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A B S T R A C T   

Genomics is increasingly applied in breeding programmes for farmed fish and shellfish species around the world. 
However, current applications do not include information on genome functional activity, which can enhance 
opportunities to predict relationships between genotypes and phenotypes and hence increase the accuracy of 
selection. Here, we review prospects for improving aquaculture breeding practises through the uptake of func-
tional genomics data in light of the EU Horizon 2020 project AQUA-FAANG: ‘Advancing European Aquaculture by 
Genome Functional Annotation’. This consortium targeted the six major farmed fish species in European aqua-
culture, producing thousands of functional genomic datasets from samples representing embryos to mature 
adults of both sexes, and following immunological stimulation. This data was used to catalogue functional ac-
tivity across the genome of each species, revealing transcribed regions, distinct chromatin states and regulatory 
elements impacting gene expression. These functional annotations were shared as open data through the Ensembl 
genome browser using the latest reference genomes for each species. AQUA-FAANG data offers novel opportu-
nities to identify and prioritize causative genetic variants responsible for diverse traits including disease resis-
tance, which can be exploited to enhance selective breeding. Such knowledge and associated resources have the 
potential to improve sustainability and boost production in aquaculture by accelerating genetic gain for health 
and robustness to infection, whilst reducing the requirement for animal testing. We further outline directions to 
advance and leverage genome functional annotation beyond the AQUA-FAANG project. Given the diversity of 
aquaculture sectors and businesses, the incorporation of functional genomic information into breeding decisions 
will depend on technological readiness level and scale of operation, with cost-benefit analysis necessary to 
determine the most profitable approach for each species and production system.   

1. Introduction 

A major challenge to the global food supply is to reconcile the 
growing human population, expected to reach 10 billion by 2050, with 

the United Nations sustainable development goals including the eradi-
cation of hunger. There is an urgent need to produce sufficient healthy 
food with fewer natural resources in order to reduce hunger and 
malnutrition, while reducing the environmental impact of animal 
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farming and conserving biodiversity. Aquaculture represents the fastest 
growing food production sector globally, with a crucial and rapidly 
increasing role in food and economic security (Anderson et al., 2017). As 
aquatic animals have become domesticated and farming industrialised, 
genetic selection has delivered impressive gains in many traits, 
including growth, survival, and muscle/fillet quality, whilst reducing 
feed conversion ratio (de Verdal et al., 2018; Houston et al., 2020). 

Nevertheless, a major biological constraint to the expansion and 
long-term sustainability of aquaculture production remains the occur-
rence and severity of diseases, which seriously affects the productivity, 
profitability and welfare of all species produced (Stentiford et al., 2017). 
Resistance to many diseases shows moderate narrow sense heritability 
(0.2 to 0.4), which is within the range needed to improve the trait 
through selective breeding (Yáñez et al., 2015). Breeding for improved 
disease resistance typically requires measuring resistance phenotypes in 
controlled trials involving exposure to the pathogen of interest through 
immersion, injection, or cohabitation with infected individuals, and is 
usually performed on juvenile or sub-adult sibs of fish that are the 
candidates for selection. Since animal usage in disease challenge ex-
periments is orders of magnitude lower than production losses caused by 
disease, there are major net animal welfare benefits associated with 
selective breeding for resistance. However, as current selective breeding 
approaches rely on phenotyping in the selection candidates or closely 
related animals (i.e., full sibs), such challenges need to be performed 
routinely for every generation of selection. These experiments are 
expensive, laborious and there is a strong industry and societal drive to 
reduce their frequency and minimise animal usage, to which the 
incorporation of functional genomic information in breeding decisions 
could potentially contribute. 

Genetic variants located in non-coding regulatory regions of the 
genome play a major role in the genetic architecture of complex traits 
(Emilsson et al., 2008; Albert and Kruglyak, 2015). Selection methods 
that prioritize such ‘functional variants’, on the basis of their probability 
to affect gene expression, therefore have potential to increase selection 
accuracy (e.g., Xiang et al., 2021) and hence genetic gain. However, the 
reference genome sequences of aquaculture species have lacked suffi-
cient functional annotation to explore this hypothesis until now. 

This review explores how improved genome functional annotations 
capturing regulatory element activity can contribute to advancements in 
aquaculture selective breeding, framed in light of the recently 
completed EU Horizon 2020 project AQUA-FAANG. The AQUA-FAANG 
project aimed to address the major challenge of infectious diseases, 
while generating datasets and approaches relevant to understanding and 
exploiting the functional genetic architecture of diverse traits of 
importance to aquaculture, including growth, embryonic development, 
flesh quality, reproduction, and sexual maturation and dimorphism, 
across the targeted farmed fish species. 

2. Functional annotation and the AQUA-FAANG project 

Functional annotation seeks to catalogue the activity of sequences 
across the genome, revealing regions transcribed into RNA, and DNA 
elements involved in transcriptional regulation (Box 1). The scale and 
complexity of achieving comprehensive functional annotation requires a 
community approach using standardized methodologies to facilitate the 
amalgamation of data from different research groups. This was recog-
nized in 2003 with the formation of the Encyclopaedia of DNA Elements 
(ENCODE) consortium, which had the aim of cataloguing and anno-
tating functional elements in human and mice genomes, as well as 
developing search and visualisation tools (https://www.encodeproject. 
org/). Genetic variants associated with human diseases were highly 
enriched in non-coding annotations produced by ENCODE, which also 
captured at least half of all known human single nucleotide poly-
morphisms (SNPs; The ENCODE Project Consortium, 2012). 

Following in many ways the model established by the ENCODE 
consortium, the Functional Annotation of Animal Genomes (FAANG) 

consortium was later established to characterise functional elements in 
farm animal genomes (https://www.faang.org/) (Andersson et al., 
2015). In addition to producing extensive functional genomics datasets 
for several livestock species (Giuffra et al., 2019), FAANG has developed 
infrastructures to make data and metadata ‘Findable, Accessible, Inter-
operable and Reusable’ (FAIR), i.e., to be of most future value to 
stakeholders (Harrison et al., 2021). A “FAANG to fork” strategy was 
recently published, which describes a list of research priorities to 
improve farmed animal production by exploiting strategies that enhance 
understanding of genotype to phenotype relationships (Clark et al., 
2020). This crucially mirrors the Farm to Fork strategy, for a fair, 
healthy and environmentally friendly food system, which lies at the 
heart of the European Commission Green Deal. Implementation of the 
“FAANG to fork” strategy within Europe was facilitated by establish-
ment of the EuroFAANG consortium comprising six linked projects, 
AQUA-FAANG, BovReg, GENE-SWitCH, GEroNIMO, RUMIGEN and 
HoloRuminant, funded under the European Union's Horizon 2020 pro-
gramme and covering the main farmed animal species in Europe (htt 
ps://eurofaang.eu/). The continuation of EuroFAANG was recently 
formalized through a funded Horizon pan-European Research Infra-
structure for genotype-to-phenotype research in terrestrial and aquatic 
farmed animals (https://cordis.europa.eu/project/id/101094718). 

AQUA-FAANG was the only EuroFAANG project focussed on aqua-
culture, with thirteen academic institutions and ten companies partici-
pating (https://www.aqua-faang.eu/partners.html). The target species, 
Atlantic salmon (Salmo salar), rainbow trout (Oncorhynchus mykiss), 
common carp (Cyprinus carpio), gilthead sea bream (Sparus aurata), 
European sea bass (Dicentrarcus labrax) and turbot (Scophthalmus max-
imus) account for about 90% of commercial finfish production in 
Europe. In addition to producing comprehensive genome functional 
annotations for each species (see Section 3), a key focus was on revealing 
changes in genome activity dictating the host immune response to 
pathogen challenge. 

The present article provides a synthesis of key results from AQUA- 
FAANG framed against current practises and the potential for using 
functional genomic information to advance breeding approaches 
beyond the current state-of-the-art. We also highlight future research 
and development priorities emerging from the AQUA-FAANG project 
and discuss industry requirements, particularly the need to quantify the 
likely financial returns of implementing any proposed new technology in 
breeding practise, which is very sector dependent. 

Box 1 
Genome functional annotation  

Genome functional annotation seeks to assign functionality to DNA across the entire 
genome sequence under different conditions, for example in different tissues and life 
stages or in response to perturbations such as disease. Functional annotation moves 
beyond predictions of protein-coding genes to reveal DNA regulatory elements 
where nuclear proteins such as RNA polymerase and transcription factors (TFs) bind 
to initiate or influence RNA transcription. This includes promoters, which lie 
upstream of genes to activate transcription, and enhancers or silencers, which 
modulate the transcription of target genes by influencing the binding of TFs. 
Functional annotation encompasses both coding and non-coding RNA expression, 
the latter including molecules with regulatory roles, e.g., microRNAs and long non- 
coding RNAs. A range of functional genomics assays are available to quantitatively 
measure RNA expression, chromatin epigenetic state, and DNA element activity ( 
The ENCODE Project Consortium, 2012). As detailed in Table 1, AQUA-FAANG 
applied 1) RNA Sequencing (RNA-Seq) to capture the expression of coding and non- 
coding genes, 2) ATAC Sequencing (ATAC-Seq; ‘assay for transposase-accessible 
chromatin with sequencing’) to quantify chromatin accessibility (Buenrostro et al., 
2013) as a marker of DNA activity and promoter and enhancer elements, and 3) 
ChIP Sequencing (ChIP-Seq; Chromatin Immunoprecipitation with sequencing) to 
capture four histone modifications (H3K27ac, H3K4me1, H3K4me3, H3K27me3) 
that in combination can segregate the genome into distinct chromatin states, 
distinguishing various classes of regulatory elements (Ernst and Kellis, 2017). The 
usefulness of functional annotation increases with the diversity of sample types 
studied (both different tissues and developmental time points) and the quality of 
sample metadata recorded.  
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3. AQUA-FAANG achievements 

Table 1 summarizes the key resources and datasets produced by the 
AQUA-FAANG project relevant to aquaculture breeding. At the start of 
the project, while genome assemblies were available for all six target 
species (Tine et al., 2014; Xu et al., 2014; Figueras et al., 2016; Lien 
et al., 2016; Pauletto et al., 2018; Pearse et al., 2019), these were 
fragmented by modern standards, limiting their genetic exploitation. An 
early project achievement was to incorporate highly contiguous, and in 
most cases, chromosome-level assemblies for each species into the 
Ensembl genome browser (https://projects.ensembl.org/aqua-faang/) 
(Martin et al., 2023), which were either produced by consortium 
members (Atlantic salmon: Stenløkk et al., 2022; common carp: Blas-
weiler et al., 2023; turbot: Martinez et al., 2021; European seabass: 
unpublished accession: GCA_905237075.1) or the wider research com-
munity (rainbow trout: Goa et al., 2021; gilthead seabream: unpublished 
accession: GCA_900880675.1). These improved assemblies were based 
on long-read sequencing data and provide a dramatically more accurate 
and complete depiction of the genome, with a large reduction in regions 
that are incorrectly assembled and/or fragmented. In turn, these upda-
ted assemblies provide an improved pathway for the development of 
genotyping tools that can be applied in commercial breeding. Improved 
assemblies allow variants to be more effectively identified and priori-
tized, increasing the success rate of each assay, and reducing develop-
ment time and cost. A high-quality reference genome also increases the 
accuracy of the imputation of whole-genome sequencing (WGS) data. A 
further advantage is that highly contiguous assemblies allow precise 
mapping of genes and variants within quantitative trait loci (QTL) re-
gions revealed by genome wide association studies (GWAS). For 
example, the availability of improved genomes for salmonid fish has 
enabled AQUA-FAANG to annotate complex T-receptor loci critical for 
adaptive immune responses (Boudinot et al., 2023). 

AQUA-FAANG generated large-scale RNA-Seq (both mRNA-Seq and 
small RNA-Seq), ATAC-Seq and ChIP-Seq datasets (see Box 1 for infor-
mation on these methods) covering diverse sample types across all six 
species as the basis for functional annotation. Much of the data produced 
contributed towards three functional annotation ‘maps’ using samples 
matched across species to support comparative analysis. These maps 
capture different stages of ontogeny, including developmental land-
marks during embryogenesis (hereafter: DevMaps) and a panel of tissues 
from both sexes, selected for their relevance to production and fish 
health traits, and representing both sexually immature and mature fish 
(hereafter: BodyMaps). AQUA-FAANG also developed standardized 
protocols for immune stimulation and applied them across the six spe-
cies, with the aim of activating innate immunity mechanisms against 
viruses and bacteria. Samples from these challenge experiments were 
used to generate the ImmunoMaps (Table 1). The ATAC-Seq and ChIP- 
Seq protocols required optimization across the partnering research 
centres due to the large diversity of tissues and species sampled. The 
same genomics/sequencing service provider was used to generate all 
raw sequence data, derived from over 4500 functional annotation li-
braries for the DevMap, BodyMap and ImmunoMap datasets, all of 
which are publicly available, with comprehensive descriptions of met-
adata and protocols used, through the FAANG data portal for AQUA- 
FAANG (Table 1; https://data.faang.org/projects/AQUA-FAANG), 
providing a novel resource for exploitation by the research community 
and industry. 

Using the RNA-Seq data, the reference genomes of all six species have 
benefited from improved gene predictions through the Ensembl gene-
build pipeline (https://www.ensembl.org/) (Martin et al., 2023). As 
Ensembl does not have a pipeline to predict microRNAs (miRNAs) using 
sequencing data, AQUA-FAANG collaborated with the FishmiRNA 
database (Desvignes et al., 2022) to annotate miRNAs using the small 
RNA-Seq datasets based on the evolution of miRNA gene repertoires in 
teleost fish. The ChIP-Seq and ATAC-Seq datasets produced by AQUA- 
FAANG were used in Ensembl's regulatory build (Martin et al., 2023) 

Table 1 
Key resources and datasets produced by the AQUA-FAANG project that empower 
selective breeding.  

Achievement Advancement Data availability 

High quality genomes for 
six farmed fish species 
shared via the Ensembl 
genome browser. 

Essential foundation for 
accurate functional 
annotation, breeding 
programme design and 
implementation, and 
future genomic research. 

Ensembl genome 
browser: Atlantic 
salmon 1, rainbow trout 
2, European seabass 3, 
common carp 4, turbot 
5, gilthead seabream 6 

689 functional annotation 
datasets from the six 
species representing key 
stages during embryonic 
development 
(DevMaps). 

Reveals genes and 
regulatory elements 
driving key 
developmental processes. 
Genetic variants 
overlapping these regions 
expected to have major 
phenotypic effects. 

Data and metadata 
available through 
FAANG data portal 7 

2183 functional annotation 
datasets from the six 
species, representing 
tissues (liver, brain, gill, 
intestine, fast-twitch 
myotomal muscle, head 
kidney, ovary and testis) 
in sexually immature 
and mature stages for 
both sexes (BodyMaps). 

Allows identification of 
genes and regulatory 
elements associated with 
diverse traits relevant to 
fish health and 
production, including 
metabolism and growth, 
digestion, fillet quality, 
reproduction and sex, 
behaviour and neural 
function, haematopoiesis 
and immunity. Genetic 
variants in these regions 
may be relevant to 
enhancing production and 
health. 

Data and metadata 
available through 
FAANG data portal 7 

1018 functional datasets 
from the six species 
representing immune- 
challenged head kidney 
tissue or primary cells, 
sampled after exposure 
to saline (control), poly I: 
C (stimulating antiviral 
response), or inactive 
Vibrio bacteria 
(stimulating 
inflammatory response) 
(ImmunoMaps). 

Reveals genes and 
regulatory elements 
involved in early immune 
responses to simulated 
pathogens. Genetic 
variants overlapping these 
regions are expected to 
regulate disease resistance 
and health traits linked to 
immune functions. 

Data and metadata 
available through 
FAANG data portal 7 

Improved gene annotations 
for the six species in the 
Ensembl genome 
browser. 

More accurate 
representation of genes 
essential to prioritize 
potential causative 
genetic variants across the 
genome 

Ensembl genome 
browser 1–6 

Regulatory annotations for 
five farmed fish species 
(Atlantic salmon, 
rainbow trout, turbot, 
European seabass, 
common carp) 

Novel resource to identify 
and prioritize candidate 
causative genetic variants 
in non-coding regulatory 
regions (Fig. 1) 

Ensembl genome 
browser from release 
111 (BodyMaps and 
DevMaps data; 
ImmunoMaps data will 
be released in future) 
1–6 

432 microRNA datasets 
from six farmed fish 
species representing 
selected DevMap, 
BodyMap and 
ImmunoMap samples. 

Novel resource to identify 
non-coding RNAs 
influencing gene 
expression traits and their 
overlap with existing 
genetic variation datasets. 

FishmiRNA database 
(in process) 8 

Notes: 1https://www.ensembl.org/Salmo_salar/Info/Index; 2https://www.ense 
mbl.org/Oncorhynchus_mykiss/Info/Index; 3https://www.ensembl.org/Dice 
ntrarchus_labrax/Info/Index; 4https://www.ensembl.org/Cyprinus_carpio 
_carpio/Info/Index; 5https://www.ensembl.org/Scophthalmus_maximus/Info/ 
Index; 6https://www.ensembl.org/Sparus_aurata/Info/Index; 7https://data. 
faang.org/projects/AQUA-FAANG; 8https://www.fishmirna.org/ 

I.A. Johnston et al.                                                                                                                                                                                                                             

https://projects.ensembl.org/aqua-faang/
https://data.faang.org/projects/AQUA-FAANG
https://www.ensembl.org/
https://www.ensembl.org/Salmo_salar/Info/Index;
https://www.ensembl.org/Oncorhynchus_mykiss/Info/Index;
https://www.ensembl.org/Oncorhynchus_mykiss/Info/Index;
https://www.ensembl.org/Dicentrarchus_labrax/Info/Index
https://www.ensembl.org/Dicentrarchus_labrax/Info/Index
https://www.ensembl.org/Cyprinus_carpio_carpio/Info/Index;
https://www.ensembl.org/Cyprinus_carpio_carpio/Info/Index;
https://www.ensembl.org/Scophthalmus_maximus/Info/Index;
https://www.ensembl.org/Scophthalmus_maximus/Info/Index;
https://www.ensembl.org/Sparus_aurata/Info/Index;
https://data.faang.org/projects/AQUA-FAANG
https://data.faang.org/projects/AQUA-FAANG
https://www.fishmirna.org/


Aquaculture 583 (2024) 740589

4

to predict DNA regulatory elements including promoters and enhancers, 
in addition to open chromatin regions. Providing the key datasets from 
AQUA-FAANG freely on the Ensembl genome browser gives access to a 
range of useful tools including Ensembl Variant Effect Predictor (VEP) 
(McLaren et al., 2016). Ensembl VEP allows a bespoke set of genetic 
variants to be classified by their predicted impacts on functional features 
within the genome. Using this approach, AQUA-FAANG functional 
annotation maps enable genetic variants overlapping non-coding regu-
latory elements to be prioritized across the genome (e.g., Fig. 1). The 
Ensembl genome browser provides tracks and annotations that allow 
functional annotation datasets to be navigated and visualized, providing 
insights into genomic regulation and gene expression across sample 
types and for candidate genes and genomic regions of interest, for 
instance QTL regions defined by GWAS. 

Finally, an important legacy of the project is that a large number of 
aquaculture-focussed research centres in Europe have developed new 
competencies in producing and analysing functional annotation data-
sets. In this respect, beyond the bioinformatics work performed by 
Ensembl, the different participating groups developed expertise in 
analysing functional annotation datasets through nf-core pipelines 
(Ewels et al., 2020). Thus, as a consequence of AQUA-FAANG, many 
future research projects focussed on aquaculture species will benefit 
from the inclusion of advanced functional genomics datasets. 

4. Aquaculture breeding 

Box 2 provides a short overview of the diversity of selective breeding 
strategies currently employed in commercial aquaculture, which varies 
from species to species and with production system and scale of the 
farming operation. Currently, there are >500 cultivated aquatic species 
including >70 fish species, representing an enormous wealth of diversity 
with respect to taxon, genomic architecture, and reproductive systems 
(Naylor, 2021). There are three main categories of company operating 
selective breeding programmes in aquaculture. Firstly, germplasm pro-
viders which operate centralised breeding programmes for species such 
as Atlantic salmon, rainbow trout and Nile tilapia; secondly, large, and 
often multinational, fully integrated producers; and, thirdly, SME pro-
ducers. The introduction of genetic technology is often facilitated by 
specialised breeding management companies or academic consultants 
with strong links to the scientific community. The large number of in-
dependent breeding programmes preserves genetic variation and allows 
breeding objectives to be highly focussed on specific production 
conditions. 

5. Genomic technologies in aquaculture breeding 

The incorporation of genome sequencing and other genomic tech-
nologies have brought advances in almost every aspect of the breeding 
of aquaculture species, in line with the state of the art for terrestrial farm 
animals (reviewed by Houston et al., 2020). 

5.1. Parentage assignment 

Traditional family selection programmes require offspring to be 
reared separately until large enough to be PIT-tagged at around 20 g, 
involving large numbers of tanks and significant infrastructure and la-
bour costs. The advent of affordable genotyping technologies has 
allowed parentage to be retrospectively assigned at near 100% accuracy, 
enabling the mixing of families at very early life-stages well before 
tagging is possible. This not only saves on infrastructure and husbandry 
costs, but it is also critical to the accurate estimation of genetic effects 
without the confounding influence of tank effects. Thus, it is now 
common for family groups to be mixed shortly after production, with 
tagging and genotyping at a later developmental stage for parentage 
assignment and pedigree reconstruction. 

5.2. Monosex fish production 

Sexual maturation diverts energetic resources from growth to gonad 
formation and results in an associated loss of flesh quality and value. In 
salmonids, which typically have an XX/XY sex determining system 
(Yano et al., 2012), all-female populations are often used for production 
because they become sexually mature after the fish reach harvest size. 
Whilst monosex fish are usually produced by hormone treatment of fry, 
in many countries use of hormones is prohibited. Consequently, genetic 
strategies have been developed to eliminate hormone use in the gener-
ation of fish destined for consumption e.g., in Nile tilapia feminised XY 
males are crossed with YY males to produce offspring that are 25% YY, 
50% XY and 25% XX. YY neofemales are then crossed with XY males to 
produce all male fish for production (Mair et al., 1997). Discovery of 
reliable markers to confirm the genetic sex of progeny before maturation 
is central to the commercial production of monosex populations. Pro-
duction of all-female populations in Atlantic turbot (ZZ/ZW) is more 
complex (Martinez et al., 2009) and requires two generations to obtain 
superfemales (WW), which are then crossed to normal males (ZZ) to 
produce all-female offspring. The AQUA-FAANG project used updated 
whole genome assemblies to discover sex markers for two flatfish species 
(sox2 in turbot, Martinez et al., 2021; and fshr in Senegalese sole, de la 
Herrán et al., 2023), which are now being used in commercial progeny 

Fig. 1. The novel value of AQUA-FAANG datasets to prioritize genetic variants within the Ensembl genome browser. Shown is an approximately 40 kb region on 
Chromosome 26 of the Atlantic salmon genome within a QTL for flesh colour (Helgeland et al., 2019). This QTL region harbours two paralogous genes called bco1 
(ENSSSAG00000115144) and bco1l (ENSSSAG00000101643), each encoding beta-carotene oxygenases, with the latter considered the more likely causal gene. Also 
shown are regulatory elements and open chromatin regions predicted by the Ensembl regulatory build (Martin et al., 2023), integrating ATAC-Seq and ChIP-Seq 
datasets for the DevMaps and BodyMaps (Table 1). The location of SNPs derived from a WGS experiment (ENA accession: PRJEB34225) and their overlap with 
regulatory elements and open chromatin regions is shown. The SNPs overlapping these regions represent functional variants with greater potential to influence the 
expression of nearby genes compared to the much larger set of SNPs covering this genomic region. The data is derived from Ensembl 111 (released 11 January 2024). 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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testing. 

5.3. Marker assisted selection (MAS) 

GWAS involving high density genotyping is widely used to discover 
genomic regions with a large effect on the trait of interest, i.e., QTLs. 
Markers with a significant association with the trait can be used to 
directly select fish that are also likely to carry favourable alleles at the 
QTL, with the potential for rapid trait improvement when QTL effects 
are large. An important proviso is that such SNPs will rarely affect the 
trait directly, rather significant associations arise because they were 
inherited on the same segment of chromosome as one or more yet un-
known causal variants. Such associations arise through linkage 
disequilibrium (LD) and break down following the recombination of 
chromosome segments within each generation. As a result, statistically 
significant associations between favourable markers in one population 
will become weaker or absent altogether in more distantly related 
populations. As such, QTL selection using MAS requires regular vali-
dation in the population and environment of interest, to be sure that 
selection effort will be effective. Consequently, the identification of 
genetic variants that are causal (or located in causal genes) are much 
more likely to retain effectiveness across populations. 

For some diseases a single or very few strong QTLs can explain over 
50% of the genetic variance in the resistance trait including for car-
diomyopathy syndrome in Atlantic salmon (Boison et al., 2019), Vibrio 

anguillarum (Karami et al., 2020), Rabdovirus (VHSV; Verrier et al., 
2013) in rainbow trout and Tilapia Lake virus in Nile tilapia (Barria 
et al., 2021). Multiplexed marker panels for QTL resistance traits for 
multiple diseases have been successfully used by Atlantic salmon 
breeding companies to improve robustness and survival. The identifi-
cation and application of a large QTL for IPN resistance in Atlantic 
salmon breeding programmes has contributed to an 80% decrease in 
mortality in the freshwater stages over the last few decades (Moen et al., 
2015; Norris, 2017). WGS and functional annotation indicated that the 
NEDD-8 activating enzyme (encoded by nae1) underlies the QTL, sup-
ported by CRISPR-Cas 9 knockout and chemical inhibition studies in cell 
lines (Pavelin et al., 2021). This represents a rare example of a strong 
candidate gene discovered for a QTL region in an aquaculture species. 

5.4. Proof-of-concept studies for functional marker discovery in AQUA- 
FAANG 

One of the most complete proof-of-concept studies in AQUA-FAANG 
focussed on viral nervous necrosis (VNN), a viral disease that causes 
periodic and sometimes massive mortalities in farmed fish including 
European sea bass, Asian sea bass, grouper, Senegalese sole, gilthead sea 
bream, and turbot (Toffan et al., 2017). Recent studies have identified a 
major QTL on linkage group 12 that confers resistance to VNN in 
different seabass populations (Griot et al., 2021; Vela-Avitúa et al., 
2022) and this region was subsequently fine-mapped using WGS 

Fig. 2. Shows a typical genetic selection scheme for Atlantic salmon.  
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(Delpuech et al., 2023). In AQUA-FAANG, resistance to VNN was studied 
in a tank-based disease challenge, and the combination of WGS, impu-
tation, RNA-Seq and genome functional annotation led to the identifi-
cation of two putative causative SNPs in the promoter of an interferon- 
stimulated immune gene underlying a major QTL for resistance to VNN, 
explaining >37% of the genetic variation in the resistance trait (Mukiibi 
et al., 2023). The incorporation of functional annotation was key to pull 
apart those putative causative SNPs from the hundreds found in the 
same region, thereby identifying targets for CRISPR-Cas9 gene editing to 
confirm the causative gene and causative mutation. 

AQUA-FAANG also carried out an in-depth study on infection of 
rainbow trout by Viral Haemorrhagic Septicaemia Virus (VHSV) and by 
the bacterium Flavobacterium psychrophilum (Fp), responsible for two 
important diseases of rainbow trout in freshwater that cause significant 
mortality and economic losses. Using double-haploid rainbow trout 
isogenic lines with opposing resistance/susceptibility to VHSV and Fp, 
the immune pathways associated with resistance were found to be 
different for the two pathogens, and therefore the resistance traits are 
unlikely to share a common genetic basis (Fraslin et al., 2020); meaning 
selection will need to be conducted for each disease independently 
(Verrier et al., 2012, 2018). The mapping of transcriptome and epige-
netic responses to infection will provide a better understanding of the 
genomic basis for differential resistance mechanism to support more 
targeted selection that minimally affect immune responses to other 
pathogens. 

The use of common viral and bacterial mimics delivered using 
standardized methods for the AQUA-FAANG ImmunoMaps (Table 1) 
enables reliable comparative studies of immune responses across spe-
cies. For example, the antiviral response of Atlantic salmon and rainbow 
trout includes both a highly conserved component, as well as a non- 
conserved, species-specific component, explained by distinct gene fam-
ilies that likely underlie both common and unique genetic architectures 
influencing disease resistance (Clark et al., 2023). 

5.5. Genomic selection 

Genomic Selection (GS) is widely used in larger breeding pro-
grammes because of potential gains to the accuracy of selection relative 
to classical methods (reviewed in Houston et al., 2020; Song et al., 
2023), particularly for traits that cannot be measured in candidate 
breeders. GS requires genotyping at much higher densities (thousands to 
tens/hundreds of thousands of SNPs) than parentage assignment. Stan-
dard GS methods rely on neutral markers, commonly SNPs in incomplete 
LD with causative genetic variants, and selection of animals for breeding 
is based on EBVs calculated from the joint effects of markers covering 
the whole genome. In most breeding programmes, a reference or 
training population (usually full or half-sibs of the selection candidates) 
is genotyped and phenotyped, and various statistical approaches 
including genomic BLUP and Bayesian models are applied to estimate 
the EBVs of selection candidates, which are only genotyped (Song et al., 
2023). GS is therefore particularly useful for destructive traits such as 
disease resistance or fillet yield, which cannot be directly measured on 
selection candidates. The increase in prediction accuracy of EBVs ach-
ieved with GS depends on numerous factors, including heritability, 
genotyping density, genetic relatedness between the training population 
and selection candidates, the statistical model used, and the number of 
generations of records available for models that utilize pedigrees 
(Bangera et al., 2017; Dufflocq et al., 2019). Single-step genomic BLUP 
methods incorporating phenotype information from non-genotyped 

Box 2 
The principles of aquaculture breeding.  

The starting point for any breeding programme is the establishment of a closed genetic 
nucleus with sufficient numbers of genetically distinct broodstock to sustainably 
support genetic gain in commercially important traits, whilst at the same time 
maintaining high levels of genetic diversity and low levels of inbreeding and co- 
ancestry (Box Fig. 2). In species where artificial fertilisation can be used to make 
single crosses (e.g., salmonids, European seabass) the nucleus typically comprises 
100–300 families with an approximately equal representation of family members. 
Broodstock for such species are usually sacrificed to obtain the gonads and 
therefore, if the generation time is n years, then n genetic nucleus groups are 
required, referred to as year classes. Cryopreserved milt can be used to overlap the 
year classes to produce more uniform performance between year classes. However, 
reproduction in species that live in established social groups (e.g., gilthead sea 
bream, amberjacks) is more complicated and requires natural spawning. In this case 
the nucleus comprises a series of tanks containing mature individuals of known sex 
ratio and with a low level of relatedness. Control of crosses is at the level of tank 
composition and highly dependent on the spawning dynamics of each species. Fish 
spawn for multiple generations and genetic gain is achieved through the annual 
replacement of a proportion of tank members with genetically selected individuals. 
In some cases, the genetic nucleus is maintained in a biosecure hatchery whilst in 
others future candidate breeders are brought from the production environment 
following a period of quarantine prior to their introduction. For larger companies, in 
case of accident it is common to maintain a back-up nucleus at a separate location to 
safeguard the genetic progress made in the breeding programme.  

The next generation of breeding candidates is derived from representative groups of 
offspring from the nucleus that are all the same age, called sentinel or evaluation 
groups in classical selection (Fig. 2). Phenotypes are measured on a few thousand 
individuals either after on-growing in the commercial production environment, or 
after exposure to a pathogen in a tank-based disease challenge trail. Since 
commercial cages can contain hundreds of thousands of individuals, only a 
subsection of a few thousand is usually sampled to collect phenotype and genotype 
records.  

The genetic component of a trait is estimated as a breeding value (EBV) in the 
selection candidates or their siblings by inferring additive genetic relationships 
based on individual phenotype records across one or more generations. EBVs for 
multiple traits can be combined into a single selection index by weighting each trait 
according to commercial priorities. To produce a mating plan, it is necessary to 
consider the EBV, average relatedness between selected candidates, the specific 
relatedness of parents within matings, and the number of families that should be 
produced. Sustainable genetic gain in the nucleus is achieved through a trade-off 
between the maximum achievable genetic gain and the requirement to keep rates of 
inbreeding and co-ancestry at low levels.  

For small farms the surplus offspring from the nucleus may be sufficient for 
production. However, for large-scale production the nucleus can be used to generate 
multiplier broodstock, which are randomly mated to generate the production fish ( 
Fig. 2). Since the offspring of the multiplier broodstock are not used for 
reproduction, genetic gain can be maximised by relaxing inbreeding and coancestry 
constraints. Furthermore, since requirements for production can likely be satisfied 
by a relatively small number of elite families, this allows faster genetic progress than 
directly obtained from the nucleus.  

Measured phenotypes have a heritable genetic component, and a non-heritable 
environmental component (e.g., temperature, daylength, feed quality and quantity, 
stocking density, water current velocity etc.). Some traits have a significant genetic 
x environment interaction, such that the same genetics produces different outcomes 
depending on the farming location and conditions. For successful selective breeding 
the additive genetic component should ideally represent at least 20% of the total 
variation i.e., have a narrow sense heritability >0.20 (Gjedrem and Baranski, 2009).  

The genetic gain is described by the so-called Breeder's equation, R = i.r.σA, which 
describes how the response to selection (R) varies with the selection intensity (i), 
selection accuracy (r) (equivalent to the narrow sense heritability) and σA, the 
square root of the additive genetic variance. The expected genetic gain over time is 
R/generation time and is reduced by the inbreeding constraints applied to ensure 
sustainability of the programme. Genetic gain is favoured by keeping the generation 
time as short as possible, often at the expense of a reduction in fecundity (Gjedrem 
and Baranski, 2009).  

The requirement to maintain the effective population size of the nucleus demands a 
higher number of candidate breeders as selection intensity increases. In addition, 
when the number of traits included in the Selection Index increases, the genetic gain 
for each trait decreases; this can be offset to some degree by increasing the number 
of candidate breeders. The availability of a large number of candidate breeders and 
the control of matings optimise the genetic gain by facilitating the control of  

Box 2 (continued ) 

inbreeding rates (Gjedrem and Baranski, 2009).   

Fig. 2 Shows a typical genetic selection scheme for Atlantic salmon Colour figure 
required.  
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candidates offer an additional route to maximizing selection accuracy 
(Lagarra et al., 2014). 

Relatedness is a key factor affecting the precision of selection. GS is 
most effective when applied to selection candidates that are closely 
related to the reference population but becomes less accurate at higher 
genetic distances between training and test populations, or when pre-
diction is performed across generations (Fraslin et al., 2022). It has been 
shown for several aquaculture species that when the training population 
and selection candidates are closely related, prediction accuracies 
plateau at relatively low marker densities (e.g., 1-5 K SNPs), but may 
increase somewhat at higher SNP densities across different populations 
(Robledo et al., 2018; Kriaridou et al., 2020; Boudry et al., 2021). 
Experimental and methodological differences between studies preclude 
direct comparisons of the likely gain in prediction accuracy using GS 
across populations, but most fall within 5–35% (Boudry et al., 2021). 
Academic studies typically evaluate GS accuracy using random k-fold 
cross validations, where individuals belonging to the reference popula-
tion are randomly split into equally sized groups; 80% of the individuals 
are normally used to train the model and estimate SNP effects; the ob-
tained prediction equation is then used to predict the genomic EBV or 
phenotypes of the remaining 20% of the individuals (test set). This is 
repeated as many times as the number of groups, changing the test set at 
each permutation. Prediction accuracy is measured as the correlation 
between observed and predicted values. However, due to a random 
partition of the experimental population into a training set and a test set, 
the average genetic relatedness between the two sets is likely to be 
inflated, which might not apply in a commercial breeding programme. 
In addition, it is ultimately the response to selection that is important in 
breeding and some of the apparent gains in EBVs may not be realized in 
practice because of constraints applied when developing the mating 
plan, which needs to consider the relatedness of potential crosses. 

A major consideration regarding the use of GS is the cost of geno-
typing, which can be considerably more expensive than parentage 
assignment, unless sample numbers are high enough to produce signif-
icant economies of scale. Until the price difference between genotyping 
at high- and low-density narrows, it may be more cost effective for small 
producers to invest in other levers to increase genetic gain e.g., im-
provements in phenotyping accuracy and/or genotyping higher 
numbers of candidates to increase selection intensity. 

Genotype imputation is a strategy to reduce genotyping costs whilst 
sacrificing few of the benefits arising from increased selection accuracy 
(Tsai et al., 2017). Closely related individuals share longer haplotype 
blocks and have higher levels of LD than more distantly related in-
dividuals. The genetic nucleus of fish breeding programmes is typically 
closed with only 100 to 300 families represented per year class and 
inbreeding rates maintained at around 0.5% per generation. The 
resulting high rates of LD result in up to 95% accuracies with pedigree- 
based imputation methods providing most of the benefits obtainable 
from GS (Kriaridou et al., 2023). With this approach, higher density 
genotyping is usually restricted to the parents and the much more 
numerous offspring are genotyped with a cheaper low-density panel 
comprising hundreds of carefully selected SNPs from the high-density 
panel. 

5.6. The development of multifunctional low density SNP panels 

The AQUA-FAANG consortium has developed multifunctional 
amplicon sequencing panels, comprising 350–400 SNPs to be used for 
parentage assignment, genotype imputation, and marker assisted se-
lection. The favourable marker score can be regarded as a trait with 
pedigree-based selection making the approach suitable to many hun-
dreds of small and medium sized producers. As a first step, AQUA- 
FAANG examined the frequency of favourable alleles for VNN resis-
tance in populations sampled from six sea bass farms across Europe and 
North Africa. The frequency of the favourable allele for the top 5 
markers varied between 5 and 40% which is promising for the future 

commercial use of this type of relatively cost-efficient and low-density 
multifunctional panel (Wilbourn, R., unpublished results). 

6. Functional annotation to accelerate genetic improvements in 
aquaculture 

Whilst GS can offer improved prediction accuracy over classical se-
lection approaches, a fundamental assumption is that every region of the 
genome has an equal influence on the trait, such that the overall genetic 
relationship between pairs of individuals determines their similarity in 
performance. Under the infinitesimal model, where the trait is 
controlled by an infinite number of causal variants, this assumption is 
valid. However, when a small number of QTLs have a substantial effect, 
relationships based on whole genome similarity may not accurately 
reflect similarities in performance. Methods to address this constraint 
have been proposed, whereby information from each marker is weighted 
according to its estimated effect on trait performance (Ren et al., 2021). 
The success of such approaches is specific to the genetic architecture of 
the trait, and the degree of genetic relatedness of the breeding popula-
tion, but has potential to significantly increase prediction accuracy 
(Song et al., 2023). In particular, improvements in selection accuracy 
may be modest where a closed genetic nucleus comprises closely related 
individuals showing a high degree of LD and in cases where a major QTL 
explains a major proportion of trait variation. In contrast, more sub-
stantial improvements in accuracy would be expected on theoretical 
grounds across populations and/or generations and for highly polygenic 
traits. Experimental studies are required to quantify the benefits of 
incorporating functional and causative markers in different contexts and 
this remains a priority for future research. 

6.1. Use of AQUA-FAANG data to prioritize functional genetic variants 

A key achievement of the AQUA-FAANG project was to produce 
openly available functional annotation data to prioritize genetic variants 
across the genomes of the target species by association with functional 
regions (Table 1; Fig. 1), which have several novel applications (Fig. 3). 
Most variants exist within regions of the genome with no recognized 
function and only a small fraction of variants alter protein coding se-
quences. Evidence from model fishes (Albert and Kruglyak, 2015), as 
well as humans (The ENCODE Project Consortium, 2012), cattle 
(Prowse-Wilkins et al., 2021) and swine (Pan et al., 2021) suggests that 
most genetic variants underlying key phenotypes are in regulatory, non- 
coding genomic regions. However, it is extremely difficult to tell apart 
phenotype-causative regulatory variants from close-by linked SNPs, as 
their effect is not easily predicted based on just sequence information. To 
this end, the functional annotation data generated by AQUA-FAANG 
(Table 1), coupled with single-base resolution of genetic variation, 
dramatically increases the probability of identifying and prioritizing 
variants (Fig. 1). This is important because any species will typically 
have millions of genetic variants, most of which have limited or no 
impact on phenotypes. Using Ensembl VEP (McLaren et al., 2016) or 
related methods, it is straightforward for researchers and companies 
leading aquaculture breeding programmes to quickly identify functional 
genetic variants that overlap annotations produced by AQUA-FAANG, 
which have a much higher chance of impacting phenotypes and thus 
representing causal variants for QTLs. Once detected, predicted causal 
variants can be targeted on customized genotyping arrays with the aim 
of more accurately predicting genetic merit for traits across populations 
and generations. This approach has proven to work in practice in dairy 
cattle, where a biology-informed SNP-array containing a modest number 
of markers (50 k) outperformed the standard genotyping product for 
predicting genetic value of multiple traits across dairy cattle populations 
globally (Xiang et al., 2021). Similar evidence was obtained in humans, 
where prioritization of SNPs located in regulatory regions (after ac-
counting for predicted effects on TF binding) significantly increased the 
accuracy of predicted risk scores for complex diseases using populations 
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of different ancestry (Amariuta et al., 2020), a notoriously difficult task 
akin to predicting EBVs across breeds or distantly related genetic 
backgrounds in animal genetics. 

6.2. Genome editing to validate and create precision changes for trait 
improvement 

AQUA-FAANG annotations greatly enrich our understanding of 
functional regions within the investigated fish genomes, enabling the 
identification of regulatory elements and genes within QTLs and other 
candidate regions of interest. This enables previously overlooked puta-
tive functional associations to be explored, for example an intergenic 
genetic variant falling within a regulatory element showing activity in a 
sample type linked to a trait of interest (Fig. 1). Additional prioritization 
of functional variants in such regions can easily incorporate impacts on 
TF binding sites within regulatory elements. However, any such 

functional associations remain putative until experimentally tested. 
Genome editing (GE) by CRISPR-CAS9 is an enabling technology that 
can be used to test and validate such functional associations, but also has 
the potential to transfer or propagate desirable genetic variants into 
breeding programs with much greater precision than traditional cross-
ings and in fewer generations (Tait-Burkard et al., 2018). For breeding 
purposes, GE represents a means to increase genetic gain by increasing 
the frequency of favourable variants in the genome through various 
means including fixing alleles at existing trait loci, creating de novo 
alleles, and by introducing desirable alleles from other closely related 
strains or species (Houston et al., 2020). 

There are significant technological barriers that must be overcome 
before GE can be applied to breeding, including an incomplete under-
standing of the genes, pathways and causal variants underlying complex 
phenotypes such as disease resistance, the lack of high-throughput em-
bryo editing techniques, complexities with generating (or accumulating) 

Fig. 3. A pipeline to exploit AQUA-FAANG datasets in novel breeding applications. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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multiple genome edits, and low efficiency resulting in cellular mosai-
cism are other issues that will need resolving prior to the practical 
application of the technology in aquaculture. Importantly, the use of GE 
in breeding would require both societal and regulatory approval and an 
accepted legal framework. 

6.3. Can the use of functional variants in breeding reduce animal testing? 

Selective breeding for disease resistance requires the repeated use of 
specific disease challenge experiments involving thousands of fish. 
Disease challenge experiments are not only expensive, but also raise 
ongoing ethical and animal welfare concerns, despite the fact that they 
provide a huge net benefit to fish welfare by enabling selective breeding 
for disease resistance. To date, genomic EBVs for disease traits have been 
estimated with little or no understanding of causative functional vari-
ants. Integrating results from studies of genomic regulatory regions with 
GWAS has shown promise for resolving causal variants underlying 
human diseases (Cano-Gamez and Trynka, 2020; Schaid et al., 2018). 
We anticipate the same will take place with AQUA-FAANG functional 
annotations, especially when it comes to prioritizing causative variants 
associated with disease that are difficult to rank merely by association 
mapping (i.e., variants in high LD). 

GS and MAS deploying causal variants will not be subject to loss of 
effectiveness through the breakdown of LD with continued breeding 
across generations. This would reduce the need for routine disease 
challenge trials, thereby delivering significant gains in animal welfare 
compared to the current situation, while also reducing commercial costs. 
Nonetheless, the approach we are advocating still requires disease 
challenge trials to detect and validate the initial causal variant, and 
periodic testing will be required to ensure that novel pathogen strains or 
mutations escaping the resistance mechanism have not made the 
markers ineffective. 

7. The next steps in genomics and their impact for breeding 

The ability to predict traits in aquaculture has been hampered by 
limited understanding of the functional mechanisms linking genotype to 
phenotype. Combining AQUA-FAANG results with emerging methods 
that further improve the ability to discover genotype to phenotype re-
lationships, paves the way for more accurate selection and increased 
genetic gain. In the following sections we discuss forward-looking ap-
proaches which, together with functional annotation, have large po-
tential to further accelerate targeted genetic improvements. 

7.1. Structural variation and pan-genomics to better capture genome 
diversity 

A limitation of current aquaculture breeding programmes is that they 
do not capture structural variants (SVs), representing large insertions, 
duplications, deletions, and inversions (among others) ranging from tens 
of base pairs up to megabases in size. SVs together encompass more 
genomic sequence than SNPs and have a higher probability of affecting 
gene function and expression by disrupting coding regions or altering 
regulatory elements (Chiang et al., 2017; Alonge et al., 2020; Scott et al., 
2021). SVs are therefore disproportionately likely to represent causal 
genetic variants in comparison to SNPs. WGS using short-read technol-
ogies has been used to generate accurate SV calls in Atlantic salmon 
(Bertolotti et al., 2020). However, SVs are diverse and often structurally 
complex, and as a consequence they remain undetected or incorrectly 
represented using short-read data (Ho et al., 2020). Importantly, SVs are 
not always in LD with nearby SNPs, and therefore, important variants 
may not be routinely captured in GWAS or GS. In this respect, recent 
papers have indicated that SVs account for considerable ‘missing heri-
tability’ and are widely involved in disease resistance, local adaptation, 
and important agricultural traits (e.g., Zhou et al., 2022). 

A challenge that limits scope to capture SVs in aquaculture genetics is 

the current reliance on single reference genomes per species, which 
relates to the cost and complexity involved in genome sequencing and 
annotation (Houston et al., 2020). Single reference genomes arbitrarily 
represent one individual from a population of interest, which becomes 
limiting when used with more distantly related individuals/populations 
carrying distinct genetic variation to the reference, which is hence 
ignored (e.g., Talenti et al., 2022). Fortunately, using increasingly 
competitively priced long-read sequencing data, it is now possible to 
build high-quality reference genomes from multiple individuals and 
combine these into species-specific pan-genomes, which naturally cap-
ture both SVs and SNPs (Eizenga et al., 2020; Talenti et al., 2022). A 
recent study in Atlantic salmon used Oxford Nanopore long-read 
sequencing to generate a pan-genome resource for Atlantic salmon, 
representing 11 high-quality assemblies from individuals sampled 
across the natural distribution of the species (Stenløkk, 2023). The study 
confidently detects more than one million SVs, accounting for >360 Mb 
of sequence (i.e. >10% of the genome) and representing a dramatic 
improvement compared to past work based on short-read WGS (Berto-
lotti et al., 2020). Integrating pan-genome resources with functional 
annotation maps from the AQUA-FAANG project, will contribute 
significantly to our understanding of genotype to phenotype relation-
ships for disease resistance and other traits. Due to a lack of data, 
aquaculture breeding companies have completely overlooked SVs in 
their breeding programmes to date, but this may be about to change. We 
expect that functional genome annotation will soon be used to identify 
SVs directly impacting coding and regulatory features of importance for 
disease resistance. 

7.2. CRISPR screening to reveal genotype to phenotype relationships 

Combining GWAS data with AQUA-FAANG annotations represents a 
strategy to identify which of the relatively small number of variants 
overlapping functional elements within a QTL might have a causal effect 
(Fig. 1). In many cases there are potentially hundreds of causal muta-
tions contributing to complex trait variation. While GE is most often 
deployed to specifically test single loci, it can also be used to test vast 
numbers of loci without pre-existing knowledge of their roles. High- 
quality annotated reference genomes can be used as a basis to develop 
CRISPR screening libraries to explore the functional role of any sequence 
including genes, regulatory elements, and non-coding RNAs, for traits of 
interest (Bock et al., 2022). CRISPR screening libraries are complex 
oligo-nucleotide pools containing typically >100 K guide RNA (gRNA) 
molecules. The large size of these libraries is a result of using multiple 
independent gRNAs to target genomic features defined by the 
researcher. The library is introduced to a pool of cells in vitro with the 
goal of perturbing thousands of genes and/or regulatory elements such 
that each cell contains no more than one edit (Bock et al., 2022). Cells 
containing edits can be selected using antibiotic resistance, before being 
exposed to selective pressure treatments, such as pathogen challenges, 
to identity and rank genes that either provide cytopathic resistance (e.g., 
revealing genes involved in viral entry) or promote cytopathic suscep-
tibility (e.g., revealing genes involved in immunity). 

Combining results from CRISPR screens with information on known 
genomic variation, can further highlight causative (and eliminate non- 
functional) variants. Furthermore, GWAS may not always reveal QTLs, 
either because the investigated population lacks segregating alleles or 
because SNP-array tools do not have sufficient resolution to interrogate 
the appropriate variants. CRISPR screening libraries can overcome this 
by creating genome-wide, novel genetic variations and revealing their 
effects. 

Not all traits can be usefully assessed in vitro with the available cells, 
stressors, and measurable phenotypes. For example, while viral infec-
tion pressures can likely be simulated in cell culture, the complex host- 
pathogen interactions associated with extracellular parasites cannot be 
easily recaptured. There is therefore a need to expand our repertoire of 
cell lines and pathogenic organisms, and address fundamental 
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challenges related to the efficient introduction of a screening library into 
cells using viral transduction. Nevertheless, CRISPR screening is a 
powerful and popular approach to biological discovery used in humans 
(Li et al., 2023) and model organisms (Chen et al., 2015), as well as 
livestock (Yu et al., 2022). 

7.3. Single cell resolved genome functional annotation 

AQUA-FAANG has delivered unprecedented high-quality functional 
genomics data for the six major farmed fish species in European aqua-
culture, leading to a step-change in the quality of genome functional 
annotation. We are therefore now in a much better position to consider 
the role of specific genetic variants in the gene regulatory landscape. 
However, all data produced was based on bulk sequencing methods that 
fail to account for the fact that tissue samples are a heterogeneous 
mixture of different cell types. Thus, after homogenization and 
sequencing, it becomes impossible to link specific genomic features e.g., 
regulatory elements or gene expression, to particular cell types that may 
be responsible for phenotypes. For example, it is well established that 
diverse cells of the immune system and their subpopulations underlie 
specific immune functions responsible for disease resistance phenotypes 
(e.g. Ota et al., 2021). Recently developed single cell sequencing tech-
nologies offer transformative opportunities to understand the poorly 
characterised cellular biology of aquaculture species and are already 
being widely applied in diverse taxa (Ruiz Daniels et al., 2023). Single 
cell sequencing technologies provide novel opportunities to generate 
cell-type resolved functional annotations of fish genomes. This approach 
will further improve the scope to pre-select functional genetic variants 
by their association with cell-type resolved genomic features, including 
cell-specific expression and epigenetic responses, and will support the 
definition of target genes and variants for GE impacting specific cell 
types. 

7.4. Genotype–tissue expression atlases 

The AQUA-FAANG datasets provide a novel foundation for priori-
tizing functional genetic variants within regulatory elements in each 
targeted fish species. However, this approach falls short of revealing 
formal links between genetic variation and molecular phenotypes 
influencing higher level traits of relevance to aquaculture production 
and sustainability. In humans (GTEx Consortium, 2020) and farmed 
terrestrial animals (e.g. Liu et al., 2022; see https://www.farmgtex.org/; 
last accessed 15/12/2023), large-scale Genotype-Tissue Expression 
(GTEx) projects have been established to identify and characterise QTLs 
and genetic variants influencing gene expression, mRNA splicing, pro-
tein abundance and other molecular traits, both in tissues and specific 
cell types, the latter leveraging single cell sequencing (Section 7.3). A 
GTEx initiative in farmed fishes is a crucial next step for the field to more 
fully uncover and exploit the regulatory genetic basis for aquaculture 
traits and it has become more feasible in the light of falling sequencing 
costs. For some species, such as Atlantic salmon, sufficient raw data may 
be available in public databases, particularly for bulk RNA sequencing, 
but for many other species and most other molecular traits, new datasets 
need to be generated. This would allow the standardisation of conditions 
and assays, facilitating statistical associations between molecular traits 
and genetic variants. However, standardization will carry the risk of 
missing potentially relevant condition-specific associations, and special 
attention should be put on disease states, given the relevance of infec-
tious agents in aquaculture. Ideally, efforts in this field would be coor-
dinated through an initiative similar to AQUA-FAANG, so that 
comparable datasets are generated and made publicly available to the 
whole community. GTEx atlases can be directly overlaid with AQUA- 
FAANG functional annotations to reveal causal variants within active 
regulatory elements, which can then be recruited into our proposed 
pipeline for novel breeding applications (Fig. 3). 

8. Industry perspectives 

Fish farming is mostly conducted by commercial companies that 
need to provide a financial return to shareholders, whilst at the same 
time generating the societal benefits of a sustainable supply of healthy 
food. The best method of aquaculture breeding for individual companies 
is the one that produces the most economic return on investment, and 
this will vary with the scale of operation, production system and the 
species. All the classical and genomic methods described in this article 
have something to offer and knowledge about associated, functional, or 
causal genetic markers are integral to many of them, e.g., sex markers 
for monosex fish production or weighted single-step genomic BLUP 
methods, which also incorporate phenotype information. From a com-
mercial viewpoint, it is essential to express genetic gain as an economic 
value to support investment decisions on the most appropriate breeding 
strategy to adopt for each business. Quantitative studies to determine 
which breeding strategies deliver the highest cost-benefit in different 
contexts are largely missing and would be a priority for future research 
from an industry perspective, particularly given the pace at which 
genomic science is advancing. 

However, it should be noted that germplasm suppliers with the 
highest resources and motivation to maintain internal R&D projects may 
derive immediate gains from AQUA-FAANG data due to their in-house 
expertise and existing datasets (e.g., WGS for their stocks), which 
enable the updating of SNP panels with prioritized variants (e.g., Xiang 
et al., 2021) and will allow trials comparing the performance of func-
tionally prioritized to randomly selected SNPs in GS, while also 
providing novel targets for GE research programs. 
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Verrier, E.R., Genet, C., Laloë, D., Jaffrezic, F., Rau, A., Esquerre, D., et al., 2018. Genetic 
and transcriptomic analyses provide new insights on the early antiviral response to 
VHSV in resistant and susceptible rainbow trout. BMC Genomics 19, 482. https: 
//www.doi.org/10.1186-s12864-018-4860-1. 

Xiang, R., MacLeod, I.M., Daetwyler, H.H., et al., 2021. Genome-wide fine mapping 
identifies pleiotropic and functional variants that predict many traits across global 
cattle populations. Nat. Commun. 12, Article No. 860, 2021. https://www.nature.co 
m/articles/s41467-021-21001-0. 

Xu, P., Zhang, X., Wang, X., et al., 2014. Genome sequence and genetic diversity of the 
common carp. Cyprinus carpio. Nat. Genet. 46, 1212–1219. https://doi.org/10.1038/ 
ng.3098. 
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Glossary 

Causal genetic variant: is taken to mean a genetic variant that is directly affecting a trait of 
interest. 

ChIP-Seq: is a technique that combines chromatin immunoprecipitation (ChIP) with high- 
throughput sequencing to identify genome-wide DNA binding sites for transcription 
factors and other nuclear proteins, including to assess histone modifications. 

Combined Family Selection: is a methodology which exploits the additive genetic varia-
tion between and within families to identify the best selection candidates for breeding. 

Effective Population Size: is the number of breeding individuals in a theoretical popula-
tion that would maintain genetic diversity. 

Estimated Breeding Value (EBV): is a measure of the breeding potential of an animal for a 
specific trait. 

Family: represents the progeny of a single mating. 
Family selection: is a breeding technique involving the selection of a mating pair on the 

basis of the average performance of their progeny. 
Functional variant: is taken to mean a genetic variant that is prioritized as likely to in-

fluence a trait due to its association with functional regions in the genome. 
Genome editing: is a group of technologies that enable targeted genetic and epigenetic 

modifications at specific locations in the genome. 
Genotype: is the allele carried by an individual within a wider population at a particular 

polymorphic location in the genome. 
Genomic selection: is a form of marker-assisted selection using genetic markers covering 

the whole genome so that all quantitative trait loci (QTL) are in linkage disequilibrium 
with at least one marker. 

GWAS: stands for genome-wide association study, an approach where variation in a trait 
of interest is statistically associated with genetic variation to identify genomic regions 
that explain trait variation within a population or species. 

Linkage disequilibrium: is the non-random association of alleles at different loci in a 
population, which increases with genetic relatedness. 

Phenotype: refers to the observable traits or characters of an individual. 
Quantitative Trait Loci (QTL): are regions of DNA associated with a specific trait that 

varies within a population. 
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RNA-Seq: refers to RNA sequencing using high-throughput sequencing technologies. 
SNP: is short for single nucleotide polymorphism, the main type of genetic marker used in 

aquaculture breeding and genetics, representing a variant corresponding to a single 
DNA base pair in the genome. 

SV: is short for structural variant, referring to large genetic polymorphisms including 
deletions, inversions, duplications, and insertions, which are widely overlooked in 
current aquaculture breeding, but more likely to represent causal genetic variants than 
SNPs. 
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