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The dynamic changes in protein expression are well known to be required for oocyte meiotic maturation. Although proteomic analysis has been performed in porcine oocytes during in vitro maturation, there is still no full data because of the technical limitations at that time. Here, a novel tandem mass tag (TMT)-based quantitative approach was used to compare the proteomic profiles of porcine immature and in vitro mature oocytes. The results of our study showed that there were 763 proteins considered with significant difference−450 over-expressed and 313 under-expressed proteins. The GO and KEGG analyses revealed multiple regulatory mechanisms of oocyte nuclear and cytoplasmic maturation such as spindle and chromosome configurations, cytoskeletal reconstruction, epigenetic modifications, energy metabolism, signal transduction and others. In addition, 12 proteins identified with high-confidence peptide and related to oocyte maturation were quantified by a parallel reaction monitoring technique to validate the reliability of TMT results. In conclusion, we provided a detailed proteomics dataset to enrich the understanding of molecular characteristics underlying porcine oocyte maturation in vitro.
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INTRODUCTION

The domestic pig, as an important livestock species, has been thought to be an ideal large animal model for health and disease research due to its similar organ sizes and physiology to humans (1, 2). It is therefore imperative to generate various types of specially designed pigs for applications in agricultural and biomedical research (3), which is dependent on the constant development of reproductive techniques. Moreover, oocytes occupy a vital position in these technical procedures and directly determine their efficiencies (4). The acquirement of high-quality oocytes through in vitro maturation (IVM) technique has become increasingly prominent because the potential of oocytes matured in vitro still remain in a compromised state due to incomplete cytoplasmic maturation (5, 6). Currently, numerous studies have been conducted to elucidate the complex regulatory mechanisms underlying oocyte maturation in order to improve the IVM efficiency (7), but the existing mechanisms are not comprehensive enough.

Oocyte maturation is the final step of mammal oogenesis during which meiotic resumption occurs as a progression from initial germinal vesicle (GV) breakdown into metaphase II (MII) arrest (8). This process is accompanied by the deposition of maternal RNAs and proteins regarded as one part of the cytoplasmic maturation for successful oocyte maturation, zygotic genome activation and early embryo development (9, 10). The transcriptome allows an overview of gene expression profile to improve our understanding toward molecular mechanisms of oocyte maturation (11). However, the transcriptional activity is minuscule during oocyte maturation (12), and mRNA and protein levels are rarely correlated well, particularly in oocytes (13). Conversely, a large number of proteins are activated or inactivated by post-translational modifications to employ in oocyte maturation such as nuclear reorganization, cytoskeleton rearrangement, organelle architecture, etc (14). These events are accurately controlled by a network of protein interactions and functions. Therefore, more in-depth proteomic research is of great significance for further elucidating the molecular processes during oocyte maturation.

During the past decade, proteomic strategies have been widely applied to explore the maturation mechanisms of mammalian oocytes including human (15), mouse (16, 17), pig (13, 18–20), cattle (21, 22) and buffalo (23, 24). However for porcine oocytes, all previous studies were conducted by two-dimensional gel electrophoresis (2-DE) to identify the protein composition. But this 2-DE technique remains very difficult to detect low molecular weight and low abundance proteins, with a disadvantage in the accurate quantitation from multiple samples (25). So, in these studies there is a maximum of no more than 1,000 proteins identified in porcine oocytes during IVM. An alternative approach with high-throughput technology is necessary to achieve the comprehensive identification and quantification of proteins for porcine oocytes.

Currently, tandem mass tag (TMT) labeling coupled with liquid chromatography tandem mass spectrometry (LC-MS/MS) is becoming a mainstream proteomic technique attracting tremendous attention in various research fields, due to its advantages of high throughput, sensitivity, accuracy, and stability (26, 27). In addition, a novel targeted method, parallel reaction monitoring (PRM) is applicable to the identification and quantification of low abundant proteins with good selectivity and sensitivity (28), and thus has been used to validate the candidate proteins. In our previously published work, these techniques have already been employed to analyze the proteomic changes of porcine oocytes after vitrification (29). Combining these data, the present study aimed to further acquire the proteomic characteristics of porcine oocytes during meiotic maturation in vitro, in order to better understand the potential mechanisms underpinning this process with the protein dimension.



MATERIALS AND METHODS

All chemicals and reagents used in this study were purchased from Sigma-Aldrich Chemical Company (Shanghai, China) unless otherwise specified.


Oocyte Collection and IVM

In this study, medium and procedures for oocyte collection and IVM were as described previously (30). Pre-pubertal ovaries were obtained from a local abattoir and transported to the laboratory in saline at 35–37°C within 2 h. Follicular fluid was aspirated from 3–8 mm antral follicles using a syringe with an 18-gauge needle. Cumulus-oocyte complexes (COCs) in sediments were washed two times in Tyrode's lactate-HEPES-polyvinyl alcohol medium (31), then selected under a stereomicroscope (Olympus, Tokyo, Japan). After washing three times in IVM medium, 50–70 COCs with uniform oocyte cytoplasm and over 3 layers of compact cumulus cells were cultured in each well of a 24-well plate (Costar, Corning, NY, USA) containing 500 μL IVM medium for 42–44 h at 39°C in an atmosphere of 5% CO2 with saturated humidity. The composition of IVM medium was a tissue culture medium-199 (ThermoFisher Scientific, Grand Island, NY, USA) supplemented with 3.05 mM D-glucose, 0.57 mM cysteine, 0.91 mM sodium pyruvate, 10% (v/v) porcine follicular fluid, 10 ng/mL epidermal growth factor, 0.5 μg/mL each follicle-stimulating hormone, and luteinizing hormone.



Protein Extraction, Digestion and TMT Labeling

For collecting GV oocytes, COCs were incubated in 0.1% hyaluronidase for 10 min at 39°C and then mechanically stripped of cumulus cells by repeated aspiration with a 200-μL pipette. In addition, after 42–44 h of IVM, oocytes were also freed from cumulus cells, and those with a first polar body (a characteristic of MII stage) were used for experiments. Both GV and MII oocytes were washed three times in cold Dulbecco's phosphate buffered saline containing 0.3% (w/v) polyvinyl alcohol and stored at −80°C. Three biological replicates were carried out and about 1,500 oocytes were used for each sample.

For protein extraction, these samples were lysed on ice in 8 M urea containing 1% protease inhibitor cocktail through a high intensity ultrasonic processor and then centrifugated at 12,000 g at 4°C for 10 min to obtain the supernatant. Protein concentration was measured by a bicinchoninic acid protein assay kit (Pierce, Rockford, IL, USA) following the manufacturer's instructions. Moreover, the protein solution was reduced with 5 mM dithiothreitol at 56°C for 30 min, alkylated with 11 mM iodoacetamide at room temperature for 15 min, and diluted to ensure the urea concentration was less than 2 M. Trypsin was added at 1:50 mass ratio (trypsin: protein) at 37°C overnight for the first digestion and continuously at 1:100 mass ratio (trypsin: protein) for 4 h to complete a post-digestion. After digestion, peptides were desalted on a Strata X C18 SPE column (Phenomenex, Torrance, CA, USA), vacuum-dried, and reconstituted in 0.5 M TEAB. For TMT labeling, one unit of TMT reagent (Thermo Fisher Scientific, Waltham, MA, USA) was reconstituted in acetonitrile to mix with peptides at room temperature for 2 h. Peptides derived from MII oocyte samples were labeled TMT tags of 126, 127N and 127C, and peptides derived from GV oocyte samples were labeled with TMT tags of 128N, 129N and 129C. Finally, the labeled peptide mixtures were desalted and dried under vacuum centrifugation.



LC-MS/MS Analysis

Firstly, tryptic peptides were separated at a gradient of 8–32% acetonitrile (pH 9.0) over 60 min into 60 fractions using high pH reverse-phase high performance liquid chromatography with an Agilent 300 Extend C18 column (5 μm particles, 4.6 mm ID, 250 mm length; Agilent, Santa Clara, USA), followed by combining into 9 fractions and vacuum-drying. After dissolving in solvent A (0.1% formic acid), these peptides were directly loaded onto a home-made reversed-phase analytical column (15-cm length, 75 μm i.d.) to elute with gradient solvent B (0.1% formic acid in 98% acetonitrile). The linear gradient settings were as follows: 7–16% over 50 min, 16–30% in 35 min, 30–80% in 2 min and 80% for the last 3 min, which was performed on an EASY-nLC 1,000 ultraperformance liquid chromatography (UPLC) system (Thermo Fisher Scientific, Waltham, MA, USA) at a flow rate of 400 nL/min.

The peptides were subjected to nanospray ionization at 2.0 kV voltage and then detected with tandem mass spectrometry (MS/MS) in Q ExactiveTM Plus (Thermo Fisher Scientific, Waltham, MA, USA) coupled online to the UPLC system. Precursor and fragment ion spectra were acquired in the high-resolution Orbitrap with 350–1,550 m/z at a resolution of 60,000 and 100 m/z at a resolution of 30,000, respectively. A data dependent scanning mode was used to acquire a mass fragmentation date. Each full mass spectrometry (MS) scan was followed by 20 MS/MS scans (30.0 s dynamic exclusion) corresponding from the ten most abundant precursor ions of full MS for higher-energy collisional dissociation (HCD) fragmentation with 32% normalized collision energy (NCE). In addition, automatic gain control (AGC) was set at 5E4, and maximum injection time (max IT) was 70 ms.



Database Processing

The resulting MS/MS spectra were processed using Maxquant search engine (v1.5.2.8) against the Sus scrofa UniProt proteome database (40,708 sequences). Moreover, we added a reverse decoy database to reduce the false positive identification results. Trypsin/P was specified as the cleavage enzyme, allowing up to two missing cleavages. The minimum peptide length was specified as seven amino acids, with a maximum of five modifications per peptide. Precursor mass tolerance was 20 ppm and fragment mass tolerance was 5 ppm. Carbamidomethylation on cysteine was specified as fixed modification and oxidation on methionine and N-terminal acetylation as variable modification. The false discovery rate for each peptide was adjusted to <1%, and minimum score for peptides was set to >40. Student's t-test was used to analyze statistical significances between two samples, and P-value of < 0.05 and fold change of ≥ 1.20 or ≤ 0.83 were set as the threshold for differentially expressed proteins (DEPs).



Bioinformatics Analysis

Gene Ontology (GO) annotation proteome was derived from the UniProt-GOA database (http://www.ebi.ac.uk/GOA/) based on biological process, cellular component and molecular function (32). Proteins were further searched with the InterProScan software (http://www.ebi.ac.uk/interpro/) if they were not annotated by the UniProt-GOA database. The online service tool KAAS4 was used to annotate the Kyoto Encyclopedia of Genes and Genomes (KEGG) description (33). Furthermore, enrichment analysis was also carried out by using the Metascape software (http://metascape.org) (34).



PRM Validation

For PRM analysis, we carried out three biological replicates with at least 1,000 oocytes used for each sample. The tryptic digested peptides were prepared according to the procedures described above. Similarly, peptides were dissolved in solvent A and then eluted with gradient solvent B (6–25% over 40 min, 25–35% in 12 min, climbing to 80% in 4 min, and holding at 80% for the last 4 min), at a flow rate of 500 nL/min. Subsequently, the eluted peptides were subjected to a nanospray ionization source (2.2 kV electrospray voltage) followed by Q ExactiveTM Plus coupled online to the UPLC. A data-independent acquisition was conducted on an Orbitrap as follows: full MS scan at a resolution of 70,000 with 350–1,060 m/z (AGC, 3E6; max IT, 50 ms) followed by 20 MS/MS scans at a resolution of 17,500 (AGC, 1E5; max IT, 120 ms; isolation window, 1.6 m/z). In addition, 27% NCE with HCD was used to fragment precursor ions. Acquired PRM data were processed through a Skyline software (version 3.6, MacCoss Lab, University of Washington, USA) (35). The target proteins were quantified according to the fragment ion peak area for confirming the TMT results. We selected 12 proteins according to high-confidence peptide and functional importance, including wee1-like protein kinase 2 (WEE2), kinesin-like protein (KIF20A), ubiquitin conjugating enzyme E2 C (UBE2C), DNA (cytosine-5)-methyltransferase (DNMT1), proliferating cell nuclear antigen (PCNA), CD59 glycoprotein (CD59), growth differentiation factor 9 (GDF9), coronin (CORO1C), tudor and KH domain-containing protein (TDRKH), tropomyosin alpha-4 chain (TPM4), annexin (ANXA1) and cytoplasmic polyadenylation element-binding protein 1 (CPEB1).




RESULTS


Protein Identification

After a stringent criteria for quality control (TMT labeling efficiency of 98.42%, peptide mass error within 5 ppm), we obtained a total of 3,823 proteins with quantitative information and the detailed description is provided in Supplementary Table S1. Moreover, a principal component analysis of all quantified proteins showed two completely independent clusters, indicating that the replicates from each treatment were very close to each other (Supplementary Figure S1). Among these proteins, 763 proteins (P-value < 0.05, fold change of ≥ 1.20 or ≤ 0.83) were considered as the DEPs, and 450 proteins were over-expressed, and 313 proteins were under-expressed in the MII oocyte (Supplementary Table S2). A volcano plot indicated the repartition of each protein abundance (Figure 1). In addition, there were 144 DEPs with fold change more than two, including 101 over-expressed and 43 under-expressed proteins.


[image: Figure 1]
FIGURE 1. A volcano plot of differentially expressed proteins. Proteins with fold change of ≥ 1.20 or ≤ 0.83 and P < 0.05 were considered statistically significant. Red blocks indicate significant over-expressed proteins, blue triangles indicate significant under-expressed proteins, while gray circles indicate proteins without differences. The X-axis represents fold change, Y-axis means P-value.




Functional Classification Analysis

First, we performed a GO functional classification on the DEPs and showed 32 terms including 16 biological processes, 8 cellular components and 8 molecular functions (Figure 2 and Supplementary Table S3). For the biological process, the top five GO terms consisted of “cellular process” (343 proteins), “single-organism process” (239 proteins), “metabolic process” (237 proteins), “biological regulation” (228 proteins) and “cellular component organization” (146 proteins). In the cellular component, the most abundant terms were “cell” and “organelle” with 349 and 304 proteins, respectively. The “binding” (536 proteins) and “catalytic activity” (186 proteins) were the largest two terms for molecular function.


[image: Figure 2]
FIGURE 2. Gene Ontology (GO) classification analysis of differentially expressed proteins (DEPs) in terms of biological process, cellular component and molecular function. Each bar represents the number of DEPs.


In addition, functional classification based on the COG/KOG database was also used to analyze the protein function and characteristic. These DEPs were assigned to 25 COG/KOG categories (Figure 3 and Supplementary Table S4). The largest category was “signal transduction mechanisms” (105 proteins), followed by “general function prediction only” (88 proteins) and “cytoskeleton” (66 proteins). Moreover, some DEPs were clustered in important categories related to oocyte meiosis such as “cell cycle control, cell division, chromosome partitioning” (30 proteins), “chromatin structure and dynamics” (16 proteins) and “nuclear structure” (12 proteins).


[image: Figure 3]
FIGURE 3. COG/KOG functional classification analysis of differentially expressed proteins (DEPs). The DEPs were aligned to COG/KOG database and classified into 20 functional clusters. Each bar represents the number of DEPs.




Functional Enrichment Analysis

First of all, the detailed information of GO functional enrichment is shown in Figure 4 and Supplementary Table S5. Within the molecular function, a number of over-expressed DEPs were enriched for microtubule-related terms including “microtubule binding,” “microtubule motor activity” and “tubulin binding,” whereas “actin filament binding” and “actin binding” terms were under-expressed. A molecular function analysis showed that most of the over-expressed DEPs were involved in the regulation of the nucleus and chromosome, and the under-expressed terms were concerned with “cell junction,” “adherens junction” and “anchoring junction.” Regarding the biological process from over-expressed DEPs, almost all terms related to the cell cycle networks were “mitotic cycle process,” “nuclear division,” “regulation of cell cycle process,” “mitotic nuclear division,” “chromatin organization,” etc. Still there were some under-expressed DEPs associated with “actin cytoskeleton organization” and “actin filament organization” terms.


[image: Figure 4]
FIGURE 4. Gene Ontology (GO) enrichment analysis of differentially expressed proteins (DEPs). The over-expressed and under-expressed DEPs were enriched into cellular component, molecular function and biological process. The bar represents the enrichment score associated with each term, and score value is shown as -log10 (Fisher's exact test P-value).


We next used KEGG pathway analysis to delineate the protein functions (Figure 5 and Supplementary Table S6). Several signaling pathways related to oocyte maturation were enriched including “oocyte meiosis,” “progesterone-mediated oocyte maturation,” “thyroid hormone signaling pathway,” “insulin signaling pathway,” “MAPK signaling pathway,” etc. Moreover, the under-expressed DEPs enriched the many significant pathways associated with “cell adhesion molecules,” “adherens junction,” “tight junction” and “regulation of actin cytoskeleton.”


[image: Figure 5]
FIGURE 5. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis of differentially expressed proteins (DEPs). The P-value was calculated using a Fisher's exact test. The X-axis represents the log2 fold enrichment, Y-axis means KEGG pathway. Bubble size corresponds to the number of DEPs for each term.


Based on the Metascape software, the enriched clusters for DEPs included those of “cell cycle,” “mRNA processing,” “cell division,” “organelle localization,” “actin filament-based process” and others (Figure 6 and Supplementary Table S7).


[image: Figure 6]
FIGURE 6. Top 20 clusters in the enrichment network of differentially expressed proteins (DEPs). Metascape is used for annotation and enrichment visualization of DEPs. Each circle represents an enriched term and is colored according to cluster identity. Terms with a similarity score >0.3 are linked by edges.




PRM Validation

As shown in Figure 7 and Supplementary Figure S2, the expression patterns of these proteins quantified by PRM and TMT were completely consistent, although the fold change in protein expression levels varied between the two techniques.


[image: Figure 7]
FIGURE 7. Validation of differentially expressed proteins (DEPs) using parallel reaction monitoring (PRM) analysis. There are 12 candidate DEPs obtained to verify the tandem mass tag (TMT) results.





DISCUSSION

There is a large pool of protein composition stored in GV oocytes, which exhibits dynamic changes during the process of meiotic resumption. Accumulation of maternally derived proteins in cytoplasm is critical to oocyte maturation, fertilization and embryo development (36). Thus, an investigation of oocyte proteome variations during the GV to MII transition is of great significance to uncover regulatory proteins and related functional phenotypes of oocyte maturation. The present results showed a series of differential proteins between GV and MII oocytes. A substantial number of known proteins associated with both nuclear and cytoplasmic maturation were further confirmed by the current study. We also found that some novel proteins were supposed to take part in oocyte maturation. Furthermore, bioinformatics interrogation revealed important changes in protein regulation of multiple cellular functions in porcine oocytes during IVM.

Regarding the porcine oocytes, high-throughput technology has not been used for proteome analysis. Our study obtained 763 quantified proteins considered as significant difference in the MII oocytes through TMT-based proteomic approach, which is far more than date of Kim et al. who have reported 16 over-expressed and 12 under-expressed proteins using 2-DE analysis (13). Another study also found only 16 proteins that were differentially expressed during IVM of porcine oocytes (19). Moreover, almost all of these DEPs identified in previously reported studies were not detected in the current study.

Cellular metabolism is vital for oocyte maturation because the large-scale reorganizations of nucleus and cytoplasm require a massive amount of energy from various substrates such as carbohydrates, amino acids, and lipids (37). Currently, both glucose and pyruvate are commonly added to IVM medium to support porcine oocyte maturation and subsequent early embryo development (38). In the present study, there were 237 DEPs classified in the “metabolic process,” some of which were assigned to “energy production and conversion,” “carbohydrate transport and metabolism,” “amino acid transport and metabolism,” “lipid transport and metabolism” and so on, according to COG/KOG categories. These proteins play a crucial role in the regulation of energy metabolism during oocyte maturation. For instance, monocarboxylate transporter 1 (SLC16A1) and solute carrier family 16 member 3 (SLC16A3), belonging to a family of proton-linked monocarboxylate transporters, are involved in the movement of lactate, pyruvate, acetate and ketone bodies, and their regulation and function have been confirmed in preimplantation mouse embryos (39). Thioredoxin domain containing 9 (TXNDC9), as a prominent member of thioredoxins, can maintain the redox state and regulate the folding of actin and tubulin (40). It has been reported that TXNDC9 is required for mouse oocyte maturation and shows a higher protein expression in GV stage compared to MII stage (41). However, we observed the highest level of TXNDC9 protein in porcine oocytes after IVM. Conversely, there are a large number of lipid droplets in porcine oocyte cytoplasm, which have been demonstrated to play a fundamental role in the oocyte maturation process by providing an energy source from lipid metabolism (42, 43). Based on our results, many proteins were uncovered to participate in the signaling pathway of lipid metabolism during oocyte maturation such as methylsterol monooxygenase 1 (MSMO1), phospholipase A2 activating protein (PLAA), phosphatidate phosphatase (LPIN2), acetyl-CoA carboxylase 1 (ACACA), etc. LPIN2 promotes the accumulation of lipid droplets and its degradation is essential for lipolysis activation (44). The under-expressed expression of LPIN2 protein in MII oocytes may also suggest a marked increase in lipid metabolism during the IVM process.

In the biological process, the over-expressed proteins were mainly enriched in the GO terms associated with cell cycle regulation, indicating that they might play a key role in the meiotic progression of oocytes. The KEGG enrichment analysis also identified two pathways, “cell cycle” and “oocyte meiosis,” as significantly enriched. As expected, the present study found some known proteins including CPEB1, KIF20A, kinetochore complex component (NDC80), mitotic checkpoint protein BUB3 (BUB3), UBE2C and others. Previous studies have showed that these proteins mentioned above are essential for meiotic resumption of porcine oocytes such as regulating spindle formation and chromosome alignment (45–49). Incidentally, we observed that securing (PTTG1) expression was over-expressed 4.1-fold in MII oocytes, which may participate in the processes of oocyte maturation and zygotic genome activation as a maternal protein (50). Conversely, several proteins that have not yet been studied in porcine oocytes were also identified to be involved in the cell cycle. For example, WEE2 protein is an oocyte specific tyrosine kinase and is critical for exit from MII arrest and promotes pronuclear formation (51). Structural maintenance of chromosomes protein (SMC1B), a meiosis specific component of cohesin complex, is considered essential for meiotic chromosomal segregation (52). CHEK1 is an uncharacterized protein in pigs whose function may be associated with cell cycle arrest (53). In a word, all of these proteins contained in the above terms and pathways may play their respective roles in order to assure normal nuclear maturation of porcine oocytes.

The dynamic remodeling of cytoskeleton plays crucial roles in spindle assembly, chromosome segregation and organelle reorganization, ensuing proper nuclear and cytoplasmic maturation of mammalian oocytes (54). Based on the molecular function analysis, the terms related to microtubule regulation mainly enriched the over-expressed proteins and the majority of them belong to kinesin motor family of proteins (KIF11, KIF14, KIF15, KIF23, KIF4A, KIF18A, KIF20A, KIF20B, KIF2C, KIFC1). These proteins are essential for the functional mechanisms of macromolecule transport, microtubule dynamics, cell cycle progression and cytokinesis (55). It has been well known that dynamic changes in actin filaments are implicated in various events during oocyte meiotic maturation (56). In this study, we found that the enriched GO terms and KEGG pathways for under-expressed proteins contained actin-based functions. Among the proteins, myosin IB (MYO1B), myosin IE (MYO1E) and myosin VB (MYO5B) need specific attention, because they are numbers of the myosin family of motor proteins and also may have important roles in actin cytoskeleton remodeling during oocyte maturation.

It is established that the increase in progesterone induced by a luteinizing hormone is associated with meiotic resumption of porcine oocytes (57). As we expected, the KEGG pathways analysis showed that a total of 8 over-expressed proteins were involved in the “progesterone-mediated oocyte maturation” pathway, indicating their function in regulation of oocyte maturation. These proteins have been well elucidated as maternal proteins necessary for oogenesis. For instance, cyclin B1 (CCNB1) and proto-oncogene serine/threonine-protein kinase mos (MOS) are required for maturation promoting factor activation and mitogen-activated protein kinase cascade (58). The spindle checkpoint signaling depends on (BUB1) and serine/threonine-protein kinase PLK (PLK1) (59). Conversely, we found that the “cGMP-PKG signaling pathway” was significantly under-expressed in MII compared to GV oocytes, suggesting that this pathway was an important part of the regulatory mechanism related to meiotic maturation. Notable among these was the protein phosphatase 3 regulatory subunit B, alpha (PPP3R1) acting as the regulatory subunit of calcineurin B. It has been reported that calcineurin is present in porcine oocytes (60), and may modulate the meiotic maturation of mouse oocytes (61). Finally, another significantly enriched pathway was the Hippo signaling pathway, which has been speculated to be involved during oocyte maturation (62).

In this study, we also identified a series of DEPs related to epigenetic modifications including DNA methylation, histone acetylation and methylation. Among them, DNMT1, lymphoid specific helicase (HELLS), tudor domain containing 1 (TDRD1), tudor and TDRKH were enriched in the “DNA methylation or demethylation” term. It is worth mentioning that the expression of HELLS was elevated by 2.7-fold in MII oocytes, which as a DNA helicase is essential for genome-wide DNA methylation (63). In addition, GO enrichment analysis revealed the following enriched terms: “histone acetylation,” “histone H3 acetylation,” “H4 histone acetyltransferase complex,” and “histone acetyltransferase complex.” Both down-regulator of transcription 1 (DR1) and transcriptional adapter 3 (TADA3) were found to be involved in these terms, indicating that they might have a function during meiotic maturation in porcine oocytes through the modulation of histone deacetylation. However, the two proteins have hardly been studied previously in mammalian oocytes. The present study also showed that the retinoblastoma-binding family of proteins (RBBP4, RBBP5 and RBBP7) were linked to the formation of “histone methyltransferase complex” based on cellular component analysis. It has been reported that RBBP4 and RBBP7 can regulate histone deacetylation and chromosome segregation during mouse oocyte maturation (64, 65).

Conversely, our proteomic data were confirmed to be entirely reliable through PRM target validation for the selected 12 proteins. In the discussion above, WEE2, KIF20A, UBE2C, DNMT1, TDRKH and CPEB1 have been described to exert important roles in oocyte meiotic maturation. Moreover, GDF9, ANXA1 and PCNA are considered as oocyte-specific proteins and also identified in human oocytes through single-cell proteomics (15). It has been reported that CORO1C as an actin-binding protein is associated with cytogenesis in oocytes and embryos (66). According to a previous report (67), TPM4 might also be involved in the formation of microtubule structure in porcine oocyte maturation. Finally, our study found several cell surface glycoproteins with different expression including CD59, CD61, CD99 and CD276, suggesting that these proteins likely play important roles in porcine oocyte fertilization.



CONCLUSION

In conclusion, we found 763 significantly altered proteins in GV and MII oocytes, suggesting that they might closely be related to oocyte maturation. Moreover, the functional classification and enrichment analysis revealed that these proteins were involved in multiple regulatory mechanisms of meiotic resumption and cytoplasmic maturation, such as spindle and chromosome configurations, cytoskeletal reconstruction, epigenetic modifications, energy metabolism, signal transduction and so on. All of these findings provide a deeper insight into the molecular characteristics of proteome in regulation of porcine oocyte maturation following IVM process.



DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found at: http://www.proteomexchange.org/, PXD023107.



ETHICS STATEMENT

Ethical review and approval was not required because live animals were not used in this study. Experiments carried out were according to institutional ethical guidelines and safety procedures.



AUTHOR CONTRIBUTIONS

BJ, DX, and GW conceived the experiments. BJ, DX, QS, QH, GQ, and GW conducted the experiments. BJ, DX, and GQ performed statistical analysis and figure generation. BJ, DX, and GW wrote the manuscript. GQ and GW reviewed the manuscript. All authors have read and agreed to the published version of the manuscript.



FUNDING

This work was supported by National Natural Science Foundation of China (Nos. 31660661, 32160793, and 31960663), Yunnan Applied Basic Research Projects (Nos. 202001AS070001 and 202101AT070213), and Yunnan Young Academic Leader Program (No. 202005AC160004).



ACKNOWLEDGMENTS

The authors are grateful to PTM Biolab, Inc (Hangzhou, China) for carrying out the MS analysis.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fvets.2021.792869/full#supplementary-material

Supplementary Figure S1. A principal component analysis of all quantified proteins.

Supplementary Figure S2. The fragment ion peak area distribution of identified peptides.

Supplementary Table S1. Annotation of quantified proteins.

Supplementary Table S2. Differentially expressed proteins.

Supplementary Table S3. GO classification analysis.

Supplementary Table S4. COG/KOG classification analysis.

Supplementary Table S5. GO enrichment analysis.

Supplementary Table S6. KEGG pathway enrichment analysis.

Supplementary Table S7. Cluster analysis of enriched GO terms.



REFERENCES

 1. Tang Z, Li Y, Wan P, Li X, Zhao S, Liu B, et al. LongSAGE analysis of skeletal muscle at three prenatal stages in Tongcheng and Landrace pigs. Genome Biol. (2007) 8:R115. doi: 10.1186/gb-2007-8-6-r115

 2. Wilkinson S, Lu ZH, Megens HJ, Archibald AL, Haley C, Jackson IJ, et al. Signatures of diversifying selection in European pig breeds. PLoS Genet. (2013) 9:e1003453. doi: 10.1371/journal.pgen.1003453

 3. Yang H, Wu Z. Genome editing of pigs for agriculture and biomedicine. Front Genet. (2018) 9:360. doi: 10.3389/fgene.2018.00360

 4. Hashimoto S. Application of in vitro maturation to assisted reproductive technology. J Reprod Dev. (2009) 55:1–10. doi: 10.1262/jrd.20127

 5. Zhang M, Zhang C, Pan L, Gong S, Cui W, Yuan H, et al. Meiotic arrest with roscovitine and follicular fluid improves cytoplasmic maturation of porcine oocytes by promoting chromatin de-condensation and gene transcription. Sci Rep. (2017) 7:11515–74. doi: 10.1038/s41598-017-11970-y

 6. Lee S, Kang H, Jeong P, Nanjidsuren T, Song B, Jin YB, et al. Effect of oocyte quality assessed by brilliant cresyl blue (BCB) staining on cumulus cell expansion and sonic hedgehog signaling in porcine during in vitro maturation. Int J Mol Sci. (2020) 21:4423. doi: 10.3390/ijms21124423

 7. Gilchrist RB. Recent insights into oocyte-follicle cell interactions provide opportunities for the development of new approaches to in vitro maturation. Reprod Fertil Dev. (2011) 23:23–31. doi: 10.1071/RD10225

 8. Li R, Albertini DF. The road to maturation: somatic cell interaction and self-organization of the mammalian oocyte. Nat Rev Mol Cell Biol. (2013) 14:141–52. doi: 10.1038/nrm3531

 9. Watson AJ. Oocyte cytoplasmic maturation: a key mediator of oocyte and embryo developmental competence. J Anim Sci. (2007) 85:E1–3. doi: 10.2527/jas.2006-432

 10. Conti M, Franciosi F. Acquisition of oocyte competence to develop as an embryo: integrated nuclear and cytoplasmic events. Hum Reprod Update. (2018) 24:245–66. doi: 10.1093/humupd/dmx040

 11. Luong XG, Daldello EM, Rajkovic G, Yang CR, Conti M. Genome-wide analysis reveals a switch in the translational program upon oocyte meiotic resumption. Nucleic Acids Res. (2020) 48:3257–76. doi: 10.1093/nar/gkaa010

 12. De La Fuente R, Eppig JJ. Transcriptional activity of the mouse oocyte genome: companion granulosa cells modulate transcription and chromatin remodeling. Dev Biol. (2001) 229:224–36. doi: 10.1006/dbio.2000.9947

 13. Kim J, Kim J, Jeon Y, Kim D, Yang T, Soh Y, et al. Identification of maturation and protein synthesis related proteins from porcine oocytes during in vitro maturation. Proteome Sci. (2011) 9:28. doi: 10.1186/1477-5956-9-28

 14. Budna J, Bryja A, Celichowski P, Kahan R, Kranc W, Ciesiółka S, et al. Genes of cellular components of morphogenesis in porcine oocytes before and after IVM. Reproduction. (2017) 154:535–45. doi: 10.1530/REP-17-0367

 15. Virant-Klun I, Leicht S, Hughes C, Krijgsveld J. Identification of maturation-specific proteins by single-cell proteomics of human oocytes. Mol Cell Proteomics. (2016) 15:2616–27. doi: 10.1074/mcp.M115.056887

 16. Vitale AM, Calvert ME, Mallavarapu M, Yurttas P, Perlin J, Herr J, et al. Proteomic profiling of murine oocyte maturation. Mol Reprod Dev. (2007) 74:608–16. doi: 10.1002/mrd.20648

 17. Wang S, Kou Z, Jing Z, Zhang Y, Guo X, Dong M, et al. Proteome of mouse oocytes at different developmental stages. Proc Natl Acad Sci U S A. (2010) 107:17639–44. doi: 10.1073/pnas.1013185107

 18. Ellederova Z, Halada P, Man P, Kubelka M, Motlik J, Kovarova H. Protein patterns of pig oocytes during in vitro maturation. Biol Reprod. (2004) 71:1533–9. doi: 10.1095/biolreprod.104.030304

 19. Susor A, Ellederova Z, Jelinkova L, Halada P, Kavan D, Kubelka M, et al. Proteomic analysis of porcine oocytes during in vitro maturation reveals essential role for the ubiquitin C-terminal hydrolase-L1. Reproduction. (2007) 134:559–68. doi: 10.1530/REP-07-0079

 20. Zhao Q, Guo Z, Piao S, Wang C, An T. Discovery of porcine maternal factors related to nuclear reprogramming and early embryo development by proteomic analysis. Proteome Sci. (2015) 13:18. doi: 10.1186/s12953-015-0074-5

 21. Labas V, Teixeira-Gomes A, Bouguereau L, Gargaros A, Spina L, Marestaing A, et al. Intact cell MALDI-TOF mass spectrometry on single bovine oocyte and follicular cells combined with top-down proteomics: a novel approach to characterise markers of oocyte maturation. J Proteomics. (2018) 175:56–74. doi: 10.1016/j.jprot.2017.03.027

 22. Marei W, Van Raemdonck G, Baggerman G, Bols P, Leroy J. Proteomic changes in oocytes after in vitro maturation in lipotoxic conditions are different from those in cumulus cells. Sci Rep. (2019) 9:3673. doi: 10.1038/s41598-019-40122-7

 23. Chen L, Zhai L, Qu C, Zhang C, Li S, Wu F, et al. Comparative proteomic analysis of buffalo oocytes matured in vitro using iTRAQ technique. Sci Rep-Uk. (2016) 6:31795. doi: 10.1038/srep31795

 24. Fu Q, Liu Z, Huang Y, Lu Y, Zhang M. Comparative proteomic analysis of mature and immature oocytes of the swamp buffalo (Bubalus bubalis). Int J Mol Sci. (2016) 17:94. doi: 10.3390/ijms17010094

 25. Gygi SP, Corthals GL, Zhang Y, Rochon Y, Aebersold R. Evaluation of two-dimensional gel electrophoresis-based proteome analysis technology. Proc Natl Acad Sci U S A. (2000) 97:9390–5. doi: 10.1073/pnas.160270797

 26. Thompson A, Schafer J, Kuhn K, Kienle S, Schwarz J, Schmidt G, et al. Tandem mass tags: a novel quantification strategy for comparative analysis of complex protein mixtures by MS/MS. Anal Chem. (2003) 75:1895–904. doi: 10.1021/ac030267r

 27. Pagel O, Loroch S, Sickmann A, Zahedi RP. Current strategies and findings in clinically relevant post-translational modification-specific proteomics. Expert Rev Proteomic. (2015) 12:235–53. doi: 10.1586/14789450.2015.1042867

 28. Peterson AC, Russell JD, Bailey DJ, Westphall MS, Coon JJ. Parallel reaction monitoring for high resolution and high mass accuracy quantitative, targeted proteomics. Mol Cell Proteomics. (2012) 11:1475–88. doi: 10.1074/mcp.O112.020131

 29. Jia B, Xiang D, Fu X, Shao Q, Hong Q, Quan G, et al. Proteomic changes of porcine oocytes after vitrification and subsequent in vitro maturation: a tandem mass tag-based quantitative analysis. Front Cell Dev Biol. (2020) 8:614577. doi: 10.3389/fcell.2020.614577

 30. Jia BY, Xiang DC, Zhang B, Quan GB, Shao QY, Hong QH, et al. Quality of vitrified porcine immature oocytes is improved by coculture with fresh oocytes during in vitro maturation. Mol Reprod Dev. (2019) 86:1615–27. doi: 10.1002/mrd.23249

 31. Funahashi H, Cantley TC, Day BN. Synchronization of meiosis in porcine oocytes by exposure to dibutyryl cyclic adenosine monophosphate improves developmental competence following in vitro fertilization. Biol Reprod. (1997) 57:49–53. doi: 10.1095/biolreprod57.1.49

 32. Barrell D, Dimmer E, Huntley RP, Binns D, O'Donovan C, Apweiler R. The GOA database in 2009–an integrated gene ontology annotation resource. Nucleic Acids Res. (2009) 37:D396–403. doi: 10.1093/nar/gkn803

 33. Kanehisa M, Furumichi M, Tanabe M, Sato Y, Morishima K. KEGG new perspectives on genomes, pathways, diseases and drugs. Nucleic Acids Res. (2017) 45:D353–61. doi: 10.1093/nar/gkw1092

 34. Zhou Y, Zhou B, Pache L, Chang M, Khodabakhshi AH, Tanaseichuk O, et al. Metascape provides a biologist-oriented resource for the analysis of systems-level datasets. Nat Commun. (2019) 10:1523. doi: 10.1038/s41467-019-09234-6

 35. MacLean B, Tomazela DM, Shulman N, Chambers M, Finney GL, Frewen B, et al. Skyline: an open source document editor for creating and analyzing targeted proteomics experiments. Bioinformatics. (2010) 26:966–8. doi: 10.1093/bioinformatics/btq054

 36. Ge C, Lu W, Chen A. Quantitative proteomic reveals the dynamic of protein profile during final oocyte maturation in zebrafish. Biochem Biophys Res Commun. (2017) 490:657–63. doi: 10.1016/j.bbrc.2017.06.093

 37. Xie H, Wang Y, Jiao G, Kong D, Li Q, Li H, et al. Effects of glucose metabolism during in vitro maturation on cytoplasmic maturation of mouse oocytes. Sci Rep. (2016) 6:20764. doi: 10.1038/srep20764

 38. Yuan B, Liang S, Kwon J, Jin Y, Park S, Wang H, et al. The role of glucose metabolism on porcine oocyte cytoplasmic maturation and its possible mechanisms. PLoS ONE. (2016) 11:e168329. doi: 10.1371/journal.pone.0168329

 39. Jansen S, Pantaleon M, Kaye PL. Characterization and regulation of monocarboxylate cotransporters slc16a7 and slc16a3 in preimplantation mouse embryos. Biol Reprod. (2008) 79:84–92. doi: 10.1095/biolreprod.107.066811

 40. Chen D, Zou J, Zhao Z, Tang X, Deng Z, Jia J, et al. TXNDC9 promotes hepatocellular carcinoma progression by positive regulation of MYC-mediated transcriptional network. Cell Death Dis. (2018) 9:1110. doi: 10.1038/s41419-018-1150-4

 41. Ma F, Hou L, Yang L. Txndc9 is required for meiotic maturation of mouse oocytes. Biomed Res Int. (2017) 2017:6265890. doi: 10.1155/2017/6265890

 42. Kajdasz A, Warzych E, Derebecka N, Madeja ZE, Lechniak D, Wesoly J, et al. Lipid stores and lipid metabolism associated gene expression in porcine and bovine parthenogenetic embryos revealed by fluorescent staining and RNA-seq. Int J Mol Sci. (2020) 21:6488. doi: 10.3390/ijms21186488

 43. Kim EH, Kim GA, Taweechaipaisankul A, Ridlo MR, Lee SH, Ra K, et al. Phytanic acid-derived peroxisomal lipid metabolism in porcine oocytes. Theriogenology. (2020) 157:276–85. doi: 10.1016/j.theriogenology.2020.07.007

 44. Kaushik S, Cuervo AM. Degradation of lipid droplet-associated proteins by chaperone-mediated autophagy facilitates lipolysis. Nat Cell Biol. (2015) 17:759–70. doi: 10.1038/ncb3166

 45. Nishimura Y, Kano K, Naito K. Porcine CPEB1 is involved in Cyclin B translation and meiotic resumption in porcine oocytes. Anim Sci J. (2010) 81:444–52. doi: 10.1111/j.1740-0929.2010.00755.x

 46. Wei X, Gao C, Luo J, Zhang W, Qi S, Liang W, et al. Hec1 inhibition alters spindle morphology and chromosome alignment in porcine oocytes. Mol Biol Rep. (2014) 41:5089–95. doi: 10.1007/s11033-014-3374-4

 47. Zhang Y, Liu J, Peng X, Zhu C, Han J, Luo J, et al. KIF20A regulates porcine oocyte maturation and early embryo development. PLoS ONE. (2014) 9:e102898. doi: 10.1371/journal.pone.0102898

 48. Choi JW, Zhou W, Nie ZW, Niu YJ, Shin KT, Cui XS. Spindlin1 alters the metaphase to anaphase transition in meiosis I through regulation of BUB3 expression in porcine oocytes. J Cell Physiol. (2018) 234:8963–74. doi: 10.1002/jcp.27566

 49. Fujioka YA, Onuma A, Fujii W, Sugiura K, Naito K. Contributions of UBE2C and UBE2S to meiotic progression of porcine oocytes. J Reprod Dev. (2018) 64:253–9. doi: 10.1262/jrd.2018-006

 50. Xie B, Qin Z, Liu S, Nong S, Ma Q, Chen B, et al. Cloning of porcine pituitary tumor transforming gene 1 and its expression in porcine oocytes and embryos. PLoS ONE. (2016) 11:e153189. doi: 10.1371/journal.pone.0153189

 51. Hanna CB, Mudaliar D, John K, Allen CL, Sun L, Hawkinson JE, et al. Development of WEE2 kinase inhibitors as novel non-hormonal female contraceptives that target meiosis. Biol Reprod. (2020) 103:368–77. doi: 10.1093/biolre/ioaa097

 52. Kawai K, Harada T, Ishikawa T, Sugiyama R, Kawamura T, Yoshida A, et al. Parental age and gene expression profiles in individual human blastocysts. Sci Rep. (2018) 8:2380. doi: 10.1038/s41598-018-20614-8

 53. Anger M, Stein P, Schultz RM. CDC6 Requirement for spindle formation during maturation of mouse oocytes1. Biol Reprod. (2005) 72:188–94. doi: 10.1095/biolreprod.104.035451

 54. Ferrer-Vaquer A, Barragan M, Rodriguez A, Vassena R. Altered cytoplasmic maturation in rescued in vitro matured oocytes. Hum Reprod. (2019) 34:1095–105. doi: 10.1093/humrep/dez052

 55. Camlin NJ, McLaughlin EA, Holt JE. Motoring through: the role of kinesin superfamily proteins in female meiosis. Hum Reprod Update. (2017) 23:409–20. doi: 10.1093/humupd/dmx010

 56. Sun Q, Schatten H. Regulation of dynamic events by microfilaments during oocyte maturation and fertilization. Reproduction. (2006) 131:193–205. doi: 10.1530/rep.1.00847

 57. Shimada M, Nishibori M, Yamashita Y. Effects of adding luteinizing hormone to a medium containing follicle stimulating hormone on progesterone-induced differentiation of cumulus cells during meiotic resumption of porcine oocytes. Anim Sci J. (2004) 75:515–23. doi: 10.1111/j.1740-0929.2004.00222.x 

 58. Cao L, Jiang J, Fan H. Positive feedback stimulation of Ccnb1 and Mos mRNA translation by mapk cascade during mouse oocyte maturation. Front Cell Dev Biol. (2020) 8:609430. doi: 10.3389/fcell.2020.609430

 59. Jia L, Li B, Yu H. The Bub1–Plk1 kinase complex promotes spindle checkpoint signalling through Cdc20 phosphorylation. Nat Commun. (2016) 7:10818. doi: 10.1038/ncomms10818

 60. Tumová L, Petr J, Žalmanová T, Chmelíková E, Kott T, Tichovská H, et al. Calcineurin expression and localisation during porcine oocyte growth and meiotic maturation. Anim Reprod Sci. (2013) 141:154–63. doi: 10.1016/j.anireprosci.2013.07.011

 61. Wang L, Zhen Y, Liu X, Cao J, Wang Y, Huo L. Inhibition of calcineurin by FK506 stimulates germinal vesicle breakdown of mouse oocytes in hypoxanthine-supplemented medium. PeerJ. (2017) 5:e3032. doi: 10.7717/peerj.3032

 62. Pennarossa G, Gandolfi F, Brevini TAL. Biomechanical signaling in oocytes and parthenogenetic cells. Front Cell Dev Biol. (2021) 9:646945. doi: 10.3389/fcell.2021.646945

 63. Baumann C, Ma W, Wang X, Kandasamy MK, Viveiros MM, De La Fuente R. Helicase LSH/Hells regulates kinetochore function, histone H3/Thr3 phosphorylation and centromere transcription during oocyte meiosis. Nat Commun. (2020) 11:4486. doi: 10.1038/s41467-020-18009-3

 64. Balboula AZ, Stein P, Schultz RM, Schindler K. Knockdown of RBBP7 unveils a requirement of histone deacetylation for CPC function in mouse oocytes. Cell Cycle. (2014) 13:600–11. doi: 10.4161/cc.27410

 65. Balboula AZ, Stein P, Schultz RM, Schindler K. RBBP4 regulates histone deacetylation and bipolar spindle assembly during oocyte maturation in the mouse. Biol Reprod. (2015) 92:105. doi: 10.1095/biolreprod.115.128298

 66. Kleppe L, Karlsen Ø, Edvardsen RB, Norberg B, Andersson E, Taranger GL, et al. Cortisol treatment of prespawning female cod affects cytogenesis related factors in eggs and embryos. Gen Comp Endocr. (2013) 189:84–95. doi: 10.1016/j.ygcen.2013.04.028

 67. Chermuła B, Brazert M, Jeseta M, Ozegowska K, Sujka-Kordowska P, Konwerska A, et al. The unique mechanisms of cellular proliferation, migration and apoptosis are regulated through oocyte maturational development—a complete transcriptomic and histochemical study. Int J Mol Sci. (2019) 20:84. doi: 10.3390/ijms20010084

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Jia, Xiang, Shao, Hong, Quan and Wu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fvets-08-792869-g005.gif





OPS/images/fvets-08-792869-g006.gif





OPS/images/fvets-08-792869-g003.gif





OPS/images/fvets-08-792869-g004.gif





OPS/images/fvets-08-792869-g007.gif
» .
wTMT aPRM

5

v %

Fold change of proteln expresiion:

A CDSS COROIC CPEBL . GOFS  TORKH. TPMA ONMITL KIF20A. PCNA  UBEIC WEED





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Proteomic Exploration of Porcine Oocytes During Meiotic Maturation in vitro Using an Accurate TMT-Based Quantitative Approach



		Introduction



		Materials and Methods



		Oocyte Collection and IVM



		Protein Extraction, Digestion and TMT Labeling



		LC-MS/MS Analysis



		Database Processing



		Bioinformatics Analysis



		PRM Validation







		Results



		Protein Identification



		Functional Classification Analysis



		Functional Enrichment Analysis



		PRM Validation







		Discussion



		Conclusion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		References

















OPS/images/cover.jpg
, frontiers
in Veterinary Science

Proteomic Exploration of Porcine
Oocytes During Meiotic Maturation in
vitro Using an Accurate TMT-Based
Quantitative Approach





OPS/images/fvets-08-792869-g001.gif





OPS/images/fvets-08-792869-g002.gif
‘Number of proteins

I S

//x,?;f //,y 7,7‘/#//@/;?/»*;
s 7 Vi

/ f’//'///

GO terms









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Veterinary Science





