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The Effects of Storage in vitro on Functions, Transcriptome, Proteome, and Oxidation Resistance of Giant Grouper Sperm
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Asynchrony of sexual maturity is a huge limitation in the reproduction of grouper sperm. Cold storage of sperm is an effective method to solve the problem of asynchronization. However, sperms gradually lose their activity with the prolonged storage time in vitro. In order to explore causes, the effects of cold storage on transcriptome, proteome and oxidation resistance of giant grouper sperm were analyzed. Firstly, the absolute RNA quantity and consistent transcripts existed in each spermatozoon were estimated. With the prolonged storage, the RNA quantity gradually decreased both in the cytoplasm and in the mitochondria of the spermatozoon. The decreased transcripts were mainly enriched with energy metabolism and stress response. Similar to RNAs, the absolute protein quantity was also significantly decreased during the storage of sperm. Decreased proteins were mainly enriched with the oxidative phosphorylation pathway. Proteins involved in the oxidative phosphorylation showed a faster degradation rate compared to the average total protein. In addition, the oxidation resistance and adenosine triphosphate (ATP) contents showed a significant decrease in the sperm during storage in vitro. These results implied that damages of transcriptome, proteome, and oxidation resistance have negative effects on the normal functions of sperm, especially their energy metabolism. The present study provides essential foundation for improving the storage of sperm in vitro.
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INTRODUCTION

Artificial insemination is one of the most important methods for reproduction in the grouper industry. The assisted reproductive technology has been widely applied in intraspecific and interspecific cross-breeding of the grouper. Asynchrony of sexual maturity always exists in cross-breeding, which limits the development of grouper industry. Thus, the conservation of sperm is pivotal to grouper reproduction, hybridization, and transportation of sperms. In vitro, the motility, and normal functions of the fish sperm only last for a short time, such as 2 days for the common carp, Cyprinuscarpio, at 4°C (Saad et al., 1988), 3 days for Atlantic salmon, Salmo salar, at 4°C (Parodi et al., 2017), and 6 days for the rainbow trout, Oncorhynchus mykiss, at 4°C (Aguilar-Juárez et al., 2014). Recently, several studies related to the physiological change of the sperm during storage in vitro have been reported, which suggested that sperm inactivation is mainly caused by the production of reactive oxygen species, increase of DNA fragments, and damages of the plasma membrane, mitochondria, and the structure of flagellum (Contreras et al., 2019). These studies provide valuable information for the understanding of sperm damage.

Published studies associated with the RNA damage of the sperm during storage are few. Traditional views suggested that spermatozoon is a highly differentiated cell with few cytoplasm and a condensed nucleus (Braun, 2001). Transcriptions and translations are inactive in sperms (Boerke et al., 2007). Thus, the changes of transcripts during sperm preservation received less attention. However, recent studies demonstrated that abundant messenger RNAs (mRNAs) exist in sperms and they are closely related to various biological processes, such as motility, fertilization, capacitation, and early embryo development (Krawetz, 2005; Hwang et al., 2013). Gur and Breitbart (2006) reported that inhibition of protein translation in sperms induce a significant decrease of sperm motility, capacitation, and fertilization capacity. Another study discovered that mRNAs existed in murine sperm could be delivered into the fertilized oocyte and play important roles in the zygotic development (Fang et al., 2014). Transcripts also exist abundantly in sperms of fish species; several reports have discovered that the changes of sperm transcriptome are done under the process of cryopreservation (Yang et al., 2019). Proteins are very important for the biological process of the sperms. Many studies have demonstrated that proteins have effects on the biological functions of sperm, such as motility, capacitation, acrosome reaction, and fertilization (Djourabchi Borojerdi et al., 2020; Wu et al., 2020). In fish species, there was no report about the effects of storage in vitro on transcriptome and proteome levels.

Epinephelus lanceolatus, a giant grouper, is the largest coral reef-dwelling bony fish species found all over the world; its length and weight can reach up to 2.7 m and 400 kg, respectively (Williams, 2009). This species is considered as the ideal male parent in interspecific crossing of grouper species due to its excellent growth traits and high yield of sperm. Up to now, at least five hybrids including kelp grouper (E. moara) ♀ × giant grouper ♂ (Chen et al., 2018), orange-spotted grouper (E. coioides) ♀ × giant grouper ♂ (Tang et al., 2017), brown-marbled grouper (E. fuscogutatus) ♀ × giant grouper ♂ (Sun et al., 2016), humpback grouper (Cromileptesaltivelis) ♀ × giant grouper ♂ (Chen et al., 2017), red-spotted grouper (E. akaara) ♀ × giant grouper ♂ (Guo et al., 2018) have been reported. Among them, brown-marbled grouper ♀ × giant grouper ♂ is the most successful hybrid; its annual yield accounts for over 70% of the total output of grouper in China (Wang et al., 2019). In addition, asynchrony of sexual maturity is common during the interspecific hybridization of grouper. Thus, prolonging the storage time of the giant grouper sperm is pivotal to grouper industry and breeding studies. Up to now, cryopreservation of giant grouper sperm has been reported (Tian et al., 2015; Fan et al., 2020). However, for short-term storage, cold preservation is more convenient.

In the present study, firstly, we analyzed the changes in the motility, velocity, fertilization, and hatchability of sperm during storage in vitro. Then, we discovered the profiles of transcripts and proteins in sperm and assessed the effects of storage in vitro on them. At last, the change of adenosine triphosphate (ATP) contents and oxidation resistance in sperm during storage in vitro were measured. The research provides important information for sperm conservation and artificial insemination.



MATERIALS AND METHODS


Broodstock Management and Sperm Collection

The matured broodstocks used in the experiment were obtained from Morning Sea Aquatic Co., Ltd (Hainan, China). Male fish (46–68 kg) were bred in an outdoor rectangular cement pool (6 × 6 × 2 m) using a seawater circulating system. The water temperature and salinity were maintained at 29–32°C and 29–33%; the broodstocks were fed once every 3 days with frozen fish. Matured female brown-marbled groupers (E. fuscoguttatus) were applied to provide spawn; they were bred in another rectangular cement pool with the same condition. The female broodstocks were fed every 3 days with frozen fish. Feeding was stopped for 24 h before the experiment.

Five candidate matured male fish were selected for the experiment. After anesthetizing with eugenol (Sangon Biotech, China), the urogenital pore was dried using a clean towel and the initial semen was removed. Clean semen was collected by a syringe (10 ml), without needle, after stripping by an abdominal massage. At this process, the semen was protected from contamination of blood, excrement, and seawater. The quality of sperm was evaluated and the best three sperm samples with motility >90% were applied for further analysis. The semen samples were stored in several 50 ml tubes with crushed ice and were immediately used for further experiment.



Sperm Quality Evaluation

The methods of sperm quality evaluation were followed as per the protocols of our laboratory, with some modifications (Yang et al., 2017, 2020b). Sperm quality parameters including motility, curvilinear velocity (VCL), straight-line velocity (VSL), and sperm type were measured using Integrated Semen Analysis Systems (ISAS 2.0, Spain). The motility evaluation of sperm was carried out below 100 magnified negative-phase field with a microscope. Spermatozoa were activated using seawater filtered by syringe-driven filter with a final dilution ratio of 1:100. About 0.1% of bovine serum albumin (BSA) (w/v) was added to prevent sperm from being attached to the microscope slide. Approximately 500–1,000 spermatozoa in 3–5 random sights were evaluated for each sample. The VCL of spermatozoa with <20 μm/s was defined as motile. The spermatozoa of each sample were divided into four degrees i.e., Levels A, B, C, and D based on VCL ≥ 100 μm/s, 100 μm/s > VCL ≥ 60 μm/s, 60 μm/s > VCL ≥ 20 μm/s and VCL <2 0 μm/s, respectively.



Fertilization and Hatch

In this experiment, we employed matured, female brown-marbled grouper for fertilization and hatch analysis due to high hatchability of the brown-marbled grouper ♀ × giant grouper ♂. Fertilization and the hatch potential of FS and stored sperm were evaluated. In the sample, the well-developed eggs were used for artificial insemination. Approximately, 100 eggs were distributed into each plastic Perti dish, and excess sperm (1 μl) were added and gently stirred. After mixing, 10 ml filtered seawater was added slowly. Twenty minutes later, the seawater was removed using 80-mesh gauze, and the eggs were transferred into a beaker containing 50 ml seawater having the temperature of 28°C and 30% salinity. After 2 h of incubation, most of the eggs have been developed to the 64-cell stage; the developmental malformation and fertilization ratio were observed and assessed under 4 × microscope. The hatchability was measured after hatching larvae from the fertilized eggs.



Isolation and Quantification of Total RNA of Sperm

Fresh sperms (FS) and 2 day cold storage sperms (C2) were used to isolate total RNA. Total RNA was extracted from 100 μl sperm using TRIzol reagent (Thermo Fisher Scientific, MA, USA). In brief, 100 μl sperm of each sample was applied to RNA isolation and 1 ml of TRIzol reagent was added to the sample and homogenized using the tissue breaker JX-2010 (Jingxin, Shanghai, China). After 5 min of incubation, 200 μl of chloroform was added and homogenized, and incubated on ice for 5 min. The samples were centrifuged for 15 min at 12,000 × g at 4°C. About 500 μl of colorless, upper aqueous phase was transferred into a new tube. The remaining upper aqueous phase in the old tube was quantified using a pipettor. About 500 μl of isopropanol was added and mixed with the colorless upper aqueous phase. After 5 min of incubation at 4°C, the mixtures were centrifuged for 10 min at 12,000 × g at 4°C. The supernates were removed and added to 1 ml of 75% ethyl alcohol with 0.5 M lithium chloride to wash the sediments. After 1 h of incubation at −20°C, the samples were centrifuged at 12,000 × g for 15 min. After removing the supernatant, the washing processes were repeated for one more time. The sediments were dried for 10 min at room temperature. About 100 μl of RNAse-free water was added for dissolving the sediments. The quantity and quality of the RNA samples were determined using a microplate spectrophotometer (BioTek Istruments Inc., VT, USA) and electrophoresized on 1% agarose gel. In addition, the sperm numbers per milliliter was calculated using a hemocytometer.

The total average absolute RNA contents of each sperm were calculated using the following formula:
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The concentration indicates the measured concentration of RNA solution. The actual volume indicates the total volume of the upper aqueous phase and isolated volume indicates the upper aqueous phase using the RNA isolation.



Transcriptome Library of Sperm Preparation and Sequencing

The FS and C2 with three repeats were applied to construct a transcriptome library. A total of six RNA samples with an equal amount of RNA contents were used for the preparation of the complementary DNA (cDNA) library. The RNA_sequencing (RNA-seq) libraries were prepared using NEBNextUltraTM RNA Library Prep Kit (New England Biolabs, MA, USA) following the protocols of the manufacturer. The quality and quantity of the library were measured using Agilent 2100 Bioanalyzer (Agilent Technologies Inc., IL, USA). Finally, the libraries were sequenced in Novogene Co. Ltd. using the Illumina-Hiseq 2500 platform and PE150 strategy.



Estimation of Commonly Expressed mRNA in Each Spermatozoon

For estimating the consistent transcripts expressed in each spermatozoon, we refer to Fang's method with some optimization (Fang et al., 2014). On an average, a transcript is less than one copy in one spermatozoon, which indicates that the transcript is randomly existed in a part of spermatozoa, and a transcript that has more than one copy in one spermatozoon indicates that the transcript is most likely existed in each spermatozoon. The mapped transcripts per kilobase million (TPM) of exon model represents the abundance of a transcript regardless of its length, which is a suitable parameter for estimating the commonly expressed transcripts in each spermatozoon. Based on the average counts of transcripts in each spermatozoon, the lowest numerical value of the TPM of transcript commonly expressed in each spermatozoon can be estimated. Firstly, the TPM of each expressed transcript were calculated using the following formula:
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Exon mapped readsi indicates the counts of one transcript and exon lengthi indicates the length of this transcript. Secondly, the average length of all the expressed transcripts was calculated.
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Lengthi indicates the length of transcripti and n indicates the number of expressed transcripts. According to RNA contents in each spermatozoon estimated above, the average molecular weight of ribonucleotide in RNA measures 340 Da. The number of total transcripts in a spermatozoon was calculated using the following formula:
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The transcripts number indicates the number of total transcripts in a single spermatozoon and N indicates the Avogadro's constant. To ensure that transcripti exists in each spermatozoon, the average counts of the tanscriptishould be more than 1 in each spermatozoon. Based on that, the minimum TPM of transcripticommonly existed in the sperm can be calculated as follows:
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The m value indicates the minimum TPM of transcripti existing in each spermatozoon.

The m value serves as the threshold value for each sample to screen the consistently expressing transcripts in each spermatozoon. We took the intersection of the transcripts with TPM ≥ m in each sample as the commonly expressed RNAs in all spermatozoa.



Differential Expression Analyses

Raw data were filtered to remove the adapters, poly-N, and low-quality reads using Trimmomatic version 0.38 (Bolger et al., 2014). Clean reads were mapped to giant grouper genome (unpublished) using TopHat2 Version 2.1.1 (Kim et al., 2013). The mapping ratio was counted using samtools flagstat (Li, 2011). The counts of transcripts were calculated using HTSeq version 0.12.4 (Anders et al., 2015). The counts were weighted by the RNA contents in each spermatozoon. Final DEGs were defined by FDR statistic method. The FDR with a cut-off value of 0.05 and log2 fold change with a cut-off absolute value of 1 were used to identify the significant differentially expressed genes (DEGs). For a better understanding of the effects of the biological processes of sperm, the transcripts were investigated by gene set enrichment analysis (GSEA) (Mootha et al., 2003). The transcripts with an average TPM of more than 200 in the fresh sperm were used for GSEA. The TPM of transcripts in the cold-stored sperm were weighted by their RNA contents per sperm. All GSEA analyses were carried out using the GSEA version 4.1.0 software (Mootha et al., 2003). The h.all.v7.2.symbols.gmt [Hallmarks] was served as the background for genes. The genes are ranked using the Signal2Noise method to produce a gene list, and other parameters were set as default.



Mitochondrial Gene Expression in Sperm

The mitochondrial genome of the giant grouper genome (NC_011715.1) was mapped onto the RNA-seq data using the BWA software (Li and Durbin, 2009); the mapped data were then sorted using samtools. The counts of genes were obtained using HTSeq version 0.12.4. The TPM were calculated using the above mentioned method. The quality of mitochondrial RNA in each sperm was estimated using the following formula:
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The value of m indicates the mitochondrial RNA contents per sperm (in pg), m.mapping.ratio indicates the mapping ratio of clean data on the mitochondrial genome, and g.mapping.ratio indicates the mapping ratio of clean data on the genome.

The TPM of the mitochondrial RNA were weighted based on the mitochondrial RNA contents per sperm. The differential expression analysis was analyzed based on the false discovery rate (FDR) statistic methods.



Quantification of Protein in the Sperm

Three sperm samples were collected from each group (FS, C1, C2, C3, and C4) to quantify protein contents. In simple, 100 μl sperm was added into 900 μl of 0.9% saline solution and was homogenized. The lysate was centrifuged at 4,000 r/min for 10 min at 4°C and the supernatant was transferred to a clean tube. The protein quantity was measured using Total Protein Assay Kit (BCA method) (Jiancheng Bioengineering Institute, Nanjing) according to the instructions of the manufacturer.



Proteome Library Preparation and Sequencing

Fresh sperm and C2 were used for constructing proteome libraries. About 100 μl sperm from three individuals of each group were added into 600 μl of Lysis buffer (50 mM Tris buffer, 8M Urea, 1% SDS, Ph = 8), followed by 5 min of ultrasonication under 4°C. The lysate was centrifuged at 13,000 r/min for 20 min at 4°C and the supernatant was transferred to a clean tube. The supernatant was mixed with cold acetone with 10 mM DDT for 2 h. After centrifuging at 13,000 r/min for 20 min, the sediments were collected and washed two times with cold acetone. The protein precipitation was dissolved by 8 M Urea (50 mM Tris buffer, 8 M Urea, pH = 8). Protein quality was assessed using Coomassie (Bradford) Protein Assay Kit (Thermo Fisher Scientific, MA, USA) according to the instructions of the manufacturer.

A total of 120 μg protein for each sample was taken to add TMT label mixed with acetonitrile and incubated at room temperature for 2 h. The labeling reactions were terminated by ammonium hydroxide with a final concentration of 8%. Peptides tagged by tandem mass of each sample were mixed in equal proportion.

Peptide fraction separation was performed using a C18 column (Waters BEH C18 4.6 × 250 mm, 5 μm) on a Rigol L3000 HPLC system. The lyophilized powder of peptides was dissolved in Solution A (2% acetonitrile, adjusted pH to 10.0 using ammonium hydroxide) and centrifuged at 12,000 × g for 10 min at room temperature. A column oven was set at 50°C. Solution B (98% acetonitrile) was used to develop a gradient elution. The flow rate was set at 1 ml/min, and fractions were collected in a tube per minute under a controller based on UV absorbance at 214 nm. All fractions were collected as ten fractions and dried under vacuum, and then, reconstituted in 0.1% of formic acid (FA) and water for LC-MS/MS analysis.

For transition library construction, shotgun proteomics analyses were performed on EASY-nLCTM 1200 UHPLC system (Thermo Fisher Scientific, MA, USA) coupled with a Q Exactive HF (X) mass spectrometer (Thermo Fisher Scientific, MA, USA). About 1 μg of sample was injected into a C18 Nano-Trap column (2 cm × 75 μm, 3 μm). Peptides were separated in an analytical column (15 cm × 1 50 μm, 1.9 μm) using a linear gradient elution. The separated peptides were analyzed by MS/MS using Q Exactive HF (X) mass spectrometer (Thermo Fisher Scientific, MA, USA), with ion source of Nanospray Flex™ (ESI). Spray voltage and ion transport capillary temperature were set at 2.3 kV and 320°C.



Proteomic Data Analysis

Peptide identification and quantitation were carried out using Proteome Discoverer 2.2 (PD 2.2, Thermo) based on the giant nuclear genome and mitochondrial genome. The parameters are set as follows: mass tolerance for the precursor ion was 10 ppm and mass tolerance for the product ion was 0.02 Da. Carbamidomethyl was specified as fixed modifications, Oxidation of methionine (M) and TMTplex was specified as dynamic modification, acetylation and the TMT plex were specified as N-Terminal modification in PD 2.2. A maximum of 2 miscleavage sites were allowed. Maximum FDRs were set to 1% for peptide and protein identification. The protein quantitation results were weighted by protein concentration in sperm and statistically analyzed by T-test. The proteins, whose quantitation were significantly different between experimental and control groups (p < 0.01 and |log2FC| >1.2) were defined as differentially expressed proteins (DEPs). The sperm proteins were enriched using GSEA, and the parameters were the same as mentioned above. In addition, the average degradation rate of proteins was estimated using following formula:
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Average degradation rate of proteins involved in the pathways were standardized by average degradation rate of total proteins.



Enzymatic Determination in Sperm

Five sperm samples were collected from each group (FS, C1, C2, C3, and C4) with motility >90% for below experiments. The ATP contents were quantified using ATP assay kit (Jiancheng Bioengineering Institute, Nanjing, China). Sample preparation was described as follows: About 100 μl sperm was added into 900 μl at 95°C in double distilled water, fully ground and incubated at 95°C for 10 min. The lysate was centrifuged at 4,000 r/min for 10 min at 4°C and the supernatant was transferred to a clean tube. The ATP quantification details were prepared according to the instructions of the manufacturer (http://www.njjcbio.com/). Oxidation resistance in the sperm were analyzed, and the total antioxidant capacity (T-AOC) was analyzed using the Total Antioxidant Capacity Assay Kit (ABTS method) (Jiancheng Bioengineering Institute, Nanjing, China). Superoxide dismutase (SOD) was quantified using the SOD Assay Kit (Jiancheng Bioengineering Institute, Nanjing, China). Total glutathione (T-GSH), oxidized glutathione disulfide (GSSG), and reduced glutathione (GSH) were quantified using Total Glutathione/Oxidized Glutathione Assay Kit (Jiancheng Bioengineering Institute, Nanjing, China). The sample preparation was done in the following way: About 100 μl sperm was added into 0.9% saline solution and homogenized. The lysate was centrifuged at 4,000 r/min for 10 min at 4°C and the supernatant was transferred to a clean tube. The quantification details were prepared according to the instructions provided by Jiancheng Bioengineering Institute (http://www.njjcbio.com/).



Statistical Analysis

Difference between different groups was analyzed using SPSS 22.0 software (SPSS Inc., Chicago, IL, United States) and One-way ANOVA method. The significant difference was marked using different alphabets (p < 0.05).




RESULTS


Sperm Changes During Storage in vitro

The initial sperm motility was 97.70 ± 1.05%, in prolonged cold storage; the sperm motility gradually decreased. Compared to FS, the motility of 1 day stored (95.70 ± 1.60%) and 2 day stored sperm (96.24 ± 2.02%) were slightly lower than that of FS. On the fourth day, the motility (74.53 ± 4.45%) was significantly lower than that of the FS (p < 0.05; Figure 1A). For VCL, the FS reached up to 108.21 ± 3.88 μm/s. Subsequently, the VCL consistently decreased with 84.85 ± 2.15 μm/s on the first day (p < 0.05), 74.07 ± 1.51 μm/s on the second day (p < 0.05), 63.62 ± 0.98 μm/s on the third day (p < 0.05), and 60.42 ± 1.73 μm/s on the fourth day (p < 0.05; Figure 1B). The changes in the VSL showed similar trend as in VCF during cold storage (Figure 1C). In FS, A-level spermatozoa reached up to 42.93 ± 2.84%, and then significantly decreased to 20.37 ± 2.15% on the first day (p < 0.05), 9.53 ± 2.70% on the second day (p < 0.05), 3.13 ± 0.35% on the third day (p < 0.05), and 1.24 ± 0.45% on the fourth day (p < 0.05; Figure 1D). The B-level spermatozoa accounted for 28.82 ± 0.63% in FS and significantly increased in the first 2 days, then decreased, and were significantly lower than FS on the fourth day (Figure 1D). The C-level spermatozoa gradually increased with prolonged cold storage and were significantly higher than FS after the second (p < 0.05), third (p < 0.05) and fourth days (p < 0.05; Figure 1D). The D-level spermatozoa gradually increased and showed significant difference after the fourth day (p < 0.05; Figure 1D). In zygotes fertilized by FS, the rate of normal, abnormal, and unfertilized eggs were found to be 93.15 ± 2.22, 5.19 ± 2.33, and 1.67 ± 1.20%, respectively. With the prolonged cold storage, the fertilization rate gradually decreased and showed significant difference after the second day (77.02 ± 2.20%; p < 0.05), while the abnormal and unfertilized eggs gradually increased and showed significant difference after the second (15.03 ± 2.54%; p < 0.05) and third days (7.94 ± 2.54%; p < 0.05), respectively (Figure 1E). The hatching rates of fertilized eggs showed a decreasing trend, from 89.33 ± 0.88% in FS to 20.67 ± 1.45% in 4 day stored sperm (p < 0.05) (Figure 1F). The rate of malformed larva gradually increased during storage and significantly increased after 2 days (p < 0.05; Figures 1G,H).


[image: Figure 1]
FIGURE 1. The sperm changes during cold storage. (A) The changes of sperm motility during cold storage. (B) The changes of curvilinear velocity (VCL) of sperm during cold storage. (C) The changes of straight-line velocity (VSL). (D) The rate of changes of the sperm type during cold storage. Blue, orange, green, and yellow indicate “A, B, C, and D” type spermatozoa, respectively. (E) The rate of changes of zygote types. Yellow, blue, and red indicate normal, malformed, and unfertilized zygote. (F) Changes of hatchability. (G) Malformation rate of fry using sperm on different days; (H) Normal and malformed fries. Different letters indicate the significant difference among groups; Arrows point to the deformity of fries.




RNA-Sequencing and Estimation of Commonly Expressed mRNA in Each Spermatozoon

In FS, a total of 21,286 transcripts were identified. Firstly, we obtained the top 30 transcripts with the highest expression level in sperm; the transcripts were mainly involved in motility, energy metabolism, cell division, peptide biosynthetic process, etc. (Figure 2A). MD52 is the most highly expressed gene in sperm. For estimating the commonly expressed mRNAs in each spermatozoon, the minimum TPM values of the transcripts commonly existed in each spermatozoon were calculated depending on the absolute RNA contents in each sperm and RNA-seq data; the TPM values in three samples were found to be 285.62, 218.39, and 222.76, respectively. Based on the threshold value, a total of 1,677 transcripts were collected (Figure 2B). These transcripts were involved in energy metabolism, ribosome, protein metabolism, RNA transport, and lysosome (Figure 2C). In sperm, most transcripts related to oxidative phosphorylation, glycolysis, and citrate cycle were highly expressed (Figures 2D–F and Supplementary Figure 2). Based on the database of gene ontology (GO), the commonly expressed transcripts were mainly enriched with translation, proton transport, and ATP metabolic process (Supplementary Figure 1).


[image: Figure 2]
FIGURE 2. Estimation of commonly expressed transcripts in each spermatozoon. (A) Distribution of highly expressed transcripts. (B) Intersection of commonly expressed transcripts in each sample. (C) Significant enriched pathway of commonly expressed transcripts in each spermatozoon. (D–F) Expression levels of transcripts involved in the oxidative phosphorylation, glycolysis/gluconeogenesis, and citrate cycle pathway, respectively.




Comparative Transcriptome Analysis Between Fresh Sperm and Cold-Stored Sperm

The absolute RNA contents in sperm decreased gradually during cold storage in vitro. The RNA contents of FS were found to be 6.78 ± 0.67 μg/ml, while after 2 days of cold storage, the RNA contents significantly decreased to 3.87 ± 0.08 μg/ml (Figure 3A). The valid RNA content per spermatozoon was 0.045 ± 0.0041 pg in FS, and it significantly decreased to 0.025 ± 0.0025 pg in C2 (Figure 3B). The TPM values were weighted based on the valid RNA contents per spermatozoon (Figure 3C). Most transcripts were decreased during cold storage (Figure 3D). Among them, there were 76 DEGs (Figure 3E). Based on GSEA, decreased transcripts were significantly enriched into pathways related to immunity (complement, interferon response) and stress response (hypoxia) (Figure 3F). In addition, numerous transcripts involved with glycolysis were also decreased (Figure 3G).


[image: Figure 3]
FIGURE 3. The changes of messenger RNAs (mRNAs) during cold storage. (A) The changes of RNA contents per milliliter fresh sperm (FS) and C2. (B) The changes of RNA contents per sperm at FS and C2. (C) The changes in the TPM transcripts during cold storage. (D) The volcano graph of all transcripts. Green indicates the downregulated differentially expressed genes (DEGs). (E) The heatmap of DEGs. (F) The four most-enriched gene set during cold storage based on GSEA. (G) The enrichment of transcripts involved in glycolysis. Asterisk indicated significant difference (p < 0.05).




Transcriptome Analyses of Mitochondria in Sperm

The transfer RNAs (tRNAs) in mitochondria were not detected in RNA-seq data (Figure 4A). In the mitochondria of sperm, the two highest expressed transcripts include 16s rRNA and 12s rRNA (Figure 4C), followed by COX1, COX3, and ATP6 transcripts. In addition, the expression profiles of the transcripts in mitochondria from multiple tissues were compared, except sperm; the expression levels of 12srRNA of other tissues are all very low (Figure 4B). The RNA contents in the mitochondria of each spermatozoon were estimated based on the mapping rate of the mitochondrial RNA. In FS, the mitochondrial RNA content in each spermatozoon was 0.0030 ± 0.00039 pg, in C2, the content was significantly decreased with the value of 0.0017 ± 0.00006 pg (Figure 4D). However, there was no significant difference in the proportion of mitochondrial RNA and total RNA in FS and C2 (Figure 4E). The TPM values of mitochondrial RNA were weighted based on the RNA contents in the mitochondria of spermatozoon. The results showed that all mitochondrial RNAs were decreased (Figure 4F), and nine transcripts of them were significantly decreased (Figure 4G).


[image: Figure 4]
FIGURE 4. The components and changes of mitochondrial transcript. (A) The expression profiles of mitochondrial messenger RNA (mRNA). (B) The expression profiles of mitochondrial mRNA in sperm and other tissues in the giant grouper. The 12s rRNA showed a high expression level in sperm and low expression levels in other tissues. (C) The expression levels of mitochondrial mRNA. (D) The mitochondrial mRNA contents per sperm. (E) Mitochondrial mRNA ratio changes and whole mRNA ratio change. (F) The heatmap of mitochondrial mRNA during cold storage. (G) The differentially expressed transcripts during cold storage. Asterisk indicated significant difference (p < 0.05).




Proteome Analyses of Sperm

In FS, 3,195 proteins were detected and they were found to be widely distributed across 24 chromosomes (Figure 5A). We set a high threshold (4,096 or 212) of expression to collect the highest expressed protein in sperm. We obtained 19 proteins, which were closely associated with signal transduction, translation, stress response, immunity, metabolism etc. (Figure 5A and Supplementary Figure 3). In addition, 1,174 proteins were obtained after removing the lower expressed proteins with an expressed threshold (256 or 28) (Figure 5A). These proteins were aligned to GO and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway databases (Supplementary Figures 4, 5), which showed that these proteins were mainly associated with energy metabolism, complement system, and aminoacyl-tRNA biosynthesis. The expression profiles of mRNAs and proteins in sperm were compared, and they showed no significant consistency with a low Pearson coefficient of 0.11 (Figure 5F).


[image: Figure 5]
FIGURE 5. The components and change of protein in sperm. (A) The distribution and density of sperm proteins. The red, green, and gray points indicate the highest expressed, high expressed, and low expressed proteins. (B) The changes of total protein contents in sperm during cold storage. (C) The volcano plot of proteins during storage; green points indicate the decreased proteins. (D) The enrichment of proteins related to oxidative phosphorylation. (E) Relative degradation rate of genes associated with energy metabolism. (F) The expression profiles of transcripts and proteins in sperm; green and red indicate proteins and transcripts, respectively. Different letters indicated significant difference (p < 0.05).


The absolute protein concentrations were found to be 4444.30 ± 176.10, 3680.94 ± 57.50, 3279.85 ± 40.40, 2949.93 ± 48.84, and 2296.54 ± 46.65 μg in FS, 1, 2, 3, and 4 days cold-stored sperm, respectively. The protein concentrations gradually decreased during cold storage (Figure 5B). The expression levels of proteins were weighted based on the protein concentration and applied to differential expression analysis. The results showed that most of the proteins decreased (Figure 5C), and proteins involved in the oxidative phosphorylation pathway was significantly enriched using GSEA (Figure 5D). In addition, proteins involved in oxidative phosphorylation showed a faster degradation rate and proteins encoded by mitochondrial genome showed a lower degradation rate compared to the total average of proteins (Figure 5E).



Change of Oxidation Resistance in Sperm

The total antioxidant capacity) and SOD gradually decreased in the sperm during cold storage (Figures 6A,B). With prolonged cold storage, the total TGSH slowly decreased; at the 4 day, the TGSH was significantly lower than that of the FS (Figure 6C). The GSSG) significantly increased and the GSH significantly decreased during cold storage (Figures 6D,E). In addition, we observed significant decrease of ATP contents in sperm during prolonged cold storage (Figure 6F).
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FIGURE 6. The change of oxidation resistance during cold storage. (A) The changes of total antioxidant capacity (T-AOC) in sperm during storage in vitro. (B) The changes of superoxide dismutase (SOD) in sperm. (C) The changes of total glutathione (TGSH) in sperm. (D) The changes of oxidized glutathione disulfide (GSSG) in sperm. (E) The changes of reduced glutathione (GSH) in sperm. (F) The changes of adenosine triphosphate (ATP) contents in sperm. Different letters indicated significant difference (p < 0.05).





DISCUSSION

Giant grouper is the most valuable male parent in the cross-breeding of groupers. Sperm storage is an assurance for the reproduction of hybrid grouper. Understanding of the mechanism of sperm inactivation in vitro is essential for prolonging the storage time. Here, we focused on the effects of storage in vitro on functions, such as transcriptome, proteome, and oxidation resistance of sperm. First, we analyzed the changes in the motility, velocity, fertilization, and hatchability of sperm during storage in vitro. Then, the profiles of the transcripts and the proteins in sperm were discovered and their change during cold storage in vitro was displayed. In addition, we discovered the decrease of ATP and oxidation resistance of sperm during prolonged storage time in vitro. The studies provide important information for the improvement of sperm storage.

During storage time in vitro, the motility, velocity, Type A spermatozoa, fertility, and hatchability gradually decreased in sperm. On the fourth day, the hatchability of sperm severely decreased, which is perhaps due to the fact that the sperm cannot keep up the normal function owing to severe damage at multiple aspects. We suggest that the maximum time of cold storage for giant grouper sperm is 3 days. The maximum time for cold storage is similar to lots of other fish species. For example, the semen of Masusalmon (Oncorhynchus masou) preserved at 4°C for 4 days had relatively high sperm quality (Scott and Baynes, 1980); for patagonian blenny (Eleginops maclovinus), high sperm mobility was maintained for 3 days under 4°C (Ulloa-Rodriguez et al., 2018). The results provide valuable information for sperm conservation of giant grouper. Compared to cryopreservation of giant grouper sperm (Tian et al., 2015), the 2 day stored sperm at 4°C showed a similar fertility rate and hatchability. The fertility rate and hatchability of 3 day stored sperm are lower than those of the cryopreserved sperm, though their motility is similar.

Firstly, 30 highest expressed genes from FS were obtained. These genes were closely associated with sperm motility and functions, energy metabolism, and cell division. For example, outer dense fibers (ODF), spermatogenesis and centriole-associated 1 like (SPATC1L) protein, Tubulin and Coiled-coil domain-containing protein 103 (CCDC103) play important roles in cytoskeleton stability and in the motion of sperm tail (Panizzi et al., 2012; Yang et al., 2012; Parab et al., 2017; Kim et al., 2018). Adenylate kinase isoenzyme 1 is involved in the energy metabolism for sperm motility (Cao et al., 2006). Myeloid leukemia factor 1 (MLF1) and tumor protein D52 (TPD52) is involved in cell cycle (Winteringham et al., 2004; Zhao et al., 2017). These transcripts may play important roles both in sperm functions and in the early development of embryo.

Transcripts per kilobase million is a normalization method to remove the effect of exon length of transcripts (Zhao et al., 2020). Based on the computational formula of TPM, it is directly proportional to the number of transcripts. In addition, spermatozoa contained few or even no rRNA (Miller et al., 2005; Fang et al., 2014; El Fekih et al., 2017), which provides a favorable condition for the estimation of consistent transcripts. The average number of transcripts in each spermatozoon can be estimated based on TPM values and average RNA contents in each spermatozoon. The average number of transcripts is more than 1; they are probably considered to be existing in each spermatozoon. Based on above strategies, the threshold of TPM for screening consistent transcripts in each spermatozoon could be estimated.

A total of 1,677 transcripts were obtained as consistent transcripts in spermatozoa. The common existence of these transcripts implied their importance in sperm. These transcripts existed in each spermatozoon were mainly involved in energy metabolism, ribosome, protein metabolism, RNA transport, and acrosomal reaction (Shi et al., 2018). The other remaining transcripts in spermatozoon may be the residual of transcripts associated with sperm maturation and spermatogenesis. During the last phase of spermatogenesis, the spermatids are transformed into spermatozoon. The DNA condenses into tightly compact nucleus in spermatozoon head. Transcription is stopped, where almost all of the cytoplasm is discarded, and a mass of mRNA related to spermatogenesis were also degraded (Hecht, 1998).

The number of common genes in the giant grouper is less than that (4,885) in the mouse (Fang et al., 2014). The difference may be caused by two major reasons. One is the difference in the RNA contents between the two species, where the RNA content of the sperm was 0.045 ± 0.0041 pg per spermatozoon in the giant grouper, while the value was approximately 0.1 pg in murine sperm (Pessot et al., 1989; Concha et al., 1993). The other reason is that we applied a stricter threshold. We obtained these commonly existing transcripts by taking the intersection of three duplicates, which was more strictly done than that from the one mixed sample (Fang et al., 2014). Here, the total RNAs were isolated from the spermatozoa using a traditional phase separation and precipitation method, which is also known as TRIzol method. Here, we used 75% ethyl alcohol with 0.5 M lithium chloride to wash the precipitation to reduce the loss of RNA. Lithium chloride facilitates the precipitation of RNAs and keeps the integrity of RNAs to ensure the correction of RNA quantification (Cathala et al., 1983).

During cold storage, the amount of RNAs per spermatozoon was significantly decreased. Most of the mRNAs were closely related to stress response, immunity, and energy supply. These transcripts were transcribed before the transformation of spermatids and stored as ribonucleoprotein particles, which wait for translation in sperm at the right time (Steger, 1999). The significant decrease of RNA contents probably affects the normal functions of spermatozoon and in the early development of embryo. In addition, during storage in vitro, the mRNAs were damaged by multiple harmful factors. Timely degradation of impaired mRNAs is beneficial to the survival of sperm. We discovered several high-expressed mRNA deadenylases in the sperm using tandem mass tag (TMT)-labeled quantitative proteomic analysis. These RNA enzymes (CCR4-NOT transcription complex submits) possess 3'-5' poly(A) exoribonuclease activity and closely relate to bulk mRNA degradation and translational repression (Cooke et al., 2010). They may play important roles in the programmed degradation of sperm mRNAs. During cold storage in vitro, multiple genes involved in immunity, resistance to hypoxia, and energy metabolism were significantly decreased. Bacteria in semen induce serious injury to sperm. Multiple studies have reported that the presence of microorganisms negatively affect the motility and fertility of the sperm (Stoss and Refstie, 1983; Viveiros et al., 2010). With the reduction of genes associated with immunity, sperm is more susceptible to injury of bacteria. Respiration is a common physiological activity of sperm during storage, and oxygen contributes to the maintenance of the normal function of sperm (Contreras et al., 2019). Genes associated with hypoxia tolerance may play important roles in sperm survival during cold storage under hypoxia condition. Moreover, the energy metabolism is closely related to ATP production, which is the most important energy resource of sperm. The decrease of these genes would reduce the sperm quality during cold storage in vitro.

In sperm, mitochondria are energy-supplying organelles, which also provide space for RNA translation. Gur and Breitbart (2006) observed that the inhibition of protein translation in mitochondria significantly reduced sperm motility, capacitation, and fertilization rate. Cytoplasmic mRNAs can enter mitochondria and utilize the mitochondrial ribosome to be translated as proteins (Gur and Breitbart, 2006). In mitochondrial genome, there are 13 protein-coding genes, 22 tRNA, 16S rRNA, and 12S rRNA. The raw data were mapped against the mitochondrial genome. We obtained expression profiles of 13 protein-coding genes, 12S rRNA, and 16S rRNA. During RNA sequencing library construction, the mRNAs were purified using magnetic beads with Oligo dT sequence. The tRNAs cannot be detected due to lack of poly A tails. The 16S rRNA and 12S rRNA are not only detected by RNA-seq, but their expression levels are the highest in the mitochondria of sperms as well. The results suggested that there were poly A tails at the end of 16S rRNA and 12S rRNA in the mitochondria of sperm. Abundance of 16S rRNA is essential for intra-mitochondrial translation (Arroyo et al., 2016); its high expressed level guarantees the normal function of sperm. Moreover, compared to other tissues, the expression level of 12S rRNA is very high in the mitochondria of sperm. This phenomenon may be a specialization of mitochondria for specific translation system in sperm. The 12S rRNA is a component of the 28S which is the small subunit of 55S mitochondrial ribosome (Sharma et al., 2003). The 55S ribosomes are involved in protein translation in sperm (Gur and Breitbart, 2006). High reserve of 12S rRNA facilitates the normal translation of mRNA in sperm.

During cold storage, the absolute RNA contents gradually decreased in the mitochondria of sperm. There were similar degradation rates for mitochondrial RNA and whole RNA. All transcripts showed a declining trend, where nine of them significantly decreased, which include five NADH dehydrogenases subunits (ND1, ND3, ND4, ND4L, and ND5) and two cytochrome c oxidase subunits (COX2 and COX3). They were involved in the respiratory chain (Ohnishi et al., 2018; Hartley et al., 2019), which is a complicated enzyme complex that drives ATP synthesis by a series of hydrogen transfer reactions and electron transfer reactions (Ohnishi et al., 2018). The damage of mitochondrial transcripts may induce ATP reduction and in the dysfunction of sperm.

In the current study, the protein profiles of sperm were obtained using TMT-labeled quantitative proteomic analysis. A total of 3,195 proteins were detected; these proteins were widely distributed throughout the whole genome. The highest expressed proteins were associated with energy metabolism, motility, stress response, and protein degradation. In sperm, ATP is the direct energy source for sperm functions, including mobility, capacitation, hyperactivation, fertilization, etc. Two metabolic processes, glycolysis and oxidative phosphorylation, are the most important ways to produce ATP (Du Plessis et al., 2015). Several highly expressed proteins were involved in the two processes, such as pyruvate kinase (PKLR) (Israelsen and Vander Heiden, 2015) and tricarboxylate transport protein (SLC25A1) (Chaouch et al., 2014). Movement speed is an important parameter, and sperm movement mainly depends on the ciliary swing. Hydin and Dynein axonemal heavy chain 2 (DNAH2) are the components of cilia that are pivotal for sperm motility (Dawe et al., 2007; Ciolfi et al., 2016). Sperm has defense capability for external environment. For example, UV radiation resistance-associated gene protein (UVRAG) plays an important role in the maintenance of chromosomal stability and DNA double-strand break (DSB) repair (Zhao et al., 2012). The heat shock protein, HSP 90-alpha (HSP90AA1) as molecular chaperone, assists in the correct folding, stabilization, and activation of proteins. Complement component C7 (C7) and complement component C8 beta chain (C8B) play key roles in the innate and adaptive immune responses (Haas et al., 1983). In sperm, several proteins were related to protein degradation, such as dipeptidyl peptidase 9 (DPP9) (Gall et al., 2013) and E3 ubiquitin-protein ligase SP1 (Ling and Jarvis, 2015). These proteins may play important roles in protein attenuation during the cold storage of sperm. It is worth noting that the highest expressed protein is eukaryotic translation initiation factor 5 (TIF5), which is essential for polypeptide synthesis. High expression of TIF5 implies that the transcription is not completely silent in sperm.

After removing lower expressed proteins, 1,174 proteins were remained. Many of them were involved in energy metabolism, including carbon metabolism, pentose phosphate, citrate cycle, and oxidative phosphorylation. These processes provide enough energy for the functions of sperm. Proteins associated with complement system also were abundant in sperm. These proteins facilitate to protect sperms from pathogenic microorganisms. In addition, proteins involved in aminoacyl-tRNA biosynthesis were also significantly enriched in both KEGG and GO database; the existence of these proteins suggests that the translation is not silent in sperm.

Absolute protein quantity gradually decreased during cold storage in sperm. Almost all proteins were decreased. There were numerous proteins involved in the degradation of polypeptide and amino acids. Protein degradation helps sperm to remove damaged proteins, remobilize, and recycle amino acids and transform amino acids to the energy material (Goldberg, 2003). The protein degradation provides essential energy and reduces injured proteins, which contributes to the maintenance of normal sperm l functions. In addition, numerous proteins involved in oxidative phosphorylation were significantly decreased. Proteins involved in oxidative phosphorylation showed a faster degradation rate. The main source of reactive oxygen species (ROS) is due to the leakage of electrons from the electron transport chain during the process of oxidative phosphorylation. The ROS is one of the main reasons for reducing the protein activity (Trenzado et al., 2006; Aitken et al., 2012). Proteins involved in oxidative phosphorylation are the first to be affected by ROS. Interestingly, proteins encoded by mitochondrial genome showed a lower degradation rate compared to the total average of proteins. Only one protein, the ND4, showed a significant decrease. This is probably because of the direct utilization of mitochondrial ribosomes by mitochondrial genes to translate proteins as a supplement. In general, sperm proteins were damaged widely, which negatively affect the normal functions of sperm, especially their energy metabolism. In addition, we discovered a significant decline of ATP contents in sperm during cold storage, and the energy metabolism in sperm is unable to satisfy the power requirement of the normal functions of sperm. A recently published study shows that L-carnitine could contribute to the maintenance of antioxidant capacities and enhancing the ATP content and mitochondrial activity in ejaculated sperm (Yang et al., 2020a), which may be a feasible method to prolong the cold storage of giant grouper sperm. Recent studies show that cryopreservation induced significant decrease of several genes involved in the metabolism, oxidation resistance, and signal transduction in the sperm of common carp (Li et al., 2010), which showed similar changes in our research to some extent. However, after cryopreservation, two transferrins were upregulated in the sperm of common carp, which may protect spermatozoa against oxidative damage (Li et al., 2010). The result is different from that in our studies, probably because of the different strategies of storage.

In addition, the correlation of the expression level between transcripts and proteins in sperm were analyzed; there was no correlation between their expression levels with a low Pearson coefficient of 0.11 in sperm. Transcripts existed in the sperm are transcribed during spermatogenesis processes, then some of them were degraded during the transformation of spermatids, and the remaining transcripts were stored for further translation (Steger, 1999). During transformation of spermatids, almost all of the cytoplasm was discarded and the protein components had changed radically (Teves et al., 2020). Thus, a huge difference in the expression level between transcripts and proteins is quite possible.

During storage in vitro, oxidation resistance is significantly decreased in sperm, which suggests that the sperm were threatened by ROS. The main source of ROS is due to the leakage of electrons during electron transport chain in the mitochondria of sperm. The damage of mitochondria during storage speeds up the production of ROS. The ROS causes damage to organelles, membrane structure, DNA and RNA integrity, and protein activity (Trenzado et al., 2006; Aitken et al., 2012). In the present experiment, ROS is an important reason for the damage of transcripts and proteins. Recent studies also show that oxidative stress significantly interrupts oxidative phosphorylation, which causes the loss of motility and velocity of spermatozoa during short storage in vitro (Shaliutina et al., 2013). Addition of antioxidants in the storage medium may be an effective method to prevent sperm from peroxide damage and prolong the storage time in vitro.



CONCLUSION

In our study, we explored the effects of storage in vitro on functions, such as transcriptome, proteome, and oxidation resistance of the giant grouper sperm. We observed that the motility, velocity, fertilization, and hatchability gradually decreased during cold storage, where the maximum storage time of the sperm is for 3 days. Then, the profiles of the transcripts and proteins in the sperm were analyzed, and their functions and roles in sperm were predicted. During storage, the contents of transcripts and proteins gradually decreased. Expression levels of genes involved in immunity, hypoxia resistance, and energy metabolism were decreased remarkably. Proteins related to energy metabolism were heavily affected. During storage, the oxidation resistance of sperm gradually decreased. The oxidative stress is an important treat to spermatozoa structures and functions during storage in vitro.
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