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A: area

AD: amoebic disease
AFLP: amplified  fragment  length
polymorphism

BAC: bacterial artificial chromosome

BHP: body height at the insertion of the
pectoral fin

BLUP: best linear unbiased prediction
BMH: body maximum height

Chr: chromosome

c¢M: centimorgan

CPH: caudal peduncle height

DI: Digital Image Analysis

EB: evaluation batches

EBYV: estimated breeding values (EBV)

FG: fast-growing

GBS: genotyping by sequencing

GLM: general linear model

GWAS: genome-wide association analysis
HAT: histone acetyltransferase activity

He: expected heterozygosity

Ho: observed heterozygosity

HWE: Hardy—Weinberg equilibrium

LG: linkage groups

MAS: marker-assisted selection

mFISH: multiple fluorescent in situ
hybridisation

MLM: mixed linear model

NE-PP: Non-exclusion probabilities for pair
parent

NGS: Next generation sequencing

PCA: Principal component analysis

PIC: Polymorphic information content
QTL: Quantitative trait loci

RAD: restriction site associated DNA
markers

RAS: recirculating aquaculture system
REML.: restricted maximum likelihood
RFm: recombination frequency estimates
RR: recombination rate

SCF: Scaffold

SD: sex determination

SG: slow-growing

SL: Standard length

SLI: digital image analysis to estimate
standard length

SM: supermultiplex

SNP: single nucleotide polymorphisms

SSR: simple sequence repeats

W: body weight

Wi: Standard width

Wil: Standard width estimated by digital

image analysis
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Identification of genetic markers associated with growth and morphology

quality in Senegalese sole (Solea senegalensis) to boost aquaculture production.

The Senegalese sole (Solea senegalensis) is one of the most valuable flatfish in aquaculture in
Southern Europe and although the production has grown exponentially in the last decade,
reproduction success, health status, and the improvement of growth rates and morphology quality
still remain as important limitations for industrial exploitation. The development of breeding
programs is a fundamental tool to solve these problems but requires estimate genetic components
of economically valuable traits such as those growth and morphology related under industrial
conditions. By other side, the advances in genomics provide new highly powerful analysis tools to

determine more accurately genetic components productive traits.

In this thesis, new genomic tools and molecular markers as well as the genetic components of
growth and morphology quality traits have been developed in sole. For this purpose, firstly, a high-
density SNP genetic map and a de novo sole genome assembly were generated. Later, genetic and
physical maps were anchored and integrated into 21 linkage groups (SseLGs) corresponding to the
expected number of chromosomes of this species. Genetic map was bigger in female than male
(1.49) observing also a different recombination rate landscape between sexes. The integrated
physical map obtained was used for an association study to identify sex-linked markers. Seven
families were analyzed using ddRAD and 30 significant sex-associated SNP markers located onto
SseLG18 were identified. Searching for candidate genes for sex determination identified the
follicle stimulating hormone receptor (fshr) that it was located within a hot recombination region

although with an incomplete penetrance.

In addition to SNP markers, genome information was used for searching and identifying SSR
markers. Hence, 108 new SSR markers distributed throughout the genome were identified. They
were structured in 13 PCR Multiplex assays (with up to 10-plex) and the amplification conditions
were optimized and validated with a high-quality score. A subset of 40 highly polymorphic
markers were selected to optimize four supermultiplex PCR Multiplex assays (8-11 SSRs per
assay) were designed for use in pedigree analysis. Moreover, a new integrated genetic map with
229 SSRs distributed in 21 SseLGs was created by in silico genomic analysis. Both maps generated
in this thesis were used to carry out evolutive genome studies in flatfish to identify lineage-specific
Robertsonian fusions and several other rearrangements that explain changes in chromosome

number in the karyotype of Pleuronectiformes.
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To investigate the genetic components of growth and morphology-related traits, estimates for
different variables were determine before on-growing (400 days) and at harvest (800 days).
Growth-related traits such as body weight (W), standard length (SL), width (W) and body area (A)
showed high heritabilities (ranging from 0.568 to 0.609 at 400 d and from 0.424 to 0.500 at 800
d) with very high genetic correlations (>0.94) at both ages. With respect to morphology quality
traits, six quality predictors including ellipticity (E), body height at the pectoral fin base (BHP),
body maximum height (BMH) and caudal peduncle height (CPH) and two ratios (BMH/BHP and
BMH/CPH) were evaluated. Results showed high heritabilities (0.463-0.774) for E, BHP, BMH
and CPH which were higher at 400 d than 800 d. In contrast, the BMH/BHP and BMH/CPH ratios
showed low-moderate heritabilities (0.144-0.306). High positive correlations (>0.95) were found
between growth traits and the three heights, which decreased with age. In contrast, ellipticity
showed negative and medium-high genetic correlations with growth traits and heights, indicating
that fish selected for larger size will also be less elliptical. Finally, an association study to find
genetic markers linked to growth traits was carried out. A low-density DNA chip was designed
and validated for 49 SNPs distributed in 17 SseLGs. The analysis of fast and slow-growing
families identified two significant markers within the general transcription factor 3C polypeptide

4 and the mitochondrial fission process protein 1.

All these results provide powerful tools for genomic analysis as well as genetic highly valuable
information to design genetic breeding programs in Senegalese sole to optimize to boost the

industrial production in aquaculture.
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Identificacion de marcadores genéticos asociados al crecimiento y calidad
morfologica en lenguado (Solea senegalensis) para el impulso de su produccion

en acuicultura.

El lenguado senegalés (Solea senegalensis) es uno de los peces planos de mayor valor econémico
en acuicultura del sur de Europa y aunque su produccion ha crecido exponencialmente en la altima
década, aun existen limitaciones importantes en el éxito reproductivo, control sanitario, asi como
de las tasas de crecimiento y calidad morfologica de cara a su explotacion industrial. El desarrollo
de programas de mejora genética es una herramienta fundamental para solventar estos problemas,
pero requiere estimar los componentes genéticos de caracteres economicamente valiosos como los
relacionados con el crecimiento y la morfologia bajo condiciones industriales. Por otro lado, los
avances en genomica proporcionan nuevas capacidades analiticas de alto rendimiento para

determinar de forma mas precisa la evaluacion genética de los caracteres productivos.

En esta tesis se han desarrollado nuevas herramientas genomicas y marcadores moleculares asi lo
componentes genéticos de caracteres ligados al crecimiento y calidad morfoldgica en lenguado.
Para ello, en primer lugar, se realizé un mapa genético de alta densidad basado en SNPs asi como
un ensamblaje de novo del genoma del lenguado. Posteriormente, los mapas genético y fisico se
anclaron e integraron en 21 grupos de ligamiento (SseLGs) correspondientes al numero de
cromosomas en esta especie. El mapa genético fue mayor en la hembra que en el macho (1.49)
obteniendo diferentes perfiles de recombinacion entre ambos sexos. El mapa fisico obtenido se
utilizd para un estudio de asociacion para encontrar marcadores ligados al sexo. Para ello se
analizaron siete familias mediante ddRAD que permiti6 identificar 30 marcadores SNPs asociados
significativamente al sexo en el SseLG18. La busqueda de genes candidatos para la determinacion
del sexo identifico el gen del receptor de la hormona foliculo estimulante (fsAr) ubicado en una

region caliente de recombinacidn, aunque con una penetrancia incompleta.

Ademas de marcadores SNPs, la informacion del genoma se uso en la bisqueda e identificacion
de marcadores SSRs. Asi se identificaron 108 nuevos marcadores SSR polimorficos distribuidos
por todo el genoma. Estos se estructuraron en 13 ensayos PCR multiplex (con hasta 10 /oci) cuyas
condiciones de amplificacion se optimizaron y validaron con una alta calidad de analisis. Ademas,
se selecciond un subgrupo de 40 SSR muy polimérficos con los que se disefiaron 4 ensayos PCR
supermultiplex (8-11 SSRs por ensayo) para su uso en el andlisis del pedigri. Ademas, se cred un

nuevo mapa genético integrado con 229 SSRs distribuidos en 21 SseLGs mediante un analisis
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gendmico in silico. Ambos mapas generados en esta tesis se usaron para realizar estudios
evolutivos del genoma de peces planos para identificar las fusiones robertsonianas especificas de
linaje y otros reordenamientos que explican los cambios en el nimero cromosdmico del cariotipo

entre Pleuronectiformes.

Para estudiar los componentes genéticos de caracteres ligados al crecimiento y calidad
morfologica, se obtuvieron estimas genéticas para distintas variables antes de entrar en el
preengorde (400d) y al sacrificio (800d). Los caracteres relacionados con el crecimiento tal como
peso corporal (W), la longitud estandar (SL), la anchura (W1) y el area corporal (A) presentaron
heredabilidades altas (0,568 y 0,609 a los 400 d y entre 0,424 y 0,500 a los 800 d) con correlaciones
genéticas muy altas (>0,94) a ambas edades. Respecto a la calidad morfoldgica, se usaron 6
predictores incluyendo la elipsidad (E), la anchura del cuerpo en la base de la aleta pectoral (BHP),
la anchura corporal méxima (BMH), la anchura del pedunculo caudal (CPH) y dos ratios
(BMH/BHP y BMH/CPH)). Los resultados indicaron altas heredabilidades para E, BHP, BMH y
CPH (0,463-0,774) que fueron mayores a 400 d que a 800 d. Por el contrario, las ratios BMH/BHP
y BMH/CPH presentaron una heredabilidad baja-moderada (0,144-0,306). Las correlaciones
genéticas fueron positivas y positivas (>0,95) entre los caracteres de crecimiento y las tres
anchuras, que disminuyeron con la edad. Por el contrario, la elipsidad presentd correlaciones
genéticas negativas y medianamente altas con los caracteres de crecimiento y las anchuras, lo que
indica que los peces que se seleccionen por su mayor tamafio seran también menos elipticos.
Finalmente se realiz6 un estudio de asociacion para encontrar marcadores genéticos ligados a los
caracteres de crecimiento. Para ello, se disefio y validé un chip ADN de baja densidad con 49 SNPs
distribuidos en 17 SseLGs. El analisis de familias de alto y bajo crecimiento identifico dos
marcadores significativos ligados al factor de transcripcion general 3C polipéptido 4 y la proteina

del proceso de fision mitocondrial 1.

Los resultados obtenidos proporcionan herramientas muy potentes de analisis gendmico, asi como
informacion genética muy valiosa para disefiar programas de mejora genética en lenguado con el

fin de su impulsar su produccion en acuicultura.
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1.1- Current status and importance of aquaculture

World population is increasing year by year, which leads to a higher demand for food. According
to the Food and Agricultural Organization (FAO), it is expected that by 2030 there will be more
than eight billion people in the world, so food production needs to increase at least as fast as the
population (annual increase of 1.6%) (FAO 2020). Due to the saturation of land-based products
(agriculture and livestock) and their limited growth, global demand for aquatic products from
fisheries and aquaculture has increased considerably over the last three decades, during this time,
production of these products has doubled, showing a growth of vital importance to cover the
world's nutritional needs (average annual increase of 2.5% in the last 30 years). Global aquatic
production (aquaculture and fisheries) in 2018 was 211.9 million tonnes (t), 2.6% more than the
previous year. According to the APROMAR 2020 report, global aquaculture production reached
114.5 million t in 2018, 2 % more than the previous year, exceeding fisheries production by 17.1
million t. (APROMAR 2020) The great impact of aquaculture over last 30-40 years also shows a
capacity for innovation in activity, a sustainable use of the resources at its disposal and
environmentally friendly, this is why it has become a very important economic activity for many
developed and developing countries (APROMAR 2020; FAO 2020).

In terms of global aquaculture production, Asia leads the ranking with 91.8% of production,
followed by America (3.3%), Europe (2.7%) and Africa (2%). The leading country in 2018 was
China with a production of 66.1 million t, far ahead of Indonesia in second place with a production
of 14.7 million t. Concerning species, Japanese laminaria or kombu algae (Saccharina japonica)
with 11.4 millions t, the eucheuma algae (genera Eucheuma and Kappaphycus) with 9.2 million t
and the Japanese oyster (Crassostrea gigas) with 5.8 million t (APROMAR 2020; FAO 2020).

Focusing on aquaculture in Spain, in 2018, production was 347,825 t, occupying 20th place in the
world ranking with an increase of 11.8% over the previous year and the first place in the European
Union in aquaculture production. The main species produced were mussels (261,513 t), sea bass
(27,335 t), rainbow trout (18,955 t) and sea bream (13,521 t). Most productive regions were
Valencia, Galicia, Canarias, Murcia y Andalucia (APROMAR 2020).
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1.2- Aquaculture of Senegalese sole (Solea senegalensis)
World production of Senegalese sole during 2019 increased compared to the previous year by
2.2% reaching 1,651 t, of which 818 t (49.5%) were harvested in Spain, showing itself as the main

producer country ahead of Iceland, France and Portugal.

1.2.1 Relevant aspect of biology

Senegalese Sole (Solea senegalensis Kaup, 1858), is a demersal marine flatfish of the family
Soleidae that inhabits mainly the Southern Atlantic and Western Mediterranean. One of the most
important and characteristic aspects of Senegalese sole and other flatfishes is the metamorphosis
from pelagic larva to benthic juvenile involving a series of regulated processes at the tissue,
biochemical, physiological and molecular levels, in which hormones play a very important role,
especially thyroid hormones. (Klaren et al. 2008; Manchado et al. 2008; Isorna et al. 2009). During
this process a series of changes occur such as migration of one eye to the opposite side, remodeling
of the head, drastic reorganization of the abdominal cavity, pigmentation patterns of the skin and
development of sensory structures. These modifications provide them with a flattened shape
specific for swimming and camouflage mechanisms that favor their adaptation to benthic life
(Akkaynak et al. 2017). Senegalese sole is recognizable by its tall, elliptical bodies, short jaws,
long fins and a great plasticity of skeletal components, such as the number of vertebrae ranging
from 44 to 48 (mode = 45) with 8-9 in the abdominal region, 34-35 in the caudal region and 3-4
in the caudal complex (de Azevedo et al. 2017; Fernandez et al. 2017). This fish is one of the most
valuable flatfish in southern European aquaculture due in part to the commercial value and quality
of its flesh, which has led to an exponential increase in production in recent years. Moreover, a
high attention was paid to this new species due to rapid increase in the production volume of sea
bream (Sparus aurata) and sea bass (Dicentrarchus labrax), imports from third countries and the
fall in prices in recent years (Dinis et al. 1999; Imsland et al. 2003). Significant advances in sole
aquaculture such as larval rearing, optimization of dietary requirements and the use of recirculation
technologies (RAS) for on growing have been done (Manchado et al. 2016; Morais et al. 2016;
Manchado et al. 2019). However, despite the remarkable progress achieved on their biology and
some technical aspects of cultivation, there are still several aspects that require optimization,
especially with a view to their industrial exploitation such as improving production yields of

juvenile sole fry and juvenile sole by having greater control over the genetic factors that determine
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the growth and quality of the fry, but the two most important problems to solve are the skeletal

malformations and the reproductive problems suffered by F1 males.
1.2.2- Skeletal abnormalities and morphology quality

Skeletal malformations are not an exclusive problem in the aquaculture production of Senegalese
sole, since high incidence are found in many species, such as sea bass, sea bream, sea bream and
yellowtail (Gavaia et al. 2002) among others, which leads to significant economic losses as these
deformations affect the morphology of the fish, which has a direct impact on both the consumer
and the animals themselves, as it affects their correct development and welfare (Lee-Montero et
al. 2015).

In the case of Senegalese sole, skeletal malformations can affect more than 70% of individuals in
a culture, which is a real problem for producers, as it is a species prone to suffer from this type of
anomaly (de Azevedo et al. 2017). The origin of these malformations may have a genetic and/or
environmental component, although the genetic factors are not well characterized as they have not
yet been evaluated. At the environmental level, it has been seen that there are two important
modulators that influence the malformations and morphological traits of this species: growing
conditions and nutrition. Temperature above 18°C during larval stage has been shown to lead to
increased vertebral anomalies in the caudal region and complex, although direct effects on external
morphology were not assessed (Dionisio et al. 2012). Stocking density also influences the
incidence of malformations when crop densities are high (29.8 kg m™), as it shifts relative body
proportions towards a wider head and a shorter caudal region with a larger peduncle (Ambrosio et
al. 2008). High dietary vitamin A levels lead to an increase in the average number of vertebrae and

in the rate of caudal fin and vertebral malformations (Fernandez et al. 2009).

The most common malformations in sole are vertebral fusions in the caudal region and deformities
in the caudal complex, which often have a low morphological impact or go unnoticed
(approximately 46 % of the animals with vertebral deformities were classified as normal) (de
Azevedo et al. 2017). Moreover, it should be highlighted the great skeletal plasticity of this species
coupled with a high incidence of malformations that can have an impact on the fish product at the
time of marketing due to modifications of body ellipticity directly influencing the shape of the
fish. Hence, it is very important to identify the phenotypic and genetic determination of the main

morphological traits and the association with other productive parameters. For example, in the
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closely related species Solea solea, body ellipticity measured by image analysis was proposed as

an optimal trait to assess the quality of the external shape of sole (Blonk et al. 2010c).

1.2.3 Reproductive dysfunctions

Reproductive dysfunction of captive-bred animals (F1 generation) is another problem faced by
companies, the major bottleneck for the production of viable larvae and for genetic breeding
programs. Sole is a gonochoric species that shows a high population hierarchy and performs a
characteristic courtship (stay quiet, rest head, guardian, following, coupled swim) when
reproducing (Carazo et al. 2016).

Causes of this F1 reproductive dysfunction are not entirely clear: firstly, they do not display correct
courtship behavior, which is necessary for successful spawning (Fatsini et al. 2016; Fatsini et al.
2017; Fatsini et al. 2020), on the other hand, although capable of producing viable gametes,
clutches of captive-born soles are infrequent and unfertilized compared to those obtained from
wild soles that lay without problem after acclimatization to captive conditions. F1 individuals have
been shown to have lower fertilization capacity (Forne et al. 2011), low sperm concentration (<130
ul) and sperm quality (Cabrita et al. 2011; Chauvigne et al. 2016; Riesco et al. 2019), which makes
it impossible to use in vitro techniques routinely in hatcheries (Chauvigne et al. 2017) that there
are endocrine differences between F1 and wild males during spawning (Guzman et al. 2009;
Riesco et al. 2019) and that hormonal therapies revealed as unsuccessful to release fertilized eggs
(Agulleiro et al. 2006). Due to this limitation new strategies based on environmental control were
developed based on thermocycles applied to males and females that partly mitigate this problem
(Martin et al. 2019). This new approach can be used for the design of breeding programs based on

mass spawning.

It should be indicated that sex ratios in sole are biased towards males indicating epigenetic
regulation of sexual differentiation (Blanco-Vives et al. 2011). This is highly relevant for the
industry since sole experience differential sex-linked growth, with females growing 50-100%
larger than males (Sanchez et al. 2010). Identification of genetic sex-associated markers or
development of procedures to reprogram larvae are a priority for the industry to increase female

rates in the cultivated population to improve growth rates.
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1.3- Genetic Breeding programs

The goal of a genetic breeding program is to select animals that are able to make the most efficient
use of all the resources available in their environment by domesticating, so that they are adapted
to living in captivity and do not suffer from high levels of stress. This leads to remarkable
behavioral changes between wild and captive-bred animals to increase the productivity and quality
and animal welfare (Gjedrem 2005b).

The first breeding programs were developed in livestock and have been in use for several decades.
The increase of productivity has led to a reduction in the production costs and a considerable
improvement in performance, such as the amount of milk produced by dairy cows (Berglund
2008), the number and size of eggs and weight in hens (Ducrocq et al. 2000), an increase in the
weight of pigs for meat production (Davoli & Braglia 2008). Focusing on aquaculture species,
situation is slightly different, although fish farming started many years ago, with the first described
documents dating back to the 12th century BC in China, as well as the domestication of fish in the
5th century BC, applications of new methods and technologies in breeding programs have always
been several steps behind the livestock and another farm-bred animal. In Europe, the common carp
and rainbow trout were among the first species where captive breeding was possible, but currently
the species at the forefront of aquaculture is the Atlantic salmon (Sal/mo salar) which began to be
cultivated in the late 1960s (Gjedrem 2005a).

Although aquaculture is playing an increasing role in food production and is continuously growing,
important factors such as the absence of genetically improved stocks in several species (preventing
inbreeding), are slowing down this expansion, partly because most aquaculture species are bred
without an advanced selection program. It should be indicated that aquatic organisms offer
important advantages for the implementation of breeding because of their high fecundity rate
linked to high levels of genetic variability and their phenotypic plasticity in response to hormones
and environmental changes (Gjedrem 2005a). In S senegalensis spite of the notable advances
achieved on their biology and some technical procedures of culture, there are still several aspects
that require optimization, especially for their industrial exploitation. One of the key aspects are
genetic breeding programs and genetic tools.

Under production conditions, breeding programs require both physical identification systems
(Navarro et al. 2006; Rosyara et al. 2016) and genetic identification through molecular marker
analysis (Navarro et al. 2008; Lee-Montero et al. 2013), in order to avoid costly genetic analysis

at all points of commercial interest and sampling during the growth process (Toro & Lopez-Fanjul
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2007). The combination of both technologies allows the evaluation of a wide range of production
parameters, at the lowest possible cost (Lee-Montero et al. 2013), during the complete production
cycle, i.e. offering companies the possibility to evaluate their animals from fingerlings to market
size. A key point is the development of multiplex PCR systems for parental assignment under a
mass-production system that enables the implementation of genetic improvement. This multiplex
PCR system using simple sequence repeats (SSRs) or microsatellites has been used in other species
such as sea bream (Lee-Montero et al. 2013), sea bass (Novel et al. 2010) or brown trout
(Lerceteau-Kohler & Weiss 2006). A microsatellite multiplex PCR has also been described for
Senegalese sole but with only 5 /oci (Porta et al. 2006). The analysis based on best linear unbiased
prediction (BLUP) allows us to obtain estimated breeding values (EBV) at family level from
phenotypic traits and pedigree to be used to select the best candidates (Gjedrem 2012).

SSRs are short tandem repeat motifs that vary in the number of repeats (di-, tri-, tetra-or penta-
nucleotide) and evolve on the basis of two opposing mutational forces: length mutations (increase
the number of repeats) and point mutations (break these repeat motifs). Although single nucleotide
polymorphisms have become the most widely used molecular markers (see below), SSRs still have
features that make them very valid for multiplex PCR construction for parentage assignment and
genetic variability analysis. Among these features are their genome-wide distribution, their high
mutation rates compared to non-repeat sequences, their high polymorphism, their codominant
inheritance and reproducibility. Another advantage of using this methodology is that it is cheap,
fast and easy to analyze, which makes it affordable for use in laboratories that do not have large
equipment (Lee-Montero et al. 2013; Zarouri et al. 2015), this makes it a highly accurate,
accessible and easy to automate data collection tool. When designing a multiplex PCR, several
essential aspects must be taken into account. In the multiplexing of loci, the primers must be
designed very well as they must be combined with each other and must amplify simultaneously
without unspecific or primer binding, the amplification conditions must be similar, the allelic range
for markers with the same fluorophore must not overlap. All these conditions imply a prior
knowledge of the genome information, with in silico study, experimental validation and refinement

of the multiplex PCR.

For genetic breeding programs, it is essential to obtain genetic estimates of the productive traits.
In aquaculture, growth, body shape quality or flesh characteristic traits are of particular relevance
because of their economic impact. In Senegalese sole, heritability estimates and genetic

correlations for growth and morphology traits have not yet been described until this thesis. In the
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closely related flatfish common sole (Solea solea) the heritability for body weight and body length
at slaughter is known to be between 0.21-0.28 and for ellipticity at 0.34 and these variables have
a negative genetic correlation (-0.44) (Blonk et al. 2010b; Blonk ef al. 2010c). These data indicate
the possibility of using selection programs to improve production and economic performance for
companies (Blonk et al. 2010b, a; Mas-Muifioz et al. 2013). This indicates that selection for size in
genetic selection schemes should take morphological aspects into consideration to avoid excessive
rounding of fish between generations. It has also been shown in common sole a good pedigree
assessment increases the precision in the estimation of the breeding values (Blonk et al. 2010b).
In addition, a genotype-environment interaction has been demonstrated in growth traits for soles
cultivated in RAS vs open systems, demonstrating the importance of selected specific genetic lines
for sole production (Mas-Mufioz et al. 2013). Therefore, more knowledge is needed to understand

the genetic determination of productive traits in sole to be transferred to the companies.

1.4- New technologies for massive sequencing (NGS): Applications

New technologies for massive sequencing (NGS) have transformed the way in which the genome
and transcriptome can be analyzed. These NGS technologies have become a tool with great
potential for different genetic applications that include polymorphism analyses (such as GBS
(Genotyping-by-sequencing) or RAD-Seq (Restriction-site associated DNA sequencing)) and
quantitative (RNA-Seq) and qualitative transcriptome studies (Metzker 2010; Cerda & Manchado
2013; De Donato et al. 2013). NGS represents a significant progress for the use of markers for
genetic selection and the implementation of novel genomic selection. Genomic selection is a
marker-assisted selection method that covers the entire genome and is based on linkage
disequilibrium of linkage of at least one marker with respect to the quantitative trait loci (QTL)
(Zenger et al. 2019) and allows the estimation of interest values in a test population so that genomic
estimated breeding values (GEBV) can then be predicted through the genomic ratio matrix (GRM)
obtained from all the marker values used in the genome and applying genomic best linear unbiased
prediction methods (GBLUP) (Goddard & Hayes 2007). This has an advantage compared to the
breeding programs used in most aquaculture species as get 100% of the genetic variation and not
only 50% corresponding to the interfamily variation used when measuring traits that require animal
slaughtering and can be tested in the siblings of the candidates, e.g. meat quality or resistance to
pathogens and diseases (Sonesson & Meuwissen 2009). This type of selection has been applied in

mollusks like Marine shrimp and Pearl oysters (Goddard & Hayes 2007) and in fish such as
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Atlantic salmon (Odegard et al. 2014), Large yellow croaker (Dong et al. 2016) or European sea
bass (Vandeputte et al. 2019). Moreover, has facilitated the development of several other genetic

studies such as genetic maps, association studies or the design of genetic tools as described below.

1.4.1- Genetics maps

Genetic linkage maps are considered an indispensable tool that allows us to go deeper into the
genome organization of a species, revealing key aspects on the evolution and chromosomal
architecture or divergence of species and at the same time opening the door to use of new
complementary techniques that enhance the applicability of linkage mapping (Yue 2013). The
basic principle is to place known molecular markers along the whole genome or a chromosome,
quality and resolution of the mapping is closely related to the coverage and density of markers, as
well as the type of marker used (Duran et al. 2009). Despite the rapid progress in the use of genetic
maps in aquaculture, some problems such as low number of individuals per family or low density
of markers or marker quality have limited their implementation in breeding programs (Robledo et
al. 2018).

Molecular markers used have varied along with the genotyping techniques. Amplified fragment
length polymorphism (AFLP) and simple sequence repeats (SSRs) were the most common some
years ago (Vignal et al. 2002), but they present a series of disadvantages: while the firsts ones are
dominants, which makes it difficult to transfer information between research teams, the latter,
although co-dominant, present difficulties, as has been seen in genotyping of some crustacean and
mollusk species where due to long repeating motifs and null alleles (Scarbrough et al. 2002), so
AFLP and SSRs have been displaced by SNPs with the lowering of genotyping and sequencing
costs. SNPs are bi-allelic and co-dominant markers widely distributed throughout the genome of
an organism (Vignal et al. 2002). These characteristics have made them the current preferred
marker for the construction of high-density genetic maps. They are widely used in non-model
species such as most of the species used in aquaculture, including Senegalese sole, where only a
genetic linkage map based on SSRs (Molina-Luzon et al. 2015a) and an integrated map using BAC
clones and repetitive DNA families using a multiple fluorescent in situ hybridization (mFISH)

technique (Garcia et al. 2019) have been reported.
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1.4.2- Genome wide association studies (GWAS) and quantitative traits loci (QTL)

As high-density linkage maps are more easily available, association studies for searching
chromosomal regions associated to valuable traits or QTLs have exploded (Laghari et al. 2015).
QTLs are chromosomal regions that are associated with a specific phenotypic trait. These regions
of DNA of interest can include a single gene or several, usually continuous variables are polygenic,
highly influenced by the environment and genotype-environment interaction, knowing all the
QTLs that determine a character indicates the genetic architecture of the same (Laghari et al. 2014).
Many of valuable quantitative traits of aquaculture species fit these conditions (Massault et al.
2008).

Primary quantitative trait in most species and most evaluated is growth through many associated
variables (weight, length, width, growth rates...), its medium-high heritability and the ease of
evaluation as it does not require the slaughter of the animal, measurements are simple and many
of them can even be carried out by image analysis (Liu & Cordes 2004) making it an ideal
candidate that has already been evaluated in evaluated in numerous species of commercial interest
such as bighead carp (Fu et al. 2016), Japanese flounder (Song et al. 2012b), Asian seabass (Wang
et al. 2015a) or turbot (Wang et al. 2015b).

Another feature of economic importance is morphology, when the consumer is going to buy a fish,
he chooses the one that best fits aesthetic canons of the chosen species, so that those with
deformities or that are out of these canons will have no outlet and this leads to large losses for
production companies. Studies to identify chromosomal regions associated with morphological
variables have been carried out in species such as sea bass (Massault et al. 2010) and sea bream
(Loukovitis et al. 2013). This type of analysis would be very useful in Senegalese sole where

skeletal malformations are frequent and lead to economic damage.

In addition to growth and morphology, sex determination (SD) and identification of sex-linked
genes is another trait to be considered in aquaculture (Martinez et al. 2014). These genes can be
found on sex chromosomes and/or autosomes. SD is important as there are species in which one
of the sexes (male or female) shows faster growth or matures earlier than the other. In halibut and
tilapia, these techniques have allowed the identification of sex-linked genes and a major sex
determination locus (Palaiokostas et al. 2013a; Palaiokostas et al. 2013b). In case of Senegalese
sole, where females grow faster and more than males, decoding SD and understanding sex-linked

chromosomal regions is important in this species, where so far, only cytogenetic studies have
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shown absence of heteromorphic sex chromosomes, so such studies are necessary in this species

to understand these key aspects of sex determination (Portela-Bens et al. 2017).

1.4.3- De novo genomes assemblies and re-scaffolding

The progressive reduction of DNA sequencing prices and the development of new sequencing
technologies for long and short-reads and powerful analysis software capable of processing large
amounts of information have driven the emergence of de novo assemblies for many species,
including aquaculture species (Simpson & Durbin 2012). Genome assembly involves extracting
and sequencing fragments of the genome, which are joined with other fragments to form contigs,
which in turn are grouped with adjacent contigs to create scaffolds (Fierst 2015). With reduced
costs, these sequencing and assembly techniques are affordable for small and medium budget
laboratories. The problem of these draft genomes generated is that they contain a large number of
short sequences without any information on how they assemble into larger linkage groups or
chromosomes, making further molecular or evolutionary studies impossible (Pop 2009). Size of
fragments generated is very important when it comes to ordering a genome, a high number of reads
and short sequences increases flexibility when it comes to assembly, reducing chimeras, but the
computation requires time and very complex algorithms, and it is also difficult to detect
duplications or repeated sequences (Liao et al. 2019). Using longer fragments with fewer reads
facilitates overlap assembly and requires less powerful software, but is difficult to correct
sequencing errors within these long fragments and number of chimeric contigs is higher (Henson
et al. 2012). An increasingly common alternative is hybrid assemblies using both short and long
fragments to facilitate assembly and correct errors. This method has been used for example in hard-
shelled mussel (Li et al. 2020) or pikeperch (Nguinkal et al. 2019).

Once a draft genome has been obtained and high density linkage maps are available, they can be
anchored to build pseudochromosomes or linkage groups (LG) to validated bioinformatic
algorithms using genetic recombination rates (Fierst 2015). One challenge for many of species of
interest in aquaculture is that linkage groups or scaffolds fit to the expected number of
chromosomes. In Senegalese sole, as mentioned above, a linkage map of SSRs clustered on 27
LGs (Molina-Luzon et al. 2015a) has been reported. However further efforts should be made to
get to 21 chromosomes present in this species and anchoring of genetic and physical maps seems
a feasible procedure. Moreover, this physical-genetic anchoring validate genome-wide sorting

which makes possible to comparative genomics between species and to carry out in-depth synteny

41—



studies to understand how chromosome structure has evolved within species lineages with respect

to their ancestor (Palti et al. 2012).

1.4.4- DNA chips

As the number of SNPs increase thanks to NGS, they can be used in genetic tools such as DNA
chips that offer a technology for genotyping in a rapid and cost-effective of a high number of
genetic markers. Due to the vast amounts of information generated through the new massive
sequencing technologies that allow the tracking of a complete genome, these chips can be used as
a chromosomal tracking tool or specifically designed to study a specific trait once the
chromosomal regions of interest related to that trait are known (Srivastava et al. 2013). The density
of markers used can vary with high, medium and low-density chips. These chips have the
advantage that they can be easily and routinely used in the laboratory and are a powerful tool to

support genetic selection plans.

These strategies have proven successful in economically important aquaculture species, such as
salmon (Houston et al. 2014), as they provide a wealth of information quickly, easily and
inexpensively. These chips have been successfully applied to the identification of genes related to
growth, immunity, sex determination or disease resistance, the identification of genes associated
with response to environmental variations or the study of genes in other organisms (heterogeneous

microarray hybridization) (Zhang et al. 2009; Eisbrenner et al. 2014).
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OBJECTIVES
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The general objective of this PhD Thesis is the improvement of sole aquaculture production at

industrial scale through the development and optimization of genetic technologies, as well as the

development of innovative strategies in the selection of broodstock and their evaluation by means

of the latest mass sequencing technologies (NGS).

To achieve this objective, molecular markers and genetic estimates of growth and morphology-

related traits were studied in a collaborative framework linked to the development of the latest

mass sequencing technologies. The information provide should serve as a basis for producing

significant progress to increase the competitiveness and productivity of companies through

innovation in their production procedures and new applications.

The specific objectives of this PhD Thesis are:

1-

Generate a high-density map of SNP markers and a high-quality physical map to be later
integrated in a reference genome assembly. Identify sex-linked chromosomal regions
through GWAS analysis as well as chromosome rearrangements in flatfish through intra-
and interspecific comparative mapping (Results available in chapter 3 of the present PhD

Thesis).

Development, design and optimization of SSR multiplex assays for pedigree analysis in
genetic breeding programs in sole. Integration of SSR markers in Senegalese sole in a
genetic map and synteny analysis with the other flatfish species to understand chromosome

evolution. (Results available in chapter 4 of the present PhD Thesis).

Study the genetic determination of growth and morphological quality traits during
production cycle and its application to broodstock selection. Estimate of heritabilities and
genetic correlations. Design of a low-density array and application in association analysis

for growth traits. (Results available in chapter 5 and 6 of the present PhD Thesis).
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CHAPTER 3

Chromosome anchoring in Senegalese sole (Solea
senegalensis) reveals sex-associated markers and

genome rearrangements in flatfish

The results of this chapter were published in: Guerrero-Cozar, 1.; Gomez-Garrido, J.; Berbel, C.; Martinez-Blanch,
J.F.; Alioto, T.; Claros, M.G.; Gagnaire, P.A.; Manchado, M. Chromosome anchoring in Senegalese sole (Solea
senegalensis) reveals sex-associated markers and genome rearrangements in flatfish. Sci. Reports 2021, 11, 13460
DOI: 10.1038/s41598-021-92601-5
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3.1- Introduction

Genetic maps represent essential tools for genomic research in aquaculture. Originally, linkage
mapping studies were mainly based on microsatellite (SSR) and AFLP markers (Bouza et al. 2007,
Reid et al. 2007); nevertheless, they recently reached a milestone with the development of
genotyping methods based on cost-effective massive parallel sequencing. The genomic revolution
has made single-nucleotide polymorphisms (SNPs) very popular, opening up access to a simple
biallelic marker with a wide distribution and high abundance across the genome. As consequence,
an increasing number of high-density genetic maps is nowadays reported in non-model organisms
including aquaculture fish (Maroso et al. 2018; Nguyen et al. 2018). These maps have proven to
be useful to provide new clues on genome evolution and speciation between closely related
lineages, and to unravel the genetic architecture of both simple Mendelian and complex
quantitative traits in many fish species, thus facilitating marker-assisted selection in aquaculture
(Liu & Cordes 2004; Wang et al. 2015b). More recently, a new application of high-density linkage
maps as backbones to anchor de novo genome assemblies into pseudo-chromosomes has become
more widespread (Rastas 2017; Catchen et al. 2020). Although long-read sequences have
significantly enhanced the average size of scaffolds in de novo assembled genomes (Goodwin et
al. 2015), the total number of scaffolds are still far beyond the expected number of chromosomes.
The large arrays of repeated sequences and the degree of conservation for some tandem repeats
families widely distributed across the genome still remain a major obstacle for most de novo
assembly algorithms, resulting in fragmented scaffolds or even misassembled sequences within
chimeric contigs. Linkage maps thus provide highly valuable tools to anchor physical maps into
pseudo-chromosomes, while enabling the identification of chimeric or misassembled contigs

towards enhancing the quality of new genome assemblies (Rastas 2017).

Flatfish (Pleuronectiformes) is an attractive group of fish that have long been investigated due to
the drastic morphological, physiological and behavioural remodelling changes that occur during
metamorphosis from a pelagic larva to a benthic juvenile stage. Several flatfish species are
worldwide exploited in fisheries and aquaculture, thus representing an important resource for
human consumption. This taxonomic group diverged from carangimorphs in the early Paleocene,
and underwent a major diversification in the middle Paleocene (Shi et al. 2018). Cytogenetic
studies have suggested that the Pleuronectiformes ancestor should have 2n = 48 chromosomes in

agreement with the most frequent number of chromosomes found in the sister clade Carangidae,
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and in the most deep-branching flatfish families (Pleuronectidae and Paralichthyidae) (Azevedo et
al. 2007). However, the number of chromosomes in flatfish encompasses a wide range varying
from 2n = 26 to 2n = 50 (Azevedo et al. 2007; Garcia-Angulo et al. 2018). An intense cascade of
Robertsonian rearrangements and pericentromeric inversions seems to have shaped flatfish
genome evolution, especially reducing the chromosome number in most recently diverged families
of Soleidae, Cynoglossidae and Achiridae (Azevedo et al. 2007). A recent comparison of the turbot
genome with other fish assemblies clearly pointed out the high degree of conserved synteny across
chromosomes 1in Pleuronectiformes, although with high rates of intrachromosomal
reorganisations. Moreover, some chromosome fusions identified through comparative mapping
are thought to have given arise to a new karyotype organization in turbot (Maroso et al. 2018).
Hence, integrated genetic and physical maps are important genomic resources to understand

chromosome evolution in flatfish.

The Senegalese sole is an important flatfish in aquaculture and fisheries. A genetic linkage map
based on 129 SSRs grouped into 27 linkage groups (LG) was previously reported (Molina-Luzon
et al. 2015b). Moreover, an integrated map using BAC clones and repetitive DNA families was
also developed using a multiple fluorescence in situ hybridization (mFISH) technique with at least
one BAC mapped to each chromosome arm (Garcia ef al. 2019). This cytogenetic study evidenced
a lack of heteromorphic sex chromosomes and identified the largest metacentric chromosome to
result from a Robertsonian fusion of two acrocentric chromosomes during flatfish evolution
(Portela-Bens ef al. 2017; Rodriguez et al. 2019). Moreover, a preliminary draft genome sequence
of a female Senegalese sole was reported (600.3 Mb, N50 of 85 kb), and then further improved
with a hybrid assembly using Nanopore and Illumina reads (608 Mb long, N50 of 340 kb)
(Manchado et al. 2016; Manchado et al. 2019). This genome information was used to design
whole-genome multiplex PCR and create a new integrated SSR map with 234 markers.
Nevertheless, further efforts are required to better assemble and anchor scaffolds onto the 21

expected chromosomes, and to better understand the genomic architecture of sex-determination.

The aim of this study was to: 1) generate an improved de novo assembly of a male Senegalese sole
based on a combination of long and short read sequencing; 2) build a high-density genetic map
using ddRAD markers; 3) anchor the physical to the genetic map in order to 4) improve the
scaffolding of the reference genome assembly; 5) estimate genome-wide variation in

recombination rates; and 6) carry out GWAS analysis to identify sex-associated markers and intra-
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and interspecific comparative mapping to better understand the evolutionary history of

chromosome rearrangements in flatfish.

3.2- Material and methods

3.2.1- Animals

Soles used for the preparation of ddRAD libraries and sequencing were selected from the genetic
breeding program carried out by the IFAPA in collaboration with a commercial aquaculture
company (CUPIMAR S.A.). Production of families used in this study, genotyping and parentage
assignment were previously published (Guerrero-Cozar et al. 2020; Guerrero-Cozar et al. 2021).
Five families (three full-sib and two maternal half-sib families) containing between 48 and 96
individuals per family (total n = 356) were selected to construct the genetic linkage map (Table 1).
Moreover, seven families with sex ratios close to 1:1 were selected for genome-wide association
analysis (GWAS). Average weight and length of each family are depicted in Table 1. As
genotyping of parents was also required to build the genetic map, five fathers and three mothers
involved in family production were sampled for blood by puncturing in the caudal vein using a
heparinized syringe, adding heparin (100 mU) and keeping at -20°C until use. To obtain high-
molecular weight genomic DNA for genome sequencing, a wild male from the broodstock (weight

higher than 2 kg; code Sse05 10M) was sampled for blood as indicated above.
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Table 1. Data about the families used to construct the genetic linkage map. Father (F) and Mother (M) of each family,
the average weight and length and the number of specimens originally selected for analysis (n) are indicated.
Moreover, the number of animals that passed that DNA quality analysis (nQ) and the final number of animals that

passed after checking for Mendelian errors.

Family

name Parents Weight Length n nQ Final
Faml FI/M1  161.64943 20.64.0 76 76 73
Fam2  F2/M2 244.5+157.8 22.7444 95 95 90
Fam3  F3/M3 219.3+959 224435 68 67 65
Fam4  F4/M4 460.8+ 1954 27.844.1 99 79 77
Fam5  F5/MS  216.2+67.1 22.5+2.3 48 48 47
Fam6  F6/MS 345.5+136.2 25.6£3.4 71 65 63
Fam7  F7/M2 540.4+£211.3 28.6+3.6 66 62 54
Fam8  F1/M8  129.8£72.7 19.5439 76 73 73
Total 599 565 543

All procedures were authorized by the Bioethics and Animal Welfare Committee of IFAPA and
given the registration number 10/06/2016/101 by the National authorities for regulation of animal
care and experimentation. The study was carried out in compliance with the ARRIVE guidelines
and all procedures were performed in accordance with Spanish national (RD 53/2013) and

European Union legislation for animal care and experimentation (Directive 86\609\EU).

3.2.2- Genome sequencing and assembly

High-molecular weight genomic DNA was prepared from heparinized whole blood using the
MagAttract HMW DNA kit (Qiagen). Once confirmed quality, four libraries were prepared for
sequencing using the Oxford nanopore Technology (ONT) MinlON platform. Overall, 19.2 Gb of
genome information was generated with an average read length of 4.3 kb. In parallel, the same
sample was also sequenced in a NextSeq550 sequencer (Illumina, USA) that overall generated 43
Gb of sequence from 143 million reads (average length 147 nt). The raw read data were deposited
to the NCBI Sequence Read Archive (SRA) under accession number SAMN16809702. The
hybrid genome assembly was carried out using MaSuRCAv3.2.3 (Zimin et al. 2013; Zimin et al.
2017) with the Illumina libraries (57.3x coverage) and the error-corrected Nanopore reads (25.5x).

The LR-hybrid assembly was characterized for completeness using Benchmarking Universal
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Single-Copy Orthologs (BUSCOv3.0.2) (Simao et al. 2015; Waterhouse et al. 2018) containing
4,854 single-copy orthologs from actinopterygii_odb9.

3.2.3- ddRAD-seq library preparation and sequencing

Genomic DNA from the caudal fin (offspring) or whole blood (parents) were purified using the
Isolate II Genomic DNA Kit (Bioline). DNA was sent to the company LifeSequencing S.L.
(Valencia, Spain) and a total of 346 samples were selected for library construction (Table 1).
Libraries were constructed based on the protocol described by Peterson et al. (2012) using the
EcoRI/Ncol enzyme combination that generated as average 24,874 SNPs per sample. Pools of
libraries were loaded on a Novaseq 6000 sequencer (Illumina), following the manufacturer's

instructions and the specifications mentioned above.

3.2.4- Genetic linkage map and scaffold anchoring

[llumina reads were processed using Stacks v2.3e (Rochette & Catchen 2017). To construct the
map, SNPs were filtered using Plink v1.9 (Purcell et al. 2007) to remove markers that segregated
with Mendelian errors in more than 10% of individuals. Moreover, those individuals with more
than 5% of markers with Mendelian errors were removed. The final SNP dataset contained 40,041
markers from 327 individuals (Table 1) and 8 parents that were imported in LepMap3 (Rastas
2017). The SNPs were assigned to 21 linkage groups (named as SseLGs) corresponding to the
expected number of chromosomes (2n = 42) using the-"SeparateChromosomes” module. A LOD
threshold of 11 and a size limit of 200 were selected as the most adequate parameters to keep an
optimal number of markers grouped in the expected number of SseLGs (Figure 1A and 1B).
Module JoinSingles2 was run to assign additional single SNPs to existing SseLG using decreasing
LOD score iterations from 10 to 5 ( Figure 1B). Finally, the genetic distances between markers on
each SseLG was calculated with the OrderMarkers2 module (male, female, sex average (SA))
using the Kosambi mapping function. The resulting genetic map was visualized using the software
linkagemapview (Ouellette et al. 2018). Scaffolds anchoring was carried out using the Lep-Anchor

program following the author's recommendation (Rastas 2020).
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Figure 1. Selection of LOD score limit (Lod) to construct genetic map in LepMap3. A. The average of number of
markers (nMarkers) positioned in linkage groups (left Y axis) and the number of linkage groups (nLG; right Y axis)
for Lod values from 1 to 15 as implemented in the "SeparateChromosomes” module. Lod11 (shaded) indicates the
value selected that grouped the markers in 21 LGs. B) Average number of markers recovered and added to the 21 LGs

using decreasing LOD score iterations from 10 to 5 in the JoinSingles2 module.

3.2.5- Genome annotation

Genome annotation was performed by combining alignments of Danio rerio, S. maximus and S.
semilaevis proteins, RNAseq from several tissues and developmental stages alignments and ab
initio gene predictions. Functional annotation was performed on the male annotated proteins with
Blast2GO (Conesa et al. 2005). After performing an alignment-based strategy to determine
equivalences between female and male genomes, the female proteins inherited the functional
annotation of their male equivalences. Next, functional annotation was performed in the female
genes that remained unannotated after this step. Gene Ontology (GO) enrichment was carried out

with topGO in those genes that were unique to one of the genomes.

3.2.6- Recombination rates, association analyses and cross-species comparisons

Recombination rate variation along the genome was evaluated by comparing the consensus linkage
map for both sexes and SA and the physical map of each pseudo-chromosome using MareyMap
(Rezvoy et al. 2007). The cumulative recombination frequency (RFm) along LGs was used to infer
the chromosome type as previously described (Limborg et al. 2016). GWAS analysis were carried
out with seven families (Table 1) using a logistic mixed model (multi-step) approach as
implemented in the R package GENABEL (v1.8-0) (Aulchenko et al. 2007) for binary traits
(Female= 0 and Male= 1). A highly detailed analysis of synteny across flatfish is beyond the scope
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of this study, but a chromosome alignment analysis was carried out to identify chromosomal
rearrangements in flatfish using D-Genies (Cabanettes & Klopp 2018). We then used the
SatsumaSynteny to compute whole-genome synteny blocks (Grabherr et al. 2010) that were later

represented using Shinycircos (Yu et al. 2018).

3-3 Results
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