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Summary

Infectious disease is a serious problem for aquaculture production, often leading to high
economic losses and threatening the sustainability of this promising industry. Compared to
terrestrial livestock, selective breeding for most aquaculture species is at a formative stage.
Historically, genomic tools have also been lacking for many species, but the advent of high-
throughput sequencing technologies has enabled these to be rapidly developed in recent years.
High-throughput sequencing based technologies like Restriction-site Associated DNA (RAD)
sequencing offer a promising approach for cost effective genotyping. In the current study
RAD-seq was applied to investigate the potential of breeding for resistance to specific viral
diseases which cause high mortalities in two important species for marine and freshwater
aquaculture; namely nervous necrosis virus (VNN) in European sea bass (Dicentrarchus
labrax) and koi herpes virus (KHV) in common carp (Cyprinus carpio). RAD-seq was used to
generate genome-wide SNP data for 1,538 and 1,425 disease-challenged juveniles of sea bass
and carp respectively. The SNPs passing quality control filters (sea bass: n = 9,195, carp: n =
12,231) were used in genome-wide association studies (GWAS) and for assessing genomic
prediction using the binary survival data (0 = dead, 1 = survived) on the underlying liability
scale. The GWAS provided evidence for genome-wide significant quantitative trait loci
(QTL) involved in disease resistance for both sea bass (linkage groups: 3, 20) and carp
(linkage groups: 1, 26). Receiver operator characteristic (ROC) curves were used to assess the
efficacy of classifying the animals as resistant or non-resistant with maximum obtained area
under curve (AUC) values of 0.70 and 0.75 for sea bass and carp respectively.

Keywords: aquaculture, disease resistance, high-throughput sequencing, rad-seq

Introduction



Proceedings of the World Congress on Genetics Applied to Livestock
Production, 11.71

2

Aquaculture is the fastest growing food producing sector globally. Disease outbreaks
seriously threaten the sustainability of the industry. Selective breeding for disease resistance is
a valuable tool in preventing or mitigating the impact of disease outbreaks in a wide range of
farmed animal species (Bishop and Woolliams 2014). Genomic tools have advanced the study
of disease resistance in aquatic species, and have enabled the incorporation of genetic marker
data into breeding programmes to improve selection accuracy and genetic gain. Restriction-
site Associated DNA (RAD) sequencing approaches can be applied to simultaneously
discover and genotype genome-wide polymorphisms in a cost-effective manner. RAD
sequencing is a reduced representation high-throughput sequencing technique for the
concurrent detection and genotyping of SNP markers in multiplexed samples, each containing
a unique nucleotide barcode (Baird et al. 2008).

In the current study, the potential of using genomic data to enhance breeding for
disease resistance was studied in two important farmed fish species; namely European sea
bass (Dicentrarchus labrax) and common carp (Cyprinus carpio). Viral nervous necrosis
(VNN) is a commonly encountered pathogen of European sea bass, causing massive
mortalities especially in the summer months with the larval and juvenile stages being
particularly susceptible (Le Breton et al. 1997). Koi herpes virus is a major threat for carp
production, with the first major documented outbreaks recorded in 1998 and widely
encountered in many countries since then (Haenen et al. 2004). Evidence of the detrimental
effects of KHV is the fact that currently KHV is listed as a notifiable disease in the European
Union (Taylor et al. 2010).

The aim of this study was to investigate genetic resistance to VNN and KHV in
European sea bass and common carp respectively using RAD sequencing. GWAS was
performed to test the association between individual SNPs and the disease resistance
phenotypes. Finally, genomic prediction was tested using several approaches to evaluate the
potential of incorporating genetic marker data into selective breeding for disease resistance in
carp and sea bass aquaculture.

Material and methods

Animals and Disease Challenge Experiments

The population of sea bass for the VNN disease challenge (n=1548) resulted from artificial
fertilization of 18 dams and 49 sires from the Ferme Marine de Douhet breeding nucleus
(Oléron,France). Five factorial mating blocks each comprising 9-10 sires and 3-5 dams were
created in February 2014. In the case of common carp animals (n =1425) originated from a
breeding nucleus kept in Vodnany Czech Repuplic. KHV challenged carp were resulted from
a factorial cross between 20 dams and 40 sires. In both cases disease challenge was conducted
through immersion using virulent strains of the aforementioned pathogens.

SNP calling – Parentage assignment – heritability estimation

The RAD library preparation protocol followed the methodology described in Baird et al.
(2008). The RAD libraries were sequenced on an Illumina NextSeq 500 platform. Reads of
low quality, missing the restriction site, with ambiguous barcodes and PCR duplicates were
discarded. Reads were sorted into loci and SNP genotypes were called using Stacks software
1.4 (Catchen et al. 2011). For SNP calling the following criteria were used: RAD loci were
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formed using a minimum stack depth of 10 (parental samples) or 5 (offspring samples) reads.
Only loci with a maximum of 2 SNPs were considered for downstream analysis. SNPs with
minor allele frequency (MAF) below 0.01, missing data above 30% and deviating from
expected Hardy-Weinberg equilibrium in the parental samples (P < 1e-06) were discarded.

Parentage assignment was performed with R/hsphase (Ferdose et al. 2014) allowing
for a maximum genotyping error of 3%. Heritability estimation was performed using standard
animal model. The probit link function was used to connect the observed binary phenotype
(0=dead, 1=alive) with the latent variable. Variance components were estimated through
MCMC using Gibbs sampling (iterations: 1M; burnin: 100,000; thin: 100). Above was
performed using the R/BGLR (Pérez and de Los Campos 2014)

GWAS and Genomic Prediction

GWAS was performed using R/gaston (Hervé Perdry & Claire Dandine-Roulland). The mixed
model applied for overall survival in the observed scale had the same format as in heritability
estimation with the addition of including tested SNP as a fixed effect. The variance
components were estimated penalized quasi-likelihood (Chen et al. 2016). The genome-wide
significance threshold was calculated using a Bonferroni correction (0.05/N), where N
represents the number of QC-filtered SNPs across the entire genome. Genomic breeding
values were estimated using rrBLUP, BayesA, BayesB (Meuwissen et al. 2001) and BayesC
(Habier et al. 2011) models using the R/BGLR (Pérez and de Los Campos 2014) software.
Pedigree-based BLUP (Henderson 1975) was applied to calculate breeding values using the
same software. Receiver operator characteristic (ROC) curves were used to assess the efficacy
of classifying the animals as resistant or susceptible for all successive thresholds, using either
the pedigree based or the genomic based models. The area under the curve (AUC) metric
(Hanley and McNeil 1982; Wray et al. 2010) was used to interpret the performance of the
genomic prediction models.

Results

Disease Challenge

VNN challenge in European sea bass lasted for 7 weeks, while KHV challenge in common
carp lasted for 4 weeks with mortalities recorded daily. The overall survival was 48% in the
case of sea bass and 34% in the case of common carp. In both cases pre-test was performed to
test the experimental conditions and confirm the virulence of the pathogens, and QPCR was
used to confirm the presence of the pathogen in a subset of mortality samples.

SNP calling – Parentage assignment – heritability estimation

The mean number of reads passing QC filters ranged between 6.34 - 6.89 M for the parental
samples and between 2.83 - 3.68 M for offspring samples across the two species. For sea bass
the mean number of identified RAD loci was 45,631 and 43,538 for parents and offspring,
with mean coverage of 68 X and 26 X respectively. In the case of carp the mean number of
identified RAD loci was 57,983 and 57,235 for parents and offspring, with mean coverage of
60 X and 29 X respectively. From these data, 9,195 SNPs were identified and genotyped in
sea bass and 12,231 SNPs were identified and genotyped in carp, which were then utilised for
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downstream analyses.
In total 1,308 sea bass and 1,365 carp offspring were assigned to unique parental pairs.

Estimated heritability for survival on the underlying scale was 0.43 and 0.60 respectively.

GWAS and Genomic Prediction

GWAS performed for the European sea bass identified two genome wide significant QTL
(Figure 1) associated with VNN resistance on linkage groups 3, 20 and 25 (P < 1e-06; R2 =
0.03-0.04). In common carp, two genome-wide significant QTL were identified on linkage
groups 1 and 26 (P < 1e-07; R2 = 0.03 - 0.04).

Genomic models demonstrated ~13% increase in correctly predicting VNN resistant
animals compared to pedigree. The maximum AUC estimate for classifying VNN-resistant
and VNN-susceptible animals was 0.70 in the case of BayesB as opposed to 0.62 with
pedigree BLUP.

Figure 1. Genome wide association plot for overall survival during the VNN challenge

In the case of resistance to KHV in common carp the genomic models demonstrated a
slight increase in correctly classifying resistant animals (~3-4%) compared to pedigree BLUP.
Using AUC measurements to assign resistant and susceptible animals, the maximum estimate
was 0.75 using BayesA and BayesB (Figure 2) compared to 0.72 when using pedigree-based
BLUP.
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Figure 2. ROC curve for correctly assigning KHV resistant and susceptible carp using BayesB

Discussion

European sea bass and common carp are both important species for aquaculture production.
Due to the lack of availability of fully effective therapeutic agents against either VNN or
KHV, selective breeding for resistance to these economically important diseases is a major
goal. Applying genomic information into selective breeding schemes raises the possibility of
selecting directly for favourable alleles at major QTL (marker-assisted selection) or
incorporating all markers in the prediction of breeding values (genomic selection). Since most
traits are polygenic in nature, the genomic prediction approach is more likely to be effective.
Therefore, genome-wide marker data are required. In species without substantial genomic
toolboxes, RAD sequencing is a cost-effective option for generating these data since it
requires minimal prior investment (Baird et al. 2008).

RAD derived SNPs allowed the application of GWAS and genomic selection in
European sea bass and common carp. The GWAS provided evidence for genome-wide
significant QTLs in both species, which may form the basis of further studies to identify the
causative genes and mutations. Genomic prediction using the RAD data was effective,
demonstrating that genome-enabled selective breeding of sea bass with increased resistance to
VNN and carp with increased resistance to KHV is feasible. These results highlight the utility
of genotyping by sequencing for QTL mapping and genomic prediction of disease resistance
in aquaculture species.
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