


Optimization of Extender–Cryoprotectant Combinations for Sperm Cryopreservation of Rohu Labeo rohita (Hamilton, 1822)
 

Abstract	
Sperm cryopreservation is an essential reproductive biotechnology for the long-term conservation of genetic resources and the year-round production of quality seed in aquaculture. The present study aimed to optimise suitable combinations of extenders (7, 9B, and 9C) and cryoprotectants [dimethyl sulfoxide (DMSO), dimethylacetamide (DMA), and methanol] for the cryopreservation of rohu (Labeo rohita) sperm. Fresh milt exhibited excellent quality, with sperm concentrations ranging from 9.58 × 10¹⁰ to 1.68 × 10¹¹ cells mL⁻¹ in Lot 1 and from 1.03 × 10¹¹ to 2.25 × 10¹¹ cells mL⁻¹ in Lot 2, and motility ranging from 90–95%. Milt samples were diluted at a ratio of 1:6 (milt:diluent) using different extender–cryoprotectant combinations and cryopreserved in liquid nitrogen (−196°C). Post-thaw fertilisation and hatching trials were conducted to evaluate sperm functionality. Extender 9C produced the highest hatching percentage among the extenders (51.08%), while DMSO produced the highest hatching percentage among the cryoprotectants (51.26%); both values remained lower than the fresh-milt control (79.00%). The results indicate that extender 9C and DMSO were the best-performing extender and cryoprotectant, respectively, under the evaluated conditions. This optimised protocol has considerable potential for large-scale hatchery operations, selective breeding programmes, and long-term germplasm conservation of L. rohita. 
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Introduction
Aquaculture has become the fastest-growing food production sector globally and plays a pivotal role in ensuring food security, improving nutrition, and supporting rural livelihoods. According to the Food and Agriculture Organization (FAO, 2024), global fisheries and aquaculture production reached 223.2 million tonnes in 2022, including 185.4 million tonnes of aquatic animals. Approximately 89% of this production was utilised for human consumption, while the remainder was processed into fishmeal and fish oil. Aquaculture alone contributed 130.9 million tonnes, accounting for 59% of the total aquatic animal production. Inland aquaculture represented 62.6% of farmed aquatic animal production and, for the first time, surpassed capture fisheries by contributing 51% of the total aquatic animal output. As capture fisheries have reached or exceeded their sustainable production limits, aquaculture has become increasingly important for meeting the growing global demand for aquatic foods. Consequently, sustainable aquaculture practices are essential for maintaining future food security and economic development (Jennings et al., 2016). 
Among the freshwater aquaculture species cultured in South Asia, rohu (Labeo rohita) is one of the most economically important Indian major carps. The species is widely distributed throughout the Indian subcontinent, including India, Bangladesh, Nepal, Myanmar, and Pakistan, and is highly valued because of its rapid growth, excellent flesh quality, and strong consumer preference (Jhingran & Pullin, 1985). Rohu contributes substantially to freshwater aquaculture production and plays an important role in the livelihoods of fish farmers. However, the species exhibits seasonal reproductive behaviour, with natural spawning generally occurring between May and June, when water temperatures range between 25 and 31°C (Sharmin, 2024). This restricted breeding period limits the continuous availability of high-quality seed for aquaculture. Furthermore, repeated use of the same broodstock may reduce genetic diversity and negatively affect seed quality and long-term productivity. Evidence from artificial spawning studies in cultured freshwater fish further supports the importance of controlled reproductive management for hatchery seed production (Hastuti et al., 2024).
Sperm cryopreservation has emerged as one of the most effective reproductive biotechnologies for preserving valuable genetic resources in fish (Lakra, 1993; Rana, 1995; Suquet et al., 2000; Noble, 2003; Blesbois & Labbé, 2003). The technique involves storing spermatozoa in liquid nitrogen at −196°C, thereby maintaining their viability and fertilising capacity for extended periods. Early studies established the feasibility of low-temperature sperm preservation and storage (Polge et al., 1949; Blaxter, 1953). Cryopreservation facilitates year-round seed production, reduces the need to maintain large numbers of male broodstock, enables efficient transportation of genetic material between hatcheries, and supports selective breeding and germplasm conservation programmes. Since the first successful cryopreservation of L. rohita sperm by Gupta et al. (1995), protocols have been developed across a wide range of freshwater and marine fishes, including rainbow trout, gilthead sea bream, pabda catfish, minor carps, and other cultured species (Tekin et al., 2003; Cabrita et al., 2005; Sarder et al., 2013; Kumar et al., 2022; Tamut et al., 2025). Despite considerable progress in sperm cryopreservation, reliable cryopreservation protocols for fish eggs and embryos remain challenging because of their large size, high yolk content, and low membrane permeability. Consequently, sperm cryopreservation remains the most practical and widely adopted strategy for preserving fish genetic resources. Recent aquaculture biotechnology literature similarly identifies reproductive-cell cryopreservation as a practical approach for conserving genetic resources and supporting breeding programmes (Maurya et al., 2025). Recent studies further show that cryopreservation outcomes depend on protocol-specific variables, including extender and thawing conditions, cryoprotectant selection, sperm concentration, and freeze–thaw injury (Sotnikov et al., 2024; Idris et al., 2024; Zhu et al., 2024; da Costa et al., 2024).
The success of sperm cryopreservation largely depends on selecting appropriate extenders and cryoprotectants that protect sperm cells from osmotic stress and ice crystal formation during the freezing and thawing processes. Cryoprotectant selection also requires attention to solution toxicity, which is a broader consideration in the design of freezing media (Ray, 2016). Although several cryopreservation protocols have been reported for L. rohita, including protocols evaluated through fertilisation and hatching trials (Sarder et al., 2011), the optimal combination of extenders and cryoprotectants capable of maximising post-thaw fertilisation and hatching performance remains to be established. Comparative work in other carps likewise indicates that extender and thawing conditions can influence reproductive outcomes (Sotnikov et al., 2024). Therefore, the present study aimed to evaluate three extenders (7, 9B, and 9C) in combination with three cryoprotectants, namely dimethyl sulfoxide (DMSO), dimethylacetamide (DMA), and methanol, to identify the most effective cryopreservation protocol for L. rohita sperm. The findings of this study are expected to contribute to the development of standardised cryopreservation protocols for hatchery production, selective breeding programmes, and long-term conservation of valuable fish germplasm.
Materials and methods
Experimental animal
Ten mature male Labeo rohita broodfish were randomly selected from the Live Fish Germplasm Resource Centre, ICAR–National Bureau of Fish Genetic Resources (NBFGR), Lucknow, India. The body weight of each fish was recorded, and Passive Integrated Transponder (PIT) tags were implanted in the dorsal musculature for individual identification. Male broodfish were induced with WOVA-FH (Biostadt India Limited, Mumbai, India) at a dose of 0.2 mg kg⁻¹ body weight. Prior to milt collection, fish were anaesthetised with phenoxyethanol (0.4 mL L⁻¹) following the procedure described by Haniffa (2005). Female broodfish used for fertilisation trials were induced with WOVA-FH at 0.5 mg kg⁻¹ body weight by intraperitoneal injection. 
Milt collection and quality assessment	
Milt was collected approximately 4 h after hormonal induction by gentle abdominal stripping into clean, dry plastic collection containers, taking care to avoid contamination with water, urine, blood, or faeces. Sperm motility was evaluated immediately after collection using an Olympus CX43RF light microscope (Olympus, Japan) at 20× magnification. A 2 μL aliquot of milt was activated with 8 μL of distilled water, and the percentage of progressively motile spermatozoa was estimated by visual observation. Only samples exhibiting ≥80% motility were selected for cryopreservation, whereas samples with lower motility were discarded. 
Determination of spermatozoa
Sperm concentration was determined using a haemocytometer. Fresh milt (200 μL) was fixed with 800 μL of 10% neutral buffered formalin (NBF). Subsequently, 150 μL of the fixed sample was diluted with 1350 μL of 10% NBF, and a small quantity of eosin stain was added to improve sperm visibility. The suspension was serially diluted to 10⁻⁵, and spermatozoa were counted in the four corner grids of the haemocytometer. Sperm concentration (cells mL⁻¹) was calculated using the standard haemocytometer formula. 
Spermatozoa per ml = 
Determination of Seminal Plasma Osmolality 
Fresh milt samples (2 mL) were centrifuged at 10,000 rpm for 15 min at 4°C to separate the seminal plasma. The osmolality of the supernatant was measured using a freezing-point osmometer (KNAUER K-7400S, Germany) and expressed as mOsmol kg⁻¹. 
Cryopreservation of milt
Three extenders (7, 9B, and 9C) were prepared according to the formulations presented in Table 1 and stored under chilled conditions until use. Three permeating cryoprotectants—10% dimethyl sulfoxide (DMSO), dimethylacetamide (DMA), and methanol—were evaluated. Fresh milt was diluted with each extender–cryoprotectant combination at a ratio of 1:6 (milt:diluent). The diluted semen was dispensed into sterile 2-mL cryovials using a manual stepper filling system (Nichiryo, Japan). Filled cryovials were equilibrated on ice for 12 min before freezing. Following equilibration, cryovials were positioned on a stainless-steel rack 2.5 cm above the surface of liquid nitrogen, providing a controlled cooling rate of approximately −10°C min⁻¹. After vapour freezing, the cryovials were transferred into cryoboxes and finally plunged into liquid nitrogen (−196°C) for long-term storage in a cryocan (CryoSalvum 100). 
Table 1. Composition of extenders used in milt cryopreservation
	Chemical composition
	Stock solution
	For extenders 100 ml (Salt solution in µl)

	
	
	7
	9B
	9C

	NaCl
	1.0 g/10 ml
	7500
	6500
	6500

	KCl
	1.0 g/10 ml
	200
	1420
	1420

	CaCl2
	1.0 g/10 ml
	200
	300
	300

	NaHCO3
	1.0 g/10 ml
	200
	-
	-

	MgSO4.7H2O
	1.0 g/10 ml
	-
	200
	200

	Glucose
	1.0 g/10 ml
	-
	-
	540

	Glycine
	1.0 g/10 ml
	-
	5000
	-


Fertilisation and Hatching Trial 
Male and female broodfish were collected 48 h before spawning and acclimatised separately in well-aerated hatchery tanks under continuous water showering. Female broodfish were induced with 0.5 mg kg⁻¹ WOVA-FH, and eggs were stripped approximately 6 h after hormone administration. Eggs obtained from each female were divided into treatment groups in triplicate. Frozen semen was thawed by immersing cryovials in a 40°C water bath for 1 min 40 s with gentle agitation. Approximately 16,000 eggs (one spoonful) were fertilised using 2 mL of thawed cryopreserved semen. The gametes were mixed thoroughly, followed by the addition of 5 mL of tap water to activate sperm motility. For the control treatment, 300 μL of freshly collected semen was used under identical fertilisation conditions. Following fertilisation, eggs were washed three times with clean tap water to remove residual cryoprotectants and sperm debris before incubation. Fertilised eggs were incubated under standard hatchery conditions, and hatching success was assessed 16–18 h after fertilisation. Fertilisation and hatching percentages were calculated using standard formulae.

Fertilization rate (%) = 
Statistical analysis
All fertilisation and hatching experiments were conducted in triplicate. Percentage data were expressed as mean ± standard deviation. Statistical comparisons among treatments were performed using one-way ANOVA followed by Duncan’s multiple range test at a significance level of p ≤ 0.05.
Results
Evaluation of sperm quality
The concentration of fresh sperm ranged from 9.58 × 10¹⁰ cells mL⁻¹ to 1.68 × 10¹¹ cells mL⁻¹ in Lot 1 and from 1.03 × 10¹¹ cells mL⁻¹ to 2.25 × 10¹¹ cells mL⁻¹ in Lot 2. The osmolality of the seminal plasma of L. rohita was 269 ± 5.5 mOsmol kg⁻¹. Sperm motility ranged from 90 to 95%. The sperm exhibited two types of movement: active forward movement and passive Brownian movement.
Fertility trial
The ability of cryopreserved sperm to fertilise eggs was evaluated in rohu carp. Eggs were fertilised using different extender–cryoprotectant combinations, with fresh milt used as the control. Hatching rates were recorded and are presented in Figs. 1 and 2. For the extender comparison, mean hatching percentages were 49.00% for 9B, 51.08% for 9C, and 44.48% for extender 7, compared with 79.00% for the fresh-milt control. For the cryoprotectant comparison, mean hatching percentages were 51.26% for DMSO, 4.11% for DMA, and 5.70% for methanol, compared with 79.00% for the control. Significant differences (p ≤ 0.05) were observed among extenders and cryoprotectants, with extender 9C and DMSO showing significantly higher hatching rates than the other treatments within their respective comparisons.
Fig 1. Effect of Different Extenders on Hatching Percentage in Rohu Carp Cryopreservation

Fig 2. Effect of Different Cryoprotectants on Hatching Percentage in Rohu Carp Cryopreservation

Discussion
The success of sperm cryopreservation largely depends on the initial quality of fresh milt, as sperm concentration, motility, and seminal plasma characteristics directly influence post-thaw fertilisation performance (Suquet et al., 1992). In the present study, fresh Labeo rohita milt exhibited excellent quality, with sperm concentrations ranging from 9.58 × 10¹⁰ to 1.68 × 10¹¹ cells mL⁻¹ in Lot 1 and from 1.03 × 10¹¹ to 2.25 × 10¹¹ cells mL⁻¹ in Lot 2, and motility ranging from 90 to 95%. These values indicate that the broodstock were in good reproductive condition and provided suitable material for cryopreservation. Similar sperm quality parameters have been reported in L. rohita by Khan et al. (2015) and Routray et al. (2006), confirming that high-quality fresh semen is essential for achieving satisfactory post-thaw fertilisation. Variations among studies may be attributed to differences in broodstock nutrition, age, environmental conditions, reproductive season, and hormonal induction protocols. More broadly, post-thaw sperm performance can also vary with biological line and freezing method (Long et al., 2014).
Seminal plasma osmolality plays a crucial role in maintaining sperm viability by preventing premature activation before fertilisation. The osmolality recorded in the present study (269 ± 5.5 mOsmol kg⁻¹) falls within the range previously reported for freshwater cyprinids and is consistent with values described for L. rohita (Talukdar et al., 2021; Khan et al., 2015). Maintaining an appropriate osmotic environment before freezing minimises osmotic shock and membrane damage, thereby improving the likelihood of sperm survival during the freeze–thaw process.
Among the three extenders evaluated, extender 9C resulted in the highest post-thaw hatching percentage (51.08%), compared with 49.00% for extender 9B and 44.48% for extender 7; the fresh-milt control produced 79.00% hatching. The superior performance of extender 9C is likely related to its balanced ionic composition and the inclusion of glucose, which may function as an extracellular cryoprotective agent and energy source during cryopreservation. Appropriate concentrations of salts help maintain osmotic equilibrium and stabilise sperm plasma membranes, whereas glucose can reduce dehydration stress and protect membrane integrity during freezing and thawing. Consequently, sperm cryopreserved with extender 9C retained greater fertilising capacity than sperm preserved with extenders 7 and 9B. Similar observations have been reported in carp studies in which supplemented energy sources or sugar-containing extenders affected post-thaw sperm characteristics and fertilising ability (Betsy, 2013; Bozkurt et al., 2016).
Among the cryoprotectants, DMSO produced the highest hatching percentage (51.26%), whereas DMA and methanol produced 4.11% and 5.70%, respectively; the fresh-milt control produced 79.00%. Methanol has supported fertilisation after sperm cryopreservation in other fish species, illustrating the species- and protocol-dependent nature of cryoprotectant performance (Glogowski et al., 2002). The lower hatching percentages obtained with cryopreserved sperm than with fresh sperm are consistent with the physiological and structural changes that can occur during freezing and thawing (Cabrita et al., 2005; da Costa et al., 2024). Cryoinjury may result from osmotic stress, oxidative damage, membrane lipid peroxidation, mitochondrial dysfunction, or cytoskeletal disruption during cooling and thawing. The present results are also consistent with the broader literature showing that cryopreservation performance varies among rohu and other carp protocols (Sarder et al., 2011; Routray et al., 2006; Kumar et al., 2022; Tamut et al., 2025). Because hatchery outcomes in L. rohita can also be influenced by maternal and rearing factors, hatching percentage should not be interpreted as a sperm-treatment response in isolation (Rahman et al., 2021).
The optimised cryopreservation protocol developed in this study has important practical implications for aquaculture and fish genetic resource management. Standardised cryopreservation techniques facilitate year-round seed production, reduce dependence on maintaining large numbers of male broodstock, simplify the exchange of elite germplasm among hatcheries, and support selective breeding programmes. In addition, long-term preservation of high-quality sperm contributes to the conservation of valuable genetic resources and provides an effective safeguard against the loss of important breeding lines, consistent with the wider role of cryopreservation and reproductive technologies in genetic-resource conservation (Hiemstra et al., 2005). This consideration is particularly relevant where genetically differentiated or selected rohu lines are maintained, as such lines have been characterised in breeding research (Das et al., 2014). Cryopreservation and germ-cell preservation approaches have also been investigated in other fish germplasm systems (Mei, 2013). Therefore, the protocol developed in the present study represents a practical and scalable approach for commercial hatcheries and germplasm repositories involved in L. rohita breeding and conservation.
Conclusion
In summary, this study identified extender 9C and 10% DMSO as the best-performing extender and cryoprotectant, respectively, under the evaluated cryopreservation conditions for L. rohita sperm; seminal plasma osmolality was 269 ± 5.5 mOsmol kg⁻¹. Extender 9C produced a hatching percentage of 51.08%, while DMSO produced 51.26%, compared with 79.00% for the fresh-milt control. The successful fertilisation and hatching of eggs using cryopreserved sperm indicate the potential application of the evaluated protocol in commercial seed production, genetic resource conservation, and broodstock management. Cryopreservation of L. rohita sperm provides a method for the long-term preservation of germplasm and may promote genetic exchange between hatcheries, particularly where the conservation of genetic diversity or improvement of broodstock quality is required. This protocol may be suitable for large-scale hatchery applications and germplasm conservation programmes.

Limitations
The study examined only three extenders and three cryoprotectants under a single dilution ratio, equilibration period, freezing procedure, and thawing condition. Functional evaluation focused on fertilisation and hatching, with experiments conducted in triplicate. Accordingly, the findings are limited to the tested protocol conditions and do not establish whether other extender formulations, cryoprotectant concentrations, cooling rates, thawing regimes, or additional post-thaw sperm-quality measures would yield comparable or improved outcomes.
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