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Impact of semen dilution and sperm to egg ratio on fertilization success in snowtrout (Schizothorax richardsonii)


Abstract
This paper investigates the optimal semen dilution and sperm-egg ratio for enhancing fertilization success in snowtrout (Schizothorax richardsonii). We achieved a high fertilization rate (98.80 ±0.13%) using undiluted semen, with a sperm concentration of 3.59 ±0.12x108 sperm/ml, and sperm-egg-ratio of 29.5 ±0.09x104 sperm/egg. At 1:4 and 1:10 dilutions, almost equally high fertilization rates of 98.73 ±0.11% and 97.06 ±0.11% were recorded, respectively. It reveals that almost 18,600 sperm/egg are required to achieve ~90% fertilization, while 26,900 sperm are essential for achieving ~97% fertilization with more than 75% motility. A ratio of 18,600 sperm/egg and 26,900 sperm/egg were obtained with 1:15 and 1:10 dilutions respectively, when one ml of diluted semen fertilized around 1200 eggs. Statistical analysis revealed that control and 1:4 dilution ratio were not significantly different (P ns, n=3). However, 1:4 dilution ratio was found significantly superior to other dilutions, viz. 1:10 (P<0.01, n=3); 1:15 (P<0.001, n=3) and 1:20 (P<0.001, n=3). Moreover, no correlation was established between spermatozoa motility and corresponding fertilization percentage. These findings have crucial implications for advancing artificial fertilization and selective breeding programs, conserving superior semen in gene banks, maximizing the judicious use of gametes in hatcheries, as well as enhancing our understanding of mating success.
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INTRODUCTION:
The snowtrout (Schizothorax richardsonii), a cold-water cyprinid fish endemic to the Himalayan region, holds significant ecological, economic and cultural importance in India, Nepal, Bhutan, and Pakistan. It is one of the dominant species in high-altitude rivers and streams, forming the basis of subsistence and small-scale commercial fisheries for local communities (Das et al., 2016). With growing interest in cold-water aquaculture and the need for conservation of native ichthyofauna, S. richardsonii has been recognized as a priority species for artificial propagation and captive seed production programs (Agarwal and Raghuvanshi, 2009; Bhat et al., 2019).
Despite its importance, natural population of snowtrout has declined due to multiple stressors, including habitat fragmentation from hydropower projects, sedimentation, overfishing and climate-induced hydrological changes (Raghuvanshi, 2007). This situation necessitates artificial breeding and hatchery-based interventions to ensure sustainable stock enhancement and aquaculture development. Artificial fertilization techniques allow controlled gamete handling, synchronization of spawning, and optimization of fertilization success. However, achieving high fertilization efficiency while minimizing gamete waste remains a critical hatchery challenge.
A major constraint in snowtrout breeding is the limited availability of milt, as males produce smaller quantities of semen compared to females' egg output (Agarwal and Raghuvanshi, 2009). Excessive sperm use during fertilization increases the demand for brood males, complicates hatchery logistics, and reduces overall production efficiency (Beirão et al., 2018). Recent studies have also highlighted the role of climate change-induced thermal stress and altered river flow regimes in affecting reproductive cycles and gamete quality in cold-water fishes (Zięba et al., 2022; Rahmatullah et al., 2023). Therefore, establishing the minimum effective semen dilution and sperm-to-egg ratio (SER) is essential for rationalizing semen use while ensuring high fertilization and embryo viability.
Studies in salmonids and other cyprinids have demonstrated that high fertilization rates can be achieved at relatively low SERs, provided that gamete quality and handling conditions are optimal (Bókonyi et al., 2021; Zięba et al., 2022). For instance, ratios as low as 2.5 ×105:1 have yielded satisfactory results in Eurasian perch, and even lower ratios in other teleost species (Beirão et al., 2018). However, these thresholds are species-specific and influenced by factors such as sperm motility duration, activation medium, water temperature, and gamete interaction time (Rahmatullah et al., 2023).
Without determining sperm-egg ratio, one cannot estimate the efficiency of such fertilization techniques (Steyn and Van Vuren, 1987). Optimum sperm-egg ratio for economic use of semen in artificial fertilization has been estimated for fishes to find out semen dilution ratio during cryopreservation mostly (Erdahl and Graham, 1987; Rurangwa et al., 1998; Liley et al., 2002; PMC, 2023). Insufficient sperm survival and consequently low fertilizing capacity could be concealed when large uneconomical volumes of semen are employed in the insemination process. Optimization of sperm-to-egg ratio (SER) has gained increasing importance in aquaculture biotechnology, as excessive sperm use does not proportionally increase fertilization success and may instead lead to inefficiencies in broodstock utilization (Beirão et al., 2018; Bókonyi et al., 2021).
However, it is possible that much of the inconsistency in the fertilization results obtained with spermatozoa is due to biological variation of the material (Baynes and Scott, 1987). For achieving good fertilization results from unit volume of semen, knowledge of optimal number of sperm necessary for fertilizing an egg or in other words optimal semen dilution (sperm concentration/ml) for unit volume of egg, is required. Furthermore, semen dilution is indispensable for attempting cryopreservation. Up to what extent we can dilute the semen without affecting the fertilization percentage of fresh or cryopreserved semen; this again requires basic information about optimal dilution ratio for fresh semen. 
Despite advances in sperm biology and cryopreservation, limited species-specific data exist for Himalayan cold-water fishes, particularly S. richardsonii, creating a significant gap in standardizing fertilization protocols under hatchery conditions. Keeping this concept in mind, first of all optimal semen dilution ratio and thereby number of sperm per egg is worked out by conducting artificial fertilization experiment with fresh semen and egg, obtained from ripe brooders. 

MATERIALS AND METHODS:
[image: C:\Users\dell\Desktop\FishSemenBanking-atoolforPropagationofSnowtrout_page-0002 - Copy (3).jpg]	 To determine the optimum semen dilution and sperm-egg ratio, five sets of fertility rials were performed with fresh semen in triplicate. The fresh semen was stripped from ripe brooder (Fig.-1) and subjected for preliminary semen quality analysis, i.e., for sperm density 
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Fig.1: Stripping of semen from male brooders                Fig.2: Dilution of semen
and motility rating. In the meantime, eggs from female ripe brooder were stripped and distributed in equal number in five batches. Each batch of eggs was placed in dry and clean enamel bowls for artificial fertilization. After estimating sperm density of the individual semen samples, semen was diluted in Mounib’s medium to make 1:4, 1:10, 1:15 and 1:20 semen-dilution ratios (Fig.-2). Fertilization experiments were performed by dry method (Agarwal et al., 2001). The eggs in the 1st enamel bowl were fertilized with one ml. of fresh semen. The eggs distributed in the 2nd, 3rd, 4th, and 5th enamel bowls (approx. 1200-1220 eggs in each batch) were inseminated with one ml sperm suspension of 1:4, 1:10, 1:15 and 1:20 semen-dilutions, respectively. 
For three replicates of such fertility trials, 3.8 ml, 2.2 ml and 2.5 ml semen samples (motility rating-4, i.e. >75 to 100% motility) were obtained through stripping from three ripe male brooders of 130g, 170g and 70g respectively. The sperm concentration 3.49 x108, 3.73 x108 & 3.56 x108 per ml of semen recorded in the above three semen samples were in the optimum range of the species. The eggs stripped from the three ripe brooders weighing 317g, 264g, and 280g were 5997, 6137 and 6062 eggs respectively. The eggs & semen obtained from one set of ripe brooders were found sufficient to test all the 5 variants of fertilization (semen-dilutions) experiment. Thus, chance of individual variability for fertilization success was avoided. 
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Fig.3: Fertilization of eggs and hatching in flow-through hatchery
After three hours of fertilization, the water hardened fertilized eggs of S. richardsonii became translucent, while unfertilized eggs seem opaque. At this stage, fertilized eggs were counted in each bowl to calculate fertilization percentage for each dilution test (Fig.-3). Three such fertility trials for each dilution were made and mean values with their standard deviation were calculated. The number of sperm in each semen-dilution-ml and sperm-egg ratio was calculated for each batch of fertilization from dilution study. The optimum number of motile sperm/egg required to fertilize eggs equal to fertilization percentage with undiluted semen (control) was estimated using total number of sperm/ml semen, motility percentage, dilution factor, insemination volume and the number of eggs inseminated at that dilution (Fig.-3). Single factor ANOVA and Student’s t-test were applied for statistical analysis of the data.

RESULTS:
The observations are summarized in Table-1 and depicted in Fig.-1. A very high fertilization percentage (98.80 ±0.13%) was recorded with fresh undiluted semen (sperm concentration 3.59 ±0.12x108 sperm/ml) at sperm-egg ratio of 29.5 ±0.09x104:1. At 1:4 and 1:10 semen dilution, almost equally high fertilization rate (98.73 ±0.11% and 97.06 ±0.11%, respectively) similar to control was recorded. At 1:10 semen dilution, sperm concentration per ml of suspension was decreased up to 3.27 ±0.11x107 sperm with sperm-egg ratio of 2.69 ±0.05x104:1. Semen diluted at 1:15 dilution showed significant decrease in fertility (89.95 ±0.09%) and further higher dilution (1:20) resulted in a progressive decline in fertility percentage (71.92 ±0.12%). Our results on sperm-egg ratio for S. richardsonii reveal that approximately 18,600 motile sperm per egg are required to achieve ~90 % fertilization rate, while 26,900 sperm are required for an egg to achieve ~97% fertilization rate at sperm motility rating 4 in a semen sample. Sperm-egg ratio 18,600 sperm–egg and 26,900 sperm–egg were obtained at 1:15 and 1:10 semen dilution (semen: extender) respectively when its one ml sperm dilution was used to fertilize ~1200 eggs.
Table-1: Effect of semen dilution and egg-sperm ratio on fertilization percentage in S. richardsonii
	S.N.
	Semen: diluent ratio
	Sperm conc. after dilution (per ml)
	Eggs fertilized with per ml sperm suspension
	Fertilization percentage
	Number of sperm/ egg (for respective dilution)

	
	
	
	Inseminated
	Fertilized
	
	

	1
	Undiluted Semen
	3.59±0.12x108
	1219.0 ±9.54
	1204.3 ±10.02
	98.80 ±0.13
	29.5±0.09x104

	2
	1:4
	7.19±0.25x107
	1209.0 ±15.62
	1193.7 ±14.15
	98.73 ±0.11
	5.94±0.14x104

	3
	1:10
	3.27±0.11x107
	1212.7 ±16.80
	1177.0 ±16.09
	97.06 ±0.11
	2.69±0.05x104

	4
	1:15
	2.25±0.08x107
	1207.7 ±18.01
	1119.7 ±42.77
	89.95 ±0.09
	1.86±0.04x104

	5
	1:20
	1.71±0.06x107
	1217.0 ±16.37
	875.3 ±11.06
	71.92 ±0.12
	1.41±0.03x104


· Three experimental trials for each set of fertilization were made and mean values with SD are given.
· All the semen dilutions were prepared from the semen of same brooders from which neat semen was used for fertilization to avoid individual variability in the experiment
· The eggs from one female brooder are distributed evenly in five batches for 5 sets of fertilization experiment at a time to avoid individual variability in the experiment.
· For semen dilution, Mounib’s extender is used as it gives best result for preserving sperm motility
· One ml neat/extended semen was used to fertilize approx. 1200 eggs in each batch.  
  
Fig.-4: Impact of semen dilution ratio and sperm concentration per egg on fertilization percentage in S. richardsonii
The analysis of above findings suggests that for preserving the semen of S. richardsonii, the optimum semen dilution ratio should not exceed from 1:10 dilution to achieve high fertilization rate. At this dilution 26,900 sperm per egg is available to give fertilization rate almost equal to control value. Though at 1:15 semen dilution ratio, high fertilization rate (~ 90%) was recorded from pre-freeze semen with a requirement of 18,600 motile sperm/egg. But in cryopreserved semen percentage of viable/motile sperm (motility rating) is most likely to decrease, which would further reduce the availability of required number of sperm for fertilizing an egg in unit volume of semen. Therefore, to achieve higher fertilization rate equal to control with cryopreserved semen low semen dilution ratio (1:4) would be required.
When the fertilization percentage with all semen dilutions were compared by single factor ANOVA, there was found a highly significant difference among all the treatments (F=30577.2, P<0.05, n=15) [Table-2]. 
Table-2: Single factor ANOVA among different semen dilutions and their corresponding fertilization percentages
	SUMMARY 

	Groups
	Count
	Sum
	Average
	Variance

	Control
	3
	296.39
	98.79667
	0.016633

	1:4 dilution
	3
	296.19
	98.73
	0.0124

	1:10 dilution
	3
	291.18
	97.06
	0.0124

	1:15 dilution
	3
	269.86
	89.95333
	0.008933

	1:20 dilution
	3
	215.77
	71.92333
	0.013633

	ANOVA

	Source of Variation
	SS
	df
	MS
	F
	P-value
	F crit

	Between Groups
	1565.553
	4
	391.3882
	30577.2
	2.19E-20
	3.47805

	Within Groups
	0.128
	10
	0.0128
	
	
	

	Total
	1565.681
	14
	
	
	
	


Student’s t-test was applied to determine the significantly superior semen dilution ratio in terms of fertilization percentage. It was observed that control and dilution ratio 1:4 are not significantly different (P ns, n=3). However, dilution ratio 1:4 is found significantly superior to all other dilutions of semen, viz. 1:10 (P<0.01, n=3); 1:15 (P<0.001, n=3) and 1:20 (P<0.001, n=3). Moreover, any correlation could not establish between motility of spermatozoa and their corresponding fertilization percentage.
When the correlation between various sperm-egg ratios and corresponding fertilization rates were analyzed, a weak positive correlation could be established (r=0.459, P<0.1, n=15). However, when the undiluted semen and their corresponding fertilization percentage (control trials) were excluded from the data, a strong positive correlation (r=0.693, P<0.01, n=12) was found indicating decrease in fertilization percentage with the decrease of sperm-egg ratio.  
Results from our experiments indicated that sperm density had a significant effect on fertilization success. Mean fertilization rates using sperm to egg ratios ranging from 14100-egg to 59400-egg increased from 71.92 to 98.73%. In control with higher sperm to egg ratio (2.95x105), the fertilization rate of 98.8% was not significantly superior from 1:4 dilution. The results from these experiments suggest that high sperm concentration corresponds to high fertilization rate in S. richardsonii. As the concentration of sperm decreased, the fertilization rates were also reduced. This suggests that approximately 59400 live sperm per egg (1:4 dilution) are essential to obtain the fertilization rate comparable with neat milt. 


DISCUSSION:
	The results of present study have demonstrated clearly that in S. richardsonii, at least 18600 spermatozoa per egg are required to fertilize ~90% of the eggs. Insufficient sperm concentrations reduce fertilization success, which is in accordance with the findings of Levanduski and Cloud (1988) and AGRIS (2024) for rainbow trout and Rurangwa et al. (1998) for African catfish. The number of spermatozoa needed to fertilize one ovum in fish is relatively high and species dependent. Moreover, within species, different results have been reported by several studies (Erdahl and Graham, 1987; Suquet et al., 1995; Rurangwa et al., 1998; Ciereszko et al., 2000; Linhart et al., 2004; Casselman et al., 2006; Sanches et al., 2011, PMC, 2023). Such a high number is necessary since each egg has a unique point of penetration, the micropyle, which the spermatozoa have little chance of reaching when their concentration is very low (Billard, 1988) or when their motility is reduced by toxic substances (Rurangwa et al., 1998; PMC, 2023). The absence of strong correlation between sperm motility and fertilization success suggests that motility alone is not a sufficient predictor of fertilizing ability, as factors such as sperm velocity, trajectory, and timing of activation also play critical roles (Beirão et al., 2018; Rahmatullah et al., 2023).
As the dilution of the milt is increased, the fertilization rates were decreased. The dilution effects may have resulted in high dispersion of spermatozoa, thus hindering or reducing the probability of spermatozoa catch up the micropyle (Chereguini et al., 1999; Sciendo, 2024), during the short activating period. Rosenthal et al. (1988) suggested that too many sperm entering the micropyle simultaneously may block the passage through this elongated tubular structure. Therefore, adding additional sperm may not increase fertilization success. Similar results were obtained by previous workers under controlled laboratory conditions (Mounib, 1978; Tambassen-Cheong et al., 1995; Rakitin et al., 1999; DeGraaf and Berlinsky, 2004; Trippel et al., 2005). 
In other teleosts, the number of sperm required for artificial fertilization is diverse and species specific (Bókonyi et al., 2021). Such a diversity of sperm densities is required for fertilization since each species relies on specific mating strategies, spawning behaviors, and features of their gametes to penetrate the micropyle and achieve successful fertilization. The number of sperm required to fertilize an egg has also been shown to be affected by the fertilization environment (Chereguini et al., 1999; Sciendo, 2024). The observed positive relationship between sperm concentration and fertilization success is consistent with findings in other teleosts, where higher sperm densities increase the probability of successful micropyle entry under limited motility duration (Bókonyi et al., 2021; Rahmatullah et al., 2023). 
Therefore, aquaculture operations and future studies should account for paternal variation so that the best broodstock can be selected for reproduction. This can be accomplished by storing gametes in sperm banks using cryopreservation techniques to create an inventory of nuclear genetic material of an individual male of known performance (Rideout et al., 2003). This will allow the aquaculture industry to maintain strain diversity and maximize the number of opportunities for selection of desirable traits. 
CONCLUSION
The present study establishes that both semen dilution and sperm-to-egg ratio are critical determinants of fertilization efficiency in Schizothorax richardsonii. Beyond optimum dilution of semen, fertilization efficiency declines due to reduced sperm density and probable limitations in gamete interaction dynamics. Importantly, the study highlights that optimal SER is not solely dependent on sperm motility but is influenced by multiple interacting factors, including sperm concentration, activation conditions, and fertilization environment. These findings align with recent advances in fish reproductive biology emphasizing multi-factor optimization of fertilization protocols. 
The present study will promote improvement of breeding procedures of snowtrout through the optimization of the use of the gametes and will possibly be a useful tool to help the programs of biodiversity conservation.
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