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Abstract

	India is leading country in promotion of biosciences, accelerating the pace of development in biotechnology in broad areas of agriculture, health care, animal sciences and environment. Worldwide, in food production enormous challenges exist in agriculture and allied sciences to meet the growing demand of food for around 9 billion world’s population. The deficit in world food production can met with alternative food resources to feed the billion mouths. While considering aquatic resources, the cultivated seafood production system emerged as an alternative source of smart protein in food production system with quality fish production. Considering the advancements in aquatic food production system genetic application in fisheries and aquaculture India plays a vital role in blue revolution mission.  The   success has been achieved in fish breeding programme by selecting healthy and genetically superior broodstocks based on desirable traits such as growth rate, disease resistance, and fecundity. The induced breeding with use of hormones or other techniques lead to breed the fish successfully. The success of gene transfer improved the economical important species help in producing fast growing individuals with introduction of foreign growth hormones gene in modiﬁed fish. The work on chromosome manipulation and gene transfer research witnessed big success in tissue culture system and production of   new genetic material. Promotion of fish research aquatic organisms likely to switch over to commercial production in more valuable commercial species. In improvement of fish the use of synthetic hormones in fish breeding, production of monosex, uniparental and polyploidy individuals used to produce triploids, tetraploidy, haploids, gynogenic and androgenic using    molecular biology and fish transgenics. The genetic engineering techniques lead to transgenic fish with high productivity and profitability. India is making accelerated developments in aquaculture and sustainability improvement. 
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1. Introduction

In recent years, the global aquaculture industry has witnessed remarkable growth for   vital source of protein with high quality products for a human population. The growth of the sector is due to technological advancements resulting into blue revolution in aquaculture by developing high yielding fish and shellfish varieties. Aquaculture is the fastest growing food production sector system globally recognized system as a vital food production system for growing human population (FAO, 2020. FAO, 2012). The sector is globally recognized for meeting the rising demand for seafood as the wild fish stocks are declining. Genetics and biotechnology provide powerful tools to enhance aquaculture productivity and resilience, making the industry more environmentally friendly and economically viable. The application of these technologies focuses on improving key traits in farmed species, optimizing nutrition, and reducing environmental impacts, thereby ensuring sustainable development. The selective breeding programs have successfully improved growth rates in species like Atlantic salmon and Nile tilapia and as much as 10-18% per generation was observed. Modern techniques like gene editing techniques like  CRISPR-Cas9 applied for rapid and precise modifications of growth-related genes, such as myostatin (mstn), resulting in faster-growing fish that reach market size sooner. As the genetic selection offer a more sustainable solution by breeding fish with natural resistance to common pathogens like sea lice or viral diseases. DNA vaccines, developed through biotechnology reducing the reliance on antibiotics and chemicals in fish health management and welfare. Feed is typically the largest operational cost in aquaculture. Therefore the reliance on fishmeal and fish oil from wild stocks is a major sustainability concern. Genetic selection for improved FCE means fish can convert feed into body mass more efficiently, requiring less feed to reach market size. Biotechnology aids to support in developing alternative plant-based feed ingredients and feed enzymes that enhance nutrient digestibility, thus reducing production costs and nutrient pollution from waste in water bodies. Genetically improved stocks can be developed to be more resilient to environmental stressors like temperature fluctuations or low oxygen levels, which are becoming more common due to climate change. Biotechnology helps prevent the potential ecological risks of escaped farmed fish by inducing sterility through chromosome set manipulation (triploidy) or gene editing, thus safeguarding wild populations               and local biodiversity. Thus genetics and biotechnology are fundamental to the                   future of sustainable aquaculture. Scientific advancements in aquaculture genetics have significantly strengthened the sector’s capacity to produce healthier, faster-growing, and more resource-efficient fish. These innovations enable the industry to respond to the rising global demand for seafood while reducing pressure on wild fish stocks, minimizing environmental impacts, and enhancing long-term resilience and food security. As capture fisheries plateau or decline in many regions, aquaculture has emerged as one of the fastest-growing sources of animal protein worldwide, playing a critical role in global nutrition and livelihoods.

Despite this progress, the lack of improved genetic strains remains a major constraint in the production of high-quality seed. Many aquaculture systems still rely on unimproved or poorly characterized broodstock, resulting in inconsistent growth performance, lower feed efficiency, higher disease susceptibility, and variable product quality. This genetic limitation restricts productivity gains and increases production risks, particularly in small- and medium-scale operations.

In response, initiatives focused on genetic enhancement have gained prominence as strategic tools to improve productivity, efficiency, and sustainability in aquaculture. Selective breeding programs, marker-assisted selection, and genomic tools are increasingly being employed to develop strains with desirable traits such as faster growth rates, improved feed conversion ratios, enhanced disease resistance, better flesh quality, and tolerance to environmental stressors such as temperature fluctuations and salinity changes. These improvements contribute directly to climate-resilient aquaculture systems by enabling species to adapt to changing environmental conditions.

Selective breeding, in particular, has demonstrated substantial cumulative gains over successive generations without the ecological concerns often associated with transgenic approaches. At the same time, advances in genetic engineering and genome editing technologies, such as CRISPR-based systems, hold potential for more precise trait improvement, although their application requires careful regulatory oversight, biosafety evaluation, and public acceptance considerations.

Overall, genetic improvement programs contribute to resource efficiency by reducing feed inputs per unit of production, lowering mortality rates, and decreasing reliance on chemotherapeutic agents. This not only enhances economic profitability for farmers but also reduces the environmental footprint of aquaculture operations. Consequently, sustained investment in genetic research, broodstock management, and responsible innovation is essential to ensure that aquaculture continues to evolve as a sustainable and climate-resilient pillar of global food security.

2. Methods Adopted

Extensive reviews were made to understand fish biotechnology and aquatic sciences research practiced in India and various parts of the countries globally known. Fish biotechnology applications in genetic modification leading to productivity, marketability and customer acceptability.  Conventional techniques such as selective breeding, marker-assisted selection (MAS), quantitative trait loci (QTL) mapping, and environmental DNA (eDNA) were assessed for optimization of production traits, and long-term sustainability. Various technologies on genetic manipulation of desirable traits viz; disease resistance, growth performance, fillet quality, and environmental adaptability reviewed including the work on chromosome manipulation research and development. The information gathered on data classification and grouping, ecological and resource management, organic farming, and discussed the issues and relationships to understand the comprehensive and holistic approach in sustainable aquaculture development. Relevant literature on review referred from journals, books, and research reports.

3. Detailed Review

In Indian aquaculture system improvement of strains with faster growth rates enhances production efficiency in husbandry practices. Fish genetics and biotechnology meets these challenges with new opportunities in cultivated seafood as an alternative protein source for human consumption and high value products. Aquaculture production has been continuously increasing over the last few decades which shows progressive growth in allied agriculture sector. It has shown progressive growth and has become one of the fastest growing allied agriculture sector. It is estimated that about 16 million tons of fish will be required to feed the growing population of India by 2025(Rasal et.al, 2017). Over the decades, the use of biotechnology overtook conventional techniques using synthetic hormones in fish breeding to produce triploidy, tetraploidy, haploidy, gynogenic and androgenic fish.  The techniques in molecular biology and transgenics supports the aquaculture nutrition and health management ultimately in the enhancement of                    aquaculture production and productivity. The                   selective breeding helpe in   enhancement of traits capable of growth rate, disease resistance, and environmental adaptability for aquaculture growth in farmed food production sector globally (FAO, 2020). The yield of cultivated species and wild fish are dwindling in per unit of land and water increasingly raised concern for growing demand of seafood overcoming with serious challenges of disease outbreaks, environmental impact, and improved genetic traits with growth and climate changes.  Indian major carps,                 the most commercial fish species is highly demanding by the consumers due to their taste and flesh. Among the species, rohu is one of the most preferred fetches a higher price in the market (Roy et al., 2013). The genetic improvement contributed to sustainable aquaculture practices requiring less feed and produce less waste, minimizing output in aquaculture operations (Gjedrem, 2000). The selective breeding programme in India   lead to develop strains which grows faster. The improved genetic strains that can utilize nutritional quality of farmed fish with increased levels of omega-3 fatty acids and other beneficial nutrients   lead to healthier seafood products for consumers. 

Genetic enhancement in aquaculture plays a critical role in developing strains with innate resistance or tolerance to common pathogens, thereby reducing the frequency and severity of disease outbreaks and minimizing dependence on chemical therapeutics and antibiotics. Disease resistance breeding has become a priority in many aquaculture improvement programs, as infectious diseases remain one of the primary constraints to sustainable production. Strains with improved immune responsiveness and pathogen tolerance not only enhance survival rates but also contribute to reduced environmental contamination from chemotherapeutic use and lower production costs (Houston et al., 2020).

In addition to disease resistance, genetic improvement programs aim to enhance tolerance to environmental stressors such as elevated temperatures, hypoxia, and fluctuating water quality parameters—conditions that are becoming increasingly prevalent under climate change scenarios. Selectively bred strains with improved stress physiology and metabolic efficiency are better equipped to maintain growth and productivity under suboptimal environmental conditions. Such resilience supports stable production levels and strengthens the sustainability of freshwater aquaculture systems.

In India, freshwater aquaculture is dominated by major carps, particularly catla (Catla catla), rohu (Labeo rohita), and mrigal (Cirrhinus mrigala), which together contribute approximately 70% of total freshwater fish production. Additionally, exotic species such as silver carp (Hypophthalmichthys molitrix), grass carp (Ctenopharyngodon idella), common carp (Cyprinus carpio), and various catfish species account for 25–30% of aquaculture output (Chaudhari and Alikunhi, 1957). Selective breeding programs targeting these species have demonstrated improvements in growth rate, feed conversion efficiency, and tolerance to fluctuating water conditions. Genetically improved individuals often exhibit enhanced metabolic processes and stress tolerance mechanisms, enabling them to adapt efficiently to ecosystem challenges. These traits contribute to higher production efficiency, optimal growth performance, and reduced environmental stress, while also supporting greater adaptability to changing climatic and ecological conditions. Among Indian consumers, rohu (Labeo rohita) is one of the most preferred freshwater fish species, particularly in states such as Andhra Pradesh, West Bengal, and Odisha. In carp polyculture systems, farmers commonly stock approximately 90% rohu and 10% catla to align with consumer demand and market preferences. Given its strong market value, relatively good growth performance in multispecies culture systems, and comparatively lower susceptibility to certain diseases, rohu has emerged as a prime candidate species in selective breeding programs. Continued genetic improvement of rohu is therefore strategically important for enhancing productivity, ensuring economic viability for farmers, and promoting climate-resilient freshwater aquaculture systems in India.

Carp species constitute a major component of freshwater aquaculture across South and Southeast Asia. Among these, rohu (Labeo rohita) is extensively cultivated in India (Gjerde et al., 2002; Mahapatra et al., 2007). Other important species include silver barb (Puntius gonionotus) in Bangladesh and Thailand, and common carp (Cyprinus carpio) in China, Indonesia and Vietnam (Hussain et al., 2002). The sustained expansion of carp culture in these regions has been closely associated with the implementation of structured selective breeding programmes aimed at enhancing growth performance, survival and overall production efficiency.

In selective breeding of common carp (Cyprinus carpio), particular attention has been given to the comparative evaluation of communal versus separate family rearing systems. The choice between these approaches is a critical determinant of genetic progress, accuracy of selection, operational feasibility and economic efficiency. Each system influences the estimation of genetic parameters and the effectiveness of selection within breeding programmes (Ninh et al., 2011). Separate family rearing generally improves the precision of genetic evaluation, whereas communal rearing may reduce costs and simplify management, thereby presenting a trade-off between accuracy and economic viability.

In India, a landmark genetic improvement programme for rohu (Labeo rohita) was                     initiated in 1992 at the ICAR–Central Institute                 of Freshwater Aquaculture (ICAR-CIFA), Bhubaneswar, Odisha, in collaboration with the Institute of Aquaculture Research (AKVAFORSK), Norway. The base population was established using five wild river strains and one farm-reared stock in order to maximise genetic diversity (Reddy et al., 2002). Rohu was selected as a model species for genetic improvement, although early evaluations indicated relatively slower growth in polyculture systems compared with other carp species. Consequently, breeding objectives were refined to enhance growth performance while maintaining adequate survival rates across multiple field trial locations.

After eight generations of selection, the improved rohu strain, designated ‘Jayanti’, was formally released during the Swarna Jayanti commemorating the 50th anniversary of Indian independence. Jayanti rohu demonstrated an average genetic gain of approximately 18% per generation for growth-related traits. Extensive on-farm evaluations revealed superior performance compared with non-improved strains, particularly in terms of body weight and survival. On average, the improved strain achieved 15% higher harvest body weight in India and up to 36% higher in Bangladesh (Dey et al., 2010). The enhanced productivity translated into increased profitability, enabling hatcheries to invest in genetically improved broodstock (Kumar et al., 2008). Owing to its improved growth and relative disease resistance, Jayanti rohu gained widespread acceptance among farmers (Das Mahapatra et al., 2007).

Under monoculture conditions, Jayanti rohu exhibited 38.16% higher growth than conventional rohu over an 11-month production cycle. In composite culture systems, growth performance was reported to be 17.72% higher than that of non-improved rohu (Sharma, 2015). Evaluation of the ninth generation of Jayanti rohu, cultured in combination with the major carps catla, rohu and mrigal at varying stocking densities, demonstrated superior weight gain, daily growth rate, feed conversion ratio (FCR), survival and overall production compared with non-Jayanti strains (Lucy Ingtipi, 2021). Although certain trials reported higher net production in control treatments, the majority of studies, including Sah et al. (2018), confirmed that genetically improved rohu consistently outperformed farmed non-improved strains in terms of growth and yield. Both monoculture and polyculture assessments indicated that Jayanti rohu surpassed local strains under comparable management conditions (Sharma, 2015).

Subsequently, under the carp genetic improvement programme in collaboration with WorldFish, a further improved strain designated Generation-3 (G3) rohu was developed and released in 2020. The base population was established using wild seed collected from the Halda, Jamuna and Padma rivers to ensure broad genetic representation. Broodstock were maintained in privately operated hatcheries and evaluated under nursery and grow-out conditions to assess growth performance. The G3 rohu strain has been reported to exhibit more than 37% faster growth compared with conventional rohu strains in India, and it is increasingly adopted by farmers within carp polyculture systems. Continued evaluation of multiplier generations (G3-multiplier strains) and control groups has demonstrated sustained genetic progress, underscoring the long-term benefits of systematic selective breeding programmes in freshwater carp aquaculture.

The development of genetically improved strains has substantially transformed aquaculture production systems worldwide. In India, the first genetically improved strain of rohu (Labeo rohita), designated ‘Jayanti’, demonstrated enhanced growth performance and contributed significantly to the advancement of selective breeding programmes. In addition to improved growth efficiency, Jayanti rohu exhibited increased resistance to Aeromonas hydrophila, a pathogenic bacterium responsible for haemorrhagic septicaemia, dropsy, fin and tail rot, and ulcerative conditions in rohu (Rahman et al., 2001). The incorporation of disease resistance as a breeding objective has been particularly important in sustaining production under adverse climatic and environmental conditions. With the rapid expansion of aquaculture in India, disease outbreaks have raised concerns regarding the escalating use and cost of antibiotics and chemotherapeutants. In response, the Department of Biotechnology supported a programme at ICAR–CIFA to develop the ‘CIFA-Brood Vaccine’, aimed at preventing disease and reducing mortality in spawn and fry. Field evaluations in hatcheries across Odisha and West Bengal confirmed its efficacy in enhancing disease resistance and improving larval survival.

Tilapia ranks as the second most important freshwater fish group in Asia after carps. The development of improved tilapia strains has been widely recognised as a major milestone in global aquaculture. The Genetically Improved Farmed Tilapia (GIFT) strain serves as a prominent example of successful international collaboration involving Malaysia, the Philippines, Norway and the WorldFish Center. The first large-scale Nile tilapia selective breeding programme was initiated by ICLARM (now WorldFish) in the Philippines in 1988, with six generations of selection for growth completed prior to 1996 (Bentsen et al., 2012). The GIFT foundation population was established in the early 1990s (Eknath et al., 1993, 2007; Bentsen et al., 1998), and subsequent selection programmes were continued following its transfer to the Department of Fisheries, Malaysia, in 2001. Since 2013, sustained genetic improvement efforts have resulted in over 16 generations of selection, with GIFT strains demonstrating superior performance compared with locally available strains in India (Nguyen et al., 2010). Growth comparison studies indicate that GIFT tilapia exhibit 27–36% faster growth than non-GIFT strains under both mono- and polyculture systems, together with 8.2–23.8% higher survival rates. Monosex (sex-reversed or YY male) GIFT strains are now widely adopted in commercial production owing to their enhanced growth, feed conversion efficiency and adaptability to both freshwater and brackishwater environments.

Among carps, common carp (Cyprinus carpio) has received considerable attention due to its broad geographical distribution, adaptive capacity and long domestication history. The species, belonging to the family Cyprinidae—the largest family among freshwater teleosts—has been cultured for approximately 4,000 years in China and for several centuries in Europe before spreading globally. The Amur strain of common carp has shown particular promise in low-input aquaculture systems because of its superior growth performance, acceptance of artificial feeds and enhanced disease resistance. Selective breeding programmes targeting resistance to dropsy, a serious infectious disease, involved crosses between local stocks and Siberian wild carp from the River Amur, resulting in the development of improved strains (Basavaraju et al., 2003). The Directorate of Coldwater Fisheries Research (DCFR) has also introduced improved strains of minor carps into Indian waters, integrating advanced feed technologies and recirculating aquaculture systems (RAS) to promote sustainable coldwater aquaculture and conservation of hill-stream fishes. Collaborative initiatives supported by the UK Department for International Development (DFID), involving institutions such as the University of Stirling, the University of Wales, the University of Agricultural Sciences (Bangalore) and the Karnataka Veterinary, Animal and Fisheries Sciences University (Bidar), further strengthened Asian carp breeding strategies through stock evaluation and genetic improvement planning.

In crustacean aquaculture, ICAR–CIFA has developed a genetically improved strain of the giant freshwater prawn (Macrobrachium rosenbergii), commonly known as scampi, designated ‘CIFA-GI Scampi’ after 14 years of selection (2008–2022). This strain has enhanced productivity and profitability in freshwater prawn farming. Collaborative research between CIFA and WorldFish has addressed key constraints, particularly disease challenges affecting prawn culture. Genetic improvement efforts in M. rosenbergii were initiated in 2007, reflecting the growing recognition of the benefits of selective breeding in crustaceans (Zimmermann et al., 2010).

Disease outbreaks in brackishwater shrimp farming also prompted shifts in species preference. The introduction of Penaeus vannamei into Asia was largely driven by the comparatively poor growth performance and disease susceptibility of native species such as P. chinensis and P. monodon. Selective breeding programmes for P. vannamei have focused on enhancing disease resistance and tolerance (De Silva and Ranjula, 2021). Specific pathogen-free (SPF) stocks, originally developed in Latin America and the United States, were legally introduced into India under the regulatory oversight of the Coastal Aquaculture Authority (CAA). These stocks demonstrated resistance to major viral pathogens, including Taura virus and Yellow Head Virus, and have significantly improved production efficiency and export potential.

In salmonid aquaculture, AKVAFORSK initiated selective breeding programmes for Atlantic salmon in the early 1970s using fertilised eggs collected from Norwegian river populations. Although early selection focused primarily on growth rate, subsequent priorities shifted towards disease resistance, particularly in response to outbreaks of infectious pancreatic necrosis virus (IPNV) and furunculosis (Gjedrem, 2010). Currently, more than 50 countries produce rainbow trout (Oncorhynchus mykiss), with genetic gains for growth rate estimated at 10–13% per generation. Finnish breeding programmes have reported a 7% generational response for growth rate while also addressing early sexual maturation (John et al., 2006). Similarly, the USDA/ARS Catfish Genetics Research Unit in the United States has developed selective breeding programmes for channel catfish aimed at improving growth, feed efficiency, reproductive performance, processing traits and disease resistance, achieving notable improvements in spawning success.

In molluscan aquaculture, oysters represent one of the highest-value commodities globally. The Molluscan Broodstock Program (MBP) in the United States has selected Crassostrea gigas for enhanced live weight yield, achieving yield improvements ranging from 0.4% to 25.6% relative to wild broodstock. In Australia, selective breeding of the Sydney rock oyster (Saccostrea glomerata) for resistance to Marteilia sydneyi resulted in a 22% reduction in mortality over two generations (Botta et al., 2020).

Recent advances in molecular genetics have further strengthened aquaculture breeding programmes. Early genome-editing technologies, including zinc finger nucleases (ZFNs) and transcription activator-like effector nucleases (TALENs), have been complemented by the CRISPR/Cas9 system derived from Streptococcus pyogenes. CRISPR/Cas9 enables targeted double-strand breaks in DNA through the use of synthetic single guide RNA (sgRNA), facilitating precise genome modifications. This technology offers substantial potential for enhancing disease resistance, growth rate and fillet yield in aquaculture species (Diwan et al., 2017; 2025). Additionally, Marker-Assisted Selection (MAS) integrates genetic mapping with the identification of quantitative trait loci (QTLs) linked to economically important traits. By utilising morphological, biochemical and DNA markers as indirect selection criteria, MAS enhances the accuracy and efficiency of breeding programmes (Sharma et al.,                  2024).
Collectively, these innovations in selective breeding, molecular genetics and genome editing provide powerful tools for optimising production traits, strengthening disease resilience, improving sustainability and enhancing profitability within the global aquaculture industry.

Quantitative trait loci (QTL) mapping: Quantitative Trait Loci (QTL) mapping in aquaculture represents an advanced genomic approach designed to identify specific regions of the genome associated with quantitative traits of economic significance. By examining patterns of inheritance and correlating phenotypic variation with molecular markers across structured populations, QTL mapping facilitates the identification of genomic regions that influence complex traits such as growth rate, disease resistance, fillet quality and tolerance to environmental stressors.

This methodology provides valuable insights into the genetic architecture underlying polygenic traits, enabling breeders to determine the number, location and relative effects of loci contributing to phenotypic expression. Consequently, QTL mapping enhances the precision of selection decisions and supports the integration of marker-assisted and genomic selection strategies within breeding programmes. By accelerating genetic gain and improving the predictability of breeding outcomes, QTL-based approaches contribute significantly to the development of sustainable and economically efficient aquaculture production systems.

Environmental DNA (e-DNA) monitoring: Environmental DNA (eDNA) analysis has emerged as a powerful molecular tool for species detection and biodiversity assessment. This approach enables the identification of organisms through the analysis of genetic material present in environmental samples, including both intracellular DNA derived from cells and extracellular DNA shed by living organisms into water, soil or sediment. By capturing trace genetic signatures, eDNA facilitates the detection and monitoring of both aquatic and terrestrial species without the need for direct observation or capture.

Environmental DNA metabarcoding, in particular, represents a relatively recent advancement that allows for high-throughput, accurate and cost-effective monitoring of species assemblages within environmental samples. Through the amplification and sequencing of taxonomically informative genetic markers, eDNA metabarcoding can simultaneously characterise diverse eukaryotic macro-organisms and microbial communities. This technique has proven especially valuable for the detection of cryptic, rare or low-abundance species, as well as those inhabiting inaccessible environments. Consequently, eDNA analysis offers significant potential for early warning systems in aquaculture, including the monitoring of stock composition, the conservation of genetic resources, and the timely diagnosis of pathogens and harmful microbial or microalgal blooms (Nwokwa, 2012).

Beyond monitoring applications, the integration of molecular tools into aquaculture research supports genetic improvement, biosecurity and environmental management. However, the adoption of advanced genetic enhancement technologies necessitates robust regulatory frameworks to ensure biosafety, environmental sustainability and ethical compliance. In India, strategic initiatives led by the Department of Biotechnology (DBT) aim to strengthen a knowledge-driven bioeconomy and enhance global competitiveness in biotechnology research and innovation. These efforts encompass aquaculture and marine biotechnology, with increasing emphasis on collaborative research and translational development.

Aquaculture is now widely recognised as a critical contributor to global food production and food security. Contemporary fish biotechnology encompasses a range of techniques, including the application of synthetic hormones for induced breeding, the production of monosex populations, and chromosome manipulation to generate polyploid (e.g. triploid and tetraploid), haploid, gynogenetic and androgenetic individuals, as well as transgenic lines. Such technologies are employed to improve growth performance, reproductive control, sterility, and production efficiency. Advances in biotechnology have further extended to aquaculture nutrition, health management, gene banking and the conservation of valuable genetic resources.

In India, aquaculture genetics research remains an evolving field. Early investigations primarily focused on carp hybridisation and varietal improvement, incorporating gene mapping, selective breeding, hybrid development and genetic characterisation through marker-assisted selection (Chugambe et al., 2024). More recently, attention has expanded towards integrating molecular breeding tools and genomic technologies to enhance productivity while maintaining genetic diversity.

Public acceptance of genetically modified or genetically enhanced aquaculture products requires transparent regulatory processes, appropriate labelling practices and effective stakeholder engagement. Ongoing research in genetic engineering and biotechnology in India is therefore accompanied by efforts to address long-term environmental considerations, including potential impacts on biodiversity, ecosystem dynamics and non-target species. Ensuring rigorous risk assessment and responsible innovation will be essential to balancing productivity gains with ecological sustainability in the future development of aquaculture biotechnology.

According to the Food and Agriculture Organization of the United Nations (FAO, 2014), global fish production has continued to increase in response to rising demand; however, capture fisheries from marine and freshwater ecosystems have largely reached or exceeded their sustainable limits. As a consequence, further expansion of supply through natural harvest alone is increasingly constrained. In this context, aquaculture has emerged as a critical sector capable of bridging the gap between demand and supply, thereby playing a pivotal role in global food security. The integration of biotechnological innovations into aquaculture systems offers substantial potential to enhance productivity, efficiency and sustainability.

The development of sustainable aquaculture practices is widely recognised as a pathway to achieving long-term food security and economic growth (Naylor et al., 2000; Pauly et al., 2002). Genetic improvement programmes, particularly those based on structured selective breeding, contribute significantly to this objective. By enhancing growth rate, feed conversion efficiency and survival, genetically improved strains can reduce the environmental footprint per unit of production. Faster-growing fish typically require less feed to attain market size and may generate proportionally lower waste outputs, thereby mitigating nutrient loading and environmental impacts associated with aquaculture operations (Gjedrem, 2000; Gjedrem and Baranski, 2009).

In addition to improving production efficiency, genetic enhancement can be directed towards improving the nutritional quality of farmed fish. Selective breeding and advanced genomic tools can be employed to increase the levels of beneficial nutrients, such as omega-3 fatty acids, thereby contributing to improved human health outcomes.

Furthermore, the accelerating effects of climate change and environmental variability underscore the need to develop fish strains with enhanced resilience to fluctuating water quality parameters, elevated temperatures and emerging disease challenges. Incorporating traits related to environmental tolerance and disease resistance into breeding objectives is therefore essential to ensure the long-term stability and adaptability of aquaculture systems (Houston et al., 2020). Collectively, these advances highlight the central role of genetic improvement and biotechnology in supporting a resilient, sustainable and nutritionally valuable aquaculture sector.

Fish research includes genomics and genetic engineering to understand the genetic makeup of fish and develop genetic engineering techniques to enhance desirable traits such as growth rate, disease resistance, and tolerance to stress. This gene-editing tool enables precise modifications to fish genomes, allowing development of superior varieties with improved growth rates and disease resistance.  Researchers are exploring the use of nanotechnology to enhance fish production and health management, including the development of nano-biosensors for detecting water quality and disease-causing pathogens to focus on understanding the genetic and protein composition of fish and their environments, providing insights into the complex interactions between fish, their microbiota, and the environment. The development of sustainable and nutritious fish feed that enhance feed efficiency and reduce feed costs also incorporating probiotics and prebiotics to improve fish health and productivity the research driven by institutions in India under ICAR setup. Overall, fish biotechnology holds great promise for improving the sustainability and productivity of aquaculture industry in the coming years.

The application of biotechnology in aquaculture has opened new avenues for the development and management of genetic resources, with the potential to improve production efficiency, cultivability, and the conservation of natural aquatic resources (Moses et al., 2005). Through advanced genetic and chromosomal manipulation techniques, biotechnology enables the enhancement of reproductive performance and early developmental stages of cultured organisms, thereby offering tools for precise and targeted improvement in aquaculture species. The successful creation of transgenic species has significantly expanded the potential for productivity enhancement in aquaculture (Zbikowska, 2003; Dunham, 2004).

Key research areas in aquaculture biotechnology include the use of growth hormones (GHs) to accelerate growth and improve feed conversion efficiency, antifreeze proteins (AFPs) to enhance cold tolerance and freeze resistance, antimicrobial peptides to confer disease resistance, metabolic genes to optimise nutrient utilisation on low-cost diets, and genetic strategies for induced sterility. One notable example is the production of genetically modified (GM) Atlantic salmon by inserting growth-promoting genes from Chinook salmon and antifreeze genes from ocean pout. This transgenic salmon exhibits approximately double the growth rate of conventional Atlantic salmon and requires 25% less feed to achieve               equivalent biomass, demonstrating substantial improvements in both efficiency and sustainability.

The concept of transgenic animals emerged following the pioneering work of Palmiter et al. (1982), who introduced a metallothionein–human growth hormone fusion gene (mT-hGH) into mouse embryos, resulting in dramatic growth enhancement. Subsequent research has focused on overcoming challenges associated with the commercialization of transgenic broodstock in aquaculture. Various approaches to gene transfer in economically important fish species have been explored, including in vivo delivery of DNA into embryos or somatic tissues of adults (Hew, 1995). Intramuscular injection of foreign DNA into skeletal muscle has shown promising results in achieving gene expression without the need for extensive screening of germline carriers (El-Zaeem, 2004).

The adoption of advanced genetic modification technologies is particularly relevant given the pressures of overfishing, pollution, and climate change on aquatic stocks. While genetically modified fish, such as GM salmon, are considered safe for human consumption, continued research is essential to rigorously assess their safety and environmental impact. Such measures are critical to ensuring that biotechnological innovations in aquaculture can sustainably meet the nutritional demands of the rapidly growing global population (Benessia and Barbiero, 2015).

This demonstrates that biotechnology provides powerful tools not only for improving growth and disease resistance in aquaculture species but also for ensuring food security, resource efficiency, and environmental sustainability in the sector.

3.1 Chromosomal Engineering

Chromosome manipulation techniques have been widely employed in aquaculture to induce polyploidy (triploidy and tetraploidy) and uniparental inheritance of chromosomes (gynogenesis and androgenesis) across a range of cultured fish species (Pandian and Koteeswaran, 1998; Lakra and Das, 1998). These approaches provide significant advantages in fish breeding, offering rapid methods for gonadal sterilisation, sex control, enhancement of hybrid viability, and clonal propagation. Induced triploidy, in particular, has gained broad acceptance as the most effective technique for producing sterile fish for aquaculture and fisheries management. It represents a practical method to sterilise large populations without the use of potentially harmful chemicals or radiation (Benfey, 1989; Kizak et al., 2013; Lakra and Ayyappan, 2003).

Triploid fish are characterised by increased growth rates, higher carcass yields, improved survival, and superior flesh quality. Their larger cell size compared to diploids contributes to the attainment of greater overall body size (Dunham, 2004). Triploidy can be induced through thermal or hydrostatic pressure shocks, chemical agents such as colchicine, cytochalasin-B, or nitrous oxide, or by crossing tetraploids with diploids. Tetraploids, which possess a balanced set of chromosomes, often retain viability and fertility. Tetraploidy is generally induced by disrupting the first cleavage in eggs fertilised with normal sperm using thermal or hydrostatic pressure shocks. Breeding lines of tetraploids have considerable utility in aquaculture as they facilitate the efficient production of large numbers of sterile triploid fish through straightforward crosses with diploids (Guo et al., 1996; Pandian et al., 1999).

These advancements in chromosome manipulation represent an effective alternative to genetic modification, with high potential to enhance productivity in aquaculture, particularly in shellfish culture. The induction of polyploidy not only confers sterility but is also associated with improved growth rates, survival, and overall quality of aquaculture products. For instance, triploid and tetraploid lines have demonstrated enhancements in colouration, growth, and maturation in ornamental fish species such as fancy carp (Taniguchi et al., 1986). The development of genetically improved fish seed stocks through chromosome manipulation is therefore recognised as a critical strategy for increasing production and meeting the escalating global demand for fish as a source of high-quality protein (Renu Singh and Babita Rani, 2020).

This approach, combined with other selective breeding and biotechnological interventions, has the potential to sustain and optimise aquaculture outputs in a manner that is environmentally responsible and commercially viable.

3.2	Sex Control and Hormonal Sex Reversal

Sex control techniques have a profound impact on enhancing the production of economically important teleost species in aquaculture. These methods enable the generation of single-sex populations by manipulating developing gametes or embryos, providing a means to optimise growth, yield, and other desirable production traits (FAO, 2014). Monosex production is particularly advantageous in species where one sex exhibits superior growth performance, feed conversion efficiency, or market value.

The underlying principle of sex manipulation relies on the existence of a sexually undifferentiated stage in fish, which occurs shortly after hatching and persists up to approximately two weeks, or until the swim-up stage. During this period, endogenous levels of androgens (male hormones) and oestrogens (female hormones) are generally equivalent, and the sex of the developing fish has not yet been determined (Fuentes et al., 2013). By artificially elevating the concentration of the appropriate sex hormone, it is possible to override the natural hormonal or genetic cues during this critical window of sexual differentiation, thereby directing the sex of the individual (Dunham, 2004).

The application of these techniques not only improves production efficiency but also supports more uniform growth rates and predictable yields in aquaculture systems, contributing to economic and operational sustainability.
Hybridization: Fish culture today is virtually inseparable from the artificial propagation of fish seeds of preferred cultivable species. Beyond enabling the consistent production of high-quality seed, artificial propagation also facilitates the development of strains superior to their ancestors through selective breeding and hybridization (Akankali et al., 2011). Hybridization enhances heterozygosity and improves key traits, including growth, developmental compatibility, feed conversion efficiency, and oxygen utilisation across a range of species (Danzmann et al., 1985).

The objective of hybridization is to produce fish that combine valuable characteristics from more than one species, thereby exploiting heterosis or hybrid vigour (Aluko, 1993). This approach has successfully produced hybrids or strains of superior quality compared to the parental species, as demonstrated in Clarias gariepinus × Heterobranchus bidorsalis crosses in Nigeria.

Induced breeding provides a practical and reliable method for producing sufficient quality seed for rearing in controlled environments such as ponds, reservoirs, and lakes (Charo and Oirere, 2000). In India, the success of induced breeding has been largely attributed to the development and application of Gonadotropin-Releasing Hormone (GnRH) technology (Lakra and Ayyappan, 2003). GnRH is a decapeptide that stimulates the pituitary to release luteinising hormone (LH) and follicle-stimulating hormone (FSH), which are critical regulators of the reproductive cascade in all vertebrates (Schally, 1973; Bhattacharya et al., 2002).

This integration of artificial propagation with selective breeding and hormonal induction has thus become a cornerstone of modern aquaculture, supporting both productivity and genetic improvement of cultured fish species.

3.3 Molecular Markers

Genetic markers serve as powerful tools for identifying individual fish and family groups, enabling their rearing in controlled combinations and thereby simplifying experimental designs. Advances in molecular biology have generated a vast repertoire of genetic markers, offering extensive applications in aquaculture and fisheries research (Lakra, 2001). In particular, mitochondrial DNA has provided a rich source of markers for elucidating phylogenetic relationships, evolutionary patterns, and population structure in fish species.
Beyond population genetics, DNA-based technologies facilitate the identification of marker loci associated with nuclear genes that govern economically important traits, known as quantitative trait loci (QTLs). Once these markers are identified, they can be incorporated into selective breeding programmes to enhance desired traits. Marker-assisted selection (MAS) represents a strategic application of this approach, as demonstrated in rainbow trout by Herbinger et al. (1995).

Overall, these molecular tools provide a robust framework for the genetic improvement of commercially important aquaculture species, including fish, mollusks, and crustaceans, offering opportunities to optimise growth, disease resistance, reproductive performance, and other traits of economic relevance.

3.4 Cryopreservation of Gametes or Gene Banking

The issue of males maturing earlier than females represents a significant challenge in aquaculture, as it can compromise breeding programmes and stock productivity. Cryopreservation provides an effective solution, facilitating selective breeding, stock improvement, and long-term conservation of genetic resources (Harvey, 1996). A major objective of gene banking in aquatic species is to establish a comprehensive genetic base collection, which can serve as a reservoir for breeders in developing new strains with desirable traits.

Hormonal treatments that influence gene expression and control the sex of offspring are increasingly applied in fish culture programmes to regulate reproductive outcomes. In parallel, gene transfer techniques have been explored in numerous fish species, driven by the potential to produce rapidly growing individuals via the introduction of exogenous growth hormone genes, resulting in genetically modified fish in diverse aquaculture systems worldwide.

Moreover, advanced approaches in tissue culture enable the production of cells containing novel gene arrangements generated through chromosome manipulation or gene transfer, creating opportunities for the development of new genetic combinations. The establishment of organised gene banks, incorporating collections of frozen sperm, somatic cells, or purified DNA from multiple fish species, is expected to play a pivotal role in the conservation of genetic diversity and in supporting future aquaculture breeding programmes.

Strategic approach for development: Fish biotechnology research and development in India has made significant progress in recent years, with a focus on improving fish production, productivity, and sustainability. In areas of research viz; genetic improvement of fish through selective breeding, hybridization, and genetic engineering to enhance growth rate, disease resistance, and tolerance to stress. The efforts lead to development of vaccines against major fish diseases, such as Aeromonas hydrophila and Edwardsiella tarda, to reduce disease outbreaks and improve fish health. Research on fish nutrition and feed development to improve feed efficiency, reduce feed costs, and promote sustainable aquaculture practices and development of diagnostic tools and management strategies for fish diseases, including molecular diagnostics and biosecurity measures. Further emphasis on research on aquaculture biotechnology, including the use of probiotics, prebiotics, and other biotechnological tools improving fish health and productivity.

The strategic development plan for fisheries development in India needed with improved fish strains and productivity with the following key components:

1. Introduction of Improved Fish Strains, genetically modified fish strains like GIFT (Genetically Improved Farmed Tilapia) to enhance productivity and disease resistance.

2. Develop capacity building programme to provide training and capacity-building for fish farmers, hatchery operators, and extension workers on modern aquaculture practices.

3. Strengthening Infrastructure Development by investing in infrastructure development, including hatcheries, feed mills, and cold storage facilities.

4. Adopt Sustainable Aquaculture Practices to promote sustainable aquaculture practices, including integrated multi-trophic aquaculture (IMTA) and recirculating aquaculture systems (RAS).

5. Establish genetic improvement programs for indigenous fish species to enhance their productivity and disease resistance.

6. Develop domestic and international markets for Indian fish and fish products.

4. Conclusion

Biotechnology offers significant potential to enhance reproduction and early developmental success in cultured aquatic organisms. The development of genetic resources in aquaculture has been advanced through a variety of genetic improvement approaches. The application of genetic modification technologies has led to increased productivity, marketability, cultivability, and conservation of resources, while also addressing customer acceptability concerns.

Recent advancements in aquaculture biotechnology have focused on maximising production efficiency and minimising losses, thereby promoting sustainable industry growth. The adoption of advanced genetic tools—such as chromosome manipulation, selective breeding, marker-assisted selection (MAS), quantitative trait loci (QTL) mapping, environmental DNA (eDNA) monitoring, and cryopreservation of gametes—has strengthened aquaculture development in India. These technologies enable the precise identification and manipulation of desirable genetic traits, including disease resistance, growth performance, fillet quality, and environmental adaptability, thereby improving stock productivity and profitability.

Chromosome manipulation techniques facilitate the production of sterile polyploid individuals and monosex or inbred lines, while DNA markers assist in stock identification, assessment of population differences, and gene mapping studies, thereby supporting selective breeding programmes. Collectively, these biotechnological interventions empower aquaculture stakeholders to accelerate genetic progress, optimise production traits, and ensure long-term sustainability. Ultimately, the integration of genetic engineering and molecular biology in aquaculture enhances production efficiency, strengthens husbandry practices, and improves the overall performance of cultured species.
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