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Overexpression of LcSABP, an Orthologous Gene for Salicylic Acid Binding Protein 2, Enhances Drought Stress Tolerance in Transgenic Tobacco
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Salicylic acid (SA) plays an essential role in the growth and development of plants, and in their response to abiotic stress. Previous studies have mostly focused on the effects of exogenously applied SA on the physiological response of plants to abiotic stresses; however, the underlying genetic mechanisms for the regulatory functions of endogenous SA in the defense response of plants remain unclear. In plants, SA binding protein 2 (SABP2), possessing methyl salicylate (MeSA) esterase activity, catalyzes the conversion of MeSA to SA. Herein, a SABP2-like gene, LcSABP, was cloned from Lycium chinense, which contained a complete open reading frame of 795 bp and encoded a protein of 264 amino acids that shared high sequence similarities with SABP2 orthologs from other plants. Overexpression of LcSABP enhanced the drought tolerance of transgenic tobacco plants. The results indicated that increased levels of LcSABP transcripts and endogenous SA content were involved in the enhanced drought tolerance. Physiological and biochemical studies further demonstrated that higher chlorophyll content, increased photosynthetic capacity, lower malondialdehyde content, and higher activities of superoxide dismutase, peroxidase, and catalase enhanced the drought tolerance of transgenic plants. Moreover, overexpression of LcSABP also increased the expression of reactive oxygen species (ROS)- and stress-responsive genes under drought stress. Overall, our results demonstrate that LcSABP plays a positive regulatory role in drought stress response by enhancing the endogenous SA content, promoting the scavenging of ROS, and regulating of the expression of stress-related transcription factor genes. Our findings indicate that LcSABP functions as a major regulator of the plant’s response to drought stress through a SA-dependent defense pathway.
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INTRODUCTION

Abiotic stresses, such as drought and high salt stress, are thought to be the main factors adversely affecting plant growth and crop productivity, which limit global agricultural production (An et al., 2015; Wei T. et al., 2017). The adaptation of plants to environmental stress involves numerous biochemical reactions and physiological processes (Cramer et al., 2011; Thomas, 2015). A number of genes and their proteins respond to stresses at transcriptional and translational levels, functioning as hormone signaling molecules and TFs that regulate signal transduction and gene expression during stress response (Sreenivasulu et al., 2007; Wei et al., 2016). SA is a naturally occurring phenolic compound and is one of the most important signaling molecules involved in the regulation of plant development, maturation, aging, and other physiological processes (Vlot et al., 2009; Klessig et al., 2018).

Salicylic acid is considered to be one of the key signals in plant defense mechanisms, and its relationship with plant stress resistance has been the focus of several studies. It is clear that SA can be used as a signaling molecule to induce plant disease resistance by activating the plant defense system (Lin et al., 2016; Klessig et al., 2018). It also plays important roles in tolerance to abiotic stresses, such as those induced by salt, heat, and heavy metals (Kang et al., 2014). Exogenous application of SA to ASD16 (salt-sensitive) and BR26 (salt-tolerant) varieties of rice ameliorated the decrease in the rate of germination, growth, and yield caused by salt stress (Jini and Joseph, 2017). Foliar application of SA improved the adverse effects of lead stress on the growth of pea plants (Ghani, 2015). Treatment of SA also increased the RWC of barley leaves under salt stress (Kovacik et al., 2009). The application of SA significantly enhanced the tolerance of naked oat plants to salt stress, which might be associated with hydrogen peroxide homeostasis in plant cells (Xu et al., 2008). The relationship between SA and ROS is complex. Horváth et al. (2007) reported that SA can scavenge active oxygen directly or by regulating the activity of antioxidant enzymes; low concentration of SA was reported to increase the activity of such enzymes (Ashraf et al., 2010). Although SA was shown to induce plants’ response to abiotic stress (Panda and Patra, 2007; Kang et al., 2012), most of the previous studies have focused on deciphering the mechanism of modulation of stress response by exogenous SA (Zhang et al., 2011), and the roles of endogenous SA remain poorly understood (Asensi-Fabado and Munné-Bosch, 2011; Miura et al., 2013).

In recent years, the biosynthetic and metabolic pathways of SA have been elucidated (Vlot et al., 2009; Dempsey et al., 2011). It has been suggested that SA is synthesized via two different pathways, namely the isochorismate pathway and the phenylalanine ammonia-lyase pathway. Several key enzymes, such as benzoic acid 2-hydroxylase (BA2H), isochorismate pyruvate lyase (IPL), phenylalanine ammonia lyase (PAL), isochorismate synthase (ICS), SA glucosyltransferase (SAGT), SA carboxyl methyltransferase (SAMT), and SA binding protein (SABP), catalyzing the conversion of intermediates in SA biosynthesis pathway, have been shown to play key roles in the biosynthesis and metabolism of SA (Dempsey et al., 2011; Miura and Tada, 2014).

Presently, four types of enzymatically active SABPs are identified, which function as chloroplastic carbonic anhydrase, CAT, cytoplasmic ascorbate APX, or MeSA esterase (Du and Klessig, 1997; Slaymaker et al., 2002; Kumar and Klessig, 2003; Vlot et al., 2008). In tobacco plants, SABP2, which possesses esterase activity, was shown to catalyze the demethylation of inactive MeSA, transported to distal tissues through phloem, to the active SA (Chen and Klessig, 1991; Kumar and Klessig, 2003). SABPs have been identified and characterized from many plant species (Tripathi et al., 2010; Kohli et al., 2017). A gene family from Arabidopsis thaliana encoding 18 potentially active a/b fold hydrolases, sharing 32–57% identity with SABP2, was characterized. Among these, five members showed MeSA esterase activity. Moreover, conditional expression of AtMES1, -7, and -9 complemented the systemic acquired resistance (SAR) deficiency in SABP2-silenced tobacco, indicating that they were functional homologs of SABP2 (Vlot et al., 2008). The enzymatic activity of SABP2, which hydrolyzes MeSA to SA, was required for successful resistance of tobacco systemically infected with tobacco mosaic virus (Park et al., 2007; Vlot et al., 2008). A soluble SA-binding protein was detected in tobacco leaves and was partly analyzed; this protein was predicted to perceive and transduce the SA signal to corresponding components, which ultimately activated a series of positive responses to disease resistance in plants (Chen and Klessig, 1991; Fritig and Legrand, 1993). In tobacco, SABP2 is localized to the cell membrane and possesses APX (APX) and MeSA esterase activities (Du and Klessig, 1997; Forouhar et al., 2005). In a previous study, the presence of an SA-binding protein (SABP3), identified as a chloroplast carbonic anhydrase (CA), was reported in the soluble fraction of purified chloroplasts from tobacco leaf, which might also play important roles in allergic reactions owing to its antioxidant capacity (Slaymaker et al., 2002). In A. thaliana, the CA activity of chloroplastic carbonic anhydrase1 (AtCA1 or AtSABP3) and its binding to SA are essential to restrict the spread and accumulation of virus, via the induction of SA accumulation and triggering of the SA pathway (Wang et al., 2009; Poque et al., 2018). To better understand the varied functions of SA, particularly in activating disease resistance, and to identify candidate SABPs (cSABPs) in Arabidopsis, two high-throughput strategies were developed using biochemical and biophysical methods. In these two high-throughput screens, nine new and more than 100 candidate SABPs were identified (Manohar et al., 2014). The above-mentioned reports mainly focused on structural characteristics of SABP and on the regulation of the response of plants to biotic stress by SABP. However, research on the relationship between SABP and abiotic stress has been lacking, and the roles of SABP gene in the response of plants to abiotic stress remain unknown.

Lycium chinense is a deciduous dicotyledonous shrub. It is a highly tolerant plant that can grow in arid, cold, and salty environment. The functional analysis of SABP from L. chinense has not been done so far. To better identify the roles of SABP in drought stress tolerance with the aim of providing a potential genetic resource for improvement of drought resistance in plants, a SABP2-like gene, LcSABP, was isolated from L. chinense and functionally analyzed in the present study. Furthermore, LcSABP-overexpressing tobacco plants were obtained via Agrobacterium-mediated genetic transformation. The effects of LcSABP overexpression on drought tolerance of tobacco plants were assessed by investigating the endogenous SA content, photosynthetic system, antioxidant enzyme activities, and changes in the expression of ROS-related and stress-responsive TFs genes in transgenic plants under drought stress. Our study demonstrates that a SABP2 ortholog, LcSABP, isolated from L. chinense is involved in the defense pathway against drought in plants.

MATERIALS AND METHODS

Vector Construction

The full-length open reading frame of LcSABP (GenBank accession number: MH598522) was PCR-amplified from L. chinense cDNA using LcSABP-F1/R1 primers (Table 1). The p35S::LcSABP plasmid was constructed by ligating LcSABP PCR product and plant binary vector pCAMBIA2300, which contained the CaMV35S constitutive promoter (Figure 3A). The p35S::LcSABP plasmid was transformed into Agrobacterium tumefaciens strain EHA105 using the standard heat shock method.

TABLE 1. Sequences of specific primers in LcSABP cloning, PCR and RT-PCR detection.
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Bioinformatics Analysis of the LcSABP Gene

The LcSABP cDNA was analyzed by BLAST algorithm1. Multiple amino acid sequence alignment analysis was executed using the sequences of LcSABP and other SABP2 orthologs from different plant species obtained from NCBI database using the DNAMAN software. The phylogenetic tree was constructed by the neighbor-joining method using MEGA (version 6.0). The theoretical molecular weight and isoelectric point were calculated using the ProtParam tool.

Plant Materials, Genetic Transformation, and Molecular Characterization

Nicotiana tabacum seeds were surface sterilized with 0.5% NaClO and germinated on MS agar before being used for transformation. The seeds were incubated in an incubator at 28°C under 16/8 h (light/dark) photoperiod. The tobacco plants were transformed by Agrobacterium-mediated leaf-disk method, and then the leaf disks were transferred to fresh MS medium. Kanamycin (100 mg/L) was used for selection and was replenished every 10 days. Adventitious shoots were excised and transferred to the hormone-free MS medium supplemented with 100 mg/L kanamycin until roots were induced from the regenerated stems (Zheng et al., 2015). The rooted plantlets were transferred to new MS basal medium for propagation. The 1-month-old seedlings were selected for evaluation using molecular biology techniques, such as PCR. The positive transgenic plants were transferred to aseptic nutrient soil for cultivation, and then the plants showing similar state of growth were selected for the stress treatment experiment.

To verify the presence of transgene, putative T2 homozygous transgenic tobacco plants were screened preliminarily by PCR amplification of the LcSABP gene. The kanamycin-resistant plants were selected and total genomic DNA was extracted using the modified cetyltrimethylammonium bromide (CTAB) extraction method as previously described (Zheng et al., 2015). The positive transgenic lines were detected by PCR amplification of LcSABP gene fragments using the LcSABP-F1/R1 primer pair. The sequences of primers are listed in Table 1.

Total RNA from WT and transgenic plants was extracted using TRIzol reagent (Invitrogen, Carlsbad, CA, United States). The cDNA was synthesized as per the manufacturer’s instructions (Takara, Japan). To determine the expression levels of LcSABP in transgenic tobacco plants, semi-quantitative PCR (RT-PCR) was performed using the LcSABP-F1/R1 primers (Table 1). The NtActin gene was used as an internal control.

To evaluate the expression levels of LcSABP in transgenic tobacco plants under normal conditions and expression pattern of LcSABP in L. chinense under drought stress treatment, quantitative real-time PCR (qRT-PCR) was performed using the LcSABP-F2/R2 primers (Table 1) in a Real-time System (qTOWER Applied Biosystems, Jena, Germany) with SYBR Green PCR Master Mix (Takara, Japan). The relative expression level of LcSABP was calculated using the 2-ΔΔCt method. The LcActin gene was used as an internal control. The amplification for each sample was done in three biological replicates.

Stress Treatment

For drought stress treatment, the L. chinense seedlings were carefully rinsed with 1/2 MS and transferred to 1/2 MS solution containing 20% PEG6000. All the samples were collected at the indicated time points (0, 2, 6, 12, 24, and 72 h), immediately frozen in liquid nitrogen, and stored at -80°C for further analysis.

To test the drought tolerance of transgenic tobacco plants, transgenic and WT tobacco plants showing similar growth were selected and transferred to pots filled with sterile nutrient soil and grown at 28°C under a 16/8 h (light/dark) photoperiod. Before the drought treatment, the pots were placed in trays filled with water overnight and were subsequently moved to dry trays. After 14 days of drought stress, a total of four lines in both the transgenic and WT tobacco plants were selected, with three plants from each line taken as three biological replicates. The third leaf of each plant was used for determination of physiological and biochemical indicators, such as RWC. All the plants showed severe symptoms of wilting after 20 days of drought stress treatment, and then the plants were re-watered.

Determining of Physiological Indices

The RWC and chlorophyll content of all plants were determined as described in previous studies (Lin et al., 2008; Reis et al., 2014). The RWC of tobacco leaves was determined using dry weight method (Sun et al., 2015). The leaf gas exchange parameters, including stomatal conductance (gs), transpiration rate (E), and net photosynthesis rate (Pn) were measured using a portable gas exchange system (LI-6400XT). The H2O2 and O2- levels, MDA content, proline content, activities of antioxidant enzymes, including SOD, APX, and CAT were evaluated by enzyme-linked immunosorbent assay using detection kits (DRE-P0811c, DRE-P2373c, DRE-P0612c, DRE-P0851c, DRE-P3396c, DRE-P3390c, DRE-P3327c, Kamai Shu, Shanghai, China), according to the manufacturer’s instructions. Each sample had three biological replicates.

qRT-PCR Analysis of the Genes Regulated in Transgenic N. tabacum Under Drought Stress

For qRT-PCR analysis of the genes regulated in transgenic tobacco plants under drought stress, the leaf samples were collected before and after drought stress treatment, as described above. RNA extraction and cDNA synthesis were also performed as mentioned above. The transcriptional levels of the eleven genes encoding the enzyme involved in ABA biosynthesis 9-cis-epoxycarotenoid dioxygenase NCED (NtNCED1), the TFs related to stress, such as dehydration responsive element binding protein (NtDREB3), transcription factor Myb1 (NtMYB1), WRKY transcription factor 8 (NtWRKY8), dehydration-responsive protein RD22-like (NtRD22), zinc finger (C2H2 type) transcription factor ZAT10 (NtZAT10), zinc finger protein ZAT12 (NtZAT12), heat shock transcription factor HSFA2 (NtHSFA2), as well as antioxidant enzymes (NtSOD, NtCAT, and NtAPX) were examined. The NtActin gene was used as the internal control. The sequences of primers used for qRT-PCR are listed in Table 2. All the assays for each gene were performed in triplicate synchronously under identical conditions.

TABLE 2. Sequences of primers in qRT-PCR.
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Extraction and Quantification of Endogenous, SA and MeSA

The total endogenous SA and MeSA in tobacco leaves were extracted according to the method described in previous reports (Molders et al., 1996; Seskar et al., 1998; Siegrist et al., 2000). The quantification of the total SA content in plant samples was done with a plant SA ELISA test kit (DRE-P0874c, Kamai Shu, Shanghai, China), as described by the manufacturer. MeSA was extracted as previously described (Engelberth et al., 2003; Song et al., 2008). The quantification of endogenous MeSA was done using the plant salicylate methyl ester ELISA test kit (DRE-P0805b, Kamai Shu, Shanghai, China) as per the manufacturer’s instructions. Each experiment was repeated three times for three individual lines with three biological replicates.

Determination of ABA Content and Stomatal Aperture

For ABA quantification, ABA in tobacco leaves was extracted as described in previous studies (Huiru et al., 2014; Ijaz et al., 2017), and the endogenous ABA content was measured using an ELISA Kit (DRE-P0800c, Kamai Shu, Shanghai, China) according to the manufacturer’s instructions.

To assess the stomatal response, the stomatal apertures from the leaves of transgenic and WT plants after drought stress were performed as previously described (Huiru et al., 2014; Chu et al., 2015). The ratio of stomatal width to length indicated the degree of stomatal closure. At least 20 stomatal apertures were measured for each line.

Statistical Analysis

All data were obtained for at least three replicates, each of which contained three biological replicates. Data are presented as means ± standard deviation (SD) and were analyzed using SPSS statistical software (ver.18.0, SPSS Inc., Chicago, IL, United States). Tukey’s test (P < 0.05) was applied for determining statistical significance of the differences between WT and transgenic plants.

RESULTS

Cloning and Bioinformatics Analysis of LcSABP

We isolated a SABP2-like gene by RT-PCR from L. chinense and designated it as LcSABP (GenBank Accession: MH598522). The sequence analysis showed that the open reading frame of LcSABP was 795-bp long and encoded a deduced protein containing 264 amino acids. The predicted molecular weight and isoelectric point of LcSABP were 29.75 kDa and 5.78, respectively. The deduced LcSABP sequence contained the conserved alpha/beta hydrolase folds typical of esterase enzymes. The results of multiple sequence alignment indicated that LcSABP shared high sequence identity with other SABP2 proteins from N. tabacum (NP_001312442.1, 88%), Capsicum baccatum (PHT55238.1, 84%), Solanum tuberosum (XP_006363634.1, 83%), Ipomoea nil (XP_019176400.1, 71%), Sesamum indicum (XP_011099228.1, 66%), Erythranthe guttata (XP_012852990.1, 67%), and Ziziphus jujuba (XP_015890093.1, 63%) (Figure 1A). From the phylogenetic data, it is evident that LcSABP had a closer relationship with SABP2 from N. tabacum than with those from other plant species (Figure 1B).
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FIGURE 1. Bioinformatics analysis of the LcSABP protein. (A) Multiple sequence alignment of LcSABP with its homologous proteins from other plant species. Identical amino acids are shaded in black, and similar amino acids are shaded in gray. (B) Phylogenetic tree of LcSABP with its homologous proteins from other plant species. The phylogenetic tree was created with the neighbor-joining method using the MEGA 6.0 software. The numbers above or below the branches indicate the bootstrap values from 1000 replicates. LcSABP is boxed.



Expression Pattern of LcSABP in L. chinense Plants

The expression pattern of LcSABP in different tissues of L. chinense was determined using qRT-PCR. LcSABP was expressed in all the three tissues (leaf, stem, and root) that were analyzed, with the expression in root being higher compared to that in leaf and stem (Figure 2A). The transcript of LcSABP began to accumulate 2 h after PEG6000 treatment and reached maximum at 24 h, which was 5.99-fold of the initial level, followed by a decrease at the end of the treatment (Figure 2B).
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FIGURE 2. Organ expression assay of LcSABP in Lycium chinense and expression level of LcSABP under treatment with PEG6000. (A) Organ expression assay of LcSABP in L. chinense. The organs (leaf, stem, and root) are represented by L, S, and R, respectively. (B) 20% PEG6000 treatment. Bars represent the mean ± SE of three independent experiments. ∗∗Significantly different at the P < 0.01 level.



Generation of Transgenic Tobacco Plants

To examine the roles of LcSABP in tobacco plants, a plant expression vector harboring p35S::LcSABP was constructed (Figure 3A) to express LcSABP under the control of constitutive CaMV35S promoter. The putative transgenic plants harboring p35S::LcSABP were selected on kanamycin, and were further confirmed using PCR with gene-specific primers (Figure 3B and Table 1). The 795 bp LcSABP cDNA was amplified from the transgenic plants (p35S::LcSABP) under normal conditions using RT-PCR (Figure 3C). Three independent transgenic lines (p35S::LcSABP-4, 8, and 10) with high levels of LcSABP expression were selected for further analysis. The qRT-PCR data displayed a 600–1000 fold up-regulation of LcSABP expression in the transgenic lines compared to that in the WT plants (Figure 3D).
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FIGURE 3. Molecular identifications of transgenic LcSABP tobacco lines via PCR. (A) The T-DNA region of the binary vector employed for Agrobacterium tumefaciens-mediated transformation. The Binary vector p35S::LcSABP containing LcSABP was driven by the CaMV35S promoter. LcSABP, salicylic acid binding protein gene from L. chinense; P35S, cauliflower mosaic virus-CaMV35S RNA promoter; NOS-T, 3′ terminator region of the nopaline synthase gene; Kan, kanamycin selection marker; LB, left border; RB, right border. (B) PCR results of primary transformants using specific primers for the LcSABP gene. It displays the PCR amplification of a 795 bp fragment of the LcSABP gene in transgenic lines. Lane 1, molecular marker; lanes 2–11, genomic DNA from putative transformants; lane 12, untransformed control; lane 13, p35S::LcSABP. (C) RT-PCR analysis of LcSABP expression in transgenic plants using specific primers for the LcSABP gene. Lane 1, molecular marker; lanes 2–11, cDNA from putative transformants; lane 12, untransformed control; lane 13, p35S::LcSABP. The NtActin gene served as the internal control. (D) qRT-PCR analysis of T2 transformants using quantified primers for p35S::LcSABP. WT, untransformed control. ∗∗Significantly different at the P < 0.01 level compared to WT.



Phenotypic Changes and Drought Tolerance in Transgenic N. tabacum

To investigate whether the LcSABP expression driven by CaMV35S promoter increases the drought stress tolerance of plants, WT and transgenic plants were subjected to drought stress for 20 days. Before exposure to drought stress, WT and transgenic plants were watered adequately and were observed to grow normally (Figure 4). On day 14 of drought stress treatment, the WT plants showed severe wilting. In comparison, the transgenic plants showed slight wilting. After 20 days of drought stress treatment, all the plants of WT and transgenic lines showed severe wilting. All the plants were re-watered on day 20 of drought stress treatment. After 7 days of re-watering, the transgenic plants recovered quickly, whereas the WT plants could not recover and eventually died (Figure 4).
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FIGURE 4. Morphological changes in WT and transgenic plants under drought stress. WT, wild type. The transgenic lines are indicated by the construct names followed by the line number: p35S::LcSABP-4 refers to p35S::LcSABP line 4, p35S::LcSABP-8 refers to p35S::LcSABP line 8 and p35S::LcSABP-10 refers to p35S::LcSABP line 10.



Overexpressing LcSABP Increases RWC, Proline, Chlorophyll Content and Decreases MDA Content in Transgenic N. tabacum Plants Exposed to Drought Stress

The RWC is considered to be a relevant tool for the measurement of drought tolerance, and provides a credible parameter for evaluation of the water status of plants (Flower and Ludlow, 2010). The RWC and chlorophyll content of tobacco plants on day 14 of drought stress treatment were determined. As shown in Figure 5A, the RWC was higher in all the LcSABP transgenic lines compared to that in the WT lines. The chlorophyll content, which is an important indicator of the photosynthetic efficiency of plants, was significantly higher in the transgenic lines than that in the WT lines, and the p35S::LcSABP-10 line showed the highest level (Figure 5B). The MDA content, which is an indicator of lipid peroxidation, was also measured in the leaves of transgenic and WT plants to detect the extent of damage in plants. On day 14 of drought stress treatment, significantly lower MDA levels were detected in the transgenic plants compared to that in the WT plants (Figure 5C). Proline is an important substance for plant osmotic adjustment, contributes to increase plant cell solute concentration, reduce osmotic potential and alleviate dehydration stress. Our data showed that the proline content in the transgenic lines was significantly higher than that in the WT lines (Figure 5D).
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FIGURE 5. Effects of drought stress on relative water content (RWC) (A), chlorophyll content (B), and malondialdehyde (MDA) levels (C) proline content (D) in WT and transgenic tobacco plants after withholding watering for 14 days. WT, wild type. The transgenic lines were indicated by the construct names followed by the line number: p35S::LcSABP-4 refers to p35S::LcSABP line 4; p35S::LcSABP-8 refers to p35S::LcSABP line 8; p35S::LcSABP-10 refers to p35S::LcSABP line 10. Bars represent the mean ± SE of three independent experiments. ∗∗Significantly different at the P < 0.01 level compared to WT.



Overexpression of LcSABP Increases Photosynthetic Capacity of Transgenic N. tabacum Plants Exposed to Drought Stress

To evaluate the photosynthetic capacity of the WT and transgenic lines, the maximum net photosynthetic rate (Pn), transpiration rate (E), and stomatal conductance (gs)-values of the plants were measured using a portable photosynthetic system (LI-6400XT) after 14 days of drought stress. The results showed that these indicators were almost indistinguishable the between WT and transgenic lines under adequate watering conditions. However, under drought stress, the Pn, E, and gs values decreased significantly in the WT lines, whereas those in the LcSABP transgenic lines showed only a slight decrease, indicating that the transgenic plants were less affected by drought stress. The largest difference between the transgenic and WT plants was observed after 14 days of drought stress (Figure 6).
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FIGURE 6. Effects of drought stress on leaf gas exchange parameters in WT and transgenic tobacco plants after withholding watering for 14 days. (A) Net photosynthesis rate (Pn). (B) Stomatal conductance (gs). (C) Transpiration rate (E). WT, wild type. The transgenic lines were indicated by the construct names followed by the line number: p35S::LcSABP-4 refers to p35S::LcSABP line 4; p35S::LcSABP-8 refers to p35S::LcSABP line 8; p35S::LcSABP-10 refers to p35S::LcSABP line 10. Bars represent the mean ± SE of three independent experiments. ∗∗Significantly different at the P < 0.01 level compared to WT.



Overexpression of LcSABP Reduces ROS Accumulation in Transgenic N. tabacum Plants Exposed to Drought Stress

We further investigated whether the overexpression of LcSABP reduces ROS accumulation in plants exposed to drought stress. For this, H2O2 and O2- accumulation in plants was detected using diaminobenzidine (DAB) and nitro blue tetrazolium (NBT) staining, respectively. Under conditions of adequate watering, few DAB staining spots were detected in the WT and transgenic plants. On day 14 of drought stress treatment, clear DAB staining was detected in the WT plants, whereas the staining much less in the transgenic plants (Figure 7A). These results indicated a lower level of H2O2 present in the transgenic lines compared to that in the WT lines. Similarly, the results of NBT staining revealed very less staining in both the WT and transgenic plants under conditions of adequate watering. The staining was distinct in the WT lines after 14 days of drought stress treatment, clear NBT staining was detected in the WT plants, whereas the staining was very less in the transgenic plants (Figure 7B), indicating that the O2- levels in the transgenic plants were lower than in the WT plants. The interpretation from the results of staining was confirmed by quantitative analysis of H2O2 and O2- levels, which indicated that the transgenic plants produced significantly lower levels of ROS than the WT plants (Figures 7C,D).
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FIGURE 7. Changes in H2O2 (A,C) and O2- (B,D) levels in WT and transgenic plants subjected to drought stress. Drought-stressed leaves were incubated in diaminobenzidine (DAB) or nitroblue tetrazolium (NBT) solution. Brown staining indicates H2O2 accumulation (A). Blue staining indicates the location and levels of O2-(B). H2O2 content (C) and O2- content (D) were measured after drought treatment. The labels under the graphs correspond to the plant materials shown in (A,B). Control, plants grown under normal conditions; drought, plants grown under drought stress treatment (14 days); WT, wild type. The transgenic lines were named by the construct names followed by the line number: p35S::LcSABP-4 refers to p35S::LcSABP line 4; p35S::LcSABP-8 refers to p35S::LcSABP line 8; p35S::LcSABP-10 refers to p35S::LcSABP line 10. Bars represent the mean ± SE of three independent experiments. ∗∗Significantly different at the P < 0.01 level compared to WT.



Expression of LcSABP Affects the Activities of SOD, CAT, and APX

The drought stress response of plants was further analyzed by determining the activities of SOD, CAT, and APX. These enzymes can eliminate the harmful accumulation of ROS under drought stress conditions. We observed that the trends of enzymatic activities were similar in all the plants exposed to drought stress (Figures 8A–C). Under normal conditions, the CAT activity in the LcSABP transgenic lines was slightly higher than that in the WT lines, whereas the SOD and APX activities were almost at the same in the WT and transgenic lines. Under drought stress conditions, the activities of all the antioxidant enzymes (SOD, CAT, and APX) in the LcSABP transgenic lines were higher than those in the WT lines, and no significant difference was detected among the LcSABP transgenic lines. These results indicated that enhanced drought tolerance in LcSABP transgenic lines was related to the increased activities of the antioxidant enzymes.
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FIGURE 8. Superoxide dismutase (SOD) (A), APX (B), and CAT (C) enzyme activity in WT and transgenic tobacco plants after drought stress for 14 days. WT, wild type. The transgenic lines were indicated by the construct names followed by the line number: p35S::LcSABP-4 refers to p35S::LcSABP line 4; p35S::LcSABP-8 refers to p35S::LcSABP line 8; p35S::LcSABP-10 refers to p35S::LcSABP line 10. Bars represent the mean ± SE of three independent experiments. ∗Significantly different at the P < 0.05 level compared to WT. ∗∗Significantly different at the P < 0.01 level compared to WT.



LcSABP Regulates the Expression of Stress-Related Genes in Plants Exposed to Drought Stress

To reveal the molecular mechanism of drought tolerance in transgenic LcSABP plants, qRT-PCR was carried out to assess the expression levels of stress-related genes in both the WT and transgenic plants before and after drought stress. These genes encoded key enzymes involved in ABA biosynthesis (NtNCED1), ROS detoxification (NtSOD, NtCAT, and NtAPX), as well as stress-responsive proteins (NtDREB3, NtWRKY8, NtMYB1, NtRD22, NtZAT10, NtZAT12, and NtHSFA2). The NtActin gene was used as an internal control. Under normal conditions, only the transcription levels of NtCAT were slightly higher in the transgenic plants compared to that in the WT plants (Figure 9E). Under drought stress conditions, the transcription levels of NtDREB3, NtWRKY8, NtMYB1, NtSOD, NtCAT, NtAPX, NtRD22, NtZAT10, NtZAT12, NtHSFA2, and NtNCED1 were significantly increased in the transgenic plants compared to those in the WT plants (Figures 9A–K). Hence, the LcSABP transgenic plants had enhanced drought tolerance possibly as a result of the upregulation of ROS-related and stress-related genes.
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FIGURE 9. (A–K) Expression levels of abiotic stress-related genes and ROS-related genes in the WT and transgenic lines (p35S::LcSABP-4, p35S::LcSABP-8, and p35S::LcSABP-10) under drought stress. Expression levels were measured using cDNA synthesized from total RNA extracted from tobacco leaves, which suffered drought stress for 14 days. NtActin was used as the internal control. Bars represent the mean ± SE of three independent experiments. ∗∗Significantly different at the P < 0.01 level compared to WT.



Extraction and Quantification of Endogenous SA and MeSA

Among the signaling molecules, SA has gradually attracted much attention because as a signal molecule it can endow the ability to resist biotic and abiotic stresses on plants by regulating the physiological and biochemical processes via its interaction with other substances in plants (Horvath et al., 2007; Szepesi et al., 2009; Asensi-Fabado et al., 2012). In this study, the accumulation of SA and MeSA was determined in the WT and transgenic plants under normal and drought conditions. The results showed that the overexpression of LcSABP induced more SA accumulation and lower MeSA content in the transgenic lines compared to that in the WT lines (Figure 10). The content of SA increased in all the transgenic and WT lines under drought conditions, but in the transgenic plants SA was significantly increased, whereas only a slight increase was observed in the WT plants (Figure 10A). In addition, after imposition of drought stress, the levels of MeSA were decreased in all the transgenic and WT lines, however, the decrease was significant only in the transgenic lines (Figure 10B). Hence, it is reasonable to conclude that the overexpression of LcSABP promoted more conversion of MeSA to SA in the transgenic plants. Therefore, quantification of SA and MeSA revealed that the overexpression of LcSABP induced enhanced accumulation of SA and less production of MeSA in the transgenic lines than in the WT lines. This suggests that enhanced drought tolerance of transgenic plants could be related to the accumulation of SA.
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FIGURE 10. Salicylic acid biosynthesis capacity in WT and transgenic lines (p35S::LcSABP-4, p35S::LcSABP-8, and p35S::LcSABP-10). (A) Detection of SA content. (B) Detection of MeSA content. SA, salicylic acid; MeSA, methyl salicylate; FW, fresh weight. The leaves from tobacco plants were sampled for SA and MeSA analysis before and after 14-day water loss. WT, wild type. The transgenic lines were indicated by the construct names followed by the line number: p35S::LcSABP-4 refers to p35S::LcSABP line 4; p35S::LcSABP-8 refers to p35S::LcSABP line 8; p35S::LcSABP-10 refers to p35S::LcSABP line 10. Bars represent the mean ± SE of three independent experiments, columns labeled with distinct lowercase letters indicate statistically significant differences among treatments (P < 0.05).



Determination of ABA Content and Stomatal Aperture

The phytohormone ABA plays a critical role in regulating a range of plant physiological processes in response to various abiotic stresses (Huiru et al., 2014; Ijaz et al., 2017). Previous studies reported that drought stress caused significant accumulation of ABA and then this increased endogenous ABA content can induce stomatal closure (Hirayama and Shinozaki, 2007; Chu et al., 2015). In our study, the endogenous ABA content was measured in WT and transgenic plants. The results showed that, when exposed to drought stress, the ABA level was all increased in transgenic and WT lines, and accumulation of ABA in transgenic lines was significantly higher than in WT lines when exposed to drought treatment (Figure 11A). Then, the stomatal aperture was measured in WT and transgenic lines under control and drought treatments. Under normal conditions, no significant difference of stomatal apertures in WT and transgenic plants was observed. However, transgenic plants showed significant reduction of stomatal apertures than WT plants after drought treatment (Figures 11B,C).
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FIGURE 11. Changes in endogenous ABA content and stomatal aperture in WT and transgenic lines (p35S::LcSABP-4, p35S::LcSABP-8, and p35S::LcSABP-10). (A) Detection of ABA content. (B) Stomatal aperture after drought stress treatment. (C) Statistical analysis of the stomatal aperture. Scale bars = 10 μm. The leaves from tobacco plants were sampled for ABA content and stomatal aperture detection analysis before and after 14-day water loss. WT, wild type. The transgenic lines were indicated by the construct names followed by the line number: p35S::LcSABP-4 refers to p35S::LcSABP line 4; p35S::LcSABP-8 refers to p35S::LcSABP line 8; p35S::LcSABP-10 refers to p35S::LcSABP line 10. Bars represent the mean ± SE of three independent experiments, ∗∗Significantly different at the P < 0.01 level compared to WT.



DISCUSSION

Water deficit is a major abiotic stress factor that limits crop yields by affecting cell division, root growth, stem elongation, leaf expansion, and inhibition of the absorption of water and nutrients, ultimately affecting the income of farmers in arid and semi-arid regions (Bhatnagar-Mathur et al., 2007; Zhu et al., 2016). A number of signaling mechanisms have developed in plants over the long period of evolution to adapt to and resist various stresses. Among the signaling molecules, SA has gradually become a focus of research because it can endow plants with the ability to resist biotic and abiotic stresses by regulating several physiological and biochemical processes (Jayakannan et al., 2015). Previous research has mainly focused on the physiological response of plants to exogenous SA application, and functional analysis of the roles of endogenous SA in regulating the response of plants to drought stress has not been undertaken (Fayez and Bazaid, 2014). The involvement of SABP2 in SA production in plants, such as Arabidopsis and tobacco, under biotic stresses has been well documented, but there are few reports in L. chinense (Vlot et al., 2008; Song et al., 2009). In this study, a SABP2-like gene, LcSABP, was cloned from L. chinense. The conserved domain of LcSABP was analyzed and it was observed that it belonged to the alpha/beta hydrolase family with MeSA esterase activity. At the amino acid level, LcSABP showed high sequence identity with SABP2 orthologs from other plants. The phylogenetic analysis revealed that LcSABP had a closer relationship with the SABP2 from N. tabacum than with the orthologs from other plant species (Figure 1B). As evident from the qRT-PCR results, LcSABP was more abundantly expressed in the roots (Figure 2A). The characteristic organ-specific expression of LcSABP might be related to the differences in the species and time of sampling. The expression level of LcSABP under drought stress treatment in Figure 2B indicated that LcSABP expression might be involved in the regulation of drought stress signals. Our results showed that the overexpression of LcSABP contributes to a substantial improvement in the ability of tobacco plants to survive under drought stress conditions (Figure 4), suggesting that LcSABP plays an important role in drought tolerance of plants.

The manipulation of SA biosynthesis is considered to be a biotechnological tool for enhancing stress tolerance of crops. The overproduction of SA by enhancing the activities of enzymes of the SA biosynthetic pathway was shown to contribute to the tolerance of plants to environmental stress (Slaymaker et al., 2002; Lin et al., 2013). Biological analysis revealed that loss of SA accumulation resulted in a decrease in pathogen resistance in A. thaliana (Koo et al., 2007). The accumulation of SA might trigger stress response in plants (Xia et al., 2015). The analysis of tobacco plants initially suggested that SAR was activated in the following sequence: SA accumulated in the pathogen-inoculated leaves and was converted to MeSA by NtSAMT1, MeSA then traveled to vitreous via the phloem, in the systemic leaves, MeSA was converted to SA by the methyl esterase activity of NtSABP2, and the increased accumulation of SA triggered the systemic defense (Strawn et al., 2007; Dempsey et al., 2011). It could be worth noting that SABP2 catalyzed the conversion from MeSA to SA. Furthermore, there have been increasing evidences proving that endogenous SA is employed to improve the growth and development of plants under abiotic stress (Slaymaker et al., 2002; Miura and Tada, 2014). Therefore, determination of the endogenous content of SA and MeSA was carried out to investigate the roles of LcSABP in the drought tolerance of plants. It was observed that the transgenic lines had significantly higher SA levels and much lower MeSA levels than the WT lines (Figure 10). Although the level of SA increased in all the transgenic and WT lines under drought stress conditions, the increase was significant only in the transgenic lines (Figure 10A), and the slight increase observed in the WT plants was not sufficient for drought tolerance of plants (Figure 4). After drought treatment, the level of MeSA decreased in all the transgenic and WT lines, but the decrease was significant only in the transgenic plants (Figure 10B). These results indicated that LcSABP probably catalyzed more conversion of MeSA to SA, and the increased accumulation of SA triggered significant drought tolerance in the transgenic plants (Figure 4). Thus, the overexpression of LcSABP significantly increased the endogenous SA content in tobacco plants. In addition, the slight increase in SA accumulation in WT plants under drought stress conditions indicated that SA might be induced by drought stress, as has been suggested in previous studies (Marini, 2008; Farooq et al., 2012). The higher levels of SA in the LcSABP-overexpressing plants further improved the drought tolerance of transgenic tobacco plants as shown in Figure 4.

Under normal physiological conditions, the production of ROS during plant metabolism is an inevitable result of electron transport systems, and adverse environmental conditions (such as drought) can stimulate the production of ROS (such as H2O2 and O2-) in plants, leading to photo-oxidative stress, and can further lead to the degradation of photosynthetic pigments and decreased photosynthetic capacity of plants (Foyer et al., 1994). The ROS homeostasis is closely associated with oxidative stress. The ROS-induced oxidative stress is damaging to plants and decreasing this stress would enhance their growth. Drought stress promotes the overproduction of ROS in plants. H2O2 and O2- are among the major ROS generated in plants under drought stress, they are highly toxic and cause damage to proteins, lipids, and other biomacromolecules (Wahid, 2009). Therefore, we determined the levels of ROS, which reflect the degree of drought stress damage to plant cells. The contents of H2O2 and O2- were detected to be lower in the transgenic plants compared to that in the WT plants, indicating that the transgenic plants which contained higher SA content could scavenge more ROS compared to the WT plants exposed to drought stress (Figure 7). Consistent with our results, both endogenous and exogenous SA was evidenced to play roles in antioxidant metabolism and have a tight control over cellular ROS (Kang et al., 2014; Khan et al., 2014). In a previous study, it was proved that SA alleviates cadmium-induced inhibition of photosynthesis through upregulation of antioxidant defense system in two melon cultivars (Cucumis melo L.). These findings indicated that SA might play a positive role in alleviating photo-oxidative damage and in protecting photosynthetic capacity of plants. In addition, the photosynthetic capacity can also be compromised by damage to the photosynthetic apparatus, which involves sensitive pigments, photosystems, and chloroplast ultrastructure (Gong et al., 2014; Wei et al., 2016). Previous studies have shown that lower RWC inhibited and seriously affected the photosynthesis in plants (Flexas and Medrano, 2002). We observed that the increased RWC in LcSABP-overexpressing plants (Figure 5A) was associated with enhanced photosynthesis (Figure 6). Furthermore, recent evidences also indicated that SA could protect the photosynthesis process (Khan et al., 2014), and was an important regulator of photosynthesis, photosystem II (PSII), and photosynthetic pigment under heavy metal stress (Khan et al., 2015; Zhang et al., 2015). Another indicator of drought tolerance is the accumulation of photosynthetic pigments, such as chlorophyll. Chlorophyll content is considered to be a biochemical indicator of drought tolerance in different crops, because it is vital for carbon fixation and is involved in capturing the solar radiation that drives photosynthesis. Drought stress was reported to severely decrease the contents of chlorophyll a and chlorophyll b in marigold (Asrar and Elhindi, 2011; Farooq et al., 2012). In the present study, the p35S::LcSABP transgenic plants showed higher chlorophyll content (Figure 5B), which might be partly responsible for the higher Pn in transgenic lines under drought conditions (Figure 6A) (Begcy et al., 2011; Gong et al., 2014). Further, we determined the levels of proline, which is an important compatible solute that accumulates in plant tissues under abiotic stress conditions. High levels of proline can maintain low water potential in plants, promoting water uptake from the environment (Pál et al., 2010). In our study, the transgenic plants showed higher accumulation of proline than the WT plants exposed to drought stress (Figure 5D), indicating osmoprotection and restoration of tissue water, which increased the RWC in transgenic plants and is in agreement with the results presented in Figure 5A. Drought tolerance is also associated with stomatal control. In the transgenic lines, higher stomatal conductance and transpiration rates stimulated photosynthesis during dry periods (Figures 6B,C). To decipher the other probable mechanisms responsible for improved drought tolerance of LcSABP-overexpressing transgenic plants, we further explored the physiological differences between the transgenic and WT plants under drought stress. The improvement in the growth of barley plants on saline soils as a result of the ability of SA to decrease the contents of MDA and ROS (such as H2O2) has been reported (Fayez and Bazaid, 2014). The MDA content is often used as an indicator of oxidative damage caused by enhanced generation of ROS (Miller et al., 2010; Fayez and Bazaid, 2014). In the present study, the WT lines were observed to have higher MDA content than the transgenic lines exposed to drought stress, indicating that the WT plants suffered more extensive oxidative damage compared to the transgenic plants under drought stress (Figure 5C). All the results described above indicated that transgenic plants with higher SA contents showed higher photosynthetic capacity and lower photo-oxidative damage, which was attributed to the increased RWC and chlorophyll content, decreased MDA, H2O2, and O2- content by LcSABP (Figures 5, 7). Therefore, we surmise that SA plays importantly positive role in the signaling of plants’ response to photo-oxidative stress. This also provides evidence for the probable mechanisms through which LcSABP ameliorates drought stress-induced damage.

Abscisic acid acts as an important regulator and plays a key role in abiotic stress signaling (Xiao-Yun et al., 2013). Previous study reported that SA treatment increased the ABA content in the leaves of barley, which might have contributed to the development of the antistress reactions to drought stress of plants induced by SA (Bandurska and Ski, 2005). The increased salt tolerance in Solanum lycopersicum L. was related to accumulation of ABA stimulating by SA treatment (Szepesi et al., 2009). It was also found that SA-induced increase in ABA content of wheat seedlings under salinity, which might contributed to a preadaptation of plants to salt stress (Shakirova et al., 2003). Therefore, the content of ABA was measured in the present study. Consistent with previous studies, we found that the transgenic plants with increased SA content showed a significant increase in the accumulation of ABA compared to WT plants under drought stress. Our results indicated that the increased endogenous SA could stimulate higher accumulation of ABA in the transgenic plants compared to that in the WT plants and contributed to plants drought resistance (Figure 11A). However, antagonistic effects between ABA and SA were also reported before (Michiko et al., 2008). Thus, these findings indicated that the interaction of SA with other hormones like ABA in plants under abiotic stress is a complicated dynamic equilibrium process which needs further research. The above-mentioned data provided evidence to support the fact that endogenous ABA is a hormonal intermediate in the SA-induced protection of plants under abiotic stress. The rapid accumulation of ABA can lead to stomatal closure and the inhibition of stomatal opening, which increases the capacity for osmotic regulation and reduces water loss by transpiration in plants (Wei Q. et al., 2017). Similar results were found in our study, the transgenic lines showed enhanced stomatal closure compared to the WT line under drought stress (Figures 11B,C), and the enhanced stomatal closure contributes to the decreased water loss and enhanced drought tolerance capacity, consistent with our RWC data mentioned above (Figure 5A). Therefore, in the present study, the increased ABA content and less stomatal aperture suggested that LcSABP has a function in regulating stomatal movement and, thus, might improve drought resistance at least partially by ABA signaling.

Efficient antioxidant mechanisms, including those requiring enzymatic antioxidants, evolved in plants to detoxify the ROS and to minimize the oxidative damage. Enzymatic antioxidants mainly include SOD, CAT, and APX (Habib et al., 2016; Nath et al., 2016). It is established that SOD is the first line of defense against oxygen free radicals, and it catalyzes the dismutation of H2O2, the products of which are then scavenged by coordinated action of CAT and APX (Shafi et al., 2015; You and Chan, 2015; Wang et al., 2018). The antioxidative systems in plants keep ROS at relatively low non-toxic levels under normal conditions (Mittler, 2016). Previous studies have shown that SA-pretreatment enhances photosynthesis and growth in Vigna radiata under salt stress through the enhancement of the activities of antioxidant enzymes (such as SOD, CAT, and APX) (Mutlu et al., 2013; Khan et al., 2014, 2015). Our data showed that the SOD, CAT, and APX activities in the transgenic lines were similar as those in the WT lines in the absence of drought stress (Figures 8A–C). To minimize the detrimental effects of oxidative damage, plants enhance the production of antioxidants to normalize their metabolic activities under drought-induced oxidative stress (Farooq et al., 2012). We observed higher activities of SOD, CAT, and APX in the transgenic lines compared to the corresponding activities in the WT lines. These data were consistent with the results of previous studies (Radhakrishnan and Lee, 2013; Kamiab et al., 2014; Duan et al., 2017; Wei Q. et al., 2017). Interestingly, under normal conditions, only the CAT activity was slightly higher in the transgenic lines (Figure 8B), whereas the SOD and APX activities showed no significant difference between the WT and transgenic plants (Figures 8A,C). The data indicated that the overexpression of LcSABP slightly enhanced the CAT activity in the transgenic plants. Our results demonstrate that LcSABP expression under the control of CAMV35S promoter enhanced the drought tolerance of tobacco plants by stimulating the antioxidant defense system.

The exogenous application of SA (3 mM) was reported to increase the tolerance of rice to cadmium stress, and it also enhanced the expression of OsWRKY45 in rice (Chao et al., 2010). The WRKY TFs genes play significant roles in the response of plants to abiotic stress (Chen et al., 2012; Shi et al., 2014). Previous studies have revealed that the overexpression of wheat WRKY genes, TaWRKY2 and TaWRKY19, improved the salt and drought tolerance of transgenic Arabidopsis plants (Niu et al., 2012). To further investigate the mechanism of enhancement of drought tolerance by LcSABP at the molecular level, the expression levels of genes encoding stress-responsive TFs and antioxidant defense-related proteins were examined before and after the imposition of drought stress. TFs play significant roles in the response of plants to abiotic stress (Qin et al., 2013; Wu et al., 2014; Han et al., 2018). The dehydration responsive element binding proteins (DREB) belong to the plant-specific APETALA2(AP2)/ethylene-responsive element-binding protein (EREBP) family of TFs, and DREB TFs are proved to contribute to abiotic stress response in different plant species (Wei T. et al., 2017). In the present study, NtDREB3 was found to be up-regulated in the transgenic plants under drought stress (Figure 9A), which implied that LcSABP activated the DREB-mediated drought stress defense response. The transcriptional levels of NtWRKY8 were up-regulated in the LcSABP transgenic lines compared to those in the WT lines (Figure 9B), implying that WRKY family members may be induced by LcSABP in the transgenic lines under drought stress. The huge MYB superfamily in plants is involved in the mediation of stress response in plants (Dubos et al., 2010; Ambawat et al., 2013). Our results showed that the levels of NtMYB1 were significantly higher in the LcSABP-overexpressing plants than that in the WT plants under drought stress (Figure 9C). These results suggested that increased synthesis of NtMYB1 in transgenic plants might be useful for drought tolerance. NtSOD, NtCAT, and NtAPX encode the antioxidant enzymes SOD, CAT, and APX, respectively, and these enzymes are involved in ROS detoxification. Under normal conditions, the transcript levels of NtCAT were slightly higher in the transgenic lines than that in the WT lines, which was consistent with the changes in the CAT activity (Figure 9E). The transcription of NtSOD, NtCAT, and NtAPX was up-regulated in the transgenic plants compared to that in the WT plants under drought stress (Figures 9D–F). These findings were consistent with the results of antioxidant enzyme activities described above (Figure 8), implying that the overexpression of LcSABP in plants might regulate the activities of antioxidant enzymes by transcriptionally modulating the expression of genes involved in ROS scavenging. In our study, the increase of endogenous SA in transgenic plants induced more accumulation of ABA after drought stress (Figure 11A). It is reported that NCED and RD22 genes accumulated in plants that had been exposed to ABA or drought stress (Hiroshi et al., 2003; Ding et al., 2009; Chen et al., 2015). The expression levels of NtNCED and NtRD22 were measured in our study. The results showed that NtRD22 was up-regulated in transgenic lines compared with WT lines exposed to drought stress (Figure 9G). In addition to NtRD22, drought stress also leaded to the up-regulation of NtNCED involved in ABA biosynthesis in transgenic plants compared with WT plants (Figure 9K), which is consistent with the results of its product ABA accumulation in plants (Figure 11A). This indicated that the enhanced drought tolerance conferred by LcSABP overexpression might be at least partially attributed to the increased ABA biosynthesis and signaling. In Arabidopsis, the zinc-finger TF, ZAT10/12, could specifically activate the ROS-related antioxidant defense genes, e.g., cytosolic APX1 and FeSOD1, playing a key role in abiotic stress tolerance (Miller et al., 2008; Makita and Gonda, 2012; Mehterov et al., 2012). HSFA2 is an inducer of heat shock gene, which confers tolerance to several abiotic stresses and is shown to function upstream to the ROS scavenging systems in Arabidopsis (Li et al., 2005; Banti et al., 2010; Mehterov et al., 2012). In a previous study, it was reported that AtHsfA2 modulated the expression of stress responsive genes, such as APX1, a central component of the reactive oxygen gene network, enhanced tolerance to heat and oxidative stress in Arabidopsis (Li et al., 2005). In the present study, the transcriptional levels of NtZAT10/12 and NtHSFA2 were up-regulated in the LcSABP transgenic lines compared to those in the WT lines (Figures 9H–J). These findings implied that the increase in endogenous SA in transgenic plants might stimulate NtZAT10/12 and NtHSFA2, which function in ROS scavenging systems for counteracting ROS burst to enhance drought tolerance in plants. The qRT-PCR results demonstrated that the molecular mechanism of enhanced drought tolerance in transgenic plants not only relied on the induction of ROS-related genes but also of TFs genes involved in signal transduction in the stress response of plants.

CONCLUSION

The overexpression of LcSABP under the control of CAMV35S promoter significantly enhanced the drought tolerance of tobacco plants. Furthermore, the overexpression of LcSABP significantly elevated the content of SA and decreased the content of MeSA in the transgenic plants. In addition, the LcSABP-overexpressing plants showed higher photosynthesis; they had higher RWC, chlorophyll and ABA content, lower MDA, H2O2, and O2- contents, and higher activities of antioxidant enzymes. The expression of ROS-related and stress responsive TFs genes was also higher in the transgenic plants under drought stress. It is concluded that LcSABP, an orthologous gene of SA binding protein 2, isolated from L. chinense enhances drought stress tolerance in transgenic tobacco plants. LcSABP might be involved in the tolerance to drought stress via an SA-dependent pathway, which could play an important role in the antioxidant mechanism at the transcriptional and translational levels. In addition, ABA quantification, combined with expression levels of NtNCED1 and NtRD22, demonstrated that overexpression of LcSABP might enhance plants drought resistance at least partially by ABA signaling. However, the molecular basis of the enhanced drought stress tolerance and the related metabolic regulatory pathways remain poorly understood. More in-depth research, including transcriptomic and metabolomic studies, should be carried out to explore more target genes regulated by LcSABP and to decipher other hormone signaling network in plants that are modulated by endogenous SA. These studies would help in elucidating the function of LcSABP-mediated plant hormone homeostasis in the drought tolerance response of plants.
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Forward (5'-3')

GCCGGAATACACAGGAGAAG
GTCCATTTCATTTGGGGATG
GACTGCGGTGGACGAATTAT
CTCCTACCGTCGCCAAAT
AGGTACCGCTCATTCACACC
GCTGGAGTTGTTGCTGTTGA
GCTGTAGTTTGCCACAAGCA
AGGAGGAGATGACCAGTCCA
CACCGTGCAAGTCATAAACG
GTTCTCTGCTGCATTGGACA
AAGAATGGCTCCGCAAGTTA
GGAAACATAGTGCTCAGTGGTG
GGGAATTGCTGATAGAATG

Reverse (5'-3)

CCAATTTGGGAACACTGAGG
TTCCATCTTTTTGGGTCTGG
TGCTGCTATTGCAGACCATC
GCCCAACCAAGAGAACCC
AAGCAAGCTTTTGACCCAGA
TGGTCAGAACCCTTGGTAGC
AGCCTTTGTTCCATCAGCAC
CTCGTGAGTTTTTCCGCTTC
CACCTAAGGCTTGACCCAAA
CTTCACCGAGCAACTCTTCC
GCCTAGCAATTCCAGAGTGG
GCTGAGGGAAGCCAAGATAG
AGGGAAGCCAAGATAGAG





