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ABSTRACT

This paper reviews the crucial role of applied genetics in sustainable aquaculture, focusing on several key
dimensions: genetic management, disease resistance, nutrition, and resource conservation. The application of
genetics facilitates the selection and enhancement of aquatic species, enhancing productivity and fostering
greater resistance to diseases. This is a pivotal consideration in environments where pathologies can lead to
population decline. The article goes on to explore advanced techniques such as assisted genetic selection and
gene editing, which facilitate the identification of desirable traits, improving the health and growth of
organisms. These tools optimize production and promote animal welfare, as well as adaptation to changing
environmental conditions, thus contributing to the sustainability of the sector. The article also explores the
relationship between genetics and nutrition, highlighting how genetic enhancement can influence feed efficiency
and the quality of the final product. This is crucial to minimize resource loss and maximize profitability. The
article concludes with a discussion of the economic and ecological benefits of implementing sustainable genetic
practices. The conclusion of the article asserts that the implementation of applied genetics is an innovative
and necessary strategy to ensure the long-term viability of aquaculture, thereby helping to address global
challenges such as climate change and overexploitation of natural resources.
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1. INTRODUCTION

Aquaculture, a food industry with a notable
degree of growth in recent decades, has undergone
substantial expansion since 1990. During the period
spanning from 1990 to 2020, the total global
aquaculture sector experienced a 609% surge in
annual production, exhibiting an average annual
growth rate of 6.7% (FAQO, 2020). However, the sector
is confronted with substantial challenges pertaining
to sustainability and production efficiency, which
have led to a gradual decline in the average annual
growth rate from 9.5% during the period 1990-2000
to 4.6% during the period 2010-2020. The rate of
growth further slowed in recent years, reaching 3.3%
per year from 2015 to 2020 (FAO, 2020).

Globally, more than 600 species of fish are farmed
in aquaculture. This encompasses both freshwater
and saltwater fish species, with a total distribution of
494 distinct species, 7 fish hybrids, 94 species groups
identified at the genus level, and 57 species groups
identified at the family level or higher (FAO, 2000).

Aquaculture has undergone significant expansion
to meet the mounting global demand for fish,
encompassing a diverse array of species with varied
nutritional requirements and farming methodologies
(Gonzales, 2002). As the global demand for high-
quality protein continues to rise, the need to enhance
productivity =~ without compromising natural
resources becomes paramount. In this context, the
responsible use of genetics emerges as a promising
alternative to address these challenges (Berger, 2020).

The employment of genetic techniques in
aquaculture has facilitated substantial advancements
in the enhancement of farmed species. These
techniques encompass a wide range of approaches,
from the conventional practice of genetic selection to
the more recent development of genome editing.
These methodologies have proven to be effective in
increasing growth rate, improving disease resistance,
and optimizing adaptation to variable environmental
conditions (FAO, 2009). For instance, genetic
selection has been employed with success in species
such as turbot and sea bass, leading to notable
enhancements in economic and health-related
characteristics (Martinez, 2012; Montero et al., 2023).
The advent of genome editing, facilitated by
technologies such as CRISPR/Cas9, has engendered
novel prospects for the precise modification of
specific genes, thereby enhancing resilience against
parasites like lice in sea salmon populations. (Vera,
2022). However, despite these advancements,
numerous farmed species continue to exhibit
substantial genetic similarity to their wild
counterparts, indicating significant potential for

enhancing production through genetic enhancement.

In summary, the integration of genetic techniques
in aquaculture not only improves the efficiency and
sustainability of production, but also these efforts are
transforming aquaculture into an activity aligned
with market demands and environmental challenges.
Collaboration between industry, administration, and
research centers is essential to continue advancing in
this field and to make the most of the potential of
genetics applied to aquaculture. This article delves
into the various applications of genetics in
aquaculture, their associated benefits, and the
prospects for this industry.

2. FUNDAMENTALS OF GENETICS

In 1866, Gregorio Mendel published the results of
his experiments, which demonstrated that biological
inheritance could be explained and predicted by a
series of laws. Despite its initial publication, it was
not until the late nineteenth century that Mendel's
laws were rediscovered, owing to the discovery of
chromosomes and their behavior during cell
division, as well as the increased use of mathematics
in biology. This development marked the genesis of
a novel scientific discipline, which, in 1906, came to
be known as Genetics.

The Chromosomal Theory of Inheritance, also
known as the Mendelian Theory of Genetics,
represents a subsequent theoretical breakthrough
that is associated with genetic mapping (Casanueva
et al., 2008).

The Law of Uniformity stipulates that the mating
of two pure lines that differ in a specific trait result in
F1 individuals exhibiting the same phenotype,
irrespective of the direction of crossbreeding (Smith,
2023).

The Law of Segregation: Also known as the Law
of Independent Distribution, it states that, during the
formation of gametes, the alleles of a gene separate or
segregate independently of each other. This law is
fundamental in Mendelian genetics and explains
how alleles for a given trait are randomly distributed
in the offspring (Hartl et al., 2021).

The Law of Independent Combination,
alternatively, stipulates that the alleles of a gene do
not interact during the process of gamete formation.
This law posits that, during the process of gamete
formation, the alleles of distinct genes are distributed
independently of one another. This principle
underscores that the inheritance of one trait is not
contingent upon the inheritance of another, and that
alleles from distinct genes amalgamate randomly in
the offspring (Griffiths et al., 2020). These laws are
applicable in many fields, including aquaculture,
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where they can be used to improve the production
and quality of aquatic species.

2.1. Genetic Improvement

The integration of genetic tools with biological
principles in various disciplines of aquaculture
facilitates the augmentation of genetic variation
within hydrobiological organisms, irrespective of
species, with the objective of ensuring the
identification of superior specimens based on
genealogical records and data analysis. This
approach utilizes reproductive techniques to
replicate the genetic material and to select the most
suitable specimens within their respective groups.

2.2. Selection and Genetic Improvement Techniques

Selective breeding is a technique that involves the
selection and cross-breeding of individuals with
specific genetic characteristics to enhance traits such
as growth, disease resistance, and feed efficiency.
This technique is predicated on the evaluation of the
performance and characteristics of the parents and
the selection of those with the greatest genetic
potential. Charo et al. (2006) evaluated the
effectiveness of selective breeding in Oreochromis
niloticus, demonstrating significant improvements in
several traits of aquaculture importance. In the case
of tilapia, the researchers implemented a selective
breeding program over several generations, with a
focus on selecting individuals with higher growth
rates and resistance to diseases. The results
demonstrated that, after five generations of selective
breeding, the selected fish exhibited growth rates that
were 15-20% higher than those of the unselected
individuals. The study concluded that selective
breeding is highly effective in improving productive
traits, contributing to greater profitability and
sustainability in aquaculture systems.

Hybridization, defined as the crossbreeding of
individuals from different species to combine
advantageous traits, such as increased growth,
disease resistance, or tolerance to adverse
environmental conditions, is a key component of
aquaculture. This process has been shown to
improve productivity and efficiency in farmed
species, such as tilapia and carp. Furthermore,
hybrids frequently exhibit heterosis, which is defined
as superior performance in comparison to their
parental species. However, effective management is
imperative to avert potential challenges related to
adaptability or the erosion of genetic biodiversity
within natural ecosystems. A notable example is the
red tilapia, which is the result of hybridization
between several species of the genus Oreochromis,

such as mossambicus, niloticus, aureus, and
hornorum. Its coloration, reminiscent of highly
commercial fish such as red snapper, has spurred
hybridization programs that have led to the
development of new lines, thereby enhancing their
suitability for aquaculture (Campo, 2003; Camero et
al., 2018).

Genetic enhancement in fish has undergone
substantial progress in recent years, propelled by the
necessity to augment the efficiency of aquaculture.
This progression is associated with the evolution of
conventional methods towards high-precision
instruments based on modern biotechnology
(Ponzoni et al., 2005). Initially, fish selection was
based on phenotypic criteria, that is, on selecting
individuals with physical characteristics, for
example, larger, healthier individuals or with better
reproductive characteristics. While these
rudimentary methods yielded satisfactory outcomes
in certain aspects of population enhancement, they
were contingent on natural genetic variability and
did not consider the impact of specific genes (Bentsen
et al., 2002). The advent of quantitative genetics
subsequently enabled a more scientific approach.
Through recurrent selection, farmers initiated a
systematic cross-breeding process, targeting the
optimal individuals within each generation, thereby
progressively enhancing sought-after traits, such as
growth or disease resistance. However, this approach
was implemented only after the fact and was
constrained by the inherent limits of visible genetic
variability (Martinez et al., 2009; Gjedrem et al., 2012).

3. BIOTECHNOLOGY AND MOLECULAR
GENETICS

The transformative impact on  genetic
improvement was precipitated by the advent of
biotechnology and genomics (Liu, 2007).

Beginning in the 1990s, marker-assisted selection
(MAS) introduced a paradigm shift in the field of
aquaculture, leveraging genetic information to
identify and select the optimal broodstock from a
given population. These techniques have contributed
to a reduction in the environmental impact of
aquaculture, enhancing the sustainability and
productivity of farmed species, including salmon,
tilapia, and carp. This approach also facilitated the
identification of specific genes or DNA segments
associated with traits of interest, thereby enabling the
selection of broodstock with greater precision.
Subsequent advancements in DNA sequencing
technologies have enabled researchers to map the
complete genome of aquatic species of commercial
interest, thereby facilitating the adoption of genomic
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selection, a method that utilizes information from
thousands of genetic markers to more accurately
predict the genetic outcomes of each cross (Pérez et
al.,, 2010; Yafiez, et al., 2010; Gjedrem, 2012; Yafiez, et
al., 2015).

Genomic sequencing and analysis techniques

Sanger sequencing was used to study DNA
fragments and obtain basic genetic information from
species such as tilapia and salmon. However, this
technique has recently been used by Gaffney et al.
(2021) who compare whole genome sequencing and
genetic variability in cod. Likewise, it has been used
to determine genetic variability in species of
commercial interest (Li et al., 2017; Carreiro et al,,
2023).

The advent of next-generation sequencing (NGS)
platforms, such as the [llumina and Ion Torrent, has
enabled the sequencing of entire genomes and
transcriptomes, leading to the identification of
crucial genetic variations (SNPs and CNVs). These
variations have enhanced the efficacy of marker-
assisted selection (MAS) and genomic selection (GS)
programs (Franco et al.,, 2021; Kumar et al., 2017).
These techniques enabled more precise selection of
individuals with desirable traits, such as rapid
growth and disease resistance (Lu et al., 2020).
Subsequently, third-generation sequencing,
exemplified by technologies such as PacBio and
Oxford Nanopore, ushered in a paradigm shift
within the field by generating longer DNA reads,
thereby facilitating the assembly of complex
genomes and the study of structural variations.
These techniques have also been useful for
metagenomics and epigenetic studies, expanding the
ability to analyze microbial communities and gene
regulation in response to environmental factors.
These innovations have not only facilitated a more
profound genetic understanding of aquatic species
but also enabled the optimization of their production
and sustainability in global aquaculture (Kumar et
al., 2022). Applications of CRISPR and gene editing
in aquaculture.

The advent of gene-editing tools such as CRISPR-
Cas9 has facilitated the direct modification of genes
in fish's DNA, thereby expediting the breeding
process. This has led to notable advances, such as fish
with greater disease resistance and better feed
conversion, without relying exclusively on selection
based on natural crosses (Luo et al., 2022; Yang et al.,
2022; Li et al., 2014).

Ohama et al. (2020) used CRISPR-Cas9-based
gene editing and determined a 17% increase in
skeletal muscle in juveniles of Pagrus major.
Concurrent findings have been documented in Salmo

Salar by Edvardsen et al. (2014) and Andersson et al.
(2024).

In this regard, the selection of fish for genetic
enhancement has progressed from rudimentary
phenotypic assessments to advanced techniques
underpinned by genomics and gene editing. These
advancements have led to substantial improvements
in aquaculture yields, enhancing the efficiency,
speed, and sustainability of the process while
concurrently mitigating the risks associated with
inbreeding and safeguarding the genetic biodiversity
of the cultivated species.

4.CONSERVATION OF
RESOURCES

GENETIC

4.1. The Importance of Genetic Diversityiln Fish
Populations

Genetic diversity is imperative for the adaptation,
survival, and ecological stability of fish populations.
Greater genetic variability enables species to better
cope with environmental changes, such as variations
in temperature, salinity, or food availability
(Mancera et al., 2013; Hermoza et al., 2021).
Furthermore,  genetic  diversity = has  been
demonstrated to reduce the likelihood of diseases
severely affecting a population, as certain genetic
variants can confer resistance (Tibihika et al., 2020).
Conversely, the loss of biodiversity, attributable to
overexploitation, pollution, or the introduction of
exotic species, can diminish the resilience of aquatic
ecosystems and elevate the risk of extinction for
certain species (Lieke et al., 2020; Pinsky et al., 2014).
Consequently, the conservation of genetic diversity
emerges as a pivotal element in the sustainable
management of fisheries resources.

4.2. Strategies for the
Aquaculture Species

Conservation of

Biogenetic strategies for the conservation of
aquaculture species prioritize the preservation and
augmentation of genetic diversity, ensuring the
resilience of populations to environmental threats,
diseases, and climate change (Camarena 2024).

Cryopreservation of genetic material: The
freezing and storage of gametes (sperm and eggs),
embryos, or even tissues allow the genetic diversity
of endangered aquaculture species to be preserved.
This technique is valuable for future genetic
restoration programs, ensuring the availability of
genetic material even in the event of a dramatic
decline in natural populations (Bustamante et al.,
2019).

Genetic Resource Banks (GRBs), in conjunction
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with Assisted Reproductive Technologies (ART),
have the potential to mitigate biodiversity loss and
promote sustainable development. GRBs encompass
the collection, processing, storage, and application of
germplasm (semen, eggs, embryos, tissues) and other
biomaterials (blood products, DNA samples)
(Medina et al., 2020). The primary function of GRBs
is to preserve viable genetic material over extended
periods and at low temperatures. They serve as
pivotal instruments in the conservation and
repopulation of threatened or endangered species, as
well as in the enhancement of commercial species
with limited genetic diversity. The most prevalent
method employed in these cryobanks is
cryopreservation in liquid nitrogen (Martinez et al.,
2017; Guaje et al., 2023). Recent studies have
demonstrated the efficacy of this technique. For
instance, Calizaya et al. (2023) observed that there
were no significant differences in the percentage of
fertilization of fresh semen and cryopreserved semen
in the species Colossoma macropomum.

Biotechnology and gene editing. The advent of
sophisticated tools such as CRISPR has rendered
feasible the modification of the DNA of aquaculture
species, thereby introducing disease resistance genes
or enhancing their capacity to adapt. Despite the
potential of this technique, it is imperative to exercise
caution in its application to mitigate the possibility of
unintended ecological consequences and to adhere to
established ethical and environmental regulations
(Dunham, 2023).

Genetic monitoring of populations: The genetic
diversity of natural and cultivated populations can
be assessed using DNA sequencing and other
technologies. This information is crucial for
identifying populations at risk of genetic diversity
loss and for developing interventions to conserve
them (Pandey et al., 2021).

Murillo et al. (2023) identified high levels of
genetic diversity in the snapper Lutjanus guttatus.
They also found that there is no evidence of
differentiation into genetic subpopulations, which in
fisheries management is considered a single
panmictic population. These results were acquired
through the use of microsatellites for population
monitoring. Concurrently, Diaz et al. (2023)
identified the genetic connectivity of L. guttatus
between Mexico and Panama.

The genetic characterization and monitoring of
stocks are used in both fisheries and aquaculture. In
Cuba, Pérez et al. (2017) employed four loci
microsatellites to characterize six stocks of
Litopenaeus vannamei utilized for aquaculture.

To put it succinctly, the implementation of genetic

monitoring for fish populations can facilitate the
optimization of management strategies, contribute to
the preservation of their natural habitats, and
encourage the adoption of fishing practices that are
more sustainable in the long term.

4.3. Genetics and Disease Resistance

In the context of aquaculture, the development of
disease resistance has emerged as a critical.

Table I. Some References of Genetic Improvement
Applications for Resistance to Pathogens.

Application Pathogen Species | Authors
Marker-assisted | Infectious Pancreatic Salmo | Godoy et
selection (MAS) | Necrosis Virus (IPNV) |  Salar |al.,, (2022)

Traditional Oreochrom |Sanchez et

Streptococcus iniae

genetic selection is niloticus | al. (2022)

Identifying SNP| . .. . . | Oncorhync |Rodriguez
Piscirickettsia salmonis )
Markers hus mykiss| (2017)
White spot syndrome | Penaeus Castro

Genome editing

virus (WSSV) vannamei | (2024)

Genetic Herpesvirus Koi Cyprinus | Jiaetal,
mapping (Khawar) carpio (2020)
hi P 1 L,
Heritability White spot syndrome enaeus |Calaeta

virus (WSSV) vannamei | (2021)

In the context of aquaculture, the development of
disease resistance has emerged as a critical concern,
given the significant impact that various bacterial,
viral, and parasitic diseases can have on production
outcomes. The development of resistant fish varieties
is imperative to ensure the sustainability and
profitability of the aquaculture industry.

Genetic methodologies are employed to study
disease resistance in fish. These methodologies
include techniques such as marker-assisted genetic
selection (MAS), which uses genetic markers to
identify individuals with desirable characteristics,
such as disease resistance (Herrera, 2022).
Furthermore, genome-wide association studies
(GWAS) are employed to identify genetic variants
associated with resistance, thereby providing
insights into the implicated genes (Costas et al.,
2024). Next-generation sequencing (NGS) techniques
facilitate comprehensive analysis of entire genomes,
thereby simplifying the identification of pertinent
mutations (Cabrera et al., 2023).

Gene editing methodologies, such as
CRISPR/Cas9, are employed to modify specific
genes that can confer resistance to pathogens,
thereby creating new opportunities for enhancing the
health and welfare of fish populations and
crustaceans in aquaculture (Marin, 2021). These
methodologies were evaluated in hydrobiological
species (Table 1). The findings indicate the potential
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for successful genetic enhancement of these
characteristics, presenting a viable strategy for
managing these pathologies. By concentrating on
genetic selection and modification, it is feasible to
cultivate more disease-resistant fish populations,
which would enhance the overall health of crops and
potentially diminish reliance on chemical treatments
and antibiotics. This approach is predicated on the
promotion of more sustainable practices in
aquaculture and the potential for increased
productivity and profitability in the long term.
Furthermore, by addressing the underlying causes of
disease susceptibility, genetic enhancement can
contribute to the resilience of populations to future
environmental and pathological challenges.

4.4. Nutrition and Genetics

The interaction between genetics and nutrition in
fish is intricate and bears significant ramifications for
the domains of aquaculture and conservation. A
comprehensive understanding and optimization of
this relationship can result in more efficient and
sustainable practices, thereby enhancing fish health
and welfare (Pérez, 2022).

The gut microbiota, being a dynamic component
of the organism, adapts to environmental conditions
and interacts with the genetic profile of the organism,
influencing various aspects such as growth, health,
and disease resistance (Peredo et al.,, 2024). These
intricate interactions underscore the necessity of
incorporating microbiota considerations into genetic
enhancement programs, as a balanced microbiota has
been shown to enhance gut health and, consequently,
productive performance (Ofa et al., 2020).

Conversely, the efficacy of functional foods,
which are formulated to promote health, can vary
depending on the genetics of the fish. For instance,
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