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Abstract

In recent years, significant progress in genomic technologies has revolutionized the field of aquaculture. These
advancements have facilitated the utilization of DNA markers, particularly single nucleotide polymorphisms (SNPs),
to enhance the genetic characteristics of aquatic species, leading to overall improvements in economically important
traits. A SNP array or panel is a DNA microarray designed with probes for SNP locations, allowing the identification

of specific alleles in a DNA sample through hybridization with fragmented DNA. SNP arrays are known for their effi-
ciency, cost-effectiveness, and automation, making them a high-throughput method for genotyping. Thus, genome
scale SNP genotyping, aided by SNP arrays and genotyping-by-sequencing (GBS), has transformed aquaculture
genetics. Recently, multi-species arrays allow researchers to study closely related species simultaneously, reducing
costs and enabling comparative genomics and resource sharing. In this paper, we reviewed the global advancements
in SNP array development for key aquaculture species and highlighted their applications in genetic selection and fish-
eries management. SNP panels, commonly used in genome-wide association studies (GWAS), leverage population
linkage disequilibrium (LD) to pinpoint genetic variants associated with production or performance traits. Using
genomic estimated breeding values (GEBVs) derived from SNP data offers enhanced selection accuracy compared

to traditional pedigree based methods, especially when dealing with challenging traits in aquatic species. Overall,

the study indicates that high-density SNP panels offer a consistent and reliable tool for genotyping across diverse
breeding populations. This technology has demonstrated versatility and efficiency, being applied in genomic selec-
tion, genome characterization, population genomics, and QTL mapping in aquatic species. The growing accumula-
tion of genomic information and the abundance of SNPs in aquaculture species have driven the demand for efficient
and cost effective genotyping techniques in genetic improvement programs and fisheries management.
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Introduction

The field aquaculture has grown significantly in recent
years, contributing to food and nutritional security for
an increasing global population [1]. The aquaculture
intensification owes a lot to the development of new
methodologies such as quantitative approaches and algo-
rithms. Selective breeding is the most commonly used
method for increasing production in aquaculture spe-
cies [2, 3]. Studies have shown that that numerous traits
have been targeted successfully using genetic selection
for production enhancement. An average genetic gain
of approximately 12.5% has been observed in selectively
bred aquaculture species [3]. Additionally, genetic and
genomic tools are currently being applied to decode the
biological information of key aquaculture species, thus
enhancing their performance and production capabili-
ties. Numerous experimental and review papers have
been published, examining the use of DNA markers
and their extensive application in aquatic species and
resource management [4-9].

In recent years, advancements in technology, particu-
larly in next-generation sequencing (NGS) and genom-
ics, have significantly contributed to the improvement
of aquaculture production and the conservation of bio-
diversity. These breakthroughs have made the process of
whole genome assembly for diverse aquatic species more
efficient, allowing for gene characterization and facili-
tating functional studies [6, 10, 11]. Selective breeding
programs in aquaculture are progressively integrating
genomic technologies to enhance genetic gain sustain-
ably. Earlier reports have highlighted the importance of
genomic tools in assessing genetic diversity and relation-
ships within various aquatic species [6]. Single nucleo-
tide polymorphisms (SNPs) are the preferred markers
because of their widespread presence across the genome,
and their typically bi-allelic nature, which allows for auto-
mated genotyping. Previous studies have shown that
SNPs are highly effective for conducting genome-wide
association studies (GWAS) for complex traits, as their
high density distribution facilitates the detection of link-
age disequilibrium (LD) [7]. Advances in NGS and bioin-
formatics tools have simplified SNP discovery in aquatic
species, aiding genetic improvement efforts [12, 13].
These SNPs can be used for constructing linkage maps,
identifying quantitative trait loci (QTLs) linked to spe-
cific traits, assigning parentage, and facilitating genetic
selection [14—17]. It was suggested to have 100-500 SNPs
at least for successful parentage analysis [18].

The development of Next Generation Sequencing
(NGS) technology and computational tools have made
the process of genome sequencing, re-sequencing, and
genome-wide marker discovery more accessible and
cost effective for aquatic species. Previous researchers
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have extensively reviewed the advancements in genome
sequencing for significant fish species [19]. In 2009,
the Genome 10 K Project was initiated with the ambi-
tious aim of sequencing and constructing genomes for
approximately 10,000 vertebrate species, including 4,000
teleosts [20]. Many genomes of important aquatic spe-
cies have been sequenced and are readily available via
public databases [18, 21]. In the last decade, this genomic
information has been integrated into studies focusing on
genomic selection and population dynamics in cultured
species. Earlier studies have shown that genomic selec-
tion (GS) holds significant promise in aquaculture, which
improves selection accuracy, genetic gain, and addresses
inbreeding concerns in aquaculture [22]. Incorporating
dense genome-wide SNP data into breeding programs
using GS enhances the accuracy of trait selection [11, 23].
Therefore, GWA studies facilitate the identification of
linkage among specific SNPs and traits.

Genome-scale SNP genotyping is a useful tool for
studying the genetic makeup and improving fish species
[24, 25]. It helps in creating SNP arrays or chips, which
are used in various applications, including population
structure evaluation, genome-wide association studies,
genomic selection, linkage-map development, and gene
mapping. The GBS technique has resulted in custom-
ized SNP arrays designed specifically for aquatic species
that vary in density from low-medium to high-density
options. The development of customized SNP arrays/
chips designed specifically for aquatic species has shown
in Table 1. Although the use of LD-SNP panels can lead
to variable genomic prediction accuracy, high-density
genotyping platforms offer a significant advantage in
accelerating genetic enhancements within breeding pro-
grams. However, the detection and genotyping of SNPs
can be challenging in non-model species that lack avail-
able whole genome information. In this paper, we have
discussed the SNP array or panels developed in aquacul-
ture species and their potential applications, as well as
the challenges and future perspectives of the technology.
Incorporating comprehensive genome-wide SNP data
into breeding programs of aquatic species, along with
extensive pedigree and phenotypic information, improves
selection accuracy for important traits through genomic
selection. Overall, this approach has found extensive use
in genetic studies of fish species, making it a valuable tool
for aquaculture research.

SNP array or chip development

The SNP array is regarded as a highly efficient, cost-
effective, and automated method for genotyping due to
its high-throughput capabilities. Through a collaborative
endeavour between the Whitehead Institute for Biomedi-
cal Research and Affymetrix, Inc., United States (Now
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ThermoFisher Scientific) the first SNP chip was created,
marking the inception of genome-wide association stud-
ies [44]. Currently, high-throughput genotyping primarily
relies on Genotyping-by-Sequencing (GBS) [45], which
is a low cost, high-throughput genotyping method that
depends on restriction enzymes to reduce genome com-
plexity and allow discovery of genome-wide SNPs with
a lower error rate. GBS has recently gained attention in
fish species due to advancement in sequencing platforms,
longer read lengths, coverage of data, and more accessi-
ble reference genomes [46]. These developments create
opportunities for the use of DNA markers for a better
understand genetic basis of production and performance
traits. Different techniques employ various types and
quantities of restriction enzymes, with GBS being a cost-
effective option that provides greater coverage depth
per locus compared to whole genome sequencing, mak-
ing it feasible for larger sample sizes [46, 47]. Previ-
ous researchers have conducted reviews on GBS and its
applications in fisheries and aquaculture [45, 48—50].

A SNP array is designed to identify specific alleles in a
sample by hybridizing with fragmented DNA to detect
SNP positions [51]. Several commercial SNP array plat-
forms are available, including the GeneChip® Cus-
tomExpress® Arrays (Affymetrix, Inc., USA), Illumina
iSelect HD or HTS Custom BeadChip (Illumina, USA),
SureScan SNP-Microarray platform (Agilent Technolo-
gies, Inc.,, USA), and Sequenom MassARRAY® system
(iPLEX GOLD) (Sequenom, Inc., USA). Affymetrix pre-
dominantly utilizes Axiom genotyping principle, allow-
ing the customization of SNP arrays. Molecular inversion
probe technology (MIP) allows for versatile multiplexing,
accommodating anywhere from 1,500 to 5,00,000 SNPs
in an individual assay, making it the most flexible option
in this regard. The Illumina chip incorporates a high
throughput screening (HTS) custom panel, harnessing
the capabilities of the Infinium iSelect microarray plat-
form. This panel allows for the interrogation of an exten-
sive set of up to 700,000 custom targets, including SNPs,
indels, and CNVs. With its remarkable versatility, this
platform empowers comprehensive target analysis across
a diverse spectrum of species. Sequenom MassARRAY
iPLEX Gold leverages a straightforward and precise
primer extension chemistry combined with cutting-edge
MALDI-TOF mass spectrometry. The widely utilized
iPLEX Gold assay, enables assay design with a high
degree of flexibility, accommodating multiplexing levels
of up to 40plex and featured in numerous publications.

As previously discussed, there are various computa-
tional algorithms or tools being developed for extracting
SNP genotypes from next-generation sequencing (NGS)
data [52]. The typical procedure for SNP identification
pipelines for NGS data, involves several steps, such as

Page 5 of 15

pre-processing of raw data, read alignment, SNP call-
ing, filtering, and validation [53]. SNP arrays do have
limitations, including the need for preexisting genomic
information and the ability to genotype only known
SNP positions. The diagram below illustrates the typical
procedure for creating SNP array panels (Fig. 1). Sev-
eral computational algorithms are accessible for SNP
genotype calling based on FASTQ files. These algo-
rithms can be broadly categorized into heuristic methods
(such as CLC-Genomic Workbench, VarScan2, Galaxy,
GSMapper, and DNSTAR) and probabilistic approaches
(including GATK, SAM-tools, SNVer, Atlas SNP2, and
SOAPsnp).

Various tools are available for copy number varia-
tion (CNV) analysis from the SNP array data. Illumi-
na’s CN'VPartition tool utilizes Gaussian distributions
(bivariate) in the process of SNP/ CNV analysis, which
is accessible freely within the GenomeStudio platform.
CamCNV is an R-package designed for the identi-
fication of rare CNVs, requiring a minimum of three
probes for detection [54]. A Bayesian Gaussian mix-
ture algorithm, such as PlatinumCNYV is used for SNP
array based copy number polymorphism genotyping
[55]. Affymetrix also offers dedicated tools for CNV
analysis, accessible through the Affymetrix Genotyp-
ing Console (GTC), an interface using the Affymetrix
Array Power Tools. R-GADA (Genome Alteration
Detection Analysis) offers a versatile and comprehen-
sive pipeline within the R tools. It can effectively geno-
type CNVs, visualize results graphically, and conduct
association analysis for various array types, including
lumina, Affymetrix, or array comparative-genomic
hybridization (aCGH) arrays [56]. Illumina and Affy-
metrix share most criteria when selecting SNP mark-
ers for arrays, differing primarily in sequence length
(20 bp for Affymetrix, 50 bp for Illumina) and assess-
ment factors. SNP selection involves several criti-
cal factors, including considerations of depth and
frequency, SNP types, and variations within probe
parameters and sequences. The depth at which SNPs
are read is of paramount importance, as inadequate
depth can introduce errors, while excessive depth can
lead to SNP calls from repetitive genomic regions.
When developing SNP arrays, preference is often given
to transition SNPs such as A/G and T/C, while trans-
version SNPs, INDELs, and allelic SNPs (those with
multiple variants) are typically excluded. This exclu-
sion is primarily because A/T and C/G SNPs need the
use of two distinct probes for accurate genotyping, in
contrast to other SNP types, which can be genotyped
with just a single probe [57, 58]. In the development
of SNP array probes, the evaluation of surrounding
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Fig. 1 Flowchart showing the typical procedure for SNP Arrays or SNP Chip development

sequences adjacent to target SNPs is crucial, often a balanced distribution of SNPs throughout the chro-
employing metrics such as Affymetrix P-convert or mosomes, with consideration for their potential inclu-
[llumina ADT values. A primary objective is to achieve  sion within exonic regions [59, 60].
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Progress of SNP array developed in an important
aquaculture species

Genome sequencing has brought about a revolution in
genetic research, enabling us to study genetic variations,
perform GWAS, explore gene environment interactions,
and analyze evolution in organisms, including commer-
cially important fish and shellfish [18, 61, 62]. Over the
past two decades, 594 fish genomes have been sequenced,
which cover about 1.85% of the estimated 32,000 fish spe-
cies (https://www.ncbi.nlm.nih.gov/genome, accessed
on 5th September 2023). The majority of fish genome
sequences are available in draft form. Genomics has been
extremely helpful in fisheries management by answering
key questions like stock identification, population struc-
ture, and responses to environmental changes. This data
has been instrumental in identifying SNPs linked to pro-
duction and performance traits, ultimately paving the
way for the creation of SNP arrays or panels in diverse
aquatic species. We have summarized the advancements
in SNP arrays across aquatic species worldwide (Table 1
and their applications in candidate aquaculture species,
such as GWAS, linkage map construction, analysis of
population structure, and selective breeding programs.

Atlantic Salmon (Salmo salar)

In the early 1970s, selective breeding programs were
initiated in Norway to enhance the genetic traits of
Atlantic salmon. The development of single nucleotide
polymorphism (SNP) markers and arrays for Atlan-
tic salmon has been made possible by the availability
of genomic information [29, 63, 64]. Initially, a low-
density (LD) SNP panel was developed, comprising
roughly 6,000 polymorphic SNPs [65]. In a GWA study
using Cermaq Canada broodstock with around ~480
fishes, researchers utilized a panel of 6.5 K SNPs to
reveal their association with growth and the timing of
sexual maturation in S. salar. The most robust asso-
ciations were observed for "grilsing" with markers on
Ssal0, Ssa02, Ssal2, Ssal3, and Ssa25, as well as mark-
ers on Ssa0l, Ssa2l, and Ssa28 for late maturation [66].
A HD SNP panel with around 130 K SNPs for S. salar
was developed using RRSeq, RNASeq, and RADSeq
methods. It was utilized to genotype 96 samples from
farmed Scottish, farmed Norwegian, and wild fish cat-
egories [29]. Researchers validated around 160,000
SNPs using a 200 K SNP panel for S. salar in diverse
populations across North America, Europe, and Chile
[29, 67]. A GWA study on bacterial-kidney disease
(BKD) resistance in North American S. salar utilized
a 50 K SNPs chip to genotype 576 individuals [68].
Indeed, this study highlights the invaluable nature of
the data for guiding genetic improvement efforts aimed
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at enhancing resistance to BKD in S. salar populations.
A 220 K SNP chip for S. salar was used to recognize
key chromosomes associated with sex determination.
Ssa02 (heritability =0.42) and Ssa21 (heritability =0.26)
exhibited the highest genetic variance, with Ssa02 being
a strong candidate for sex determination and Ssa2l
indicating an alternate lineage in wild populations [69].
To assess genetic relationships and the impact of chro-
mosomal fusions on adaptation, 728 salmon (juvenile)
were genotyped using a 50 K SNP panel [70]. These
findings indicate that chromosomal fusion and genomic
variations associated with life history play a signifi-
cant part in the process of local adaptation (within the
river) in S. salar. Using a 57 K SNP chip, genotyping
of 642 salmon was conducted to identify SNPs linked
to omega-3 fatty acid muscle content [71]. Significant
associations with the DHA/DPA ratio, particularly in
the vicinity of elovl2, which plays a significant role in
the conversion of DPA to DHA, were found and traced
to chr21.

A revolutionary high-density chip, called the 930-K
XHD Ssal array, was developed for fish research, specif-
ically for Atlantic Salmon.This innovative tool, created
using Aquagen lines consisting of 29 individuals, played
a crucial role in discovering significant insights such
as the crucial influence of the VGLL3 on age at sexual
maturity [72] and the identification of the CDH as the
primary factor determining Atlantic salmon resistance
to IPNV [73]. In S. salar, resequencing of 20 individuals
of whole genome from three sources produced a cata-
log of 9.7 million SNPs, which were further refined to
create a focused 200 K SNP panel [67].

A study was conducted to evaluate the accuracy of
genotype imputation in a salmon breeding program
that utilized both 25 K and 78 K SNP panels [74]. The
imputation accuracy was observed to be ranged from
0.62 to 0.90. Genomic prediction with imputed geno-
types was shown to be slightly less accurate than true
genotypes but significantly better than pedigree-based
methods for body weight and sea-lice resistance. In
another study, a 50 K SNP panel was used to geno-
type 1,756 fish from 248 families of North American
S. salar [75]. These fish were exposed to salmon lice,
with resistance showing a heritability of 0.21£0.03. A
significant SNP on chromosome Ssa04, related to cell
survival and inflammation, was identified as highly sug-
gestive of salmon lice resistance. Similarly, a GWAS
analysis was performed on 11,166 male S. salar from a
single strain to investigate age at sexual maturity [76].
Genotypes were imputed at 50-K SNPs, revealing sig-
nificant associations on 28 of the 29 chromosomes,
where robust signals were observed in the gene regions
of six6 (Chr9) and vgli3 (Chr25).
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Common carp (Cyprinus carpio)

Common carp is the third most widely farmed fish spe-
cies globally, contributing around 7% to the total aqua-
culture production [1]. The reference genome of the
common carp stands as an important resource for
essential genetic and molecular studies. Recent research
has highlighted the progress of genomic resources and
genetic improvement in the common carp [77]. For the
first time, a 250 K SNP array originally developed for C.
carpio demonstrated remarkable efficiency in genotyping
other related fish species, such as goldfish and zebrafish
[27]. The SNP array is strategically placed across the ref-
erence genome of C. carpio, and was assessed by geno-
typing 1,072 collected samples. Over 74% of these sites
were found to be polymorphic, while over 99.8% of the
qualified SNPs showed high reliability. This carp SNP
array is a pioneering high throughput genotyping plat-
form specifically tailored for C. carpio. In 2016, it was
used for the development of a high density linkage map
for Yellow River carp [78]. Similarly, in another study,
this 250 K SNP panel was utilized for efficient genotyp-
ing, yielding a robust high density linkage map specific
to common carp, with a total of 11 K unique loci and an
average locus interval of 0.3 cM [79]. To ensure accurate
pedigree assignment in common carp, a set of SNP mark-
ers was selected from the 250 K SNP panel. The 48 K SNP
panel, created with selected markers and the Fluidigm
genotyping platform, was used to genotype a genetically
diverse Yellow River carp population, including half sib-
ling and full sibling families [80].

In a study involving 203 common carp samples, GWAS
was conducted to screen for traits related to fat and fatty
acid content. Using a carp 250 K SNP array, this analysis
revealed 9 significant SNPs and 15 transcripts linked with
the muscular polyunsaturated fatty acid content. After
passing quality control, 193 samples were retained, and
108,684 polymorphic SNPs were selected for association
analysis Tag SNPs were filtered out if they showed high
linkage disequilibrium (LD R2>0.9), and finally, 29,026
tag SNPs were selected for association analysis [81].
Using 250 K SNP panel, a study analyzed 2,198 individu-
als from 14 global carp populations to understand genetic
structure and environmental adaptation. The analysis
revealed that linkage disequilibrium (LD) block lengths
ranged from 3.9 kb to 36.6 kb among the populations
[82]. The work confirmed the successful use of the 250 K
SNP panel in investigating the genetic basis of an unusual
scale mutation within a sample of 82 Yellow River carp
specimens [83].

To pinpoint specific genomic regions and potential
candidate genes linked to abdominal fat and muscle fat
content traits, GWAS was performed using the available
250 K SNP panel using carp F2 generation [84]. A GWA
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study with a 250-K SNP panel was performed on Yellow
River carp fishes (433 Numbers) to reveal genes associ-
ated with the head size traits. Candidate genes like par-
valbumin, igfl, srpk2, fsrp5, igflr, grbl0, igf3, notch2, and
sfrp2 were found near significant SNPs [85]. Further, this
SNP panel was used to understand the involvement of
genetic factors responsible for abnormal skin coloration
and identify their linkage with this trait(s). Interestingly,
this work revealed significant SNPs (18) which is located
on Chrll, and found five key genes related to pigmenta-
tion such as apoeb, mitf, lrp8, aplml, and oca?2 [86].

A 250 K SNP array was used for QTL identification and
GWA study in Mirror carp exposed to koi-herpesvirus
infection to detect genetic regions and genes associated
with virus resistance [87]. Numerous immune-related
genes, such as tufa, rootletin, galectin-8, hifla, and palla-
din, were identified near significant QTLs or SNPs. This
study suggests that information obtained can be useful in
implementing MAS in common carp strains to imrpove
their resistance to koi herpesvirus. Another study on
amino acid metabolism in common carp revealed sixty-
two genes associated with tyrosine, proline, and glycine
content, through GWAS analysis with the 250 K array
[88].

Rainbow trout (Oncorhynchus mykiss)

Rainbow trout is the most commonly cultivated species
among salmonid fishes in aquaculture. Its popularity is
due to the availability of well documented genomic data
resources [88]. In 2014, researchers successfully estab-
lished the first rainbow trout reference genome, which
encompassed a total size of 1.9 gigabases (Gb) (scaffold
N50 value of 384 kb). From a pool of approximately 2.12
million potential SNPs, a HD 57 K array was developed
for O. mykiss, which became commercially available in
2015 [26, 89]. This array includes 50 K top-notch SNPs
that provide extensive coverage across the genome. Fur-
ther, it has proven highly effective in various applications
such aspopulation structure analysis, GS, and selective
breeding programs of trout [90-93].

A 57 K SNP array designed for O. mykiss was employed
to identify polymorphisms in several salmonid spe-
cies [89]. The rainbow trout SNP array’s ability to share
28,882 SNPs among six salmonid populations from four
different genera and detected 525 polymorphic SNPs
across all 4 genera, highlights its flexibility as a common
genotypic tool for multiple salmonids. In a study involv-
ing 7,893 rainbow trout from 102 families, Bacterial cold
water disease (BCWD) resistance was assessed based on
survival phenotypes. Using a 57 K SNP array, genotypes
were available for 1,473 fish from 50 families [94, 95].
Notably, for BCWD resistance, GEBVs obtained from
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various GS models were observed outperformed as com-
pared to EBVs from the pedigree-based BLUP model.

Genome sequencing (30 X coverage) of INRAE iso-
genic lines resulted in the development of HD 665 K
SNP array for O. mykiss in the French commercial line
[96]. Among the initial 576 K SNPs, around 38 K SNPs
were retained from earlier the MD 57 K SNP array/chip.
In this study, an average variant spacing of 60 bp under-
scored significant polymorphism in the genome of O.
mykiss. The high-density chip (HD) demonstrated its
utility by revealing faster LD decay at 2 to 10 kb inter-
vals compared to typical 50-100 kb distances seen with
medium-density chips.

Atlantic cod (Gadus morhua)

Atlantic cod is an important species in the North Atlan-
tic region, both ecologically and economically. Recently,
there has been a significant expansion in the genomic
resources available for this species. The genetic differen-
tiation between Baltic cod populations in distinct salin-
ity environments, such as those in the Bay of Gdansk,
Eastern site, and the Kiel Bight, Western site, was veri-
fied using a cod-specific SNP array (Illumina) containing
10 K SNPs [97]. The overall F¢ value across all popula-
tions stood at 0.039 (P <0.01), signifying a modest degree
of differentiation. Additionally, the cod SNP arrays were
used to analyze and reveal significant variations in dif-
ferentiation patterns across the genome. This provided
insights into the complex biological structures within
the Norwegian coastal-cod and Norwegian coastal-south
populations [98].

Genome sequence data currently available is harnessed
to identify genomic SNP variants, leading to the creation
of a SNP array tailored specifically for the Norwegian cod
population [99]. The utility of this SNP panel is exempli-
fied through its application in the analysis of data derived
from the National Cod Breeding Program (NCBP). The
newly developed SNP- array is used to genotype approxi-
mately 2,500 individuals distributed across the two
datasets.

Channel catfish (Ictalurus punctatus)

The catfish, particularly channel catfish holds a pivotal
role in aquaculture within the United States and China
[100]. Initially, a 250 K SNP panel was developed using
SNPs derived from channel catfish, blue catfish, and
inter-specific SNPs. Its utility in catfish genetic research
was confirmed by genotyping wild populations and back-
cross families. Furthermore, an HD genetic linkage map
was developed using the 250-K SNP panel in the hybrid
catfish system [28, 101]. This map incorporated 26,238
SNPs distributed across 29 linkage groups, resulting
in 12,776 distinct marker positions. A GWAS on heat
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stress in catfish utilized the 250 K catfish SNP array. The
approach involved utilizing interspecific backcross oft-
spring, which were obtained by mating female channel
catfish with male F1-hybrid catfish (@ channel catfishx 3
blue catfish) [102]. In another GWA study, a 250-K
SNP panel was used for the evaluation of body weight,
with ~ 556 back-cross progenies resulting from the mat-
ing of male F1-hybrids with females [103]. Remarkably,
a genomic location of around 1.0 Mb in linkage-group-5
exhibited a significant association with body weight.

A 690 K high density SNP array was created to pro-
vide uniform genome coverage, whichincludes 98.6% of
the catfish reference genome [104]. The 250 K SNP panel
was used for linkage mapping, which resulted in mapping
to 29 linkage groups (LGs) with a highest marker den-
sity. In a population of an 1. punctatus, a 55 K SNP panel
was used to identify significant SNPs linked with harvest
weight and carcass weight [105]. Genomic evaluation
(ssGBLUP) led to significant improvement in predictive
accuracy, increasing around 28% for harvest weight and
36% for carcass weight compared to traditional pedigree
based methods. A GWA study using the 250 K SNP panel
identified QTL related to low DO tolerance in the blue
catfish X channel catfish system [106]. The associations
were found in four linkage groups, with genes in these
regions involved in various pathways (e.g., MAPK, VEGE,
etc.) revealing the intricate genetic basis of hypoxia toler-
ance in catfish.

Japanese flounder (Paralichthys olivaceus)

Japanese flounder is a significant fish in aquaculture
across Asian countries and substantial genomic data has
been generated for this species [107]. A 50 K SNP panel
or array named "Yuxin No. 1" was developed to enhance
selection accuracy for selected bacterial disease resist-
ance in Japanese flounder aquaculture [43]. A high quality
SNP panel was developed using a genome re-sequencing
approach from 1,099 fish. It demonstrated strong geno-
typing performance, with over 74% of loci showing high
call rates and strong polymorphic SNP clusters. The array
significantly improved the accuracy of GEBV by 21.2%
using wGBLUP compared to ABLU), showcasing its
effectiveness for GS in Japanese flounder.

Nile tilapia (Oreochromis niloticus)

Nile tilapia is the one of the most important aquacul-
ture species in the world, contributing approximately
7.5% of the total aquaculture production. To develop
SNPs markers, 32 Genomar strains were re-sequenced
and selected for their polymorphisms and genomic
locations using the Orenill.1-assembly [31]. They SNP
performance was assessed by genotyping 4,991 fishes,
resulting in 43,588 high quality SNPs. This endeavor
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culminated in the creation and validation of a 58 K SNP
panel/array known as the Onil50 array, and addition-
ally, an integrated genetic and physical linkage-map has
been constructed, revealing sex specific recombination
patterns in LGs.

A comprehensive SNP array comprising approximately
65 K SNPs was meticulously crafted by leveraging whole-
genome sequence data sourced from a GIFT breeding-
nucleus population. This innovative array was further
enriched with polymorphic SNPs derived from diverse
wild-fish populations and various farmed Nile tilapia spe-
cies, enhancing its utility and genetic diversity [36]. These
SNP panel were successfully used for the differentiation
of Asia and African tilapia populations.

In a study on Nile tilapia’s resistance to Tilapia lake
virus (TiLV), a GWA study was conducted using a 65 K
SNP panel, and important QTL was discovered on chr-
Oni22, containing genes relevant to the host response to
viral infections, such as lgals17, vps52, and trim29 [108].
This discovery offers insights into TiLV resistance mecha-
nisms in Nile tilapia. Similarly, a study on feed associated
traits in GIFT tilapia used the 65 K SNP panel [109]. This
work identified significant QTLs for body-weight gain
and feed-intake on chr 7 and 5, respectively, harboring
key genes such as ntrk3a, ghrh, and eif4e3. Genomic data
improved prediction accuracy by up to 34%, surpassing
pedigree records alone, and marker density effects were
explored.

European sea bass (Dicentrarchus labrax L.)

European sea bass is an economical important fish spe-
cies in Europe. Over the years, genomic resources have
been developed and genome as well as SNP markers
are available in the database [110-112]. Currently, two
SNP panels are available for this species, which include
a 3 K SNP panel (Illumina iSelect) [113] and a 'Dlab-
CHIP’ 57 K panel (Thermofisher Axiom""; Unpublished).
These arrays, the 3 K (Illumina) and the 57 K DlabCHIP
(Axiom) offer efficient genotyping, with the latter show-
ing excellent performance in French sea bass populations.
It was suggested that the 57 K SNP panel is expected
to become a standard tool for GS in European sea bass
selective breeding programs.

In GWAS on VNN resistance in D. labrax, the Axiom "
57 K SNP (DlabChip) was used. A total 7 QTLs, including
one on linkage group 12 (LG 12), were identified [114]. In
a study on D. labrax, a GWAS using a 57 K SNP panel
identified 5 significant SNPs related to stress indicators,
body weight, and growth performance in 865 offspring,
including 332 challenged with Vibrio anguillarum [115].
The study also estimated moderate to high genomic her-
itability for these traits using the REML approach.
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Pacific oyster (Crassostrea gigas)

The Pacific oyster is economical significant bivalve spe-
cies. Notably, it exhibits one of the most extensive DNA
variations amongst all the animal species. A 190 K SNP
array for Pacific oysters was created using Affymetrix
Axiom technology, making it the first HD SNP panel
designed specifically for molluscan groups [116]. The
chip incorporated around 190 K SNPs chosen from ~ 54
million SNPs recognized by the re-sequencing method
from diverse regions (n=472), with a remarkable 70.4%
of these SNPs proving to be polymorphic. SNP arrays for
Pacific oysters enable testing of GS for polygenic traits.
A study on growth-associated traits found moderate her-
itability and a polygenic genetic architecture. Genomic
prediction models outperformed pedigree-based meth-
ods, with GBLUP achieving 25-30% higher accuracy for
shell traits [117].

A MD 15-K SNP panel was designed for both European
flat-oyster (Ostrea edulis) and Pacific oyster (C. gigas) and
further tested on 219 samples, primarily from European
populations [30]. In the European flat-oyster, growth
traits were found to have a largely polygenic genetic basis
with two key QTLs on chromosome 4 [118]. GS using LD
SNP array, as low as 100 SNPs, maintained high predic-
tion accuracies (>0.83) for all the traits, suggesting cost
effective breeding potential.

Sea cucumber (Apostichopus japonicus)

Sea cucumber is highly valuable in the global market due
to its nutritional content and exclusive pharmaceuti-
cal compounds. A 24 K SNP panel known as ‘Haishen-
SNP24K’ was developed for sea cucumber using the HD
Marker genotyping approach and MOLO algorithm [40].
It achieved high genotyping call rates (>96%), accuracy
(>95%), and showed strong polymorphism in A. japoni-
cus populations.

Large yellow croaker (Larimichthys crocea)

The large yellow croaker is a highly valued marine spe-
cies. Recently, 82 fish from various Chinese locations
were resequenced, which revealed 9.3 million SNPs.
These SNPs were used to create a tailored 600 K SNP
panel for this species [119].

Challenges, future perspectives, and concluding
remarks

In the last decade, NGS (Next Generation Sequencing)
technologies have become more popular for sequenc-
ing purposes, particularly for transcriptome or whole
genome sequencing in various fish species. This is due
to the reduced cost and decreased time required for
sequencing. NGS technologies generate vast amounts
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of sequence information, allowing for the creation of
marker databases, including Single Nucleotide Polymor-
phisms (SNPs). Various genotyping approaches custom-
ized for NGS, such as GBS, Exome seq, and RAD seq,
have been instrumental in discovering a significant vol-
ume of SNPs in numerous fish species.

However, choosing the right SNPs for SNP panel or
array design is essential to the effective use of SNP arrays.
SNPs sourced from gene enriched regions are the pre-
ferred candidates for the development of SNP panels.
When considering depth for SNP calling, if it is too low,
there is a risk of calling SNPs due to errors in sequencing
depth. Conversely, high depth of sequencing resulted in
calling SNPs from repetitive regions. In certain scenarios,
when SNPs are called from multiple sequence sources, it
is important to consider the source of the SNP to ensure
accurate analysis and interpretation. Genome duplica-
tion adds complexity to the identification of authentic bi-
allelic SNPs during bioinformatics analyses.

The primary consideration when including SNPs in
the array is whether they meet the probe design require-
ments of the chosen platform. The second aspect to con-
sider is the dosage of the SNPs. A third optional factor
to consider is the distribution of SNPs across homolo-
gous chromosomes and functional regions, with a focus
on genic areas, to mitigate the impact of ascertainment
bias. This analysis is particularly beneficial when a fully
annotated reference genome is accessible, and it can be
further enhanced by incorporating SNP data from wild
or closely related species.

GWAS studies produce vast SNP datasets, offering the
potential for structural variant genotyping. GBS methods
aid genome-wide SNP discovery but have complexities
and computational demands, especially for species with-
out a reference genome. Custom SNP arrays or panels can
include specific SNPs from regions of interest, and their
numbers can be adjusted as needed on both Illumina and
Affymetrix platforms. SNP arrays have their limitations,
including the necessity for pre-existing genomic data and
their ability to genotype only known SNP positions. The
design and optimization of SNP arrays could be a time-
consuming procedure. Ascertainment bias in genotyp-
ing arrays often arises from non-random polymorphism
sampling or limited sample sizes in SNP discovery pan-
els, which can exclude rare alleles.

Recently, High-Density (HD) SNP panels have been
developed in several aquatic fishes. These arrays are
valuable for studying economically important traits
and implementing Genome Selection (GS) in aquacul-
ture breeding programs. They can enhance genetic pro-
gress, particularly for challenging or costly measured
traits. GWA studies identify vital traits linked with
SNPs. Conversely, complex traits may involve multiple
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QTLs. RADseq offers versatility for genomic selection
(GS), genome analysis, population genomics, and QTL
mapping.

In conclusion, SNP arrays or panels are essential
for genetic studies and breeding in aquaculture spe-
cies, and their demand is growing due to the wealth of
genomic resources and SNP discoveries. High-density
SNP arrays provide standardized and reproducible gen-
otyping data, although challenges like cost and ascer-
tainment bias exist. NGS-based genotyping approaches
are gaining traction for targeted genotyping. HD mark-
ers offer an affordable method for in-solution SNP array
development, facilitating genetic progress in aquacul-
ture through comprehensive trait analysis and genomic
selection.

Abbreviation

SNPs Single nucleotide polymorphisms
GWAS  Genome-wide association studies
GEBVs  Genomic estimated breeding values
QTL Quantitative Trait Locus

GS Genomic selection

LD Linkage disequilibrium

NGS Next Generation Sequencing

GBS Genotyping-by-Sequencing
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