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Combined transcriptome and metabolome reveal glutathione metabolism plays a critical role in resistance to salinity in rice landraces HD961
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Rice (Oryza sativa) is one of the most important food crops around the world, which is sensitive to salt stress, especially in the seedling and booting stage. HD961 is a salt-tolerant rice landrace that grows along coastal beaches and has disease and insect pest resistance, salt tolerance, and vigorous growth characteristics. We performed a combined transcriptome and metabolome analysis to clarify salinity resistance mechanisms in cultivar HD961, which has adapted to salinity soil at the early seedling stage. The results showed that the growth and antioxidant capacity of HD961 were stronger than 9311 under salt stress (SS). Transcriptomic analysis showed that a total of 6,145, 3,309, 1,819, and 1,296 differentially expressed genes (DEGs) were identified in the groups of TH60 (control group vs. 60 mM group of HD961 for transcriptome), TH120 (control group vs. 120 mM group of HD961 for transcriptome), T60 (control group vs. 60 mM group of 9311 for transcriptome), and T120 (control group vs. 120 mM group of 9311 for transcriptome), respectively. Starch and sucrose metabolism and phenylpropanoid biosynthesis were shared in the four treatment groups based on a KEGG enrichment analysis of DEGs. In addition, alpha-linolenic acid metabolism, plant hormone signal transduction, plant-pathogen interaction, and fatty acid elongation were specific and significantly different in HD961. A total of 92, 158, 151, and 179 significantly regulated metabolites (SRMs) responded to SS in MH60 (control group vs. 60 mM group of HD961 for metabolome), MH120 (control group vs. 120 mM group of HD961 for metabolome), M60 (control group vs. 60 mM group of 9311 for metabolome), and M120 (control group vs. 120 mM group of 9311 for metabolome), respectively. The KEGG analysis showed that eight common metabolic pathways were identified in the four treatment groups, of which biosynthesis of amino acids was the most significant. Three specific metabolic pathways were identified in the HD961, including glutathione metabolism, ascorbate and aldarate metabolism, and pantothenate and CoA biosynthesis. Integrative analysis between the transcriptome and metabolome showed that glutathione metabolism was specific and significantly affected under SS in HD961. A total of seven SRMs and 48 DEGs and four SRMs and 15 DEGs were identified in the glutathione metabolism pathway in HD961 and 9311, respectively. The Pearson correlation analysis showed a significant correlation between reduced glutathione and 16 genes (12 upregulated and four downregulated genes), suggesting these genes could be candidates as salt-tolerance regulation genes. Collectively, our data show that glutathione metabolism plays a critical role in response to SS in rice. Moreover, the stronger regulative ability of related common genes and metabolites might contribute to salt resistance in HD961.
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Introduction

As the human population continues to grow, the demand for cereals is increasing (Tilman et al., 2011). While breeders are trying to improve rice yield, the area of soil salinization is constantly expanding, seriously restricting the improvement in rice yield. Thus, collecting salt-tolerant rice germplasm and cultivating salt-tolerant rice varieties is particularly important. The HD961 variant, commonly known as “seawater rice,” is salt-tolerant landrace rice that grows along coastal beaches or low-lying saline fields often flooded with seawater in Zhanjiang, China. It has the characteristics of diseases and insect pest resistance, salt tolerance, and vigorous growth. Therefore, exploring the mechanisms of salt tolerance in HD961 will aid in developing new salt-tolerant varieties.

Water stress, ion toxicity, nutritional disorders, oxidative stress, changes in metabolic processes, and membrane disorganization are induced in plants under salt stress (SS) (Demidchik et al., 2010; Flowers and Colmer, 2015). These effects result in plant growth inhibition, developmental changes, metabolic adaptations, and death (Liang et al., 2018). Therefore, plants have evolved various mechanisms to develop salt tolerance, including osmotic adjustment, signal transduction, ion sequestration or exclusion, molecular regulation, and adaptive responses (van Zelm et al., 2020). Many osmoprotectants, such as proline, glycine, betaine, and soluble sugar, are induced by SS and consequently increase rapidly (Kishor et al., 1995; Garg et al., 2002; Taji et al., 2002). The rapid development of gene sequencing technologies in recent years has led to the identification of differentially expressed genes (DEGs) in response to SS based on transcriptome analysis (Fu et al., 2019; Jahan et al., 2021). Many genes, including transcription factors (TFs), osmoprotectant genes, and ion transporter/channel genes, have subsequently been cloned in rice for functional analysis, including OsMYB2, OsbZIP71, OsCMO, and OsHKT1;5 (Luo et al., 2012; Yang et al., 2012; Liu et al., 2014; Kobayashi et al., 2017). The mechanisms of plant salt tolerance involve complex regulatory networks; therefore, it is necessary to understand the relationship between genes and downstream metabolites.

Metabolomics has been widely used to study complex metabolites under biotic and abiotic stress in plants, providing insight into extensive metabolic data and daedal metabolic pathways. Metabolomics can be divided into non-targeted and targeted metabolomics (Saito and Matsuda, 2010; Luo et al., 2018; Ribbenstedt et al., 2018). Widely targeted metabolomics represents the next generation of metabolome technology, which combines the broad spectrum of non-targeted metabolome detection with the accuracy of targeted metabolome detection. It mainly collects data through multiple reaction monitoring technologies and establishes a metabolite database to achieve an accurate qualitative and quantitative analysis of metabolites (Luo et al., 2018). Li et al. (2021) found that flavonoid biosynthesis may represent the main resistance mechanism for Zanthoxylum bungeanum against stem canker based on combined transcriptome and metabolome analyses. Moreover, the metabolites of Jerusalem artichoke involved in glycolysis, phenolic metabolism, tricarboxylic cycle, glutamate-mediated proline biosynthesis, urea cycle, amino acid metabolism, unsaturated fatty acid biosynthesis, and the met salvage pathway respond to drought stress (Zhao et al., 2021). Nine salt-tolerance biomarkers were identified by comparing metabolome data of two cultivars of hulless barley. The ABA signaling pathway was shown to be essential during the SS response (Wang et al., 2019b). A comparison of different metabolites in cultivar FL478 (salt-tolerance) and cultivar IR64 (salt-sensitive) at the seedling stage under SS found that sugars and amino acids were more obviously increased in FL478 than IR64, but organic acids of FL478 were clearly decreased compared to IR64 (Zhao et al., 2014). The metabolism of amino acids, sugars, linoleic acid, and wax biosynthesis was highly correlated with melatonin-mediated SS responses in rice (Xie et al., 2020). Therefore, widely targeted metabolomics is a mature detection technology that can be applied in this study.

In this study, RNA sequencing and widely targeted metabolomics were performed for rice cultivars HD961 (salt-tolerant) and 9311 (salt-sensitive) at the three-leaf stage with different concentrations of NaCl stress treatment (0, 60, and 120 mM) for 0 and 7 days, respectively. We compared and analyzed the transcriptome and metabolome between HD961 and 9311 in response to SS at the seedling stage. Here, we explored gene-gene, metabolome-metabolome, and gene-metabolome regulatory network relationships in the SS response in rice. Based on these data, the molecular regulation mechanism of salt tolerance was elucidated in the new salt-tolerant rice cultivar HD961. Related regulatory genes and metabolites in the metabolic pathway were found to improve the salt tolerance of rice. Our findings enrich the molecular regulation theory of salt tolerance in rice and provide a theoretical basis for salt tolerance rice breeding.



Materials and methods


Plant materials and cultivation

The Indica rice cultivars HD961 (salt-tolerant, red rice) and 9311 (salt-sensitive and white rice) were used in this study. Plump seeds were picked from the seeds of HD961 and 9311, which were surface-sterilized with 30% (v/v) H2O2 for 30 min, rinsed thoroughly with ddH2O and sown in a plastic tray (41.5 cm × 30.5 cm × 2 cm) covered with a layer of absorbent filter paper. The trays were then placed in the dark incubator at 28°C for 5 days, and the filter paper was kept moist with ddH2O. Seedlings with consistent growth vigor were transferred to a 96-well black hydroponic box filled with Yoshida nutrient solution of rice (Coolaber, Beijing, China) and cultivated in an artificial climate chamber with 65% relative humidity under an 18 h/6 h light/dark (light intensity ∼ 16,000 LUX) cycle at 26°C. The nutrient solution was renewed every 3 days.



Salt stress treatment

The SS experiment used three NaCl concentrations: 0 mM (control group), 60 mM, and 120 mM, respectively. When the rice seedlings were at the stage of three leaves, plants with the same growth vigor were selected as experimental materials for a 7 days SS treatment. After the SS treatment, a phenotypic measurement was performed. The aerial part of the rice seedlings (a mix of stems and leaves) was collected for relevant omics and physiological analyses. All samples (18 samples) were frozen in liquid nitrogen and transferred to −80°C for storage. Three biological replicates were performed for each sample in this study.



Measurement of phenotypic and physiologically related parameters

The phenotypic measurements included plant height, total root length, dry weight of the aerial part for each plant, and dry weight of the root system for each plant. Plant height was measured for 20 plants of each cultivar using a ruler. The 20 plants were cut into aerial and root sections. The root systems of the 20 plants were scanned using a root scanner (Microtek Scanmaker i800 Plus, China), and the root length was analyzed using the bundled software from the root scanner. After root system scanning, the aerial and root sections of 20 plants were put into two envelopes and incubated at 105°C for 30 min, followed by 85°C until they achieved a stable weight. Free proline and soluble sugar concentrations were determined using the acid ninhydrin reagent and anthrone methods, respectively (Moustakas et al., 2011). The H2O2 content and superoxide dismutase (SOD) activity were determined using Dongsansuk’s method (Dongsansuk et al., 2021).



RNA sequencing and transcriptomics analysis

The total RNA from 18 samples was extracted using TRIzol reagent (Invitrogen, Carlsbad, CA, United States) according to the standard protocol. The cDNA library was then constructed and sequenced on an Illumina HiSeq X-ten platform at Wuhan Metware Biotechnology Co., Ltd. (Wuhan, China), and the length of the generated reads was 150 bp paired-end (PE 150). To obtain clear reads, the low-quality reads, adapter sequences, and sequences with more than 10% poly-N in the raw reads were filtered using fastp 0.21.0 (Chen et al., 2018). The Q20, Q30, and GC content of each sample were calculated. Clear reads from each sample were mapped to the Nipponbare (Oryza sativa ssp. indica, ASM465v11) reference genome using HISAT2 (Kim et al., 2015). Raw counts of genes were performed using feature counts (Liao et al., 2014). The differentially expressed genes (DEGs) between two samples were identified using DESeq2 with the parameters of | log2fold change| ≥ 1 and false discovery rate (FDR) < 0.05 (Love et al., 2014). The functions of DEGs were annotated using the KEGG and GO databases, whereby the KEGG pathway analysis of DEGs was performed using BLAST software (Camacho et al., 2009). KEGG enrichment was analyzed using KOBAS 2.0 software with a p-value < 0.05 (Mao et al., 2005; Xie et al., 2011), and the GO analysis of DEGs was carried out using the R package cluster Profiler (Yu et al., 2012). The transcription factors (TFs) were predicted using iTAK software (Zheng et al., 2016) with the PlnTFDB (Pérez-Rodríguez et al., 2010) and PlantTFDB (Jin et al., 2014) databases among the DEGs. Moreover, the samples were named as TR_HD961_0 (control group of HD961 for transcriptome), TR_HD961_60 (60 mM group of HD961 for transcriptome), TR_HD961_120 (120 mM group of HD961 for transcriptome), TR_9311_0 (control group of 9311 for transcriptome), TR_9311_60 (60 mM group of 9311 for transcriptome), and TR_9311_120 (120 mM group of 9311 for transcriptome). TH60, TH120, T60, and T120 were denoted as groups TR_HD961_0 vs. TR_HD961_60, TR_HD961_0 vs. TR_HD961_120, TR_9311_0 vs. TR_9311_60, and TR_9311_0 vs. TR_9311_120, respectively.



Real-time quantitative PCR

To confirm the accuracy of RNA-Seq, 12 candidate DEGs were verified by RT-qPCR. Based on the coding gene sequences, the primers of RT-qPCR were designed using primer premier 6.0 software, and β-actin was selected as the internal control gene (Kim et al., 2003) (Supplementary Table 1). The SYBR® Green Premix Pro Taq HS qPCR Kit (Accurate Biological Engineering LTD, Hunan, China) was used for the RT-qPCR assay. A 20 μl of reaction solution contained 10 μl 2 × SYBR Green Pro Taq HS Premix, 0.5 μl of primer F (10 μM), 0.5 μl of primer R (10 μM), 1 μl of cDNA, and 8 μl of nuclease-free water. The qPCR reactions involved denaturation at 95°C for 30 s, followed by 40 cycles of 5 s at 95°C and 30 s at 60°C. The RT-qPCR assays were carried out using the Bio-Rad CFX Connect Real-time System. The qPCR data were analyzed using the 2–ΔΔCt quantitative method to determine differences in gene expression (Livak and Schmittgen, 2001). This study used three independent biological replicates and three technological replicates for each sample.



Sample preparation and extraction for widely targeted metabolomics

The sample preparation, extraction, identification, and quantification of the widely targeted metabolome was performed by Wuhan Metware Biotechnology Co., Ltd.2. Three biological replicates were performed in this study. The samples were named as follows: ME_HD961_0 (control group of HD961 for metabolome), ME_HD961_60 (60 mM group of HD961 for metabolome), ME_HD961_120 (120 mM group of HD961 for metabolome), ME_9311_0 (control group of 9311 for metabolome), ME_9311_60 (60 mM group of 9311 for metabolome), and ME_9311_120 (120 mM group of 9311 for metabolome). MH60, MH120, M60, and M120 were denoted as groups ME_HD961_0 vs. ME_HD961_60, ME_HD961_0 vs. ME_HD961_120, ME_9311_0 vs. ME_9311_60, and ME_9311_0 vs. ME_9311_120, respectively.

Biological samples were freeze-dried using a vacuum freeze dryer (Scientz-100F). The freeze-dried samples were crushed using a mixer mill (MM 400, Retsch) with a zirconia bead for 1.5 min at 30 Hz. Next, 100 mg of lyophilized powder was dissolved with 1.2 ml 70% methanol solution, vortexed for 30 s every 30 min for a total of six times, and then placed at 4°C overnight. Following centrifugation at 12,000 rpm for 10 min, the extracts were filtered (SCAA-104, 0.22 μm pore size; ANPEL, Shanghai, China) before UPLC-MS/MS analysis.



UPLC conditions

The sample extracts were analyzed using a UPLC-ESI-MS/MS system (UPLC, SHIMADZU Nexera X2; MS, Applied Biosystems 4500 Q TRAP). The analytical conditions were as follows: UPLC: column, Agilent SB-C18 (1.8 μm, 2.1 mm × 100 mm); the mobile phase consisted of solvent A, pure water with 0.1% formic acid, and solvent B, acetonitrile with 0.1% formic acid. Sample measurements were performed with a gradient program that employed starting conditions of 95% A and 5% B. Within 9 min, a linear gradient was programmed to 5% A and 95% B, and a composition of 5% A and 95% B was maintained for 1 min. Subsequently, a composition of 95% A and 5.0% B was adjusted within 1.10 min and maintained for 2.9 min. The flow velocity was set at 0.35 ml per minute, the column oven was set to 40°C, and the injection volume was set to 4 μl. The effluent was alternatively connected to an ESI-triple quadrupole-linear ion trap (QTRAP)-MS.



ESI-Q TRAP-MS/MS

The LIT and triple quadrupole (QQQ) scans were acquired on a triple quadrupole-linear ion trap mass spectrometer (Q TRAP), the AB4500 Q TRAP UPLC/MS/MS System, equipped with an ESI Turbo Ion-Spray interface that was operated in positive and negative ion mode and controlled by Analyst 1.6.3 software (AB Sciex). The ESI source operation parameters were as follows: an ion source, turbo spray; source temperature, 550°C; ion spray voltage (IS), 5,500 V (positive ion mode)/−4,500 V (negative ion mode); ion source gas I (GSI), gas II (GSII), and curtain gas (CUR) were set at 50, 60, and 25 psi, respectively; and the collision-activated dissociation (CAD) was set at high. Instrument tuning and mass calibration were performed with 10 and 100 μM polypropylene glycol solutions in QQQ and LIT modes, respectively. QQQ scans were acquired as MRM experiments with collision gas (nitrogen) set to medium. DP and CE for individual MRM transitions were conducted with further DP and CE optimization. A specific set of MRM transitions were monitored for each period according to the metabolites eluted within this period.



Data analysis of metabolomics

The hierarchical cluster analysis (HCA) results of samples and metabolites were presented as heatmaps with dendrograms, while Pearson correlation coefficients (PCC) between samples were calculated by the cor function in R and presented as only heatmaps. Both HCA and PCC were carried out by the R package pheatmap. For HCA, normalized signal intensities of metabolites (unit variance scaling) were visualized as color spectra. Principal component analysis (PCA) was performed using the statistics function prcomp within R3. The data were unit variance scaled before PCA.

Significantly regulated metabolites (SRMs) between groups were determined by VIP ≥ 1 and absolute Log2FC (fold change) ≥ 1. VIP values were extracted from the OPLS-DA results, which also contained score plots and permutation plots, and were generated using the R package MetaboAnalystR. The data were log-transformed (log2) and mean centered before OPLS-DA. To avoid overfitting, a permutation test (200 permutations) was performed.

Identified metabolites were annotated using the KEGG compound database4, and annotated metabolites were then mapped to the KEGG pathway database5. The pathways with SRMs mapped were then fed into the metabolite set enrichment analysis (MSEA), and their significance was determined using the hypergeometric test’s p-values.



Statistical analysis

Duncan’s multiple comparison method was conducted using Statistical Product and Service Solutions software (IBM SPSS 19.0) to assess the differences in phenotypic and physiological indices at three different levels of salinity. Statistical significance was set at p < 0.05. The bar diagram was drawn using Microsoft Office Excel 2016. The Pearson correlation analysis and gene-metabolite correlation network diagram between DEGs and SRMs in the glutathione pathway of HD961 were conducted using a tool of advanced correlation network graph in the Metware cloud platform (the threshold for association analysis > 0.8, p < 0.056).




Results


Analysis of morphological response to salt stress

The HD961 cultivar showed better plant height, total root length, dry weight of the aerial part, and dry weight of roots than the cultivar 9311 after 7 days of SS treatment (Supplementary Figure 1). The plant height and root length of HD961 and 9311 decreased as the NaCl concentration increased (Supplementary Figures 1A,B). Compared with 0 mM NaCl, the dry weight of the aerial part and roots were slightly increased at 60 mM and 120 mM in HD961, but decreased for 9311 (Supplementary Figures 1C,D). In addition, the biomass of HD961 was significantly greater than 9311 after 7 days of SS treatment (Supplementary Figure 2). Therefore, the performance of HD961 was better than 9311 under NaCl stress.



Analysis of the physiological response to salt stress

The content of H2O2, proline, soluble sugar, and SOD activity were significantly increased in HD961 and 9311 cultivars under NaCl stress, except for the soluble sugar content of 9311 (Figure 1). The H2O2 content of HD961 was less than 9311, but the proline content, soluble sugar content, and SOD activity of HD961 were greater than those of 9311 under SS (Figure 1). Therefore, HD961 has a stronger osmotic adjustment ability and antioxidant capability than 9311 when the plants are under SS.
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FIGURE 1
Physiologic parameters of HD961 and 9311 after 7-day salt stress treatment. The values of the error bars are plus and minus standard deviation values. The different letters denote that it is at the significance level among different concentrations of the same cultivar, p < 0.05.




Transcriptome analysis

To investigate the transcriptome response to SS in rice, 18 cDNA libraries were sequenced using Illumina platforms. After quality control, there were 44,784,392 to 60,082,654 clean reads in HD961 and 44,686,470 to 56,907,604 clean reads in 9311 (Supplementary Table 2). The Q20 and Q30 of all libraries were more than 97.77 and 94.00%, respectively (Supplementary Table 2). Twelve genes were chosen for qRT-PCR to validate the RNA-seq data, including LOC_Os01g19330, LOC_Os01g46760, LOC_Os01g51690, LOC_Os01g68460, LOC_Os03g44270, LOC_Os04g33920, LOC_Os05g04870, LOC_Os06g02040, LOC_Os06g09688, LOC_Os07g19320, LOC_Os08g36310, and LOC_Os10g08474. The results showed that the expression profiles of these genes were consistent with those results of RNA-seq, suggesting that the RNA-seq data were accurate and reliable (Supplementary Figure 3).

A total of 6,145, 3,309, 1,819, and 1,296 DEGs were identified in the TH60, TH120, T60, and T120 groups, respectively, of which 1,867 common DEGs were expressed in both TH60 and TH120, and 490 common DEGs were expressed in T60 and T120 (Figure 2A). In addition, 2,784 and 520 common DEGs were expressed in two cultivars at 60 and 120 mM, respectively (Figure 2A). The 3,231, 2,093, 883, and 616 DEGs were expressed exclusively in groups T60, TH60, TH120, and T120 (Figure 2A). These results showed that the number of DEGs in HD961 was greater than in 9311. Compared with the 120 mM treatment group, the DEGs were more responsive at 60 mM in both cultivars. There were 3,795 up-DEGs and 2,350 down-DEGs, as well as 1,090 up-DEGs and 2,219 down-DEGs in TH60 and TH120, respectively. In addition, there were 627 up-DEGs and 669 down-DEGs, as well as 1,278 up-DEGs and 541 down-DEGs in T60 and T120, respectively (Figure 2B). A heatmap for all DEGs under different concentrations of SS was generated after RNA-seq analysis. It showed that the gene expression patterns of the two cultivars were clearly different under SS (Supplementary Figure 4). The DEGs of HD961 exhibited clearer differences under the tested NaCl concentrations than 9311.
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FIGURE 2
All differentially expressed genes (DEGs) at 60 mM and 120 mM NaCl treatment. (A) The DEGs Venn diagram of HD961and 9311. (B) The up and downregulated DEGs of HD961 and 9311.


The KEGG pathway enrichment analysis of DEGs showed that 134, 121, 100, and 108 KEGG pathways were enriched in the TH60, TH120, T60, and T120 groups, respectively (Supplementary Tables 3–6). Moreover, 21, 19, 8, and 19 KEGG pathways were significantly enriched in the TH60, TH120, T60, and T120 groups, respectively (Figure 3). The Top 5 KEGG pathways of TH60 were increased considerably by 404, 211, 89, 187, and 12 DEGs. They included plant-pathogen interaction, plant hormone signal transduction, starch and sucrose metabolism, MAPK signaling pathway-plant, and photosynthesis-antenna proteins, respectively (Figure 3 and Supplementary Table 3). In addition, 66, 216, 117, 101, and 27 DEGs were significantly enriched for the top 5 KEGG pathways in TH120, namely phenylpropanoid biosynthesis, plant–pathogen interaction, plant hormone signal transduction, MAPK signaling pathway-plant, and glutathione metabolism, respectively (Figure 3 and Supplementary Table 4). For the T60 group, 24, 10, 9, 19, and 14 DEGs were significantly enriched for the top 5 KEGG pathways: phenylpropanoid biosynthesis, DNA replication, cutin, suberine, and wax biosynthesis, starch, and sucrose metabolism, and amino sugar and nucleotide sugar metabolism, respectively (Figure 4 and Supplementary Table 5). 10, 29, 14, 13, and 11 DEGs were significantly enriched to carotenoid biosynthesis, phenylpropanoid biosynthesis, glutathione metabolism, flavonoid biosynthesis, and zeatin biosynthesis in the T120, respectively (Figure 4 and Supplementary Table 6). Moreover, two KEGG pathways were shared and significantly different in four groups (TH60, TH120, T60, and T120; p < 0.05), including starch and sucrose metabolism (89, 44, 19, and 21 DEGs) and phenylpropanoid biosynthesis (96, 66, 24, and 29 DEGs), respectively (Figures 3, 4 and Supplementary Figure 5). Alpha-linolenic acid metabolism (51 and 19 DEGs), plant hormone signal transduction (211 and 117 DEGs), plant-pathogen interaction (404 and 216 DEGs), and fatty acid elongation (20 and 11 DEGs) were specific KEGG pathways in both TH60 and TH120 (Figure 3 and Supplementary Figure 5). In the MAPK signaling pathway–plant (187, 101, and 44 DEGs), glutathione metabolism (33, 27, and 14 DEGs) and diterpenoid biosynthesis (52, 30, and 13 DEGs) were shared between the TH60, TH120, and T120 groups (Figures 3, 4 and Supplementary Figure 5).
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FIGURE 3
Top 24 pathways of KEGG enrichment of DEGs in HD961.
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FIGURE 4
Top 24 pathways of KEGG enrichment of DEGs in 9311.




Metabolome analysis

The metabolites of HD961 and 9311 were analyzed to investigate the variation of the metabolomic profiles in response to SS using LC-MS/MS. A total of 92 (80 upregulated and 12 downregulated), 158 (120 upregulated and 38 downregulated), 151 (137 upregulated and 14 downregulated), and 179 (146 upregulated and 33 downregulated) SRMs accumulated in the MH60, MH120, M60, and M120 groups, respectively (Supplementary Figure 6). The 75 common SRMs accumulated in both MH60 and MH120, and the 134 common SRMs accumulated in both M60 and M120 (Figure 5A). The 69 and 97 common SRMs accumulated in two cultivars at 60 mM and 120 mM, respectively (Figure 5A). In addition, 13, 6, 48, and 30 SRMs were exclusively accumulated in the M60, MH60, MH120, and M120 groups (Figure 5A). These results show that as NaCl concentration increased, the number of SRMs also increased. Most of the SRMs were upregulated when the plants were subjected to SS. The PCA based on three QC samples (mix) and 18 test samples showed that 18 samples could separate clearly in the first two principal components, accounting for 61.2% of the total variability (Figure 5B). PCA1 and PCA2 accounted for 38.5% and 22.7% of the variability, respectively (Figure 5B). A heatmap of all metabolites showed significant differences in metabolites in HD961 and 9311 cultivars under NaCl stress (Supplementary Figure 7). These SRMs were classified into nine groups, of which the amino acids and derivatives (20%), organic acids (15.5%), lipids (14.8%), and alkaloids (12.3%) contained the majority of the upregulated SRMs. The flavonoids (25.7%), organic acids (24.5%), and lipids (12.8%) accounted for the largest proportion of downregulated SRMs (Figure 6 and Supplementary Figure 7). Therefore, amino acids and derivatives were the predominant upregulated SRMs, and the flavonoids and organic acids were the main downregulated SRMs in rice under NaCl stress.
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FIGURE 5
All SRMs at 60 mM and 120 mM NaCl treatment. (A) The SRMs Venn diagram of HD961and 9311. (B) PCA of metabolic data from different treatments in HD961 and 9311.
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FIGURE 6
Significantly regulated metabolite (SRM) classification of HD961 and 9311.


KEGG pathway enrichment analysis of SRMs showed that the top 20 KEGG pathways were similar in both HD961 and 9311 cultivars (Figures 7, 8). The most significant enrichments in MH60, MH120, M60, and M120 groups were biosynthesis of amino acids, ABC transporters, biosynthesis of amino acids, and biosynthesis of amino acids, respectively (Figures 7, 8 and Supplementary Tables 9–12). Therefore, the biosynthesis of amino acids was the most important metabolic pathway under NaCl stress in both cultivars. For example, L-cysteine and L-lysine-butanoic acid were the top two upregulated SRMs in the biosynthesis of amino acids (Supplementary Tables 8, 9). L-isoleucine, L-ornithine, L-valine, and L-proline were also upregulated SRMs. To visually describe the relationship among the top 20 KEGG enrichment pathways of the four groups, we created a Venn diagram (Supplementary Figure 8). The results showed that eight common metabolic pathways were identified in the four groups: biosynthesis of amino acids, glucosinolate biosynthesis, aminoacyl-tRNA biosynthesis, penicillin, and cephalosporin biosynthesis, cyanoamino acid metabolism, valine, leucine and isoleucine degradation, lysine degradation, and valine, leucine, and isoleucine biosynthesis (Supplementary Figure 8 and Supplementary Table 13). Of these common metabolic pathways, the cyanoamino acid metabolism, penicillin, and cephalosporin biosynthesis, aminoacyl-tRNA biosynthesis, and valine, leucine, and isoleucine degradation reached a statistically significant enrichment level in the four groups (p < 0.05) (Figures 7, 8). There were three specific metabolic pathways in the HD961 cultivar (glutathione metabolism, ascorbate and aldarate metabolism, and pantothenate and CoA biosynthesis) (Supplementary Figure 8 and Supplementary Table 13), of which glutathione metabolism was significantly enriched (p < 0.05). Therefore, glutathione metabolism should be explored in rice grown under SS.
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FIGURE 7
Top 20 pathways of KEGG enrichment of SRMs in HD961.
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FIGURE 8
Top 20 pathways of KEGG enrichment of SRMs in 9311.




Integrative analysis between the transcriptome and metabolome

To understand the relationship between DEGs and SRMs, we conducted an integrative analysis between the transcriptome and metabolome. Glutathione metabolism was the only shared and significantly enriched pathway in the TH60, MH60, TH120, and MH120 groups (Supplementary Tables 14, 15). However, no shared and significantly enriched pathways were observed in both T60, M60, T120, and M120 groups (Supplementary Tables 16, 17). Therefore, the specific glutathione metabolism represented a significantly affected metabolic pathway in the cultivar HD961 undergoing SS. In this pathway, seven SRMs and 48 DEGs were identified in the HD961, and four SRMs and 15 DEGs were identified in the 9311 undergoing SS (Figure 9). Compared with 9311, the HD961 cultivar had a stronger response to SS, and its regulation was more complex. Reduced glutathione (GSH), spermidine, and dehydroascorbic acid were specific SRMs in HD961 (Figure 9A). Moreover, L-ornithine (upregulated), cadaverine (downregulated), L-ascorbic acid (downregulated), and L-cysteine (upregulated) were the same SRMs in both cultivars, of which L-cysteine was the most active substance in response to SS (Figure 9A). GSH and dehydroascorbic acid decreased, while spermidine increased as NaCl concentration increased (Figure 9A). With regard to DEGs, most of the DEGs were glutathione S-transferase (GST), of which the ‘tau’ class GST (U represents tau) was the most active, followed by the ‘phi’ class GST (F represents phi) (Figures 9B,C). Therefore, the GSTs were clearly induced by NaCl stress. In HD961, the expression of ascorbate peroxidase 3 (APX3, LOC_Os04g14680), gamma-glutamyl transpeptidase (GGT, LOC_Os02g26700), and glutathione reductase (GSR, LOC_Os10g28000) were increased under SS. The expression of APX6 (LOC_Os08g41090), APX8 (LOC_Os02g34810), glutathione peroxidase (GPX, LOC_Os06g08670), and glutathione synthase (GSS, LOC_Os12g16200) first increased and then decreased as the concentration of NaCl increased. To explore the relationship between these SRMs and DEGs in glutathione metabolism, we conducted the Pearson correlation analysis. The results showed that 34 DEGs strongly correlated with 7 SRMs (R2 > 0.8 and P < 0.05) under NaCl stress (Figure 10). There was a significant correlation between the expression of genes (LOC_Os10g38630, GSTU2) and metabolite abundance (MA10039492, dehydroascorbic acid; pme0195, L-cysteine; mws0018, spermine; pme2527, L-ornithine; pme1841, cadaverine). Moreover, there were significant correlations between GSH and 16 genes (12 upregulated genes and four downregulated genes). For example, the correlation between the genes of LOC_Os10g38340, LOC_Os09g37120, LOC_Os10g38160, and LOC_Os01g72130. Further, the metabolite of GSH was extremely significant, with correlation coefficients of 0.993, 0.992, 0.963, and 0.939, respectively (Figure 10). Nevertheless, the correlation coefficient between GSH and the genes of LOC_Os04g51300, LOC_Os03g17480, LOC_Os02g34810, and LOC_Os12g16200 were −0.934, −0.855, −0.837, and −0.836, respectively (Figure 10). Taken together, the correlation analysis revealed that specific genes were highly correlated with glutathione metabolites, indicating that these synthesis genes play a vital role in the synthesis of GSH under SS.
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FIGURE 9
Analysis of DEGs and SRMs in the glutathione metabolic pathway. (A) The enriched SRMs of MH60, MH120, M60, and M120 in the glutathione metabolic pathway. Spermidine, GSH, and dehydroascorbic acid were not SRMs in the M60 and M120. (B) The enriched DEGs of T60 and T120 in the glutathione metabolic pathway. (C) The enriched DEGs of TH60 and TH120 in the glutathione metabolic pathway. |log2FC| denotes | log2fold change|.
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FIGURE 10
Correlation network diagram of DEGs and SRMs in the HD961.





Discussion

Soil salinity is a global problem that affects seed germination, crop growth, and production (Yang and Guo, 2018). It is becoming a serious problem worldwide due to excessive use of fertilizers, inappropriate crop irrigation, excessive plowing, and seawater intrusion in the coastal area (Kamran et al., 2020). Rice is an important cereal crop that feeds more than 50% of the world’s population but is sensitive to SS (Hussain et al., 2018). Fertile land is shrinking, the population is growing, and food shortages are becoming more prevalent. Therefore, there is a growing demand for salt-tolerant rice varieties. Understanding the growth, physiology, gene expression, and metabolic accumulation under SS is essential for developing salt-tolerant rice varieties.

The growth and development of plants are negatively affected by SS, resulting in several specific responses, including leaf rolling, reduced biomass, shorter plant height, and lower yields (Machado and Serralheiro, 2017; Razzaq et al., 2020). In this study, the plant height and root length of HD961 and 9311 cultivars were both decreased with an increasing concentration of NaCl. Therefore, the growth of HD961 and 9311 was restrained under SS. It is worth noting that the salt-tolerant cultivar HD961 exhibited greater biomass than the weak salt-tolerant cultivar 9311. With regard to physiology, several adaptive responses could occur in response to SS, including osmotic adjustment, regulation of ionic balance, nutritional balance, and reactive oxygen species (ROS) scavenging (Liu et al., 2022). In this study, the proline content, soluble sugar content, CAT activity, and SOD activity of HD961 were greater than 9311 under SS, and the O2– and H2O2 concentrations of HD961 were less than 9311 under SS. Similar results have been shown in previous studies, including the upregulation of proline content, soluble sugar content, CAT activity, and SOD activity under SS (Liang et al., 2018; Nounjan and Theerakulpisut, 2021). Lee et al. (2013) found that the tolerance to SS in Pokkali is derived largely from constitutively maintained antioxidant enzymatic activities and induction of the antioxidant enzyme system. As a result, HD961 has a stronger ROS scavenging system than 9311, resulting in stronger salt resistance.

The gene expression of rice can be inducted by a diverse range of abiotic stresses, including SS (van Zelm et al., 2020; Liu et al., 2022). Our study performed an RNA-seq-based comparative transcriptome analysis to assess gene expression changes in rice in response to SS. A total of 6,145, 3,309, 1,819, and 1,296 DEGs were identified in the TH60, TH120, T60, and T120 groups, respectively, suggesting that more defense-responsive genes are activated in the salt-tolerant cultivar HD961 relative to the cultivar 9311. KEGG analysis showed that the majority of DEGs in rice that responded to SS included starch and sucrose metabolism as well as phenylpropanoid biosynthesis in both cultivars. These defense-responsive pathways were also previously reported as responses to SS in rice, further suggesting that these responses are largely conserved in rice exposed to SS (Wang et al., 2018; Kong et al., 2021). In addition to the pathways listed above, the majority of DEGs in the salt-tolerant cultivar HD961 that responded to SS through transcriptional activation is involved in pathways such as alpha-linolenic acid metabolism, plant hormone signal transduction, plant-pathogen interaction, fatty acid elongation, MAPK signaling pathway–plant, glutathione metabolism, and diterpenoid biosynthesis. Of these pathways, plant hormone signal transduction, MAPK signaling pathway–plant, and glutathione metabolism have been a focus of research on rice undergoing abiotic stress (Kong et al., 2019; Hao et al., 2022).

Several metabolites are changed in plants at different growth stages or when plants are exposed to biotic and abiotic stress, representing the end synthetic products of cells. Liu et al. (2020) postulated that anthocyanins, flavonols, and flavones directly affect the color formation of pepper fruit anthocyanins due to an abundance of flavonols and flavones compared to other varieties. Moreover, the coloration of the red pear fruit results from the induction of ethylene biosynthesis by jasmonate, which decreases anthocyanin production, thus increasing the availability of the precursors for flavone/isoflavone biosynthesis and enhancing the deep yellow fruit coloration (Ni et al., 2020). The abundance of metabolites is most closely related to phenotypes and directly affects plant phenotypes (Fiehn, 2002). In our study, the results suggested that the higher concentration of NaCl (from 0 to 120 mM) resulted in more SRMs. Moreover, rice can synthesize more metabolites to resist damage under salt stress, and we found that most of the metabolites were upregulated. These upregulated SRMs consisted of amino acids and derivatives (20%), organic acids (15.5%), lipids (14.8%), and alkaloids (12.3%), while the downregulated SRMs consisted of flavonoids (25.7%), organic acids (24.5%), and lipids (12.8%). Therefore, amino acids and derivatives were the main upregulated SRMs, whereas flavonoids and organic acids were the main downregulated SRMs in rice under SS. Previous results have shown that sugars and amino acids increased significantly in the leaves and roots of both rice genotypes (FL478 and IR64). In contrast, organic acids increased in roots and decreased in leaves (Zhao et al., 2014). Gupta and De (2017) found that the conserved primary metabolites (sugars, polyols, amino acids, organic acids, and certain purine derivatives) responded differently to NaCl stress in four rice varieties. The SRMs we observed in our study were similar to those previously shown, indicating that the metabolites responding to SS were conserved in rice. Moreover, KEGG pathway enrichment analysis of SRMs showed that the biosynthesis of amino acids was the most significant enrichment in both cultivars under SS among the top 20 KEGG enrichment pathways. Amino acids are the basic substances for synthesizing various metabolites and proteins in plants. Batista-Silva et al. (2019) found a tight relationship between amino acid metabolism and stress responses. We discovered that L-cysteine, L-lysine-butanoic acid, L-valine, L-lysine, and L-proline were all upregulated in these cultivars in response to SS. Previous studies have also shown that proline is a compatible osmolyte during the SS response, alanine and glutamine act as nitrogen stores, and leucine, valine, isoleucine, and lysine are involved with ATP production and detoxification (Hildebrandt, 2018; Liang et al., 2018; Batista-Silva et al., 2019).

This study identified specific metabolic pathways in the HD961 cultivar in response to SS, including glutathione metabolism, ascorbate and aldarate metabolism, and pantothenate and CoA biosynthesis. However, glutathione metabolism was the only pathway that exhibited significant enrichment. Furthermore, the results of the integrative analysis between the transcriptome and metabolome showed that glutathione metabolism was specific and significantly affected in the HD961 cultivar undergoing SS. GSH plays a vital role in plants and regulates various metabolic functions, including antioxidant defense, xenobiotic detoxification, reserving cysteine, maintaining redox balance, immunity modulation, fibrogenesis, cell cycle regulation, and apoptosis (Hasanuzzaman et al., 2017, 2019). Therefore, the glutathione pathway has been a key focus of research on plants undergoing abiotic stress (Khunpon et al., 2018; Wang et al., 2019a,2021). Yang et al. (2020) found that the concentration of GSH and GSSG (oxidized glutathione) decreased during seed germination and young seedling growth stages in plants undergoing SS from day zero to four, and the DEGs mainly contained 2 GPX, 3 APX, 1 GSS, and 39 GST. We obtained similar results in this study, whereby GSH decreased in the two cultivars when the concentration of NaCl increased, indicating that a high salt concentration induces rice to produce more peroxides. There were 33 GST DEGs and 13 GST DEGs in the HD961 and 9311 cultivars, respectively, showing that HD961 had a better response to SS than 9311. Moreover, the GSH concentration was positively correlated with LOC_Os10g38340 (GSTU19), LOC_Os09g37120 (Ornithine decarboxylase, ODC1), LOC_Os10g38160 (GST), and LOC_Os01g72130 (GSTU35), and negatively correlated with LOC_Os04g51300 (APX), LOC_Os03g17480 (GSTL1), LOC_Os02g34810 (APX8), and LOC_Os12g16200 (GSS2) in HD961, suggesting that these DEGs were candidate salt-tolerance regulation genes. The functions of OsAPX2 (Zhang et al., 2013), OsAPX8 (Hong et al., 2007), OsGSTL2 (Kumar et al., 2013), OsGR2 (Kaminaka et al., 1998), OsGR3 (Wu et al., 2015), and OsGRX1 (Lima-Melo et al., 2016) have been previously identified; the results suggest that these genes are positively or negatively regulated in rice in response to SS. Taken together, the identification of these filtered candidate salt-tolerance regulation genes in this study warrants additional studies to verify their genetic function in the future.

Rice is most sensitive to SS at the seedling and reproductive stages (Ganie et al., 2019). We can improve the salt tolerance of rice in these two stages through water and fertilizer management. Based on the above results, amino acid metabolism and glutathione metabolism actively respond to salt stress during the rice seedling stage. Thus, exogenous application of amino acids on rice leaves is an approach that can enhance the salt tolerance of rice seedlings or appropriate application of nitrogen fertilizer, which has certain reference significance for rice planting and management on saline-alkali land.



Conclusion

This study found that the growth potential and antioxidant ability of the HD961 cultivar were stronger than those of the cultivar 9311 under SS. Numerous genes and metabolites related to SS were identified through transcriptome and metabolome analysis. Many of the genes and metabolites were common between both cultivars, but HD961 had a higher accumulation and regulation ability, suggesting that this might be the primary driver for salt resistance in HD961. The glutathione metabolism pathway was significantly enriched in HD961 but absent in 9311, and there were more DEGs and SRMs in HD961 than in 9311. These results indicate that glutathione metabolism plays an important role in response to SS and provide a better understanding of the rice regulatory network involved in responding to NaCl.



Data availability statement

The datasets can be found in an online database. The raw sequence data of RNA-sequencing has been deposited in the NCBI database under Bioproject number: PRJNA842927. The metabolite data reported in this article have been deposited in the OMIX, China National Center for Bioinformation/Beijing Institute of Genomics, Chinese Academy of Sciences (https://ngdc.cncb.ac.cn/omix: accession no. OMIX001300).



Author contributions

PW, SY, JX, and HZ contributed to the conception and design of the study. ML, NC, and GC organized the database. HG and JM performed the statistical analysis. SY and ML wrote the first draft of the manuscript. JX, NC, GC, and HZ wrote sections of the manuscript. All authors contributed to manuscript revision, read, and approved the submitted version.



Funding

This work was funded by the research and development plan in key areas of Guangdong Province (2020B020219004) and supported by the provincial major scientific research project of Guangdong Provincial Universities (2017KZDXM044) and the science and technology special fund of Zhanjiang (2020A06013). This project was also supported by the doctoral start-up fund of Guangdong Ocean University (060302052011), the provincial construction project of agricultural science and technology innovation and extension system of Guangdong (2020KJ264), and the innovation and entrepreneurship team nurture of pilotage project of Zhanjiang (2020LHJH01). These funding institutions did not play a role in study design, data collection or analysis, or manuscript writing.



Acknowledgments

We thank Wuhan Metware Biotechnology Co., Ltd. for providing the data analysis tools for this study. We greatly appreciate Bioscience Editing Solutions for critically reading this paper and providing helpful suggestions.



Conflict of interest

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



Publisher’s note

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



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2022.952595/full#supplementary-material


Footnotes

1     http://plants.ensembl.org/Oryza_indica/Info/Index

2     www.metware.cn

3     www.r-project.org

4     http://www.kegg.jp/kegg/compound/

5     http://www.kegg.jp/kegg/pathway.html

6     https://cloud.metware.cn/


References

Batista-Silva, W., Heinemann, B., Rugen, N., Nunes-Nesi, A., Araújo, 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

Camacho, C., Coulouris, G., Avagyan, V., Ma, N., Papadopoulos, J., Bealer, K., et al. (2009). BLAST+: architecture and applications. BMC Bioinform. 10:421. doi: 10.1186/1471-2105-10-421

Chen, S., Zhou, Y., Chen, Y., and Gu, J. (2018). fastp: an ultra-fast all-in-one FASTQ preprocessor. Bioinformatics 34, i884–i890. doi: 10.1093/bioinformatics/bty560

Demidchik, V., Cuin, T. A., Svistunenko, D., Smith, S. J., Miller, A. J., Shabala, S., et al. (2010). Arabidopsis root K+-efflux conductance activated by hydroxyl radicals: single-channel properties, genetic basis and involvement in stress-induced cell death. J. Cell Sci. 123, 1468–1479. doi: 10.1242/jcs.064352

Dongsansuk, A., Paethaisong, W., and Theerakulpisut, P. (2021). Membrane stability and antioxidant enzyme activity of rice seedlings in response to short-term high temperature treatments. Chilean J. Agricultural Res. 81, 607–617. doi: 10.4067/S0718-58392021000400607

Fiehn, O. (2002). Metabolomics–the link between genotypes and phenotypes. Plant Mol. Biol. 48, 155–171. doi: 10.1023/A:1013713905833

Flowers, T. J., and Colmer, T. D. (2015). Plant salt tolerance: adaptations in halophytes. Ann. Bot. 115, 327–331. doi: 10.1093/aob/mcu267

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

Ganie, S. A., Molla, K. A., Henry, R. J., Bhat, K. V., and Mondal, T. K. (2019). Advances in understanding salt tolerance in rice. Theor. Appl. Genet. 132, 851–870. doi: 10.1007/s00122-019-03301-8

Garg, A. K., Kim, J. K., Owens, T. G., Ranwala, A. P., Choi, Y. D., Kochian, L. V., et al. (2002). Trehalose accumulation in rice plants confers high tolerance levels to different abiotic stresses. Proc. Natl. Acad. Sci. U S A. 99, 15898–15903. doi: 10.1073/pnas.252637799

Gupta, P., and De, B. (2017). Metabolomics analysis of rice responses to salinity stress revealed elevation of serotonin, and gentisic acid levels in leaves of tolerant varieties. Plant Signal. Behav. 12:e1335845. doi: 10.1080/15592324.2017.1335845

Hao, Z., Ma, S., Liang, L., Feng, T., Xiong, M., Lian, S., et al. (2022). Candidate genes and pathways in rice co-responding to drought and salt identified by gcHap network. Int. J. Mol. Sci. 23:4016. doi: 10.3390/ijms23074016

Hasanuzzaman, M., Bhuyan, M., Anee, T. I., Parvin, K., Nahar, K., Mahmud, J. A., et al. (2019). Regulation of ascorbate-glutathione pathway in mitigating oxidative damage in plants under abiotic stress. Antioxidants 8:384. doi: 10.3390/antiox8090384

Hasanuzzaman, M., Nahar, K., Hossain, M. S., Mahmud, J. A., Rahman, A., Inafuku, M., et al. (2017). Coordinated actions of glyoxalase and antioxidant defense systems in conferring abiotic stress tolerance in plants. Int. J. Mol. Sci. 18:200. doi: 10.3390/ijms18010200

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

Hong, C.-Y., Hsu, Y. T., Tsai, Y.-C., and Kao, C. H. (2007). Expression of ASCORBATE PEROXIDASE 8 in roots of rice (Oryza sativa L.) seedlings in response to NaCl. J. Exp. Botany 58, 3273–3283. doi: 10.1093/jxb/erm174

Hussain, M., Ahmad, S., Hussain, S., Lal, R., Ul-Allah, S., and Nawaz, A. (2018). “Chapter six - rice in saline soils: physiology, biochemistry, genetics, and management,” in Advances in Agronomy, ed. D. L. Sparks (Cambridge, MA: Academic Press), 231–287. doi: 10.1016/bs.agron.2017.11.002

Jahan, N., Lv, Y., Song, M., Zhang, Y., Shang, L., Lu, Y., et al. (2021). Transcriptomic analysis of short-term salt-stress response in mega hybrid rice seedlings. Agronomy 11:1328. doi: 10.3390/agronomy11071328

Jin, J., Zhang, H., Kong, L., Gao, G., and Luo, J. (2014). PlantTFDB 3.0: a portal for the functional and evolutionary study of plant transcription factors. Nucleic Acids Res. 42, D1182–D1187. doi: 10.1093/nar/gkt1016

Kaminaka, H., Morita, S., Nakajima, M., Masumura, T., and Tanaka, K. (1998). Gene cloning and expression of cytosolic glutathione reductase in rice (Oryza Sativa L.). Plant Cell Physiol. 39, 1269–1280. doi: 10.1093/oxfordjournals.pcp.a029330

Kamran, M., Parveen, A., Ahmar, S., Malik, Z., Hussain, S., Chattha, M. S., et al. (2020). An overview of hazardous impacts of soil salinity in crops, tolerance mechanisms, and amelioration through selenium supplementation. Int. J. Mol. Sci. 21:148. doi: 10.3390/ijms21010148

Khunpon, B., Cha-Um, S., Faiyue, B., Uthaibutra, J., and Saengnil, K. (2018). Paclobutrazol mitigates salt stress in indica rice seedlings by enhancing glutathione metabolism and glyoxalase system. Biologia 73, 1267–1276. doi: 10.2478/s11756-018-0132-4

Kim, B. R., Nam, H. Y., Kim, S. U., Kim, S. I., and Chang, Y. J. (2003). Normalization of reverse transcription quantitative-PCR with housekeeping genes in rice. Biotechnol. Lett. 25, 1869–1872. doi: 10.1023/A:1026298032009

Kim, D., Langmead, B., and Salzberg, S. L. (2015). HISAT: a fast spliced aligner with low memory requirements. Nat. Methods 12, 357–360. doi: 10.1038/nmeth.3317

Kishor, P., Hong, Z., Miao, G. H., Hu, C., and Verma, D. (1995). Overexpression of [delta]-Pyrroline-5-Carboxylate synthetase increases proline production and confers osmotolerance in transgenic plants. Plant Physiol. 108, 1387–1394. doi: 10.1104/pp.108.4.1387

Kobayashi, N. I., Yamaji, N., Yamamoto, H., Okubo, K., Ueno, H., Costa, A., et al. (2017). OsHKT1;5 mediates Na(+) exclusion in the vasculature to protect leaf blades and reproductive tissues from salt toxicity in rice. Plant J. 91, 657–670. doi: 10.1111/tpj.13595

Kong, W., Sun, T., Zhang, C., Deng, X., and Li, Y. (2021). Comparative transcriptome analysis reveals the mechanisms underlying differences in salt tolerance between indica and japonica rice at seedling stage. Front. Plant Sci. 12:725436. doi: 10.3389/fpls.2021.725436

Kong, W., Zhong, H., Gong, Z., Fang, X., Sun, T., Deng, X., et al. (2019). Meta-analysis of salt stress transcriptome responses in different rice genotypes at the seedling stage. Plants 8:64. doi: 10.3390/plants8030064

Kumar, S., Asif, M. H., Chakrabarty, D., Tripathi, R. D., Dubey, R. S., and Trivedi, P. K. (2013). Differential expression of rice lambda class GST gene family members during plant growth, development, and in response to stress conditions. Plant Mol. Biol. Rep. 31, 569–580. doi: 10.1007/s11105-012-0524-5

Lee, M. H., Cho, E. J., Wi, S. G., Bae, H., Kim, J. E., Cho, J. Y., et al. (2013). Divergences in morphological changes and antioxidant responses in salt-tolerant and salt-sensitive rice seedlings after salt stress. Plant Physiol. Biochem. 70, 325–335. doi: 10.1016/j.plaphy.2013.05.047

Li, P., Ruan, Z., Fei, Z., Yan, J., and Tang, G. (2021). Integrated transcriptome and metabolome analysis revealed that flavonoid biosynthesis may dominate the resistance of zanthoxylum bungeanum against stem canker. J. Agric. Food Chem. 69, 6360–6378. doi: 10.1021/acs.jafc.1c00357

Liang, W., Ma, X., Wan, P., and Liu, L. (2018). Plant salt-tolerance mechanism: a review. Biochem. Biophys. Res. Commun. 495, 286–291. doi: 10.1016/j.bbrc.2017.11.043

Liao, Y., Smyth, G. K., and Shi, W. (2014). featureCounts: an efficient general purpose program for assigning sequence reads to genomic features. Bioinformatics 30, 923–930. doi: 10.1093/bioinformatics/btt656

Lima-Melo, Y., Carvalho, F. E. L., Martins, M. O., Passaia, G., Sousa, R. H. V., Neto, M. C. L., et al. (2016). Mitochondrial GPX1 silencing triggers differential photosynthesis impairment in response to salinity in rice plants. J. Int. Plant Biol. 58, 737–748. doi: 10.1111/jipb.12464

Liu, C., Mao, B., Ou, S., Wang, W., Liu, L., Wu, Y., et al. (2014). OsbZIP71, a bZIP transcription factor, confers salinity and drought tolerance in rice. Plant Mol. Biol. 84, 19–36. doi: 10.1007/s11103-013-0115-3

Liu, C., Mao, B., Yuan, D., Chu, C., and Duan, M. (2022). Salt tolerance in rice: physiological responses and molecular mechanisms. Crop J. 10, 13–25. doi: 10.1016/j.cj.2021.02.010

Liu, Y., Lv, J., Liu, Z., Wang, J., Yang, B., Chen, W., et al. (2020). Integrative analysis of metabolome and transcriptome reveals the mechanism of color formation in pepper fruit (Capsicum annuum L.). Food Chem. 306:125629. doi: 10.1016/j.foodchem.2019.125629

Livak, K. J., and Schmittgen, T. D. (2001). Analysis of relative gene expression data using real-time quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods 25, 402–408. doi: 10.1006/meth.2001.1262

Love, M. I., Huber, W., and Anders, S. (2014). Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome Biol. 15:550. doi: 10.1186/s13059-014-0550-8

Luo, D., Niu, X., Yu, J., Yan, J., Gou, X., Lu, B. R., et al. (2012). Rice choline monooxygenase (OsCMO) protein functions in enhancing glycine betaine biosynthesis in transgenic tobacco but does not accumulate in rice (Oryza sativa L. ssp. japonica). Plant Cell Rep. 31, 1625–1635. doi: 10.1007/s00299-012-1276-2

Luo, P., Yin, P., Hua, R., Tan, Y., Li, Z., Qiu, G., et al. (2018). A Large-scale, multicenter serum metabolite biomarker identification study for the early detection of hepatocellular carcinoma. Hepatology 67, 662–675. doi: 10.1002/hep.29561

Machado, R. M. A., and Serralheiro, R. P. (2017). Soil salinity: effect on vegetable crop growth. management practices to prevent and mitigate soil salinization. Horticulturae 3:30. doi: 10.3390/horticulturae3020030

Mao, X., Cai, T., Olyarchuk, J. G., and Wei, L. (2005). Automated genome annotation and pathway identification using the KEGG Orthology (KO) as a controlled vocabulary. Bioinformatics 21, 3787–3793. doi: 10.1093/bioinformatics/bti430

Moustakas, M., Sperdouli, I., Kouna, T., Antonopoulou, C. I., and Therios, I. (2011). Exogenous proline induces soluble sugar accumulation and alleviates drought stress effects on photosystem II functioning of Arabidopsis thaliana leaves. Plant Growth Regulation 65, 315–325. doi: 10.1007/s10725-011-9604-z

Ni, J., Zhao, Y., Tao, R., Yin, L., Gao, L., Strid, Å, et al. (2020). Ethylene mediates the branching of the jasmonate-induced flavonoid biosynthesis pathway by suppressing anthocyanin biosynthesis in red Chinese pear fruits. Plant Biotechnol. J. 18, 1223–1240. doi: 10.1111/pbi.13287

Nounjan, N., and Theerakulpisut, P. (2021). Physiological evaluation for salt tolerance in green and purple leaf color rice cultivars at seedling stage. Physiol. Mol. Biol. Plants 27, 2819–2832. doi: 10.1007/s12298-021-01114-y

Pérez-Rodríguez, P., Riaño-Pachón, D. M., Corrêa, L. G., Rensing, S. A., Kersten, B., and Mueller-Roeber, B. (2010). PlnTFDB: updated content and new features of the plant transcription factor database. Nucleic Acids Res. 38, D822–D827. doi: 10.1093/nar/gkp805

Razzaq, A., Ali, A., Safdar, L. B., Zafar, M. M., Rui, Y., Shakeel, A., et al. (2020). Salt stress induces physiochemical alterations in rice grain composition and quality. J. Food Sci. 85, 14–20. doi: 10.1111/1750-3841.14983

Ribbenstedt, A., Ziarrusta, H., and Benskin, J. P. (2018). Development, characterization and comparisons of targeted and non-targeted metabolomics methods. PLoS One 13:e0207082. doi: 10.1371/journal.pone.0207082

Saito, K., and Matsuda, F. (2010). Metabolomics for functional genomics, systems biology, and biotechnology. Annu. Rev. Plant Biol. 61, 463–489. doi: 10.1146/annurev.arplant.043008.092035

Taji, T., Ohsumi, C., Iuchi, S., Seki, M., Kasuga, M., Kobayashi, M., et al. (2002). Important roles of drought- and cold-inducible genes for galactinol synthase in stress tolerance in Arabidopsis thaliana. Plant J. 29, 417–426. doi: 10.1046/j.0960-7412.2001.01227.x

Tilman, D., Balzer, C., Hill, J., and Befort, B. L. (2011). Global food demand and the sustainable intensification of agriculture. Proc. Natl. Acad. Sci. U S A. 108, 20260–20264. doi: 10.1073/pnas.1116437108

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

Wang, J., Lv, J., Liu, Z., Liu, Y., Song, J., Ma, Y., et al. (2019a). Integration of transcriptomics and metabolomics for pepper (Capsicum annuum L.) in response to heat stress. Int. J. Mol. Sci. 20:5042. doi: 10.3390/ijms20205042

Wang, Y., Zeng, X., Xu, Q., Mei, X., Yuan, H., Jiabu, D., et al. (2019b). Metabolite profiling in two contrasting Tibetan hulless barley cultivars revealed the core salt-responsive metabolome and key salt-tolerance biomarkers. AoB Plants 11:lz021. doi: 10.1093/aobpla/plz021

Wang, J., Zhu, J., Zhang, Y., Fan, F., Li, W., Wang, F., et al. (2018). Comparative transcriptome analysis reveals molecular response to salinity stress of salt-tolerant and sensitive genotypes of indica rice at seedling stage. Sci. Rep. 8:2085. doi: 10.1038/s41598-018-19984-w

Wang, K., Yu, H., Ye, D., Wang, Y., Zhang, X., Huang, H., et al. (2021). The critical role of the shoot base in inhibiting cadmium transport from root to shoot in a cadmium-safe rice line (Oryza sativa L.). Sci. Total Environ. 765:142710. doi: 10.1016/j.scitotenv.2020.142710

Wu, T.-M., Lin, W.-R., Kao, C. H., and Hong, C.-Y. (2015). Gene knockout of glutathione reductase 3 results in increased sensitivity to salt stress in rice. Plant Mol. Biol. 87, 555–564. doi: 10.1007/s11103-015-0290-5

Xie, C., Mao, X., Huang, J., Ding, Y., Wu, J., Dong, S., et al. (2011). KOBAS 2.0: a web server for annotation and identification of enriched pathways and diseases. Nucleic Acids Res. 39, W316–W322. doi: 10.1093/nar/gkr483

Xie, Z., Wang, J., Wang, W., Wang, Y., Xu, J., Li, Z., et al. (2020). Integrated analysis of the transcriptome and metabolome revealed the molecular mechanisms underlying the enhanced salt tolerance of rice due to the application of exogenous melatonin. Front. Plant Sci. 11:618680. doi: 10.3389/fpls.2020.618680

Yang, A., Dai, X., and Zhang, W. H. (2012). A R2R3-type MYB gene, OsMYB2, is involved in salt, cold, and dehydration tolerance in rice. J. Exp. Bot. 63, 2541–2556. doi: 10.1093/jxb/err431

Yang, J., Su, L., Li, D., Luo, L., Sun, K., Yang, M., et al. (2020). Dynamic transcriptome and metabolome analyses of two types of rice during the seed germination and young seedling growth stages. BMC Genomics 21:603. doi: 10.1186/s12864-020-07024-9

Yang, Y., and Guo, Y. (2018). Elucidating the molecular mechanisms mediating plant salt-stress responses. New Phytol. 217, 523–539. doi: 10.1111/nph.14920

Yu, G., Wang, L. G., Han, Y., and He, Q. Y. (2012). clusterProfiler: an R package for comparing biological themes among gene clusters. OMICS 16, 284–287. doi: 10.1089/omi.2011.0118

Zhang, Z., Zhang, Q., Wu, J., Zheng, X., Zheng, S., Sun, X., et al. (2013). Gene knockout study reveals that cytosolic ascorbate peroxidase 2(OsAPX2) plays a critical role in growth and reproduction in rice under drought, salt and cold stresses. PLoS One 8:e57472. doi: 10.1371/journal.pone.0057472

Zhao, M., Ren, Y., Wei, W., Yang, J., Zhong, Q., and Li, Z. (2021). Metabolite analysis of jerusalem artichoke (Helianthus tuberosus L.) seedlings in response to polyethylene glycol-simulated drought stress. Int. J. Mol. Sci. 22:3294. doi: 10.3390/ijms22073294

Zhao, X., Wang, W., Zhang, F., Deng, J., Li, Z., and Fu, B. (2014). Comparative metabolite profiling of two rice genotypes with contrasting salt stress tolerance at the seedling stage. PLoS One 9:e108020. doi: 10.1371/journal.pone.0108020

Zheng, Y., Jiao, C., Sun, H., Rosli, H. G., Pombo, M. A., Zhang, P., et al. (2016). iTAK: a program for genome-wide prediction and classification of plant transcription factors, transcriptional regulators, and protein kinases. Mol. Plant 9, 1667–1670. doi: 10.1016/j.molp.2016.09.014



OPS/xhtml/Nav.xhtml




Contents





		Cover



		Combined transcriptome and metabolome reveal glutathione metabolism plays a critical role in resistance to salinity in rice landraces HD961



		Introduction



		Materials and methods



		Plant materials and cultivation



		Salt stress treatment



		Measurement of phenotypic and physiologically related parameters



		RNA sequencing and transcriptomics analysis



		Real-time quantitative PCR



		Sample preparation and extraction for widely targeted metabolomics



		UPLC conditions



		ESI-Q TRAP-MS/MS



		Data analysis of metabolomics



		Statistical analysis







		Results



		Analysis of morphological response to salt stress



		Analysis of the physiological response to salt stress



		Transcriptome analysis



		Metabolome analysis



		Integrative analysis between the transcriptome and metabolome







		Discussion



		Conclusion



		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		Supplementary Material



		Footnotes



		References

















OPS/images/cover.jpg
& frontiers | Frontiers in Plant Science

Combined transcriptome and
metabolome reveal glutathione
metabolism plays a critical role

in resistance to salinity in rice

landraces HD961





OPS/images/fpls-13-952595-g010.jpg
LOC

LOC

A Metabolites

Pearson’s R? value

810

8110

700

2150

2130

2120

0770

7360

LOC 3720
5 e LoC 150
LOC 2290
LOC
LOC 73
LOC
,/,
LOC 30 //
/
LOC \
LOC 7120
LOC
LOC 160 - /
! \
\\\ ‘I /,
LOC
LOC
?
LOC 360
x"" ‘\\
LoC /
LOC 10
LOC
LOC
LOC
LOC
ic acid
‘ Genes
Corrlation relationship
Positive
Negative

0.8
0.9
1.0












OPS/images/logo.jpg
’ frontiers | Frontiers in Plant Science







OPS/images/fpls-13-952595-g005.jpg
A B 2D PCA Plot

o
MH60 MHI120
20 -
10 - Group
® o ME_9311_120
o ME 9311 60
» © ME_9311 0
D) o ME_HD961 120
O © ME_HD961_60
o ME_HD9! 0
© mix
o@
—10-
S
%
—20-
-30 -20 -10 ' 10 20

0
PC1 (38.5%)





OPS/images/cross.jpg
@ Check for updates.





OPS/images/fpls-13-952595-g004.jpg
T60

Nucleotide excision repair -

Galactose metabolism 4

Butanoate metabolism -

Cyanoamino acid metabolism -

Thiamine metabolism -

Fatty acid biosynthesis -

alpha- Linolenic acid metabolism

Diterpenoid biosynthesis -

Alanine, aspartate and glutamate metabolism -
Glycerophospholipid metabolism -

MAPK signaling pathway - plant+

Glycerolipid metabolism -

Biosynthesis of various secondary metabolites - part 2 A
Nicotinate and nicotinamide metabolism -
Fatty acid elongation -

Ascorbate and aldarate metabolism -
Metabolic pathways -

Phagosome -

Amino sugar and nucleotide sugar metabolism -
Starch and sucrose metabolism -

Biosynthesis of secondary metabolites -

Cutin, suberine and wax biosynthesis -

DNA replication -

Phenylpropanoid biosynthesis -

0.

8-.. Q‘.

0.10
Pvalue

- log10(pvalue)
3.0

25
2.0
1.5
1.0

count
® 50
@ o

17120

Plant hormone signal transduction -

Nitrogen metabolism 4

Flavone and flavonol biosynthesis -
Brassinosteroid biosynthesis -

Arginine and proline metabolism 4

Alanine, aspartate and glutamate metabolism 4
MAPK signaling pathway - plant -

Pyruvate metabolism 4

Diterpenoid biosynthesis A

Amino sugar and nucleotide sugar metabolism -
Butanoate metabolism 4

Starch and sucrose metabolism 4

Biosynthesis of various secondary metabolites - part 2 -
Porphyrin and chlorophyll metabolism 4

Taurine and hypotaurine metabolism 4
Stilbenoid, diarylheptanoid and gingerol biosynthesis -
Circadian rhythm - plant -

Zeatin biosynthesis -

Flavonoid biosynthesis -

Glutathione metabolism 4

Phenylpropanoid biosynthesis -

Carotenoid biosynthesis -

Metabolic pathways -

Biosynthesis of secondary metabolites -

o

o

- log10(pvalue)

5
4
3
2
1
count
® 50

@ o0
@ 0





OPS/images/fpls-13-952595-g007.jpg
MH60

Lysine biosynthesis -

Pantothenate and CoA biosynthesis -
Tryptophan metabolism -

ABC transporters -

Carbapenem biosynthesis A

Ascorbate and aldarate metabolism -
Arginine biosynthesis -

Biosynthesis of secondary metabolites A

Valine, leucine and isoleucine biosynthesis

D- Arginine and D- ornithine metabolism -

Lysine degradation - @

Glutathione metabolism - ®

Valine, leucine and isoleucine degradation

Tropane, piperidine and pyridine alkaloid biosynthesis -
Cyanoamino acid metabolism -

Penicillin and cephalosporin biosynthesis

Aminoacyl- tRNA biosynthesis -

Glucosinolate biosynthesis -

2- Oxocarboxylic acid metabolism -

Biosynthesis of amino acids A

o
o
S
=)
o
o

- log10(pvalue)

count

® 5
@ o
@®
@ »

Valine, leucine and isoleucine biosynthesis -
Lysine biosynthesis -

Arginine and proline metabolism -
Biosynthesis of amino acids A

Pantothenate and CoA biosynthesis -
Glycine, serine and threonine metabolism 4
Ascorbate and aldarate metabolism -
Monobactam biosynthesis -

Metabolic pathways -

Glucosinolate biosynthesis -

beta- Alanine metabolism

Pyrimidine metabolism -

Lysine degradation -

Glutathione metabolism -

Valine, leucine and isoleucine degradation -
Aminoacyl- tRNA biosynthesis -

Penicillin and cephalosporin biosynthesis -
Tropane, piperidine and pyridine alkaloid biosynthesis

Cyanoamino acid metabolism -

ABC transporters -

0.00

- log10(pvalue)

25
2.0
1.5
1.0

count
® 10
® 2
@
@ «
@ s





OPS/images/fpls-13-952595-g006.jpg
= MH60 down = MH60 up " Hlo0aawn . Netup
Othiats 3 . Others
Lipids 1 Lipids -
Organic acids : 10 Organic acids
Alkaloids i Alkaloids 17
Lignans and coumarins — 4 Lignans and coumarins
Flavonoids F 6 Flavonoids
Nucleotides and derivatives | 7 Nucleotides and derivatives 14
Phenolic acids H - Phenolic acids P 15
Amino acids and derivatives [ u : ; ; ; . ; 16 Amino acids and derivatives | g . : : - 3
4 6 8 10 12 14 16 18 5 10 15 30 35
Number of SRMs Number of SRMs
= MHI120 down = MHI120 up m M120 down ® MI120up
Others Others
Lipids 17 Lipids 18
Organic acids 19 Organic acids
Alkaloids 14 Alkaloids
Lignans and coumarins Lignans and coumarins
Flavonoids Flavonoids
Nucleotides and derivatives Nucleotides and derivatives
Phenolic acids Phenolic acids %
Amino acids and derivatives : B . Amino acids and derivatives 3 . . 29 .
5 10 15 20 25 10 20 30 40
Number of SRMs Number of SRMs





OPS/images/fpls-13-952595-g009.jpg
A : Arginine biosynthesis . : . ) B Annotation Gene ID 160 T120
- Glutathione disulfide(GSSG) L-C l-ol :
A ysteinyl.glycine L-Serine I-CysPrxA  LOC_Os07gd4430
L-Ornithine SRR . l oy GST16 LOC_0s09g37240
[t GPX | | ¥ GSR S Y bt GSTF2 LOC_0Os05g05610
Putrescine — GSTLI1 LOC 0s03g17480 1
NADP* -y~ i
Sperthidine Bhhee. i GSTU11 LOC_0s07g07320
Glutathione(GSH) Gs® GeLe GSTUI12 LOC 0s10g38360
N L-Glutamat
< GGT —— GSTU2 LOC Os10g38630 |
. L o g0 GST , S
Glutathionyl-spermidine l Y T GSTU20 LOC 0Os10g38350
R-S-Glutathione GSTU33 LOC_0s10g22070
GSTU38 LOC 0s06g12290
. APX GSTU39 LOC 0s01g49720
Lk dinns GSTU40 LOC_0s01g49710
Aminopropyl- ~ Cadaverine I GSTU6 LOC Os01g37750
cadaverine Orn decarboxylase LOC 0s02g28110
Annotation Gene ID TH60 TH120 Annotation Gene ID TH60 TH120
1-CysPxA  LOC_Os07g44430 GSTU13 LOC_Os10g38710
1-CysPoB  LOC_Os07g44440 GSTU15 LOC_Os10g38140 log,FC
APX LOC_Os04g51300 GSTU16 LOC_0s05g34150 _ ?
APX3  LOC_Os04g14680 GSTU19 LOC_Os10g38340 7
APX6  LOC_Os08g41090 GSTU2 LOC_0s10238630 _—
APX8  LOC_Os02g34810 GSTU20 LOC_0s10g38350 [— 1]
GGT  LOC_Os02226700 GSTU21 LOC_0s10238150 MH60 MHI120 M60 MI120 3.5
GPX4  LOC_Os06208670 GSTU23 LOC_Os10g38700
GSR3 LOC_0s10g28000 GSTU28 LOC_Os10g38690 , 0
GSS2 LOC_0s12g16200 GSTU30 LOC_0s10g38600 1
GST LOC_Os10g38160 (— GSTU3S LOC_Os01g72130
GSTF1  LOC_Os01g27360 GSTU36 LOC_0s01g72140 1
asTri1 roc osorz2sio [T GSTU37 LOC_0s01g72150 1 3.3
GsTF14 Loc ososzos220 GSTU3S LOC_0s06g12290 i
6sTF15  Loc_oso3g04240 GSTU39 LOC_Os01g49720 7
GSTF16  LOC_0s03g04250 GSTU40 LOC_0Os01g49710
GSTF17  LOC_Os0352035620 ] GSTU46 LOC_0s07228480
GSTF2  LOC Os05gos610. GSTU7 LOC 0s01g72120
GSTF4  LOC_Os01g70770 GSTUS LOC_Os10g38610
GSTF6  LOC_0s10z39740 IDH LOC_0s05g49760 D
GSTF7  LOC _Os01g272600 Leu aminopeptidasel ~ LOC_Os12g24630
GSTL1  LOC_Os03g17480 oDC1 LOC_0s09g37120 |
GSTU1I1  LOC_0s07g07320 Om decarboxylase ~ LOC_Os02g281100
GSTU12 LOC_Os10g38360 — RNRS2 LOC_0s06g03720






OPS/images/fpls-13-952595-g008.jpg
M60

ABC transporters A

Carbapenem biosynthesis A
Phosphatidylinositol signaling system -
Folate biosynthesis A

Biosynthesis of secondary metabolites -
Indole alkaloid biosynthesis

Tryptophan metabolism -

Metabolic pathways A

D- Arginine and D- ornithine metabolism -+
Lysine degradation A

Arginine and proline metabolism -

Tropane, piperidine and pyridine alkaloid biosynthesis -
Cyanoamino acid metabolism 4

Aminoacyl- tRNA biosynthesis -

Valine, leucine and isoleucine biosynthesis -
Penicillin and cephalosporin biosynthesis -
2- Oxocarboxylic acid metabolism

Valine, leucine and isoleucine degradation
Glucosinolate biosynthesis

Biosynthesis of amino acids A

(=]
L ]
.
;
&
®
s
»
»
@
®
2
@
L ]
@
©
®
®
000 005 010 015 020 025

- log10(pvalue)
3

25
2.0
1.5
1.0

count

® 2
@ 0
@ «
@

M120

Sulfur relay system -

Isoquinoline alkaloid biosynthesis -

Glycine, serine and threonine metabolism -

Lysine biosynthesis -

Valine, leucine and isoleucine biosynthesis -
Tryptophan metabolism -

Tyrosine metabolism -

Lysine degradation A

Ubiquinone and other terpenoid- quinone biosynthesis -
Aminoacyl- tRNA biosynthesis -

Penicillin and cephalosporin biosynthesis -
Phenylalanine, tyrosine and tryptophan biosynthesis -
Biosynthesis of various secondary metabolites - part 2 -
Metabolic pathways -

Biosynthesis of secondary metabolites -

Valine, leucine and isoleucine degradation -

2- Oxocarboxylic acid metabolism -

Cyanoamino acid metabolism -

Glucosinolate biosynthesis -

Biosynthesis of amino acids -

0.000

0.025

0.050 0.075

count

@® 20
@ <
@ o

- log10(pvalue)

3.0
25
2.0
1.5





OPS/images/fpls-13-952595-g001.jpg
,(umol-g")

H,0,

<

Proline content (ug-2” FW)

140 - [ JomM NaCl [ 60 mM NaCI[Jlll 120 mM NaCl 45 - [ JomMNaCl [ 60 mM NaCIJJll] 120 mM NaCl |
a a
g’n- a -
100 - g .
. Rl a
80 - S T
e 25
ch
7
60 - & 20+
E g
S 15 - z
40 - 7
N I——._
0
HD961 9311 HD961 9311
07— I_10mMNaCl [E88 60 mM NaCIfillll 120 mM NaCl | [ JomM NaCl [ 60 mM NaCIlll 120 mM NaCl |
: a & 1500 - a
a &
0.6 - —
% b
2N
0.5 = z
21000 -
=
0.4 - ¢
-
b o
0.3 - [ O
75
500 -
0.2 -
0.1 -
0.0 0

HD961 0311 HD961 9311





OPS/images/fpls-13-952595-g003.jpg
TH60

Carbon metabolism -

Fatty acid metabolism

ABC transporters -

Glutathione metabolism 4

Glycosphingolipid biosynthesis - ganglio series -

Photosynthesis -

alpha- Linolenic acid metabolism 4

Amino sugar and nucleotide sugar metabolism

Fatty acid biosynthesis -

Pentose and glucuronate interconversions @
Fatty acid elongation Ll

Glyoxylate and dicarboxylate metabolism -

Ascorbate and aldarate metabolism - @

Cutin, suberine and wax biosynthesis -

Metabolic pathways -

Carbon fixation in photosynthetic organisms

Diterpenoid biosynthesis

Biosynthesis of secondary metabolites -

Phenylpropanoid biosynthesis

Photosynthesis - antenna proteins A

MAPK signaling pathway - plant -

Starch and sucrose metabolism

Plant hormone signal transduction -

Plant- pathogen interaction -

o
o
s}

0.04
Pvalue

0.06

count

@® 200
@ <o
@ s

- log10(pvalue)

Brassinosteroid biosynthesis 4
Histidine metabolism 4

Betalain biosynthesis 4

Stilbenoid, diarylheptanoid and gingerol biosynthesis
Nitrogen metabolism -

Limonene and pinene degradation
Fatty acid elongation

Benzoxazinoid biosynthesis A
Flavonoid biosynthesis -
Sesquiterpenoid and triterpenoid biosynthesis -
Carotenoid biosynthesis -
Glycerophospholipid metabolism 4
Starch and sucrose metabolism A
Linoleic acid metabolism A

alpha- Linolenic acid metabolism 4
Metabolic pathways -

Cutin, suberine and wax biosynthesis -
Diterpenoid biosynthesis

Glutathione metabolism A

MAPK signaling pathway - plant -
Plant hormone signal transduction -
Plant- pathogen interaction -
Phenylpropanoid biosynthesis -
Biosynthesis of secondary metabolites -

®
[ ]
@
L J
®
®
@
@
k2]
S
[
@
w
(<]
0.00 0.02 0.04 0.06 0.08
Pvalue

- log10(pvalue)

count

@® 100
@ 200
@ :00





OPS/images/fpls-13-952595-g002.jpg
H TH60

HMup Edown

3795

Groups

1278

0 S00

1000 1500 2000 2500 3000 3500 4000

Number of gene





