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Innovations in modern Aquaculture: A Review on Advanced Reproductive Technologies

Abstract
Aquaculture is the fastest-growing sector in animal food production, driven by the need for sustainable aquatic protein. Advanced reproductive technologies (ARTs) such as hormonal induction, cryopreservation, genetic engineering, and germ cell transplantation help address reproductive challenges including low spawning efficiency and genetic decline. These methods improve traits such as growth, disease resistance, and product quality. ARTs also support ethical research and conservation efforts. Non-invasive monitoring and omics-based techniques enhance broodstock management. Overall, these advancements boost aquaculture’s efficiency, sustainability, and environmental friendliness, ensuring long-term food security amidst climate change and habitat impacts. This article explored a comprehensive review of aquaculture reproductive techniques and provided a way forward for future directions for sustainability, eco-friendly and conservation. 
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Introduction
Aquaculture has rapidly emerged as the fastest-growing sector in animal food production, driven by rising global demand for sustainable aquatic protein amid population growth and evolving dietary preferences (Mitra et al., 2023; Kamalesh, 2025). To meet this demand, the industry is increasingly adopting advanced reproductive technologies (ARTs) that are transforming the breeding, management, and conservation of aquatic species. These technologies ranging from hormonal induction and cryopreservation to genetic engineering, sex control, and germ cell transplantation offer targeted solutions to persistent challenges such as low spawning efficiency, genetic degradation, and species extinction (Wong & Zohar, 2015; Md. Hedayet et al., 2023).
Diversifying aquaculture beyond a few dominating species is an essential tactic for satisfying the growing demand for fish production worldwide. However, there are frequently major ecological and logistical obstacles to the reproductive success of such species, which reduces their commercial viability. In tackling these issues, ARTs poised to play a pivotal role. Commercially important species including carp, salmon, rainbow trout, seabass, and turbot have benefited greatly from ARTs' contributions to genetic improvement projects, which have improved features like growth rate, disease resistance, feed efficiency, and product quality (Budd et al., 2015). Techniques for sex control and maturation management, including triploidization, gene knockdown, and environmental manipulation, are critical for optimizing productivity and ensuring genetic containment (Donaldson, 1996; Golpour et al., 2016). Among these innovations, recombinant DNA technology stands out for its ability to produce species-specific hormones such as recombinant follicle-stimulating hormone (rFSH), luteinizing hormone (rLH), and gonadotropin-releasing hormone (rGnRH) which have proven effective in inducing vitellogenesis, spermatogenesis, sex reversal, and spawning across a wide range of aquaculture species (Figure 1) (Khan et al., 2016; Chauvigné et al., 2017). 
Beyond production, ARTs play a vital role in biodiversity conservation and ethical research, guided by principles such as the 3Rs (Replacement, Reduction, and Refinement) to minimize harm and promote welfare in both captive and wild populations (Mechaly et al., 2025). Innovations in omics-based tools and non-invasive monitoring techniques are revolutionizing broodstock management, while adaptive strategies like nutrigenomics and assisted reproduction are helping mitigate the impacts of climate change and habitat disruption (de Siqueira-Silva et al., 2018). Collectively, ARTs are not only enhancing reproductive efficiency but also redefining aquaculture as a more precise, resilient, and ecologically responsible food system.
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Figure 1. Advanced reproductive techniques for sustainable aquaculture


Artificial fertilization and insemination
Artificial fertilization (AF) is a foundational technique in aquaculture that enables controlled breeding by manually collecting and combining gametes from broodstock. This method is widely used across both freshwater and marine species to enhance fry production, support conservation, and improve genetic traits. Hormonal induction using agents like GnRHa, hCG, and dopamine antagonists is commonly employed to stimulate ovulation and sperm release, followed by fertilization and incubation under optimal conditions (Table 1). Species-specific protocols have been developed to maximize success rates. For instance, Larimichthys crocea showed improved fertilization and hatching using a two-dose LHRHA3 protocol (Yu et al., 2017), while Epinephelus akaara achieved higher fertilization rates through AF compared to spontaneous spawning due to tank depth limitations (Okumura et al., 2002). In freshwater species, Acipenser medirostris responded well to GnRHa-induced spawning with rinsed eggs incubated in upwelling jars (Van Eenennaam et al., 2008), and Cyprinus carpio maintained fertilization success using chilled sperm and short-term stored eggs (Linhart et al., 2023). Conservation-focused applications include Tenualosa ilisha, where dry stripping and natural water sources improved breeding outcomes (Kumar et al., 2019), and Brazilian rheophilic fish, where AF combined with water quality monitoring supported sustainable aquaculture (Nunes et al., 2018). Experimental studies have further refined AF techniques, such as intracytoplasmic sperm injection (ICSI) in Oryzias latipes (Otani et al., 2009) and artificial insemination in Poecilia reticulata, which revealed complex sperm precedence patterns (Magris et al., 2017). Across species, timely fertilization post-ovulation is critical, as delays can lead to genetic anomalies like polyploidy, as observed in Anguilla japonica (Nomura et al., 2013). 
Induced Maturation and Spawning
Many fish species fail to reproduce under grow-out conditions due to missing environmental or social cues or stress. In some cases, replicating natural spawning triggers like the 5,000-mile migration of Anguilla anguilla (European eel) is impractical. In contrast, in others, simple interventions such as grass mats for Carassius spp. or milk jugs for Ictalurus punctatus (channel catfish) can successfully induce spawning. Temperature shifts, as seen in Sparus aurata (gilthead seabream), and the presence of the opposite sex are also critical for ovulation and maturation. Interestingly, failure to spawn in production systems can be beneficial, allowing hatchery managers to control breeding schedules and prevent overpopulation. To overcome these challenges, hormonal induction has become a key strategy across diverse species. In Chanos chanos (milkfish), LHRH-A and 17α-methyl-testosterone implants advanced spawning by 1–2 months (Lee et al., 1986), while Morone saxatilis (striped bass) produced millions of fry through hCG injections and photothermal conditioning (Henderson-Arzapalo & Colura, 1987). Acipenser sturio (Atlantic sturgeon) successfully spawned under unsuitable conditions using pituitary hormone injections and freshwater acclimation (Williot et al., 2000). GnRHa delivery systems restored LH levels and steroid profiles in Morone spp., enabling multiple spawns (Mylonas & Zohar, 2001). In freshwater aquaculture, Heteropneustes fossilis responded well to LHRHa + pimozide and Ovaprim (Nayak et al., 2001), while Lateolabrax maculatus (Korean spotted sea bass) showed improved maturation with hCG and 17,20β-P (Lee & Yang, 2002). Fertilization in Anguilla anguilla was achieved using SPE and DHP, adapted from A. japonica protocols (Pedersen, 2003). Heterobranchus bidorsalis (African giant catfish) achieved high hatch rates with CPS, HPS, or hCG injections (Adebayo et al., 2004), and Bidyanus bidyanus (silver perch) responded best to sGnRHa at 30 μg/kg (Levavi-Sivan et al., 2004). Natural spawning was induced in Labeo victorianus using GnRH + metoclopramide (Rutaisire & Booth, 2004), while melatonin enhanced MIH-induced maturation in Labeo rohita and Cyprinus carpio (Chattoraj et al., 2005). In Danio rerio (zebrafish), prostaglandins regulated by the arachidonic acid pathway were essential for ovulation, disrupted by COX inhibition (Lister & Van Der Kraak, 2008). SPE-induced spawning in Anguilla japonica was most successful in late silver eels (Okamura et al., 2008), and Scomber japonicus (chub mackerel) showed consistent ovulation with hCG or GnRHa, independent of circadian rhythms. Hypoxia impaired LH and spawning in Cyprinus carpio (Wang et al., 2008), while PCG priming improved pre-monsoon spawning in Labeo rohita (Dasgupta et al., 2009). A two-step hCG protocol induced spawning in Liza ramada (Mousa, 2010), and 17,20β-P and 17,20β,21-P regulated spermiation in male teleosts (Scott et al., 2010). Temperature influenced steroid levels in Prochilodus argenteus (Arantes et al., 2011), and Tinca tinca (tench) exhibited post-spawning hormonal surges (Antonopoulou et al., 2011). External maturity assessment improved broodstock selection in Ictalurus punctatus (Chatakondi et al., 2011), while DES induced oocyte maturation via non-genomic pathways in zebrafish (Tokumoto et al., 2011). Melatonin was confirmed as a seasonal reproductive regulator in carp (Maitra et al., 2013), and ovatide achieved high fertilization (90.5%) and hatching (75.39%) rates in Puntius sarana, supporting seed production and conservation (Udit et al., 2014). Recent advances have expanded hormonal success across species. Barbus altianalis from Uganda’s Nile River spawned year-round, aligning with seasonal rainfall (Rutaisire et al., 2015). Epalzeorhynchos frenatus (red fin shark), which doesn’t spawn naturally in captivity, responded to Oodev, turmeric, and Spawnprim/Ovaprim (Islami et al., 2017). In Channa striata (striped snakehead), PMSG, anti-dopamine, HCG, and LHRHa combinations improved spawning and juvenile output (Radona et al., 2020; Kumar et al., 2021). Soil-based cistern rearing and hormone implants (500 IU HCG/kg) standardized mass seed production in this species (Kumar et al., 2021). In Chanos chanos, sustained-release testosterone and GnRHa implants improved larval fitness, marking this method's first tropical hatchery success (Bera et al., 2021). Mugil cephalus responded to GnRHa and testosterone, with regional broodstock adaptation proving essential (Sukumaran et al., 2021). Estrogen implants enabled precocious spawning in Lates calcarifer (barramundi), boosting breeding efficiency (Guppy et al., 2022). Finally, immersion-based treatments with Ovaprim™ and Ovagold™ induced mass spawning in Rasbora argyrotaenia, achieving 99.22% fertilization and high larval survival (Budi et al., 2023).
Hormonal Intervention
Hormonal induction is widely used across fish species to enhance reproductive success, though its application varies, being routine in carp (Figure 2) and sea bass, but less frequent in trout. Technologies such as triploidization, monosexing, and gynogenesis are employed to produce sterile or all-female populations, particularly in salmonids like Oncorhynchus mykiss (rainbow trout), where triploidy and tetraploid lines have been developed (Levavi-Sivan et al., 2004). Hormonal regulation and delivery systems have significantly advanced aquaculture. In Anguilla japonica, Sato et al. (1995) introduced a sustained-release emulsion of salmon GtH II, outperforming traditional pituitary extracts. Mugil cephalus showed improved oocyte maturation and spermiation with domperidone and GnRHa treatments, while 17α-methyltestosterone enhanced male reproductive parameters (Aizen et al., 2005; Yousefian et al., 2009). In Lates calcarifer, LHRH-a pellets induced spontaneous spawning with fertilization rates of 40–80%, and Clarias gariepinus responded better to Ovaprim than pituitary extracts (Ndimele & Owodeinde, 2012). Sustained sGnRHa delivery improved spermiation in wild Cyprinus carpio carpio (Vazirzadeh et al., 2016), while Channa striata showed increased fecundity with repeated Oodev administration (Anwar et al., 2018). Environmental factors also play a role; artificial light disrupted reproductive hormones in Perca fluviatilis and Rutilus rutilus (Brüning et al., 2018), and oral FSH plasmids induced ovarian development and sex reversal in Epinephelus fuscoguttatus (Palma et al., 2019). Cytological studies in Scophthalmus maximus revealed androgen receptor dynamics during spermatogenesis (Liu et al., 2021). In the Hungarian line W carp, protocols combining PMSG+CPH and mGnRH-a+MET yielded optimal results (Brzuska, 2021), while oxytocin post-Ovatide induced spawning in Clarias magur (Priyadarshi et al., 2021). Hormonal stimulation was essential for spawning in older Brycon orbignyanus females (Rotili et al., 2022). Behavioral and endocrine studies further illuminate species-specific mechanisms. Estrogen regulated female receptivity in Poecilia reticulata, and prostaglandins triggered spawning in Carassius auratus (Stacey, 1981). Thyroid hormones (T3, T4) were crucial in early development across Paralichthys olivaceus, Danio rerio, and Sparus aurata (Power et al., 2001). Hormonal rhythms in asynchronous spawners like tilapia were linked to dual FSH and LH peaks (Kumar et al., 2021). In Oreochromis mossambicus, vasotocin reduced male aggression and enhanced reproductive behavior (Almeida et al., 2023), while FSH at 1.25 ml/kg stimulated vitellogenesis in Channa marulioides (Hutagalung et al., 2023). Chitosan nanoparticle-conjugated sGnRH-a with domperidone improved hormone levels and breeding success in Labeo rohita (Malik et al., 2023). Innovative platforms like intramuscular electroporation of fluorescent-tagged hormone vectors in Nothobranchius furzeri enabled tunable pituitary hormone expression (Moses et al., 2023). In Oreochromis niloticus, dietary supplementation with Arthrospira platensis nanoparticles enhanced growth and fry production by 32.2% (Mabrouk et al., 2024). Finally, Ovaprim-induced spawning in Carassius auratus at 22 °C improved reproductive outcomes, and cryopreservation using extender E4 (15% DMSO) showed promise for sperm banking (Taheri-Khas et al., 2024). These findings collectively underscore the transformative impact of hormonal and environmental interventions in modern aquaculture. 
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Figure 2. Schematic diagram of an induction of Artificial fish breeding using hormones
Cryopreservation 
Cryopreservation, the freezing of cells, tissues, or gametes at ultra-low temperatures (typically in liquid nitrogen) to preserve viability, has become a powerful tool for banking genetic resources of animals, including fish (Raju et al., 2021). In the case of fish, cryopreservation is primarily applied to sperm (milt), enabling the creation of sperm banks that allow for the long-term storage of genetic material for later fertilization, thereby supporting aquaculture, selective breeding, the conservation of endangered species, and genetic resource management (Siva, 2021). In practice, sperm is collected (often by “stripping” or manual milt extraction), mixed with a cryoprotective extender (containing cryoprotectants like dimethyl sulfoxide, glycerol, or methanol, and salts or other diluents), cooled under controlled rates, and frozen — often first in vapor and then plunged into liquid nitrogen (Arsin et al., 2026). Once thawed, the sperm’s motility, membrane integrity, and fertilization capacity can be tested by fertilizing fresh eggs and monitoring development. Cryopreserved sperm has been successfully stored for over 200 species of finfish and shellfish (Siva, 2021). However, despite decades of research, cryopreservation of fish eggs (oocytes), embryos or larvae remains extremely challenging and largely unsuccessful. The primary obstacles are biological: fish eggs and embryos tend to have large volume, a high yolk content, complex multi-compartment cellular structures, and low permeability of their membranes to cryoprotective agents (Diwan et al., 2020). Also, during freezing and thawing, ice‐crystal formation or chilling injuries damage critical cellular components, often irreversibly, which severely compromises viability (Diwan et al., 2020). Thus, while sperm or “milt” banking is widely used and established for many fish species, true egg, embryo, or larval cryobanking remains, as of now, largely experimental and not yet reliable. Ongoing research aims to overcome these barriers, for instance, by improving cryoprotectant permeability, using novel cryoprotectants, optimizing freezing-thawing protocols, or exploring preservation of undifferentiated germ cells or tissues (rather than fully developed eggs) (Iftikhar and Yaqoob, 2024). Cryopreservation and sperm/egg (or gamete) banking hold considerable promise for aquaculture, species conservation, and genetic management of fish; but as of now, sperm banking is the main practical achievement, while egg or embryo banking remains a major research frontier.
Photothermal Manipulation
Photothermal manipulation, adjusting light and temperature regimes, has emerged as a powerful strategy to regulate and enhance reproduction in aquaculture, especially among temperate fish species (Table 2). Seasonal changes in photoperiod are key environmental cues, often paired with temperature shifts to synchronize spawning, extend breeding seasons, or induce out-of-season maturation. In Salmo salar (Atlantic salmon), combining advanced photoperiod, reduced temperature, and LHRHa hormone treatment advanced ovulation by 71 days with viable eyed-egg yields (King & Pankhurst, 2007). Similarly, Perca flavescens and Perca fluviatilis (yellow and Eurasian perch) showed enhanced steroid production under natural cues, while condensed regimes suppressed gametogenesis, which was partially restored by HCG and IGF-1 (Fontaine et al., 2006; Milla et al., 2009). In Melanogrammus aeglefinus (haddock), accelerated photoperiod extended spawning by 40 days (Martin-Robichaud et al., 2004), and Paralichthys lethostigma (southern flounder) produced higher-quality eggs under natural regimes compared to hormone-induced methods (Watanabe et al., 2001, 2006; Hansen et al., 2012). Photothermal compression in Jasus edwardsii (rock lobster) extended larval availability but reduced phyllosoma quality due to elevated temperatures. Artificial cycles in Chirostoma humboldtianum (shortfin silverside) induced multiple spawns with high egg survival (Blancas-Arroyo et al., 2004), while phase-shifted regimes in Maccullochella peelii (Murray cod) accelerated maturation (Newman et al., 2010). Indian major carps (Labeo rohita, Catla catla, and Cirrhinus mrigala) bred successfully off-season under long photoperiod and elevated temperatures. In Barbus barbus (barbel), gradual photoperiod extension improved egg quality but increased oocyte resorption (Kamiński et al., 2012). Continuous light suppressed reproduction in Sander lucioperca (pikeperch), but controlled regimes restored maturation (Ben Ammar et al., 2015; Hermelink et al., 2017; Chakravarty et al., 2021). Tor putitora (golden mahseer) responded positively to photothermal manipulation, though elevated stress highlighted the need for balanced protocols (Akhtar et al., 2018, 2020). In Paralichthys orbignyanus (black flounder), integrating photothermal cycles with salinity adjustments in RAS systems boosted egg viability (Boccanfuso et al., 2019), while Epinephelus akaara (red-spotted grouper) showed enhanced ovarian maturation and gene expression under extended photoperiod and elevated temperature (Lee et al., 2020; Nhan et al., 2022). Cheirodon interruptus matured effectively under simulated seasonal transitions, with photoperiod as the primary driver (Garcia et al., 2023). Recent studies further validate these methods: in Thunnus orientalis (Pacific bluefin tuna), shifting cues from the winter solstice advanced spawning by two months and improved fingerling resilience (Higuchi et al., 2023); Sander vitreus (walleye) spawned out of season under manipulated regimes, though timing affected egg quality (Firkus et al., 2024); and Cyclopterus lumpus (lumpfish) showed accelerated maturation under compressed photoperiod and elevated temperature (Mlingi et al., 2024). In Puntius sophore, combining photothermal stimulation with hormonal induction significantly improved breeding efficiency (Singha et al., 2024), while mixed-gender rearing under a six-month shifted cycle in Sander lucioperca enhanced gamete quality and energy efficiency in RAS systems (Ljubobratović et al., 2025). 
Sterilization technique
Sterilization technique is a vital reproductive control strategy in aquaculture, used to prevent overpopulation in grow-out systems in various species (Table 3), improve growth and flesh quality in salmonids, ensure genetic containment of exotic or genetically modified escapees, and protect proprietary breeding lines. While traditional methods like androgen immersion and cobalt-60 irradiation exist, only interspecies hybridization and induced polyploidy are widely applied. In salmonids such as Salmo, Salvelinus, and Oncorhynchus, techniques like triploidy, gynogenesis, and hormonal treatments have proven effective (Donaldson & Hunter, 1982). Petromyzon marinus (sea lamprey) sterilization via GnRH analogs offers a cost-effective field solution without disrupting mating behavior (Sower, 2003), and Idaho’s sterile trout program confirmed that sterile Oncorhynchus mykiss perform comparably to diploids (Kozfkay et al., 2006). Transgenic approaches, including gene knockout and embryonic disruption, aim to prevent interbreeding between GMOs and wild fish, though challenges persist (Wong & Van Eenennaam, 2008). In Ictalurus punctatus and common carp, electroporation of short hairpin cDNA targeting PGC markers like nanos, vasa, and dead end reduced male maturity (Su, 2012), while heat-shock inducible Sdf1a expression in zebrafish disrupted PGC migration (Wong & Collodi, 2013). Surgical and chemical sterilization have been used to deploy sterile "Judas fish" for carp control (Patil et al., 2014), and antisense morpholinos targeting dnd in Acipenser ruthenus achieved complete PGC depletion (Linhartová et al., 2015). Heat-based sterilization in Oreochromis mossambicus and O. niloticus eliminated germ cells without affecting mating (Nakamura et al., 2015; Pandit et al., 2015), while bath-immersion with Vivo-Morpholinos in zebrafish yielded 100% sterility (Wong & Zohar, 2015). All-female triploid Salmo salar populations offer scalable containment with minimal phenotypic changes (Benfey, 2016), and ZFN editing of the LH gene in channel catfish achieved precise sterility (Qin et al., 2016). Salt- and copper-sensitive promoter systems targeting PGC genes present repressible sterilization options (Li, 2017; Li et al., 2018). Spermatogonial transplantation into sterile fshr mutant medaka enabled sterile offspring production (Nagasawa et al., 2019), and chemical disinfectants like formalin and methylene blue were tested for parasite sterilization in Oryzias dancena eggs (Park et al., 2019). Heat-based sterilization remains effective in tilapia (Nozu & Nakamura, 2020), and immersion-based gene silencing of dnd in coho salmon and sablefish offers non-transgenic containment (Xu et al., 2023). Transgenic overexpression of the goldfish GAD gene in channel catfish disrupted reproduction across generations (Ye et al., 2024), while bax gene overexpression in PGCs emerged as a novel sterilization method in male catfish (Ye, 2025). 
Gender Control
Gender control technologies have become essential in aquaculture, enhancing production efficiency, product quality, and reproductive management. In many species, one sex is preferred due to superior growth or market value, such as male Oreochromis niloticus (Nile tilapia), where direct masculinization using 17α-methyltestosterone (17MT) at 60 mg/kg feed for 28 days is widely practiced (Phelps, 2006). Indirect hormone-induced sex reversal is used in species with heterogametic sex systems, such as Oncorhynchus mykiss (rainbow trout), where androgen-treated XX females produce phenotypic males that are crossed with normal females to yield all-female progeny (Budd et al., 2015). This method is also combined with triploidy to suppress gonadal development. A similar strategy led to the development of YY supermale lines in Nile tilapia, requiring feminization of YY males for broodstock maintenance (Mair et al., 1997). Hormonal sex reversal using synthetic androgens has proven effective in species like medaka, zebrafish, guppy, and rainbow trout, with success depending on timing and dosage (Yamazaki, 1983). Beyond endocrine methods, sex determination in fish involves complex genetic, epigenetic, and environmental interactions, including temperature-dependent sex determination (TSD), which has been applied to monosex production in several species. Advances in genetic tools, sex-linked markers (SLMs), and transgenic technologies have enabled large-scale monosex production in XY and ZW systems. At the same time, gynogenesis combined with sex reversal of XX females offers rapid all-female population development. Novel genotypes such as YY and WW are also being explored for invasive species control. These innovations, supported by ploidy manipulation and molecular techniques, have positioned sex control as a cornerstone of sustainable and high-yield aquaculture (Wang & Shen, 2018).
Transplantation
Germ cell transplantation has emerged as a transformative tool in aquaculture and fish biotechnology, enabling surrogate broodstock development, genetic conservation, and enhanced breeding strategies. Early work in Oncorhynchus mykiss (rainbow trout) demonstrated germ-line chimera formation via blastomere transplantation, with improved success using cryopreserved embryos (Yoshizaki et al., 2011). In Seriola quinqueradiata (yellowtail), PGCs from single donors were transplanted into multiple recipients, producing donor-derived gametes and offering a model for accelerating selective breeding (Morita et al., 2012). Surrogate broodstock technology was pioneered by transplanting trout PGCs into triploid Oncorhynchus masou (masu salmon), and further refined using spermatogonia capable of dedifferentiating into oogonia in female hosts (Okutsu et al., 2015). Cross-species transplantation has proven viable, with Thunnus maccoyii (southern bluefin tuna) spermatogonia colonizing Seriola lalandi (yellowtail kingfish), though long-term maintenance remains a challenge (Bar et al., 2016). In Acipenser sinensis, testicular and ovarian germ cells were successfully transplanted into A. dabryanus, supporting conservation efforts (Ye et al., 2017). In Oryzias latipes (medaka), nuclear transplantation transmitted wild-type traits and GFP transgenes (Bubenshchikova et al., 2005), while Danio rerio (zebrafish) studies showed ovarian germ cells differentiating into sperm in sterile hybrids (Wong et al., 2011). Oreochromis niloticus (tilapia) became a key model for spermatogonial transplantation using cryopreserved cells (Lacerda et al., 2008, 2010, 2018a), and Cyprinus carpio (common carp) testes were repopulated with SSCs from Rhamdia quelen (jundia catfish), with DMSO yielding high post-thaw viability (Rosa et al., 2023). Interspecific transplantation from Solea senegalensis to Scophthalmus maximus (turbot) confirmed donor cell viability using vasa gene markers (Pacchiarini et al., 2014), and Rhodeus ocellatus spermatogonia produced donor-derived gametes in wild-type recipients (Octavera & Yoshizaki, 2019). Xu et al. (2020) achieved donor-derived egg production by transplanting ovarian germ cells from GFP-transgenic Nibea mitsukurii (blue drum) into triploid hybrid sciaenids, while Zhou et al. (2021) produced donor-derived sperm by transplanting spermatogonia from Paralichthys olivaceus, P. dentatus, and turbot into triploid P. olivaceus larvae. Hybrid mackerel (Scomber australasicus × S. japonicus) served as effective recipients for testicular cell transplantation (Tani et al., 2022), and intrapapillary transplantation of Carassius auratus (goldfish) germ cells into sterilized C. carpio males restored spermatogenesis within eight weeks (Vigoya et al., 2024). Despite its promise, challenges like donor cell scarcity and low efficiency remain (Ryu et al., 2022). 
Surrogacy technology
Surrogacy technology in fisheries and aquaculture has emerged as a transformative approach to enhance breeding efficiency, genetic diversity, and sustainability. By replacing natural reproduction with advanced biotechnological methods such as genetic engineering, embryonic manipulation, hormonal control, and broodstock management, this technology enables precise genetic enhancements, including traits like disease resistance and accelerated growth (Behera, 2024). Techniques such as CRISPR-Cas9, microinjection, and somatic cell nuclear transfer are central to these innovations (Table 4). Surrogate broodstock technology, which involves transplanting primordial germ cells (PGCs) or spermatogonia into sterilized hosts, has been successfully applied across species. For instance, GFP-labeled spermatogonia from transgenic Danio rerio (zebrafish) were transplanted into germ cell-depleted, triploid, and hybrid recipients, with the highest success in germ cell-depleted hosts (Franěk et al., 2022). In Acipenser ruthenus (sterlet), CRISPR/Cas9-mediated knockout of the dnd1 gene induced sterility, creating effective surrogate hosts (Baloch et al., 2019). Cross-genus transplantation of Salmo salar spermatogonia into triploid Oncorhynchus mykiss resulted in functional donor-derived gametes (Hattori et al., 2019), while Carassius auratus (goldfish) produced Cyprinus carpio gametes after intraperitoneal transplantation (Franěk et al., 2021). However, limitations were noted when Anguilla anguilla spermatogonia failed to colonize zebrafish and sea bass hosts (Blanes-García et al., 2024). In tuna aquaculture, hybrid Euthynnus spp. served as surrogates for Thunnus orientalis, producing functional sperm within eight months (Kawamura et al., 2024). Genomic selection and surrogacy in Takifugu rubripes (tiger pufferfish) enabled breeding elite all-male lines with enhanced testis weight (Hosoya et al., 2025). In vitro germ cell culture for carp using hESC media and RTG2 feeder cells has further improved germ cell proliferation and reduced contamination (Xie et al., 2022). Foundational work by Yamaha et al. (2007), Goto & Saito (2019), Yoshizaki & Yazawa (2019), and Takeuchi et al. (2020) has laid the groundwork for these advances, while Wylie et al. (2025) emphasized the importance of Indigenous knowledge in guiding ethical applications. 
Genome Editing Techniques
Genome editing has become a powerful tool in aquaculture, enabling precise genetic modifications to enhance productivity, disease resistance, and reproductive control. Technologies such as zinc finger nucleases (ZFNs), transcription activator-like effector nucleases (TALENs), and CRISPR/Cas9 have revolutionized fish breeding by targeting specific genes for trait improvement (Diwan et al., 2017). In Danio rerio (zebrafish), CRISPR knockouts of estrogen receptors (esr1, esr2a, esr2b) revealed their roles in female reproductive development (Lu et al., 2017), while vitellogenin gene knockouts impacted fertility and embryogenesis (Yilmaz et al., 2019). Mutant lines in zebrafish and Oryzias latipes (medaka) have provided insights into the brain-pituitary-gonad axis (Liu & Lin, 2017). Genome editing has also been applied to Oncorhynchus mykiss (rainbow trout), Salmo salar (Atlantic salmon), Cyprinus carpio (common carp), goldfish, and Gibel carp, targeting genes like mstnba, pomc, acvr2, and wnt4a to improve growth, pigmentation, sex control, and immunity (Orlova et al., 2024). Ex vivo CRISPR editing in fish eggs has facilitated efficient creation of knockout/knockin models for developmental studies (Mohapatra & Chakraborty, 2022). In Ictalurus punctatus (channel catfish), TALEN-mediated editing of the cfGnRH gene induced partial reproductive confinement without affecting growth (Qin et al., 2022), and CRISPR knockout of dnd1 in zebrafish produced sterile males to prevent gene flow (Chu et al., 2023). In Monopterus albus (rice field eel), CRISPR targeting of cyp19a1a and foxl2 clarified their roles in ovarian development and sex regulation (Hou et al., 2023), while TALEN-based fsh gene knockout in catfish suppressed reproduction without hormone therapy (Qin et al., 2023). Despite these advances, genome editing in aquaculture faces regulatory, ethical, and public acceptance challenges (Roy et al., 2022; Gutási et al., 2023; Zhu et al., 2024). 
Recombinant DNA technology
Recombinant DNA technology has revolutionized aquaculture by enabling the production of species-specific hormones that enhance reproductive performance across a wide range of fish. In goldfish (Carassius auratus), recombinant FSH and LH produced via a baculovirus-silkworm system successfully induced milt production and ovulation (Kobayashi et al., 2006). Senegalese sole (Solea senegalensis) males showed a sevenfold increase in sperm output following in vivo treatment with recombinant gonadotropins (Chauvigné et al., 2017), while tiger grouper (Epinephelus fuscoguttatus) responded to recombinant FSH by undergoing early gonadal development and sex reversal, facilitating captive breeding of giant grouper (E. lanceolatus) (Palma, 2018). European eel (Anguilla anguilla) males achieved high-quality spermiation using CHO cell-derived recombinant gonadotropins (Peñaranda et al., 2018), and spotted scat (Scatophagus argus) exhibited accelerated gonadal maturation with prokaryotically expressed rFSH and rLH (Zhang et al., 2018). In sea cucumber (Holothuria scabra), recombinant relaxin-like gonad-stimulating peptide (RGP) induced spawning and larval development (Chieu et al., 2019), while recombinant α-choriogonadotropin (OVI) proved more effective and economical than traditional hormones in European eel spermiation (Herranz-Jusdado et al., 2019). Goldfish also responded positively to recombinant GnRH and GnRH-associated peptides, which induced final maturation and spawning (Mohammadzadeh et al., 2020, 2021). In flathead grey mullet (Mugil cephalus), recombinant gonadotropins completed vitellogenesis and activated key reproductive pathways (Ramos-Júdez et al., 2022a and b), and koi carp (Cyprinus carpio) showed enhanced spawning performance with rGnRH at 25 µg/kg (Yeganeh et al., 2022). Stinging catfish (Heteropneustes fossilis) recombinant hormones modulated HPO axis genes and estradiol levels (Aizen et al., 2023), while eel-specific rFSH and rLH led to the first larval production using recombinant hormones alone (Jéhannet et al., 2023). For endangered Macquarie perch (Macquaria australasica), recombinant LH and ELISA tools revealed hormonal deficiencies in captive broodstock (Nocillado et al., 2023). In S. argus, recombinant leptin upregulated reproductive genes, suggesting its role in artificial propagation (Li et al., 2024). Japanese flounder (Paralichthys olivaceus) fertility was restored using gynogenesis and hybridization to produce recombinant doubled haploids (Zhang et al., 2024), and greater amberjack (Seriola dumerili) showed improved gametogenesis and spawning success with single-chain recombinant gonadotropins (Lancerotto et al., 2025). Finally, in meagre (Argyrosomus regius), rFSH and rLH stimulated testicular maturation, though withdrawal of rFSH led to regression, underscoring the need for sustained hormonal stimulation (Ventriglia et al., 2025). 

Omics approaches for understanding reproductive traits
By enabling researchers to examine genes, proteins, metabolites, and regulatory elements across many tissues and developmental stages, omics techniques offer significant insights into the molecular basis of fish reproduction. Together, genomes, transcriptomics, proteomics, epigenomics, and metabolomics help to understand gonadal differentiation, gametogenesis, steroid hormone synthesis, egg quality, and sex-related genes. These techniques make it possible to find molecular markers for aquaculture's improved broodstock, sex control, and fertility.
Transcriptomics is one of the omics technologies that has proven particularly helpful for profiling reproductive tissues. For example, ovarian transcriptome studies in southern bluefin tuna (Thunnus maccoyii) showed high expression of genes related to female gonadal development, such as foxl2 and wnt4, while testes showed enrichment of genes related to spermatogenesis and steroid hormone biosynthesis. Analyses of the golden mahseer's brain transcriptome during spawning revealed that females expressed cyp19a1a (aromatase), wnt5, and aqp1 more frequently than males, while male brains displayed higher levels of genes linked to male reproductive function and testis differentiation, such as amh, foxl3, and dmrt2a.
Sex-biased expression was further supported by comparative gonadal transcriptomics in silver sillago (Sillago sihama), where female gonads primarily expressed cyp19a1a and zona pellucida glycoproteins essential for the formation of the egg coat, while male gonads upregulated dmrt1, amh, gsdf, and cyp11b Juvenile gonadal transcriptomes of common carp (Cyprinus carpio) showed genes linked to reproduction, such as nanos, gdf9, and ad4bp/sf-1, which shed light on the development of oocytes and the maintenance of germ cells (Anitha et al., 2019). Similarly, large-scale RNA-seq identified many genes associated with sex determination and reproduction that were differentially expressed in Amur sturgeon (Acipenser schrenckii). Striped bass (Morone saxatilis) ovarian transcriptomes revealed a gene expression "fingerprint" of 233 transcripts that predicted embryo survival, establishing a connection between transcriptomic patterns and egg quality that goes beyond gonads (Reading et al., 2014). These omics research collectively show how molecular profiling of fish organs, including the brain, ovaries, and testes, identifies important genes underlying reproductive characteristics, opening the door to sustainable aquaculture methods and genetic advancement. 
Conclusion and future prospectives
In summary, aquaculture is undergoing a profound transformation from a "hunting-and-gathering" approach to a more regulated and sustainable farming system due to the development of reproductive technology. The reproductive obstacles that have traditionally prevented the domestication of many commercially valuable fish species can be overcome with the use of these technologies, which include hormonal induction, cryopreservation, genetic engineering, sex control, germ cell transplantation, and surrogacy. From carps and salmon to seabass and turbot, these techniques have proven successful in producing notable improvements in characteristics including growth rate, disease resistance, and feed efficiency. Aquaculture systems are now more focused and efficient because to the development of recombinant DNA technology, which has also made it possible to produce species-specific hormones that efficiently control reproductive processes. In the future, it is anticipated that the combination of cutting-edge disciplines like genomics and bioinformatics will yield hitherto unheard-of insights into fish reproductive mechanisms, paving the way for even more accurate and effective breeding initiatives. In addition to improving broodstock management, the application of nutrigenomics and non-invasive monitoring will increase species' reproductive resilience to habitat loss and climate change. Furthermore, by guaranteeing genetic containment and preventing escapees from establishing wild populations, the creation of sterile all-female populations using methods like ploidy manipulation and genetic editing will not only increase production by preventing energy loss from maturation, but also address environmental concerns. In the end, aquaculture's survival depends on the ongoing development and moral use of ARTs. These technologies are now more than just instruments for breeding in captivity.
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Table 1. List of hormonal induction methods in different fish species
	Sl. No.
	Species
	Method/Intervention
	Key findings
	References

	1.
	Anguilla japonica (Japanese eel)
	W/O/W emulsion with lipophilized gelatin for GtH II delivery
	Sustained hormone release with a peak at 24h: better than pituitary extract
	Sato et al., 1995

	2.
	Mugil cephalus (Grey mullet)
	Domperidone, GnRHa, MT via EVAc implants
	Dopaminergic inhibition blocks spawning: Dom and MT are effective
	Aizen et al., 2005

	3.
	Mugil cephalus
	Mammalian gonadotropins+ LRH-A; seasonal cues
	80% fertilization at 24±1°c and 33-35 ppt; reduced wild seed reliance
	Yousefian et al., 2009

	4.
	Lates calcarifer (Sea bass)
	LHRH- a pellet and injections
	Spontaneous spawning in tanks; 40-80% fertilization
	Vazirzadeh et al., 2016

	5.
	Clarias gariepinus
	Ovaprim vs pituitary extract
	Ovaprim is superior in reproduction and growth; purebred offspring are best
	Ndimele & Owodeinde, 2012

	6.
	Cyprinus carpio carpio (Wild carp)
	sGnRHa via emulsion (GnRHa-FIA)
	Improved spermiation, sperm quality, and embryo success
	Vazirzadeh et al., 2016

	7.
	Channa striata
	Oodev (0.5ml/kg, 3x over 9 days
	Accelerated gonad rematuration; highest fecundity and GSI
	Anwar et al., 2018

	8.
	Perca fluviatilis & Rutilus rutilus
	Exposure to artificial light at night (ALAN)
	Reduced sex steroids and gonadotropin expression; no melatonin change
	Bruning et al., 2018

	9.
	Epinephelus fuscoguttatus (Tiger grouper)
	Oral plasmid encoding engineered FSH
	Induced ovarian development and sex reversal
	Palma et al., 2019

	10.
	Scophthalmus maximus (Turbot)
	Cytologica, and hormonal profiling
	Identified 23 germ cell types; linked AR expression to maturity
	Liu et al., 2021

	11.
	Cyprinus carpio (Hungarian line W carp)
	PMSG+CPH, mGnRH-a+ MET, Ovopel
	Best results with PMSG+CPH and mGnRH-a+MET; Ovopel (2 doses) effective
	Brzuka, 2021

	12.
	Clarias magur
	Oxytocin (40Miu/kg) post-ovatide
	Induced voluntary spawning; enhanced gamete maturation
	Priyadarshini et al., 2021

	13.
	Brycon orbignyanus
	Plasma hormone profiling+CPH induction
	Age- and sex- specific steroid variation; 48-month females needed stimulation
	Rotili et al., 2022

	14.
	Poecilia reticulate (Guppy)
	Estrogen-regulated behaviour
	Receptivity linked to follicular development and pheromone release
	Stacey, 1981

	15.
	Carassius auratus (Goldfish)
	Prostaglandin release during ovulation
	Stimulates spawning behaviour; reproductive mode drives endocrine control
	Stacey, 1981

	16.
	Paralichthys olivaceus, Danio rerio, Sparus aurata
	Thyroid hormone receptor expression
	Trα and TRβ are active in early development; conserved across vertebrates
	Power et al., 2001

	17.
	Tilapia spp.
	Hormonal rhythm analysis
	Dual FSH and LH peaks across cycles; asynchronous spawning
	Kumar et al., 2021

	18.
	Oreochromis mossambicus (Mozambique tilapia)
	Vasotocin (VT) targeting V1A receptors
	Reduced male aggression and female interaction via androgen suppression
	Almeida et al., 2023

	19.
	Channa marulioides
	FSH induction at varying doses
	1.25 ml/kg dose optimized vitellogenesis, E2 levels, HIS, and GSI
	Hutagalung et al., 2023

	20.
	Labeo rohita
	Chitosan nanoparticle-conjugated sGnRH-a + domperidone
	Enhanced hormone levels, gene expression, and breeding performance
	Mlaik et al., 2023

	21.
	Nothobranchius furzeri (Turquoise killifish)
	Electrophoration of fluorescent-tagged hPRMone vectors
	Tunable, reversible expression of pituitary hormones for growth and reproduction studies
	Moses et al., 2023

	22.
	Oreochromis niloticus (Nile tilapia)
	Dietary Arthrospira platensis BIOF17/003 nanoparticles (6g/kg)
	Improved growth, steroid hormones, and fry  production by 32.2%
	Mabrouk et al., 2024

	23.
	Carassius auratus (Goldfish)
	Ovarprim at 22°+ sperm cryopreservation (E4, 15% DMSO)
	Improved ovulation, fertilization, larval development; cryopreservation is promising
	Taheri-Khas et al., 2024



Table2. Photothermal Manipulation in various Aquaculture species
	Sl. No.
	Species
	Method
	Keys finding
	References

	1.
	Salmon salar (Atlantic salmon)
	Advanced photoperiod + reduced temp+LHRHa
	71-day ovulation advance, viable eyed-eggs
	King & Pnakhurst, 2007

	2.
	Perca flavescens (Yellow perch)
	Seasonal photothermal cues
	Natural cycles enhance E2/T; condensed cycles shift T peak
	Hansen et al., 2012

	3.
	Perca fluviatilis (Eurasian perch)
	Pre-inductive photoperiod; constant regimes
	Inhibition under constant light; Recover via HCG/IGF-1
	Fontaine et al., 2006; MIlla et al., 2009

	4.
	Melanogrammus aeglefinus (Haddock)
	Advanced photoperiod
	Accelerated follicle dev. & extended spawning
	Martin-Robichaud et al., 2004

	5.
	Paralichthys lethostigma (Southern flounder)
	Natural vs hormone-induced spawning
	Natural yields better egg quality; hormones offer timing control
	Watanabe et al., 2001, 2006; Hansen et al., 2012

	6.
	Jasus edwardsii (Rock lobster)
	Compressed photo thermal cycle
	Extended larval availability but reduced phyllosoma quality
	Smith et al., 2003

	7.
	Chirostoma humboldtianum (Shortfin silverside)
	81-day APC
	Multiple spawns, >80% egg survival
	Blancas-Arroyo et al., 2024

	8.
	Maccullochella peelii (Murray cod)
	Phase-shifted photothermal regime
	Advanced maturation by 4 months
	Newman et al., 2010

	9.
	Labeo rohita, Catla catla, Cirrhinus mrigala
	LP-AAT regime
	Off-season breeding during winter
	Chakravarty et al., 2021

	10.
	Barbus barbus (Barbel)
	Gradual photoperiod + temp increase
	Induced spawning; longer stimulation improved egg quality
	Kaminski et al., 2012

	11.
	Sander lucioperca (Pikeperch)
	Continuous photoperiod; PTT regime
	Suppressed reproduction; modulated maturation via PTT
	Ben Ammar et al., 2015; Hermelink et al., 2017; Chakravarty et al., 2021

	12.
	Tor putitora (Golden mahseer)
	Photothermal manipulation
	Induced spawning; stress and immune impacts noted
	Akhtar et al., 2028, 2020

	13.
	Paralichthys orbignyanus (Black flounder)
	Photothermal+ salinity cycles in RAS
	Extended spawning, 27.5M eggs, 61% viability
	Boccanfuso et al., 2019

	14.
	Epinephelus akaara (Red-spotted grouper)
	Extended photopheriod+ elevated temp
	Induced maturation, increased GSI, and gene expression
	Lee et al., 2020;  Nhan et al., 2022

	15.
	Cheirodon interruptus
	Simulated winter-spring photothermal regime
	Effective ovarian maturation: photoperiod primary driver
	Garcia et al., 2023



Table 3. Sterilization Techniques in various fish species
	Sl. No.
	Species
	Sterilization method
	References

	1.
	Salmon (Slvalinus oncorhynchus)
	Hormonal treatments, gynogenesis, triploidy, irradiation, autoimmune, and surgical
	Donaldson & Hunter, 1982

	2.
	Petromyzon marinus (Se lamprey)
	GnRH analogs for field sterilization
	Sower, 2003

	3.
	Onchorynchus mykiss (Rainbow trout)
	Sterile trout stocking for conservation
	Kozfkay et al., 2006

	4.
	Genetically engineered fish
	Transgenic sterilization, embryonic disruption, gene knockout
	Wong & Van Eenennaam, 2008

	5.
	Ictalurus punctatus, Cyprinus carpio
	Electroporated short hairpin cDNA targeting PGC genes (nanos, vasa, dnd)
	Su, 2012

	6.
	Danio rerio (Zebrafish)
	Heat-shock inducible Sdf1a disrupts PGC migration
	Wong & Collodi, 2013

	7.
	Cyprinus carpio
	Surgical and chemical sterilization of ‘Judas fish’
	Patil et al., 2014

	8.
	Acipenser ruthenus (Sterlet)
	Morpholino oligos targeting dnd for PGC depletion
	Linhartova et al., 2015

	9.
	Oreochromis mossambicus
	High-temperature exposure (37°C, 50 days) eliminates spermatogenesis
	Nakamura et al., 2015

	10.
	Oreochromis niloticus
	Heat treatment (37°C, 45-60 days) for female germ cell loss
	Pandit et al., 2015

	11.
	Danio rerio
	Bath-immersion with Vivo-morpholinos targeting dnd
	Wong & Zohar, 2015

	12.
	Salmo salar (Atlantic salmon)
	All-female triloids for reproductive  confinement
	Benfey, 2016

	13.
	Ictalurus punctatus
	ZFN plasmid editing of the LH gene for sterility
	Qin et al., 2016

	14.
	Ictalurus punctatus
	Salt-sensitive promoter knockdown of nanos, dnd
	Li, 2017

	15.
	Acipenser ruthenus
	UV irradiation at the vegetal pole to destroy PGCs
	Saito, 2018

	16.
	Ictalurus punctatus
	Copper-sensitive promoter knockdown of PGC genes
	Li et al., 2018

	17.
	Oryzias latipes (Medaka)
	SGTP into sterile fshr mutant females
	Nagasawa et al., 2019

	18.
	Oryzias dancena
	Disinfection with MB, formalin, iodine, evaluating toxicity, and sterilization
	Park et al., 2019

	19.
	Oreochromis kisutch, Anoplopoma fimbria
	Immersion-based morpholino silencing of dnd
	Xu et al., 2023

	20.
	Oncorhynchus kisutch
	Csdnd-MO-Vivo immersion for non-transgenic sterilization
	Xu et al., 2023

	21.
	Ictalurus punctatus
	Transgenic overexpression of the goldfish GAD gene under the carp β-actin promoter
	Ye et al., 2024

	22.
	Ictalurus punctatus
	Bax gene overexpression in PGCs for gonadal suppression
	Ye, 2025







Table 4. Uses of surrogacy technology in various aquaculture species
	Sl. No.
	Species
	Method 
	Key Insight
	Reference

	1.
	Zebrafish (Danio rerio)
	GFP-labeled spermatogonia transplanted into sterilized recipients
	Germ cell-depleted hosts showed the highest chimera rates and reproductive success
	Franěk et al. 2022


	2.
	Sterlet sturgeon (Acipenser ruthenus)
	CRISPR/Cas 9 knockout of the dnd1 gene
	Effective sterilization for sturgeon surrogacy with high embryo survival
	Baloch et al., 2019

	3.
	Atlantic salmon (donor) →Rainbow trout (recipient)
	Spermatogonial cell transplants into triploid embryos
	Cross-genus gamete production for aquaculture strain development
	Hattori et al., 2019

	4.
	Common carp (donor) →Gold fish (recipient) 
	Intraperitoneal transplantation of germ stem cells
	44% success in donor-derived gamete production
	Franěk et al., 2021

	5.
	European eel (donor)→Zebrafish/Seabass (recipient)
	Spermatogonial transplant
	No colonization-species-specific incompatibility
	Blanes-Garcia et al., 2024

	6.
	Pacific Bluefin tuna→Hybrid little tuna (recipient)
	Xenogeneic germ cell transplant
	Functional sperm are produced in a compact host at 8 months
	Kawamura et al., 2024

	7.
	Tiger pufferfish
	Genomic selection+ surrogacy
	All-male elite lines with increased testis weight and market value
	Hosoya et al., 2025

	8.
	Cyprinus carpio
	In vitro germ cell culture using hESC media and RTG2 feeder cells
	Enhanced proliferation and reduced contamination
	Xie et al., 2022
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