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ABSTRACT. Genetic improvement of Pacific whiteleg shrimp Penaeus vannamei, the most economically
important crustacean worldwide, is key to ensuring shrimp aquaculture's sustainability. Maximizing the potential
of this industry requires implementing well-managed, genome-enabled breeding programs. This review
discusses genetic and genomic resources available for shrimp production and their application, covering topics
such as population genetics, reference genomes, linkage maps, genetic markers, genome-wide association
studies, and genomic selection. The genetic characterization of shrimp requires the availability of genetic marker
panels, whose density depends upon the applications. Several low- and high-density marker panels, from
microsatellites to single nucleotide polymorphisms, are currently used in population genetic structure, diversity,
and parentage assignment studies. The challenge is the low cost per individual panel for commercial aquaculture
operations. The reference genome of P. vannamei has been recently improved with new genome assemblies.
Nevertheless, there is still room for improvement in scaffold assembly, genetic mapping, and gene annotation.
This information will be useful to integrate genomic information into breeding programs to improve desired
economic traits. Wild and captive populations have been well-characterized, and the genetic architectures of
commercially relevant traits (i.e. growth, immune response, sex) have been studied. Future work should focus
on the underlying genomic basis of productive and adaptive traits, which can be applied to modern selective
breeding strategies, such as genomic selection. Developments in these areas should accelerate shrimp genetic
improvement and will be key in ensuring the industry's sustainability.
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INTRODUCTION Mexico to Peru, but it is farmed in over 30 countries

across the world; the 10 principal producing countries

The Pacific whiteleg shrimp Penaeus vannamei is one are China, Indonesia, India, Ecuador, Vietnam,

of the most important economic aquaculture species, Thailand, Mexico, Brazil, Saudi Arabia, and the Islamic
representing 53% of the crustacean aquaculture Republic of Iran (FAO 2020).

production worldwide and 6.9% of the total aquaculture Despite the growing trend of Pacific whiteleg

production, with 6.3 million metric tons in 2021 valued shrimp aquaculture production (8% per year from 2009

at approximately US$36.5 billion (FAO 2024). P. to 2018; FAO 2020), the increasing demand for protein

vannamei is native to the East Pacific Ocean from for human consumption and the current context of
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environmental emergency calls for more efficient
production.

Breeding programs effectively ease aquaculture
production (Gjedrem et al. 2012), permanently and
cumulatively improving target traits to develop aqua-
culture stocks with enhanced performance (Gjedrem &
Baransky 2009). According to the action plan for
aguatic genetic resources for food and agriculture,
selective breeding is a priority in aquaculture (FAO
2022a). Despite the advantages of breeding programs,
only 55% of aquaculture countries report a significant
impact from genetic improvement on their production
(FAO 2022b).

In the case of P. vannamei, several breeding
programs, mainly directed towards growth and disease
resistance, have been reported (Argue et al. 2002,
Gitterle et al. 2005, Neira 2010, Andriantahina et al.
2013b, Moss et al. 2013, Van der Pijl 2020, Prochaska
et al. 2022). Still, it is unclear how much of the world's
shrimp production comes from selective breeding
programs.

Advances in sequencing technologies, such as
genotyping by sequencing, have allowed the develop-
ment of genomic resources in non-model species,
opening the possibility of selection based on genomic
information. Implementing genomic information in
breeding programs while carefully controlling inbreed-
ing can increase the rate of genetic gain through more
accurate selection of broodstocks to be used in the next
generation, especially for complex traits that cannot be
measured directly in the candidates for selection, such
as disease resistance (Castillo-Juarez et al. 2015).
Access to genomics tools has also facilitated genetic
diversity evaluation, stock identification, and parentage
assignment or traceability, and it has allowed us to gain
insight into many biological processes.

Here, we review the status of genetic and genomic
resources available in Pacific whiteleg shrimp and their
applications in shrimp aquaculture (Fig.1). The status
and perspectives of topics such as population genetics
of wild and cultivated shrimp stocks, available genomic
resources, and their applications, such as genomic wide
association studies (GWAS) and genomic selection
(GS), are discussed.

Genetic and genomic resources

Genetic marker panels and genotyping

Genetic markers underpin most genetic studies, being
fundamental to studying genetic diversity and inbreeding,

population genetics and stock identification, parentage
analysis, species, and hybrid identification (Liu &

Cordes 2004, Chauhan & Rajiv 2010), mapping
quantitative trait loci (QTL) (Miles & Wayne 2008),
genetic linkage maps, GWAS (Guppy et al. 2018), and
GS (Song et al. 2023). Identification and application of
genetic markers have been an important focus of
research in aquaculture genetics. Over time, different
types of molecular markers have been developed and
used in aquaculture species; detailed information about
principles, molecular basis, and applications have been
extensively discussed (e.g. Liu & Cordes 2004, Liu
2007, Chauhan & Rajiv 2010).

In P. vannamei, microsatellite markers have been
traditionally the most popular due to their high
polymorphism. Extensive work has been done over the
last 25 years (e.g. Wolfus et al. 1997, Cruz et al. 2002,
Meehan et al. 2003, Zhi-Ying et al. 2006, Garcia &
Alcivar-Warren 2007, Santos et al. 2012, Perez-
Enriquez et al. 2018a), focusing in the characterization
of wild and cultivated population, genetic diversity and
parentage analyses (see section 3). However, due to the
common scoring of null alleles derived from high
mutation rates (Ellegren 2000), these markers have
become substituted by single nucleotide polymor-
phisms (SNPs) in recent years.

SNPs, genetic markers that consist in the variation
of a nucleotide (A, C, G, or T) at a single site in a
specific position of the genome, offer several
advantages over microsatellites and other genetic
markers, such as abundance and even distribution along
the genome (Collins et al. 1998, Rafalski 2002), low
genotyping errors, and straightforward genotyping with
lower cost as many samples can be analyzed
simultaneously (Vignal et al. 2002, Hayes et al. 2005).
Despite being less polymorphic (SNPs are mostly bi-
allelic), identification and genotyping of a large number
of SNPs along the genome in many individuals, evenin
non-model species, has become accessible and more
feasible economically. Even though several authors
have shown similar capabilities for parentage
assignment with few microsatellites and few hundred
SNPs (e.g. Trong et al. 2013, Kaiser et al. 2017), in the
Pacific whiteleg shrimp, Perez-Enriquez & Max-
Aguilar (2016) showed the better performance of an
SNP panel in parentage assignment than microsatellite
markers.

SNP identification and genotyping have been
feasible for several years. Kim & Misra (2007) review
several genotyping technologies, such as those based
on allele discrimination strategies (primer extension,
hybridization, single-strand conformation polymer-
phism, mismatch repair detection) and allele detection
methods (mass-based, fluorescence signal-based, and
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Figure 1. Applications of genetic and genomic resources.

chemiluminescence detection). However, the develop-
ment of methods based on next-generation sequencing
has led to the popularization of SNPs. For instance,
restriction-site associated DNA sequencing (RAD-seq)
(Baird et al. 2008) has been widely applied in
aquaculture species (Robledo et al. 2018b).

Different variations of RAD-seq have emerged over
the last 10 years, such as 2b-RAD (Wang et al. 2012),
SLAF-seq (Sun et al. 2013), dd-RAD (Peterson et al.
2012), or ezRAD (Toonen et al. 2013), all based in the
use of restriction enzymes, which reduces the
representation of the genome and hence reduces the
cost of sequencing. In addition to this cost-
effectiveness, the other major advantage of RAD-like
technologies is that they do not require a chromosome-
level genome assembly as a reference.

Nevertheless, Robledo et al. (2018b) indicate that
despite the advantages of RADseq approaches in cost
and design, there are still challenges to overcome, such
as laborious sample processing, complex bioinfor-
matics analysis, long turnaround time, and medium
repeatability. For instance, a comparative analysis
between ddRAD and 2bRAD indicates similar results

in repeatability, allelic dropout, and phylogenetic
inferences but at a lower cost per SNP locus of ddRAD
(Chambers et al. 2023). Furthermore, for applications
requiring only a few hundred markers, 2b-RAD using
selective adapters is a good alternative (e.g. Barbanti et
al. 2020).

In the Pacific whiteleg shrimp, 2b-RAD (Wang et
al. 2017b, 2019a,b, Dai et al. 2020, Lyu et al. 2021,
Chen et al. 2022), SLAF-seq (Yu et al. 2015, 2019,
Wang et al. 2017a, Peng et al. 2020), and NextRAD
(Perez-Enriquez et al. 2018c) have been the most used
techniques. These methods enabled genetic character-
ization, constructing high-density genetic linkage
maps, and carrying on GWAS and GS.

Once many SNPs have been identified, it is possible
to develop stable SNP high-density array genotyping
platforms. The advantages of these platforms are that
they overcome some of the problems described above
(Robledo et al. 2018b). SNP arrays are now available
for several aquaculture species [e.g. Atlantic salmon
Salmo salar (Houston et al. 2014, Yafiez et al. 2016),
European seabass Dicentrarchus labrax and gilthead
seabream Sparus aurata (Pefialoza et al. 2021), Nile
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tilapia Oreochromis niloticus (Pefialoza et al. 2020),
Pacific oyster Crassostrea gigas (Qi et al. 2017),
among others]. Two main SNP array technologies have
been used in aquaculture species: lllumina BeadArray
and Affymetrix Axiom. For P. vannamei, two high-
density SNP panels are commercially available: the
Illumina Infinium Shrimp LD-24 BeadChip with ~6.4k
SNPs and the AQUArray HD vannamei with 50k
SNPs; this last one was developed by Neogen and the
Center for Aquaculture Technologies (CAT, https://
aquatechcenter.com/). These technologies are being
successfully used for QTL identification (Jones et al.
2020) and GWAS (Medrano-Mendoza et al. 2023);
however, their application in commercial operations is
still limited by the cost per individual.

For applications requiring tens to hundreds of
genetic markers, such as pedigree analysis and
traceability, other genotyping techniques have emerged
to meet this demand: AQUArray LD vannamei (192
SNPs; CAT, https://aquatechcenter.com/), Fluidigim
system (https://www.fluidigm.com/), Genotyping in-
thousands by sequencing (GT-seq) (Campbell et al.
2015), Multiplexed PCR Targeted Amplicon se-
quencing (MTA-seq) (Onda et al. 2018), Highly
Multiplexed Amplicon sequencing (HiIMAP) (Dupuis
etal. 2018), and lon Ampliseq by Thermo Fisher. These
are mostly based on sequencing amplicons from
multiplexed PCR targeting previously identified SNPs,
but the disadvantage of some of those is the need for
costly equipment.

Other alternatives are based on fluorophore-labeled
PCR amplicons such as KASP (Biosearch Technolo-
gies; https://www.biosearchtech.com/), TagMan assay
(Roche Molecular Systems, Inc.), and High-Resolution
Melting (HRM), or those based on mass spectrometry
like MassARRAY System (Sequenom, San Diego), can
be more appropriate to genotype few markers. For
instance, HRM has been used for genotyping a P.
vannamei sex identification SNP (Perez-Enriquez et al.
2020), while the Sequenom MassARRAY iPLEX Gold
platform has been used for genotyping 49 SNPs
presumably associated with ammonia tolerance (Lu et
al. 2018).

Different factors must be considered when selecting
a P. vannamei SNP platform, such as the study's
objective, their advantages and disadvantages (Table
1), and available funds. In shrimp aquaculture, with a
relatively low value per animal [~US$55 per P.
vannamei specific pathogen-free (SPF) breeder (Van
der Pijl 2020)], a cost-effective SNP genotyping
platform is required for routine genetic analysis in
breeding programs, especially for small-medium

shrimp producers. To our knowledge, the platforms
with the lowest cost per individual presently available
for the species are the AQUAarray HD and
AQUAarray LD, respectively, for high- and low-
density SNP panels. The development of low-density
panels based on GT-seq (Campbell et al. 2015), 2bRAD
using selective adaptors (e.g. Barbanti et al. 2020),
pooled DNA genotyping (Sui et al. 2020), or target SNP
sequencing (Huang et al. 2021) can decrease geno-
typing costs per individual.

Genome assembly

A complete genome assembly is a valuable resource for
understanding the genomic characteristics of a species,
facilitating the improvement of economically important
traits. The assembly of the P. vannamei genome has
been challenging due to its complexity. A large number
of repetitive sequences (approximately 79-80% of the
genome; Yu etal. 2015, Abdelrahman et al. 2017), high
levels of heterozygosity [(Yuan et al. 2021a), and a
large number of chromosomes (44 pairs by karyotype;
Campos-Ramos 1997)], are the main constraints.

However, initial efforts led to the assembly of a P.
vannamei reference genome covering ~1.66 Gb of the
total genome size (2.45 and 2.6 Gb estimated with flow
cytometry and k-mer analysis, respectively; Zhang et al.
2019), which represents 63.8-67.8%, with scaffold N50
of 605.56 Kb. A second P. vannamei genome assembly
of 1.63 Gb with a higher scaffold N50 of 31.3 Mb was
reported (Yuan et al. 2021b) but is not publicly
available.

More recently, Peng et al. (2023) published an
improved genome assembly using PacBio reads and Hi-
C data, which spans 1.87 Gb with scaffold N50 of 39.7
Mb. The 87% of the assembly is assigned to 44 pseudo-
chromosomes. Finally, Perez-Enriquez et al. (2024a)
reported an even more complete reference-guided
genome assembly organized into 44 pseudo-
chromosomes and 15,682 scaffolds, with a genome size
of 2.055 Gb, N50 of 40.14 Mb, and the longest scaffold
of 65.79 Mb.

Relative to other penaeids, the P. vannamei genome
assembly is comparable to those of Penaeus monodon
(scaffold N50 of 44.9 Mb; longest scaffold 65.9 Mb;
genome size 2.4 Gb; Uengwetwanit et al. 2021),
Fenneropenaeus chinensis (scaffolds N50 of 36.87 Mb;
longest scaffold 48.8 Mb; genome size 1.47 Gb; Wang
etal. 2022), and Penaeus indicus (scaffolds N50 of 34.4
Mb; longest scaffold 51.6 Mb; genome size 2.4 Gb;
Katneni et al. 2022). Future efforts should focus on
obtaining even higher quality genome assemblies,
mapping many scaffolds rich in repetitive sequences
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Table 1. Genotyping methods available for different SNP panel density. Applications are based in the SNP panel density.

Genotyping method

Genotyping options for
method

Advantages

Disadvantages

Applications

High density SNPs panel (thousands)

RAD-like
(Based in the use of
restriction enzymes)

-2bRAD
-dd-RAD
-SLAF-seq

-Reduced genome
representation hence reduced
sequencing cost
-Chromosome-level genome
assembly is not necessary

-Medium repeatability
-Library preparation can be
laborious

Custom Arrays

-Illumina services for custom
arrays

-Fast genotyping workflow for
many samples
-High repeatability

-Require specialized high-cost
equipment

-Significant initial investment
-Previous SNPs identification and
selection are needed

Commercially available
genotyping platforms

-Illumina Infinium Shrimp
LD-24 BeadChip
-AQUATrray HD vannamei

-Less genotyping time for large
number of samples run
simultaneously

-High repeatability

-SNPs information is not public
(e.g. SNP position in the genome)
-In some countries is difficult to
send samples abroad

-Genome-wide association studies
(GWAS)

-Genomic selection

-QTL mapping

Low-medium density SNPs panel (tens to hundreds)

Targeted amplicon -GT-seq -Low cost -Previous SNPs identification and

genotyping (sequencing of -MTA-seq selection are needed

multiplexed PCR -HIMAP -Library preparation can be

amplicons) laborious compared with other
genotyping options

Fluidigim system Fluidigm -Fast genotyping workflow for -Require the acquisition of

(based on integrated
microfluidic circuit system)

many samples

specialized equipment
-Previous SNPs identification and
selection are needed

Genotyping platform
commercially available

-AQUArray LD vannamei

Less genotyping time for large
number of samples run
simultaneously

-High repeatability

-SNPs information is not public
(e.g. SNP position in the genome)
-In some countries is difficult to
send samples abroad

Based on fluorophore-
labeled PCR amplicons

-KASP (competitive allele-
specific PCR)

-Low cost
-More suitable for very few

-Previous SNPs identification and
selection are needed

-Tagman SNPs (less than tens)

-High-Resolution Melting

(HRM)
MassARRAY system - MassARRAY -Fast genotyping workflow for -Require the acquisition of
(based on mass many samples specialized equipment
spectofotometry) -Previous SNPs identification and

selection are needed

-Parentage analysis

-Genetic characterization
-Genetic traceability

-Genotyping of few specific SNPs
(such as sex identification or
genes with known function)
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using new long-read sequencing strategies such as
those employed in the t2t consortium (McCartney et al.
2022). Additionally, it is still necessary to map and
annotate genes and functionally annotate the whiteleg
shrimp genome for regulatory elements. Inter-
institutional efforts towards this end (e.g. AQUA-
FAANG, https://www.aqua-faang.eu/) are advisable.

Genetic linkage maps

An accurate and robust genetic linkage map is also a
key tool for understanding genomic characteristics,
such as recombination rates or assembling
chromosome-level genomes. Linkage maps have been
published in several penaeid species [e.g. black tiger
shrimp P. monodon (Baranski et al. 2014, Guo et al.
2019), Chinese shrimp P. (Fenneropeaneus) chinensis
(Liu et al. 2010), kuruma shrimp P. (Marsupenaeus)
japonicus (Lu et al. 2016, Zhang et al. 2021), P.
vannamei (Table 2)] to set up the bases to identify
markers for QTL and association studies for
commercially important traits. Linked markers to sex,
temperature tolerance, and body weight have been
identified in P. (Marsupenaeus) japonicus (Lu et al.
2016, Zhang et al. 2021) and nitrite tolerance in P.
vannamei (Peng et al. 2020).

Several linkage maps in the Pacific whiteleg shrimp
have been reported using genetic markers such as
AFLPs, microsatellites, and SNPs (Table 2). The most
recent high-density SNP linkage maps with 4,817 SNPs
spanning 4,552.5 cM (Jones et al. 2017), 17,242 SNPs
spanning 6,828 cM (Peng et al. 2020), and 6,146
markers spanning 4,271 cM (Yu et al. 2015), provide
with increased coverage of the genome (>97%),
reducing the distance between markers in the 44
expected linkage groups [principally in Peng et al.
(2020)] (Table 2). All these improvements have been
possible using medium- and high-density SNP panels
obtained using genotyping-by-sequencing technologies.

Nevertheless, there are concerns that the linkage
groups are not located within specific genomic regions;
in the high-density linkage map of Peng et al. (2020),
only 59.34% of the reads match the reference genome
of P. vannamei. Moreover, the occurrence of
significant local alignments between a scaffold of the
reference genome and different linkage groups is of
concern; for example, the Lvan-scaffold-1907 of the
reference genome of Zhang et al. (2019) matches with
several linkage groups from the Yu et al. (2015) map
(Perez-Enriquez et al. 2020), or there are Hi-C scaffolds
found in different linkage groups (Yuan et al. 2021b).
Efforts on marker mapping and gene annotation over
the new genome assemblies described in section 2.2 are
required to clarify this issue.

Applications of genetic and genomic resources
Genetic characterization of wild populations

Wild whiteleg shrimp populations are distributed along
the eastern coast of the Pacific Ocean, from Mexico to
Peru (FAO 2006). Genetic studies have reported a
population genetic structure through the species'
distribution using mitochondrial DNA (Valles-Jimenez
et al. 2006), microsatellite markers (Valles-Jimenez et
al. 2005), and SNPs (Perez-Enriquez et al. 2024b) that,
in the long-range, is explained by oceanographical
barriers, but between northwestern and southwestern
Pacific might be due to isolation-by-distance (Perez-
Enriquez et al. 2024b). In addition, at a regional scale
in the Gulf of California, no genetic population
differentiation has been observed (Perez-Enriquez et al.
2018b). As expected, the genetic diversity analysis has
consistently shown a larger diversity of the wild
population over cultivated stocks (Perez-Enriquez et al.
2018a, 2024b, Knibb et al. 2020).

Further population genomics studies on the species
are needed to identify adaptive genetic variants that
respond to environmental changes (Matur et al. 2023).
Adaptive variations have been shown in other marine
invertebrates such as the American lobster Homarus
americanus (Benestan et al. 2015), the pink abalone
Haliotis corrugata (Mares-Mayagoitia et al. 2021), and
the tiger shrimp P. monodon (Vu et al. 2021).

Genetic characterization of breeding stocks

The domestication of Pacific whiteleg shrimp started in
the 70's in different parts of the American continent
(FAO 2009, INAPESCA 2021) and consolidated in the
90's in the USA with the production of postlarvae from
SPF broodstock (Wyban 2019). Since then, the
established stocks have required dedicated breeding
management. The genetic characterization of each
breeding line and monitoring their genetic diversity and
relatedness between lines are critical components of
breeding programs.

Awareness of the existing genetic diversity within a
closed breeding population informs decisions on stock
management strategies, such as whether to increase
genetic variation or cross different lines. A lack of
genetic diversity can diminish the population's response
to environmental stress and pathogens (Dixon et al.
2008). Similarly, inbreeding must be closely controlled
to avoid inbreeding depression (Moss et al. 2007);
inbreeding increases homozygosity and the probability
of expression of deleterious alleles (Tave 1993).

Great interest has been shown in assessing the
genetic composition and diversity of cultivated P.
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Table 2. Linkage maps reported in Pacific whiteleg shrimp Penaeus vannamei. 1Only one linkage map for both sexes was reported. 2Two linkage maps for both sexes
were reported. 3Sex average.

Number of  Distance between Map length (cm) Number of % Genome coverage

Authors Genetic Marker markers markers (cm) pieng linkage group 0 9

Female/male Female/male Female/male Female/male Female/male
Pérez et al. (2004) AFLPs 212/182 17.1/15.6 2771/2116 51/47 62/59
Alcivar-Warren et al. (2007)* Microsatellites 48 22.1 663 14 -
Zhang et al. (2007) AFLPs, microsatellites 319/267 15.1/14.5 4,134.4/3,220.9 45/45 75.9/69.6
Du et al. (2010) SNPs 418/413 - 2,071.1/2,130.2 45/48 48.27/37.25
Andriantahina et al. (2013a)!  AFLPs, microsatellites 451 7.6 3,313.90 49 72.63
Gongcalves et al. (2014)? AFLPs 98 and 59 - - 14 and 4 -
Yu et al. (2015) SNPs 4,396/4,201 1.29/1.46 5,657.42/6,143.95 44/44 97.49/97.71
Jones et al. (2017) SNPs 4,817° 0.973 4,530.6/4,522.3 44/44 98.128
Peng et al. (2020) SNPs 11,543/10,276 0.60/0.60 6906.78/6164.79 44/44 -

Chen et al. (2022) SNPs 3,335 1.186 3954.46 48 -
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vannamei in the world [e.g. Brazil (De Freitas & Galetti
2005, Freitas et al. 2007, Luvesuto et al. 2007, Lisboa-
Silva et al. 2022), Cuba (Artiles et al. 2011, Pérez-
Beloborodova et al. 2012), China (Zhang et al. 2014,
2023, Ren et al. 2018), Ecuador (Garcia & Alcivar-
Warren 2007, Garcia et al. 2021), and Mexico (Cruz et
al. 2004, Perez-Enriquez et al. 2009, 2018c, 2024b,
Vela-Avitla et al. 2013)]. Most of these studies have
used microsatellite markers, with only the most recent
studies using SNP markers (Perez-Enriquez et al.
2018c, 2024b, Garcia et al. 2021, Lisboa-Silva et al.
2022). The results have been markedly different
between studies; some hatcheries reported no
significant loss of variability between generations
(Cruz et al. 2004, Luvesuto et al. 2007, Perez-Enriquez
et al. 2009); others reported considerable levels of
inbreeding (Zhang et al. 2014) or on the contrary, low
levels of the inbreeding coefficient (Ren et al. 2018).
The difference in genetic diversity between hatcheries
depended mainly on the diversity of the founder stock
and the breeding program's management (Benzie
2009).

Considering that the decrease of genetic diversity in
a Pacific whiteleg shrimp hatchery can occur in only a
few generations (Dixon et al. 2008), restoring genetic
diversity can be a necessary management practice.
Restoring genetic diversity can be done via i) the
introduction of wild animals as broodstock to the
hatchery with the concomitant loss of genetic gains
when it is done after the program starts, ii)
crossbreeding with broodstock from a different
hatchery or other genetic lines. In addition, intra-family
selection schemes, in which individual pedigree is
traced through molecular markers, are recommended to
avoid loss of genetic variability.

Traditionally, the comparison between hatchery-
reared stocks and wild populations has shown, as
expected, genetic differentiation between them and
higher genetic diversity in wild populations (Perez-
Enriquez et al. 2009, 2018a, Mendoza-Cano et al. 2013,
Vela-Avitla et al. 2013, Knibb et al. 2020). In contrast,
recent evaluations have shown high similarity among
some hatchery-reared stocks and wild populations in
Mexico, indicating that there might be some non-
programmed introductions of wild-origin individuals
into the hatcheries (Perez-Enriquez et al. 2024b). While
the introduction of wild animals can rapidly increase
genetic variability, the sanitary status (quarantine and
specific pathogen evaluation) has to be carefully
considered because the introduction and lack of control
of diseases have been attributed to the use of wild
broodstocks (Briggs et al. 2004). Additionally, as the

introduction of wild individuals may have a detrimental
effect on traits that have already been selected in
cultivated stocks, potentially setting back the breeding
program several generations, the use of this strategy to
increase diversity should be carefully planned by
selecting the broodstock that better behaves under
hatchery conditions (e.g. acceptance of artificial feeds,
tolerance to handling, best sperm and egg production,
among others).

The alternative of crossing different aquaculture
stocks also requires a previous genetic evaluation to
assess if the cultured animals are sufficiently
genetically divergent. Studies in P. vannamei have
shown genetic differences between hatcheries with
different possible origins (Perez-Enriquez et al. 2018c,
2024b, Ren et al. 2018). Knibb et al. (2020) considered
sufficient genetic variation in aquaculture stocks
available in different countries to restore genetic
variation to a wild baseline. They suggested using
different domesticated stocks rather than stocking
organisms from the wild.

As a final note, the characterization of aquaculture
and wild populations will enable stock identification for
traceability purposes, either to identify escapes from
farms to the wild (Perez-Enriquez et al. 2018a) or to
trace shrimp products throughout the commercial
chain, fundamental to enforcing biosecurity and
protecting wild shrimp populations.

Genetic architecture of aquaculture relevant traits

The study of the genetic architecture refers to the study
of the genomic regions and genes controlling variation
in a target trait (Martinez et al. 2014). Whether a certain
trait is explained by the large effects of one or few
genes or has a polygenic nature, i.e. is controlled by
many loci, each with a small effect, will determine the
strategy for implementing genomic information into
aquaculture breeding (Palaiokostas & Houston 2017).

Quantitative trait loci (QTL)

The statistical method that links phenotypic data and
genotypic data is known as association analysis, and
significant associations pinpoint the position of QTL
(Miles & Wayne 2008). In the shrimp P. vannamei,
QTL analyses have successfully identified candidate
genetic markers/genes for relevant phenotypic traits
such as low-temperature tolerance (Lu et al. 2023),
growth-related traits (e.g. body weight and length,
partial carapace length (PCL), first and third abdominal
segment depth) (Andriantahina et al. 2013a, Huang et
al. 2020, Janpoom et al. 2020, Chen et al. 2022, Lu et
al. 2023), nitrite tolerance (Peng et al. 2020), ammonia
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tolerance (Janpoom et al. 2020, Zeng et al. 2020), high
pH tolerance (Huang et al. 2020), low-salinity tolerance
(Chen et al. 2022), and sex-related traits (Du et al. 2010,
Yu et al. 2017, Jones et al. 2020, Perez-Enriquez et al.
2020). Although no specific QTL has been reported for
disease resistance in P. vannamei, Yin et al. (2023)
reported that the length of a (CT)n microsatellite
located in the P. vannamei interferon regulatory factor
gene (LVIRF) influences the resistance against bacterial
and viral pathogens. Even though disease resistance in
aquaculture species is usually described as of polygenic
nature, noteworthy exceptions have been reported such
as for infectious pancreatic necrosis (IPN) in Atlantic
salmon (Houston et al. 2008, 2010, Moen et al. 2009)
or tilapia lake virus (TiLV) in Nile tilapia (Barria et al.
2021) where major QTL was detected; in the case of
IPN, successful selection of resistant individuals has
heavily diminished IPN-associated mortality in
breeding programs (Houston et al. 2010, Moen et al.
2015). Whether QTLs can be present in P. vannamei
for any relevant diseases is a topic that deserves further
investigation.

Genome-wide association studies (GWAS)

GWAS are useful for understanding the genetic basis
of traits of interest (i.e. the genetic architecture of the
trait). A GWAS test for the statistical association of
genetic markers distributed along the genome with a
trait showing variation in a population will highlight the
most important genomic regions controlling that trait.
The availability of high-density SNP panels has
allowed the popularization of these studies in
aquaculture. GWAS reveals whether the genomic
architecture of a trait is polygenic, controlled by many
genetic variants with small effects, or mono/oligogenic,
with a few QTL with major effects (Hayes & Goddard
2010). Knowing the genetic architecture of a trait can
lead to selection strategies within a breeding program.
Monogenic or oligogenic traits can be selected using
marker-assisted selection, while genomic selection is
better for traits with polygenic architecture (Hayes &
Goddard 2010, Palaiokostas & Houston 2017, Zenger
etal. 2019).

In the Pacific whiteleg shrimp, recent GWAS have
focused on growth traits, resistance to pathogens and
environmental factors, and sex determination (Table 3).
Growth traits studies have shown a polygenic
architecture with medium-high heritability and
identified various potentially associated markers in
several genomic regions, such as the PCK-delta and
Rap-2a genes (Yu et al. 2019), a class C scavenger
receptor gene (LVSRC) (Wang et al. 2019b), the

deoxycytidylate deaminase (dCMPD) and the non-
receptor protein tyrosine kinase (NPTK) genes (Lyu et
al. 2021).

A GWAS for resistance to white spot syndrome
disease (WSSV) (survival and time of death) showed a
polygenic architecture and identified several SNPs,
some of them potentially associated with immune
response genes (e.g. arylsulfatase B-like, D-beta-
hydroxybutyrate dehydrogenase mitochondrial-like,
the putative mediator of RNA polymerase Il
transcription subunit 26). These SNPs explained 0.17
and 0.36% of the genetic variance for survival and time
of death traits, respectively (Medrano-Mendoza et al.
2023).

A GWAS for ammonia nitrogen tolerance, another
economically important trait in P. vannamei aqua-
culture, revealed seven candidate genes (PDI, OZF,
UPF2, VPS16, TMEM19, MYCBP2, and HOX7), which
may be useful for future breeding programs of the
species (Fu & Liu 2022).

Potentially associated markers have been reported
for sex. Yuetal. (2017) reported a large region in LG18
with significant association; however, none of the
markers in this region showed complete association
with sex in other populations. Jones et al. (2020)
reported a monogenetic architecture with a high
heritability (h?=0.84) and 11 SNPs associated with sex
in one linkage group (LG42,44). The most significantly
associated SNP presented genotypes very consistent
with the sex-determination system of P. vannamei, with
heterozygote females and homozygote males, which
indicates proximity to a sex-determination locus;
nevertheless, none of the sex-related genes that are
known to be present in the P. vannamei [fem-1 and SxI;
(Lopez-Cuadros et al. 2018, Galindo-Torres et al.
2019)] are located inthe QTL region (Jones et al. 2020).

Fecundity is particularly important to hatcheries for
the commercial production of postlarvae (Arcos et al.
2004, Sui et al. 2022). Sui et al. (2022) identified
several significant SNPs in 20 different chromosomes
and 121 potentially associated genes with fecundity
regulation.

Future work on GWAS should certainly be directed
towards disease resistance due to the great impact on
production [e.g. the WSSV and the AHND cost >
US$11 million and > US$26 million, respectively, to
the Asian shrimp industry in 2015 (Shinn et al. 2018)].
Commonly described as polygenic traits (Wang et al.
2017, Gutierrez et al. 2018, Holborn et al. 2018,
Robledo et al. 2018a, 2019, Medrano-Mendoza et al.
2023), GWAS can be a useful approach to understand
their genetic basis and implement better breeding pro-
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Table 3. Genes associated to relevant traits from genome-wide association studies (GWAS) in P. vannamei. !Suggestively
associated markers, non-significant after Bonferroni correction. 2Significant at genomic level. *Significant at chromosome

level.

Trait

Reference

SNPs associated

Genes of interest

Body weight

Yuetal. (2019)

47 SNPs!

-Hypothetical protein X975_01911
-Protein FAM186A isoform X1

-E3 ubiquitin-protein ligase HECW?2
-Glutaminase kidney isoform, mitocondrial
-Ras-related protein Rap-2a

-Protein kinase C delta type

Wang et al. (2019b)

226 SNPs!

-LVSRC (Class C scavenger receptor SRC)

Lyu et al. (2021)

4 SNPs

-Deoxycytidylate deaminase
(dCMPD)

-Non-receptor protein
tyrosine kinase (NPTK)

Body length

Yu etal. (2019)

52 SNPs!

-Beta-2 adrenergic receptor

Sex

Jones et al. (2020)

11 SNPs

None identified

Garcia et al. (2024)

21 SNPs

-Oplophorus-luciferin 2-monooxygenase
-Serine/arginine repetitive matrix protein
-Spermine oxidase

Disease resistance (white
spot syndrome virus)

Medrano-Mendoza et
al. (2023)

2 SNPs?

-Arylsulfatase B-like

-GDNF-inducible zinc finger protein 1-like
-D-beta-hydroxybutyrate

dehydrogenase mitochondrial-like
-Putative mediator of RNA polymerase

9 SNPs?

-Histone acetyl transferase KAT6A-like

-Zinc finger protein 346-like

-Proline-rich protein PRCC-like

-Leucine-rich repeat transmembrane neuronal protein
4-like

-Beta-1,3-galactosyltransferase 5-like
-Selenocysteine lyase-like

-Protein SMG9-like

-26S proteasome non-ATPase regulatory subunit 2-
like

-Zinc finger protein 395-like

-THO complex subunit 2-like

-Glycine, alanine and asparagine-rich protein-like
-Glycine-rich protein 5-like

-Keratin, type | cytoskeletal 10-like
-Risilkin-39-like

-Keratin, type 1l cytoskeletal 3-like
-Acanthoscurrin-1-like

-RNA polymerase Il elongation factor ELL-like
-Filaggrin-2-like

-Exocyst complex component 1-like

- Putative uncharacterized protein

YHR217C

Ammonia nitrogen
tolerance

Fu & Liu (2022)

6 SNPs

-E3 ubiquitin-protein ligase MYCBP2-like
-Protein disulfide-isomerase-like

-Zinc finger protein OZF-like

-Regulator of nonsense transcripts 2-like
-Vacuolar protein sorting-associated protein 16
homolog

-Transmembrane protein 19-like

-Homeobox protein Hox-B7-like
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grams for its improvement. Nevertheless, disease
resistance has been commonly measured as a binary
trait (survival) and time of death, which may not be the
best measurement parameters. For this reason, other
quantitative variables, such as viral load (Phuthaworn
et al. 2016) or immune-response-associated parameters,
should be explored.

In addition, other relevant traits for aquaculture
production, such as those associated with environ-
mental tolerance (e.g. temperature and hypoxia), need
further investigation.

Genomic selection (GS)

Traditional breeding programs use individual selection,
family selection, or combined selection schemes where
the selection of candidates is based on phenotypic data
of pedigreed records, which are used to obtain
estimated breeding values (EBV); the EBVs are used to
rank animals and select the best for breeding (taking
into account relatedness to minimize inbreeding). In
traits that cannot be measured directly on candidates,
for example, disease resistance or carcass traits, the
EBVs of the selected candidates are based on
phenotypic data of their relatives (e.g. full siblings or
progenitors), and all the members of a family share the
same EBV.

In recent years, genomic data, generally high-
density SNP panels, has been used for calculating
EBVs in selection programs, a strategy known as GS
(Meuwissen et al. 2001). A training population, formed
by relatives of the selected candidates with genotypic
and phenotypic data, is used to calculate the genomic
estimated breeding values (GEBV) of the candidates
only using genotypic data.

GS has several advantages for breeding programs: it
increases the rate of genetic gain due to a more accurate
prediction of breeding values, allows a higher intensity
of selection by harnessing the genetic variation within
families, reduces the rate of inbreeding per generation
(Daetwyler et al. 2007), and enables early selection
using phenotypic data of the relatives of the candidates.
Song et al. (2023) thoroughly reviewed the research
progress on GS in aquaculture breeding, suggesting
improved strategies based on better phenotyping
techniques, reducing costs, considering genotype by
environment interactions, and integrating multi-omics
data.

In P. vannamei, the reliability and feasibility of GS
have been studied. For growth traits (body weight and
body length), different factors that could affect the
accuracy of GS have been tested, such as selection
models, marker density, or population structure (Wang

et al. 2017a,b), finding that different genomic selection
models show similar results; on the other hand, the
genetic relatedness between the reference and the
validation population has a large impact on GS
accuracy (Wang et al. 2017b). Regarding marker
density, Wang et al. (2017b) concluded that for growth
traits with moderate or high heritability (0.321-0.452),
a set of 3,200 SNPs distributed along the genome can
be sufficient to estimate breeding values accurately
using GS.

Another study focusing on one growth trait and two
feed efficiency traits (Dai et al. 2020) demonstrated that
genomic-based methods obtain more accurate breeding
values than pedigree-based methods. Furthermore, the
prediction accuracy was even higher when the model
included the common environmental effect, from 11.6
to 69.4%, depending on the trait.

As previously mentioned, disease resistance is an
important trait for P. vannamei. The implementation of
GS is even more relevant for traits that cannot be
measured in the selection candidates (e.g. carcass
quality) or are not recommended for breeding, such as
disease-challenged animals due to the risk of
introducing pathogens into SPF stocks (Villanueva et
al. 2011, Castillo-Juérez et al. 2015, Zenger et al. 2019).
The potential of GS for disease resistance in P.
vannamei was first determined with simulated data,
where the survival estimates in a disease challenge can
be presumably 2.6x better with GS than with only
phenotypic data, which was attributed to an increase in
selection accuracy (Castillo-Juarez et al. 2015). When
GS was applied with experimental data, the prediction
accuracy was increased for resistance against Vibrio
parahaemolyticus (6.8 and 3.5% for survival time and
survival rates, respectively; Wang et al. 2019a) and
WSSV (Campos-Montes et al. 2023). In addition,
improvement of survival against WSSV by GS in one
generation has been demonstrated to range from 38 to
51% (Lillehammer et al. 2020).

For environmental traits, tolerance to high salinity
(survival time, lethal salinity, and survival status)
showed an increase of 1.4-12.1% in prediction accuracy
(Luo et al. 2022).

Even though the application of GS in P. vannamei
has been evaluated on experimental conditions and
simulated data for some economic traits and showed
great potential for enhanced production, its application
in the shrimp industry seems to be limited,; it is unclear
how many companies currently apply GS in shrimp
production conditions, but some have already reported
its use, specifically Benchmark Genetics (https://
bmkgenetics.com/services/shrimp/; Lillehammer et al.
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Table 4. Summary of genomics resources applications, status, and future perspectives in P. vannamei.

Genomic resource

Applications

Status

Future perspectives

SNPs markers and
genotyping

Genetic markers are basic
resources for most of the
genetic studies such as
genetic diversity, genetic
characterization, parentage
assignment, genome-wide
association studies (GWAS),
genomic selection, and more.

SNPs markers are available with
different genotyping techniques
that have been used for genetic
characterization of wild
populations (3.1) and breeding
stocks (3.2), identification of
quantitative trait loci (QTL)
(3.3.1), GWAS (3.3.2), and
potential application of genomic
selection (3.4).

-ldentification of adaptative
variants

-SNPs markers for genetic
traceability.

-Further studies focus on
understanding the genetic basis
of important traits, such as
disease resistance and
environmental tolerance are
still needed.

-Efforts on cost-effective
genotyping tools for genomic
selection in breeding programs.

Reference genome

Tool for genetic studies to
understand the genetic
architecture of traits, the
function of sequences in the
genome, evolutionary studies,
among others.

Important improvement has been
achieved in the construction of a
new genome assembly, but a
complete genome reference is
still needed (the most complete
genome assembly covers 79-84%
of the genome).

-Focus on a complete genome
assembly using new long-read
sequencing projects.
-Inter-institutional
collaboration for a genome
assembly project.

-Map and annotate genes in the
genome for regulatory
elements.

Genetic linkage
map

To understand recombination
rates, the genetic architecture
of traits for example to
identify potential quantitative
trait loci (QTL), aid in
assembling chromosome-
level genomes.

High-density linkage maps
distributed over the 44 expected
linkage groups (LG) that aim in
the identification of potential
QTL are available. Nevertheless,
some inconsistencies are present
between genome assembly
chromosomes.

-Improve marker mapping and
gene annotation over the more
recent genome assemblies.

2020), Kona Bay (https://www.konabayshrimp.com/
en/shrimp-breeding; Van der Pijl 2020) and Texcumar
(http://www.texcumar.com/). Further official reports
on this matter are advisable.

A critical limitation to the widespread application of
GS is the cost of genotyping many animals. It can
represent a substantial cost for shrimp aquaculture
because, unlike other species, the individual value of
the animals is low. For example, the approximate price
for a specific pathogen-free shrimp breeder in 2019 was
~US$55 (Van der Pijl 2020).

Another issue is the limited incorporation of
specialized personnel within the shrimp industry,
principally in medium-sized producers. Nevertheless,
to cope with demand in the current sociopolitical and
environmental context, the shrimp industry must
overcome these limitations and embrace genomic

selection to maximize production efficiency and
minimize environmental impact.

CONCLUSIONS

Despite being one of the most important aquaculture
species worldwide, the development and application of
advanced genomic resources in P. vannamei is a field
that requires attention (Table 4). Particularly, a new
high-quality genome assembly would be massively
beneficial for both research and production efforts,
contributing to the continued understanding of the
genetic architecture of relevant traits in aquaculture
production (e.g. growth, disease resistance, feed
efficiency) by genome-wide association studies. The
genetics of wild and domesticated populations have
been well studied, but reviewing the genetic structure
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of wild populations with high-density SNPs, including
adaptive loci, will clarify their genetic structure and
enable stock identification for traceability purposes.
Likewise, even though the genetic architecture of
several traits of interest has been studied, genome
association studies for disease resistance and
environmental tolerance are needed to understand the
biological processes involved and to improve these
traits in breeding programs. Despite that the potential
for selection wusing genomic tools has been
demonstrated, genomic selection is not yet widely
applied, and novel, cost-effective genotyping tools,
especially for small-medium producers, are still needed
to ensure its rapid implementation, resulting in benefits
for food security and the environment.

Finally, we expect this review to be useful for
academics and shrimp producers who want to improve
their production using available genetic and genomic
resources.
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