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Abstract

:

Simple Summary


Infectious diseases place an economic burden on aquaculture and a limitation to its growth. This state-of-the-art review describes the application of genetics and genomics as novel tools to control infectious disease in aquaculture.




Abstract


Infectious diseases place an economic burden on aquaculture and a limitation to its growth. An innovative approach to mitigate their impact on production is breeding for disease resistance: selection for domestication, family-based selection, marker-assisted selection, and more recently, genomic selection. Advances in genetics and genomics approaches to the control of infectious diseases are key to increasing aquaculture efficiency, profitability, and sustainability and to reducing its environmental footprint. Interaction and co-evolution between a host and pathogen can, however, turn breeding to boost infectious disease resistance into a potential driver of pathogenic change. Parallel molecular characterization of the pathogen and its virulence and antimicrobial resistance genes is therefore essential to understand pathogen evolution over time in response to host immunity, and to apply appropriate mitigation strategies.
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1. Introduction


Aquaculture is a vital source of high-value protein for human nutrition and plays a central role in the global food economy [1]. The top countries for aquaculture production in Europe are Spain, France, the United Kingdom, Italy, Greece, and Norway. Aquaculture production consists mainly of mussels, salmon, trout, oysters, sea bream, sea bass, and clams.



The fish farming sector in Italy had a turnover of EUR 300 million in 2021, with 62,150 tons of twenty different fish species farmed in over 600 fisheries. Rainbow trout (Oncorhynchus mykiss) ranked first by production volume (37,000 tons), followed by sea bream, sea bass (over 17,000 tons), and brook trout (Salvelinus fontinalis). The rainbow trout market and its farming in inland waters (Italy is an EU leader) is increasingly oriented towards sizes of over 500 g, a substantial part (>10/15%) of which is devoted to the production of large trout (>1.2 kg) [2].



There is a growing demand for fish products because of their high nutritional value and unsaturated fatty acids. Wild fish catches are decreasing as stocks decline because of overfishing, climate change, and water pollution, whereas aquaculture production has increased dramatically in the last two decades [3]. Indeed, fish farming will play a growing role in meeting the nutritional needs of the human population.



Infectious diseases reduce the economic return of aquaculture production and are a serious problem in the management of aquaculture production, particularly where high-density rearing conditions promote the spread of infectious diseases and induce stress and higher disease susceptibility [4]. In addition, rising global water temperatures and water levels due to climate change threatens aquaculture production and alters disease dynamics [5].



As documented for other livestock production systems, the success and sustainability of aquaculture depends largely on disease control to reduce economic losses due to high mortality and treatment. Reduced disease occurrence and severity are essential to ensure aquaculture productivity, profitability, and efficiency, as well as the welfare of cultured freshwater and marine species.



This review describes the state of the art approaches to infectious disease control in fish farming, from conventional methods to novel genetics and genomics applications, with the aim of improving appropriate mitigation strategies.




2. Conventional Disease Control Methods


Conventional disease control relies largely on vaccination and drug treatment. Commercial vaccines are currently available for most, but not all aquatic diseases [6]. Autogenous vaccines obtained from local pathogen strains are employed for limited application on farms where a pathogen is isolated [7]. Vaccine efficacy is often time-limited, depending on the formulation (attenuated or adjuvated), does not cover the entire breeding period, and requires boosters. Efficacy has been reported to decrease with time due to strain evolution and vaccine-escaping mechanisms [8]. Vaccination incurs considerable costs in disease management, and it is also time-consuming, especially for small-scale farming systems, where the costs are spread over a smaller number of doses, leading to high per-unit production costs.



The worldwide increase in the use of therapeutics in aquaculture has increased noticeably during the past two decades, coinciding with changes in farming systems and the intensification of production. The intensive use of antimicrobials may select drug-resistant bacteria that may spread resistance genes to fish and human pathogens, with a negative impact on aquatic ecosystems and human health [9,10]. To mitigate the impact of infectious diseases on aquaculture production, other strategies that can complement existing ones are needed to increase the efficacy of interventions and minimize the risk of environmental pollution. In this context, genetic improvement is a sustainable option as it can increase resistance to infectious disease and reduce the use of antimicrobials.




3. Breeding for Disease Resistance in Fish


Selective breeding is playing an ever-important role in aquaculture production as it induces cumulative and permanent improvement in the traits included in selection objectives. Breeding for resistance offers advantages to aquaculture production by increasing efficiency, profitability, and sustainability, and reducing the environmental footprint [11,12,13]. While it has been successfully applied in aquaculture to reduce disease incidence, only a small share of aquaculture production is currently derived from selectively bred stocks. The proportion is increasing rapidly, particularly for species of high economic value, such as crustaceans and mollusks [14].



Methodological and technological advances have progressed from mass selection to quantitative genetics and breeding methods, to candidate gene and quantitative trait loci (QTL) information, and genomic selection. With the very recent introduction of genomics, there is the enhanced potential to enhance and speed up genetic improvement programs and improve production systems based on a more accurate estimate of the relationship between animals, to discover markers in close linkage disequilibrium with genes of biological and economic importance, and to increase the reliability of breeding value estimates, particularly for low heritability traits [14]. Nevertheless, given the host–pathogen interaction and co-evolution, breeding for disease resistance is a potential driver of pathogen evolution to overcome resistance mechanisms [15]. Therefore, changes in the pathogen need to be monitored for its molecular profile, virulence, and antimicrobial resistance.



3.1. Conventional Selection


Individual selection for growth has long been applied to aquatic species; however, the use of a small number of breeders without parentage records did not allow for the scientific management of inbreeding.



The high prolificity of aquatic species has made it possible to apply family-based selection to control diseases in aquaculture [16]. Experimental challenge tests on families have shown that disease resistance is a heritable trait with very variable heritability values: from 0.04 to 0.62 for bacterial diseases and from 0.04 to 0.79 for viral diseases [17,18]. This type of stock selection has been widely used in Northern Europe to obtain generations of infectious pancreatic necrosis (IPN)-resistant salmon [19]. IPN is a viral disease of primary concern for salmon farming, with frequent outbreaks responsible for high mortality in stocks. After resistance to IPN was shown to be heritable (h2 = 0.38), breeding companies began applying family-based selection programs [14,18], which requires careful management of family stocks to avoid inbreeding and loss of genetic variability.




3.2. Candidate Genes and Marker Assisted Selection


In the late 1990s, genetic-based methods began to appear alongside the phenotypic approach and a variety of genetic markers for aquaculture species were developed (Box 1). Marker-assisted selection (MAS) allows for the improvement of traits of interest, such as disease resistance, by selecting for genetic variants associated with resistance through the use of nearby genetic markers. As resistance traits are often complex in nature and causative variants can remain undetected, selection targets a genomic region, termed a quantitative trait locus (QTL), that may comprise several genes. MAS has been applied to viral, bacterial, and parasitic diseases in salmonids [20].



Family-based methods for IPN control were integrated by selective breeding of major QTL mapping on chromosome 21 [21,22,23]. MAS reduced IPN outbreaks by 75% and is now being applied in Scottish and Norwegian breeding programs to achieve genetic resistance to IPN. A major QTL was also identified for resistance to viral hemorrhagic septicemia virus (VHSV) infection, one of the most extensively studied viral diseases in fish [24].



Programs for inducing resistance to bacterial and parasitic diseases based on QTL have been applied to rainbow trout as well. A QTL region was found on chromosome 16 that carries single nucleotide polymorphisms (SNPs) associated with resistance to furunculosis caused by Aeromonas salmonicida, which is responsible for severe disease in salmonid aquaculture systems [25]. Major QTLs were found associated with resistance to Vibrio anguillarum and Flavobacterium psychrophilum [26,27]. Evenhiuset et al. [28] and Silva et al. [29] reported on the efficacy of selective breeding for Flavobacteria and resistance to bacterial cold-water disease (BCWD) and columnaris disease (CD), caused by Flavobacterium psychrophilum and F. columnare, respectively.



Robledo et al. [30] reported on two QTLs on chromosome 18 and an SNP (located at the distal end of chromosome 16, associated with resistance to Neoparamoeba perurans, an amoeba very frequent in European salmonid farms and a cause of amoebic gill disease (AGD). Robledo et al. [31] characterized a QTL for host resistance in a population of Caligus-challenged Atlantic salmon. A study on a QTL linked to susceptibility to copepods (Lepeophtheirus salmonis) [32] carried out negative selection on the eggs to decrease the QTL frequency in commercial populations.



Salmonids are among the foremost aquaculture species for which selective breeding for disease resistance has been improved. Interesting results in shellfish have also been obtained in control of the white spot syndrome virus (WSSV) that heavily affects shrimp production. Robinson et al. [33] identified several linkage groups containing QTL associated with death after WSSV infection in black tiger shrimp.



However, because QTLs explain only a small part of phenotypic and genetic variance in many cases, conventional MAS tends to be inefficient. When selection is based on candidate or causative genes, it is termed gene-assisted selection (GAS). Studying IPN resistance in salmon, Moen et al. [34] identified the epithelial cadherin gene as the causative locus of resistance to this disease, while Pavelin et al. [35] described the association between inhibition of the NEDD-8 activating enzyme 1 (NAE1) and a high reduction in IPN replication.



The candidate gene approach numbers among the strategies for genetic dissection of disease resistance traits. The candidate gene theory states that a significant proportion of the phenotypic variant of a trait can be ascribed to polymorphisms within genes known to be involved in the physiological regulation of the trait. In salmonids, for example, genes of the major histocompatibility complex (MHC) have been well characterized and reported to be associated with resistance to various diseases. In rainbow trout, Colussi et al. [36] described the MHC class II B-1 domain gene as a candidate for resistance to lactococcosis, an infectious disease caused by the bacterial pathogen Lactococcus garvieae. Johnson et al. [37] found a suggestive association between MHC I and resistance to BCWD in rainbow trout. Combinations of MHC I and II were found to significantly influence disease resistance to infectious salmon anemia [38], furunculosis [39], and infectious hematopoietic necrosis virus in Atlantic salmon [40].



Candidate gene-based studies have also defined a variation in a serine protease inhibitor associated with resistance to Perkinsus marinus, a pathogenic dinoflagellate in the eastern oyster (Crassostrea virginica) [41].



In brief, MAS and GAS are efficient in selecting traits controlled by a few genes or in which few variants explain a substantial portion of the trait’s genetic variance. When the trait is highly multigenic, a different approach can be taken that uses the information provided by myriad markers spread along the genome (genomic selection) [42].





Box 1. DNA-based methods for the development of genetic markers in aquaculture species.








	AFLP
	Amplified Fragment Length Polymorphisms
	Restriction enzymes are used for genomic DNA digestion. A subset of the restriction fragments is selected for amplification by primers complementary to the ligation adaptor sequence, the restriction site sequence, and a few nucleotides inside the restriction site fragments. The markers are a cost-effective alternative in species for which economic resources are limited.



	RAPD
	Random Amplified Polymorphic DNA
	The genome is amplified using several arbitrary short primers (10–12 nucleotides). AFLP markers are usually preferred to RAPD because of their greater reproducibility.



	RFLP
	Restriction Fragment Length Polymorphic DNA
	Genomic DNA is digested by restriction enzymes; the fragments separate on agarose gel and create different patterns. The markers are poorly polymorphic, however, which is a major drawback.



	SSR/STR/VNTR
	Microsatellite Repeats
	Specific sequences of DNA containing tandem repeats. The number of repeats differs for alleles at a specific locus; a specific set of primers is used in simplex or multiplex PCR for loci amplification. These markers are commonly used because of their high polymorphic information content and their wide distribution throughout the genome.



	ESTs
	Expressed Sequence Tags
	ESTs derived from c-DNA libraries, constructed using mRNA expressed in tissues. They are useful tools for marker development in species where the full genome is not yet available.



	SNP
	Single Nucleotide Polymorphism
	DNA sequence variations at a single nucleotide level are used as genetic markers. They are the most frequent polymorphism in any organism, adaptable to automation, and reveal hidden polymorphisms not detected by other methods.



	ddRAD
	Double-Digest Restriction-Site-Associated DNA Sequencing
	This method is based on the enzymatic digestion of the whole genomic DNA and the creation of multiplexed libraries, with consequent binding to specific adapters (reduced representation libraries) which are more laborious and less accurate than SNP analysis.











3.3. Genomic Selection


Recent studies in genome analysis (e.g., markers, SNP arrays, next generation sequencing technologies (NGS)) have mapped dense markers across the entire genome and estimated the genetic merit of each chromosome fragment contributing to variation in a population with phenotypic observations. Studies have employed SNP markers in genetics and genomics research due to their abundance, relative ease of high-throughput discovery and typing, and low cost of genotyping. A recent study [43] showed that genomic selection in salmonids can be implemented using low-density SNP panels associated with genotype imputation strategies.



Genomic selection relies on genome-wide markers for the genetic improvement of such complex traits as disease resistance. This state-of-the-art methodology for modern selective breeding schemes in aquaculture has an advantage over conventional breeding, in that it can accelerate the breeding process, thus reducing costs and obtaining higher selection accuracy [44]. To enhance genomic selection, a reference population occurs in which the animals are genotyped and recorded for the trait of interest to train the genomic selection model and estimate the effect of each SNP allele with statistical models [44,45,46]. The SNP effects are then used to estimate the genetic value for the trait of the fish, without the need for phenotype recording. The results from an artificial challenge experiment can be extended to a much wider population.



For aquaculture species, the benefit of genomic selection is that it exploits family genetic variation for traits that cannot be measured directly on selection candidates [47,48]. Different applications of genomic selection have been described in salmonids. Vallejo et al. [44], for example, found genomic selection to be an efficient strategy for improving genetic resistance against BCWD in rainbow trout aquaculture. Genomic selection was also used in Atlantic salmon to predict breeding values for resistance to sea lice, a parasite that causes considerable economic loss [48,49].



Genomic selection has been used as a good alternative to increase the resistance of striped catfish to bacillary necrosis of Pangasius, a severe disease caused by Edwardsiella ictalurid [50]. Zhang et al. [51] reported the application of genomic selection to improve the prediction veracity of columnaris disease in catfish.



Finally, Lillehamer et al. [52] reported on genomic selection as a strategy for controlling WSSV and Vibrio parahaemolyticus outbreaks in shellfish (Litopenaeus vannamei). However, genotyping costs are a major limitation to implementing genomic selection.




3.4. Genome Editing


Genome editing is a novel breeding technology. Genome editing with CRISPR/Cas9 or TALENs technologies can accelerate genetic gain in the breeding of most aquaculture species by the rapid introduction of favorable changes in candidate genes into the genomes. Three main approaches to improving disease resistance through genome-editing are distinguished: (1) removing or fixing functional alleles segregation within broodstock populations in a selective breeding program; (2) introgression of a favorable variant from different populations; (3) creation of favorable alleles de novo [1]. CRISPR/Cas9 was recently applied to the aquaculture production of several salmonid species, Pacific oysters, Nile tilapia, and gilthead sea bream [53,54,55,56]. Debate surrounds the definition of genetic modification and whether genome editing should be considered as part of it, and therefore regulated with stringent rules or not. Uncertainty and differences exist between countries about genome editing regulations. Providing the general public and stakeholders with reliable information about the risks and benefits of genome editing holds a key role for speeding up its acceptance [1,57].




3.5. Novel Approaches


Machine learning applied to genetics involves data-driven systems that recognize certain data input patterns and improve genomic prediction accuracies for complex traits, especially for disease resistance in aquaculture species [49]. Abdelrahaman et al. [58] reported the use of machine learning to classify transcriptome and proteome data by pattern recognition in an analytical bioinformatic approach in which the modelling of expression patterns of genes can single out those responsible for a certain trait or response.



Different approaches to improve the accuracy of genomic selection include genotype imputation, genomic prediction, and increased automation. In Atlantic salmon, for example, genomic selection achieves high accuracy and performance but not when the relationship between training and validation animals becomes more distant, so a major challenge is to improve prediction accuracy in distant relatives by identifying the functional variants that impact on desired traits. Improving prediction accuracy across generations could also be a valid approach in rainbow trout, in conjunction with improved knowledge of the functional variants that impact on traits of commercial interest. New genomic selection strategies in catfish could exploit the genotyping array of a sufficient number of individuals without increasing population inbreeding. In crustaceans, the economic benefits of genomic selection versus the extra costs of genotyping need to be assessed, taking into account that a new genotyping technique, such as genotype imputation, might be more cost-effective [59].



Omics approaches, such as transcriptomics (gene expression mRNA level), proteomics (protein expression), and metabolomics (metabolite concentration), have become a powerful multidisciplinary tool for research because of their potential to unravel novel mechanisms for system biology.



Table 1 presents an overview of current genetic approaches.





4. Pathogen Characterization


Disease results from interactions between the host, the pathogen, and the environment. The host and the pathogen evolve mutually, but the underlying genetic mechanisms are still poorly understood [15]. Pathogen evolution plays a central role in the emergence and spread of disease in aquaculture. Mutual adaptation and counter-adaptation co-occur in the interaction between host and pathogen, to reach a compromise between pathogen dissemination and damage to the host. Changes in pathogens over time lead to a loss of efficacy of treatment and of vaccines, as the pathogen acquires greater resistance and virulence.



The use of antibiotics in aquaculture induces antimicrobial resistance through the horizontal gene transfer of antibiotic-resistant genes and of mobile elements in the pathogens and the surrounding bacteria in the water, sediment, and fish commensal strains. Environmental pressure, e.g., climate change, has a role in antibiotic resistance: rising temperatures affect bacterial cell physiology in the same way as antibiotics [60].



Studies on the evolution of vaccine resistance have focused on the spread of escape mutants that display epitopes different from those in the vaccine and thus escape immune recognition and increase pathogen virulence [61]. Conventional disease control methods, including breeding for resistance, have been identified as potential drivers of virulence in aquaculture [8]. Selective breeding strategies in the host need to be purposely informed by pathogen characterization over time.



A host’s ability to contain and resist pathogens over time depends on its genetic resistance and pathogen virulence. When a single gene is responsible for host resistance, selection is quite simple, but defense may be effective only in the short term. To illustrate: the host and the pathogen run a race where the host struggles to resist the pathogen and the pathogen overcomes the host’s resistance. This single gene race is quickly won by the pathogen because it has a much shorter generation time and a much faster evolutionary speed. In contrast, overcoming multigenic resistance is more difficult for the pathogen as it needs to overcome multiple barriers. Accordingly, strategies such as gene pyramiding are based on the introgression of multiple resistance genes into a pathogen by backcross or genetic engineering [62].



Genetics and genomics in the evaluation of pathogen evolution by molecular characterization, virulence, and antibiotic-resistant gene characterization are useful tools for the application of mitigation strategies.



4.1. Conventional Methods


Pathogen identification and diagnosis were largely based on conventional culture and biochemical analysis. Despite their numerous advantages, these methods are very time consuming and laborious. Furthermore, some microorganisms cannot be cultivated in the laboratory or are difficult to grow.



At the same time, virulence factors have traditionally been studied in vivo. While in vivo assays remain in many cases, irreplaceable, research continues to seek alternatives in line with the 3Rs principle of replacement, reduction, and refinement in experimental procedures.



The Kirby–Bauer disk diffusion susceptibility test and minimum inhibitory concentration (MIC) detection are standardized techniques for testing the antimicrobial resistance of rapidly growing pathogens.




4.2. Molecular Methods


Advances in molecular methods have provided a novel set of tools that characterize pathogens in ever greater detail. The introduction of PCR revolutionized diagnostic methods for the characterization of infectious disease agents, virulence, and antibiotic-resistant genes. Real-time PCR has improved the speed, sensitivity, and specificity of testing, in addition to providing quantitative results [63].



Molecular methods for the characterization of microorganisms and of relationships between isolates may be classified into three main groups: PCR-based, restriction enzymes-based, and sequencing-based. PCR-based methods (AFLP, RAPD, VNTR) [64,65,66] (Box 1) are commonly used for pathogen typing and as genetic markers for mapping analysis in aquaculture species. The development of PCR-based amplified fragment length polymorphism (AFLP) analysis is a key advancement in simple typing techniques. In this automated method two restriction endonucleases are used in combination with one set of PCR primers. Another powerful method for typing bacterial species is random amplified polymorphic DNA (RAPD), a widely used PCR technique for subtyping bacterial pathogens, where amplified DNA segments are chosen randomly.



Repetitive-sequence-based PCR typing is another subtyping technique that utilizes PCR: repetitive elements are randomly distributed throughout the bacterial genome; the primers complementary to these repeats are used to amplify the differently sized DNA fragments lying between these repeats [67].



Multiple locus variable number of tandem repeats analysis (MLVA) involves the rapid determination of the number and length of a variable number of tandem repeats (VNTRs) to generate a DNA fingerprint or a bacterial isolate.



Pulsed-field gel electrophoresis (PFGE) and restriction fragment length polymorphism (RFLP) analysis are considered gold standard genotyping methods based on the use of restriction enzymes. For example, the genome is cut with a rare-cutter enzyme in PFGE, and a gel band pattern is visualized using a hexagonal electrode (CHEF) system to resolve large size bands. The technique provides for unique fingerprinting profiles. It is one of the most widely used molecular typing strategies for the molecular characterization of numerous pathogenic microorganisms and a powerful method for epidemiological studies [68]. RFLP exploits differences in nucleotides recognized by frequent-cutter restriction enzymes to compare various DNA molecules [69].



The rapid accumulation of genetic sequence data in databanks led to the development of multilocus sequence typing (MLST), a new technique based on the sequencing of several housekeeping genes dispersed throughout the genome and characterized by SNPs. The results are coded into a numbering system for easy portability and comparison. This technique is an essential tool for population studies of pathogenic microorganisms [70]. Its main advantages are high discriminatory power and standardization as achieved with PFGE, but in less time.



Table 2 presents typing techniques in relation to accuracy, time, and costs.




4.3. Whole Genome Sequencing (WGS)


Whole genome sequencing (WGS) of bacterial and viral pathogens is the most recent development in characterization techniques. It identifies sequence fragments specific to the taxonomic level. With access to the full genetic content of microorganisms, rational selection of DNA fragments has enabled the creation of a wide array of detection and typing methods, as well as specialized tools that can identify and characterize genetic markers, such as the genes associated with antibiotic resistance or virulence factors. The study of resistant and susceptible strains and their assimilation has shed light on the resistome, which is the set of genetic markers associated with antibiotic resistance [71].



The development of next generation sequencing (NGS) platforms, together with decreasing costs for sequencers and reagents and increasing speed and discriminatory power, has enabled applications to generate data on genes within a bacterial genome from large population samples and to identify virulence and antimicrobial-resistance mechanisms.





5. Conclusions


Breeding programs based on genetic resistance traits have great potential to support the development of an efficient and sustainable aquaculture. Advances in technologies, such as sequencing, genomics and bioinformatics, have aided in optimizing selection and pathogen characterization and pathogen control and mitigation strategies. The increases in aquaculture efficiency, profitability, and sustainability have helped to reduce its environmental footprint. Aquaculture may be set to meet the global protein demand in human nutrition. Although half of total fish production is derived from aquaculture, the market is becoming a sector of small-scale producers no longer dominated by large companies: about 90% of output is from low- and middle-income countries [14].



Moreover, despite the rapid growth in aquaculture production, only 10% of stock is genetically enhanced [12] and progress differs noticeably for different aquaculture species. Breeding in salmonid species has progressed faster than in other species [71] and can be used as a model to obtain genetic advances in diverse aquaculture productions. The reasons for this low percentage of improved stock are manifold: size and stage of development of industries; inefficient control of reproduction; number of species farmed; difficulty in retaining pedigree throughout the production process; inability to obtain large phenotypic data sets; and lack of information about genetic parameters for traits [12,72].



MAS was developed to aid fish selection and remains a useful tool for traits related to QTL of large effect, while there are limited applications for complex traits related to genes of smaller effect. In such cases, genomic selection approaches need to be developed.



The genetic response of breeding programs can be refined by genomic selection. Higher accuracy of selection and subsequent higher rates of genetic gain (up to 10% by body weight) can be achieved in comparison to conventional selection [45,73,74]. The reduction of generation intervals by selecting candidates early in life based on their genomic breeding value can be exploited to improve genetic gain [74,75]. Furthermore, genomic selection can reduce inbreeding rates by up to 81% in comparison to conventional selection [76]. Rapid progression in selection by reducing the generation interval could yield additional gain to counteract pathogen evolution.



Priority-setting strategies, together with cost–benefit analysis, can guide informed decisions about the best breeding strategy to apply.



Public/private partnerships in innovation should be implemented to develop technologies and translate them into novel, low-cost commercial applications, affordable for all, and especially for small-scale farmers. The use of low-cost genome sequencing enables large scale, cost-effective genotyping, which is particularly important for species without a reference genome or access to commercial genotyping arrays. This would enable the wider application of genetics and genomics approaches to aquaculture.
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Table 1. Genetic selection in aquaculture species.
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Genetic Approach

	
Species

	
Pathogen/Disease

	
Reference






	
Marker-assisted Selection

	
Rainbow trout

	
Rhabdovirus

	
[24]




	
Rainbow trout

	
Aeromonassalmonicida

	
[25]




	
Rainbow trout

	
Vibrioanguillarum

	
[26]




	
Rainbow trout

	
Flavobacterium psychrophilum

	
[27]




	
Rainbow trout

	
Viral hemorrhagic septicemia virus

	
[27]




	
Rainbow trout

	
Flavobacterium columnare

	
[28]




	
Rainbow trout

	
Flavobacterium psychrophilum

	
[29]




	
Atlantic salmon

	
Infectious Pancreatic Necrosis Virus

	
[22,23]




	
Atlantic salmon

	
Caligus rogercresseyi

	
[31]




	
Atlantic salmon

	
Neoparamoeba perurans

	
[30]




	
Atlantic salmon

	
Lepeophtheirus salmonis

	
[32]




	
Shrimp

	
White spot syndrome virus

	
[33]




	
Gene-assisted Selection

	
Atlantic salmon

	
Infectious pancreatic necrosis virus

	
[34]




	
Atlantic salmon

	
Infectious pancreatic necrosis virus

	
[35]




	
Rainbow trout

	
Lactococcus garvieae

	
[36]




	
Rainbow trout

	
Flavobacterium psychrophilum

	
[37]




	
Atlantic salmon

	
Infectious salmon anaemia

	
[38]




	
Atlantic salmon

	
Aeromonas salmonicida

	
[39]




	
Oyster

	
Perkinsus marinus

	
[41]




	
Genomic Selection

	
Rainbow trout

	
Flavobacterium psychrophilum

	
[44]




	
Shrimp–Oyster

	
-

	
[46]




	
Sea bass–Sea bream

	
-

	
[47]




	
Atlantic salmon

	
Caligus rogercresseyi

	
[49]




	
Atlantic salmon

	
-

	
[48]




	
Atlantic salmon

	
Lepeophtheirus salmonis

	
[49]




	
Atlantic salmon

	
-

	
[52]




	
Atlantic salmon

	
Neoparamoeba perurans

	
[30]




	
Catfish

	
Edwardsiella ictaluri

	
[50]




	
Catfish

	
Flavobacterium columnare

	
[51]




	
Shrimp

	
White spot syndrome virus

	
[52]




	
Genome Editing

	
Sea bream

	
-

	
[54]




	
Catfish

	
-

	
[55]
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Table 2. Comparison of common typing techniques in relation to accuracy, time, and costs.
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	Typing Technique
	Repeatability
	Reproducibility
	Time (Days)
	Cost





	MLST
	high
	high
	3+
	medium–high



	PFGE
	medium–high
	medium–high
	3
	high



	RFLP
	medium–high
	medium
	1–3
	medium



	AFLP
	high
	medium–high
	2
	low–medium
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