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Abstract

:

As an important genetic improvement technique in current production practice, heterosis is widely used to enhance the productive traits of hybrid progeny from their parents. Alternative splicing (AS) analysis can be used as a method for exploring the molecular manifestations of heterosis. In our research, 16 hybrids and their parents were utilized to analyze the heterosis performance and AS events. Statistics of plant gross weight (PGW) showed that these hybrids had prominent heterosis, with the mid-parent heterosis values (MPV) ranging from 15.69% to 233.98%. Through pairwise comparison among the female parent, male parent, and hybrid, there were 2980–3205 AS events in each combination, with intron retention being the most common type followed by alternate 3’ splice site, alternative 5’ splice site, skipped exon, and mutually exclusive exon.There were 263–409 differential AS genes (DASGs) between the female parent and the hybrid, and 234–425 DASGs between the male parent and the hybrid in cross combinations. The DASGs were significantly enriched in 33 metabolic pathways in 16 cross combinations, and DASGs of different cross combinations were enriched in different metabolic pathways. Moreover, 76 DASGs in the strong heterosis combinations were identified and significantly enriched in the metabolic pathways related to amino acid metabolism. Further analysis revealed that most of these DASGs in amino acid metabolism were expressed differently in strong heterosis combinations. In addition, the expression levels of BraA06g014310.3C and BraA03g041700.3C in amino acid metabolism significantly correlated with PGW. These results could provide an index for future studies of the genetic and molecular mechanism of heterosis in hybrids.
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1. Introduction


Heterosis typically refers to the phenomenon where a hybrid produced by mating two parents with genetic compositions that are comparatively different performs better than either parent alone or both parents in terms of traits such as fertility, growth, adaptability, stress resistance, biomass, yield, quality, and so on [1]. It benefits plant reproduction and environmental adaption, has been extensively used, and becomes one of the best ways to increase the grain output of many crops [2,3,4,5,6]. Since its discovery, heterosis has drawn the attention of numerous scientists, leading to the creation of many traditional experiments, hypotheses, and discussions [7,8,9,10]. There is no need for particular causes of this phenomenon, as there are many examples where heterosis has been explained at the genetic and molecular level [11,12,13,14,15].However, analyzing the molecular manifestations of this phenomenon remains relevant and useful for heterosis. Transcriptomics, metabolomics, proteomics, epigenetics, and biological regulatory network have all been used to elaborate on heterosis as a result of ongoing advancements in biological technology [16,17,18,19,20].



Alternative splicing(AS) is a frequent occurrence in eukaryotic gene expression [21,22,23]. During transcription, the preRNA requires a number of post transcriptional modifications to become mature mRNA, in which the exons are linked together and the introns are removed [24]. It occasionally only be cut in one way to produce one mRNA, but it can also occasionally be cut in several ways to produce various types of mRNA. This phenomenon is known as the AS of the mRNA precursor. Only one protein can be translated from the mRNA precursor, when AS occurs in the 5’or 3’ noncoding region. However, many proteins will be translated and even changed, when AS occurs in the coding area. The complexity of the transcriptome and proteome is considerably increased by AS, which can yield a wide range of transcriptome subtypes with comparable or entirely different functions [25]. AS can also lead to the introduction of stop codons in advance, thus affecting the stability of mRNA [26,27]. In addition, AS regulates gene expression by changing the efficiency of transcriptional extension and/or translation [26,28].



AS is an important post-transcriptional process that is crucial for crop development and environmental responsiveness in plants. More than 60% of the genes in tomato and barley, as do roughly 50% of the genes in soybeans, 46% of the genes in rice, 40% of the genes in maize, and 47% of the genes in rice undergo AS events [29,30,31,32]. There are now five primary categories of AS modes: skipped exon(SE), alternative 5’ splice site(A5SS), alternative 3’ splice site(A3SS), mutually exclusive exon(MXE), and intron retention (IR).The most common type of AS is IR in plants [33,34,35,36,37]. As a key regulation method of plant gene expression, AS involves in a great deal of crucial biological processes, such as response to biotic and abiotic stresses [38,39,40], photosynthesis [41], defense response [38], metabolic pathway [42], decomposition pathway [43], signal transduction, etc. In addition, AS also regulates key growth and development processes, such as flowering [44], the day and night cycle, and participates in establishing different organizational forms [40]. A growing number of genome sequences and transcriptome data are now available thanks to the advancement of high-throughput sequencing technology, which offers scientific support for identifying AS in various tissues, species, developmental stages, and environment-specific regulations. Additionally, it aids in understanding how AS dynamically varies in response to various developmental stages, environmental challenges, and pressures, as well as how the variation in AS patterns across various ecotypes and polyploidies affects the adaptability of plant species.



With the in-depth study of the heterosis, researchers gradually pay attention to the AS events in hybrids. It has been reported that as an essential regulation mode of plant gene expression, AS often shows differences between hybrids and parents. Gao et al. found that 87.2% of the differential ASgenes in mule muscles conformed to over-dominant or dominant expression pattern. Further analysis showed that the differential ASgenes in mule muscle were significantly enriched in the “muscle contraction”pathway [45]. Mei et al. identified differential AS between Angus × Qinchuan cattle and Qinchuan, those results are helpful to understand further the complex metabolic regulation of cattle [46]. Relevant studies have identified many different AS events in hybrids, and provide a reference for subsequent research.



Chinese cabbage is one of the most extensively grown vegetables in Asia and is a major member of the cruciferous family. The nutritionally dense leaves can be stir-fried, added to raw foods, salted, or sauced, and the leaves that fall off the outer layer can still be fed to animals. Chinese cabbage also has the benefits of easy planting management, high yield, long supply times, easystorage and transportation, and low input costs, which contribute to its significant role in Chinese vegetable production and trade. Heterosis is frequently utilized in Chinese cabbage breeding, but the research on the subject is lagging. Research on heterosis primarily focuses on related traits, the molecular level is relatively few, and the AS is even less. In our study, 16 hybrids and their parents were used as materials to explore the AS events in hybrids.




2. Materials and Methods


2.1. Plant Materials


The inbred line parents of Chinese cabbage were used for artificial cross-pollination to obtain the hybrids (Table 1). All the hybrids and their parents were selected to analyze phenotype and AS events.



The experiment was conducted at Yangling Wuquan test field in Shaanxi, China. At the middle stage of heading (about 70 days), the first outer leaf of Chinese cabbage from top to bottom was collected in three biological replicates with the help of sterile scissors. The samples were wrapped in tin foil, quickly frozen with liquid nitrogen, stored at −80 °C, and used for RNA-Seq. At maturity (about 100 days), parents’ and hybrids’plant gross weight (PGW) was investigated.




2.2. RNA Isolation, cDNA Library Construction, and RNA-Seq


Following the manufacturer’s instructions, RNA was extracted using the Trizol reagent (Invitrogen, Carlsbad, CA, USA) before the decontamination of genomic DNA using DNaseI (TaKaRa, Otsu, Japan). A NanoDrop 8000 spectrophotometer (Thermo Scientific, Waltham, MA, USA), an Agilent 2100 Bioanalyzer(Agilent Technologies, Santa Clara, CA, USA), and 1.0% agarose gels were used to evaluate the quality, purity, and integrity of the RNA.



Total RNA was isolated from the sample, followed by the enrichment of mRNA using Oligo (dT) magnetic beads, shortening of the acquired mRNA by adding a fragmentation buffer, and using the short fragmented mRNA as a template. The first strand of cDNA was created using six-base random primers (random hexamers), while the second strand was created by adding buffer, dNTPs, RNase H, and DNA polymerase I. Then the cDNA fragments were purified with a QiaQuick PCR extraction kit, end-repaired, poly (A) added, and ligated to Illumina sequencing adapters. The ligation products were size selected by agarose gel electrophoresis, PCR-amplified, and sequenced using Illumina HiSeqTM by Genedenovo Biotechnology Co., Ltd. (Guangzhou, China). The obtained raw data from constructed cDNA libraries were deposited in NCBI Sequence Read Archive (SRA, http://www.ncbi.nlm.nih.gov/Traces/sra/ (accessed on 1 June 2022)) under the accession number: BioProject PRJNA876066.




2.3. AS Event Statistics


The rMATS software (http://rnaseq-mats.sourceforge.net/index.html (accessed on 1 June 2022)) was used to analyze AS events. AS events were divided into five categories: SE, A5SS, A3SS, MXE, and IR. As a unit, each comparison group was used for differential AS analysis. We counted the types and numbers of AS events that occur, calculated the expression amount of each type of AS event, and calculated each type of AS event. In the quantitative process, the quantitative method adopted by rMATs is read on target and junction counts.




2.4. Functional Enrichment Analysis


Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) annotations were performed for AS genes (ASGs) and differential AS genes (DASGs). A GO term was considered significantly enriched if the false discovery rate (FDR) cut-off was <0.05. The KEGG pathways were assigned using the KEGG software package (http://www.kegg.jp/ (accessed on 1 June 2022)), and considered significant if p < 0.05.




2.5. Statistical Analysis


The data were presented as the mean and statistical analyses were conducted using the SPSS software version 16.0. Duncan’s multiple-range test was determined for all the data at the 0.05 confidence level.





3. Result


3.1. Phenotypes of 16 Hybrids and 8 Parents in Chinese Cabbage


In this study, sixteen hybrids and eight parents of Chinese cabbage were used to investigate the PGW at the heading maturity stage.The results showed that the PGW of sixteen hybrids ranged from2.32 kg to 6.50 kg, which was significantly higher than the PGW of their female parent, male parent, and mid-parent PGW values, except for BH and DH hybrid (Figure 1). Statistics of mid-parent heterosis value(MPV) showed that these hybrids have obvious heterosis, with the MPV ranging from15.69 to 233.98% (Table 2). These hybrids were separated into three groups according to the MPV of PGW. When the MPV of PGW is higher than 140, the hybrid belongs to a strong heterosis combination, including AF, CE, DE, and CF hybrid. When the MPV of PGW is lower than 40, the hybrid belongs to a weak heterosis combination, including AH, BG, BH, and DH hybrid. When the MPV of PGW is between 40 and 140, the hybrid was in the moderate heterosis group.




3.2. Statistics of ASEvent


Through pairwise comparison among female parent, male parent, and hybrid, 2980–3205 AS events were found in each combination. Among them, there were 846–912 A3SS events, accounting for 28.22–29.01% of all AS events; there were 510–591 A5SS events, accounting for 16.89–18.44% of all AS events; there were 9–12 MXE events, accounting for 0.28–0.40% of all AS events; there were 1483–1573 IR events, accounting for 48.72–50.33% of all AS events; there are 113–144 SE events, accounting for 3.70–4.52% of all AS events (Figure 2, Table S1). Among all AS events, IR was the most abundant AS event, followed by A3SS, A5SS, SE, and MXE.




3.3. Analysis of Structure in Gene with AS Events


The exons of genes with AS or without AS were analyzed and compared to understand the relationship between gene structure and AS events. The results demonstrated that the genes with A3SS, A5SS, IR, SE, and MXE had considerably more exons than those without AS (Figure 3a). The genes with A3SS, A5SS, IR, and SE had longer exon length and higher exon GC content than that without AS, while the genes with MXE had no similar performance (Figure 3b,c). There were few genes with MXE, so the greater number, the longer length, and the lower GC content of exons, the more genes that undergo AS.



Moreover, analysis of intron structures showed that the genes with A3SS, A5SS, IR, SE, and MXE had significantly more introns than those without AS (Figure 3d). Genes with A3SS, A5SS, IR, and SE had considerably longer intron lengths than genes without AS (Figure 3e). The genes with A3SS, A5SS, IR, and SE had considerably greater intron GC contents than those without AS (Figure 3f). The more introns, the longer intron length, and the higher the GC content of introns, the gene was more prone to conduct AS events.




3.4. ASGs Functional Enrichment Analysis


In all crossing combinations, 2151 genes were commonly identified to have taken place AS event (Figure 4a). A GO enrichment analysis was carried out to better understand the ASGs. The significantly enriched GO terms were chosen based on the threshold, adjusted p values < 0.05 after all ASGs were mapped to various functional GO terms. As a result, 46 GO terms were significantly enriched, including 15 GO terms in the cellular component group, 10 GO terms in the molecular function group, and 21 GO terms in the biological process group (Figure 4b).The two most significantly enriched GO terms in the cellular component ontology were cell and cell part. The binding was the most significantly enriched in the molecular function ontology. As for the biological process ontology, the cellular process was the most significantly enriched.




3.5. DASGs between Hybrid and Parents


Based on the restrictive threshold, 353–600DASGs between parents, and411–621DASGs between parents and hybrid in different combinations were identified. (Figure 5a,b). In all DASGs between parent and hybrid, 56.5–75.22% of genes occurred differential AS events between parents, so most of the difference AS between parent and hybrid is generated by the diversity between parents (Figure 5c).




3.6. Functional Enrichment Analysis of DASGs


According to GO classification, DASGswere divided into 38–44 functional groups, including 20 biological processes, 10 molecular functions, and 15 cellular components in 16 cross combinations (Table S2). In the classification of biological processes, DASGswere mainly concentrated in the processes of the metabolic process (GO:0008152), cellular process (GO:0009987), single organization process (GO:0044699), and so on. In molecular functional classification, DASGswere mainly concentrated in catalytic activity (GO:0003824), binding (GO:0005488), and so on. In the classification of cell components, DASGswere mainly concentrated in the cell (GO:0005623), cell part (GO:0044464), and organelle (GO:0043226). Those results show that DASGs generally exist in some functional groups in cross combinations. Furthermore, KEGG pathway enrichment analysis was conducted for these DASGs. A total of 33 metabolic pathways were significantly enriched in 16 cross combinations, 3–13 metabolic pathways were significantly enriched in each combination, and DASGs of different cross combinations were enriched in different metabolic pathway (Table S3). There were six pathways in which DASGssignificantly enriched in eight or more cross combinations, and those metabolic pathways could be significantly enriched in most cross combinations. Those significantly enriched pathways included ubiquitin-mediated protein (ko04120), circadian rhythms-plant (ko04712), spliceosome (ko03040), microbial metabolism in diverse environments (ko01120), 2-oxocarboxylic acid metabolism (ko01210),and flavonol biosynthesis (ko00944).




3.7. Metabolic Pathways Influencing the Degree of Heterosis


By further analysis,76 DASGs inthe strong heterosis combinations and 71 DASGsin weak heterosis combinations were identified (Figure 6a,b). A GO enrichment analysis was conducted to further investigate the function of DASGs in strong heterosis combinations. The identified DASGs in strong heterosis combination were significantly enriched in carboxy-lyaseactivity (GO:0016831), carbon-carbon lyase activity (GO:0016830), positive regulation of the development process (GO:0051094), and so on (Figure 6c). For weak heterosis combination, DASGs were significantly enriched in metal ion binding (GO:0046872), transition metal ion binding (GO:0046914), hydrolase activity, acting on carbon-nitrogen (but not peptide) bonds, in cyclic amides (GO:0016812) (Figure 6d). The KEGG pathway analysis results show that DASGsin strong heterosis combinations were significantly enriched in beta alanine metabolism (ko00410), alanine, aspartate, and glutamate metabolism (ko00250), arginine and proline metabolism (ko00330), glycine, serine, and threonine metabolism (ko00260) (Figure 6e). Coincidentally, these metabolic pathways belonged to amino acid metabolism. The DASGsin weak heterosis combinations were significantly enriched in flavor and flavor biosynthesis (ko00944) and glycosaminoglycan degradation (ko00531) (Figure 6f).




3.8. Amino Acid Metabolic Pathways Influencing the Heterosis


In strong heterosis combinations, DASGs were mainly enriched in some metabolic pathways related to aminoacid metabolism. In these pathways, six related genes were found. Of them, four genes conformed to IR, one gene conformed to A3SS, and two genes conformed to A5SS (Table 3).



To further understand those genes, gene expression levels from RNA-seq data were used for analysis. Among those genes, four genes (BraA06g024290.3C, BraA07g031850.3C, BraA07g035330.3C, BraA10g021330.3C) were differentially expressed in strong heterosis combinations between hybrid and parents, and two genes (BraA06g014310.3C, BraA03g041700.3C) were differentially expressed in most strong heterosis combinations between hybrid and parents (Figure 7a).



The results of qPCR further confirmed transcriptome data.For those genes, the expression levels in hybrid were different from that in either parent alone or both parents among strong heterosis combinations. Although the relative expression levels in a few of the selected genes differed from the data determined by RNA-seq. It is important that the most expression trends between hybrid and parents were consistent with those obtained from RNA-seq in those genes (Figure 7b).



The expression level of related genes and the PGWwere subjected to correlation analysis. PGW was highly correlated with the expression level of BraA06g014310.3C and significantly correlated with BraA03g041700.3C. Inaddition, there was a significant correlation between BraA06g014310.3C and BraA03g041700.3C (Table S4).





4. Discussion


Heterosis is a crucial breeding technology that is constantly used and researched.The study of heterosis has an opportunity to uncover fresh perspectives due to the rapid advancement of science and technology. The molecular mechanism of heterosis has also been explored in terms of genome, transcriptome, epigenetics, andprotein, soit is hoped that a deeper understanding of heterosis will be carried out.



AS plays an important role in the growth and development of plants, such as inducing flowering [26,47], responding to abiotic stress, etc. [48,49,50]. With the in-depth study of AS, researchers have gradually focused on the AS events in hybrids. The number of AS events in wheat decreased after domestication in both diploids and tetraploids. Moreover, AS occurrence frequency tended to decrease after polyploidization [51]. In maize, 19 of 33 nonadditive genes in response to heat stress had differential ASevents under heat stress, so ASevent was the result of heat stress response in maize hybrids [52]. These results indicate that DAS genes can indicate the divergence between hybrids and either of their parents.However, there are very few studies on the heterosis mechanism from the aspect of AS, especially in plants. In our research, 16 hybrid combinations were used to explore the AS events in hybrids, and the relevant results provide the basis and reference for subsequent research.



In Chinese cabbage, 2980–3205 AS events were found in each combination through pairwise comparison among female parent, male parent, and hybrid. Those AS greatly increased the complexity of transcriptome. The five main AS patterns known are SE, A5SS, A3SS, MXE, and IR. These AS patterns occur at different frequencies in different species. In plants, IR is the most common AS pattern [25,31,33,34,35,36,37,53]. In Chinese cabbage, whether between parents or between hybrids and parents, the IR is also the main type of AS, and the frequency is much higher than other types. In order, the other types are A3SS, A5SS, SE, and MXE. The frequency of ASevents was related to gene structure. In Wheat, the GC content of genesmight be correlated with the occurrence of SE and IR.The genes that conformed to SE exhibited a significantly lower GC content than that of other exons, where as the genes that conformed to IR had a significantly higher GC content [54]. In Chinese cabbage, the number, length, and GC content of exons and introns have a significant relationship with the frequency of AS.



DASGs between hybrid and parents were screened out. Functional enrichment analysis showed the metabolic pathways enriched by DASGs were different in different combinations. There were six pathways in which DASGs were significantly enriched in eight or more hybrids, and those metabolic pathways were believed to be significantly enriched in most hybrid combinations. Those significantly enriched pathways included ubiquitin-mediated protein (ko04120), circadian rhythms-plant (ko04712), spliceosome (ko03040), microbial metabolism in diverse environments (ko01120), 2-oxocarboxylic acid metabolism (ko01210) and flavor and flavor biosynthesis (ko00944). The reasons for the formation of heterosis are complex and diverse, and these results provide a basis and reference for subsequent research.



By comparing transcriptomic data collected from hybrid individuals and their parents, 76 DASGs in strong heterosis combinations were identified. Those DASGs were mainly enriched in some metabolic pathways related to amino acid metabolism. In these pathways, six related genes were found. Gene expression level analysis showed that the six related genes were frequently differentially expressed between hybrid and parents in the strong heterosis combinations. Moreover, among those genes, the expression level of BraA06g014310.3C and BraA03g041700.3C highly correlated with PGW. In brief, our results indicated that AS events in amino acid metabolism were linked to heterosis in hybrids. Relevant studies also provide support for our results. In super hybrid rice, allele-specific expression genes were most significantly enriched in the ionotropic glutamate receptor signaling pathway, which was hypothesized to be potential amino acid sensors in plants [55]. In maize hybrids, most amino acids display negative mid-parent heterosis and have lower values than parents’ average [56]. These results indicated that AS events in amino acid metabolism could be related to heterosis. Further experimental verification will be required to reveal the regulatory mechanism in hybrids and their parents.
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Figure 1. The plant’s gross weight of sixteen hybrids and eight parents. F: female parent; M: male parent; H: hybrid; MV:mid-parent value. The values are means ± SD. The different letters above each column are significantly different at p < 0.05 by Duncan’s test. 
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Figure 2. Statistics aboutthe number of alternative splicing (AS) events including skipped exon (SE), alternative 5’ splice site (A5SS), alternative 3’ splice site (A3SS), mutually exclusive exon (MXE), and intron retention (IR). 
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Figure 3. The structure of genes with A3SS, A5SS, MXE, IR, SE, and non-AS events. (a) The exon number of genes with A3SS, A5SS, IR, SE, and non-AS events. (b) The exon length of genes with A3SS, A5SS, IR, SE, and non-AS events. (c) The exon GC content of genes with A3SS, A5SS, IR, SE, and non-AS events. (d) The GC content of genes with A3SS, A5SS, IR, SE, and non-AS events. (e) The intron number of genes with A3SS, A5SS, RI, SE, and non-AS events. (f) The intron length of genes with A3SS, A5SS, RI, SE, and non-AS events. 
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Figure 4. Analysis of AS genes. (a) Venn map of AS genes in different crosscombinations. (b) GO classification of AS genes in different crosscombinations. 
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Figure 5. Different AS events. (a) Different AS events between parents. (b) Different AS events between parents and hybrid. (c) Percentage of different AS genes between parents in different AS genes between hybrid and parents. 
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Figure 6. Analysis of different AS genes in strong heterosis combinations and weak heterosis combinations. (a) Venn map of different AS genes in strong heterosis combinations. (b) Venn map of different AS genes in weak heterosis combinations. (c) GO enrichment of different AS genes in strong heterosis combinations. (d) GO enrichment analysis of different AS genes in weak heterosis combinations. (e) KEGG enrichment analysis of different AS genes in strong heterosis combinations. (f) KEGG enrichment analysis of different AS genes in weak heterosis combinations. 
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Figure 7. Gene expression of different AS genes involved in amino acid metabolism. (a) using RNA-seq. data. (b) using qPCR data. Bars represent mean ± SE of triplicate tests. F: female parent; M: male parent; H: hybrid. 
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Table 1. The code of inbred lines and hybrids of Chinese cabbage.
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	E
	F
	G
	H





	A
	AE
	AF
	AG
	AH



	B
	BE
	BF
	BG
	BH



	C
	CE
	CF
	CG
	CH



	D
	DE
	DF
	DG
	DH







The code in the first column represents the female parent, the code in the first line represents the male parent, and the rests are the corresponding hybrids.
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Table 2. Mid-parent heterosis value analysis of plant gross weight in hybrids.
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	Hybrids

Codes
	Heterosis Level
	Mid-Parent Heterosis





	AE
	middle
	87.25



	AF
	strong
	227.83



	AG
	middle
	72.65



	AH
	weak
	25.51



	BE
	middle
	84.36



	BF
	middle
	112.74



	BG
	weak
	28.63



	BH
	weak
	15.69



	CE
	strong
	141.44



	CF
	strong
	146.32



	CG
	middle
	105.44



	CH
	middle
	97.09



	DE
	strong
	233.98



	DF
	middle
	121.61



	DG
	middle
	62.37



	DH
	weak
	30.09
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Table 3. Ddifferent AS genes in amino acid metabolism pathways.
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	Gene ID
	Symbol
	AS Type





	BraA06g024290.3C
	ALDH2B4
	IR



	BraA07g031850.3C
	GAD2
	IR



	BraA07g035330.3C
	GGAT2
	IR



	BraA10g021330.3C
	P4H4
	A3SS/IR



	BraA06g014310.3C
	PSP
	A5SS



	BraA06g024290.3C
	ALDH2B4
	IR



	BraA03g041700.3C
	
	A3SS
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