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Calcium-dependent protein kinase (CDPK) and its substrates play important roles in plant response to stress. So far, the documentation on the characterization of the CDPK and downstream interaction components (especially transcription factors, TFs) is limited. In the present study, an interaction between CgCDPK (protein kinase) (accession no. MW26306) and CgbHLH001 (TF) (accession no. MT797813) from a halophyte Chenopodium glaucum was further dissected. Firstly, we revealed that the probable nature between the CgCDPK and CgbHLH001 interaction was the phosphorylation, and the N-terminus of CgbHLH001, especially the 96th serine (the potential phosphorylation site) within it, was essential for the interaction, whereas the mutation of 96Ser to alanine did not change its nuclear localization, which was determined by the N-terminus and bHLH domain together. Furthermore, we verified the function of CgbHLH001 gene in response to stress by ectopic overexpression in tobacco; the transgenic lines presented enhanced stress tolerance probably by improving physiological performance and stress-related gene expression. In conclusion, we characterized the biological significance of the interaction between CDPK and bHLH in C. glaucum and verified the positive function of CgbHLH001 in stress tolerance, which may supply more evidence in better understanding of the CDPK signaling pathway in response to adversity.
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INTRODUCTION

Calcium-dependent protein kinase (CDPK) converts calcium signal into the physiological responses by phosphorylating various substrates including ion channel proteins, transcription factors, and metabolic enzymes (Yip Delormel and Boudsocq, 2019). The large diversity of targets confers pivotal roles of CDPKs in the regulation of plant growth, development, and tolerance to stresses (Li M. Y. et al., 2020). The transient change of the cytosolic Ca2+ level can be sensed by diverse CDPKs, which consequently activates the specific endogenous substrates by phosphorylation cascades (Harper et al., 2004; Schulz et al., 2013; Ranty et al., 2016; Ormancey et al., 2017). CDPKs consist of at least four conserved modules as: a variable N-terminal domain (VNTD), a serine/threonine protein kinase domain, an autoinhibitory junction domain (JD) and the C-terminal calmodulin-like domain (CaMLD) composed of four EF-hand Ca2+-binding motifs (Harper et al., 2004). In vivo activation of CDPKs is driven by conformational change induced by Ca2+ binding, which results in the release of pseudo-substrate from the active site of the kinase domain (Harmon et al., 1994; Harper et al., 1994). The VNTD plays an important role in substrate recognition, which is indispensable for NtCDPK1 in interaction and subsequent phosphorylation of RSG (repression of shoot growth) transcription factor (Ito et al., 2010). CDPKs combine both Ca2+ sensing by EF-hand calcium-binding motifs and activating by the protein kinase domain, and directly transmit Ca2+ signals into phosphorylation events (Yip Delormel and Boudsocq, 2019).

Accumulated evidence has been documented on the interaction between CDPKs and its downstream substrates (e.g., transcription factors) in response to abiotic stress (Rodriguez Milla et al., 2006; Uno et al., 2009; Mehlmer et al., 2010). Further characterization of the specific targets of CDPK and the biological significance in their interaction (e.g., phosphorylation) are much important for understanding the molecular mechanism of the CDPK signaling pathway (Boudsocq and Sheen, 2013; Yip Delormel and Boudsocq, 2019). Phosphorylation is a common way in the posttranslational modification and regulation of transcription factors (Ubersax and Ferrell, 2007). NtCDPK1 in tobacco has been reported with phosphorylation of a basic leuzipper TF—RSG by which the 14–3–3 proteins are bound (Nakata et al., 2009), such an interaction negatively regulates RSG to sequester in the cytoplasm in response to GAs. Inhibition of NtCDPK1 expression represses the GA-induced phosphorylation at the 114th serine of RSG and its translocation from nucleus to cytoplasm (Igarashi et al., 2001; Ishida et al., 2008). OsCDPK14 has been identified to interact with and phosphorylate OsDi19-4 (drought-induced 19) in rice, which consequently improves the function of OsDi19-4 in regulating downstream ABA-responsive genes (Wang et al., 2016). In consistence with that in rice, AtCPK11 is also shown in phosphorylating AtDi19-1 in Arabidopsis (Liu et al., 2013), and overexpression of AtDi19-1 promotes drought tolerance while the di19-1 mutant is hypersensitive to drought. So far, no report has been documented in the interaction between CDPK and bHLH TF and the phosphorylation effect.

The bHLH superfamily is the second largest class of plant TFs (Feller et al., 2011), which contains two conserved and functionally distinct regions: the N-terminal basic region and the middle HLH region (Atchley and Fitch, 1997). The former functions in recognizing and specifically binding the DNA motif on the target gene promoter (Atchley et al., 1999), while the HLH region provides sequence-specific DNA recognition and mediates domain dimerization (Nair and Burley, 2000). A large group of plant bHLH TFs contain a basic region allowing them to recognize the E-Box (5′-CANNTG-3′) and/or G-Box (5′-CACGTG-3′) motifs and recruit coactivator or corepressor complexes to regulate the downstream gene expression (Carretero-Paulet et al., 2010; Yang J. et al., 2020). bHLH TFs have been proved to be involved in a variety of regulatory processes, including plant growth and development, metabolism regulation, and signal transduction, and in response to stresses (Feng et al., 2012; Huang et al., 2013; Zhai et al., 2016). For example, ICE1 (inducer of CBF expression) and ICE2 in Arabidopsis thaliana, PubHLH1 in Pyrus ussuriensis, and MdCIbHLH1 in Malus domestica have been reported in response to cold stress (Chinnusamy et al., 2003; Feng et al., 2012; Kurbidaeva et al., 2014; Jin et al., 2016); PtrbHLH in Poncirus trifoliata modulates peroxidase-mediated scavenging of hydrogen peroxide (Huang et al., 2013); OsbHLH148 in Oryza sativa functions in drought tolerance as a component of the jasmonate signaling module (Seo et al., 2011). Besides, the bHLH genes (bHLH38, bHLH39, bHLH100, bHLH101) in Arabidopsis are reported working in iron acquisition and heavy metal detoxification (Yuan et al., 2008; Sivitz et al., 2012; Wu et al., 2012). To date, plant bHLH TFs have been associated with various abiotic stresses by participating in the regulation of gene expression (Castilhos et al., 2014). However, the regulatory mechanisms of bHLH TFs in halophytes remain unclear.

In the previous work, we preliminarily identified the interaction between CgCDPK and CgbHLH001 in Chenopodium glaucum (Wang et al., 2017), an annual halophyte distributed in semi-arid and saline areas in Xinjiang, China (Institute of Botany, Academia Sinica, 1983). To further explore the biological meaning of CgCDPK and CgbHLH001 interaction, and the function of CgbHLH001 in response to abiotic stress, in the present study, we tried to address the following questions: (1) What is the nature of the interaction between CgCDPK and CgbHLH001? (2) What specific domain of CgbHLH001 is responsible for the interaction with CgCDPK? (3) What functions does CgbHLH001 have in response to stress? Figuring out these questions may help us understand the biological significance of interaction between CgCDPK and CgbHLH001 and the function of CgbHLH001 in stress regulation.



MATERIALS AND METHODS


Plant Cultivation and Treatments

Mature seeds of Nicotiana tabacum were surface-sterilized and then submerged in sterilized H2O and left at 4°C in a refrigerator for 3 days in the dark for uniform germination. For seed germination under NaCl and PEG stresses, the seeds were sown on MS medium containing different concentrations of NaCl—0, 50, 100, 200 mmol⋅L–1, or PEG 6,000—0, 5, 10, 15%, and placed at 25°C, 30–40% relative humidity (RH), in a 16-h light/8-h dark photoperiod, and 100 μmol⋅m–2 s–1 illumination for 14 days, and the germination percentage and seedling growth were recorded and calculated. The seedlings were then transferred into pots containing a 3:1 mixture of vermiculite: perlite (V/V) under conditions of 25–28°C, 20–30% RH, 16 h light/8 h dark photoperiod, and 170–180 μmol⋅m–2 s–1 illumination, and cultivated for 4–6 weeks with well-watering and supplying with Hoagland solution at an interval of 2–3 weeks. For plants used in “Bimolecular fluorescence complementation assay” (BiFC) and “Luciferase complementation imaging assay” (LCI), N. tabacum was replaced with N. benthamiana; the cultivation manipulation was similar to the above procedure.

For phenotypic analysis of drought stress, 3–4-week-old plants (early described) of N. tabacum T2 transgenic lines of CgbHLH001 overexpression (OE1, OE2, OE3, OE5) and non-transgenic plants (NC89, NT) were subjected to natural drought conditions without watering under similar conditions as above till showing significant wilting symptoms (about 3–4 weeks); the plants were then recovered by fully watering for 1 week, and the survived leaves and dry-withered leaves of each OE and all NT plants were separately recorded. The normally watered plants were used as control. The correlation between transgenic lines and survival leaves was analyzed by Chi-square (χ2)-test.

For qRT-PCR analysis of NtCDPK expression in CgbHLH001-overexpressed lines, 6 week-old plants (early described) of N. tabacum T2 transgenic lines (OE2, OE3, OE5), and NT were applied with 300 mmol⋅L–1 NaCl, 15% PEG 6,000, or 4°C treatment and sampled at 12 h with the upper part young leaves; three biological replicates were applied for each treatment; and the samples were immediately frozen in liquid nitrogen and stored at −80°C until further use.

For ROS staining, seedlings of N. tabacum (NC89) grown on MS medium for 2 weeks (early described) were used for DAB (3,3′-diaminobenzidine) or NBT (nitro blue tetrazolium) staining. 10 uniform seedlings were placed in 50 mL MS solution added with 20% PEG 6,000 or 200 mmol⋅L–1 NaCl and shaken at 100 rpm in a light incubator for 5 h, followed by submergence in DAB and NBT staining solution.

For physiological assay and gene expression analysis in response to stresses, 6 week-old plants (early described) of N. tabacum T2 transgenic lines of CgbHLH001 overexpression (OE1, OE2, OE3, OE5) and NT were used in measurement. For NaCl or PEG 6,000 treatments, 200 mmol⋅L–1 NaCl or 20% PEG 6,000 in half-strength Hoagland solution was applied to the pot plants avoiding spilling on the leaf; after being saturated with the solution, the plants were remained in the tray with treatment solution for 24 h and then sampled. For the 4°C treatment, the above plants were placed in a plant light incubator at 4°C for 24 h and then sampled. The half-strength Hoagland solution-treated plants were used as control. Three biological replicates were applied to all treatments. All samples were immediately frozen at −80°C for further use.



Yeast Two-Hybrid (Y2H) Analysis

cDNA sequences of CgCDPK and CgbHLH001 were inserted into pBT3-N and pPR3-N, respectively, and constructed pBT3-CgCDPK and pPR3-CgbHLH001 yeast expression vectors. The mixture of both vectors was transformed into the yeast strain NMY51 competent cells which (200 μL) were then spread on the yeast synthetic dropout medium without Leu and Trp (SD/-Trp-Leu) and incubated at 30°C for 2–4 days to identify the transformants. Three single clones from SD/-Trp-Leu plates were transferred to SD/-Trp-Leu-His-Ade plates (SD medium without tryptophan, leucine, histidine, and adenosine). A single clone was incubated in SD/-Trp-Leu broth overnight; 5 mL of the cultures were then removed and centrifuged, and the pellet was washed and suspended with distilled water, and the suspensions (diluted into OD600 values as 1.0, 0.1, and 0.01, respectively) were dropped onto plates for further growth. To test the activation of the reporter gene β-galactosidase, a sterilized filter paper was properly covered on the above medium and carefully pressed with the glass spreader to drive out the bubbles and make full contact in between; after marking the colony position, the filter paper was then taken out carefully with forceps and immediately placed into liquid nitrogen for 10 s and then taken out to thaw, repeated freezing, and thawing steps again, then the contact side of the filter paper was faced up and pressed against another filter paper rinsed with 2 mL of Z buffer + X-gal, and the excess buffer was removed. The two layers of filter paper were placed at 28°C in an incubator to develop the color.



Determination of the Localization of CgbHLH001

The localization was predicted by cNLS Mapper1. Different truncated fragments of CgbHLH001 and full length of ΔCgbHLH001(96S-A) cDNA were constructed into the pSuper1300-MCS-GFP plant expression vector, which were then transformed into Agrobacterium tumefaciens strain GV3101 by electroporation. The recombinant A. tumefaciens strains containing different constructs were cultivated, harvested, and resuspended in infiltration buffer (10 mmol⋅L–1 MES, 0.2 mmol⋅L–1 acetosyringone, and 10 mmol⋅L–1 MgCl2) at a final OD600 value of 0.8. The pSuper1300-cDNAs-GFP/GV3101 [cDNAs represent nucleotide sequences of 1–146 aa, 1–197 aa, 147–263 aa, 198–263 aa, full length of CgbHLH001, or ΔCgbHLH001(96S-A)] (A) were thoroughly mixed with pSuper1300-CBL-RFP/GV3101 (CBL: calcineurin B-like protein, membrane marker; RFP: red fluorescent protein) (B) and pSuper1300-P19/GV3101 (to promote protein expression) (C) according to the volume proportion as 450 μL (A): 450 μL (B): 300 μL (C) and then left at 28°C for 2 h in the dark. Five- to six-week-old N. benthamiana plants (early described) were used in infiltration. The mixture of different Agrobacterium strains was infiltrated into the fresh leaves (Wang et al., 2017), and the infiltration areas were labeled for recognition. Treated plants were left in the dark overnight and then transferred to the normal growth conditions for 72 h. The fluorescent signals in the epidermal cells of N. benthamiana leaves were inspected under the confocal microscope (Zeiss LSM 800, Jena, Germany) at 517 nm (for GFP) and 572 nm (for RFP), respectively. For testing the localization under different stresses, the abscised leaves were suspended on the surface of 200 mmol⋅L–1 NaCl, 10 μmol⋅L–1 ABA, 20% PEG 6,000 solution, or ddH2O and incubated for 30 min or 6 h at room temperature. Three replicates were applied to each treatment.



Luciferase Complementation Imaging (LCI) Assay

cDNA sequences of CgCDPK and CgbHLH001 were constructed into pCAMBIA-nLUC and pCAMBIA-cLUC (nLUC and cLUC: N and C termini of luciferase) plant expression vectors, respectively, which were then transformed into A. tumefaciens strain GV3101 by electroporation. The recombinant A. tumefaciens strains were cultivated, harvested, and resuspended in infiltration buffer (10 mmol⋅L–1 MES, 0.2 mmol⋅L–1 acetosyringone, and 10 mmol⋅L–1 MgCl2) at a final OD600 value of 0.8. N. benthamiana plant (5–6-week-old, early described) leaves were infiltrated with the combinations of different A. tumefaciens recombinant strains harboring with n-LUC + c-LUC, c-LUC + CDPK-n-LUC, n-LUC + bHLH-c-LUC, CDPK-n-LUC + bHLH-c-LUC (leaf was equally divided into four quadrants and labeled). Three days later, treated leaves were sprayed with luciferase substrate-luciferin in the dark for 5 min to quench the fluorescence and then placed in a low-light cooled CCD imaging apparatus (Lumazone 1300B, Princeton Instruments, United States) to capture the LUC images.



Bimolecular Fluorescence Complementation (BiFC) Assay

cDNA sequences of CgCDPK and CgbHLH001 were constructed into pSPY-NE and pSPY-CE plant expression vectors, respectively; the different truncated fragments of CgbHLH001 and the full length of ΔCgbHLH001(96S-A) cDNA were inserted into pSPY-CE, which were then transformed into A. tumefaciens strain GV3101. The pSPY-CgCDPK-NE/GV3101 (A) was thoroughly mixed with pSPY-cDNAs-CE/GV3101 [cDNAs represent nucleotide sequences of 1–146 aa, 1–197 aa, 147–263 aa, 198–263 aa, the full length of CgbHLH001 and ΔCgbHLH001(96S-A)] (B), pSuper1300Pro:CBL-RFP/GV3101 (C), and pSuper1300Pro:P19/GV3101 (D) according to the volume proportion as: 450 μL (A): 450 μL (B): 450 μL (C): 300 μL (D) and then kept at 28°C for 2 h. The following procedures were the same as “Determination of the localization of CgbHLH001.” Three replicates were applied to each treatment.



Phosphorylation Measurement in vitro

Expression and purification of CgCDPK and CgbHLH001 proteins were performed according to the method as described previously (Wang et al., 2017). Purified CgCDPK (1 μg) and CgbHLH001 (1 μg) were mixed with 6 μL reaction buffer [5 × phosphorylation reaction buffer: 125 mmol⋅L–1 Tris–HCl (pH 7.5), 50 mmol⋅L–1 MgCl2, 5 mmol⋅L–1 CaCl2, 5 mmol⋅L–1 DTT] to a total volume of 30 μL, and then the 32P-labeled ATP was added to a final concentration of 2.5 μmol⋅L–1 (5 μCi γ-32P-ATP); after mixing gently, the mixture was first incubated at 25°C to react for 10 min and at 30°C for 20 min, and then 5 μL of 6 × SDS loading buffer was added and the proteins (in the mixture) were fully denatured at 95°C for 5 min, then cooled down on ice. The phosphorylation reaction mixture (20 μL) was subjected to SDS-PAGE under 120 V for 2 h. The gel was rinsed with ddH2O for 3 times under gentle shaking to remove the radioisotopes; after staining by Coomassie brilliant blue and destaining, the gel was photographed and scanned by a multifunctional laser imager (Typhoon 9410, Amersham, United States) to detect autoradiography with a phosphor screen.



Site-Directed Mutagenesis Analysis

The phosphorylation sites of CgbHLH001 were predicted by using the Kinase Phos 2.0 program2. The most probable phosphorylation site for CgCDPK to phosphorylate CgbHLH001 was predicted at 91GKRLKS96, and the 96th serine was considered as the amino acid (aa) to be phosphorylated. To verify the importance of this aa, we changed the codon TCA (Serine) to GCC (Alanine). The primers were designed based on the changed nucleotides (Supplementary Table 1); the target gene CgbHLH001 was ligated into the intermediate vector pGEM-T-easy, according to the instructions of gene site-directed mutagenesis kit (Cat. CL302, Biomed, Beijing, China), in a total volume of 50 μL containing 10 μL of 5 × Xerox DNA polymerase buffer, 1 U Xerox DNA polymerase, 1 μL 10 mmol⋅L–1 dNTP mixture, plasmid template, and the primers, which were mixed well to perform PCR analysis. The finished reaction products were then added with site-directed mutagenesis enzyme (1 μL) and incubated at 37°C for 3 h to degrade the non-mutated templates. The site-directed mutated plasmid (10 μL) was transformed into E. coli competent cells XL10-Gold; after being identified by PCR, the plasmid was sequenced. The confirmed changed sequence was constructed into the corresponding plant expression vectors.



Quantitative RT-PCR Analysis of Gene Expression

The total RNA was isolated from the seedlings or young leaves using Plant RNA kit (Omega, United States) according to the manufacturer’s instructions. Approximately 1 μg of total RNA was reversely transcribed into cDNA using the TransScript All-in-One First-Strand cDNA Synthesis SuperMix for qPCR (TransGen, Beijing, China) according to the manufacturer’s instructions. qRT-PCR was used to measure transcript levels of CgbHLH001 and stress-related genes. The primers were shown in Supplementary Table 1. qRT-PCR analysis was performed in a LightCycler 96 Real-Time System (Roche, United States); the PCR reaction conditions were as follows: 94°C 30 s; 40 cycles of 94°C 5 s, 60°C 30 s. qPCR was performed with PerfectStart Green qPCR SuperMix kit (TransGen, Beijing, China). Three biological replicates with two technical replicates of each were applied to each treatment, and the 2–ΔΔCT method (Shi and Chiang, 2005) was employed to calculate the relative expression level of each gene. Ntactin was used as an internal reference for tobacco to normalize the expression level. The relative quantification was described as fold change of gene expression in the test sample compared to the control.



Generation of CgbHLH001-Overexpressed Transgenic Tobacco Lines

CgbHLH001 cDNA was constructed into the plant expression vector pCAMBIA2300 driven by the CaMV35S promoter, which was then transformed into the A. tumefaciens strain EHA105 and used for transformation of leaf disks of N. tabacum (Horsch et al., 1985). The kanamycin-resistant plantlets (T0 generation) regenerated from the explants were identified by PCR and RT-PCR; seed germination under stress treatments was performed with T1 generation in accordance with segregation ratio 1:3; four CgbHLH001-overexpressed lines—OE1, OE2, OE3, OE5 T2 generation—were obtained, which were then used in various experiments in the present study. The primers used in identification were present in Supplementary Table 1.



Measurements of Physiological Parameters


In situ Accumulation of H2O2 and Superoxide Anion

Histochemical staining by DAB (3,3′-diaminobenzidine) for H2O2 or NBT (nitro blue tetrazolium) for superoxide anion was employed in the measurements. Two-week-old plants of transgenic and non-transgenic tobacco (early described) were soaked in aqueous MS medium with 200 mmol⋅L–1 NaCl or 20% PEG 6,000 for 5 h before staining; the MS only was used as control. Plants were incubated in 0.1% DAB solution (0.1 g DAB in 100 mL ddH2O, adjusted pH-value to 3.8 with HCl) or 0.2% NBT solution (0.1 g NBT in 50 mL 50 mmol⋅L–1 sodium phosphate buffer, pH 7.5) for overnight at room temperature in the dark according to the method described by Kumar and Sinha (2013). Then the plants stained by DAB or NBT were immersed into 75% ethanol in a boiling water bath (with carefully shaking from time to time) till the leaves were cleared of chlorophyll. Ten plants from each treatment were stained and the photographs were taken.



Reactive Oxygen Species Level and Lipid Peroxidation

For detection of superoxide (⋅O2–), hydrogen peroxide (H2O2), and malondialdehyde (MDA) accumulation, young fresh leaves (0.15 g) were homogenized in ice-cold normal saline to form 10% homogenates and measured according to the manufacturer’s protocols of the assay kits [Cat. A052 (⋅O2–); A064 (H2O2); A003 (MDA); Nanjing Jiancheng Bioengineering Institute, Nanjing, China]; the absorbance values of ⋅O2–, H2O2, and MDA were measured at 550, 405, and 532 nm, respectively. The ⋅O2– production rate, H2O2 concentration, or amount of MDA was calculated and expressed as μmol⋅mg–1 protein.



Osmolyte Concentration

For determination of proline, soluble sugar (SS) or glycinebetaine (GB) concentration, young fresh leaves (0.2 g) were sampled and immediately dried at 80°C for 5 h and then ground into homogeneous powder for further determination. Proline and SS concentrations were determined by spectrophotometry using assay kits [Cat. A107 (proline); A145 (SS); Nanjing Jiancheng Bioengineering Institute, Nanjing, China]; GB was determined by spectrophotometry according to the method described by Lokhande et al. (2010). The absorbance values of proline, SS, and GB were measured at 515, 630, and 525 nm, respectively.



Activity of Antioxidant Enzymes and Concentration of Non-enzymatic Antioxidants

Young fresh leaves (0.2 g) were ground into homogenates and suspended in extraction buffer, which was then centrifuged at 4°C for 10 min, and the supernatant was immediately used for the determination of the activity of antioxidant enzymes [superoxide dismutase (SOD), peroxidase (POD), catalase (CAT), ascorbate peroxidase (APX), glutathione reductase (GR)] and the content of non-enzymatic antioxidants [reduced glutathione (GSH) and ascorbic acid (AsA)] using the assay kits [Cat. A001 (SOD); A084 (POD); A007 (CAT); A062 (GR); A123 (APX); A006 (GSH); A009 (AsA); Nanjing Jiancheng Bioengineering Institute, Nanjing, China]. The enzyme activity was expressed as unit⋅mg–1 protein, and the antioxidant content was expressed as μg⋅mg–1 protein.



Stomatal Closure Assay

Plants (5–6-week-old, early described) of N. tabacum T2 transgenic lines of CgbHLH001 (OE1, OE2, OE3, OE5) and NT were subjected to the stomatal aperture measurement as described previously (Zou et al., 2015). Fully expanded young leaves were floated in the stomatal closure solution (20 mmol⋅L–1 KCl, 1 mmol⋅L–1 CaCl2, 5 mmol⋅L–1 MES-KOH, pH 6.15) and kept under light (25°C, 450 μmol⋅m–2 s–1) for 2.5 h, followed by addition of 10 μmol⋅L–1 ABA or ddH2O to the above solution for another 2.5 h. Then, the abaxial epidermal layers were peeled quickly to make slides, and the stoma were inspected and photographed with a Leica microscope (Leica DFC320, Germany). Stomatal aperture was measured by ImageJ software (National Institutes of Health).



Water Loss

Plants (4-week-old, early described) of N. tabacum T2 transgenic lines of CgbHLH001 (OE1, OE2, OE3, OE5) and NT were used in water loss measurement. The fresh leaves were detached from the plants in similar positions and weighed immediately, then placed on a piece of foil paper and kept at 25°C, 20–30% RH, without disturbance. The leaves were weighed at a regular interval of 30 min for a total of 300 min. Four replicates (four leaves) of each OE line or NT plant were employed in the experiment.



Thermal Imaging

Plants (3-week-old, early described) of N. tabacum T2 transgenic lines of CgbHLH001 (OE1, OE2, OE3, OE5) and NT were used for thermal imaging according to the method previously described (Zou et al., 2015). Plants were subjected to natural drought (without watering) under normal conditions for 1 week, the images were acquired by using the infrared thermal imager (VarioCAM HD, Germany), and leaf temperature was calculated by IRBIS 3 software.



Statistical Analysis

All data were analyzed using Microsoft Excel 2016 and the software of GraphPad Prism 7.0 (GraphPad Software, San Diego, United States). One-way and two-way ANOVA were used to test the significance of main effects. Differences were compared by Tukey multiple comparison test at 0.05, 0.01, or 0.001 significance level.



RESULTS


The Probable Nature of the Interaction Between CgCDPK and CgbHLH001

In the previous work, we preliminarily identified the interaction between CgCDPK and CgbHLH001 in C. glaucum by pulldown and BiFC (Wang et al., 2017); in the present study, further verification of the specific interaction was performed by Y2H analysis and LCI assay to explore the nature of CgCDPK and CgbHLH001 interaction (Figures 1A,B). Our results showed that in Y2H, pBT3-N-CgCDPK (bait) combined with pPR3-N-CgbHLH001 (prey) could grow on SD/-Trp-Leu-His-Ade medium, and presented apparently β-galactosidase activity, which means that these proteins can interact in yeast by activating the expression of the reporter gene. Meanwhile, LCI assay also revealed a striking interaction between CgCDPK and CgbHLH001 in vivo. Our results in the present study combined with the previous data confirmed the existence of the interaction between CgCDPK and CgbHLH001. As a protein kinase, CDPK plays an important role in plant signal transduction by phosphorylating the substrate (often TF) (Nakata et al., 2009; Wang et al., 2016). To clarify the nature of the interaction between CgCDPK (kinase) and CgbHLH001 (TF), we performed the in vitro phosphorylation assay with the purified proteins of CgCDPK-GST and CgbHLH001-GST. Results showed that co-incubation of CgCDPK and CgbHLH001 could induce CgCDPK itself and CgbHLH001 strongly phosphorylated (Figure 1C).


[image: image]

FIGURE 1. Validation of the interaction and the probable nature between CgCDPK and CgbHLH001. (A) Identification of the interaction by Y2H assay. pTSU2-APP/pPR3-N, pTSU2-APP/bHLH-pPR3-N, CgCDPK-pBT3-N/pPR3-N: negative control; pTSU2-APP/pOst1-NubI: positive control; CDPK-pBT3-N + bHLH-pPR3-N: test group. 1, 10–1, 10–2: yeast culture dilution for 0, 10, 100 folds. (B) In vivo interaction detection by LCI assay. Left: leaves infiltrated with different agrobacterial combinations; right: LUC images corresponding to the “Left” leaves. n-LUC + bHLH-c-LUC, CDPK-n-LUC + c-LUC, n-LUC + c-LUC: negative controls; CDPK-n-LUC + bHLH-c-LUC: the test combination. (C) In vitro phosphorylation analysis. +, – on the top panel: represent the presence or absence of the components on the left; upper panel: phosphor screen result, the solid arrowhead points to the autophosphorylation band of CgCDPK, the black arrow points to the phosphorylated bands of CgbHLH001; lower panel: Coomassie brilliant blue staining, the black arrows point to the positions of CgCDPK-GST and CgbHLH001-GST proteins.




Effects of CgbHLH001 Domains on Localization and Interaction With CgCDPK


Changes of the Subcellular Localization of Truncated CgbHLH001

In the previous work, CgbHLH001 was confirmed with the nuclear localization (Wang et al., 2017). By further analysis of the nuclear localization signal (NLS), we found that the bipartite NLSs of CgbHLH001 were distributed at 43rd–180th aa (263 aa in total) within the N terminus and the basic helix–loop–helix domain (Figure 2A). To clarify the function of different domains, we made a series of deletion to the amino acid sequence of CgbHLH001 [full length (1–263 aa), C terminal deletion [1–146 aa (N terminus), and 1–197 aa (N terminus + bHLH domain)], N and C terminal deletion [147–196 aa (bHLH domain)], and N terminal deletion [147–263 aa (bHLH + C terminus) and 198–263 aa (C terminus)] and then determined the subcellular localization (Figure 2B). The observation of the fluorescence signal showed that the full length and 1–197 aa of CgbHLH001 was located in the nucleus exclusively, while other fragments were found in the whole cytoplasm and nucleus (Figure 2C), our results suggest that the N terminus and the bHLH domain together are essential for the nuclear localization of CgbHLH001, which is also consistent with the distribution of the NLSs at N terminal and bHLH domains (Figure 2A).
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FIGURE 2. Subcellular localization of different domains of CgbHLH001. (A) Prediction of NLS sequences of CgbHLH001. (B) Schematic diagram of different deletions of CgbHLH001 domains and the construction of the plant expression vector for subcellular localization. The green, orange, and blue regions represent N terminal, basic helix–loop–helix, and C terminal domains, respectively. (C) BiFC assay testing the localization. CBL: calcineurin B-like protein, membrane marker; GFP: green fluorescence protein; bright field: visible light; overlap: merged bright field with CBL and GFP. bHLH-GFP: full length of CgbHLH001 fused to GFP; 1–146 bHLH: 146 aa of CgbHLH001 N terminus; 1–197 bHLH: 197 aa of N terminus + bHLH domain of CgbHLH001; 147–197 bHLH: 147–197 aa bHLH domain of CgbHLH001; 147–263 bHLH: 147–263 aa bHLH domain + C terminus of CgbHLH001; 198–263 bHLH: 198–263 aa C terminus of CgbHLH001. Bar = 20 μm.


To investigate the effect of exogenous stimulus on localization of CgbHLH001, N. benthamiana leaves were exposed to abiotic stress after co-expressed with CgbHLH001-GFP + CBL + P19. As shown in Figure 3A, the GFP fluorescence of untreated CgbHLH001 was found in the nucleus, while the green signal was observed in the whole cytoplasm and nucleus when treated with 10 μmol⋅L–1 ABA or 200 mmol⋅L–1 NaCl for 30 min (no effect with ddH2O or 20% PEG 6,000 treatment). When extending the treatment time to 6 h, all these treatments made CgbHLH001 present in the cytoplasm and nucleus (Figure 3B), which suggests that CgbHLH001 can respond to stress.
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FIGURE 3. Effects of different abiotic stresses on subcellular localization of CgbHLH001. (A) Effect of short time (30 min) treatment. (B) Effect of longer time (6 h) treatment. CBL: calcineurin B-like protein, membrane marker; GFP: green fluorescent protein; bright field: visible light; overlap: merged bright field with CBL and GFP. bHLH-GFP, full length of CgbHLH001 fused to GFP. Bar = 20 μm.




Analysis of the Interaction Between CgCDPK and Different Domains of CgbHLH001

To determine the key domain of CgbHLH001 functioned in the interaction, the different truncated fragments of CgbHLH001 were tested of the correlation with CgCDPK (as a bait) in Y2H assay (Figure 4); results showed that 1–146 (aa) N terminus or 1–197 (aa) (N terminus + bHLH domain) of CgbHLH001 could interact with CgCDPK by growing on selective SD medium/-Trp-Leu-His-Ade and forming the blue colony (Figure 4A, the 2nd and 3rd rows), and it was confirmed by BiFC assay with the presence of the fluorescence signal between CgCDPK and these two truncated domains of CgbHLH001 (Figure 4B, the 2nd and 3rd rows). However, no interaction was observed between CgCDPK and the other truncated domains of CgbHLH001 in both Y2H or BiFC test (Figures 4A,B, the 4th and 5th rows). Taken together, these results suggest that the N terminal domain is essential for the interaction between CgCDPK and CgbHLH001.
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FIGURE 4. Verification of interaction between CgCDPK and different truncated domains of CgbHLH001. (A) Interaction test by Y2H assay. CDPK-pBT3-N + bHLH-pPR3-N, 1–146 bHLH-pPR3-N, 1–198 bHLH-pPR3-N, 198–263 bHLH-pPR3-N, 147–263 bHLH-pPR3-N: CgCDPK in yeast expression vector pBT3-N and full length or different truncated fragments of CgbHLH001 in the pPR3-N vector. 1, 10–1, 10–2: yeast culture dilution for 1-, 10-, 100-fold. (B) BiFC assay. CDPK-NE, CgCDPK fused with N terminus of GFP; bHLH-CE, CgbHLH001 fused with C terminus of GFP. 1–146 bHLH-CE, 1–197 bHLH-CE, 147–263 bHLH-CE, and 198–263 bHLH-CE: different truncated fragments of CgbHLH001 fused with C terminus of GFP. CBL: calcineurin B-like protein, membrane marker; GFP: green fluorescence protein; bright field: visible light; overlap: merged bright field with CBL and GFP. Bar = 20 μm.




Effect of the Amino Acid Sequence Mutation of the N Terminal Domain on Subcellular Localization of CgbHLH001 and Interaction With CgCDPK

Based on the result that the kinase CgCDPK could phosphorylate CgbHLH001 in vitro, we predicted the possible phosphorylation sites in CgbHLH001 and found 39 potential sites (Figure 5A), among these, 91GKRLKS96 located in the N terminus is the most probable phosphorylation site by CgCDPK (Roberts and Harmon, 1992). To find out whether the change of this site would affect CgbHLH001 subcellular localization and interaction with CgCDPK, we mutated the 96th serine to alanine, and our results in BiFC assay showed that this mutation did not change the localization of CgbHLH001 in the nucleus (Figure 5B, the 2nd row). However, no fluorescence was detected any more between CgCDPK and ΔCgbHLH00196(S-A) in BiFC assay (Figure 5B, the 4th row). Our results suggest that 96Ser in the 91GKRLKS96 motif may be the potential phosphorylation site and with which the interaction between CgCDPK and CgbHLH001 may occur.
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FIGURE 5. Effect of site-directed mutagenesis of CgbHLH001 on the localization and interaction with CgCDPK. (A) Prediction of the phosphorylation sites of CgbHLH001. The colored capital letters represent the probable phosphorylation site, purple T: threonine; red S: serine; green Y: tyrosine; the bold letters in blue dotted box represent the most probable phosphorylation site recognized by CgCDPK. (B) BiFC assay. ΔCgbHLH00196(S-A): site-directed mutation of CgbHLH001 on 96th serine to alanine. CgCDPK-NE: CgCDPK fused to the N terminus of GFP; CgbHLH001-CE, ΔCgbHLH00196(S-A)-CE: CgbHLH001, ΔCgbHLH00196(S-A) fused to the C terminus of GFP. CBL: calcineurin B-like protein, membrane marker; GFP: green fluorescent protein; bright field: visible light; overlap: merged bright field with CBL and GFP. Bar = 20 μm.




Validation of CgbHLH001 Function in Response to Abiotic Stress in Transgenic Tobacco


Phenotypic Analysis of CgbHLH001-Overexpressed Tobacco Lines

To evaluate the function of CgbHLH001 in response to stress, the transgenic tobacco lines with CgbHLH001 overexpression were generated and identified by PCR, qRT-PCR, and seed germination (Supplementary Figures 1A–E); four T2 transgenic lines (OE1, OE2, OE3, OE5) and NT plants were subjected to drought stress. Under normal watering conditions, there was no apparently morphological difference between transgenic and NT plants; when suffered to natural drought by withholding water for 3–4 weeks, both transgenic and NT plant leaves were wilted and the NT plants were more serious than transgenic lines (Figure 6A). After being re-watered for 7 days, the NT plants were not able to recover while most plants of the four transgenic lines recovered with more than 50% of the survival green leaf percentage (Figure 6B). When 3 week-old tobacco plants were exposed to natural drought for 1 week, the leaf surface temperature of NT was lower than that of the transgenic lines and the water loss of the former was faster than that of the latter, which suggests that the transpiration of NT was stronger than that of the transgenic plants (Figures 6C,D). Meanwhile, the stomatal aperture of the transgenic leaves was significantly smaller than that of NT plants in the presence of exogenous ABA (Figures 6E,F). These data suggest that overexpression of CgbHLH001 can improve the drought tolerance of transgenic tobacco.
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FIGURE 6. Analysis of the phenotype of transgenic tobacco lines under drought stress. (A) Phenotype of transgenic lines under natural drought condition. NT: non-transgenic tobacco plant; OE1, OE2, OE3, OE5: CgbHLH001-overexpressed transgenic lines. Normal: watering normally (1 plant for NT and each transgenic line, respectively); drought 25 days: withholding water for 25 days (3 plants for NT and each transgenic line, respectively); re-water 7 d: after re-watering for 7 days (3 plants for NT and each transgenic line, respectively). Bar = 2 cm. (B) Statistical analysis of survival leaves in A. Control: watering normally; recovery: after watering for 7 days. (C) False-color infrared image of NT plants and transgenic lines. The darker the color was, the lower the temperature was. Bar = 2 cm. (D) Time courses of water loss of detached leaves of NT and transgenic plants. (E) Effect of exogenous ABA on stomatal closure of transgenic tobacco. Bar = 5 μm. (F) Statistical analysis of the stomatal aperture of transgenic tobacco under ABA treatment.




The Physiological Performance of Transgenic Tobacco in Response to Abiotic Stress

ROS accumulation is an indicator for judgment of stress tolerance. In the present study, the ROS (including O2– and H2O2) level was analyzed under the NaCl, PEG, and 4°C treatments, which presented a significantly higher increase in NT plants compared to that in transgenic lines (Figures 7A,B). Corresponding to this, a stronger staining by NBT (for O2–) or DAB (for H2O2) was visualized in NT plants (Supplementary Figure 2A); meanwhile, transgenic plants showed less MDA concentration than that of NT (Figure 7C), suggesting that NT plants suffered more severe damage of the cell membrane.
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FIGURE 7. Analysis of physiological performance of transgenic tobacco lines under NaCl, PEG, and 4°C treatments. (A–C) ROS level and MDA content. (D–F) Content of osmoprotectants. (G–I) The activity of antioxidant enzymes. NT: non-transgenic tobacco plant; OE1, OE2, OE3, OE5: T2 transgenic tobacco line 1, 2, 3, 5. NaCl: 200 mmol⋅L–1 NaCl; PEG: 20% PEG 6,000. DW: dry weight. O2–: oxygen free radical; H2O2: hydrogen peroxide; MDA: malondialdehyde; GB: glycinebetaine; SS: soluble sugar; SOD: superoxide dismutase; POD: peroxidase; CAT: catalase. Different lowercase letters indicate significant difference (P < 0.05) between transgenic lines and NT plants within the same treatment. Values are means ± SE of three replicates.


In consistence with the above performance, the contents of proline, GB, and SS were significantly increased in transgenic lines compared to that of NT plants under NaCl, PEG and 4°C treatments (Figures 7D–F), it implies that the osmoprotectants make contribution to the stress tolerance.

Furthermore, the activity of antioxidant enzymes, including SOD, POD, CAT, APX, and GR, which play an important role in ROS scavenging, was significantly increased in transgenic lines compared to NT plants under NaCl, PEG, or 4°C stress (Figures 7G–I and Supplementary Figures 2B,C). Meanwhile, the contents of non-enzymatic antioxidant GSH and AsA were also increased significantly in transgenic lines compared to that of NT plants under different stresses (Supplementary Figures 2D,E). Our results suggest that overexpression of CgbHLH001 may reduce the levels of O2–, H2O2, and MDA and alleviate cell damage by increasing the activity of antioxidant enzymes and the content of antioxidants.



Changes of Stress-Related Genes in Transgenic Tobacco

To gain insight into the effect of CgbHLH001 overexpression on the downstream genes, the transcriptional expression patterns of stress-related genes were analyzed. qRT-PCR analysis showed that the transcripts of NtCDPK (the homolog of CgCDPK in tobacco) were significantly accumulated in transgenic lines under NaCl, PEG, and 4°C treatments (Figure 8).
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FIGURE 8. qRT-PCR analysis of the transcriptional expression pattern of NtCDPK in CgbHLH001-overexpressed tobacco. NtCDPK: homolog of CgCDPK in tobacco. NT: non-transgenic tobacco plant; OE2, OE3, OE5: CgbHLH001-overexpressed T2 transgenic line 2, 3, 5; control: non-stressful condition; NaCl, PEG: treatment under 300 mmol⋅L–1 NaCl, 15% PEG 6,000. Different lowercase letters indicate significant difference (P < 0.05) existing between the transgenic lines and the NT plant within the same treatment. Values are means ± SE of three biological replicates with two technical replicates of each.


Besides, other stress-related genes, including NtDREB1, 2, 3 (dehydration-responsive element-binding protein 1, 2, 3), NtSOD (superoxide dismutase), NtCAT (catalase), NtAPX (ascorbate peroxidase), NtLEA5 (late embryogenesis abundant protein 5), NtERD (dehydrin of early response to dehydration), NtP5CS (delta-pyrroline-5-carboxylate synthase), NtNHX (Na+/H+ antiporter), and NtCOR15A (cold regulated gene 15A), except for the latter three genes with only PEG, NaCl, or 4°C treatment, respectively, were significantly upregulated in transgenic lines compared to that in NT plants under different treatments, while no apparent difference presented under normal conditions (Figure 9). Especially, (1) NtDREB2, NtDREB3, and NtCOR15A, (2) NtDREB1, NtAPX, NtERD, and NtP5CS, (3) NtSOD, NtCAT, and NtNHX were more actively stimulated in transgenic lines by lower temperature (1), drought stress (2), salt stress (3), respectively. Our results suggest that overexpression of CgbHLH001 in tobacco can activate the expression of the downstream relevant genes in response to stresses.
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FIGURE 9. qRT-PCR analysis of the expression patterns of stress-related genes under different stresses in transgenic tobacco lines. NaCl, PEG: treatment under 200 mmol⋅L–1 NaCl, 20% PEG 6,000. NT: non-transgenic tobacco plant; OE1, OE2, OE3, OE5: CgbHLH001-overexpressed T2 transgenic line 1, 2, 3, 5. DREB1, DREB2, DREB3: dehydration response element-binding factor 1, 2, 3; SOD: superoxide dismutase; CAT: catalase; APX: ascorbate peroxidase; LEA5: late embryogenesis abundant protein 5; ERD: dehydrin of early response to dehydration; P5CS: delta-pyrroline-5-carboxylate synthase; NHX: Na+/H+ antiporter; COR15A: cold regulated gene 15A. All these genes are from N. tabacum. Different lowercase letters indicate significant difference (P < 0.05) existing between the transgenic lines and the NT plant within the same treatment. Values are means ± SE of three biological replicates with two technical replicates of each.




DISCUSSION

It has long been documented that CDPKs actively participate in plant response to various stresses (Choi et al., 2005; Xu et al., 2010; Asano et al., 2012; Li M. Y. et al., 2020). CDPK functions are magnified by the calcium signature in the extent and duration, which may have direct effects on the phosphorylation status on the downstream targets (Ludwig et al., 2003). However, limited reports are available so far in the interaction and the phosphorylation regulation between CDPK and its substrates in vivo (Sebastià et al., 2004; Yip Delormel and Boudsocq, 2019). In the previous study, we reported a protein kinase CgCDPK and its potential substrate CgbHLH001 (transcription factor) in an annual halophyte Chenopodium glaucum (Wang et al., 2017). In the present study, we further characterized the interaction between CgCDPK and CgbHLH001; our results revealed that the phosphorylation was the probable nature of CgCDPK and CgbHLH001 interaction, and the N-terminal domain and 96th serine in it were essential for the interaction. Besides, we found that the N terminus and the bHLH domain together determined the nuclear localization of CgbHLH001. Further function analyses indicate that ectopic expression of CgbHLH001 can confer the stress tolerance to transgenic tobacco by improving the physiological performance and stress-related gene expression. Our findings should contribute to further understanding the regulation mechanism of the CDPK signal transduction pathway in response to abiotic stresses.

As a protein kinase, CDPK generally functions by interacting with and phosphorylating the specific substrates to activate them (Nakata et al., 2009; Wang et al., 2016). However, so far only a few of transcription factors have been reported to be the targets of CDPK with phosphorylation (Boudsocq and Sheen, 2013), e.g., AtCPK32 can interact with ABF4 (ABA-responsive element-binding factor 4) in vitro and phosphorylate at the 110Ser site, which is essential for the ABA-induced transactivation in Arabidopsis (Choi et al., 2005). In the present study, the kinase activity of CgCDPK on CgbHLH001 and itself was detected and confirmed in vitro, suggesting that the probable nature of the CgCDPK and CgbHLH001 interaction may be the phosphorylation, because when CgbHLH001 was mutated at the 96th serine (the most probable phosphorylation site), the interaction between CgCDPK and CgbHLH001 disappeared. Based on our results, we speculate that the biological significance of the phosphorylation might be involved in the activation of CgbHLH001 and consequent translocation into the nucleus. Increasing evidence has been documented that transcription factors can control gene expression by nuclear-cytoplasmic translocation (Kaffman and O’Shea, 1999). A lipid-anchored NAC transcription factor in Medicago falcata is observed by translocation to the nucleus under drought stress (Duan et al., 2017). Similarly, OfbHLH164 and OfbHLH191 in Osmanthus fragrans may transfer to the nucleus under stimulation by a certain signal or cooperation with other transcription factors (Li Y. L. et al., 2020).

The characterization of the specific substrates of CDPK has not been well documented. Our results indicate that the N terminus in combination with the bHLH domain is indispensable for the nuclear localization of CgbHLH001. The presence of NLS is important for nuclear proteins to transport into the nucleus (Pandey and Parnaik, 1991). Classic NLSs generally have either a stretch of basic amino acids or a bipartite sequence of basic amino acids (Dingwall and Laskey, 1991). NLS analysis of CgbHLH001 in the present study showed that several clusters of predicted bipartite NLS distributed between the 43rd aa and 180th aa, which should be much important for nuclear targeting; among them, two were located in the N terminus (43rd–71st aa, 67–96th aa), one was in the bHLH domain (150–180th aa) and one was extended between two domains (136–164th aa). However, neither the N terminus nor the bHLH domain only could determine the NL. It has been reported that two domains of the bipartite sequence are required and function together to confer the nuclear location (Dingwall and Laskey, 1991). Based on the NL analysis, we further revealed that the N terminus rather than other domains was essential for the interaction, which corresponded to the absence of interaction after mutation of 96Ser to Ala (the probable phosphorylation site) in the N terminus. Arabidopsis CPK23 can phosphorylate SLAC1 (slowly activating anion channel) on the N-terminus exclusively, corresponding to the interaction between CPK23 and SLAC1 with the N-terminus rather than the C-terminus (Geiger et al., 2010). In maize, ZmOST1 (open stomata 1) can phosphorylate ZmKS1 (a bHLH transcription factor) or ZmKS2 on the N terminus (1–129 aa) or on the N terminus (1–149 aa) and bHLH domain (150–228 aa), respectively (Rabissi et al., 2016).

The bHLH TF has been reported to play important roles in plant growth/development, metabolism, and response to stress tolerance (Abe et al., 2003; Pillitteri and Torii, 2007; Zhao et al., 2008; Liu et al., 2013; Shi et al., 2019; Song et al., 2020; Sun et al., 2020). The best-characterized member in this family is ICE1 (inducer of CBF expression 1) in Arabidopsis, which controls the CBF (C-repeat binding factor) expression in frozen tolerance (Chinnusamy et al., 2003). In the present study, we explored the function of the TF CgbHLH001 gene in stress tolerance by overexpression in tobacco. Our results showed that transgenic plants presented better phenotypic performance under drought stress, which exhibited with a higher percentage of survival leaves, lower leaf transpiration, lower water loss, and smaller stoma aperture compared to NT. The increasing evidence suggests that the physiological disturbance under stress is due to the accumulation of ROS (Miller et al., 2010; Wu et al., 2016; Mittler, 2017). Overproduction of ROS might have an adverse effect on the growth and development of plants (Alscher et al., 1997). In the present study, we found that ROS was significantly less accumulated in transgenic lines compared to NT plants under drought and salt stresses, which may avoid severe membrane damage (with much lower MDA content), suggesting that CgbHLH001 overexpression may confer stress tolerance to transgenic tobacco by decreasing ROS production and/or enhancing the ROS scavenging ability. Generally, ROS detoxification depends on antioxidant enzymes (Ashraf, 2009; Yang J. J. et al., 2020) and antioxidants (Foyer et al., 1997); they synergetically function to scavenge the excess ROS (Donahue et al., 1997; Stepien and Klobus, 2005). Among them, SOD is considered as “the first line of defense” in converting O2– radicals into H2O2 and O2 (Willekens et al., 1997). CAT, POD, GR, and APX are also the major enzymes responsible for H2O2 scavenging (Ashraf, 2009), and the latter two function coordinately in alleviation of H2O2 in the GSH and AsA cycle (Stepien and Klobus, 2005). In the present study, we found that overexpression of CgbHLH001 significantly enhanced the activity of SOD, CAT, POD, APX, GR, and the content of AsA, GSH, which may synergetically improve the antioxidant capacity of transgenic tobacco. Not only can proline, soluble sugars, and glycinebetaine as important organic osmolytes relieve the low cellular water potential (Flowers and Colmer, 2008; Trovato et al., 2008), the latter two can also assist ROS scavenging (Fan et al., 2012). In the present study, the organic compatible solutes were accumulated much higher in transgenic lines, which may be responsible for rescuing the water loss and assist with relieving the ROS damage under drought stress.

Gene regulation under abiotic stress is subjected to multiple transcriptional cascades (Zhu, 2002; Yamaguchi-Shinozaki and Shinozaki, 2006; Liu et al., 2020), in which transcription factors may firstly be activated by upstream protein kinase (e.g., CDPK) (Gao and He, 2013) and consequently regulate downstream target genes in response to stresses (Liu et al., 2014). In our previous study, we revealed that CgCDPK overexpression in tobacco could significantly increase the NtbHLH (a homolog of CgbHLH001 in N. tabacum) expression (Wang et al., 2017). In the present study, CgbHLH001 (TF) overexpression in tobacco also enhanced NtCDPK (a homolog of CgCDPK in N. tabacum) expression. Based on our results, we speculate that CgbHLH001 may be the specific substrate of CgCDPK in vivo. As transcription factors, the bHLH family has been widely reported in response to stress by regulating downstream relevant genes (Deng et al., 2017; Sun et al., 2018; Yang et al., 2019). In the present study, CgbHLH001 overexpression significantly stimulated the transcript accumulation of various stress-related genes in transgenic tobacco under salt, drought, and cold stresses, including genes related to drought resistance (DREB1, DREB2, DREB3, ERD, P5CS), antioxidant enzymes (SOD, CAT, APX), cold resistance (COR15A), and salt resistance (NtNHX); all these genes may be regulated as the downstream targets of CgbHLH001. Among these tested genes, several (i.e., NtDREB1, NtDREB2, NtDREB3, NtCOR15A) actively responded to the cold stress, especially NtDREB2 and NtDREB3. In Fagopyrum tataricum, FtbHLH2 can also improve the cold tolerance in transgenic Arabidopsis by stimulating gene expression such as CBF1, CBF3, COR15A, and RD29A (Yao et al., 2018). It has been reported that DREB (DRE-binding protein) transcription factors can specifically bind to DRE/CRT (dehydration responsive element/C-repeat) element and be involved in both dehydration and cold responses (Shinozaki and Yamaguchi-Shinozaki, 2000; Wang et al., 2008). Overexpression of DREB dramatically enhances cold tolerance in transgenic plants (Miura et al., 2007; Kang et al., 2013). RmICE1 overexpression in Rosa multiflora confers cold tolerance via modulating ROS levels and activating the expression of stress-responsive genes, of which NtDREB1, NtDREB2, and NtDREB3 present higher transcription levels in the transgenic lines after 4°C treatment (Luo et al., 2020).



CONCLUSION

In the present study, based on the previous identification of the interaction between CgCDPK (kinase) and CgbHLH001 (transcription factor) in halophyte C. glaucum (Wang et al., 2017), we further revealed that the nature of the interaction was probably the phosphorylation of CgbHLH001, which acted as the substrate of CgCDPK, and the N terminus was essential for the interaction; specifically, the 96Ser in motif of 91GKRLKS96 in the N terminus was crucial for the phosphorylation and interaction. Upon these, we validated the function of CgbHLH001 in response to stress and confirmed that CgbHLH001 overexpression could confer stress tolerance to transgenic tobacco by improving the physiological performance in scavenging excess ROS and accumulating the transcripts of stress-related genes. Our data suggest that transcription factor CgbHLH001 may be regulated by posttranslational process (phosphorylation by a protein kinase such as CDPK) and functions as a positive regulator in controlling the downstream relevant genes and improving the physiological performance in stress tolerance. Our findings would contribute to understanding the mechanism of CDPK signaling pathway in response to stress and providing candidate genes for crop improvement.
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Supplementary Figure 1 | Generation and identification of the CgbHLH001-overexpressed tobacco. (A) Construct of CgbHLH001-overexpressed plant expression vector. (B) PCR analysis of transgenic tobacco. NT: non-transgenic tobacco plant; OE1, OE2, OE3, OE5: CgbHLH001-overexpressed transgenic lines; −: negative control; + : positive control; M: DL2000 DNA Marker. (C) RT-PCR analysis of transgenic tobacco. (D) qRT-PCR analysis of transgenic tobacco. (E) Seed germination of transgenic lines. Different lowercase letters indicate significant difference (P < 0.05) existing among different concentrations of the NT plant or the same transgenic line; ∗, ∗∗, ∗∗∗: indicate significant difference (P < 0.05, 0.01, 0.001) existing between NT plant and different transgenic lines within the same concentration. Values are means ± SE of four replicates with 30 seeds of each.

Supplementary Figure 2 | Analysis of physiological performance of transgenic tobacco lines under NaCl, PEG and 4°C treatments. (A) Histochemical staining by NBT or DAB to determine the accumulation of O2– or H2O2. Bar = 0.5 cm; (B,C) The activity of antioxidant enzymes; (D,E) The content of antioxidants. NT: non-transgenic tobacco plant; OE1, OE2, OE3, OE5: T2 transgenic tobacco line 1, 2, 3, 5. NaCl: 200 mmol⋅L–1 NaCl; PEG: 20% PEG 6000. GR: glutathione reductase; APX: ascorbate peroxidase; GSH: glutathione; AsA: ascorbic acid. Different lowercase letters indicate significant difference (P < 0.05) between transgenic lines and the NT plants within the same treatment. Values are means ± SE of three replicates.

Supplementary Table 1 | Primers used in the present study.


FOOTNOTES

1
http://nls-mapper.iab.keio.ac.jp/cgi-bin/NLS_Mapper_form.cgi#opennewwindow

2
http://kinasephos2.mbc.nctu.edu.tw/pu-blication.html
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