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Summary

Summary

Striped catfish (Pangasianodon hypophthalmus) is a commercially important species cultured in
the Mekong Delta region in Southern Vietnam. Farming of striped catfish is facing significant challenges,
including salinity intrusion as a result of climatic changes. Given the increasing salinity in the Mekong
Delta region, several options were suggested to minimize the impacts of salinity intrusion such as changing
striped catfish farming practice, shifting to another species, in which selecting striped catfish strain tolerant
to salinityis considered the most effective option to maintain an economically sustainable catfish production
in this region. Therefore, the main purpose of my PhD was to implement a genetic selection program to
develop a new strain of striped catfish better adapted to saline environment. As part of the overall aim,
several relevant research projects have been carried out to support the selection program and supply basic
knowledge for more understanding on mechanism of salinity tolerance as well as genomic resource for
further studies on striped catfish. The research consisted of four main sections.

Pedigree information is important in estimating genetic parameter and controlling inbreeding in
selective breeding programs and hatchery management. Several previous studies on parentage assignment
have used genetic data from SNP arrays. Obtaining genomic information from SNPs arrays is expensive,
laborious and necessitates specific laboratory equipment. In addition, genomic information for developing
SNPs arrays is not always available, as was the case for example for striped catfish. For this reason, in order
to support the selection program on striped catfish, we have developed a new parentage assignment
algorithm based on a likelihood approach that can use directly shallow whole genome sequencing (SWGS)
data. The SWGS is similar to deep whole genome sequencing, but with much lower sequencing depth to
reduce the cost. After testing our approach using simulation data, we have used the algorithm on empirical
data from a striped catfish full factorial design involving 60 parents (30 males and 30 females) and 500
offspring. Around 21,000 high quality SNPs have been extracted from 5,900,000 genomic variants
(obtained from mapping genomic data from the 60 parents on a draft genome) and used to infer the 500
offspring parents. As a result, 470 striped catfish were significantly allocated to one couple of parents. Our
results show that using SWGS data can enable to generate highly accurate pedigree information using an
appropriate algorithm. A standalone program called “Shallowped”, has been written to implement this
algorithm, and is now available for public use ( https://doi.org/10.5281/zenodo.6033536)

To implement the genetic selection program, we have first collected striped catfish broodstock from
three different hatcheries located in three different provinces in Mekong Delta, Vietnam, with 10 unrelated
males and 10 unrelated females from each hatchery (for a total of 60 breeders). Then, we have obtained the

G1 generation from a full factorial cross of the broodstock, 30 females being crossed with 30 males to create
1


https://doi.org/10.5281/zenodo.6033536

Summary

900 half and full-sib families. The larvae from these families have been reared in earthen ponds under
freshwater conditions. After 47 days post-hatching (dph), the fry from all families were transferred from
nursing ponds to a recirculating aquaculture system (RAS) to start the selection process under saline stress.
In the RAS system, the selection program has been implemented through three sequential upward mass
selections of approximately 50% of the fast-growing fish at three stages (148, 237, and 340 dph) under the
targeted salinity of 10 ppt. In parallel, another set of fish has been reared under similar conditions (feed and
biomass), and underwent a random selection process to serve as a control population for the selected group.
After selection, all remaining fish have been identified using PIT tags and the corresponding DNA samples
have been collected. This information has been used to identify the parentage relationships of all fish, using
our newly developed program “Shallowped”, to avoid inbreeding when producing the next generation (G2).
To evaluate the effectiveness of selection after one generation in saline condition, several tests have been
performed on the G2 generation. As a result, after one generation, average direct response to selection for
growth was 18% and a moderate realized heritability (0.29) was estimated for body weight. These results
indicate that our selection program succeeded in developing a productive strain of striped catfish with better
tolerance to salinity.

With the increasing attention to epigenetic knowledge in the improvement of aquaculture
production, an improved understanding of the epigenetic mechanisms in striped catfish should allow a better
evaluation of the relationship between the phenotype and the external environment, as well as how a
phenotype is generated and maintained. For this reason, an aim of this PhD thesis was to study DNA
reprogramming in striped catfish during early development through the modifications in the DNA
methylation pattern. Additionally, we have examined the effects of salinity and salinity tolerance-based
selection program on the genes involved in DNA methylation. The results show that DNA reprogramming
is dynamic during early striped catfish development and is likely regulated by changes in dnmt, mecp2, and
tet3 expression. Moreover, the significant increase demonstrated in dnmt genes expression of 6 dph larvae
incubated at 2.5 ppt suggests an important role of the saline environment on the methylation process during
early development of striped catfish. Furthermore, the findings from this study suggest that selective
breeding program to salinity tolerance induces alterations in methylation levels, perhaps accounting for the
regulation of growth genes and the growth performance in the offspring reared under favourable conditions.

The previous results suggest further research to increase our understanding of the physiology and
genomic characteristics of tolerance salinity of striped catfish as well as new approaches for the
improvement of tolerance salinity via breeding programs such as marker assisted selection (MAS) or
genomic selection (GS) for the selection of the next generations. However, limited genetic and genomic

resources for striped catfish at present time may restrict these studies. For example, a high-quality reference
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genome could greatly facilitate fundamental research and application for genetic improvement programs in
aquatic species in general, and in striped catfish in particular. For this reason, we have constructed a high-
quality reference genome for striped catfish based on HiFi long reads. The resulting assembly is
chromosome scale (30 chromosome groups) with a total length of 785.4 Mb across 381 scaffolds and a
scaffold N50 length of 21.8 Mb. We expect that this chromosome level genome will promote fundamental

studies not only on tolerance salinity but also for other important traits of striped catfish in the future.
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Resumé

Le silure requin (Pangasianodon hypophthalmus) est une espéce commercialement importante
cultivée dans la région du Delta du Mékong, dans le sud du Vietnam. L'élevage du pangasius est confronté
a des défis importants, notamment en raison de l'intrusion de la salinité résultant des changements
climatiques. Compte tenu de l'augmentation de la salinité dans la région du Delta du Mékong, la sélection
de souches de pangasius tolérantes a la salinité est considérée comme une option pour maintenir une
production de pangasius économiquement durable dans cette région. Par conséquent, I'objectif principal de
mon doctorat était de mettre en ceuvre un programme de sélection génétique pour développer une nouvelle
souche de pangasius mieux adaptée a I'environnement salin. Dans le cadre de cet objectif global, plusieurs
projets de recherche ont été menés pour soutenir le programme de sélection et fournir des connaissances de
base pour mieux comprendre le mécanisme de la tolérance a la salinité ainsi que des ressources génomiques
pour des études ultérieures sur le pangasius. La recherche a consisté en quatre sections principales.

Les informations généalogiques sont importantes pour estimer les paramétres génétiques et
contrler la consanguinité dans les programmes de sélection et la gestion des écloseries. Plusieurs études
antérieures sur l'attribution de la filiation ont utilisé des données génétiques provenant de puces a SNP.
L'obtention d'informations génomiques a partir de ces puces est colteuse, laborieuse et nécessite un
équipement de laboratoire spécifique. De plus, I'information génomique pour le développement de ces
puces n'est pas toujours disponible, comme c'était le cas par exemple pour le pangasius. Pour cette raison,
afin de soutenir le programme de sélection sur le pangasius, nous avons développé un nouvel algorithme
d'attribution de parenté basé sur une approche de vraisemblance qui peut utiliser directement les données
de séquencage du génome entier a faible profondeur (SWGS). Le SWGS est similaire au séquencage
profond du génome entier, mais avec une profondeur de séquencage beaucoup plus faible pour en réduire
le colt. Aprés avoir testé notre approche en utilisant des données de simulation, nous avons utilisé
I'algorithme sur des données empiriques provenant d'un croisement factoriel complet impliquant 60 parents
(30 méles et 30 femelles) et 500 descendants. Environ 21 000 SNP de haute qualité ont été extraits de 5 900
000 variants génomiques (obtenus a partir de la cartographie des données génomiques des 60 parents sur
un projet de génome) et utilisés pour inférer les 500 parents de la descendance. En conséquence, 470
poissons-chats rayés ont été attribués de maniére significative a un couple de parents. Nos résultats montrent
que l'utilisation des données SWGS peut permettre de générer des informations généalogiques tres précises
en utilisant un algorithme approprié. Un programme autonome appelé "Shallowped", a été écrit pour mettre
en ceuvre cet algorithme, et est maintenant disponible pour un usage public

( https://doi.org/10.5281/zen0do.6033536)
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Pour mettre en ceuvre le programme de sélection génétique, nous avons d'abord collecté des
géniteurs de pangasius dans trois écloseries différentes situées dans trois provinces différentes du Delta du
Mékong, au Vietnam, avec 10 males non apparentés et 10 femelles non apparentées dans chaque écloserie
(pour un total de 60 reproducteurs). Ensuite, nous avons obtenu la génération G1 a partir d'un croisement
factoriel complet du stock de géniteurs, 30 femelles étant croisées avec 30 males pour créer 900 familles
de demi- et de plein-fréres. Les larves de ces familles ont été élevées dans des étangs dans des conditions
d'eau douce. Apres 47 jours apres I'éclosion (dph), les alevins de toutes les familles ont été transférés des
étangs d'élevage vers un systeme d'aquaculture avec eau circulante (RAS) pour commencer le processus de
sélection sous stress salin. Dans le systéeme RAS, le programme de sélection a été mis en ceuvre par trois
sélections phénotypiques séquentielles d'environ 50 % des poissons a croissance rapide a trois stades (148,
237 et 340 dph) sous la salinité ciblée de 10 ppt. En paralléle, un autre ensemble de poissons a été élevé
dans des conditions similaires (alimentation et biomasse), et a subi un processus de sélection aléatoire pour
servir de population témoin pour le groupe sélectionné. Apres la sélection, tous les poissons restants ont été
identifiés a l'aide de transpondeurs (PIT tags) et les échantillons d'’ADN correspondants ont été collectés.
Ces informations ont été utilisées pour identifier les liens de parenté de tous les poissons, en utilisant notre
nouveau programme "Shallowped", afin d'éviter la consanguinité lors de la production de la génération
suivante (G2). Pour évaluer l'efficacité de la sélection aprés une génération en condition saline, plusieurs
tests ont été effectués sur la génération G2. En conséquence, apres une génération, la réponse directe
moyenne a la sélection pour la croissance était de 18% et une héritabilité réalisée modérée (0,29) a été
estimée pour le poids corporel. Ces résultats indiguent que notre programme de sélection a réussi a
développer une souche productive de pangasius avec une meilleure tolérance a la salinité.

Avec l'attention croissante portée aux connaissances épigénétiques dans l'amélioration de la
production aguacole, une meilleure compréhension des mécanismes épigénétiques chez le pangasius devrait
permettre une meilleure évaluation de la relation entre le phénotype et I'environnement externe, ainsi que
la facon dont un phénotype est généré et maintenu. Pour cette raison, un des objectifs de cette thése était
d'étudier la reprogrammation de I'ADN chez le pangasius au cours du développement précoce par le biais
des modifications du modele de méthylation de I'ADN. De plus, nous avons examiné les effets de la salinité
et du programme de sélection basé sur la tolérance a la salinité sur les génes impliqués dans la méthylation
de I'ADN. Les résultats montrent que la reprogrammation de I'ADN est dynamique pendant le
développement précoce du pangasius et qu'elle est probablement régulée par des changements dans
I'expression de dnmt, mecp2 et tet3. De plus, l'augmentation significative démontrée dans I'expression des
génes dnmt des larves de 6 dph incubées a 2,5 ppt suggere un réle important de I'environnement salin sur

le processus de méthylation pendant le développement précoce du pangasius. En outre, les résultats de cette
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étude suggérent que le programme d'élevage sélectif pour la tolérance a la salinité induit des altérations
dans les niveaux de meéthylation, expliquant peut-étre la régulation des génes de croissance et la
performance de croissance dans la progéniture élevée dans des conditions favorables.

Les résultats précédents suggérent des recherches supplémentaires afin d'accroitre notre
compréhension de la physiologie et des caractéristiques génomiques de la tolérance a la salinité du
pangasius, ainsi que de nouvelles approches pour I'amélioration de la tolérance & la salinité via des
programmes d'élevage tels que la sélection assistée par marqueurs (MAS) ou la sélection génomique (GS)
pour la sélection des prochaines générations. Cependant, les ressources génétiques et génomiques limitées
pour le pangasius a I'heure actuelle peuvent restreindre ces études. Par exemple, un génome de référence
de haute qualité pourrait grandement faciliter la recherche fondamentale et I'application des programmes
d'amélioration génétique des espéces aquatiques en général, et du pangasius en particulier. Pour cette raison,
nous avons construit un génome de référence de haute qualité pour le pangasius basé sur des lectures
longues HiFi. L'assemblage résultant est a I'échelle des chromosomes (30 groupes de chromosomes) avec
une longueur totale de 785,4 Mb a travers 381 échafaudages et une longueur N50 des échafaudages de 21,8
Mb. Nous espérons que ce génome a I'échelle chromosomique favorisera les études fondamentales non

seulement sur la tolérance a la salinité mais aussi pour d'autres traits importants du pangasius a l'avenir.






Preamble

Preamble

Striped catfish (Pangasianodon hypophthalmus) is currently the most economically important
freshwater indigenous species in aquaculture sector in the Mekong Delta, Vietnam and in other Asian
countries. Benefits related to optimal climatic conditions, a complex network of rivers and channels across
the area and the development of an efficient technology for artificial seed production, have allowed striped
catfish culture to develop rapidly in the Mekong Delta.

However, striped catfish aquaculture in the Mekong Delta is now facing significant challenges.
These include changes in the flood regime due to the construction of upstream dams, the eutrophication of
the environment due to non-sustainable aquaculture practices, theenvironmental pollution due to human
activities (including aquaculture and agriculture), the appearance of new markets... Another major concern
is the salinity intrusion resulting from climate changes. In Vietnam, the Mekong Delta is considered one of
the most vulnerable places in the worlds. Forecasts show an increase of an expanded salinity intrusion in
the dry season both at spatial and temporal scales in the Mekong Delta in the future due to subsidence and
rising sea levels. Striped catfish culture is largely dependent on the availability of abundant water supply
from the Mekong river. Therefore, the increasing salinization of freshwater areas will negatively impact
striped catfish culture, which is a freshwater species. Given the situation of increasing salinity in the region,
coupled with the requirement of new expansions to the traditional catfish farming areas to meet the growing
demand, selecting a striped catfish strain tolerant to salinity is considered a promising approach to maintain

sustainable catfish aquaculture in the region in the current changing environmental context.

In selective breeding, pedigree information plays an important role. However, maintaining pedigree
information is one of the challenges in aquaculture. Genetic information generated from a SNP array for
parentage assignment has been implemented on several species. However, this approach requires
considerable labor, time and cost for developing the SNP array, and dedicated equipment to exploit the
chips. Hence such approach is a big challenge for the striped catfish industry because a SNP array is not
currently available. Moreover, although there were several studies investigating the effect of salinity on
growth performances of striped catfish, the molecular mechanisms underpinning the salinity tolerance of
striped catfish is not well understood. In addition, the lack of a high-quality reference genome may hinder

research concerning the genome and impact significantly breeding progress.

For these reasons, the main goal in the present study was to carry out a genetic selection program

targeting fish showing improved adaptation to salinity. Fish better adapted to salinity will be selected
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through a sequential upward genetic selection program. We have developed a new parentage assignment
algorithm based on a likelihood approach allowing to use directly low depth sequencing data to support this
selection program. We have tested this algorithm on simulation data first, and then used it on real data.
Besides, to better understand the mechanism underlying the variable salinity tolerance of striped catfish,
we have designed some experiments to evaluate the role the epigenetic factors in the salinity tolerance of
striped catfish. In parallel, we have assembled a high-quality genome of striped catfish using HiFi
sequencing data. The novel knowledge and genomic (sequencing) information can be used to identify
molecular DNA markers associated with economically important traits, including salinity tolerance. This
should facilitate genetic improvement of striped catfish through marker assisted selection and genomic
selection in the future. Moreover, this information will contribute to international databases to increase the

scientific knowledge of striped catfish.
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Chapter 1: Introduction

1. Overview of Mekong Delta, Viet Nam

The Mekong River is recognized as one of the few great, largely unregulated rivers of the world; it
is the 12" biggest river worldwide. Its delta is both agriculturally and aquatically highly productive and a
major contributor to the region’s food production and export earnings (Mathieu et al., 2021; White, 2002).
The Mekong Delta region in southwestern Vietnam (Figure 1) is home to over 20 million people, and is
also a unique natural habitat, teeming with thousands of unique plant and animal species. It is recognized
as one of the largest populous deltas in the world and is considered the “rice bowl” of Southeast Asia,
supplying 50% of the Vietnamese food (MRC, 2010). A majority of people in the Mekong Delta rely on
the riverine aquatic resources and rice production for their subsistence. For many, 40 to 60% of their protein
intake is from fish from the Mekong, and the prodigious fish resources rely on the annual flooding of the
Mekong (Sebesvari et al., 2011; White, 2002). Although, economically, the delta is very important for the
country as a whole, the region remains one of the poorest when compared to other regions in Vietnam. In
spite of the rapid economic growth of Vietnam in recent years and important improvement in agricultural
systems in the region, many farmers in the delta have to deal with low profitability and high economic and
environmental risks forcing them into insecure livelihoods (Renaud et al., 2012). Moreover, the Mekong
Delta is facing several emerging issues including dams construction, climate change, poor water quality,
delta subsidence, and loss of biodiversity (Smajgl et al., 2015 ; Mackay and Russell, 2011; Mathieu et al.,
2021).

The rapid economic development of Southeast Asian countries has increased the use of natural
resources and is now accompanied by a high demand in electricity. Consequently, a large number of dams
were built by the governments bordering of the Mekong Basin (Kuenzer et al., 2013). In total, 176 dams
are now being built or planned through the Mekong River Basin (Nhan and Cao, 2019). These dams have
considerable impacts on the ecosystem and on human life. One of the first impacts is the changes of the
sediment load as a dam traps up to 95% of sediments and consequently, reduces the amount of sediment
downstream. Reports from MONRE, (2016) indicated that the future of the Mekong Delta seems to face a
dramatic loss of sediment load into the delta of about 1640 Mt./yr, that is around 10-25% of the pre-dam
sediment load of 160 Mt./yr. The changing hydrology of the Mekong Delta river is another consequence of
the dams. Hydro-power operations have already altered the natural hydrological cycle with lower flood

peaks and higher dry season flows (Rasanen et al., 2012; Hoanh et al., 2010).
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The Mekong estuary grew rapidly due to high sediment supply transforming it into a delta from
5,300 to 3,500 years ago. However, the past few years (from 2005), the area is experiencing considerable
coastal erosion According to Anthony et al. (2015), between 2003 and 2012, the erosion affected more than
50% of the 600 km long delta shoreline. The sediment trapping by dams and sand mining for construction
is clearly identified as the main risk enhance coastal erosion; other reasons may be largely attributed to
processes such as natural shore sediment redistribution by the ocean forces (waves, currents and tides),
mangrove destruction, sea level rise and/or subsidence (Mathieu et al., 2021). It has been reported that
subsidence exacerbates the delta sink and associated risks of coastal erosion, extended duration of flooding
and salinization (Minderhoud et al., 2019; Erban et al., 2014; Erkens et al., 2015).
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Figure 1: Satellite image of the Mekong Delta in Vietham (https://www.preventionweb.net/new)
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Water quality degradation is also another concern for the Mekong Delta. Dams are considered one
of the reasons that lead to eutrophication and pollution of the water resources locally and downstream, as a
result of the regulated water flow and water stagnation (Li et al., 2013). The other sources of water pollution
come from human activities such as the increasing amount of industrial, agricultural and urban wastewater
(Snidvongs and Teng, 2006; Swain., et al. 2007). The main agricultural activities linked to water pollution
in the Mekong Delta are land preparation (e.g. puddling), fertilizer and pesticide use, waste water release
from animal production (mainly pig and poultry) and aquaculture (mainly fish and shrimp) (Nhan et al.,
2007; Renaud et al., 2012)

The Mekong River is recognized as the second most biodiverse river in the world (after the Amazon
River). In the Mekong Delta Basin, 877 fish species have been identified (not including estuary marine
species) (Ziv et al., 2012). Unfortunately, the delta is changing from a sparsely populated free flowing riffle
pool river to a densely populated basin with slow flowing river, with devastating impact on the biodiversity.
Threats to the biodiversity of the delta include growing human populations and intensification of
agriculture, with increasing use of fertilizers and pesticides and altering flood water levels during the high
flow season (Campbell, 2012). Moreover, the Mekong River system is severely threatened by hydroelectric
dams too fulfill the growing needs for energy in the region. These artefacts could cause ecosystem to
collapse and biodiversity loss, devastating freshwater species and the communities that rely on the rivers to
live. The dams also hinder movements of migratory fish up and down the river, reduce the level of sediments
and nutrients that are the natural resource for biodiversity of this region and the building blocks of the
delta’s productivity (Renaud et al., 2012; Mathieu et al., 2021; Ziv et al., 2012).

The Mekong Delta is one of the most vulnerable places on earth to the impacts of climate change,
causing existing and projected threats (Hai et al., 2020; Mackay and Russell, 2011; IPCC, 2007). Global
warming is the main indicator of climate change due to greenhouse gas emissions from human activities.
Climate change results in a strong fluctuation in rainfall, an increase in weather and climate extremes such
as floods and droughts, and rising sea levels that will also directly affect coastal areas, potentially inundating
land or increasing salinity (Mackay and Russell, 2011). Climate change therefore affects the region’s
people, the biodiversity and the natural resources. For instance, water scarcity leads to reduced agricultural
productivity, leading to food scarcity, unemployment and poverty (Renaud et al., 2012). Across the region,
temperatures have risen and continue to rise. Sea level rise is threatening the region’s coastal communities.
Degradation of ecosystems from climate change will decrease their productivity and capacity to provide
livelihoods for people of the Mekong Delta (Campbell, 2012; Tuan and Chinvanno, 2011; Wassmann et

al., 2004). The Mekong Delta is flat and low-lying with a maximum elevation of less than 4.0 m above
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mean sea level, making it one of the 3 most vulnerable deltas in the world to sea level rise (Mackay and
Russell, 2011; Sebesvari et al., 2011).

2. Impacts of saline water intrusion on Mekong Delta

The Mekong Delta is projected to be heavily affected by salinity intrusion as a result of climate
change (IPCC, 2007). Sea level rise over the next decades will increase salinity intrusion further upstream
of the Mekong Delta and consequently affect freshwater culture, including the striped catfish culture
industry. The Mekong Delta is one of the three large low topographical regions in Vietnam, with an area of
4.06 million ha. It comprises a complex network of rivers and channels (Sebesvari et al., 2011) and has a
total freshwater area of 641,350 ha, which comprises 67.2% of the total water surface (Nguyen and Dang,
2010). The Mekong Delta has been predicted to be among the top three most seriously affected regions
around the world, and seawater level was also predicted to raise of 1 m in this century (IPCC, 2007; Thi et
al., 2015). If the predictions of future climate change are realized, a 1 m sea level rise will result in
approximately 1,000 km? of cultivated land and farming area in Vietnam becoming salt marshland. In
addition, 15,000 to 20,000 km? of the Mekong Delta is likely to be inundated by seawater, with a loss of
76% of arable land (De Silva and Soto, 2009) (Figure 2).

As mentioned earlier, the numerous dams on the main stream and its tributaries of the Mekong
River, constructed to respond to the high demand for hydropower of upstream countries, also may play an
important role in the salinity increase of the Mekong Delta (Thi et al., 2015). These structures are believed
to reduce the water inflow in the delta that may lead to increase in salinity intrusion in the Mekong Delta
(Smajgl et al., 2015). Until now, few published studies document the environmental impact of upstream
dams on the salinity of the Mekong Delta. However, according to Lu and Siew (2006), the water discharge
regime of the Mekong River has been influenced by the construction of the Manwan dam in the upper
stream (China), although the extent of influence remains small and the seasonal discharge regime has
largely remained within the historical range. Nevertheless, four mega dams are planned within China and
larger dams are under construction in Laos and Cambodia. Therefore, further studies are needed to examine
the potential impact of these dams on freshwater inflow as well as on salinity in the Mekong Delta (Thi et
al., 2015).
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Figure 2 Saline water intrusion in the Mekong Delta in 2016
(http:/imvww.tongcucthuyloi.gov.vn/, accessed on March 24, 2016)

The sea level around the Mekong River Delta has also risen by 20 cm since 1901, with an average
sea level rise of 3 mm per year over the last 30 years (CGIAR, 2016). Saline intrusion is reaching further
land and affecting wider areas of the region (Figure 2). The increasing salinity levels in the Mekong Delta
have substantially reduced agricultural productivity and caused declining rice production, which is
contributing to Vietnamese national food security (Smajgl et al., 2015), in particular for crops and varieties
with a low tolerance to salt (Le Dang et al., 2014; Wassmann et al., 2004) (Figure 3). However, the salinity
intrusions is positive for shrimp aquaculture, because it could provide additional areas for shrimp farming
(Hai et al., 2020). Shrimp aquaculture provides key livelihoods widely adopted by coastal communities in
response to increasing salinity levels. The results from responses of 1,265 randomly sampled households
indicated approximately 50% increase of annual household income using the shrimp—rice rotation system
(USD 1,735) as compared to a two-rice-crop system (USD 1,019) (Smajgl et al., 2015). Although, shrimp

farming is a much more highly valued commodity than many agriculture products and has greater market
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potential, it is associated with high production risks due to diseases outbreaks, especially in intensive shrimp

culture with high level of salinity (Aranguren Caro et al., 2021; Ha et al., 2013; Son et al., 2011).
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Figure 3: Relationship between soil salinity and yields of rice varieties of variable salinity

tolerances based on multiple field trials in 2005-2010 (Smajgl et al., 2015).

The greatest long-term threat for the Mekong Delta is undoubtedly climate change. The increase in
sea level into the Delta has very serious consequences not only for the biodiversity of the Delta, but also
for the economy of Viet Nam (Campbell, 2012). In 2016, the Mekong Delta faced serious problems of
drought and saline water intrusion. In that year, the water discharge from upstream river declined by 900
m3/s. Meanwhile, the water level in the middle and downstream Mekong River increased by 0.1 - 1.5 m
due to tidal rise. Therefore, salinity intrusion led to an increased salinity of water in rivers and irrigation
canals. Salinity (4 ppt) expanded deeply through Tien and Hau rivers by up to 45-65 km and 55-60 km,
respectively (Figure 2). The issue strongly affected 11 of the 13 provinces in the Mekong Delta, causing
considerable damage to aquaculture (194.163 ha), rice (405.000 ha) and fruit tree production (28.457 ha),
with economic loss of approximately 0.34 billion USD (VAWR, 2017).
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3. Overview of the biology and aquaculture of striped catfish

3.1 Biology and aquaculture of striped catfish

Striped catfish (Pangasianodon hypophthalmus (Sauvage, 1878); Pangasiidae; Siluriformes;
Vietnamese: ca tra; Khmer: trey pra; French: silure requin) is a freshwater siluriform (Figure 4). It is
commonly cultured in the Mekong Delta region, Southern Vietnam, because of the favourable environment,
simple grow-out techniques, the availability of seeds and feeds, reliable logistics, a well developed whole
sale network, fish packing plants, access to export markets as well as governmental support (De Silva and
Phuong, 2011; MARD, 2013). It has developed from a species farmed in small ponds using wild-caught
seed to large-scale commercial culture followed in cages, pens and ponds commencing with the
development of artificial mass seed production (Nguyen et al., 2013). Critical in the expansion has been the
closure of the reproductive cycle (Legendre et al. 2000). Striped catfish in the Mekong Delta, Vietnam, is
one of the fastest growing species used in aquaculture. In recent decades, striped catfish has been

translocated for aquaculture to Bangladesh, India, China, Indonesia, Myanmar, Nepal, Pakistan and many
more countries (FAQO, 2019).

Figure 4: Striped catfish (Pangasianodon hypophthalmus) (Nguyen and Dang, 2010)

Striped catfish migrates upstream the Mekong River at the end of flooding season (from October
to February), and their offspring returns to the mainstream at the beginning of the rainy season (from June
to August) (Nguyen and Dang, 2010). The striped catfish life-cycle is intimately tied to the annual monsoon

flood cycle, with spawning in May-June at the start of the monsoon season. The spawning ground of striped
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catfish is upstream of the Mekong River Delta, more specifically, below the Khone Falls on the Laos-
Cambodia border (Sopha et al. 2002). Striped catfish spawn at the beginning of the rainy season and the
adhesive eggs are deposited on roots of aquatic macrophytes and other substrates. The newly hatched larvae
drift downstream and are swept into the floodplain in southern Cambodia, Tonle Sap and the Mekong Delta
(Nguyen et al., 2013). Striped catfish is natively distributed in the Mekong and Chao Phraya rivers in the
Lower Mekong basin (Rainboth, 1996; Roberts and Vidthayanon, 1991), involving four countries:
Thailand, Laos, Cambodia and Vietnam. Domestication of this species started in 1967 in Thailand (Na-
Nakorn and Moeikum, 2009) and in 1979 in Vietnam (Trong et al., 2002). Commercial production,
however, has taken off recently, especially in Vietnam since 1999 (Trong et al., 2002). According to So et
al. (2006), genetically differentiated populations of striped catfish coexisted in the Mekong River, with
notably different spawning times. In Thailand, Na-Nakorn and Moeikum (2009) reported insignificant
genetic differentiation of broodstock between hatcheries and wild striped catfish. Likewise, Ha and
colleagues (2009) found no difference between wild versus hatcheries stocks in Vietnam. Recent study
showed however two distinct populations in the lower Mekong river: (i) the wild stock from the upper part
of lower Mekong river in Thailand and (ii) the other populations from Cambodia and Vietnam in the
Mekong river (Vu et al., 2020). In addition, both farmed and wild stocks from these countries showed
reasonable level of genetic diversity. The close genetic relationship between wild and farmed stocks in
Cambodia and Vietnam (maybe due to the recent domestication of striped catfish (Nguyen and Dang, 2010 ;
Vu et al., 2019)) indicated that the small changes observed in farmed stocks in these countries were unlikely
to be associated to a deterioration of the genetic potential of the farmed stocks with respect to the wild
animals (Vu et al., 2020). These results pointed out that the captive stock in Vietnam can be used as an

alternative to the wild to produce seeds for commercial production.

In the wild, striped catfish can reach a maximum length of about 90 cm and achieve a maximum
weight of approximately 44 kg (Nguyen, 2015). Under pond conditions with commercial feed, striped
catfish were harvested at the size of approximately 1 kg after a growth period of 6-7 months (Phan et al.,
2009). Striped catfish is omnivorous; its feeding habit is based on on algae, higher plants, zooplankton, and
insects, while larger specimens also take fruit, crustaceans and small fish (Rainboth, 1996). Mature fish can
reach an age of three years in the wild or more in captivity, with a minimum weight and length of 4 kg and
54 cm at 1st maturity, respectively. The fish is highly fecund, a female of 10 kg could produce 1 kg of eggs
(approx. 1.2 million eggs) (Poulsen and Valbo-Jgrgensen, 2000). Striped catfish is a very tolerant species
that adapts to a wide range of environments and this characteristic allows it becoming one of the most

important species in global aquaculture. First of all, striped catfish possess an air-breathing capacity that
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allows fish to withstand low levels of dissolved oxygen in water at certain times of their life (Lefevre et al.,
2011). In addition, according to Phuc et al. (2017), striped catfish can grow well in a variety of temperatures
from 25°C to 35 C, with even better growth at 35 C. Moreover, the species can highly tolerate environmental
nitrite concentration with a 50% lethal dose reaching 1.95 mM after 96h (Graham and Wegner, 2010).
Finally, the striped catfish can adapt to different food sources and types, such as homemade food formulated
from agricultural and fishery by-products, pellets, fish waste, and animal and human wastes due to its
omnivorism (Graham and Wegner 2010). The chromosome number of striped catfish is n=30 (Sreeputhorn
et al., 2017) and a result on study of Wen et al. (2022) suggested that striped catfish has a XY sex

determination system.

Figure 5: Checking quality of eggs of striped catfish before breeding

Adequate quantities of high quality seed stocks play an important role for the development of
striped catfish aquaculture in Vietnam. Initially, the seed stock for striped catfish farming was wild caught
and of limited quantity and seasonal availability (Nguyen, 2009). In late 1978, researchers were initially
successful in the artificial propagation of striped catfish, but the results were not sufficiently reliable for

mass seed production and the program was discontinued. Research was restarted in 1995 with the

20



Chapter 1 : Introduction

collaboration of Vietnamese with French and Belgian researchers under the EU funded project Catfish Asia
to develop artificial propagation techniques for striped catfish (Legendre et al. 2000; Tuan et al., 2003). In
1996, induced spawning of striped catfish was established, and transferred to hatchery operators from 2000
onwards (Caco, 1998; Cacot et al., 2002). Since then, striped catfish production has expanded (Figure 5)
and followed the industry demand. The success of the artificial seed production is one of the key reasons

for the explosive growth of striped catfish industry in Vietnam (Nguyen et al., 2013).

Figure 6: Striped catfish pond in the Mekong Delta

The production chain of striped catfish industry in Vietnam can be subdivided into four main
components including seed production or hatchery, nursery, grow-out, and processing (Nguyen and Dang,
2010). The hatchery sector produces large numbers of larvae, which are mostly sold to nursery farms, while
the nurseries grow fingerlings for sale to grow-out farms. As of December 2019, there were 230 hatcheries
and more than 4,000 nursery farms (covering 3,000 hectares). These farms were producing 21 billion larvae,
and more than 2.1 billion fingerlings, to meet the regional seed demand, with a total production area of
6,600 ha (DOF, 2019). In the hatcheries, the mature broodstock (Figure 5) are induced to spawn using HCG
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(Human Chorionic Gonadotropin) or a combination of HCG and pituitary gland extract. The injection can
be two or three times in peak spawning season and three or four times in the off season. Total doses of HCG
vary from 5500 to 6500 IU/kg of females. The males receive only one injection of 1000 1U/Kkg, coinciding
with the time of the third injection of the females. Broodstock are spawned in single pairs or batches, and
are usually dry stripped. The eggs are incubated in conical shaped jars made either of stainless steel or glass,
with up-welling water flow to keep the eggs in suspension. Depending on water temperature, the eggs hatch
usually within 22-24 h. Yolk sac absorption takes a further 24 h. The larvae are transferred to nursing ponds
just prior to full yolk sac absorption (Bui et al., 2010). The nursing pond can be a part of the hatchery but,
in most cases, larvae are nursed to fry and fingerling stages by a nursery sector separately from the
hatcheries activities. The nursing stage lasts from 3 to 4 months and then fingerlings (with average size 25
g per individual) are transferred to growth-out ponds (Bui et al., 2010; Phan et al., 2009).
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Figure 7: Production and culture area of striped catfish in Mekong Delta from 2009 to 2019

In the grow-out stage, the species is mostly farmed in earthen ponds (Figure 6), with pond water
depths of 3- 4.5 m, in nine provinces, which are located adjacent to or near Hau River and Tien River, two
branches of the Mekong River (Phan et al., 2009). Stocking density ranges from 18-125 fish m? (average:
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48 fish m2), depending on several factors such as the size and availability of fingerlings and the financial
capacity of farmers. Farm size and yields ranged from 0.2 to 30 ha (average: 4.09) and 70 to 850 ton ha™*
crop? (average: 406), respectively (De Silva and Nguyen, 2011; Phan et al., 2009). Catfish culture is
operated by individual farmers, horizontally and/or vertically integrated large companies, entrepreneurs or
cooperatives. They are mostly certified for good aquaculture practices such as by VietGAP (Viethamese
Good Agricultural Practices) and Global GAP (Good Agricultural Practices), Global Aquaculture Alliance's
Best Aquaculture Practices (BAP), and the Aquaculture Sustainability Council (ASC) (Hai et al., 2020).
By the year 2018, the catfish production reached nearly 1.42 million tons (for a total production area of
approximately 5,400 ha) and an export value of 2.26 billion USD (contributing to about 1% GDP of
Vietnam). Striped catfish is exported to more than 140 countries and territories, with the main export
markets including the EU, Russia, China and the USA (VASEP, 2019) (Figure 7). The sector provides
direct employment to more than 180,000 people in Vietnam, with a vast majority of women, primarily in
the processing sector (De Silva and Nguyen, 2011). Striped catfish is considered as one of the strategic
products of Vietnam. In the conference on the establishment of national striped catfish brand for export,
Vietnamese Ministry of fisheries emphasized that the genetic improvement of this species for some specific

quality traits called for immediate actions in order to create a national brand (Sang et al., 2010).
3.2 Fillet and meat quality

The fillet of striped catfish contains a relatively high concentration of eicosapentaenoic acid (20:5n-
3, EPA) and docosahexaenoic acid (22:6n-3, DHA) (Domiszewski et al., 2011; Men et al., 2005), fatty
acids that have been identified as enhancing brain development and learning in children, while protecting
vision and promoting eye health (Kwak et al., 2012). Striped catfish grown in Vietnam has rapidly become
an affordable “white fish” substitute in the Western world, and, conceivably, its acceptability and popularity
have been growing (Phan et al. (2009). According to Tartila et al. (2021), a preferable striped catfish fillet
is known to have properties, such as a white or light color with a solid and hard texture and a total lipid
content of 1- 3%. Vietnamese suchi catfish is mostly marketed in fresh seafood markets and supermarkets
as frozen or thawed fillets (120-260 g). Frozen fillets (generally individually quick-frozen) with glazing
are sold individually or packed according to size into 1 kg packages (Orban et al., 2008). Striped catfish
fillets were characterised by high moisture levels (80-85%) and low protein (12.6-15.6%) and lipid (1.1
3.0%) contents. The total lipids of fillets contained low cholesterol levels (21-39 mg/100 g), high
percentages of saturated fatty acids (41.1-47.8% of total fatty acid) and low percentages of polyunsaturated
fatty acids (12.5-18.8% of total fatty acids). The latter were mainly represented by linoleic acid (44-59%

of total polyunsaturated fatty acids) (Guimardes et al., 2016; Orban et al., 2008). A study of Bland et al.
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(2018) indicated that texture and color play a massive role in the fish fillet quality following consumer
preference. Therefore, to increase the marketability of striped catfish fillets, improvement of fillet properties
(namely, texture, color, and lipid content) should be considered when developing the improved culture

technique for striped catfish (Tartila et al., 2021).

4. Impacts of saline water intrusion on striped catfish aquaculture in Mekong Delta

4.1 Effects of salinity on striped catfish

Salinity is one of the critical factors affecting metabolism and distribution of fish species, as all fish
need to osmoregulate and maintain osmotic difference between their extracellular fluid and either
freshwater or seawater (Taugbgl et al., 2014). Fish are unique among vertebrates in that their body fluids
directly contact the environment water across the thin respiratory epithelia. An ability to regulate body
fluids independently of the external environment, both in freshwater and seawater is essential for fish
survival (Takei and Balment, 2009). In most organisms, stress is a common physiological response to
unfavorable condition or noxious stimuli. When they perceive unfavorable changes to their natural habitats,
they activate a suite of defence mechanisms and often divert energy in their body away from growth to
counteract the new environmental conditions in an attempt to maintain their homoeostatic equilibrium
(Fuzzen et al., 2011). To a large extent, fish are protected from changes to their external environment by a
thin skin with mucus secreted outside the skin layer. Moreover, individuals maintain homoeostatic
equilibrium via a self-regulating control system and a suite of homoeostatic mechanisms including the
respiratory, digestive and urinary systems (Takei and Balment, 2009), but efficient ionic regulation has an
associated large energy cost. Between 20 and 50% of total energy budget of teleost fish is dedicated to a
specific common response under stressful conditions whereby they increase plasma cortisol levels to
regulate their osmotic balance (Gilles and Patrick, 2001). In most freshwater fish, the blood osmolality is
regulated around 280-360 mOsm/kg to maintain homoeostasis and the iso-osmotic salinity in fish ranges
from 10 to 12 g/L (Varsamos et al., 2005). Striped catfish, like most teleosts, can limit ion and water
exchange using barriers at the skin surface via scales and a mucus layer when they live in their natural

environment (Evans, 2011).

Several studies investigated the effects of salinity on striped catfish. Striped catfish do not appear
to be efficient osmoregulators and the survival in saline condition is limited due to the absence of efficient
electrolyte excretion. In juvenile stage, progressive transfer of striped catfish from freshwater to brackish

water up to 20 ppt (parts per thousand) induced an elevation in plasma osmolality to a level higher than in
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fish exposed to freshwater environment while gill NaK-ATPase only slightly increased (Schmitz et al.,
2016). Moreover, chronic exposure of this fish up to 20 ppt was responsible for up regulation of
mitochondrial proteins and ion transporters typical from chloride cells in kidney. These results suggest that,
in response to an increased internal osmotic pressure, striped catfish may increase the size or the number
of mitochondria-rich cells (MRCs) in kidney tubules, in order to increase the excretory capacity of the
kidney while minimizing water loss. Embryos of striped catfish develop and hatch in water salinity up to
11 ppt and the isomotic point of fish larvae is 9 ppt (283 + 34.6 mOsm/kg) (Huong and Quyen, 2012). In
addition, the survival, growth, and feed conversion ratio of striped catfish fingerlings are the best at 6 ppt
(Huong et al., 2009). Moreover, Lam et al. (2011) found that striped catfish fingerlings of 23.5 g grew
fastest at the salinity of 9 ppt in indoor condition. Besides, Nguyen et al. (2014) also reported that the
salinity conditions at 10 ppt did not affect growth performance, while salinities larger than 14 ppt gave poor
survival rates at fingerling stage. The osmolality and concentration of Na* and CI-was increased remarkably
at high salinities (Nguyen et al., 2021). Moreover, recent studies of Hieu et al. (2022) showed that the
intestinal microbiota of striped catfish was significantly disrupted in salinities higher than 10 ppt and these
effects were proportional to the exposure time. In addition, the modifications of intestinal gene expression

related to ion exchange and stressful responses may help the fish to adapt to hyperosmotic environment.

4.2 Impacts of salinity intrusion on the striped catfish farming in coastal provinces of the
Mekong Delta, Viet Nam

Striped catfish culture is largely dependent on the availability of a plentiful water supply from the
Mekong river (Nguyen and Dang, 2010). Therefore, the increasing salinization of freshwater areas will
negatively impact the striped catfish culture model, as a result of changes to both soil and local freshwater
resources (Sebesvari et al., 2011). These major changes have a significant direct impact on striped catfish
such as exposing the fish to environmental stress and affecting the growth rate of catfish, which is a
freshwater species (De Silva and Soto, 2009). The striped catfish needs freshwater to survive. An increase
of 0.73 m of the sea level, combined with a decrease of 29% of the Mekong River flow, a scenario expected
in Vietnam by 2100, will impact the area dedicated to the striped catfish farming by 11% (Thi et al., 2015).

Although temperature increase may also affect the culture of striped catfish, it is not much of a
concern because striped catfish has a large temperature comfort zone (Department of Aquaculture, 2008).
Consequently, only salinity intrusion induced by sea level rise are critical, while temperature increase due
to global climate change will not have strong impact on striped catfish farming (Nguyen and Vu, 2020).
Numerous studies have been conducted to evaluate the predicted effects of salinity intrusion on aquaculture
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in the Mekong Delta. Nguyen et al. (2014) built a model that examined the effects of sea level rise (SLR)
in three scenarios (increasing +30, +50 and +75 c¢cm) on the striped catfish culture industry in the Mekong
Delta. They concluded that rising salinity level with +75 cm would reduce the window appropriate areas
for culture striped catfish in Soc Trang and Ben Tre province, and in Tien Giang’s coastal districts (Figure
8). According to the study of Nguyen and Vu (2020), increased seawater intrusion in coastal regions,
increased flooding in upstream regions caused by sea level rise and exacerbated by reduced river flow in
the dry season or increased water discharge during the rainy season would altogether increase salinity and
water level significantly. This would affect catfish farming due to salinity stress. Additionnally, new risks

result from flooding when water levels are higher than the pond dyke, or pond dyke could be destroyed.
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Figure 8: The areas affected by salinity intrusion according the SLR +75 cm scenarios (Nguyen et
al., 2014)

Results from De Silva and Soto (2009) study predicted that aquaculture activities occurring in
deltaic areas of major rivers in Asia, South America, and the Caribbean will encounter saline water intrusion
caused by climate change. In the Mekong Delta, the risk from saltwater intrusion reduces the suitable area
for catfish farming in the coastal provinces (Tien Giang, Ben Tre, Tra Vinh, and Soc Trang), from January
to April. These provinces cover approximate 952 ha with a production of 183,666 tonnes, which accounts
for 16.7 % of the total catfish farming area in the delta and contributed 11.8% to the striped catfish
production in 2020 (DOF, 2020). The farmers in these provinces experience currently minor salinity

variations depending on tidal amplitude. Most farmers do not stock fingerlings in months with high salinity
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(January to April), and thus their window for farming is reduced. In the study of Phan et al. (2009), the
annual yield from catfish farms located in the lower reaches of the Mekong River branches was significantly
lower than that of upstream regions. These results suggested that the lowered yields could be a result of the
diurnal fluctuations in the salinity. In 2011, the increased saline water intrusion in Ben Tre province,
resulting in salinity up to 15 ppt, has resulted in increased mortality and in reduced growth rate compared

to the normal years (Nguyen et al., 2014).

4.3 Adaptation to salinity intrusion of striped catfish farming

Agquaculture and fisheries are a top priority for the development in the Mekong Delta. In the last
decade, in order to adapt with climate change and saltwater intrusion in this region, many national strategies,
plans, actions, decisions, resolutions were issued and carried out. The Vietham Government Resolution No.
120 NQ-CP (dated 17 Jan 2017) put aquaculture and fisheries as the top priorities for agri-aquaculture
production structure for sustainable development of the Mekong Delta under climate change. On August
12, 2021, the Ministry of Agriculture and Rural Development approved the “The Sustainable Aquaculture
Development Plan in the Mekong Delta to 2030 through Decision No. 3550/QD-BNN-TCTS. The plan
was developed in line with the “Fisheries Development Strategy in Vietnam for the period of 2021 - 2030,
vision to 2045 and Resolution 120/NQ-CP on “Sustainable development of the Mekong Delta adapting to
climate change”, promoting proactive adaptation to climate change, fostering advanced technology

application, and targeting economic growth in the Mekong Delta.

In the case of striped catfish farming, several options are possible for the sustainable development

in the Mekong Delta region, and the adaptation to minimize the impacts of salinity intrusion.

Changing striped catfish farming practice: In the coastal areas, the striped catfish farmers have
been encouraged to extend the nursing period of fish fingerlings, thus reducing the grow-out period in ponds
during the months of high salinity intrusion (Nguyen et al., 2015). However, this change will result in
slightly higher cost for transport, as juveniles will be heavier and perhaps at an increased risk in
transportation of juveniles (De Silva and Phuong, 2011). In the Mekong Delta, some researches have started
to experiment on the use of recirculating aquaculture systems (RAS) for the nursery and grow-out phases,
which could also be regarded as an autonomous adaptation (Liem et al., 2017). In the RAS, water intake is
very restricted except for the grow-out period with water exchange rate in first months being only 3% of
the total volume/day, and the final months about 5-10%/day which was much lower than farming in soil
pond (10-20% for first months and 30-40% for the final months) (Liem et al., 2017). Thus, RAS
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simultaneously reduces water pollution and contributes an added benefit for the mitigation of environmental
impacts of the striped catfish farming (Bosma et al., 2011; De Silva et al., 2010), and ultimately contribute
to the mitigation of the impacts of climate change too. Although the results seem promising, the full costs
and benefits are needed to be considered, especially with cost for building and energy to operating RAS
system (Nhut et al., 2013; Liem et al., 2017).

Shifting to another species: Another option in dealing with saltwater intrusion for striped catfish
farmers in the coastal provinces is to culture other aquatic species (Nguyen et al., 2016). However, farming
other species would be expensive and would have a serious socio-economic impact on the involved
communities. Such change would necessitate capacity building among rural farming communities, and even
changes in infrastructure, in particular for ponds. For example, a water depth of 4.0 —5.0 m is preferred in
striped catfish farming ponds (Phan et al., 2009), but such deep ponds are unsuitable for other commonly
farmed species in brackish environment such as Asian sea bass or even shrimp. Besides, pond restructuring
would be necessary especially for those located directly next to rivers or main canals, and is likely to be
very costly as lowering the water level will increase, for example, the pressure on the dykes by river water
at high tides. The cost for dyke maintenance of striped catfish farms accounted for 0.3% of the total variable
cost (per ha and per crop) (Nguyen et al., 2016). While investigating autonomous adaptation measures of
striped catfish farmers to climate change in the Mekong Delta, Kam et al. (2012) estimated the costs for
individual dyke upgrading in period of 2010-2020 to be about 14.6 million USD in the up and mid-stream
regions and 3.0 million USD in the downstream region. Nonetheless, both economic and technical aspects

of the feasibility of shifting to other species need further and thorough studies (Nguyen et al., 2016).

Developing salinity tolerant strains of striped catfish: According to Nguyen et al. (2015), most
striped catfish farmers, who have been confronted with the risk from salinity intrusion prefer to continue
producing striped catfish rather than shifting to another species. They believe that only by farming catfish,
they can maintain their revenues at a sufficiently high level, enabling them to recover their investments.
Along with this line, many researchers suggest that breeding a salinity-tolerant strain of striped catfish
would be a good option as well (Nguyen et al., 2016). De Silva and Soto (2009) suggested that farming a
tolerant strain will require minimal changes in the farming techniques and in the related infrastructures, and
would not require the development of new market chains (De Silva and Phuong, 2011). The estimation
from Nguyen and Vu (2020) showed that, the generic cost of a salinity-tolerant striped catfish breeding
program, starting with 150 individuals of wild broodstock of various origins in the Mekong River, is about
USD 120,000 (Table 1). Due to the generation interval, the actual cost in the long run, could be fourfold

(USD 480,000). This program will serve only the farmers in the coastal provinces who produce about 10%
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of the 1.2 million tonnes produced annually by Vietnam. The additional cost per kg of pangasius produced
in the coastal provinces from this program would be USD 0.004 kg*. This is slightly less than 0.4 % of the
present production cost (USD 1.1 kg?) and this appears to be a feasible investment (Nguyen et al., 2016).
This selective breeding approach is widely applied in livestock and crop selection. In aquatic species,
several selection programs have been implemented to improve (for example) the growth rate of tilapia (O.
niloticus) (Ninh et al., 2014; Hamzal et al., 2014) or of Atlantic salmon (Flynn et al., 1999; Thodesen et al.,
1999), or the stress tolerance of rainbow trout (Pottinger and Carrick, 1999). Recently, the use of modern
molecular genetic techniques in selective breeding such as genomic selection has been used to reduce the
time period required to develop a desired trait (Hollenbeck and Johnston, 2018; Zenger et al., 2019). Using
these approaches, for traits such as salinity tolerance could significantly shorten the breeding time needed
to achieve significant improvements with respect to the traditional selective breeding programs used in the
past (Nguyen et al., 2016).

Table 1: Generic cost (USD) of a salinity-tolerant catfish breeding program in Viet Nam (Nguyen et al.,
2016) (respecting the principles of an effective population size as established by Ponzoni et al. (2011))

Time Yearl Year2 Year3 Year4
Fixed cost of infrastructure (rental of a 1.5 ha farm with 1.1 ha 7,200 7,200 7,200 7,200
of ponds)*

Salary 4700 6,400 6,000 4,250
Materials: broodstock and feeds 4000 6,800 16,100 16,000
Accessories, disposable tools 480 2,850 950 950
Electricity, gasoline, diesel 320 1,700 320 320
Equipment 1,400 250 12,700 O
Maintenance cost 700 2,100 1,600 1,400
Total 18,800 27,300 44,870 20,120

*Cost of land: about USD 30,000 and infrastructure: USD 23,0000; interest rate of 8% and depreciation
of infrastructures over 20 years, accounted for (Exchange rate: 21,000 VND to 1.00 USD).

Source of primary data: Dr. Trinh Quoc Trong, Director of National Breeding Centre for Southern
Freshwater Aquaculture, Viet Nam (personal communication)

5. Selection programs in aquaculture

Selective breeding programs contribute significantly to the development of fish farming, not only
to achieve the necessary global demand, but also to reduce production costs, improve the resistance to
diseases of farmed organisms, improve feed use and product quality (Gjedrem, 1997). Aquaculture is
predicted to play a major and ever increasing role in meeting human needs for animal source food (Houston
et al., 2020; Nguyen et al., 2022). However, the aquaculture sector is significantly behind plant and farm

animals production in applying selective breeding, in spite that it has been suggested that the world
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aquaculture production could be doubled in 13 years if selection programs were supplying stocks for farmed
species (Gjedrem and Rye, 2016). It is estimated that less than 20% (Mair, 2007) (or even less than 10%
according to Gjedrem, (2012)) of the world aquaculture production originates from material developed in
selective breeding programs. The low level of genetically improved animals under culture is due to several
factors, including the size and maturity of industries, the inability to domesticate or control reproduction in
many species, the large number of farmed species, difficulties in retaining pedigree throughout the entire
production process, the inability to collect large phenotypic data sets, and a general lack of informative

genetic parameters information for traits (Gjedrem, 2012; Jerry et al., 1997).

Despite the current relatively low number of selective programs in aquacultures, fish have
advantageous characteristics for breeding programs compared to terrestrial domestic animals. I refer here
to the high fertility and, for many species the external fertilization, which guarantees flexibility in the
definition of mating with the formation of full-sibs and half-sibling groups. Three main possible reasons
may explain the limited genetic improvement programs in the sector: 1) little information about the
reproductive cycles of several farmed species; 2) regular capture of wild specimens for breeding, which
compromises the domestication of the species; 3) researchers, extensionists and fish farmers with little
knowledge about gquantitative genetics, theories and breeding programs (Gjedrem, 2005). Besides, some
disadvantages of fish species for breeding programs also exist: young fish, such as larvae and fingerlings,
are small, preventing early identification, with an increase in the program costs due to the need to grow
whole-sibling families in separate structures, up to a size sufficient for marking. This issue could lead to
the emergence of biases due to the different environments for the various families, leading to the confusion
between genetic and non-genetic effects. Another potential pitfall is that the high prolificity of the animals

could easily increase the rate of inbreeding (Farias et al., 2017).

The purpose of selection is to identify and select parents for the next generation who have the
highest possible additive genetic merit for a trait or traits of interest (Farias et al., 2017), in our case salinity
tolerance (which was measured as survival and growth rate of fish). Selection does not create new genes;
its basic effect is to change the allelic frequencies for genes involved in the studied trait. Frequencies of
alleles with favourable effects on the phenotype under selection are increased, and the frequency of less
favourable alleles are decreased (Gjedrem, 2005). In aquaculture, the traits of economic importance in
aquaculture are generally quantitative, governed by a large number of genes. The effect of changing the
frequencies of the favourable alleles at these genes can be observed as a change of population mean for the
trait under selection (Gjedrem and Rye, 2016; Nguyen, 2016). Available selection methods for fish breeders

include individual selection, pedigree selection, family selection, within family selection, and combined
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family and within family selection. The efficiency of each method can be predicted by calculating the

expected genetic response for a given set of parameters (Lind et al., 2012).

The main goals of breeding programs on fish and shellfish are to increase the profitability and
sustainability of production enterprises, while maintaining genetic variability in the cultured stock. The
industry aquaculture achieved rates of genetic progress per generation 4-5 times greater than in livestock
(Gjerde and Korsvoll, 1999). With several aquaculture species such as Atlantic salmon (Salmo salar), Nile
tilapia (Oreochromis niloticus), and the Pacific white shrimp (Litopenaeus vannamei), selection for growth
has dramatically increased efficiencies helping establish these species as global commaodities. Traditionally,
the initial focus has been on growth, which is a moderately heritable trait and relatively easy to select in
breeding program (Zenger et al., 2019). While growth is one of the important determinants of aquaculture
productivity, other traits such as environmental tolerance, feed conversion efficiency, disease resistance,
and carcass or product quality are also economically important. However, carcass or product quality traits
are difficult to measure on candidates for selection, can often only be measured late in life, involve
destructive sampling, or have low heritability (Yafiez et al., 2015), but have major effects on the production

efficiency and profitability of many species in aquaculture.

Mass selection, also known as individual selection, refers to selection solely based on the
individual’s phenotype (Gjedrem and Baranski, 2011). The chief objective of mass selection is to increase
the frequency of superior genotypes from a genetically variable population with obvious differences for
characters of economic interest. The chances of success through mass selection depend upon the extent of
genetic variation and strength of relationship between genotype and phenotype i.e heritability of the
characters to be selected. Mass selection was considered the simplest way to improve traits such as growth
or morphology and was for many years the most commonly used method of selection in aquatic species
(Hulata et al., 1986; Lind et al., 2012). However, mass selection is only possible for traits that can be
measured or recorded on live animals, since live individuals are naturally required as broodstock for the

next generation.
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Figure 9: Schematic diagram of individual selection to improve growth rate by selecting for

increased length. The figure shows four generations of selection and shows how length can be improved

over time.(https://www.fao.org/3/v8720e/\V8720E04.htm)

When applying mass selection, the evaluated animals have to be under equal environmental

conditions. The influence of external conditions should be minimal and kept the same for all individuals
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that are to be compared at any stage of the life cycle. Differences between individuals or groups of
individuals for environmental factors like water temperature, salinity, density, light condition, and type of
food and feeding regimes, may reduce the accuracy of the selection substantially, due to the confusion
between genetic and environmental effects, and in that way, can also reduce the possibility for genetic
improvement (Farias et al., 2017). To achieve as equal environmental conditions as possible for all
individuals to be compared, they should be hatched at the same day or within a few day period and thereafter
reared under identical environmental conditions. For this reason, it is necessary to form groups of animals
with similar ages, grown in the same production systems, with similar control of water quality, stocking
density, handling and feeding.

Mass selection for growth rate usually does not require individual identification or the maintenance
of pedigree records, hence, it may be considered the least expensive method (Lind et al., 2012). However,
the lack of pedigree information often leads to a rapid increase in the rate of inbreeding, especially in species
where reproduction occurs naturally in growing environment such as tilapia. When intense selection is
practiced, with a relatively high heritability of growth rate, there is a significant risk that a large proportion
of selected breeders will be close relatives (Gjedrem and Baranski, 2011). As time passes, genetic gain will
be reduced and the viability of animals will decrease. Several breeding programs have failed because they
used strong selection in each generation without pedigree information and suffered a rapid accumulation of
inbreeding which ultimately dramatically reduced productivity (Moav and Wohlfarth, 1976; Teichert-
Coddington and Smitherman, 1988). These issues can be largely reduced by using a large number of

broodstock in each generation (Bentsen and Olesen, 2002).

Combined selection is a strategy combining the information on individuals as well as information
coming from relatives in order to maximize the accuracy of the estimated breeding value (Gjedrem and
Baranski, 2011). This method, ideally, combines in an optimal way all available sources of information that
can add to our knowledge about the breeding value of an animal: the information recorded on the animal
itself, information about full- sibs and/or half-sibs and progenies as well as other relevant pedigree
information. This strategy represents a general solution for obtaining the maximum rate of genetic gain,
and the other simpler methods are special cases of this method. Combined selection is therefore in principle
always the best method (Gjedrem, 2005). However, this method has a higher cost due to the need to mark
the evaluated animals and/or to culture the families in separate structures up to a minimum weight for
identification. As mentioned, culturing families in separate tanks may lead to the emergence of tank effect
that will be confounded with a family effect, a bias that can reduce the accuracy of prediction of genetic

values (Dussault and Boulding, 2018; Liu et al., 2016). An alternative is to breed families together, and to
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recover parental relationships using DNA (Whalen et al., 2019; Dodds et al., 2019). This is one of the most
important reasons to develop novel strategies to identify the parental information based on genomic data.

In several aquaculture species, conventional selective breeding approaches have resulted in
significant improvement in productivity, with genetic gains per generation ranging from 8 to 12%. In
addition, genetically improved species have shown remarkable vigor and high adaptation to a range of
culture conditions (Nguyen, 2016). The selective breeding programs were generally able to increase the
growth of 2.3 to 42% per generation, with an overall average of 12.7%. Atlantic salmon has the highest
average estimate of genetic gain for growth rate with 17.8% per generation, followed by channel catfish
(14.5%) and shrimp species (8.7%) (Gjedrem and Rye, 2016). These results suggest that the growth rate
can be doubled in only six generations of selection. For species like tilapia and white leg shrimp (P.
vannamei), this doubling can be obtained in less than 6 years, while for other species with long generation
interval such as grass carp and Atlantic salmon, it may take as long as 24 years to reach this milestone.
Doubling of the growth rate during six generations has been obtained for Atlantic salmon (Thodesen et al.,
1999) and Nile tilapia (Thodesen et al., 2012).

Moreover, selective breeding has been shown to be effective in improving animal health via the
development of more resistant genetic stocks (Suebsong et al., 2019). The improved disease resistance to
specific pathogens have been demonstrated in several studies with moderate to high genetic gains per
generation, for example increasing 18.4% for survival rate of Taura syndrome in white shrimp (Argue et
al., 2002), 18.7% for infectious pancreatic necrosis resistance in Atlantic salmon (Storset et al., 2007), and
9% for streptococcosis resistance in red tilapia (Sukhavachana et al., 2019). Moreover, selection for
adaptation to dietary environment is also of great interest in animal breeding so far (Callet et al., 2017; Le
Boucher et al., 2012; Yamamoto et al., 2016). In selection for adaptation to dietary shifts of rainbow trout
(Oncorhynchus mykiss), Le Boucher et al. (2012) demonstrated that survival rate, mean body weight and
biomass can be improved after a single generation of selection for ability to adapt to totally plant-based diet
(with selection pressure being 3.25%). Similarly, Callet et al. (2017) also succeeded in selecting this species
on their ability to grow with a diet completely devoid of fishmeal and fish oil after 3 generations of selection.
The final proportion of selected fish ranged from 3.9% (first generation) to 4.9% in third generation. On
amago salmon (Oncorhychus masou ishikawae), selective breeding for adaptation to a low fish-meal diet
presented positive results on growth performance of fish after only one generation of selection (Yamamoto
etal., 2014).
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In selective breeding programs, heritability is an extremely important parameter. It is the measure
of the relative proportion of genetic variance in the total variation of a specific trait (Gjedrem and Baranski,
2011; Ye et al., 2017). The “heritability in narrow sense” describes the proportion of total phenotypic
variation due to additive genetic factors, it is important in predicting how a trait will respond to selection.
A large number of factors can affect heritability estimates, such as genetic background, genetic variation,
sample size, culturing conditions and the number of generations of selection that the population has gone
through (Gjedrem, 2005; Visscher et al., 2008). Heritabilities have been estimated for a number of traits in
many aquaculture fish species, such as growth in the common carp (Cyprinus carpio L.) (Vandeputte et al.,
2004), Asian seabass (Lates calcarifer) (Domingos et al., 2013; Wang et al., 2008a), and resistance to
columnaris disease in the Atlantic salmon (Salmo salar) (Evenhuis et al., 2015). Heritability estimates
commonly range from 0.1 to 0.4 for economically important traits in aquatic animals (Gjedrem and

Baranski, 2011), with some examples in Table 2.

Table 2: Heritabilities for different traits in selected aquatic species

Species Trait Heritability References

Rainbow trout Body weight 0.21 Gjerde and Korsvoll (1999)
Rainbow trout Survival 0.16 Rye et al. (1990)

Barramundi Body weight 0.22 Domingos et al. (2013)
Atlantic salmon Body weight 0.35 Rye and Refstie (1995)

Rohu carp Body weight 0.23 Gjedrem and Baranski (2011)
Rohu carp Survival 0.16 Gjedrem and Baranski (2011)
Whiteleg shrimp Body weight 0.17 Gitterle et al. (2005)

Pacific oyster Body weight 0.16 Evans and Langdon (2006)

Selective breeding is also one of the methods that is used to improve the salinity tolerance of tilapias
(euryhaline fish) to withstand high salinity levels (Jaspe and Caipang, 2011). The results from a few pioneer
studies suggested that substantial additive genetic variance exists for growth rate and survival in saline
environments that can be exploited through selective breeding programs (Tayamen et al., 2010; Tran et al.,
2008). Cnaani and Hulata (2011) stated that the salinity tolerance of the fish is the overall fitness or
productivity of fish in a saline environment: a combination of quantitative traits including metabolism,
growth, osmoregulation, immunocompetence and fecundity, each of which influenced by multiple genes
underlying genetic variation. Salinity tolerance based on growth and survival has also been used in several
selection programs on tilapias (Cnaani and Hulata, 2011; Tayamen et al., 2010). The breeding program for

salinity tolerance of tilapia (Sukamadi) with four generations under high salinity environment resulted in
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strong selection on salinity-adaptive regulatory pathways (Xiaofei et al., 2021). In addition, molecular
studies of osmoregulatory properties of the gills, kidney, gut, and brain underlying phenotypic differences
in salt tolerance have produced a wealth of genomic knowledge that can be used in genetic studies of
interspecies variation for salinity tolerance. Genetic polymorphisms can be searched for cultured or natural
populations, once relevant genes are identified. Information of quantitative trait loci (QTL) associated with,
or genes directly involved in salinity tolerance may facilitate marker-assisted or gene-assisted selection for
this trait in fish (Cnaani and Hulata, 2011).

6. Selection program on striped catfish in Vietnam

In Vietnam, until now, the genetic selective breeding programs on striped catfish have been limited.
Only one selection program for growth of the species has been carried out in freshwater. This program, a
combined between and within family selection, was started at the Southern National Breeding Centre for
Freshwater Aquaculture, under the supervision of the Research Institute for Aquaculture No.2 in 2001
(Sang et al., 2012, 2010). The base population of this breeding program was made up from stocks collected
at three different hatcheries in the Mekong Delta, Vietnam. In the period 1999-2001, each stock was
collected from grow-out farms that reared wild fingerlings caught over several seasons and at various
locations in the Mekong River. In 2001, the base population animals were mated in single pairs within
hatchery to produce the 2001 year-class (G1 generation). These fish were not individually tagged, so the
parents of the G2 generation (year-class 2005) were selected amongst the heaviest G1 animals. In 2005, a
total of 206 G2 families were produced in May. At the average size and age of 45.9 g and 171 days,
respectively, an average of 75 individuals from each full-sib family were randomly sampled and marked
by Passive Integrated Transponder tags (PIT- tags, Sokymat, Switzerland). In total, 12,190 fish were tagged,
representing 162 families, from 95 sires and 97 dams. In G2 (year-class 2005) one also selected for fillet
yield, by combining individual information on body weight and family information for yield. Inclusion of
fillet yield as a second trait was motivated by the assumed high economic importance of this character. The
G3 families were produced in June and July 2008 with 156 full-sib families from 93 sires and 156 dams
(Sang et al., 2012, 2010).

By 2015, after three generations, moderate heritability estimates were obtained for body weight
(0.21-0.34) and fillet weight (0.19-0.22), while low heritability estimates were found for fillet yield (0.03—
0.05), intestinal fat (0.04), predicted fillet fat percentage (0.04) and fillet colour (0.04) (Sang et al., 2012,

2010). The selection program increased fillet weight and growth survival by 8.5% and 7.4%, respectively.
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Direct response to selection for high growth was 9.3% per generation. The improved strain of striped catfish

had 13.4% greater growth performance than their wild counterparts of the latest generation (Vu et al., 2019).

No selective breeding program to improve salinity tolerance has been carried out in saline condition
to our knowledge. However, many studies have investigated the effects of increased salinity on the growth
performance of striped catfish. In generally, this species is well tolerant to moderate increased salinity in
water (Huong and Quyen, 2012; Lam et al., 2011; Nguyen et al., 2014; Thao et al., 2013). Synthesized
results suggest a substantial additive genetic variance for salinity tolerance traits that could be further

exploited through a selection program.

7. Parentage assignment in aquaculture

In aquaculture, pedigree information is important in selective breeding programs and hatchery
management (Yue and Xia, 2014a). However, maintaining pedigree information in selective breeding
programs is one of the challenges in aquaculture (Liu et al., 2016). Obtaining pedigree information in
aquatic species is difficult and costly. The basic reason for this issue is that farmed aquatic animals are all
too small at hatching (from a few micrograms in mollusks and crustaceans to around 100 mg in salmonids
fishes) to be physically tagged (Vandeputte and Haffray, 2014). To solve this problem, a first solution is to
rear the fish by family in individual tanks until a size where tagging is possible. This was successfully
extended to major aquaculture species such as salmonids, tilapias, oyster, or shrimps (Gjedrem, 2012;
Krishna et al., 2011; Thodesen et al., 2012; Zak et al., 2014).

As already explained, a first disadvantage of this method is that it requires a large investment in
operational floor space and specially designated tanks and feeding systems. Another mentioned
disadvantage is that separate rearing of families create shared environmental effects that are confounded
with genetic effects (Dussault and Boulding, 2018). Moreover, the number of families is limited to the
number of used family rearing units. Therefore, mating designs are constrained to those where the number
of families produced is low for a given number of tested parents. A problem with designs such as single
pair mating (where each pair of parent is used for only one family), is that, unlike factorial designs, these
simple designs do not allow a proper separation of additive, maternal and dominance effects (Becker, 1968).
To address this issue, mixtures of equal-aged progeny from different families can be reared communally to
preclude the development of such family-specific environmental effects, and genetic markers can be used
subsequently to assign individuals to families after evaluation of individual performance (Doyle and

Herbinger, 1994). Thus, the impact of early common environmental effects is considerably decreased if
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genetic markers are used for parentage assignment when selecting individuals for early growth rate traits
(Herbinger et al., 1999; Norris et al., 2000). Fish can be mixed at any time, even as newly fertilized eggs.
If possible, it is even permissible to mix sperm (or eggs) from different fish before fertilization (Raul et al.,
2006). Parentage assignment using genetic markers combined with physical tagging provides a new way to
conceive breeding programs, which have to be optimized with their specific constraints. One of the most
important constraints is to properly define the number of individuals to genotype to limit costs, maximize
genetic gain while minimizing inbreeding (Vandeputte and Haffray, 2014).

The principle of molecular analysis for parentage assignment is based on the simple concept that
an offspring inherits one of two alleles at each locus from each of its parents. The comparison of genotypes
at DNA markers of progeny with those of potential parents allow to determine parentage (Herbinger et al.,
1995). From the 1990s, molecular parentage analyses have been used in reconstructing pedigrees in
aquaculture species (Yue and Xia, 2014b). Basically, exclusion and likelihood-based methods are two
major approaches for parental analysis (Harrison et al., 2013). The principle of exclusion is to check the
compatibility of offspring and parental genotypes with Mendelian inheritance, and it is the gold standard
of parentage assignment. One drawback of this method is its sensitivity to genotyping errors. However,
genotyping errors can be dealt with allowing a limited number of allelic mismatches between an offspring
and its parent alleles if error rates are moderate and theoretical assignment power is high (Vandeputte et
al., 2006). Exclusion programs used in aquaculture are PROBMAX (Danzmann, 1997), VITASSIGN
(Vandeputte et al., 2006), and FAP (Taggart, 2006).

Likelihood-based methods employ Mendel’s law quantitatively to calculate the likelihoods of
different candidate relations among a set of individuals and choose relations that have the maximum
likelihood as the best inference (Trong et al., 2013). Likelihood methods generally give higher assignment
rates than exclusion for low power marker sets, but sometimes give inconsistent results (Herlin et al., 2007).
However, the likelihood based methods were considered as one solution to handle genetic data with high
uncertainty (Kalinowski et al., 2007; Riester et al., 2009). Moreover, using sibship information in
calculations can greatly improve the efficiency of the likelihood methods (Wang and Santure, 2009).
Examples of likelihood programs used in aquaculture are CERVUS (Kalinowski et al., 2007), PAPA
(Duchesne et al., 2002), and PARENTE (Cercueil et al., 2002).

Mutations in the genome create genetic variability (or polymorphisms), which is reflected as allelic
diversity of molecular markers. Microsatellite markers are simple sequence repeats (SSRs) arranged in
tandem arrays scattered throughout the genome, both within known genes and in anonymous regions.
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Microsatellite are markers of choice for parentage assignment (Marklund et al., 2009; Vandeputte et al.,
2011) in aquaculture species due to their elevated polymorphic information content, codominant mode of
expression, Mendelian inheritance, abundance and broad distribution throughout the genome (Liu and
Cordes, 2004; Wright and Bentzen, 1994). Microsatellites have been used for the parentage assignment in
more than 20 aquaculture species, such as Atlantic salmon (Norris et al., 2000; Sourinejad et al., 2011),
Chinese shrimp (Dong et al., 2006), Asian seabass (Liu et al., 2012; Wang et al., 2008b), common carp
(Vandeputte et al., 2004), rainbow trout and turbot (Estoup et al., 1998), sea bream (Borrell et al., 2011),
and European seabass (Saillant et al., 2006). Tri- and tetra nucleotide microsatellites are relatively easy to
genotype and not prone to genotype errors due to less stuttering effects of these markers during PCR.
However, they are usually less abundant in genomes and less polymorphic in comparison to dinucleotide
microsatellite (Goldstein and Tterer, 1999).

Despite the success of using microsatellites, single nucleotide polymorphisms (SNPs) are becoming
increasingly popular in aguaculture research in parentage testing because they are highly abundant,
amenable for high throughout genotyping, easier to standardize among laboratories and have lower
genotyping error rates (Liu et al., 2016; Strucken et al., 2016). SNPs are single base pair mutations at any
given position of DNA. They are one of the most abundant type of the DNA sequence polymorphisms (or
variants) and are widely distributed along the genomes (Liu et al., 2011). In the population, SNPs can have
four alleles theoretically (i.e. A, C, G, T, corresponding to the four nucleotides of the DNA alphabet), but
they are regarded as bi-allelic as, most often, only two alleles are observed at a given SNP (i.e. typically A
and G, or C and T). SNPs have several advantages: they are very frequent (approximately 1 every 1000
base-pairs in many genomes, in average), co-dominantly inherited, sequence-tagged markers and highly
adaptable to large-scale automated genotyping (Dashrath et al., 2017; Ulloa et al., 2015). Regardless of the
fact that individual SNPs are less informative than microsatellites, they are better suited for modern
genotyping technologies which are rapidly making them the marker of choice for parentage testing
(Strucken et al., 2016). The information for parentage tests provided by 40 to 100 SNPs is approximately
equivalent to the information from 14-20 microsatellites on average (Fisher et al., 2009; Glaubitz et al.,
2003). According to the study of Lien et al. (2011) on Atlantic salmon, the power of 80 SNPs for parentage

analysis is higher than using 11 microsatellites.

The number of DNA markers needed to achieve acceptable levels of correct parentage assignment
depends on factors such as the level of polymorphism of the markers, locations of markers in the genome,
the number of parents and offspring, and the mating system (Vandeputte et al., 2011; Villanueva et al.,

2002). Empirical studies tend to suggest that the adequate number of SNPs for an efficient panel would
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number 100-450 (Lapégue et al., 2014; Nguyen et al., 2014; Sellars et al., 2014). In a study on rainbow
trout, parentage assignments matched perfectly with the known pedigree when 95 SNPs were used (Liu et
al., 2016). According to Anderson and Garza (2006), around 60-100 SNPs with high (0.3-0.5) minor allele
frequency are adequate for accurate large scale parentage assignment. The power of a set of markers for
parentage analysis is also related to their locations on a genome; linked markers usually show lower power
than unlinked markers. Therefore, it is better to select markers on different linkage groups to ensure high

power of the set of markers for parentage analysis (L. Hauser et al., 2011; Yue and Xia, 2014a).

8. Shallow whole genome sequencing for parentage assignment

Next-generation sequencing (NGS) is a new technology used to determine the order of nucleotides
in entire genomes or targeted regions of DNA or RNA automatically. This massively parallel sequencing
technology offers ultra-high throughput, scalability, and speed. NGS can sequence hundreds or thousands
of genes or even a whole genome in a short period of time. NGS has revolutionized the biological sciences,
allowing labs to perform a wide variety of applications and study biological systems at a level not previously
possible (Barzon et al., 2011; Qin, 2019). Deep whole genome sequencing (DWGS) refers to sequencing a
genomic region multiple times, sometimes hundreds or even thousands of times (Arora et al., 2019; Okada
et al., 2018). In short, the targeted DNA is split into small fragments that are subsequently sequenced in
parallel, allowing the generation of enormous amounts of sequence data at high speed. Using that approach,
almost any genomic piece of the targeted region (possibly a complete genome) gets sequenced multiple
times (the average number is called “the sequencing depth”, expressed as n X, where n is the average depth),
sometimes hundreds or even thousands of times, leading to the name of “deep sequencing” (Kulski, 2012;
Okada et al., 2018). However, DWGS at high coverage remains expensive (although the costs are
progressively decreasing) (Whalen et al., 2018), requires large amount of high quality input DNA and is
associated with large bioinformatics processing time, and the need to store and manipulate large datasets,

especially when thousands of individuals are analyzed.

Alternatively, shallow whole genome sequencing (SWGS) follows the same principle, but with a
much lower sequencing depth. The objective is to reduce the cost and computer load at the expense of a
lower coverage of the targeted region (Raman et al., 2019; Kader et al., 2016). With a new and high-
throughput technology, the SWGS can be used to achieve genome-wide genetic variation accurately and
cost-effectively with a broad range of species. Based on shotgun sequencing, SWGS can sequence a whole
genome at a very low coverage (most frequently between 0.4 x and 1 x). The SWGS is amenable to low
guantities of input DNA, processing is compatible with low-output instruments and sequence coverage can
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be adjusted flexibly according to the purpose of studies (Parker et al., 2019; Kader et al., 2016; Van Roy et
al., 2017). SWGS returns more data, greater statistical power, and new rare variant discovery capabilities
than traditional genotyping arrays and genotyping-by-sequencing method. The downstream analysis is
simplified by the use of freely available bioinformatics tools and data analysis packages written especially
for the analysis of SWGS data (Parker et al., 2019). SWGS can be used in genome-wide association studies
(GWAS), evolutionary analyses (Therkildsen and Palumbi, 2017), pharmacogenomics, molecular breeding.
In fact, the SWGS has been used in several studies on human, especially on cancer analyses (Beagan et al.,
2021; Chin et al., 2018). For example, in a study on the detection of copy number of alterations (somatic
changes to chromosome structure that result in gain or loss in copies of sections of DNA, and are prevalent
in many types of cancer), Van der Eecken et al. (2022) demonstrated that SWGS is more accurate than

fluorescence in situ hybridization method.

As the cost of sequencing declines, especially for SWGS, it becomes feasible to use this technology
to obtain genomic information for wide range of research and commercial applications (Li et al., 2019).
Genetic data generated from SNP array for parentage assignment have been implemented in several species
(Holman et al., 2017; Strucken et al., 2016; Tortereau et al., 2017). However, in aquaculture species, few
SNPs array have been developed so far (for Atlantic salmon, Channel catfish, rainbow trout) (Dashrath et
al., 2017; Palti et al., 2015; Holman et al., 2017). Therefore, in species for which a well-established
reference genome is not available, or a proper array has not been developed yet, SWGS data is a flexible
alternative to arrays. An attractive feature of using SWGS data is that it does not require up-front costs of
developing marker panels (such as SNP panels) and it does not necessitate dedicated equipment. It may
also be used without a reference genome sequence, although a draft reference genome is useful for sequence
alignment, identifying and ordering SNPs, and for quality control. Using sequence data for parentage
assignment was investigated in a few studies (Dodds et al., 2019, 2015; Whalen et al., 2019). In fact,
sequencing data may provide a cost-competitive option for parentage testing, especially if other genomic
information (such as breed assignment or population structure) is also sough and/or if no parentage marker

panel is available for the targeted species.

One of the drawbacks of sequence data is that it is possible to only observe one of the two alleles
of a heterozygous genotype in a scarcely covered region, leading to consider a heterozygous genotype as
homozygous. This is of course especially the case for SWGS data, where the low coverage could easily
lead to such ambiguous genotypes, or even to missing genotypes (Dodds et al., 2015). Because shallow-

depth sequencing data does not provide unambiguous genotype calls, the standard parentage analysis
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methods no longer apply. Despite a few approach developed for using sequence data in parentage

assignment, their performance, to our knowledge, is not well understood and necessitates further studies.
9. The role of epigenetic phenomena in the improvement of aquatic species

In theory, these traditional selective breeding methods assume that the influence of a given gene
on an animal’s phenotype are a functional consequence of the order in which its nucleotide bases are
arranged and genetic differences between individuals are due to differences in DNA sequence inherited in
a Mendelian manner (Moghadam et al., 2015; Senaldi and Smith-Raska, 2020). However, in recent years,
it has been reported from model organisms and from a few non-model species that additional genomic
modifications, generally referred to as “epigenetics”, can affect the phenotype, with some of these changes
being passed on to the next generation (Goddard and Whitelaw, 2014; Lacal and Ventura, 2018).
Epigenetics refers to molecular processes that result in the modification of the phenotype without a change
to the DNA sequence itself. Epigenetic factors are specific molecules that affect gene expression without
changing the DNA sequence (Jablonka and Lamb, 2006; Senaldi and Smith-Raska, 2020). Epigenetic
mechanisms (or epigenetic marks) include DNA methylation, histone modification and non-coding RNA
activity that can affect gene expression primarily through the local modification of chromatin. Unlike the
DNA sequence, the epigenetic marks can be triggered by environmental stimuli, and have therefore been
proven to be important mediators of phenotypic responses to environmental signals. They can persist
throughout life or across multiple generations (Moghadam et al., 2015; Weaver et al., 2004). For example,
in fish, exposure to toxins (tributyltin and triphenyltin) (Wang et al., 2009), freshwater environment
(Artemov et al., 2017), changing temperature (Campos et al., 2013), and chemicals (17-ethinylestradiol)
(Stromquvist et al., 2010) have all been associated with changes in DNA methylation and concomitant

changes in the phenotype.

Although epigenetics has attracted remarkable attention in crop science (Alvarez-Venegas and De-
la-Pefia, 2016; Ong-Abdullah et al., 2015) and, more recently in livestock (Goddard and Whitelaw, 2014;
Gonzalez-Recio et al., 2015), there is less knowledge on epigenetic mechanisms in farmed aquaculture
species. Recently, studies on salmonids, oysters, and mussels have provided the first evidence on epigenetic
mechanisms associated to commercially important traits (Gavery and Roberts, 2017; Moghadam et al.,
2015). There is some evidence in salmonids that changes in DNA methylation are related to variation in
life-history phenotypes including early male maturation (Moran and Pérez-Figueroa, 2011), anadromy
(Baerwald et al., 2016), smoltification (Moréan et al., 2013), and growth potential (Burgerhout et al., 2017).
In European seabass and rainbow trout, the role of epigenetics in mediating phenotypic responses to various
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aspects of the diet has been evaluated (Marandel et al., 2016; Panserat et al., 2017; Terova et al., 2016).
Moreover, several recent studies have focused on understanding the role of epigenetics in other important
phenomena in aquaculture including adaptation to captivity (Le Luyer et al., 2017) and sex control via
ploidy manipulation (Covelo-Soto et al., 2015; Jiang et al., 2016; Zhou et al., 2016).

Among epigenetic marks, DNA methylation is the most widely investigated epigenetic mechanism
(Moghadam et al., 2015). In mammals, DNA methylation plays a very important role in animal
development and is associated with several main processes, including chromosome inactivation, genomic
imprinting, transposable element repression and carcinogenesis (Meissner et al., 2008; Seisenberger et al.,
2013). DNA methylation refers to the process of the enzymatic addition of a methyl group to a cytosine
residue in DNA, which occurs almost exclusively at CpG dinucleotides (Gavery and Roberts, 2017).
Approximately 70-80% of such dinucleotides sites remain methylated in non-embryonic cells in mammals
(Tucker, 2009). DNA methylation is catalyzed by a family of DNA methyltrasferases (DNMTS), including
the maintenance of methyltransferase DNMTL1 (responsible for copying pre-existing DNA methylation
patterns to the new strand during mitosis) and the de novo methyltransferases DNMT3A/3B. Through
associations with other DNA-binding proteins or through the physical blocking of transcription factors,
DNA methylation is known to be repressive when located in genes promoters (Bell and Felsenfeld, 2000).
According to Jones (2012), when methylation affects the promoter regions, it is associated with gene
silencing, which is the most well-known function of the methylation process; however, when it involves
the transcribed regions, it increase transcriptional activity. In aquatic species, DNA methylation is present
in all species examined to date and is the most studied epigenetic mark of fish and shellfish, with both
having genes that encode the basic methylation machinery (Gavery and Roberts, 2017). In model fish
species such as zebrafish and medaka, patterns and functions of DNA methylation are increasingly
understood (Gavery and Roberts, 2017; Metzger and Schulte, 2016). Comparing to mammals, the global
DNA methylation levels in fish are remarkably higher, although the significance of this difference remains
unclear (Jabbari et al., 1997; Zhang et al., 2016). In oysters, the methylated fraction tends to consist of gene
bodies, while other genomic regions exhibit less methylation, especially in transposable elements (Feng et
al., 2010; Simmen et al., 1999; Zemach et al., 2010). In shellfish, DNA methylation does appear to be
associated with gene regulation. Similarly, there is a positive association between methylation status, both
in gene bodies and putative promoter regions, and expression in the Pacific oyster (Gavery and Roberts,
2013; Olson and Roberts, 2014). Riviere et al. (2017) also show that DNA methylation patterns are dynamic
across developmental stages of the Pacific oyster, and correlations between DNA methylation and gene

expression patterns suggest that DNA methylation plays a role in gene regulation during development.
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However, more research is needed to quantify the functional relationship between DNA methylation and
gene expression. Such research could have significant implications for improving resilience in aquatic

species, particularly if DNA methylation patterns are heritable.

Usually, most epigenetic marks are reprogrammed during the process of the production of the
gametes of the parents and the formation of a zygote (Santos et al., 2002). However, some epigenetic marks
are not erased and therefore inherited along with the DNA from the parents to offspring (Morgan et al.,
1999). According to Van Otterdijk and Michels (2016), maintenance and de novo methylation and active
and passive demethylation are crucial for embryonic development and epigenetic inheritance. After
fertilization, gametes are completely demethylated and are remethylated to erase all epigenetic marks that
an individual accumulated over his lifespan. However, this resetting process is hindered during early
development, perhaps accounting for transgenerational transmission of these epigenetic footprint. In
mammals, the meiotic transmission of DNA methylation patterns, thus the opportunity for transgenerational
epigenetic inheritance through DNA methylation, is rare, because individuals undergo extensive DNA
methylation reprogramming in the early embryo stage (Daxinger and Whitelaw, 2012). However,
transgenerational epigenetic inheritance is more common in plants, which do not exhibit extensive resetting
of DNA methylation between generations (Hauser et al., 2011). In fish, there was clear evidence of
transgenerational inheritance of environmentally-induced DNA methylation patterns, suggesting that at

least some part of the genome putatively escapes resetting between generations (Shao et al., 2014).

Considering that environmental factors can alter the epigenetic marks of animals’genome, that these
marks can have an impact on gene expression and on phenotypes of interest, and that such changes can be
inherited across generations, this phenomenon should be considered for exploitation in selection programs
(Goddard and Whitelaw, 2014). But caution is needed. For some traits, all offspring will inherit epigenetic
marks from their parents, so that some offspring groups that appear to have inherited superior additive
genetic variation (additive genetic variation causing permanent and accumulative effects on the phenotype
of subsequent generations), might actually have inherited temporary epigenetic marks that have a strong
influence on traits (Bjornsson et al., 2004; Moghadam et al., 2015). The influence of epigenetic factors will
depend on the structure of the population, the size of the epigenetic component relevant to additive genetic
component and on the persistence of the epigenetic marks. If the effects of epigenetics on traits are stable
over many generations, then we could consider them as part of the true additive genetic effect (Moghadam
et al., 2015). In striped catfish, several studies investigated the effects of environmental stimuli such as
salinity and temperature on biological factors as well as growth performance (Hieu et al., 2021; Nguyen et

al., 2021; Thao et al., 2013). However, no studies evaluated the reprogramming and the effects of external
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stimuli on epigenetic marks and on the DNA methylation process of striped catfish. Moreover, selection
programs based on growth rate in freshwater have proven an improvement of growth performance of striped
catfish in subsequent generations (Sang et al., 2012; Vu et al., 2019), but no study investigated the
possibility of intergenerational epigenetic inheritance and its importance in the improvement observed in
these selection programs. With the growing attention of the application of epigenetic knowledge for
improvement of the productivity and sustainability of aquaculture industry, the investigation on
epigenomics of striped catfish may facilitate greater understanding about the interactions between
phenotypes and environmental factors (e.g feeds, water quality, global warning, salinity intrusion), thus

increasing the sustainability and profitability of this species.

10. The role of high-quality reference genomes in aquaculture

A reference genome assembly can serve as a foundation for studies on genotypic and phenotypic
variation, on genome structure, on the evolution of the target organism and for breeding programs (Lischer
and Shimizu, 2017; Whibley et al., 2021). It has become hugely important for understanding the biology of
entire populations of a species in relation to key aspects such as its ability to adapt to its environment or its
economic value. Evaluation of the quality of a reference genome can be done with some parameters
including completeness, continuity, number of gaps, misassemblies, rates of base errors, fragment coverage
distribution, and low-quality regions. A high quality reference genome sequence can be used to facilitate
basic research, positional cloning, DNA marker discovery, genome wide association study (GWAS) and
genomic selection (GS), resolution of difficult regions and assessment of novel genetic variation (Yue and
Wang, 2017). Reference genomes provide a view of the architecture of the genome, including both genic
and intergenic regions. They include repetitive regions, some of which are challenging to assemble, such
as segmental duplications, centromeres and telomeres, satellites, and mobile elements. Moreover, using
reference genomes as guide is most useful for the identification of classical genetic variants, such as SNPs
and copy number variants (CNVs), as well as structural variants that are particularly difficult to detect in
fragmented and incomplete reference genomes alone, but are potentially important in adaptation to
environmental change (Mérot et al., 2020). The power of population genomics guided by reference genomes
to identify runs of homozygosity as a means to estimate inbreeding has also been reported, as well as to
reveal the dynamics and fate of deleterious variation in several species (Dussex et al., 2021; Kardos et al.,
2016). In addition, according to Flanagan et al. (2018), the use of reference genomes in population genomics
facilitates the identification of traits under natural selection that form the basis and architecture of local
adaptations. Reference genomes provide the functional and genomic contexts for regions influenced by

selection, thereby enabling association of such loci with phenotypes important to adaptation and resilience.
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In recent years, with the rapid advance of sequencing technologies and bioinformatics analysis of
large volumes of sequencing data, the development of whole genome sequencing in aquaculture is
happening very fast. Currently, the draft sequence of whole genomes of over 563 aquatic species have been
published, including more than 24 genomes of species with the highest production value (e.g Atlantic cod,
Pacific oyster, common carp, European seabass, Nile tilapia), and serve as reference genomes for
downstream studies on important issues related to aquaculture (Ronco et al., 2021; Houston et al., 2020;
Yue and Wang, 2017). These reference genomes have been used to identify a large number of SNPs and
microsatellites, which have been and are being in a broad context, including linkage mapping, QTL
mapping, GWAS, comparative genomics and functional analysis for economically important traits. For
example, in channel catfish (Ictalurus punctatus, Ictaluridae), a 250 K SNP microarray was developed. The
chip was used to conduct GWAS for columnaris disease resistance (Geng et al., 2015) and low oxygen
tolerance (Wang, 2016). In Atlantic salmon, 5650 SNPs covering the whole genome were used in GWAS
to identify SNPs related to fillet fat content and fillet firmness (Sodeland et al., 2013). In rainbow trout, to
identify DNA markers associated with fillet yield, a GWAS for fillet yield was conducted in the synthetic
population using a SNP array with 57 K SNPs (Gonzalez-Pena et al., 2016).

Stress tolerance is a critically important factor in aquaculture and increasing tolerance to stress is
one of the important breeding goals. Wang et al. (2012) sequenced the whole genome of the Pacific oyster
in combination with transcriptome analysis, and identified an extensive set of genes responding to
environmental stress. The European seabass, a temperate-zone euryhaline teleost and important aquatic
species, is subdivided into two naturally hybridizing lineages. One lineage lives in the north-eastern Atlantic
Ocean and the other the Mediterran and Black Sea. Comparative genome analysis revealed a high degree
of synteny with more derived teleosts and the expansion of gene families, which were specifically
associated with ion and water regulation. This finding highlights the adaptation to salinity variation (Tine
et al., 2014). Selection, including natural selection in the wild and selective breeding for genetic
improvement in farmed aquatic species, leaves signatures within the genome of a given species. In
aquaculture, identifying these signatures is of importance in finding genes that facilitate the acceleration of
genetic improvement. In a study on tilapia, sequencing the genome of 47 individuals resulted in a total of
1.43 million high quality SNPs and over a hundred putative selective sweep regions in each line of tilapia
were identified. Most detected selection signatures were located in non-coding regions of the tilapia
genome. Moreover, integrin signaling pathway and the Whnt signaling, gonadotropin-releasing hormone

receptors were under positive selection in all genetically improved farm tilapia line. In tilapia aquaculture,
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the genome-wide map of genetic variation and selection footprints are important for genetic studies and for
accelerating genetic improvement (Hong Xia et al., 2015).

The DNA sequence of the full genome is used to detect causative genes in the QTL for important
traits in aquaculture species. With the availability of reference genomes, DNA sequences covering
significant QTL for important traits can be easily identified by blasting DNA sequences of marker flanking
the QTL against the reference genome (Yue and Wang, 2017). Although growth is one of the economically
important traits in aquaculture, the molecular mechanisms underlying growth are nevertheless not yet fully
understood. Liu et al. (2014), used a GWAS to analysis growth in tilapia. They identified significant QTLsS
for growth traits on several chromosomal regions. Using the reference genome, the GHR2 gene was
identified as important, affecting the difference in growth among tilapia species. Comparative analysis of
genome sequence in combination with RNA-seq between carnivorous and herbivorous fish species may
detect genes, pathways and gene networks related to dietary preference. Discovering these genes could
contribute to the development of strategies to replace fish meals and oils with plant-based proteins and oils.
Likewise, using comparative genomics and transcriptomics between species (e.g Nile and Mozambique
tilapia) may identify genes, pathways and gene networks related to adaptation to different environment,
which is potentially useful to obtain a novel strain adapted to diverse environment (Wang et al., 2009; Yue
and Wang, 2017). Using reference genomes, the aquaculture industry will be able to develop improved
broodstock sources using MAS and GS, and bring better varieties to farmers faster than with the

conventional selective breeding methods.

However, in comparison to terrestrial livestock, genomic resources in aquaculture generally lag far
behind, in particular for sequencing and the assembly of reference genomes; most published genomes of
aquaculture species are still in a draft state (Houston et al., 2020; Yue and Wang, 2017). Several
economically important aquaculture species remain without a publicly available high-quality reference
genome and have limited genomic resources. The first reason may be attributed to fewer funding
opportunities for aquaculture species. The second issue may reflect partly the traditionally challenging
nature of genome assembly in non-mammalian and non-avian species, particularly for aquatic species with
complex genomic features. These include the widespread presence of duplicated loci due to genome
duplications of aquatic species, for instance, in salmonids (Lien et al., 2016), common carp (Xu et al., 2014),
and sturgeons (Ludwig et al., 2001), and the exceptionally high heterozygosity observed, for example, in
Pacific white shrimp (Zhang et al., 2019) and bivalves (Hollenbeck and Johnston, 2018; Plough, 2016).
These issues seriously hinder assembly algorithms using short-read sequence data. As a result, many

genome assemblies are very fragmented. Ironically, these genome regions can underlie adaptive capacity
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and phenotypic plasticity in production environment, and might contribute to genetic regulation of

production-relevant traits (Lien et al., 2016; Macqueen et al., 2017).

Therefore, in the future, research on whole genome sequencing in aquaculture should focus on
improved reference genomes by filling in the gaps and correcting errors in the genome assembly, and
improving functional annotation of these genomes. With the current advances in sequencing technologies,
including long range sequencing and high-throughput chromatin conformation capture approaches,
mapping technologies, and sequence assembly algorithms are expected to improve the available reference
genomes of aquaculture species more effectively (Houston et al., 2020; Yue and Wang, 2017). The updated
reference genomes will offer a necessary tool for addressing important issues related to sustainable and

profitable aquaculture.
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1.General objectives

Global change, and particularly climate change, is a real and growing challenge worldwide.
Vietnam, more specifically the Mekong Delta, is a region likely to be significantly affected by climate
change, especially by saline intrusion from the sea water. Given the importance of striped catfish to the
prosperity of the Mekong Delta region, and predictions of increasing saline intrusion into the region,
feasible solutions have to be considered. Among the solutions, selecting a new strain of striped catfish with
higher salinity tolerance is a promising approach. Although there is no published data available
demonstrating that salinity tolerance could be increased by selection on striped catfish, differential growth
and survival rates observed when fish were exposed to similar levels of salinity (Huong and Quyen, 2012;
Nguyen et al., 2014) suggest the presence of genetic components involved in salinity tolerance traits. If
confirmed, these traits could be further improved through a selection program. Therefore, the general
objective of my project was to conduct and provide complementary scientific support to a selection program
to develop a saline tolerant strain of striped catfish for brackish water environments based on the present

freshwater population living in the Mekong Delta, Vietnam.
2.Specific objectives

1) The first objective was to develop a new algorithm for parentage assignment using shallow
whole genome sequencing data. This new approach was tested on simulated and empirical
data. From the method developed in this study will be a precious tool for the process of
selective breeding program for salinity tolerance of striped catfish.

2) The second objective was to implement a selection program targeting fish displaying
improved tolerance to salinity. After selection, several studies were carried out to evaluate
the effectiveness of selection in a next generation. Important genetic parameters such as
heritability and response to selection of growth under saline condition were estimated.

3) The third objective was to construct a high-quality reference genome for striped catfish.
This work was done by combining HiFi long reads and Hi-C data. The quality of the new
version of striped catfish genome was evaluated by several approaches including
comparison with a previous draft.

4) The last objective was to uncover the DNA reprogramming in striped catfish during early

development through modifications in the DNA methylation patterns, as well as the effects
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of salinity and salinity tolerance-based selection program on genes involved in DNA

methylation.

Overall objective Specific objectives

3) A high-
quality reference
genome

Deyeloping a ' 1) A new method
saline tolerant 2) Selection for parentage

strain of striped program assignment
catfish

4) Epigenetics

Figure 1. An overview scheme of the four studies in the current project
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Preamble

Accurate parentage assignment is essential for the implementation of selective breeding strategies
as well as for the estimation of genetic parameters and breeding values in aquaculture, allowing the
reconstruction of pedigree information from mixed families, the control of inbreeding and, more generally,
of the genetic diversity. Previous studies on parentage assignment have focused on using genetic data
generated from microsatellite markers and more recently from SNP arrays. However, in aquaculture
species, few SNP arrays have been developed so far. Therefore, in species for which a well-established
reference genome is not available, or a proper array has not been developed yet (as is, the case for striped
catfish), applying traditional approach for parentage assignment is a challenge. For this reason, in this study,
we have developed a new parentage assignment algorithm based on a likelihood approach to identify the
most suitable (i.e. likely) set of parents for each offspring using shallow whole genome sequencing data. In
order to test the algorithm, we have simulated data and used the likelihood approach to reconstruct the

families.
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Abstract

Pedigree information is important in estimating genetic parameters in selective programs and
hatchery management of aquaculture. In this study, we evaluated the use of shallow full genome sequencing
(SWGS) data to analyze parentage assignment instead of deep sequencing data or SNP arrays. The use of
SWGS data raises two challenges. First, confirmed genotypes are not available for low-coverage (e.g., <
2X). Second, read errors are common in next generation sequencing and more harmful when few reads per
marker are available. To address these issues, we have extended a parentage assignment algorithm based
on a likelihood approach allowing identification of the most suitable (i.e. likely) pair of relatives for each
tested offspring. It also allows to test whether the identified individuals are the parents, relatives, or
unrelated individuals. In order to test the algorithm, we have simulated data and used the approach to
reconstruct families. The results show that near-perfect assignment can be obtained even for very low
coverages if a sufficiently large set of markers is used. A full factorial design involving 60 parents (30
males and 30 females) of striped catfish (Pangasianodon hypophthalmus) provides a proof of concept in a
realistic situation, with significant attributions of the parents in most cases. Our results show that using
SWGS data enables the generation of highly accurate pedigree information using an appropriate algorithm.
We make the algorithm available in a standalone program (called Shallowped), with a companion script

(the generation of simulation data) and a manual.

Keywords: deep full genome sequencing, parentage assignment, shallow full genome sequencing,

striped catfish

55



Chapter 3: Parentage assignment using shallow whole genome sequencing data

1.Introduction

Accurate parentage assignment is important in many applications, including ecological and
evolutionary studies (Kruuk & Hill, 2008). It is also essential for the implementation of selective breeding
strategies as well as for the estimation of genetic parameters and breeding values in domestic species.
Additionally, in species where parentage relationships are not directly observed, parental assignment
procedures allow the reconstruction of pedigree information from mixed families (Hai et al., 2022), the
control of inbreeding (Holman, Garcia, Onoufriou, Hillestad, & Johnston, 2017) and, more generally, of
the genetic diversity (Coetzer et al., 2017). Examples of such cases are aquaculture species, insects and
wild animals: either the size of the offspring at birth, the non-observation of the mating or both prevent a
reliable assignment of the parents. Two computational strategies are commonly used for parentage
assignment, namely, exclusion-based methods and likelihood-based methods. In short, exclusion-based
methods use Mendel’s rules to exclude parent-offspring couples for example when the two individuals carry
different homozygous genotypes at some loci. Likelihood-based methods provide a solution to deal with
genetic data with high uncertainty and can include strategies for determining confidence in the parentage
assignments (Jones, Small, Paczolt, & Ratterman, 2010; Vandeputte & Haffray, 2014). This family of
methods employs Mendel’s rules quantitatively to calculate the likelihoods of different candidate relations
among a set of individuals and choose relations that have the maximum likelihood as the best inference
(Wang, 2012).

Genomic information comes from genetic markers. Any DNA polymorphism can serve as a genetic
marker. For example, single nucleotide polymorphisms (SNPs) are single base pair mutations at any given
position of DNA. They are the most abundant DNA sequence polymorphisms (or variants) and are widely
distributed along the genomes (Liu et al., 2011). SNPs have several advantages: they are very frequent
(approximately 1 every 1000 base-pairs in many genomes, on average), co-dominantly inherited, sequence-
tagged markers and highly adaptable to large-scale automated genotyping. According to Anderson and
Garza (2006), genotyping around 60 -100 SNPs with high (0.3 - 0.5) minor allele frequency (MAF) is
sufficient for accurate parentage assignment.

In recent years, DNA sequencing has become extensively used to deliver genomic information (Lee
et al., 2013). Deep whole (or full) genome sequencing (DWGS) refers to techniques of DNA sequencing
directly from DNA fragments without the need for cloning in vectors. Using that approach, targeted regions
(possibly a complete genome) are sequenced multiple times (the average number is called “the sequencing
depth”, expressed as nX, where n is the average depth), sometimes hundreds or even thousands of times,

leading to the name of “deep sequencing” (Kulski, 2012; Okada et al., 2018). However, DWGS at high
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coverage remains expensive (although progressively more affordable) (Whalen et al., 2018), requires a
large amount of high quality input DNA. It is associated with large bioinformatics processing time, and the
need to store and manipulate large datasets, especially when thousands of individuals are analyzed.
Alternatively, shallow whole (or full) genome sequencing (SWGS) follows the same principle, but with a
much lower sequencing depth, commonly below 1X. The objective is to reduce the cost and the computer
load at the expense of a lower coverage of the targeted region (Kader et al., 2016; Raman et al., 2019).
SWGS is amenable to low quantities of input DNA, processing is compatible with low-output instruments,
and sequence coverage can be adjusted flexibly according to the purpose of studies (Kader et al., 2016;
Parker et al., 2019; Van Roy et al., 2017).

Using genetic data generated from a SNP array for parentage assignment has been implemented on
many species (e.g. Holman et al., 2017; Strucken et al., 2016; Tortereau, Moreno, Tosser-Klopp, Servin, &
Raoul, 2017). However, in species for which a well-established reference genome is not available, or a
proper array has not been developed yet, SWGS data is a flexible alternative to arrays (Pasaniuc et al, 2012).
In addition, sequencing is nowadays available in many laboratories while SNP arrays require specialized
equipment, longer development times and are species-specific. Since sequencing costs are continuously
decreasing (SWGS was estimated to be less than half the price of using a tailored 5K SNP array in our
experiment (lllumina, personal communication)), all these factors make genotyping by sequencing a
competitive approach. The biggest challenge in using SWGS data is the potentially high uncertainty in the
true genotype of an individual: while SNP arrays produce called genotypes, SWGS only generates read
counts for the reference and alternative alleles. Calling the genotypes from the read counts is easy when
sequence data coverage is high. However, with low sequencing depth used in SWGS data, few reads (often
0, 1 or 2, rarely more) are available at any given locus for each individual. Consequently, only a probabilistic
distribution of the genotypes can be obtained, which does not provide unambiguous genotypes calls
(Nielsen et al, 2011). For this reason, discriminating between heterozygous and homozygous loci is also
particularity challenging (heterozygous individuals are sometime called homozygous). This issue makes
parentage assignment more difficult because many parentage assignment algorithms depend on finding
opposing homozygous loci to filter out putative parents (Meagher & Thompson, 1986; Whalen et al., 2019).
In these situations, the genotypes have to be inferred probabilistically based on the observed reads, and
likelihood-based methods become very helpful (Boichard et al., 2014).

In this study, we evaluated the use of SWGS data to perform and test parentage assignment using
simulated and empirical data from an aquaculture species, striped catfish Pangansianodon hypophthalmus
(Sauvage, 1878); Pangasiidae; Siluriformes). To perform parentage assignment, we modified and extended

an algorithm able to extract information from such data. This algorithm is based on a likelihood approach
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to identify, for each tested individual, the most related male and female within a set of potential relatives
and infer the corresponding relationships. This method extends the approach of Whalen et al (2019) and
differs from the method of Dodds et al (2019), two studies that also performed parentage assignment using
genotyping-by-sequencing (GBS) data. In the study of Whalen et al (2019), likelihood-based methods were
developed for relationship classification (including parentage). Our method extends this approach: we
introduce a new algorithm to infer allelic frequencies and we develop a hypothesis testing rationale for
assessing the identified relationships significance. In the case of Dodds et al (2019), assigning parentage
was based on relatedness estimates and expected mismatch rates. In many previous GBS analyses, data
were generated using deep sequencing at the same set of loci determined by restriction enzymes across all
samples (Andrews, Good, Miller, Luikart, & Hohenlohe, 2016; Baird et al., 2008; Elshire et al., 2011) with
approximately only 1.2% of the genome sequenced (Dodds et al., 2015). To generalize the approach, we
have assumed in our study that random loci had been sequenced across the genome with very low sequence
depth to obtain the SWGS data (Kader et al., 2016; Parker et al., 2019; Van Roy et al., 2017). Although
targeting SWGS data, our algorithm is of course able to use DWGS data as well. In short, our algorithm
allows obtaining genotype probabilities distributions based on the observed reads in situations where sets
of relatives and offspring are available, as is the case, for example, in selection experiments. Based on these
distributions, the algorithm calculates the posterior probability of a set of potential relationships for each
offspring and keeps the couple with the highest posterior probability as the most related individuals. In an
additional step, we propose to test various hypotheses on the exact relationship between the offspring and
the “best” couple. This approach can be used for parentage assignment, but also allows investigating other
relationships. It also provides a quantitative assessment of the validity of the estimated relationships using
classical p-values. In the next section, we develop the mathematical expression of the likelihood. A
computer program - named Shallowped - implementing the approach has been written and is freely

available.

2. Materials and methods

2.1 Relationship assignment method

We assume that SWGS data on one (or several) offspring and on Ny males and Nr females (adult
animals, or breeders in a selection experiment for example) is available. For each offspring, we aim at
finding the most related male and female within this set of potential relatives. In the following description
of the method, we consider that SWGS data consists of the number of reads for each allele of each used
marker for each individual. Since we are focusing on shallow sequencing, these numbers of reads will

generally be very small (for low coverages, they are very often equal to 0). Although we could easily extend
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the approach to markers with more alleles, we will consider biallelic markers (such as SNPs or InDels) in
the description, because these markers are the most abundant in the genome and allow for expanding the
number of used markers as much as needed. In addition to obtaining the most related individuals within the
proposed set of relatives, we will obtain an assessment of the nature of these relations. The next section
describes a likelihood approach that allows reaching these goals. Applications of the method on simulated
and empirical data are described next.

2.1.1 Likelihood approach

Our approach is similar to the approach developed in Whalen's (2018) paper, but with differences
and extensions that we will detail. We use the following notation:

d;(s) is the available genomic information of individual i for marker s. With (shallow) sequencing

data, d;(s) is the number of reads for all alleles of marker s. d; is the complete genomic information

for individual i (i.e. d; = [d;(1),d;(2), ..., d;(M)] where M is the number of markers).

— gi(s) is the (unknown) genotype of individual i for marker s and g; = [g;(1), g;(2), ..., gi(M)] is
the complete (unknown) genotype of individual i.

— R(o,m, f) represents a relationship between an offspring o, a male m and a female f. Although
many relations are possible, we have limited the number of relations to few possibilities, similarly
to Whalen (2018). In this study, the tested male (female) is either the father FAT (mother MOT),
the paternal grandfather PGF (maternal grandmother MGM), a full-sib of the father FSF (mother
FSM), a half-sib of the father HSF (mother HSM), or unrelated to the father UNF (mother UNM).
We could extend the approach proposed below to other relationships if needed but, for parental
assignment, these five relationships should be sufficient in most cases. Note also that, although 25
combinations of these relationships are possible, we have limited the development (and the
computations) to the combinations where at least one of the tested male or female is the father or

mother. We will thus work with the following combinations:

R = [(MOT|FAT), (MGM|FAT), (FSM|FAT), (HSM|FAT), (UNM|FAT),
(FAT|MOT), (PGF|MOT), (FSFIMOT), (HSF|MOT), (UNF|MOT)]

For example, R = (FAT|MOT) means that we are assuming that the tested male is the father, given

that the tested female is the mother.

We will make the reasoning for the 5 relationships which assume that the tested female is actually

the mother (the relationships with MOT in R), but the reasoning is identical mutatis mutandis for the
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situations assuming that the tested male is actually the father (the relationships with FAT). Since we want
to identify the best relationship for a trio using genomic information, we want to maximize the posterior

probability of a relationship given the genomic information of the trio:

ml_?xp(Rldo, d,, df)

Using Bayes’ theorem, we write this probability as:

p(R)

Rd,d ,d = d,d ,d R T 4 a9
P(Rldo, dm, ds) = p(do, dm, dy| )*p(do,dm,df)

We “demarginalize” the denominator to obtain:

P(do,dn,dy) = > p(do,dpn,dy,R) = > p(do,dyn,dfIR) + p(R)

R R

The posterior probability of the relationship is thus:

p(do: A dflR) *p(R)
2R p(do' dm dflR) *p(R)

p(Rldo' dm, df) =

In the absence of other information, we could consider the prior probability of the relationships as

uniform, making the posterior probability equal to:

p(do' dm' dflR)
ZR p(do' dm' dflR)

p(Rldo: dp, df) =

We next need to derive the conditional probabilities p(do,dm, dflR) for the various tested

relationships. We start with Rgsryor = (FAT|MOT).

As mentioned earlier, we do not know the exact genotypes of the individuals: we only know
sequencing information. Consequently, these genotypes (g,, gm, g5) have to be inferred probabilistically.

We use the same trick as above to obtain:

P(do, A, dylRearmior) = O Y > p(dosdn,dy, G0, Gim 971R)

dm 9f Yo
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We can easily condition the genomic data on the genotypes:

P(do' dpn, dflRFATMOT) = Z Z Z P(do» A dflRFATMOT'gorgmv gf) * p(go'gm' gflRFATMOT)
Im 9f Yo

We simplify the first factor, because the genomic data from one individual only depends on this

individual’s genotype, and are conditionally independent of each other and of the assumed relationship:

p(do' dp, df|RFATM0Tvgovgmv gf) = p(dolgo) * p(dmlgm) * p(dflgf)

The second factor can also be rewritten:

p(gmgm' gflRFATMOT) = p(go|RFATMOT'gm' gf) * P(Qm' gf)
= p(go|Rrarmor 9m 95) * P(gm) * P(9y)

The last equality is true if we assume that these two parents are not related.

The probabilities p(g,,|RFATMOT, Im gf) are easy to compute using Mendel’s rules, since we

assume that m and f are o’s parents (Table 1A).

We can thus rewrite the posterior probability as follows:
P(do' dp, dflRFATMOT)

= > 1 p(dnlgm) * plgm)

Im

* Z p(dyslgr) * p(gy) * Z{P(dolgo) *D(Go|Rrarmor, 9m 95)}

gr Yo

If we write F(gm) = ng{P(df|gf) * P(gf) * Zgo{p(dolgo) * p(golRFATMOTrgm' gf)}}i the

posterior probability becomes:

p(do,dm, dylReariior) = ) (P (dmlgm) * D(gm) * F(gm)}
Im
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To simplify the computations, we will compute these probabilities assuming that the markers are
independent, which is only approximately true when large number of markers are considered, due to
physical linkage between the markers (Whalen, 2018). Accordingly, the final probability will be the product
over all markers of the single marker probabilities. We will therefore make the derivation for one marker s,

and we will omit the reference to the marker in most of the following equations to lighten the writing.

To evaluate this probability, we still need to compute probabilities p(d|g) and p(g). We start with
the first one. For each marker s, d(s) only depends on g(s). If we assume a biallelic marker (such as a
SNP), d(s) = [n4(s),ng(s)], where n,(s) stands for the number of reads bearing the A allele and ng(s)
stands for the number of reads bearing the B allele. We will assume that each allele is equally likely to be
transmitted to an offspring. In addition, we postulate that each allele will be sequenced correctly with a
probability (1 — ) and incorrectly (A allele read as a B allele, or B allele read as a A allele) with a
probability &, where ¢ represents a (assumed constant across all markers) sequencing error rate. We can use

a binomial distribution to obtain the needed conditional probabilities (Van Raden, 2015):

p(ny,nglg = AA) = CS:MB *(1—e)taxehe
p(ny,nglg = AB) = C,?:JrnB * 0.5M4t"B

p(ny,nglg = BB) = CS:MB *(1—¢g)"Bxeha

Finally, we have to evaluate prior genotypes probabilities p(g). If we assume that the parental
population is in Hardy-Weinberg equilibrium, we can obtain these probabilities based on the allelic
frequencies f, and fz = 1 — f,. When the genotypes are available for the parents, these frequencies can be
obtained by counting the number of alleles. Unfortunately, with shallow sequencing data, we don’t have
the full information, and an alternative solution might be necessary. An idea is the following: for each

marker, we would like to compute f, as:

Yroip(gp = AA|dy) * 2+ p(g, = AB|d,,) * 1]
2N

fa =
where the sum is over all N parents. We can again use:

p(g9) _ p(dlg) *p(g)
p(d) Xgr(dlg)*p(g)

p(gld) = p(dlg) *
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Replacing the conditional probabilities in the denominator by these expressions and using the
p(d|g) derived above, we note that f, depends on p(g), and p(g) depends on f,. This suggests an iterative

procedure, where new values of f, are computed using previous values of f;:
£ = p(g) = p(gld) - £,

We start with a random initial value for fA(O) (for example 0.5) and iterate the process until

A(i“) - A(i) < 1, where t is a small value (for example, T = 0.001).

This completes the computation of the probabilities for Rpgryor = (FAT|MOT).

The next relationship probability to compute is for Rpgryor = (PGF|MOT) (i.e. assuming that
d,, corresponds to sequencing data from o’s paternal grandfather and d corresponds to sequencing data
from o’s mother). The derivation is similar to the previous one, except that we need to include a summation

over the possible father’s genotypes gsq;:

P(do» dm, dflRPGFMOT) = Z Z Z Z P(do» dm, df' go'gm'gf'gfathPGFMOT)

9Im Gfat 9f Yo

This leads to:

p(do, dm, df|Rpgrmor) = Z p(dmlgm) * p(gm) * Z{p(gfatlgm) *F(9rar)}
Im dfat

Since m is the paternal grandfather, probabilities p(gfatl 9m) can be derived easily (Table 1B).

For the next probability, the relationship is Rgspyor = (FSF|MOT). To obtain the corresponding

probability, we have to sum over the paternal grandparents genotypes gy, and g, g, and obtain:
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p(do, dm, df|Resemor)

= Z p(9pgr)

Ipgf
* Z p(gpgm) * Z{p(gmlgpgfrgpgm) * p(dmlgm)}
Ipgm Im

| D (950l gvar: Gnom) * F(grac)}
dfat

For Ryspmor = (HSF|MOT), the probability is:

p(do, dm, ds |Rysemor)

- 2 p(gpgf) * Z{P(9m|gpgf) * p(dmlgm)}

Ipgf

o\ D 0(95algper) * Flgrar)}

Ifat

Finally, for the relationship Rynyr = (UNF|MOT) where the tested male is not related to the real
father, we obtain:

p(do'dm' dflRUNFMOT) = E{P(gm) *p(dplgm)} | * Z{p(gfat) * F(gfat)}
dm Im

Using the five conditional probabilities derived so far, we can now obtain posterior probabilities
for each of the assumed relationships. For example, the posterior probability that the tested male is the

father, assuming that the tested female is the mother, is:

p(RFATMOT|D(S) = [do(s), dm(s), df(s)])

_ p(D(s)|Rparmor)
p(D(S)|Rparmor) + (D(S)|IRpgrmor) + P(D(8)|Rrsemor) + (D (S)|Rusemor) + (D (S)|Rynrmor)
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Considering all markers, we can calculate:

p(RFATMOT |D [do' dm, df])

_ [Isp(D(s)|Rrarmor)
[Is p(D(S)|Rrarmor) + [Is (D (S)|Rpgrmor) + s (D (8)|REspmor) + [1s (D (8)|Rusemor) + [1s (D (S)|Rynrmor)

Alternatively, although the meaning of this expression is slightly different from the meaning of the
previous one, we could compute the probability as a geometric mean over the markers to ease the

computations:

M
P(RFATMOTlD = [do'dm' df]) = np(RFATMOT|D = [do(s),dm(s),df(s)])

s=1

Using logarithms of this expression leads to the following formula, easier to compute when the

number of markers gets large (potentially leading to underflows in the first formula):

Py log[p(RFATMOT|D = [do(S)'dm(S)'df(S)])]
M

log [P(RFATM0T|D = [dm dm, df])] =

After scanning all the males from the potential male parents set and computing the corresponding

probabilities, we can identify the most likely father (we could also test other relationships) as the one with
the highest posterior probability p(Rrarmor|D = [do, dm, dy]). A similar procedure for the females leads

to the most likely couple.
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Table 1: Probabilities of the offspring genotypes given both parents (f, m) genotypes (A) or one
parent (p) genotype (B).

(A) (B)
P(G, = AA|Gy, Gy,) Gy P(G,|G,) G,
AA  AB BB AA AB BB
Gnm  AA 1.00 050 0.00| G, AA | f, 05xf;, O
AB 0.50 0.25 0.00
BB 0.00 0.00 0.00 AB | fz 05 fy
P(G, = AB|Gy,Gp,) Gr
AA  AB BB BB |0 05+fz fp
Gn  AA 0.00 050 1.00
AB 0.50 0.50 0.50
BB 1.00 0.50 0.00
P(G, = BB|Gy, Gyy) Gy
AA  AB BB
Gnm  AA 0.00 0.00 0.00
AB 0.00 0.25 0.50
BB 0.00 0.50 1.00

2.1.2 Significance testing

Obtaining the most likely couple of relatives for a given offspring does not tell much about the
exact relationships between these individuals. We have therefore developed strategies to test various

hypotheses about the exact relationships with the following rationale.

Assume we want to know whether the best (most likely) male is the father, given that the mother
has been correctly identified (as in the previous paragraph, we could easily extend the approach to other

possibilities for the female). We start by deriving the father’s genotype distribution:
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p(gmldo' df' RFATMOT) = z Z P(gf' Im>Goldo, dim, RFATMOT)
grf Yo

_ P(gf’ Imr Yo, RFATMOT)
= ng;p(do' dm|gf: Im> govRFATMOT) * p(dy, d)

Using the same derivation as above, we obtain the following expression:
P(9m|do: dg, RFATMOT) = C*p(gm) * F(gm)

where C =

is a constant, common to all genotypes. For example:
p(do,dm)

p(gm = AA) * F(gm = AA)
29 P(Gm) * F(gm)

P(gm = AA|do: deRFATMOT) =

Using this result, we can sample from this distribution to obtain a father’s genotype g, use this

genotype to simulate reads d,,, with a coverage similar to the putative father, and use these genomic data

to compute p(Rrarmor|D = [do, dm, dy]). Repeating this random sampling a large number of times will

generate a distribution of these posterior probabilities. We name this distribution pg4ryor. Comparing the

real posterior probability to this distribution provides a p-value, allowing a test of the null hypothesis that

the best male is actually the father, assuming that the best female is the mother.

Other hypotheses on the best male can be tested similarly: we need to obtain the corresponding

probabilities for the male genotype assuming the tested relationships, and use the same procedure as above.

Since the derivation of these conditional genotypes probabilities is similar to the previous, we only

give the results:

p(9m|dos dr. Rogruor) = C+p(gm) * D (p(97atldnar) * F(97ar)}
Yfat
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p(gm|do' df: RFSFMOT)
=C

* z p(9pgr)

Ipgf

« > 0 Gngm) * P(Gml9nr gpgm) * ) {P(97atlIpar: Gpgm) * F(97at))

Ipgm Ifat

P(gmdor . Rusror) = C+ Y~ 30(apar) * p(Gmlgnr) * D (p(Grarldpar) * F(97ar)}
Ipgf Ifat

p(gm|dm dy, RUNFMOT) =p(gm)
2.2 Simulations
2.2.1 Accuracy, power and false positive rate

We have used simulated data to evaluate the accuracy and significance of the relationships
assignments, and to compare the results provided by the program AlphaAssign, implementing the approach
of Whalen (2018), to our results. Since both approaches are similar except for the significance assessment,
we restricted our simulations to situations where coverages allow for a comparison of the two approaches:
for high coverages, both methods lead to similar correct results with high power, and for very low
coverages, the power is very low and the differences become very small. Consequently, we used coverages
of 1 and 0.2 for the parents and the offspring, respectively, and we used pedigree with 30 males, 30 females
and 100 offspring in each configuration. Since we did not observe significant effects when changing the
sequencing error rate from 1% to 5% (data not shown), we used the default 1% sequencing error rate in all

simulations. We have simulated several situations:

e Parents were both present in the putative parents list (noted F_M).

e The father was absent from the list, while the mother was present (f_M).

e The father and a full-sib of the father were present in the list, while the mother was present
(FSF_F_M).
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e The father was absent from the list while a full-sib of the father and the mother were present
(FSF_f_M).

e The last three scenarios, but with the mother absent (f_m, FSF_F_m, FSF_f_m).

In a first set of simulations, we varied the number of markers from low (200) to average (1000) and
to high (5000), and we generated the markers genotypes independently (i.e. assuming no linkage between
the markers), which might be overoptimistic in real situations when the number of markers becomes large
(i.e. 1000 and 5000 markers). Therefore, we also simulated situations with linked markers to see the impact
of linkage and/or linkage disequilibrium on the performances. For linked markers, we generated the parents’
genotypes randomly, but we considered a 1% recombination rate between successive markers for the
transmission from the parents to the offspring. To generate linkage disequilibrium, in addition to using
linked or unlinked markers, we used drift in a fixed size population to generate the genotypes of the parents.
We first generated randomly the marker genotypes in the first generation, and generated each individual of
the next generation by randomly sampling in the previous generation. After 20 generations, we used the
individuals from the last generation to generate the parents. We measured linkage disequilibrium using D’

values computed between successive markers (Lewontin, 1964).

In all our simulations, we estimated accuracy, power and false positive rates as follows:

e The accuracy is the proportion of correctly identified relationships, even when the assignment was
not significant. The meaning of “correctly identified relationships” is the following:

o When one parent was present, the method had to identify that parent.

o When aparent was not present while a full-sib of that parent was, the method had to identify
that full-sib.

e The power (for a = 5%) is the proportion of correctly and significantly assigned relationships. We
use the following definitions of “significance”:

o In Shallowped, a father assignment was significant when the p-value in the prarmor
distribution was above 5%. For a full-sib assignment, the p-value in the pgspumor
distribution had to be between 2.5% and 97.5 while the p-value in the pyyramor distribution
was below 5%. For an unrelated father, the p-value in the pyyrumor distribution was above
5% while the p-value in the prsryor distribution was below 5% (see Figure 1 for a visual
interpretation of these rules). Similar rules hold for the mother.

o In AlphaAssign, we used the closest reported value from the file listing the expected score

value for a parent, a full-sib of the parent or an unrelated individual. Note that this definition
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of significance is less stringent than the definition used in AlphaAssign to assign parents.
Our definition might lead to an increased power, but also to an increased false positive rate.

e The false positive rate is the proportion of significantly assigned, but incorrect parents.

Prat

I l Prsr
l Punr

UNF FSE FAT

Figure 1: graphical representation of the criteria used to take statistical decisions. The horizontal
axis represents likelihoods values. The colored rectangles represent the spans of the distributions identified
on the right. The regions containing the extremities of the distributions (unilateral for pune and prar, bilateral
for prse) are shown using darker colors. The arrows at the bottom of the graph show the decision (UNF
(unrelated to father), FSF (full-sib of the father) or FAT (father)) given the likelihood value for the tested
male.

2.2.2 Bias due to differing coverages among the parents

To check the behavior of the method in the presence of different amount of information among the
parents, we have also simulated situations with different coverages among the parents. In our simulations,
we used a 5-fold difference between the “high” and “low” coverages in two scenarios: one with relatively

high coverages (“high” = 5x and “low” = 1x) and one with low coverages (“high” = 1x and “low” = 0.2x).
70



Chapter 3: Parentage assignment using shallow whole genome sequencing data

We simulated half of the male parents and half of the female parents with high coverages and the other
halves with low coverages. We also simulated offspring with either high or low coverages. In all these
simulations, we used 2000 markers. We selected these coverages and number of markers because higher
genomic information (higher coverages and/or more markers) would lead to situations similar to DWGS,
and lower genomic information would lead to very scarce data, low power and consequently, difficulties to

assess the exact effect of the various densities among the parents.
2.3 Empirical data
2.3.1 Experimental fish and DNA sampling

Empirical data originated from a striped catfish selection experiment (details provided in selection
part of Chapter 4). In short, this work has been conducted in collaboration with three striped catfish
hatcheries in the Mekong Delta, Viet Nam from July/2017 to September/2018. Firstly, broodstock of striped
catfish were selected from three different sources (An Giang, Vinh Long and Can Tho province, with 10
males and 10 females in each hatchery). A piece of caudal-fin (~1 cm?) from each fish (i.e. for a total of 60

broodstock) was collected and preserved in 95% ethanol for genetic analyses.

After that, spawning was induced by injection with human chorionic gonadotrophin. Twenty-nine
females (~ 3,000 eggs of each female) were fully crossed with 30 males to create 870 families (one female
from the Can Tho hatchery could not be used due to the low egg quality). From each family, 2,000 good
quality larvae were selected for nursing (leading to 1,740,000 larvae in total). After one year, 500
individuals selected from the remaining offspring were used for parentage assignment. A piece of caudal-

fin (~1 cm?) from each fish was collected and preserved in 95% ethanol for genetic analyses.
2.3.2 DNA extraction

In a preliminary step, due to the lack of genomic information for this species at the beginning of
our experiment, we sampled a striped catfish individual (blood sample) in order to obtain a de novo draft
reference sequence. Genomic DNA was extracted from blood of this fish using the Maxwell® 16 Blood
DNA Purification Kit (Promega, USA).

For the 60 broodstocks and 500 offprings, genomic DNA were extracted using Wizard® SV
Genomic DNA Purification kit (Promega, USA). DNA quality and quantity were evaluated using
electrophoresis on a 1% agarose gel, and using Quant-iT™ PicoGreen ® dsDNA Reagent and Kits (Thermo
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Fisher Scientific, USA). All DNA samples were sent to the Interdisciplinary Center for Biomedical

Research (GIGA) at the University of Liege, Belgium for sequencing.

2.3.3 Deep and shallow whole genome sequencing

Deep sequencing was applied for only one striped catfish to build a de novo draft reference genome.
Paired-end (PE) libraries with 350 and 550 bp fragments were constructed using a TruSeq DNA PCR-Free
Kit (Illumina) according to manufacturer protocols. PE libraries were sequenced using Illumina NextSeq
500 sequencing platform with Illumina protocols for whole-genome shotgun sequencing with read lengths
(~ 150 bp) and fold coverage (~ 144 X). A set of 663.7 million of reads has been obtained, leading to a total
of 99.7 Gbp. After filtering out low quality reads using usual quality controls, the remaining reads have
been assembled de novo using CLC Genomics Workbench 11. In the current state, we have a de novo draft
genome (~ 691 Mb), assembled into 35,401 contigs with size range from 1.000 to 268.333 bp.

For shallow sequencing, PE libraries with average fragments (~ 570 bp) were constructed using
iGenomX RipTide High Throughput Rapid DNA Library Prep Kit based on manufacturer protocols. The
targeted fold coverage was from 1 to 2X for the 60 parents and ~ 0.5X for the 500 selected offspring. PE
libraries were sequenced using the Illumina NovaSeq 6000 sequencing platform with Illumina protocols
with read lengths (~ 150 bp). A total of 121.65 Gbp with 811 million of reads and 864.45 Gbp with 5,763
million of reads were generated for 60 parents and 500 offspring, respectively. Quality of raw sequencing

reads was assessed using FastQC v.0.11.8 (Andrews, 2010) before using for downstream analysis.

2.3.4 SNP identification and filtering

Although a completed sequence is not available yet for striped catfish, we used the 60 parents to
infer SNIPs in the current sequence. We used the remaining reads after the quality control steps and mapped
them to our draft genome using BWA v.0.7.17 (Li & Durbin, 2009). Then, SAMtools and BCFtools v.0.1.19
(Danecek et al., 2011; Li et al., 2009) were used to identify genomic variants, including SNPs. This
procedure led to the discovery of more than 5,900,000 variants.

High-quality SNP selection from these variants was performed in multiple steps using different
criteria with the aims of achieving high mapping quality, informative SNPs and adequate spacing across
the entire genome. Self-made scripts were used to perform the selection according to the following criteria.
Firstly, in order to minimize the effect of sequencing errors and bioinformatics artefacts, only SNPs with

mapping quality equal to 60 and coverage depth (across all samples) between 80 and 150 were selected.
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Secondly, to increase the power of parentage assignment, SNPs with a MAF between 0.4 and 0.5 were
preferentially selected. Thirdly, to reduce the effects of physical linkage between SNPs, SNPs were chosen
on different contigs (35,401 contigs make up the used reference sequence). After filtering, 26,726 SNPs
were used for downstream analyses for the 500 offspring.

2.3.5 Obtaining reads for these SNPs from the parents and offspring

Another self-made program was implemented for these analyses. Firstly, the program read the
26,726 selected SNPs and the draft reference sequence to identify the reference allele for each SNP using
this reference. Next, the SAM files of each parent and offspring were read to extract the reads fully matching
the reference sequence and harboring a SNP allele. Finally, the program counted the number of (reference,

alternates) alleles in the selected reads.

2.3.6 Obtaining the parents from the genotypes

At this stage, all read counts for the 60 parents and 500 offspring were available. To avoid
sequencing errors, we also removed markers for which we had only observed one read carrying one of the
two alleles, or when more than two alleles were present. Since this could differ for each offspring, we
performed this last filter individually, leading to 20,822 to 20,959 informative SNPs (out of 26,726)
conserved for parentage analysis.

We have used this dataset to compare the results obtained using Shallowped and AlphaAssign
(Whalen, 2018) in a more realistic context. For Shallowped, we considered father assignments as significant
when the p-value for the FAT-MOT hypothesis was larger than 5% while the p-values for the other tested
hypotheses (FSF-MOT, HSF-MOT and UNF-MOT) were smaller than 5% (and similarly for the mothers).
For AlphaAssign, we either used the default (parents reported in the pedigree file) or we chose the
hypothesis (either the tested individual is the parent, a full-sib of the parent or an unrelated individual) with

the estimated score closest to the tested individual’s score.

To check for the effect of the varying coverages in the parents on the allocation in this specific
dataset, we have performed a second analysis where the coverage for all parents was set to the same value,
equal to the lowest coverage among the parents. To that end, we have randomly discarded reads from all
parents to end up with the same number of reads for each parent, and then rerun the allocation program and

compared the result to the results with the complete set of reads.
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3. Results

3.1 Implementation of the method

A fortran 95 program (named Shallowped) implements the method described above. The program
obtains the best male and female relatives and the corresponding p-values using hypotheses specified in a
parameters file. A manual (Supplementary data in appendices) describes the installation and the use of the
programs and gives examples. We also provide companion (perl) script (named “mksimul.pl”) to generate
simulated datasets. The program and script are freely available at the following link:
https://doi.org/10.5281/zenodo.6033536

For our analyses, we have run the analyses on a Ubuntu 20.04 LTS implementation of Linux on an
Intel(R) Core(TM) i7-8665U CPU @ 1.90GHz 2.11 GHz. Running time scales linearly with the number
of markers, the number of offspring and the size of F X M. In an example with 2,000 markers, coverages
of ~2, 30 males x 30 females (900 likelihoods evaluations), 100 tested individuals, tests of four hypotheses
for both males and females using 200 samples each, the program took 504.9 s to complete the analyses (and

obtain correct and significant assignments), which averages to 5 s per individual.

3.2 Simulation results

3.2.1 Accuracy, power and false positive rates in the parentage assignments
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Table 2: Results of the simulations on accuracy (ACC), power (POW, a=5%) and false positive
rates (FPR, a=5%) as functions of the tested scenarios, the marker numbers and the program (AA =
AlphaAssign, SH = Shallowped). Markers were biallelic and generated independently. Definitions of ACC,
POW and FPR are provided in the Material and Methods section. In scenarios, F (f) represent situations
where the father was present (absent) among the males, FS represent situations where a full-sib of the father
was present among the males, and M (m) situations where the mother was present (absent) among the

females. Used coverages were 1.0 for the parental cohorts, and 0.2 for the offspring.

Males Females

# markers 200 1000 5000 200 1000 5000
Scenario Program AA SH AA SH AA SH AA SH AA SH AA SH
F_ M ACC 0,02 002 0,02 001 100 100 0,01 0,01 0,01 0,02 1,00 1,00

POW 0,01 0,00 0,00 0,00 0,07 084 0,01 0,00 0,00 0,00 0,08 0,87

FPR 092 041 020 0,36 0,00 000 092 043 018 0,36 0,00 0,00
f M ACC 019 0,18 081 0,79 1,00 1,00

POW 0,17 0,07 0,27 047 0,07 0,86

FPR 1,00 041 1,00 0,03 1,00 098 0,70 0,32 0,00 0,03 0,00 0,00
FS+F_ M ACC 0,23 023 068 066 1,00 1,00 031 0,27 0,69 0,70 1,00 1,00

POW 0,23 014 019 0,34 0,06 086 027 017 019 0,34 0,02 0,90

FPR 0,69 0,38 0,02 0,06 000 0,00 061 030 002 0,05 0,00 0,00
FS+f M ACC 0,07 009 0,22 022 081 083 0,20 024 0,74 0,73 1,00 1,00

POW 0,00 0,00 0,21 0,00 081 0,78 0,18 0,09 0,25 0,40 0,06 0,93

FPR 093 036 0,78 0,00 0,19 0,17 069 0,26 0,00 0,03 0,00 0,00
fm ACC

POW

FPR 1,00 041 1,00 0,08 1,00 097 1,00 0,39 1,00 004 1,00 0,99
FS+F_m ACC 0,17 0,18 0,78 0,77 1,00 1,00

POW 0,16 0,08 025 0,38 0,01 0,88

FPR 0,72 0,28 0,01 0,03 0,00 0,00 100 034 1,00 0,07 1,00 0,99
FS+f m ACC 0,05 0,05 0,23 0,24 087 0,88

POW 0,00 0,00 0,20 0,00 0,87 0,86

FPR 09 033 0,77 005 013 0,12 100 0,34 1,00 0,06 1,00 0,96
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Results of the simulations are reported in Table 2. Quasi-perfect assignment can be obtained for
most scenarios in the conditions of our simulations (coverages of 1.0 and 0.2 for the parents and the
offspring, respectively, and unlinked markers) if at least 5000 SNPs are used. Simulations also show that
the effect of potential sequencing errors (assuming an error rate of 0.01) becomes very small when the
number of markers increases. As expected, increasing the number of markers and/or the coverage increases
the available information, and consequently assignment accuracy (Table 2, Figure 2). Note that, unlike SNP
panels, the number and identity of informative markers (i.e. markers with reads) will vary slightly from
individual to individual in SWGS.
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Figure 2: Accuracy as a function of the number of markers and the coverage. Accuracy is defined
as the proportion of correctly assigned parents in the simulations. In these simulations, the coverage was
similar for the potential parents (30 males and 30 females) and the offspring. Sequencing errors probability

(as defined in the text) has been set to 0.01, and used markers were independent.
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Table 3 shows the results of the simulations where we have introduced linkage and linkage
disequilibrium between the selected markers. D’ values, measuring markers information redundancy when
we included linkage disequilibrium (Lewontin, 1964), were 0.149 and 0.483 for unlinked and linked
markers, respectively. Linkage between markers did not significantly affect the results, while linkage

disequilibrium reduced the power and increased the false positive rates.

Table 3: Results of the simulations showing the effect of linkage and linkage disequilibrium on the
accuracy (ACC), the power (POW) and the false positive rates (FPR). Detailed definitions of ACC, POW
and FPR are provided in the Material and Methods section. Recombination fraction between linked markers
was 0.01, and we used a 1% error rate for alleles calls. Coverages were set to 1.0 for the parents and 0.5 for
the offspring. We measured ACC, POW and FPR on 100 offspring (200 parents, chosen among 30 potential
fathers and 30 potential mothers). Linkage disequilibrium was generated using 20 generations of random
drift in a population of size 100, and measured using D’. D’ values were computed between successive

markers and averaged. We used 1000 markers in these simulations.

Linkage LD D’ ACC POW FPR

Yes Yes 0.483 0.885 0.670 0.055
No Yes 0.149 0.885 0.665 0.040
Yes No - 0.995 0.725 0.000
No No - 0.980 0.750 0.000

3.2.2 Bias due to differing coverages among the parents

Table 4 shows the results of the simulations using various coverages among the parents. In all
scenarios using the highest coverages (5 and 1X), both Shallowped and AlphaAssign provide accurate
results, although the power is (sometimes much) higher for Shallowped, despite using a more permissive
definition of the assignments in AlphaAssign, as described earlier. We observed no false positive results in

these simulations.

For the low coverages (i.e. 1X and 0.2X) scenarios, the accuracy and the power decrease for the 2
methods due to the lower information content of the genomic data. Although reduced, the power is still
much higher for Shallowped than for AlphaAssign. We observed no false positives for AlphaAssign using
the assignment criterion defined earlier. In Shallowped, we obtained false positive rates compatible with

the used type 1 error rate (o = 5%) except when the offspring and both parents had low coverages. Among
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these false positives, we observed no trend to select preferentially parents with higher or lower coverages.
This suggests that the potential bias towards individuals with more available information is at most quite
limited.

Table 4: Results of the parent assignments when the coverages vary among the parents. LL, LH
and HH correspond to the coverages of the simulated parents of the tested offspring (although in all
simulations, half of the tested parents were sequenced using L coverage and the other half, using H
coverage). Results are proportions obtained after testing 100 offspring in each scenario. SH corresponds to
the results obtained using Shallowped, and AA to those obtained using AlphaAssign. Accuracy, power and

FPR (False Positive Rate) are defined in the text, and significance threshold was o = 5%.

“High” coverages: L = 1x, H = 5x

Parents Offspring Accuracy Power FPR
SH AA SH AA SH AA

LL L 1.000 1.000 0.985 0.040 0.000 0.000
LH L 1.000 1.000 0.985 0.505 0.000 0.000
HH L 1.000 1.000 1.000 1.000 0.000 0.000
LL H 1.000 1.000 1.000 0.475 0.000 0.000
LH H 1.000 1.000 0.985 0.730 0.000 0.000
HH H 1.000 1.000 1.000 1.000 0.000 0.000

“Low” coverages: L = 0.2x, H = 1x

Parents Offspring Accuracy Power FPR
SH AA SH AA SH AA

LL L 0.570 0.575 0.240 0.000 0.090 0.000
LH L 0.705 0.780 0.460 0.100 0.045 0.000
HH L 0.880 0.895 0.730 0.175 0.025 0.000
LL H 0.970 0.970 0.605 0.000 0.005 0.000
LH H 0.990 0.995 0.820 0.030 0.000 0.000
HH H 0.995 1.000 0.995 0.085 0.000 0.000

3.3 Empirical data

3.3.1 Coverage level of parents and offspring

78



Chapter 3: Parentage assignment using shallow whole genome sequencing data

We could have obtained information on polymorphisms using SWGS data only, since 60 parents
with an average coverage of 1x lead to an average coverage of 60x, which is sufficient to identify variants
such as SNPs. We used an alternative option: a preliminary sequence (obtained in our lab from another
experiment involving deep sequencing of one striped catfish) was available, and we have used it for read
alignment and variant detection. After initially obtaining more than 5,900,000 genomic variants and
performing marker selection to obtain an informative set of markers, we ended up with between 20,822 and
20,959 SNPs for parentage assignment of each offspring. In general, coverage was not markedly different
between the 60 parents and the 500 offspring: coverage ranged from ~ 0.32 to ~ 2.83 in the fathers (average:
1.46), from ~ 0.48 to ~ 2.97 in the mothers (average: 1.65) and from ~ 0.006 to ~ 3.69 (average: 1.99) in
the offspring.

3.3.2 Parental assignments

We have computed the likelihoods and determined the most likely parental couple for each
offspring. Figure 3 shows typical results for one offspring, plotting the 900 log-likelihoods corresponding
to the 30*30 possible parental couples. Using AlphaAssign, we obtained no significant assignment using
the default criterion, while all parent assignments were significant using the hypothesis with the closest
score to the parent’s score. After running this analysis, 875 of the 1000 parents were identical and significant
(p < 0.05) using both Shallowped and AlphaAssign programs. Forty-one additional parents were identical
in both programs, although not significantly allocated by shallowped. Eighty parents differed between the
two programs, but were not significantly assigned by shallowped. The last four parents, although
significant, differed for the two programs, indicating false positive results for one or the other program. The
offspring with the lowest coverage (0.0069) was one of these 4 individuals with one parent incorrectly
assigned by one (or both) program(s). All 30 males had at least one offspring among all tested individuals,
while this was only the case for 20 females. The set of missing females included one female that we included

as a negative control (her eggs did not hatch in our field experiment).

Using the reduced set of reads to obtain equal coverages for all parents, we obtained coverages
ranging between 0.556 and 0.562 for all offspring (except for 3 offspring, with very low coverages). The
results from the comparison between the results obtained with the full and the reduced datasets show that
950 of the 1000 parents were identical for the two runs. Both parents differed for 7 individuals and one
parent changed for 36 individuals. Twenty-seven of the fifty changed parents were not significantly

assigned before the reduction of the dataset.
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Figure 3: Plot of the log-likelihoods for an offspring and a set of 30 potential fathers and 30 potential
mothers. Each dot corresponds to one triplet. The horizontal dashed line corresponds to the best likelihood,
and the corresponding parents are the putative parents of the tested offspring. The red dots correspond to
likelihoods computed with the putative father and/or the putative mother. The dash-dotted line splits the

likelihoods into sets of likelihoods coming from the same father.
4. Discussion

In this study, we have shown that shallow sequencing is an affordable technique allowing accurate
and powerful assignment of the relatives of tested individuals. The devised method, although similar to
other methods such as AlphaAssign (Whalen, 2019), allows testing several competing hypotheses, and is
able to discriminate parents from close relatives if sufficient genomic information is provided. In addition,

we have found that the inferences we made were rather insensitive to confounding factors such as
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sequencing errors or differential coverages among the tested individuals. We next discuss several aspects

of the results presented in the previous sections.
4.1 Parentage assignment accuracy with SWGS data

One of the main goals of the simulations was to quantify the amount of SWGS data required to
accurately perform parentage assignment. We found that the total amount of data required is relatively low.
For example, only 200 SNPs are required to accurately assign parents when using 4X coverage SWGS data.
Our results were in agreement with previous estimates for SNP array data (Anderson & Garza, 2006; Liu,
Palti, Gao, & Rexroad, 2016; Strucken et al., 2016), where between 60 and 700 SNPs were required to
accurately assign parentage. The difference in the exact number of markers required (200 compared to 60-
700) is due to the difference of information between called genotypes from array data and read information
from SWGS data on one hand, and also potentially to the structure of the underlying genetic data (i.e,
number of chromosomes, MAF of the markers) (Whalen et al., 2019) on the other hand. In addition, we
found that low-coverage SWGS (for example, 0.5X or even less) data can also be used to assign parents,
although necessitating a larger number of SNPs (5000 independent markers were sufficient with 0.5X
coverages). The required number of markers has to be increased to counterbalance the lower information
content at an individual locus from low-coverage SWGS data, which is generally not a problem with such
data where the number of polymorphisms is potentially huge. These findings are particularly important
given the emerging availability and affordability of SWGS as an alternative to SNP array data for assigning

parents, especially for species where SNPs panels are not available yet.

It has been recognized for long that genotyping problems have a large impact on parentage analysis
(Douglas, Skol & Boehnke, 2002; Sobel, Papp & Lange, 2002), and, if ignored, may cause extremely
erroneous inference. In various situations, due to many factors such as genotyping errors, mutations,
genotyping technology, missing data (Bonin et al., 2004; Pompanon, Bonin, Bellemain & Taberlet, 2005)
and sequencing errors, the quality of some genotypes may be poor. According to Trong et al (2013),
detecting an error can be done when comparing a given set of genotypes against a reference that was
obtained from high-quality genotype or from multiple repeats. Incorrect genotypes calls can cause problems
for parentage assignment even for error rates lower than 1%, as shown in a simulation study by Marshall et
al (1998), or more recently in studies using SNP (Liu, 2007; Bresadola, 2020). In a study of Hoffman and
Amos (2005), a genotype error rate of 1% per locus resulted in more than 20% of incorrect paternity
exclusion on Antarctic fur seals (Arctocephalus gazelle). The effects of genotyping errors have increasingly
raised concerns and several efforts have been made to accommodate errors in parental analysis (Jones et
al., 2010; Kalinowski, Taper & Marshall, 2007; Pompanon et al., 2005). These studies just focused on high
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guality data such as SNPs genotyped from microarrays or from high-coverage NGS technologies. In our
case, using low-coverage sequencing data, the probability of miscalling is higher: sequencing errors are still
possible, low coverage does not allow an easy detection of sequencing errors, and lack of sufficient
information at each locus might easily lead to call a heterozygous locus as homozygous (Wang, 2019).
However, likelihood approaches such as the one used in the present study have been considered as the best
model for reducing the negative effects from genotyping problems in parentage inference, especially with
large number of markers (Tortereau et al., 2017; Wang, 2019). Moreover, with the development of NGS
techniques (we used sequencing-by-synthesis in our work), the real average error rate is reported to be only
0.1% per nucleotide, most of which are single nucleotide substitutions (Fox, Reid-Bayliss, Emond & Loeb,
2014). In the current study, we assumed an error rate of 1%, i.e. ten times higher than the average expected
one, but this did not greatly affect the accuracy of parental assignment (0.976 instead of 0.985) in situations
where large numbers of SNPs were used.

Although the quality of the reads is important to decrease the probability of sequencing errors, MAF
is another factor affecting the parental assignment performances. Although not mentioned in our results,
our simulations confirm that high MAF should be preferred, similar to other studies. Based on data
simulation, Anderson & Garza (2006) and Fisher et al (2009) predicted that SNPs with MAF from 0.4 to
0.5 provided the most power for parentage inference. Liu et al. (2016) selected SNPs with MAF greater
than 0.45 for parentage assignment in rainbow trout. As MAF increases, more opposing homozygotes
become available for parentage assignment. With low MAF, the probability of observing opposing
homozygotes declines due to the overrepresentation of one homozygous genotype (Strucken et al., 2016).

Consequently, filtering markers on MAF could allow reducing the number of markers if needed.

Although coverage, error rates and marker MAF are important factors, our results nevertheless
show that the effects of these factors can be largely balanced by the large number of markers. This is a clear
benefit from SWGS data, where potentially millions of variants could become available for the subsequent
analyses. In our work, 4,673,445 raw SNPs (out of 5,900,000 genomic variants) were generated in the first
stage of analysis. Although quality controls and filters can largely reduce these numbers, the numbers of
markers to be used in the analyses could be significantly higher than for example in the studies of (Dodds
et al., 2015; Dodds et al., 2019) where 78,042 and 30,923 SNPs, respectively, were produced from GBS

data for parentage assignment.
4.2 Effect of the coverage on parentage assignment accuracy of striped catfish

As mentioned above, the coverage is one of the main factors influencing the accuracy of parentage
analysis, and the number of markers needed to obtain the desired accuracy for a given coverage needs to be
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estimated. Our simulations, with an expected 0.5X coverage given the number of tested individuals, the
capacity of the sequencing equipment and the available money, have shown that 5,000 SNPs were required
to obtain 100% of accuracy. Increasing the coverage to 1X allows decreasing the required number of SNPs
to approximately 2,000. Note that the level of required coverage for obtaining 100% of accuracy in our
study is lower than that of Whalen et al (2019) on GBS data with 5,000 markers. In Whalen et al (2019),
the required coverage was 2X instead of only 0.5X in our study. The difference might originate from
different hypotheses in the design of the simulations. For example, we have considered independent
markers, which might be overoptimistic when the number of markers becomes large. In real situations, the
needed number of markers will also depend on other factors, such as the size of the genome and the history
of the population.

Based on the simulation result, the coverage in our empirical data experiment should be sufficient
for accurate parentage assignment, although the SNP were not guaranteed to be independent (they were
chosen on different contigs of the current sequence, but with no information on the relative positions of
these contigs). Our coverage was significantly lower than that of Dodds et al (2019) with 3.6 and of Dodds
et al (2015) with 7.9, where both studies used GBS data for parentage assignment on deer and Atlantic
Salmon, respectively. In the case of Dodds et al (2015), the mean depths ranged from 0.38 to 38.10 for each
individual, while the range in our study was from 0.003 to 2.97 (actually, only 3 offspring had a coverage
below 0.3). The range of average depths in our study could be due to stochastic sampling in the sequencing
process and/or to slight differences in DNA concentrations in the libraries preparation. However, no parent
appeared to be an outlier, and all parents were thus retained for parentage assignment. On the other hand,
as expected the offspring with a very low coverage (0.003) turned out to be difficult to assign significantly

to a couple of parents, as could be expected.

Sequencing individuals to low depth will generate many missing genotypes. For example, a
coverage of 1X should generate about 37% of markers with no read at all. When the same amount of genetic
information (e.g the same number of SNPs and the same sequencing coverage) is available for all parents,
the parentage inference with a likelihood approach works well, but this method may break down when
individuals are genotyped at different number of markers or at different coverage level (Whalen et al.,
2019). The common approaches for dealing with missing genotype problems are to filter genotypes based
on read depth (Thrasher, Butcher, Campagna, Webster & Lovette, 2018) (which may drastically decrease
the amount of genomic information available) or replace them with estimated values. In our study, the use
of the first strategy led to a drastic reduction in the number of reads but did not dramatically change the

picture in terms of the identities of the parents of the selected offspring. The simulations involving parents
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with different coverages led to the same conclusions. This seems a good indication that the paternities
obtained using this approach are rather robust with respect to a possible heterogeneity in the parents’

available information.

Alternative methods could be used to equalize the amount of information available for each
potential parent, such as, for example, develop an algorithm to infer an optimal set of markers with respect

to the information available among the parents, or using linkage disequilibrium to infer missing alleles.

Altogether, our results indicate that, in studies similar to ours, problems like low sequencing depth
and random distribution of the coverages across samples and libraries (which is one of the potential pitfalls
with SWGS data) can be circumvented by taking a larger number of markers. In the study of Whalen et al
(2019), the GBS data with low-coverage may have caused false positive parentage assignment due to the
fact that they were not able to obtain a sufficient number of loci with precisely inferred genotypes to find
opposing homozygous loci.

4.3 Statistical significance

Our main achievement is the definition of a rationale that allows testing statistically various
hypotheses about potential relationships in the data. Improvements remain possible like adding more
hypotheses in the set of potential relationships. For example, we could infer the distribution of a father’s
genotype assuming that the best female is actually a full-sib of the mother. However, we think that this
feature provides a clear method to decide on the significance of a relationship assignment, without resorting
to parameters difficult to define. Other programs use confidence levels, which are tolerance thresholds for
false positive assignment. For example, the likelihood-based method (Cervus program) calculates
separately different levels of confidence: relaxed confidence as 80%, strict confidence as 95% (Marshall et
al., 1998) and 99% confidence (Kalinowski et al., 2007). In the study of Trong et al (2013), the Cervus
program was used for parentage assignment on Nile tilapia (Oreochromis niloticus). Using 12
microsatellites and 122 SNPs, the mean assignment rate was 18% and 39% at 95% confidence, respectively.
AlphaAssign (Whalen, 2018) also uses a threshold corresponding to a 99% posterior probability of the
assignments. As visible from our results, even relaxing this constraint in our simulations, this made
significance difficult to reach in many cases, leading to a reduced power compared to the results obtained

using Shallowped.
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5. Conclusions

This paper presents a new parentage assignment method using genomic information from SWGS
based on a newly developed algorithm. Using directly low coverage sequence data allows reducing the
sequencing costs considerably. Additionally, the costs and labors of developing marker panels can be
avoided, which is another advantage. Based on the analysis from simulated and empirical data, the method
has demonstrated its effectiveness for parentage assignment, with assignment performances that can be
improved by increasing the number of markers. These results suggest that SWGS data can be used for
accurate parentage assignment using the appropriate algorithm and we believe that it can be a useful tool in

parentage assignment not only for aquaculture but also for a wide range of animals.
Data accessibility

The Shallowped program is a Fortran 95 program implementing the likelihood approach and the
significance testing procedure. The script mksimul.pl is a perl script used to generate simulation data in a
convenient format for use in Shallowped. Both the program and the script are freely available at the
following link: https://doi.org/10.5281/zenodo.6033536
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Chapter 4: Selective breeding of saline-tolerant striped catfish (Pangasianodon
hypophthalmus) for sustainable catfish farming in climate vulnerable Mekong Delta, Vietnam

Preamble

In Chapter 3, we succeeded to develop a new parentage assignment method using
genomic information from SWGS. In this study, we applied it to identify pedigree information in the
selection program. To prepare for a genetic selection program targeting fish displaying improved adaptation
to salinity, a base population made up of 900 half and full-sib families was produced from a full factorial
cross of 30 females and 30 males from 3 different provinces in the Mekong Delta to serve as genetic
diversity resource for selection. The selection program was implemented through three sequential upward
mass selections under the targeted salinity of 10 ppt. After selection, several tests were carried out on the
next generation of fish to evaluate the salinity tolerance of striped catfish and the effectiveness of selection

after one generation in saline conditions.
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Abstract

Striped catfish (Pangasianodon hypophthalmus), a freshwater species cultured mainly in the
Mekong Delta region in Southern Vietnam, is facing a significant challenge due to salinity intrusion as a
result of climatic changes. Given these evolving environmental conditions, selecting new strains with a
higher salinity tolerance could make production of striped catfish economically feasible in brackish
environments. In this study, we carried out a selection program aimed at developing a striped catfish strain
able to survive and grow fast in a saline environment. To implement the selection program, we first
collected males and females from different provinces in the Mekong Delta. We next performed a factorial
cross of these breeders to produce half- and full-sib families. When fish reached fry stage (47-day post
hatching (dph)), we put them in a saline environment (10 ppt) and subsequently kept 50% of the fastest-
growing fish after 143 dph. We repeated this mass selection procedure after 237 dph and 340 dph. We
maintained in parallel a randomly selected group in saline conditions and a group of fish reared in
freshwater to serve as controls. After crossing the selected individuals, we performed several tests on the
next generation of fish to evaluate the effectiveness of selection after one generation in saline conditions.
Average direct responses to selection were 18.0% for growth and 11.4% for survival rate after one
generation of selection. We estimated a moderate realized heritability (0.29) for body weight. The genetic
gains obtained in our study for body weight and survival rate after one generation of selection under saline
conditions suggest that selection can be effective to improve ability of striped catfish to cope with saline
stress. We conclude that our selection program has succeeded in developing a productive strain of striped

catfish with better tolerance to salinity.

Keywords: striped catfish, heritability, genetic adaptation, selection program, climatic change
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1. Introduction

Striped catfish (Pangasianodon hypophthalmus) has become one of the most important farmed
freshwater indigenous species in the aquaculture sector in the Mekong Delta since artificial breeding was
developed successfully in the mid-1990s (Nguyen et al., 2013). By the year 2018, catfish production
reached nearly 1.42 million tons, (for a total production area of approximately 5,400 ha) and the export
value was 2.26 billion USD (contributing about 1% GDP of Vietnam), with exports to more than 140
countries and territories (VASEP, 2019). De Silva and Nguyen (2011) estimated that this sector employs
more than 180,000 Vietnamese, primarily women, in the processing sector.

However, the Mekong Delta is projected to be heavily affected by salinity intrusion as a result of
climate change impacts (IPCC, 2007). This region is one of three extensive low-lying regions in Vietnam,
with a maximum elevation of less than 4.0 m above mean sea level, and current models predict a 1 m rise
in sea level in this century (IPCC, 2007; Thi et al., 2015). If these predictions are realized, approximately
1,000 km? of cultivated land and farming area in Vietnam will become salt marshland. In total, seawater is
likely to inundate 15,000 to 20,000 km? of the Mekong Delta, with a loss of 76% of arable land (De Silva
and Soto, 2009).

Striped catfish culture is largely dependent on the availability of an abundant supply of fresh water
from the Mekong river (Nguyen and Dang, 2010). Therefore, the increasing salinization of freshwater areas
will negatively impact striped catfish culture (Sebesvari et al., 2011). The Mekong Delta has already faced
serious drought and saline water intrusion into inland areas (up to 55-100 km from the coastline) in 2016
and 2020, causing damage to aquaculture, rice and fruit production and important economic losses (Hai et
al., 2020; VAWR, 2017). These major environmental changes have a significant direct impact the growth
rate of catfish (Hossain et al., 2021). Selectively breeding a salinity-tolerant strain of striped catfish is a
promising approach to maintaining sustainable catfish aquaculture in the region in the current changing

environmental context.

Selective breeding has been successful in improving the salinity tolerance of tilapias (euryhaline
fish) (Jaspe and Caipang, 2011), and a few pioneer studies suggest that substantial additive genetic variance
exists for growth rate and survival in saline environments (Tayamen et al., 2010; Tran et al., 2008). Cnaani
and Hulata (2011) argued that the salinity tolerance of the fish is the overall fitness or productivity of fish
in a saline environment resulting from a combination of quantitative traits including metabolism, growth,

osmoregulation, immunocompetence and fecundity, each of which is influenced by multiple genes. Several
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selection programs on tilapias have all also evaluated salinity tolerance based on growth and survival data
(Cnaani and Hulata, 2011; Tayamen et al., 2010).

Only one published study has described a selection program for striped catfish, and it focused
growth in freshwater (Sang et al., 2012, 2010; Vu et al., 2019). To our knowledge, no such selection
program has been carried out in saline conditions. On the other hand, several studies have investigated the
effects of increased salinity on growth performance of striped catfish ((Hossain et al., 2021; Nguyen et al.,
2014).

Although there is no published data demonstrating that salinity tolerance could be increased by
selection on striped catfish, differential growth and survival within groups facing the same salinity
conditions observed in previous studies (Huong and Quyen, 2012; Nguyen et al., 2014) might suggest the
presence of genetic components involved in the salinity tolerance traits. To test this genetic hypothesis, we
have conducted a selection experiment in saline conditions. Therefore, the main objectives of the present
study were to assess the efficiency of selection on the salinity tolerance of striped catfish in terms of growth
and survival after one generation of selection in 10 ppt brackish water. In addition, as a first step towards a
better understanding of the involved genetic mechanisms, we have investigated physiological parameters

differences between the selected and control strains.
2. Materials and Methods

The fieldwork of the study was conducted in the College of Aquaculture and Fisheries (CAF),
Can Tho University and three striped catfish hatcheries in Viet Nam from July/2017 to May/2021. The

analysis of the genetic data was performed at Liege University, Belgium.
2.1 The base population (G0) and production of the first generation (G1)

We obtained striped catfish broodstock (base population G0) from three different hatcheries located
in An Giang, Vinh Long, and Can Tho provinces (freshwater areas), with 10 unrelated males and 10
unrelated females from each hatchery (i.e. 60 broodstock total), weighing between 5 and 7 kg on average.
Principally, the base population individuals had to be healthy without visible injury or deformities. We
collected a piece of fin tissue (~1 cm?) from each fish and preserved these biopsies in 95% ethanol to extract

DNA for parentage assignment.

We produced the first generation (G1) using a full factorial cross of the GO broodstock. Each of 30
females (~3,000 eggs of each female) being individually crossed with each of 30 males in 1:1 crosses to

create 900 full-sib families. Spawning was induced by injection with human chorionic gonadotrophin with
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a total dose of 5,500 Ul/kg weight of female and 1,000 Ul/kg for male. A dry fertilization process (Tam et
al., 2010) was used, where eggs and milt were mixed gently. The fertilization solution (3 g urea and 4 g salt
in 1 L of water) was added to the mixture of eggs and milt to trigger fertilization after 4 min. The fertilized
eggs were then transferred into family-specific plastic boxes for incubation. The fertilized eggs started to
hatch 24 h after fertilization. Fertilization rates varied from 83-90% and the hatching rates were 61-73%
(except for one female whose eggs did not hatch). From each family, we selected 2,000 good quality larvae
(no deformities, uniform size, swimming actively and responding to external stimuli quickly) for nursing.
Larvae from all mixed families were transferred to two rearing earthen ponds within 15 h after hatching
(leading to 1,740,000 larvae in total) under freshwater condition. After 47 days post-hatching (dph), 21,550
randomly chosen fry were transferred from the nursing ponds to CAF, Can Tho University. Twenty-one
thousand fry were put into a recirculating aquaculture system (RAS - 700 m® water volume) to start the
selection process under saline condition. Simultaneously, the remaining fish (550 fry) were transferred to
another RAS system (50 m® water volume) to be reared in freshwater until maturation. This group (referred
to as “freshwater group”) represents normal broodstock sources currently used in Mekong Delta (Figure 1).

900 full-sib families (G1) from full factorial crossing 30 & X 305 from
three provinces in Mekong Delta

Y Y

21,000 fry used for selection program in 550 fry reared in
saline condition of 10 ppt freshwater (0 ppt)
Selecting (~50%) Selecting random
largest fish fish

3 rounds of selection (~ 1 year) at 10ppt
v v A J

576 selected fish 470 random fish 460 freshwater fish

~ 2 years for conditioning at Sppt
L J v L

10 2 X 109 104 X109 87 X 85
selected group random group freshwater group
Mating
A J Y Y
G2 generation G2 generation G2 generation
selected group random group freshwater group

Figure 1: Schematic representation of mating design for obtaining the experimental fish
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2.2 Selection rounds

In RAS (700 m® water volume), we progressively (1 ppt/day) raised the salinity to 10 ppt and
maintained at this level during the whole selection experiment. Fish dying during the acclimation or later
were removed from the protocol, meaning that survival was the first selected trait. When fish reached 148
dph, they were randomly divided into two groups of equal sizes. The fish in each group were distributed
equally into three hapas (12 x 4 x 4 m). At this time, a first selection round was carried out. In the first
group (referred to as the “selected group”), the fish were individually weighed and approximately 50% of
the heaviest fish were kept for the next rounds of selection. In parallel, the second group (referred to as
“random group”’) underwent a random selection of the fish until reaching the same biomass as in the selected
group. These fish served as a control population for the selected group (to see the effect of selecting heaviest
fish in saline conditions on the progeny) and for the freshwater group (to see the effect of the saline
conditions on various traits). The fish not selected in either group were removed from the RAS system. We
monitored all fish from the selected and random groups to keep them in the same conditions (feed, biomass).

Two additional rounds of selection took place 3 months later (237 dph) and 6 months later (340
dph) along the same lines as for the first round (Figure 1). The growth rate of striped catfish is fast during
the first year of age, and then slows down. In practice, grow-out farmers often harvest striped catfish when
they are around one-year old and reach a weight of around 1 kg (De Silva and Nguyen, 2011; Nguyen and
Dang, 2010; Phan et al., 2009). Since growth profiles might vary among fish during the first year, and
because we wanted to maintain biomass conditions compatible with the size of our RAS system, we have
used this 3 stages selection based on biomass (Fig.1). Similar protocols have been used in various other
studies such as on brown trout (Salmotrutta fario) (Bernard et al., 2004) and on rainbow trout
(Oncorhynchus mykiss) (Le Boucher et al., 2012). After the third selection round, all remaining fish were
tagged using Passive Integrated Transponders (PIT) tags. These PIT—tags were injected into the dorsal

muscle of fish and corresponding DNA samples were collected.

In order to prevent any reduction in gamete quality potentially associated with the saline stress and
differences in gamete quality between selected, random and freshwater breeders and growth performance
of their offspring, we then decreased the salinity was to 5 ppt and maintained this level until the fish
matured. After two years in these conditions, the three-year-old fish from each of the three groups had

matured and could be used as parents for the next generation (G2).

2.3 Parentage assignment and estimation of heritability in G1 generation
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We implemented and used a new algorithm allowing parentage assignment in the three groups
based on very low sequencing depth (SD) from the offspring (SD between 0.2 and 0.5) and the 60 possible
parents (SD =1.0). Briefly, this method is based on a likelihood approach to identify the most suitable (i.e.
likely) set of parents for each offspring: the method computes the likelihood for each possible parental
couple, keeps the most likely one and checks whether this best couple is significantly more likely than any
other possible couple. Significant couples are considered as the putative parents for this offspring. The
parentage information was used to identify couples of unrelated individuals (to avoid inbreeding) and to be
mate them to produce the next generation (G2) (the detail of this method was presented in Chapter 3).

2.4 Production of the G2 generation

We wanted to assess the effects of the selection in the previous generation on the performances of
the offspring in the next generation on one hand, and of the rearing in saline conditions on the other hand.
To that end, we produced a G2 generation using random couples from each of the three G1 groups (i.e.
from the selected group (103 X 109), the random group (103 X 109), and the freshwater group (83 X
89) (Fig. 1)). We pooled the same number of fertilized eggs per family within each group and incubated
them together. We subsequently reared the three groups in identical freshwater environments under optimal
conditions for the development of striped catfish. At each developmental stage, we subsampled a set of
individuals from the three groups to challenge them with various salinity levels. Larvae hatched after 29-
34 h and were transferred to three 2 m® outdoor composite tanks for nursing. The larvae from each group
were nursed separately in composite tanks with the same density of 5 individuals/L. The larvae were fed
Rotifer, Artemia nauplii, and Moina in the first 5 days. After that period, a high protein flake diet (40%
protein) was used in combination with Moina until 4-5 weeks of age. Subsequently, fries (0.6-0.8 g of body
weight) from each group were transferred to 10 m® outdoor composite tanks, where they were raised until
fingerling stage with an average body weight of 20 g. Rearing experiments were divided into four distinct
periods according to each developmental stage of striped catfish: embryonic stage, larva to fry stage, fry to

fingerling stage and fingerling to adult stage, as described in the next sections.
2.5 Evaluation of salinity tolerance of striped catfish after selection

To assess the salinity tolerance of striped catfish, the G2 generation from three groups were

challenged under different levels of salinity for the various developmental stages of striped catfish
2.5.1 Experiment on the embryonic stage

In this stage, we measured salinity tolerance using gastrulation rate (i.e. percentage of eggs reaching
the gastrula stage) and hatching rate (higher rates meaning higher tolerance), deformity rate (lower rate
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meaning higher tolerance), and hatching time (longer times corresponding to lower tolerance). To evaluate
these traits, fertilized eggs from the three groups were transferred from freshwater to saline water and
incubated in five different salinities (0, 2.5, 5, 7.5 and 10 ppt). Three hundred fertilized eggs from each
group were randomly allocated to 60 plastic boxes (five salinity levels x three groups x four replicates).
The salinity in all boxes was maintained using RAS systems where well-aerated water was supplied
continuously for all boxes. Saline water was produced by mixing deep sea water (90 ppt seawater, from
Bac Lieu province, a coastal province in Vietnam) with tap water in 1000 L composite tanks to correspond
to the desired salinity treatments. Eight hours after incubation, transparent living eggs were separated from
the opaque undeveloped ones and counted. The undeveloped eggs were removed immediately to avoid
fungal infection. In each box, the gastrulation rate was calculated as the ratio of the number of fertilized
eggs reaching the gastrula stage to the total number of eggs, multiplied by 100. The hatching rate was
calculated as the ratio of the number of hatched larvae to the number of fertilized eggs, multiplied by 100.
The deformity rate was calculated as the ratio of the number of deformed larvae to the total number of
larvae, multiplied by 100. The hatching time was defined as the total time from the fertilization to the time

when 50 % of larvae had hatched out.

We monitored water quality parameters such as dissolved oxygen (DO), pH, temperature, and
salinity every five hours using a multiple-parameter water quality meter (DKK-TOA, WQC-24, Japan).
During the incubating period, water temperatures were similar among RAS systems and fluctuated from
26.3 t0 28.4 °C. Values of pH were stable in the range from 8.2 to 8.6. DO was 5.1 t0 5.6 mg L™ 1.

2.5.2 Experiment on larval to fry stages

In this and the subsequence experiments, we considered survival and growth as indirect indicators
of the salinity tolerance, with higher values corresponding to higher tolerance. Two hundred larvae (2 dph)
from each group were transferred from freshwater and distributed randomly into each of five tanks with
different salinities (0, 5, 10, 15 and 20 ppt), and we made 4 replicates of each condition. This design led to
60 composite tanks (20 L water volume), each tank containing 200 larvae. To avoid potential biases linked
to the relative positions of the tanks, we allocated these positions randomly. Tanks with saline water were
brought to their targeted salinity by progressively replacing water in each tank with saline such that all
treatments reached their target concentration 10 days after the start of the experiment. Aeration was
provided in each tank by an air-stone. We fed the larvae in each tank on rotifers, nauplii of Artemia, and
Moina during the first 5 days and only nauplii of Artemia, and Moina from day 6 to day 21. The larvae were
manually fed o apparent satiation four times per day (at 06:00 h, 10:00 h, 14:00 h, 18:00 h). We siphoned
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off the waste accumulated in the bottoms of the tanks daily to avoid negative effects on larvae. After 21

days of experiment, all fish were harvested to evaluate the survival rate and growth performance.

The same water quality parameters as for the embryonic stage were monitored daily in this period.
During the experiment, temperature varied over time from 27.2 °C to 28.7 °C, levels of pH ranged from 7.2
to 8.1 and DO from 4.8 to 5.5 mg L™, although these parameters were similar among tanks at any given

time.
2.5.3 Experiment on fry to fingerling stage

The experimental design was similar to the one described for the larvae, with 200 fry (28 dph) from
each group (initial body weights: 0.8 £ 0.1 g for the selected group, 0.7 + 0.1 g for the random group and
0.6 £ 0.1 g for the freshwater group) distributed randomly in 60 300 L composite tanks. Individuals in each
tank were fed to apparent satiation twice daily at 08:00 h and 15:00 h using a commercial pelleted feed with
protein content of 35%. We maintained a constant salinity in all tanks using a RAS where well-aerated
water was supplied continuously. Around 5% of the culture water in each tank was exchanged every 3 days
in addition to siphoning off the accumulated wastes each of the at tank bottoms. After a 70-day experimental
period, we harvested all survivors for growth rate assessment, and analyses of osmoregulatory parameters.

Tank water samples were also collected and stored at time of sampling to measure osmotic pressure.

We monitored water quality daily using the same parameters as for the previous stages. During the
experiment, temperatures ranged from 27.1 °C to 30.5 °C among RAS systems. The values of pH ranged
from 7.1 to 8.0, and DO ranged from 5.0 to 6.5 mg L. Additionally, total ammonia nitrogen (TAN) and
N-NO; were measured weekly using a Multiparameter Photometer (Hana Hi 83300). The concentrations

of TAN and N-NO; were lower than 0.5 mg Lt and 0.3 mg L™, respectively.

We estimated growth performance for each salinity treatment as weight gain (WG, g), daily weight
gain (DWG, g day™), specific growth rate (SGR, % day*) and feed conversion ratio (FCR). The estimated
values were based on the following standard formulae used routinely as performance indicators in

aquaculture studies (Bandyopadhyay and Das Mohapatra, 2009; Fagbenro and Arowosoge, 1991):
SGR(%/day) = [(In WS - In Wi)/T] x 100

DWG (g/day) = (Wf - Wi)/T, where Wf and Wi refer to the mean final and initial weights,

respectively, and T is the experimental period in days.

Feed conversion ratio (FCR) = total weight of feed consumed (g)/total fish weight gain (g)
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We collected blood samples from 3 fish per tank with a heparinized syringe and transferred the
individual blood samples to 1.5-ml labelled tubes. Blood samples were then centrifuged for 15 min at 4500
rpom at 4 °C. Next, we separated plasma, and stored it frozen at — 20 °C for later analysis. Plasma osmolality
was measured using Advanced Instrument Osmometer Model 3320. Na+ and CI- ions concentrations were

measured using Flame Photometer 420 and MKII Chloride Analyzer 926s, respectively.
2.6 Estimation of realized heritability and the response to selection in G2 generation

In this experiment, the three fish groups were stocked together in a common garden design. The
environment was identical for all groups to minimize the error caused by confounding between-tank
variation in separate replicates and genetic effects (Dussault and Boulding, 2018; Liu et al., 2016). The
fingerlings from the three groups were distinguished using visible implant elastomer (VIE) tags with three
different colors: red for the selected, yellow for the random and green for the freshwater fish. The method
for tagging VIE on fish was presented in detail in GEV (2020). It was reported that VIE tags in Zebrafish
(Danio rerio) could be retained for one year and that tagging did not interfere with long-term growth and
survival (Hohn and Petrie-Hanson, 2013).

We used a RAS system with four 10 m® composite culture tanks (each tank corresponding to one
replicate) in this experiment. From each group, 130 fish (100 dph, initial body weight of selected fish: 22.0
+ 1.4 g; random fish: 20.2 £ 0.7 g, freshwater fish: 19.3 + 2.6 g) were randomly allocated to a culture tank
(total of 390 fish per tank). We then brought the tanks gradually to the targeted saline condition by
progressively replacing water in each tank with saline water over 10 days (1 ppt per day) until reaching the
desired salinity of 10 ppt (the same level as in the selection experiment). We fed each tank to apparent
satiation twice daily at 09:00 h and 16:00 h using a commercial pelleted feed with protein content of 28%.
Approximately 3% of the culture water in each tank was exchanged every 2 days in addition to siphoning
off the accumulated waste at the tank bottom. The entire experiment lasted for 8 months when the fish
reached commercial sizes and an age (11 months) similar to the age of the fish at the end of the selection
experiment. At harvest, all survivors were weighted individually for growth rate assessment. The fish from

the three groups were classified according to their VIE color.

In this stage, the same water quality parameters as above were monitored daily in the RAS system.
During this experiment, temperatures ranged from 27.3 °C to 30.8 °C, the level of pH ranged from 7.1 to
8.5 and DO ranged from 3.9 to 5.2 mg L. The concentration of TAN and N-NO was smaller than 1.5 mg
L*and 0.8 mg L%, respectively.

97



Chapter 4: Selective breeding of saline-tolerant striped catfish (Pangasianodon hypophthalmus) for
sustainable catfish farming in climate vulnerable Mekong Delta, Vietnam.

At this stage, the direct genetic response to selection of the growth in saline condition in the G2
generation was estimated as the relative weight superiority of the selected group on the random group, i.e.
R =WSs - Wr, or R% =100*[(Ws -Wr)/WTr], where Ws and Wr were the mean weights at harvest of offspring
from the selected and random groups, respectively, and assuming that the average Wr estimated the
corresponding average in the preceding generation. The realized heritability for growth in saline condition
was calculated as: h? = R/S, where S was the selection differential, computed as the average difference in
trait values between the selected individuals and the overall population in the preceding generation.
Coefficients of variation for body weight for each group were estimated as: (standard deviation/mean) *100.

2.7 Statistical analysis

Since most investigated parameters were not normally distributed, we used permutations
procedures (Manly, 2007) applied to our factorial designs in order to evaluate the effects of salinities, fish
groups and their interaction. Differences between factor least square means were tested using Duncan’s
multiple-range tests. For all tests, the level of significance was set at P < 0.05. Statistical analyses were
conducted using SAS 9.3 (SAS, 2009)

3. Results

After 3 selection stages (11 months of age), the average body weight and SEM of the fish in the
selected group and the random group in the G1 population were 1,380 £ 7.3 g (576 fish) and 793 £ 10.6 ¢
(470 fish), respectively. As described above, these G1 fish were the parents of the measured G2 fish (Figure
1).

3.1 Embryonic development of fish under saline conditions

Increased salinity resulted in a decrease in gastrulation and hatching rates and an increase in
deformity rate and hatching time. The statistical analyses showed that salinity, fish group and their
interaction had significant effects on gastrula, hatching, and deformity rates (P < 0.05) (Figure 2). For
salinity level set to O ppt, these parameters were similar for the three groups of fish (P > 0.05). The
parameters started to differ significantly between the three groups above 2.5 ppt: the gastrulation and
hatching rates of the selected and random groups were significantly higher and their hatching time and
deformity rate were significantly lower than for the freshwater group. Although not always significantly,

the values from the selected group were consistently better than those from the random group.
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Figure 2: Effects of salinity, fish group on embryonic development of three fish groups under saline
conditions; Gastrulation rate (A), Hatching rate (B), Deformity rate (C) and Hatching time (D). Values are

given least square means (LSM) = SEM. Different letters indicate significant difference (P < 0.05).
3.2 Growth and survival of fish under saline conditions on larvae to fry stage

Results showed that the survival rates and the final weights tended to decrease with increasing
salinities. Salinity levels and fish group had significant effects (P < 0.05) on the survival rates and final
weights, with no indication of significant interactions (Figure 3). No fish survived when the water salinity
was 20 ppt. At 15 ppt, only few fish from the selected and random groups survived. Although the survival
rates were systematically higher in the selected group, the differences were not significant at 0 ppt, but
became significant for 5 and 10 ppt. Similarly, the final weights in the selected group tended to be higher

than in the random and freshwater groups, with significant differences from 10 ppt (P < 0.05).
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Figure 3: Growth and survival of three fish groups under saline conditions on larvae to fry stage;
Survival rate (A) and Final weight (B). Values are given least-square means (LSM) £ SEM. Different letters
indicate significant difference (P < 0.05).

3.3 Growth performance and changes in osmoregulatory parameters of fish under saline

conditions on fry to fingerling stage

3.3.1 Fish survival, growth rate, and FCR
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Figure 4: Growth performances of three fish groups under saline conditions on fry to fingerling
stage; Survival rate (A), WG: weight gain (B), DWG: daily weight gain (C), SGR: specific growth rate (D),
FCR: Feed Conversion Ratio (F). Values are given least-square means (LSM) + SEM. Different letters

indicate significant difference (P < 0.05).

For all tested salinity levels, the fish from the selected group grew faster, followed by those from
the random, and the freshwater group (Figure 4). Fish growth rates (WG, DWG, and SGR) were highest in
5 ppt (P < 0.05) and did not differ between 0 and 10 ppt (P < 0.05). In terms of feed utilization efficiency,
FCR values were higher for the freshwater group than for the random group, and higher for the random
group than for the selected group, with the differences tending to become significant as the salinity
increased (Figure 4). The survival rates were similar for the selected and the random groups from 0 ppt to
15 ppt, and lower, although not significantly, in the freshwater group. At 20 ppt, the survival rates dropped
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significantly, with a more marked decrease for the random and the freshwater groups than for the selected

group (Figure 4).
3.3.2 Osmolality and ionic concentration (Na* and CI")

Generally, raising salinity led to an increase in these parameters (Figure 5). Plasma osmolality
values from the three groups were similar up to salinity of 15ppt. The differences became significant at
20ppt, with osmolalities in the selected (417.3 £ 17.9 mOsm/kg) and random (414.9 + 8.2 mOsm/kg) groups
significantly higher than in the freshwater group (384.5 = 10.1 mOsm/kg). At 10 ppt, there were no
significant difference between external osmotic pressure (288.8 £ 3.2 mOsm/kg) and plasma osmotic
pressure of fish in the three groups. At this level, fish were in conditions that were essentially isosmotic to

their internal environment. Similar trends were observed for Na* and CI- concentrations in our experiment.
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3.4 Heritability and selection response
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After one generation of mass selection under saline condition, the realized heritability for the body
weight of striped catfish was 0.29 (Table 1). Interestingly, our selection procedure led to increases in both
harvest weight (18%) and survival rate (11.4%). For harvest weight, we found lower values of the
coefficient of variation in the selected group in both generations, with 12.7% in G1 generation and 21.8%
in G2 generation, while the values for the random (with 28.8% in G1 and 25.5% in G2) and freshwater

(25.1% in G2) groups were similar.

Table 1: Heritability and response to selection for body weight (given same age -11 months at harvest
time) after one generation of selection under salinity of 10ppt.

G1 generation G2 generation
Parameters

Selected Random Selected Random Freshwater
BW (g) 1,380 £7.3° 793 +10.6° 1,106 + 12.8° 935+ 13.6¢ 827 £12.3°
SR (%) - - 76.9 +4.82 69.0 £ 1.5% 57.1+1.9°
S for BW (g) 587 - - -
R for BW (g,%) - - 171 (18.0) -
R for SR (%) - - 7.9 (11.4) -
h? (BW) 0.29 -

Values are given as least square means (LSM) £ SEM, BW = body weight, SR = survival rate, S =
selection differential, R = selection response, h? = realized heritability. Different letters indicate

significant differences within the same row (P < 0.05).

4. Discussion

4.1 Effect of the salinity on the survival and growth performance of striped catfish

Salinity is one of the critical factors affecting the growth rate, survival rate, geographical
distribution and metabolism of fish (Hossanin et al., 2021; Gilles and Patrick, 2001). The analyses in our
experiment confirm that salinity can affect the survival and the growth performances of striped catfish in
various developmental stages. These impacts have already been shown in previous works: increasing the
salinity reduced the probability of eggs reaching an observable developmental stage and hatching rates,
delayed the hatching time and development of fertilized eggs, and increased the deformity rate of the larvae
(Borode et al., 2002; Huong and Quyen, 2012; Hossanin et al., 2021). Nevertheless, for some freshwater

fish, slightly raised salinities could lead to faster growth compared to freshwater condition (Gilles and
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Patrick, 2001). A hypothesis potentially explaining this observation is that the energetic cost of
osmoregulation is lower in an isosmotic medium (for most freshwater fish, the iso-osmatic salinity normally
ranges from around 10 to 12 ppt (Varsamos et al., 2005)), where the gradients between blood and water are
minimal, and that energy savings are substantial enough to increase the growth (Gilles and Patrick, 2001).
In the current study, we obtained the best growth performances from larva to fingerling stages for salinities
of 5 and 10 ppt, and the performances started to decline for higher salinities. This decline of the
performances for higher salinities have been observed in other studies. Nguyen et al. (2014) reported a poor
survival rate (38.2%) for striped catfish in 18 ppt and Amornsakun et al. (2017) observed a poor survival
rate (16.7%) for snake head fish (Channa striatus) at 14 ppt. Consequently, our results support the
statement that striped catfish can tolerate low to moderate saline conditions, with minor and sometimes
positive effects on their survival and growth performances.

4.2 Improvement of the salinity tolerance of striped catfish using selection

The results presented in the preceding section show the effect of the salinity on the measured
parameters (Figures 2 to 4). In addition, we also observed differences in salinity tolerance of striped catfish
in our selection program. In general, the group with the offspring of the fish selected on size (“selected”
group) tended to perform better in terms of growth and survival than the offspring of the fish from the
randomly chosen fish (“random” group). We interpret this difference as a response to the selection in the
previous generation (see also next paragraph). Furthermore, the fish originating from parents raised in saline
conditions performed better than those coming from parents kept in freshwater did. Several hypotheses
might support these observations. A first hypothesis is that fish raised in a saline environment might have
a better tolerance to stressful osmotic conditions in comparison to those raised in fresh water. Indeed, stress
due to the environmental salinity is known to induce a costly adjustment of the osmoregulation, which
consumes up to 50% of total energy (Gilles and Patrick, 2001; Hasan et al., 2017). This energetic expense
has a negative impact on the growth rate. As a first step to confirm this hypothesis, we have observed in
our study that striped catfish are able to regulate internal osmolality to adapt to the salinity fluctuations.
More importantly, we have observed significantly higher osmolalities in the selected and the random groups
than in the freshwater group at high level of salinity (20 ppt) (Figure 5), indicating a better tolerance to
stressful osmotic conditions for the fish raised in a saline environment and a lower energetic expense for
osmoregulation. We can propose another hypothesis to explain the differences in growth between the
offspring of the fish reared in freshwater and those coming from the randomly selected sample in saline
conditions: although not selected on growth, fish from the random selection sample are selected on survival.

This selection might contribute to select favorable alleles for growth at the same time if growth and survival
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are correlated traits. Further studies are needed to potentially support this hypothesis, such as a genome-
wide association study (GWAS) designed to identify quantitative trait loci (QTL) underlying the difference
between the two sets of fish. Alternatively, we might consider using candidate genes approach (maybe
targeting genes involved in osmoregulation) to explain part of the genetic difference between rearing

groups.

Coming back to the comparison between the selected and the random groups in saline conditions,
our hypothesis is that mass selection in the previous generation has increased the frequency of favorable
alleles for salinity tolerance in the selected group. The transmission of these variants to the next generation
should lead to the observed better performances for the offspring of the selected fish than for those of the
randomly selected fish. These results are therefore a confirmation that selection in saline conditions could
be a first step towards genetic adaptation to the new environmental conditions (Donelson et al., 2019).
Several previous studies provide additional support to this hypothesis. A genetic component of the salinity
tolerance has been observed in several studies and species, such as Arctic charr (Salvelinus alpinus)
(Norman et al., 2011) and Nile tilapia (Oreochromis niloticus) (Gu et al., 2018; Rengmark et al., 2007). In
striped catfish, a number of putative genes potentially related to salinity tolerance have been identified using
RNA sequencing data (Thanh et al., 2014; Viet et al., 2016). The increased salinity tolerance obtained in
selection programs has been reported for tilapia in several previous studies (Jaspe and Caipang, 2011; Tran
et al., 2008). Similarly, Afonso et al. (1998) have provided an extensive review of successful selection
programs for stress tolerance on rainbow trout and common carp. Progressive genetic adaptation to salinity
has been documented in laboratory strains of guppy (Poecilia reticulate) (Shikano et al., 2001; Shikano and
Fujio, 1998a, 1998b). Purcell et al. (2008) also showed that mosquitofish (Gambusia affinis) living in saline
environment required genetic adaptation through natural selection for higher individual salinity tolerance
than fish from freshwater conditions where no such selection for salinity tolerance exists. This process can
sometimes occur remarkably rapidly in a few generations if such favorable variants exist in the challenged
population, (Barrick and Lenski, 2013), as seems to be the case in our experiment. Furthermore, gametes,
embryos and larvae might undergo selection for alleles that provide advantage in the parental environment,
particularly in highly fecund species as fish (Torda et al., 2017). High phenotypic variance coupled with a
reasonable heritability indicate that the high genetic diversity underlying a trait could be efficiently used in
a selection program (Tahapari et al., 2018). In our study, the large phenotypic variation observed for growth
(Table 1) and the corresponding reasonable heritability (0.29) suggest opportunities for a successful
selection program targeting an improved tolerance and a progressive adaptation to the emerging saline

conditions.
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4.3 Heritability and response to selection

Our study demonstrated that genetic selection effectively improved the performance of striped
catfish in brackish water of moderate salinity (10 ppt). The gain achieved for body weight in this population
of striped catfish averaged 18.0% after one generation of selection. This achievement was higher than those
reported in striped catfish from a selection program conducted under favorable freshwater pond
environment with only 9.3% per generation (Vu et al., 2019). However, this is in line with genetic gain
found in other fish species, such as tilapias (Bentsen et al., 2017), common carp (Ninh et al., 2013), channel
catfish (Rezk et al., 2003) and Atlantic salmon (Thodesen et al., 1999). In general, the genetic gain achieved
after one generation in our breeding program under brackish water was comparable to those reported in
aquatic animals, which are about 12.7% on average (Gjedrem and Rye, 2018).

Furthermore, our results also showed that selection for increased growth performance in saline
conditions seemed to enhance the survival rate of striped catfish during the grow-out phase (11.4%),
although this increase was not significant. The survival gain obtained in the present study was also
remarkably higher than that reported for striped catfish selection program carried out under freshwater
condition of only 7.4% (Vu et al., 2019). In the present study, selection in G1 generation was obviously
made among the surviving fish under saline stress, making survival part of the tolerance to salinity and, as
such, a selected trait. Survival is also an economically important trait for striped catfish in brackish water
system because it affects the number of fish harvested and marketed, and hence the production yield per
unit of culture and the farmers’ income. In other species, responses to selection for both body weight and
grow-out survival were  positive in giant freshwater prawn (Vu et al., 2017), negative in Pacific white
shrimp (Zhang et al., 2017) and non-significant in common carp (Dong et al., 2015; Ninh et al., 2014). In
Nile tilapia, the long term-selection program for high growth in the Genetically Improved Farmed Tilapia
(GIFT) strain over 10 generations did not cause any changes in grow-out survival in pond (Hamzah et al.,
2017).

The genetic gains of body weight and survival obtained in our selection program under saline
condition suggest that selection to improve ability of striped catfish to adapt to saline stress can be achieved.
These results also demonstrate for the first time that at least two major production traits (survival and
growth) associated with the ability to adapt to salinity were positively modified after only a single
generation of selection, indicating again that this population of striped catfish have the genetic potential to
adapt to salinity changes. Similarly, improved tolerance of striped catfish observed in this study has been
found for disease resistance to specific pathogens for salmonids (Leeds et al., 2010; Storset et al., 2007)
and tilapia (Shoemaker et al., 2017; Sukhavachana et al., 2019). Among these studies, several have
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demonstrated moderate to high genetic gains per generation, for example 18.7% for infectious pancreatic
necrosis resistance in Atlantic salmon (Storset et al., 2007), and 9% for streptococcosis resistance in red
tilapia (Sukhavachana et al., 2019).

Although culture of this improved strain of striped catfish in current hatcheries conditions (i.e. in
freshwater) could be an objective, it is likely that saline-tolerant strains of striped catfish such as the one
developed in our program could also perform well in either low salinity or freshwater environment.
Specifically, growth performance of fish from the selected group was slightly higher than those from the
random and freshwater groups in 5 ppt and 0 ppt treatments although selection program was implemented
in 10 ppt. These findings seem to be in agreement with the hypothesis proposed by Falconer (1990) based
on a review of 24 studies in both farmed animals and model species that antagonistic selection (i.e. selection
under unfavorable environments as saline stress in our study) may produce genotypes that can perform well
across a range of production system environments. In contrast, selection under favorable environmental
conditions (i.e. synergistic selection) may result in sensitive genotypes that do not thrive under stressed
conditions. This hypothesis was supported in the study of Thoa et al. (2016): a genetic line of Nile tilapia
having undergone five generations of selection under a moderate saline water environment could be
cultured successfully in freshwater systems. It suggests that our breeding program to improve growth
performance of striped catfish under saline conditions can provide catfish seeds for both freshwater and

saline water production systems.

The moderate heritability estimates obtained for body weight under saline condition in our study is
generally in line with those reported in other selection programs for striped catfish in favorable freshwater
environment with a range from 0.21 to 0.34 after three generations of selection (Sang et al., 2012; Vu et al.,
2019). In a selection program on channel catfish (Ictalurus punctatus) grown in earthen ponds, realized
heritability for three generations of selection were 0.17 and 0.19 for Kansas and Marion strains, respectively
(Rezk et al., 2003). In a breeding program on Nile Tilapia, Tran et al. (2008) reported heritability estimates
of 0.24 and 0.19 for harvest weight after three generations with selection in freshwater and in brackish water
respectively. The heritability achieved for body weight after one generation of selection in the current study

suggests that the population will continue responding to future selection rounds under saline conditions.

5. Conclusion

The results from this study demonstrate that a selective breeding for increased saline tolerance of
striped catfish can already be effective after one generation of selection under saline environment. The

improved salinity tolerance of striped catfish developed in the present study is of practical significance in
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the context of Mekong Delta aquaculture, where the striped catfish breeding activities are projected to be
greatly affected by salinity intrusion due to climate change. The selected animals originating from this
study also constitute a valuable genetic resource for subsequent studies targeting a better understanding of
the physiology and genomic characteristics of this improved strain as well as the mechanisms of

osmoregulatory adaptation to salinity in striped catfish.
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Chapter 5: A high-quality genome assembly of striped catfish (Pangasianodon
hypophthalmus) based on highly accurate long-read HiFi sequencing data

Preamble

In the Chapter 4, the genetic gains for body weight and survival rate after one generation of selection
under saline conditions suggest that selection can be effective to improve ability of striped catfish to cope
with saline stress. To to increase the genetic gains, selection process should be continued with more
generations, especially focusing on modern approaches such as MAS or GS. However, the genomic
resources of striped catfish are still limited. For example, the genome sequence of this species is still in a
draft state due to the high contents of repeat sequences in this genome. Recently, PacBio introduced the
HiFi long reads with lengths up to 25 kb and with high read accuracy of > 99.9 %. This technology allows
rapid, efficient, contiguous and complete assemblies of even the most complex large genome with highly
repetitive genomic regions. In the present study, we have constructed the high-quality genome of striped
catfish based on HiFi sequencing data. The improved version of striped catfish genome is expected to
provide a foundation that can facilitate basic research such as DNA marker discovery, resolution of difficult
regions and access to novel genetic variation. This new knowledge should be useful for future work,
especially for marker-assisted selection and/or genomic selection to improve salinity tolerance, but also

other economically traits of striped catfish.
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Abstract

The HiFi sequencing technology yields highly accurate long-read data with accuracies greater than
99.9% that can be used to improve results for complex applications such as genome assembly. Our study
presents a high-quality chromosome-scale genome assembly of striped catfish (Pangasianodon
hypophthalmus), a commercially important species cultured mainly in Vietnam, integrating HiFi reads and
Hi-C data. A 788.4 Mb genome containing 381 scaffolds with an N50 length of 21.8 Mb has been obtained
from HiFi reads. These scaffolds have been further ordered and clustered into 30 chromosome groups,
ranging from 1.4 to 57.6 Mb, based on Hi-C data. The present updated assembly has a contig N50 of 14.7
Mb, representing a 245-fold and 4.2-fold improvement over the previous Illumina and Illumina-Nanopore-
Hi-C based version, respectively. In addition, the proportion of repeat elements and BUSCO genes
identified in our genome is remarkably higher than in the two previously released striped catfish genomes.
These results highlight the power of using HiFi reads to assemble the highly repetitive regions and to
improve the quality of genome assembly. The updated, high-quality genome assembled in this work will
provide a valuable genomic resource for future population genetics, conservation biology and selective
breeding studies of striped catfish.

Keywords: striped catfish; chromosome-scale genome assembly; selective breeding; HiFi reads
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1. Introduction

The striped catfish (Pangasianodon hypophthalmus) is a freshwater species that is widely cultured
in the Mekong River Delta, Vietnam (Nguyen and Dang, 2010; Phan et al., 2009). In 2021, striped catfish
farming in the Mekong Delta produced 1.48 million tons, being cultured on a farming area of approximately
5400 ha, with an export value of 1.61 billion USD (VASEP, 2021). Catfish aquaculture is however facing
several challenges, including the lack of genetically selected broodstocks to respond to the high mortality
caused by diseases and increasing salinity intrusion in the culture area due to climate change (De Silva and
Nguyen, 2011; Hai et al., 2020; Hoa et al., 2021). Use of the genomic information in selection programs
might contribute by supplying necessary tools to tackle these challenges in striped catfish aquaculture and

thus ensure its sustainability and profitability.

Genomic information provides powerful tools to enhance the fundamental research and
applications for genetic improvement programs across many aquaculture species (Abdelrahman et al., 2017;
Yue and Wang, 2017). The whole genome sequence is now available for several economically important
fish species such as channel catfish (Ictalurus punctatus) (Liu et al., 2016), Atlantic salmon (Salmo salar)
(Lien et al., 2016), Nile tilapia (Oreochromis niloticus) (Brawand et al., 2015), rainbow trout
(Oncorhynchus myskiss) (Berthelot et al., 2014), and Atlantic cod (Gadus morhua) (Star et al., 2011). Based
on these reference genomes, genomic markers such as single nucleotide polymorphisms (SNPs) or
microsatellites can be detected and used in parentage assignment tools (Griot et al., 2020), linkage maps
can be obtained, allowing for example QTL/GWAS (Quantitative Trait Loci/Genome-Wide Association
Study) to be performed. These genomic tools can then be used in breeding programs, including marker-
assisted selection (MAS), genomic selection (GS), and genome editing. For instance, genomic resources
have been used for mapping QTL for feed conversion efficiency in crucian carp (Carassius auratus) (Pang
etal., 2017), and GWAS for growth rate and MAS for disease resistance in Atlantic Salmon (Salmo salar)
(Gutierrez et al., 2015; Moen et al., 2015).

For striped catfish, two version of genome assemblies have been reported to date, with one based
only on Illumina short reads (Kim et al., 2018), and another one based on an hybrid approach combining
Illumina short reads, Nanopore long reads and Hi-C data (Gao et al., 2021). lllumina reads are accurate and
have a low cost per base, but their read length, typically less than 600 bases, are shorter than many repeat

elements in the genomes (Amarasinghe et al., 2020; Derakhshani et al., 2020). Consequently, de novo
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assembly using short reads often fails to resolve a full genome due especially to difficulties in the majority
of repetitive regions. In contrast, long reads sequencing technologies (or third-generation sequencing) can
generate reads longer than 10 kb that can span highly repetitive regions of genomes, and bridge previously
intractable gaps in assemblies to improve overall contiguity (Nath et al., 2021; Pollard et al., 2018). The
main drawback of long reads is a lower accuracy (an average accuracy of 90% for Nanopore and PacBio
Sequel) (Lin et al., 2016) compared to Illumina short reads (99.9%) (Shendure et al., 2017). As a result, the
draft genome produced only by long reads were more contiguous, but they also contained more errors
(Chaisson et al., 2015; Jain et al., 2018). Combination of the advantages of the two different sequencing
technologies in so-called hybrid approaches can overcome their drawbacks (Nowak et al., 2019; Tan et al.,
2018). In the hybrid approach, long-read assemblies are polished with Illumina short reads to improve
accuracy (Hu et al., 2020; Walker et al., 2014). On the negative side, most polishing tools may be unable
to fix errors in repetitive regions that have ambiguous short-read mappings (Jain et al., 2018; Wenger et al.,
2019a) and combining sequencing technologies may lead to increased costs and to more complexity in the
projects.

As an alternative approach to eliminate dependencies on short-read data polishing, PacBio recently
introduced high-fidelity reads (HiFi reads), with an average length of 13.5 kb, and a substantial increase in
the base accuracy compared to previous long reads (greater than 99.9%) (Logsdon et al., 2020; Wenger et
al., 2019a). The highly accurate long-read HiFi sequencing data have been proven to significantly improve
the continuity and completeness of genome assembly in many studies (\Vollger et al., 2020; Yang et al.,
2022). Several new assemblers have been developed to fully exploit HiFi reads, that do not require a final
polishing phase (Di Genova et al., 2021; Nurk et al., 2020). The assembly exclusively based on long highly
accurate PacBio HiFi reads outperforms Illumina-Nanopore hybrid and Nanopore assembly. In addition,
de novo assemblers using HiFi reads required less data compared to other strategies. Using HiFi data, a 16x
genome coverage is sufficient in order to produce high quality assemblies (Gavrielatos et al., 2021). For
the human genome, the high accuracy of PacBio HiFi sequence data has improved variant discovery,
reduced the assembly time and provided access to even more complex regions of repetitive DNA
(Huddleston et al., 2017; Logsdon et al., 2020; Wenger et al., 2019b). With HiFi reads, more than 50% of
the regions previously inaccessible with Illumina short-read sequence data in GRCh37 human reference
genome are now accessible (Wenger et al., 2019b). For most aquatic species, due to a high content of
repetitive DNA sequences in their genomes, the assembly of the genome was extremely complicated

(Houston et al., 2020). For this reason, the HiFi sequencing technology may be a better choice to assemble
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the high quality genome of striped catfish. Recent studies demonstrated that repetitive sequences play an
important role in regulation of gene expression (Mehrotra and Goyal, 2014). Consequently, a high-quality
genome with higher proportion of repetitive regions identified will offer more opportunities to understand
the comprehensive biology, especially in aquaculture species (Yue and Wang, 2017). Moreover, by using
this improved reference genome, a larger number of DNA markers (e.g., SNPs) with high quality can be
identified (Georges et al., 2019; Houston et al., 2020; Malhis and Jones, 2010) . This phenomenon will
facilitate MAS and GS to accelerate genetic improvement in selective breeding programs (Yue and Wang,
2017; Zenger et al., 2019). Using a high-quality reference genome can bring several benefits for
downstream genetic applications such as reduction of time and funds needed to implement MAS and GS,
and achievement of higher genetic gains in the breeding programs (Benevenuto et al., 2019; Houston et al.,
2020; Yue and Wang, 2017). In a study on the blueberry (Vaccinium corymbosum), using a high-quality
reference genome resulted in a higher precision about the location, number, and gene action of QTLs, by
that improving our understanding of the genetic architecture of the traits through GWAS analyses and
higher chances to uncover the molecular mechanisms underpinning the trait variation (Benevenuto et al.,
2019).

In the present study, an improved (chromosome-level) assembly was developed for striped catfish
by using PacBio HiFi long reads. The assembly was then scaffolded to chromosome level using Hi-C data.
This improved reference assembly represents a step towards improving our understanding of fundamental
biological and evolutionary questions and towards the genetic improvement of important aquaculture

production traits via genomic-assisted breeding of striped catfish.

2. Materials and Methods

2.1 Sample collection and DNA extraction

This study was carried out using striped catfish (Pangasianodon hypophthalmus) collected from a
(8°33” - 10°55” N; 104°30° - 106°50° E) hatchery in the Mekong Delta Vietnam. High quality genomic
DNA was extracted from blood of a striped catfish recently, a new study (Wen et al., 2022) suggested that
Pangasianodon hypophthalmus has a XY sex determination system) using NucleoBond HMW DNA kit
(Macherey-Nagel, Germany) for PacBio sequencing and the Maxwell® 16 Blood DNA Purification Kit

(Promega, Madison, WI, USA) for Illumina sequencing . DNA quality and quantity were evaluated using
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electrophoresis on a 1% agarose gel, and using Quant-iT™ PicoGreen ® dsDNA Reagent and Kits (Thermo
Fisher Scientific, Waltham, MA, USA). Then, the DNA was sequenced using two libraries, with short and
long reads.

2.2 Library construction and DNA sequence

The first library was generated to obtain long PacBio HiFi reads. The HiFi sequencing library was
prepared using SMRTbell Express Template Prep Kit 2.0 (Pacific Biosciences, Menlo Park, CA, USA).
The library was further size-selected using BluePippin System from SAGE science. The library was
sequenced on one 8M SMRT cell on Sequel Il instrument using Sequel 1l Binding kit 2.0 and Sequencing
chemistry v2.0. The sequencing produced 3,902,121 polymerase reads (~ 270.8 Gb of raw data) with an
average polymerase read length of 69.4 kb and an average insert length of 16.4 kb. Circular Consensus
Sequences (CCS) (PacBio, CA, USA) were generated using CCS pipeline (SMRT Link v9.0.0.92188) with
following settings: minimum number of passes: 1, minimum predicted accuracy: 0.9. CCS reads with at
least 99% accuracy are called HiFi reads. This sequencing was performed by the Norwegian Sequencing

Centre (www.sequencing.uio.no) (accessed on 1 October 2020) from the University of Oslo, Norway.

In addition to PacBio reads, we employed Illumina paired-end sequencing by synthesis technology
to sequence the striped catfish genome using the whole genome shotgun approach. Paired-end libraries with
350 and 550 bp fragments were constructed using a TruSeq DNA PCR-Free Kit (Illumina) according to
manufacturer protocols. The libraries were sequenced using Illumina NextSeq 500 sequencing platform
with Illumina protocols for whole-genome shotgun sequencing with paired end reads (2 x 150 bp). This
work was performed by the Interdisciplinary Center for Biomedical Research (GIGA) at the University of

Liege, Belgium.

2.3 Sequence data processing and genome assembly

Raw genomic library data generated by Illumina were quality checked using FastQC v.0.11.9
(Andrews, 2010). We performed data filtering and trimmed adapter sequences, low-quality reads and PCR
duplication using Trimmomatic v 0.39 (Bolger et al., 2014) with parameters ILLUMINACLIP: TruSeq3-
PE.fa:2:30:20 LEADING:20 TRAILING:20 SLIDINGWINDOW:5:20 MINLEN:50.
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The initial characterization of the striped catfish genome was estimated through k-mer (k=21 in this
study) analysis of the HiFi data by Jellyfish v 2.3.0 (Marcais and Kingsford, 2011) . The histograms were
uploaded to GenomeScope version 2.0 (Vurture et al., 2017) for estimation of genome size, level of

duplication and heterozygosity.

The HiFi reads were assembled into contigs using Hifiasm-0.16.1 (Cheng et al., 2021) using default
parameter values. To scaffold genome, the cleaned Hi-C reads (with a total of 90 Gb) from a previous study
on striped catfish (Gao et al., 2021) were mapped to the primary assembly by BWA version 0.7.17 (Li and
Durbin, 2009) to generate a BAM file which was subsequently converted to BED file. Then, SALSA
version 2.3 (Ghurye et al., 2019) used this BED file, which contained the mapping information of Hi-C
reads on the assembly, to scaffold primary assembly.

To build chromosome-level assembly scaffolds, the cleaned Hi-C reads were first mapped to the
assembled genome using BWA version 0.7.17 (Li and Durbin, 2009). Scaffolds were then clustered,
ordered, and oriented using Lachesis (Burton et al., 2013), with the parameter set “CLUSTER N =
30,CLUSTER_MIN_RE_SITES = 25, CLUSTER_MAX_LINK_DENSITY = 2,
CLUSTER _NONINFORMATIVE RATIO = 3”. Figure 1 shows the assembly and annotation workflow.
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2.4 Genome quality assessment

The quality of our final genome assembly was evaluated in terms of three data sets:

1) BUSCO Actinopterygii Genes. Quality assessment was conducted using BUSCO software
version 5.2.2 (Simdo et al., 2015) with default parameters by searching the genome against
3,640 single-copy orthologues from actinopterygii_odb10 database (https://busco-
data.ezlab.org/v5/data/lineages/) (accessed on 10 November 2021);

2) lllumina short DNA reads. To assess the accuracy of our genome assembly, we aligned the
Illumina short reads to the assembly using BWA version 0.7.17 (Li and Durbin, 2009) to
evaluate the mapping and covering rate;

3) Comparison to other assemblies. Contig N50 values were calculated for comparison with
those of previous studies on striped catfish (Gao et al., 2021; Kim et al., 2018) and other
Siluriformes species by QUAST version 5.0.2 (Gurevich et al., 2013). In addition, we also
mapped our newly assembled genome against the previously published one: (Genbank
accession no: GCA_003671635.1) (Kim et al., 2018) and GCA_016801045.1 (Gao et al.,
2021) to identify the gaps using MUMMER version 3.23 (Kurtz et al., 2004).

2.5 ldentification of repetitive elements and simple sequence repeat markers

Prediction of repeat elements was based on de novo and homology methods. In the homology
approach, we searched the genome for repetitive DNA elements using RepeatMasker version 4.1.2 (Tarailo-
Graovac and Chen, 2009) with parameters “-species siluroidei” based on the known repeats library (Dfam
3.5 database, https://www.dfam.org/releases/Dfam_3.5/families/) (accessed on 15 November 2021). To
identify repetitive element de novo, RepeatModeler version 2.0.2 (Flynn et al., 2020) was primarily used
to generate a repeats library. Then, this library was aligned to the assembled genome with RepeatMasker
version 4.1.2 (Tarailo-Graovac and Chen, 2009). In addition, the final assembled scaffolds were analyzed
to identify simple sequence repeats (SSRs) such as di-, tri-, tetra-, pentra-, and hexa-nucleotide repeats
using MISA version 2.1 (Thiel et al., 2003).
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3. Results

3.1 DNA sequencing

For HiFi data, a total of 17.28 Gb (Q > 20) were generated, corresponding to 1,68,528 reads with
an average read length of 14,791 bp, and a median of read quality of Q = 30. The distribution of read lengths
and read qualities is presented in Figure S1. The data obtained from the two paired-end libraries of 350-bp
and 550-bp insert sizes reached 51.2 Gb and 49.5 Gb, respectively (Table 1). A k-mer analysis predicted
that the striped catfish had an estimated genome size of 713,9 Mb, the heterozygosity rate of the genome

was 0.56%, and the repeats content of the genome was 17.5% (Figure S2).

Table 1: Summary of sequencing data for striped catfish genome assembly

Libraries Insert size (bp) Total data (Gb) Read length (bp) Sequence coverage (X) *
Illumina reads 350 51.2 150 71.8

Illumina reads 550 49.5 150 69.3

PacBio (HiFi) reads 16,400 17.28 14,791 24.2

Total 118.0 165.3

* The coverage was calculated according to estimated genome size of 713,911,345 bp
3.2 Genome assembly

The initial assembly of the striped catfish genome was based on HiFi reads only using Hifiasm de
novo assembler, which resulted in a genome size of 788.1 Mb with 845 contigs and a contig N50 of 14.7
Mb. Next, the contigs were scaffolded using SALSA with Hi-C data, which generated a genome size of
788.4 Mb with 381 scaffolds and scaffold N50 of 21.8 Mb (Table 2). We also found that the average GC
content in the striped catfish (38.96%) was similar to those in other species, that range from 33.62% to
42.01% (Tang et al., 2021). Furthermore, 315 scaffolds (99.3% of genome) were successfully clustered
into 30 chromosome groups. Finally, we obtained a high-quality chromosomal-level genome with a total
size of 778.9 Mb (Table 3)

121



Chapter 5: A high-quality genome assembly of striped catfish (Pangasianodon hypophthalmus)
based on highly accurate long-read HiFi sequencing data

Table 2: Summary of the final striped catfish genome assembly

Category Contig Scaffold
Length (bp) Number Length (bp) Number

Total 788,121,403 845 788,355,903 381
Largest 30,145,618 NA 35,439,358 NA
N50 14,675,983 20 21,837,136 15

N60 11,176,154 26 19,579,817 19

N70 6,525,798 35 17,728,427 24

N80 2,330,994 55 14,533,765 28

N90 459,384 139 1,263,789 54

N/A: not applicable.

Table 3: Statistics of chromosomal level assembly of Striped catfish

ChrID Length (bp) ChrID Length (bp) ChrID Length (bp)
Chrl 57,614,776 Chrl1 30,308,490 Chr21 20,241,537
Chr2 57,569,486 Chr12 30,160,703 Chr22 20,107,636
Chr3 47,895,633 Chr13 27,700,161 Chr23 19,020,310
Chrd 40,963,295 Chri4 26,554,853 Chr24 18,006,869
Chr5 37,055,990 Chrl5 26,362,405 Chr25 16,472,023
Chr6 33,881,059 Chr16 25,536,520 Chr26 12,481,112
Chr7 33,777,686 Chr17 25,407,408 Chr27 6,262,317
Chr8 33,526,538 Chr18 22,657,484 Chr28 2,381,093
Chr9 32,744,715 Chr19 22,587,380 Chr29 1,580,235
Chr10 32,245,061 Chr20 20,661,286 Chr30 1,373,485
Total chromosome-level length 783,137,546

Total length 788,355,903

Chromosome length/total length 99.3%
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3.3 Genome quality evaluation

BUSCO analysis of 3640 actinopterygii single-copy orthologues revealed that the proportions of
complete (C), complete and single-copy (S), complete and duplicated (D), fragmented (F), and missing (M)
genes were 96.0%, 93.5%, 2.5%, 1.0% and 3.0%, respectively (Table 4). 3,497 (96.0%) core genes were
completely identified in our assembly genome, suggesting a high completeness of genome assembly. Using
short reads, approximately 99.62% of these reads were mapped to our genome assembly, and these reads

covered 94.5% of the total assembly.

Table 4: Genome assessment based on BUSCO annotations.

Index Number
Complete BUSCOs (C) 3,497
Complete and single-copy BUSCOs (S) 3,405
Complete and duplicated BUSCOs (D) 92

Fragmented BUSCOs (F) 35
Missing BUSCOs (M) 108
Total BUSCO groups searched (n) 3,640

C:96.0%[S:93.5%,D:2.5%],F:1.0%,M:3.0%,n:3,640

For assessment using other assemblies, we compared our genome assembly to the two previous
versions of the striped catfish genome as well as to those from other Siluriformes species. Results showed
that our genome assembly had a similar size to those of other Siluriformes species (Table 5), and the contig
N50 of the present genome assembly is significantly higher than those from the other previously published
ones, including bighead catfish (GCA_011419295.1), walking catfish (GCA_003987875.1), and channel
catfish (GCA_004006655.2) (Table 5). Moreover, the contig N50 value of our version of the genome (14.7
Mb) was 245-fold greater than the previous version of (Kim et al., 2018) based only on Illumina reads (0.06
Mb) and 4.2-fold greater than the version of (Gao et al., 2021) based on Illumina reads, Nanopore long
reads and Hi-C reads (3.5 Mb) (Table 6). In addition, the results from aligning our genome against the two
previous versions indicated that 29,987 and 24,587 gaps were filled with respect to the versions of (Kim et
al., 2018) and (Gao et al., 2021), respectively. These gaps corresponded to 72.7 Mb and 45.8 Mb of

sequence in our new assembly, respectively.
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Table 5: Comparison of the genome assemblies of various Siluriformes species.

Genome size Number of ~ Contig N50

Species

(Mb) contig
Pangasianodon hypophthalmus (from the present study) 788.4 845 14.7
Clarias macrocephalus (GCA_011419295.1) 883.3 44,869 0.05
Clarias batrachus (GCA_003987875.1) 821.7 78,047 0.02
Ictalurus punctatus (GCA_004006655.2) 1,002.3 5,816 2.7
Ageneiosus marmoratus (GCA_003347165.1) 1,030 169,048 0.007
Ompok bimaculatus (GCA_009108245.1) 718.1 27,068 0.08
Bagarius yarrelli (GCA _005784505.1) 570.8 928 1.9
Tachysurus fulvidraco (GCA_003724035.1) 713.8 2,402 1.0

Table 6: Comparison of quality metrics of this study and the previous striped catfish genome assemblies

Genomic feature This study Gao et al. (2021) Kim et al. (2018)
The size of genome (Mb) 788.4 742.6 715.7

Number of contigs 845 821 23,340

Contig N50 (Mb) 14.7 35 0.06

Longest contig (Mb) 30.1 16.1 0.5

GC content (%) 38.9 38.9 38.7

Repetitive regions (%) 39.3 36.9 33.8

Complete BUSCOs (C) (%) 96.0 93.3 92.3

3.4 Repetitive genome elements and SSR markers

The results from an analysis of repeated elements showed that 308.36 Mb (39.11%) and 331.92
(42.10%) of the striped catfish genome consisted of repeat sequences when estimated from the de novo and
homology approaches, respectively. For de novo approach, approximately 57.2 Mb (7.25%) of class |
retrotransposons were identified (long interspersed nuclear elements [LINES], 3.87%; short interspersed
nuclear elements [SINEs], 0.39%; total long terminal repeat elements, 2.99%). In addition, 101.79 Mb
(12.91%) class 11 DNA transposons and 112.36 Mb (14.25%) unclassified elements were identified (Table
S1).
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A total of 960,574 SSRs were obtained from the striped catfish genome assembly. The biggest
fraction of SSRs were dinucleotides (53.2%), followed by mononucleotides (32.8%), trinucleotides (7.7%),
tetranucleotides (5.6%), pentanucleotides (0.5%) and hexanucleotides (0.2%). Among these SSRs, T
(49.2%) and A (48.6%) accounted for 97.8% of the total mononucleotide repeats. AC (17.3%), TG (15.9%),
GT (15.7%), CA (14.3%) and TC (8.0%) accounted for 71.1% of the dinucleotide repeats, whereas AAT
(11.3%), TTA (10.1%), ATT (9.9%), TAA (9.3%), TAT (7.7%) and ATA (7.4%) accounted for 55.7% of
trinucleotide repeats (Table S2).

4 Discussion

Genome assembly is the process of reconstructing a genome from randomly sampled sequence
fragments in which overlapped sequence fragments are referred to as contigs (in the ideal case, one contig
per chromosome) (Berlin et al., 2015; Logsdon et al., 2020). The quality of a genome assembly can be often
evaluated using metrics related to contigs (contiguity), such as N50, and the ability to complete the whole
structure of the genome (completeness), such as BUSCO score (Ellisetal., 2021; Molina-Mora et al., 2020).
In the present study, a high quality genome was assembled for striped catfish. This genome included 30
chromosomes, which is consistent with previously reported chromosome analysis in this species
(Sreeputhorn et al., 2017). The contigs N50 value of the present genome assembly is significantly higher
than in the previous versions (Table 6). In addition, the BUSCO value of the genome obtained in our study
(96.0 %) was slightly superior to that in (Z. Gao et al., 2021) and (Kim et al., 2018) with 93.3% and 92.3%,
respectively. Our findings were in agreement with previous works, where BUSCO scores and contig N50
of genome assembly were increased when using PacBio HiFi reads (Chin and Khalak, 2019; Driguez et al.,
2021; Sharma et al., 2021). Moreover, we also obtained high mapping and coverage rates when we mapped
the lllumina short reads on the obtained genome assembly. Together, these results indicated that our new

genome assembly was more contiguous and complete than the previous published ones.

The long-read sequencing technologies can generate very long reads that make them invaluable for
resolving complex repeats regions that cannot be assembled using shorter reads (Zimin and Salzberg,022).
Among these technologies, the HiFi sequencing with both long and highly accurate reads have made it
possible to overcome the assembly of highly repetitive regions (Yang et al., 2022). In this study, the highly
accurate long-read HiFi sequencing data used to generate the genome assembly have led to remarkable
improvements, especially in finding new repetitive sequences. A higher number of repetitive elements

(39,1%) were identified in our assembly compared to the previous genome assembly of (Z. Gao et al., 2021)
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with 36.9% and (Kim et al., 2018) with 33.8%. Our results are in accordance with prior work stating that a
genome assembly using HiFi data has significantly improved continuity and accuracy in many complex
regions of the genome, and that the HiFi sequence data assembled an additional 10% of duplicated regions
comparing to one assembled using continuous long-reads (CLRS) which are currently the most common
PacBio data type with lower accuracy (85-92%) (Vollger et al., 2020). In addition, our assembly also had
a higher proportion of repeat sequences than Murray cod (Maccullochella peelii) with 23.38% (Austin et
al., 2017), but lower than zebrafish (Howe et al., 2013) with 52.0%. Moreover, we identified 72.7 Mb and
45.8 Mb of new sequences that were unassembled in previous genome of (Kim et al., 2018) and (Z. Gao
et al., 2021), respectively. Combining this information with the increase of repetitive regions in our new
assembly suggests that the new identified sequences might be located in repetitive regions of the genome.
Taken together, these results are indicative of the high quality and completeness of the present genome
assembly and its potential as an alternative to the previous versions of the striped catfish genome.

The improvement of the quality of a reference genome may often lead to novel discoveries. For
example, improvements to rainbow trout (Oncorhynchus mykiss) assembly identified novel structure
variants between 2 separate lineages and featured a scaffolded sex-determination gene (sdY) in the Y
chromosome sequence (G. Gao et al., 2021). The drastic improvements in the present genome could also
lead to such new discoveries. It will also contribute to accelerate marker-assisted selection and functional
genomic studies in striped catfish. Moreover, it could also facilitate more accurate marker ordering and fine

mapping for quantitative trait loci and genome wide association studies.

5 Conclusions

In this study, we have generated a high quality chromosome-level reference genome assembly for
striped catfish based on HiFi and Hi-C sequencing data. Both the sequence continuity (contig N50) and
genome completeness (BUSCO score) were remarkably higher than those of the previously released striped
catfish genomes, implicating the advantage of HiFi reads on de novo genome assembly. Moving forward,
the reference genome presented here will serve as a springboard for further studies on the molecular
evolution, comparative genomics, genotypic and phenotypic variation, genome structure, and genetic

studies related to selective breeding on striped catfish.
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Preamble

Understanding the molecular mechanisms underpinning phenotypic response of animals to
environmental stress, saline condition in our case, is central to biology. Recently, interest in epigenetics has
surged as it has become increasingly clear that epigenetic mechanisms can provide a measurable link
between environment and phenotype. We demonstrate in Chapter 4 that the selection program has
succeeded in developing a new strain of striped catfish better adapted to saline conditions. In addition, the
results also indicate that the fish originating from parents reared in saline condition performed better than
those coming from parents kept in freshwater. The results suggest a role of epigenetics for difference
observed between fish originating from difference environment. To date, the epigenetic factors affecting
salinity tolerance in fish are not properly understood, and would draw attention in future studies, especially
in striped catfish. If confirmed, the presence of such epigenetic effects could have impact on seed production
strategies. Therefore, a combined salinity exposure experiment was conducted at the embryonic to study
changes in DNA methylation, a most significant indicator of epigenetic impact. Samples were collected at
different stages during early development, namely fertilization, early blastula, late blastula, early gastrula,
late gastrula, hatching, 1, 3, and 6 days post-hatching. DNA reprogramming was studied to determine how
the methylation pattern occurs during early development. Global CpG methylation and expression of genes

related to DNA methylation, osmoregulation and stress were analysed.
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Abstract

Striped catfish Pangasianodon hypophthalmus is a freshwater species intensively cultivated in
Vietnam as well as elsewhere in South-East Asia. Due to climate change and salinity intrusion in the lower
part of the Mekong Delta, a genetic selection programme is in progress to select a strain of striped catfish
better adapted to brackish water conditions. The present study was conducted to evaluate the efficiency of
the selection program through methylation and growth related processes. A first objective was to determine
DNA reprogramming during the early developmental stages under normal freshwater conditions. A second
objective was to evaluate the impact of an increase of salinity on DNA reprogramming in a normal and
selected strain of striped catfish. Under freshwater rearing conditions, global CpG methylation increased
remarkably from fertilization (40.73%zx8.83) to the early blastula stages (54.69%z+1.87%), followed by a
steady raise until the gastrula stage (64.30%z=4.83). The expression of genes related to the methylation
process was significantly altered during early development. In particular, dnmtl mRNA showed a dramatic
decrease in the early stages, from fertilization to early gastrulation, and the level remained stable in the later
stages. Similarly, mecp2 accumulation decreased significantly from fertilization to early gastrulation.
Conversely, dnmt3ba4 was significantly upregulated during the same period and then gradually decreased
until 1 day after hatching (dph). A remarkable increase from early gastrula stage to somite development
was observed in dnmt3aa transcript accumulations while dnmt3ab3 and dnmt3ab expression showed similar
patterns with the gradual increase in late gastrulation at the end of the experiment, except for a significant
drop in dnmt3ab at 6 dph. Tet3 expression increased significantly from late blastula to late gastrula and then
dropped to a moderate level at 1 dph. Exposure to a salinity of 2.5 ppt during early development (6 dph
larvae) significantly increased dnmt genes expression. In addition, the selection programme was conducted
on striped catfish exposed to improve tolerant capacity to salinity. Particularly, the F1 generation was cross-
bred with fish from 3 different locations and then subjected to 10 ppt salinity until the maturation stage.
They were divided into selection and random groups, with the former consisting of 50% fast-growing fish
and the latter being randomly selected. At the same time, another group was raised in freshwater (freshwater
group) as favourable conditions for the species. Subsequently, the offspring of selection and random groups
showed a slightly altered expression of dnmtl, ghl and igfl. In conclusion, these results indicate that DNA
reprogramming is dynamic during early striped catfish development and is likely regulated by changes in
dnmt, mecp2, and tet3 expression. Furthermore, the significant increase in dnmt genes expression of 6dph
larvae incubated at 2.5 ppt suggests an important role of the salt environment on the methylation process

during early development of striped catfish.
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1. Introduction

In a recent past, it was generally accepted that genetic diversity is the only source of heritable
variation in natural populations and that random mutations can explain this genetic variability and drive
evolution through natural selection (Mayer and Provine 1998). However, a number of researches have
indicated that epigenetic variation can also contribute to heritable changes within a population, and
subsequently lead to rapid evolution (Bossdorf et al. 2008; Skinner 2015). Within epigenetic modifications,
DNA methylation is the most studied form related to transcriptional regulation, genomic imprinting,
deletion of repetitive elements, and DNA-protein interaction during organismal development (Jahner et al.
1982; Li et al. 1993; Kass et al. 1997; lida et al. 2006). In eukaryotes, DNA methylation occurs primarily
through the transfer of a methyl group at the 5-position of cytosine to form 5-methylcytosine (5 mC) through
regulating DNA family proteins (cytosine-5)-methyltransferases (Dnmt), primarily in CpG (cytosine-
phosphate-guanine) dinucleotides (Moore et al. 2013). DNA methylation plays a key role for the cellular
memory mechanism to maintain cellular identities. However DNA methylation reprogramming is required
to obtain a totipotent state and produce the next generation (Zeng and Chen 2019). During embryonic
development, epigenetic reprogramming is mainly related to the erase most methylation marks inherited
from gametes at preimplantation stages and the reestablishment of global DNA methylation patterns upon
implantation (Zeng and Chen 2019). Reprogramming involves methylation deletion in gametes after
fertilization, followed by the re-establishment of new methylation marks during the mid-blastula stages
(Wang and Bhandari 2019). The process is modified by the regulation of DNMTs in which DNMT1 is
responsible for the maintenance of DNA methylation patterns and DNMT3a/b plays the role of de novo
establishment of DNA methylation (Dabe et al. 2015). In addition, Ten-Eleven translocation (TET) affects
DNA reprogramming through a process of active DNA demethylation. These enzymes oxidize 5-
methylcytosine (5mC) to 5-hydroxymethylcytosine (5hmC), 5-formylcytosine (5fC) and 5-
carboxylcytosine (5caC) (Wu and Zhang 2017). In medaka, tet gene expression was significantly altered in
correlation with DNA methylation levels during embryonic stages (Wang and Bhandari 2019).
Furthermore, the recruitment of MeCP2 to methylated CpG lead to repress transcription (Fuks et al. 2003).
It is also well known that MeCP2 silences the transcription process by recruiting the repressive histone
deacetylase machinery, which removes acetyl groups from histones, resulting in gene silencing (Jones et
al. 1998; Nan et al. 1998).
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DNA methylation is one of the most crucial forms of epigenetic marks that are linked to
transcriptional regulation, genomic imprinting, deletion of repetitive elements, and DNA-protein
interaction during organism development (Jahner et al. 1982; Li et al. 1993; Kass et al. 1997; lida et al.
2006). Reprogramming of the epigenome after fertilization erases most epigenetic marks passed on by
gametes and establishes new marks during mid-blastula stages (Wang and Bhandari 2019). Although the
process of methylation during embryogenesis has been well documented in plant and mammalian organisms
(Dean et al. 2003; Feng et al. 2010), such knowledge is not available for fish, where the process was studied
so far on model fishes such as zebrafish (Mhanni and McGowan 2004; Potok et al. 2013), medaka (Oryzias
latipes) (Walter et al. 2002; Dasmahapatra and Khan 2016) and mangrove rivulus (Fellous et al. 2018). In
mammals, methylated DNA is demethylated in two ways: passive and active demethylations. Passive
demethylation, also known as replication-mediated demethylation, is due to a dilution of the methylation
signal on DNA strands that do not receive methylation marks through the DNMT-mediated recruitment
process (Rougier et al. 1998; Inoue et al. 2011; Inoue and Zhang 2011; Guo et al. 2014). Otherwise, active
DNA demethylation is induced by TET-mediated oxidation of 5-methylcytosine (5mC) to 5-
hydroxymethylcytosine (5hmC), 5-formylcytosine (5fC) and 5-carboxylcytosine (5caC), followed by
replication-dependent dilution of oxidized 5mC or excision, under the action of thymine DNA glycosylase,

of 5-fC and 5-caC, coupled with base excision repair (Wu and Zhang 2017).

The epigenome is globally sensitive to the changes of environmental factors, especially during
embryonic development (Morey et al. 2015; Ohbo and Tomizawa 2015; Vougiouklakis et al. 2017).
Reprogramming of DNA methylation has been suggested to represent a critical window that is extremely
sensitive to environmental stressors (Fellous et al. 2018). A previous study revealed that environmental
stressors, including cadmium and temperature, upregulate dnmtla and dnmt3b gene expressions in
zebrafish during embryonic development (Zhou et al. 2021). Salinity is one of the most important
environmental factors directly affecting teleost tolerance and behaviour (Varsamos et al. 2005).
Additionally, salinity exposure led to alteration of putative promoters of ghl protein expression, resulting
in the expression of its mMRNA in the smooth-tongued sole (Cynoglossus semilaevis) (Si et al. 2021).
However, nothing is known so far about the possible impact of changes in salinity occuring during fish

development on DNA methylation.

The striped catfish Pangasianodon hypophthalmus (Sauvage, 1878) (Pangasiidae; Siluriformes) is

a freshwater species very important for the aquaculture industry in Vietnam, with export sales reaching
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US$2.3 billion in 2019 (FAO 2020). Rising sea level resulting from global warming negatively impacts the
natural environment and consequently the production of striped catfish (Nguyen et al. 2014a). Furthermore,
the construction of dams upstream the Mekong River is altering its hydrology by significantly reducing the
flow, especially during the dry season. The changes exacerbate the salinity intrusion in the Mekong Delta,
the main production area for striped catfish (Binh et al. 2020). A breeding selection programme is one of
the available methods to increase tolerance to environmental stressors by identifying and selecting parents
with the highest possible additive genetic merit for the traits of interest (Farias et al. 2017). In aquaculture,
some species have been selected for genetic gain (Atlantic salmon Salmo salar and channel catfish
Ictalurus punctatus) (Gjedrem and Rye 2018), disease resistance (Pacific white shrimp Litopenaeus
vannamei and red tilapia Oreochromis spp.) (Argue et al. 2002; Suebsong et al. 2019) and vegetal feed
adaptation (rainbow trout Oncorhynchus mykiss and Amago salmon Oncorhynchus masou ishikawae)
(Yamamoto et al. 2016; Callet et al. 2017). In striped catfish, a selection programme based on growth rate
in freshwater was conducted. The third generation showed a heritability value of 0.34 and a direct response
to selection for high growth of 9.3% per generation (Vu et al. 2019). Another selection programme has been
carried out on striped catfish with salinity tolerance as main target (in study N°2). Here, striped catfish were
subjected (randomly selected groups) or not to 10 ppt during its life cycle. The results showed that the
offspring of the 10 ppt exposed groups could tolerate high salinity better than the unexposed group at all
developmental stages. In addition, growth performance was improved in the offspring of the groups selected
for salinity. Although many species have been selected for improved performance, there is no research
focusing on transgenerational inheritance to date. Therefore, this study aims to uncover DNA
reprogramming in striped catfish during development through modification of the DNA methylation
process, as well as the effects of salinity and salinity tolerance-based selection programme on genes

involved in DNA methylation in its offspring.
2. Material and methods
2.1 Experimental animals

Striped catfish eggs were collected from three broodstock groups in the selection programme
described in the previous chapter. Briefly, broodstock of FO were selected from three different hatcheries
located in An Giang, Vinh Long, and Can Tho provinces, with 10 males and 10 females from each hatchery.

The first generation (F1) was produced from a full factorial cross of the broodstock, 30 females being
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crossed with 30 males to create 900 full-sib families. Healthy larvae with no abnormal signs, uniform size,
swimming actively and quickly responding to external stimuli were divided into three groups for culture
until maturation. The first group was cultured in freshwater (Freshwater group, representing broodstock
sources currently used in Mekong Delta). The second and third ones were both chronically exposed and
cultured under 10 ppt. In particular, the second group, named Selection group, resulted from upwardly
selection of 50% of fast-growing fish at three stages, i.e 100 g, 300 g and 1000 g, while the third one was
undergone in a random selection process (Random group). These fish matured and were able to be
reproduced after around 3 years in the corresponding conditions. A new generation (F2) was obtained from
random couples from the three F1 groups (i.e. from the selected group (103 X 109Q), the random group
(108 X 109), and the freshwater group (82 X 8%) (Figure 1)). F2 embryos were collected to conduct the

current experiment.

A pre-experiment estimated that the conditions of egg incubation up to 2.5 ppt did not affect
significantly the fertilization rate, embryonic development, hatching rate and early morphological
development of larvae in comparison with freshwater conditions, except the longer hatching time of the
freshwater group (Chapter 4). Therefore, a water salinity of 2.5 ppt was compared with freshwater in the
experiment (Figure 1). Particularly, a dry fertilization process was used, where eggs and milt were gently
mixed. The fertilised eggs from three groups were immediately incubated into the freshwater and 2.5 ppt
conditions. Embryonic development was monitored under a binocular microscope. After hatching, the
larvae were transferred into a 1 m® composite tank with the corresponding salinity level to nurse until 6-
day post-hatching (dph). Samples were collected at the following stages: fertilisation, early blastula, late
blastula, early gastrula, late gastrula, somite development, hatching, 1 dph, 3 dph and 6 dph. Pooled samples
were transferred to a cryotube containing a solution to preserve RNA that was prepared following the
protocol detailed at https://www.protocols.io/view/RNAlater-Recipe-c56y9d). The tubes were stored at
—80°C until further analysis.
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900 full-sib families (F1) from full factorial crossing 30 <& X 30% from
three provinces in Mekong Delta

Y Y
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Selecting (~50%) Selecting random
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Figure 1: Schematic representation of mating design for obtaining the experimental fish. Dash

arrow indicate that the all larvae in the treatment were died in 6 dph

2.2 Quantification to overall DNA methylation

The global DNA methylation level was analysed using a LUminometric Methylation Assay
(LUMA) (Fellous et al. 2018). Genomic DNA from pooled embryos and larvae were extracted using affinity
chromatography (Machery-Nagel 740901, Germany) according to the protocol of manufacturer. DNA

concentration and quality were determined with a NanoDrop-2000 spectrophotometer (Thermo Scientific,
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Waltham, MA, USA) and after migration on agarose gel (1.5%), respectively. Samples with degraded DNA
were rejected. LUMA assay was conducted to measure the global DNA methylation based on the original
method (Pilsner et al. 2010; Head et al. 2014). The reaction comprised 20 pul, including 2 pl 10X Tango
Buffer, 0.5 pl of Munl, and 0.5 of either Hpall or Mspl (input DNA) (all enzymes and buffer supplied by
New England BioLabs) and 600 ng of DNA. A digestion step was done in the Thermocycler (Westburg) at
37°C for 4 h followed by a period of enzyme inactivation at 65°C for 20 min before cooling at 10°C. Next,
15 pl of annealing buffer (Qiagen) was added and 30 ul of the mixture was loaded into a pyrosequencing
plate. The plate was loaded into a Pyromark Q24 (Qiagen) and the dispensation order for nucleotides was
GTGTCACATGTGTG. The level of global DNA methylation was calculated following the formula: % of
Methylation = 100*(1-((Hpall(G)/Munl(T))/Mspl(G)/(Munl(T)))), where G represents the peak height for
Hpall (cuts the recognition site when unmethylated) or Mspl (insensitive to methylation status of the
recognition site) and T represents the peak height for Munl (input DNA). Since the data are normalized to
the Munl peak, the variable DNA input should in theory not influence the level of DNA methylation. To
prevent underestimating methylation values, pyrograms with a quality control value of a signal-to-noise <6
(ratio between Hpall (G) peak height and background) and/or nonspecific peaks (evidence of DNA
degradation) were removed (Head et al. 2014).

2.3 Gene expression

RNA of pooled embryos and larvae was extracted using a Tri-Reagent solution (Ambion,
Thermofisher Scientific) according to the manufacturer's instructions. The RNA concentration and quality
were determined by NanoDrop-2000 spectrophotometer (Thermo Scientific, Waltham, MA, USA) and after
migration on agarose gel (1%), respectively. Genomic DNA contamination was removed by digestion using
rDNAse | (Thermo Fischer Scientific, Waltham, MA, USA). Then, 2.5 ug of total RNA was reverse-
transcribed using the RevertAid RT kit (Thermo Fischer Scientific) according to the manufacturer's
instructions. The cDNA samples were diluted 1:30 and used to determine the expression of 11 genes such
as DNA methyltransferases 1 (dnmtl), DNA methyltransferases 3aa (dnmt3aa), DNA methyltransferases
3ab (dnmt3ab), DNA methyltransferases 3ab3 (dnmt3ab3), DNA methyltransferases 3bad (dnmt3ba4),
mecp2, Ten-Eleven Translocation (tet3), Na*/K*-ATPase ala (nakla), solute carrier protein family protein
12 group A, member 1 (slc12al), growth hormone (ghl) and insulin-like growth factor 1 (igfl). The
reactions were performed using SsoAdvanced™ Universal SYBR® Green Supermix (Bio-Rad, Hercules,

CA, USA) on QuantStudio 5 (Applied Biosystems, Waltham, MA, USA). The thermal conditions were set
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at 95 °C for 3 min in the initial denaturation step, followed by 40 cycles at 95 °C for 30 s and 60 °C for 30 s.
The primers used were designed using Primer-BLAST (Ye et al. 2012) from the striped catfish sequences
published on GenBank. The efficiency of each gene was tested before analysing. Details of the primers are
given in Table 1. A standard curve of dilution series of the pooled cDNA of all samples was included to
calculate the PCR efficiency and normalise the transcript levels. The relative levels of RNA were quantified
for each gene based on the standard curve. Ratios of target genes/housekeeping gene were subsequently
calculated for relative expression of target gene. Pre-tests were run with potential housekeeping genes such
as beta-actin (actb), elongation factor factor 1 alpha (ef7a) and ribosome protein L27 (rpl27). The results
showed the lowest variability in actb expression, which is consistent with the reports on zebrafish embryos
and larvae (Casadei et al. 2011).

Table 1. gPCR primers of 12 genes screened for epigenetic impact.

Gene Sequence (5'->3") Direction Product length GenBank Accession

Number
wo  COMRCTMOTORC T s
omi. | TSTCCCACCACATOAMACES  EonerS s s
i SACSCACASCCASCIICONT romerd iy cosorsus
i TAATCASCACSGANIGACSS Tt gy oo
oy SSTCATOSCRTCOMCACES - foms g0 oo
s [SCATICCACACOTTACS | EonIS gy s
o SOCCICASCCATACAAM  Fod oz
aia | COCMCCCCAAOMICORCARS Tt gy s
o CSCSSCCTITATTTCHSCAA Tt sy onawase
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2.4 Statistical analyses

Statistical analyses were performed in the SPSS software version 20.0. Regarding the LUMA and
gene expression data during development in freshwater, an ANOVAL, followed by a Tukey's post hoc test
was applied. ANOVA2 and Tukey post hoc test were performed for data at 6 dph. The normality and the
homogeneity of variance were tested and the data was transformed by log10 when these assumptions were

not met. All tests were set up at a confidence level of 95% (p<0.05).

3. Results

3.1 Methylation of CpG genomic DNA

We observed a significant increase in the level of global DNA methylation during early
development in striped catfish (Figure 2) (p< 0.001). The level of methylation was significantly lower in
the fertilised embryos (40.73% +8.83) followed by a rapid rise in the early blastula stage (54.69% + 1.87%).
The level of methylation continuously increased during development up to the late gastrula stage
(64.30%=+4.83), which is significantly different from that in early blastula, before slightly dropping at
somite developmental stage (60.44%=2.35). DNA methylation was maintained stable in the remaining

experimental stages, from hatching to 6 dph, ranging from 67.98 + 3.63 % to 73.96 = 1.04 %.
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Figure 2: Global DNA methylation level during the development of striped catfish. Results are
given for a quantity of 600 ng of genomic DNA using the LUminometric Methylation Assay (LUMA).
Results are given as mean + SD (n=6). Different lowercase letters denote statistically significant differences

between developmental stages (p < 0.05).
3.2 Expressions of dnmt genes

Among dnmt genes, a significant decrease was observed in the relative expression of dnmtl from
the fertilisation (13.943 £ 1.228) to early gastrula (0.597 + 0.312), (Fig 3a) (p<0.001). Later on the level of
MRNA transcript remained constantly low until the end of the experiment. Conversely, the accumulation
of dnmt3ba4 mRNA showed a rapid increase during the same period, from 0.003 + 0.0008 t0 5.174 £ 0.728,
followed by a gradual decrease until 1 dph stage (0.135 + 0.038) (p<0.001) (Fig 3b), and the expression
remained then low at the subsequent stages. Regarding dnmt3aa, its expression further increased from the
stage of early gastrula (0.005 £ 0.003) to somite development (1.876 + 0.082), then declined at 1 dph stage
(0.654 + 0.048) (p<0.001) (Figure 3c). Furthermore, its expression continued to increase at the stages of 3
and 6 dph. In terms of dnmt3ab3 and dnmt3ab, their levels of mMRNA transcript displayed similar increased
patterns during early development (p<0.001). Particularly, significant increases appeared initially at the

stage of early gastrula after which the levels remained constant until 1 dph. Subsequently, a second
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significant rise was seen in dnmt3ab3 at 6 dph while dnmt3ab was maximum at 3 dph, followed by a
decrease at 6 dph (Fig 3 d,e).
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Figure 3: Relative expression of dnmt genes in striped catfish during early stages. (a) dnmt1, (b)

dnmt3ba4, (c) dnmt3aa, (d) dnmt3ab3, (¢) dnmt3ab. Results are given as mean + SD (n=6). Different

lowercase letters denote statistically significant differences between development stages (p < 0.05).
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3.3 Expressions of mecp2 and tet3

The transcript of mecp2 decreased significantly, dropping about sixfold from fertilised to late
blastula stages (p<0.001) (Fig. 4a), then its level was consistent up to the end of the experiment. The
expression of the tet3 gene increased rapidly from the late blastula (0.047 + 0.006) to late gastrula stages
(1.687 + 0.330), followed by a gradual decline to the stage of 1 dph (0.726 £ 0.082) (p<0.001), which was
maintained subsequently (Fig. 4b)
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Figure 4: Relative expression of mecp2 and tet3 genes in striped catfish during early stages. (a)
mecp2, (b) tet3. Results are given as mean = SD (n=6). Different lowercase letters denote statistically

significant differences between developmental stages (p < 0.05)

3.4 Expression of the dnmtl genes in 6 dph larvae

All larvae from the freshwater treatment and incubated at 2.5 ppt died at 6 dph, therefore only 5
treatments accounted for the analyses, i.e freshwater, random, selection incubated at O ppt and random and
selection incubated at 2.5 ppt. Generally, salinity significantly affected the expression of dnmt genes
(p < 0.001, except dnmt3aa with p =0.007). In particular, dnmtl expression was significantly enhanced in
larvae incubated at 2.5 ppt during embryonic development compared to that in O ppt (Fig 5a). Additionally,
this gene expression of freshwater group was significantly upregulated in comparison with the random
groups incubated at 0 ppt condition. The level of dnmt3aa mRNA of selected larvae incubated at 2.5 ppt
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was significantly higher than that in random one exposed to 0 ppt (Fig 5b). Remaining genes, i.e, dnmt3ab,
dnmt3ab3 and dnmt3ba4 showed the same pattern of upregulation in fish submitted to 2.5 ppt in comparison

with 0 ppt group (Fig 5c,d,e).
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Figure 5: Relative expression of dnmt genes in striped catfish groups at 6 dph under different
salinities. (a) dnmtl, (b) dnmt 3aa, (c) dnmt3ab, (d) dnmt3ab3, () dnmt3ba4. Results are given as mean *
SD (n=6). Different lowercase letters denote statistically significant differences between treatments

analysed by Tukey post hoc test (p < 0.05).
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3.5 Expression of the mecp2 and tet3 genes in 6 dph larvae

Salinity did not affect the levels of mecp2 and tet3 transcripts (Fig 6a, b). The only significant
difference was observed between the expressions of mecp2 in freshwater and random larvae incubated in
0 ppt (Fig 8a) (p<0.05).
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Figure 6: Relative gene expression in striped catfish groups at 6 dph under different salinities. (a)
mecp2, (b) tet3. Results are given as mean = SD (n=6). Different lowercase letters denote statistically

significant differences between treatments analysed by Tukey post hoc test (p < 0.05).

3.6 Expression of genes related to osmoregulation (nkala and slcl2al) and growth

performance (ghl and igfl) in 6 dph larvae

Two-way Anova showed a significant effect of salinity on the transcript levels of nkala (p<0.05)
(Fig 7a) despite of no significant between all treatments. Conversely, slc12al expressions were remarkably
different between groups (p<0.05) with the higher level of mRNA in the random group compared to the
other groups (Fig 7b). Both individual group and interaction of salinity and group significantly affected on
ghl expression (p<0.01) (Fig 7c). Furthermore, the salinity of 2.5 ppt significantly increased the mRNA
levels in random fish compared to selection ones. Besides, the individual salinity significantly upregulated
the expressions of igfl (Fig 7d) (p<0.001).
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Figure 7: Relative expression of genes related to osmoregulation and growth performance in striped

catfish groups at 6 dph under different salinities. (a) nkala, (b) slc12al, (c) ghl and (d) igfl. Results are

given as mean = SD (n=6). Different lowercase letters denote statistically significant differences between

treatments analysed by Tukey post hoc test (p < 0.05).

4. Discussion

Three groups of the second generation of striped catfish embryos and larvae were obtained from

breeders and submitted to a selection programme based on salinity stress. We explored DNA

reprogramming as well as the effects induced by salinity on the methylation process by measuring global

CpG methylation levels and marker genes expression.
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4.1 DNA reprogramming during early development

We are the first team investigating the DNA reprogramming during early development of striped
catfish. During early development, the overall CpG methylation of genomic DNA is dynamic, due to the
significant increase in methylation after fertilization until the early blastula stages, followed by another
increase in methylation until the gastrula stage. Interestingly, the timing of DNA remethylation in striped
catfish was highly consistent with that of zebrafish and medaka, where genomic DNA undergoes the
greatest remethylation from the 1-2 cell stage to the blastula stage, followed by less increase at the gastrula
stage (Mhanni and McGowan 2004; Wang and Bhandari 2019). It is also similar to the process in mice,
where the de novo methylation process occurs slightly earlier, at the morula stage (Santos et al. 2002).
These results suggest that the timing of DNA reprogramming is rather conserved between many species,
with exceptions such as in self-fertilised fish, Kryptolebias marmoratus, where the process takes place in
later stages (Fellous et al. 2018). Global DNA methylation in zebrafish is 70-95 %, highest in sperm (91-
95 %) and lowest in oocytes (75-80 %) (Jiang et al. 2013; Potok et al. 2013). Similarly, the paternal medaka
genome is highly hypermethylated while the maternal genome is hypomethylated, at 83.03 % and 26.59 %,
respectively (Wang and Bhandari 2019). Particularly, methylation levels in the sperm genome are erased
during the first cell division cycles and the embryonic genome remains hypomethylated from the zygote to
the 16-cell stage before de novo remethylation started in early morula stage (Wang and Bhandari 2019).
The findings require a further investigation to estimate whether or not DNA methylation in paternal and
maternal gametes is transmitted in striped catfish. Some mammals and fish have the level of methylation
in late blastula stages approximately equal to sperm methylation (Jiang et al. 2013; Wang et al. 2014; Wang
and Bhandari 2019), to some extent, it can be indicated that paternal inheritance undergoes methylation

suppression during early development in striped catfish. However, the exact mechanism need to be clarify.

In vertebrates, DNA methyltransferase catalyzes methylation processes, which occur primarily at
CpG sites (Wang and Bhandari 2019). There are two types of DNA methyltransferases in mammals that
are involved in the regulation of DNA methylation, namely the DNMT1 and DNMT3 families (Bestor
2000). In the current study, the relative expression of dnmtl exhibited a significant decrease in expression
in the early gastrula, which was strongly contrasted to the DNA remethylation process observed during
embryogenesis. DNMT1 is the most important enzyme responsible for maintaining the DNA methylation
pattern during replication (Branco et al. 2008; Geiman and Muegge 2010). Expression of dnmtl was

relatively high during the demethylation process in zebrafish, presumably to maintain DNA methylation
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status, consistent with rapid DNA replication and short cell cycles (Wang and Bhandari 2019).
Subsequently, a dramatic decrease in expression of the gene occurred in the early gastrula when the
remethylation process was completed and the genome reached the hypermethylation state (Wang and
Bhandari 2019). This is consistent with the results in striped catfish that showed a significantly lower level
of dnmtl mRNA in gastrulation compared to that in the earlier stage. These results indicates that the need
to maintain rapid de novo methylation is terminated in this stage with the stability of methylation pattern
(Wang and Bhandari 2019). In addition, expression of dnmt3ba, dnmt3aa and dnmt3ab/ab3 genes was
detected and altered during early development. The first interesting observation was that dnmt3ba4
accumulations increased dramatically, coinciding with the pattern of global DNA methylation levels up to
the early gastrula stage, indicating an important role for DNMT3BA in de novo methylation in striped
catfish. DNMT3BB.1 and DNMT3BA shared the function of de novo methylation that significantly
increased with the remethylation process (Okano et al. 1999). Additionally, dnmt3aa and dnmt3ab/ab3
expression in striped catfish were initiated when dnmt3ba expression was terminated, showing that the
contributions of dnmt3aa and dnmt3ab/ab3 to de novo methylation. However, because of the significant
increases in methylation marks after late gastrula, this suggests that dnmt3a potentially regulate other
functions in striped catfish. Homozygous knockout of dnmt3a in mice resulted in imprinting defects, stunted
growth and premature, postnatal death (Okano et al. 1999). Furthermore, acute deletion of dnmt3a and
dnmt3b in mouse embryonic somatic cells did not affect global methylation marks but prevented de novo
methylation of newly integrated proviruses (Okano et al. 1999). Intriguingly, dnmt3a/b knockout caused
progressive depletion of methylation marks with continued culture of these cells (Chen et al. 2003). These
results suggest that while dnmt1 is primarily responsible for maintaining methylation, dnmt3a and dnmt3b
are also required for the stability and faithfulness of this process, besides de novo methylation function
(Zeng and Chen 2019).

Although the level of 5hmC was not estimated in striped catfish, we revealed the presence of tet3
during early development, possibly demonstrating that active demethylation plays an important role during
this period. The mRNA transcripts of tet3 had low levels from fertilization to the late blastula stages, when
the remethylation process occurred primarily, followed by a peak at the end of gastrulation. TET3 is an
important component of active demethylation and its absence results in a large loss of 5hmc and a
simultaneous increase in 5mC (Gu et al. 2011; Jinsuk et al. 2015). It will be interesting to study the
regulation of tet3 during cell division cycles. The significant increase in the gene from the end of

blastulation to the end of gastrulation could contribute to the end of the demethylation process by converting
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some of the 5mC to 5hmC. In medaka, a similar pattern of tet3 increase was reported at the end of the
demethylation process, followed by stable methylation marks during gastrulation (Wang and Bhandari
2019). This finding may support the hypothesis of tet3 function on the regression of the remethylation
process, but further studies are needed to clarify it. While the functions of DNA methylation and DNMT
proteins have been well studied during mammalian development (Dean et al. 2003; Swales and Spears
2005), the mechanisms of methyl-CpG-binding domain proteins, generally thought to govern normal
embryogenesis, remain largely unknown (Bogdanovi¢ and Veenstra 2009). DNA methylation can suppress
transcription through the recruitment of MeCP2 to methylated CpG dinucleotides (Fuks et al. 2003). It is
also well known that MeCP2 silences the transcription process by recruiting the repressive histone
deacetylase machinery, which removes acetyl groups from histones, resulting in gene silencing (Jones et
al. 1998; Nan et al. 1998). Expression of mecp2 was the highest at the fertilization stage, followed by a
dramatic decrease until the blastula stage in striped catfish. A possibly complicated mechanism has been
suggested that MeCP2 deficiency enhances cell reprogramming by stimulating IGF1/AKT/mTOR signaling
and activating ribosomal protein-mediated cell cycle gene translation at the onset of reprogramming (Zhang
et al. 2018). Interestingly, the expression of dnmtl and mecp2 showed a strong similar pattern during early
development in striped catfish. This could be explained by the fact that MeCP2 is a target of DNMT1 and
the two work together for the maintenance of methylation in vivo (Kimura and Shiota 2003).

4.2 Alterations of expressions of genes related to methylation, osmoregulatory and growth

processes in saline conditions.

The epigenome is critically important and globally sensitive to environmental factors (Marsit 2015;
Legault et al. 2018; Norouzitallab et al. 2019), especially during early embryonic development due to its
epigenetic regulation associated with correct cell fate determination (Morey et al. 2015; Ohbo and
Tomizawa 2015; Vougiouklakis et al. 2017). In our study, salinity exposure induced increase expression of
all dnmt genes, i.e. dnmtl, dnmt3aa, dnmt3ab, dnmt3ab3, and dnmt3ba4 in striped catfish larvae at 6dph
stage. This is consistent with results in the mandarin fish Siniperca chuatsi (3 months) , which showed
significantly higher levels of dnmtl and dnmt3a/b mRNA in the gills and gut of fish subjected to 10 ppt
compared to those in freshwater after 7 days of exposure (Zhou et al. 2021). Other abiotic environmental
stressors, cadmium and temperature, also induced increased expression of dnmtla and dnmt3b genes in
zebrafish during embryonic development (Zhou et al. 2021). Overall, this indicates that exposure of striped

catfish to 2.5 ppt salinity during embryo can trigger transcriptional changes in DNA methylation-related
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genes. Diadromous fish must regulate the gene expression pathways to adapt to changes in the osmotic
environment when they enter seawater or vice versa. Therefore, salinity changes can impact the epigenome
of aquatic vertebrates that may be a significant marker during the migrations (Hammond et al. 2015).
Furthermore, an increasing body of research indicates that DNA methylation patterns are much more
dynamic and context-dependent than originally thought (Baubec and Schiibeler 2014; Ambrosi et al. 2017).
Classically, the high level of methylation in CpG-rich promoters has been involved with gene silencing
through the blockage of the transcription initiation machinery (Bird 2002; Edwards et al. 2017). However,
hypermethylation in promoter regions are also indicated for gene activation (Smith et al. 2020).
Additionally, the modifications of DNA methylation occur in different regions such as within promoter,
especially transcriptional factor binding site and enhancers (Bogdanovi¢ et al. 2016; Li et al. 2017), exons
(Moghadam et al. 2017; Uren Webster et al. 2018) and introns regions (Anastasiadi et al. 2018). These
findings indicate that methylation changes due to salinity impact may result various consequences that need

to be clarify using modern technology in the further studies.

Regarding osmoregulatory genes, two-way ANOVA analysis showed a significant effect in nkala
expressions under salinity incubation. Nkala and slc12al encoding Na*/K* a-subunit of Na+/K+-ATPase
and Na*-K*-2Cl~ 2 are major components in osmoregulatory process related to ions exchanges (Grosell
2006). . Although it is suggested that true osmoregulation in teleost embryos begins in gastrulation and is
functional through the closure of the yolk plug and this regulation appears to be correlated with the
development of chloride cells in the yolk sac integument (Alderdice 1988), the tolerated capacity is
depended on organogenesis development during the early stages (Varsamos et al. 2005). Furthermore,
previous research has only estimated salinity tolerance in striped catfish up to the hatching stage (Hossain
et al. 2021), but no reports have been made on the subsequent development of larvae exposed to salinity at
the early embryonic stage. The present study suggests that striped catfish eggs can hatch at 2.5 ppt, but that
its osmoregulatory capacity is not functional enough for subsequent development. However, additional

research is needed to determine if osmoregulatory capacity exists in the early stages of the species.

In addition to osmoregulatory capacity, the current study examined the growth performance of the
species under salinity exposure through the genetic expressions of ghl and igfl. It is evident that osmotic
conditions affect the growth ability of fish (Beeuf and Payan 2001). The growth hormone/insulin-like
growth factor or hypothalamus-pituitary growth axis plays a major role in the regulation of growth in

aquatic animals (Fox et al. 2010; Fu et al. 2019). Exposure to 2.5 ppt salinity during early stages increased
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igfl mRNA transcripts after 6 dph, while this change did not affect ghl expression. An increasing igfl
expression under hyperosmotic environment was also found in different species. In particular, Nile tilapia
and Mozambique tilapia (Oreochromis mossambicus) have been reported to have igfl expressions
upregulated during saltwater acclimation (Magdeldin et al. 2007; El-Leithy et al. 2019). Despite the non-
significant difference observed in ghl expression by exposure to 2.5 ppt, the gene expression was
significantly affected by the combined effect of selection programme and incubated salinity and the slight
increase was shown in fish subjected to 2.5 ppt compared to those in 0 ppt in random fish. This finding
suggests that salinity increases ghl mRNA expression, but that the difference between parent interplays on
its expressions. Besides, GH hormone and cortisol are primarily responsible for adaptation to seawater
(Eckert et al. 2001; Yada et al. 2004). Intriguingly, the half smooth tongued sole (Cynoglossus semilaevis)
showed lower levels of methylation in the putative gh promoter, concomitant with higher expression of gh
MRNA in fish exposed to 30 ppt compared to those exposed to 15 ppt (Si et al. 2021). This may indicate
that the increase in ghl mRNA under tolerated salinity through alterations in DNA methylation leads to a
subsequent increase in igfl expression during early striped catfish development.

4.3 Effects of the selection programs on methylation, osmoregulatory and growth process in

the offspring.

In addition to the effects of salinity, the present research examined the transgenerational inheritance
through gene expressions during a selection programme based on salinity tolerance which was the first
study conducted on teleosts to date. The study showed that only the first generation fish acclimated to salt
water, i.e. the random and selection groups, were able to produce larvae capable of developing under salt
stress conditions, while all larvae in the freshwater group died at 6 dph. The result was supported by study
N° 2 which showed that the salinity-based selection could improve the hyperosmotic tolerance in the
offspring compared to that of unselected fish. In general, in a 0 psu environment, most methylation-
associated genes had the highest level in freshwater groups, followed by that of selection and the lowest in
random fish, in which significant differences were observed in dnmtl and mecp2. Interestingly, inverse
patterns were found in the expression of genes related to salinity tolerance and growth performance, with
the lowest expression observed in the freshwater group. This may be explained by the fact that DNMT1
and MECP2 are major components in maintaining DNA methylation and CpG dinucleotide methylation
through MeCP2 recruitment, respectively, and therefore both can suppress gene expression (Fuks et al.

2003; Geiman and Muegge 2010). In addition, it was found that the weight gain of fry was significantly
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higher in the random and selection groups than in the freshwater group (in study N°2). There may be a
relationship between the breeding programme and the genetic expressions of the offspring, and then the
growth performance. However, these findings in the current study are not sufficiently certain to conclude
on the effectiveness of the selection programme. This hypothesis needs to be clarified in later generations.
The main differences between the two groups are that the first generation in the selection group had a higher
average weight gain than the random fish. There was an interaction effect of salinity and selection
programme on ghl expression and osmotic conditions of 2.5 ppt significantly increased ghl expression in
the random group while this increase did not occur in the selection group. A similar pattern was shown in
igfl expressions. Although GH is the key factor and is strongly correlated with growth rates in fish
(Moriyama et al. 1990, 1993; McLean and Donaldson 1993), GH and IGF-1 have been widely considered
important for seawater adaptation, or hypoosmoregulatory function (McCormick 1995; Sakamoto and
McCormick 2006). Indeed, environmental salinity induced osmoregulatory stress in fishes and GH increase
was shown to be important for maintaining hypoosmoregulatory function (Deane and Woo 2009). In
addition, considering that weight gains of random and selected fry did not differ at salinities below 10 ppt
(in study N° 2), it may be suggested that ghl and igfl genes in random fish were increased to response to

osmotic stress that did not occur in selected fish.
5. Conclusion

In conclusion, this study revealed that DNA reprogramming in striped catfish was dynamic with
alterations in global CpG methylation levels through the regulations of dnmt, tet3, and mecp2 genes.
Methylation reprogramming occurred primarily in two stages: a dramatic increase from fertilization to early
blastula, followed by a gradual increase to gastrulation stage. Only parents acclimated to saltwater, i.e. the
random and selection groups, were able to produce offspring capable of developing under salt stress
conditions up to 6 dph. Furthermore, salinity exposure during early development significantly increased the
expression of methylated genes in 6 dph larvae. In addition, the offspring of the freshwater fish had the
highest expressions of dnmtl and mecp2, which differed significantly from those of the random fish. In a
2.5 ppt environment, the increase in ghl and igfl expression was probably more associated with hypo-
osmoregulatory function than with growth function. Future studies should focus on the process of DNA
methylation in sperm and oocytes as well as in the stages of cell divisions to determine the exact
reprogramming of DNA in the early stage of striped catfish. Besides, modern methods as reduced

representation and/or whole genome bisulfite sequencings need to be approached to clarify the methylation
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in specific genes and then functional changes under salinity effect. It is also recommended to continue to

study transgenerational inheritance in future generations of selection programme.
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1. Harnessing genomics in breeding program to support sustainable development of striped

catfish aquaculture in Mekong Delta, Vietnam

Selective breeding is a long-term genetic improvement procedure involving selecting and breeding
individuals with traits of interest in a population. These traits include commercially important production
traits (such as growth, feed efficiency, meat color), but also many other traits, provided that these traits
have an at least partial genetic basis. Among these additional traits, immunity and disease resistance, , sex
determination, stress tolerance, reproductive traits, color and pigmentation, (Dao et al., 2022 ; Wong et al.,
2022) are of importance to improve the performances and reduce the environmental footprint of aquaculture
(Houston et al., 2020). Recent advances in high throughput generation of ‘omics’ data coupled with the
development of better computational approaches have allowed a better understanding of the biology and of
the genetic architecture of complex traits. These progresses can also be used to accelerate the genetic
improvements in aquaculture species (Nguyen et al., 2022 ; Hai et al., 2022). For example, incorporating
genomic information on favourable alleles at major QTL (MAS) or integrating all markers in the prediction
of breeding values (GS) in selection breeding schemes allows expediting the exploitation of untapped
genetic potential (Houston et al., 2020; Wong et al., 2022). These techniques could provide significant

contributions to the sustainable development of aquaculture in the future.
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Figure 1: Harnessing genomics in breeding program to to sustainable development of striped catfish
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1.1 Improving the quality of current seed production of striped catfish

The lack of a high-quality reference genome has so far hindered research concerning the genome,
genetics, and breeding improvement of striped catfish, the latter being considered as the best approach to
improve the quality of striped catfish seed (Dao et al., 2022; Nguyen et al., 2013). In this thesis, we have
assembled a high-quality genome from HiFi sequencing data with remarkable improvement compared to
two previous versions of the genome. The updated version may facilitate genome discovery research and
enable more understanding of this complex biological system (Wong et al., 2022; Yue and Wang, 2017).
The higher quality genome version may increase the production and improve product quality. Identification
of targeted markers associated to commercially important QTL, and use of these QTL in MAS and/or in
GS can increase the accuracy and efficiency of these breedin programs (Yue, 2014). For striped catfish,
such approaches could target an improvement of salinity tolerance. Using high-quality reference genome
can bring several benefits for downstream genetic applications such as reduction of time and funds needed
to implement MAS and GS, achievement of higher genetic gains in the breeding programs (Benevenuto et
al., 2019; Houston et al., 2020; Yue and Wang, 2017), and higher chances to uncover the molecular
mechanisms underpinning the trait variation (Benevenuto et al., 2019). Indeed, using high-quality genome
leads to a higher precision about the location, number, and gene action of QTLs, thereby improving our
understanding of the genetic architecture of the traits through GWAS analyses (Appels et al., 2018; de los
Campos et al., 2013). Altogether, it can be concluded that investing time and resources to obtain a high-
quality reference genome is worthwhile given the benefits it confers to downstream genetic analyses and in
the decision-making process for breeding programs (Appels et al., 2018; Benevenuto et al., 2019; de los
Campos et al., 2013).

Geneticists struggle to get improved maps of the studied genomes because the improved accuracies
of the maps lead to improved accuracies in the localization of the identified mutations. Recent
improvements in the sequencing technologies include the HiFi long-read sequencing used in our study
(Wenger et al., 2019b). This technology provides an improved access to more complex regions of repetitive
DNA (Huddleston et al., 2017; Logsdon et al., 2020), which were notoriously difficult to sequence using
preceding technologies. These regions sometimes contain regulatory elements that are important for traits
of interest to the researchers (Mehrotra and Goyal, 2014). It is therefore of importance to have an as accurate
as possible knowledge of these regions. In addition, using a low quality genome as reference genome for
identifying DNA markers may generate aberrant DNA markers and lead to inaccurate linkage markers maps
(Yue, 2014; Zenger et al., 2019). Using these maps leads to biased positions of the identified genes (or

QTLs) in positional mapping. These inaccuracies might then lead to lack of power (due to the incorrect
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relative positioning of the markers, a region of interest has not been detected) or to false positive results (a
region of interest has been detected in an incorrect marker interval) in genome mapping. For these reasons,
continuously improving the genomic map of the sequence remains important. In this thesis, the genome
assembled from HiFi reads has a significantly increased quality, with a higher proportion of identified
repetitive regions (demonstrated by the increase in the size of the assembled genome, of the contig N50
value, the proportion of repetitive regions and the BUSCO value). This improvement will lead to an
increased number of DNA markers as well as a better quality of the marker maps. As a result, applications
such as MAS and GS should have increased power and accuracy. Consequently, this new version will be a

better tool for people working on the genetics of striped catfish.

Repetitive sequences, including transposable elements (TES) and simple repeats, constitute up to
45% of the genome in mouse, 51% in golden snub-nosed monkey and 50 -70% in human (Biémont, 2010;
de Koning et al., 2011; Wang et al., 2019). The repetitive sequences may influence host gene expression at
both transcriptional and post-transcriptional levels through cis and trans mechanisms and participate in the
regulation of diverse biological and pathological processes (Lu et al., 2020). For this reason, the repeat
regions in a genome assembly may have important functional implications. In the present study, a higher
number of repetitive elements (39.1%) were identified in our assembly compared to the previous genome
assembly of Kim et al. (2018) and Gao et al. (2021) with 33.8% and 36.9%, respectively. The improved
sequence will offer more opportunities to elucidate complex physiological processes regulated by genes
located in repetitive sequences (Bailey et al., 2002; Dennis and Eichler, 2016; Lu et al., 2020). Moreover,
it has been reported that many organism have the potential to generate new variation in response to stressful
conditions through the modulation of epigenetic marks associated with TE regions (Dowen et al., 2012;
Rey et al., 2016; Yu et al., 2013). Epigenetic components and TEs can mechanistically interact with each
other to form a complex molecular network potentially permitting organisms to rapidly and lastingly cope
with these drastic environmental changes (Rey et al., 2016). A high-quality genome with larger proportion
of repeat regions identified can provide a better foundation that can improve the quality of basic research
such as on epigenetic mechanism, DNA markers discovery, GWAS and GS, and access to novel genetic

variation. These results are important primary steps to genetic improvement of striped catfish.

According to Taniguchi et al. (2003), genetic improvement of aquaculture species is classified into
active and passive strategies, in which selective breeding is seen as an active strategy, whereas maintenance
of genetic diversity and reduction of inbreeding depression remain the focus of passive strategies.
Inbreeding depression resulting from breeding of closely related sibs and/or low number of breeders, may

further impede the continuous reproduction of good quality aquaculture species by reducing their
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performance and reproductive fitness traits (Shikano et al., 2001; Su et al., 1996; Khedkar et al., 2013). In
the Mekong Delta, although the supply of striped catfish seed for farming is currently totally dependent on
the operations of hatcheries, the genetic management of the broodstock is not routinely applied and has not
been studied extensively (Ha et al., 2009; Tam et al., 2010). Some hatcheries do not have a medium to long-
term broodstock management plan, and potential broodstock are kept without consideration for genetic
management. In addition to the inefficient use of the genetic material, the lack of genetic management leads
to risks associated with inbreeding, with negative effects on growth performance, an increase in the
incidence of abnormalities, and a decrease in the survival rates (Tam et al., 2010; Pham et al., 2021). In
fact, negative effects of inbreeding due to non-proper management of the broodstock resources has been
reported in Pham et al., (2021). It is demonstrated to be one of the main reasons for the reduction of the
survival rate of striped catfish in the grow-out stage, with survival rates ranging between 40 and 50%.
Therefore, the pedigree information of broodstock in hatcheries, which is essential for a proper genetic
management of the fish in hatcheries, is urgently required in order to sustain the high quality of seed needed

for catfish aquaculture in the Mekong Delta.

However, recording pedigree information in striped catfish hatcheries is neither cheap nor easy.
When using genomic markers for parentage assignment, the costs may involve fish marking (physical PIT
tags), data management, and, most importantly, the production of genomic information (Raul et al., 2006;
Vandeputte and Haffray, 2014). In my PhD thesis, a high quality reference genome for striped catfish of
Mekong Delta has been assembed and is available for public use (Hai et al., 2022). We also provide a new
method (Shallowped) and detailed guidelines for assigning parentage from sequencing data directly. The
result from empirical data show that assignment rate from our method was 94% with mean cover depth
being ~ 2x. This rate was higher than in the study of Trong et al (2013) with the Cervus program used for
parentage assignment on Nile tilapia (Oreochromis niloticus). With 12 microsatellites and 122 SNPs the
mean assignment rates were 18% and 39%, respectively. In addition, our method has been demonstrated to
be effective at an even lower depth coverage (lower ~1X) if more markers are used, which is not a problem
when using SWGS. Moreover, the cost for sequencing is decreasing rapidly (Preston et al., 2021), especially
in the case of low cover depth. Lower cover depth leads to lower expenses for sequencing, allowing more
individuals to be sequenced for the same cost. Alternatively, sequencing could focus on most informative
regions, with a higher cover in these regions but an equivalent sequencing effort and cost. Currently, the
total cost for operation of one hatchery is 39,376 euro/ year (Pham et al., 2021) for an average of 2,700
broodstock. If a hatchery uses our program for parentage analysis, the total cost for material (sequencing,

PIT tags, reader, expected cover depth being ~2X) is 3,479 euro/year when assuming that broodstock is
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used during seven years. This additional cost of 8.8% seems affordable for hatcheries and should be largely

counterbalanced by the potential benefits due to an improved genetic pool of fish.

Moreover, the sequence data for parentage assignment can also be used for other useful genomic
analyses for selective breeding programs. For example, it has been reported that low depth sequencing can
be a good strategy for GWAS (Li et al., 2011). Identifying regions of interest for a trait (such as quantitative
trait loci (QTL)), and integrating genomic information on these regions in the selection programs (marker-
assisted selection (MAS)) is a well-known strategy to improve the efficiency of the selection schemes (Yue
and Wang, 2017). Similar conclusions can be drawn for GS studies; the optimal prediction accuracy can be
obtained with low depth (around 1-2) sequencing of many individuals (Gorjanc et al., 2015). With the
additional benefits from combining shallow sequencing data for multiple purposes, applying our new
program Shallowped becomes a feasible approach for striped catfish hatcheries to obtain pedigree data that
will be used for producing high quality seed resource for striped catfish industry in the Mekong delta,

Vietnam.

1.2. The potential for catfish farming in saline intrusion areas

The expansion of catfish aquaculture in the Mekong Delta is dependent on tidal regime and salt
water intrusion that would negatively affect the striped catfish culture industry (Nguyen et al., 2014). It has
been considered that a water salinity higher than 4 ppt is not suitable for striped catfish culture (De Silva
and Nguyen, 2011; Nguyen et al., 2014) (Figure 1). In the Mekong Delta, the risk from saltwater intrusion
reduces the suitable area for catfish farming in the coastal provinces (Tien Giang, Ben Tre, Tra Vinh, and
Soc Trang), from January to April. Consequently, most farmers do not stock fingerlings in these months. A
new strain of striped catfish with better salinity tolerance generated from our breeding program can be
expected to improve the growth performance of striped catfish cultured in these coastal provinces. In the
current study, the targeted salinity of 10 ppt was set in a selective breeding program. Results from
challenging tests with different salinity levels from G2 generations show that the salinity tolerance of
striped catfish from selected groups reared in 15 ppt was similar to fish from 10 ppt (Figure 2 to Figure 4
in study N°2). These results suggest that the target salinity level for next-generation selection could be
adjusted to 15 ppt to increase a genetic gain of salinity tolerance in breeding programs. In addition, the
results (unpublished data, PANGAGEN project) from analyzing meat quality parameters including
proximate composition, mineral content, fatty acids, fillet rate, and amino axit show that the salinity used
in the selection program (after one generation of selection) did not impact on meat quality of striped catfish.
Together, these results imply that with this new striped catfish strain (from the present generation or from
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the next generations of selection), the farmers could stock the fingerlings in months with a high level of
salinity without effects on meat quality. This would help fixing one of the main concerns of the processing

sector, thus increasing the productivity of cultured striped catfish.
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Figure 2: Salinity intrusion in Mekong Delta in 2020 (Son et al., 2022, PANGAGEN)

According to Gjedrem et al. (2012), a substantial benefit of breeding programs stems from reduced
production cost per unit. Genetically improved fish grow faster, and are more efficient feed converters.
Therefore, overall aquaculture production will increase faster as use of improved stock increases, and
finally reduce the cost for water and feed requirement. As the growth rate of fish increases, the time to
market size becomes shorter. In the present study, the new salinity-tolerant fish proved to grow and survive
better in saline conditions than non-selected animals. The survival and growth rate of the selected strain
were significantly higher than those from normal fish when they were cultured in 10 ppt during 8 months
(Table 1 from Chapter 4). The results from survey on farmers of China, Vietnam and Malaysia showed that
the willingness to pay a price premium for improved seed with respect to growth and survival was in the
order of 20% (Olesen et al., 2015). In a study of Nguyen et al. (2016), the extra cost for using improved
salinity-tolerant strain of striped catfish is slightly less than 0.4 % of the present production cost. These
results suggest that a new salinity-tolerant fish produced from our program is likely to be accepted by

farmers. Taken together, these results suggest that our new striped catfish strain could be an excellent choice
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for culturing in salinity-instrusion areas. They will help the catfish farmers to reduce the risks due to
increasing-salinity period, reach market size in shorter time, improve growth performance and survival rate,

and then reduce the production costs.

1.3 Reduction of environmental loads in striped catfish farming

One of the key aspects of sustainable development for aquaculture is to minimize environmental
impact (Lundh, 2020; Olesen et al., 2011). According to Sae-Lim et al. (2017), although aguaculture has
no direct impact on climate change because aquatic species do not emit greenhouse gasses (GHG) as do
ruminants, aquaculture activities, such as logistics, input power, and feed production indirectly affect
climate change. Several studies confirmed that reduction in feed production and reduced amount of feed
needed for producing each kg of fish can reduce global warming potential (d’Orbcastel et al., 2009 ;
Henriksson et al., 2015a, 2015b). Moreover, the major ingredients for protein and energy resources in fish
feed for farmed fish and shrimp species are fish meal and fish oil that are mainly from the wild fish stocks
(Hasan and Shipton, 2021; Lundh, 2020). The increasing demand for aquafeeds and the use of natural
resources may contribute to overfishing and influence natural ecosystems. Selective breeding for increased
production, such as growth, have also been shown to have improved feed conversion, through correlated
changes in feed efficiency; therefore, selection for increased growth rate can be used to improve feed
efficiency (Gjedrem et al., 2012). In the study of Thodesen et al. (1999b), the feed conversion ratio (FCR)
of Atlantic salmon was improved by 20% during five generations of selection. In intensive striped catfish
aquaculture production, the highest production cost was for feed, which accounted for about 81% of the
total production cost (Hasan and Shipton, 2021). In 2014, commercial feed production was estimated at
1,830,075 tons, with a protein level ranging from 35 to 26%, for whole demand of striped catfish farming
in the Mekong Delta (Hasan and Shipton, 2021). In our study, the FCR of selected group was slightly
improved compared to the normal group for both freshwater and saline conditions (Figure 4 in Chapter 4).
These results imply that if a new striped catfish strain produced from the present selection program were
cultured in the Mekong Delta (in both freshwater or/and saline regions), a large amount of feed needed for
farming will be saved. This phenomenon will contribute to minimizing the impact of striped catfish farming
on climate change, for example, to reduce greenhouse gas emissions through a reduction in environmental

loads (Figure 1)

At the present time, the majority of striped catfish broodstock resources for hatcheries in the
Mekong Delta are still based on wild stocks, or farmed animals from breeding programs without proper

selection and/or control of inbreeding (Pham et al., 2021), that are usually poorly adapted to life in captivity
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comparing to genetically improved or well-managed stocks. This situation implies poor growth rates and
animal welfare, high mortality, inefficient use of resources such as feeds, water, and energy, and higher
cost per kg of fish produced. Consequently, a higher carbon footprint with a negative impact on climate
change per kg fish produced is expected. In the present study, the selection program not only generated
faster growth fish with higher feed utilization but also enhanced the survival rate, especially in the
commercial stage (Tabble 1 from Chapter 4). The higher survival rate means that the new strain has more
robustness and adaptation to variation in environmental factors. These attributes of the new striped catfish
strain may minimize the use of chemicals/drugs such as antibiotics, disinfection, vitamin, and vaccines that
can affect the quality of the fish and the natural environment (Lundh, 2020). Further, as the growth rate
increase due to the selection program, the time to culturing striped catfish for market size becomes shorter.
The results from culturing after 8 months show that to get the market size (around 1 kg/per fish (Phan et
al., 2009)), the selected group only need around 7 months while normal fish required over 8 months
(reduction of around 14.2% in time to harvest) (Figure 3A). This reduction will save a lot of water and
energy for striped catfish farming. In the Mekong Delta, the average cost for energy is 1,409 USD, most of
them used for pumping to exchange water in grow-out ponds (Nguyen et al., 2018). Together these results
suggest that selective breeding is a long-term, cost-effective strategy that can best minimize the detrimental
effects of climate change (in our case, salinity increase) on striped catfish aquaculture and also have a

reverse effect on reducing the impact of striped catfish aquaculture on climate change.

2. Potential genetic adaptation of striped catfish to salinity

In this thesis, individuals from the selected and random groups, with their parents living in saline
conditions, showed an increased adaptation in all salinity treatments, especially with high levels of salinity
(in Chapter 4). And, the offspring originating from parents selected on size “selected group” tend to perform
better in salinity tolerance than those of parents from randomly chosen “random group”. During the
embryonic stage, eggs from the selected and random groups had significantly greater gastrula and hatching
rates than those collected from the freshwater group, with their parents without historical salinity exposure,
when treated with a salinity stress of 10 ppt (Figure 2 of Chapter 4). In larvae up to the fry stage, only fish
from the selected and random groups survived when the salinity reached 15 ppt. In the comparison of fish
at fingerling stage exposed to salinity of 20 ppt, the survival rate in the freshwater group was significantly
lower than for fish from the selected and random groups (Figure 3 & 4 in Chapter 4). The same trend was
found at adult stage when fish were cultured 8 months under salinity of 10 ppt (Table 1 in Chapter 4). The
descendants of fish from the freshwater group displayed significantly increased cumulative mortality

relative to the fish from the selected and random groups during the culture time. These results suggest the
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role of genetic basis for a difference of salinity tolerance between fish groups. The selection in the previous
generation has probably increased the frequency of favorable alleles for salinity tolerance in the selected
cohort. The transmission of these variants to the next generation leads to better performances for the
offspring of the selected fish than for those of the randomly selected fish, a first step towards genetic
adaptation to the new environmental conditions (Donelson et al., 2019). A genetic component of the salinity
tolerance has been observed in several studies and species, such as Arctic charr (Salvelinus alpinus)
(Norman et al., 2011) and Nile tilapia (Oreochromis niloticus) (Gu et al., 2018; Rengmark et al., 2007). In
striped catfish, a number of putative genes related to salinity tolerance have been identified using RNA
sequencing (Nguyen et al., 2014; Viet et al., 2016). The increased salinity tolerance in selection programs
has been reported for tilapia in several previous studies (Jaspe and Caipang, 2011; Tran et al., 2008).
Similarly, Afonso et al. (1998) have provided an extensive review of successful selection programs for
stress tolerance on rainbow trout and common carp. Progressive genetic adaptation to salinity has been
documented in laboratory strains of guppy (Poecilia reticulate) (Shikano et al., 2001; Shikano and Fujio,
1998a, 1998b). Purcell et al. (2008) also showed that mosquitofish (Gambusia affinis) living in saline
environment required genetic adaptation through natural selection for higher individual salinity tolerance

than fish from freshwater conditions where no such selection for salinity tolerance exists.

Genetic adaptation in a population occurs through the selection of favorable phenotypes that are
heritable from one generation to another, leading to a shift in the frequency of alleles that change the mean
of trait values (changing distribution of offspring phenotypes) under the altered conditions (Donelson et al.,
2019). This process can sometimes occur remarkably rapid in a few generations when existing genetic
variants, termed “standing genetic variation” and recombination rates are high (Barrick and Lenski, 2013).
The reason being that it does not require the appearance of new beneficial mutations which potentially
requires many generations. Furthermore, gametes, embryos and larvae might undergo selection for alleles
that provide advantage in the parental environment, particularly in highly fecund species as fish (Torda et
al., 2017). The coefficient of variation is a measure of the phenotypic diversity of the traits of interest in the
tested population. A high value of this coefficient coupled with a reasonable heritability indicate that the
high genetic diversity underlying the trait could be efficiently tapped in a selection program (Tahapari et
al., 2018). In our study, growth was found to have a relatively high genetic variance, given its relatively
large value of the coefficient of variation for weight (28.8 + 4.0%) in the F1 generation at 10 ppt (Table 1
in Chapter 4) and a reasonable heritability (0.29). This indicates a good opportunity for a successful

selection program targeting the process of genetic adaptation to the increase in salinity.
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Salinity serves as a key barrier for the distribution of almost all aquatic organisms. The maintenance
of plasma ion concentration with distinct salinity levels require an expensive adjustment of the
osmoregulation, which consumes up to 50% of total energy (Gilles and Patrick, 2001; Hasan et al., 2017).
Most freshwater fish need to regulate their blood osmolality in the 280 — 360 mOsm/kg to maintain
homeostasis and iso-osmotic salinity of freshwater fish normally range from 10 — 12 ppt. In contrast, fish
in seawater have to maintain a body fluid composition close to, but slightly higher than that of freshwater
species, at around 300-400 mOsm/kg (Nguyen, 2015; Varsamos et al., 2005). In this study, average plasma
osmotic pressures of striped catfish in 0 and 5ppt treatments were hyperosmotic to their treatment
environment. When fish were exposed to the two highest tested salinities (15 and 20 ppt), fish experienced
hyperosmotic conditions relative to their own plasma. Like most teleost, catfish can limit ion and water
exchange using barriers at the skin surface via scales and a mucus layer when they live in their natural
environment (Nguyen et al., 2014). However, there is an associated cost for these activities because they
must use energy for osmoregulation to maintain their osmotic balance, in this case ranging from 268 to 286
mOsm/kg (Figure 5 in Chapter 4). In freshwater, plasma osmolalites were higher in fish (mean of three
groups; 276.4 = 6.4 mOsm/kg) than in the water environment (1.2 + 0.6 mOsm/kg), while the reverse was
true at 20 ppt (405.5 + 28.3 mOsm/kg for the fish and 525.7 + 6.6 mOsm/kg for the water environment).
These values indicate that striped catfish are able to regulate internal osmolality to adapt to the salinity
fluctuations. Interestingly, the osmolalities at 20 ppt in selected fish (417.3 £ 35.9 mOsm/kg) and random
fish (414.9 + 16.4 mOsm/kg) were significantly higher than in the freshwater group (384.5 + 22.1
mOsm/kg). These differences indicate that the fish from the selected and random groups may have a better
tolerance to stressful osmotic conditions in comparison to those from the freshwater group. As a result,
selected and random fish use less energy for their osmoregulation in a hyperosmotic environment. These
results may be used to explain better growth performance (especially with survival rate) of the selected and
random groups compared to the freshwater group (Figure 4 in Chapter 4), especially at 20 ppt. As a
consequence, strong selection is thus expected to drive the adaptation toward novel salinity levels (Goehlich
etal., 2021)

3. Epigenetic considerations for the improvement of salinity tolerance of striped catfish

In aquaculture, maintaining and improving the production requires an understanding of genetic and
physiological mechanisms that control the desired traits. Elucidation of these mechanisms has led to the
development of pioneering approaches for applications in aquaculture (Gavery and Roberts, 2017). Given
clear recent evidence about environmental influences on epigenetic mechanisms in aquatic species and the

relationship between these mechanisms and phenotype, potential applications of epigenetics to aquaculture
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could involve environmental manipulation. In aquaculture, two stages in the life-cycle (during larval
development and during broodstock conditioning) are particularly sensitive to environmental influence on
epigenetic mechanisms. The environmental conditions experienced in early life could influence the
phenotype later in life (a memory of the environment), which could be beneficial in controlled aquaculture
settings. Mechanisms behind such alteration of the phenotype may possibly be explained by a change of
the methylation pattern of the genome induced by a change in the environment, which could alter the
transcriptional capabilities (Bossdorf et al., 2007). In Olympia oyster, early exposure of larvae to ocean
acidification influences juvenile traits (Hettinger et al., 2012). In addition, broodstock conditioning is also
important to consider for the potential transmission of environmentally-induced epigenetic information
between parents and their offspring. It has been reported that epigenetic transmission has the potential to
be transmitted not only from the maternal side, but also from the paternal side (Rodgers et al., 2015; Soubry
et al., 2014). According to Zhao et al. (2017), adult Manila clams exposed to low pH during gonadal
maturation have faster- growing offspring compared to controls. The larvae of the Sydney rock oyster
produced by parents incubated under low-pH conditions are larger and develop faster in low-pH conditions
and also have higher fitness as adults (Parker et al., 2015, 2012). In the present thesis, analysis of the results
showed an alteration of the DNA methylation pattern of striped catfish exposed to saline water at an early
stage. These changes seem to induce changes in the expression of osmoregulation and growth performance
genes. Moreover, our findings (in study N°2, figure 2 to 4) indicate that offspring of striped catfish
populations with historical salinity exposure seem more resistant to salinity stress than the offspring of
populations without historical exposure. The difference in salinity tolerance between freshwater and
random groups of individuals, two groups assumed to be reared in similar conditions but with different
histories of exposition to salinity, might also suggest an epigenetic basis for the differences observed
between fish originating from different environments. Taken together, these results suggest that exposure
to salinity can change the epigenetic marks related to salinity tolerance on striped catfish and these changes

may partly be transmitted to next generations.

According to Goddard and Whitelaw (2014), the epigenetic status of sites in the genome can be
considered as a phenotype, that depends on the conventional DNA sequence, environmental effects (such
as saline factor in our study), stochastic events in larvae and broodstock state and perhaps inherited
epimutations. Therefore, it is possible that epigenetic status could be treated as a selection criterion and
epigenetic markers could be integrated in selection programs in aquaculture (Kumar and Janmejay, 2021).
In our case, if epigenetic markers associated with salinity tolerance on striped catfish were confirmed, they

can be used in combination with genetic selection to improve the salinity tolerance of striped catfish.
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However, the study of epigenetics and its application is still very scarce in aquaculture and
unanswered questions remain (Kumar and Janmejay, 2021). In striped catfish, our study is the first one
investigating the basic epigenetic mechanisms related to saline stimuli. One of the main constraints to the
development of epigenetic solutions in aquaculture is the lack of a high-quality genome of several
commercially important species, and data on the epigenome are even more limited. Moreover, the studies
related to epigenetics often require a long time investment due to the long and complex life cycle of high-
value aquatic species (Granada et al., 2018). This issue can become more complicated in the case of striped
catfish with a very long generation time, with approximately three years to mature. A high-quality genome
of striped catfish will facilitate many further investigations on epigenetics not only for salinity tolerance
but also for other economic traits.

4. The future development of striped catfish aquaculture in Mekong Delta.

The striped catfish aquaculture plays a vital role in the agricultural sector in Vietnam, and is in a
fast growth phase in terms of culture area and production. This fish will continue to be a key aquatic export
commodity of Vietnam and contribute increasingly to Vietnamese aquaculture production and to the
economy, the great bulk of which will trickle down to the poor rural communities of the Mekong Delta (De
Silva and Nguyen, 2011; Hasan and Shipton, 2021; Phan et al., 2009). The export markets for Vietnamese
catfish products have been diversified into more than 140 countries and territories (VASEP,2019). The
future of striped catfish products requires a proper policy in widening export, expanding local and regional
markets, and the development of brand image for striped catfish products from Vietham. To meet the
demand from markets, the culture area and production of striped catfish will increase in the coming years.
However, the striped catfish industry is now challenged by several issues, that may impact its sustainability,
including potential pollution from wastewater and effluents, disease outbreaks, reduction of seed quality,
and especially saline intrusion as a result of climate change (Pham et al., 2021; Hoa et al., 2021; Hai et al.,
2020). These emerging issues require new strategies for the sustainable development of striped catfish

aquaculture in the future.

1) Applying selection programs to develop robust fish, that can better adapt to variations of the
external environment including climate change, will be the best strategy for sustainable
development of striped catfish, and dissemination of genetically improved stocks will in-turn
efficiently increase aquaculture production and reduce environmental load, including GHG-
emissions. In the case of our study, a selective breeding program has succeeded to develop a
robust striped catfish with better growth performance in both freshwater and saline conditions.
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The other selection programs focused on other economically important traits such as disease
resistance and meat quality should be implemented in the future. Farming of genetically
improved striped catfish will improve growth rates and animal welfare, survival rate, efficient
use of resources such as feeds, water and energy, and lower cost per kg of produced fish.

2) The sustainability of striped catfish farming in the Mekong Delta is associated to the external
aquatic environment. With more intense farming, high amount of effluents from striped catfish
ponds that cannot be treated properly are considered as a source of pollution causing
degradation of the water quality in the Mekong river in future. For this reason, control of
effluent water quality from striped catfish pond culture systems to minimize environmental
pollution is a crucial issue to enable sustainable development of striped catfish farming in the
Mekong Delta. To minimize environmental pollution from striped catfish culture, the farmers
should be encouraged to apply VietGAP, GlobalGAP, BAP, and ASC standards in their
farming activities. These practices combined with the use of genetically improved striped
catfish should significantly contribute to the sustainable development of the striped catfish
industry in Mekong Delta in the future.

The Vietnamese government has recognized the role and potential of striped catfish species in the
context of aquaculture development. Therefore, different supportive policies from the government have
been established to enhance the sustainable development of the striped catfish industry in the Mekong Delta,
especially under the impacts of climate change such as Vietnam Government Resolution No. 120 NQ-CP
(dated 17/January/2017), Decision No. 3550/QD-BNN-TCTS and Resolution 120/NQ-CP (dated
12/August /2021). Several technical trainings and consultation programs for catfish farmers have been
intensively implemented via universities, research institutions, and local organizations to improve their
skills in striped catfish farming practices. These policies have brought many benefits to the development of
striped catfish in the Mekong Delta. However, to deal with new emerging problems, the government needs
to issue other policies for sustainable development for striped catfish farming and other aquatic species. For
striped catfish aquaculture, public policies should focus on continuing selection programs for growth and
salinity tolerance traits and for economically important traits such as disease resistance and/or meat quality
based on genomic resources generated in the current study. However, the cost of commercial
implementation of such a selective breeding program is unusually high and can be prohibitive for long-
generation interval species such as striped catfish. For this reason, the policymakers and governance should
provide incentives (such as public funding) to boost selective breeding programs on the most important and

highest volume species, which may not be a priority for investment by private breeders due to long time for
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in return to investment. With other aquatic species in the Mekong Delta, the public policies should support
basic research for these species such as biology, immunology, reproduction, or even implementing selective
breeding for traits of interest. This knowledge will enhance the technology for the culture of these species,
which are fundamental steps to generating diversity in farmed species as well as contributing to the

sustainable development of aquaculture in the Mekong Delta in the future.
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Chapter 8: Conclusions and perspectives

1. Conclusions

The striped catfish industry is a critical component of economic development in the Mekong Delta,
with projections for remarkable expansion in the coming decades to meet the increasing demands from the
international market. Selective breeding has offered substantial opportunities to enhance production
efficiency and help tackle challenges in aquaculture via cumulative and permanent genetic improvement of
farmed strains. In the present study, we have succeeded in implementing a selective breeding program to
develop a productive strain of striped catfish with better tolerance to salinity after one generation of
selection under saline environment. After one generation of selection, average direct response to selection
for growth was 18% and a moderate realized heritability (0.29) was estimated for body weight. The
improved salinity tolerance of striped catfish developed in this program is of practical significance in the
context of Mekong Delta aquaculture, where the striped catfish breeding activities are projected to be
greatly affected by salinity intrusion due to climate change. Using this new strain of striped catfish should
allow farmers in the coastal provinces in Mekong Delta to increase the number of crops per year as well as
to improve their productivity. Besides, results from the analysis of basic epigenetic mechanisms
demonstrated that the methylation process during early development of this species was affected by the
saline environment, and that these changes seem to be passed on to the next generation. The results suggest
that in addition to the genetic effects, epigenetic components may play an important role in the improvement

of salinity tolerance of striped catfish.

Moreover, to assist selective breeding programs, we have developed a new parentage assignment
algorithm allowing to reconstruct the pedigree using genomic information from SWGS data. Using directly
low coverage sequence data allows reducing the sequencing costs to be as low as possible. Furthermore,
the cost and labor of developing marker panels can be avoided. The package program Shallowped for this
algorithm is available for public use and we believe that it will be a useful tool in parentage assignment not
only for aquaculture but also for a wide range of research communities. In addition, a high-quality genome
of striped catfish was assembled using highly accurate long-read HiFi sequencing data, an important step
to deliver reliable markers, which will allow to increase the power of this algorithm. With the improvement
of the quality of the striped catfish genome, a large amount of “omics” data can be generated to understand
more factors underlying the biology, including epigenetic mechanism and genetic architecture of complex
traits. These results should accelerate genetic gain in aquaculture species throug selective breeding

programs exploiting this new knowledge.

170



Chapter 8 : Conclusions - Perspectives

2. Perspectives

Nowadays, one of the biggest challenges faced by human mankind currently is to provide healthy
food to the growing population projected to rise to over 9 billion by 2050, while addressing the adverse
impacts of climate change and environmental degradation on the resource base (Lundh, 2020). In 2015,
report from FAO (Food and Agriculture Organization) of the United Nations indicated that about 11% (or
814 million) of the world population were undernourished (FAO, 2015). Aquaculture has a crucial and
rapidly increasing role in food security and economic stability worldwide, providing over half of the world’s
seafood supply, with projections for significant expansion in the coming decades to meet the increasing
demands for animal protein production related with human population growth (Houston et al., 2020;
Nguyen et al., 2022). According to Anderson et al. (2017), more than 90% of global aquaculture occurs in
low and middle income countries, where it provides major contributions to the Sustainable Development
Goals of the United Nations, either directly through human consumption or indirectly through economic
growth. To improve the sustainable development of future aquaculture, we need to increase the number and
efficiency of selective breeding programs (Houston et al., 2020; Gjedrem et al.,, 2012). Genetic
improvement originating from a well-managed breeding programme makes possible cumulative increases
in production traits, and facilitates adaptation to emerging challenges including climate change or infectious
disease outbreaks (Sae-Lim et al., 2017; Gjedrem and Rye, 2016; Houston et al., 2020). Striped catfish is
one of the three top consumed freshwater fish types (after carps and tilapia), and VietNam is the source of
more than 90 percent of the world’s striped catfish exports, which has increased 50-fold in the last decade
(FAO,2019). Recently, striped catfish aquculture has been developed in several Asian countries such as
Bangladesh, India, China, Indonesia, Myanmar, Nepal, and Pakistan. With the important role of striped
catfish production in international markets, the success of selective breeding of saline-tolerant
striped catfish in the present study could play a crucial role in contributing to food security and economic

stability not only in Vietnam but also in the world under the impact of climate change.

In the future, the combined impact of sea level rise, changes in the upstream freshwater flow, and
tidal regime on salinity intrusion due to climate change will cause more impacts on striped catfish farming
owing to shrinkage of the freshwater zone. For this reason, selective breeding of saline-tolerant
striped catfish needs to be continued for more generations to increase the genetic gain on salinity tolerance.
Importantly, MAS or GS could be used to increase the efficiency of selection. With a high-quality genome
of striped catfish, there is ample room for a reliable identification of numerous SNPs and other DNA
markers. These DNA markers could be used to identify QTLs not only for salinity tolerance traits, but also

for other economically important traits of striped catfish. The DNA markers associated to a trait of interest
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can be used in selecting progenies carrying favourable alleles via MAS or GS. For GS, the availability of a
large set of markers, shallow sequencing and the use of imputation should allow to target accurate breeding
values estimations using the latest evaluation techniques. However, exclusive emphasis on production traits
of selective breeding program may lead to detrimental correlated responses in other traits, particularly those
associated with fitness. For example, on livestock, although selection for milk production in dairy cattle
was extremely successful, there was a substantial undesired decrease in fertility over the same period
(Georges et al., 2019). Thus, next selection schemes on striped catfish (or other aquatic species) should
focus on the balance between animal health, fertility, production and environmental impact.

Although the application of epigenetic knowledge could significantly affect the productivity and
sustainability of aquaculture practice, epigenetics and its application are at an early stage of development,
especially for striped catfish for which no other study exists to date. Many questions remain unanswered
regarding the epigenetic mechanisms not only for salinity tolerance traits, but also for other economically
important traits for aquatic species in general, and for striped catfish in particular. Further studies should
investigate on how the genome sequence impacts the epigenome, how epigenetic events interact with
genotype to influence the induction of phenotypic traits under saline conditions and use this fundamental
information to improve salinity tolerance of striped catfish. Moreover, in next selection generation, if
transgenerational inheritance of epimutations associated to salinity tolerance are confirmed, the influence
of the epigenetic processes on the estimation of breeding value and accuracy of selection programs for

genetic improvement of salinity tolerance should be considered and evaluated.

Recently, with the rapid development of biotechnological innovations, promising approaches to
tackle production barriers in aquaculture are emerging. For example, these innovations include the use of
genome editing technologies to make targeted changes to the genomes of aquaculture species, resulting in
improved health and performance, or the use of reproductive biotechnologies such as surrogate broodstock
to expedite genetic gain, or combinations of both approaches (Houston et al., 2020). Genome editing tools
such as engineered CRISPR-Cas9 systems are invaluable for understanding genetic regulation of
economically important traits and have the potential to accelerate genetic gain in aquaculture breeding
programs (Cong et al., 2013; Mali et al., 2013). In a breeding program, a key factor in the rate of genetic
gain is the length of the generation interval. Decreasing generation time potentially increases the genetic
gain rate via the reduction of the generation interval (Houston et al., 2020). This is particularly true in
aquaculture, considering that many of the major aquaculture species have relatively long generation
intervals (for example, up to more than 3 years to get maturation of striped catfish). When combined with

GS to predict breeding value of embryos or juveniles, surrogate broodstock technology could potentially
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reduce the generation interval without substaintial loss of selection accuracy (Zenger et al., 2019; Yoshizaki
and Yazawa, 2019). Generally, the breeding program should ideally utilize genomic information to fast-
track the genetic improvement of farmed aquatic species, which will be necessary to secure the sustainable

growth of aquaculture as one of the most promising solutions to the current global food security challenge.

Despite the fact that aquaculture does not directly emit GHGs, aquaculture activities, such as input
power, transport, and feed production contribute to GHG emissions. LCA (life cycle analysis) is a method
to quantify the use of resources and emission of pollutants in the entire production chain for a product. In
aquaculture, environmental impacts related to aquatic commodities have been quantified in various LCA
studies (Henriksson et al., 2015a, 2015b). Selective breeding programs for increased production traits are
expected to enhance the efficiency of resource utilization (feed, energy, water, drug/chemicals, and land)
of a production system, through correlated changes in feed efficiency or shorter production period.
Applications of LCA to define breeding goals that maximize production, while minimizing environmental
impacts have been implemented in the study of Besson et al. (2016) on African catfish (Clarias gariepinus).
With that method, it is possible to evaluate different breeding strategies that maximize total genetic gain
and minimize environmental loads. For these benefits, this method should be considered for incorporation

in selective breeding programs in the future to optimize the selection target.
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1. Ildentification of parentage using shallow sequencing data (manual) of Chapter 3

1. Context

Obtaining parentage information based on genomic data is useful in situations where a set of
potential parents is available for an individual. For example, obtaining relationships between individuals in
ecological studies can help to better understand the population dynamics of invasive species. Or identifiying
the parents of fish cultured in a breeding experiment is necessary to optimize the genetic values of the
selected individuals while preserving the genetic diversity and controlling inbreeding. More generally,
parentage identification can be useful in situations where the parents cannot be directly observed. This is
for example the case for many wild animals and for aquaculture species, where the small size of the progeny
at birth and the necessity to pool families for efficiency reasons and for a fair comparison of the breeders

make posterior identification of the parents necessary.

« shallowped » is a software that is designed to identify the closest relatives of an offspring in a
set of potential relatives using data obtained from a (shallow) sequencing experiment and to infer the
relationship (if any) between this offspring and its closest parents in the dataset. The software implements
the likelihood approach described in the accompanying paper “Parentage assignment with shallow whole
genome sequencing data”. The program reads parameters (see below), computes a likelihood in order to
infer the most likely parents, generates the data used to infer the needed distributions used to assess the
significance of the relationships, collects the results and presents the inferences in a simple form. In brief,
the program evaluates the likelihood that a couple is related to a tested individual for all possible couples
from the set of parents. The likelihood of the couple with the highest likelihood is then compared to various

distributions to infer the exact relationship of the putative parents with the tested individual.

2. Installation

The program is a standalone program (shallowped.f95), and the compilation is straightforward. The
program has only been tested on Windows (10 professional) and on Linux Ubuntu, but, due to the absence
of specific features and dependencies, we don’t expect problems on other platforms (for example, recent

Mac can use a GNU fortran compiler 1 similar to the one used for Ubuntu).

2.1 Linux Ubuntu

232



Appendices

Provided the (free) GNU fortran has been previously properly installed, the f95 compiler should be

available from any directory in your account (Figure 1).

either:

:~$ 95 --version
GNU Fortran (Ubuntu 9.3.06-17ubuntul~20.04) 9.3.0
Copyright (C) 2019 Free Software Foundation, Inc.
This is free software; see the source for copying conditions. There is NO

warranty; not even for MERCHANTABILITY or FITNESS FOR A PARTICULAR PURPOSE.

~%

Figure 1: Ubuntu command showing the versions of the compiler and of the operating system.

The installation of shallowped is as follows:

1. Create a directory to save the source program. For example:
mkdir ~/SHALLOWPED

will create a directory named SHALLOWPED in your home directory.

2. Dowload the program into this new directory. If you downloaded into another directory, you
can move it to the newly created directory. For example, to move the program from your
home directory to the newly created directory, you can type:

mv ~/shallowped.f95 ~/SHALLOWPED
This should have moved the program file to the ~/SHALLOWRPED directory.

3. Go to the ~/SHALLOWPED directory:
cd ~/SHALLOWPED

4. Compile the program:

95 shallowped.f95 -o shallowped

This should generate an executable file shallowped in the current directory.

5. If you want the executable file to be available from any directory in your account, you can
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e Type the full path of the executable. In our example, we can start the program from any
directory by typing:

~/SHALLOWPED/shallowped

Move the executable file to one of the directories present in your PATH vari- able. The list

(separated using “:”) of these directories containing executables can be obtained by typing:
echo $PATH

Typically, ~/bin will be one of those directories and the command to move the executable to that

directory is:
mv ~/SHALLOWPED/shallowped ~/bin

e Create a link to the executable file in one of the directories contained in PATH. For
example:

In -s ~/SHALLOWPED/shallowped ~/bin/shallowped will create a symbolic link to
the executable. Since ~/bin is in PATH, this will make the executable available from everywhere.

2.2 Windows
Free versions of fortran 95 compilers are available for private use (for a more professional use, a
license is need). For example, FTN95 is distributed with a GUI making it easy to visualize, modify and

compile the program if needed. Using such software, the compilation is very simple:

1. Download the source (shallowped.f95) into a target directory (for example
~\MyDocs\SHALLOWPED),

2. Open the graphical user interface (named Plato for FTN95),
3. Open the file (for example, ~\MyDocs\SHALLOWPED\shallowped.f95) us- ing the File menu,
4. Use the Build menu to compile and build the file (Figure 2),

5. That’s all! You should have a shallowped.exe file in the directory containing the source file (in
our example, ~\MyDocs\SHALLOWPEDA\shallowped.exe). You may want to move that file to
a more appropriate place if needed.
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m Plato32 -
File Edit View Project Build Tools Window Help
‘NS Y @A (¥ Buid Ctr+Shift+B || | vl &%
4 newshallowped.f95 X Rebuild Ctrl+B
close(21)
allocate (mname )
open (21, file=" ')
nm=0 % Compile Ctrl+F7
S0 Sonetaus b StartRun Ctrl+F5
read(21 3 o oy
nm=nm+1 Step Into F7
if (nm.ne.num)
mnames (nm) =rec
goto 30
40 continue
close(21)
else
if (nb_markers.eq.0) nb markers=nb markers d

Figure 2: Building the executable in the Plato GUI interface.

3. Data preparation
The data is provided to the program using 4 files. One file (shallow.prm) contains parameters to be

used by the program. Since defaults are provided for these parameters, the file needs only be used when the
values of the targeted parameters have to be modified. The other 3 files (shallow.ind, shallow.gen,
shallow.mrk) contain the data. All these files will be described in the next sections.

3.1 Individuals file shallow.ind

This mandatory file is used to give the identifications of the individuals considered in the

experiment along with their status. Each line contains the information on one individual. The format of
the file is:

<number> <name> <status>

where <number> is the individual number, ranging from 1 to NI, with NI the total number of
individuals in the analysis, <name> the name of the corresponding individ- uals, and <status> the status
of the individual, which is either F (for a father), M (for a mother) or O (for an offspring). The goal of the
program is to reconstruct triplets of F, M and O individuals where F and M are O’s closest relatives, and

to infer the most likely relation for these closest relatives (father, grandfather, sibs...).

3.2 Reads file shallow.gen
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This mandatory file contains the information extracted from the shallow sequencing experiment.
It is assumed that polymorphic loci have previously been identified in the genome (in the current version,
shallowped uses only biallelic markers, such as SNP for example, although the approach could easily be
extended to polyallelic markers), and that the number of reads for each locus and each individual have
been obtained before using shallowped. Consequently, each line contains the information for one marker

and one individual. The format is:

<number_i> <number_m> <reads_1> <reads_2>

where <number_i> is the number corresponding to the individual (the number provided in the
individuals file), <number_m> is the number corresponding to the marker (the number provided in the
markers file), and <reads_1> and <reads_2> are the number of reads for each of the 2 alleles for this
marker and this individual. When no information is available for a combination individual*marker, the
line can be omitted from the file (in other words, the default is “<number_i> <number_m=> 0 0” for each

combination).

3.3 Markers file shallow.mrk

This file is used to allow providing a list of markers names. The format is again very simple:

<number> <name>

where <number> is the marker number, ranging from 1 to NM, with NM the total number of
markers in the analysis, and <name> the name of the corresponding markers (names are limited to 30
characters). If this file is not provided, the parameter NMRK should be given in the parameters file (the
markers name would then be M1, M2, ...). If neither the file and the NMRK parameter are provided, the

default number of markers will be used (which might not correspond to the genomic data).

3.4 Parameters file shallow.prm
Although all parameters have default values, this optional file can be used to provide different

values to the parameters in a run. Each line of the file has the same format:
<keyword> <value>

where <keyword> is a four characters’ keyword specifying the parameter and <value> is the value
to be attributed to the corresponding parameter. In the following description of the parameters, many

options are used to specify the number of genotypes that will be generated to obtain the distribution of the
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genotypes probabilities under various hypotheses. These distributions are written P [G(i)|d(j), d(K)]. This
notation means “the distribution of i’s genotypes, given genomic data on j and k, where i, j and k are either
f (father), m (mother), o (offspring), pgf (paternal grandfather), mgm (maternal grandmother), ffs (full-sib
of the father), mfs (full-sib of the mother), unf (unrelated to the father) or unm (unrelated to the mother).
The alphabetic list of the possible parameters is as follows:

1. FREQ < mode > (Default: 1)
where < mode > is either 1, 2 or 3. When < mode >= 1, the frequencies are based on counts (the number
of copies of an allele is incremented each time the corre- sponding number of reads is positive for a potential
parent). When < mode >= 2, the frequencies are estimated using the iterative procedure described in the
paper. And when < mode >= 3, th frequencies are read from shallow.fregs (an error occurs if the file is not
available).

2. LIKE < mode > (Default : 1)
where < mode > is either 1 or 2. When < mode >= 1, the computation of the log-likelihoods use the formula

H?=1 Pk (l)

based on the posterior probabilities —=———
P P ST, Pe)

. When < mode >= 2, the computation uses

n PK(i)
[i=1 Y Pk(i)

< mode >= 2 can be useful in situations where < mode >= 1 cannot be computed due to underflows.

, where n and h are the number of individuals and the number of hypotheses, respectively.

3. NFAT < nb_fathers > (Default : 200)
where < nb_fathers > is the number of fathers that will be simulated to generate the father likelihoods

distribution, assuming that the “best” mother is the real mother, and using information from that mother
and from the offspring. Symbolically : P[G(f)|d (m = M), d(0)].

4. NFSF < nb_fathers_fullsibs > (Default: 200)
where < nb_fathers fullsibs > is the number of father’s fullsibs that will be simulated to generate the fathers’
fullsibs likelihoods distribution, assuming that the “best” mother is the real mother, and using information
from that mother and from the offspring. Symbolically : P[G(ffs)|d (m = M), d(0)].

5. NFSM < nb_mothers_fullsibs > (Default: 200)
where < nb_mothers_fullsibs > is the number of mother’s fullsibs that will be simulated to generate the
mothers’ fullsibs likelihoods distribution, assuming that the “best” father is the real father, and using
information from that father and from the offspring. Symbolically : P[G(mfs)|d (f = F), d(0)].

6. NHSF < nb_fathers halfsibs > (Default: 200)
where < nb_fathers halfsibs > is the number of father’s halfsibs that will be simulated to generate the
fathers’ halfsibs likelihoods distribution, assuming that the “best” mother is the real mother, and using

information from that mother and from the offspring. Symbolically : P[G(hsf)|d (m = M), d(0)].
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7. NHSM < nb_mothers_halfsibs > (Default: 200)
where < nb_mothers_halfsibs > is the number of mother’s halfsibs that will be simulated to generate the

mothers’ halfsibs likelihoods distribution, assuming that the “best” father is the real father, and using
information from that father and from the offspring. Symbolically : P[G(hsm)|d (f = F), d(0)].
8. NMGM < nb_maternal_grandmothers > (Default: 200)
where < nb_maternal_grandmothers > is the number of maternal grandmothers that will be simulated to
generate the maternal grandmother likelihoods distribution, assuming that the “best” father is the real father,
and using information from that father and from the offspring. Symbolically : P[G(mgm)|d (f = F), d(0)].
9. NMOT < nb_fathers > (Default : 200)
where < nb_mothers > is the number of mothers that will be simulated to generate the mother likelihoods
distribution, assuming that the “best” father is the real father, and using information from that father and
from the offspring. Symbolically : P[G(m)|d (f = F), d(0)].
10. NMRK < nb_markers > (Default : 0)
where < nb_markers > is the number of markers in the analysis. When set to 0 (the default), the number of
markers will be read from the shallow.mrk file. This option is only useful when the shallow.mrk file is
not present. The specified number of markers should match the number of markers used in shallow.gen.
11. NPGF < nb_paternal_grandfathers > (Default: 200)
where < nb_paternal_grandf athers > is the number of paternal grandfathers that will be simulated to
generate the paternal grandfather likelihoods distribution, assuming that the “best” mother is the real
mother, and using information from that mother and from the offspring. Symbolically : P[G(pgf)|d (m =
M), d(0)].
12. NUNF < nb_unrelated_to-father > (Default: 200)
where < nb-unrelated_to_father > is the number of unrelated individuals that will be simulated to generate
the unrelated individual likelihoods distribution. Symbolically : P[G(unf)|d (m = M), d(0)].
13. NUNM < nb_unrelated_to_mother > (Default: 200)
where <nb_unrelated_to_mother > is the number of unrelated individuals that will be simulated to generate
the unrelated individual likelihoods distribution. Symbolically : P[G(unm)|d (f = F), d(0)].
14. SEQE <probability> (Default: 0.01)
where <probability> is the probability of a sequencing error at a given marker, changing an allele to
another allele. This default value is quite high if, for example, used markers are a set of SNP selected
on the quality of the reads underlying these SNP (making sequencing errors less likely).

If the shallow.prm file is not provided, all default values are used for the parameters.

4. Running the program
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When data files are ready, the program can be run by simply typing in a shell (linux - Figure 3) or

in a command box (Windows):
shallowped
The program will then perform the computations described in the companion paper:
1. Read the shallow.mrk file (if present) and display the number of markers that will be used for the

analysis.

2. Read the shallow.ind file and display the number of individuals (and their status) that will be used
for the analysis.

3. Read the shallow.gen file and report the number of combinations markers*individuals for which
one or several reads are available. In addition, the minimal and maximal individual’s covers will
be output.

4. Allelic frequencies in the parental generation are estimated (using either the itera- tive algorithm
suggested in the paper, reads counts or a provided frequencies file, see option FREQ), and reported
in the shallow.fregs file.

5. Obtain the most likely (offspring - father - mother) triplet using the likelihood approach detailed in
the paper. This will be performed for each offspring in the shallow.ind file. All computed
likelihoods are reported in the shallow.lik file.

6. Check the significance under various null hypotheses (see below).

7. Report the likelihood distributions under the various tested null hypotheses in the file
shallow.lik.hyp.

8. Report the p-values associated to all these hypotheses in the shallow.fam file. In addition, the most
likely relatives for each individual are provided in shallow.top, and the significant relatives are
provided in shallow.ped.

Based on these results, it is possible to statistically infer the exact relationship between the “best

couples” and the tested offspring.
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shallow.gen shallow.ind shallow.mrk

- $ shallowped

Starting SHALLOWPED...

--> Markers # = 2000

--> Individuals # = 41

---> # fathers = 20

---> # mothers = 20

---> # offspring = 1

--> # of reads: 410324

--> Covers range from 4.922 to 5.118

--> P[d|g] computed

--> Markers frequencies computed using counts

===> 0 = 41 F =20 M= 21 (lik =

--> Best families computed

--> Simulation for offspring 1/

Leaving SHALLOWPED...

: $ 1s

shallow.fam shallow.frq shallow.gen shallow.ind shallow.lik shallow.lik.hyp

shallow.mrk shallow.ped shallow.top
: $

Figure 3: Executing SHALLOWRPED in a linux shell: the first Is command lists the files in the
current directory before running the program. Note that shallow.prm is not present: all default values will
be used for the parameters. The shallowped command runs the program and displays some information on
the run (number ofmarkers, number of individuals, tested hypotheses, ...). The second Is command lists the
content of the directory after running the program. Additional files (shallow.fam, shallow.frq, shallow.lik,
shallow.lik.hyp) will be described below.

5. Anexample

To allow readers to perform tests on simulated data, we have written a perl script mksimul.pl that
is able to generate the needed input files in the correct format. The script is provided in the appendix of this

manual. A minimal help is available by typing mksimul.pl -h (Figure 4)
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$ perl mksimul.pl -h

Usage: [perl] mksimul.pl [options]
Possible options:
-NBM nm (number of markers; default: 10000)
-MEAN m (Poisson mean for reads; default: 5)
-PED pedig (real pedigree; default: pedigree)
Format: Indiv Father Mother Status [Cover]
Status is O|F|M|X (X are not kept in the results)

Cover is optional. When used, it supersedes MEAN
-ALPHA Y|N (report AlphaAssign files; default: N)
-SHALLOW Y|N (report Shallowped files; default: Y)
-SEQE se (sequencing error rate; default: ©.01)
-H (this help)

Figure 4: Running mksimul.pl with the ‘-h’ option provides a little help on the use of the script.

We will demonstrate the use of the script on a small example. We will consider the pedigree depicted in

O

Figure 5.

Figure 5: Example of pedigree used in the simulation program. The two grand-parents (1 and 2)
will be used to generate the data, but will not be reported in the data files. The blue individuals (3-22) make
up the set of possible fathers, and the orange ones (23-42) the set of possible mothers of the offspring (43).

Note that in that simuation, a full-sibs of the “real” father will be present in the list of potential fathers.

We will use the default parameters for the options -NBM (i.e. 10,000 markers), -MEAN (i.e. an

average of 5 reads/genotype), -PED (i.e. the simulated pedigree will be stored in a file named pedigree), -
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SHALLOW (i.e. report the files needed to run shallowped) and -SEQE (i.e. use an sequencing error rate
of 0.01). We will generate the files needed to run AlphaAssign (the software implementing the approach

described in (Whalen et al., 2019)) by specifying the option “-ALPHA Y” in order to compare the results

obtained with the 2 methods. Let’s first take a look at the pedigree file:

10
20
30
40
50

OO O oo

2000F
2112F
2212F
2300 M
2400 M

41 0
42 0
4322 2

0M
0M
30

As mentioned in the help screen, individuals with a ‘X’ status (i.e. the grandparents 1 and 2) will

not be reported, individuals with a ‘F’ status will make up the list of potential fathers (i.e. individuals 3-

22), individuals with a ‘M’ status will make up the list of potential mothers (i.e. individuals 23-42), and the

only offspring (status ‘O’) is individual 43.

After creating this file, we run the simulation script by typing (Figure 6):

perl mksimul.pl -alphay

- $ perl $s/mksimul.pl -alpha y
-> Reading the pedigree
--> 43 individuals in the pedigree
---> 20 fathers, 20 mothers, 1 offspring
--> Reporting the needed files for AlphaAssign
--> Reporting the needed file for shallowped
-> Creating markers file for shallowped
--> Done !
-> Creating the genotypes
--> Using 10000 markers
--> Reporting the genotypes of all 43 pedigreed individuals to genotypes file
-> Creating the reads from the genotypes
--> Using a Poisson(5) distribution
- $ 1s

fathers.aa pedigree shallow.gen shallow.ind
mothers.aa reads.aa shallow.genotypes shallow.mrk

242



Appendices

Figure 6: Running the simulation script. Note that although 43 individuals were present in the
pedigree file, only data for 41 are reported in the results because the grandparent status was set to ‘X’. All
files needed by shallowped (i.e. shallow.ind, shallow.mrk and shallow.gen) and by AlphaAssign (i.e.
fathers.aa, mothers.aa and reads.aa) have been generated. The file shallow.genotypes provides the

genotypes of the indi- viduals for information, but will not be used by the programs.

The first and last lines of the file shallow.ind are as follows (the file contains 41 lines):

13F
2 4F
35F
4 6F
57F
3739 M
38 40 M
3941 M

40 42 M
41 43 O

As explained above, the first field in each line is the internal code of the individual, the second field

is the external name (the one used in the pedigree 5), and the third field corresponds to the status (‘F’ for
potential fathers, ‘M’ for potential mothers and ‘O’ for offspring. Note that the individuals with a “X’ status
in the initial pedigree have not been reported). The first and last lines of the file shallow.mrk are as follows
(the file contains 10,000 lines):

1M

2 M2

3 M3

4 M4

5 M5

9996 M9996
9997 M9997
9998 M9998
9999 M9999
10000 M10000

The first field is the internal number of the marker, and the second is the external name of the
marker. In this case, with this simulated dataset, the markers names have been generated automatically. The
third file (shallow.gen) contains the information on the reads for each marker and each individual. The first

and last lines of this file (which contains 410,000 lines...) are:
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[
U WN R
NOOMN
S0 e I = I Y]

41 9996 0 2
41 9997 0 2
41 9998 5 1
41 9999 3 4
41 100004 0

Now that all needed files are ready, we can run shallowped. Since no shallow.prm file has been

provided, the program will use the default values for the parameters. The run will obtain the various

ditributions needed to test various hypotheses (Figure 7)

: $ shallowped
Starting SHALLOWPED...
--> Markers # = 10000
--> Individuals # = 41
---> # fathers = 20
---> # mothers = 20
---> # offspring = |
--> # of reads: 2049593
--> Covers range from 4.954 to 5.045
--> P[d|g] computed
--> Markers frequencies computed using counts
===> 0 = 43 F = 22 M= 23 (lik =
--> Best families computed
--> Simulation for offspring 1/
Leaving SHALLOWPED...
: $ 1s

fathers.aa reads.aa shallow.gen shallow.1lik shallow.ped
mothers.aa shallow.fam shallow.genotypes shallow.lik.hyp shallow.top
pedigree shallow.frq shallow.ind shallow.mrk

} -

Figure 7: Output of the run. Note that the program obtained the correct family for individual 43.

As in the previous run, new files have been generated. The file shallow.lik contains the likelihoods
for all tested parental combinations for each offspring (see Figure 8). The file shallow.lik.hyp contains the

likelihood distributions under the tested null hypotheses (see Figure 9).
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- $ head -5 shallow.lik
.26369407466700068 -228.137313330275515455
.88917262442555511 -2443.67886667176207993
.01136842680716654 -2527.82791587855172111
.13959086928662146 -2520.41982631046994356
.01302540925826179 -2489.45036333009193186

: $ tail -5 shallow.lik
917755975692330264 -2444.
810563427364088124 -2489.
549373980524665489 -2375.
101250448211330266 -2578.
919963759885456603 -233

Vi O W N
NweEounm

.

Figure 8: First and last lines of the file shallow.lik: each line contains the likelihood value

computed for one couple of potential parents.

head -5 shallow.lik.hyp

L R

LA s

.':'|_

tail -5 shallow.lik.hyp

UMM
UMM
UNM
UMM
UMM

Figure 9: First and last lines of the file shallow.lik.hyp: each line shows a likelihood value
computed using the distribution generated under the tested null hypotheses. In this example, the first 5
lines are the 5 first likelihood values obtained using the ‘FAT’ null hypothesis, and the last 5 lines are the
last 5 likelihood values obtaiend using the ‘UNF” null hypothesis.

The file shallow.fam contains the best trio with the corresponding likelihood and the p-values for

the various tested null hypotheses (Figure 10)
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- $ cat shallow.fam
Offspring Best_m Best_f log(L_m) log(L_f) FAT PGF FSF HSF UNF

MOT MGM FSM HSM UNM
43 22 23 -0.00 -0.00 1.0000 ©0.0000 ©.0000 ©.0000 ©.0000
1.0000 0.0000 0.0000 ©.0000 ©.0000

$

Figure 10: The file shallow.fam contains the results of the run: the best parents, with various p-
values related to the tested null hypotheses. In this example, the only hypotheses that are not rejected are
FAT and MOT. In other words, the results are compatible with the facts that the actual father of 43 is 22

and the actual mother of 43 is 23, which matches the simulated pedigree.

In more details, the first 3 fields show the offspring (43) the best parents (father 22, mother 23)
(check Figure 5). The next fields are the likelihoods corresponding to that trio (the first is the likelihood for
the father assuming that the mother is correct, and the second the likelihood for the mother assuming that
te father is correct), and thus the “best” likelihoods. The next 10 fields are p-values, corresponding to 10

distinct null hypotheses:

1. The first p-value corresponds to the null hypothesis “Assuming that the best female is the mother
of the tested offspring, the best male is the father of the tested offspring” (FAT). The p-value is
equal to 1 because the posterior probability of that situation is 1 — ¢, where ¢ is lower than the
computer precision... This hypothesis is thus accepted.

2. The next 4 p-values correspond to the null hypotheses “Assuming that the best fe- male is the
mother of the tested offspring, the best male is the paternal grandfather (PGF) of the tested
offspring, a full-sib (FSF) or a half-sib (HSF) of the father, or unrelated to the father (UNF)”. The
p-values are all equal to 0: no likelihood value obtained under these null hypotheses exceeded the
best likelihood. These hypotheses are thus rejected.

3. The next p-value corresponds to the null hypothesis “Assuming that the best male is the father of
the tested offspring, the best female is the mother of the tested offspring” (MOT). The p-value is
equal to 1 because the posterior probability of that situation is 1 — €, where € is lower than the
computer precision... This hypothesis is thus accepted.

4. The last 4 p-values correspond to the null hypotheses “Assuming that the best male is the father of
the tested offspring, the best female is the maternal grandmother of the tested offspring (MGM), a
full-sib (FSM) or a half-sib (HSM) of te mother, or unrelated to the mother (UNM)”. The p-values
are all equal to 0: no likelihood value obtained under these null hypotheses exceeded the best
likelihood. These hypotheses are thus rejected.
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The Figure 11 shows another view of these results.

one [ ]
une [
Hsm [ ]
Her [ ]
Fsm [ ]
s [
mem [ |
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Figure 11: Schematic representation of the ranges of the empirical distributions corre- sponding to
the tested null hypotheses (see the definitions in the text). The dashed vertical line corresponds to the best
likelihood value: this result suggests that we have obtained the real parents

These results support the hypotheses that the identified male (22) and female (23) are the parents
of the tested offspring (43). As an additional example, we can simulate a more difficult situation: we use
the same pedigree as in Figure 5, but we discard the real father (individual 22) from the analysis.
Consequently, we have a full sib of the real father, but not the real father in the potential male parents. To

simulate this situation, we only need to change one line in the pedigree file. The line:

2212F

Becomes:
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2212 X

Running mksimul.pl -alpha y followed by shallowped leads to results shown in Fig- ures 12 and

13.

$ shallowped

Starting SHALLOWPED...

--> Markers # = 10000

--> Individuals # =

---> # fathers = .

---> # mothers = 20

---> # offspring = 1

--> # of reads: 1999890

--> Covers range from 4.933 to 5.043
--> P[d|g] computed

--> Markers frequencies computed using counts
===> 0 = 43 F =21 M= 23
--> Best families computed

--> Simulation for offspring 1/ 1
Leaving SHALLOWPED...

Figure 12: Screen output of the run of shallowped on simulated data including a full-sib of the
father, but not the father. Note that the program identifies the full sib of the father (21) as the best male

parent. The best female parent is still the mother.
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UNM
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Figure 13: Schematic representation of the ranges of the empirical distributions corre- sponding to
the tested null hypotheses (see the definitions in the text). The dashed vertical line corresponds to the best

likelihood value. The interpretation of the results presented in Figure 13 is as follows:

1. The best result is less likely than those obtained when both parents have been identified (hypotheses
FAT and MOT).

2. For the “best” male (blue rectangles in Figure 13), the best likelihood is compatible with two
possibilities:

(a) assuming that the “best” female is the mother, the “best” male is the paternal grandfather of
the offspring (PGF) or,

(b) assuming that the “best” female is the mother, the “best” male is a full-sib of the father (FFS)
(i.e. the correct situation)

3.For the “best” female (red rectangles in Figure 13), the best likelihood is also compatible with

two situations:
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(a) assuming that the “best” male is the father, the “best” female is the maternal grandmother
(MGM), or

(b) assuming that the “best” male is the father, the “best” female is a full-sib of the mother (FSM).

Since the assumption on the male parent is incorrect, the inference on the female is not correct. This
result suggests testing additional hypotheses (assuming that the father is a full-sib of the father to derive the
distribution for the mother, for example). In comparison, runs of AlphaAssign report the correct parents for
the first example, and only the mother for the second.

6 Appendix
6.1 mksimul.pl script

The following perl script can be used to generate simulated data. The programs use various
parameters (for which defaults exist) to create the desired data files for shal- lowped (and, eventually, for
AlphaAssign). Limited help is available by typing “perl mksimul.pl -h”’. Examples are also provided in

this manual.

# # Parameters

Spedig=$pedig_d="pedigree";
$nbm=$nbm_d=10000;
Smean=$mean_d=5;
$seqe=S$seqge_d=0.01;
Salpha=salpha_d="N";
sshallow=$shallow_d="Y"
; while (Soption=shift)
{
so=uc(Soption);
if(Soeq’-NBM”) {
Snbm=shift;
}
elsif (Soeq’-MEAN") {
Smean=shift;
}
elsif (Soeq’-SEQE”) {
Ssege=shift;
}
elsif (Soeq’-PED”) {
Spedig=shift;
}
elsif (Soeq’-ALPHA”) {
Salpha=shift;
Salpha=uc($alpha);
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}
elsif ($o eq’-SHALLOW”) {

Sshallow=shift;

$shallow=uc(sshallow);

}
elsif(soeq’-H") {

print "Usage: [perl] mksimul.pl

[options]\n";print " Possible

options:\n";

print “-NBM nm (number of markers; default: $nbm_d) \n";

print “-MEAN m (Poisson mean for reads; default: $mean_d)

\n"; print “-PED pedig (real pedigree; default:

spedig_d)\n"; print " Format: Indiv Father Mother Status
[Cover]\n";

print " Status is O|F|M|X (X are not kept in the results)
\n"; print “ Coveris optional. Whenused, it supersedes MEAN\n";
print " -ALPHA Y|N (report AlphaAssign files; default: $alpha_d)
\n"; print " -SHALLOW Y|N (report Shallowped files; default:
$shallow_d) \n";print " -SEQE se (sequencing error rate; default:
$seqge_d) \n";

print“ -H (this

help)\n"; die "\n";

}
else {
die "Error: invalid option Soption\n";
};
}; # # Read pedigree
#

print "-> Reading the pedigree\n";
open(PED,"$pedig") || die "Error: pedigree $pedig cannot be found\n";
@ped= ();
%ped= ();
Sni=Sns=$nd=$no=$nind=
O;while (<PED>) {
Sni
++ ;
cho
P
s/A
\s+
//;
@x=split(/\s+/) ;
sped[sni] [1] =$x [O] ;
sped[sni] [2] =$x [1];
sped[sni] [3] =$x [2];
Sped[sni] [4] =$x [3]; # Status (X: remove, F: sire, M: dam, O: offspring)
sns++ if (sx [3] eq "F’);
snd++if ($x [3]eq’'M”);
Sno++if ($x [3]eq’0”);
Sped[sni] [5] =0; # Genotyped (1) or not yet (0)
S$nind++ unless ($x [3]1eq ’'X”);
sped[sni] [6] = ($x [3] eq’X”)?0: $nind; # Code for shallowped
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sped[sni] [7] = ($x [4] =="")? Smean: $x [4];
sped {sx [0]} =$ni;

¥

print "--> $ni individuals in the pedigree\n";
print "---> $ns fathers, $snd mothers, $Sno
offspring\n";#

if (uc(salpha)ne’N”) {

print "--> Reporting the needed files for AlphaAssign\n";

open(SIRE,">fathers. aa");
open(DAM,">mothers.
aa"); for (si=1;
Si<=$ni; Si++) {

next unless (Sped[$i] [4]eq’0”);

print SIRE “Sped[Si]

[1]"; for ($j=1;

$i<=$ni; $j++) {print

SIRE " $ped[$jl[1]"

if (Sped[sjl[4] eq

)

}; print SIRE "\n";

print DAM “$ped[$i]

[1]"; for ($j=1;

Sj<=sni; $j++) {
print DAM “Sped[$j] [1]” if (Sped[$j] [4]eq’N");
¥

print DAM "\n";

b

close(DAM

)

close(SIRE

);
+
if (uc(sshallow) ne 'N”) {

print "--> Reporting the needed file for
shallowped\n";open(IND,">shallow.ind");
$nind=0;

for (si=1; si<=$ni; Si++) {

nextif (Sped[s$i] [4] eq’'X”);

Snind++;

print IND “$nind Sped[$i] [1] Sped[$i] [4] \n";
b

close(IND);

# Markers file (for
shallowped)#
if (uc(sshallow) eq "Y”) {
print "-> Creating markers file for
shallowped\n";open(MRK,">shallow.mrk");
for (Sm=1; Sm<=$nbm;
Sm++) {pitMRK “$m
Msm\n"';
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B

close(MRK);

print "--> Done! \n";
2 # Genotypes
#

print "-> Creating the
genotypes\n";print "--> Using
Snbm markers\n";
sall_genotyped=0;
while ($all_genotyped==0) {
sall_genotyped=1;
for (Si=1; Si<=$ni;

Si++) {next if

(Sped[si] [5] ==3);#

Check paternal

haplo

if (Sped[si] [5]! =1) {

if (Sped[si] [2] ==0) {

# Generate random alleles# print “DBG Building paternal haplotype of Sped[$i] [1]
randomly\n"; for ($m=1; Sm<=$nbm; Sm++) {Sgeno[si] [$m] [1] =(rand()<0.5)?1:2;

B
$ped[si] [5] +=1;
}
else {
sis=sped{sped[sil[2]};
if ($ped[sis] [5]! =3) {
# Sire not completely genotyped
sall_genotyped=0;
}

else {

# Generate alleles from sire genotype
# print “DBG Building paternal haplotype of Sped[$i] [1] from

$ped[sis] [1]1 \n";
for (m=1; sm<=$nbm; sm++) {

sgenolsi] [$Sm] [1] =Ssgeno]Sis] [$m] [(rand () <0.5)?1:2];

¥
$ped[si] [5] +=1;
1 ¥
+
+
# Check maternal
haploif (Sped[si]
[51<2) {
if (sped[si] [3]1==0) {
# Generate random alleles

# print “DBG Building maternal haplotype of Sped[$i] [1] randomly\n"';

for ($sm=1; Sm<=$nbm; sm++) {

sgeno[sil[sm][2]=(rand()<0.5)?1:2;

I 5
sped[$il[5]+=2;
}
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I ¥
¥
¥
sall_genotyped=0 unless ($ped[si] [5] ==3);
¥
¥
print "--> Reporting the genotypes of all $ni pedigreed individuals

else {
sid=sped{spedl[si] [31};
if (sped[sid] [5]! =3) {
# Damnot completely genotyped
sall_genotyped=0;
}
else {
# Generate alleles from dam genotype
# print “DBG Building maternal haplotype of Sped[$i] [1] from
sped[sid] [1] \n";
for ($m=1; sm<=$nbm; sm++) {
sgeno[si] [Sm] [2] =Sgeno[sid] [$m] [(rand () <0.5)?1:2];
+
sped[si] [5] +=2;

togenotypes file\n";

open(GEN,">shallow.
genotypes"); for (si=1;
Si<=$ni; Si++) {

print GEN “Sped[Si]

[

1]"; for (sm=1;

sm<=$nbm; $m++) {

}I
print GEN "\n";
+

print GEN “Sgeno[$i] [$m] [1] “.”$geno[$i] [$m] [2]1";

close(GEN);

print "-> Creating the reads from the
genotypes\n";print "--> Using a
Poisson($mean) distribution\n"; @reads= ();
for (Si=1; si<=$ni; Si++) {

next if (Sped[si] [4] eq

’X”); for (Sm=1;

sm<=$nbm; Sm++) {

s$g=sgenolsi] [sm] [1] +$genolsi] [$m] [2];
sreads[S$i] [$m] [1] =$reads[S$i] [Sm] [2] =O0;
Snr=&rpois(Sped[si

1171);if (sg==2) {

sreads|[si] [$m] [1] =&rbinom($nr,1-$seqe);
sreads[si] [sm] [2] =$nr-Sreads[s$i] [sm] [1];
}

elsif (sg==4) {

sreads[si] [$m] [1] =&rbinom ($nr, $seqe);
Sreads[si] [$m] [2] =$nr-Sreads[si] [Sm] [1];
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}

else {
sreads[$i] [$m] [1] =&rbinom($nr,0.5);
Sreads[si] [$m] [2] =snr-$reads[si] [sm] [1];
I¥
b
¥
if (uc(salpha) eq "Y’) {
open(SEQ,">reads.
aa"); for (si=1;
Si<=$ni; Si++) {
next if (Sped[Si] [4] eq 'X");
print SEQ “Sped[Si]
[1]1"; for (Sm=1;
sSm<=$nbm; Sm++) {
print SEQ “Sreads[$i] [sm] [1]";
I
print SEQ "\n";
print SEQ “Sped[Si]
[1]1"; for (Sm=1;
sm<=$nbm; Sm++) {
print SEQ “Sreads[si] [sm] [2]";
I
print SEQ "\n";};
close(SEQ);
¥
if (uc(sshallow) eq
N7
{open(SEQ,">shallo
w.gen"); for (si=1;
Si<=$ni; Si++) {
next if (Sped[s$i] [4] eq
'X”); for (sm=1;
sm<=$nbm; sm++) {

B
b
close(SEQ);

B

exit;

sub rpois {
my ($m) = @_;
my ($k, $pk, $r, $pc);
$k=0;
Spk=exp(-$m);
Sr=rand ();
$pc=$pk;
while (sr>$pc) {
Spk=sm*spk/(sk+1);
Sk++;
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spc+=$pk;
I 5
sk;
b
sub rbinom {
my ($n, $p) = @_;
my ( $r,$d,$pr);
Sr=rand () ;
$d=0;
Spr=(1-$p) **sn;
Spc=Spr;
while (sr>spc) {
sSpr*=sp/(1-sp) *(sn-sd) /(sd+1) ;
Sd++;
Spc+=$pr;
b5
$d;
I
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2. Supplementary material for Chapter 4
The husbandry of striped catfish in the various stages of selection program
2.1 Production of the first generation (G1)
2.1.1 The base population (G0) selection

Broodstocks of catfish have been selected from 3 different sources (An Giang, Vinh Long and Can
Tho province, with 10 males and 10 females in each province), with average weights ranging from 5 to 7
kg. Principally, the selected broodstocks had to be healthy, without visible injury or abnormal signs. The
females had to have a big belly, thin abdominal skin, swollen, reddish genitals and the males had to release
milt on application of a gentle pressure on the abdomen. Due to the difficulty to evaluate externally the
level of ovary maturation, an intra-ovarian biopsy with a flexible catheter has been performed to check the

oocyte development. The well-matured females should have an oocyte diameter of 1.0-1.1 mm.

A piece of fin (~1 cm?) from each fish (i.e. for a total of 60 broodstocks) has been collected and

preserved in 95% ethanol for genetic analyses.
2.1.2 Induced breeding and crossing.

Spawning has been induced by injection with human chorionic gonadotrophin (HCG). HCG was
injected in females at doses of 500 - 5000 Ul/kg at a time and injected up to four times before the fish were
finally induced. The males received only one injection of 1000 Ul/kg at the last time of injection to the
females (Table 1).

Table 1 Hormone (HCG) dose and timing of hormone injection used to induced spawning striped catfish

Female Male

Injection No. Time (hr) Dose (Ul/kg) Injection No. Time (hr) Dose (Ul/kg)
1 0 500
2nd 24 500
31 48 1000 1t 48 1000
4t 56 3000
Combined 5000
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Ovwulation occurred 8 hours after the last injection. Eggs were collected as soon as possible by
stripping. Milt was collected by pressing gently on the abdomen of the fish and using a syringe, and then
the collected milts were stored in an immobilization solution (10 g Tris-HCL in 1 L of 9ppt water). The
milt was diluted five times in this solution and stored at 4-5 °C before using. A dry fertilization process
was used, where eggs and milt were mixed gently. 29 females (~ 3000 eggs of each female) were crossed
with 30 males to create 870 families (one female of Can Tho province could not be used due to low quality
of her eggs). Fertilization solution (3 g urea and 4 g salt in 1 L of water) was added to the mixture of eggs
and milt to trigger fertilization after 4 min. The fertilized eggs were then transferred into boxes (one box
per family) for incubation. The fertilized eggs started to hatch 24 hours after fertilization. Fertilization rates
varied from 83-90 % and the hatching rate was 61-73 % (Fig. 1).

Figurel Incubating 300 families in 300 boxes (10 males * 30 females). This procedure has been repeated

in the 3 selected hatcheries, leading to 900 boxes (i.e. full-sib families).
2.1.3. Seedstock rearing

The larvae were transferred to rearing earthen ponds within 15 hours after hatching and fed live
feed. From each family, 2000 good quality larvae (with no abnormal signs, uniform size, swimming actively
and responding to external stimuli quickly) were selected for nursing in two earthen ponds (leading to
1.740.000 larvae in total).
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The nursing ponds (1.600 m? for each pond) were prepared a week before stocking to encourage
the growth of live food. Preparing the ponds included the removal of the bottom sludge, liming (10 kg/100
m2), killing unwanted organisms by applying saponin products (1 kg for 300 m?) of water and drying the
pond bottom for four days. The water supplied into ponds was screened through a fine mesh to prevent the
entrance of eggs and larvae of undesirable organisms, until the level of water in pond reached 1.2 m. To
encourage the growth of natural food, 10 kg of super benthos (one kind of fertilizer) were added into each
pond 24 hours after supplying water. Moreover, beneficial bacterial products were added into ponds at a
rate of 400 g/1000 m? together with 3 kg of live food (Moina). Larvae were transported from hatcheries to
nursing ponds in oxygenated bags in the early morning (8:00 am) to avoid direct exposure to sunlight. The

larvae were acclimated to pond water by keeping bags in the pond for 20 min before releasing.

Figure 2: Rearing ponds (freshwater) for 47 days

Water quality and larval behavior were checked early every morning. Fry were fed with commercial
pelleted feeds (Proconco Company) containing 28-35 % crude protein according to size. The feeding rate
varied from 6 — 10 % of body weight with two or three daily feedings. Additionally, nutrient supplements
such as Vitamin C and mix of mineral were regularly used during the nursing period.
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2.2. Process of 3 selection round in RAS system

Weight | Salinity Aquaculture .
Dph Operation
@ | (p0) P system P
0 304 X 309 (from 3 provinces)
Rearing in
earthen ponds 2000 larvae x 870 families (29 Q)
0 (1,740,000 larvae in total)
‘ Survival rate :1.38%
54 ¢ a7 ¢
21,550 fry
21,000 fry were acclimated to targeted salinity (10ppt)
l Rearing in
RAS 1 Survival rate :80.8 %
115 10 148
16,988 fish
Rearing in Selection steps
RAS 50%
115 10 148
1t selection
Random: 5,618 ind ; Selected (~ 50 % best):
115+ 39¢g 4,132ind; 157+36 g
; 89 days
Rearing in R
10 RAS ~60%\“~~:f10%] 50%
2" selection
~ 300
237 Random: 2,854 ind ; || Selected (~ 50% best):
—188+89¢ 1,426 ind ; 374184 g
l 103 days
Rearing in Tl 200
10 RAS ~60% 40 /"J ~50%
d .
~1000 l 3% selection
340 Random: 470 ind ; Selected (~ 50% best):
793+229.9¢ 576 ind ; 1,380+ 174.9g
(PIT tag + DNA) 1 PIT tag + DNA)
~ 1000 340 Rearing in
l RAS 470 fish
5 Conditioning for breeding

Figure 3: Procedure of selection experiment (\Val2éf were express as mean + SD)
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2.3 Production of the G2 generation
2.3.1 Selecting parents for production of the G2 generation

We produced a G2 generation using random couples from each of the three G1 groups (i.e. from the
selected group (104 X 109), the random group (103 X 109), and the freshwater group (83 X 8%9). The
pedigree information of selected parents was identified by our program Shallowped, only crossing
between parents with different families. The process for selecting broodstock, injecting HCG, breeding,
and fertilization was presented in Figure 3. We pooled the same number of fertilized eggs per family within
each group and incubated them together. Fertilized eggs hatch 22-24 h after fertilization. The results of
characteristic of broodstock, egg and larva from three fish groups were presented in Table 2.

Figure 4: Process of selecting broodstock, injecting HCG, breeding and fertilizing
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Table 2: Characteristic of broodstock, egg and larva from three fish groups

Characteristics Freshwater Selected Random

Weight of female (kg) 4.04+0.42° 5.27+0.88" 4514057

Productivity (egg/kg of female)  161,051+65,359" 178,039+35,053°  175.556+40,716

Egg diameter (mm) 1.016+0.025° 1.042+0.016° 1.052+0.029°
Yolk volume (mm’) 0.44+0.051" 0.47+0.044" 0.48+0.047"
Total length of larva (mm) 3.208+0.044" 3.213+0.07" 3.357+0.111°

*** Data was expressed as mean + standard error. Different in letters in line was significantly
different (p< 0.05)

2.3.2 Rearing larva of three fish groups

We subsequently reared the three groups in identical freshwater environments under optimal
conditions for the development of striped catfish. Larvae hatched after 29-34 h and were transferred to
three 2 m* outdoor composite tanks for nursing. The larvae from each group were nursed separately in
composite tanks with the same density of 5 individuals/L. The larvae were fed Rotifer, Artemia nauplii, and
Moina in the first 5 days. After that period, a high protein powder and flake diet (40 -35 % protein) was
used in combination with Moina until 4-5 weeks of age. The The technical process for rearing larva of
striped catfish was presented in Table 3. Subsequently, fries (0.6-0.8 g of body weight) from each group
were transferred to 10 m3 outdoor composite tanks, where they were raised until fingerling stage with an

average body weight of 20 g.
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Table 3: The technical process for rearing larva of striped catfish (Pangasianodon hypophthalmus)

From larva to fry (5) g, stocking density 5 ind/L, tempature of water 28-30°C, DO > 4ppm, pH 7.5-8.0

Dph Algae | Super- | Moina Rotifer (Probio) | Vimelec | Commercial feed (powder: 40% P, flake: 35%pP, size of feed -mm) | Siphong | Exchange

(ngay) | (L/m%) | stock | (ind/mL) | (con/mL) | (g/md) (g/m3) Powder | Flake Pellet-0.4 | Pellet-0.6 | Pellet-0.8 | Pellet-1 water
(g/md) (g/m3 | (g/m3) | (% body | (% body | (% body | (% body %)

weight) weight) weight) weight)

0 40 4 0.5 - - - - - - - - - - -

1 20 4 0.5 - - - - - - - - - - -

2 20 4 1 3 - - - - - - - - - -

3 40 4 1 4 - - - - - - - - - -

4 40 4 2 5 1 - - - - - - - - -

5 30 4 2 2 1 - - - - - - - - -

6 - 4 4 - 1 - - - - - - - - -

7 - - 4 - 1 - 5 - - - - - Siphong | 10

8-10 - - 5-5 - 1-1 - 10-20 | - - - - - Siphong | 15

11-15 | - - 6-3 - 1-1 1-1 25-35 - - - - - Siphong | 20

16-20 | - - 3-2 - 1-1 1-1 30-10 |10-30 |- - - - Siphong | 20

21-25 |- - 2-1 - 1-1 1-1 5-0 30-40 |- - - - Siphong | 30

26-30 | - - - - 1-1 1-1 - 30-5 |27 - - - - 3

31-35 |- - - - 1-1 1-1 - - 8-5 2-5 - - - 3

36-40 | - - - - - - - - - 4-2 6-8 - - 3

41-45 | - - - - - - - - - - 2-1 8-9 - 3

1 Vimelec (Commercial product of Vemidem company): contain mineral and complex Vitamin
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2.4 Results on parentage assigment of striped catfish

d S N M T WL O~ ® O = =

HEE R EEE R E R R A A R A R A R EEE R EEE R
Boffsprig| S £ S S S S SSSS5ssssssss:35555555553)|8
FAG1 4|4 212 2 71111817 11212149 4 711|5]|76
FAG10 1|1 1|2 1 5 1|1]1(5 1 2131 5 2 21|35
FAG3 6 5|1]12]1 l1)j]2|6|1|3|2|4|4]2]2 16 1 1 7 2|81
FAG4 1 1|13 212123 411]1 211111 211 2 36
FAGS 1|11 1|1 3|17 911 2113 1 311 43
FAGBE 2 1 2 214 8121 1]2 1126
FAG7 2 2 1 2 1|]1]1 6 16
FAGS 12 1 1 3|2)3)2|9|2]|2 912 6|1]7]|1]3 3|2 89
FAGY 1131 1 1 3 2 4 1 2121 211 1]1]1]28
FCT1 1 1 1 1 1|1 6
FCT10 1 1 211 1(1 2 1 10
FCT3 4 1 1 1 1 1 1 1|1 12
FCT4 1 1 1] 3
FCT6 1 1
FCT7 1 1
FCT8 1 1
FvLl 2 1 1 4
FVL3 1 1
FVL6 1 1
Total 10 38 2 1 10 8 28 1 9 7 21 17 12 37 9 55 10 6 20 13 7 28 14 28 6 16 2 25 7 19N

Figure 5: The example results of parentage assignment of striped catfish in selection program. The
lines and columns headers correspond to the male (M) and female (F) breeders, respectively, and include
the origin of the fish (AG: fish from An Giang province; CT: fish from Can Tho province; VL: fish from

Vinh Long province).
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2.5. Summary results from water quality management of all experiments

Table 4: Water quality parameters for all experiments from each developmental stage of striped catfish

Index DO(mgL %) pH Temperature (°C) TAN(mg L 1) N-NOz(mgL™?%)
Embryonic stage 5.1t05.6 8.2t08.6 26.3t028.4 NA NA

Larval to fry stages 4.8t05.5 7.2t08.1 27.2to028.7 NA NA

Fry to fingerling stage 5.0t0 6.5 7.1t08.0 27.1t030.5 <05 <0.3

Adult stage 27.3t0308 7.1t085 39t05.2 <15 <0.8

Dissolved oxygen (DO), pH, temperature was measured daily a multiple-parameter water quality meter
(DKK-TOA, WQC-24, Japan). Total ammonia nitrogen (TAN) and N-NO," were measured weekly using
a Multiparameter Photometer (Hana Hi 83300). NA: not available.
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3. Supplementary materials of Chapter 5.
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GenomeScope Profile
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Table S1 Repetitive elements in the striped catfish genome

. . De novo Homology
TE Class Family Sub-family Count Length (bp) Percentage  Count Length (bp) Percentage
Class | Non- SINEs: 20,832 31,13,943 0.39 50584 6755978 0.86
(Retroelements) LTR Penelope 1,757 615,424 0.08 6402 1467082 0.19
elements  LINEs: 98,550 30,509,760 3.87 121,145 29,469,338 3.74
CRE/SLACS 0 0 0.00 0 0 0.00
L2/CR1/Rex 76,961 24,726,066 3.14 77,327 20,030,762 2.54
R1/LOA/Jockey 1,567 82,3571 0.10 1,918 412,240 0.05
R2/R4/NeSL 1,219 376,738 0.05 649 270,429 0.03
RTE/Bov-B 8,119 1,813,291 0.23 19,762 3,853,265 0.49
L1/CIN4 3,687 935,167 0.12 3,221 1,146,312 0.15
LTR BEL/Pao 2,006 781,888 0.10 1,030 399,154 0.05
elements  Tyl/Copia 0 0 0.0 1,642 513,400 0.07
Gypsy/DIRS1 42,978 14,309,769 1.82 45,254 15,858,477 2.01
Retroviral 2,639 924,326 0.12 6,469 1,185,074 0.15
Total LTR 87,491 23,554,747 2.99 79,867 21,805,013 2.77
elements:
Total Retroelements (a): 206,873 57,178,450 7.25 251,596 58,030,329 7.36
Class Il hobo-Activator 99,579 17,622,531 2.24 122,119 19,242,281 2.44
(DNA transposons) Tcl-1S630-Pogo 193,506 53,485,756 6.78 230,862 59,455,614 7.54
En-Spm 0 0 0.00 0 0 0.00
MuDR-1S905 0 0 0.00 0 0 0.00
PiggyBac 2,069 67,2161 0.09 4,871 838,840 0.11
Tourist/Harbinger 20,401 4,866,723 0.62 29,947 5,121,870 0.65
Other (Mirage, P- 1,608 321,938 0.04 1,660 460,487 0.06
element, Transib)
Total DNA transposons (b): 442,919 101,790,693 12,91 576,633 115,072,113 14.60
Rolling-circles (c) 11,569 2,998,325 0.38 18437 3986467 0.51
Unclassified (d): 694,670 112,360,030 14.25 680699 125,718,307 15.95
Total interspersed repeats (a+b+c+d) 271,329,173 3442 298,820,749  37.90
Small RNA: 3,756 2,166,067 0.27 5,071 1,558,812 0.20
Satellites: 1,817 497,961 0.06 11,591 2,308,540 0.29
Simple repeats: 573,469 28,230,949 3.58 520,916 22,917,129 291
Low complexity: 45,375 3,133,402 0.40 40,587 2,517,469 0.32
Total bases masked: 308,355,877 39.11 331,921,288  42.10
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Table S2 Overview of simple sequence repeats (SSRS)

Cutoffs and Range

SSR Type Set of Repetition number Example Total Length
repeating  for the set
bases
Mono nucleotide Repeats (p1) 1 >= 10 bases AAAAAAAAAAAA >=10t0 Any length
Di nucleotide Repeats (p2) 2 >= 6 Pairs CACACACACACACA >=12 to Any length
Tri nucleotide Repeats (p3) 3 >=5 Sets AACAACAACAACAAC >=15 to Any length
Tetra nucleotide Repeats (p4) 4 >=5 Sets AAACAAACAAACAAACAAAC >=20 to Any length
Penta nucleotide Repeats (p5) 5 >=5 Sets AAATGAAATGAAATGAAATGAAATG >=25 to Any length
Hexa nucleotide Repeats (p6) 6 >=5 Sets AAATATAAATATAAATATAAATATAAATAT  >=30to Any length
Cutoffs and Range Count
Statistics
Total number of sequences examined 381
Total size of examined sequences (bp) 788,355,903
Total number of identified SSRs 960,574
Number of SSR containing sequences 377
Number of sequences containing more than 1 SSR 376
Number of SSRs present in compound formation 320,010
pl 315,319
p2 510,826
p3 73,996
p4 53,670
p5 4,726
p6 2,037
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Link for assess to a new reference genome of striped catfish on NCBI :
https://www.ncbi.nlm.nih.gov/assembly/GCA_024500225.1#/def
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