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Introduction

Salt stress is a major environmental factor limiting plant growth and development. Previous studies have indicated that the steroidal hormones—brassinosteroids (BRs) are important regulators of plant responses to salt stress. However, the underlying molecular mechanisms have not been fully understood.



Methods

(1) Phenotypic analysis of bes1-D, BES1-RNAi and their wild-type (Col-0) under salt treatments with different concentrations of NaCl. (2) Transcriptomic and proteomic profiling of BES1-regulated genes and proteins under salt treatment; (3) qRT-PCR validation of selected BES1-regulated genes under salt stress; (4) Transient transcriptional assay of BES1 regulation on its putative target genes in Arabidopsis protoplasts; (5) Electrophoresis Mobility Shift Assay (EMSA) of BES1 binding with its potential target genes.



Results and Discussion

Phenotypic analysis indicated that bes1-D, a gain-of-function mutant of the BR-regulated transcription factor BES1 in Arabidopsis showed better salt tolerance than the wild-type plant, while a BES1 RNA interference (BES1-RNAi) line was more sensitive to salt stress. Global gene expression profiling and time series clustering analyses identified a total of 1,170 genes whose expression was boosted in bes1-D under salt stress. Further GO enrichment and gene functional network analyses identified several key modules that are regulated by BES1 and most sensitive to salt stress perturbations, including stress response, response to ABA and ROS, flavonoid biosynthesis and transmembrane transport. A comparative proteomic analysis performed under the same stress conditions supported the results from the transcriptome analysis. In addition, transient gene transcription assays in Arabidopsis protoplasts and in vitro DNA binding assays verified that BES1 regulates the expression of some ion transporter genes directly and indirectly. Taken together, our results support a positive role of BES1 in plant salt tolerance.
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Introduction

Salt stress adversely affects plant growth and reduces crop yields. It was reported that salt-affected soil accounted for around 10% of irrigated land (Shahid et al., 2018). In order to adapt to salt stress, plants have evolved some salt response mechanisms. The Salt Overly Sensitive (SOS) pathway plays important roles in perceiving the salt signal and export excess Na+ out of cytoplasm, thus conferring salt tolerance to plants (Zhu, 2002). The extracellular Na+ is first sensed by glycosyl inositol phosphoryl ceramides (GIPCs), a class of glycosylated sphingolipids in plasma membrane, which bind Na+ and trigger a quick increase in cytoplasmic Ca2+ concentration ([Ca2+]) through activating the gated Ca2+ influx channels (Jiang et al., 2019b). These cytosolic Ca2+ signals then activate the SOS pathway, in which the calcineurin B-like (CBL) proteins SOS3/CBL4 or Calcium Binding Protein 8 (SCaBP8) receive the [Ca2+] signals (Quan et al., 2007; Quintero et al., 2011) and recruits the CBL-interacting protein kinase SOS2/CIPK24 to plasma membrane to activate SOS1, a Na+/H+ antiporter, through phosphorylation. The activated SOS1 will mediate Na+ efflux and help intracellular ion homeostasis (Shi et al., 2000; Guo et al., 2001). The SOS3-SOS2 complex also positively regulate NHX, a vacuolar Na+/H+ exchanger, which transports Na+ from the cytoplasm to the vacuole (Brini and Masmoudi, 2012). Furthermore, the Na+ transporter HKT1 (High-Affinity K+ Transporter 1), which mainly expresses in the root xylem parenchyma cells, is believed to participate in long-distance transportation and distribution of Na+ and K+ in plants (Mäser et al., 2002; Sunarpi et al., 2005; Deinlein et al., 2014). Recently, two phosphatases PP2C.D6 and PP2C.D7 were found to be able to inactive SOS1 through dephosphorylation under nonstress conditions, however, under salt stress conditions these phosphatases are inhibited by SCaBP8, therefore obviating their inhibition on SOS1 (Fu et al., 2022). Besides causing ionic stress, excess salt also causes osmotic stress and oxidative stress (Yang and Guo, 2018). The osmotic stress is mediated by ABA-dependent and independent signaling pathways and these signal cascades further regulate downstream transcriptional gene expression (Soma et al., 2017). Salt stress often induces rapid production of reactive oxygen species (ROS), which may result in oxidation stress. ROSs also function as signaling molecules to regulate ion homeostasis through MAPK cascades (Pitzschke et al., 2009). ROSs are toxic and must be kept at suitable levels. To reduce excess ROS accumulation, plants have evolved both enzymatic and nonenzymatic scavenging systems to mitigate ROS-induced damages (del Río and López-Huertas, 2016).

BRs are a group of steroid phytohormones that promote plant growth and developments. BR signal is perceived by the cell-surface receptor kinase BRI1 (brassinosteroid insensitive 1) and its coreceptor BAK1 (BRI1-associated receptor kinase 1) (Nam and Li, 2002). BR binding activates BRI1’s kinase activity, leading to phosphorylation and activation of BSK1 and CDG1, two cytoplasmic receptor-like kinases. BSK1 and CDG1 mediate the signal transduction to BSU1 (BRI1 suppressor 1), a PP1-like phosphatase through phosphorylation (Kim et al., 2011). BSU1 then dephosphorylates and inactivates a downstream GSK3-like kinase BIN2 (Kim et al., 2009), which negatively regulates BR signaling by phosphorylating and destabilizing the transcription factors BZR1 (brassinazole resistant 1) and its paralogue BES1 (BRI1-EMS-suppressor 1, also named as BZR2) (He et al., 2002; Yin et al., 2002; Zhao et al., 2002). Hence, inactivation of BIN2 during BR signal transduction will release the transcriptional activity of BZR1 and BES1. The dephosphorylated BRZ1 and BES1 subsequently translocate into the nucleus and regulate the expression of their target genes by binding to the BRRE or E-box motifs in their promoters (Wang et al., 2002; Li et al., 2018; Clark et al., 2021). Genome-wide target gene profiling experiments revealed that BZR1 and BES1 target thousands of genes involved in multiple aspects of plant development (Sun et al., 2010; Yu et al., 2011; Nolan et al., 2017b)

BIN2 and BZR1/BES1 have been shown to act as mediators of crosstalk between BR signaling and other pathways. For example, BIN2 and BES1 were reported to interact with RD26 (responsive to desiccation 26) to coordinate BR- and ABA-regulated drought resistance. Under normal conditions, RD26 is transcriptionally repressed by BES1, however, under drought stress conditions, RD26 is induced to antagonize BES1’s transcriptional activity through direct interaction with BES1 and to repress plant growth, which is beneficial to drought survival of plants (Ye et al., 2017). The same authors also found that ABI1, a member of the 2C class of protein phosphatases (PP2Cs, negative regulators of ABA signaling), could inhibit BIN2’s kinase activity via dephosphorylation under normal conditions. Drought stress relieves ABI1 inhibition of BIN2, and the activated BIN2 strengthens drought tolerance through phosphorylating and stabilizing RD26 (Jiang et al., 2019a). Another parallel study also found that under drought conditions BIN2 can phosphorylate and activate SnRK2 kinase in ABA signaling, thus promoting ABA responsive gene expression (Wang et al., 2018). Therefore, BR represses ABA responsive genes through BIN2 under normal conditions, thus promoting plant growth (Cai et al., 2014; Hu and Yu, 2014; Wang et al., 2018). These studies confirmed an antagonism relationship between BR and ABA and provided a mechanism for balancing plant growth and drought survival (Nolan et al., 2017a; Nolan et al., 2019; Kono and Yin, 2020). In addition to drought, BZR1 and BES1 are also involved in plant responses to freezing (Li et al., 2017), heat (Yin et al., 2018; Albertos et al., 2022; Chen et al., 2022) and salinity stress. In the case of salt stress, BIN2 was found to act as a molecular switch to help plant recovery after non-lethal salt stress in Arabidopsis. BIN2 is guided to plasma membrane by SOS3 and SCaBP8, where it inhibits SOS2 through phosphorylation, therefore negatively regulating plant salt tolerance (Li et al., 2020). In addition, SlBZR1, a BZR1 homologue in tomato, was found to enhance salt tolerance in both tomato and Arabidopsis, and upregulate the expression of several stress responsive genes (i.e., SlAREB1, SlDREB1, SlRD29, SlERF1, SlCAT2, SlAPX2) (Jia et al., 2021). Recently, VvBES1-3, a BES1 homologue from grape, was found to improve salt tolerance in transgenic Arabidopsis (Cao et al., 2023). Despite these interesting findings, it remains largely unknown for the mechanisms by which BZR1/BES1 mediate salt stress responses in plants.

In this study, we evaluated the role of BES1 in Arabidopsis salt responses at the genome level by using the bes1-D and BES1-RNAi mutant lines. Based on the phenotypes observed, we performed transcriptome sequencing to explore the molecular basis of BES1-induced salt resistance. Time series clustering analysis identified gene clusters specifically changed in bes1-D under salt stress. GO enrichment network analysis suggested a few key modules regulated by BES1. Further proteomic analysis and qRT-PCR assays were used to deepen our understanding of the salt stress responses in bes1-D. Finally, we selected several potential target genes of BES1 in regulating plant salt resistance and validated them by transient transcription assays and in vitro DNA binding assay (EMSA). This study provided new insights to the role of BR in plant responses to salt stress.



Materials and methods


Plant materials and treatment

A. thaliana seeds (Col-0, bes1-D, BES1-RNAi, and BES1-FLAG) were surface sterilized for 6 h using the vapor generated by hydrochloric acid and sodium hypochlorite (Lindsey et al., 2017). After sterilization, seeds were sown in petri dishes (10 × 1.5 cm) containing half-strength ½ Murashige and Skoog (MS) medium with 0.8% agarose and vernalized at 4°C in the dark for 2 d. Then, these petri dishes were placed in a plant growth chamber at temperature of 23°C day/21°C night, photoperiod of 12 h light/12 h dark, with photosynthetic active radiation (PAR) of 100 μmol·m−2·s−1, and relative humidity of 70%. Six days later, forty seedlings of each material (Col-0, bes1-D, and BES1-RNAi) were transferred into new petri dishes containing ½ MS solid medium with different concentrations of NaCl (0, 100, 150, and 200 mM). At the treatment of 2, 4, and 6 days, their phenotypes were photographed, and survival rates were calculated as the ratio of number of surviving seedlings to total seedlings. The same samples were also used for determination of relative electrolyte leakage (REL). The experiments were repeated three times. ANOVA and LSD post-hoc analysis in SPSS were used for statistical analysis of change significances.



Measurement of relative electrolyte leakage

Membrane relative permeability or electrical conductivity was measured according to Cao et al. (2007). Each sample (Col-0, bes1-D or BES1-RNAi) collected at different time points of the treatment was put into a 50-mL Falcon tube containing 30 mL of milli-Q water and left for 20 h, and their electrical conductivity (L1) were measured by a conductivity detector DDS-11A (Kangyi, China), respectively. Next, these tissue samples were killed at 121°C in a heating chamber for 30 minutes, and their electrical conductivity (L2) were determined sequentially. Relative electrolyte leakage (REL) (%) = (L1 − electrical conductivity of milli-Q water)/(L2 − electrical conductivity of milli-Q water). The experiments were repeated three times.



RNA extraction, RNA sequencing, and data analysis

Seedlings of bes1-D and Col-0 treated with 150 mM NaCl or normal ½ MS medium were collected at two time-points (2 days and 4 days), respectively. Three independent biological repeats were prepared for each time point and the total sample size is 24 (Supplementary Table S1). Total RNA was extracted from these tissues by the Trizol reagent (Takara, China), dissolved in DEPC-treated water and stored at –80°C until use. RNA quality was measured by NanoDrop 2000 spectrometer and Agilent 2100 Bioanalyzer, respectively. Strand-specific RNA-Seq libraries were constructed according to Horvath et al. (2015) with the Illumina TruSeq RNA preparation kit (Illumina Inc, USA). After second strand cDNA synthesis, cDNA was fragmented, ligated with adapters, and amplified by PCR. Quantitated cDNA libraries were mixed and loaded on a Flow Cell. The cDNA libraries were sequenced on an Illumina HiSeq4000™ platform with pair-end 100 bp mode (BGI, Hong Kong). Total raw data of more than 138 Gb was generated, with an average of 5.77 Gb sequence data for each sample (Supplementary Table S2).

Transcriptome data was analyzed by using the protocol of Pertea et al. (2016). Briefly, clean data (high-quality reads) were mapped to Arabidopsis reference genome by using HISAT2 v2.2.1 with parameters “–rf –trim5 10” (Kim et al., 2019). The reference sequences of A. thaliana genome (TAIR10 release, chromosome length = 119,146,348 bp) was downloaded from www.arabidopsis.org. FPKM (Fragments per kilobase per million mapped reads) values of each gene were calculated by using StringTie v2.1.4 with parameters “-e -B” (Pertea et al., 2015). The full gene dataset of A. thaliana (Araport11_GFF3_genes_transposons.201606.gff) was from TAIR database version Araport11, which contains 37,866 gene entries. Differentially expressed genes (DEGs) between experimental and control groups were analyzed by using Ballgown package in Bioconductor with stattest function whose parameters were set as: feature=‘gene’, getFC=TRUE, meas=‘FPKM’ (Frazee et al., 2015). Threshold of significant DEGs was defined as below criterial: fold change (absolute value) > 1.5 and P value < 0.05. The RNA sequencing data have been deposited in NCBI Sequence Read Archive database (SRA, http://www.ncbi.nlm.nih.gov/sra) with SRA accession number PRJNA882207.



Time series clustering analysis of gene expression

RNA read counts for each gene were calculated by htseq-count v0.13.5 with parameters “-m union” (Anders et al., 2015). The general feature file (Araport11_GFF3_genes_transposons.201606.gff) was modified to exclude transposable elements and microRNAs for read counting. Time series clustering analysis was performed by using TCseq packages v1.20.0 in Bioconductor. High quality genic regions with read counts > 10 in at least two samples were kept for downstream analysis (filter.type = “raw”, filter.value = 10, samplePassfilter = 2). Gene counts were further transformed into a time-course table for clustering analysis (value = “expression”, lib.norm = TRUE, norm.method = “rpkm”, filter = TRUE, pvalue.threshold = 0.05, abs.fold = 1.5). Fuzzy c-means algorithm was adopted for clustering. Gene expression was normalized by Z-score transformation (algo = “cm”, k = 6, standardize = TRUE).



Gene ontology enrichment and network analysis

Gene Ontology (GO) describes biological process (BP), molecular function (MF), or cellular component (CC) for genes. GO enrichment analyses for DEGs or differentially expressed proteins (DEPs) were performed by using BiNGO plugin in Cytoscape v3.9.1 (Maere et al., 2005). In this study, only “biological process” was selected for the enrichment analysis. P-values were calculated by hypergeometric test and their false discovery rates (FDRs) were adjusted by Benjamini-Hochberg method. All unique genes with biological process information (22,304 genes) in A. thaliana were used as the reference set.

GO network analyses were performed by using ClueGO function in CytoScape, as described by Zeng et al. (2021). The biological process dataset of A. thaliana which contains 28,035 genes were chosen as background (version 21.03.2022). P-values were calculated by two-side hypergeometric test and their FDRs were adjusted by Bonferroni–Holm method. GO items belong to Level 3–7 were selected for network construction. Term-term interactions and GO clusters were inferred by Kappa score (Bindea et al., 2009).



Protein extraction for proteomic analysis

The same samples from the 2-day treatment group for transcriptome sequencing (Supplementary Table S1) were used for proteomic assays. Total proteins were extracted from Arabidopsis seedlings according to Wu et al. (2020). In brief, plant tissues were mixed with 5% PVPP (plolyvinylpyrrolidone) powder and lysis buffer (7 M urea, 2 M thiourea, 4% 3-[(3-cholamidopropyl) dimethylammonio]-1-propanesulfonate [CHAPS], and 40 mM Tris-HCl, pH 8.5). After homogenization by a grinder, protein was isolated from the mixture by Tris-saturated phenol. Crude protein products were precipitated from the phenol by using ammonium acetate/methanol. Protein pellet was washed with cold acetone and air dried. Next, the precipitant was solubilized in a SDS lysis buffer (SDSL3, 1% SDS with 1× cocktail protease, and 10 mM DTT), incubated at 56°C for 1 h, and treated by IAM (iodoacetamide) in the dark for 45 min. Protein products were precipitated by adding cold acetone and centrifuged at 25000×g for 20 min at 4°C. The pellet was dissolved into SDSL3. Protein concentration was measured by Bradford assay using bovine serum albumin (BSA) as a reference (Bradford, 1976).



HPLC and Label-free LC-MS/MS

Protein digestion and high-performance liquid chromatography (HPLC) were performed according to previous methods with modifications (Yang et al., 2017). For each sample, 100 μg of protein was digested by 2.5 μg of trypsin (trypsin:protein = 1:40) for 12 h and desalted by using a Strata X C18 column. Mixed peptides (10 ug from each sample) were injected into a Shimadzu LC-20AB HPLC system with a Gemini high pH C18 RP column (4.6 × 250 mm, 5 μm, 110 Å) at a flowrate of 1 mL/min. Peptides were eluted with a binary mobile phase made by combining solvent A (5% ACN [pH 9.8]) and solvent B (95% ACN [pH 9.8]). The gradient of solvent B was set as follows: 5% solvent B for 10 min; 5%–35% solvent B for 40 min; 35%–95% solvent B for 1 min. The elution peak was monitored at a wavelength of 214 nm and component was collected every minute. Collected fractions were combined into ten fractions and dried by vacuum centrifugation.

LC-MS/MS (Liquid chromatography–mass spectrometry) was performed by using an UltiMate 3000 RSLCnano system coupled to a QExactive Obitrap HF-X mass spectrometer (Thermo Fisher Scientific). A nano-LC column (150 μm × 30 cm, 1.8 μm, 100 Å) was packed in-house as analytical column for peptide separation at a flowrate of 500 nL/min.

For DDA (data dependent acquisition) analysis, peptides were loaded onto a C18 trap column (300 μm × 50 mm, 5 μm, Thermo Scientific) with solvent A [2% ACN, 0.1% FA]. Peptides eluted from the trap column was loaded onto the analytical column at 500 nL/min in a gradient from 5%–25% solvent B [98% ACN, 0.1% FA] for 155 min; 25%–30% solvent B for 10 min; and 30%–80% solvent B for 5 min. The mass spectrometer was operated in a DDA mode. Survey full-scan MS spectra from 350–1500 m/z were acquired with a resolution of 120,000 at 400 m/z, and an automatic gain control (AGC) target value of 3e6. After the survey scans, MS/MS spectra were acquired in HCD (higher-energy collisional dissociation) mode at a resolution of 30,000 at 400 m/z, an AGC target value of 1e6, a maximum ion injection time (MIT) of 100 ms, an intensity threshold of 2e4, and dynamic exclusion duration of 30 s.

For DIA (data independent acquisition) analysis, the same nano-LC system and gradient was used as above DDA analysis. LC separated peptides were ionized by nanoESI and injected to the mass spectrometer with DIA detection mode. The MS parameters were set as below: full scan range 400–1250 m/z at resolution 120,000 with MIT 50 ms, and an AGC target value of 3e6. DIA isolation window was set to 17 m/z with loop count 50 and automatic MIT, scanned at the resolution of 30,000; stepped normalized collision energy (NCE): 22.5, 25, 27.5; an AGC target value: 1e6. The mass spectrometry proteomics data have been deposited in the ProteomeXchange Consortium via the PRIDE partner repository with the dataset identifier PXD036880.



Proteomic data analysis

Raw MS/MS data from DDA mode were analyzed with MaxQuant version 1.5.3.30 (Tyanova et al., 2016). The A. thaliana proteome dataset (Araport11_genes.201606.pep.fasta.gz) which contains 40,785 entries were used as reference sequences. The false discovery rate (FDR) threshold of peptide-to-spectrum match (PSM) and proteins were set as 0.01. Minimal peptide length was set as 7. Cysteine carbamidomethyl was set as a fixed modification, while Methionine oxidation and N-termini acetylation were set as variable modifications. “Trypsin digestion” was chosen in the parameters setting while other searching parameters were kept as default. Identification results in MaxQuant were used for spectral library construction in Spectronaut. Raw MS/MS data from DIA mode were imported into Spectronaut for deconvolution and extraction (Pham and Jimenez, 2019). It used mProphet algorithm to perform analytical quality control and generate quantitative results. DEPs were identified by using MSstats package (Choi et al., 2014).



Western blot analysis

Six-day-old seedlings of Col-0 and BES1-FLAG were transferred into new petri dishes with ½ MS solid medium containing 0 or 150 mM NaCl. At 0, 3, 6, 12 and 24 h of treatment, fresh samples were collected and frozen in liquid nitrogen. Then 100 mg of frozen tissues were taken for each sample and homogenized in liquid nitrogen, followed by boiling at 99°C for 10 min in the 2× sample buffer (0.125 M Tris-HCl [pH 6.8], 4% SDS, and 20% glycerol). After centrifuge at 14,000×g for 10 min, the supernatant was collected and separated by a 10% SDS-PAGE gel. Proteins in the gel were transferred to an Immobilon-P PVDF membrane by the eBlot L1 Fast Wet Transfer System (GeneScript, Nanjing, China). The PVDF membrane was sequentially incubated with a primary antibody anti-FLAG (FG4R, Invitrogen) and a secondary antibody Anti-Mouse IgG (H+L) (32430, ThermoScienifc). Blotting was detected by enhanced chemiluminescent horseradish peroxidase substrate (E412, Vazyme) on X-ray film (SUPER RX-N-C, FUJIFILM). The loading control was indicated by the level of Actin, which was detected by an anti-Actin antibody (AC004, Abclonal). The experiment was repeated three times.



Reverse transcription and quantitative real-time PCR

Reverse transcription and qRT-PCR were conducted according to Luo et al. (2017). Total RNA was extracted from plant tissues by the EZNA Total RNA Kit II (Omega BIO-TEK). After quantification with NanoDrop 2000, one μg of total RNA of each sample was reverse transcribed with random hexamer primer by using the RevertAid First Strand cDNA Synthesis Kit (Thermo Scientific) according to its instructions. The cDNA products were diluted 10 folds with sterilized milli-Q water and used as templates. Each reaction mixture (20 μL) contains 2 μL of cDNA templates, 4 μL of forward primer (1 μM), 4 μL of reverse primer (1 μM), and 10 μL of 2X premixed reagent (SYBR Premix Ex Taq II, Tli RNase H Plus, TaKaRa). A two-step PCR protocol was used in CFX96 Touch™ Real Time PCR Detection System (BioRad) by using the following procedures: 95°C for 3 min, followed by 39 cycles of 95°C for 10 s and 60°C for 30 s. A housekeeping gene UBQ10 was used as an internal standard. Primer sequences for qRT-PCR were listed in Supplementary Table S3. Three independent biological repeats were performed for each sample. Relative expression of each interested gene was calculated using 2^(−ΔΔCt) method (Livak and Schmittgen, 2001). ANOVA and Tukey’s HSD were used for evaluation of change significance.



Luciferase luminescence assays

Total transcriptional activation analyses of BES1 (cloned from Col-0) and BES1-D (cloned from bes1-D) were carried out by using the dual-luciferase reporter (DLR) assay system with slight modifications (Feng et al., 2019; Wang et al., 2019). The CDS of BES1 and BES1-D were respectively cloned into pGreenII-62-SK vector as the effector constructs, and the 2-kb upstream sequences of NHX2, CAX3, SLAH3, and HKT1 were cloned into pGreenII-0800-LUC vector as the reporter constructs. Primer sequences used for making the effector and reporter constructs were listed in Supplementary Table S4. The successfully constructed plasmids were enriched through a plasmid extraction kit (DNA-spin™, Intron Biotechnology). Protoplasts from four-week-old seedlings grown under short photoperiod (10 h light/14 h dark at 20°C) were prepared using enzymatic hydrolysate (1.5% cellulose R10 and 0.4% Macerozyme R-10). Subsequently, the effector and reporter construct plasmids were mixed at a ratio of 4:1 in a 2-mL centrifuge tube and transferred into 100 μL of Arabidopsis protoplasts (20,000 cells) by PEG-Calcium mediated transfection. After transformation, the protoplasts were incubated at 25°C in the dark for 12–16 h, and harvested by centrifugation at 100×g for 2 min. To rupture these protoplasts, 100 μL of lysis buffer was added and mixed vigorously by vortexing for 2 s. Then, they were placed on ice for 5 min and centrifuged at 1000×g for 2 min. Finally, 10 μL of lysate was mixed with 40 μL of luciferase assay buffer (Promega). Firefly luciferase activity (LUC) and Renilla luciferase activity (REN) were measured by using a luminometer (BioTek Synergy H1 Multi-Mode Microplate Reader). Final transcriptional activities were calculated based on the ratio of LUC to REN. The experiments were repeated three times. Student’s t test was used for evaluating significance of change.



Electrophoresis mobility shift assay

For recombinant protein production, a truncated BES1(without nuclear localization signal) was first cloned into pMal-C2X vector in frame with a C-terminal MBP tag. MBP-BES1 fusion protein was purified with amylose agarose beads from Escherichia coli BL21 cell line. Then, the presence of E-box (CAnnTG) and BRRE (CGTG[T/C]G) motifs was examined in the 2-kb promoter regions of putative target genes. Oligo probes were synthesized and labeled with biotin using Biotin 3’ End DNA Labeling Kit (Thermo Scientific, Cat. #89817). The labeled single strand probes were annealed into double strands and EMSA was performed using LightShift® Chemiluminescent EMSA Kit (Thermo Scientific, Cat. #20148). Briefly, 2 μg of purified MBP-BES1 was incubated with biotin-labeled promoter probes at 25°C for 30 min according to the manufacturer’s instructions, and 500, 1000 and 2000-fold of cold probes (without 3’-biotin labeling) and E-box or BRRE-mutated mutant cold probes were used for competition assay with the biotin-labeled probes. The results were detected by Chemiluminescent Nucleic Acid Detection Module Kit (Thermo Scientific, Cat. #89880). All the DNA probes synthesized for EMSA were listed in Supplementary Table S5.




Results


The bes1-D mutant showed higher salt tolerance than the wild-type plants

To assess the responses of Col-0, bes1-D and BES1-RNAi under salt stress, six-day-old seedlings were transferred to growth media with different concentrations of NaCl (0, 100, 150, and 200 mM). All the three plant materials performed similarly under 100 mM NaCl treatment, with an average survival rate > 97.17% after six days’ treatment. Significant differences in survival rates of three plant materials were observed after 4 days of 150 mM NaCl treatment. bes1-D showed a much higher survival rate (76.88%) than Col-0 (47.61%) and BES1-RNAi (28.66%) at the 4th day of treatment. Similar phenotypic changes were also found at the 6th day of treatment with 150 mM NaCl. Growth of all the plant materials was severely affected by 200 mM NaCl treatment even at the early stage (2 d), but the bes1-D mutant still showed a much higher survival rate (75.71%) compared to the wild-type Col-0 (38.9%) and the BES1-RNAi line (28.77%). At the 4th day of treatment with 200 mM NaCl, the survival rates of all three materials decreased dramatically, but bes1-D remained the highest (6.57%), compared with that of Col-0 (1.94%) and BES1-RNAi (1.05%) (Figures 1, 2A–C). Electrical conductivity analysis confirmed that bes1-D had lower relative electrolyte leakage than Col-0 and BES1-RNAi under salt stress, particularly under 150 mM NaCl treatment (Figures 2D–F). These results demonstrate that BES1 is involved in plant responses to salt stress and gain of BES1 function could enhance salt tolerance in Arabidopsis, whereas knocking down of BES1 increases plant sensitivity to salt treatment.




Figure 1 | Phenotypic analysis of bes1-D and BES1-RNAi under salt stress. Col-0, a wild type; bes1-D, a gain-of-function mutant for BES1; BES1-RNAi, a loss-of-function mutant for BES1. Growth media with different concentrations of NaCl (0, 100, 150 and 200 mM) were used for the treatment. Photos were taken at the 2nd, 4th, and 6th day of the treatment.






Figure 2 | Physiological analysis of Col-0, bes1-D, and BES1-RNAi under salt stress. (A–C) Survival rates of Arabidopsis at the 2nd (A), 4th (B) and 6th (C) day of salt treatment. Five biological replicates were performed. For each replicate, 50 seedlings were planted. Values are means ( ± SE) of five replicates. Statistically significant differences (P < 0.05) were calculated by using one-way ANOVA with LSD post-hoc analysis. (D–F) Relative electrolyte leakage of Arabidopsis in 2nd (D), 4th (E) and 6th (F) day of salt treatment. Values are means ( ± SE) of nine replicates (t test, * P < 0.05, ** P < 0.01, N.S, not significant.). Different lowercase letters above bars denote significant differences of change (P < 0.05).





Transcriptome sequencing revealed gene clusters specifically regulated by BES1 under salt stress

On the basis of the phenotypic data, we used 150 mM NaCl for salt treatment to investigate global gene expression changes. Seedlings of bes1-D and Col-0 were collected after 2 days and 4 days of the treatment (Supplementary Table S1). In total, 24 plant samples were used for RNA isolation, library construction, and transcriptome sequencing. In average, 28.84 M of read pairs were produced from each sample, and 97.31% of these read pairs can be aligned to the Arabidopsis genome (Supplementary Table S2). Gene expression profiling showed that 29,669 genes were expressed in at least one sample. Correlation coefficient between each pair of samples in three biological replicates were not less than 0.91, indicating good consistency of independent biological replicates (Supplementary Figure S1). Hierarchical clustering based on Euclidean Distance of the eight samples showed that salt-treated and untreated samples were obviously separated into two clusters. Furthermore, genes in the 2-day and 4-day samples were separated into sub-clusters, which indicated more detailed global gene expression changes from 2-day to 4-day of the treatment (Figure 3A). DEGs were identified between treated samples and controls. Under the salt stress, around 60% DEGs were shared by bes1-D (bes1D_Salt_2d vs. bes1D_NC_2d) and Col-0 (Col0_Salt_2d vs. Col0_NC_2d), suggesting that thousands of genes were specifically regulated in bes1-D. Even for the same materials, only ~50% of the DEGs were identical at different time points of the treatment, indicating significant gene expression changes in response to salt stress (Supplementary Figure S2). It was also found that the number of DEGs in 4-day samples was larger than that of 2-day samples (Figures 3B–F). But DEGs at 2-day changed more dramatically than 4-day, as evidenced by a more dispersed volcano plot of 2-day samples (Figures 3C–D) than 4-day samples (Figures 3E–F). For example, a well-known stress-induced gene WRKY25 (Zheng et al., 2007) was upregulated by nearly 13 folds in 2-day samples, but only 2.62 folds at 4-day samples. Similar expression pattern was also found for another stress-induced gene WRKY48 (Xing et al., 2008) (Supplementary Figure S3). We also examined the expression of two BR biosynthetic genes CPD and DWF4, which are repressed by BR signaling through a negative feedback regulation (He et al., 2005). Indeed, both CPD and DWF4 had lower expression levels in bes1-D compared to Col-0. Besides, the expression of CPD was downregulated to around two folds in salt-treated samples compared to control samples. Surprisingly, the expression of DWF4 only slightly downregulated in response to salt stress (Supplementary Figure S4).




Figure 3 | Transcriptomic analyses in bes1-D and Col-0 under salt stress. (A) Heatmap of genes in eight experimental groups. A total of 13,528 genes with average FPKM > 5 were used for this analysis. FPKM values were transformed by Z-score = (FPKM − mean)/σ. Hierarchical cluster based on Euclidean Distance was used for the clustering analysis. NC, normal condition, or negative control; Salt, 150 mM NaCl. (B) DEGs numbers in different comparisons. Fold change (absolute value) > 1.5 and P value < 0.05 were regarded as DEGs. Red, upregulated genes; blue, downregulated genes. (C–H) Volcano plot of all expressed genes in different comparisons. Red, significantly upregulated genes; blue, significantly downregulated genes.



Given the distinct gene expression changes at 2-day of the salt treatment, we used Col0_NC_2d (Col-0 under normal conditions at 2-day), Col0_Salt_2d (Col-0 under treatment of 150 mM NaCl for 2 days), and bes1D_Salt_2d (bes1-D under treatment of 150 mM NaCl for 2 days) to perform a time series clustering analysis through a Fuzzy C-means clustering algorithm. From this analysis, DEGs were clustered into six clusters (Figure 4A; Supplementary Figure S5; Supplementary Table S5). In Cluster 1, 351 genes were only slightly downregulated in Col0_Salt_2d, but they were greatly downregulated in bes1D_Salt_2d. These genes were significantly enriched in biological processes related to plant growth and development, such as shoot system development, cotyledon development, and organ formation (Supplementary Figure S6A). Notably, the most significant GO item in Cluster 1 was BR biosynthesis process which contains CPD, DWF4, BR6OX2, CYP90D1, and ST4A. Besides, a key gene for ROS generation, RBOHB, was also detected in Cluster 1, which suggested reduced ROS generation in bes1-D. In Cluster 2, 365 genes were clearly upregulated in bes1D_Salt_2d but barely changed in Col0_Salt_2d. Functional annotation of these genes demonstrated that many of them are transcription factors related to stress responses or gene regulation (Figure 4B). Cluster 3 contains 805 genes which were slightly upregulated in Col0_Salt_2d but significantly upregulated in bes1D_Salt_2d, suggesting that the expression of these genes was promoted by BES1 to enhance plant salt tolerance. Functional annotation of these 805 genes implied that they were enriched in processes such as response to multiple stresses (e.g., salt stress, osmotic stress, oxidative stress, and defense response), and flavonoid biosynthesis (Figure 4C). Notably, two stress-responsive genes WRKY25 and WRKY48 mentioned above were also found in Cluster 3. In addition, a series of key genes involved in anthocyanin biosynthesis were also among the upregulated genes in Cluster 2 (e.g., PAL2, 4CL3) and Cluster 3 (e.g., DFR, TT4, TT7, TT8, UF3GT), indicating BES1 may target them to enhance anthocyanins biosynthesis and cope with the stress by acting as ROS scavengers, photoprotectants, and/or stress signals. Functional enrichment analyses were also performed for Cluster 4–6 (Supplementary Figures S6B–D). In Cluster 4, 625 genes were upregulated under salt stress, but they did not show much more changes between Col0_Salt_2d and bes1D_Salt_2d samples. We found one biological process “response to ABA stimulus” was enriched in Cluster 4, suggesting that ABA signaling is also an important mechanism of salt tolerance in bes1-D. Cluster 5 contained the largest number of genes (1,085) among the six clusters. However, all adjusted P values were > 0.05 for GO biological processes generated by enrichment analysis of 1,085 genes in the Cluster 5 (Supplementary Figure S6C). In Cluster 6, 324 genes were significantly upregulated in Col0_Salt_2d, but with little changes in bed1D_Salt_2d. A large portion of Cluster 6 genes were enriched in processes such as response to stimulus and response to stress (Supplementary Figure S6D). Interestingly, RD26, a gene that is transcriptionally repressed by BES1 (Ye et al., 2017) was observed in Cluster 6.




Figure 4 | Time Series Clustering analyses of genes in bes1-D and Col-0 under salt stress. (A) Fuzzy c-means algorithm was used for clustering. Gene expression was normalized by Z-score transformation. (B) Gene Ontology analysis for 365 genes in cluster 2. (C) Gene Ontology analysis for 805 genes in cluster 3. Only top 30 Biological Process items were showed in (B, C) due to the space limitation.





qRT-PCR validation of selected DEGs

It has been well established that excess Na+ caused by salt stress triggers a cytoplasmic Ca2+ signaling, which will change the activities of ion transporters for Na+, K+, and H+, and thus reduce Na+ accumulation in cytoplasm and maintain the ion homeostasis in the cell (Zhu, 2002). To correlate the gene expression changes in transcriptome with ion transporters, a total of eight genes involved in the SOS signaling pathways were selected to validate their expression changes by qRT-PCR (Figure 5A). SOS1, encoding a plasma membrane Na+/H+ antiporter, is stably expressed in all the transcriptome samples with an average FPKM of 5.1 ± 1.1 (mean ± SD), with little expression changes between bes1-D and the wild-type, under either normal or salt stress conditions. However, significant expression changes were observed for the cation exchanger genes CAX1 and CAX3, which encode vacuolar ion transporters contributing to cellular ion homeostasis. In transcriptome, CAX1 was enriched in Cluster 3 and CAX3 was in Cluster 4. Similar expression patterns were observed in qRT-PCR and transcriptome data for these two genes. CIPK18, a CBL-interacting protein kinase responsible for activating Na+/H+ antiporters, was also found upregulated in Cluster 3 and its expression was validated by qRT-PCR with high significance of change. The NHX1 gene (for transporting of Na+ or K+ into the vacuoles) was stably expressed in all transcriptome samples with an average FPKM of 28.6 ± 4.3 (mean ± SD), and this was confirmed by qRT-PCR analysis. NHX2 showed slight upregulation under salt stress in both transcriptome and qRT-PCR analysis, but the upregulation is statistically insignificant in the two datasets. A gene encoding the slow-type (S-type) anion channel protein SLAH3 was upregulated in Cluster 3 of the transcriptome data, and it was clearly induced by salt stress in qRT-PCR data. HKT1 controls Na+ entry into cytoplasm and its expression was significantly repressed under salt stress in transcriptome and this was validated by qRT-PCR analysis. We also checked the expression changes of BES1 mRNA which was down-regulated by 2 days’ NaCl treatment (150 mM) in the WT but not in bes1-D, indicating that BES1 expression was less affected in bes1-D.(Supplementary Figure S7). Overall, the Pearson correlation coefficient between RNA seq and qRT-PCR data of Col0_Salt_2d vs. Col0_NC_2d is 0.82 (P value = 0.013, Figure 5B), while that of another comparison pair (bes1D_Salt_2d vs. Col0_NC_2d) is 0.78 (P value = 0.024, Figure 5C), suggesting good consistency of the two datasets.




Figure 5 | Validation of selected genes by qRT-PCR and the correlation coefficient analysis of qRT-PCR and RNA seq. (A) qRT-PCR results of SOS1, CAX1, CAX3, CAX7, NHX1, NHX2, SLAH3, and HKT1 in Col-0 and bes1-D under salt stress. NC, normal conditions; Salt, 150 mM of NaCl. The sample Col-0_NC_2d was used as control for other experimental samples. A housekeeping gene UBQ10 (AT4G05320) was adopted as an internal reference for normalization of gene expression values. Relative expression values were calculated by using 2^(−ΔΔCt) method. Error bar means SE value of three biological repeats for each gene. Stars above error bars denote significant differences compared to Col-0_NC_2d (* P < 0.05, ** P < 0.01, ANOVA and Tukey’s HSD). (B, C) Evaluation of the correlation coefficient between fold changes in RNA Seq and relative expression in qRT-PCR of selected genes. Pearson correlation coefficient between the two groups and its significance (P value) were calculated by using ggpubr package in RStudio.





Salt-induced proteomic responses and comparative analysis with the transcriptome data

Seedlings of bes1-D and Col-0 collected at the 2nd day of treatment 150 mM NaCl were also used for quantitation of proteins by label-free LC-MS/MS. For the 37,866 gene entries in Arabidopsis genome (TAIR10), an average of 5,062 ± 51 (mean ± SD) coded proteins were detected in the proteomic samples. As a comparison, a total of 25,841 ± 349 genes were detected in transcriptome samples. As a much larger number of genes were detected by transcriptome sequencing than by proteome profiling, we performed an overlapping analysis of proteins based on their FPKM values for RNA levels. For each sample, all Arabidopsis genes were classified into five categories based on their expression values (FPKM) in transcriptome. “FPKM = 0” means that no reads were found for genes in transcriptome data. Expressed genes (FPKM > 0) were ascendingly sorted by FPKM values and divided into four quarters: low, middle-low, middle-high, and high FPKMs. Proteins identified in proteomic data were mapped to these five categories. In all the four samples analyzed, more than 93% of proteins belong to “middle-high” and “high FPKM” groups. More than 67% of the LC-MS/MS detected proteins belong to the “high FPKM” group. Even for all the genes in “high FPKM” group, around 47% of them were not detected by proteomics (Figure 6A). Next, differentially expressed proteins (DEPs) were identified by using MSstats. In Col-0, 530 proteins were upregulated, and 706 proteins were downregulated under salt stress. In bes1-D, similar numbers of DEPs were identified. A total of 90 DEPs (20 upregulated and 70 downregulated) were found in bes1-D over Col-0 under normal conditions. The small number of DEPs might reflect that these two materials have similar proteomes during their young seedling stage. However, a larger number of differentially expressed proteins (188 upregulated and 643 downregulated) were found in bes1-D over Col-0 under salt stress (Figure 6B), suggesting that bes1-D might specifically regulate some target genes involved in salt stress response. We evaluated the association of proteome and transcriptome by Pearson correlation coefficient. By comparing the Col0_Salt_2d vs. Col0_NC_2d samples and a correlation coefficient of 0.53 was observed between transcriptome and proteome data. Another comparison of bes1D_Salt_2d vs. bes1D_NC_2d revealed a coefficient of 0.49 between transcriptome and proteome. Weak correlation was found for comparisons of materials under the same conditions regardless of plant genotypes (i.e., bes1D_NC_2d vs. Col0_NC_2d; bes1D_Salt_2d vs. Col0_Salt_2d) (Figure 6C). Gene Ontology enrichment analysis of DEPs in bes1D_Salt_2d vs. Col0_Salt_2d showed that proteins related to metabolic process and response to stimulus, response to salt stress were the mainly enriched items (Figure 6D).




Figure 6 | Proteomic analyses in bes1-D and Col-0 under salt stress. (A) Overlapping analysis of proteomic and transcriptomic data. All gene entries of A thaliana were classified into five groups based on their RNA-level FPKM values. “FPKM = 0” are genes that no reads were found in transcriptome. Expressed genes (FPKM > 0) were sorted by FPKM values and divided into four quarters: low FPKM, middle-low FPKM, middle-high FPKM, and high FPKM. Proteins identified in LC-MS/MS data were mapped to these five categories. NC, normal conditions; Salt, 150 mM NaCl; 2d, 2 days of the treatment. (B) Volcano plot of all detected proteins in different comparisons. Fold change (absolute value) > 1.5 and P value < 0.05 were regarded as DEPs. Red, significantly upregulated genes; blue, significantly downregulated genes. (C) Correlation coefficient analysis of proteomic data and transcriptomic data. For genes both detected by RNA seq and LC-MS/MS, their fold changes were collected and transformed via log2, respectively. Pearson correlation coefficient between the two groups and its significance (P value) were calculated by using rcorr package in RStudio. Linear regression (purple lines) was performed by using fitting linear models (lm function). (D) Gene Ontology enrichment analysis for downregulated and upregulated DEPs in bes1-D_Salt_2d vs. Col-0_Salt_2d. Only top 30 Biological Process items were showed for each group due to the space limitation.





Network construction identified key modules affected in bes1-D under salt stress

The clustering and functional enrichment analyses have revealed that a series of biological processes were promoted in bes1-D under salt stress (Figures 4B, C). Considering the high redundancy in the enriched GO items, we performed a GO enrichment network analysis based on transcriptome data to produce a more concise scenario. In the network of Cluster 2, “regulation of response to stimulus” is the predominant module (22 nodes out of 52 total nodes). Other important modules include secondary metabolic biosynthetic processes, cell surface receptor signaling pathways, responses to ROS, etc. (Figure 7A). In the network of Cluster 3, “defense response” and “regulation of the response to stress” are two main modules in the network. The rest are flavonoid biosynthesis, response to hypoxia, transmembrane transport, responsive to reactive oxygen species, organ senescence, and carbohydrate transmembrane transporter activity, etc. (Figure 7B). ABA signaling pathway is one of key pathways in response to salt stress in plants. A heatmap of genes involved in ABA biosynthesis, catabolism, and signaling demonstrated that ABA signaling pathway was activated under salt stress, and some DREB genes (DREB2B in Cluster 2; DREB2C, DREB19, and DREB26 in Cluster 3) were found to be upregulated in bes1-D (Figure 7C), suggesting that BES1 may enhance the expression of ABA responsive genes under salt stress. “Transmembrane transport” was a key module in the network. For example, transporters-related genes such as SOS family genes, NHX family genes, and SLAH3 showed enhanced expression in bes1D_Salt_2d compared to Col0_Salt_2d. The kinase CIPK family that is responsible for activating transmembrane transporters was also activated in bes1D_Salt_2d (Figure 7D). Anthocyanin biosynthesis belongs to the “Flavonoid biosynthesis” module, and expression heatmap showed that many of the anthocyanin biosynthesis genes were upregulated in bes1D_Salt_2d (Figure 7E). ROS acts as a second messenger to regulate various stress responses (Pitzschke et al., 2006). To balance the ROS accumulation, plants have evolved the effective enzymatic antioxidant defense system including catalase (CAT), peroxidase (POD), superoxide dismutase (SOD), and polyphenol oxidase (PPO) enzymes to scavenge ROS and protect plant cells from oxidative damage. We characterized the expression pattern of RBOH genes related to ROS generation and found that the expression of RBOHB, RBOHC, and RBOHF was inhibited in bes1-D_Salt_2d (Figure 7F). Consistently, the expression of some genes of the glutathione S-transferases (GSTs) family (e.g., GSTU19, GSTU12, GSTU9, GSTU25, GSTU22) were also enhanced in bes1D_Salt_2d (Figure 7G).




Figure 7 | Network and pathways analyses of key modules affected in bes1-D. Gene Ontology enrichment network of genes in Cluster 2 (A) and Cluster 3 (B). Expression profiling of genes evolved in ABA biosynthesis, catabolism, and signaling (C); Na+/K+ ion transportation (D); Anthocyanins biosynthesis (E); ROS generation (F); and ROS scavenging (G).





BES1 directly binds and regulates the expression of some salt-responsive genes

As the time series clustering analysis and functional enrichment network analysis demonstrated that many genes were specifically changed in bes1-D under salt stress, we hypothesized that some of these genes may be directly regulated by BES1 though binding to their promoters. We selected four genes (NHX2, CAX3, SLAH3, and HKT1) to check whether there are any BES1-binding motifs BRRE (CGTG[T/C]G) and/or E-box (CAnnTG) in their promoters. Four to ten E-box motifs but no BRRE motifs were found in the upstream 2-kb fragments of these four genes (Figure 8A). Transient transactivation assays in Arabidopsis protoplasts were used to examine whether BES1 (cloned from Col-0) or BES1-D (cloned from bes1-D) can activate/repress the transcription of these salt-responsive genes (Figure 8B). Three effector vectors (BES1, BES1-D, and vector control) were co-transformed with a reporter vector harboring the promoters of the selected genes, respectively. The results showed that BES1-D induced significant higher luciferase expression driven by the NHX2 and SLAH3 promoters compared to that driven by the vector control, while BES1 did not induce significantly higher luciferase activity relative to the control. However, both BES1-D and BES1 caused significant luciferase expression driven by the CAX3 promoter than the control. In the co-transformation of pro-HKT1-LUC reporter, both BES1-D and BES1 significantly reduced the luciferase expression than the vector control, and the effect of BES1-D was stronger (Figure 8C). We also performed EMSA to validate BES1 binding to the promoters of these potential target genes. BES1 can specifically bind to the promoters of NHX2 and CAX3 via the E-box motif CACGTG (Figure 8D) but not of that of SLAH3 and HKT1 (Supplementary Figure S8). These results suggest that NHX2 and CAX3 genes are direct targets of BES1 in regulating plant salt tolerance, while SLAH3 and HKT1 are likely upregulated by an enhancement of BES1 activity in BES1-D. Consistent with these results, we found that the BES1 protein was induced at the early stage of salt treatment (3 and 6 h), with a proportional increase in the dephosphorylated active form (Figure 8E).




Figure 8 | Transient expression assay for transcriptional activation or repression activity of BES1 on target genes by using luciferase luminescence and EMSA. (A) Motif analysis in promoters of putative target genes. Empty boxes represent upstream 2-kb of open reading frame (ORF) region. Black block means start codon and arrows are translational direction. (B) Transient expression assay and construct structures. Thick arrows denote promoters while rectangles are coding sequence (CDS) regions. Upstream 2-kb fragments of target genes were inserted to constructs for driving LUC expression. BES1-D (or BES1D) means it was cloned from the bes1-D mutant. (C) Transient assay for target genes regulated by BES1 or BES1-D. Values are means ( ± SE) of at least three replicates. Asterisks are significant differences between BES1/BES1-D and a positive control pGREENII-35Spro-LUC (t test, * P < 0.05, ** P < 0.01). (D) EMSA analysis of BES1 binding to the promoter regions of NHX2 and CAX3 genes. Cold probes (without biotin labeling) or mutated cold probes were used to compete with the labelled probes for binding with BES1. Positions of these two binding motifs were labeled as red dots in panel (A). (E) Western blot analysis of BES1-FLAG protein level under salt treatment (150 mM of NaCl) at different time points. A BES1-FLAG overexpressing line was used for the salt treatment. pBES1-FLAG and BES1-FLAG denote the phosphorylated and dephosphorylated forms of BES1, respectively. Actin was used as a loading control.






Discussion

BR has major effects on promoting plant growth and development, and it was also involved in regulation of plant responses to environmental changes such as drought, freezing, salt, and heat stresses (Li et al., 2017; Nolan et al., 2017a; Ye et al., 2017; Nolan et al., 2019; Li et al., 2020; Albertos et al., 2022). In this study, we found that bes1-D, a gain-of-function mutant of BES1, showed better growth performance and lower relative electrolyte leakage than wild-type under salt stress (150 and 200 mM NaCl), while the loss-of-function mutant BES1-RNAi performed poorer than the wild-type plants (Figures 1, 2). A consistent conclusion has been drawn by Jia et al. (2021) that SlBZR1 cloned from tomato enhanced salt tolerance in both tomato and Arabidopsis. But the molecular mechanism how SlBZR1 regulates its target genes was not clear, despite that several salt-responsive genes (i.e., SlAREB1, SlDREB1, SlRD29, SlERF1, SlCAT2, SlAPX2) were shown to be upregulated in SlBZR1D-overexpressing plants. BES1 is known to be directly regulated by BIN2 through phosphorylation (Yin et al., 2002). However, there were also evidences showing that the activation of BES1 can be mediated by PP2C phosphatases (ABI1) in a BR independent manner (Zhang et al., 2009; Wang et al., 2018; Albertos et al., 2022). These studies indicated a positive role of BZR1/BES1 in plant stress responses, and activation of BZR1/BES1 can be mediated by factors other than BIN2 only.

Transcriptome sequencing provides a full scenario of global gene expression of bes1-D and wild-type under salt stress (Figure 3). DEGs and time series clustering analyses indicated that a total of 1,170 genes were enhanced in bes1-D under salt stress, of which the 365 genes in Cluster 2 were specifically upregulated and the 805 genes in Cluster 3 were boosted in bes1-D (Figure 4A). Two known BES1 target genes HSP70.4 (AT3G12580) and HSP90.1 (AT5G52640) (Albertos et al., 2022) were observed in Cluster 2, suggesting that BES1 may directly upregulate genes in these two clusters to enhance salt tolerance. Both transcriptome and proteome analyses showed that parts of the genes involved in ABA biosynthesis, catabolism, and signaling were induced by salt stress particularly in 2-day treatment samples (Figure 7C). Three ABA biosynthesis genes (i.e., ABA1, ABA3, and AAO3) were significantly upregulated in both bes1-D and Col-0 under salt stress, but their salt-induced fold changes in these two materials were almost identical. Four DREB genes (DREB2B, DREB2C, DREB19, and DREB26) were upregulated in bes1D_Salt_2d (Figure 7C), suggesting that BES1 may activate ABA signaling under salt stress. A previous study revealed that a crosstalk of ABA and BR signaling was established through the interaction of PP2Cs and BIN2, whereby PP2Cs (ABI1 and ABI2) dephosphorylated BIN2 under normal conditions. As PP2Cs are negative regulators in ABA signaling pathway, accumulation of ABA under stress conditions will inactive PP2Cs and promote BIN2 phosphorylation thereby inhibiting BES1 and BR responsive genes (Wang et al., 2018; Jiang et al., 2019a). A novel crosstalk between ABA and BR was reported by Albertos et al. (2022) that BES1 activation mediated by PP2C phosphatases was not completely rely on BIN2. Our findings of the upregulation of DREB genes in bes1-D under salt stress provided a new clue for the crosstalk of BR and ABA signaling. Other than this, our transcriptome data demonstrated that a series of ROS related genes, particularly GST family, were upregulated in bes1-D under salt stress (Figure 7E). These findings are consistent with a functional study of TaBZR2 in wheat (Triticum aestivum) which showed that TaBZR2 enhances drought tolerance via targeting TaGST1, a scavenger of superoxide anions induced by drought stress (Cui et al., 2019). Expression heatmap showed that most of the anthocyanin biosynthesis genes (i.e., PAL1, PAL2, CHS, F3H, DFR, ANS, UF3GT, PAP1) were also upregulated in bes1-D under salt stress (Figure 7D), suggesting that BES1 promotes anthocyanins accumulation to help ROS scavenging under salt stress. A BR-induced accumulation of anthocyanins has been reported in grape (Vitis vinifera) (Vergara et al., 2018). It was shown that BES1 acts as an important regulator in plant response to UVB light stress. Under normal conditions, BES1 inhibits flavonoid biosynthesis genes MYB11, MYB12 and MYB111 through binding to their promoters as a transcriptional repressor. Under UVB light stress, down-regulated BES1 compromises the inhibition on these three genes and thus promoting flavonol accumulation (Liang et al., 2020). In our transcriptome data, the expression of these three genes were almost unchanged between bes1-D and the wild-type, either under stress or normal conditions (Supplementary Figure S9). This inconsistency reflected complicated regulation of flavonol accumulation in different growth periods or conditions.

In our transcriptional activation assays, BES1-D was found to regulate four ion transporters (NHX2, CAX3, SLAH3, and HKT1) possibly by binding to their promoters (Figure 8). Of these four genes, CAX3 was also previously identified as putative BES1 target gene in a ChIP-chip study (Yu et al., 2011). Chromatin accessibility is highly dynamics in response to growth and environmental changes. Therefore, the targets genes of transcription factors obtained under different conditions may be different. For example, an ATAC sequencing profiling revealed that cell-type-specific differences of transcription factors in Arabidopsis (Maher et al., 2017). Another study of accessible chromatin regions (ACRs) in tea genome demonstrated that 226 common THSs (distal transposase hypersensitive sites) were shared by normal samples (997 THSs) and chilling treated samples (663 THSs) (Wang et al., 2021). Therefore, we speculate that BES1 may specifically regulate some of the target genes under salt stress. Indeed, our EMSA DNA-binding assays confirmed that NHX2 and CAX3 could specifically bind BES1.

In conclusion, our results in this study indicate that BES1-D, a constitutively active form of BES1, can increase plant salt tolerance in Arabidopsis. Under salt stress, the bes1-D mutant performed much better than the wilt-type (Col-0) and the BES1-RNAi line. Transcriptome sequencing results revealed that 1,170 genes were clearly upregulated in bes1-D compared to Col-0 under salt stress. Functional enrichment indicated that these genes were mostly enriched in key regulatory modules such as regulation of response to stress, responsive to ROS, flavonoid biosynthesis, and transmembrane transport, etc. Further proteomic analysis and qRT-PCR assays confirmed the findings from transcriptome analysis. Both transcriptomic and proteomic data confirmed that the upregulation of genes/proteins involved in regulation of response to stress, synthesis of secondary metabolites, ROS and ABA signaling, and those controlling ion transport are the key mechanisms of BES1 promotion of salt tolerance in Arabidopsis. Finally, transient gene transcription assays using Arabidopsis protoplasts and EMSA DNA binding assay confirmed that some of these genes are indeed under regulation of BES1 in plant cells.



Data availability statement

The datasets presented in this study can be found in online repositories. Transcriptome data were deposited in NCBI Sequence Read Archive database (SRA, http://www.ncbi.nlm.nih.gov/sra) with the accession number PRJNA882207. The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE partner repository with the dataset identifier PXD036880.



Author contributions

J-XH conceived the project; LF, Y.L., Y-LZ, G-HM, and Z-LJ performed the research and organized data; LF and J-XH wrote the manuscript; W-HL provided critical discussions and editing of the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by the General Research Fund (CUHK Codes 14148916 and 14104521) and AoE grants (AoE/M-05/12 and AoE/M-403/16) from the Research Grants Council (RGC) of Hong Kong, the National Natural Science Foundation (NSFC)-RGC Joint Scheme (N_CUHK452/17), and the Direct Grants from the Chinese University of Hong Kong to J-XH, and the NSFC-RGC Joint Scheme (Grant No. 31761163003) to W-HL.



Acknowledgments

We thank Ms. LIN Yiman (BGI shenzhen) and Mr. LEUNG Chun-Ning Thomas (CUHK) for technical support for proteomic data processing.



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.2023.1034393/full#supplementary-material



Abbreviations

ABA, abscisic acid; BR, brassinosteroid; BRI1, brassinosteroid insensitive 1; BAK1, BRI1-associated receptor kinase 1; BES1, BRI1-EMS-suppressor 1; BIN2, BR-insensitive 2; BSU1, BRI1 suppressor 1; BZR, brassinazole resistant; FPKM, fragments per kilobase of exon per million mapped fragments.



References

 Albertos, P., Dündar, G., Schenk, P., Carrera, S., Cavelius, P., Sieberer, T., et al. (2022). Transcription factor BES1 interacts with HSFA1 to promote heat stress resistance of plants. EMBO J. 41, e108664. doi: 10.15252/embj.2021108664

 Anders, S., Pyl, P. T., and Huber, W. (2015). HTSeq–a Python framework to work with high-throughput sequencing data. Bioinformatics 31, 166–169. doi: 10.1093/bioinformatics/btu638

 Bindea, G., Mlecnik, B., Hackl, H., Charoentong, P., Tosolini, M., Kirilovsky, A., et al. (2009). ClueGO: a cytoscape plug-in to decipher functionally grouped gene ontology and pathway annotation networks. Bioinformatics 25, 1091–1093. doi: 10.1093/bioinformatics/btp101

 Bradford, M. M. (1976). A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of protein-dye binding. Analytical Biochem. 72, 248–254. doi: 10.1016/0003-2697(76)90527-3

 Brini, F., and Masmoudi, K. (2012). Ion transporters and abiotic stress tolerance in plants. ISRN Mol. Biol. 2012, 927436. doi: 10.5402/2012/927436

 Cai, Z. Y., Liu, J. K., Wang, H. J., Yang, C. J., Chen, Y. X., Li, Y. C., et al. (2014). GSK3-like kinases positively modulate abscisic acid signaling through phosphorylating subgroup III SnRK2s in Arabidopsis. Proc. Natl. Acad. Sci. 111, 9651–9656. doi: 10.1073/pnas.1316717111

 Cao, W. H., Liu, J., He, X. J., Mu, R. L., Zhou, H. L., Chen, S. Y., et al. (2007). Modulation of ethylene responses affects plant salt-stress responses. Plant Physiol. 143, 707–719. doi: 10.1104/pp.106.094292

 Cao, X. J., Ma, W. F., Zeng, F. W., Cheng, Y. J., Ma, Z. H., Mao, J., et al. (2023). Grape BES1 transcription factor gene VvBES1-3 confers salt tolerance in transgenic arabidopsis. Gene 854, 147059. doi: 10.1016/j.gene.2022.147059

 Chen, X., Xue, H. D., Zhu, L. P., Wang, H. Q., Long, H., Zhao, J., et al. (2022). ERF49 mediates brassinosteroid regulation of heat stress tolerance in Arabidopsis thaliana. BMC Biol. 20, 254. doi: 10.1186/s12915-022-01455-4

 Choi, M., Chang, C.-Y., Clough, T., Broudy, D., Killeen, T., MacLean, B., et al. (2014). MSstats: an r package for statistical analysis of quantitative mass spectrometry-based proteomic experiments. Bioinformatics 30, 2524–2526. doi: 10.1093/bioinformatics/btu305

 Clark, N. M., Nolan, T. M., Wang, P., Song, G. Y., Montes, C., Valentine, C. T., et al. (2021). Integrated omics networks reveal the temporal signaling events of brassinosteroid response in Arabidopsis. Nat. Commun. 12. doi: 10.1038/s41467-021-26165-3

 Cui, X. Y., Gao, Y., Guo, J., Yu, T. F., Zheng, W. J., Liu, Y. W., et al. (2019). BES/BZR transcription factor TaBZR2 positively regulates drought responses by activation of TaGST1. Plant Physiol. 180, 605–620. doi: 10.1104/pp.19.00100

 Deinlein, U., Stephan, A. B., Horie, T., Luo, W., Xu, G. H., and Schroeder, J. I. (2014). Plant salt-tolerance mechanisms. Trends Plant Sci. 19, 371–379. doi: 10.1016/j.tplants.2014.02.001

 del Río, L. A., and López-Huertas, E. (2016). ROS generation in peroxisomes and its role in cell signaling. Plant Cell Physiol. 57, 1364–1376. doi: 10.1093/pcp/pcw076

 Feng, L., Li, N., Yang, W., Li, Y., Wang, C. M., Tong, S. W., et al. (2019). Analyses of mitochondrial genomes of the genus Ammopiptanthus provide new insights into the evolution of legume plants. Plant Systematics Evol. 305, 385–399. doi: 10.1007/s00606-019-01578-2

 Frazee, A. C., Pertea, G., Jaffe, A. E., Langmead, B., Salzberg, S. L., and Leek, J. T. (2015). Ballgown bridges the gap between transcriptome assembly and expression analysis. Nat. Biotechnol. 33, 243–246. doi: 10.1038/nbt.3172

 Fu, H. Q., Yu, X., Jiang, Y. Y., Wang, Y. H., Yang, Y. Q., Chen, S., et al. (2022). SALT OVERLY SENSITIVE 1 is inhibited by clade d protein phosphatase 2C D6 and D7 in Arabidopsis thaliana. Plant Cell. 35, 279–297. doi: 10.1093/plcell/koac283

 Guo, Y., Halfter, U., Ishitani, M., and Zhu, J. K. (2001). Molecular characterization of functional domains in the protein kinase SOS2 that is required for plant salt tolerance. Plant Cell 13, 1383–1400. doi: 10.1105/tpc.13.6.1383

 He, J. X., Gendron, J. M., Sun, Y., Gampala, S. S. L., Gendron, N., Sun, C. Q., et al. (2005). BZR1 is a transcriptional repressor with dual roles in brassinosteroid homeostasis and growth responses. Science 307, 1634–1638. doi: 10.1126/science.1107580

 He, J. X., Gendron, J. M., Yang, Y. L., Li, J. M., and Wang, Z. Y. (2002). The GSK3-like kinase BIN2 phosphorylates and destabilizes BZR1, a positive regulator of the brassinosteroid signaling pathway in Arabidopsis. Proc. Natl. Acad. Sci. 99, 10185–10190. doi: 10.1073/pnas.152342599

 Horvath, D. P., Hansen, S. A., Moriles-Miller, J. P., Pierik, R., Yan, C., Clay, D. E., et al. (2015). RNAseq reveals weed-induced PIF3-like as a candidate target to manipulate weed stress response in soybean. New Phytol. 207, 196–210. doi: 10.1111/nph.13351

 Hu, Y. R., and Yu, D. Q. (2014). BRASSINOSTEROID INSENSITIVE2 interacts with ABSCISIC ACID INSENSITIVE5 to mediate the antagonism of brassinosteroids to abscisic acid during seed germination in Arabidopsis. Plant Cell 26, 4394–4408. doi: 10.1105/tpc.114.130849

 Jia, C. G., Zhao, S. K., Bao, T. T., Zhao, P. Q., Peng, K., Guo, Q. X., et al. (2021). Tomato BZR/BES transcription factor SlBZR1 positively regulates BR signaling and salt stress tolerance in tomato and Arabidopsis. Plant Sci. 302, 110719. doi: 10.1016/j.plantsci.2020.110719

 Jiang, H., Tang, B. Y., Xie, Z. L., Nolan, T. M., Ye, H. X., Song, G. Y., et al. (2019a). GSK3-like kinase BIN2 phosphorylates RD26 to potentiate drought signaling in Arabidopsis. Plant J. 100, 923–937. doi: 10.1111/tpj.14484

 Jiang, Z. H., Zhou, X. P., Tao, M., Yuan, F., Liu, L. L., Wu, F. H., et al. (2019b). Plant cell-surface GIPC sphingolipids sense salt to trigger Ca2+ influx. Nature 572, 341–346. doi: 10.1038/s41586-019-1449-z

 Kim, T. W., Guan, S. H., Burlingame, A. L., and Wang, Z. Y. (2011). The CDG1 kinase mediates brassinosteroid signal transduction from BRI1 receptor kinase to BSU1 phosphatase and GSK3-like kinase BIN2. Mol. Cell 43, 561–571. doi: 10.1016/j.molcel.2011.05.037

 Kim, T. W., Guan, S. H., Sun, Y., Deng, Z. P., Tang, W. Q., Shang, J. X., et al. (2009). Brassinosteroid signal transduction from cell-surface receptor kinases to nuclear transcription factors. Nat. Cell Biol. 11, 1254–1260. doi: 10.1038/ncb1970

 Kim, D. H., Paggi, J. M., Park, C., Bennett, C., and Salzberg, S. L. (2019). Graph-based genome alignment and genotyping with HISAT2 and HISAT-genotype. Nat. Biotechnol. 37, 907–915. doi: 10.1038/s41587-019-0201-4

 Kono, A., and Yin, Y. H. (2020). Updates on BES1/BZR1 regulatory networks coordinating plant growth and stress responses. Front. Plant Sci. 11. doi: 10.3389/fpls.2020.617162

 Li, Q. F., Lu, J., Yu, J. W., Zhang, C. Q., He, J. X., and Liu, Q. Q. (2018). The brassinosteroid-regulated transcription factors BZR1/BES1 function as a coordinator in multisignal-regulated plant growth. Biochim. Biophys. Acta (BBA) - Gene Regul. Mech. 1861, 561–571. doi: 10.1016/j.bbagrm.2018.04.003

 Li, H., Ye, K. Y., Shi, Y. T., Cheng, J. K., Zhang, X. Y., and Yang, S. H. (2017). BZR1 positively regulates freezing tolerance via CBF-dependent and CBF-independent pathways in Arabidopsis. Mol. Plant 10, 545–559. doi: 10.1016/j.molp.2017.01.004

 Li, J. F., Zhou, H. P., Zhang, Y., Li, Z., Yang, Y. Q., and Guo, Y. (2020). The GSK3-like kinase BIN2 is a molecular switch between the salt stress response and growth recovery in Arabidopsis thaliana. Dev. Cell 55, 367–380.e366. doi: 10.1016/j.devcel.2020.08.005

 Liang, T., Shi, C., Peng, Y., Tan, H. J., Xin, P. Y., Yang, Y., et al. (2020). Brassinosteroid-activated BRI1-EMS-SUPPRESSOR 1 inhibits flavonoid biosynthesis and coordinates growth and UV-b stress responses in plants. Plant Cell 32, 3224–3239. doi: 10.1105/tpc.20.00048

 Lindsey, B. E. III, Rivero, L., Calhoun, C. S., Grotewold, E., and Brkljacic, J. (2017). Standardized method for high-throughput sterilization of Arabidopsis seeds. JoVE, e56587. doi: 10.3791/56587

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

 Luo, J., Wang, X., Feng, L., Li, Y., and He, J. X. (2017). The mitogen-activated protein kinase kinase 9 (MKK9) modulates nitrogen acquisition and anthocyanin accumulation under nitrogen-limiting condition in Arabidopsis. Biochem. Biophys. Res. Commun. 487, 539–544. doi: 10.1016/j.bbrc.2017.04.065

 Maere, S., Heymans, K., and Kuiper, M. (2005). BiNGO: a cytoscape plugin to assess overrepresentation of gene ontology categories in biological networks. Bioinformatics 21, 3448–3449. doi: 10.1093/bioinformatics/bti551

 Maher, K. A., Bajic, M., Kajala, K., Reynoso, M., Pauluzzi, G., West, D. A., et al. (2017). Profiling of accessible chromatin regions across multiple plant species and cell types reveals common gene regulatory principles and new control modules. Plant Cell 30, 15–36. doi: 10.1105/tpc.17.00581

 Mäser, P., Hosoo, Y., Goshima, S., Horie, T., Eckelman, B., Yamada, K., et al. (2002). Glycine residues in potassium channel-like selectivity filters determine potassium selectivity in four-loop-per-subunit HKT transporters from plants. Proc. Natl. Acad. Sci. 99, 6428–6433. doi: 10.1073/pnas.082123799

 Nam, K. H., and Li, J. M. (2002). BRI1/BAK1, a receptor kinase pair mediating brassinosteroid signaling. Cell 110, 203–212. doi: 10.1016/S0092-8674(02)00814-0

 Nolan, T. M., Chen, J. N., and Yin, Y. H. (2017a). Cross-talk of brassinosteroid signaling in controlling growth and stress responses. Biochem. J. 474, 2641–2661. doi: 10.1042/bcj20160633

 Nolan, T. M., Liu, S. Z., Guo, H. Q., Li, L., Schnable, P., and Yin, Y. H. (2017b). Identification of brassinosteroid target genes by chromatin immunoprecipitation followed by high-throughput sequencing (ChIP-seq) and RNA-sequencing. Methods Mol. Biol. 1564, 63–79. doi: 10.1007/978-1-4939-6813-8_7

 Nolan, T. M., Vukašinović, N., Liu, D. R., Russinova, E., and Yin, Y. H. (2019). Brassinosteroids: Multidimensional regulators of plant growth, development, and stress responses. Plant Cell 32, 295–318. doi: 10.1105/tpc.19.00335

 Pertea, M., Kim, D., Pertea, G. M., Leek, J. T., and Salzberg, S. L. (2016). Transcript-level expression analysis of RNA-seq experiments with HISAT, StringTie and ballgown. Nat. Protoc. 11, 1650–1667. doi: 10.1038/nprot.2016.095

 Pertea, M., Pertea, G. M., Antonescu, C. M., Chang, T.-C., Mendell, J. T., and Salzberg, S. L. (2015). StringTie enables improved reconstruction of a transcriptome from RNA-seq reads. Nat. Biotechnol. 33, 290–295. doi: 10.1038/nbt.3122

 Pham, T. V., and Jimenez, C. R. (2019). “Quantitative analysis of mass spectrometry-based proteomics data,” in Neuroproteomics (Springer), 129–142.

 Pitzschke, A., Djamei, A., Bitton, F., and Hirt, H. (2009). A major role of the MEKK1-MKK1/2-MPK4 pathway in ROS signalling. Mol. Plant 2, 120–137. doi: 10.1093/mp/ssn079

 Pitzschke, A., Forzani, C., and Hirt, H. (2006). Reactive oxygen species signaling in plants. Antioxid Redox Signal 8, 1757–1764. doi: 10.1089/ars.2006.8.1757

 Quan, R. D., Lin, H. X., Mendoza, I., Zhang, Y. G., Cao, W. H., Yang, Y. Q., et al. (2007). SCABP8/CBL10, a putative calcium sensor, interacts with the protein kinase SOS2 to protect Arabidopsis shoots from salt stress. Plant Cell 19, 1415–1431. doi: 10.1105/tpc.106.042291

 Quintero, F. J., Martinez-Atienza, J., Villalta, I., Jiang, X. Y., Kim, W. Y., Ali, Z., et al. (2011). Activation of the plasma membrane Na/H antiporter salt-Overly-Sensitive 1 (SOS1) by phosphorylation of an auto-inhibitory c-terminal domain. Proc. Natl. Acad. Sci. 108, 2611–2616. doi: 10.1073/pnas.1018921108

 Shahid, S. A., Zaman, M., and Heng, L. (2018). “Soil salinity: Historical perspectives and a world overview of the problem,” in Guideline for salinity assessment, mitigation and adaptation using nuclear and related techniques (Cham: Springer International Publishing), 43–53.

 Shi, H. Z., Ishitani, M., Kim, C., and Zhu, J. K. (2000). The Arabidopsis thaliana salt tolerance gene SOS1 encodes a putative Na+/H+ antiporter. Proc. Natl. Acad. Sci. 97, 6896–6901. doi: 10.1073/pnas.120170197

 Soma, F., Mogami, J., Yoshida, T., Abekura, M., Takahashi, F., Kidokoro, S., et al. (2017). ABA-unresponsive SnRK2 protein kinases regulate mRNA decay under osmotic stress in plants. Nat. Plants 3, 16204. doi: 10.1038/nplants.2016.204

 Sun, Y., Fan, X. Y., Cao, D. M., Tang, W. Q., He, K., Zhu, J. Y., et al. (2010). Integration of brassinosteroid signal transduction with the transcription network for plant growth regulation in Arabidopsis. Dev. Cell 19, 765–777. doi: 10.1016/j.devcel.2010.10.010

 Sunarpi, H. T., Motoda, J., Kubo, M., Yang, H., Yoda, K., Horie, R., et al. (2005). Enhanced salt tolerance mediated by AtHKT1 transporter-induced na+ unloading from xylem vessels to xylem parenchyma cells. Plant J. 44, 928–938. doi: 10.1111/j.1365-313X.2005.02595.x

 Tyanova, S., Temu, T., and Cox, J. (2016). The MaxQuant computational platform for mass spectrometry-based shotgun proteomics. Nat. Protoc. 11, 2301–2319. doi: 10.1038/nprot.2016.136

 Vergara, A. E., Díaz, K., Carvajal, R., Espinoza, L., Alcalde, J. A., and Pérez-Donoso, A. G. (2018). Exogenous applications of brassinosteroids improve color of red table grape (Vitis vinifera l. cv. “Redglobe”) berries. Front. Plant Sci. 9. doi: 10.3389/fpls.2018.00363

 Wang, P. J., Jin, S., Chen, X. J., Wu, L. Y., Zheng, Y. C., Yue, C., et al. (2021). Chromatin accessibility and translational landscapes of tea plants under chilling stress. Horticulture Res. 8, 96. doi: 10.1038/s41438-021-00529-8

 Wang, G. Q., Li, H. X., Feng, L., Chen, M. X., Meng, S., Ye, N. H., et al. (2019). Transcriptomic analysis of grain filling in rice inferior grains under moderate soil drying. J. Exp. Bot. 70, 1597–1611. doi: 10.1093/jxb/erz010

 Wang, Z. Y., Nakano, T., Gendron, J., He, J. X., Chen, M., Vafeados, D., et al. (2002). Nuclear-localized BZR1 mediates brassinosteroid-induced growth and feedback suppression of brassinosteroid biosynthesis. Dev. Cell 2, 505–513. doi: 10.1016/s1534-5807(02)00153-3

 Wang, H. J., Tang, J., Liu, J., Hu, J., Liu, J. J., Chen, Y. X., et al. (2018). Abscisic acid signaling inhibits brassinosteroid signaling through dampening the dephosphorylation of BIN2 by ABI1 and ABI2. Mol. Plant 11, 315–325. doi: 10.1016/j.molp.2017.12.013

 Wu, S. J., Guo, Y. S., Adil, M. F., Sehar, S., Cai, B., Xiang, Z. M., et al. (2020). Comparative proteomic analysis by iTRAQ reveals that plastid pigment metabolism contributes to leaf color changes in tobacco (Nicotiana tabacum) during curing. Int. J. Mol. Sci. 21, 2394. doi: 10.3390/ijms21072394

 Xing, D. H., Lai, Z. B., Zheng, Z. Y., Vinod, K. M., Fan, B. F., and Chen, Z. X. (2008). Stress- and pathogen-induced Arabidopsis WRKY48 is a transcriptional activator that represses plant basal defense. Mol. Plant 1, 459–470. doi: 10.1093/mp/ssn020

 Yang, Y. Q., and Guo, Y. (2018). Unraveling salt stress signaling in plants. J. Integr. Plant Biol. 60, 796–804. doi: 10.1111/jipb.12689

 Yang, C., Guo, W. B., Zhang, W. S., Bian, J., Yang, J. K., Zhou, Q. Z., et al. (2017). Comprehensive proteomics analysis of exosomes derived from human seminal plasma. Andrology 5, 1007–1015. doi: 10.1111/andr.12412

 Ye, H. X., Liu, S. Z., Tang, B. Y., Chen, J. N., Xie, Z. L., Nolan, T. M., et al. (2017). RD26 mediates crosstalk between drought and brassinosteroid signalling pathways. Nat. Commun. 8, 14573. doi: 10.1038/ncomms14573

 Yin, Y. L., Qin, K. Z., Song, X. W., Zhang, Q. H., Zhou, Y. H., Xia, X. J., et al. (2018). BZR1 transcription factor regulates heat stress tolerance through FERONIA receptor-like kinase-mediated reactive oxygen species signaling in tomato. Plant Cell Physiol. 59, 2239–2254. doi: 10.1093/pcp/pcy146

 Yin, Y. H., Wang, Z. Y., Mora-Garcia, S., Li, J. M., Yoshida, S., Asami, T., et al. (2002). BES1 accumulates in the nucleus in response to brassinosteroids to regulate gene expression and promote stem elongation. Cell 109, 181–191. doi: 10.1016/S0092-8674(02)00721-3

 Yu, X. F., Li, L., Zola, J., Aluru, M., Ye, H. X., Foudree, A., et al. (2011). A brassinosteroid transcriptional network revealed by genome-wide identification of BES1 target genes in Arabidopsis thaliana. Plant J. 65, 634–646. doi: 10.1111/j.1365-313X.2010.04449.x

 Zeng, Y. L., Li, B. Y., Ji, C. Y., Feng, L., Niu, F. F., Deng, C. S., et al. (2021). A unique AtSar1D-AtRabD2a nexus modulates autophagosome biogenesis in Arabidopsis thaliana. Proc. Natl. Acad. Sci. 118, e2021293118. doi: 10.1073/pnas.2021293118

 Zhang, S. S., Cai, Z. Y., and Wang, X. L. (2009). The primary signaling outputs of brassinosteroids are regulated by abscisic acid signaling. Proc. Natl. Acad. Sci. 106, 4543–4548. doi: 10.1073/pnas.0900349106

 Zhao, J., Peng, P., Schmitz, R. J., Decker, A. D., Tax, F. E., and Li, J. M. (2002). Two putative BIN2 substrates are nuclear components of brassinosteroid signaling. Plant Physiol. 130, 1221–1229. doi: 10.1104/pp.102.010918

 Zheng, Z. Y., Mosher, S. L., Fan, B. F., Klessig, D. F., and Chen, Z. X. (2007). Functional analysis of Arabidopsis WRKY25 transcription factor in plant defense against Pseudomonas syringae. BMC Plant Biol. 7, 2. doi: 10.1186/1471-2229-7-2

 Zhu, J. K. (2002). Salt and drought stress signal transduction in plants. Annu. Rev. Plant Biol. 53, 247–273. doi: 10.1146/annurev.arplant.53.091401.143329


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 © 2023 Feng, Li, Zhou, Meng, Ji, Lin and He. 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-14-1034393-g001.jpg
(mM NacCl)






OEBPS/Images/fpls-14-1034393-g006.jpg
Gene number
-log10(P value)

log2(Fold change of RNA)

8
g

Col0_NC_2d Col0_Salt_2d

bes1D_NC_2d bes1D_Salt_2d

9 Not detected in proteome]
B Detected in proteome

B Not detected in proteome]
W Detected in proteome

8
8

g

5000

Gene number
Gene number

Col0_Salt_2d vs. Col0_NC_2d bes1D_Salt_2d vs. bes1D_NC_2d

B Not detected in proteome]
B Detected in proteome

W Not detected in proteome]
' Detected in proteome

10000

g
g

5000 5000

Gene number

bes1D_NC_2d vs. Col0_NC_2d bes1D_Salt_2d vs. Col0_Salt_2d

N =530

-log10(P value)

log2(Fold Change)

@ Significantly upregulated proteins

log2(Fold Change)

@ Significantly downregulated proteins

Col0_Salt_2d vs. Col0_NC_2d bes1D_Salt_2d vs. bes1D_NC_2d

-log10(P value)

-4 -2 0 2 4

log2(Fold Change) log2(Fold Change)

Proteins not significantly changed

bes1D_NC_2d vs. Col0_NC_2d bes1D_Salt_2d vs. Col0_Salt_2d

o
°

R=053
P value =0

log2(Fold change of RNA)
b wm
& S &

!
o
°

-5.0
log2(Fold change of protein)

-25 0.0 25 5.0

-5.0
log2(Fold change of protein)

-25 0.0 25 5.0

@ Genes signifcantly changed in proteome

@ Genes only significanty changed in proteome
& Significantly changed in transcriptome

& Not significantly changed in transcriptome

(Enriched GO iterms of downregulated proteins
in bes1D_Salt_2d vs. Col0_Salt_2d)

metabolic process | C—
cellular metabolic process { IR
small molecule metabolic process { CHll
cellular process | TN
cellular biosynthetic process { I
biosynthetic process | Il
small molecule biosynthetic process { Gl
cellular nitrogen compound biosynthetic ...
nitrogen compound metabolic process | Il
primary metabolic process | C———lNl
cellular nitrogen compound metabolic pro ...
amine biosynthetic process{ll
cellular amino acid and derivative ...
organic acid metabolic process { Ol

P_value_adjusted
6o-10

S0
cellular amine metabolic process{ Ml sot0
oxoacid metabolic process{ Ol ey

cellular amino acid biosynthetic process{ll b

carboxylic acid metabolic process | Gl
cellular ketone metabolic process{ Gl
amine metabolic process { (ll
response to stimulus { C—Jll
sulfur metabolic process{ll
response to salt stress{ Ml
cellular carbohydrate metabolic process{ (il
response to stress { Il
cellular amino acid metabolic process { ll
heterocycle metabolic process{ Ml
organic acid biosynthetic process
carboxylic acid biosynthetic process{ll
response to osmotic stress { Ml
0 20 40
Gene ratio (%)

log2(Fold change of RNA)

@ Genes only significantly changed in transcriptome

R=0.08

Pvalue=0 Pvalue =0

log2(Fold change of RNA)

-50
log2(Fold change of protein)

-25 0.0 25 5.0

-5.0
log2(Fold change of protein)

-25 0.0 25 5.0

Genes not significantly changed in ptoteome.

& Not significantly changed in protome & Not significantly changed in transcriptome.

(Enriched GO iterms of upregulated proteins
in bes1D_Salt_2d vs. Col0_Salt_2d)

metabolic process |
cofactor metabolic process:
cellular carbohydrate catabolic process
carbohydrate catabolic process:

tetrapyrrole metabolic process{ll
response to abiotic stimulus{ CHll

protein transport{ Ol

porphyrin metabolic process{ @l
photosynthetic electron transport chain:
photosynthesis
monosaccharide catabolic process{ @l
hexose catabolic process{ @l

glucose metabolic process P_value_adjusted
glucose catabolic process{ @l o
establishment of protein localization | 0l o
alcohol catabolic process{ @ o
carbohydrate metabolic process | Clll o

protein localization
heterocycle metabolic process{ Gl
macromolecule localization { Cll
generation of precursor metabolites and ...{ ll
cellular metabolic process | ol
response to stimulus { oIl
chiorophyll metabolic process{ll
response to stress{ C=Ill
hexose metabolic process{ll
porphyrin biosynthetic process{ll
cellular process | C———Jl
tetrapyrrole biosynthetic process{ll
small molecule catabolic process{ll
G 10 20 30 40
Gene ratio (%)

o001

Gene ratio of a GO item in genome background g Gene rato of a GO item in input gen st





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Integrative transcriptomic and proteomic analyses reveal a positive role of BES1 in salt tolerance in Arabidopsis

      

        		

          Introduction

        



        		

          Methods

        



        		

          Results and Discussion

        



        		

          Introduction

        



        		

          Materials and methods

        

          		

            Plant materials and treatment

          



          		

            Measurement of relative electrolyte leakage

          



          		

            RNA extraction, RNA sequencing, and data analysis

          



          		

            Time series clustering analysis of gene expression

          



          		

            Gene ontology enrichment and network analysis

          



          		

            Protein extraction for proteomic analysis

          



          		

            HPLC and Label-free LC-MS/MS

          



          		

            Proteomic data analysis

          



          		

            Western blot analysis

          



          		

            Reverse transcription and quantitative real-time PCR

          



          		

            Luciferase luminescence assays

          



          		

            Electrophoresis mobility shift assay

          



        



        



        		

          Results

        

          		

            The bes1-D mutant showed higher salt tolerance than the wild-type plants

          



          		

            Transcriptome sequencing revealed gene clusters specifically regulated by BES1 under salt stress

          



          		

            qRT-PCR validation of selected DEGs

          



          		

            Salt-induced proteomic responses and comparative analysis with the transcriptome data

          



          		

            Network construction identified key modules affected in bes1-D under salt stress

          



          		

            BES1 directly binds and regulates the expression of some salt-responsive genes

          



        



        



        		

          Discussion

        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          Abbreviations

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fpls-14-1034393-g003.jpg
DEGs number

C Col0_Salt_2d vs. Col0_NC_2d D bes1D_Salt_2d vs. bes1D_NC_2d

1
1
i
!
i

~log10(P value)
-log10(P value)

-4 0 4 -4 0 4
log2(Fold Change) log2(Fold Change)
E Col0_Salt_4d vs. Colo_NC_4d F bes1D_Salt_4d vs. bes1D_NC_4d

-log10(P value)
-log10(P value)

g 0 0 2% 8 g
SRICHCICITE

T
R
(a]

log2(Fold Change) log2(Fold Change)

bes1D_NC_2d vs. Colo_NC_2d bes1D_Salt_2d vs. Col0_Salt_2d

Upregulated
- &
N
8
=& I
o]
~log10(P value)

I

21 205
;-] 175 363 B
- E
s, S
)
o
(3 06 » 2705 2569 =1
5, P o > » 'l ® £
5] O’ o o7 O/ N4 o
[a S Q7 o7 5 4 2
g & S 9§ ¢
[ & & < [
& e o & &
P P I SR, 3
7 N4 4 S
' P N4 N4 N >
& P o
N 7 2 Q7
h) Y 2 N

Q
& o v{; & & log2(Fold Change) log2(Fold Change)





OEBPS/Images/fpls-14-1034393-g005.jpg
CIPK18

CAX1

SOS1

) o < o o
S R & < 3
HOd-1¥b ul uoissaidxe anneey
* B>~
¥ I
Q\o;@
ey,
[/
g,
: - ., 7
* g~
[
i SN e
O\P\/
.
2 © 2 0 < 0
3 ) 3 & 3

¥Od-Laib Ul uoissaidxe aARelRY

o
Q\uw
- -,
2%
* -
0,
- e
W
Q\oo
£ T
HOd-14b ul uoissaidxe anneey
O~
\@@/Q\
NS R
HI o,
@aa..
+ e,
\b@/@
o O
0
e\oo

w o ® o w o

% & & 2 8 3
0d-Lalb Ul Uoissaidxe aAneIoy

HKT1

SLAH3

NHX2

NHX1

* 1 [oss
* ¥
- \@W/Q\
R
s,
Q\.aw
ritey 4
\m@/o
— e,
W
Q\eo
o S - S
a 2 3 3
HDd-Lub Ul uoissaidxa aAeleY
—
\m@/o
L8
s,
W~
Q\%@
* N 9
¥ TI \\m,m./
2
Wiy,
W~
Q\oo
s o <+ « o
¥Od-1yb ui uoissaidxe snnejey
XN
+ i e
Q\a.w
B>~ .
-,
[/
4
+ HI ),
m,m;/Q\
/0.
-y,
\T/Q\Q'U
- ~ - >
HOd-Lyb ur uoissaidxe aAneey
« - e
O,
HIE o,
W~
Q\a.w
LN 9
e,
o.
bW/ 0
(B SN
Yor

) 0 ) 0 o

& - = 3 =
YOd-L1yb u uoissaidxa anneRy

o

R=0.78
P =0.024

©

PZTON™0100 'sA P2 )eS™dLseq

(zbo]) YyOd-1¥b ur uoissaidxa anneey

i
(260]) YOd-14b ul uoissaidxe anneey

PZ ON 010D "SA pZ 1S 0/0D

Fold change in RNA Seq (log2)
bes1D_Salt 2d vs. Col0_NC _2d

Fold change in RNA Seq (log2)
Col0_Salt_2d vs. Col0_NC _2d





OEBPS/Images/fpls-14-1034393-g007.jpg
ABA1/LOS6
Cc NCED3

Regulation of response to stimulus ABA biosynthesis ABA3/LOS5

CYP707A2

X CYP707A4
ABA catabolism CYP707A1

CYP707A3
@ PYL3
| Multicellular organismal reproductive process

‘® L )
o
N

= Phosphorylation
Response to hypoxia
X'® @ e

\

mscription reguiation

Innate immune response
act

Ptype ion transporter
activity

oend fon transmembrane
transport

Reactive oxygen species
metabolic process Response to
reactive oxygen species

ABA signaling

GO
oo

Flavonoid .
(eg. anthocyanin)

F

Res)
9 /@
transport ~=Organ g *" metabolic process
s n Response to Responseto
transmembrane  cold ractive oxygen  metabolic p

transporter activity species

SYSIOME 3CQUISY  toxin metabOK ingojecontaining  detoueaton responsato Xenobiotk
reustance process " co omycetcs_transmembrane

metabole process. ransporter actvy

oxoacit metabotc

D E

2
Transmembrane transporters Anthocyanins biosynthesis 15
and related kinases 2 N
I 05
! o

Z-score of FPKM
Z-score of FPKM

Z-score of FPKM

e ]

g
:
wr—— — =

Z-score of FPKM

Z-score of FPKM





OEBPS/Images/fpls.2023.1034393_cover.jpg
& frontiers | Frontiers in Plant Science

Integrative transcriptomic and
proteomic analyses reveal a
positive role of BES1 in salt

tolerance in Arabidopsis





OEBPS/Images/fpls-14-1034393-g002.jpg
>

Survival rate (%)

o

Relative electrolyte leakage

@
(9]

2 days of salt treatment 4 days of salt treatment 6 days of salt treatment
120

] Col-0 3 Col-0 3 colo

I bes1-D
B BES1-RNAi

B besi-D
B BES1-RNAI

B bes1-D
B BES1-RNAI

@
3

Survival rate (%)
Survival rate (%)

100 150 100 150 100 150
NaCl (mmol/L) NaCl (mmol/L) NaCl (mmol/L)
2 days of salt treatment E 4 days of salt treatment F 6 days of salt treatment
1.25 125 1.251
W Colo [0} 5 Col0 g 5 Col-0
N bes1-D i g B besi-D P I bes1-D xx
1,00 - (MM BEST-RNAI é 1.00 4 [mmBEST-RNAI % 1.00 (mmeestRAl "s **
= ** 2 @ NS Ns
o I NS
0.75 £, 075 L £, 0.751
g |Ns NS %
0.50 $ 050 e @ 050
o) [
2 2
0.25 1 .= 0.25- = 0.25
=
© Ko
o) []
0001 @ 0,00+ T 0.00
-
100 150 0 100 100 150

NaCl (mmol/L) NaCl (mmol/L) NaCl (mmol/L)





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





OEBPS/Images/fpls-14-1034393-g004.jpg
A Cluster 1 (N = 351)

1.0 membership
§ 05
08
<
k1 0.0
s
§ -0s 06
M 1o 0.4
S O
03‘6 %'&\} 7
G"\c/ O"\Q/ @%\0/
Cluster 2 (N = 365)
1.0 membership
§ 05
08
[
k1 0.0
s 0.6
flﬁ -0.5
N
10 0.4
N S 3N
O~ .—g@‘j’ 7
o > @e\o/
B (Enriched GO iterms of genes in Cluster 2)

response to heat:

response to chemical stimulus

response to stimulus

protein amino acid phosphorylation
phosphorylation

regulation of macromolecule biosynthetic ...
regulation of transcription

regulation of cellular biosynthetic proc ...
regulation of biosynthetic process
phosphorus metabolic process:

phosphate metabolic process:

regulation of gene expression

regulation of nucleobase, nucleoside, nu ...
regulation of primary metabolic process
regulation of nitrogen compound metaboli ...
regulation of macromolecule metabolic pr
response to chitin:

response to organic substance

regulation of transcription, DNA-depende ...
regulation of RNA metabolic process
regulation of cellular metabolic process:
post-translational protein modification
regulation of metabolic process

response to temperature stimulus
proanthocyanidin biosynthetic process
protein modification process

transcription factor import into nucleus:
secondary metabolic process

response to hormone stimulus

Cluster 3 (N = 805)

Cluster 5 (N = 1085)

10 membership 1.0 membership
g 05 09 S o5
o - X
= o 08
$ 0.04 08 < 00
g 07 £ 06
3 059 06 8-05
L ! ) 0.4
~1.04 05 N_10
> > S 2 2
¥ 7 7 o o o
» ¥ S ©° o RE
e o 5\ o S 2
Cluster 4 (N = 625) Cluster 6 (N = 324)
1.04
membership 1.0 membership
s 059 <
g 09 % 05 o
c 0.0 T X
5 08 3 00
S 051 07 s 06
? 0.5 by 5‘: _05
N g o
| 04
-1.0 05 -1.0
. —
S 2 2 S S 2
oF e oF
> o £ o > 22

P_value_adjusted
004
003
002
001

response to stimulus

response to stress

response to chemical stimulus
response to organic substance

response to osmotic stress:

response to chitin

response to abscisic acid stimulus
response to biotic stimulus:
response to salt stress

response to carbohydrate stimulus
response to abiotic stimulus
response to endogenous stimulus
defense response

response to other organism

protein amino acid phosphorylation
phosphorus metabolic process:
phosphate metabolic process
post-translational protein modification
phosphorylation

response to hormone stimulus
multi-organism process

flavonoid biosynthetic process
aromatic compound biosynthetic process:
immune system process

cellular glucan metabolic process
glucan metabolic process
response to oxidative stress
response to water deprivation
immune response

(Enriched GO iterms of genes in Cluster 3)

P_value_adjusted
00020

00015
00010
00005

peptide metabolic process

0 5 10 15 20
Gene ratio (%)

Gene ratio of a GO item in genome background

/=_\

flavonoid metabolic process

0 20
Gene ratio (%)

=& _—— == Gene ratio of a GO item in input gene list






OEBPS/Images/fpls-14-1034393-g008.jpg
o

¥ E-box (CACGTG) Y E-box (CACTTG) V E-box (CAnnTG)
+1 GEd L +1
_UVY W o WIWWW v> ¥ W v Wy p
-2kb -2kb -2kb -2kb
Pro-NHX2 Pro-CAX3 Pro-SLAH3 Pro-HKT1
Effectors Reporters
Ty ! Esbi TSI ]
Pro-NHX2-LUC Pro-CAX3-LUC Pro-SLAH3-LUC Pro-HKT1-LUC
84 8 85 842
< * = i c e -
Q [ 20 [ ** Q
[5] 3 (5] bkl O 4 (5]
174 172 12 0
£ g e £3 o8
E2 S € € ok
3 310 EP 3
Al B I nm
k& b = . k&
&o & 00 & o &
< \Y \ - A )
I8 o o %(,,5\ & = 9?/5 (,/6’\ 6’1'5 9(95 (,/‘5\
\4\\ 5“‘ W ‘\\\ 5‘(* \(\% V\\\ 5‘(\ “\9
& & S & i 8 & & oS
& \ o & \g o & W o
QC:» 6,)\ @,\\\ QG 6,)\ ?ﬁ\\ ‘,G (&\*\ ?/\A\\ d
a QG"S/' & 0@6 oo G@?f
Q Q
D Probe + + 4+ + + 4+ + + o+ Probe + + + + + + + + +
Cold probe - = = 500x 1000x 2000x — = = Cold probe - = = 500x 1000x 2000x — = =
Mutant cold probe - - - = = = 500x 1000x 2000 Mutant cold probe - - - — = = 500x 1000« 2000x
MBP - + - - - - - - - MBP - + - - - - - - -
MBP-BES1T ~— - + + + + + + + MBP-BES1 — - + + + + + + +
Shift Shift e I
Free probe
Freeprobe | Wl W « = - W o w -~
(NHX2) (CAX3)
E NaCl (150 mM) Control
Time -

(hours) O 3 6 12 24 24

PBEST-FLAG |#HR S SR W55 s e
BES1-FLAG - —






