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BdCIPK31, a Calcineurin B-Like Protein-Interacting Protein Kinase, Regulates Plant Response to Drought and Salt Stress
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Calcineurin B-like protein interacting protein kinases (CIPKs) are vital elements in plant abiotic stress signaling pathways. However, the functional mechanism of CIPKs has not been understood clearly, especially in Brachypodium distachyon, a new monocot model plant. In this study, BdCIPK31, a CIPK gene from B. distachyon was characterized. BdCIPK31 was downregulated by polyethylene glycol, NaCl, H2O2, and abscisic acid (ABA) treatments. Transgenic tobacco plants overexpressing BdCIPK31 presented improved drought and salt tolerance, and displayed hypersensitive response to exogenous ABA. Further investigations revealed that BdCIPK31 functioned positively in ABA-mediated stomatal closure, and transgenic tobacco exhibited reduced water loss under dehydration conditions compared with the controls. BdCIPK31 also affected Na+/K+ homeostasis and root K+ loss, which contributed to maintain intracellular ion homeostasis under salt conditions. Moreover, the reactive oxygen species scavenging system and osmolyte accumulation were enhanced by BdCIPK31 overexpression, which were conducive for alleviating oxidative and osmotic damages. Additionally, overexpression of BdCIPK31 could elevate several stress-associated gene expressions under stress conditions. In conclusion, BdCIPK31 functions positively to drought and salt stress through ABA signaling pathway. Overexpressing BdCIPK31 functions in stomatal closure, ion homeostasis, ROS scavenging, osmolyte biosynthesis, and transcriptional regulation of stress-related genes.
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INTRODUCTION

Abiotic stress severely constrains the growth and development of plants, causes crop yield losses and even death (Bartels and Sunkar, 2005). Plants have developed a complex mechanism to prevent damages caused by environmental changes. ABA is a pivotal element in this mechanism. ABA functions in seed germination inhibition, growth regulation, fruit abscission, and stomatal closure (Raghavendra et al., 2010). Ca2+ serves as a second messenger in ABA signaling pathway (Luan, 2009). The fluctuation of cytoplasmic calcium concentration ([Ca2+]cyt) initiates a series of intracellular biochemical and physiological changes (Luan, 2009). Ca2+ sensors detect the change in [Ca2+]cyt and transduce the signal to sensor responder proteins (Yu et al., 2014). During the past 20 years, multiple families of plant Ca2+ sensors and responders are identified, including calmodulins, CDPKs, CBLs, and CIPKs (Asano et al., 2005; Luan, 2009). Among these proteins, CBL-CIPK networks and CDPKs are unique to higher plants (Liu and Zhu, 1998; Kudla et al., 1999).

The typical structure of the CIPK protein contains a kinase activation domain, a regulatory domain, and a junction domain connecting the two domains (Batistic and Kudla, 2004). In the CBL-CIPK network, Ca2+-bound CBL interacts with the CIPK NAF/FISL motif and activates CIPK. Afterward, the CIPK can phosphorylate its targets and transduce the Ca2+ signal downstream (Luan, 2009). Genome-wide analyses have suggested 26 CIPKs in Arabidopsis (Kolukisaoglu et al., 2004), 33 CIPKs in rice (Kolukisaoglu et al., 2004; Piao et al., 2010), 43 CIPKs in maize (Chen et al., 2011), and 23 CIPKs in canola (Zhang et al., 2014).

A few studies have indicated that the CIPKs function in plant development (Tripathi et al., 2009; Held et al., 2011), nutrient uptake (Li et al., 2006; Xu et al., 2006; Cheong et al., 2007; Chen et al., 2012), and pollen tube elongation (Zhou et al., 2015). However, the CIPKs perform major functions in stress responses. The first characterized CBL-CIPK network is the SOS network. Plasma membrane-localized SOS3 (AtCBL4) recruits SOS2 (AtCIPK24). Subsequently, the CBL-CIPK complex activates a Na+/H+ antiporter SOS1 (AtNHX7), enhances sodium export, and promotes salt tolerance (Liu and Zhu, 1997, 1998; Qiu et al., 2002). The atcipk3 mutant shows a hypersensitive phenotype when treated with salt and ABA (Kim et al., 2003). By contrast, the atcipk1 mutant is hypersensitive to osmotic treatment, but insensitive to ABA (D’Angelo et al., 2006). The atcipk23 mutant exhibits enhanced drought tolerance by regulating leaf transpiration (Cheong et al., 2007), whereas the atcipk21 mutant presents impaired salt and osmotic tolerance (Pandey et al., 2015). Similar CBL-CIPK networks are also found in other plant species including wheat. TaCIPK14 and TaCIPK29, which enhance salt and low temperature resistance in transgenic tobacco, respectively (Deng et al., 2013a,b), whereas TaCIPK25 negatively regulated salt tolerance in transgenic wheat (Jin et al., 2016). The overexpression of the constitutively activated form of BnCIPK6 enhances salt and low-K+ tolerances, as well as ABA sensitivity in Arabidopsis (Chen et al., 2012). The MdCIPK6L improves tolerance to salt, drought, and chilling stress in transgenic apples and Arabidopsis (Wang et al., 2012). Notably, ABA participates extensively in the responses of CIPK genes to abiotic stress. Among the 21 stress-responsive OsCIPK genes, 17 OsCIPKs are also responsive to ABA (Xiang et al., 2007).

Brachypodium distachyon, belonging to the Pooideae subfamily, has close evolutionary relationship with rice, wheat, and sorghum (Vogel et al., 2010). Therefore, the characterization of B. distachyon genes could provide reference for studies of other species in Pooideae subfamily. Our previous study identified 32 CIPK (SnRK3) genes in the Brachypodium genome (Wang et al., 2015). However, none of these BdCIPKs has been functionally characterized. In the current study, we characterized a BdCIPK gene, designated BdCIPK31. Transgenic tobacco overexpressing BdCIPK31 exhibited tolerance to drought and salt stress and hypersensitivity to ABA. These findings indicated that BdCIPK31 participates in plant’s response to abiotic stress and ABA signaling.

MATERIALS AND METHODS

Plant Materials Preparation

Brachypodium distachyon inbred line Bd21 was employed as plant material. Sterilized seeds were germinated in Petri dishes with water at 25°C. For stress and signal-molecule treatments, 10-day-old seedlings were treated with 20% (w/v) PEG6000, 200 mM NaCl, 10 mM H2O2 or 100 μM ABA solutions. Normal growing seedlings were employed as untreated control. The leaves of these seedlings were harvested in time for total RNA extraction. For organ-specific expression analysis, leaves, stems, roots, and spikelets were collected from 6-week-old mature Brachypodium plants grown in soil. All the seedlings were cultured in 25°C, 14 h light/10 h dark cycle.

Cloning and Bioinformatics Analysis of the BdCIPK31 Gene

The cDNA of the BdCIPK31 gene (accession No. XM_003562376) was amplified by primer P1 (Supplementary Table S1) using mRNA extracted from 10-day-old Brachypodium seedlings. Homologs of BdCIPK31 were searched using NCBI BlastP1 and aligned by ClustalX. The phylogenetic analysis was performed by MEGA 6.0 using the neighbor-joining method.

Yeast-Two-Hybrid Assay

The CDS of BdCIPK31 gene was introduced into pGADT7 while the BdCBLs were introduced into pGBKT7 (The primers are shown in Supplementary Table S1). Subsequently, The AD-BdCIPK31 and the BD-BdCBLs constructs were co-transformed into yeast strain AH109 by using YeastmakerTM Yeast Transformation System 2 (Clontech, CA, United States). The transformants grown on DDO/-Leu/-Trp were diluted and dotted on TDO/-Leu/-Trp/-His for screening.

Subcellular Localization of BdCIPK31 Protein

The CDS of the BdCIPK31 gene was introduced into pCAMBIA1303 using BglII and SpeI restriction enzyme sites. The recombinant plasmid was transformed into tobacco leaf epidermis via Agrobacterium-mediated transformation as described (Sparkes et al., 2006). A fluorescence microscope (Olympus IX71, Japan) was used to detect the fluorescence.

qRT-PCR and Semi-Quantitative PCR Analysis

RNA samples were prepared with the RNAprep Pure Plant Kit (TIANGEN, Beijing, China), and cDNA was prepared with the FastQuant RT Kit (TIANGEN, Beijing, China). The semi-quantitative PCR was used to detect the expression of BdCIPK31 in different transgenic tobacco lines. The Nicotiana tabacum ubiquitin gene was employed as endogenous control. The qRT-PCR analysis was applied with the SYBR Green PreMix (TIANGEN, Beijing, China) and the CFX96TM Real-Time Detection System (Bio-Rad, United States). The Brachypodium β-actin gene and the N. tabacum ubiquitin gene were employed as endogenous controls. All primers applied in these assays are listed in Supplementary Table S2. The 2-ΔΔCt method was used to analyze the qRT-PCR results.

Promoter Analysis and GUS Staining

A 2-kb fragment of the BdCIPK31 flanking 5′-upstream region before the translation initiation site (ATG) was identified in the Ensembl Plants database2 and amplified with primers containing the EcoRI and BamHI restriction sites (Primer P3, Supplementary Table S1). The cis elements were analyzed by the Plant-CARE3 database. The promoter fragment was introduced into the pBI121-GUS vector, thereby replacing the CaMV 35S promoter to recombine with the ProBdCIPK31::GUS construct. The construct and control pBI121-GUS were transformed into the Agrobacterium tumefaciens strain EHA105. Transgenic tobacco lines were generated by Agrobacterium-mediated transformation (Horsch et al., 1985). The transgenic seedlings were treated on 1/2 MS media supplied with 300 mM mannitol, 200 mM NaCl, or 5 μM ABA, respectively, for 24 h. For histochemical staining assay, the seedlings were infiltrated in GUS staining solutions (0.5 mg/mL 5-bromo-4-chloro-3-indolyl glucuronide, 0.1 M Na2HPO4, 10 mM Na2EDTA, 0.5 mM K4Fe(CN)6, and 0.06% Triton X-100, pH 7.0), vacuumized for 10 s, and placed at 37°C for 24 h. The stained seedlings were decolorized using ethanol. The quantitative GUS activity assay was performed by using 4-MUG method according to Jefferson et al. (1987).

Generation of BdCIPK31-Overexpression Transgenic Tobacco Plants and Stress Tolerance Assays

The CDS of BdCIPK31 gene was amplified and subcloned into pCAMBIA1303 vector by using primer P1 (Supplementary Table S1). The pCAMBIA1303-BdCIPK31 and vacant vector pCAMBIA1303 were transformed into the tobacco, respectively, as described above. The transformants were selected by 20 mg/L hygromycin and confirmed by reverse transcript PCR with primer P1. Three independent T2 homozygote lines were used in this experiment.

For the root length and fresh weight (FW) assay, the seeds were sown on 1/2 MS medium, then transferred into media that contained 150/300 mM mannitol, 150/200 mM NaCl, 2/5 μM ABA, or 0.1 mM Tu, respectively. The root length or FW of all tested seedlings were measured before and after treatment.

For stress tolerance assay, seeds were grown on 1/2 MS for 10 days in 25°C with 16 h light/8 h dark cycle, and then were transplanted into pots containing well-watered soil, each pot contains six tobacco seedlings. For normal growth control, all the tobacco plants were well-watered at 28°C with 16 h light/8 h dark cycle. For drought treatment, 4-week-old plants were grown without watering for 35 days. The survival rate was calculated after recovery for 7 days. To examine the water loss, leaves were detached and weighed at the indicated time points. Calculation of water loss rate was according to initial weight as described previously (Hu W. et al., 2013). In salt treatment, to ensure the consistency of NaCl concentration in different pots, all pots were placed in a basin containing 2 L 800 mM NaCl. The survival rate was calculated at 7 days after treatment.

Measurement of Stomatal Aperture

Leaves were detached from normal mature seedlings and floated in a buffer solution (30 mM KCl and 10 mM MES-KOH, pH 6.15), and incubated at 25°C under light for 5 h to fully open the stomata. For drought-induced stomatal closure, the leaves were exposed to air under light for 2 h. For ABA-induced stomatal closure, the appropriate concentrations of ABA was added. For Tu treatment, 0.3 mM Tu was applied in the buffer solution, and the treated leaves were exposed to air for 2 h after 5-h-incubation. The epidermal peels were stripped from the leaves and examined under a microscope (IX71, Olympus, Japan). The width and length of stomata were measured by Olympus cellSens software (Olympus, Japan).

Measurement of Ion Content and K+ Flux

Ten-day-old seedlings were treated on 1/2 MS containing 200 mM NaCl for 7 days. The seedlings was separated into the shoot and root samples. The sample pretreatment was performed according to Deng et al. (2013a). The ion content was measured by atomic absorption spectroscopy (180-50, GFAAS; HITACHI, Japan). The net K+ efflux was measured by the Xuyue-Science & Technology Co. (Shanghai, China) via a non-injuring technique (NMT, Younger USA Science and Technology Corp., Amherst, MA, United States) as previously described (Hu Y. et al., 2013).

Measurement of ABA Content

Four-week-old tobacco plants in soil were withheld watering for 7 days or treated by NaCl for 3 days. Fresh leaves were detached from treated plants and grinded in liquid nitrogen. Sample pretreatment was performed according to Yan et al. (2014). The ABA level was measured with an ELISA kit (Jiancheng, China).

Measurement of RWC, Water Loss Rate, IL, and the MDA, Chlorophyll, Proline, Ascorbic Acid, Soluble Sugar, Ascorbic Acid, and Anthocyanin Contents in Leaves

Four-week-old tobacco plants in soil were withheld watering for 7 days or treated by NaCl solution for 3 days. For RWC measurement, the FW of leaves was determineded. After incubation in water overnight, the turgid weight (TW) was measured. Subsequently, the samples were dried at 70°C for 2 days and the dried weight (DW) was tested. RWC (%) = [(FW - DW)/(TW-DW)] × 100%. For water loss rate calculation, the leaves from tobacco plants under normal condition were detached and exposed to air. The initial FW (W0) of the leaves was recorded, and the leave weight was also measured at indicated time points after detaching as Wt. The water loss rate (%) = (W0 - Wt)/W0 × 100%. For IL measurement, the leaves from plants were cut into small pieces and immersed in 8 mL deionized water. After 12 h incubation, the conductivity (C1) was detected with a conductivity meter (DDBJ-350, Shanghai, China). Subsequently, the samples were boiled for 15 min. After cooling, the conductivity (C2) was recorded again, such that IL (%) = (C1/C2) × 100%. The MDA level was measured using the TBA reaction (Heath and Packer, 1968). The UV spectrophotometry technique was used to measure the chlorophyll content (Yang et al., 2009). The proline and ascorbic acid contents in leaves were measured with the corresponding detection kits (Jiancheng, China). The level of soluble sugar in leaves was examined as described (Kong et al., 2011). The analysis of the relative anthocyanin content was done according to previous described method (Cui et al., 2014).

Measurement of Enzyme Activity

The activities of CAT, POD, SOD, and GST in leaves from tested plants were examined with the corresponding activity detection kit (Jiancheng, China) using leaves detached from the treated plants.

Expression Analysis of the Ion-Transporter Genes, ROS-Scavenging System Genes, Osmolyte Synthesis Genes, and Stress-Related Genes

Four-week-old tobacco plants in soil were withheld watering for 7 days or treated by NaCl solution for 3 days. The leaves from drought treated plants were detached and subjected to RNA extraction, and these RNA samples were used to analyze the TORK1 transcripts, as well as ROS-scavenging system genes, osmolyte synthesis genes, and stress-responsive genes. Two-week-old young seedlings were grown on 1/2 MS containing 200 mM NaCl for 2 days, and the samples were used for expression analyses of NKT1, NKT2, NtKC1, NtNHX2, and NtNHX4, respectively.

Statistical Analysis

The SPSS software (Chicago, IL, United States) was used to analyze the data. The data variance analysis was performed by the ANOVA Duncan’s test.

RESULTS

Characterization of BdCIPK31

The cDNA of a CIPK gene was amplified by RT-PCR using mRNA isolated from B. distachyon seedlings. The coding sequence is 1,347 bp in length, which encodes a 448-amino-acid protein. Phylogenic analysis of the predicted BdCIPK and 33 OsCIPKs showed that the BdCIPK was clustered to the exon-rich group (group A), and exhibited closest relationship with OsCIPK31 and OsCIPK3 (Supplementary Figure S1). Since this BdCIPK shared highest identity with OsCIPK31 (82.2%), the BdCIPK was designated as BdCIPK31 (XM_003562376).

The BdCIPK31 presented high identities with AtCIPK3 (70%), OsCIPK31 (82%), and TaCIPK3 (89%). Multiple sequence alignment with these homologs indicated that BdCIPK31 contained all the typical features of CIPK domains, namely, an activation loop, NAF/FISL motif, and a protein–phosphatase interaction domain (Supplementary Figure S2).

The yeast-two-hybrid assay was performed to identify the BdCIPK31 interacting BdCBLs, the results showed that the BdCIPK31 interacted with BdCBL1 (XP_003559049), BdCBL2 (XP_003574350), and BdCBL5 (XP_003578877) (Figure 1A).
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FIGURE 1. BdCIPK31-BdCBLs interaction and BdCIPK31 subcellular localization analysis. (A) Yeast-two-hybrid analysis of the interactions between BdCIPK31 and BdCBLs. The pGADT7-BdCIPK31 and pGBKT7-BdCBLs vectors were co-transformed into AH109. The transformants were screened by DDO/-Leu/-Trp and TDO/-Leu/-Trp/-His for 3 days. (B) Subcellular localization analysis of BdCIPK31::GFP. The left column shows the epidermal cells expressing the free GFP protein as controls. The right column shows the epidermal cells expressing the BdCIPK31::GFP fusion protein. Three independent biological replicates were performed and produced similar results.



To determine the subcellular localization of BdCIPK31, a recombinant vector was constructed to fuse the BdCIPK31 with fluorescent protein GFP. The constructed plasmid was transformed into tobacco leaves. The transformed epidermis was examined after 72 h. The fluorescence of BdCIPK31::GFP fusion protein was observed throughout the cell, similar to that of the green fluorescent protein used as control (Figure 1B).

BdCIPK31 Expression Responds to Abiotic Stress and Exogenous ABA

Quantitative reverse-transcription PCR was employed to examine the expression patterns of BdCIPK31. Organ-specific expression analysis showed that BdCIPK31 was expressed in all B. distachyon organs tested (Figure 2A). Young seedlings were treated with osmotic stress generator PEG6000, salt stress generator NaCl, oxidative stress inducer H2O2, and stress-related phytohormone ABA. As shown in Figures 2B–F, BdCIPK31 expression was significantly suppressed 1 h after all treatments. After 6 h of treatment, the expression levels raised again after a fall (0.5-fold in PEG, 1-fold in NaCl, 0.4-fold in H2O2, and 0.76-fold in ABA) and then downregulated after a longer period (>6 h) of exposure to all treatments. In general, the results showed that the BdCIPK31 expression was downregulated by PEG6000, NaCl, H2O2, and ABA (Supplementary Figure S10).
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FIGURE 2. Expression patterns analyses of BdCIPK31 gene. (A) Organ-specific expressions of BdCIPK31 in leaf, root, stem, and spike of 6-week-old plant. Ten-day-old seedlings were treated by: (B) no treatment control, (C) 20% PEG6000, (D) 200 mM NaCl, (E) 100 mM H2O2, and (F) 100 μM ABA treatment, respectively. The BdCIPK31 expression in the leaves of treated seedlings was detected. Data in this figure represent the mean ± SE of three independent replicates. Different letters represent significant difference in each condition (Duncan’s test, P < 0.05).



Promoter Analysis of BdCIPK31

To investigate the transcriptional regulation mechanism of BdCIPK31, we obtained a 2 kb fragment from the 5′-flanking region of the transcriptional initiation site (ATG) of BdCIPK31 from Ensembl Plants2 and analyzed the sequence by the PlantCARE3 database. Various cis elements associated with the response to stress and hormone, such as the ABRE, were found in this region. Notably, no dehydration response element was discovered (Supplementary Table S3). These findings suggest that the transcriptional regulation of BdCIPK31 may be through ABA-dependent pathway.

The result was confirmed by introducing the promoter fragment into pBI121 to generate the ProBdCIPK31::GUS construct. The constructed vector was then transformed into tobacco (N. tabacum var. Samsun). Ten-day-old transgenic seedlings were treated with 300 mM mannitol, 200 mM NaCl, or 5 μM ABA. After 1 day treatment, the transgenic seedlings displayed lighter GUS staining than the controls (Supplementary Figure S3), and the observation was further confirmed by quantitative GUS activity assay (Supplementary Figure S4). This finding is consistent with the qRT-PCR results.

Overexpression of BdCIPK31 Enhances Drought and Salt Stress Tolerance in Tobacco

To characterize the function of BdCIPK31, transgenic tobacco overexpressing BdCIPK31 under control of CaMV 35S promoter was generated. Five independent transgenic lines (T1) were obtained (Supplementary Figure S5). The transcript level of BdCIPK31 in each T2 homozygous line was examined by semi-quantitative RT-PCR. Among these lines, OE2, OE4, and OE8, which expressed BdCIPK31 at different levels, were selected as experimental materials (Supplementary Figure S6). Transgenic tobacco plants transformed with vacant pCAMBIA1303 vectors were also generated as VCs.

The responses of transgenic young seedlings to drought and salt were initially examined. The young seedlings were grown on 1/2 MS media supplied with 150/300 mM mannitol or 150/200 mM NaCl after seed germination. The seedlings of all lines displayed similar root length on the medium without treatments after 14 days (Figure 3A). However, OE seedlings exhibited longer root lengths than the controls under osmotic and salt stress (Figures 3B–I).
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FIGURE 3. Analysis of root elongation and fresh weight in control and OE plants exposed to osmotic and salt stress. Seedlings grown on (A) 1/2 MS medium, (B,C) 1/2 MS medium containing (B) 150/(C) 300 mM mannitol, (D,E) 1/2 MS medium containing (D) 150/(E) 200 mM NaCl, (F) 1/2 MS medium containing 0.1 mM Tu, (G) 1/2 MS medium containing 300 mM mannitol and 0.1 mM Tu, and (H) 1/2 MS medium with 200 mM NaCl and 0.1 mM Tu for 14 days. (I) Statistical analysis of root length. (J) Statistical analysis of fresh weight. Data in (I,J) represent the mean ± SE from three independent replicates. Different letters represent significant difference in each condition (Duncan’s test, P < 0.05).



To elucidate whether endogenous ABA participates in the mechanism of the stress-tolerance phenotype, Tu was employed as a ABA biosynthesis inhibitor. WT, VC, and OE seedlings exhibited similar growth status on the medium containing 0.1 mM Tu (Figure 3F). However, the stress-tolerance phenotype of OE lines disappeared under 300 mM mannitol treatment and even reversed under 200 mM NaCl treatment by supplying with 0.1 mM Tu (Figures 3G,H). The results suggested that the stress tolerance regulation of BdCIPK31 was dependent on endogenous ABA.

BdCIPK31 also functioned in stress tolerance during vegetative growth. Drought stress was given to 4-week-old plants. Both controls and OE lines shriveled after a 35 days exposure to drought. However, the control lines were more severely wilted, whereas the leaves of the OE lines remained expanded (Figure 4B). After re-watering for 7 days, more than 50% of the OE plants survived compared with only 14.8% of the WT plants. Meanwhile, 13.2% of VC plants were recovered from drought (Figures 4C,F).
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FIGURE 4. Analysis of the drought and salt tolerance in control plants and transgenic plants overexpressing BdCIPK31. (A,D) Four-week-old tobacco plants grown in normal condition. (B) Plants were subjected to drought for 35 days. (C) Plants in (B) were re-watered for 7 days. (E) Plants were subjected to high salinity for 7 days. (F) Statistical analysis of survival rates. (G) Chlorophyll content analysis of plants subjected to salt treatment. Data in (F,G) represent the means ± SE from three independent replicates. Different letters represent significant difference in each condition (Duncan’s test, P < 0.05).



In salt treatment, most of the control plants displayed languish and chlorosis after a 7-day-exposure to salt, whereas the OE plants remained thriving and green (Figures 4D,E). Less than 15% of the control seedlings survived. By contrast, the survival rates of the OE lines were 45% (OE2), 55% (OE4), and 53% (OE8), respectively (Figure 4F). Moreover, chlorophyll content analysis showed that the OE plants contained more chlorophyll than the control after salt treatment (Figure 4G). These results suggest that BdCIPK31 improved drought and high-salinity tolerance in transgenic tobacco.

Overexpression of BdCIPK31 Confers Hypersensitivity to Exogenous ABA in Tobacco but Does Not Affect ABA Biosynthesis under Drought and Salt Stress

The downregulation of BdCIPK31 in response to exogenous ABA implied that BdCIPK31 might participate in ABA signaling. Seedlings were grown on the 1/2 MS supplied with 2 or 5 μM ABA for 21 days. All seedlings exhibited growth inhibition under ABA treatment. However, the OE lines showed shorter root lengths than those of the control lines (Figures 5A–D). The result indicates that BdCIPK31 overexpression increases plant sensitivity to ABA.
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FIGURE 5. Analyses of the plant sensitivity exogenous ABA, ABA content, and ABA synthesis-related gene expression and under drought and salt treatments. Seedlings grown on (A) 1/2 MS medium, (B,C) 1/2 MS medium with (B) 2 μM or (C) 5 μM ABA for 21 days. (D) Root length analysis of control and OE seedlings. (E) Endogenous ABA level of control and OE plants before and after treatments. (F,G) Expression levels of (F) NtNCED1 and (G) NtABA2 in control and OE plants before and after treatments. Data in (D–G) represent the means ± SE from three independent replicates. Different letters represent significant difference in each condition (Duncan’s test, P < 0.05).



To investigate whether BdCIPK31 affected ABA biosynthesis, endogenous ABA levels were examined under drought or salt condition. Interestingly, the endogenous ABA contents in the OE seedlings were similar to those in the controls after treatment (Figure 5E). The key enzymes in ABA biosynthesis were also examined at the transcript level. The transcripts of NtNCED1 and NtABA2 in the OE seedlings were similar to those in the controls under both drought and salt stress (Figures 5F,G). These findings suggest that BdCIPK31 has no effect on ABA biosynthesis, and BdCIPK31 may function in the downstream of ABA.

Overexpression of BdCIPK31 Confers Better Water Status and Decreased Stomatal Aperture in Response to Drought Stress

Enhanced drought tolerance implied the differences in water status between the OE and control plants. Fully expanded leaves were obtained in normal growth condition, and the FW changes of the leaves were measured regularly in 24 h. The water loss rates were calculated, and the OE lines displayed significantly lower water loss rates than the controls (Figure 6A). RWCs were also measured. After 14 days of drought treatment, the RWC of the control lines was 20% lower than that of controls (Figure 6B).
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FIGURE 6. Analyses of RWC, water loss, and stomatal aperture. (A) Water loss rate of control and OE leaves in 24 h. (B) RWC of control and OE plants after drought treatment. Data in (A,B) represent the means ± SE from three independent replicates. (C) Stomatal closure under water deficiency, ABA, and Tu treatments. (D) Statistical analysis of the stomatal width:length ratio. Data in (D) represent the means ± SE from three independent replicates. Different letters represent significant difference in each condition (Duncan’s test, P < 0.05).



Transpiration through stomata is the main way of water loss under water-deficient conditions (Li et al., 2013). Thus, we investigated whether BdCIPK31 affects stomatal closure under drought stress. The stomatal width:length ratio was adopted as the index of stomatal closure. The leaves of all the lines were floated in buffer solution under light to cause the stomata to fully open prior to treatment application (Figure 6C). After exposing to low-humidity environment for 2 h, the OE lines displayed lower stomatal width:length ratios (Figures 6C,D).

Since stomatal closure is mediated by ABA, we performed an investigation on whether BdCIPK31 functioned in ABA-mediated stomatal closure. Leaves were incubated in 25 or 50 μM ABA solution for 4 h, and the OE lines displayed smaller stomatal aperture than the controls (Figures 6C,D). However, when the leaves were pretreated by Tu, the humidity-induced stomatal closure was inhibited, no significant differences in stomatal aperture between control and transgenic lines were observed (Figures 6C,D). These findings suggest that BdCIPK31 participates in ABA-mediated stomatal closure.

Overexpression of BdCIPK31 Affects Plant Ion Homeostasis under Salt Stress

High salinity can disrupt intracellular ion homeostasis. To determine whether BdCIPK31 influences ion accumulation under high-salinity conditions, the Na+ and K+ contents in shoots and roots were assessed. The Na+ levels were similar in all seedlings without treatment (Figure 7A). By contrast, the K+ contents were higher in OE lines (Figure 7B). After salt treatment, Na+ content increased, whereas K+ content decreased, in all plants. However, the OE seedlings contained more Na+ than the control in both shoots and roots (Figure 7A). Notably, the K+ level in the shoots of the OE seedlings was equal to that in the controls after salt treatment, whereas the roots of the OE plants accumulated more K+ than the control did (Figure 7B). These findings indicate that BdCIPK31 is involved in intracellular Na+/K+ homeostasis under salt stress. Further analysis of the salt-shock-induced K+ efflux in OE plants was performed. Before treatment, the WT seedlings showed a slightly higher K+ efflux compared with OE seedlings. After addition of 150 mM NaCl, the OE seedlings displayed significantly lower K+ efflux than the WT (Figure 7C). This result supports the notion that BdCIPK31 functions in preventing K+ loss from root under salt stress.
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FIGURE 7. Analyses of ion content, K+ efflux in seedlings under salt condition, and expression analyses of ion-transporter genes in plants. (A) Na+ and (B) K+ levels in shoots and roots of control and OE seedlings under salt stress. (C) Net K+ efflux in root tips of WT and OE seedlings at the addition of 150 mM NaCl. The insert shows the K+ efflux before NaCl addition. (D) Expression levels of TORK1 in the leaves of control and OE plants under drought treatment. (E–G) Expression levels of (E) NKT1, (F) NtSOS1, and (G) NtNHX2 in the control and OE young seedlings under salt stress. Data in (A,B,D–G) represent the means ± SE from three independent replicates. Different letters represent significant difference in each condition (Duncan’s test, P < 0.05).



Overexpression of BdCIPK31 Modulates the Expression of Ion-Transporter Genes under Drought and Salt Stress

Ion channels and transporters play important roles in stomatal movement and intracellular ion homeostasis. To clarify whether BdCIPK31 affects ion-transporter gene expression, we measured the transcripts of tobacco K+ influx channel genes NKT1, NKT2, NTKC1, K+ efflux channel TORK1, Na+/H+ antiporters NtSOS1, and Na+, K+/H+ antiporter NtNHX2.

The outward K+ channels play essential roles in stomatal closure. TORK1 is the homolog of Arabidopsis guard cell K+ efflux channel GORK in N. tabacum (Eisenach et al., 2014). The transcripts of TORK1 in the leaves of OE lines showed at least a 1.5-fold increase compared with that in the controls under drought conditions (Figure 7D). This finding implies a stronger K+ efflux in the guard cells of OE plants.

Selective uptake of K+ and extrusion or compartmentalization of Na+ are main strategies for plants to cope with ion stress caused by high salinity. In Arabidopsis, K+-channel proteins AKT1 and AtKC1 functions in K+ uptake (Hirsch et al., 1998; Reintanz et al., 2002; Pilot et al., 2003), where AKT2 participates in long-distance K+ transport (Lacombe et al., 2000). The expression levels of their homologs NKT1, NKT2, and NTKC1 in tobacco were selected and examined under salt treatment together with the NtSOS1 and NtNHX2. Results showed that NKT1 exhibited significantly higher transcript levels in transgenic seedlings than in controls under normal and high-salinity conditions (Figure 7E). The transcripts of NKT2 and NtKC1 in OE seedlings were equal to those in the controls before and after treatment (data not shown). Moreover, the OE lines showed higher NtSOS1 and NtNHX2 expression levels than the controls only under NaCl treatment (Figures 7F,G). These findings demonstrate that BdCIPK31 affects the expressions of several ion channel and transporter genes under high-salinity stress.

Overexpression of BdCIPK31 Enhances the Plant’s Scavenging Ability for Reactive Oxygen Species (ROS) and Maintains Plasma Membrane Stability under Drought and Salt Stress

Both drought and salt stress can cause oxidative and osmotic damages to plants. To explore whether BdCIPK31 functions in resistance to these damages, we detected the malondialdehyde (MDA) content, the IL, and the H2O2 content. The results showed that the IL and MDA levels were lower in OE seedlings (Supplementary Figures S7A,B), and the OE plants accumulated less H2O2 than the controls (Supplementary Figure S7C), suggesting that the OE seedlings suffered milder damage than the control under drought and salt stress.

Reactive oxygen species are essential signal-transduction molecules as well as toxic by-products of stress metabolism (Huang et al., 2012). Antioxidative enzymes, such as CAT, POD, SOD, and GST, and antioxidants, such as anthocyanin and ascorbic acid, function in preventing damage from over-produced ROS (Julkowska and Testerink, 2015).

The activities of CAT, POD, SOD, and GST were examined, and the results showed that the activities of all these antioxidative enzymes were higher in the OE seedlings than that in the controls (Supplementary Figure S8). Meanwhile, the OE plants accumulated more ascorbic acid and anthocyanin than the controls after treatment (Supplementary Figure S8). Moreover, the expression levels of NtCAT1, NtPOX2, NtSOD, NtGST, ascorbate peroxidase gene NtAPX, and flavonoid biosynthetic gene NtDFR were also higher in OE plants. By contrast, the ROS-producer genes NtRbohD and NtRbohF showed lower transcript levels in OE plants (Supplementary Figure S8).

Osmolyte accumulation is an important way to balance cell osmotic pressure. The proline and soluble sugar contents were examined. The OE seedlings accumulated more proline and soluble sugar under treatments (Supplementary Figure S9).

The results of the increased osmolyte accumulation in OE plants were also confirmed at transcriptional level. The expression levels of NtP5CS1, which encodes a rate-limiting enzyme of proline biosynthesis and a tobacco sucrose synthase gene NtSUS1 were detected, together with polyamine biosynthesis genes NtADC1 and NtSAMDC1. All these genes exhibited higher transcript levels in OE seedlings under drought or salt stress (Supplementary Figure S9). The above results contribute to explain the enhancement of the stress tolerance in the transgenic tobacco.

Overexpression of BdCIPK31 Enhances Plant Tolerance to Oxidative Stress

Overexpression of BdCIPK31 confers enhanced ROS-scavenging ability in transgenic tobacco, which implies that BdCIPK31 may participate in plant response to oxidative stress. Leaf disks were incubated in 20 or 50 μM methyl viologen (MV) for 72 h. All leaf disks exhibited bleaching, and the controls displayed more severe results than those of the OE leaves (Figure 8A). Furthermore, when seedlings were grown on 1/2 MS media with 2 or 5 μM MV for 14 days, the OE lines disclosed a better phenotype than that of the controls (Figure 8B). These observed results were further confirmed by chlorophyll content and FW assay results (Figures 8C,D). All the results suggest that BdCIPK31 enhanced plant tolerance to oxidative stress.
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FIGURE 8. Analyses of oxidative tolerance control and OE plants. (A) Leaf disks obtained from control and OE seedlings treated with methyl viologen (MV). (B) Seedlings grown on 1/2 MS containing 0, 2, or 5 μM MV. (C) Chlorophyll content in leaves treated with 20 or 50 μM MV. (D) Average fresh weight of seedlings treated by 2 or 5 μM MV. Data in (C,D) represent the means ± SE from three independent replicates. Different letters represent significant difference in each condition (Duncan’s test, P < 0.05).



BdCIPK31 Modulates the Expressions of Some Stress-Related Genes in Transgenic Tobacco

The transcripts of some stress-related genes in OE and control plants were also examined under drought or salt treatment. The selected genes included stress-responsive transcription factor genes, such as NtABF1, NtABF2, NtDREB3, and NtRD26, and stress-defense genes, such as NtERD10C, NtERD10D, NtLEA5, and TobLTP1. The transcripts of all these tested genes were higher in the OE plants under stress conditions (Figures 9A–H). Notably, the transcripts of NtRD26, NtDREB3, NtLEA5, and TobLTP1 were evidently higher in the OE plants than in the controls before and after treatments (Figures 9B–D,G,H). These findings suggest that BdCIPK31 can elevate the expression levels of stress signal transduction related genes together with stress-defense genes under drought and salt conditions.
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FIGURE 9. Expression analyses of stress-related genes in plants under drought and salt treatments. Expression levels of (A) NtABF1, (B) NtABF2, (C) NtRD26, (D) NtDREB3, (E) NtERD10C, (F) NtERD10D, (G) NtLEA5, and (H) TobLTP1 were examined by qRT-PCR. Data represent the means ± SE from three independent replicates. Different letters represent significant difference in each condition (Duncan’s test, P < 0.05).



DISCUSSION

BdCIPK31 Is a Positive Regulator in Plant Response to Drought, High Salinity, and ABA

Previous studies on CIPKs revealed that numerous CIPK genes regulate plant responses to abiotic stress. In our previous study, TaCIPK14 and TaCIPK29 were found to confer single or multiple stress tolerance in transgenic tobacco (Deng et al., 2013a,b). In the present work, overexpression of BdCIPK31, a stress-responsive CIPK gene, conferred improved drought and salt tolerance in transgenic tobacco (Figures 3, 4). These findings demonstrate that BdCIPK31 has a positive function in plant responses to drought and high salinity.

Abscisic acid is a pivotal phytohormone in plant stress responses (Finkelstein et al., 2002), which plays a crucial role in the coordination of plant growth and stress tolerance (Raghavendra et al., 2010). It was previously demonstrated that CIPKs participate in stress response through the ABA signaling pathway (Chen et al., 2012; Wang et al., 2016; Zhou et al., 2016). In the present study, BdCIPK31 increased plant sensitivity to ABA (Figure 5), and accelerated ABA-mediated stomatal closure (Figures 6C,D). Moreover, when ABA biosynthesis inhibitor Tu was applied together with osmotic and salt treatments (Yan et al., 2014), the phenotype of enhanced tolerance in OE lines disappeared (Figures 3G,H). Furthermore, BdCIPK31 exerted no effect on ABA biosynthesis (Figures 5E–G), indicating that the alternation of ABA content is not the key reason for stress tolerance in BdCIPK31-overexpressing tobacco. The above results demonstrate that BdCIPK31 serves as a positive regulator in ABA signaling pathway. Moreover, the improved stress tolerance in transgenic tobacco is dependent on endogenous ABA.

Our results indicated that the BdCIPK31 was a positive regulator in stress and ABA response, while BdCIPK31 was downregulated by abiotic stress and ABA, these were unexpected. However, similar discrepancies are not rare in studies of CIPK and other gene families. OsCIPK31 and OsCIPK03 were the homologs of BdCIPK31 in rice. The stress-repressed OsCIPK31 gene functioned positively in stress response, whereas the stress-induced OsCIPK03 gene conferred stress sensitivity to transgenic rice (Piao et al., 2010; Rao et al., 2011). Similar contradictions were also reported in other gene families of different species. ONAC095, a NAC transcription factor gene in rice, was induced by drought and ABA, repressed by low temperature. However, overexpressing ONAC095 in rice showed no effect on drought tolerance, while the dominant chimeric repressor-mediated suppression of ONAC095 enhanced drought tolerance and ABA sensitivity (Huang et al., 2016).

BdCIPK31 Improves Plant Tolerance to Water Stress

Under water-deficient conditions, plants need to maintain favorable water status. Transpiration from stomata is the major means to eliminate water (Li et al., 2013), and ABA-mediated stomatal movement is a crucial process in preventing water loss (Leung and Giraudat, 1998; Pitzschke and Hirt, 2009). ABA-mediated stomatal movement is associated with the K+ flux in guard cells (Hosy et al., 2003; Kim et al., 2010). CBL-CIPK networks were reported to function in the stomatal movements. AtCIPK23, together with AtCBL1 and AtCBL9, activates the K+ channel AKT1 and affects stomatal closure (Li et al., 2006; Xu et al., 2006; Cheong et al., 2007; Lee et al., 2007). In this study, overexpression of BdCIPK31 improved the sensitivity of stomatal closure to drought treatment, and ABA is confirmed to be involved in this process (Figures 6C,D). This finding confirmed that BdCIPK31 could promote stomatal closure via the ABA signaling pathway. Thus, the OE seedlings displayed lower water loss rate and higher RWC than the control plants under drought treatment (Figures 6A,B). This result indicates that the OE plants possessed a better water status. Moreover, the expression level of the guard cell K+ efflux channel gene TORK1 elevated more obviously in the leaves of the OE plants under drought treatment, and the outflow of K+ from guard cells can cause stomatal closing (Ache et al., 2000; Hosy et al., 2003; Osakabe et al., 2013). Hence, the above findings indicate that BdCIPK31 plays a positive role in stomatal closure.

BdCIPK31 Improves Plant Tolerance to Ionic Stress

High salinity causes ionic stress to plants. High Na+ concentration in growth medium disrupts plant ion uptake and leads to an abnormal Na+ accumulation, whereas the K+ accumulation decreases (Bartels and Sunkar, 2005). Excess Na+ in the cytoplasm is toxic, whereas potassium is essential for many biochemical and physiological processes. The chief mechanisms maintaining intracellular K+/Na+ homeostasis include restricting Na+ uptake by selective ion uptake, and reducing cytoplasmic Na+ content by Na+ extrusion and/or intracellular Na+ compartmentalization (Lv et al., 2012). These mechanisms must be implemented by regulating ion channels and transporters. Earlier studies revealed that CBL-CIPK networks function in regulating ion transport under salt stress. The classical Arabidopsis SOS pathway functions in extruding Na+ (Liu and Zhu, 1997, 1998; Qiu et al., 2002). Transgenic tobacco overexpressing TaCIPK14 and TaCIPK29 can maintain higher K+/Na+ ratios under salt treatment (Deng et al., 2013a,b). Furthermore, the AtCIPK23 can activate the K+ influx channel AKT1 in the root, leading to an influx of K+ (Li et al., 2006; Cheong et al., 2007; Lee et al., 2007). Therefore, we tried to clarify whether BdCIPK31 functions in intracellular ion homeostasis under salt stress. Interestingly, transgenic plants overexpressing BdCIPK31 retained significantly more Na+ than the control, despite the former’s salt-tolerant phenotype (Figure 7A). Similar phenomena have also been reported previously. The atcbl10 mutant shows hypersensitivity to salt stress, but the Na+ content of this mutant is significantly lower than that in the control. Further investigations indicate that AtCIPK24 interacts with AtCBL10, and the complex is involved in intracellular Na+ compartmentalization (Kim et al., 2007). Transgenic tomatos overexpressing SlCIPK24 display more tolerance to salt, and the enhanced tolerance is associated with higher Na+ level in aerial parts. SlCIPK24 induces and upregulates SlSOS1, endosomal K+, Na+/H+ antiporter LeNHX2, and vacuolar Na+/H+ antiporter LeNHX4, indicating that SlCIPK24 functions in Na+ partitioning and compartmentalization under salt stress (Huertas et al., 2012). In our work, BdCIPK31 overexpression upregulated the transcripts of NtSOS1 and NtNHX2 under salt stress (Figures 7F,G). This finding is consistent with the higher sodium content in BdCIPK31-overexpressing plants relative to the control, implying that BdCIPK31 may be involved in Na+ compartmentalization in endosomes or vacuoles under salt stress. Moreover, BdCIPK31 also functions in preventing K+ loss. Transgenic plants overexpressing BdCIPK31 contained more K+ in whole seedlings under normal conditions (Figure 7B). Under salt treatment, although the OE seedlings retained more Na+ than the control (Figure 7A), OE seedlings still retained more K+ in roots, whereas the shoot K+ accumulation was similar between OE and control seedlings (Figure 7B). This result could be explained by the expression analyses of the K+ channel genes. Overexpression of BdCIPK31 constitutively elevated the expression of NKT1 (Figure 7E), and the NKT1 may function in root K+ uptake (Sano et al., 2007). However, BdCIPK31 does not affect the expression of NKT2 that might be involved in long-distance K+ transport (Lacombe et al., 2000; Sano et al., 2007). Thus, the above results imply that BdCIPK31 might participate in K+ uptake in the root, but does not affect K+ transport from roots to shoots. Further investigation revealed that the OE plants exhibited lower net K+ efflux in roots than the WT (Figure 7C). The root plasma membrane is depolarized under salt treatment, thus the channel-mediated K+ uptake are inhibited in such condition (Shabala et al., 2016). Therefore, our finding implies that BdCIPK31 also functions in preventing K+ loss.

BdCIPK31 Improves Plant Tolerance to Oxidative Stress

Exposure to drought or high salinity results in some common reactions in plants (Bartels and Sunkar, 2005), such as oxidative and osmotic stress. Both drought and salt stress leads to ROS overproduction, which acts as important stress signal-transduction molecules. However, excess ROS brings cell toxicity, leading to enzyme activity disruption, membrane injury, and cell death (Gouiaa et al., 2012). Thus, plants have developed an efficient antioxidative system, which includes ROS-scavenging enzymes and antioxidants, to regulate ROS content to appropriate levels (Ruiz-Lozano et al., 2012). CIPKs affect the antioxidant system in both physiologic and transcript levels have been reported previously (Yang et al., 2008; Piao et al., 2010; Chen et al., 2012; Deng et al., 2013a,b; Drerup et al., 2013; He et al., 2013). We demonstrated that overexpression of BdCIPK31 significantly improved the ROS-scavenging system in both physiological and transcriptional level, whereas the transcripts of ROS-producer genes were downregulated (Supplementary Figure S8). As a result, the OE plants exhibited lower H2O2, MDA, and IL levels relative to the control (Supplementary Figure S7). Such finding indicates a decreased ROS accumulation and milder membrane damage in BdCIPK31-overexpressing plants. The above results indicate that BdCIPK31 functions in enhancing the plant ROS-scavenging system. Further study showed that BdCIPK31 overexpression conferred enhanced tolerance to oxidative stress (Figure 8), confirming that BdCIPK31 participated in the antioxidation process.

BdCIPK31 Improves Plant Tolerance to Osmotic Stress

Both drought and high salinity cause cell dehydration, which leads to osmotic stress (Bartels and Sunkar, 2005). Plants synthesize additional osmolytes to maintain turgor to cope with osmotic stress. In this study, the BdCIPK31-overexpressing tobacco exhibited higher proline and soluble sugar levels under stress together with higher transcripts of the NtP5CS1 and NtSUS1 genes (Supplementary Figures S9A–D). The transcripts of the genes on polyamine biosynthesis, NtADC1 and NtSAMDC1, were also obviously elevated in the OE plants (Supplementary Figures S9E,F). These results indicate that BdCIPK31 could enhance ROS-scavenging system to alleviate cell damage and enhance osmolyte synthesis to balance cellular osmotic pressure.

BdCIPK31 Modulates the Expression of Stress-Related Genes

The expression of stress-related genes are modulated through ABA-dependent and ABA-independent pathways (Yamaguchi-Shinozaki and Shinozaki, 2006). The ABFs are the major transcription factors in the ABA-dependent pathway, whereas DREBs have key functions in ABA-independent pathway (Yoshida et al., 2014). In this study, the transcripts of NtABF1, NtABF2, and NtRD26, which encodes a NAC transcription factor in the ABA-dependent pathway (Fujita et al., 2004), were significantly higher in the BdCIPK31-overexpressing tobacco under drought and salt stress (Figures 9A–C). Moreover, NtDREB3 also presented higher transcripts in OE seedlings under the same conditions (Figure 9D). The transcripts of the stress-inducible genes, including NtERD10C, NtERD10D, NtLEA5, and TobLTP1, were higher in the BdCIPK31-overexpressing plants under stress (Figures 9E–H). The NtERD10C and NtERD10D genes encode group 2 LEA proteins, and the NtLEA5 gene encodes a group 5 LEA protein. Both NtERD10C/D and NtLEA5 function in binding water, stabilizing enzyme and macromolecular structures, and then preventing cells from damages caused by abiotic stress (Becker et al., 1996; Hundertmark and Hincha, 2008; Liu et al., 2009). TobLTP1 encodes a lipid-transfer protein, which participates in abiotic stress responses (Trevino and O’Connell, 1998; Zhang et al., 2005). The stress-inducible genes are recognized as targets of ABF and DREB genes (Shinozaki et al., 2003; Fujita et al., 2005); thus, these findings demonstrated that BdCIPK31 modulates the transcripts of stress-responsive genes through both ABA-dependent and ABA-independent pathways.

CONCLUSION

In conclusion, BdCIPK31 confers enhanced drought and salt stress tolerance and ABA hypersensitivity in plants. Overexpressing BdCIPK31 functions in stomatal closure, ion homeostasis, ROS scavenging, osmolyte biosynthesis, and transcriptional regulation of stress-related genes. Overall, BdCIPK31 functions in plant responses to drought and salt stress as a positive regulator in ABA-mediated Ca2+ signaling pathway.
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