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NtNAC053, A Novel NAC Transcription Factor, Confers Drought and Salt Tolerances in Tobacco
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The NAC (NAM, ATAF1/2, and CUC2) family acts as one of the largest families of the transcription factor in the plant kingdom and was revealed to function as the important regulators in various environmental stresses. However, a few studies were reported about the biofunctions of the NAC transcription factor in tobacco. In the current study, we characterized a novel NAC transcription factor encoding the gene NtNAC053 in tobacco, which was significantly up-regulated when exposed to salt and drought treatments. The results of cis-acting elements analysis suggested that the promoter region of NtNAC053 gene possesses a number of stress-responsive elements, and this gene could be induced by exogenous abscisic acid (ABA) treatment. Moreover, the NtNAC053–GFP fusion protein was localized in the cell nucleus and possessed a transactivation domain in its C-terminal, implying that NtNAC053 may undertake as a transcriptional activator in tobacco. Notably, the overexpression of NtNAC053 in tobacco resulted in hypersensitivity to ABA treatment. Furthermore, these overexpression lines showed significantly enhanced tolerances to drought and salt stresses. Under salt and drought stresses, these overexpression lines possessed higher superoxide dismutase (SOD), catalase (CAT), and peroxidase (POD) activities. Interestingly, the expressions of putative stress-related genes, including NtCOR15A, NtRAB18, NtDREB1A, NtERF5, NtKAT2, and NtERD11, were up-regulated in these overexpression lines when subjected to salt and drought stresses. The clues provided in our study suggested that the NtNAC053 gene encodes a novel NAC transcription factor and could confer the drought and salt stress tolerances by inspiring the downstream stress-responsive genes and antioxidant system in tobacco.
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INTRODUCTION

Transcription factors play a pivotal role in regulating the expression of target genes involved in plant growth, development, and response to environmental stresses (Qu and Zhu, 2006). The NAC protein family has been reported to be one of the largest plant-specific transcription factor families. Its name is based on three transcription factors: no apical meristem (NAM), Arabidopsis transcription activation factor (ATAF1,2), and cup-shaped cotyledon (CUC) (Souer et al., 1996; Aida et al., 1997). NAC transcription factors harbor a highly conserved DNA-binding domain at the N-terminus and a variable transcription regulation region (TRR) at the C-terminus (Ernst et al., 2004; Olsen et al., 2005). Generally, the N-terminal DNA-binding domain of NAC protein possesses approximately 150 amino acid residues divided into five subdomains (A-E), which are related to the formation of dimer, functional diversity, and DNA-binding activity (Olsen et al., 2005). The C-terminal TRR of NAC protein functions in conferring regulation diversity of transcriptional activation activity (Yamaguchi et al., 2010; Puranik et al., 2011). Furthermore, the transmembrane domain is also found in several NAC proteins, which function in plasma membrane anchoring (Kim et al., 2010).

The NAC gene was first identified from petunias, in which it was involved in the shoot apical meristems development and primordium formation (Souer et al., 1996). In the plant kingdom, the NAC proteins have been reported to play important roles in various biological processes, including lateral root development (Xie et al., 2000; He et al., 2005; Zhang et al., 2018), vascular development (Zhao et al., 2016), development of shoot apical meristem (Takada et al., 2001; Larsson et al., 2012), the formation of the adventitious shoot (Hibara et al., 2003), seed germination (Park et al., 2011), flower formation (Hendelman et al., 2013), secondary wall synthesis (Mitsuda et al., 2007; Zhao et al., 2010), and leaf senescence (Guo and Gan, 2006). So far, the NAC family has been identified in a large number of plants, including Arabidopsis (105) (Ooka et al., 2003), tobacco (Nicotiana tabacum) (154) (Li et al., 2018), potato (Solanum tuberosum) (110) (Singh et al., 2013), white pear (Pyrus bretschneideri) (183) (Gong et al., 2019), maize (Zea mays) (152) (Shiriga et al., 2014), rice (Oryza sativa) (151) (Nuruzzaman et al., 2010), and peanut (Arachis hypogaea) (132) (Li P. et al., 2021).

Furthermore, several NAC members have been reported to participate in response to abiotic stresses in Arabidopsis and other species. Stress-inducible NAC transcription factors ANAC019, ANAC055, and ANAC072/RD26 were found to improve the drought tolerance via regulating the expression of the ERD1 gene (Tran et al., 2004). Furthermore, ANAC072 was identified to be involved in the ABA-dependent signaling pathway (Fujita et al., 2004). Notably, the expression of ANAC002/ATAF1 was induced by drought and ABA treatments. Moreover, the ataf1 knockout mutants displayed a lower survival ratio than wild-type plants under drought conditions, indicating that ATAF1 functions as a regulator in drought stress tolerance (Wu et al., 2009). The ANAC062/NTL6 was reported to play an important role in inducing a drought-resistance response and the overexpression of NTL6 plants exhibit enhanced resistance to water-deficit conditions (Kim et al., 2012). In addition, the loss of ANAC035/LOV1 function results in hypersensitivity to cold temperature, whereas overexpression of this gene could enhance the cold tolerance (Yoo et al., 2007). In rice, the expression of OsNAC5 gene could be significantly induced by various stresses, including drought, salt, cold, ABA, and Me-JA. Whereas the overexpression of OsNAC5 resulted in the improvement of salt stress tolerance (Takasaki et al., 2010). Moreover, the ONAC066 was reported to promote the tolerances against drought and oxidative stresses by activating the transcription of OsDREB2A in transgenic rice (Yuan et al., 2019). In wheat, the overexpression of TaNAC47 in Arabidopsis increases the tolerance to drought stress and sensitivity to ABA (Zhang et al., 2015). Besides, the overexpression of TaNAC2a improved drought tolerance in transgenic tobacco (Tang et al., 2012).

Tobacco is one of the most widely cultivated crops worldwide and serviced as a model plant that possesses various primary and secondary metabolisms. However, tobacco has been at a continuous risk from multiple environmental stresses, affecting both yield and quality. In our previous study, the systematic identification of the NAC family was performed in tobacco (Li et al., 2018). However, a few studies were reported about the biofunctions of the NAC transcription factor in tobacco. Notably, in our previous study, the expression of StNAC053 was significantly up-regulated after salt and drought treatments. The overexpression of this potato gene could enhance the salt and drought tolerance in transgenic Arabidopsis (Wang et al., 2021). Considering the close genetic distance of potato and tobacco, the homolog of StNAC053 might also confer salt and drought tolerances in tobacco. To verify this hypothesis, we cloned and characterized an NAC transcription factor, NtNAC053, from tobacco, and systematic analysis was performed to explore the function of this gene in salt and drought stress responses.



MATERIALS AND METHODS


Plant Materials and Treatments

Cultivated tobacco K326 was used to analyze the expression pattern of NtNAC053 in the current study. The root, root tip, stem, stem tip, young leaf, and senescent leaf were collected. For salt, drought, and ABA treatments, tobacco seedlings were transferred to MS liquid medium supplemented with 100 mM NaCl, 300 mM mannitol, and 10 μM ABA for 0, 1, 3, and 6 h, respectively. For cold treatment, tobacco seedlings were treated at 4°C for 0, 1, 3, and 6 h. All of the harvested samples were stored at –80°C before RNA extraction was performed. Three biological replicates were used for each sample.



RNA Extraction and qPCR Analysis

Ultrapure RNA Kit (cwbiotech, Beijing, China) was used to extract total RNA, then the first cDNA strand was synthesized using Evo M-MLV Mix Kit with gDNA Clean for qPCR (Accurate Biotechnology, Changsha, China). Expression of stress-responsive genes (NtDREB1A, NtERF5, NtKAT2, NtCOR15A, NtRAB18, NtERD11, NtNHX1, and NtSOS1) and ABA signaling genes from tobacco was detected. The qRT-PCR reactions were carried out in Roche LightCycler 480 Real-Time PCR instrument with SYBR Green Premix Pro Taq HS qPCR Kit (Accurate Biotechnology, Changsha, China). The tobacco ribosomal protein gene L25 (GenBank No. L18908) was used as a control (Li Z. et al., 2021). All experimental data were obtained through three technical repetitions, and the relative expression level was calculated by 2–ΔΔCT method (Livak and Schmittgen, 2001). The details of the primers in this study are provided in Supplementary Table 1.



Cloning and Sequence Analysis of NtNAC053

BLASTP search with an E-value cutoff of 0.0001 was carried out in SGN1 using potato StNAC053 protein sequence as a query. The candidate gene (Nitab4.5_0000322g0110.1) was obtained and then named as NtNAC053. The CDS of NtNAC053 was amplified by RT-PCR. The purified PCR products were subcloned into the pEASY-Blunt vector, and the constructed vector was then transformed into Escherichia coli 5α competent cells (Trans Gen, Beijing, China). After sequencing, the recombinant plasmid was named Blunt-NtNAC053. The physicochemical properties of the NtNAC053 protein, including molecular weight (MW) and isoelectric point (pI), were predicated using the ProtParam online tool2. The nuclear localization signal (NLS) of NAC proteins was predicted via cNLS Mapper3. The DNAMAN software (Lynnon Biosoft) was used to perform multiple sequence alignment. A neighbor-joining tree was generated using MEGA 6 with 1,000 replications. The NAC protein sequences were obtained from the TAIR4, SGN (see text footnote 1), and NCBI. The conserved motifs of NAC protein sequences were analyzed via MEME5 with default parameters. The collinearity relationship between NtNAC053 and StNAC053 was analyzed using TBtools (Chen et al., 2020).

To assess the promoter cis-acting elements of the NtNAC053 gene, the sequences 2,000 bp upstream of the NtNAC053 gene were extracted from the genome database. The obtained sequences were subjected to PlantCARE6 platform analysis to further search for the putative cis-elements in their promoter regions.



Subcellular Localization and Transactivation Assay

The CDS (without stop codon) of NtNAC053 gene was amplified from Blunt-NtNAC053 using PCR. Then the purified PCR products was inserted into the PYG57 vector, which started by the CaMV-35S promoter and contained the GFP fragment. The construct was transformed into Agrobacterium competent cell GV3101, and transiently expressed in the leaves of Nicotiana benthamiana. Simultaneously, the empty vector injected leaves as a control. Three days after the injection, the leaves were soaked in a DAPI staining solution to determine the location of the nucleus. The confocal laser microscope (Leica SP8) was used to observe the fluorescence signal of the fusion protein.

The CDS of NtNAC053 was amplified and inserted into the EcoRI site of the pBridge vector, using an In-fusion HD Cloning Kit (Takara, Shiga, Japan) to fuse with a GAL4 DNA binding domain. The constructs and the control vector were introduced into the yeast strain AH109 separately, followed by growing yeasts on SD/-Trp, and SD/-Trp supplemented with X-Gal for 4 days at 30°C. The transcriptional activation activities were evaluated based on the growth status of different transformants.



Generation of NtNAC053 Transgenic Tobacco Plants

The coding sequence of NtNAC053 gene was amplified from the cDNA and inserted into the pCHF3 vector, which was driven by the CaMV-35S promoter, to complete the construction of the overexpression vector. The pCHF3 plasmid containing the NtNAC053 gene was transformed into tobacco leaves by the Agrobacterium-mediated method (Buschmann, 2016). T0 transgenic seeds were screened on MS medium containing 50 mg/L kanamycin to obtain NtNAC053 overexpression plants. T3 generation homozygous seedlings were used for further experiments.



Seedling Growth Assays

For seed germination assays, T3 generation seeds and wild-type (K326) seeds were sterilized and evenly sown on MS medium containing 1 μM ABA, 100 mM NaCl, and 150 mM NaCl, respectively. After cultivation for 14 days in a growth chamber (25°C, continuous light), the germination rates were calculated with three replications.

For root elongation assays, tobacco seedlings were grown in vertical MS medium for 14 days, then transferred to MS medium with NaCl (100 and 150 mM) and ABA (1 μM), respectively. The length of the primary root was measured after 14 days with three replications.



Drought Stress Tolerance Assays of NtNAC053 Transgenic Tobacco Plants

For the drought tolerance assays, T3 transgenic and wild-type (K326) tobacco seeds were sown into the soil mixture evenly and kept in normal conditions. Six weeks later, the tobacco seedlings were treated by drought stress for 10 days. Then the seedlings were re-watered for 3 days, and the survival rates of tobacco seedlings were calculated. The leaves of the seedlings were collected and air-dried for 3 h, then leaf weight was recorded at five time points (0, 45, 90, 135, and 180 min). The rate of water loss was calculated based on the leaves’ weight changes.



Physiological Measurements

The physiological parameters, including contents of MDA and hydrogen peroxide, and the enzymatic activities of superoxide (SOD), peroxidase (POD), and catalase (CAT) were measured as previously described (He et al., 2019a). Three biological replicates were performed.



Yeast One Hybrid Assay

For yeast one-hybrid assay, the full-length CDS sequence of NtNAC053 transcription factor was inserted into pGAD424 to construct a pGAD424-NtNAC053 recombinant vector. Furthermore, the pGAD424-NtNAC053 recombinant vector was co-transformed with different LacZ reporter gene constructs containing three tandem reporter sequences into yeast strain YM4271. The β-galactosidase activity was assessed according to the manufacturer’s instruction (Clontech, United States).



Statistical Analysis

The GraphPad Prism 8 (t-test) was used to analyze the statistical significance. P < 0.05, 0.01, or 0.001 were regarded as significantly different from the control. All data were obtained from three replicates.




RESULTS


Isolation and Characterization of the NtNAC053 Gene

The NAC transcription factors were reported to play multiple roles in response to abiotic stresses. In our previous study, the StNAC053 was found to confer salt and drought tolerance in transgenic Arabidopsis (Wang et al., 2021). To identify the homolog of StNAC053 in tobacco, the BLASTP search was carried out in SGN (see text footnote 1) using the StNAC053 protein sequence as a query. The candidate gene (Nitab4.5_0000322g0110.1) was obtained and then named as NtNAC053. Furthermore, the NtNAC053 gene was cloned from cultivated tobacco K326. The full-length coding sequence of NtNAC053 is 897 bp, which encodes a 298 amino acid protein. The molecular weight (MW) and theoretical isoelectric point (pI) of the protein are 34.247 kDa and 6.56, respectively. Multiple sequence alignments persuaded that NtNAC053 possesses a conserved NAC domain (8-162) in the N-terminal region and a variable domain at the C-terminal region. The NAC domain consists of five subdomains, including subdomain A-E, which have been predicted to function as the DNA-binding domain together. Furthermore, a novel nuclear localization signal (NLS) was identified in the subdomain D (Supplementary Figure 1).



Phylogenetic and Syntenic Analysis of the NtNAC053

To explore the phylogenetic relationship of NtNAC053, a neighbor-joining (NJ) tree containing the selected novel NAC transcription factor, including seven members from Arabidopsis, three from potato, and two from wheat. The results persuaded that NtNAC053 was clustered with StNAC053, and both of these two members fall into the ATAF subfamily (Supplementary Figure 2A). Furthermore, the conserved motifs of NtNAC053 and these selected NAC members were predicted by the MEME tools. As a result, 15 conserved motifs were identified (Supplementary Figure 3). Notably, motif 3, 1, 2, and 4 represented the NAC domain and were shared by all tested members (Supplementary Figure 2B). Besides, it was found that motif 12 may be specific to the dicotyledonous members of ATAF subfamily.

To further study the evolutionary relationship of NtNAC053 gene, syntenic analysis was performed for tobacco and potato (Supplementary Figure 2C). The result showed that NtNAC053 was the ortholog gene of StNAC053.



Expression Patterns and Promoter Analysis of NtNAC053

To explore the potential function of NtNAC053, the cis-acting elements and the expression pattern of NtNAC053 in different tissues were investigated. Interestingly, the cis-acting elements analysis revealed that five elements related to ABA responsiveness (ABRE) were identified in the promoter region of the NtNAC053 gene (Supplementary Figure 4). As shown in Figure 1A, the expression of NtNAC053 had a higher level in tobacco root and young leaves, and had a lower level in the root tip, stem, and stem tip. Interestingly, the expression of NtNAC053 had a high level in senescent leaf. Furthermore, we examined the expression pattern of NtNAC053 under various treatments, including drought, salt, cold, and ABA. For the drought and ABA treatments, the expression levels of NtNAC053 were up-regulated before the first 6 h, respectively (Figures 1B,D). For the salt treatment, the expression levels of NtNAC053 were also up-regulated and reached the peak at 3 h (Figure 1E). For the cold treatment, no significant alteration was detected (Figure 1C).


[image: image]

FIGURE 1. Expression patterns of NtNAC053 in tobacco. (A) The expression pattern of NtNAC053 in tested tissues. R: root; RT: root tip; S: stem; ST: stem tip; YL: young leaf; SL: senescent leaf; Expression pattern of NtNAC053 under ABA (B), cold (C), drought (D), and salt (E) treatments. The data were means ± SD from three independent replications. * p < 0.05, ** p < 0.01, *** p < 0.001 (t-tests).




Subcellular Localization and Transactivation Activity Assay

To further identify the function of NtNAC053, the subcellular localization was investigated. Generally, the coding sequence of NtNAC053 gene was fused with GFP and transiently expressed in the N. benthamiana leaves. As a result, the fluorescence signals of 35S:GFP control displayed as spreading throughout the cells (Figure 2). Meanwhile, the green fluorescent signal of the fused NtNAC053-GFP was only observed in the nucleus. This result illustrated that NtNAC053 protein was a nuclear-localized protein.


[image: image]

FIGURE 2. The subcellular localization of the NtNAC053 protein in Nicotiana benthamiana epidermal cells. Transient expression of GFP and NtNAC053-GFP in N. benthamiana epidermal cells. Bar = 50 μM, DAPI, 4,6-diamidino-2-phenylindole for nuclear staining.


To determine the transcriptional activity of NtNAC053, the full length of NtNAC053 and two truncated variants, including N-terminal region and C-terminal region, were inserted into the pBridge vector, respectively (Figure 3A). The pBridge empty vector and these three recombinant constructs were then transformed into yeast competent cells. The transformants containing the full length of NtNAC053 and C-terminal region of NtNAC053 were found to show β-galactosidase activity and turn blue on the SD/-Trp/X-gal medium. Whereas the transformants with pBridge empty vector and N-terminal region of NtNAC053 did not show β-galactosidase activity (Figure 3B). Therefore, NtNAC053 could function as a transcriptional activator, and the C-terminal region is critical for this activity.
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FIGURE 3. The analysis of transcriptional activation activity of NtNAC053. (A) The fusion proteins with the GAL4 DNA-binding domain. (B) Transcriptional activation activity assay of NtNAC053 in the yeast strain AH109. The β-galactosidase activity was detected on the SD/-Trp/X-gal medium. NtNAC053-N represented the N-terminal region of NtNAC053 (1-162 aa); NtNAC053-C represented the C-terminal region of NtNAC053 (163-298 aa).




The Overexpression of NtNAC053 in Tobacco Confers Abscisic Acid Hypersensitivity

To clarify the potential function of NtNAC053, the transgenic overexpression lines of NtNAC053 gene were generated in tobacco. The qRT-PCR analysis was used to detect the expression levels of NtNAC053 gene in these lines. The results revealed the expression levels of this gene in OE6 and OE8 reached 47.7- and 61.8-fold than that in wild type (WT) (Supplementary Figure 5). These two lines were then selected to perform phenotyping under different treatments. In our previous survey, the NtNAC053 gene could be induced by exogenous ABA. Hence, the germination assay and root elongation assay were carried out to assess the ABA sensitivity in the overexpressed lines. As a result, the germination rates seemed to be identical in the germination assay between the overexpressed lines and WT plants. Interestingly, the overexpressed lines had significantly lower germination rates than WT plants when exposed under ABA treatment (Figures 4A,B). Furthermore, the root length seemed to be equivalent in the root elongation assay between the overexpressed lines and WT plants. Notably, the overexpressed lines seemed to be more sensitive than WT plants when treated by exogenous ABA (Figures 4C,D).
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FIGURE 4. Overexpression of the NtNAC053 gene confers ABA hypersensitivity. (A) Seed germination assay between overexpression lines and wild type under 1 μM ABA treatment. (B) Root elongation assay between overexpression lines and wild type under 1 μM ABA treatment. Bar = 1.5 cm. (C) The statistics of germination rates under normal conditions and 1 μM ABA treatment. (D) The statistics of primary root length under normal conditions and 1 μM ABA treatment. WT, wild type. The data were means ± SD from three independent replications. * p < 0.05, ** p < 0.01 (t-tests).




NtNAC053 Overexpression Enhances Salt Tolerance in Transgenic Tobacco

To explore whether NtNAC053 regulates the tolerance of tobacco plants to salt stress, we performed a seed germination assay and root elongation assay on MS media with salt treatment. As shown in Figure 5, the seed germination rates of both the overexpression lines and WT were decreased under salt treatment, whereas the overexpression lines displayed higher germination rates than WT seeds under salt treatments.
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FIGURE 5. Overexpression of the NtNAC053 gene promotes seed germination under salt stress treatments. (A) Seed germination assay between overexpression lines and wild type under NaCl treatments. (B) The statistics of seed germination under normal conditions and NaCl treatments. WT, wild type. The data were means ± SD from three independent replications. ** p < 0.01 (t-tests).


As shown in Figure 6, no significant difference was observed in root length between overexpression lines and WT seedlings. However, the primary roots of overexpression seedlings were longer than that of WT on the MS media supplemented with tested concentrations of NaCl.
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FIGURE 6. Comparison of root growth between overexpression lines and wild-type tobacco under salt stress treatments. (A) The primary root length of overexpression lines and wild-type tobacco under 100 mM and 150 mM NaCl treatments. The primary root length was recorded 7 days after growth. Bar = 1.5 cm. (B) The statistics of primary root length under normal conditions and NaCl treatments. WT, wild type. The data were means ± SD from three independent replications. * p < 0.05, ** p < 0.01 (t-tests).




NtNAC053 Overexpression Improves Drought Tolerance in Transgenic Tobacco

To further explore the function of NtNAC053 gene, the overexpression lines and WT seedlings were treated by the drought stress with no watering for approximately 10 days. The growth of overexpression lines and WT seedlings was almost the same under normal growth conditions. After the drought treatment, overexpression lines and WT seedlings displayed leaf wilting phenotype, whereas WT seedlings were much more extreme than that in overexpression lines (Figure 7A). After 3 days of re-watering, the survival rates of the OE6 lines (72%) and OE8 lines (85%) were significantly higher than those of the WT seedlings (35%) (Figure 7B). Additionally, the overexpression lines displayed higher water content than WT seedlings during the 3 h dehydration (Figure 7C). Besides, the drought stress-responsive gene NtAQP1 was selected to explore the expression in wild type and overexpression lines. Under drought conditions, the expression of NtAQP1 was significantly higher in overexpression lines (Supplementary Figure 6). These findings suggested that the overexpression of NtNAC053 gene might enhance the drought tolerance of the tobacco plants.
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FIGURE 7. Drought tolerance assay of transgenic NtNAC053 tobacco. (A) Phenotypes of overexpression lines and wild-type tobacco under drought stress. Under normal conditions, the overexpression lines and wild-type tobacco were normally grown for 6 weeks. Overexpression lines displayed higher drought tolerance after 10 days of drought stress and 3 days of recovery. (B) The survival rate of the overexpression lines and wild-type tobacco were determined. (C) The water content of detached leaves of overexpression lines and wild-type tobacco. WT, wild type. The data were means ± SD from three independent replications. * p < 0.05, ** p < 0.01 (t-tests).




NtNAC053 Overexpression Enhances ROS-Scavenging Capability in Transgenic Tobacco

To further investigate the function of NtNAC053, the stress-related physiological parameters, including catalase (CAT), peroxidase (POD), superoxide (SOD), malonic dialdehyde (MDA), and hydrogen peroxide (H2O2), were detected (Figure 8 and Supplementary Figure 7). After salt and drought treatments, the content of MDA and H2O2 in overexpression lines was significantly lower than those in WT plants. However, the activities of CAT, POD, and SOD in overexpression lines were significantly higher than those in WT plants.
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FIGURE 8. Analysis of the antioxidant enzyme activities and MDA contents in overexpression lines and wild-type tobacco under salt and drought stresses. MDA, malonic dialdehyde; CAT, catalase; POD, peroxidase; SOD; superoxide. WT, wild type. The MDA content and enzyme activity were calculated as folds relative to the level of before treatments. The data were means ± SD from three independent replications. * p < 0.05 (t-tests).




NtNAC053 Regulates the Expression of Stress-Responsive Genes

To further explore the function of NtNAC053 gene, the expression patterns of stress-responsive genes were detected in overexpression lines and WT plants using qRT-PCR. The expression pattern of the selected stress-responsive genes was calculated as folds relative to the expression level of none treatments. Exposed to salt and drought stresses, the expression levels of several genes were significantly induced in overexpression lines compared to WT plants, including NtCOR15A, NtRAB18, NtDREB1A, NtERF5, NtKAT2, and NtERD11 (Figure 9). Besides, we selected two salt stress-responsive genes (NtNHX1 and NtSOS1) and compared their expressions in overexpression lines and WT plants. Under salt conditions, the expressions of NtNHX1 and NtSOS1 were significantly higher in overexpression lines (Supplementary Figure 8). Notably, ABA signaling-related genes (NtPYL6 and NtSnRK2.4) were selected for further study. In overexpression lines, these gene expressions were much higher compared to WT plants under drought and salt conditions (Supplementary Figure 9).
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FIGURE 9. Expression of stress-related genes in overexpression lines and wild-type tobacco under salt and drought stresses. The ratios of gene expression levels were calculated relative to the control, respectively. WT, wild type. The data were means ± SD from three independent replications. * p < 0.05, ** p < 0.01 (t-tests).




NtNAC053 Binds to NACRS Sequence

The NAC transcription factors mainly bind to the NAC recognition sequence (NACRS) with a core sequence of CACG to regulate gene expression, while the reverse complementary sequence is CGT[A/G]. To verify the putative DNA-binding sequences of NtNAC053, the NACRS sequence and the reverse complementary sequence were used as reporters (R1 and R2), while the base-substituted fragment was used as the mutant reporter (RM). The activator vector pGAD-NtNAC053 was co-transformed into the yeast strain with three reporter vectors, respectively. If the NtNAC053 can bind to the tandem sequence of the reporter construct, the GAD will be able to direct LacZ expression, resulting in the blue color accumulation. As shown in Figure 10, these yeast one-hybrid experiments confirmed the ability of NtNAC053 to bind to the NACRS sequence in vivo.
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FIGURE 10. Binding activity of NtNAC053. (A) Diagrams illustrating the structure of reporter and effector constructs. (B) The sequence of the NACRS (R1 and R2) and mutated NACRS (RM). Different combinations of effector and reporter constructs were co-expressed in yeast strain YM4271.





DISCUSSION

Plants are suffering from a combination of abiotic and biotic stresses. The abiotic stresses, including salt and drought, affect plant growth and development. In previous studies, several NAC members have been revealed to participate in responses to abiotic stress through ABA signaling (Nakashima et al., 2012; Shao et al., 2015). In the current study, promoter analysis showed that the NtNAC053 promoter possesses five ABRE motifs, which is an important cis-acting element related to ABA signal transduction, indicating this gene might be involved in the ABA signaling pathway (Supplementary Figure 4). To clarify this inference, the expression pattern analysis and overexpression survey were carried out. Interestingly, it was shown that NtNAC053 was significantly induced by exogenous ABA treatments (Figure 1B). Furthermore, the seed germination rate and root lengths of overexpression lines were significantly lower than those of WT plants, suggesting that overexpression of NtNAC053 conferred transgenic tobacco plants hypersensitive to ABA (Figure 4). Notably, the expressions of ABA signaling genes, including NtPYL6 and NtSnRK2.4, were much higher in overexpression lines compared to WT plants under salt and drought conditions (Supplementary Figure 9).

It has been reported that NAC transcription factors play critical roles in various abiotic stress responses. However, a few studies were reported about the biofunctions of the NAC transcription factor in tobacco. In our previous work, a tobacco NAC gene was found to be dramatically induced by multiple stress treatments (Li et al., 2018), which was identified as the homolog of StNAC053. In our previous study, we found that the overexpression of StNAC053 gene could enhance the salt and drought tolerance of transgenic Arabidopsis (Wang et al., 2021). Considering the close genetic distance of potato and tobacco, the homolog of StNAC053 might confer salt and drought tolerance in tobacco. To verify this hypothesis, a systematic analysis of NtNAC053 was performed. The StNAC053 had been reported to fall into the ATAF subfamily. Hence, several reported ATAF family members from potato, wheat, and Arabidopsis were selected to perform the phylogenetic analysis. Phylogenetic analysis showed that NtNAC053 was clustered with StNAC053 in ATAF subfamily, implying that NtNAC053 served as a homolog of StNAC053. In tobacco, we found that NtNAC053 was significantly up-regulated when subjected to salt and drought stresses, suggesting that NtNAC053 may function as a regulator in response to salt and drought stresses (Figure 1). Furthermore, the seed germination rate and root lengths of WT plants were significantly lower than those of overexpression lines under salt treatment (Figures 5, 6). Meanwhile, overexpression lines showed higher survival rates compared to WT plants when exposed to drought stress (Figures 7A,B). In addition, the leaves of overexpression lines had a lower water loss rate than those of WT plants under drought conditions (Figure 7C). Considering these results, the overexpression of NtNAC053 gene could enhance the tolerance to salt and drought stresses in tobacco.

Additionally, massive amounts of ROS were produced when plants were exposed to multiple stresses. Generally, excessive ROS could destroy antioxidant systems and the integrity of cell membrane, resulting in the accumulation of MDA (Moore and Roberts, 1998; Gill and Tuteja, 2010). Plants have developed intricate defense mechanisms to cope with excess ROS, which include an antioxidant enzyme system. Notably, several enzymes, including CAT, POD, and SOD, played significant roles in the antioxidant enzyme system (Gill and Tuteja, 2010). Relative to wild type, the contents of MDA and hydrogen peroxide in overexpression lines were significantly decreased when exposed to salt and drought stresses, suggesting that there is lower oxidative damage in overexpression lines (Figure 8 and Supplementary Figure 7). Furthermore, the enzyme activities of CAT, POD, and SOD in overexpression lines were significantly higher than those of wild type under salt and drought stresses, suggesting that overexpression lines increased the capacity of the ROS-scavenging system (Figure 8). It was reported that NAC transcription factors usually participate in response to abiotic stresses through regulating the expression of downstream stress-responsive genes (He et al., 2019b). AtNAP functions to negatively regulate salt stress tolerance through repressing ARBE1 (Seok et al., 2017). In this study, we found that NtNAC053 encoded a nuclear localization protein and possessed transcriptional activation ability (Figures 2, 3). Many aquaporins genes were reported to be responsive to abiotic stress during different developing stages. In tobacco, over-expression of the NtAQP1 gene improves water use efficiency, hydraulic conductivity, and yield production under abiotic stress (Sade et al., 2010). Notably, under drought stress treatments, the drought stress-responsive gene NtAQP1 was significantly higher in the NtNAC053 overexpression lines (Supplementary Figure 6). Furthermore, NtNAC053 could significantly activate several stress-responsive genes, including NtCOR15A, NtRAB18, NtDREB1A, NtERF5, NtKAT2, and NtERD11 (Figure 9). Besides, several ion channels encoding genes, including NHX1 and SOS1, have been reported to be involved in the ion homeostasis and salt stress responses. These genes were significantly higher in overexpression lines (Supplementary Figure 8). In addition, promoter analysis revealed that all these stress-responsive genes promoters possessed NAC-binding sites (Supplementary Table 2). Yeast one-hybrid assay implied that NtNAC053 might be combined with NACRS (Figure 10), suggesting NtNAC053 could activate these stress-responsive genes by binding their promoter directly.



CONCLUSION

In this study, a typical NAC gene NtNAC053 was cloned from tobacco K326 and functionally verified in overexpressing tobacco. NtNAC053 overexpression lines showed significantly increased resistance to salt and drought stresses, while the overexpression lines seemed to be more sensitive to ABA treatment. Taken together, the transcription factor NtNAC053 might be involved in salt and drought stress responses via ABA-mediated signaling in tobacco.
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Supplementary Figure 1 | Multiple sequence alignment of NtNAC053 with reported NAC proteins from Arabidopsis and potato, including ANAC002, ANAC081, ANAC029, ANAC072, ANAC055, ANAC019, and StNAC053. The black lines indicated five subdomains (A–E) and nuclear location signal (NLS).

Supplementary Figure 2 | The phylogenetic, syntenic analysis and motif organization of NtNAC053. (A) The phylogenetic tree was generated based on the amino acid sequences of NtNAC053 and other reported NAC proteins. (B) The motif organizations were predicted by MEME. (C) The gray line in the background represents the collinear blocks between tobacco and potato, while the red line exhibits the syntenic NAC gene pairs.

Supplementary Figure 3 | The putative conserved motifs in NAC proteins.

Supplementary Figure 4 | The cis-acting element analysis of the promoter regions of NtNAC053 gene.

Supplementary Figure 5 | The expression level of the NtNAC053 gene in wild type and two overexpression lines, the ratios of gene expression levels were calculated relative to the wild type.

Supplementary Figure 6 | Expression of NtAQP1 in overexpression lines and wild-type tobacco under drought stress. The ratios of gene expression levels were calculated relative to the control, respectively.

Supplementary Figure 7 | Analysis of H2O2 contents in overexpression lines and wild-type tobacco under salt and drought stresses. H2O2, hydrogen peroxide. WT, wild type.

Supplementary Figure 8 | Expression of NtNHX1 and NtSOS1 in overexpression lines and wild-type tobacco under salt stress. The ratios of gene expression levels were calculated relative to the control, respectively. WT, wild type.

Supplementary Figure 9 | The expressions of ABA signaling genes in overexpression lines and wild-type tobacco under salt and drought stresses. The ratios of gene expression levels were calculated relative to the control, respectively. WT, wild type.
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