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Abstract

:

Simple Summary


Although sperm cryopreservation has a great potential for application in the poultry industry, it is still very limited at the economical scale due to the low fertility of frozen/thawed avian spermatozoa. Dimethylacetamide (DMA) has been widely employed as a cryoprotectant for the cryopreservation of chicken spermatozoa, but with variable results in motility and fertility. To determine the appropriate concentration of DMA in the chicken semen freezing extender, in vitro sperm quality and motility analyses and in vivo field trials based on the fertility of the frozen/thawed rooster sperm were conducted in the present study. The antioxidant biomarkers and novel anti-freeze-associated genes were also analyzed in the post-thawed sperm. Results conclude that DMA is preferably used at a low concentration to obtain applicable results in sperm motility and fertility after thawing without harming the quality and antioxidant system defense. The current study could highlight the possible molecular mechanisms behind the obtained fertility results of DMA-frozen sperm, especially when artificial insemination is implemented in the poultry industry.




Abstract


Sperm cryopreservation is of great importance for the poultry industry but still needs to be optimized. The high susceptibility of poultry sperm to cryodamage leads to low fertility rates after cryopreservation. Therefore, the present study aimed at evaluating the effect of including a cryoprotectant, dimethylacetamide (DMA), in the chicken semen freezing extenders at a final concentration of 3%, 6%, or 9% on the post-thawed sperm motility, quality, antioxidant biomarkers, anti-freeze gene expression, and fertilizing ability. Results showed that the total motile sperm, progressivity, and viability were quadratically increased (p < 0.05) in the 6% DMA group. The antioxidant enzyme activity and lipid peroxidation were negatively (p < 0.05) affected by the increase in DMA concentration. Furthermore, some anti-freeze-associated genes such as heat shock protein 70 (HSP70) and ras homolog family member A (RHOA) were linearly and quadratically down-regulated (p < 0.05) with the high concentration of DMA. Finally, the fertility and hatchability rates did not indicate statistical differences between DMA groups. It can be concluded that using the low concentration of 3–6% DMA in the freezing semen extender is preferable to obtain acceptable results in the post-thawed sperm quality and fertility.
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1. Introduction


The ex-situ “in vitro” conservation of animal genetic resources relies on the successful cryopreservation of germplasm components including gametes, embryos, and somatic cells [1]. In birds, sperm cryopreservation remains the most feasible technique for ex-situ management of avian genetic resources in addition to the great potential of application in the field of artificial insemination, disease prevention, breeding, and selection programs in the poultry industry [2]. The avian spermatozoa are known for their peculiar characteristics in morphology and functionality, such as the low quantity of cytoplasm, mitochondria, and antioxidants, and the high amounts of polyunsaturated fatty acids [3,4]. However, the spermatozoa maintain their viability and fertility in the female reproductive tract for several days [5]. These features increase susceptibility to damage and decrease fertility rates after cryopreservation of avian spermatozoa and, therefore, make the use of frozen/thawed semen very limited at an economical scale in the poultry industry [3].



N,N-Dimethyl acetamide (DMA), which consists of one amide group bound to two methyl groups [CH3C(O)N(CH3)2], is widely used as an intracellular cryoprotectant (CPA) during the freezing of avian sperm [2,6,7]. It has been reported that DMA has no d-orbital functions, has high cell membrane permeability, and is naturally involved in the biological process of cells; thus, it could yield applicable cryopreservation activity for sperm cells [8]. In addition, the contraceptive effects reported for other CPAs such as glycerol (GLY), and the need for removal before artificial insemination, does not exist with DMA [9]. It has been also reported that DMA toxicity could be less harmful when compared with the mechanical damage caused by GLY removal during the freezing of chicken semen, and thus DMA can be considered as a good alternative to GLY [10]. Other CPAs such as dimethyl sulfoxide (DMSO) and ethylene glycol (EG) have been also used for chicken semen cryopreservation. Compared with DMA, however, fertility results obtained from DMSO and EG are widely variant and depend on other factors such as concentration, diluent, and thawing temperature [11]. Although DMA has been considered as a popular cryoprotectant for chicken spermatozoa in many reports [7,12], it may have deleterious effects on frozen/thawed sperm [5]. For example, membrane fluidity and acrosome reaction of the cryopreserved sperm may be altered at the first contact with DMA and during post-thaw processing [13,14].



DMA freezing technology relies on its ability to penetrate the sperm and replace its intracellular water to prevent the damage caused by ice crystal formation during the freezing/thawing process [15]. In previous research, DMA has been included in semen extenders at a concentration ranging from 3% to 26%, either to examine or to improve the efficiency of chicken sperm cryopreservation with or without other supplementations [4,10,16,17,18,19,20,21,22]. The results of post-thawed sperm motility were appropriate around the level of 6% DMA concentration in different poultry species [21,22]. However, mean fertility obtained with cryopreserved chicken semen with DMA remains low and variable, ranging from 10% to 77% [10,20,23].



To the best of our knowledge, no studies have conclusively proved the optimal DMA concentration for chicken sperm cryopreservation in straws nor explained the possible mechanisms behind the obtained fertility results of DMA-frozen sperm. Therefore, the objective of the present study was to evaluate the effect of including DMA cryoprotectant in the chicken semen freezing extenders at different concentrations on post-thawed sperm motion, quality, and fertility parameters. Furthermore, the antioxidant biomarkers and the anti-freeze-associated gene expression were analyzed in the post-thawed sperm of DMA-frozen rooster semen.




2. Materials and Methods


2.1. Birds and Management


A total of twelve roosters (40-wk-old) of the Cairo-B2 chicken strain [24] and forty-five Arbor Acres hens (50-wk-old) were used for the present study. All chickens were placed in individual battery cages (50 × 50 × 60 cm) and maintained at the Agricultural Experiments Station (Cairo University) under the same environmental conditions (20–25 °C, 16L:8D photoperiod, and free access to water). Birds were fed a standard commercial breeder feed containing 14% crude protein, 2750 Kcal metabolizable energy, 4.15% crude fiber, and 3.3% crude fat (Feedmix-Egypt Co., Obour, Egypt).




2.2. Semen Collection and Freezing/Thawing Protocol


The roosters were subjected twice a week to an abdominal massage technique followed by a cloacal stroke to release the semen [25]. Individual semen ejaculates were received in sterilized glass tubes and immediately transferred into a water bath at 37 °C. An aliquot of 10 µL of the ejaculates was diluted with 490 µL of pre-warmed saline and sperm motility was evaluated, as mentioned later, using computer-assisted sperm analysis (CASA; SpermVision™ software, Minitube GmbH, Tiefenbach, Germany) with settings adjusted for rooster spermatozoa. Sperm concentration was estimated under a microscope at a magnification of 400× using a hemocytometer slide after dilution (1:200 v/v) with phosphate buffer saline (PBS) supplemented with 10% eosin solution (Bio-Diagnostic, Inc., Giza, Egypt). The ejaculates with at least 3 × 109 sperm/mL and at least 60% progressive motility were selected and pooled for the present study. The pooled semen was then diluted at a ratio of 1:2 (v/v) with a basic EK extender developed by Łukaszewicz [26], and then divided into three equal groups. The diluted semen groups were cooled at 5 °C for 60 min. A pre-cooled dimethyl acetamide (DMA, Qualikems Fine Chem Pvt. Ltd., Vadodara, India) was then added gently to the diluted semen groups at a final concentration of 3%, 6%, or 9% and allowed equilibration at 5 °C for 10 min. After that, semen was loaded into 250 µL French straws (Minitube GmbH, Tiefenbach, Germany) and maintained over liquid nitrogen (LN2) vapor (approximately 5 cm above the LN2) for 15 min, then directly plunged into LN2. Straws were kept inside the LN2 for 3 months, then thawed in a water bath at 38 °C for 10 s.




2.3. Sperm Motion Characteristics


An aliquot of 10 μL from the thawed samples in each treatment group was placed on a slide over a hot plate at 37 °C using the CASA system [27]. The motion characterization was recorded for each sample including the percentage of motile sperm cells (%), percentage of progressively motile spermatozoa (PROG, %), average path velocity (VAP, µm/s), curvilinear line velocity (VCL, µm/s), straight line velocity (VSL, µm/s), straightness (STR = VSL/VAP%), linearity (LIN = VSL/VCL%), wobble (WOB = VAP/VCL%), amplitude of lateral head displacement (ALH, µm), and beat cross frequency (BCF, Hz). A minimum of 5 microscopic fields (300–500 sperm per field) were randomly captured and analyzed using a negative high-contrast microscope (Olympus-BX, Tokyo, Japan) at 200× total magnification. The frame rate was set at 60 frames per second for the analysis. Sperm was classified as motile if VSL was >5 µm/s and classified as progressively motile if VAP was >20 µm/s and STR was >80%.




2.4. Sperm Quality Characteristics


2.4.1. Viability


The percentage of viable sperm in each treatment group was evaluated using eosin-nigrosin stain as described in the previous study [11] with slight modification. Briefly, 10 μL thawed semen was mixed with 10 μL of 25% eosin-nigrosin staining solution (Bio-Diagnostic, Inc., Giza, Egypt), incubated at room temperature for 30 s, and smeared on a clean microscopic slide. The smear was allowed to air dry, and at least 200 sperm were examined under a phase-contrast microscope at a magnification of 1000× with oil immersion. Unstained spermatozoa were classified as live and pink-stained spermatozoa were classified as dead.




2.4.2. Acrosome Integrity


Sperm acrosome integrity was measured using Giemsa stain as described previously [28] with slight modification. In brief, 20 μL of thawed semen was smeared on a clean glass slide, dried, and then immersed in a fixative solution (100 mL formalin 35%, 9 g NaCl, and 12 g dibasic/anhydrous Na2HPO4 dissolved in 900 mL distilled water) for 15 min. The slide was then immersed for 90 min into a solution of Giemsa stain (Bio-Diagnostic) diluted with distilled water (1:4 v/v). The slide was washed under running tap water and allowed to dry at room temperature. At least 200 sperm were examined under 1000× magnification with oil immersion of a phase-contrast microscope. The intact sperm with blue-stained acrosomal caps were differentiated from unstained sperm in each sample for calculating the percentage of acrosome-intact sperm.




2.4.3. Plasma Membrane Status


Sperm membrane integrity of frozen sperm after thawing was assessed through a hypo-osmotic swelling test (HOST) according to methods described by Rakha et al. [28] with slight modification. Briefly, 10 μL of thawed semen was mixed with 100 μL of pre-warmed swelling solution (0.75 g sodium citrate dihydrate and 1.375 g fructose in 100 mL distilled water, 100 mOsmol/kg) and incubated at 37 °C for 60 min. A drop (~20 μL) of the incubated solution was smeared on a clean glass slide then fixed in a formal saline solution for 15 min. At least 200 sperm were examined under a phase-contrast microscope (1000× with oil immersion). The spermatozoa showing swollen and coiled tails were classified as normal spermatozoa and were calculated as the percentage of spermatozoa having intact plasma membranes.





2.5. Sperm Antioxidant Biomarkers


2.5.1. Semen Extraction and Protein Assay


Six replicates per treatment group of about 0.4 mL each were obtained by thawing 2 straws of frozen semen per replicate. After thawing, each replicate sample was adjusted to 1 mL with PBS (pH = 7.4) in Eppendorf tubes (~400 × 106 sperm/mL). Samples were washed twice with 1 mL PBS and precipitates were collected by centrifugation at 1030× g for 10 min at 4 °C. The final precipitates were resuspended in 1 mL of PBS containing 4% Triton X-100, incubated at room temperature for 30 min, and then centrifuged at 1030× g for 20 min at 4 °C. The supernatant was collected and stored at −20 °C for further analysis.



The total protein was determined in each sample to normalize obtained data. The biuret reaction method [29] was performed according to the manufacturer protocol of the colorimetric assay kit (TP-2020, Bio-Diagnostic). In summary, 25 μL of the sample or the standard solution were incubated with 1 mL biuret reagent at 37 °C for 10 min. The absorbance of the sample (Asample) and standard (Astandard) was read against the reagent blank at 550 nm using a scanning spectrophotometer (CE1010, Cecil Instruments Limited, Cambridge, UK). The protein concentration (g/dL) was calculated as (Asample/Astandard × 5).




2.5.2. Total Antioxidant Capacity


A specific colorimetric kit (TAC-2513, Bio-Diagnostic) was used to determine the total antioxidant capacity (TAC) according to previously described methods [30]. Following the kit’s protocol, 20 μL of the sample was incubated with 500 μL of H₂O₂ substrate at 37 °C for 10 min. The mixture was then incubated with 500 μL of working chromogen reagent at 37 °C for 5 min. The absorbance of the blank reagent (Ablank) and sample (Asample) against distilled water was read immediately at 505 nm. The TAC concentration was calculated as (Ablank − Asample × 3.3) and expressed as μM/mg protein.




2.5.3. Superoxide Dismutase Activity


The superoxide dismutase (SOD) activity was measured using colorimetric assay kits (SOD-2521, BioDiagnostic, Inc.). The assay relies on the ability of SOD enzyme to inhibit the reduction of nitro-blue tetrazolium (NBT) dye with NADH which is mediated by phenazine methosulfate (PMS) under aerobic conditions [31]. Briefly, 100 μL of the sample or control (distilled water) was mixed with 1 mL of working reagent (10 mL phosphate buffer pH 8.5, 1 mL NBT, and 1 mL NADH), then 100 μL of PMS was added to initiate the reaction. The increase in absorbance at 560 nm over 5 min was measured for the control (ΔAcontrol) and for the sample (ΔAsample) at 25 °C. The SOD activity was calculated as unit/assay [U = (ΔAcontrol − ΔAsample)/ΔAcontrol × 100 × 3.75] and normalized per mg protein in each sample.




2.5.4. Glutathione Peroxidase Activity


Glutathione peroxidase (GPx) activity was determined indirectly by measuring the consumption of reduced nicotinamide adenine dinucleotide phosphate (NADPH), according to the methods described in a previous work [32]. The assay was performed following the manufacturer protocol of the colorimetric kits (GPx-2524) obtained from BioDiagnostic, Inc. In brief, 10 μL of the sample was mixed with the reaction mixture containing 1 mL of assay buffer (phosphate buffer and Triton X-100, pH 7.0), 100 μL of reagent (glutathione, glutathione reductase and NADPH), and 100 μL of hydrogen peroxide (previously diluted 100 times). The decrease in absorbance at 340 nm per min (ΔA340) was recorded over a period of 3 min against deionized water. A convenient sample dilution was used to control the start of A340 at 1.5 and ΔA340 at 0.05 per min. The results of the GPx activity were expressed as units of GPx (ΔA340/0.00622 × dilution factor) and normalized per mg protein in each sample.




2.5.5. Lipid Peroxidation


The level of lipid peroxidation (LPO) in the sample was indirectly measured by the analysis of malondialdehyde, using colorimetric assay kits (LPO-2529, Bio-Diagnostic), according to the methods described by Kei [33]. In brief, 200 μL of the sample or standard was heated in a boiling water bath with 1 mL of chromogen for 30 min. After cooling, the absorbance of the sample (Asample) against the blank and standard (Astandard) against distilled water was measured at 534 nm. The LPO level in the sample was calculated as (Asample/Astandard × 10) and expressed as nM/mg protein.





2.6. Anti-Freeze-Associated Gene Expression


A quantitative real-time polymerase chain reaction (qRT-PCR) was performed in the present study for 4 selected anti-freeze associated genes [34], including heat shock protein 70 (HSP70), ras homolog family member A (RHOA), small nuclear ribonucleoprotein polypeptide A′ (SNRPA1), and ribosomal protein L29 (RPL29). Chicken glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was chosen as a housekeeping gene to normalize the analytical variations of target genes. For the first step, primers of selected genes were designed using the Primer-BLAST web interface (http://www.ncbi.nlm.nih.gov/tools/primer-blast/index.cgi; accessed on 6 October 2022) and each pair of primers was tested to achieve efficiencies close to 1. The primers used are listed in Table 1.



Three replicates per treatment group (2 straws per replicate from different cryopreservation dates) and the control group (450 µL of fresh semen) were used for the qRT-PCR analysis. Samples were purified from somatic cells and immature spermatocytes as described previously with minor modification [35]. In brief, samples were completed to 1 mL with PBS then washed twice with PBS, as mentioned before. The final pellet was resuspended with 1 mL PBS and layered over 3 mL of pre-warmed (37 °C) density gradient medium (40% Pancoll human, density: 1.077 g/mL, PAN-Biotech GmbH, Aidenbach, Germany). Samples were then centrifuged at 300× g for 30 min at room temperature. The bottom layer was carefully transferred using a Pasteur pipette into a 2 mL cryovial and washed twice again with PBS. After that, the total RNA was extracted from the purified samples of fresh and frozen/thawed semen using the GeneJET™ RNA Purification Kit (Thermo Fisher Scientific, Waltham, MA, USA) following the manufacturer’s instructions. RNA was then transcribed into cDNA followed by PCR amplification using SuperScriptTM III One-Step RT-PCR System with Platinum® Taq DNA Polymerase kit (Invitrogen, Thermo Fisher Scientific). To calculate the expression of selected genes, fold change was calculated using the 2−ΔΔCt relative quantification method [36].




2.7. Fertility Trial


The Arbor Acres hens were divided into 3 equal groups (n = 15 per treatment group) for sperm fertility evaluation of the frozen/thawed semen with DMA. Each hen was inseminated 3 times at a 2 d interval with approximately 100 × 106 sperm each time. Eggs were collected daily for each hen from the 2nd day of the first insemination until 2 days after the last insemination. Collected eggs were incubated for 21 days. At the end day of incubation, the number of hatched eggs was recorded. The unhatched eggs were opened and categorized into unfertile, early, or late mortality embryos, and pipped eggs.




2.8. Statistical Analysis


Six pools of semen ejaculates were selected per treatment group (n = 6) and considered as experimental units for all estimations of sperm motion characteristics, sperm quality characteristics, and antioxidant defense status, while three pools per treatment group (n = 3) were considered as experimental units for the estimation of anti-freeze gene expression. These variables were analyzed using one-way ANOVA with polynomial contrasts to explore the means, standard error of means (SEM), and the linear and quadratic trends of increasing DMA concentrations. A chi square test was performed to analyze the significance of fertility data between DMA groups. The differences were considered statistically significant at p < 0.05. All percentage data were normalized with an arcsine transformation. All data were analyzed using SPSS 22.0 (IBM corp., Armonk, NY, USA, 2013).





3. Results


3.1. Sperm Motion Characteristics


Results of sperm motion characteristics as affected by freezing with DMA are shown in Table 2. The percentages of total motile sperm and PROG motility were quadratically increased (p < 0.05) in the 6% DMA group. No significant differences were found in sperm VAP, VCL, VSL, STR, LIN, WOB, and ALH among DMA concentration groups (p > 0.05). There was a linear decrease (p < 0.05) in the BCF as the DMA concentration increased.




3.2. Sperm Quality Characteristics


Results of sperm quality characteristics as affected by freezing with DMA are shown in Table 3. Sperm viability was quadratically increased (p < 0.05) in the 6% DMA group. It was found that DMA concentrations did not affect the integrity of sperm acrosome and plasma membrane.




3.3. Sperm Fertility Evaluation


As shown in Table 4, DMA concentrations did not exert significant effects on fertility traits of post-thawed rooster sperm. It was observed that the percentage of hatched chicks was slightly lower, and the incidence of embryos’ early mortality in fertile eggs was slightly higher, although not significantly, in the 9% DMA group compared with the other DMA groups.




3.4. Sperm Antioxidant Biomarkers


Results of antioxidant biomarkers in rooster sperm frozen with DMA are presented in Table 5. The DMA concentrations did not affect the TAC of frozen sperm. However, a linear and quadratic decrease (p < 0.05) was observed in the SOD and GPx activity when the DMA concentration increased. In contrast, a linear and quadratic increase (p < 0.05) was found in the LPO as the DMA concentration increased.




3.5. Anti-Freeze-Associated Gene Expression


The results of anti-freeze-associated gene expression of rooster sperm frozen with DMA are illustrated in Figure 1. The HSP70 gene was linearly and quadratically down-regulated (p < 0.05) as the DMA concentration increased. The RHOA gene was linearly and quadratically up-regulated (p < 0.05) in the 3% and 6% DMA groups. The expression of SNRPA1 gene was linearly and quadratically up-regulated (p < 0.05) in the 6% DMA group. There was no significant effect for DMA concentrations on the RPL29 gene expression in post-thawed rooster sperm.





4. Discussion


DMA has been reported as one of permeating CPAs with accomplishment application in avian sperm cryopreservation [7,12]. However, it was reported that DMA concentration is a critical factor for recovering chicken sperm motility after thawing [22]. Results from the present study showed that the addition of DMA at a concentration of 6% to the freezing extender improved the post-thawed sperm motility and viability when compared with the other DMA concentrations (Table 2 and Table 3). In consistency with our results, Zaniboni et al. [22] indicated that motile sperm after pellet cryopreservation for chicken semen with 6% DMA was better than that obtained with 9% DMA, but they did not find a significant difference in the sperm viability due to DMA concentrations. In similar freezing protocols to that applied in the present study, the highest progressive motility and viability were recorded for the chicken semen frozen with 6% DMA compared with the lower concentrations of 2% and 4% DMA [37], or the higher concentration at 9% DMA [38]. Moreover, in the present study, no significant differences were observed between DMA concentrations in the integrities of sperm acrosome and plasma membrane. In contrast, other authors reported that higher DMA concentrations ranging from 9% to 12% induced a high progressive motility after thawing than lower DMA concentrations [39]. These results may support the suggestion that the CPAs, including DMA, have a concentration-dependent effect on the in vitro quality of frozen/thawed chicken sperm [37].



The DMA treatment did not exert statistically significant effects on the post-thaw sperm fertility traits. The decrease in fertilizing capacity of the frozen sperm with cryoprotectants, including DMA, may be attributed to more subtle damage than that occurring in the sperm motility, viability, acrosome structure, and plasma membrane integrity [37]. Moreover, it has been reported that sperm death and loss of motility cannot fully explain the reduction in the fertilizing ability of frozen sperm [40,41]. Our results indicated a linear and quadratic increase in the lipid peroxidation and decrease in the antioxidant enzyme activity in the sperm frozen with a high concentration of DMA (Table 5). The disturbance of antioxidant enzyme activity and high lipid peroxidation of the sperm may negatively affect the fertilizing ability of rooster spermatozoa [42]. This may also explain the high occurrence of early embryonic death and failed-hatching chicks with pipped eggs, although not significantly, in the 6% and 9% DMA treatment groups in the present study.



To the best of our knowledge, the current study is one of the first to explore the variation in chicken spermatozoal RNAs in response to cryodamage through analyzing the anti-freeze-associated gene expression in the DMA-frozen sperm. The thousands of predominantly nuclear-encoded transcripts have already been identified in the sperm of fertile chickens by using microarray analysis [35]. It was reported that transcripts in the sperm were varied according to the freeze/thaw cycle procedures, and subsequently this affected the fertilizing ability [43]. Qi et al. [34] recently explored a list of 2086 down-regulated genes and 29 up-regulated genes differentially expressed in frozen/thawed rooster sperm versus fresh sperm. Interestingly, the effect of freezing/thawing application on sperm’s fertilizing ability may be induced by modifying the expression of several genes associated with critical roles in cellular components, molecular functions, and biological processes [34]. Qi et al. [34], for example, found that HSP70 and HSP90 genes (famous members of the heat shock protein family) have been down-regulated after freezing/thawing treatment of rooster sperm. In addition, it was previously reported that HSPA8 (a highly conserved member of the HSP70 family) could be used to improve the quality of cryopreserved sperm in bears [44] and in bulls [45]. In the present study, a significant decrease in the HSP70 gene expression was obtained in the post-thawed rooster sperm frozen with 6 and 9% DMA groups compared with the 3% DMA group, while similar trends were observed in the antioxidant biomarkers for the same groups (Table 5). Thus, we speculate that HSP70 has a cryoprotective effect like that reported for HSP90 in sperm cryopreservation via eliminating the production of ROS [46] and/or reducing intracellular energy consumption [47].



RHOA is a small guanosine triphosphatase (GTPase) protein which has important roles in cellular biological processes, including cell motility, actin cytoskeleton regulation, and chromosome inheritance [48,49]. It was reported that RHOA expression by the qRT-PCR approach was positively correlated with the anti-freeze ability of cryo-dormant mouse embryos [50]. Moreover, it was found that RHOA gene expression was down-regulated after cryopreservation of rooster spermatozoa [34]. Our results are consistent with these reports indicating that RHOA was over-expressed in the 3% and 6% DMA groups where most of sperm characteristics were concomitantly good in the same groups in comparison with the 9% DMA group. Furthermore, SNRPA1 is a spliceosome component, which belongs to the U2 small nuclear ribonucleoprotein A family and regulates the differentiation of spermatogonia into mature sperm [51]. We found that the SNRPA1 gene, in contrast to the HSP70 and RHOA genes, was markedly down-regulated in the 3% DMA concentration compared with the higher concentrations (6% and 9% DMA). The decrease in SNRPA1 gene expression may be responsible for the decrease in sperm motility in the 3% DMA group since such correlation between hypermethylation of the SNRPA1 gene and sperm motility has been previously reported [52]. Ribosomal proteins, including RPL29, might play an important role in sperm motility and fertilizing ability during cryopreservation [53,54]. In the study of Qi et al. [34], both RPL31 and RPL29 mRNA expression in rooster sperm were significantly decreased by the cryopreservation treatment, suggesting an effect of cold stress on sperm. However, the current study did not exert a significant effect for DMA concentrations on the RPL29 gene expression in post-thawed sperm. Since other reports attributed the decrease in most gene transcripts to the freezing/thawing itself rather than the exposure to cryoprotectants [55], further molecular studies, such as RNA seq and protein expression, are required to verify such results for CPA effects on avian sperm cryopreservation.




5. Conclusions


Under the freezing protocol applied in the present study, sperm motility, progressivity, and viability were higher in the 6% DMA group compared with the 3 and 9% DMA groups. However, the fertility and hatchability rates did not indicate statistical differences between DMA groups, but were slightly higher in the 3% DMA group than in the 6% and 9% DMA groups. The post-thawed sperm antioxidant defense systems, including GPX, SOD, and LPO, were better in the 3% DMA group compared with the other groups. Moreover, some anti-freeze-associated genes such as HSP70 and RHOA were highly expressed in the 3% DMA group, indicating a possible improvement in the sperm biological processes, compared with the higher DMA concentrations. Therefore, using DMA at a concentration of 3–6% in the freezing extender of chicken semen could be considered as an effective cryoprotectant to obtain acceptable results in the post-thawed sperm quality and fertility.







Author Contributions


Conceptualization, G.M.K.M., Y.S., Y.L., Y.Z., J.C., A.O.A. and F.K.R.S.; methodology, G.M.K.M., A.M.E., S.K.H., M.M.G., Y.S., Y.L., Y.Z., J.C., A.O.A. and F.K.R.S.; software, G.M.K.M. and A.M.E.; validation, G.M.K.M., Y.S., Y.L., Y.Z., J.C., A.O.A. and F.K.R.S.; formal analysis, G.M.K.M., A.M.E., Y.S., Y.L., Y.Z., J.C., A.N. and F.K.R.S.; investigation, G.M.K.M., A.M.E., S.K.H., M.M.G., Y.S., Y.L., Y.Z., J.C., A.P., A.N., A.O.A. and F.K.R.S.; resources, G.M.K.M., A.M.E., S.K.H., M.M.G., Y.S., Y.L., Y.Z., J.C., A.P., A.N., A.O.A. and F.K.R.S.; data curation, G.M.K.M., A.M.E. and S.K.H.; writing—original draft preparation, G.M.K.M.; writing—review and editing, G.M.K.M., Y.S., Y.L., Y.Z., J.C., A.P., A.N., A.O.A. and F.K.R.S.; visualization, G.M.K.M., Y.S., Y.L., Y.Z., J.C. and A.O.A.; supervision, G.M.K.M., A.N., A.O.A. and F.K.R.S.; project administration, G.M.K.M., A.O.A., Y.S. and J.C.; funding acquisition, G.M.K.M., A.M.E., S.K.H., Y.S., Y.L., Y.Z., J.C. and A.O.A. All authors have read and agreed to the published version of the manuscript.




Funding


Financial support for this study was mainly provided by the joint research project raised by The Egyptian Academy of Scientific Research and Technology (ASRT, grant no. CHINA5105), and The National Natural Science Foundation of China (NSFC, grant no. 31961143028). S.K.H. was supported by a partial fund from the Postgraduate Department at Faculty of Agriculture, Cairo University.




Institutional Review Board Statement


The animal study protocol was approved by the Institutional Animal Care and Use Committee (CU-IACUC) at Cairo University (protocol code: CU-II-F-12-20, and date of approval: February 2020).




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


The authors acknowledge the staff of the ASRT and NSFC for their administrative, technical, and financial support during this study. The authors would like to thank Mohamed A. Elmenawy, Poultry Breeding, Faculty of Agriculture, Cairo University, for his focal point support with the Arbor Acres Commercial Poultry Breeder Company.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Andrabi, S.M.H.; Maxwell, W.M.C. A Review on Reproductive Biotechnologies for Conservation of Endangered Mammalian Species. Anim. Reprod. Sci. 2007, 99, 223–243. [Google Scholar] [CrossRef] [PubMed]

	



Blesbois, E. Current Status in Avian Semen Cryopreservation. Worlds Poult. Sci. J. 2007, 63, 213–222. [Google Scholar] [CrossRef]

	



Long, J.A. Avian Semen Cryopreservation: What Are the Biological Challenges? Poult. Sci. 2006, 85, 232–236. [Google Scholar] [CrossRef]

	



Partyka, A.; Nizański, W.; Łukaszewicz, E. Evaluation of Fresh and Frozen-Thawed Fowl Semen by Flow Cytometry. Theriogenology 2010, 74, 1019–1027. [Google Scholar] [CrossRef] [PubMed]

	



Blesbois, E.; Brillard, J.P. Specific Features of in Vivo and in Vitro Sperm Storage in Birds. Animal 2007, 1, 1472–1481. [Google Scholar] [CrossRef]

	



Tselutin, K.; Seigneurin, F.; Blesbois, E. Comparison of Cryoprotectants and Methods of Cryopreservation of Fowl Spermatozoa. Poult. Sci. 1999, 78, 586–590. [Google Scholar] [CrossRef] [PubMed]

	



Sasaki, K.; Tatsumi, T.; Tsutsui, M.; Niinomi, T.; Imai, T.; Naito, M.; Tajima, A.; Nishi, Y. A Method for Cryopreserving Semen from Yakido Roosters Using N-Methylacetamide as a Cryoprotective Agent. Jap. Poult. Sci. 2010, 47, 297–301. [Google Scholar] [CrossRef]

	



Osuga, T. Efficiencies of the Cryoprotectants N-Methylacetamide, N-Methylformamide and Dimethyl Sulfoxide, and the Cell Protectants Trehalose and Hydroxyethyl Starch in Cryopreservation of Swine Sperm. Nanomed. Nanotechnol. 2018, 3, 000139. [Google Scholar] [CrossRef]

	



Blesbois, E.; Seigneurin, F.; Grasseau, I.; Limouzin, C.; Besnard, J.; Gourichon, D.; Coquerelle, G.; Rault, P.; Tixier-Boichard, M. Semen Cryopreservation for Ex Situ Management of Genetic Diversity in Chicken: Creation of the French Avian Cryobank. Poult. Sci. 2007, 86, 555–564. [Google Scholar] [CrossRef]

	



Abouelezz, F.M.K.; Sayed, M.A.M.; Santiago-Moreno, J. Fertility Disturbances of Dimethylacetamide and Glycerol in Rooster Sperm Diluents: Discrimination among Effects Produced Pre and Post Freezing-Thawing Process. Anim. Reprod. Sci. 2017, 184, 228–234. [Google Scholar] [CrossRef]

	



Murugesan, S.; Mahapatra, R. Cryopreservation of Ghagus Chicken Semen: Effect of Cryoprotectants, Diluents and Thawing Temperature. Reprod. Domest. Anim. 2020, 55, 951–957. [Google Scholar] [CrossRef] [PubMed]

	



Blesbois, E. Freezing Avian Semen. Avian Biol. Res. 2011, 4, 52–58. [Google Scholar] [CrossRef]

	



Purdy, P.H.; Song, Y.; Silversides, F.G.; Blackburn, H.D. Evaluation of Glycerol Removal Techniques, Cryoprotectants, and Insemination Methods for Cryopreserving Rooster Sperm with Implications of Regeneration of Breed or Line or Both. Poult. Sci. 2009, 88, 2184–2191. [Google Scholar] [CrossRef]

	



Mocé, E.; Grasseau, I.; Blesbois, E. Cryoprotectant and Freezing-Process Alter the Ability of Chicken Sperm to Acrosome React. Anim. Reprod. Sci. 2010, 122, 359–366. [Google Scholar] [CrossRef] [PubMed]

	



Wilmut, I. From Germ Cell Preservation to Regenerative Medicine: An Exciting Research Career in Biotechnology. Ann. Rev. Anim. Biosci. 2014, 2, 1–21. [Google Scholar] [CrossRef] [PubMed]

	



Blesbois, E.; Grasseau, I.; Segineurin, F.; Seigneurin, F. Membrane Fluidity and the Ability of Domestic Bird Spermatozoa to Survive Cryopreservation. Reproduction 2005, 129, 371–378. [Google Scholar] [CrossRef] [PubMed]

	



Madeddu, M.; Berlinguer, F.; Pasciu, V.; Succu, S.; Satta, V.; Leoni, G.G.; Zinellu, A.; Muzzeddu, M.; Carru, C.; Naitana, S. Differences in Semen Freezability and Intracellular ATP Content between the Rooster (Gallus Gallus Domesticus) and the Barbary Partridge (Alectoris Barbara). Theriogenology 2010, 74, 1010–1018. [Google Scholar] [CrossRef]

	



Mehaisen, G.M.K.K.; Partyka, A.; Ligocka, Z.; Niżański, W. Cryoprotective Effect of Melatonin Supplementation on Post-Thawed Rooster Sperm Quality. Anim. Reprod. Sci. 2020, 212, 1–7. [Google Scholar] [CrossRef]

	



Laura, Y.; Harimurti, S. Ismaya Effect of Different Levels of Dimethylacetamide (DMA) on Sperm Quality of Bangkok Rooster Chicken and Sperm Survivability in Reproductive Tract of Hen. Pak. J. Nutr. 2017, 16, 144–147. [Google Scholar] [CrossRef]

	



Abouelezz, F.M.K.; Castaño, C.; Toledano-Díaz, A.; Esteso, M.C.; López-Sebastián, A.; Campo, J.L.; Santiago-Moreno, J. Effect of the Interaction between Cryoprotectant Concentration and Cryopreservation Method on Frozen/Thawed Chicken Sperm Variables. Reprod. Domest. Anim. 2015, 50, 135–141. [Google Scholar] [CrossRef]

	



Blanco, J.M.; Long, J.A.; Gee, G.; Wildt, D.E.; Donoghue, A.M. Comparative Cryopreservation of Avian Spermatozoa: Benefits of Non-Permeating Osmoprotectants and ATP on Turkey and Crane Sperm Cryosurvival. Anim. Reprod. Sci. 2011, 123, 242–248. [Google Scholar] [CrossRef]

	



Zaniboni, L.; Cassinelli, C.; Mangiagalli, M.G.; Gliozzi, T.M.; Cerolini, S. Pellet Cryopreservation for Chicken Semen: Effects of Sperm Working Concentration, Cryoprotectant Concentration, and Equilibration Time during in Vitro Processing. Theriogenology 2014, 82, 251–258. [Google Scholar] [CrossRef]

	



Tang, M.; Cao, J.; Yu, Z.; Liu, H.; Yang, F.; Huang, S.; He, J.; Yan, H. New Semen Freezing Method for Chicken and Drake Using Dimethylacetamide as the Cryoprotectant. Poult. Sci. 2021, 100, 101091. [Google Scholar] [CrossRef]

	



Ramadan, G.S.; Moghaieb, R.E.; El-Ghamry, A.A.; El-Komy, E.M.; Stino, F.K.R. Microsatellite Marker Associated with Body Weight in Local Egyptian Broiler Line Cairo B-2. Biosci. Res. 2018, 15, 3188–3201. [Google Scholar]

	



Bakst, M.R.; Dymond, J.S. Artificial Insemination in Poultry. In Success in Artificial Insemination-Quality of Semen and Diagnostics Employed; Lemma, A., Ed.; IntechOpen: London, UK, 2013; pp. 175–195. [Google Scholar] [CrossRef]

	



Łukaszewicz, E. Cryopreservation of Anser Anser L. Gander Semen. Zeszt. Nauk. Akad. Rol. We Wroc. 2002, 440, 1–111. [Google Scholar]

	



Lu, J.C.; Huang, Y.F.; Lü, N.Q. Computer-Aided Sperm Analysis: Past, Present and Future. Andrologia 2014, 46, 329–338. [Google Scholar] [CrossRef]

	



Rakha, B.A.; Ansari, M.S.; Akhter, S.; Hussain, I.; Blesbois, E. Cryopreservation of Indian Red Jungle Fowl (Gallus Gallus Murghi) Semen. Anim. Reprod. Sci. 2016, 174, 45–55. [Google Scholar] [CrossRef] [PubMed]

	



Gornall, A.G.; Bardawill, C.J.; David, M.M. Determination of Serum Proteins by Means of the Biuret Reaction. J. Biol. Chem. 1949, 177, 751–766. [Google Scholar] [CrossRef]

	



Koracevic, D.; Koracevic, G.; Djordjevic, V.; Andrejevic, S.; Cosic, V. Method for the Measurement of Antioxidant Activity in Human Fluids. J. Clin. Pathol. 2001, 54, 356–361. [Google Scholar] [CrossRef]

	



Nishikimi, M.; Rao, N.A.; Yagi, K. The Occurrence of Superoxide Anion in the Reaction of Reduced Phenazine Methosulfate and Molecular Oxygen. Biochem. Biophys. Res. Commun. 1972, 46, 849–854. [Google Scholar] [CrossRef]

	



Nichi, M.; Bols, P.E.J.; Züge, R.M.; Barnabe, V.H.; Goovaerts, I.G.F.; Barnabe, R.C.; Cortada, C.N.M. Seasonal Variation in Semen Quality in Bos Indicus and Bos Taurus Bulls Raised under Tropical Conditions. Theriogenology 2006, 66, 822–828. [Google Scholar] [CrossRef]

	



Kei, S. Serum Lipid Peroxide in Cerebrovascular Disorders Determined by a New Colorimetric Method. Clin. Chim. Acta 1978, 90, 37–43. [Google Scholar] [CrossRef]

	



Qi, X.L.; Xing, K.; Huang, Z.; Chen, Y.; Wang, L.; Zhang, L.C.; Sheng, X.H.; Wang, X.G.; Ni, H.M.; Guo, Y. Comparative Transcriptome Analysis Digs out Genes Related to Antifreeze between Fresh and Frozen—Thawed Rooster Sperm. Poult. Sci. 2020, 99, 2841–2851. [Google Scholar] [CrossRef]

	



Singh, R.P.; Shafeeque, C.M.; Sharma, S.K.; Singh, R.; Mohan, J.; Sastry, K.V.H.; Saxena, V.K.; Azeez, P.A. Chicken Sperm Transcriptome Profiling by Microarray Analysis. Genome 2016, 59, 185–196. [Google Scholar] [CrossRef] [PubMed]

	



Livak, K.J.; Schmittgen, T.D. Analysis of Relative Gene Expression Data Using Real-Time Quantitative PCR and the 2−ΔΔCT Method. Methods 2001, 25, 402–408. [Google Scholar] [CrossRef]

	



Zaniboni, L.; Madeddu, M.; Mosca, F.; Sayed, A.A.; Marelli, S.P.; di Iorio, M.; Iaffaldano, N.; Cerolini, S. Concentration Dependent Effect of Dimethylacetamide and N-Methylacetamide on the Quality and Fertility of Cryopreserved Chicken Semen. Cryobiology 2022, 106, 66–72. [Google Scholar] [CrossRef]

	



Mosca, F.; Zaniboni, L.; Sayed, A.A.; Madeddu, M.; Iaffaldano, N.; Cerolini, S. Effect of Dimethylacetamide and N-Methylacetamide on the Quality and Fertility of Frozen/Thawed Chicken Semen. Poult. Sci. 2019, 98, 6071–6077. [Google Scholar] [CrossRef]

	



Shanmugam, M.; Kumar, K.P.; Mahapatra, R.K.; Laxmi, N.A. Effect of Different Cryoprotectants on Post-Thaw Semen Parameters and Fertility in Nicobari Chicken. Indian J. Poult. Sci. 2018, 53, 208. [Google Scholar] [CrossRef]

	



Dogan, S.; Mason, M.C.; Govindaraju, A.; Belser, L.; Kaya, A.; Stokes, J.; Rowe, D.; Memili, E. Interrelationships between Apoptosis and Fertility in Bull. J. Reprod. Dev. 2013, 59, 18. [Google Scholar] [CrossRef]

	



Curry, M.R. Cryopreservation of Semen from Domestic Livestock. Rev. Reprod. 2000, 5, 45–52. [Google Scholar] [CrossRef]

	



Mavi, G.K.; Dubey, P.P.; Cheema, R.S. Association of Antioxidant Defense System with Semen Attributes Vis a Vis Fertility in Exotic and Indigenous Chicken Breeds. Theriogenology 2020, 144, 158–163. [Google Scholar] [CrossRef]

	



Ostermeier, G.C.; Goodrich, R.J.; Diamond, M.P.; Dix, D.J.; Krawetz, S.A. Toward Using Stable Spermatozoal RNAs for Prognostic Assessment of Male Factor Fertility. Fertil. Steril. 2005, 83, 1687–1694. [Google Scholar] [CrossRef]

	



Alvarez-Rodríguez, M.; Alvarez, M.; Borragan, S.; Martinez-Pastor, F.; Holt, W.V.; Fazeli, A.; de Paz, P.; Anel, L. The Addition of Heat Shock Protein HSPA8 to Cryoprotective Media Improves the Survival of Brown Bear (Ursus Arctos) Spermatozoa during Chilling and after Cryopreservation. Theriogenology 2013, 79, 541–550. [Google Scholar] [CrossRef]

	



Holt, W.V.; del Valle, I.; Fazeli, A. Heat Shock Protein A8 Stabilizes the Bull Sperm Plasma Membrane during Cryopreservation: Effects of Breed, Protein Concentration, and Mode of Use. Theriogenology 2015, 84, 693–701. [Google Scholar] [CrossRef]

	



García-Cardeña, G.; Fan, R.; Shah, V.; Sorrentino, R.; Cirino, G.; Papapetropoulos, A.; Sessa, W.C. Dynamic Activation of Endothelial Nitric Oxide Synthase by Hsp90. Nature 1998, 392, 821–824. [Google Scholar] [CrossRef]

	



Li, J.; Buchner, J. Structure, Function and Regulation of the Hsp90 Machinery. Biomed. J. 2013, 36, 106–117. [Google Scholar] [CrossRef]

	



Wang, Y.; Zheng, X.R.; Riddick, N.; Bryden, M.; Baur, W.; Zhang, X.; Surks, H.K. ROCK Isoform Regulation of Myosin Phosphatase and Contractility in Vascular Smooth Muscle Cells. Circ. Res. 2009, 104, 531–540. [Google Scholar] [CrossRef]

	



MacHacek, M.; Hodgson, L.; Welch, C.; Elliott, H.; Pertz, O.; Nalbant, P.; Abell, A.; Johnson, G.L.; Hahn, K.M.; Danuser, G. Coordination of Rho GTPase Activities during Cell Protrusion. Nature 2009, 461, 99–103. [Google Scholar] [CrossRef]

	



Gu, M.; Ni, H.; Sheng, X.; Pauciullo, A.; Liu, Y.; Guo, Y. RhoA Phosphorylation Mediated by Rho/RhoA-Associated Kinase Pathway Improves the Anti-Freezing Potentiality of Murine Hatched and Diapaused Blastocysts. Sci. Rep. 2017, 7, 1–7. [Google Scholar] [CrossRef]

	



Wu, H.; Sun, L.; Wen, Y.; Liu, Y.; Yu, J.; Mao, F.; Wang, Y.; Tong, C.; Guo, X.; Hu, Z.; et al. Major Spliceosome Defects Cause Male Infertility and Are Associated with Nonobstructive Azoospermia in Humans. Proc. Natl. Acad. Sci. USA 2016, 113, 4134–4139. [Google Scholar] [CrossRef] [PubMed]

	



Botezatu, A.; Socolov, R.; Socolov, D.; Iancu, I.V.; Anton, G. Methylation Pattern of Methylene Tetrahydrofolate Reductase and Small Nuclear Ribonucleoprotein Polypeptide N Promoters in Oligoasthenospermia: A Case-Control Study. Reprod. Biomed. Online 2014, 28, 225–231. [Google Scholar] [CrossRef] [PubMed]

	



Chen, X.; Wang, Y.; Zhu, H.; Hao, H.; Zhao, X.; Qin, T.; Wang, D. Comparative Transcript Profiling of Gene Expression of Fresh and Frozen-Thawed Bull Sperm. Theriogenology 2015, 83, 504–511. [Google Scholar] [CrossRef] [PubMed]

	



Aravindan, R.G.; Kirn-Safran, C.B.; Smith, M.A.; Martin-DeLeon, P.A. Ultrastructural Changes and Asthenozoospermia in Murine Spermatozoa Lacking the Ribosomal Protein L29/HIP Gene. Asian J. Androl. 2014, 16, 925. [Google Scholar] [CrossRef]

	



Riesco, M.F.; Robles, V. Cryopreservation Causes Genetic and Epigenetic Changes in Zebrafish Genital Ridges. PLoS ONE 2013, 8, e67614. [Google Scholar] [CrossRef] [PubMed]








[image: Animals 12 02739 g001 550] 





Figure 1. Effect of dimethyl acetamide (DMA) concentration in freezing extender on the anti-freeze-associated gene expression of rooster sperm after thawing. Bars express the means of three samples (n = 3) as log2 (fold change) ± standard error (SE). a–b Means with different superscripts, within the same gene, are significantly different (p < 0.05). HSP70: heat shock protein family A, RHOA: ras homolog family member A, SNPA1: small nuclear ribonucleoprotein polypeptide A′, RPL29: ribosomal protein L29. p-values of linear and quadratic effects are 0.021 and 0.038 for HSP70, 0.016 and 0.036 for RHOA, 0.032 and 0.005 for SNPA1, and 0.573 and 0.314 for RPL29, respectively. 
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Table 1. Primer sequences used for qRT-PCR analysis of selected anti-freeze-associated genes.
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Gene

	
Gene Bank Accessing Number

	
Primer Sequences (5′-3′)

	
Product Size (bp)






	
HSP70

	
FJ217667.1

	
F-TTGATAAGGGCCAGATCCAG

	
105




	
R-TGTTCAGCTCTTTGCCATTG




	
RHOA

	
NM_204704.1

	
F-GAAGCAGGAGCCTGTCAAAC

	
132




	
R-GCAGCTCTAGTGGCCATTTC




	
SNRPA1

	
NM_001005823.1

	
F-CGACCTGCGGGGGTATAAAA

	
176




	
R-GTCCTTCCCCAATCCGACAA




	
RPL29

	
NM_001171677.1

	
F-GTCCCGTAAGTGGCACAGAA

	
157




	
R-CTGCTTGGCATTGTTGGCTT




	
GAPDH

	
NM_204305.1

	
F-AGAACATCATCCCAGCGTCCA

	
130




	
R-CAGGTCAGGTCAACAACAGAG








HSP70: heat shock protein 70; RHOA: ras homolog family member A; SNRPA1: small nuclear ribonucleoprotein polypeptide A; RPL29: ribosomal protein L29; GAPDH: glyceraldehyde-3-phosphate dehydrogenase.
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Table 2. Effect of dimethyl acetamide (DMA) concentration in semen freezing extender on the motion characteristics of rooster sperm after thawing.
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Parameters

	
DMA Concentration

	
SEM

	
p-Value




	
3%

	
6%

	
9%

	
Combined

	
Linear

	
Quadratic






	
Motile sperm (%)

	
59.1 ab

	
64.9 a

	
55.2 b

	
2.62

	
0.008

	
0.161

	
0.004




	
PROG (%)

	
33.2 ab

	
38.2 a

	
30.5 b

	
1.98

	
0.005

	
0.207

	
0.002




	
VAP (µm/s)

	
63.9

	
63.8

	
61.1

	
3.23

	
0.619

	
0.395

	
0.642




	
VCL (µm/s)

	
126.5

	
124.2

	
120.0

	
6.43

	
0.605

	
0.331

	
0.865




	
VSL (µm/s)

	
34.9

	
35.5

	
34.6

	
1.71

	
0.853

	
0.834

	
0.607




	
STR (%)

	
54.5

	
55.2

	
56.5

	
2.19

	
0.657

	
0.376

	
0.863




	
LIN (%)

	
27.8

	
28.3

	
28.8

	
1.64

	
0.832

	
0.551

	
1.000




	
WOB (%)

	
50.3

	
51.0

	
50.7

	
1.18

	
0.854

	
0.781

	
0.632




	
ALH (µm)

	
5.5

	
5.4

	
5.3

	
0.16

	
0.530

	
0.278

	
0.812




	
BCF (Hz)

	
27.3

	
26.3

	
25.5

	
0.73

	
0.087

	
0.030

	
0.865








Data are presented as means ± standard error of means (SEM). Means with different superscripts, within parameter, are significantly different (p < 0.05). PROG: progressive motility; VAP: velocity average line (µm/s); VCL: velocity curved line (µm/s); VSL: velocity straight line (µm/s); STR: straightness (VSL/VAP%); LIN: linearity (VSL/VCL%); WOB: wobble (VAP/VCL%); ALH: amplitude of lateral head displacement (µm); BCF: beat cross frequency (Hz).
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Table 3. Effect of dimethyl acetamide (DMA) concentration in semen freezing extender on the quality characteristics of rooster sperm after thawing.
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Parameters

	
DMA Concentration

	
SEM

	
p-Value




	
3%

	
6%

	
9%

	
Combined

	
Linear

	
Quadratic






	
Viability (%)

	
66.7 b

	
85.6 a

	
74.8 ab

	
5.00

	
0.006

	
0.123

	
0.004




	
Intact acrosome (%)

	
85.9

	
89.4

	
87.4

	
2.61

	
0.438

	
0.574

	
0.253




	
Intact plasma membrane (%)

	
83.2

	
83.2

	
86.1

	
2.56

	
0.447

	
0.277

	
0.522








Data are presented as means ± standard error of means (SEM). Means with different superscripts, within parameter, are significantly different (p < 0.05).
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Table 4. Effect of dimethyl acetamide (DMA) concentration in semen freezing extender on the fertility traits of rooster sperm after thawing.
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Parameters

	
DMA Concentration

	
p-Value




	
3%

	
6%

	
9%






	
No. of incubated eggs

	
67

	
83

	
86

	




	
Fertile eggs% (n) 1

	
28.4 (19)

	
18.1 (15)

	
23.3 (20)

	
0.327




	
Early embryo death% (n) 2

	
10.5 (2)

	
13.3 (2)

	
25.0 (5)

	
0.441




	
Late embryo death% (n) 2

	
5.3 (1)

	
0.0 (0)

	
5.0 (1)

	
0.670




	
Pipped eggs% (n) 2

	
42.1 (8)

	
53.3 (8)

	
45.0 (9)

	
0.800




	
Hatched eggs% (n) 2

	
42.1 (8)

	
33.3 (5)

	
25.0 (5)

	
0.527








1 Values were calculated as percentages of total incubated eggs. 2 Values were calculated as percentages of fertile eggs. (n): number of eggs per treatment group.













[image: Table] 





Table 5. Effect of dimethyl acetamide (DMA) concentration in semen freezing extender on the antioxidant biomarkers of rooster sperm after thawing.
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Parameters

	
DMA Concentration

	
SEM

	
p-Value




	
3%

	
6%

	
9%

	
Combined

	
Linear

	
Quadratic






	
TAC (µM/mg) *

	
0.02

	
0.02

	
0.01

	
0.004

	
0.182

	
0.080

	
0.591




	
GPX (mU/mg) *

	
4.9 a

	
1.1 b

	
1.5 b

	
0.383

	
<0.001

	
<0.001

	
<0.001




	
SOD (U/mg) *

	
22.0 a

	
15.3 b

	
13.6 b

	
1.056

	
<0.001

	
<0.001

	
0.015




	
LPO (nM/mg) *

	
0.04 b

	
0.23 a

	
0.22 a

	
0.046

	
0.001

	
0.001

	
0.025








Data are presented as means ± standard error (SE). Means with different superscripts, within parameter, are significantly different (p < 0.05). TAC: total antioxidant capacity, GPX: glutathione peroxidase, SOD: superoxide dismutase, LPO: lipid peroxidation. * Values were calculated per mg protein.
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