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Abstract

:

Simple Summary


The current study aimed to compare the effects of the replacement of egg yolk in an extender with gum arabic along with supplementation with cysteine or ascorbic acid on semen quality and freezability in Noemi rams in vitro. Semen from six rams were collected with an artificial vagina two times per week. Spermatozoa motility and concentration were estimated with the computer-assisted semen analysis system. The semen samples were frozen using a Tris extender containing either egg yolk or gum arabic and supplemented with different concentrations of cysteine or ascorbic acid as antioxidants. The semen from each ejaculate of each ram were resuspended with a specific extender with glycerol for cryopreservation. The addition of antioxidants to both extenders has advantageous effects; however, supplementation of gum arabic extender with antioxidants cysteine (0.5 or 1 mM) or ascorbic acid (0.5 mM) has beneficial effects on semen quality after cryopreservation.




Abstract


Semen cryopreservation is very important in animal agriculture to maximize the number of daughters of genetically superior males and to distribute the cryopreserved semen of good males all over the world. However, the freezing process generates some damage to sperm that reduce their fertilizing ability after thawing. Moreover, egg yolk, which is the most common animal-origin cryoprotectant used in semen dilution, is considered a source of biosecurity risk. In the current study, we aimed to compare the replacement of egg yolk in the extender by gum arabic (5%) along with supplementation with antioxidant cysteine or ascorbic acid on semen quality and freezability in Noemi rams in vitro. Semen from six rams were collected with an artificial vagina two times per week. Semen evaluation parameters such as color, volume, pH, general motility, percentage motility, concentration and cell viability ratio were assessed. Spermatozoa motility and concentration were estimated with the computer-assisted semen analysis system. The semen samples were frozen using a Tris extender containing either 15% egg yolk or 5% gum arabic. For antioxidant-supplemented extenders, cysteine or ascorbic acid was dissolved at concentrations of 0.10, 0.50 or 1.0 mM in egg yolk or gum arabic extender. The semen from each ejaculate of each ram were resuspended with a specific extender with glycerol (5%); the final volume after dilution was 1 mL semen to 4 mL extender. The samples were then cooled to 4 °C for 120 min, loaded into 0.5 mL straws and frozen in liquid nitrogen for 7 days. Supplementation of gum arabic or egg yolk extenders for ram semen with antioxidants such as cysteine or ascorbic acid has beneficial effects on semen quality after cold storage or cryopreservation. However, supplementation of a 5% gum arabic extender with cysteine at 0.5 or 1 mM concentration or ascorbic acid at 0.5 mM concentration improved the quality of spermatozoa postcryopreservation. It could be concluded that gum arabic is a good alternative for egg yolk in Noemi ram semen extenders. Antioxidants are necessary to support the addition of gum arabic to the extender to help the ram spermatozoa to survive freezing–thawing and oxidative stresses.
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1. Introduction


Semen cryopreservation has long been used worldwide in animal agriculture to preserve genetic resources. Semen cryopreservation has participated efficiently in spreading superior genetics among countries, allowing selective breeding with desirable characteristics [1,2]. However, there are some limitations because of damage resulting from the freezing–thawing process on spermatozoa. The freezing–thawing process negatively affects membrane structure and function as well as spermatozoa survival post-thawing [3]. It is necessary to extend the semen during long storage at extremely low temperatures (−196 °C) in appropriate diluents. The Noemi breed is the most popular breed of sheep in Saudi Arabia and has a national value in local livestock production. Semen cryopreservation of Noemi sheep is important for the sustainable development of the breed. In cryopreservation, cryoprotectants such as glycerol and egg yolk are the most commonly used components in extenders. These cryoprotectants protect the spermatozoa from chilling injury during cryopreservation. However, the inclusion of egg yolk in extenders has recently become controversial because of increasing emphasis on biosecurity issues. The inclusion of egg yolk in semen extender impedes the control of pathogen transmission via semen transportation [4,5]. Furthermore, egg yolk may affect the evaluation of semen quality parameters [6]. Accordingly, finding a potential alternate for egg yolk in semen extender has become an option for researchers. The animal-free substitute effectively maintains spermatozoa viability and fertility while minimizing the risk of pathogen transmission [7,8]. Among plant-based extenders, gum arabic (GA) has been tested in stallion, ram and buck semen [9,10]. Gum arabic has shown merit to replacing egg yolk in ram semen extenders. Gum arabic may enhance the physical characteristics of semen and, hence, ram fertility. Gum arabic is a polysaccharide of natural origin obtained from the Acacia tree genus. The tree exudes a resin that contains a variable complex mixture with a high molecular weight. This exudate is made up of mainly two polysaccharide components: high-molecular-weight glycoprotein with 90% carbohydrate, and low-molecular-weight heterogeneous polysaccharide sugars [11,12]. The carbohydrate fraction of GA is galactose, rhamnose, glucuronic acid and Arabinose. It has also been suggested that GA is rich in essential and trace elements [13]. Furthermore, GA exhibits good dissolving capacity with remarkably low viscosity [14]. Accordingly, GA is a suitable substitute for macromolecules contained in egg yolk, and it can protect the spermatozoan plasma membrane from chilling injury during cryopreservation. Therefore, it would be of great importance to use a GA extender that is of nonanimal origin, well-defined and pathogen-free according to recent ram semen cryopreservation protocols.



In addition to freezing–thawing stress, cryopreserved sperm are subjected to other types of stresses including oxidative stress, which negatively affects spermatozoa quality [15,16]. Oxidative stress is a detrimental factor for semen cryopreservation due to membrane, acrosome and DNA damage of spermatozoa subjected to oxidative conditions [17]. The oxidative stress is controlled by the mitochondria, which controls the levels of reactive oxygen species (ROS) in the sperm cell. The balance between ROS formation and antioxidants in the sperm cell is crucial for capacitation, hyperactivation and acrosome reaction [18]. However, when an imbalance happens between ROS production and antioxidant levels, oxidative stress occurs; accordingly, spermatozoa quality decreases [19]. Fortunately, ROS can be balanced by supplementing the semen extender with suitable antioxidants. Ascorbic acid is proven to be a suitable antioxidant that removes ROS and stops the peroxidation process [20,21]. Likewise, cysteine is a penetrating amino acid that can enter the sperm cell and metabolize to taurine, which binds to spermatozoa membrane fatty acids and protects the cell wall against freezing-associated damages [22]. Therefore, the main goal of the present study is to compare the replacement of egg yolk in the extender with gum arabic along with supplementation of cysteine or ascorbic acid on semen quality and freezability in Noemi rams in vitro.




2. Materials and Methods


The current research was carried out at Agricultural and Veterinary Research Station, Sheep and Goats Unit, Qassim University, Al-Qassim region, Saudi Arabia.



2.1. Animals


Six healthy and fertile Noemi rams aged between 2 and 4 years were used in the current study. The rams were housed in an open shelter, provided with a clean water supply and were fed pellets and alfalfa hay. Integrated mineral licks were available as well.




2.2. Semen Collection


Semen was collected from each ram twice a week for 6 successive weeks by using an artificial vagina. The collected semen was immediately kept in a water bath at 37 °C. In each ejaculate, semen evaluation parameters such as color, volume, pH, general motility, percentage motility, concentration and cell viability ratio were assessed. Spermatozoa motility and concentration were estimated with the computer-assisted semen analysis system (CASA; ISAS® program, Proiser R + D, Valencia, Spain). The pH was measured at room temperature according to the manufacturer’s procedure. To briefly explain, the electrode and the instrument were calibrated together before taking pH measurements. The electrode and the temperature probe were submerged approximately 4 cm into the diluter and stirred gently, and then the electrode was allowed to stabilize. The pH reading was displayed. The electrode was rinsed thoroughly with deionized water and then with some of the subsequent diluter in order to prevent cross-contamination. (HANNA HI 2211, Padova, Italy).




2.3. Extenders


All chemicals and media used in the current study were purchased from Sigma–Aldrich (St. Louis, MO, USA). The semen samples were frozen using a Tris extender containing either egg yolk (EY) 15% or gum arabic (GA) 5%. We have found that the 5% addition of GA gave better results in frozen semen than other concentrations when an artificial vagina used for semen collection (unpublished data). The GA was heated at 80 °C for 60 min to inactivate enzymes (modified from Ali et al. [9]). The Tris extender was prepared using 0.5 g glucose, buffering agents (3.643 g Tris and 1.7 g citric acid), 5 mL glycerol and non-pyrogenic water (added to a volume of 100 mL).



For antioxidant-supplemented extenders, cysteine was dissolved at concentrations of 0.10, 0.50 or 1.0 mM in an EY extender or a GA extender. Ascorbic acid was dissolved at concentrations of 0.10, 0.50 or 1.0 mM in an EY extender or a GA extender. The pH of the extender was adjusted using a pH meter (HANNA HI 2211, Italy) and sodium hydroxide buffer to 7.0–7.2.




2.4. Deep Freezing


The semen from each ejaculate of each ram were resuspended with a specific extender with glycerol (5%); the final volume after dilution was 1 mL semen to 4 mL extender, and then it was cooled to 4 °C for 120 min. After cooling, diluted semen was evaluated using the CASA system, an integrated semen analysis system (ISAS® program, Proiser R + D, Paterna, Valencia, Spain), and then loaded into straws (0.5 mL). Freezing processes were performed by suspending the straws horizontally at 3–4 cm height from the surface of liquid nitrogen for 10 min to sensitize them with liquid nitrogen vapor before plunging them directly into the liquid nitrogen.



Thawing of frozen semen: at day 7 post-freezing in liquid nitrogen, straws were thawed immediately in a water bath at 37 °C for 40 s and then analyzed with the ISAS system.




2.5. Assessment of Spermatozoa Motility


Cooled diluted semen and frozen semen were examined for a motility pattern using the integrated semen analysis system ISAS® program. A five μL sample from each diluted semen was placed in a prewarmed slide. Seven consecutive digitalized images obtained from several fields using a 10× negative-phase contrast objective (BENO phase contrast microscope, China) were examined for spermatozoa motility analysis. At least 300 spermatozoa per sample were analyzed. Subsequently, the following spermatozoa motility parameters were recorded: total motile spermatozoa (% TMS), rapid progressively motile spermatozoa (% PRS), curvilinear velocity (VCL) in μm/s, rectilinear velocity (VSL) in μm/s, the average path velocity (VAP) in μm/s, straightness index (% STR) and linearity coefficient (% LIN). Spermatozoa with a swimming speed or VAP value below 10 µm/s were considered immotile spermatozoa [9].




2.6. Evaluation of Cooled and Frozen Semen


After thawing, the frozen semen were evaluated for total sperm and PRS using the ISAS® program, and then evaluated for plasma membrane integrity, acrosome integrity and morphological defects.



All samples of cooled diluted semen and frozen–thawed semen were evaluated for the functionality of the plasma membrane with the hypoosmotic swelling test (HOST). A solution of 100 mOsmol fructose-base was used and placed in tubes (2 mL) at 37 °C, followed by the addition of 20 μL of semen to each tube and the incubation of each tube in a water bath at 37 °C for 50 min. Subsequently, the spermatozoa were analyzed for the presence or absence of a coiled tail. One hundred spermatozoa cells were counted with phase contrast microscopy (400×) [23].



The Giemsa staining procedure was used to examine defected acrosomes [24]. At least 200 spermatozoa were examined to determine the percentages of spermatozoa with defective acrosomes. The morphologically normal spermatozoa were examined with the nigrosin–eosin stain method [25]. Acrosome defects and defective spermatozoa were determined under a light microscope (1000×).



Cell viability: fluorescent stains were used to assess cell viability. The fluorescent stain was acridine orange (AO) and propidium iodide (PI), and it was provided by Halotech DNA, S.L., Spain. Fluorescent green on the heads of spermatozoa occurs when AO is retained within intact cells. PI stain can only bind to and stain cellular DNA in damaged cells, causing them to have red fluorescence. However, PI cannot penetrate living cells. A minimum of 300 spermatozoa per sample were counted [9].




2.7. Statistical Analysis


Descriptive analyses were performed to evaluate variables: TMS, PRS, VCL, VSL, VAP, STR, LIN, acrosome integrity, HOST and morphological defects. One-way analysis of variance (ANOVA) was performed for statistical comparisons among groups. Analysis of the normal distribution of data was examined with the Kolmogorov–Smirnov test; if the data were not normally distributed, then a Kruskal-Wallis one-way ANOVA (non-parametric statistical test) was used to test for the presence of significant differences among all groups (SPSS, version 22). The data were considered statistically different if p < 0.05. Data were expressed as the means ± SEM.





3. Results


3.1. Effect of Supplemented Egg Yolk or Gum Arabic Extenders with Cysteine as Antioxidant on Ram Spermatozoa Motility and Viability in Semen Collected with Artificial Vagina


Gum arabic extender (5%) was used in conjunction with cysteine at different concentrations (0.1, 0.5 and 1 mM).



Spermatozoa parameters, including motility, viability, plasma membrane integrity, morphological defects and acrosome integrity, were evaluated after cooling (4 °C) and freezing (−196 °C) in a Tris extender containing EY or GA with 0.1, 0.5 and 1 mM cysteine. The results are presented in Table 1 and Table 2 and Figure 1 and Figure 2. There were no significant effects of cysteine supplementation on the TMS, PRS, VCL, VSL, VAP or LIN of spermatozoa in either EY or GA extenders. However, the morphological defects were significantly lower in EY extenders supplemented with 1 mM cysteine and GA extenders supplemented with 0.1 mM cysteine (p < 0.05), as shown in Figure 1. The HOST was higher in EY extenders supplemented with 0.1 mM cysteine and GA extenders supplemented with any studied cysteine concentration. However, no significant differences could be found in acrosome integrity among groups, as also shown in Figure 1.



After deep freezing, GA extenders supplemented with 0.5 or 1 mM cysteine improved the TMS, PRS, VCL, VSL and VAP of spermatozoa post-freezing, as shown in Table 2 (p < 0.05). However, the morphological defect rate was significantly higher in these extenders; GA extenders supplemented with 0.5 or 1 mM cysteine compared to other groups. There were no significant differences in HOST and acrosome integrity among groups, as also shown in Figure 2.




3.2. Effect of Supplemented Egg Yolk or Gum Arabic Extenders with Ascorbic Acid as Antioxidant on Ram Spermatozoa Motility and Viability in Semen Collected with Artificial Vagina


The results of this experiment are summarized in Table 3 and Table 4 and Figure 3 and Figure 4. It was obvious from the results that GA extenders supplemented with 1 mM ascorbic acid significantly improved the TMS, PRS, VCL, VSL and VAP of spermatozoa after cold storage (p < 0.05), as shown in Table 3. However, post-freezing results showed that GA extenders supplemented with 0.5 mM ascorbic acid gave better results in TMS, PRS, VCL, VSL, VAP and LIN of spermatozoa (p < 0.05), as shown in Table 4. There were no significant differences in morphological defects, HOST or acrosome integrity among groups after cold storage or freezing, as shown in Figure 3 and Figure 4.



The results of the extenders’ supplementation with cysteine or ascorbic acid on sperm cell viability ratio post thawing are represented in Figure 5.



Cell viability ratio was significantly enhanced by a supplementation of 1 mM cysteine to an EY extender or 0.5–1 mM to a GA extender (p < 0.05). Similarly, ascorbic acid increased sperm cell viability when added to an EY extender at concentrations of 0.5–1 mM (p < 0.05). However, ascorbic acid gave better results of cell viability when added to a GA extender at the lowest concentration (0.1 mM) (p < 0.05).





4. Discussion


In the current study, gum arabic extenders combined with antioxidants were used for Noemi ram semen cryopreservation. Extenders are the most important part of the semen cryopreservation process because they provide spermatozoa the capability of maintaining motility and viability outside of the reproductive tract and for a long period during storage at extremely low temperatures. Cryoprotectants are components that are used in extenders to provide protection to spermatozoa from cryogenic stress [26,27]. In addition to the biosecurity risks of EY inclusion in extenders, there is evidence that EY reduces the motility of bull sperm by the granules found in EY [28]. Moreover, EY supplementation has an issue regarding the accuracy of computer-assisted analysis: false spermatozoa detection that might be caused by EY particles or accompanying debris [29]. This could ultimately lead to elevating the immotile sperm percentage.



The results of the current experiment indicated that maintaining the motility of the sperm, especially progressively motile sperm could be attained more satisfactorily in extenders supplemented with AG than those supplemented with egg yolk for ram semen. These results are in agreement with another study that added AG to the cryopreservation of horse semen [9]. Gum arabic is complex, comprised of polysaccharides [30,31] and superior to penetrating cryoprotectants such as glycerol, DMSO or lactose [26]. Gum arabic solubility in water is good in relatively high concentrations. The mode of protective action of polysaccharides is linked to their control of amorphous matrices adjacent to ice crystals, which enhances the stability of frozen solutions around the spermatozoa [32]. The AG has a wide variety of polysaccharides that can support the extender and protect the exogenous microenvironment of spermatozoa.



The progressively motile spermatozoa in the AG extenders post-thawing were attributed to the AG’s effects on solution homogeneity of the diluter in terms of pH, viscosity and osmolality. Additionally, this phenomenon gave better opportunity for sperm survival post-thawing [9]. However, changes in membrane permeability, spermatozoa functionality and metabolism could lead to drastic changes in sperm motility and fertilizability [33]. However, the exact mode of protective action caused by AG is still not fully understood. Therefore, more efforts are needed to uncover the important protective role of AG on sperm during cryopreservation. A different suggestion for spermatozoa survival in AG diluent might be related to energy molecules and ATP concentration during storage. Our results suggested AG at a good concentration provides suitable velocity (VCL, VSL and VAP). Apparently, higher concentrations of more than five percent could affect the resistance of solution to fast-swimming spermatozoa due to increased velocity. It has been suggested that the diluent viscosity can hamper the motility pattern of spermatozoa [9,34,35]. Other studies reported that various viscosity degrees could be obtained by the addition of Ficoll, carboxy methyl cellulose, methylcellulose or egg yolk.



Freezing–thawing stress during the cryopreservation process is indicated to be responsible for drastic irreversible cellular damage, which ultimately leads to inferior semen fertility. However, the differences in morphological defects post-freezing among diluents were insignificant. The spermatozoa plasma membrane permits crucial molecules to transfer through the cytoplasm. Moreover, integrity of sperm plasma membrane is very crucial for the integration during fertilization process between the male and female gametes [36,37]. The superiority of AG and EY as demonstrated with HOST and biometric testing suggested that it might provide better protection for the plasma membrane during deep freezing.



Antioxidants such as cysteine and ascorbic acid were added into a freezing extender that was used for semen cryopreservation and oocyte and embryo preservation [38]. However, the imbalance between ROS and the antioxidant, or the inability of the antioxidant to tolerate the ROS during semen cryopreservation, will damage the spermatozoa due to oxidative stress that occurs during semen cryopreservation [39,40]. The lipid peroxidation of ram spermatozoa increases during semen preservation procedures, especially in the spermatozoa midpiece.



Supplementing post-thawed semen with cysteine or ascorbic acid had a positive effect on spermatozoa motility and spermatozoa membrane integrity and viability compared to controls. This result was similar to the research of Sariözkan et al. [41], who reported that the addition of cysteine exhibited significant protection on post-thawed bull semen motility, viability and membrane integrity. However, the results of the present study are not in agreement with other studies conducted on rams [42], goats [43] and horses [44], as these other studies reported a high correlation between ROS and spermatozoa motility and spermatozoa membrane integrity and viability [45]. This effect may be due to the lipid peroxidation of the spermatozoa membrane that promotes axonemal protein phosphorylation. However, the study by Alamaary et al. [44] showed that low concentration of cysteine and ascorbic acid shows better motion parameters than those with higher concentration. This means that spermatozoa in an extender with a low concentration of cysteine and ascorbic acid are protected from oxidative stress.



The spermatozoa motility patterns (VSL, VCL, VAP, STR and LIN) are the best indicators of spermatozoa capacity and hyperactivity to predict the spermatozoa’s ability to penetrate the oocytes’ zona pellucida [46]. However, high spermatozoa velocity is too closely associated with the total percentage of spermatozoa’s progressive motility to consider as a critical criterion [47]. The additions of cysteine and ascorbic acid in the present results have an effective effect on spermatozoa velocity. However, the compositions of extenders containing AG with cysteine have a strong influence on the quality of semen after freezing. These results correspond well with a previous study [48]: stallion semen cryopreserved with cysteine had low levels of oxidative stress in all studied concentrations, while the semen frozen with ascorbic acid had greater oxidative stress compared to the control group. However, this finding is not in agreement with the previous studies of Çoyan et al. [49] that reported no effect of the addition of cysteine in preventing lipid peroxidation in the cryopreserved semen of rams. This is inconsistent with past findings. For instance, studies using bovine [50] and goats [43] found that freezing extenders that were supplemented with ascorbic acid protected the post-thawed semen from oxidative stress. In addition, a study on dogs reported a negative influence of canine spermatozoa quality parameters after adding different concentrations of ascorbic acid [51].



We hypothesized that the acidification of the post-thawed semen with ascorbic acid during the freezing procedure would increase the oxidative stress in the samples. A prior study [52] noted a pH decline during long-term storage. Furthermore, pH highly affects ROS as suggested in previous research [53]. Cysteine and ascorbic acid play dual roles in ROS. Despite their ability to scavenge ROS, they can be harmful to spermatozoa. However, ascorbic acid can exhibit oxidizing activity in the presence of transition metals [54]. In agreement with our findings, Michael et al. [51] reported an increase in free radical production in cryopreserved semen that were treated with ascorbic acid. These results could be due to the change in the pH in the post-thawed semen treated with ascorbic acid.



However, the additions of antioxidant cysteine or ascorbic acid in the current study did not show a capacity to protect acrosome integrity and plasma membrane integrity during cryopreservation when compared to the control. The spermatozoa morphology in these concentrations provides poor results in extenders (EY and AG) with cysteine and ascorbic acid compared to the control group. The same result was observed in a study by Ceylan et al. [55] that used cooled dog semen. However, normal spermatozoa morphology and the acrosome structure are insufficient to indicate the spermatozoa’s acrosome function.




5. Conclusions


Gum arabic could be used as a substitute for egg yolk in ram semen extenders without apparent negative effects. Supplementation of gum arabic or egg yolk extenders for ram semen with antioxidants such as cysteine or ascorbic acid has beneficial effects on semen quality after cold storage or cryopreservation. However, a 5% gum arabic extender gave better results after cryopreservation when supplemented with 0.5 or 1 mM of cysteine or with ascorbic acid at a concentration of 0.5 mM.



Ultimately, gum arabic can be recommended as a good alternative for egg yolk in Noemi ram semen extenders. Antioxidants are necessary to support the addition of gum arabic to extenders to help the ram spermatozoa survive freezing–thawing and oxidative stresses. Our findings can help cryopreserve and spread genetically superior Noemi ram semen efficiently.







Author Contributions


Conceptualization and methodology, M.S.-E.-D. and M.A.; data analysis, M.A.; investigation and resources, M.S.-E.-D., M.A. and M.A.-S.; writing—original draft preparation, M.S.-E.-D. and M.A.-S.; writing—review and editing, M.S.-E.-D.; visualization and supervision, M.S.-E.-D. and M.A. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


The study was approved by the Council of Deanship of postgraduate studies, of Qassim University (No. 11, 15 December 2019).




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available on request from the corresponding author.




Acknowledgments


The researchers would like to thank the Deanship of Scientific Research, Qassim University for funding the publication of this article.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Mazur, P.; Leibo, S.P.; Seidel, G.E., Jr. Cryopreservation of the germplasm of animals used in biological and medical research: Importance, impact, status, and future directions. Biol. Reprod. 2008, 78, 2–12. [Google Scholar] [CrossRef] [PubMed]

	



Ohta, H.; Kawamura, K.; Unuma, T.; Takegoshi, Y. Cryopreservation of the sperm of the Japanese bitterling. J. Fish Biol. 2001, 58, 670–681. [Google Scholar] [CrossRef]

	



Lessard, C.; Parent, S.; Leclerc, P.; Bailey, J.L.; Sullivan, R. Cryopreservation alters the levels of the bull sperm surface protein P25b. J. Androl. 2000, 21, 700–707. [Google Scholar] [CrossRef] [PubMed]

	



Thibier, M.; Guerin, B. Hygienic aspects of storage and use of semen for artificial insemination. Anim. Reprod. Sci. 2000, 62, 233–251. [Google Scholar] [CrossRef] [PubMed]

	



Layek, S.S.; Mohanty, T.K.; Kumaresan, A.; Parks, J.E. Cryopreservation of bull semen: Evolution from egg yolk based to soybean based extenders. Anim. Reprod. Sci. 2016, 172, 1–9. [Google Scholar] [CrossRef] [PubMed]

	



Stradaioli, G.; Noro, T.; Sylla, L.; Monaci, M. Decrease in glutathione (GSH) content in bovine sperm after cryopreservation: Comparison between two extenders. Theriogenology 2007, 67, 1249–1255. [Google Scholar] [CrossRef] [PubMed]

	



Hinsch, E.; Hinsch, K.-D.; Boehm, J.G.; Schill, W.-B.; Mueller-Schloesser, F. Functional parameters and fertilization success of Bovine semen cryopreserved in egg-yolk free and egg-yolk containing extenders. Reprod. Domest. Anim. 1997, 32, 143–149. [Google Scholar] [CrossRef]

	



Muiño, R.; Fernández, M.; Peña, A.I. Post-thaw Survival and Longevity of Bull Spermatozoa Frozen with an Egg Yolk-based or Two Egg Yolk-free Extenders after an Equilibration Period of 18h. Reprod. Domest. Anim. 2007, 42, 305–311. [Google Scholar] [CrossRef]

	



Ali, M.; Musa, M.M.; Alfadul, S.; Al-Sobayil, K. Consequences of adding Gum Arabic as a cryoprotectant on motility and viability of frozen stallion semen. Cryobiology 2017, 79, 21–28. [Google Scholar] [CrossRef]

	



Ali, M.; Zeitoun, M.M. Privilege of Gum Arabic inclusion in semen extender compared with egg yolk on the Herri ram’s subsequent fertility outcomes. Int. J. Anim. Res. 2017, 1, 1–6. [Google Scholar] [CrossRef]

	



Qi, W.; Fong, C.; Lamport, D.T. Gum Arabic glycoprotein is a twisted hairy rope: A new model based on O-galactosylhydroxyproline as the polysaccharide attachment site. Plant Physiol. 1991, 96, 848–855. [Google Scholar] [CrossRef] [PubMed]

	



Williams, P.A.; Phillips, G.O. Handbook of Hydrocolloids; Williams, P.A., Phillips, G.O., Eds.; CRC Press: Cambridge, UK, 2000; pp. 155–168. [Google Scholar]

	



Buffo, R.A.; Reineccius, G.A.; Oehlert, G.W. Factors affecting the emulsifying and rheological properties of gum acacia in beverage emulsions. Food Hydrocoll. 2001, 15, 53–66. [Google Scholar] [CrossRef]

	



McNamee, B.F.; O’Riorda, E.D.; O’Sullivan, M. Effect of partial replacement of gum arabic with carbohydrates on its microencapsulation properties. J. Agric. Food Chem. 2001, 49, 3385–3388. [Google Scholar] [CrossRef]

	



Agarwal, A.; Prabakaran, S.; Allamaneni, S. What an andrologist/urologist should know about free radicals and why. Urology 2006, 67, 2–8. [Google Scholar] [CrossRef] [PubMed]

	



Amidi, F.; Pazhohan, A.; Nashtaei, M.S.; Khodarahmian, M.; Nekoonam, S. The role of antioxidants in sperm freezing: A review. Cell Tissue Bank. 2016, 17, 745–756. [Google Scholar] [CrossRef]

	



Koppers, A.J.; De Iuliis, G.N.; Finnie, J.M.; McLaughlin, E.A.; Aitken, R.J. Significance of mitochondrial reactive oxygen species in the generation of oxidative stress in spermatozoa. J. Clin. Endocrinol. Metab. 2008, 93, 3199–3207. [Google Scholar] [CrossRef]

	



O’Flaherty, C.; de Lamirande, E.; Gagnon, C. Positive role of reactive oxygen species in mammalian sperm capacitation: Triggering and modulation of phosphorylation events. Free Radic. Biol. Med. 2006, 41, 528–540. [Google Scholar] [CrossRef]

	



de Castro, L.S.; de Assis, P.M.; Siqueira, A.F.P.; Hamilton, T.R.S.; Mendes, C.M.; Losano, J.D.A.; Nichi, M.N.; Visintin, J.A.; Assumpção, M.E.O.A. Sperm oxidative stress is detrimental to embryo development: A dose-dependent study model and a New and more sensitive oxidative status evaluation. Oxidative Med. Cell. Longev. 2016, 2016, 8213071. [Google Scholar] [CrossRef]

	



Du, J.; Cullen, J.J.; Buettner, G.R. Ascorbic acid: Chemistry, biology and the treatment of cancer. Biochim. Biophys. Acta-Rev. Cancer. 2012, 1826, 443–457. [Google Scholar] [CrossRef]

	



Zhang, W.; Yi, K.; Chen, C.; Hou, X.; Zhou, X. Application of antioxidants and centrifugation for cryopreservation of boar spermatozoa. Anim. Reprod. Sci. 2012, 132, 123–128. [Google Scholar] [CrossRef]

	



De Pinto, V.; Reina, S.; Gupta, A.; Messina, A.; Mahalakshmi, R. Role of cysteines in mammalian VDAC isoforms’ function. Biochim. Biophys. Acta-Bioenerg. 2016, 1857, 1219–1227. [Google Scholar] [CrossRef] [PubMed]

	



Fonseca, J.F.; Torres, C.A.A.; Maffili, V.V.; Borges, A.M.; Santos, A.D.F.; Rodrigues, M.T.; Oliveira, R.F.M. The hypoosmotic swelling test in fresh goat spermatozoa. Anim. Reprod. 2005, 2, 139–144. Available online: http://www.alice.cnptia.embrapa.br/alice/handle/doc/663713 (accessed on 1 January 2021).

	



Hafez, E.S.E. Semen evaluation. In Reproduction In Farm Animals; Hafez, E.S.E., Ed.; Lea and Febiger: Philadelphia, PA, USA, 1993; pp. 405–423. [Google Scholar]

	



Evans, G.; Maxwell, W.M.C. Handling and examination semen. In Salmon’s Artificial Insemination of Sheep and Goats; Maxwell, W.M.S., Ed.; Butterworths: Sydney, Australia, 1987; pp. 93–106. [Google Scholar]

	



Hubálek, Z. Protectants used in the cryopreservation of microorganisms, review. Cryobiology 2003, 46, 205–229. [Google Scholar] [CrossRef] [PubMed]

	



Anand, M.; Yadav, S.; Shukla, P. Cryoprotectant in semen extender: From egg yolk to low-density lipoprotein (LDL). Review Article. Livest. Res. Int. 2014, 2, 48–53. Available online: http://jakraya.com/Journal/pdf/5-lriArticle_2.pdf (accessed on 1 January 2021).

	



Kampshmidt, R.F.; Mayer, D.T.; Herman, H.A. Lipid and lipoprotein constituents of egg yolk in the resistance and storage of bull spermatozoa. J. Dairy Sci. 1953, 36, 733–742. [Google Scholar] [CrossRef]

	



García, W.; Tabarez, A.; Palomo, M.J. Effect of the type of egg yolk, removal of seminal plasma and donor age on ram sperm cryopreservation. Anim. Reprod. 2017, 14, 1124–1132. [Google Scholar] [CrossRef]

	



Montenegro, M.A.; Boiero, M.L.; Valle, L.; Borsarelli, C.D. 2012 Gum Arabic: More Than an Edible Emulsifier. In Products and Applications of Biopolymers; Verbeek, C.J.R., Ed.; InTechOpen: London, UK, 2012; pp. 1–26. ISBN 978-953-51-6137-0. [Google Scholar] [CrossRef]

	



Talib, M.A.; Rayis, O.A.; Konozy, E.H.; Salih, M.A. Effect of Gum Arabic (Prebiotic) on Physicochemical and Organoleptic Properties of Yogurt (Probiotic). In Gum Arabic: Structure, Properties, Application and Economics; Mariod, A.A., Ed.; Academic Press: Cambridge, MA, USA, 2018; pp. 167–171. [Google Scholar] [CrossRef]

	



Lopez, E.C.; Champion, D.; Blond, G.; Le Meste, M. Influence of dextran, pullulan and gum arabic on the physical properties of frozen sucrose solutions. Carbohydr. Polym. 2005, 59, 83–91. [Google Scholar] [CrossRef]

	



Amann, R.P.; Graham, J.K. Spermatozoal function. In Equine Reproduction; McKinnon, A.O., Voss, J.L., Eds.; Lea Febiger: Philadelphia, PA, USA, 1993; pp. 715–745. [Google Scholar]

	



Amann, R.P.; Hammerstedt, R.H. Validation of a system for computerized measurements of spermatozoa1 velocity and percentage of motile sperm. Biol. Reprod. 1980, 2, 647–656. [Google Scholar] [CrossRef]

	



Hirai, M.; Cerbito, W.A.; Wijayagunawardane, M.P.B.; Braun, J.; Leidl, W.; Ohosaki, K.; Matsuzawa, T.; Miyazawa, K.; Sato, K. The effect of viscosity of semen diluents on motility of bull spermatozoa. Theriogenology 1997, 47, 1463–1478. [Google Scholar] [CrossRef]

	



Bromfield, E.G.; Nixon, B. The function of chaperone proteins in the assemblage of protein complexes involved in gamete adhesion and fusion processes. Reproduction 2013, 145, R31–R42. [Google Scholar] [CrossRef]

	



Tosti, E.; Ménézo, Y. Gamete activation: Basic knowledge and clinical applications. Hum. Reprod. Update 2016, 22, 420–439. [Google Scholar] [CrossRef] [PubMed]

	



Allai, L.; Benmoula, A.; da Silva, M.M.; Nasser, B.; El Amiri, B. Supplementation of ram semen extender to improve seminal quality and fertility rate. Anim. Reprod. Sci. 2018, 192, 6–17. [Google Scholar] [CrossRef] [PubMed]

	



Agarwal, A.; Makker, K.; Sharma, R. Clinical relevance of oxidative stress in male factor infertility: An update. Am. J. Reprod. Immunol. 2008, 59, 2–11. [Google Scholar] [CrossRef] [PubMed]

	



de Lamirande, E.; O’Flaherty, C. Sperm activation: Role of reactive oxygen species and kinases. BBA-Proteins Proteom. 2008, 1784, 106–115. [Google Scholar] [CrossRef]

	



Sariözkan, S.; Bucak, M.N.; Tuncer, P.B.; Ulutaş, P.A.; Bilgen, A. The influence of cysteine and taurine on microscopic-oxidative stress parameters and fertilizing ability of bull semen following cryopreservation. Cryobiology 2009, 58, 134–138. [Google Scholar] [CrossRef]

	



Uysal, O.; Bucak, M.N. Effects of oxidized glutathione, bovine serum albumin, cysteine and lycopene on the quality of frozen-thawed ram semen. Acta Vet. BRNO 2007, 76, 383–390. [Google Scholar] [CrossRef]

	



Memon, A.A.; Wahid, H.; Rosnina, Y.; Goh, Y.M.; Ebrahimi, M.; Nadia, F.M. Effect of antioxidants on post thaw microscopic, oxidative stress parameter and fertility of Boer goat spermatozoa in Tris egg yolk glycerol extender. Anim. Reprod. Sci. 2012, 136, 55–60. [Google Scholar] [CrossRef]

	



Alamaary, M.S.; Haron, A.W.; Hiew, M.W.; Ali, M. Effects of cysteine and ascorbic acid in freezing extender on sperm characteristics and level of enzymes in post-thawed stallion semen. Vet. Med. Sci. 2020, 6, 666–672. [Google Scholar] [CrossRef]

	



Ko, E.Y.; Sabanegh, E.S.; Agarwal, A. Male infertility testing: Reactive oxygen species and antioxidant capacity. Ferti. Steril. 2014, 102, 1518–1527. [Google Scholar] [CrossRef]

	



McPartlin, L.A.; Suarez, S.S.; Czaya, C.A.; Hinrichs, K.; Bedford-Guaus, S.J. Hyperactivation of Stallion Sperm Is Required for Successful In Vitro Fertilization of Equine Oocytes. Biol. Reprod. 2009, 81, 199–206. [Google Scholar] [CrossRef]

	



Vidament, M.; Magistrini, M.; Le Foll, Y.; Levillain, N.; Yvon, J.M.; Duchamp, G.; Blesbois, E. Temperatures from 4 to 15 °C are suitable for preserving the fertilizing capacity of stallion semen stored for 22 h or more in INRA96 extender. Theriogenology 2012, 78, 297–307. [Google Scholar] [CrossRef] [PubMed]

	



Kao, S.H.; Chao, H.T.; Chen, H.W.; Hwang, T.I.S.; Liao, T.L.; Wei, Y.H. Increase of oxidative stress in human sperm with lower motility. Fertil. Steril. 2008, 89, 1183–1190. [Google Scholar] [CrossRef] [PubMed]

	



Çoyan, K.; Başpinar, N.; Bucak, M.N.; Akalin, P.P. Effects of cysteine and ergothioneine on post-thawed Merino ram sperm and biochemical parameters. Cryobiolog 2011, 63, 1–6. [Google Scholar] [CrossRef] [PubMed]

	



Hu, J.H.; Tian, W.Q.; Zhao, X.L.; Zan, L.S.; Wang, H.; Li, Q.W.; Xin, Y.P. The cryoprotective effects of ascorbic acid supplementation on bovine semen quality. Anim. Reprod. Sci. 2010, 121, 72–77. [Google Scholar] [CrossRef] [PubMed]

	



Michael, A.J.; Alexopoulos, C.; Pontiki, E.A.; Hadjipavlou-Litina, D.J.; Saratsis, P.; Ververidis, H.N.; Boscos, C.M. Quality and reactive oxygen species of extended canine semen after vitamin C supplementation. Theriogenology 2008, 70, 827–835. [Google Scholar] [CrossRef] [PubMed]

	



Liu, C.H.; Dong, H.B.; Ma, D.L.; Li, Y.W.; Han, D.; Luo, M.J.; Tan, J.H. Effects of pH during liquid storage of goat semen on sperm viability and fertilizing potential. Anim. Reprod. Sci. 2016, 164, 47–56. [Google Scholar] [CrossRef] [PubMed]

	



Clement, M.; Akram, S.; Kumar, A.P.; Pervaiz, S. Reactive oxygen species, intracellular pH, and cell fate. In Proton Homeost. Tumorigenesis Cell Death; Lagadic-Gossmann, D., Ed.; Research Signpost: Kerala, India, 2011; pp. 49–64. Available online: http://refhub.elsevier.com/S1226-086X(21)00478-0/h0250 (accessed on 1 January 2021).

	



Barbosa, N.B.V.; Lissner, L.A.; Klimaczewski, C.V.; Colpo, E. Original article: Ascorbic acid oxidation of thiol groups from dithiotreitol is mediated by its conversion to dehydroascorbic acid. EXCLI J. 2012, 11, 604–612. Available online: http://www.ncbi.nlm.nih.gov/pmc/articles/pmc5099875/ (accessed on 1 January 2021).

	



Ceylan, A.; Serin, I. Influence of ascorbic acid addition to the extender on dog sperm motility, viability and acrosomal integrity during cooled storage. Rev. Med. Vet. 2007, 158, 384–387. [Google Scholar]








[image: Animals 13 00111 g001 550] 





Figure 1. Mean ± SEM of morphological defects, HOST and acrosome integrity of spermatozoa in egg yolk or gum arabic extenders supplemented with different concentrations of cysteine (0.1, 0.5 and 1 mM) after cooling. HOST: hypoosmotic swelling test. a,b bars bearing different superscripts are significantly different (p < 0.05). 






Figure 1. Mean ± SEM of morphological defects, HOST and acrosome integrity of spermatozoa in egg yolk or gum arabic extenders supplemented with different concentrations of cysteine (0.1, 0.5 and 1 mM) after cooling. HOST: hypoosmotic swelling test. a,b bars bearing different superscripts are significantly different (p < 0.05).



[image: Animals 13 00111 g001]







[image: Animals 13 00111 g002 550] 





Figure 2. Mean ± SEM of morphological defects, HOST and acrosome integrity of spermatozoa in egg yolk or gum arabic extenders supplemented with different concentrations of cysteine (0.1, 0.5 and 1 mM) and stored by deep freezing at −196 °C. HOST: hypoosmotic swelling test. a,b bars bearing different superscripts are significantly different (p < 0.05). 






Figure 2. Mean ± SEM of morphological defects, HOST and acrosome integrity of spermatozoa in egg yolk or gum arabic extenders supplemented with different concentrations of cysteine (0.1, 0.5 and 1 mM) and stored by deep freezing at −196 °C. HOST: hypoosmotic swelling test. a,b bars bearing different superscripts are significantly different (p < 0.05).
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Figure 3. Mean ± SEM of morphological defects, HOST and acrosome integrity of spermatozoa in egg yolk or gum arabic extenders supplemented with different concentrations of ascorbic acid (0.1, 0.5 and 1 mM) after cooling. HOST: hypoosmotic swelling test. 
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Figure 4. Mean ± SEM of morphological defects, HOST and acrosome integrity of spermatozoa in egg yolk or gum arabic extenders supplemented with different concentrations of ascorbic acid (0.1, 0.5 and 1 mM) and stored by deep freezing at −196 °C. HOST: hypoosmotic swelling test. 
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Figure 5. Mean ± SEM of cell viability after adding cysteine or ascorbic acid to egg yolk or gum arabic extenders for ram spermatozoa postcryopreservation. C: cyctein (mM); A: ascorbic acid (mM). a,b bars bearing different superscript letters are significantly different from one another (p < 0.05). 
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Table 1. Spermatozoa motility and viability parameters (mean ± SEM) in egg yolk and gum arabic extenders supplemented with different concentrations of cysteine (0.1, 0.5 and 1 mM) after cooling.
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Egg Yolk (15%) (Cysteine mM)

	
Gum Arabic (5%) (Cysteine mM)




	

	
0.1

	
0.5

	
1

	
0.1

	
0.5

	
1






	
TMS

	
96.25 ± 0.25

	
98.55 ± 0.05

	
87.40± 2.1

	
95.65 ± 0.55

	
97.10 ± 0.2

	
97.40 ± 0.7




	
PRS

	
78.20 ± 0.98

	
89.15 ± 0.25

	
86.90 ± 2.6

	
89.20 ± 2.3

	
84.95 ± 2.85

	
85.65 ± 4.45




	
VCL

	
99.95 ± 0.45

	
115.8 ± 0.15

	
110.75 ± 2.4

	
118.15 ± 1.35

	
108.9 ± 3.0

	
110.10 ± 5.2




	
VSL

	
28.10 ± 0.1

	
29.65 ± 0.15

	
26.50 ± 5.0

	
30.80 ± 0.0

	
28.70 ± 1.2

	
33.55 ± 1.1




	
VAP

	
54.25 ± 0.05

	
61.05 ± 0.35

	
53.50 ± 1.8

	
61.95 ± 0.45

	
57.80 ± 1.8

	
58.40 ± 2.9




	
LIN

	
28.15 ± 0.05

	
25.60 ± 0.0

	
26.60 ± 1.06

	
26.10 ± 0.3

	
26.30 ± 0.4

	
26.40 ± 0.4




	
STR

	
51.85 ± 0.05 b

	
48.60 ± 0.0 b

	
49.55 ± 1.05 b

	
49.75 ± 0.3 b

	
49.6 ± 0.5 b

	
79.75 ± 0.65 a








TMS: Total motile spermatozoa (%); PRS: Rapid progressively motile spermatozoa (%); VCL: Curvilinear velocity (μm/s); VSL: rectilinear velocity (μm/s); VAP: average path velocity (μm/s); LIN: linearity coefficient (%); STR: straightness index (%); a,b means in the same row with different superscript letters are significantly different from one another (p < 0.05).
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Table 2. Spermatozoa motility and viability parameters (mean ± SEM) in egg yolk and gum arabic extenders supplemented with different concentrations of cysteine (0.1, 0.5 and 1 mM) and stored by deep freezing at −196 °C.






Table 2. Spermatozoa motility and viability parameters (mean ± SEM) in egg yolk and gum arabic extenders supplemented with different concentrations of cysteine (0.1, 0.5 and 1 mM) and stored by deep freezing at −196 °C.





	

	
Egg Yolk (15%) (Cysteine mM)

	
Gum Arabic (5%) (Cysteine mM)




	

	
0.1

	
0.5

	
1

	
0.1

	
0.5

	
1






	
TMS

	
10.03 ± 0.5 b

	
27.5 ± 0.4 b

	
16.56 ± 3.1 b

	
32.04 ± 13.3 b

	
79.9 ± 0.7 a

	
69.43 ± 0.8 a




	
PRS

	
3.06 ± 0.1 b

	
11.33 ± 0.3 b

	
6.03 ± 1.9 b

	
18.28 ± 9.06 b

	
58.26 ± 0.6 a

	
47.46 ± 1.4 a




	
VCL

	
48.06 ± 0.4 b

	
58.13 ± 0.3 b

	
47.66 ± 4.3 b

	
53.32 ± 3.1 b

	
70.7 ± 1.4 a

	
65.46 ± 1.3 a




	
VSL

	
14.36 ± 0.1 b

	
17.53 ± 0.1 ab

	
14.86 ± 0.5 b

	
16.14 ± 1.3 ab

	
20.56 ± 0.21 a

	
19.30 ± 0.5 a




	
VAP

	
26.46 ± 0.1 b

	
32.30 ± 0.2 b

	
27.06 ± 1.3 b

	
30.16 ± 2.2 b

	
39.63 ± 0.6 a

	
37.0 ± 0.6 a




	
LIN

	
29.83 ± 0.46

	
30.20 ± 0.05

	
31.5 ± 1.65

	
30.12 ± 0.73

	
29.06 ± 0.29

	
29.40 ± 0.17




	
STR

	
54.20 ± 0.4

	
54.40 ± 0.1

	
54.93 ± 0.8

	
53.40 ± 0.3

	
51.90 ± 0.3

	
52.13 ± 0.4








TMS: Total motile spermatozoa (%); PRS: Rapid progressively motile spermatozoa (%); VCL: Curvilinear velocity (μm/s); VSL: rectilinear velocity (μm/s); VAP: average path velocity (μm/s); LIN: linearity coefficient (%); STR: straightness index (%); a,b means in the same row with different superscript letters are significantly different from one another (p < 0.05).
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Table 3. Spermatozoa motility and viability parameters (mean ± SEM) in egg yolk and gum arabic extenders supplemented with different concentrations of ascorbic acid (0.1, 0.5 and 1 mM) after cooling.






Table 3. Spermatozoa motility and viability parameters (mean ± SEM) in egg yolk and gum arabic extenders supplemented with different concentrations of ascorbic acid (0.1, 0.5 and 1 mM) after cooling.





	

	
Egg Yolk (15%) (Ascorbic Acid mM)

	
Gum Arabic (5%) (Ascorbic Acid mM)




	

	
0.1

	
0.5

	
1

	
0.1

	
0.5

	
1






	
TMS

	
93.65 ± 0.2 b

	
97.55 ± 0.05 a

	
93.0 ± 0.5 b

	
78.65 ± 0.2 b

	
91.20 ± 0.4 b

	
98.70 ± 0.1 a




	
PRS

	
76.35 ± 0.4 b

	
78.7 ± 0.1 b

	
68.60 ± 0.5 b

	
50.10 ± 0.3 b

	
77.20 ± 0.8 b

	
95.55 ± 0.3 a




	
VCL

	
94.0 ± 0.8 b

	
101.85 ± 0.05 b

	
89.55 ± 0.2 b

	
79.55 ± 0.05 b

	
109.80 ± 1.0 a

	
132.20 ± 0.6 a




	
VSL

	
30.25 ± 0.2 b

	
26.80 ± 0.01 b

	
26.50 ± 0.2 b

	
23.35 ± 0.1 b

	
27.0 ± 0.2 b

	
32.10 ± 0.2 a




	
VAP

	
53.50 ± 0.2 b

	
55.65 ± 0.05 ab

	
49.70 ± 0.1 b

	
42.05 ± 0.05 b

	
56.25 ± 0.4 a

	
67.45 ± 0.3 a




	
LIN

	
32.20 ± 0.6 a

	
26.35 ± 0.05 b

	
29.60 ± 0.3 b

	
29.35 ± 0.1 b

	
24.60 ± 0.0 b

	
24.30 ± 0.01 b




	
STR

	
56.60 ± 0.7 a

	
48.45 ± 0.2 b

	
35.30 ± 0.5 b

	
55.60 ± 0.2 a

	
48.0 ± 0.01 b

	
47.60 ± 0.0 b








TMS: Total motile spermatozoa (%); PRS: Rapid progressively motile spermatozoa (%); VCL: Curvilinear velocity (μm/s); VSL: rectilinear velocity (μm/s); VAP: average path velocity (μm/s); LIN: linearity coefficient (%); STR: straightness index (%); a,b means in the same row with different superscript letters are significantly different from one another (p < 0.05).
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Table 4. Spermatozoa motility and viability parameters (mean ± SEM) in egg yolk and gum arabic extenders supplemented with different concentrations of ascorbic acid (0.1, 0.5 and 1 mM) and stored by deep freezing at −196 °C.






Table 4. Spermatozoa motility and viability parameters (mean ± SEM) in egg yolk and gum arabic extenders supplemented with different concentrations of ascorbic acid (0.1, 0.5 and 1 mM) and stored by deep freezing at −196 °C.





	

	
Egg Yolk (15%) (Ascorbic Acid mM)

	
Gum Arabic (5%) (Ascorbic Acid mM)




	

	
0.1

	
0.5

	
1

	
0.1

	
0.5

	
1






	
TMS

	
26.05 ± 2.0 b

	
28.00 ± 0.1 b

	
28.12 ± 7.5 b

	
31.06 ± 12.8 b

	
42.10 ± 17.65 a

	
17.70 ± 1.37 b




	
PRS

	
8.62 ± 0.6 b

	
10.40 ± 0.1 b

	
10.02 ± 3.0 b

	
15.73 ± 7.1 b

	
40.96 ± 1.3 a

	
5.87 ± 0.5 b




	
VCL

	
49.20 ± 0.6 b

	
51.73 ± 0.1 b

	
53.12 ± 2.7 b

	
51.73 ± 2.4 b

	
64.73 ± 0.2 a

	
50.80 ± 0.9 b




	
VSL

	
15.75 ± 0.2 b

	
18.06 ± 0.03 a

	
15.52 ± 0.8 b

	
15.43 ± 1.1 b

	
19.26 ± 0.06 a

	
15.02 ± 0.2 b




	
VAP

	
28.62 ± 0.5 b

	
30.46 ± 0.03 b

	
29.07 ± 1.6 b

	
28.50 ± 1.8 b

	
35.40 ± 0.1 a

	
28.40 ± 0.5 b




	
LIN

	
31.97 ± 0.09 a

	
34.96 ± 0.1 a

	
30.55 ± 0.2 a

	
20.73 ± 8.6 b

	
29.73 ± 0.03 a

	
29.57 ± 0.2 a




	
STR

	
54.97 ± 0.2 b

	
59.23 ± 0.08 a

	
53.37 ± 0.1 b

	
54.0 ± 0.4 b

	
54.40 ± 0.05 b

	
52.90 ± 0.2 b








TMS: Total motile spermatozoa (%); PRS: Rapid progressively motile spermatozoa (%); VCL: Curvilinear velocity (μm/s); VSL: rectilinear velocity (μm/s); VAP: average path velocity (μm/s); LIN: linearity coefficient (%); STR: straightness index (%); a,b means in the same row with different superscript letters are significantly different from one another (p < 0.05).
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