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Salt stress is one of the dominant abiotic stress conditions that cause severe damage to plant growth and, in turn, limiting crop productivity. It is therefore crucial to understand the molecular mechanism underlying plant root responses to high salinity as such knowledge will aid in efforts to develop salt-tolerant crops. Alternative splicing (AS) of precursor RNA is one of the important RNA processing steps that regulate gene expression and proteome diversity, and, consequently, many physiological and biochemical processes in plants, including responses to abiotic stresses like salt stress. In the current study, we utilized high-throughput RNA-sequencing to analyze the changes in the transcriptome and characterize AS landscape during the early response of tomato root to salt stress. Under salt stress conditions, 10,588 genes were found to be differentially expressed, including those involved in hormone signaling transduction, amino acid metabolism, and cell cycle regulation. More than 700 transcription factors (TFs), including members of the MYB, bHLH, and WRKY families, potentially regulated tomato root response to salt stress. AS events were found to be greatly enhanced under salt stress, where exon skipping was the most prevalent event. There were 3709 genes identified as differentially alternatively spliced (DAS), the most prominent of which were serine/threonine protein kinase, pentatricopeptide repeat (PPR)-containing protein, E3 ubiquitin-protein ligase. More than 100 DEGs were implicated in splicing and spliceosome assembly, which may regulate salt-responsive AS events in tomato roots. This study uncovers the stimulation of AS during tomato root response to salt stress and provides a valuable resource of salt-responsive genes for future studies to improve tomato salt tolerance.
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Introduction

Soil salinization has become an increasingly serious global problem. It is estimated that more than 833 million hectares (8.7% of the Earth’s surface) are salinized worldwide with an annual increase of 10% (FAO, 2021). Soil salinization is projected to extend to more than 50% of the arable land by 2050 (Jamil et al., 2011). There are various reasons for soil salinization, including low rainfall, weathering of indigenous rocks, and inappropriate irrigation and fertilization during the cultivation process (Shrivastava and Kumar, 2015). Saline soils are known to suppress plant growth and development, which in turn severely affects crop yields in agricultural production (Yuan et al., 2016; van Zelm et al., 2020). Tomato (Solanum lycopersicum L.) is one of the most grown and valuable vegetable crops in the world, ranking the first among vegetable crops with an annual production of 186 million tons globally (FAO, 2022). Although tomato is thought to be moderately tolerant to salt stress, tomato yield and quality are severely affected by high salinity (Bonarota et al., 2022). The development of salt-tolerant tomato crops is therefore an important goal of plant breeding.

Salt stress can damage plant growth and development in many ways. High salt concentration in the soil modifies the structure of soil porosity and, in turn, hydraulic conductivity. This results in low water potential and nutrient availability, causing osmotic stress and eventually leading to metabolic toxicity and physiological disorders that affect plant growth and development (Tester and Davenport, 2003; Hasanuzzaman and Fujita, 2022; 2023). The rapid accumulation of reactive oxygen species (ROS) frequently occurs during salt stress, which induces oxidative stress, causes damage to cellular macromolecules like proteins and DNA, and destabilizes membranes and organelles (Kesawat et al., 2023). Furthermore, salt stress also decreases stomatal conductance and inhibits photosynthesis (Lawlor and Cornic, 2002; Chaves et al., 2009; Sayyad-Amin et al., 2016; Kesawat et al., 2023). All these negative effects impair most plant growth phases, from seed germination, vegetative growth, flowering and fruiting and eventually overall yield.

Along with the development of multi-omics technology, extensive studies have applied transcriptomics, proteomics, metabolomics or the combined analysis with biochemical and physiological characteristics to investigate the molecular mechanism underlying plant salt tolerance. Based on current understanding, plants adapt various mechanisms, including activation of osmotic adjustment, regulation of ion transport and homeostasis, clearance of reactive oxygen species, regulation of plant hormone signaling, modulation of cytoskeletal dynamics and the cell wall composition, to negate the adverse effects and survive at salinity condition (Wang et al., 2011; Hasanuzzaman and Fujita, 2022; Balasubramaniam et al., 2023). More importantly, regulation of gene expression is the integral part that activates and coordinates all these regulatory pathways.

Gene expression is regulated at transcriptional level mainly exerted by transcription factors and post-transcriptional events involving RNA processing, maturation, transport and turn-over (Zhao et al., 2017; Zhang et al., 2019). Alternative splicing (AS) is the main step during RNA processing to regulate gene expression and proteome diversity. As AS can generate multiple transcripts from a single RNA precursor via exon skipping, intron retention, and selection of alternative donor site or acceptor site as well as other intricate forms of splicing (Keren et al., 2010), AS eventually cause differential expression of the corresponding gene and modulate gene function via altering a protein domain or affecting the stability of the spliced transcript and the corresponding protein. Previous studies have demonstrated that high salinity stress can promote the occurrence of alternative splicing of stress-responsive genes and affect the expression of the genes coding spliceosome components in Arabidopsis (Ding et al., 2014b; Feng et al., 2015; Gu et al., 2018), rice (Yu et al., 2021; Jian et al., 2022), wheat (Liu et al., 2018), Barley (Fu et al., 2019), Date Palm (Xu et al., 2021), grapevine (Jin et al., 2021), cotton (Zhu et al., 2018), Opisthopappus (Han et al., 2024), etc. However, the alternative splicing events in tomato root under salt stress remains to be resolved.

In this study, we investigated the transcriptomic response of tomato root to salt stress, focusing on the global dynamics of transcriptome reprogramming and AS changes during the initial 12 hours under salt exposure. We found a large number of early response differentially expressed (DE) genes induced by salt stress while simultaneously elevating AS events of both DE and non-DE genes. Our findings provide a comprehensive understanding of tomato root response to salt stress and highlights the vital role of AS in tomato’s adaptation to salt stress.





Results




Overview of morphological performance of tomato seedlings and RNA-seq data of tomato roots in response to salt stress

To study the rapid response of tomato roots to salt stress, five-leaf-stage tomato seedlings were treated with 150 mM NaCl for 12 hours. At 1 hour post treatment (hpt), tomato leaves became dehydrated and wilted, exhibiting leaf curling and petiole softening. The dehydration of plants was more severe at 3 hpt but started to slightly recover at 6 hpt (Figure 1A). At 12 hpt, tomato plants apparently recovered from salt stress as plants showed upright growth without dehydration. The recovery beyond 6 hours suggests that tomato regulates changes in osmotic stress and restores ion homeostasis in a short amount of time after exposure to salt stress. In order to examine the underlying molecular mechanism of tomato’s early responses to salt stress, tomato roots were sampled at 0, 1, 3, 6 and 12 hpt (S0, S1, S3, S6, S12) and subjected to next generation RNA-sequencing. Three biological repeats per time point were performed and a total of 15 cDNA libraries were generated for sequencing. Approximately 6.9 billion raw reads were obtained and eventually around 6.6 billion high-quality reads (Supplementary Tables S1, S2) were mapped against the tomato genome to determine transcriptomic changes during early salt stress. Principal component analysis (PCA) (Figure 1B; Supplementary Table S3) and correlation analysis on RNA levels (Figure 1C; Supplementary Table S4) revealed excellent repeatability and reproducibility of the results. PCA showed an obvious separation of control group (S0) from salt treated groups, especially from the S3 and S6 samples (Figure 1B; Supplementary Table S3), suggesting that salt treatment significantly disturbed the transcriptome of tomato root.




Figure 1 | Phenotypic and transcriptome changes of tomato in response to salt stress. (A) Images of tomato plants at different treatment times (0, 1, 3, 6,12 hours) post treatment (hpt) in the presence of 150mM NaCl. (B) Principal component analysis (PCA) of RNA-seq data. Gene expression changes were investigated at 0h (S0), 1h (S1), 3h (S3), 6h (S6) and 12 hpt (S12) of salt stress treatment. The PCA was performed using normalized RNA-Seq data of all mapped genes. (C) Pearson’s correlation analysis of RNA-seq data between each sample.







Transcriptional changes induced by salt stress in tomato root

Differential expression genes (DEGs) were firstly analyzed based on the value of FPKM (Fragments Per Kilobase of transcript per Million mapped reads). A gene was considered to be expressed if all three repeats showed FPKM > 0. DEGs were selected by a threshold of log2 fold change ≥ 1 and adjusted p value < 0.05 when compared to S0 group. Based on these criteria, total 10,588 DEGs out of 22,047 expressed genes were identified from the salt treated samples (Supplementary Table S5), indicating that nearly half of the expressed genes were impacted by salt stress. A heatmap analysis on the expression of all the DEGs revealed various expression patterns among the salt-impacted genes (Figure 2A). Based on their expression patterns, DEGs were classified into 10 clusters by hierarchical clustering analysis based on their expression pattern (Figure 2B; Supplementary Tables S6, S7). Among these clusters, the expression patterns in clusters 6 to 10 were significantly pronounced. The DEGs in cluster 6 were highly enriched in Gene Ontology (GO) terms of cellular anatomical entity, cytoplasm, cell periphery and mitotic cell cycles. These DEGs showed a decreased expression at the first 3 hours post salt treatment, suggesting that the process of cell differentiation was inhibited when tomato roots were exposed to salt stress. The DEGs in clusters 7 and 8 showed significantly increased expression in S1-S3 (Cluster 7) and S3-S6 (Cluster 8) samples, respectively. The DEGs in these clusters were highly enriched in membrane elements and the processes of stimulus response, reflecting a reconfiguration of the membrane under salt stress. Protein modification and ubiquitination were significantly enriched in cluster 7, revealing that protein turnover and metabolism was highly active during the first 3 hours of salt stress. The most pronounced expression patterns were observed in clusters 9 and 10 where DEGs showed linear enhancement (cluster 9) and depression (cluster 10) patterns along the treatment, respectively. The most highly enriched GO term in cluster 9 was catalytic activity, suggesting a continuous activation of enzymes during response to salt stress. Besides, GO terms of response to ROS and oxidative stress were also exclusively detected in cluster 9. Except in cluster 6, GO terms of mitotic cell cycle and cell periphery were also enriched in cluster 10. Multiple cell cycle related processes, such as cell cycle checkpoint signaling, DNA replication and phase transition, were enriched in cluster 6 and 10, further revealing a repression on cell differentiation during salt response.




Figure 2 | Hierarchical clustering and heatmap analyses of tomato DEGs. (A) Heatmap analysis shows dynamic expression pattern of DEGs during the early 12-hour response to salt stress in tomato root. (B) Hierarchical clustering analysis segregates DEGs into 10 clusters based on gene expression pattern. Y axis represents relative gene expression level based on normalized expression value. The p value of each cluster is shown inside the chart area, and the profound clusters are filled with colors. Top GO terms enriched in each profound cluster are shown on the right. GO terms of biological processes, molecular function and cellular component are shown in green, orange and blue bars. Detailed information of the clustered genes and list of all significant GO terms are provided in Supplementary Tables S6 and S7, respectively.



Amino acid metabolic processes were significantly enriched in clusters 8 and 10. Cluster 8 contains genes involved in metabolism of aromatic amino acids, branched-chain amino acids, sulfur amino acids and alpha amino acids. While serine family amino acids catabolic process was pronounced in cluster 8, their biosynthetic process was only enriched in cluster 10. On the other hand, amino acid transmembrane transport was only significantly enriched in cluster 9. KEGG analysis (Supplementary Figure S1) further reveals that the metabolic pathways of many amino acids, including valine, leucine, isoleucine, serine, glycine, threonine, aspartate, glutamate, arginine, methionine, phenylalanine, tyrosine and tryptophan, were greatly influenced.

Biological processes of response to hormone were observed in highly enriched terms in clusters 6, 8 and 10, but not in cluster 9, suggesting that the process was highly dynamic but not continuously activated. Response to abscisic acid (ABA) and auxin were detected in both clusters 8 and 10. While response to cytokinin was enriched in cluster 10, responses to gibberellin and ethylene were enriched in cluster 8. KEGG analysis on plant hormone signaling pathways revealed that most of key steps in hormone signal transduction were significantly influenced in tomato root by salt stress (Supplementary Figure S2).

The genes involved in cytokinin, ABA and auxin signaling transduction showed various expression patterns as viewed by heatmap clustering (Figure 3; Supplementary Table S9), which reveals various expression pattern of these key factors. For example, while most of PYR/PYL genes was down-regulated by salt treatment, significant induction of PP2C was greatly observed at 3 hours after salt treatment (Figure 3B).




Figure 3 | Expression of the annotated DEGs involved in plant hormone signal transduction KEGG pathway. (A) Overview of DEGs that code key factors functioning in cytokinin, ABA and auxin signal transduction. Red boxes represent genes that were regulated by salt stress, while red boxes filled in yellow represent the common genes found in the 1, 3, 6,12-hour samples treated under salt stress. (B–D) Heatmap analysis on the representative DEGs involved in cytokinin, ABA and auxin signaling transduction. The gene ID and potential family name are labeled on the right next to heatmap.



The numbers of DEGs (Supplementary Table S8) in the samples collected at each time point are shown in Figure 4A. The largest number of DEGs, 7,260 in total including 3,938 up-regulated and 3,322 down-regulated genes, was observed at 3 hours after salt treatment. Venn diagram data (Figures 4B–D) revealed 2,279 common DEGs (1,012 up-regulated and 1,099 down-regulated genes) among all pairwise comparisons (Supplementary Table S10). GO analyses were conducted to analyze the functions of all DEGs (Figure 5; Supplementary Table S11). Among the four comparison groups, several functional categories, including catalytic activity, cellular anatomical entity, cell periphery, membrane, response to hormone and response to stimulus, were strongly over-represented in all groups. It is worth noting that the DEGs from all salt treated samples were also highly enriched in the categories of RNA binding, RNA processing and RNA metabolic process (Supplementary Table S11), suggesting salt stress induces comprehensive changes in RNA metabolism. The common 2,279 DEGs contained genes are related to catalytic activity and responses to hormones and various stimuli (Supplementary Figure S3; Supplementary Table S12). Consistent with the previous clustering result, catalytic activity and cell cycle process were over-represented in the up-regulated and down-regulated common DEGs, respectively.




Figure 4 | Number of DEGs during tomato root responses to salt stress. (A) Number of DEGs induced by salt treatment at different time point. Blue, orange and yellow bars represent the number of total DEGs, up-regulated DEGs, and down-regulated DEGs. (B–D) Venn diagram analysis to show the overlap or time-specific DEGs among different salt-treated groups. (B) all DEGs; (C) up-regulated DEGs; and (D) down-regulated DEGs.






Figure 5 | The enriched Gene Ontology (GO) terms of DEGs in salt treated samples. (A–D) Top 20 GO terms significantly enriched in the DEGs induced at 1 (A), 3 (B), 6 (C) and 12 (D) hours after salt treatment.



The expression of 738 transcription factors (TFs) belonging to 26 families were identified to be regulated by salt treatment (Supplementary Table S13). Among those TFs, 87 TFs were identified from the MYB family, 85 from the AP2/ethylene response factor (ERF) family, 80 from the zins finger (ZF) family, 75 from the bHLH family (Figure 6; Supplementary Table S13). Other TFs belonged to the superfamilies of homeobox (44), NAC (39), WRKY (31), MADS (28), bZIP (23), Dof (22) superfamilies were also noted. The distribution of these differentially expressed TFs along salt treatment is shown in Figure 6. A large proportion of TFs from MYB, heat stress transcription factor (HSF), AP2/ERF, MADS, Dof, homeobox, NAC, B3, WRKY and nuclear factor Y (NF-Y) families were up-regulated during the whole treatment. For example, 25 out of 31 WRKY TFs showed increased expression under salt stress (Supplementary Table S13). On the other hand, most of TFs from AT-hook, TCP, and GATA showed down-regulation. Members of ZF and bHLH TFs exhibited diverse expression patterns during salt treatment (Figure 6; Supplementary Table S13). Some of them were activated by salt stress while others were significantly down-regulated. We also noticed that TFs from MADS, homeobox and NAC families were highly induced at 3 hours after treatment.




Figure 6 | Numbers of the salt-responsive transcription factors (TFs) from the main TF families identified at different time points after salt treatment. Heatmap analysis on the distribution of up- and down-regulated TFs is shown in left panel, and total number of TFs from each family is presented in the chart on the right.







Analysis of alternative splicing events induced by salt stress

Alternative splicing events were analyzed using the rMATS software based on transcript data. Five major types of AS patterns (Figure 7A), including alternative 5’ splice site (A5SS), alternative 3’ splice site (A3SS), mutually exclusive exon (MXE), retained intron (RI) and skipped exon (SE) were determined. A total of 11,217 A5SS, 29,363 A3SS, 4,052 MXE, 7,902 RI and 85,812 SE events were identified from all tested samples (Supplementary Table S14). The total numbers of AS events based on three repeats for each salt treated group (9,365 events for S1, 9,488 events for S3, 10,447 events for S6 and 8,743 events for S12 groups) were higher than that observed in S0 group (8,072) (Figure 7B; Supplementary Table S14), suggesting that salt stress promoted significant AS changes in the tomato root. SE event was the most common AS events, counting for 57% in S0, 62.9% in S1, 64.6% in S3, 64.9% in S6 and 59.5% in S12 group (Supplementary Table S14). A3SS was the second most abundant AS pattern (20.6–24.5%), followed by A5SS (7.3–9.5%), RI (5.2–6.5%) and MXE (2.5–3.2%) (Supplementary Table S14). Although the ratio of each AS type to the total AS events varied in individual group, the ratio of SE event was higher in salt treated samples than that in S0 sample.




Figure 7 | Distribution of alternative splicing events. (A) Diagram of five AS events detected in all 15 libraries. A5SS, alternative 5’splice site; A3SS, alternative 3’ splice site; MXE, mutually exclusive exon; RI, retained intron; and SE, skipped exon. (B) The number of each AS event in control and salt-treated groups.



A gene was considered to incur a differentially alternative spliced (DAS) event when at least one of the AS transcripts was significantly expressed at a log2 fold change≥1 with adjusted p value < 0.05. When compared to the S0 group, a total of 2,169 DAS events in S1, 3,479 in S3, 3,092 in S6 and 2,669 in S12 were identified (Figure 8A; Supplementary Tables S15, S16). As some genes were alternatively spliced by more than one patterns, DAS events eventually generated a total of 3,709 DAS genes induced by salt stress, including 1164 DAS genes in S1, 1855 in S3, 1658 in S6 and 1429 in S12 groups (Supplementary Tables S15, S17). Although the highest counts of total raw AS events was observed in S6 group (Figure 7B), S3 group possessed the highest number of DAS events and genes, suggesting that more extensive changes occurred at 3 hours after salt treatment. While less than 10% DAS events were found to be differentially alternative spliced by RI pattern (Supplementary Table S15), SE was the most abundant DAS event that occurred under salt stress (Figure 8A; Supplementary Table S15).




Figure 8 | Numbers and functional analysis of DAS genes in salt treated samples. (A) The distribution of AS events and the number of DAS genes in salt treated samples. (B) The top 20 GO terms enriched in the DAS genes. (C) Flow chart to analyze the distribution of the 10588 DEGs and 3709 DAS genes. (D) List of significant DAS genes detected in the study.



GO enrichment analysis was performed on the DAS genes (Figure 8B; Supplementary Table S18). The top GO terms were mostly related to cellular anatomical entity, catalytic activity, membrane-bound organelle, nitrogen compound metabolic process and macromolecule metabolic process.

Venn diagram revealed that 368 DAS genes commonly alternatively spliced during the 12-hour salt treatment process (Supplementary Figure S4A; Supplementary Table S19). The top 20 GO terms enriched in the 368 common DAS genes were largely related to mitotic cycle, cytoskeleton and protein kinase (Supplementary Figure S4B; Supplementary Table S20).





The combined analysis on DEGs and DAS genes in response to salt stress

Comparison between DEG and DAS gene datasets revealed that 2,002 genes were differentially expressed due to the changes of AS events, while 1707 genes exhibited DAS-only events (Figure 8C; Supplementary Figure S5A; Supplementary Table S17). When expanded at each time point, the number of the overlapped genes between DEG and DAS events were 512 in S1 vs S0, 803 in S3 vs S0, 895 in S6 vs S0 and 689 in S12 vs S0 pairwise groups (Supplementary Figures S5B–E).

Compared to the GO analysis on the all 3,079 DAS genes (Figure 8B), the 1,707 DAS-only genes exhibited similar pathway enrichment on cellular anatomical entity, catalytic activity, membrane-bound organelle, nitrogen compound metabolic process and macromolecule metabolic process (Supplementary Figure S6A; Supplementary Table S18). When focusing on the 2,002 common genes between DEGs and DAS genes, however, mitotic cycle relevant pathways, such as spindle assembly, chromatid segregation and nuclear division, were found to be enriched (Supplementary Figure S6B; Supplementary Table S18).

Further investigation on the DAS genes revealed 117 genes coding serine/threonine-protein kinase (Figure 8D; Supplementary Table S17). Other profound gene families were pentatricopeptide repeat (PPR)-containing protein (96 genes) and E3 ubiquitin ligase (76 genes) (Figure 8D; Supplementary Table S17). Some TF families like ZF, MYB and bHLH were also detected. Among these gene families, most of the PPR-coding genes were detected in DAS only group.





Verification of AS patterns in DAS genes by RT-PCR

Six genes were selected to validate the alternative splicing pattern under salt stress by RT-PCR (Figure 9). In the study, semi-quantitative RT(sqRT)-PCR was performed to visualize the patterns of splice isoforms based on size disparity between differentially spliced transcripts (Harvey and Cheng, 2016), and quantitative RT(qRT)-PCR were carried out to quantify the expression level of each transcript. While the relative expression level of most of transcripts studied by qRT-PCR were consistent with the RNA-seq results (Figure 9; Supplementary Table S17), we observed more complex splicing events in some genes based on sqRT-PCR. Salt stress apparently increased skipping frequency of the second exon in the gene coding for a serine/argnine-rich splicing factor SR30 (101257012) (Figures 9A, B). The actual splicing pattern of F-box protein CPR1 gene (101260686) was more complicated than expected (Figures 9C, D). Except for the increase of splicing at alternative 3’ splice site, extra bands were observed in the PCR products. A WRKY transcription factor (101265102) was highly induced at 12 hours after salt treatment, with an extra splicing variant detected at 6 and 12-hour treatment (Figures 9E, F). The increase of various splicing at alternative 5’ splice site contributed to the expression increase of a heat stress transcription factor HsfA2 (101255223) (Figures 9G, H). Intron retention caused the increased expression of a gene coding multiple inositol polyphosphate phosphatase (101244492) (Figures 9I, J). While the expression level of a gene coding for SAGA-Tad1 like protein (101268618) (Figures 9K, L) was not significantly changed, the composition of splicing variants altered due to intron retention.




Figure 9 | Validation of AS events in six representative genes by sqRT-PCR and qRT-PCR. (A, B) Expression of two transcripts of a serine/arginine-rich splicing factor SR30-like protein (101257012). (C, D) Expression of four transcripts of a F-box protein (101260686). (E, F) Expression of two transcripts of a WRKY transcription factor (101265102). (G, H) Expression of four transcripts of a heat stress transcription factor HsfA2 (101255223). (I, J) Expression of two transcripts of a multiple inositol polyphosphate phosphatase (101244492). (K, L) Expression of two transcripts of a SAGA-ted1-like protein (101268618). Panels (A, C, E, G, I, K) show the results of sqRT-PCR, and panels (B, D, F, H, J, L) depict the results of qRT-PCR. The asterisk (*) next to the band represents an unknown or abnormal alternative splice form. The black arrow on top of diagram indicates the location sites of the specific primers used for sqRT-PCR. Molecular markers are labeled on the left side, and the size of each transcript on the right side of gel picture. The transcript expression levels in panels (B, D, F, H, J, L) were relative to the transcript 1 of each gene and obtained from three independent replicates. The primers used for RT-PCR are listed in Supplementary Table S22.







The potential DEG genes responsible for AS events under salt stress

Given that the AS events were significantly altered in tomato root’s response to salt stress, analysis of potential genes responsible for AS events in response to salt stress was performed (Figure 10; Supplementary Table S18). Based on the spliceosome pathway obtained from KEGG database (Figure 10A), more than 100 genes were found differentially expressed in one or more salt treated samples (Figure 10B; Supplementary Table S18). These genes encoded 42 types of splicing relevant factors, such as SR splicing factors, Prp family proteins, SnRNP proteins and other factors in U1, U2, U5, U4/6 complexes. Their expression showed dynamic changes throughout the salt stress treatment (Figure 10B; Supplementary Table S18).




Figure 10 | Differential expression of splicing related genes. (A) The spliceosome pathway based on KEGG analysis. Red boxes indicate differentially expressed genes. (B) Heatmap of differentially expressed spliceosome-related genes. NCBI gene IDs and potential gene names are listed on the right.








Discussion

Salinity is one of the most significant environmental factors adversely affecting crop growth, development and yield. Tomato is moderately sensitive to salinity stress with seedlings especially susceptible due to its sensitive osmotic potential which is readily disrupted by salt stress during growth (Cuartero et al., 2006; Tanveer et al., 2019). Consequently, understanding of the underlying mechanisms of salinity tolerance will contribute to the breeding of salt tolerant tomato cultivars. To explore the gene regulatory network of tomato to salt stress, we investigated the early transcriptional responses to salt treatment over a 12-hour period in tomato roots.

The early morphological changes by tomato to salt stress (Figure 1) is consistent with the view that salt-specific signaling pathways are rapidly triggered in plant roots during the very early stages of salt stress (Galvan-Ampudia et al., 2013; Choi et al., 2014). The response of plant roots to salt stress involves complex regulation of gene expression at multiple levels, including at transcription, post-transcription, translation, post-translation, and metabolism, which eventually result in phenotypic changes (Barkla et al., 2013; van Zelm et al., 2020). Here we show that transcriptomic analysis of tomato roots under salt stress revealed a considerable and dynamic expression of transcripts in tomato roots during the early 12-hour treatment process of salt exposure. The gene expression patterns of continuously up or down-regulation, peak expression at 1 or 3 hours, and reduction at the first 3 hours were highly pronounced (Figure 2). The GO terms enriched in those clusters revealed the important changes of key biological processes, such as hormone signaling, cell cycle, amino acid metabolism and response to oxidative stress, during the 12-hour salt treatment.

This study revealed that amino acid metabolism was greatly enhanced at the early response of tomato root to salt treatment (Figure 2; Supplementary Table S7; Supplementary Figure S1). Amino acid metabolism is involved in various strategies during plant adaption to abiotic stress conditions (Huang and Jander, 2017; Hildebrandt, 2018; Batista-Silva et al., 2019; Reshi et al., 2023). Accumulation of free amino acids have been generally observed in diverse plants under various abiotic stress (Hildebrandt et al., 2015; Huang and Jander, 2017) and the enhancement of amino acid biosynthesis and amino acid transmembrane transport have been reported to improve plant tolerance to salt stress (Batista-Silva et al., 2019; Shohan et al., 2019). While some amino acids like proline are known to be potential ROS scavengers to protect plant cell from oxidative damage (Hayat et al., 2012), several amino acids, such as phenylalanine, tyrosine and tryptophan, arginine, methionine and lysine, act as precursors for the synthesis of nitrogenous secondary metabolites and signaling molecules (Tzin and Galili, 2010; Batista-Silva et al., 2019; Heinemann and Hildebrandt, 2021). Therefore, enhancement of amino acid metabolism is likely to be an important adaptive strategies to eliminate the adverse effects of salt stress in tomato root. On the other hand, it’s known that the high levels of ROS concentration can affect amino acid metabolism, specially the site-specific chemical modification of amino acids such as arginine, lysine, proline, threonine and tryptophan, which cause increased vulnerability to proteolytic degradation (Moller et al., 2007). In this study, most of the DEGs involved in response to ROS and oxidative stress exhibited a continuously up-regulated expression pattern, suggesting the continuous accumulation of ROS throughout treatment of salt stress (Figure 2; Supplementary Table S7, cluster 9). Thus, the ROS accumulation induced by salt stress may contribute to the considerable changes of amino acid metabolic and catabolic processes under salt tress.

Plant hormones play vital roles in maintaining plant growth and enable plants to survive under conditions of salt stress (Ryu and Cho, 2015; Yu et al., 2020). It was reported that tomatoes could adapt to salt stress by dynamically regulating their hormone levels to establish new hormone balance (Wang et al., 2023a). The levels of ABA, SA, and JA and their respective signal transduction pathways were reported to be significantly increased, while decrease in the levels of GA and IAA were observed during the early response to salt stress (Wang et al., 2023a). In the current study, we also observed the dynamic regulation of plant hormone signaling transduction. Regulation of ABA and auxin-mediated signaling pathways were found to be significantly pronounced throughout the early response to salt stress (Figure 5; Supplementary Tables S7, S11). ABA is the primary hormone that promotes plant salt tolerance (Sah et al., 2016; Vishwakarma et al., 2017; Pye et al., 2018) where auxins promote plant growth (Zhang et al., 2022). The majority of genes involved in both hormone pathways appeared in expression clusters exhibiting continuous down-regulation or enhanced expression within the first 6 hours. This suggests that the regulation of salt tolerance and growth are closely intertwined. In contrast to a previous study (Wang et al., 2023a), significant regulation of the SA-mediated signaling pathway were not detected. On the other hand, response to JA was found to be prominent throughout the early response to salt stress (Supplementary Table S7). A previous study by Abouelsaad and Renault (2018) found that activation of JA signaling pathway enhanced tomato salt tolerance, aligning with our current result.

Cytokinin is another important hormone that modulates plant development and tolerance to various environmental stimuli (Mandal et al., 2022; Papon and Courdavault, 2022; Yin et al., 2023) by regulating cell cycle and differentiation, promoting antioxidant systems, impeding plant senescence, and cross-talking with stress-related phytohormones (Liu et al., 2020; Mandal et al., 2022). While defective cytokinin signaling mitigates high salinity in Arabidopsis via regulation of the lipid and flavonoid gene-to-metabolite networks, enhancement of cytokinin content was reported to improve tomato salt tolerance in tomato (Zizkova et al., 2015). We noticed that the pathway of response to cytokinin was only enriched in the cluster of down-regulated DEGs (Figure 2, cluster 10; Supplementary Table S7), suggesting that cytokinin-mediated signaling pathway was suppressed during the early response of tomato root to salt stress.

Transcription factors (TFs) play a central role to regulate the expression of the genes responsible for plant stress tolerance. Numerous TFs from the families like bZIP, NAC, WRKY, MADS, MYB, ZF, HSF and bHLH families are involved in conferring salt tolerance in various crop species (Duan et al., 2019; Zang et al., 2019; Li et al., 2020; Guo et al., 2021; Li et al., 2021; Wang et al., 2021a, Wang et al., 2021b; Liu et al., 2023; Rosca et al., 2023; Sukumaran et al., 2023; Ye et al., 2023; Wang et al., 2023b), including in tomato (Pan et al., 2010, Pan et al., 2012; Wang et al., 2013; Klay et al., 2014; Campos et al., 2016; Bai et al., 2018; Klay et al., 2018; Li et al., 2018; Waseem et al., 2019; Zhang et al., 2020; Guo et al., 2021; Qian et al., 2021; Chen et al., 2022) In this study, more than 700 TFs were found to be differentially expressed in tomato roots under salt stress (Supplementary Table S13) with members from MYB, ZF, bHLH and AP2/ERF gene families being the most abundant. Among these salt responsive TFs, several of them were previously reported to modulate tomato salt tolerance. For example, a R1-MYB type TF coding gene, SlARS1 (Gene ID 101257705), that was reported to affect ABA-mediated stomatal conductance under salt stress (Campos et al., 2016), was found to be significantly induced under salt stress especially at 3-hour salt induction (Supplementary Table S13); SlWRKY13 previously proved to be negative regulator of tomato salt tolerance (Birhanu et al., 2020) was among the decreased WRKY TF group in this study. We also observed significant down-regulation of several AP2/ERF family TFs (Supplementary Table S13), such as SlERF.B1 (Gene ID 543867) (Wang Y. et al., 2022) and SlERF.B3 (Gene ID 108511945) (Klay et al., 2014) that negatively regulate tomato salt tolerance. Given the key roles of transcription factors in regulation of salt response in plants, the salt-sensitive TFs identified in this study deserve further investigation in the future.

Alternative splicing (AS) is an important post-transcriptional mechanism that regulates plant growth and development and is prevalent during stress (Kelemen et al., 2013; Jabre et al., 2019; Punzo et al., 2020; Rosenkranz et al., 2022). In tomato, around 65% of the annotated protein-coding genes possess multiple transcript isoforms (Clark et al., 2019). Alternative splicing changes have been reported in tomato plants grown under phytotron vs greenhouse conditions (Wang et al., 2017), in inflorescences of cultivated and wild tomato species (Zhou et al., 2022), during fruit development regulation (Sun and Xiao, 2015; Wang et al., 2016), pollen responses to heat stress (Keller et al., 2017), tomato responses to drought stress (Lee et al., 2020), water deficit stress (Ruggiero et al., 2022), low nitrate stress (Ruggiero et al., 2022), phosphate starvation (Tian et al., 2021), and response to the fungal infection by Trichoderma harzianum (De Palma et al., 2019). Based on these studies, differential alternative splicing (DAS) was found to be tissue-specific, developmental stage-related or stress-responsive condition. As there is limited understanding regarding the involvement of alternative splicing in tomato’s response to salt stress, we investigated the changes of AS events during early response of tomato root to salt stress in this stduy (Figure 3A, 4B). A total of 46,115 AS events, including A5SS, A3SS, RI, MXE and SE, were detected in the tomato root transcriptome (Figure 7; Supplementary Table S14), revealing a comprehensive and dynamic alteration in AS patterns in tomato roots during early responses to salt stress. An integrated genome-wide study (Clark et al., 2019) reported that RI was the prevalent AS event (18.9%) followed by alternative A5SS and A3SS, while SE was the least AS type, accounting for only 6%, among total 369,911 AS events in tomato. By contrast, SE was the most abundant AS event in tomato root under salt stress (Figure 7; Supplementary Table S14), suggesting that the alternative splicing pattern of SE might be susceptible to salt stress in tomato root. The dominance of SE in AS events was also previously reported in tomato root and shoot during phosphate starvation (Tian et al., 2021) and in date palm seedlings under salt stress (Xu et al., 2021), suggesting that AS patterns are not constant, but may change depending on the abiotic condition. On the other hand, RI event was reported to be the most frequent event induced by salt stress in Arabidiopsis (Ding et al., 2014b), wheat (Liu et al., 2018), cotton (Zhu et al., 2018) and Barley (Fu et al., 2019), while A3SS was the mostly affected AS events in rice by salt stress (Fu et al., 2019). Given that the differences in AS profiles are related to tissue type, stress condition and genotype (Gan et al., 2011; Vitulo et al., 2014; Martín et al., 2021; Zhou et al., 2022), the differences on the alternative splicing preference induced by salt may contribute to the evolutionary adaptation process in tomato.

Salt-induced AS of non-differentially expressed genes may contribute to the transcriptome reprogramming for salt tolerance of tomato root. Interestingly, except for unclassified genes, differentially alternative splicing induced by salt stress in tomato root were largely detected in the gene families of serine/threonine-protein kinase, PPR-containing protein, and E3 ubiquitin ligase (Figure 8D). Serine/threonine-protein kinases are key enzymes that reversibly phosphorylate the OH group of serine or threonine residues at the post-translational level. The network of serine/threonine kinases in plant cells is considered a central unit to accept and convert signaling information from sensing receptors of various stimulus and phytohormones and in turn guide responsive changes in gene expression, metabolism, plant growth and development (Hardie, 1999). One of the most representative serine/threonine-protein kinases belong to the SnRK2 family, which are involved in the ABA-dependent signaling pathway to regulate plant development and plant responses to diverse abiotic stresses (Kulik et al., 2011). Ubiquitin E3 ligases are major players that catalyze the covalent attachment of ubiquitin to target proteins (Mazzucotelli et al., 2006; Kelley, 2018). Ubiquitination of substrates is a dynamically regulated process and can generate diverse functional outcomes like potential degradation or activation of target proteins and changes in subcellular localization (Kelley, 2018). E3 ubiquitin ligases are thus well-known to be central regulators of many plants molecular processes, including plant hormone biosynthesis, signaling transduction and response to various stress conditions (Wang S. et al., 2022). AS susceptibility of serine/threonine kinases and E3 ubiquitin ligases in tomato root under salt stress poses as an additional complication in understanding the relationship between hormone signaling transduction and salt-responsive gene regulation. Pentatricopeptide (PPR) proteins are characterized by tandem arrays of a degenerate 35-amino-acid sequence motifs (Lurin et al., 2004). They are a large family of modular RNA-binding proteins with essential roles in organelle biogenesis, RNA editing, mRNA maturation and thus involved in many diverse biological processes during plant growth, development and stress acclimation (Barkan and Small, 2014). A previous genome-wide analysis revealed that the tomato genome has 471 PPR-coding genes (Ding et al., 2014a). In this study, extensive AS occurred in PPR-coding genes under salt stress as 96 out of the 471 PPR-coding genes were found to be differentially alternative spliced (Figure 8D; Supplementary Table S17). The dynamic AS changes of PPR-coding genes may also contribute to the gene regulation and transcriptome reprogramming under salt stress.

We also observed that some genes, such as the genes coding CPR1-like F-box protein and HsfA2 in Figure 9, were abnormally spliced under salt. These observations indicate that AS modulation in response to salt stress is more complicated than previously envisioned and that modulation of alternative splicing deserves more attention in future studies. The genes and their transcripts identified in the present study can be targeted for the improvement of tomato salt tolerance.

Analysis on the differential expression of spliceosome pathway-associated proteins (Figure 10) revealed the potential roles of specific groups of AS-associated proteins in regulating tomato root response to salt stress. Expression of many genes coding key component assembled in spliceosome machinery, such as small nuclear ribonucleoprotein complexes (snRNPs), U1, U2, U4, U5, and U6, was found to be affected in tomato root under salt stress. Except for core components of spliceosome machinery, the expression of trans-factors, including serine/arginine-rich (SR) proteins and heterogeneous nuclear ribonucleoprotein (hnRNP), were also significantly regulated under salt stress (Figure 10; Supplementary Table S21). In addition to differential expression, alternative splicing in some of AS-related genes, such as SR-like splicing factors (Figure 8D; Supplementary Table S17), was also observed, which adds an additional complication of AS regulation during salt stress. It is reported that the salt-responsive regulation of SR gene isoforms may result in inaccurate identification of splicing sites and destabilization of the spliceosome complex (Albaqami et al., 2019; Xu et al., 2021; Laloum et al., 2023). Therefore, future studies on the AS events of splicing-related proteins will provide new insights on how genes are regulated in salt-stressed tomato.

Collectively, this study provides a comprehensive view of transcriptome changes and highlights the key role of AS in tomato root response to salt stress. A large number of DEGs and DAS genes involved in diverse metabolic pathways, such as hormone signaling transduction, DNA transcription, RNA binding and processing, were identified. The findings in this study expand our current understanding of transcriptional and post-transcriptional regulation in the response of tomato roots to salinity stress and provide an important gene resource for developing salt-tolerant tomato plants.





Materials and methods




Plant materials and salt stress treatment

Tomato seeds (S. lycopersicum cv. Ailsa Craig) were sown in a nutrient soil mixture with a ratio of 3:1 (w/w) and cultivated in an illumination incubator under standard conditions (16 hours of light at 26°C, followed by 8 hours of darkness at 20°C). After three weeks, the seedlings were transferred to pots filled with 1/2 Hoagland’s nutrient solution following root rinsing under running water. After two additional weeks, seedlings of uniformed size were selected and treated with 150 mM NaCl. Three biological replicates of root samples were collected at 0, 1, 3, 6, and 12 hours post treatment. All samples were immediately frozen in liquid nitrogen and stored at -80°C for further use.





RNA extraction, library construction and sequencing

Total RNAs were extracted from root samples with TransZol UP Plus RNA kit (Tiangen Biotech, China). The mRNAs used for cDNA library construction were isolated from total RNAs using oligo-dT magnetic beads. A total of 15 cDNA sequencing libraries were constructed and sequenced using the DNBSEQ™ technology (Beijing Genomics institution, China) following the manufacturer’s recommendations to generate paired-end sequencing data.





RNA-seq analysis

The raw sequencing data was filtered by SOAPnuke v1.5.6 (https://github.com/BGI-flexlab/SOAPnuke) to remove low-quality reads, and the high-quality reads were mapped against the reference S. lycopersicum genome (Version SL3.1, https://www.ncbi.nlm.nih.gov/datasets/genome/GCF_000188115.5/) using the HISAT2 software (v2.1.0) (http://www.ccb.jhu.edu/software/hisat/index.shtml) with default parameters. Detection of differentially expressed genes was performed using Bowtie2 (v2.3.4.3) (http://bowtiebio.sourceforge.net/Bowtie2/index.shtml) and DESeq2 (v1.4.5) (http://www.bioconductor.org/packages/release/bioc/html/) with default parameters. The mapped reads were counted and normalized into fragments per kilobase of transcript per million (FPKM), and the expressed genes with a log2 fold change≥1 and adjusted p value < 0.05 were identified as differentially expressed genes (DEGs). Gene clustering was analyzed using the software of Dynamic Trend Analysis on https://www.omicshare.com/tools. Significantly enriched trends were determined according to a significance threshold p value<0.05 (Ernst and Bar-Joseph, 2006). Alternative splicing analysis were performed using rMATS (V3.2.5) (http://rnaseq-mats.sourceforge.net) with default parameters. Compared to control samples, alternative splicing events with adjusted p value < 0.05 were identified as differentially alternative spliced (DAS) events, and the genes that had at least one of the transcripts differentially expressed (log2 fold change≥1 and adjusted p value < 0.05) were considered to be DAS genes.





Pathway enrichment analysis

Gene Ontology (GO) analysis of the candidate gene groups was performed on https://geneontology.org/ that is powered by PATHER. Annotation version used in GO enrichment was GO Ontology database DOI:10.5281/zenodo.10536401 released on Jan 17, 2024. Kyoto Encyclopedia of Genes and Genomics (KEGG) enrichment was performed using KEGG Mapper on https://www.genome.jp/kegg/. The GO terms and KEGG pathways with p value<0.05 were defined as significantly enriched in the candidate gene groups.





Validation of alternative splicing

Semi-quantitative RT(sqRT)-PCR and quantitative RT(qRT)-PCR were performed to verify the AS pattern of six representive genes. Total RNA was subjected to first-strand cDNA synthesis using EVo M-MLVRT Mix Kit with gDNA Clean for qPCR Ver.2 (Vazyme, Nanjing, China) following the manufacturer’s instructions. Specific primers of target genes (Supplementary Table S22) were designed using the NCBI primer design tool (https://www.ncbi.nlm.nih.gov/tools/primerblast). sqRT-PCR was conducted with HotStarTaq Plus DNA Polymerase Reagents (Qiagen) and the melting temperature (Tm) was optimized based on different sequences of the primers. PCR products were visualized via horizontal gel electrophoresis using a 2% agarose-TBE gel. Reactions of qRT-PCR were carried out on Applied Biosystems StepOnePlus instrument using SYBR Green Premix Pro Taq HS qPCR Kit (Vazyme, Nanjing, China). The gene encoding ribosomal protein L2 (RPL2) (Løvdal and Lillo, 2009) was used as internal reference for qRT-PCR. Three independent replicates were tested for each transcript.






Data availability statement

The sequencing data are available at https://www.ncbi.nlm.nih.gov/sra/ at NCBI with accession number PRJNA1110838.





Author contributions

JG: Data curation, Investigation, Writing – original draft. YQ: Data curation, Formal analysis, Writing – original draft. YT: Investigation, Writing – original draft. LZ: Data curation, Writing – review & editing. TWO: Validation, Writing – review & editing. YY: Conceptualization, Methodology, Writing – original draft. LT: Conceptualization, Data curation, Supervision, Writing – original draft, Writing – review & editing.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This work is supported by grants from the National Natural Science Foundation of China (NSFC, Grant No. 32272741) and Zhejiang A&F University Starting Funds of Scientific Research and Development (203402000101).





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.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2024.1394223/full#supplementary-material




References

 Abouelsaad, I., and Renault, S. (2018). Enhanced oxidative stress in the jasmonic acid-deficient tomato mutant def-1 exposed to NaCl stress. J. Plant Physiol. 226, 136–144. doi: 10.1016/j.jplph.2018.04.009

 Albaqami, M., Laluk, K., and Reddy, A. S. N. (2019). The Arabidopsis splicing regulator SR45 confers salt tolerance in a splice isoform-dependent manner. Plant Mol. Biol. 100, 379–390. doi: 10.1007/s11103–019-00864–4

 Bai, Y., Kissoudis, C., Yan, Z., Visser, R. G. F., and van der Linden, G. (2018). Plant behaviour under combined stress: tomato responses to combined salinity and pathogen stress. Plant J. 93, 781–793. doi: 10.1111/tpj.13800

 Balasubramaniam, T., Shen, G., Esmaeili, N., and Zhang, H. (2023). Plants’ Response mechanisms to salinity stress. Plants (Basel) 12, 4810. doi: 10.3390/plants12122253

 Barkan, A., and Small, I. (2014). Pentatricopeptide repeat proteins in plants. Annu. Rev. Plant Biol. 65, 415–442. doi: 10.1146/annurev-arplant-050213–040159

 Barkla, B. J., Castellanos-Cervantes, T., de Leon, J. L., Matros, A., Mock, H. P., Perez-Alfocea, F., et al. (2013). Elucidation of salt stress defense and tolerance mechanisms of crop plants using proteomics–current achievements and perspectives. Proteomics 13, 1885–1900. doi: 10.1002/pmic.201200399

 Batista-Silva, W., Heinemann, B., Rugen, N., Nunes-Nesi, A., Araujo, W. L., Braun, H. P., et al. (2019). The role of amino acid metabolism during abiotic stress release. Plant Cell Environ. 42, 1630–1644. doi: 10.1111/pce.13518

 Birhanu, M. W., Kissoudis, C., and van der Linden, C. G. (2020). WRKY gene silencing enhances tolerance to salt stress in transgenic tomato. J. Biol. Agric. Healthcare 10, 14–25. doi: 10.7176/JBAH/10–17-03

 Bonarota, M. S., Kosma, D. K., and Barrios-Masias, F. H. (2022). Salt tolerance mechanisms in the Lycopersicon clade and their trade-offs. AoB Plants 14, plab072. doi: 10.1093/aobpla/plab072

 Campos, J. F., Cara, B., Perez-Martin, F., Pineda, B., Egea, I., Flores, F. B., et al. (2016). The tomato mutant ars1 (altered response to salt stress 1) identifies an R1-type MYB transcription factor involved in stomatal closure under salt acclimation. Plant Biotechnol. J. 14, 1345–1356. doi: 10.1111/pbi.12498

 Chaves, M. M., Flexas, J., and Pinheiro, C. (2009). Photosynthesis under drought and salt stress: regulation mechanisms from whole plant to cell. Ann. Bot. 103, 551–560. doi: 10.1093/aob/mcn125

 Chen, Y., Feng, P., Zhang, X., Xie, Q., Chen, G., Zhou, S., et al. (2022). Silencing of SlMYB50 affects tolerance to drought and salt stress in tomato. Plant Physiol. Biochem. 193, 139–152. doi: 10.1016/j.plaphy.2022.10.026

 Choi, W. G., Toyota, M., Kim, S. H., Hilleary, R., and Gilroy, S. (2014). Salt stress-induced Ca2+ waves are associated with rapid, long-distance root-to-shoot signaling in plants. Proc. Natl. Acad. Sci. U.S.A. 111, 6497–6502. doi: 10.1073/pnas.1319955111

 Clark, S., Yu, F., Gu, L., and Min, X. J. (2019). Expanding alternative splicing identification by integrating multiple sources of transcription data in tomato. Front. Plant Sci. 10. doi: 10.3389/fpls.2019.00689

 Cuartero, J., Bolarín, M. C., Asíns, M. J., and Moreno, V. (2006). Increasing salt tolerance in the tomato. J. Exp. Bot. 5, 1045–1058. doi: 10.1093/jxb/erj102

 De Palma, M., Salzano, M., Villano, C., Aversano, R., Lorito, M., Ruocco, M., et al. (2019). Transcriptome reprogramming, epigenetic modifications and alternative splicing orchestrate the tomato root response to the beneficial fungus Trichoderma harzianum. Hortic. Res. 6, 5. doi: 10.1038/s41438–018-0079–1

 Ding, A., Li, L., Qu, X., Sun, T., Chen, Y., Zong, P., et al. (2014a). [Genome-wide identification and bioinformatic analysis of PPR gene family in tomato]. Yi Chuan 36, 77–84. doi: 10.3724/sp.j.1005.2014.00077

 Ding, F., Cui, P., Wang, Z., Zhang, S., Ali, S., and Xiong, L. (2014b). Genome-wide analysis of alternative splicing of pre-mRNA under salt stress in Arabidopsis. BMC Genomics 15, 431. doi: 10.1186/1471–2164-15–431

 Duan, S., Liu, B., Zhang, Y., Li, G., and Guo, X. (2019). Genome-wide identification and abiotic stress-responsive pattern of heat shock transcription factor family in Triticum aestivum L. BMC Genomics 20, 257. doi: 10.1186/s12864-019-5617-1

 Ernst, J., and Bar-Joseph, Z. (2006). STEM: a tool for the analysis of short time series gene expression data. BMC Bioinf. 7, 191. doi: 10.1186/1471-2105-7-191

 FAO (2021) Global Map of Salt-affected Soils (GSASmap) V1.0.0. Available at: https://www.fao.org/soils-portal/data-hub/soil-maps-and-databases/global-map-of-salt-affected-soils/en.

 FAO (2022) Agricultural production statistics 2000–2022. Available at: https://openknowledge.fao.org/server/api/core/bitstreams/dc1b16d6–44af-4d50–9544-10fcb8a3779f/content.

 Feng, J., Li, J., Gao, Z., Lu, Y., Yu, J., Zheng, Q., et al. (2015). SKIP confers osmotic tolerance during salt stress by controlling alternative gene splicing in Arabidopsis. Mol. Plant 8, 1038–1052. doi: 10.1016/j.molp.2015.01.011

 Fu, L., Shen, Q., Kuang, L., Wu, D., and Zhang, G. (2019). Transcriptomic and alternative splicing analyses reveal mechanisms of the difference in salt tolerance between barley and rice. Environ. Exp. Bot. 166, 103810. doi: 10.1016/j.envexpbot.2019.103810

 Galvan-Ampudia, C. S., Julkowska, M. M., Darwish, E., Gandullo, J., Korver, R. A., Brunoud, G., et al. (2013). Halotropism is a response of plant roots to avoid a saline environment. Curr. Biol. 23, 2044–2050. doi: 10.1016/j.cub.2013.08.042

 Gan, X., Stegle, O., Behr, J., Steffen, J. G., Drewe, P., Hildebrand, K. L., et al. (2011). Multiple reference genomes and transcriptomes for Arabidopsis thaliana. Nature 477, 419–423. doi: 10.1038/nature10414

 Gu, J., Xia, Z., Luo, Y., Jiang, X., Qian, B., Xie, H., et al. (2018). Spliceosomal protein U1A is involved in alternative splicing and salt stress tolerance in Arabidopsis thaliana. Nucleic Acids Res. 46, 1777–1792. doi: 10.1093/nar/gkx1229

 Guo, J., Sun, B., He, H., Zhang, Y., Tian, H., and Wang, B. (2021). Current understanding of bHLH transcription factors in plant abiotic stress tolerance. Int. J. Mol. Sci. 22, 4921. doi: 10.3390/ijms22094921

 Han, M., Niu, M., Gao, T., Shen, Y., Zhou, X., Zhang, Y., et al. (2024). Responsive alternative splicing events of opisthopappus species against salt stress. Int. J. Mol. Sci. 25, 1227. doi: 10.3390/ijms25021227

 Hardie, D. G. (1999). PLANT PROTEIN SERINE/THREONINE KINASES: classification and functions. Annu. Rev. Plant Physiol. Plant Mol. Biol. 50, 97–131. doi: 10.1146/annurev.arplant.50.1.97

 Harvey, S. E., and Cheng, C. (2016). Methods for characterization of alternative RNA splicing. Methods Mol. Biol. 1402, 229–241. doi: 10.1007/978-1-4939-3378-5_18

 Hasanuzzaman, M., and Fujita, M. (2022). Plant responses and tolerance to salt stress: physiological and molecular interventions. Int. J. Mol. Sci. 23, 4810. doi: 10.3390/ijms23094810

 Hasanuzzaman, M., and Fujita, M. (2023). Plant responses and tolerance to salt stress: physiological and molecular interventions 2.0. Int. J. Mol. Sci. 24, 15740. doi: 10.3390/ijms242115740

 Hayat, S., Hayat, Q., AlYemeni, M. N., Wani, A. S., Pichtel, J., and Ahmad, A. (2012). Role of proline under changing environments: a review. Plant Signal Behav. 7, 1456–1466. doi: 10.4161/psb.21949

 Heinemann, B., and Hildebrandt, T. M. (2021). The role of amino acid metabolism in signaling and metabolic adaptation to stress-induced energy deficiency in plants. J. Exp. Bot. 72, 4634–4645. doi: 10.1093/jxb/erab182

 Hildebrandt, T. M. (2018). Synthesis versus degradation: directions of amino acid metabolism during Arabidopsis abiotic stress response. Plant Mol. Biol. 98, 121–135. doi: 10.1007/s11103-018-0767-0

 Hildebrandt, T. M., Nunes Nesi, A., Araujo, W. L., and Braun, H. P. (2015). Amino acid catabolism in plants. Mol. Plant 8, 1563–1579. doi: 10.1016/j.molp.2015.09.005

 Huang, T., and Jander, G. (2017). Abscisic acid-regulated protein degradation causes osmotic stress-induced accumulation of branched-chain amino acids in Arabidopsis thaliana. Planta 246, 737–747. doi: 10.1007/s00425-017-2727-3

 Jabre, I., Reddy, A. S. N., Kalyna, M., Chaudhary, S., Khokhar, W., Byrne, L. J., et al. (2019). Does co-transcriptional regulation of alternative splicing mediate plant stress responses? Nucleic Acids Res. 47, 2716–2726. doi: 10.1093/nar/gkz121

 Jamil, A., Riaz, S., Ashraf, M., and Foolad, M. R. (2011). Gene expression profiling of plants under salt stress. Crit. Rev. Plant Sci. 30, 435–458. doi: 10.1080/07352689.2011.605739

 Jian, G., Mo, Y., Hu, Y., Huang, Y., Ren, L., Zhang, Y., et al. (2022). Variety-specific transcriptional and alternative splicing regulations modulate salt tolerance in rice from early stage of stress. Rice (N Y) 15, 56. doi: 10.1186/s12284-022-00599-9

 Jin, Z., Lv, X., Sun, Y., Fan, Z., Xiang, G., and Yao, Y. (2021). Comprehensive discovery of salt-responsive alternative splicing events based on Iso-Seq and RNA-seq in grapevine roots. Environ. Exp. Bot. 192, 104645. doi: 10.1016/j.envexpbot.2021.104645

 Kelemen, O., Convertini, P., Zhang, Z., Wen, Y., Shen, M., Falaleeva, M., et al. (2013). Function of alternative splicing. Gene 514, 1–30. doi: 10.1016/j.gene.2012.07.083

 Keller, M., Hu, Y., Mesihovic, A., Fragkostefanakis, S., Schleiff, E., and Simm, S. (2017). Alternative splicing in tomato pollen in response to heat stress. DNA Res. 24, 205–217. doi: 10.1093/dnares/dsw051

 Kelley, D. R. (2018). E3 ubiquitin ligases: key regulators of hormone signaling in plants. Mol. Cell Proteomics 17, 1047–1054. doi: 10.1074/mcp.MR117.000476

 Keren, H., Lev-Maor, G., and Ast, G. (2010). Alternative splicing and evolution: diversification, exon definition and function. Nat. Rev. Genet. 11, 345–355. doi: 10.1038/nrg2776

 Kesawat, M. S., Satheesh, N., Kherawat, B. S., Kumar, A., Kim, H. U., Chung, S. M., et al. (2023). Regulation of reactive oxygen species during salt stress in plants and their crosstalk with other signaling molecules-current perspectives and future directions. Plants (Basel) 12, 864. doi: 10.3390/plants12040864

 Klay, I., Gouia, S., Liu, M., Mila, I., Khoudi, H., Bernadac, A., et al. (2018). Ethylene Response Factors (ERF) are differentially regulated by different abiotic stress types in tomato plants. Plant Sci. 274, 137–145. doi: 10.1016/j.plantsci.2018.05.023

 Klay, I., Pirrello, J., Riahi, L., Bernadac, A., Cherif, A., Bouzayen, M., et al. (2014). Ethylene response factor Sl-ERF.B.3 is responsive to abiotic stresses and mediates salt and cold stress response regulation in tomato. Sci. World J. 2014, 167681. doi: 10.1155/2014/167681

 Kulik, A., Wawer, I., Krzywinska, E., Bucholc, M., and Dobrowolska, G. (2011). SnRK2 protein kinases–key regulators of plant response to abiotic stresses. OMICS 15, 859–872. doi: 10.1089/omi.2011.0091

 Laloum, T., Carvalho, S. D., Martin, G., Richardson, D. N., Cruz, T. M. D., Carvalho, R. F., et al. (2023). The SCL30a SR protein regulates ABA-dependent seed traits and germination under stress. Plant Cell Environ. 46, 2112–2127. doi: 10.1111/pce.14593

 Lawlor, D. W., and Cornic, G. (2002). Photosynthetic carbon assimilation and associated metabolism in relation to water deficits in higher plants. Plant Cell Environ. 25, 275–294. doi: 10.1046/j.0016-8025.2001.00814.x

 Lee, H. J., Eom, S. H., Lee, J. H., Wi, S. H., Kim, S. K., and Hyun, T. K. (2020). Genome-wide analysis of alternative splicing events during response to drought stress in tomato (Solanum lycopersicum L.). J. Hortic. Sci. Biotechnol. 95, 286–293. doi: 10.1080/14620316.2019.1656552

 Li, P., Peng, Z., Xu, P., Tang, G., Ma, C., Zhu, J., et al. (2021). Genome-wide identification of NAC transcription factors and their functional prediction of abiotic stress response in peanut. Front. Genet. 12. doi: 10.3389/fgene.2021.630292

 Li, W., Pang, S., Lu, Z., and Jin, B. (2020). Function and mechanism of WRKY transcription factors in abiotic stress responses of plants. Plants (Basel) 9, 1410. doi: 10.3390/plants9111515

 Li, Z., Tian, Y., Xu, J., Fu, X., Gao, J., Wang, B., et al. (2018). A tomato ERF transcription factor, SlERF84, confers enhanced tolerance to drought and salt stress but negatively regulates immunity against Pseudomonas syringae pv. tomato DC3000. Plant Physiol. Biochem. 132, 683–695. doi: 10.1016/j.plaphy.2018.08.022

 Liu, Z., Qin, J., Tian, X., Xu, S., Wang, Y., Li, H., et al. (2018). Global profiling of alternative splicing landscape responsive to drought, heat and their combination in wheat (Triticum aestivum L.). Plant Biotechnol. J. 16, 714–726. doi: 10.1111/pbi.12822

 Liu, H., Tang, X., Zhang, N., Li, S., and Si, H. (2023). Role of bZIP transcription factors in plant salt stress. Int. J. Mol. Sci. 24, 7893. doi: 10.3390/ijms24097893

 Liu, Y., Zhang, M., Meng, Z., Wang, B., and Chen, M. (2020). Research progress on the roles of cytokinin in plant response to stress. Int. J. Mol. Sci. 21, 6574. doi: 10.3390/ijms21186574

 Løvdal, T., and Lillo, C. (2009). Reference gene selection for quantitative real-time PCR normalization in tomato subjected to nitrogen, cold, and light stress. Anal. Biochem. 387, 238–242. doi: 10.1016/j.ab.2009.01.024

 Lurin, C., Andres, C., Aubourg, S., Bellaoui, M., Bitton, F., Bruyere, C., et al. (2004). Genome-wide analysis of Arabidopsis pentatricopeptide repeat proteins reveals their essential role in organelle biogenesis. Plant Cell 16, 2089–2103. doi: 10.1105/tpc.104.022236

 Mandal, S., Ghorai, M., Anand, U., Samanta, D., Kant, N., Mishra, T., et al. (2022). Cytokinin and abiotic stress tolerance -What has been accomplished and the way forward? Front. Genet. 13. doi: 10.3389/fgene.2022.943025

 Martín, E., Vivori, C., Rogalska, M., Herrero-Vicente, J., and Valcárcel, J. (2021). Alternative splicing regulation of cell-cycle genes by SPF45/SR140/CHERP complex controls cell proliferation. RNA 27, 1157–1576. doi: 10.1261/rna.078935.121

 Mazzucotelli, E., Belloni, S., Marone, D., De Leonardis, A., Guerra, D., Di Fonzo, N., et al. (2006). The e3 ubiquitin ligase gene family in plants: regulation by degradation. Curr. Genomics 7, 509–522. doi: 10.2174/138920206779315728

 Moller, I. M., Jensen, P. E., and Hansson, A. (2007). Oxidative modifications to cellular components in plants. Annu. Rev. Plant Biol. 58, 459–481. doi: 10.1146/annurev.arplant.58.032806.103946

 Pan, I. C., Li, C. W., Su, R. C., Cheng, C. P., Lin, C. S., and Chan, M. T. (2010). Ectopic expression of an EAR motif deletion mutant of SlERF3 enhances tolerance to salt stress and Ralstonia solanacearum in tomato. Planta 232, 1075–1086. doi: 10.1007/s00425-010-1235-5

 Pan, Y., Seymour, G. B., Lu, C., Hu, Z., Chen, X., and Chen, G. (2012). An ethylene response factor (ERF5) promoting adaptation to drought and salt tolerance in tomato. Plant Cell Rep. 31, 349–360. doi: 10.1007/s00299-011-1170-3

 Papon, N., and Courdavault, V. (2022). ARResting cytokinin signaling for salt-stress tolerance. Plant Sci. 314, 111116. doi: 10.1016/j.plantsci.2021.111116

 Punzo, P., Grillo, S., and Batelli, G. (2020). Alternative splicing in plant abiotic stress responses. Biochem. Soc. Trans. 48, 2117–2126. doi: 10.1042/BST20200281

 Pye, M. F., Dye, S. M., Resende, R. S., MacDonald, J. D., and Bostock, R. M. (2018). Abscisic acid as a dominant signal in tomato during salt stress predisposition to phytophthora root and crown rot. Front. Plant Sci. 9. doi: 10.3389/fpls.2018.00525

 Qian, Y., Zhang, T., Yu, Y., Gou, L., Yang, J., Xu, J., et al. (2021). Regulatory mechanisms of bHLH transcription factors in plant adaptive responses to various abiotic stresses. Front. Plant Sci. 12. doi: 10.3389/fpls.2021.677611

 Reshi, Z. A., Ahmad, W., Lukatkin, A. S., and Javed, S. B. (2023). From nature to lab: A review of secondary metabolite biosynthetic pathways, environmental influences, and in vitro approaches. Metabolites 13, 895. doi: 10.3390/metabo13080895

 Rosca, M., Mihalache, G., and Stoleru, V. (2023). Tomato responses to salinity stress: From morphological traits to genetic changes. Front. Plant Sci. 14. doi: 10.3389/fpls.2023.1118383

 Rosenkranz, R. R. E., Ullrich, S., Lochli, K., Simm, S., and Fragkostefanakis, S. (2022). Relevance and regulation of alternative splicing in plant heat stress response: current understanding and future directions. Front. Plant Sci. 13. doi: 10.3389/fpls.2022.911277

 Ruggiero, A., Punzo, P., Van Oosten, M. J., Cirillo, V., Esposito, S., Costa, A., et al. (2022). Transcriptomic and splicing changes underlying tomato responses to combined water and nutrient stress. Front. Plant Sci. 13. doi: 10.3389/fpls.2022.974048

 Ryu, H., and Cho, Y. (2015). Plant hormones in salt stress tolerance. J. Plant Biol. 58, 147–155. doi: 10.1007/s12374-015-0103-z

 Sah, S. K., Reddy, K. R., and Li, J. (2016). Abscisic acid and abiotic stress tolerance in crop plants. Front. Plant Sci. 7. doi: 10.3389/fpls.2016.00571

 Sayyad-Amin, P., Jahansooz, M. R., Borzouei, A., and Ajili, F. (2016). Changes in photosynthetic pigments and chlorophyll-a fluorescence attributes of sweet-forage and grain sorghum cultivars under salt stress. J. Biol. Phys. 42, 601–620. doi: 10.1007/s10867-016-9428-1

 Shohan, M. U. S., Sinha, S., Nabila, F. H., Dastidar, S. G., and Seraj, Z. I. (2019). HKT1;5 transporter gene expression and association of amino acid substitutions with salt tolerance across rice genotypes. Front. Plant Sci. 10. doi: 10.3389/fpls.2019.01420

 Shrivastava, P., and Kumar, R. (2015). Soil salinity: A serious environmental issue and plant growth promoting bacteria as one of the tools for its alleviation. Saudi J. Biol. Sci. 22, 123–131. doi: 10.1016/j.sjbs.2014.12.001

 Sukumaran, S., Lethin, J., Liu, X., Pelc, J., Zeng, P., Hassan, S., et al. (2023). Genome-wide analysis of MYB transcription factors in the wheat genome and their roles in salt stress response. Cells 12, 1431. doi: 10.3390/cells12101431

 Sun, Y., and Xiao, H. (2015). Identification of alternative splicing events by RNA sequencing in early growth tomato fruits. BMC Genomics 16, 948. doi: 10.1186/s12864-015-2128-6

 Tanveer, K., Gilani, S., Hussain, Z., Ishaq, R., Adeel, M., and Ilyas, N. (2019). Effect of salt stress on tomato plant and the role of calcium. J. Plant Nutr. 43, 28–35. doi: 10.1080/01904167.2019.1659324

 Tester, M., and Davenport, R. (2003). Na+ tolerance and Na+ transport in higher plants. Ann. Bot. 91, 503–527. doi: 10.1093/aob/mcg058

 Tian, P., Lin, Z., Lin, D., Dong, S., Huang, J., and Huang, T. (2021). The pattern of DNA methylation alteration, and its association with the changes of gene expression and alternative splicing during phosphate starvation in tomato. Plant J. 108, 841–858. doi: 10.1111/tpj.15486

 Tzin, V., and Galili, G. (2010). New insights into the shikimate and aromatic amino acids biosynthesis pathways in plants. Mol. Plant 3, 956–972. doi: 10.1093/mp/ssq048

 van Zelm, E., Zhang, Y., and Testerink, C. (2020). Salt tolerance mechanisms of plants. Annu. Rev. Plant Biol. 71, 403–433. doi: 10.1146/annurev-arplant-050718-100005

 Vishwakarma, K., Upadhyay, N., Kumar, N., Yadav, G., Singh, J., Mishra, R. K., et al. (2017). Abscisic acid signaling and abiotic stress tolerance in plants: A review on current knowledge and future prospects. Front. Plant Sci. 8. doi: 10.3389/fpls.2017.00161

 Vitulo, N., Forcato, C., Carpinelli, E. C., Telatin, A., Campagna, D., D’Angelo, M., et al. (2014). A deep survey of alternative splicing in grape reveals changes in the splicing machinery related to tissue, stress condition and genotype. BMC Plant Biol. 14, 99. doi: 10.1186/1471-2229-14-99

 Wang, K., Jiao, Z., Xu, M., Wang, Y., Li, R., Cui, X., et al. (2016). Landscape and fruit developmental regulation of alternative splicing in tomato by genome-wide analysis. Hortic. Plant J. 2, 338–350. doi: 10.1016/j.hpj.2017.01.007

 Wang, M., Liu, C., Li, S., Zhu, D., Zhao, Q., and Yu, J. (2013). Improved nutritive quality and salt resistance in transgenic maize by simultaneously overexpression of a natural lysine-rich protein gene, SBgLR, and an ERF transcription factor gene, TSRF1. Int. J. Mol. Sci. 14, 9459–9474. doi: 10.3390/ijms14059459

 Wang, S., Lv, X., Zhang, J., Chen, D., Chen, S., Fan, G., et al. (2022). Roles of E3 ubiquitin ligases in plant responses to abiotic stresses. Int. J. Mol. Sci. 23, 2308. doi: 10.3390/ijms23042308

 Wang, X., Niu, Y., and Zheng, Y. (2021a). Multiple functions of MYB transcription factors in abiotic stress responses. Int. J. Mol. Sci. 22, 6125. doi: 10.3390/ijms22116125

 Wang, B., Wang, J., Yang, T., Wang, J., Dai, Q., Zhang, F., et al. (2023a). The transcriptional regulatory network of hormones and genes under salt stress in tomato plants (Solanum lycopersicum L.). Front. Plant Sci. 14. doi: 10.3389/fpls.2023.1115593

 Wang, G., Weng, L., Li, M., and Xiao, H. (2017). Response of gene expression and alternative splicing to distinct growth environments in tomato. Int. J. Mol. Sci. 18, 475. doi: 10.3390/ijms18030475

 Wang, Y., Xia, D., Li, W., Cao, X., Ma, F., Wang, Q., et al. (2022). Overexpression of a tomato AP2/ERF transcription factor SlERF.B1 increases sensitivity to salt and drought stresses, Sci. Hortic 304, 111332. doi: 10.1016/j.scienta.2022.111332

 Wang, Y., Zhang, Y., Fan, C., Wei, Y., Meng, J., Li, Z., et al. (2021b). Genome-wide analysis of MYB transcription factors and their responses to salt stress in Casuarina equisetifolia. BMC Plant Biol. 21, 328. doi: 10.1186/s12870-021-03083-6

 Wang, C., Zhang, L. J., and Huang, R. D. (2011). Cytoskeleton and plant salt stress tolerance. Plant Signal Behav. 6, 29–31. doi: 10.4161/psb.6.1.14202

 Wang, F., Zhou, Z., Zhu, L., Gu, Y., Guo, B., Lv, C., et al. (2023b). Genome-wide analysis of the MADS-box gene family involved in salt and waterlogging tolerance in barley (Hordeum vulgare L.). Front. Plant Sci. 14. doi: 10.3389/fpls.2023.1178065

 Waseem, M., Rong, X., and Li, Z. (2019). Dissecting the role of a basic helix-loop-helix transcription factor, slbHLH22, under salt and drought stresses in transgenic solanum lycopersicum L. Front. Plant Sci. 10. doi: 10.3389/fpls.2019.00734

 Xu, Z., Zhang, N., Fu, H., Wang, F., Wen, M., Chang, H., et al. (2021). Salt stress modulates the landscape of transcriptome and alternative splicing in date palm (Phoenix dactylifera L.). Front. Plant Sci. 12. doi: 10.3389/fpls.2021.807739

 Ye, X., Bi, Y., Ran, Q., Zhang, X., and Wang, B. (2023). The role of plant WRKY transcription factors against salt stress: a review. Sheng Wu Gong Cheng Xue Bao 39, 2600–2611. doi: 10.13345/j.cjb.220652

 Yin, P., Liang, X., Zhao, H., Xu, Z., Chen, L., Yang, X., et al. (2023). Cytokinin signaling promotes salt tolerance by modulating shoot chloride exclusion in maize. Mol. Plant 16, 1031–1047. doi: 10.1016/j.molp.2023.04.011

 Yu, H., Du, Q., Campbell, M., Yu, B., Walia, H., and Zhang, C. (2021). Genome-wide discovery of natural variation in pre-mRNA splicing and prioritising causal alternative splicing to salt stress response in rice. New Phytol. 230, 1273–1287. doi: 10.1111/nph.17189

 Yu, Z., Duan, X., Luo, L., Dai, S., Ding, Z., and Xia, G. (2020). How plant hormones mediate salt stress responses. Trends Plant Sci. 25, 1117–1130. doi: 10.1016/j.tplants.2020.06.008

 Yuan, F., Leng, B., and Wang, B. (2016). Progress in studying salt secretion from the salt glands in recretohalophytes: how do plants secrete salt? Front. Plant Sci. 7. doi: 10.3389/fpls.2016.00977

 Zang, D., Wang, J., Zhang, X., Liu, Z., and Wang, Y. (2019). Arabidopsis heat shock transcription factor HSFA7b positively mediates salt stress tolerance by binding to an E-box-like motif to regulate gene expression. J. Exp. Bot. 70, 5355–5374. doi: 10.1093/jxb/erz261

 Zhang, X., Chen, L., Shi, Q., and Ren, Z. (2020). SlMYB102, an R2R3-type MYB gene, confers salt tolerance in transgenic tomato. Plant Sci. 291, 110356. doi: 10.1016/j.plantsci.2019.110356

 Zhang, Q., Gong, M., Xu, X., Li, H., and Deng, W. (2022). Roles of auxin in the growth, development, and stress tolerance of horticultural plants. Cells 11, 2761. doi: 10.3390/cells11172761

 Zhang, J. G., Xu, C., Zhang, L., Zhu, W., Shen, H., and Deng, H. W. (2019). Identify gene expression pattern change at transcriptional and post-transcriptional levels. Transcription 10, 137–146. doi: 10.1080/21541264.2019.1575159

 Zhao, B. S., Roundtree, I. A., and He, C. (2017). Post-transcriptional gene regulation by mRNA modifications. Nat. Rev. Mol. Cell Biol. 18, 31–42. doi: 10.1038/nrm.2016.132

 Zhou, E., Wang, G., Weng, L., Li, M., and Xiao, H. (2022). Comparative analysis of environment-responsive alternative splicing in the inflorescences of cultivated and wild tomato species. Int. J. Mol. Sci. 23, 11585. doi: 10.3390/ijms231911585

 Zhu, G., Li, W., Zhang, F., and Guo, W. (2018). RNA-seq analysis reveals alternative splicing under salt stress in cotton, Gossypium davidsonii. BMC Genomics 19, 73. doi: 10.1186/s12864-018-4449-8

 Zizkova, E., Dobrev, P. I., Muhovski, Y., Hosek, P., Hoyerova, K., Haisel, D., et al. (2015). Tomato (Solanum lycopersicum L.) SlIPT3 and SlIPT4 isopentenyltransferases mediate salt stress response in tomato. BMC Plant Biol. 15, 85. doi: 10.1186/s12870-015-0415-7




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 © 2024 Gan, Qiu, Tao, Zhang, Okita, Yan and Tian. 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.


OEBPS/Images/fpls-15-1394223-g005.jpg
GOterm

response to endogenous stimulus
response to chemical

catalytic activity-

response to organic substance
gene expression

response to stimulus

cell periphery

oxidoreductase activity
cellular process:

enzyme regulator activity {
response to auxin

GOterm

cellular anatomical entity

molecular function regulator activity
enzyme inhibitor activity

molecular function inhibitor activity-
plasma membrane:
ribonucleoprotein complex

DNA binding

cell wall organization or biogenesis
biological regulation

cellular anatomical entity
response to stimulus
oxidoreductase activity

response to hormone

response to organic substance
response to endogenous stimulus
response to chemical

RNA binding

membrane

cell periphery

gene expression

response to auxin

enzyme regulator activity

plasma membrane

RNA metabolic process
molecular function regulator activity
cellular process

mitotic cell cycle

RNA processing

cell cycle

Top 20 of GO Enrichment

GeneNumber
® 200
® 400
@ 600

1.5e-07
1.0e-07
5.0e-08

0.0 0.1 0.2

RichFactor

03 04

Top 20 of GO Enrichment

@ 750

palue
1.0e-07
7.5¢-08
5.0e-08
2.5¢-08

0.0 0.2

RichFactor

04

Top 20 of GO Enrichment

membrane

catalytic activity

cellular anatomical entity

gene expression

plasma membrane

response to stimulus

response to hormone

response to endogenous stimulus

response to organic substance

response to chemical

transporter activity-

transmembrane transporter activity-

ribonucleoprotein complex

response to auxin

RNA binding

oxidoreductase activity-

RNA processing

ribosome

molecular function regulator activity: .
transmembrane transport- .

0.0 0.2
RichFactor

GOterm

04 06

Top 20 of GO Enrichment

oxidoreductase activity

RNA binding

membrane

ribonucleoprotein complex

cell periphery

gene expression

response to hormone

response to endogenous stimulus
response to chemical

response to organic substance
transmembrane transporter activity
RNA metabolic process
transporter activity

cellular anatomical entity
response to stimulus

response to auxin

plasma membrane
transmembrane transport
enzyme regulator activity
ribosome

GOterm

0.0

01 02 03

RichFactor

04 05





OEBPS/Images/fpls-15-1394223-g007.jpg
AS5SS

A3SS

MXE

RI

SE

ik

Counts of AS events

8000
7000
6000
5000
4000
3000

2000

WmA5SS mWA3SS mMXE mRI mSE

1976

4605

1929

5888

6129

2016

6781

5201






OEBPS/Images/fpls-15-1394223-g003.jpg
Cell division
Shoot initiation

e

Stomatal closure
~%  Seed dormancy

Cell enlargement
Growth

.

0 0 2
~-co®%

N
g : = 2, 2.8 5 83

- e oorSeororrS  Sserrr os=r  oSeeSS Sr SerrSSoeSerrr cooe
XL OXXOD DD IR DD DD IRLOXRR D DI DL IRR LD DR D IRRDAR ORI DIIRR IR DD DNDIDD
e N e g e T B i P = (1 i (A B o = G i i P B P - i g - R
LLNILOBNRBINNDNBILOIILNNBNLNIINLONINHDIIOINOILNDNIININANBOBDND

QOO ALOO TN T LONOOLDODNOT—MLOONLOM OO0  ODNCOM  MSTAINTHOMST A0 TN
NSNS OO0 O OONOID T TON OO OMMNODOTOODM  OMOSIM  COHLOOMOWDWDL)  OOXNOOSTNISH —<t
SLANTHOOONOOONNDNOT —HOFTNF FONTFOMODOTF SO0 OISO LONM—00MOMO
QOO MO N OO COOLOON OO O OLO T LOLOLOLO—NLH OLDCOLOCODOLO O OLOO N IO OLOM
ONONNOOTFLOTLOTOLOTLOLOMLOMLOMN St SEF OO ST OOLO S SESESELOLOLO ST LOOLOO S+ OLOLOSHLOSH SO OLOLOOT
SISO AN ANNOANANNANNOMNAIN O ANOO AN AN OO NNV O ONLN ONONWO O ONLOONNANANNNANN
OO OO T T T T T T T T T O O O T O T T O OIS T T O O v T

OO0 OOOOOOCOOOOOOOOOOOOOOOOOOOOOOTOOOOOTOOOOOOOOOTOOOOOO0OO

T T T T T T T T T T T T T T T T e e e e O e e e e )T e e e e O e

-1.5

, ‘ 7n ,| 2
f | >
L | ®
| = [ ] || i ||
L | mn [ B
)
' = = -
[323
il | ; | | | i
[ [ | i P
I o
| : | | JE
7 43
© w v 2
0 %00.1 R =R=2
< ? % N "
e wn 23 Seigsss
e @ o xo xoe N Np N N N
CYLELC EX T E CKCCCCKWKWC [SYSYOI WWWWWWK
Ly Ly <Ly I LAZENNNNELEELCALLNNNEL ['4
DR AT T 00 cONNNc>c>0MmMmMAna cm>>>>>>c
LLOLOLICCO<CMM <ownaooaoaonivndia<<oaoawn<iobdoadbon
ANT~OOOULMONMNNNMNDNOO OO MO — < MAN N OMNMNOMNONOOTOH ——OM
TNODONVOOWMNNOAN N~ ONOWWOWOWNS «— L0 NNOOSTOODOTTOM
TIETOTOITOOOTWOWOSH OO T-OWOTTETNM-NIDTMOMNMODO DD O W~ 00
ANNANNNNNNNNNNO© VT OTT-TOTNOOOOOITLWLWO S T O©OLW©
pp=prppmnprpop ] gagezpagaglaaagNIdNNOINIININ
~ Rt adh sttt bbb bl i bt adh b st adh sl adh st adh sl
= | T BB
) = R7)
] 2 )
©® E ™
» , )
- =
) o
o o
) )






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        RNA-seq analysis reveals transcriptome reprogramming and alternative splicing during early response to salt stress in tomato root

      

        		

          Introduction

        



        		

          Results

        

          		

            Overview of morphological performance of tomato seedlings and RNA-seq data of tomato roots in response to salt stress

          



          		

            Transcriptional changes induced by salt stress in tomato root

          



          		

            Analysis of alternative splicing events induced by salt stress

          



          		

            The combined analysis on DEGs and DAS genes in response to salt stress

          



          		

            Verification of AS patterns in DAS genes by RT-PCR

          



          		

            The potential DEG genes responsible for AS events under salt stress

          



        



        



        		

          Discussion

        



        		

          Materials and methods

        

          		

            Plant materials and salt stress treatment

          



          		

            RNA extraction, library construction and sequencing

          



          		

            RNA-seq analysis

          



          		

            Pathway enrichment analysis

          



          		

            Validation of alternative splicing

          



        



        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fpls-15-1394223-g010.jpg
NN ) QO o, ZWWZ mm.‘vmlR v

S 1 QR R ooy auQug
aeEcdoEna %, 280 5.8 Ot BrooBRoRechs  eiorzs

DITNLTAND SD.T«WD.HSR D0 DU £ NN DNNONANNOONA- N JTONTOD DA NA OADF-2NNNI>-NAON

S$1 S3 S6 S12

S0

Brochpoit ¥ spice sie

LEL LGk
EEEECHECEELERE

¥
= CEEEE
=) s

S splice sie
pre-mRNA o GU————— A— AG ST
s
Actvaid splceomme
complex B






OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fpls.2024.1394223_cover.jpg
& frontiers | Frontiers in Plant Science

RNA-seq analysis reveals transcriptome
reprogramming and alternative splicing
during early response to salt stress in
tomato root





OEBPS/Images/fpls-15-1394223-g001.jpg
PC2(26.8%)

()
o

o

-100

-50 0
PC1(31.3%)

50

100

SO0
e S1
e S3

S6

S12






OEBPS/Images/fpls-15-1394223-g006.jpg
MYB
: HSF
5 | AP2/ERF

===

EE=—————— 0
MADS |

I=——=

=

s

==

=

[—

=

Dof

homeobox

NAC

0 20 40 60 80 100
Gene number





OEBPS/Images/logo.jpg
, frontiers ‘ Frontiers in Plant Science





OEBPS/Images/fpls-15-1394223-g009.jpg
A

101257012 serine/arginine-rich splicing factor SR30

e
101257012.1 F—H—+—HH—HH——Hl
101257012.2 ———+—HH—HH——HE

M SO S1 S3 S6 S12

500bp:

250bp

E

101265102 WRKY transcription factor

oo
101265102.1 IE————
101265102.2 IES——S

M SO S1 S3 S6 S12

444p)
3570

750bp s18bp
500bp—| —228bp

101244492 multiple inositol polyphosphate phosphatase 1

-
101244492.1 H—E—F—H—H—=
1012444922 H—E——#H—H—H

M S0 S1 S3 S6 S12

250bp —

<—301bp
148bp

B
4
5 g | M101257012.1
‘@ W 101257012.2
]
® 5
g
¥ 4
®
2 3
s
e 2
1
0
SO st S3  s6 Ss12
F
101265102.1
c
Eu H101265102.2 I
H 'l
e
S 24
H
24t
5
& 2
0
SO s1  s3 sS6 s12
4
c 101244492.1
s H101244492.2
93
e
g
H
o a2
2
s
21
0

S0 s1 s3 S6 s12

101260686 F-box protein CPR1

- -
101260686.1 SN— N ——n

101260686.2 IE——_——————
101260686.3

101260686.4 I
M SO S1 S3 S6 S12

G

101255223 heat stress transcription factor HsfA2

]
101255223.1 g —————

101255223.2 I—— I — ——
1012552233 100 im0

101255223.4 I ————

M S0 _S1_S3 S6 S12
500bp | 4460p
250bp 194bp

=
e 148bp

K

101268618 SAGA-Tad1 like protein =

101268618.1 .—_ﬁ—-
101268618.2 I— - — .
M__ S0 S1__S3 S6_S12

750bp—>,
500bp—»|

625bp
450bp

Relative expression

Relative expression

Relative expression

120 [E101260686.1
W 101260686.2
60 | C1101260686.3
1101260686.4
h
10 - -
&
5 L
o Ll Mm@ malll] @l
so s1 s3 s6  s12
120
11012552231
m101255223.2
j0 £ 0101255223.3 i
F101255223.4
10
0 Lms. H ..-&-D_-ﬁ ﬂ I
s0 s1 s3 s6  s12
12
5 101268618.1
W101268618.2
0.8 T
06
04
02 I
0
S0 s1 s3 s6  s12





OEBPS/Images/fpls-15-1394223-g008.jpg
RichFactor

1800 mASSS mA3SS mMXE mRI mSE
1600 1584
8 1400
c
& 1200
0
1000
g
s 800
g 60
E a0
z
200
0
S1vsS0 S3vsSo S6vsS0 $12vsS0
B cellular anatomical entity [ ]
intracellular anatomical structure [ ]
catalytic activity [ ]
cellular process [ ]
intracellular membrane-bounded organelle L]
membrane-bounded organelle L]
intracellular organelle °
organelle L]
organic substance metabolic process [ ]
primary metabolic process [ ]
metabolic process ° GeneNumber
cytoplasm ° ® 200
; d boli ° ® 300
nitrogen compound metabolic process ® 400
catalytic activity, acting on a protein . @ 500
macromolecule metabolic process . G
pvalue
cellular metabolic process Ld 1.5e-10
transferase activity .4 1.0e-10
organonitrogen compound metabolic process L4 5.0e-11
nucleus °
macromolecule modification &
0.05 0.10

C
DE-only genes
8586
DEGs
10588 DE and DAS genes
2002
Expressed
genes
22117 DAS-only genes
1707
not DEGs
11529
Not regulated genes|
9822
D

serine/threonine-protein kinase
PPR-containing protein

E3 ubiquitin ligase

ZF Transcription factor

F-box protein

kinesin-like protein

MYB Transcription factor
PP2C-like protein

ABC transporter

bHLH Transcription factor

Splicing factor

@ DAS only
mDEG,DAS

20 40 60 80
Gene number





OEBPS/Images/fpls-15-1394223-g004.jpg
Number of DEGs

w b

o o
8 8
o o

g8 8
e o

N
8
=)

1000

S1vsS0

S3vsS0

m All m Up 1 Down

S3vsS0 S6vsS0 S12vsS0

S6vsS0

S6vsS0

S6vsS0






OEBPS/Images/fpls-15-1394223-g002.jpg
S0-1

S0-2

S0-3

S1-1

S$1-2

S$1-3

S3-1

S$3-2

S$3-3

S6-1

S6-2

S6-3
S$12-1

$12-2
$12-3

Rel. expression  Rel. expression  Rel. expression  Rel. expression

Rel. expression

Cluster 1 Cluster 6
e
o v
Cluster 7
14
i 0
1.0 ]
gL “14E5
: —_——

054

Cluster 8
= ]

———
S0 S1 83 S6 S12

S0 S1 S3 S6 S12

intracellular m':n-meml::ranﬁ-hour;?grz?1 Qrgane |

co e

cellular anatomical entity

catalytic activi!
$nz me regulator activi
molecular function regulator activi

carbohydrate metabolic g ocess
mitotic ¢ n :;c le
cell cycle

membrane
gndosome membrane
cellular anatomical entity

hosphoric ester hy ivit
phosphorc esigl uiotase iy
catalytic activity, acting on a protei

cellular res%ps to stimulus
protein modification process
protein ubiquitination

membrane
e
ty
ion blm;ilngg

lar an:

transferase activi
catalytic activif

response to heat
response to temperature stimulus
response to abiotic stimulus

pmtein-comainin'aecom lex
mbrane
cellular anatomical entity

R i
catalytic activi

response to temperature stimulus
P Eeté%olic 0cess
transmembrane transport

supramo|ec\:¥?r lymer
cytoskefeton
cell periphery

molecular function regulator activi
sgtalg't?c aci‘wl%
enzyme regulator activi

response to sTlrréu lus
c

mitotic E6ll Yele

0 2 4

o
©
o

0 2 4 6 8
-logyq pvalue

10 12

®

14





