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The current study aimed to compare the effects of decreasing osmolality in glucose-based extenders containing methanol alone versus a methanol-ethylene glycol combination on the post-thaw motility of Mediterranean brown trout (Salmo cettii) spermatozoa. Milt was collected from mature males in the Biferno River, Southern Italy, and cryopreserved using a control cryomedium (150 mM glucose with 7.5% methanol) and experimental variants with reduced glucose (100 mM, 50 mM) paired with methanol alone or combined with 2.5% ethylene glycol. Samples were cryopreserved in 0.25 mL straws with a final sperm concentration of 3.0 × 109 spermatozoa/mL, corresponding to 750 × 106 spermatozoa/straw. Sperm motility and kinematic parameters of Mediterranean brown trout were assessed for fresh sperm and post-thaw samples cryopreserved in various cryomedia. Fresh sperm exhibited robust motility (89.0 ± 8.4%) and curvilinear velocity (VCL, 121.2 ± 22.4 µm/s), while the control cryomedium preserved motility at 65.9 ± 12.9% and VCL at 117.6 ± 26.1 µm/s; the experimental 100 mM glucose with 7.5% methanol and 2.5% ethylene glycol treatment yielded comparable motility (65.6 ± 11.6%) but reduced VCL (81.5 ± 16.1 µm/s, p < 0.05). Other treatments showed diminished efficacy, particularly at 50 mM glucose. These findings reveal that a hypotonic extender with methanol-ethylene glycol synergy sustains motility after cryopreservation despite lower glucose levels, demonstrating that the osmotic threshold of extender can be lowered to 100 mOsm/kg without compromising salmonid sperm function. This approach offers a practical tool for conserving S. cettii, supporting broader restoration efforts amid escalating environmental pressures.
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1 Introduction

The Mediterranean brown trout Salmo cettii (Osteichthyes: Salmonidae), an indigenous salmonid of southern Europe, represents a vital emblem of biodiversity within the Mediterranean ecosystems. Frequently included within the broader Salmo trutta complex, S. cettii faces escalating threats that have placed it among the most critically endangered freshwater fish in its native range (Rossi et al., 2019). According to recent genetic findings, the Italian peninsular Mediterranean brown trout belongs to a different taxon known as S. ghigii, therefore limiting the name S. cettii to Sicilian trout (Lorenzoni et al., 2019; D’Agaro et al., 2022). We still use the name S. cettii, because Mediterranean brown trout populations are still protected by the Habitat Directive and subsequent conservation status updates under this taxon.

In addition to human-induced pressures such as habitat degradation, water pollution, and poorly regulated fishing practices, one of the most serious threats is genetic introgression resulting from the widespread introduction of alien, interfertile trout genetic strains. In particular, stocking activities involving Atlantic lineages of Salmo trutta for recreational fishing purposes have caused extensive replacement and erosion of the native gene pools (Lorenzoni et al., 2019; Rossi et al., 2019; Splendiani et al., 2019; Carosi et al., 2020; D’Agaro et al., 2022). Salmo cettii is classified as “critically endangered” in the Italian IUCN Red List, as the few remaining genetically pure populations are now confined to highly fragmented river systems, particularly within the Apennine region (Lorenzoni et al., 2019; Splendiani et al., 2019; Talarico et al., 2023), including the Biferno and Volturno rivers in Southern Italy (Iaffaldano et al., 2016a, 2016; Di Iorio et al., 2023).

The vulnerability of the Mediterranean brown trout highlights the urgent need to protect its genetic integrity, which is crucial for sustaining ecological functions and preserving its evolutionary potential under ongoing environmental changes (Di Iorio et al., 2023; Talarico et al., 2023).

Cryopreservation of sperm has emerged as an especially effective technique for securing the genetic resources of fish, with demonstrated success across multiple salmonid species (Nynca et al., 2017; Di Iorio et al., 2019; Bozkurt, 2023; Mayer and Pšenička, 2024). Integrated within broader conservation frameworks – such as the LIFE Nat.Sal.Mo. project, aimed to restore native genetic diversity and habitats of S. cettii in Molise rivers (Southern Italy) (Di Iorio et al., 2023) – semen cryobanks provide a stable reservoir of genetic variability to support restoration programs and management actions through the application of controlled artificial reproduction, aimed at reinforcing the integrity of remnant wild populations.

Extensive cryobiological research on sperm of Salmoniformes has focused on refining cryoprotective media and cooling/thawing protocols (Ciereszko et al., 2013; Nynca et al., 2014, 2015; Dietrich et al., 2016; Bozkurt et al., 2019). Cryoprotective media typically comprise an extender – containing salts, sugars, and organic compounds - and cryoprotective agents (CPAs). The extender’s composition is critical, as shifts in ionic and osmotic conditions profoundly affect sperm motility by altering cell volume regulation and ionic balance (Cosson, 2004). In freshwater-spawning species like trout, hypotonic conditions trigger sperm motility, complicating cryopreservation strategies. In early studies, extenders for sperm cryopreservation were designed to match seminal plasma osmolality (isotonic) or exceed it (hypertonic) (Erdhal and Graham, 1980; Stoss and Holtz, 1981; McNiven et al., 1993; Bozkurt et al., 2005; Bozkurt and Yavaş, 2024; Lahnsteiner et al., 2024). However, recent studies over the past decade have demonstrated that hypotonic glucose-based extenders enhance post-thaw outcomes for salmonid sperm (Ciereszko et al., 2014; Nynca et al., 2016, 2017; Judycka et al., 2018; Fujimoto et al., 2022). Research highlights their protective capacity during cooling without impairing fertilization potential. Notably, glucose concentrations of 130–170 mM (~130–170 mOsm/kg) extender have yielded high post-thaw motility in rainbow trout (Oncorhynchus mykiss) sperm (Judycka et al., 2020).

Furthermore, recent research demonstrates that hypotonic extender-based cryomedia, combining methanol and low doses of ethylene glycol, effectively cryopreserve sperm of freshwater-spawning species, including common carp Cyprinus carpio (Dokina et al., 2019, 2023; Krasilnikova et al., 2025a) and sturgeons (Krasilnikova et al., 2025b). This approach challenges the conventional use of isotonic or hypertonic extenders by leveraging cryoprotectant synergy. The synergistic interaction of methanol and ethylene glycol with a slow cooling rate enabled the use of hypotonic extender-based cryomedia for the effective cryopreservation of common carp sperm in larger sample volumes (4.5 ml cryotubes), achieving high post-thaw motility without causing larval malformations (Krasilnikova et al., 2025a). Similarly, a low-osmotic extender-based cryomedium supported embryo development and hatching rates in sturgeons (Krasilnikova et al., 2025b). These findings demonstrated the efficacy of this novel cryopreservation approach across cyprinid and chondrostean.

Building on these advances, this study aimed to evaluate the impact of reduced osmolality in glucose-based extenders, comparing methanol-only cryomedia with formulations including methanol and ethylene glycol, to determine if hypotonic conditions with synergistic cryoprotectants can preserve the post-thaw motility of Salmo cettii spermatozoa.




2 Materials and methods



2.1 Sperm collection

Native mature Mediterranean brown trout (Salmo cettii) were captured via electrofishing in the Biferno River, Molise region, Southern Italy, within the Adriatic basin. The sampling site was located at coordinates 41°28’52.4” North latitude, 14°28’51.4” East longitude. Sperm samples were collected during the middle phase of the spawning season, specifically in the morning hours between 10:00 and 12:00. The age of the fish ranged from 2 to 3 years. The average total length was 31.9 ± 3.2 cm (range = 25.5-36.0 cm). Regarding the phenotypic characteristics of the males selected for semen collection, the fish showed the typical features of the native Molise population of Salmo cettii. These included a blue-black mark near the preopercular area, the frequent presence of dark vertical bands along the sides, and a general absence of pronounced black and white borders on the dorsal and anal fins. The body displayed a combination of black and red spots, often irregular in shape, with no oval spots encircled by halos. When present, parr marks appeared in more than one row and were always numerous (more than nine). The adipose fin was consistently free of any spotting. The health status of the individuals was assessed through external observation and behavioral evaluation before sperm extraction. All selected fish showed no visible injury, malformation, or parasitic infection.

Milt was obtained by stripping individual males after meticulously drying the abdomen and urogenital papilla to prevent contamination with urine, mucus, or blood cells. Sperm was collected and analyzed from five mature males. The ejaculate’s color and volume are evaluated immediately after collection. All the samples used in this study had a 1.5–2 ml volume and were white-cream-colored. Immediately after collection in the field, the semen samples were transported to the laboratory on ice (0-4°C) in an insulated container under aerobic conditions. The time after collecting the sperm to transfer the sperm samples to the laboratory was approximately 2–3 hours. As previously shown (Rusco et al., 2021), this time is sufficient to prevent loss of Mediterranean brown trout sperm quality.




2.2 Recording of sperm motility and sperm analysis

Sperm motility assessments were conducted using a Computer-Assisted Sperm Analysis (CASA) system linked to a phase contrast microscope (Nikon, model Ci-L, Japan) with Sperm Class Analyzer (SCA) software (VET Edition, Barcelona, Spain). Prior to evaluation, spermatozoa were activated in an activation medium composed of 1 mM CaCl2, 20 mM Tris, 30 mM glycine, and 125 mM NaCl, adjusted to pH 9.0 and enriched with 0.5% bovine albumin (Billard, 1992; Judycka et al., 2018), using a dilution rate 1:300 or 1:30 for fresh or thawed semen, respectively. An aliquot (0.7 μL) of this solution was immediately placed into a well (diameter 5 mm) of a 12-well multitest glass slide (TEKDON Inc., Florida, USA), and a coverslip was applied. Sperm motility parameters were analyzed 10 s post-activation using a 25-fps rate during recording. Key kinematic characteristics measured included the percentage of progressive motile spermatozoa (%), the percentage of total motile spermatozoa (%), curvilinear velocity (VCL, µm/s), average path velocity (VAP, µm/s), straight-line velocity (VSL, µm/s), straightness (STR, %), linearity (LIN, %), oscillation of the track (WOB, %, VAP/VCL), and beat cross frequency (BCF, Hz).




2.3 Measurement of sperm concentration and osmolality of cryomedia

Sperm concentration was quantified using a photometric approach. Semen was diluted in 0.9% NaCl at a 1:200 (v:v) ratio, and optical density was measured at 530 nm with a portable DR 1900 photometer (HACH Company, Loveland, CO, USA). The concentration, expressed as ×109 spermatozoa/mL, was determined from a pre-established standard curve correlating optical density to sperm density, as detailed by (Nynca and Ciereszko, 2009).

The osmolality of cryomedia (extender + cryoprotective agents) was measured using a freezing-point osmometer OSMOMAT 3000 (Gonotec, Germany) and expressed as mOsm/kg. For each sample, 50 µL of the solution was used, and each measurement was performed in triplicate.




2.4 Cryopreservation

The cryopreservation protocol for semen followed established methods (Rusco et al., 2020; Di Iorio et al., 2023). The control cryomedium consisted of 150 mM glucose with 7.5% methanol at the final concentration (150 GM) (Ciereszko et al., 2014). Experimental treatments used a glucose extender at final concentrations of 100 mM and 50 mM. These were paired with either 7.5% methanol alone (100 GM, 50 GM) or a mixture of 7.5% methanol and 2.5% ethylene glycol (150 GMEg, 100 GMEg, 50 GMEg). Semen was mixed with cryomedia to achieve a final sperm density of 3.0 × 109 spermatozoa/mL, corresponding to 750 × 106 spermatozoa/straw. Semen was aspirated into 0.25 mL straws using a manual micro-aspirator (IMV-Technologies) and sealed with polyvinyl alcohol (PVA). Straws were equilibrated on ice for 15 minutes. Freezing occurred in liquid nitrogen vapor, 3 cm above the liquid, for 5 minutes with a rapid, uncontrolled cooling rate in a Styrofoam box measuring 630 mm (length) × 410 mm (width) × 260 mm (height). Frozen straws were then plunged into liquid nitrogen (-196°C) for storage. For analysis, straws were thawed in a 40°C water bath for 5 seconds. The study utilized five males. Each treatment included three replicates and two post-thaw sperm activation assessments per treatment (n=30).




2.5 Statistical analysis

Before statistical evaluation, the normality of the data was assessed with the Kolmogorov-Smirnov test, and variance homogeneity was examined using Levene’s test. Due to the non-normal distribution of the data, a Kruskal-Wallis nonparametric test was employed for analysis, with subsequent pairwise comparisons of mean ranks conducted for multiple independent groups. Data processing and visualization were carried out using Statistica software (TIBCO Statistica, version 14.0.0.15, USA) and Microsoft Excel, with all statistical tests evaluated at a significance threshold of p < 0.05.





3 Results

The results of measurement of osmolality (mean ± standard deviation) are as follows: 1) 150 mM glucose + 7.5% methanol = 2523 ± 9 mOsm/kg (osmolality counting via calculation method ~ 2150 mOsm/kg); 2) 100 mM glucose + 7.5% methanol = 2373 ± 27 mOsm/kg (osmolality counting via calculation method ~ 2100 mOsm/kg); 3) 50 mM glucose + 7.5% methanol = 2242 ± 35 mOsm/kg (osmolality counting via calculation method ~ 2050 mOsm/kg); 4) 150 mM glucose + 7.5% methanol + 2.5% ethylene glycol = 3193 ± 41 mOsm/kg (osmolality counting via calculation method ~ 2700 mOsm/kg); 5) 100 mM glucose + 7.5% methanol + 2.5% ethylene glycol = 3127 ± 22 mOsm/kg (osmolality counting via calculation method ~ 2650 mOsm/kg); 6) 50 mM glucose + 7.5% methanol + 2.5% ethylene glycol = 3064 ± 33 mOsm/kg (osmolality counting via calculation method ~ 2600 mOsm/kg).

The motility and kinematic parameters of Mediterranean brown trout (Salmo cettii) sperm were assessed post-thaw across fresh samples and various cryopreservation treatments (Figure 1).
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Figure 1 | Post-thawed kinetic parameters spermatozoa at 10 s after activation. Data are expressed as mean ± SD. Different lowercase letters indicate a significant difference among the cryomedia (Kruskal–Wallis test followed by multiple comparisons of mean ranks for all groups, p < 0.05).

Fresh sperm exhibited robust motility and velocity, with progressive motility averaging 66.6 ± 10.3%, total motility at 89.0 ± 8.4%, and curvilinear velocity (VCL) at 121.2 ± 22.4 µm/s. Other kinematic parameters included average path velocity (VAP) at 102.0 ± 20.2 µm/s and straight-line velocity (VSL) at 57.9 ± 18.1 µm/s.

Among cryopreserved samples, the traditional cryomedium (150 mM glucose + 7.5% methanol, osmolality 2523 ± 9 mOsm/kg) preserved progressive motility at 44.0 ± 11.4%, total motility at 65.9 ± 12.9%, and VCL at 117.6 ± 26.1 µm/s. The one of experimental cryomedium (100 mM glucose + 7.5% methanol + 2.5% ethylene glycol, osmolality 3127 ± 22 mOsm/kg) yielded comparable motility, with progressive motility at 36.7 ± 10.3%, total motility at 65.6 ± 11.6%, but a significantly lower VCL of 81.5± 16.1 µm/s (p<0.05) (Figure 1).

Other experimental cryomedia showed variable efficacy. The 150 mM glucose + 7.5% methanol + 2.5% ethylene glycol treatment resulted in reduced motility (progressive motility: 17.6 ± 11.3%, total motility: 32.3 ± 14.9%) and VCL (82.8 ± 28.4 µm/s). The 100 mM glucose + 7.5% methanol cryomedium maintained moderate progressive motility (18.0 ± 9.2%) and total motility (32.2 ± 9.9%), with VCL at 96.1 ± 27.8 µm/s. Treatments with 50 mM glucose + 7.5% methanol was largely ineffective (Figure 1).




4 Discussion

The results obtained in this study suggest that the choice of cryomedia significantly impacts the quality of frozen semen and the preservation of sperm motility. The traditional cryomedium (150 mM glucose and 7.5% methanol) effectively preserved Mediterranean brown trout sperm quality during cryopreservation (Figure 1). These results are consistent with previous studies (Rusco et al., 2020, 2021; Di Iorio et al., 2023; Rusco et al., 2023), which have similarly underscored the effectiveness of this cryomedium in maintaining post-thaw semen quality.

Research on Salmoniformes spermatozoa has demonstrated that glucose exerts a cryoprotective effect within a narrow concentration range of 130–170 mM (Judycka et al., 2020). The present study suggests that incorporating a small amount of ethylene glycol into cryomedia may reduce this lower threshold to 100 mM. Furthermore, the cryoprotective synergy between methanol and ethylene glycol offsets the reduced glucose concentration, sustaining sperm viability post-thaw. This methanol-ethylene glycol combination has been investigated in other freshwater species, such as common carp (Cyprinus carpio) (Krasilnikova et al., 2025a), and was showed that it inhibits motility in hypotonic conditions by promoting cell shrinkage and preventing activation. Consequently, this cryomedium formulation synergistically averts premature activation, preserving sperm viability for post-thaw applications.

In salmonids, sperm motility is tightly regulated by osmolality and ionic composition (Alavi and Cosson, 2006). The suppression of sperm motility primarily results from K+ ions (Billard et al., 1995; Kho et al., 2001). However, research demonstrates that potassium ions are not essential in cryomedia for salmonid spermatozoa (Judycka et al., 2016), contrasting with findings for sturgeons (Krasilnikova et al., 2025b). In the current study, despite being hypotonic (~100–150 mOsm/kg post-dilution), the glucose-methanol extender does not trigger spermatozoal activation during cryopreservation preparation. It can be attributed to the glucose component, while contributing to hypotonicity, providing a non-ionic environment that prevents activation of potassium- or calcium-dependent activation pathways, critical for motility onset in salmonids (Alavi and Cosson, 2006). Additionally, studies also indicate that glucose, sucrose, or trehalose can be effectively substituted as cryoprotectants for brown trout, brook trout, and sex-reversed semen (Nynca et al., 2016). It underscores the efficacy of hypotonic, non-ionic cryomedia for salmonid species.

The reduced kinematic parameters in the 100 mM glucose with 7.5% methanol and 2.5% ethylene glycol treatment, which could link with osmotic stress in the presence of different cryoprotectants, may not critically impair fertilization success in controlled aquaculture settings, where sperm-to-egg ratios are high and diffusion distances are minimal. Decreasing VCL was also observed after using hypotonic extender-based cryomedium with methanol and ethylene glycol for sturgeon sperm (Krasilnikova et al., 2025b). It can explain the higher molecular weight and viscosity of ethylene glycol, which could influence the decreasing this parameter. Furthermore, ethylene glycol has demonstrated a non-toxic effect on spermatozoa, oocytes, and embryos, supporting successful fertilization of aquatic species (Sansone et al., 2002; Ieropoli et al., 2004; Le et al., 2011; Heres et al., 2019).

Treatment with lower glucose concentrations (50 mM) was particularly ineffective, resulting in very low motility, which indicates poor protection of the sperm during cryopreservation. This suggests that low glucose concentration does not offer adequate osmotic protection, leading to membrane destabilization and compromised semen quality during freezing. Evaluating the progeny derived from an alternative sperm cryopreservation method employing a low-ionic cryomedium is essential. Additionally, recent research has increasingly explored epigenetic alterations linked to cryopreservation. Studies indicate that cryopreservation does not significantly alter DNA methylation in rainbow trout spermatozoa (El Kamouh et al., 2023). Nevertheless, further investigation into epigenetic markers (e.g., DNA methylation, histone modifications) in spermatozoa post-cryopreservation and embryos produced using a hypotonic non-ionic cryomedium with methanol and ethylene glycol is warranted.

It is critical to note that the osmolality of cryomedia (extender + cryoprotective agents) was measured using freezing point osmometry. The observed discrepancies between the calculated and measured osmolality values can be attributed to several factors inherent to the non-ideal behavior of complex cryomedia. Theoretical osmolality calculations are based on the assumption of ideal solution behavior, where solutes are fully dissociated and additive in their osmotic contributions. However, in real systems - particularly those containing high glucose, methanol, and ethylene glycol - solute and solvent interactions can significantly alter water activity and freezing point depression, resulting in higher measured osmolality values. Moreover, the physical properties of alcohol-based cryoprotectants, such as their ability to alter water structure and freezing dynamics, further contribute to this discrepancy. As a result, measured osmolality values are consistently higher, highlighting the importance of choosing an osmolality estimation method and the limitations of theoretical approaches when applied to complex cryopreservation solutions.




5 Conclusion

This study demonstrates that the post-thaw motility of Mediterranean brown trout (Salmo cettii) spermatozoa can be effectively preserved using a hypotonic, glucose-based cryomedium supplemented with methanol and a low concentration of ethylene glycol. The combination of 100 mM glucose with 7.5% methanol, and 2.5% ethylene glycol sustained total motility at levels comparable to the control medium despite a significant reduction in glucose concentration.

This advancement enhances the flexibility of cryopreservation protocols for salmonids. It reinforces the potential of hypotonic, non-ionic cryomedia to maintain post-thaw sperm quality, offering a practical solution for genetic resource preservation and supporting restoration initiatives for this critically endangered species. However, these promising results will need to be further validated through fertilization trials  to confirm their effectiveness in reproductive and conservation contexts.
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