0.104
0.109
0.115

0.063 ―0.040
0.048 ―0.029
0.080 ―0.023

0.348
0.303
0.411

fSEG

0.219

0.048

0.106

0.417

fSIM

0.774

0.015

0.740

0.848

0.067 ―0.161
0.038 ―0.120
0.033 ―0.089

0.320
0.213
0.467

0.051

0.396

fL&H
fVR1
fVR2= fYang
fSEG

―0.008
―0.011
―0.011
0.124

0.021

Correlations between the different coancestry coefficients ranged between 0.72
and 1.00, being fVR1, fVR2 and fYANG those showing the lowest correlations and the highest
dispersion when regressed on the other coefficients (Figure 8). Two groups of coefficients
can be observed: (1) fSIM, fL&H and fSEG with high correlations between them and low
dispersion around the regression line; and (2) fVR1, fVR2 and fYANG with generally lower
correlations between them and with fSIM, fL&H and fSEG and considerable dispersion around
the regression line. Corresponding correlations for inbreeding evidenced more extreme
results, ranging from ―0.40 to 1.00 (Figure 9). Again, FVR1, FVR2 and FYANG showed the
lowest correlations and the highest dispersions. In particular, FVR2 was the only coefficient
presenting negative correlations with the other coefficients and a low correlation (0.26)
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with FYANG (this was however expected given the different way of computing the diagonal
by these methods). FVR1 presented also very low correlations with fSIM, fL&H and fSEG. In
order to understand these extreme values (i.e., negative correlations), we re-estimated the
correlations between inbreeding coefficients after removing the alleles at low frequency
(MAF ≤ 0.05) (Table 7). Our results revealed a generalised increase in the correlations
between FVR1, FVR2 and FYANG with the other coefficients. This effect was more evident
for the correlations involving FVR2, thus indicating that this method is the one giving more
weight to rare alleles.

Table 7. Correlations between different coefficients of genomic inbreeding using SNPs with
MAF ≥ 0.05 (12,466 SNPs) and the offspring data.

FSIM

FL&H

FVR1

FL&H

1.00

FVR1

0.53

0.53

FVR2
FYANG


0.92


0.92


0.77

FROH

0.87

0.87

0.19

FVR2

FROH


0.71




0.73

Patterns of genomic inbreeding
The average inbreeding within LGs ranged from 0.75 (LG22) to 0.80 (LG05)
for FSIM and between 0.08 (LG21) to 0.12 (LG11) for FROH. Substantial heterogeneity
within LGs was observed according to the inbreeding patterns for FSIM and FROH (Figure
10). The patterns of FSIM differed from those of FROH although regions of increased
inbreeding overlapped for both coefficients in particular cases (e.g., the peaks on LG14).
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Figure 8. Linear regressions plots for each coancestry coefficient against each other and corresponding correlation coefficients. Note that the separated clouds
correspond to self-coancestries.
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Figure 9. Linear regressions plots for each inbreeding coefficient against each other and corresponding correlation coefficients.
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Figure 10. Patterns of genomic inbreeding measured as FSIM (clear line) and as the frequency of
individuals for which each SNP is contained in a ROH (ROH freq, dark line) for the different
linkage groups (LGs).
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Optimisation of contributions
The genetic variability retained in the selected candidates when using the different
coancestry matrices in OC was similar in terms of expected heterozygosity and
percentage of alleles that remained segregating (> 99 % in all cases) although the less fish
selected the higher was the number of SNPs fixed (Table 8). However, the different
matrices achieved similar variability by selecting very different number of individuals.
Note that no restriction to the number of individuals selected was imposed. In particular,
with L&H and SEG only 9% and 13% of the initial number of candidates were selected,
respectively, in comparison with 47-85% of candidates selected when using SIM, VR1,
VR2 and YANG. These differences can be explained by the fact that L&H and SEG
presented higher variances for coancestry coefficients estimated for the group of ‘less
related individuals’ (Table 6). Conversely, SIM, which led to the highest number of
candidates selected, was also the matrix with lower ability to differentiate relationships.
Similar numbers of males and females were selected in all cases (results not shown).

Table 8. Number of fish selected to contribute (Nsel), mean contribution (c) and corresponding
standard deviation (SD), minimum and maximum contributions, and number (percentage) of
SNPs segregating and expected heterozygosity (HE) of the candidates selected after implementing
OC using different coancestry matrices.

Nsel

c

SD

Min

Max

SIM

976

0.001

0.002

0.000

0.017

18,097

(100.00%)

0.225

L&H

94

0.011

0.008

0.000

0.042

17,921

(99.03%)

0.236

VR1

639

0.002

0.001

0.000

0.007

18,087

(99.94%)

0.227

VR2

636

0.002

0.001

0.000

0.007

18,096

(100.00%)

0.226

YANG

544

0.002

0.003

0.000

0.027

18,052

(99.75%)

0.213

SEG

152

0.007

0.006

0.000

0.030

18,041

(99.69%)

0.234
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SNP segregating

HE

DISCUSSION

In this project, we have made use of new genomic tools recently developed for
turbot in order to compare different estimators of coancestry and inbreeding based on
genomic information. Different genomic coancestry matrices were evaluated in terms of
their efficiency in retaining genetic variability when implementing the OC method. Our
results revealed differences both in the magnitude and in the correlation between the
different coancestry (and inbreeding) coefficients, that were mainly related with the
reference population to which each coefficient referred to and to the weight given to rare
alleles in the different measures. All coancestry matrices showed similar efficiency in
retaining genetic variability when used in OC, although the number of candidates selected
varied across greatly. This seemed to be explained by the different variance of the
analysed coefficients which led to different abilities to detect differences in relationships
between individuals.

The levels of the expected heterozygosity retained after the optimisation were low
(between 0.21 and 0.24), although similar than those found in other commercial fish
populations. For instance, in a farmed population of Atlantic salmon, Kijas et al. (2016)
found an HE of 0.20. This value was clearly lower than estimates for wild populations of
the same species (0.31). Estimates of HE obtained from microsatellites (and therefore not
directly comparable to our estimate) for commercial populations of turbot (Coughlan, et
al., 1997; Bouza et al., 2002; Exadactylos et al., 2007), Atlantic salmon (Skaala et al.,
2004) and carp (Ren et al., 2018) are also clearly lower than corresponding estimates for
wild populations.

The low levels of HE is in accordance with the low estimates of Ne obtained for
commercial fish populations. Saura et al. (2018) have recently given estimates of Ne for
turbot (actually for the same population studied here), gilthead seabream and carp of 28,
40 and 22 fish, respectively. Other estimates for gilthead seabream have ranged from 14
to 18 individuals between photoperiod-controlled broodstock groups (Brown et al.,
2005). Estimates lower than 50 have been also obtained for commercial coho salmon
(Gallardo et al., 2004; Yáñez et al., 2014) and rainbow trout (Su et al., 1996; Pante et al.,
2001). These findings are in line with our results and highlight the necessity of broadening
genetic diversity when base populations are built for starting breeding programmes in
aquaculture.
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Genomic coefficients of coancestry and inbreeding are very useful when
genealogical information is not available, as is the case in many wild populations, for
which it is difficult to register pedigrees, or the case of starting new selection programmes
for aquaculture species. Genomic coancestry matrices, which are based on high density
SNP information, can more accurately reflect the true relationships between individuals
than the standard pedigree-based coancestry matrix because they take into account the
variability among individuals with the same degree of relationship (e.g., full-sibs) due to
Mendelian segregation of SNPs. Indeed, using the genomic coancestry matrix with
sufficient marker densities in OC has been demonstrated to be more efficient in preserving
genetic diversity than using pedigree-based relationships (de Cara et al., 2011; GómezRomano et al., 2013).

The physical map used in this work has also been obtained within the framework
of the European project FISHBOOST. The battery of SNPs obtained through 2b-RADsequencing allowed a better integration of the genetic and physical maps available to date
(Figueras et al., 2016) and the improvement of the anchoring of the genome assembly
from 80 to 97% (Maroso et al., 2018). This physical map was integrated by 18,097 SNPs
that translated in a SNP density comparable (or even higher) to predesigned commercial
arrays (e.g., the Illumina PorcineSNP60 BeadChip). However, a disadvantage of GBS
techniques is that they select only a small subset of sites along the genome and, although
they are intended to be distributed homogeneously, this is not always achieved, which
may be a possible source of bias affecting the magnitude of the coancestry and inbreeding
coefficients based on IBD segments.

Our results evidenced differences in the magnitude of the different coefficients
compared. In particular, fSIM was much higher than the other coefficients, which was
expected given that fSIM reflects, by definition, the relationships caused by a common
ancestor going back to a very distant base population in which all the alleles were unique.
Indeed, depending on where we establish the base population, the magnitude of the
coancestry and inbreeding coefficients is expected to change. The coancestry coefficient
based on the proportion of shared IBD segments was lower than fSIM but higher than fL&H,
fVR1, fVR2 and fYANG, which can be explained by the fact that the base population for fSEG
was established 50 generations ago (by setting segments of minimum length of 0.4 Mb,
as previously indicated). In contrast, the base population to which fL&H, fVR1, fVR2 and fYANG
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referred to, was the parental population, as the allele frequencies in this population were
those used to compute these coefficients. For this reason, their values were close to zero.
Since individuals in the base population are assumed to be unrelated and not inbred,
establishing the base population 50 generations ago seems to be more reasonable than
establishing it at the present or at the theoretical ancestral time assumed by fSIM. Thus,
coefficients based on IBD segments may represent a good choice for estimating
coancestry and inbreeding that range in a scale easy to interpret.

The negative estimates obtained for fL&H, fVR1, fVR2 and fYANG and for FL&H, FVR1,
FVR2 and FYANG can be better interpreted in terms of Wright’s (1921) original correlation
concept of relatedness than in terms of Malécot’s (1948) probability of IBD (Wang,
2014). Wright (1921) defined the inbreeding coefficient of an individual as the correlation
between homologous genes of the two gametes (one from father and one from mother)
uniting to form the individual, relative to the total array of such gametes in random
derivatives of the reference population. Malécot’s definition of F as the probability of
IBD of the two homologous genes at a locus within an individual came later. Also,
negative F values can have a biological meaning, signifying that the probability of the
two homologous genes within an individual being IBD is smaller than that of two
homologous genes drawn at random from the reference population (Wang, 2014). This
contrasts with the possible values for fSIM, fSEG, FSIM and FROH that will never be negative,
because these coefficients express proportions.

Correlations between the different coancestry coefficients were high, although
coefficients based on genomic relationship matrices (i.e., fVR1, fVR2 and fYANG) showed an
important dispersion around the regression line, in particular those correlations where fVR2
was involved (Figure 8). This effect was even more obvious in the case of inbreeding
(Figure 9). Given the way in which fVR1 and fVR2 (and FVR1 and FVR2) are computed, it
seems as if the latter gives more weight to rare alleles. fYANG has similar properties than
fVR2, with the only difference being that self-coancestries are computed more precisely
with fVR2 (Eynard et al., 2016). The higher weight given to rare alleles in the VanRaden´s
method (and in Yang´s method) seemed to be the cause of the low correlations and high
dispersions observed in Figure 11(A). Removing SNPs with low MAF from the dataset,
led to an increase in the correlations and a reduction in the dispersion from the regression
line, as can be observed in Figure 11 where low MAF SNPs were sequentially removed.
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A
fL&H

r = 1.00

r = 0.72

r = 0.73

r = 0.73

fVR2

r = 0.72

fYANG

r = 0.99

B
fL&H

r = 1.00

r = 0.93

r = 0.93

r = 0.93

fVR2

r = 0.93

fYANG

r = 0.99

C
fL&H

r = 1.00

r = 0.99

r = 0.99

r = 0.99

fVR2

r = 0.99

fYANG

r = 0.99

fSIM

fL&H

fVR2

Figure 11. Linear regression plots for coancestry coefficients fSIM, fL&H, fVR2 and fYANG against each
other and corresponding correlation coefficients when using SNPs with MAF > 0.00 (A), MAF
≥ 0.05 (B) and MAF ≥ 0.25 (C).
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The coefficients based on the proportion of IBD segments, in particular the
inbreeding coefficient FROH, has been widely used in human (e.g., Curik et al., 2014) and
farm animal (e.g., Purfield et al., 2012; Bjelland et al., 2013; Saura et al., 2015;
Rodríguez-Ramilo et al., 2015) studies. If these segments are long enough, it is likely that
the two copies came from a particular ancestor (Gibson et al., 2006), thus reflecting (at
least to some extent) IBD. It must be considered, however, that there is a certain limitation
with segment-based coefficients since the results can vary considerably depending on the
criteria used to define a segment and these criteria are, in a certain way, arbitrary. In fact,
there is a lack of consensus regarding establishing these criteria to identify autozygosity
(homozygosity in which the two alleles are IBD, that is, they are copies of an ancestral
gene), differentiating non-autozygotic segments that are IBS from IBD segments
(Peripolli et al., 2017; Zhang et al., 2015). Due to the wide variety of criteria used in the
literature, one should be extremely cautious when comparing segment-based coefficients
across studies. Here, we have tried to follow objective procedures to choose our criteria
to identify IBD segments. The recombination rate, the size of the genome of the turbot
and the number of generations in the past in which the base population is established to
determine the minimum segment length were taken into consideration. Also, the density
and distribution of the SNPs along the genome was taken into account to establish the
minimum segment density and the maximum allowed distance between SNPs.

The fact that long ROHs (> 5 Mb) only appear in two chromosomes and only in
some of the descendants (in certain families) and not in the parents, may confirm that the
long segments reflect recent inbreeding and that this is low in our study. Alternatively, a
segment-based IBD matrix can be used in Optimal Contributions Selection (OCS) to
restrict the increase in recent inbreeding (Doekes et al., 2018). The rationale behind this
approach is that recent inbreeding is more harmful than distant inbreeding, because the
latter may have already been purged especially in functional genes (Ballou, 1997;
Charlesworth and Willis, 2009). This agrees with the results found by Szpiech et al.
(2013) that reported that individuals with a high ROH coverage had a higher fraction of
deleterious variants occurring in long ROH, which is in agreement with the hypothesis
that recent inbreeding enables rare deleterious variants to exist in homozygous form.
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High correlations between coancestry coefficients computed from different
matrices did translate in similar results from the optimisation. The genetic variability
retained in the selected candidates when using the different coancestry matrices in OC
was similar in terms of the expected heterozygosity and the percentage of segregating
alleles. However, the different matrices achieved similar variability by selecting very
different number of individuals. In particular, using L&H and SEG, the method only
selected 9% and 13% of the initial number of candidates, respectively, in comparison with
47-85% of candidates selected with the other matrices. These differences could be
explained because L&Hand SEG presented higher variances for coancestry coefficients
estimated for the group of ‘less related individuals’. Conversely, SIM, which selected the
highest number of candidates, was also the matrix with lower ability to differentiate
relationships, according to its variance. If we take into account that in a selection
programme the resources to keep all the individuals we would like are limited, the matrix
that selects the least number of candidates (that is L&H) could be the best choice,
however, we should be careful as we could create a bottleneck that could eventually give
problems. These results agree with those by Eynard et al. (2016), since they obtained
similar proportions of alleles segregating when none restriction was imposed on the
number of selected candidates, however, these varied among methods when restrictions
were placed.

In livestock breeding programmes, genomic selection (Meuwissen et al., 2001) is
becoming a standard procedure for obtaining accurate estimates of the genetic merit of
candidates for selection. When genomic inbreeding is controlled through OC, Sonesson
et al. (2012) showed that genomic coancestry matrices should be used. The choice of the
genomic coancestry matrix that is used in OC is important because it will have an impact
not only on the diversity maintained, but also on the trajectory of the change in gene
frequencies. Previous studies have evidenced that the optimisation of contributions that
makes use of matrices based on allelic similarity (Nejati-Javaremi et al., 1997) such as
SIM, benefit solutions that lead the gene frequencies to 0.5, and therefore, to higher
genetic variability. However, this is at the cost of changing the genetic composition of the
population (Saura et al., 2008). On the contrary, the optimisation using the VanRaden’s
matrices (VanRaden, 2008) could lead to solutions that tend to maintain the gene
frequencies although the genetic diversity would be lower. Thus, the choice of the
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coancestry matrix used in the optimisation will depend on the emphasis given to each of
these conservation aspects.

In aquaculture breeding, the high fecundity typical from fish facilitates obtaining
thousands of offspring from one single couple, increasing the risk of high inbreeding
rates. The genetic variability of the traits originally included in the breeding objective and
those that will be included in the future will condition the success of the programmes in
the future. Thus, the way in which the base population is built is fundamental.
Traditionally, base populations in aquaculture have been created from a series of wild
strains by sampling equal numbers of each strain. However, the increasing availability of
genomic information in aquaculture species could help to optimally design base
populations through the estimation of relationships within and between candidate strains,
and thus optimise the percentage of individuals of each strain. Fernández et al. (2014)
showed that selecting breeders through OC for the formation of the base population, gives
up to 6% higher levels of phenotypic performance at the same level of global diversity
than sampling equal numbers from each strain.

As previously mentioned, the genomic information allows the study of patterns of
inbreeding and coancestry across the genome, facilitating more refined studies of regions
associated with inbreeding depression (Pryce et al., 2014; Saura et al., 2015) or affected
by selection (Hohenlohe et al., 2010; Pemberton et al., 2012; Kleinman-Ruiz et al., 2016;
Doekes et al., 2018). In this study, genomic patterns of inbreeding were characterised
through similarity (FSIM) and ROH-based (FROH) coefficients. The non-uniform
distribution of both coefficients across the genome observed, reflects local genomic
regions that have accumulated higher inbreeding. These regions may harbour genes
affected by selection that could be further investigated.

In summary, this thesis has investigated, with empirical data from a commercial
population of turbot, the properties of different estimators of coancestry and inbreeding
based on genomic information. Coancestry matrices based on these estimators were also
evaluated for managing inbreeding when implementing OC. Our results revealed that all
the different matrices were efficient for controlling inbreeding and maintaining genetic
diversity.

43

44

CONCLUSIONS

1. The levels of expected heterozygosity in the population of turbot analysed were low,
although similar to those found in commercial populations of Atlantic salmon.

2. The magnitude of the different estimates of coancestry (and inbreeding) coefficients
differed greatly. These differences can be explained because the assumed reference
population in each case was set at a different generation in the past.

3. Correlations between the different coancestry and inbreeding coefficients were in
general high and showed a low dispersion around the regression line, except for those
involving coefficients computed using VanRaden and Yang´s methods. In particular,
FVR2 showed low or even negative correlations with the other inbreeding coefficients.
The explanation for these low correlations and high dispersions seem to be related
with the higher weight given to rare alleles in VanRaden and Yang´s methods.

4. Genome-wide patterns of inbreeding across the genome were not uniform, based on
both FSIM and FROH. In line with genome-wide estimates, patterns based on FSIM were
of higher magnitude than patterns based on FROH. This information is useful for setting
the basis for further studies on homozygosity mapping of genes.

5. The genetic variability retained in the selected candidates when using the different
coancestry matrices in OC was similar both in terms of expected heterozygosity and
percentage of alleles that remained segregating. However, the different matrices
achieved similar variability by selecting very different number of individuals. This
result could be explained by a differential ability of the coefficients evaluated to
discriminate relationships in the group of ‘less related individuals’.
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