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ABSTRACT

Genetics and Biotechnological modifications have the potential to enhance the quality and quantity of the aquaculture and
fisheries sector. By using these tools scientists are Bio prospecting the beneficial trait related genes like improved fish
growth, better immune defense system against common diseases in aquaculture. It is having Importance in Artificial Harmon
productions, production of uniparental & polyploidy individuals. Improvement of mono sex fishes like tilapia, transgenesis
with the help of molecular biology, biotechnology in aquaculture nutrition; health managements & production of marine

natural products
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Introduction:

Aguaculture and fisheries plays a vital role in sea food
production and broader food industry. The growing global
demand for seafood, coupled with increasing reliance on
marine and aquaculture resources, has placed significant
pressure on these sectors. This necessitates the adoption of
innovative approaches to enhance productivity, significantly
by using genetic and biotechnological tools. Indian fisheries
and aquaculture sectors are not only crucial for food security
but also contribute approximately 1.06% to the agriculture
GDP.recent statistical data indicates a sustainable rise in fish
production, reaching an estimate of 17.454million metric
tonnes(MMT)in 2023-2024,which accounts for the 8.3%
growth rate(hand Book of Indian fisheries). Genetic and
biotechnology offer significant potential to improve
aquaculture practices. Techniques such as the use of
synthetic hormones for year round seed production by using
induced breeding; development of transgenic fish with
enhanced traits and conservation of valuable fish species
gene banking are being explored by cryopreservation
techniques; furthermore the Producing uniparental and
polyploidy fish types contributes to efficient breeding
strategies and improved yield; these advancements also
supports better health management and disease resistance in
aquaculture. For better production strategies; health and
disease management. These genetic manipulations and
Biotechnological applications have the capacity to improve
the fish protein and production.

Genetics: it is the study of genes, heredity and their effects
on living organisms (FAO given definition 2020).in the
context of aquaculture, genetic and biotechnological
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research primarily targets the commercial traits responsible
for accelerated growth rate, enhanced disease resistance,
reproductive efficiency, and environmental adaptability in
aquatic organisms.

Biotechnology: encompasses the use of biological systems,
organisms, or their components to develop or modify
products and processes for specific human benefits (FAQ,
2020).In aquaculture biotechnology, the tools are employed
to improve productivity, sustainability, and product quality.

Need for biotechnology and genetics in aquaculture

The integration of biotechnology and genetics is essential for
advancing aquaculture. These tools play a critical role in
improving fish health, enhancing production efficiency and
ensuring sustainability. Their tools and applications support
selective breeding, disease diagnostics, transgenesis, and
germplasm conservation, thereby addressing both current
and future challenges in the aquaculture sector.

Biotechnology in cultivated seafood

Invitro cultivation of seafood from commercially fish under
the controlled aseptic lab conditions is at current it gaining
its importance it can be done with the help of cell based
seafood production, gene modifications, and bioreactor
systems.in which producing the seafood from the tissue
samples of the organisms this technique is mostly for the
sustainable environment and reducing the use of animal
resources, reducing fish waste, it is also able to enhance the
nutrients in the cultured seafood by adding additional
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nutrients and there is no quality reduction and microbial
contaminations as these technique uses all aseptic lab
conditions. This meat is safe and efficient for consumers, as
this practice is more common in countries such as
Singapore, Europe, the Netherlands, and Spain. The meat
produced by using this technique is also known as LAB-
GROWN MEAT.

Biotechnology in the marine ecosystem

it is recently emerging sector, marine biotechnology is the
application of biotechnology for study, conservation and
management of the marine resources, it uses the marine
organisms, seaweed, algae, microbes to produce the novel
compounds like the drugs, medicines, pharmaceuticals and
bioactive = compounds  like  aplidine,  bryostatin,
discodermolide, menzaminea A, trabectidin and zinconotide
and different processes those are beneficial for mankind by
using bio prospecting ideas. These have the capacity to treat
cancer, anti-inflammatory, anti-microbial activity, and anti-
fungal. Among microbes, marine actinomycetes are a rich
source of antibiotics.

Ex: actinomycin, streptomycin.
Biotechnology in developing cell line

Biotechnology play a main role in development of specific
fish cell lines.it is also promoted by the FAO,as fish cell line
are used for the broad range of applications like
toxicological  tastings, wvaccine development, drug
testings,monoclonal antibody production, study of the cell
specific funtions,gene characterization and expression

Major biotechnological
aquaculture and fisheries

and genetic tools used in

» polyploidy maintenance

It refers to the increase in the number of sets of
chromosomes. It is also one of the techniques to enhance
aquaculture production. On the other hand, triploidy and
sterility help in Conservation and preventing the mixture of
genetic material of experimental fish with natural stock, kind
of programs, respectively (Galbreath & Thorgaard, 1994).
Sterile fish has less quality deterioration problems.

EX: Pacific Salmon (Purdam, 1985; McGeachy, Benfey, &
Friar, 1995).

e It produces completely sterile individuals
e Increases the growth and survival.

¢ High-quality fish meat

e producer new hybrid varieties
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» Gynogenesis/androgenesis

Gynogenesis it is the process of developing of an embryo
from an egg after penetrating with a spermatozoa by making
its nucleus inactive.it helps in production of all female
population. Natural gynogenesis found in Caracius auratus
and Mollinesia Formosa

Anodrogenesis is also same as gynogenesis but here
fertilizing the nucleus inactivated egg with normal
spermatozoa.it helps in production of all male population.

Ex: there are few species common carp (Cyprinids),
cichlids, salmonoide are produced by Androgenic
techniques.

In these two cases the inactivation of the nucleus and genetic
material (DNA) can be performed with the help of DNA
radiation technique in sperm & head/cold shock technique in
egg.in these cases invitro fertilization will be carried out by
using micro injection and electroporation. The gynogenic
animal are used for the increasing the additive genetic
variance and specific uniformity in the produced organisms
(Bijma, vanAren donk & Bovenhuis1997).Along with pros it
also having cons; those are it gives deleterious & lethal
effect in 2" round gynogenesis in double haploid progeny
and developmental instability. It is a kind of risky technique
in most of cases. But this technique used for developing
quantitative trait locus (QTL) Mappings. This techniques are
beneficial for breeding programs of Carp, tilapia & rainbow
trout etc.

» Cryopreservation:

It is also a biotechnological technique, it is a long-term
process in which storage and preservation of gametes
(spermatozoa, egg, and embryo) of fin fish and shell fish at
very low temperatures, like -196°c. In liquid nitrogen.
Because at this temperature all biological, physiological,
biochemical activities of the gametes are arrested, it allows
long-term survival. Many shellfish species embryos are
successfully cryopreserved, but there is no proper success
related to fin fish. The stored semen, egg and embryo are
used for future research and analysis. Cryopreservation is a
resolution technique for hermaphrodite (male and female
with different maturation period) fishes which allows for
selective breeding and stock management strategies for
Biodiversity conservation (Harvey, 1996).In India, the
National Bureau of Fish Genetic Resources (NBFGR) is
cryopreserving the aquatic germplasm datasets and gene
banking.
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» Genomics:

It a combine genetic and biotechnological tool for the study
of entire genome of an organism by utilizing the features of
genetic mapping and whole DNA sequencing by using
PacBio RS Il SYSTEM.At present, tilapia, zebra fish,
mrigal, hilsa shad, Atlantic salmon, catla, and Indian white
shrimp (NBFGR, CIBA, and FAO official websites) have
been sequenced. These sequencing data help in Marker
Assisted selections in breeding programs of these organisms.
In functional genomics the technique like “microarrays” are
used for finding gene expression and sequence
polymorphisms as these having huge importance in
aquaculture biotechnology. Most of functional genomic
studies are used for analyzing the transcriptome expression.

Ex: Salmon microarray for assessing disease resistance in
salmon.

» Genetic modification:

This is type of genetic engineering technique in which the
genetic material is altered by inculcating the beneficial new
set of genes. The organisms produced by this process are
called as genetically modified organisms (GMOs).

Finally, scientists have made it possible to produce
genetically modified carp, tilapia and salmon, but to date, no
GM fish has been approved for food and commercial use.

Current status of biotechnological applications:

Recent advances in biotechnology have significantly
impacted the aquaculture industry, aligning with the
increasing global demand for seafood. Techniques such as
gynogenesis, androgenesis, monosex population production,
and cryopreservation are now widely utilized. These
applications have enhance breeding efficiency and improved
genetic quality and preservation of germplasm resources.

Recent advances in fisheries by Biotechnology & genetics

Integration of biotechnology with genetics has significantly
accelerated advancements in aquaculture and fisheries,
promoting sustainable development in the sector.
Biotechnological tools are crucial for identifying and
combining commercially important traits such as disease
resistance, rapid growth rate, environmental adaptability,
and to increase the production and quality of seafood.

Key areas of Biotechnological application in aquaculture
include the use of synthetic hormones for induced breeding
programs, the production of transgenic fish, gene banking
for the conservation of germplasm, polyploidy induction for
enhanced growth and sterility, and health management
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through improved disease resistance. Together, these
innovations enhance breeding efficiency, ensure year-round
seed production, and contribute to the long-term
sustainability of the aquatic food system.

» Induced breeding:

Induced breeding is a foundational biotechnological
technique in aquaculture, first developed in the 1950s. It
remains one of the most widely applied innovations in fish
hatchery operations nowadays. This technique centres on the
administration of Gonadotropin-releasing hormone (GnRH),
which stimulates the pituitary gland to release luteinizing
hormone (LH) and follicle-stimulating hormone (FSH),
thereby initiating the spawning process. (Schally et al 1973).

Currently, several commercial analogues of GnRH, along
with synthetic allomones and pheromones, are available in
the market and are extensively used in large-scale induced
breeding programs. These analogues are particularly used in
overcoming the breeding challenges posed by the absence of
natural spawning in hatchery conditions during the non-
monsoon season. Recent advances involve the application of
recombinant DNA technology and protein engineering to
produce synthetic analogues of natural hormones. These
bioengineered hormones, such as ovatide, ovapel, and ova
prime, are more potent and consistent in their action
compared to natural hormones, enabling efficient
introduction of spawning even at a lower rate.
(Chattopadhyay N.R. 2016)

New research going on Kisspeptin because it is found as the
regulator of breeding in many fishes; as the synthetic
kisspeptin is useful for enhancing fish reproductive rate
(Ohga et al,2018). these innovations have enhanced the
reliability, control, and scalability of seed production,
significantly contributing to the growth and sustainability of
aquaculture.

EX: Ovaprim, Ovatide, OWA FH for Induced breeding
technology, it is completely based on hypophysation
(Chaudhary, H & Alikunhi K.H 1957).

» Development of transgenic fish:

Transgenic fish are produced by introducing foreign genes
or DNA into the host genome, resulting in the expression of
beneficial traits in the recipient organism. This technique has
been successfully applied in finfish, shellfish, mollusks, and
crustaceans. The first transgenic goldfish was developed by
Zhu et al. in 1985 in China for enhanced growth
performance.

A notable example is the development of Atlantic salmon by
AquaBounty Technologies, where an antifreeze protein gene
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(AFP) from trout and a growth hormone gene from Chinook
salmon were introduced into the genome of Atlantic salmon.
This genetically modified salmon, marketed as "Aqua
Advantage', demonstrates faster growth and greater feed
efficiency.

Gene transfer in transgenic fish is commonly achieved
through microinjection and electroporation techniques.

Transgenic fish have the potential to improve several key
traits, including:

e Enhanced feed efficiency,

e Improved disease resistance and stress tolerance,

e Increased growth rate, and

e Regulation of sexual maturation via the endocrine
system.

» Genetic Engineering

Genetic  engineering in  aquaculture often involves
chromosomal manipulation to induce polyploidy (triploid or
tetraploid) and to produce uniparental fish. These
manipulations are valuable tools for both research and
practical applications in aquaculture and fisheries
management.

Polyploidy is typically induced by exposing fertilized fish
eggs to physical or chemical treatments during the early
developmental stages, which prevents normal chromosomal
division. This leads to the production of sterile fish, a
condition desirable in many aquaculture systems to control
reproduction and allocate more energy toward somatic
growth.

Biotechnology in Aquatic health management

Molecular and biotechnological tools have significantly
advanced fish health management. Techniques such as PCR,
RT-PCR, and ELISA are widely employed for the rapid
detection of fish pathogens, facilitating early disease
diagnosis and control.

Biotechnological innovations have enabled the development
of vaccines, nutraceuticals, antibiotics, and
immunostimulants, all of which contribute to enhanced
immune responses in aquatic organisms. For instance,
immunostimulants such as B-glucan and levamisole have
been shown to enhance phagocytic activity and stimulate
specific antibody production (Saki, 1999).
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New Biotechnological Innovations in Aquaculture
» Improved feed quality and Nutrition

Modern  biotechnological interventions support the
formulation of nutritionally balanced feeds by incorporating
additives like anabolic steroids, thyroid hormones, and
growth promoters. For example, microencapsulation
techniques are used to deliver targeted feeds, including fish
meal, mussel meal, and salmonid fish feed, which are
especially designed for the larval and juvenile stages of
carnivorous species.

» Regulation method of chemical oxygen demand
(COD)

High COD levels in aquaculture ponds are typically caused
by the accumulation of organic matter. To mitigate this,
biotechnological approaches include:

Biofertilization using nitrogen-fixing organisms like blue-
green algae (e.g., Azolla spp.),

Green manuring strategies to improve nutrient cycling and
support sustainable fish production.

» Mono sex production:

Monosex culture is a genetic and biotechnological strategy
employed to enhance growth uniformity and control
reproduction. This is particularly useful in species like
Genetically Improved Farmed Tilapia (GIFT), developed by
the World Fish Center (ICLARM), where all-male
populations exhibit superior growth performance.

In practice:

Male tilapia fry are treated with androgens (e.g., 17a-methyl
testosterone) to induce masculinization.

e This approach ensures that all-male populations are
obtained, thereby avoiding unwanted breeding and
improving overall productivity.

e The all-female population can be formed by the fish fry
that are fed with 17p-estradiol benzoate

» Genetics In Aquaculture

Genetic techniques have demonstrated considerable potential
in advancing aquaculture. Hybridization, for instance, is a
widely employed approach wherein beneficial traits from
two parent species are combined to improve performance
traits. A notable example includes the successful
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hybridisation of freshwater and marine water sturgeons,
which has resulted in enhanced growth rates in freshwater
environments.

» Inbreeding and Crossbreeding techniques

Inbreeding involves mating between closely related
individuals to fix desirable traits. This approach increases
homozygosis for targeted genes, thereby stabilising
beneficial traits in successive generations. However,
excessive inbreeding may lead to inbreeding depression,
characterised by reduced fitness and vitality.

Crossbreeding, on the other hand, involves mating between
genetically distinct individuals or species. This method is
often used to exploit heterosis or hybrid vigour, which
enhances traits such as growth rate, feed efficiency, and
survival. A practical example includes the hybrid catfish
developed by crossing Clarias gariepinus with Clarias
macrocephalus.

» SELECTIVE BREEDING:

Selective breeding is a structured genetic tool used to
improve desirable phenotypic and genotypic traits in
aquaculture species. It involves selecting brood stock that
exhibit superior characteristics such as enhanced disease
resistance, faster growth, improved body colouration, and
better survival and breeding them over successive
generations. Molecular markers are often used to help
identify and propagate these traits.

Examples of species that have benefited from selective
breeding programs include Jayanti rohu, common carp,
salmon, sea bass, and GIFT tilapia. Selective breeding has
also played a crucial role in developing strains with
enhanced resistance to specific pathogens, thereby
contributing to more resilient aquaculture systems.

Commercial applications of Biotechnology in fisheries
and aquaculture

Biotechnology offers transformative potential in the fisheries
sector through the enhancement of growth, disease
resistance, and reproductive traits. Core applications include
genetic manipulation, transgenic fish development, marker-
assisted selection, and advanced breeding programs. These
tools collectively enable the production of high-performance
fish stocks with superior feed efficiency, flesh quality, and
resilience to environmental stressors. Molecular biology in
fisheries. Practical applications extend to year-round seed
production, improved meat quality, efficient brood stock
management, and the conservation of valuable germplasm.
Innovations in biotechnological tools also support disease
diagnostics, vaccine development, and health management
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protocols,  contributing sustainable

aquaculture practices.

significantly  to

The aquaculture sector is increasingly oriented toward
achieving high productivity while maintaining sustainability.
Present-day priorities include the production of genetically
improved fish seed, integrated disease management
strategies, and the optimization of water and soil quality.
Effective implementation of biotechnology in these areas is
expected to drive forward the goals of eco-efficient and
economically viable aquaculture.

» Molecular Biology in Fisheries

Molecular biology plays a pivotal role in the genetic
improvement of fish, conservation of aquatic genetic
resources, disease diagnosis, stock identification, vaccine
development, and monitoring of antibiotic resistance. A
range of molecular markers is employed for these purposes,
including variable number tandem repeats (VNTR), random
amplification of polymorphic DNA (RAPD), single
nucleotide polymorphisms (SNPs), amplified fragment
length polymorphisms (AFLP), restriction fragment length
polymorphisms (RFLP), and simple sequence repeats (SSR).
These markers are instrumental in mapping quantitative trait
loci (QTLs), conducting phylogenetic analyses, enabling
marker-assisted selection (MAS), and facilitating DNA
barcoding for species identification.

» Biotechnology in differentiation of hybrids fish seeds

Accurate identification of hybrid fish species at early
developmental stages is a major challenge in hatchery
operations. This is particularly critical for maintaining
species purity and enhancing productivity in aquaculture
systems. To address this issue, researchers at the Central
Institute of Brackishwater Aquaculture (CIBA) developed a
molecular diagnostic kit capable of distinguishing between
Labeo rohita and Labeo calbasu during their larval stages
(Swain, 2020). This innovation demonstrates the value of
biotechnology in improving seed quality and traceability in
aquaculture.

» Metagenomics:

Metagenomics involves the study of microbial communities
and their interactions based on genomic DNA. In
aquaculture, this approach is increasingly utilized for
pathogen detection, microbial diversity assessments, disease
surveillance, and monitoring growth performance in aquatic
organisms. It provides insights into the microbial ecosystems
of aquaculture systems and supports early disease diagnosis
and improved management strategies.
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The primary aim of integrating met genomics in this context
is to harness genetic and biotechnological tools for
promoting sustainable aquaculture and fisheries through
advanced molecular approaches.

» Marker assisted selection (MAS):

Marker-assisted selection is a molecular breeding technique
that identifies and tracks genes associated with economically
important traits such as growth rate, flesh quality, and
disease resistance. The use of molecular markers in MAS
significantly enhances the precision and efficiency of
selective breeding programs in aquaculture.

» Conservation of biodiversity:

Genetic tools are pivotal in biodiversity conservation. They
facilitate population structure analysis, species identification,
and the assessment of genetic diversity in wild and cultured
fish stocks. These insights support the formulation of
conservation strategies and the management of fish genetic
resources.

» CRISPR-Cas9 technology:

RISPR-Cas9 (Clustered Regularly Interspaced Short
Palindromic Repeats) is a revolutionary gene-editing tool
derived from bacterial defense mechanisms. It enables
precise editing of target DNA by introducing double-strand
breaks at specific locations, allowing insertion, deletion, or
replacement of genetic material.

In aquaculture, CRISPR-Cas9 has been employed for:

e Knocking out undesirable genes.
e Introducing genes associated with disease resistance.
e Enhancing reproductive sterility in breeding programs.

Example: CRISPR-Cas9 has been successfully applied to
integrate antimicrobial genes into catfish, demonstrating its
potential for improving disease resistance and production
traits in aquaculture species.

» Assessing aquatic diversity by environmental(eDNA)

Environmental DNA (eDNA) refers to genetic material shed
by organisms into their surrounding environment, such as
water or sediment. eDNA can be detected in various aquatic
habitats, including ponds, rivers, and coastal zones, without
the need for direct capture of organisms. This method
involves collecting water samples and analyzing the genetic
material using sensitive molecular techniques such as
quantitative PCR (qPCR) and droplet digital PCR (ddPCR)
to detect and quantify specific species.
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Reference databases are employed to match eDNA
sequences with known species, enabling the assessment of
species presence or absence and estimation of biodiversity.
Despite its relatively high cost and limited application in
some fisheries, eDNA is a promising tool for monitoring
aquatic ecosystems, including the detection of rare or
invasive species, and for assessing the distribution, diversity,
and abundance of aquatic organisms.

Transformation in aquaculture and fisheries: genetic
based interventions

Genetic and biotechnological interventions play a pivotal
role in transforming aquaculture and fisheries by enhancing
productivity, sustainability, and resilience. Key tools include
selective breeding, genome editing (e.g., CRISPR-Cas9),
and genetic marker-assisted selection. These technologies
facilitate improvements in traits such as growth rate, feed
efficiency, disease  resistance, and environmental
adaptability.

Aguaculture is currently one of the fastest-growing food
sectors, supplying essential animal protein to over 3.3 billion
people. The integration of genetic innovations is crucial to
meet the increasing global demand for sustainable
aquaculture products. This transition toward genetically
informed practices is necessary to ensure long-term food
security and environmental sustainability in aquatic food
systems.

Socio-Economic  Consideration of Genetic and

Biotechnological Tools.

The application of genetic and biotechnological tools in
aquaculture is often limited by their high cost, technical
complexity, and the requirement for specialized expertise.
These constraints can restrict access, particularly in
developing countries. Moreover, the introduction of
genetically improved strains may result in the displacement
of indigenous species and traditional fish farming practices,
especially when these improved strains are not adapted to
local environmental conditions.

International trade in genetically modified fish is also facing
challenges, as delays and regulatory uncertainties may lead
to economic losses. Furthermore, the development and
commercialization of such fish entail significant investment
in time and resources. Uncontrolled release or accidental
escape of genetically modified fish into natural ecosystems
poses ecological risks, including gene flow to wild
populations and unintended expression of transgenes in non-
target species.
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Ethical Considerations of Biotechnologically Improved
Fish.

The ethical implications of producing genetically modified
fish primarily concern ecological balance, biodiversity, and
responsible use of natural resources. The release of
genetically engineered fish may disrupt native gene pools
and potentially lead to the proliferation of invasive species.
Ethical frameworks such as the 3Rs: Replacement,
Reduction, and  Refinement should guide all
biotechnological practices in aquaculture.

Strict adherence to biosafety and ethical guidelines is
essential in both research and commercial contexts.
Additionally, it is crucial that stakeholders, including
farmers and consumers, are adequately informed about the
origin, benefits, and risks associated with genetically
modified fish before adoption or consumption.

Conclusion:

The application of genetic and biotechnological tools in
aquaculture is often limited by their high cost, technical
complexity, and the requirement for specialized expertise.
These constraints can restrict access, particularly in
developing countries. Moreover, the introduction of
genetically improved strains may result in the displacement
of indigenous species and traditional fish farming practices,
especially when these improved strains are not adapted to
local environmental conditions.

International trade in genetically modified fish is also facing
challenges, as delays and regulatory uncertainties may lead
to economic losses. Furthermore, the development and
commercialization of such fish entail significant investment
in time and resources. Uncontrolled.

The integration of genetic and biotechnological tools in
aquaculture and fisheries has significantly advanced the
sector by improving productivity, sustainability, and
resilience to disease. Techniques such as selective breeding,
marker-assisted selection (MAS), CRISPR-Cas9 gene
editing, and met genomics have opened new avenues for
enhancing economically important traits, conserving
biodiversity, and improving fish health and feed efficiency.

Molecular biology approaches, including DNA barcoding
and quantitative trait loci (QTL) mapping, have facilitated
species identification, disease resistance screening, and
hybrid differentiation thereby ensuring the quality of fish
seed and the success of hatchery operations. Environmental
DNA (eDNA) and reference datasets now enable efficient
monitoring of aquatic biodiversity and ecosystem health.
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However, socio-economic and ethical concerns remain
critical. High implementation costs, the potential loss of
indigenous  genetic resources, biosafety issues, and
regulatory uncertainties pose challenges to widespread
adoption. Additionally, ethical considerations regarding gene
editing, environmental release, and potential disruptions to
natural gene pools must be carefully addressed.

In conclusion, while genetics and biotechnology offer
transformative potential for sustainable aquaculture, their
responsible application must be guided by sound scientific
practices, robust regulatory frameworks, and active
stakeholder engagement to ensure long-term ecological and
economic viability.
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