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Abstract

:

Alternative splicing (AS) is a crucial mechanism in post-transcriptional regulation, contributing significantly to the diversity of the transcriptome and proteome. In this study, we performed a comprehensive AS profile in nine tissues obtained from Duroc (lean-type) and Luchuan (obese-type) pigs. Notably, 94,990 AS events from 14,393 genes were identified. Among these AS events, it was observed that 80% belonged to the skipped exon (SE) type. Functional enrichment analysis showed that genes with more than ten AS events were closely associated with tissue-specific functions. Additionally, the analysis of overlap between differentially alternative splicing genes (DSGs) and differentially expressed genes (DEGs) revealed the highest number of overlapped genes in the heart and skeletal muscle. The novelty of our study is that it identified and validated three genes (PYGM, MAPK11 and CAMK2B) in the glucagon signaling pathway, and their alternative splicing differences were highly significant across two pig breeds. In conclusion, our study offers novel insights into the molecular regulation of diverse tissue physiologies and the phenotypic differences between obese- and lean-type pigs, which are helpful for pig breeding.
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1. Introduction


Alternative splicing (AS) is a prevalent and evolutionarily conserved biological process in which splice sites are differentially selected within pre-messenger RNAs, leading to the generation of diverse mRNA and protein isoforms [1,2,3]. The growing body of evidence suggests that the precise regulation of AS plays a crucial role in determining tissue types and developmental stages [4]. Researchers have discovered that transcripts from ~95% of multi-exon genes undergo alternative splicing in humans [5]. Meanwhile, disruptions in the splicing pathway or the presence of aberrant splicing isoforms have been associated with various human diseases [6,7]. And five different types of alternative splicing events have been identified, including skipped exons (SEs), retained introns (RIs), alternative 5′ splice sites (A5SSs), alternative 3′ splice sites (A3SSs), and mutually exclusive exons (MXEs) [8,9].



Pigs are an important source of animal protein for humans [10]. They are also an ideal medical model for many biomedical research disciplines because of their similarity to humans in size, immunology, anatomy, genome, and physiological characteristics [11,12,13]. There are two pig breeds, Western pigs (lean-type) and Chinese native pigs (obese-type), and their phenotypes exhibit significant differences [14]. For example, the former is characterized by more developed muscles, smaller muscle fibers, higher muscle content, and lower fat content in their muscles. Conversely, the latter exhibit higher levels of fat deposition, including subcutaneous, visceral, and intermuscular fat [15]. In previous studies, significant differences in gene expression and mutations have been found to partially explain the variations between breeds with different phenotypes [16,17,18]. Due to the aforementioned differences, these two breeds become valuable resources for the study of AS. While there has been extensive exploration of AS events across various tissues in pigs [19,20], the differences in AS events within multiple tissues of lean-type and obese-type pig breeds, as well as the regulatory functions of different transcripts, remain not fully understood.



In the present study, we conducted a comprehensive comparative analysis of the AS characteristics in nine tissues (liver, lung, skeletal muscle, heart, adipose, cerebrum, cerebellum, stomach, and small intestine) from Duroc (DR) and Luchuan (LC) pigs. The results revealed the detection of 94,990 AS events, of which 87% were novel, originating from 14,393 genes across these tissues. Subsequently, we analyzed differentially alternative splicing genes (DSGs) in various tissues and pig breeds, with a particular focus on exploring DSGs associated with skeletal muscle metabolism. We aimed to explore AS in pigs, and the data not only enhance our understanding of pig gene functionality, including the distinct functions of different gene isoforms and regulatory mechanisms, but also provide important resources for pig genetic breeding.




2. Materials and Methods


2.1. Data Collection


The transcriptome datasets of nine tissues (liver, lung, skeletal muscle, heart, adipose, cerebrum, cerebellum, stomach, and small intestine) from DR and LC pigs were obtained from our previous study [21] and are available at the China National GenBank (https://db.cngb.org/search/project/CNP0001159/ (accessed on 5 December 2023)) Nucleotide Sequence Archive (CNSA) under the accession number CNP0001159. Briefly, six adult individuals for DR and LC pigs (three sows for each breed) were obtained from the Institute of Animal Science, Guangxi Zhuang autonomous Region, China. Nine tissues or organs were collected from each pig, resulting in a total of 54 transcriptomes sequenced. The accession numbers for each sample are listed in Table S1.




2.2. Identification and Quantification of Transcripts


Quality control for the raw reads was performed using Fastp software version 0.23.1 with the default parameters [22]. High-quality reads were aligned to the Sus Scrofa 11.1 reference genome using Hisat (version 0.1.6) with the default parameters [23,24]. Only reads uniquely aligned to the reference genome were used for downstream analysis. Transcript construction for each sample was performed using StringTie (v1.3.3) with default parameters. The abundance of the transcripts was measured by TPM (Transcripts Per Million). Transcripts with TPM lower than 0.1 were filtered out [25]. Identification of known transcripts and novel transcripts was performed by comparing with the Sus Scrofa 11.1 genome annotation file (Ensembl release 108) using StringTie. Functional enrichment analyses of overlapping genes were performed using DAVID version 6.8 [26], enabling Gene Ontology (GO) terminology and the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway function. False discovery rate (FDR) values ≤0.05 were considered to be a significant function.




2.3. Analysis of Differentially Expressed Genes, Transcripts and Alternative Splicing


Differentially expressed genes (DEGs) and differentially expressed transcripts (DETs) were identified via the Deseq2 version 1.36.0 R package [27]. Genes with a false discovery rate (FDR) ≤ 0.05 and |log2FoldChange| ≥ 1 were considered as DEGs. Transcripts with a false discovery rate (FDR) ≤ 0.05 and |log2FoldChange| ≥ 1 were considered as DETs.



The rMATS program was used to classify and count the five types of alternative splicing events. The differences in AS events between DR and LC pigs were measured by variation in percentage spliced in (PSI), a commonly used parameter to describe the degree of alternative splicing in international biomedical research organizations. The estimated value of PSI is shown in the following equation:


   PSI =     R    Splice _ in        R    Splice _ in    +   R    Splice _ out          Δ PSI  = PS   I   D R   − PS   I   LC     








    R    Splice _ in      represents the count of reads specific to the splicing transcript, and     R    Splice _ out      represents the count of reads specific to the no-splicing transcript.    PSI DR    represents the percent spliced in DR pigs.    PSI LC    represents the percent spliced in LC pigs.   Δ PSI   means the value of change.



Alternative splicing events with FDR ≤ 0.05 and |ΔPSI| ≥ 10% were extracted as differential alternative splicing events.




2.4. RNA Extractison


Total RNA was extracted from quick-frozen samples using TRIzol® reagent (Invitrogen Life Technologies, Palo Alto, CA, USA) according to the manufacturer′s instructions. The RNA quality was determined using agarose gel electrophoresis and NanoDrop 2000 (Thermo Fisher Scientific, Waltham, MA, USA).




2.5. Semi-Quantitative RT-PCR Analysis of Alternative Splicing Events


Primers flanking the differentially spliced region were designed using the Primer Premier 5. The primers are shown in Table S2. PCR products were separated by 2% agarose gel in 1×TAE buffer for 40–60 min at 120 V. ImageJ software (v.1.47) was used to define regions of interest (ROIs) [28,29]. Independent measurements of the surveyed area were made using ROIs of identical size. DNA fragments were recovered from the gel, followed by Sanger sequencing at the Sangon Biotech company (Shanghai, China).




2.6. Statistical Analysis


GraphPad Prism v8.0.2 was used for statistical analysis. An unpaired nonparametric test for statistical significance was performed. The significance level was set at p-value < 0.05. Data were expressed as mean ± standard error of the mean (SEM) (n = 3).





3. Results


3.1. Tissue- and Breed-Specific Differential Expression Profiles of Lean- and Obese-Type Pigs


The RNA sequencing data exhibited high quality, with an average of 45.79 million high-quality clean reads, revealing a high average percentage of 96.90% and 92.20% for Q20 and Q30, respectively (Table S3). The quantification information for identified genes and transcripts is provided in Table S4 and Table S5, respectively. A PCA was conducted to analyze the gene expression patterns of different tissues and biological replicates from DR and LC pigs (Figure 1A). The results demonstrated distinct clustering patterns among tissues and biological replicates, with notable differences in clustering observed among tissues from the two breeds. Then, we used TBtools (v2.041) to identify the number of tissue-specific expressed genes in these nine tissues. As we can see, the highest and lowest number of tissue-specific expressed genes were found in the cerebrum (744) and stomach (93) (Figure 1B). Additionally, in a more focused investigation on pig breeding, the number of tissue-specific expressed genes was 206 in skeletal muscle and 628 in adipose tissue (Figure 1B). Meanwhile, the heart exhibited the highest number of differentially expressed genes (DEGs) between DR and LC pigs (Figure 1C). Moreover, there were also numerous differentially expressed genes in skeletal muscle (2761) and adipose tissue (2241) (Figure 1C).



Currently, an increasing amount of research on gene function is directing attention to the regulatory functional aspects of different gene isoforms. Therefore, we conducted an exploration of tissue-specific and breed-specific transcripts. Hierarchical clustering based on expression levels of transcript also showed clear separations among different tissues (Figure 1D). The analysis of tissue-specific transcripts showed that the cerebrum had the highest number of transcripts (Figure 1E). Notably, the heart and stomach had the highest and lowest number of differentially expressed transcripts (DETs) between DR and LC pigs, respectively (Figure 1F). The analysis of tissue-specific transcripts provided additional insights into the complex regulatory mechanism of gene expression. We found that at least 83.5% of DEGs had at least one DET (Figure 1G), suggesting that differential gene expression might be caused by the differential expression of transcripts [30]. These findings shed light on the intricate regulatory mechanisms that govern differential gene expression in different pig tissues and breeds. Simultaneously, we have identified numerous tissue- and breed-specific functional genes or transcripts, which can be regarded as potential candidate genes (transcripts) for regulating phenotypic differences between lean- and obese-type pigs.




3.2. Five Types of Alternative Splicing Events Generate Novel Transcripts


We found that the number of AS events ranged from 35,377 to 48,517 in nine tissues from two pig breeds. These AS events were divided into five types, including skipped exons (SE), retained introns (RIs), alternative 5′ splicing sites (A5SSs), alternative 3′ splicing sites (A3SSs), and mutually exclusive exons (MXEs). The statistical results indicated that the number of SE-type and MXE-type events ranked first and second, respectively, while the number of A5SS-type events was the least (Figure 2A). To be specific to individual tissues, there was a similar distribution of the AS type across nine different tissues in two breeds (Figure 2B, left panel). Above all, 80% of them belonged to the SE type (Figure 2B, right panel).



The novel AS events were categorized into two types, novel transcripts of known genes and novel transcripts of unknown genes. In our study, we found that more than 87% of AS events were novel transcripts (Figure 2C). The correlation between the number of previously annotated isoforms and novel isoforms of annotated genes was analyzed. Transcripts with ensemble IDs were considered to be annotated: the greater the number of annotated isoforms per gene, the greater the number of novel isoforms detected (Figure 2D). The cerebrum and lung had a higher number of novel transcripts compared to the other tissues analyzed, and to our surprise, the skeletal muscle had a lower number of novel transcripts (Figure 2E). This might indicate that the genetic activity in the skeletal muscle is relatively more well studied or understood compared to the cerebrum and lung in pigs. Due to the observation of a higher number of novel transcripts compared to known transcripts, we aimed to explore the expression levels of these novel transcripts. However, it should be noted that, despite the considerably lower expression level of novel transcripts compared to known transcripts (Figure 2F), it was still worthwhile to explore their contribution to gene expression and their impact on gene function. These findings suggest that AS is a highly complex regulatory mechanism in gene expression across various tissues, with the SE type being the most prevalent AS event in all tissues. Additionally, new AS events have been identified, and the corresponding novel transcripts generated require further identification and exploration.




3.3. Tissue-Specific Alternative Splicing Events


Previous studies have demonstrated a positive correlation between the number of alternative splicing (AS) events and the number of transcripts produced by a gene [31,32]. In our study, we observed a decreasing trend in the number of AS events per gene as the range of AS events increased from 1 to 30 (Figure 3A, Table S6). Specifically, we found that genes with only one AS event comprised the highest proportion, accounting for an average of approximately 30.83%. Furthermore, nearly 93% of all genes had fewer than ten AS events in pigs. Therefore, for genes with more than ten AS events, accounting for less than 10%, we were curious about the main regulatory pathways these genes were involved in. So, we performed functional enrichment analysis on genes with more than ten AS events to elucidate the logic of AS event variation. GO analysis revealed that these genes were associated with tissue-specific functions (Figure 3B), such as muscle contraction in skeletal muscle. KEGG pathway analysis showed enrichment of metabolic pathways specific to each tissue, including metabolic pathways in the liver, fatty acid metabolism in subcutaneous adipose tissue, and the glucagon signaling pathway in skeletal muscle (Figure 3C). Additionally, genes with more than ten AS events had more exons and were significantly longer (Figure 3D). These findings suggest that genes involved in AS events are closely associated with tissue-specific functions, and genes with more than ten AS events are predominantly involved in metabolic pathways.




3.4. Comparison Analysis of Alternative Splicing between Duroc and Luchuan Pigs


Differentially alternative splicing genes (DSGs) were identified between DR and LC pigs in the same tissues. We found that the number of DSGs ranged from 935 to 1655; these were the lowest and highest numbers of DSGs in subcutaneous adipose and small intestine between the two breeds, respectively. In skeletal muscle and heart tissues, the numbers of DSGs between DR and LC pigs were 1367 and 1480. Furthermore, the overlap analysis between DSGs and differentially expressed genes (DEGs) showed that the heart and skeletal muscle had the highest number of shared genes (Figure 4A). Meanwhile, the KEGG and GO analyses of the overlapping genes revealed significant differences among the different tissues (Figures S1 and S2). For example, we found that the heart exhibits tissue-specific regulation of cell cycle function, while the liver exhibits tissue-specific regulation of cell proliferation function, and the lung exhibits tissue-specific regulation of cell shape function [33,34,35]. These findings suggest that different tissues have evolved specialized molecular mechanisms to regulate specific biological functions.



To gain further insights into tissue-specific AS gene expression, we performed a multi-tissue overlapping analysis. The results showed that the heart (195), skeletal muscle (138) and lung (128) exhibited a large number of tissue-specific AS genes (Figure 4B). The further analysis suggested that several genes, such as TNNT1 (troponin T1, slow skeletal type), TNNT3 (troponin T3, fast skeletal type), HOXA10 (Homeobox A10), LAD1 (Ladinin 1), TMEM45B (Transmembrane protein 45B), PHGDH (phosphoglycerate dehydrogenase) and PLEKHG6 (Pleckstrin Homology and RhoGEF Domain Containing G6), present the highest tissue-specific AS in skeletal muscle (Figure 4C), indicating their involvement in maintaining intramuscular homeostasis and muscle development. These findings indicated that tissue-specific AS genes play a crucial role in the growth, development and maintenance of tissues. Furthermore, we identified some AS genes that are specifically expressed in skeletal muscle. These genes may serve as potential functional candidates regulating the phenotypic differences in skeletal muscle between lean- and obese-type pigs.




3.5. AS Analysis of Genes from Glucagon Signaling Pathway in Skeletal Muscle


Skeletal muscle constitutes ~40% of body mass and has the capacity to play a major role as thermogenic, metabolic and endocrine tissue [36]. In our study, GO analysis revealed that differentially alternative splicing genes (DSGs) between DR and LC pigs in skeletal muscle were enriched in the muscle contraction response process and glycogen metabolic process (Figure 5A). Moreover, KEGG analysis demonstrated that these DSGs were significantly enriched in the glucagon signaling pathway (FDR = 1.85 × 10−4) in both DR and LC pigs (Figure 5B, Table S7).



Subsequently, we further focused on the genes related to glucagon signaling pathway, including PFKFB11 (6-phosphofructo-2-kinase/fructose-2,6-biphosphatase), MAPK11 (mitogen-activated protein kinase 11), PYGM (glycogen phosphorylase, muscle-associated), CAMK2B (calcium/calmodulin-dependent protein kinase II β), CAMK2A (calcium/calmodulin-dependent protein kinase II α), GYS1 (glycogen synthase 1) and PHKA1 (phosphorylase kinase regulatory subunit α 1). We analyzed the expression differences of differential splicing events, differential transcripts and differential genes between DR and LC pigs. We found that the PSI values of GYS1, CAMK2A, PHKA1 and CAMK2B were higher in DR pigs compared to LC pigs, Furthermore, the PSI values of MAPK11, PYGM and PFKFB1 had the opposite trend between DR and LC pigs (Figure 5C, Top right). Due to the occurrence of AS events leading to the generation of distinct mRNA isoforms, we conducted an examination of the expression differences in various transcripts of the aforementioned genes in DR and LC pigs (Figure 5C, Left panel). Furthermore, these transcripts differences will ultimately lead to variations in the overall gene expression levels (Figure 5C, Bottom right). The results highlight the expression levels of all these genes were significantly different at both the transcript and gene level between two breeds.



To investigate the relationships between alternative splicing genes, we calculated the correlation between their expression levels (TPM) and identified correlations greater than 0.85 as being relevant. A correlation network showed that PYGM, PFKFB1, CAMK2B, GYS1, PHKA1 and CAMK2A may play important roles in regulating these genes (Figure 5D). These results suggested that the AS of these genes related to the glucagon signaling pathway significantly contributes to the phenotype differences of skeletal muscle between the two breeds.




3.6. Validation of AS Differences of Genes Related to the Glucagon Signaling Pathway


To confirm the results of the AS analysis, we selected three genes (CAMK2B, PYGM, and MAPK11) related to the glucagon signaling pathway to validate differences in AS events in skeletal muscle between DR and LC pigs. The sashimi plot results display the exon positions of CAMK2B, PYGM and MAPK11 undergoing alternative splicing, along with the corresponding reads count. The primer positions used for semi-quantitative detection were also marked. It can be observed that in the LC pigs, there was no skipping of exon 13 in CAMK2B, while in the DR pigs, there was no splicing of exon 12 in PYGM (Figure 6A, Table S8). The semi-quantitative RT-PCR experiments validated the alternative splicing of these three genes in DR and LC pigs, confirming consistency with the results shown in the sashimi plot. PSI values of PYGM and MAPK11 were significantly higher in DR pigs, while PSI values of CAMK2B were lower in DR pigs (Figure 6B), which were consistent with the analysis results based on RNA-sequencing data. Subsequently, we subjected the products of semi-quantitative RT-PCR to Sanger sequencing and conducted nucleic acid sequence alignment between DR and LC pigs. The results indicated that, indeed, exon skipping occurred in exon 13 of CAMK2B, exon 12 of PYGM, and exon 10 of MAPK11 (Figure 6C). These results confirm the reliability of our bioinformatics analysis of AS events and simultaneously unveil differentially spliced genes in skeletal muscle between DR and LC pigs.





4. Discussion


Transcriptome analysis provides an excellent method for understanding the molecular characteristics of the physiological function of an organ or tissue [17,37,38,39]. A comprehensive analysis of AS (alternative splicing)-mediated gene expression changes in pig tissues is essential for advancing pig breeding [40]. pre-mRNAs perform distinct regulatory functions in specific tissues through different AS types [41]. In this study, we systematically analyzed AS in nine tissues from DR (lean-type) and LC (obese-type) pigs (Figure S3). A total of 94,990 AS events and 14,393 expressed genes were detected, with an average of 6.6 AS events per gene. However, other related studies have reported an average of 2.3 AS events per gene [42]. The observed difference in the number of AS events per gene may be attributed to breed and tissue-specific factors. Furthermore, our study found that SE events were the most common forms of AS, consistent with previous research findings [43,44]. However, there is also a study that has found SE events not to be the most prevalent type among AS events [31]. Moreover, unlike in animals, retained intron (RI) is the most conspicuous type of alternative splicing in plants [45]. In comparison to annotated isoforms, our study revealed a significant increase in novel isoforms and transcripts, whereas some studies have indicated no differences [46]. This discrepancy could be attributed to inconsistencies in genome assembly (Sus Scrofa 11.1 vs Sus Scrofa 10.2) and annotation methods. In conclusion, these novel transcripts and isoforms provide important insights into pig genome annotation. However, it is worth noting that novel transcripts generated by AS may undergo nonsense-mediated decay (NMD), and NMD plays a role in quality control for the AS process [47,48].



The additional analysis we conducted on the characteristics of tissue-specific AS events in various pig tissues revealed that AS plays a critical role in maintaining specific functions in particular tissue types. Our findings demonstrated a substantial variation in the number of differential alternative splicing genes (DSGs) and differentially expressed genes (DEGs) across different tissues (Table S9). Through overlapping analysis of DSGs and DEGs, we found that the skeletal muscle and heart exhibited a higher number of overlapping genes compared to other tissues. This may be attributed to the presence of some muscle-specific splicing factors in muscle tissue [49,50,51]. Previous studies have also indicated significant differences in AS events between lean and obese-type pigs in skeletal muscle [52]. Specifically, there were numerous AS events related to mitochondrial function and glucose metabolism in the skeletal muscle of lean-type pigs. In contrast, the skeletal muscle of obese-type pigs exhibits abundant AS events related to muscle development and fat metabolism. In the present study, the average expression levels of certain AS genes (e.g., TNNT1, TNNT3, LAD1, TMEM45B, PHGDH and PLEKHG6) were higher in skeletal muscle than in other tissues (Figure 4C). And, based on our knowledge, we identified for the first time that genes such as TNNT1, TNNT3, and PHGDH are skeletal muscle-specific alternative splicing genes, and they exhibit the highest expression levels among all differentially alternative splicing genes between lean-type and obese-type pigs. Based on existing studies, we know that TNNT1, TNNT3 [53,54,55,56,57], and PHGDH genes [58,59,60] play important roles in muscle development and metabolic regulation. Therefore, these skeletal muscle-specific DSGs may be related to muscle metabolism and development differences, potentially influencing the formation of lean- and obese-type pigs.



Skeletal muscle is the dominant organ system in locomotion and energy metabolism [61,62]. To further investigate the pathways enriched by DSGs in skeletal muscle between the two pig breeds, GO and KEGG analysis were employed. The results showed that the most significant enrichment pathway was the glucagon signaling pathway. Through our investigation, we focused on three genes associated with skeletal muscle development in this pathway: PYGM [63], MAPK11 [64] and CAMK2B [65]. As demonstrated by our results (Figure 6), the PSI values for these three genes showed significant differences in skeletal muscle of two pig breeds. In the semi-quantitative RT-PCR results, it was evident that a transcript of the CAMK2B (ENSSSCT00000018230) was not detected in Luchuan pigs. Simultaneously, a transcript of the PYGM (ENSSSCT00000059278) was not detected in Duroc pigs. Due to the increasing focus on the diverse regulatory functions exhibited by different protein isoforms encoded by the same gene [66,67,68,69], we contemplate whether the specific transcripts of these three genes contribute to the phenotypic differences observed in skeletal muscles between the two pig breeds.



Our study revealed a significant number of tissue-specific alternative splicing events, with the identified exons serving as potential gene-editing sites. Drawing on the mechanism of exon skipping, these exons can be excised at the mRNA level through precise mutations at conserved bases in splice donors or acceptors [70,71]. This strategy has proven effective in repairing the coding sequence of the DMD causative gene in animal models [72] and also provides a new method for MSTN gene knockout in pigs [73]. An interesting observation in our study is that, consistent with the majority of alternative splicing classifications [2,74,75], we divided AS events into five types. However, in some analyses, AS events were categorized into seven classes, including an additional two events: alternative first exon (AF) and alternative last exon (AL) events [76,77,78,79]. Additionally, upon consideration, we can specifically tally the number of microexons within SE events when conducting alternative splicing analysis, for instance, counting the microexons involved in differential SE events between the two pig breeds. Through transcriptomic analyses of several species and organs, microexons were found to have the highest evolutionary conservation of sequence and inclusion levels relative to other classes of alternative splicing elements [3,80]. Finally, in our study, the fusion transcripts, full-length mRNAs and APA (alternative polyadenylation) sites [81] of two pig breeds have not been well characterized due to the lack of full-length transcripts, so single-molecule long-read sequencing (PacBio Iso-seq) can be used to directly obtain full-length transcripts without further assembly, thus overcoming the above-mentioned limitations [76,82,83,84]. The strategy of combining Iso-seq and RNA-seq techniques can improve the efficiency of pig genome annotation [85].




5. Conclusions


Our study conducted comprehensive alternative splicing profiling in nine tissues from two pig breeds (Duroc and Luchuan) with different traits (lean- and obese-type). We identified tissue-specific differentially expressed genes and differentially alternative splicing genes across the different tissues and breeds, and validated the DSGs related to the glucagon signaling pathway in the skeletal muscle of two pig breeds. These data can be valuable for elucidating the transcriptomic profile and enhancing the genome annotation of pigs, providing helpful insights for pig breeding.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/genes15020196/s1, Table S1: Transcriptome data acquisition table for 54 samples; Table S2: Primer details; Table S3: Alignment information of nine tissues; Table S4: The identification and quantification information of gene; Table S5: The identification and quantification information of transcript; Table S6: Genes with ten or more alternative splicing events across the nine tissues; Table S7: The KEGG pathways enriched by skeletal muscle-specific DSGs; Table S8: Alternative splicing events for three genes; Table S9: Statistical analysis of the number of DEGs and DSGs; Figure S1: Bubble chart depicting enriched KEGG pathway analysis of DEGs of DSGs in nine tissues; Figure S2: Bubble chart depicting enriched GO function analysis DEGs of DSGs in nine tissues; Figure S3: Graphical abstract showing RNA-seq data collection and experimental design for analysis in Luchuan and Duroc pigs.





Author Contributions


Conceptualization, Z.T.; methodology, W.W. and Z.W.; software, W.L. (Wangchang Li) and Z.W.; validation, Z.T., X.Y. and B.X.; formal analysis, Z.W.; investigation, Z.T.; resources, B.X.; data curation, W.W., W.L. (Wangchang Li) and W.L. (Weiwei Liu); writing—original draft preparation, W.W. and W.L. (Wangchang Li); writing—review and editing, Z.T. and W.W.; visualization, W.W. and W.L. (Weiwei Liu); supervision, Z.W.; project administration, Z.T.; funding acquisition, Z.T. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the Guangxi Science and Technology Plan project (GK-AB21196060), the National Natural Science Foundation of China (U23A20229 and 32302718), the Sustainable Development Special Project from Shenzhen (KCXFZ20201221173213037) and National Key Scientific Research Project (2023YFF1001100).




Institutional Review Board Statement


The animal study protocol was approved by the Huazhong Agricultural University (Protocol code: SYXK(e)2020-0084) and the Institutional Animal Care and Use Committee.




Informed Consent Statement


Not applicable.




Data Availability Statement


All the relevant data are provided along with the manuscript as Supplementary Files.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Park, E.; Pan, Z.C.; Zhang, Z.J.; Lin, L.; Xing, Y. The Expanding Landscape of Alternative Splicing Variation in Human Populations. Am. J. Hum. Genet. 2018, 102, 11–26. [Google Scholar] [CrossRef]

	



Marasco, L.E.; Kornblihtt, A.R. The physiology of alternative splicing. Nat. Rev. Mol. Cell Biol. 2023, 24, 242–254. [Google Scholar] [CrossRef]

	



Zea, D.J.; Laskina, S.; Baudin, A.; Richard, H.; Laine, E. Assessing conservation of alternative splicing with evolutionary splicing graphs. Genome Res. 2021, 31, 1462–1473. [Google Scholar] [CrossRef]

	



Baralle, F.E.; Giudice, J. Alternative splicing as a regulator of development and tissue identity. Nat. Rev. Mol. Cell Biol. 2017, 18, 437–451. [Google Scholar] [CrossRef]

	



Pan, Q.; Shai, O.; Lee, L.J.; Frey, B.J.; Blencowe, B.J. Deep surveying of alternative splicing complexity in the human transcriptome by high-throughput sequencing. Nat. Genet. 2008, 40, 1413–1415. [Google Scholar] [CrossRef]

	



Cieply, B.; Carstens, R.P. Functional roles of alternative splicing factors in human disease. Wiley Interdiscip. Rev. RNA 2015, 6, 311–326. [Google Scholar] [CrossRef] [PubMed]

	



Xiong, H.Y.; Alipanahi, B.; Lee, L.J.; Bretschneider, H.; Merico, D.; Yuen, R.K.C.; Hua, Y.; Gueroussov, S.; Najafabadi, H.S.; Hughes, T.R.; et al. The human splicing code reveals new insights into the genetic determinants of disease. Science 2015, 347, 1254806. [Google Scholar] [CrossRef] [PubMed]

	



Feng, L.; Si, J.; Yue, J.; Zhao, M.; Qi, W.; Zhu, S.; Mo, J.; Wang, L.; Lan, G.; Liang, J. The Landscape of Accessible Chromatin and Developmental Transcriptome Maps Reveal a Genetic Mechanism of Skeletal Muscle Development in Pigs. Int. J. Mol. Sci. 2023, 24, 6413. [Google Scholar] [CrossRef]

	



Zhang, Y.; Xue, L.Y.; Xu, H.; Liang, W.; Wu, Q.Q.; Zhang, Q.D.; Zhou, X.; Liu, B. Global Analysis of Alternative Splicing Difference in Peripheral Immune Organs between Tongcheng Pigs and Large White Pigs Artificially Infected with PRRSV. Biomed. Res. Int. 2020, 2020, 4045204. [Google Scholar] [CrossRef] [PubMed]

	



Giuffra, E.; Kijas, J.M.H.; Amarger, V.; Carlborg, Ö.; Jeon, J.T.; Andersson, L. The origin of the domestic pig: Independent domestication and subsequent introgression. Genetics 2000, 154, 1785–1791. [Google Scholar] [CrossRef]

	



Groenen, M.A.M.; Archibald, A.L.; Uenishi, H.; Tuggle, C.K.; Takeuchi, Y.; Rothschild, M.F.; Rogel-Gaillard, C.; Park, C.; Milan, D.; Megens, H.J.; et al. Analyses of pig genomes provide insight into porcine demography and evolution. Nature 2012, 491, 393–398. [Google Scholar] [CrossRef]

	



Koopmans, S.J.; Mroz, Z.; Dekker, R.; Corbijn, H.; Ackermans, M.; Sauerwein, H. Association of insulin resistance with hyperglycemia in streptozotocin-diabetic pigs: Effects of metformin at isoenergetic feeding in a type 2-like diabetic pig model. Metabolism 2006, 55, 960–971. [Google Scholar] [CrossRef] [PubMed]

	



Lunney, J.K.; Van Goor, A.; Walker, K.E.; Hailstock, T.; Franklin, J.; Dai, C.H. Importance of the pig as a human biomedical model. Sci. Transl. Med. 2021, 13, eabd5758. [Google Scholar] [CrossRef] [PubMed]

	



Miao, Z.G.; Wang, L.J.; Xu, Z.R.; Huang, J.F.; Wang, Y.R. Developmental changes of carcass composition, meat quality and organs in the Jinhua pig and Landrace. Animal 2009, 3, 468–473. [Google Scholar] [CrossRef] [PubMed]

	



Soares, M.H.; Rodrigues, G.D.; Valente, D.T.; da Silva, C.B.; Costa, T.C.; Duarte, M.D.; Saraiva, A. Performance, Carcass Traits, Pork Quality and Expression of Genes Related to Intramuscular Fat Metabolism of Two Diverse Genetic Lines of Pigs. Foods 2022, 11, 2280. [Google Scholar] [CrossRef] [PubMed]

	



Miao, W.W.; Ma, Z.Q.; Tang, Z.Y.; Yu, L.; Liu, S.Q.; Huang, T.D.; Wang, P.; Wu, T.; Song, Z.Y.; Zhang, H.J.; et al. Integrative ATAC-seq and RNA-seq Analysis of the Longissimus Muscle of Luchuan and Duroc Pigs. Front. Nutr. 2021, 8, 742672. [Google Scholar] [CrossRef] [PubMed]

	



Hwang, J.Y.; Jung, S.; Kook, T.L.; Rouchka, E.C.; Bok, J.; Park, J.W. rMAPS2: An update of the RNA map analysis and plotting server for alternative splicing regulation. Nucleic Acids Res. 2020, 48, W300–W306. [Google Scholar] [CrossRef]

	



Chen, M.Y.; Yao, Y.L.; Yang, Y.L.; Zhu, M.; Tang, Y.J.; Liu, S.Y.; Li, K.; Tang, Z.L. Comprehensive Profiles of mRNAs and miRNAs Reveal Molecular Characteristics of Multiple Organ Physiologies and Development in Pigs. Front. Genet. 2019, 10, 756. [Google Scholar] [CrossRef]

	



Nygård, A.-B.; Cirera, S.; Gilchrist, M.J.; Gorodkin, J.; Jørgensen, C.B.; Fredholm, M. A study of alternative splicing in the pig. BMC Res. Notes 2010, 3, 123. [Google Scholar] [CrossRef]

	



Hao, W.; Yang, Z.; Sun, Y.; Li, J.; Zhang, D.; Liu, D.; Yang, X. Characterization of Alternative Splicing Events in Porcine Skeletal Muscles with Different Intramuscular Fat Contents. Biomolecules 2022, 12, 154. [Google Scholar] [CrossRef]

	



Liu, Y.W.; Fu, Y.; Yang, Y.L.; Yi, G.Q.; Lian, J.M.; Xie, B.K.; Yao, Y.L.; Chen, M.Y.; Niu, Y.C.; Liu, L.; et al. Integration of multi-omics data reveals cis-regulatory variants that are associated with phenotypic differentiation of eastern from western pigs. Genet. Sel. Evol. 2022, 54, 62. [Google Scholar] [CrossRef]

	



Chen, S.F.; Zhou, Y.Q.; Chen, Y.R.; Gu, J. fastp: An ultra-fast all-in-one FASTQ preprocessor. Bioinformatics 2018, 34, 884–890. [Google Scholar] [CrossRef] [PubMed]

	



Kim, D.; Landmead, B.; Salzberg, S.L. HISAT: A fast spliced aligner with low memory requirements. Nat. Methods 2015, 12, 357–360. [Google Scholar] [CrossRef] [PubMed]

	



Trapnell, C.; Williams, B.A.; Pertea, G.; Mortazavi, A.; Kwan, G.; van Baren, M.J.; Salzberg, S.L.; Wold, B.J.; Pachter, L. Transcript assembly and quantification by RNA-Seq reveals unannotated transcripts and isoform switching during cell differentiation. Nat. Biotechnol. 2010, 28, 511–515. [Google Scholar] [CrossRef]

	



Melé, M.; Ferreira, P.G.; Reverter, F.; DeLuca, D.S.; Monlong, J.; Sammeth, M.; Young, T.R.; Goldmann, J.M.; Pervouchine, D.D.; Sullivan, T.J.; et al. The human transcriptome across tissues and individuals. Science 2015, 348, 660–665. [Google Scholar] [CrossRef]

	



Huang, D.W.; Sherman, B.T.; Tan, Q.; Kir, J.; Liu, D.; Bryant, D.; Guo, Y.; Stephens, R.; Baseler, M.W.; Lane, H.C.; et al. DAVID Bioinformatics Resources: Expanded annotation database and novel algorithms to better extract biology from large gene lists. Nucleic Acids Res. 2007, 35, W169–W175. [Google Scholar] [CrossRef] [PubMed]

	



Love, M.I.; Huber, W.; Anders, S. Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome Biol. 2014, 15, 550. [Google Scholar] [CrossRef]

	



Feng, S.L.; Li, J.M.; Wen, H.; Liu, K.; Gui, Y.Q.; Wen, Y.J.; Wang, X.L.; Yuan, S.Q. hnRNPH1 recruits PTBP2 and SRSF3 to modulate alternative splicing in germ cells. Nat. Commun. 2022, 13, 3588. [Google Scholar] [CrossRef]

	



Li, Q.Q.; Zhang, Y.P.; Li, W.C.; Yan, K.; Liu, Y.R.; Xu, H.Y.; Lu, Y.Q.; Liang, X.W.; Yang, X.G. Allicin protects porcine oocytes against LPS-induced defects during maturation in vitro. Theriogenology 2022, 182, 138–147. [Google Scholar] [CrossRef]

	



Trapnell, C.; Roberts, A.; Goff, L.; Pertea, G.; Kim, D.; Kelley, D.R.; Pimentel, H.; Salzberg, S.L.; Rinn, J.L.; Pachter, L. Differential gene and transcript expression analysis of RNA-seq experiments with TopHat and Cufflinks. Nat. Protoc. 2012, 7, 562–578. [Google Scholar] [CrossRef]

	



Feng, W.; Zhao, P.; Zheng, X.; Hu, Z.; Liu, J. Profiling Novel Alternative Splicing within Multiple Tissues Provides Useful Insights into Porcine Genome Annotation. Genes 2020, 11, 1405. [Google Scholar] [CrossRef]

	



Shen, S.H.; Park, J.W.; Lu, Z.X.; Lin, L.; Henry, M.D.; Wu, Y.N.; Zhou, Q.; Xing, Y. rMATS: Robust and flexible detection of differential alternative splicing from replicate RNA-Seq data. Proc. Natl. Acad. Sci. USA 2014, 111, E5593–E5601. [Google Scholar] [CrossRef]

	



Eghbali, A.; Dukes, A.; Toischer, K.; Hasenfuss, G.; Field, L.J. Cell Cycle-Mediated Cardiac Regeneration in the Mouse Heart. Curr. Cardiol. Rep. 2019, 21, 131. [Google Scholar] [CrossRef]

	



Mastej, E.J.; DeBoer, E.M.; Humphries, S.M.; Cook, M.C.; Hunter, K.S.; Liptzin, D.R.; Weinman, J.P.; Deterding, R.R. Lung and airway shape in neuroendocrine cell hyperplasia of infancy. Pediatr. Radiol. 2018, 48, 1745–1754. [Google Scholar] [CrossRef] [PubMed]

	



Wang, S.S.; Chen, N.; Chen, Y.H.; Sun, L.; Li, L.; Liu, H. Elevated GPC3 level promotes cell proliferation in liver cancer. Oncol. Lett. 2018, 16, 970–976. [Google Scholar] [CrossRef] [PubMed]

	



Pant, M.; Bal, N.C.; Periasamy, M. Sarcolipin: A Key Thermogenic and Metabolic Regulator in Skeletal Muscle. Trends Endocrinol. Metab. 2016, 27, 881–892. [Google Scholar] [CrossRef] [PubMed]

	



Wei, W.; Zha, C.W.; Jiang, A.W.; Chao, Z.; Hou, L.M.; Liu, H.L.; Huang, R.H.; Wu, W.J. A Combined Differential Proteome and Transcriptome Profiling of Fast- and Slow-Twitch Skeletal Muscle in Pigs. Foods 2022, 11, 2842. [Google Scholar] [CrossRef] [PubMed]

	



Yang, Y.; Yan, J.; Fan, X.; Chen, J.; Wang, Z.; Liu, X.; Yi, G.; Liu, Y.; Niu, Y.; Zhang, L.; et al. The genome variation and developmental transcriptome maps reveal genetic differentiation of skeletal muscle in pigs. PLoS Genet. 2021, 17, e1009910. [Google Scholar] [CrossRef] [PubMed]

	



Yang, Y.; Fan, X.; Yan, J.; Chen, M.; Zhu, M.; Tang, Y.; Liu, S.; Tang, Z. A comprehensive epigenome atlas reveals DNA methylation regulating skeletal muscle development. Nucleic Acids Res. 2021, 49, 1313–1329. [Google Scholar] [CrossRef] [PubMed]

	



Yang, Y.L.; Zhou, R.; Mu, Y.L.; Hou, X.H.; Tang, Z.L.; Li, K. Genome-wide analysis of DNA methylation in obese, lean, and miniature pig breeds. Sci. Rep. 2016, 6, 30160. [Google Scholar] [CrossRef]

	



Braunschweig, U.; Gueroussov, S.; Plocik, A.M.; Graveley, B.R.; Blencowe, B.J. Dynamic Integration of Splicing within Gene Regulatory Pathways. Cell 2013, 152, 1252–1269. [Google Scholar] [CrossRef]

	



Tang, L.T.; Ran, X.Q.; Mao, N.; Zhang, F.P.; Niu, X.; Ruan, Y.Q.; Yi, F.L.; Li, S.; Wang, J.F. Analysis of alternative splicing events by RNA sequencing in the ovaries of Xiang pig at estrous and diestrous. Theriogenology 2018, 119, 60–68. [Google Scholar] [CrossRef] [PubMed]

	



Sammeth, M.; Foissac, S.; Guigó, R. A General Definition and Nomenclature for Alternative Splicing Events. PLoS Comput. Biol. 2008, 4, e1000147. [Google Scholar] [CrossRef]

	



Han, J.; An, O.; Ren, X.; Song, Y.; Tang, S.J.; Shen, H.; Ke, X.; Ng, V.H.E.; Tay, D.J.T.; Tan, H.Q.; et al. Multilayered control of splicing regulatory networks by DAP3 leads to widespread alternative splicing changes in cancer. Nat. Commun. 2022, 13, 1793. [Google Scholar] [CrossRef] [PubMed]

	



Petrillo, E. Do not panic: An intron-centric guide to alternative splicing. Plant Cell 2023, 35, 1752–1761. [Google Scholar] [CrossRef] [PubMed]

	



Leung, S.K.; Jeffries, A.R.; Castanho, I.; Jordan, B.T.; Moore, K.; Davies, J.P.; Dempster, E.L.; Bray, N.J.; O’Neill, P.; Tseng, E.; et al. Full-length transcript sequencing of human and mouse cerebral cortex identifies widespread isoform diversity and alternative splicing. Cell Rep. 2021, 37, 110022. [Google Scholar] [CrossRef]

	



Brogna, S.; McLeod, T.; Petric, M. The Meaning of NMD: Translate or Perish. Trends Genet. 2016, 32, 395–407. [Google Scholar] [CrossRef] [PubMed]

	



Supek, F.; Lehner, B.; Lindeboom, R.G.H. To NMD or Not To NMD: Nonsense-Mediated mRNA Decay in Cancer and Other Genetic Diseases. Trends Genet. 2021, 37, 657–668. [Google Scholar] [CrossRef]

	



Yang, J.; Hung, L.H.; Licht, T.; Kostin, S.; Looso, M.; Khrameeva, E.; Bindereif, A.; Schneider, A.; Braun, T. RBM24 is a major regulator of muscle-specific alternative splicing. Dev. Cell 2014, 31, 87–99. [Google Scholar] [CrossRef]

	



Singh, R.K.; Xia, Z.; Bland, C.S.; Kalsotra, A.; Scavuzzo, M.A.; Curk, T.; Ule, J.; Li, W.; Cooper, T.A. Rbfox2-coordinated alternative splicing of Mef2d and Rock2 controls myoblast fusion during myogenesis. Mol. Cell 2014, 55, 592–603. [Google Scholar] [CrossRef]

	



Montanes-Agudo, P.; Aufiero, S.; Schepers, E.N.; van der Made, I.; Cocera-Ortega, L.; Ernault, A.C.; Richard, S.; Kuster, D.W.D.; Christoffels, V.M.; Pinto, Y.M.; et al. The RNA-binding protein QKI governs a muscle-specific alternative splicing program that shapes the contractile function of cardiomyocytes. Cardiovasc. Res. 2023, 119, 1161–1174. [Google Scholar] [CrossRef]

	



Shu, Z.; Wang, L.G.; Wang, J.B.; Zhang, L.C.; Hou, X.H.; Yan, H.; Wang, L.X. Integrative Analysis of Nanopore and Illumina Sequencing Reveals Alternative Splicing Complexity in Pig Longissimus Dorsi Muscle. Front. Genet. 2022, 13, 877646. [Google Scholar] [CrossRef]

	



Black, A.J.; Schilder, R.J.; Kimball, S.R. Palmitate- and C6 ceramide-induced pre-mRNA alternative splicing occurs in a PP2A dependent manner. Nutr. Metab. 2018, 15, 87. [Google Scholar] [CrossRef]

	



Chen, H.L.; Zhang, J.H.; Yu, B.; Li, L.; Shang, Y.S. Molecular cloning, structural analysis, and tissue expression of the TNNT3 gene in Guizhou black goat. Gene 2015, 573, 123–128. [Google Scholar] [CrossRef]

	



Géraud, J.; Dieterich, K.; Rendu, J.; Coste, E.U.; Dobrzynski, M.; Marcorelle, P.; Ioos, C.; Romero, N.B.; Baudou, E.; Brocard, J.; et al. Clinical phenotype and loss of the slow skeletal muscle troponin T in three new patients with recessive TNNT1 nemaline myopathy. J. Med. Genet. 2021, 58, 602–608. [Google Scholar] [CrossRef]

	



Novelli, G.; Gennarelli, M.; Zelano, G.; Sangiuolo, F.; Lo Cicero, S.; Samson, F.; Dallapiccola, B. Polymerase chain reaction in the detection of mRNA transcripts from the slow skeletal troponin T (TNNT1) gene in myotonic dystrophy and normal muscle. Cell Biochem. Funct. 1992, 10, 251–256. [Google Scholar] [CrossRef]

	



Ravi, S.; Schilder, R.J.; Berg, A.S.; Kimball, S.R. Effects of age and hindlimb immobilization and remobilization on fast troponin T precursor mRNA alternative splicing in rat gastrocnemius muscle. Appl. Physiol. Nutr. Metab. 2016, 41, 142–149. [Google Scholar] [CrossRef] [PubMed]

	



Chen, L.; Wu, Y.L.; Ding, H.; Xie, K.Z.; Zhang, T.; Zhang, G.X.; Wang, J.Y. promotes the proliferation and differentiation of primary chicken myoblasts. Br. Poult. Sci. 2022, 63, 581–589. [Google Scholar] [CrossRef] [PubMed]

	



Rossi, M.; Altea-Manzano, P.; Demicco, M.; Doglioni, G.; Bornes, L.; Fukano, M.; Vandekeere, A.; Cuadros, A.M.; Fernández-García, J.; Riera-Domingo, C.; et al. PHGDH heterogeneity potentiates cancer cell dissemination and metastasis. Nature 2022, 605, 747–753. [Google Scholar] [CrossRef] [PubMed]

	



Tan, Y.P.; Zhou, X.; Gong, Y.Q.; Gou, K.; Luo, Y.F.; Jia, D.; Dai, L.Z.; Zhao, Y.L.; Sun, Q.X. Biophysical and biochemical properties of PHGDH revealed by studies on PHGDH inhibitors. Cell Mol. Life Sci. 2022, 79, 27. [Google Scholar] [CrossRef] [PubMed]

	



Braun, T.; Gautel, M. Transcriptional mechanisms regulating skeletal muscle differentiation, growth and homeostasis. Nat. Rev. Mol. Cell Biol. 2011, 12, 349–361. [Google Scholar] [CrossRef]

	



Bentzinger, C.F.; Wang, Y.X.; Rudnicki, M.A. Building muscle: Molecular regulation of myogenesis. Cold Spring Harb. Perspect. Biol. 2012, 4, a008342. [Google Scholar] [CrossRef] [PubMed]

	



McNamara, E.L.; Taylor, R.L.; Clayton, J.S.; Goullee, H.; Dilworth, K.L.; Pinós, T.; Brull, A.; Alexander, I.E.; Lisowski, L.; Ravenscroft, G.; et al. Systemic A AV8-mediated delivery of a functional copy of muscle glycogen phosphorylase ameliorates disease in a murine model of McArdle disease. Hum. Mol. Genet. 2020, 29, 20–30. [Google Scholar] [CrossRef] [PubMed]

	



Lacham-Kaplan, O.; Camera, D.M.; Hawley, J.A. Divergent Regulation of Myotube Formation and Gene Expression by E2 and EPA during In-Vitro Differentiation of C2C12 Myoblasts. Int. J. Mol. Sci. 2020, 21, 745. [Google Scholar] [CrossRef] [PubMed]

	



Yang, G.; Wu, M.L.; Liu, X.Q.; Wang, F.W.; Li, M.; An, X.Y.; Bai, F.X.; Lei, C.Z.; Dang, R.H. MiR-24-3p Conservatively Regulates Muscle Cell Proliferation and Apoptosis by Targeting Common Gene in Rat and Cattle. Animals 2022, 12, 505. [Google Scholar] [CrossRef] [PubMed]

	



Park, C.Y.; Pierce, S.A.; von Drehle, M.; Ivey, K.N.; Morgan, J.; Blau, H.M.; Srivastava, D. skNAC, a Smyd1-interacting transcription factor, is involved in cardiac development and skeletal muscle growth and regeneration. Proc. Natl. Acad. Sci. USA 2010, 107, 20750–20755. [Google Scholar] [CrossRef]

	



Sebastian, S.; Faralli, H.; Yao, Z.; Rakopoulos, P.; Palii, C.; Cao, Y.; Singh, K.; Liu, Q.C.; Chu, A.; Aziz, A.; et al. Tissue-specific splicing of a ubiquitously expressed transcription factor is essential for muscle differentiation. Genes Dev. 2013, 27, 1247–1259. [Google Scholar] [CrossRef]

	



Blondelle, J.; Ohno, Y.; Gache, V.; Guyot, S.; Storck, S.; Blanchard-Gutton, N.; Barthélémy, I.; Walmsley, G.; Rahier, A.; Gadin, S.; et al. HACD1, a regulator of membrane composition and fluidity, promotes myoblast fusion and skeletal muscle growth. J. Mol. Cell Biol. 2015, 7, 429–440. [Google Scholar] [CrossRef]

	



Gonczi, M.; Teixeira, J.M.C.; Barrera-Vilarmau, S.; Mediani, L.; Antoniani, F.; Nagy, T.M.; Feher, K.; Raduly, Z.; Ambrus, V.; Tozser, J.; et al. Alternatively spliced exon regulates context-dependent MEF2D higher-order assembly during myogenesis. Nat. Commun. 2023, 14, 1329. [Google Scholar] [CrossRef]

	



Yuan, J.; Ma, Y.; Huang, T.; Chen, Y.; Peng, Y.; Li, B.; Li, J.; Zhang, Y.; Song, B.; Sun, X.; et al. Genetic Modulation of RNA Splicing with a CRISPR-Guided Cytidine Deaminase. Mol. Cell 2018, 72, 380–394. [Google Scholar] [CrossRef]

	



Huang, S.; Liao, Z.; Li, X.; Liu, Z.; Li, G.; Li, J.; Lu, Z.; Zhang, Y.; Li, X.; Ma, X.; et al. Developing ABEmax-NG with Precise Targeting and Expanded Editing Scope to Model Pathogenic Splice Site Mutations In Vivo. iScience 2019, 15, 640–648. [Google Scholar] [CrossRef]

	



Long, C.; Li, H.; Tiburcy, M.; Rodriguez-Caycedo, C.; Kyrychenko, V.; Zhou, H.; Zhang, Y.; Min, Y.-L.; Shelton, J.M.; Mammen, P.P.A.; et al. Correction of diverse muscular dystrophy mutations in human engineered heart muscle by single-site genome editing. Sci. Adv. 2018, 4, eaap9004. [Google Scholar] [CrossRef]

	



Yang, S.-P.; Zhu, X.-X.; Qu, Z.-X.; Chen, C.-Y.; Wu, Y.-B.; Wu, Y.; Luo, Z.-D.; Wang, X.-Y.; He, C.-Y.; Fang, J.-W.; et al. Production of MSTN knockout porcine cells using adenine base-editing-mediated exon skipping. Vitr. Cell. Dev. Biol. Anim. 2023, 59, 241–255. [Google Scholar] [CrossRef]

	



Bhadra, M.; Howell, P.; Dutta, S.; Heintz, C.; Mair, W.B. Alternative splicing in aging and longevity. Hum. Genet. 2019, 139, 357–369. [Google Scholar] [CrossRef]

	



Li, D.; Yu, W.; Lai, M. Towards understandings of serine/arginine-rich splicing factors. Acta Pharm. Sin. B 2023, 13, 3181–3207. [Google Scholar] [CrossRef] [PubMed]

	



Liu, Z.; Zhang, X.; Huang, L.; Huo, H.; Wang, P.; Li, W.; Dai, H.; Yang, F.; Fu, G.; Zhao, G.; et al. Long- and short-read RNA sequencing from five reproductive organs of boar. Sci. Data 2023, 10, 678. [Google Scholar] [CrossRef] [PubMed]

	



Tien, J.F.; Mazloomian, A.; Cheng, S.G.; Hughes, C.S.; Chow, C.C.T.; Canapi, L.T.; Oloumi, A.; Trigo-Gonzalez, G.; Bashashati, A.; Xu, J.; et al. CDK12 regulates alternative last exon mRNA splicing and promotes breast cancer cell invasion. Nucleic Acids Res. 2017, 45, 6698–6716. [Google Scholar] [CrossRef] [PubMed]

	



Nakka, K.; Ghigna, C.; Gabellini, D.; Dilworth, F.J. Diversification of the muscle proteome through alternative splicing. Skelet. Muscle 2018, 8, 8. [Google Scholar] [CrossRef] [PubMed]

	



Choi, S.; Cho, N.; Kim, K.K. The implications of alternative pre-mRNA splicing in cell signal transduction. Exp. Mol. Med. 2023, 55, 755–766. [Google Scholar] [CrossRef]

	



Irimia, M.; Weatheritt, R.J.; Ellis, J.D.; Parikshak, N.N.; Gonatopoulos-Pournatzis, T.; Babor, M.; Quesnel-Vallières, M.; Tapial, J.; Raj, B.; O’Hanlon, D.; et al. A Highly Conserved Program of Neuronal Microexons Is Misregulated in Autistic Brains. Cell 2014, 159, 1511–1523. [Google Scholar] [CrossRef] [PubMed]

	



Tian, B.; Manley, J.L. Alternative polyadenylation of mRNA precursors. Nat. Rev. Mol. Cell Biol. 2016, 18, 18–30. [Google Scholar] [CrossRef] [PubMed]

	



Rhoads, A.; Au, K.F. PacBio Sequencing and Its Applications. Genom. Proteom. Bioinform. 2015, 13, 278–289. [Google Scholar] [CrossRef] [PubMed]

	



Chen, S.-Y.; Deng, F.; Jia, X.; Li, C.; Lai, S.-J. A transcriptome atlas of rabbit revealed by PacBio single-molecule long-read sequencing. Sci. Rep. 2017, 7, 7648. [Google Scholar] [CrossRef] [PubMed]

	



Mou, C.-Y.; Li, Q.; Huang, Z.-P.; Ke, H.-Y.; Zhao, H.; Zhao, Z.-M.; Duan, Y.-L.; Li, H.-D.; Xiao, Y.; Qian, Z.-M.; et al. PacBio single-molecule long-read sequencing provides new insights into the complexity of full-length transcripts in oriental river prawn, macrobrachium nipponense. BMC Genom. 2023, 24, 340. [Google Scholar] [CrossRef]

	



Beiki, H.; Liu, H.; Huang, J.; Manchanda, N.; Nonneman, D.; Smith, T.P.L.; Reecy, J.M.; Tuggle, C.K. Improved annotation of the domestic pig genome through integration of Iso-Seq and RNA-seq data. BMC Genom. 2019, 20, 344. [Google Scholar] [CrossRef]








[image: Genes 15 00196 g001] 





Figure 1. The expression characteristics of genes and transcripts in different tissues and breeds. (A) Principal coordinate analysis of nine tissues in DR and LC pigs. Colors: different tissues. Shape: different breeds. (B) Heatmap of tissue-specific genes among different tissues. (C) The DEGs in nine tissues between DR and LC pigs. (D) Hierarchical clustering tree of nine tissues in DR and LC pigs. Colors: different tissues. (E) Heatmap of tissue-specific expressed transcripts in different tissues. (F) The DETs in nine tissues between DR and LC pigs. (G) The proportion of differentially expressed genes with at least one differentially expressed transcript. DR: Duroc pigs. LC: Luchuan pigs. DEGs: differentially expressed genes. DETs: differentially expressed transcripts. 
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Figure 2. Analysis of alternative splicing and identification of novel transcripts in nine tissues between two breeds. (A) Number of AS events in each sample from nine tissues in DR and LC pigs. Colors: different tissues. Shape: different breeds. (B) The distribution of five types of AS events in nine tissues. Left: proportion of five AS events in nine tissues. Right: total percentage of five AS events. (C) The number of known and novel AS events. Top right: percentage of novel AS events. (D) The relationship between the number of annotated isoforms and novel isoforms per gene. (E) The distribution of novel transcripts identified in nine different tissues (TPM > 0.1). (F) Expression abundance of novel and known transcripts (log2(TPM + 1) in nine different tissues. AS: alternative splicing. A3SS: alternative 3′ splice sites, A5SS: alternative 5′ splice sites, MXE: mutually exclusive exons, RI: retained intron, SE: skipped exon. TPM: Transcripts Per Million. 






Figure 2. Analysis of alternative splicing and identification of novel transcripts in nine tissues between two breeds. (A) Number of AS events in each sample from nine tissues in DR and LC pigs. Colors: different tissues. Shape: different breeds. (B) The distribution of five types of AS events in nine tissues. Left: proportion of five AS events in nine tissues. Right: total percentage of five AS events. (C) The number of known and novel AS events. Top right: percentage of novel AS events. (D) The relationship between the number of annotated isoforms and novel isoforms per gene. (E) The distribution of novel transcripts identified in nine different tissues (TPM > 0.1). (F) Expression abundance of novel and known transcripts (log2(TPM + 1) in nine different tissues. AS: alternative splicing. A3SS: alternative 3′ splice sites, A5SS: alternative 5′ splice sites, MXE: mutually exclusive exons, RI: retained intron, SE: skipped exon. TPM: Transcripts Per Million.



[image: Genes 15 00196 g002]







[image: Genes 15 00196 g003] 





Figure 3. Molecular characteristics of tissue-specific alternative splicing events. (A) Distribution of AS events produced from genes in different tissues. Colors: different tissues. Top right: proportion of AS events among genes. (B) GO analysis for genes with more than ten AS events. (C) The analysis of KEGG pathways for genes with more than ten AS events. (D) The exon number and sequence length for genes with AS events. GO: Gene Ontology. KEGG: Kyoto Encyclopedia of Genes and Genomes. 
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Figure 4. Comparison analysis of AS events in different tissues between DR and LC pigs. (A) Statistical analysis of DSGs and overlapping genes in nine tissues between two breeds. (B) Distribution of the number of overlapping genes and the number of tissue-specific AS genes in different tissues. (C) Expression pattern of tissue-specific AS genes in nine tissues. Left: genes specific to skeletal muscle. 
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Figure 5. The differential analysis of alternative splicing events in skeletal muscle between Duroc and Luchuan pigs. (A) GO analysis of specific AS genes in skeletal muscle. (B) KEGG analysis of specific AS genes in skeletal muscle. (C) The differential expression of AS genes from the glucagon signaling pathway in skeletal muscle between DR and LC pigs. The left panel shows the transcripts expression patterns, the upper right panel shows the AS events expression patterns, and the lower right panel shows the genes expression patterns. (D) Interaction networks of genes from the glucagon signaling pathway. TPM: Transcript per Million. PSI: percentage spliced in. DR: Duroc pigs. LC: Luchuan pigs. 
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Figure 6. Transcript information of the novel isoforms and verification of alternative splicing events (CAMK2B, PYGM and MAPK11). (A) RNA-seq results of AS using sashimi plot analysis. Read count for standardized-RPKM. Arrows of the primers represent the amplification of three exonic regions. (B) Semi-quantitative RT-PCR analyses for AS genes between DR and LC pigs. Left: exon skipping event verification. Right: verification of different AS event data (PSI). Data are presented as mean ± standard error of the mean (SEM), n = 3. * p < 0.05. (C) Sanger sequencing results of splicing sites for different transcripts of genes. PSI: percentage spliced in. RPKM: Reads Per Kilobase per Million mapped reads. 
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