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Abstract

:

Abiotic stresses, such as drought and salt, are major environmental stresses, affecting plant growth and crop productivity. Plant bZIP transcription factors (bZIPs) confer stress resistances in harsh environments and play important roles in each phase of plant growth processes. In this research, 15 soybean bZIP family members were identified from drought-induced de novo transcriptomic sequences of soybean, which were unevenly distributed across 12 soybean chromosomes. Promoter analysis showed that these 15 genes were rich in ABRE, MYB and MYC cis-acting elements which were reported to be involved in abiotic stress responses. Quantitative real-time polymerase chain reaction (qRT-PCR) analysis indicated that 15 GmbZIP genes could be induced by drought and salt stress. GmbZIP2 was significantly upregulated under stress conditions and thus was selected for further study. Subcellular localization analysis revealed that the GmbZIP2 protein was located in the cell nucleus. qRT-PCR results show that GmbZIP2 can be induced by multiple stresses. The overexpression of GmbZIP2 in Arabidopsis and soybean hairy roots could improve plant resistance to drought and salt stresses. The result of differential expression gene analysis shows that the overexpression of GmbZIP2 in soybean hairy roots could enhance the expression of the stress responsive genes GmMYB48, GmWD40, GmDHN15, GmGST1 and GmLEA. These results indicate that soybean bZIPs played pivotal roles in plant resistance to abiotic stresses.
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1. Introduction


When plants suffer abiotic stresses such as drought and salt, the growth processes of plants are often seriously affected. Adverse environments can dramatically reduce crop yields [1,2,3,4]; therefore, it is extremely urgent to increase plant resistances to abiotic stresses. A series of sophisticated strategies for survival have been developed in plants which ensure plant acclimation to adverse environments [5,6,7,8]. Changes in some functional genes at the transcriptomic level are conducive to improving plants’ resistance. These genes, such as transcription factors, protein kinases and protein phosphatases, are responsible for transducing stress signals and regulating the expression of stress-responsive genes that can produce or regulate the enzymes that are involved in the biosynthesis of various osmoprotectants and subsequently late-embryogenesis abundant glutathione S-transferases, proteins that counteract environmental damage [9,10,11]. Among these genes, transcription factors, as a part of the ultimate regulator, bind to gene promoters to trigger downstream gene transcription [12].



Plant transcription factors, as primary regulators, induce gene expression and modify the temporal and spatial expression patterns of responsive genes, which play an important part in plant growth cycle [13,14,15]. Transcription factors are represented in massive numbers and in many different groups in plant genomes and they are identified and classified according to their DNA-binding domains (DBDs). Therefore, the names of the DBDs are used to define transcription factor families [16] and their crucial functions in plant processes have been verified to resist abiotic stresses [16,17]; in this way, plant transcription factors were identified and classified into many families, such as DREB, WRKY, bZIP, NF-Y and NAC [18,19]. Past research has demonstrated that these plant transcription factor families act as a crucial part in plant resistances to abiotic stresses. For example, plant DREB transcription factors bind to a dehydration responsive element (DRE) cis-element in the promoter region of several stress-responsive genes in response to dehydration, high salinity or low temperature [20,21] and research has also proved that the overexpression of DREB transcription factors in plants could improve transgenic plant resistance to abiotic stresses [20]. Similarly, WRKY transcription factors containing WRKY domains have high binding affinity to the consensus cis-acting element termed the W box (TTGACT/C), which regulates the expression of stress-responsive genes [22].



Plant bZIPs contain a highly conserved region composed of a leucine zipper and adjacent basic amino acids. This leucine zipper, containing a periodic repetition of leucine residues at every seventh position, is a helical domain. Two leucine zipper domains form a parallel, helical-coiled coil, which is stabilized by hydrophobic interactions. This dimerization juxtaposes two basic regions to form the DNA binding site [23,24]. Many bZIP transcription factor families have been identified in different plant species, such as maize, cucumber and leguminous plants [25,26,27]. Plant bZIPs are unveiled be essential for diverse biological processes in plants, such as seed maturation, flower development and stress signaling transduction [28]. A recent discovery indicated that the accumulation of OsbZIP73 facilitates the adaptation of japonica rice to cold climates [29]. Arabidopsis AtbZIP17 and AtbZIP28 regulate root elongation during stress response [30].



Soybean (Glycine max) is a dicotyledonous plant which is widely cultivated in Northern China, the United States, Brazil and Argentina. It serves as a vital food and oil crop in arid regions. Despite previous studies identifying 138 family members of soybean bZIP transcription factors [27], their functions during plant resistance to abiotic stresses still remain largely elusive. In this work, we analyzed drought-induced de novo transcriptomic sequences of soybean and found 15 upregulated drought-responsive bZIP family members in soybean. It was revealed by qRT-PCR analysis that GmbZIP2 had higher transcriptional levels than the other GmbZIP genes after drought and salt treatments and this was thus chosen for further analysis. Subsequent analysis found that GmbZIP2 responded to numerous stresses and could be induced by drought, salt, abscisic acid (ABA) and cold and the overexpression of GmbZIP2 in plants improved their tolerance to drought and salt stresses.




2. Results


2.1. De novo Transcriptomic Sequences Analyses of Soybean


To elucidate the function of bZIPs under stress conditions, four-leaf stage soybean seedlings underwent drought treatment for 2 h and then were used for de novo transcriptomic sequence analyses. The data analysis from the de novo transcriptome sequencing showed that the transcriptional levels of some genes were changed before or after the drought treatment. According to the functional annotation of differentially expressed genes, we found that 15 members of the soybean bZIP genes were induced to be upregulated (Table S1) and then were selected for further research.




2.2. Sequence Analysis of GmbZIPs in Soybean


The 15 soybean bZIPs were identified by sequence alignment from the completed soybean genome sequence. Previous research showed that 138 soybean bZIP transcription factor family members (actually updated to 136) were identified and were divided into 12 groups [27]. Here, the 15 upregulated soybean bZIPs were distributed among six groups (Figure S1). The established evolutionary relationships indicated that GmbZIP1, GmbZIP4, GmbZIP5, GmbZIP6, GmbZIP7 and GmbZIP12 were closer than the others (evolutionary branches were shorter than the others) (Figure 1 and Figure S1). Out of these 15 soybean bZIPs, 13 members contained two to eleven introns and only GmbZIP2 and GmbZIP3 did not have any intron (Figure 2A). The structures of these 15 GmbZIP proteins contained the basic region leucin zipper (BRLZ) domain (Figure 2B and Figure S2). Most of the 15 GmbZIP proteins contained low-complexity region (LCR) domains and only GmbZIP2, GmbZIP3 and GmbZIP14 proteins did not have any LCR domains (Figure 2B). These 15 GmbZIP genes were distributed across 12 chromosomes (Figure 3). Nine chromosomes of soybean contained one of the 15 GmbZIP genes, while chromosome 2, 8 and 16 each contained two of the 15 GmbZIP genes (Figure 3).




2.3. Cis-Acting Element Analysis of 15 Soybean bZIP Gene Promoters


Cis-element promoter analysis showed that all of the 15 soybean bZIP gene promoters contained MYB and MYC elements and most of the GmbZIP genes had ABA-responsive element (ABRE) cis-acting elements and only GmbZIP8, GmbZIP13 and GmbZIP15 promoters did not have ABRE cis-acting elements (Table S2). In addition, among the 15 GmbZIP genes, only GmbZIP2, GmbZIP8, GmbZIP10 and GmbZIP14 contained the dehydration response element (DRE) cis-acting elements. In addition, 60% of the 15 soybean bZIP members contain low-temperature responsive element (LTR), 45% contain CGTCA-motif cis-acting element and 67% contain TGACG-motif cis-acting element (Table S2). These results indicate that most soybean bZIP genes might play important roles in the abiotic stress responses.




2.4. Tissue-Specific Expression Patterns of 15 GmbZIPs


The expression pattern analysis of 15 soybean bZIP genes in different soybean tissues was analyzed. Our results reveal that GmbZIP3, GmbZIP6, GmbZIP11 and GmbZIP15 had the highest expressions in various soybean tissues compared to the other GmbZIP members; in particular, GmbZIP3 was highly expressed under nodule symbiotic conditions, high ammonia and high nitrate conditions in roots compared to other tissues in soybean (Figure 4). On the contrary, GmbZIP2 and GmbZIP13 had the lowest expression in various soybean tissues compared to the other 13 soybean bZIP transcription factors. However, high expression levels of GmbZIP1, GmbZIP4, GmbZIP5 and GmbZIP10 were found in the flower, leaves, nodules, pod, root, root hairs, seed, stem and shoot apical meristem (Figure 4).




2.5. Expression Pattern Analysis of 15 Soybean bZIPs under Drought and Salt Stresses


To analyze the transcript levels of the 15 soybean bZIP transcription factors under different conditions, qRT-PCR was carried out by using RNA isolated from four-leaf stage seedings of stress-treated soybean. Our data showed that 14 of the GmbZIP genes were upregulated under drought stress, the only exception being GmbZIP1. Among these 14 soybean bZIP transcription factors, GmbZIP2, GmbZIP8, GmbZIP12 and GmbZIP15 were upregulated more than 10-fold during 12 h of drought stress and the expression levels of GmbZIP2 and GmbZIP8 were significantly up-regulated 30-fold under drought treatment (Figure 5). Compared with the expression levels of the GmbZIP3, GmbZIP4, GmbZIP5, GmbZIP6, GmbZIP7, GmbZIP9, GmbZIP10, GmbZIP11 and GmbZIP14 genes at 0 h, their expression levels under drought treatment were up-regulated approximately four-fold (Figure 5). Under the NaCl condition, our qRT-PCR results reveal that GmbZIP3 and GmbZIP15 were slightly up-regulated and GmbZIP1, GmbZIP2, GmbZIP4, GmbZIP5, GmbZIP6 and GmbZIP7 were clearly induced and upregulated more than 15-fold in response to salt stress, especially GmbZIP2 (Figure 6). However, the expression levels of GmbZIP8, GmbZIP9, GmbZIP10, GmbZIP11, GmbZIP12, GmbZIP13 and GmbZIP14 were nearly unchanged (Figure 6). By analyzing the expression pattern of GmbZIPs under drought and salt stresses, we found that GmbZIP2 had the highest transcript levels at 6 and 12 h of drought treatment and was induced by salt (Figure 5 and Figure 6), which indicates that GmbZIP2 is responsive to drought and salt stresses. Thus, we focused our further research on GmbZIP2.




2.6. Molecular Characteristics of GmbZIP2 Gene


To explore the subcellular location of the soybean GmbZIP2 gene, the 16,318-hGFP vector was used. The open reading frame (ORF) sequence without the stop codon of soybean GmbZIP2 was fused to an hGFP reporter protein that was located at the N-terminus and was then cloned into the recombinant vector GmbZIP2-16318-hGFP and then transferred into Arabidopsis protoplast cells to observe the localization of GFP fluorescence. The subcellular localization of the encoded GmbZIP2 protein was determined and assessed by the transient expression assays in Arabidopsis protoplasts using translational fusions to GFP. The control GFP was localized to the plasma membrane, nucleus and cytosol, whereas GmbZIP2 localized to the nucleus only (Figure 7A). To further verify this result, the plasma membrane, cytosol and nucleus proteins of Arabidopsis protoplasts that contained the GFP signal were extracted and detected by the GFP antibody. The results again show that GmbZIP2 is localized to the cell nucleus (Figure 7B).



To analyze the GmbZIP2 expression at the transcript level under stress conditions, qRT-PCR was carried out by using the RNA isolated from stress-treated soybean. GmbZIP2 was induced not only by drought and salt but also by ABA, mannitol and cold (Figure 7C). In response to ABA, mannitol and cold, GmbZIP2 peaked at 4 h after treatment and then dropped off over time. At 4 h of ABA, mannitol and cold stress, the GmbZIP2 transcript levels were upregulated to 3.5 times, 6.15 times and 6.38 times the unstressed level, respectively. However, the transcription level of GmbZIP2 showed no significant changes under heat treatment (Figure 7C). The results imply that GmbZIP2 is responsive to multiple stresses.




2.7. Overexpression of GmbZIP2 in Arabidopsis Improved Drought and Salt Tolerances


To evaluate the tolerance of transgenic Arabidopsis plants of drought and salt stresses, the control of the CaMV 35S promoter, three T3 homozygous lines of transgenic GmbZIP2 Arabidopsis were used for stress tolerance analysis. The transcription levels of GmbZIP2 in these three transgenic Arabidopsis lines were detected by semi-quantitative PCR and qRT-PCR and the results show that GmbZIP2 had elevated expression in all three transgenic lines (Figure 8A–C). As shown in Figure 8, the 3-week-old plants of three transgenic Arabidopsis lines and WT (wild-type, WT, Col-0) plants grow well and similarly under normal conditions (22 °C, light 16 h/dark 8 h, 50% of relative humidity). However, when the transgenic Arabidopsis lines and WT plants were exposed to drought, significant differences appeared and the transgenic lines grew remarkably well compared to the WT plants (Figure 8A). After two weeks of drought and salt treatments, approximately 80% of transgenic Arabidopsis plants survived, but, regarding WT plants, only approximately 10–20% survived (Figure 8D). The results of the physiological and biochemical indexes show that the transgenic Arabidopsis plants had a higher chlorophyll content and a lower malondialdehyde (MDA) content and relative electrical conductivity (REC) than WT plants (Figure 8E,F).




2.8. GmbZIP2 Improves Stress Tolerance in Transgenic Soybean Hairy Roots


To further verify the relationship between GmbZIP2 and stress response, we generated transgenic soybean hairy root composite plants and found that the overexpression of GmbZIP2 conferred enhanced resistance to drought and salt in the transgenic plants (Figure 9A,B). GmbZIP2 was detected as being overexpressed in transgenic soybean hairy roots by qRT-PCR (Figure 9C,D). Root elongation was measured under control and stress conditions and the results show that the transgenic hairy root composite plants under stress conditions had significantly longer roots than the controls under drought and salt stress (Figure 9E–G). The physiological and biochemical indexes of transgenic GmbZIP2 soybean hairy roots were detected and the results reveal that the transgenic GmbZIP2 soybean hairy roots had a higher proline content and a lower MDA content and REC than the control plants under drought and salt stresses (Figure 9H–J).




2.9. Regulatory Mechanism Analysis of GmbZIP2 in Soybean


To investigate the possible molecular mechanisms of GmbZIP2 during stress response, transgenic soybean hairy root lines and EV-control (the empty plasmid of pCAMBIA3301) plants were used for analyzing the differential expression of five stress-responsive genes, namely GmMYB48, GmWD40, GmDHN15, GmGST1 and GmLEA, which were reported to act either directly or indirectly in abiotic stress responses and from our de novo transcriptomic sequences analyses of soybean (Table S6). Analysis of cis-acting elements showed that this five stress-responsive gene promoters contained ACGT elements that could be bound by bZIP transcription factors (Table S7). qRT-PCR assays of five stress response-related genes were performed after the transgenic soybean hairy root lines and EV-control plants were treated with 150 mM NaCl and 200 mM mannitol, using corresponding untreated lines (25 °C, light 16 h/dark 8 h, 50% of relative humidity) as controls. A two-fold change in expression was arbitrarily considered an induction of expression. qRT-PCR data showed that the expression levels of these five stress-responsive genes were upregulated in the transgenic GmbZIP2 soybean hairy root plants compared with the EV-control plants under normal growth conditions and moreover, the expression levels of these five stress-responsive genes were dramatically upregulated under drought treatment compared with the control plants (Figure 10).





3. Discussion


Basic region leucine zippers are conserved in eukaryon over the course of their evolution and exist in plants, where they are associated with various functions. They exist in high numbers in different species—53 bZIP family members have been found in human beings [31], 136 in soybean [27], 78 in Arabidopsis [32] and 247 in rapeseed [33]. In previous works, bZIP family members were classified into 12 groups in Arabidopsis and soybean according to their conserved DNA-binding domains (DBDs) [27,32,34]. However, here we re-divided the bZIP family members of Arabidopsis and soybean into six groups according to their conserved amino acid sequences. We found 15 soybean bZIP family members were detected by de novo transcriptome sequencing and nine GmbZIP members were clustered in group I, two in group II, three in group III and only one in group IV, respectively. GmbZIP1, GmbZIP2, GmbZIP3, GmbZIP4, GmbZIP5, GmbZIP6, GmbZIP7, GmbZIP12 and GmbZIP15 were classified into group I and had the highest level of homology with the Arabidopsis GBF (G-box factors) family of bZIP proteins [32]. GBF-type bZIP transcription factors were reported to associate with plant responses to hormones such as abscisic acid (ABA), ethylene and methyl jasmonate (MeJA), which play important roles in plant resistances [35]. GmbZIP8 and GmbZIP14 was classified into the group II with AtbZIP39, which were ABI5 proteins and responded to ABA. In group II, AtbZIP35, AtbZIP37 and AtbZIP39 belonged to ABF-type bZIP transcription factors, which are induced by ABA [36] and are critical in plant abiotic stresses tolerance [37,38]. Therefore, the results of our evolutionary relationship analysis imply that bZIP proteins in the group II might be associated with ABA. GmbZIP9, GmbZIP10 and GmbZIP11 had high homology with AtbZIP51, which was a VIP1 type bZIP transcription factor and has been reported to impact plant growth and stress response and each were classified into the group II [39]. These results suggest that the 15 soybean bZIP family members are relevant for plant resistance.



The analysis of cis-acting promoter elements showed that the regions of the 15 soybean bZIP family members were rich in cis-acting elements related to stress responses, such as DRE, ABRE, MYB, MYC, LTR and TGACG-motif elements [40,41,42,43,44]. These results also indicate that the 15 soybean bZIP family members play important roles in stress response regulation. Based on recent research, a bZIP transcription factor of sweet potato, IbbZIP37, interacted with the ABRE cis-element to cope with drought, salt and heat shock stresses [45]. In another study, the FtbZIP83 gene from Fagopyrum tataricum showed an increased adaptability to drought and salt stresses and its promoter had high activity in transgenic Arabidopsis [46], and stress responsive cis-acting elements, such as DRE, ABRE, MYB, MYC, LTR and TGACG-motif elements, were found in their promoter regions [45,46]. In our study, the same cis-acting elements were detected in the GmbZIP2 promoter. qRT-PCR analysis also indicated that the expression of the 15 soybean bZIP family members could be induced by drought and salt stresses. We found that 14 soybean bZIP family members could be induced by drought, except for GmbZIP1. However, the expression levels of GmbZIP8, GmbZIP9, GmbZIP10, GmbZIP11, GmbZIP12, GmbZIP13 and GmbZIP14 were nearly unchanged under salt stress, which suggests that these 15 soybean bZIP family members are involved in different stress signal pathways. GmbZIP2 differed from the other soybean bZIP family members and had high expression levels both under drought and salt stresses, which suggests that GmbZIP2 may be involved in multiple stress responses. Therefore, to further explore the function of the soybean bZIP family members under stress conditions, GmbZIP2 was chosen to further analyze its expression patterns under drought and salt stresses. Its molecular characteristics and the expression pattern analyses demonstrated that GmbZIP2 is localized in the nucleus and can be induced by multiple stresses, which suggests that GmbZIP2 plays a central role in plant resistance. Functional identification analyses showed that the overexpression of GmbZIP2 in Arabidopsis and soybean hairy root systems enhanced plant tolerance to drought and salt stresses.



A recent study found that OsbZIP73 overexpression in rice improved resistance to cold by modulating ABA levels and reactive oxygen species (ROS) homeostasis [29]. However, how GmbZIP2 works in planta continues to attract our attention. Stress response genes such as GmMYB48, GmWD40, GmDHN15, GmGST1 and GmLEA were found to be upregulated in the transgenic soybean hairy root lines. GmMYB48 encodes a MYB type transcription factor that was reported to contribute to the plant stress tolerance and promotes the expression of stress-responsive genes [47]. GmWD40 encodes a WD40 structure protein that was reported to play crucial roles in diverse protein–protein interactions by acting as a scaffolding molecule and thus assisting in the proper functionality of proteins and being involved with abiotic stress response [48]. GmDHN15 is a dehydrin protein that serves a purpose in drought stress response [46]. GmLEA is a late-embryogenesis abundant protein with a major role in drought and other abiotic stresses tolerance in plants [49]. GmGST1 belongs to the glutathione S-transferase protein family that was reported to be involved in maintaining cell redox homeostasis and protecting organisms against oxidative stress under stress conditions [50,51,52]. The high expression levels of these stress responsive genes in transgenic GmbZIP2 soybean hairy root plants indicated that GmbZIP2 enhanced plant resistance by regulating the expression of numerous stress responsive genes. However, among these stress-responsive genes, GST encodes a ROS-scavenging enzyme and modulates ROS homeostasis, which suggests that GmbZIP2 may modulate ROS homeostasis via GST in planta. Therefore, we conclude that soybean bZIP proteins play an important role in resisting drought and salt stresses.




4. Materials and Methods


4.1. De Novo Transcriptome Sequencing


Four-leaf stage untreated soybean seedlings were taken out of flowerpots, washed off with water and then the seedlings were dehydrated on filter paper and soaked in water with 150 mM NaCl for 2 h to prepare the samples for RNA-seq analysis. The detailed methods of RNA-seq were described by Yu et al., 2018 [53]. The data of de novo transcriptome sequencing is seen in Table S1.




4.2. Identification of Soybean bZIP Proteins


All of the candidate bZIP genes were identified according to the data from the de novo transcriptome sequencing and the National Center for Biotechnology Information (NCBI) database. The gene sequences and protein sequences of Arabidopsis and soybean bZIPs were acquired from TAIR [54] and JGI Glyma1.0 [55] annotation, respectively.




4.3. Phylogenetic Analysis and Chromosome Localization of the 15 Soybean bZIPs


The positional information of the 15 soybean bZIPs was obtained from Phytozome. All bZIPs were located on the soybean chromosomes by using MapInspect software. Clustal X 2.0 was applied for protein sequence comparison analysis of the Arabidopsis and soybean bZIPs [56]. The protein sequences used the Arabidopsis and soybean references reported in References [17,32]. A phylogenetic tree was constructed using the adjacent method by MEGA6.0 with a 1000 bootstrap value [57].




4.4. Structure and Cis-Acting Element Analysis of the 15 Soybean bZIPs


The genome and protein sequences of the 15 soybean bZIPs were downloaded from Phytozome. The online software Gene Structure Display Server (http://gsds.cbi.pku.edu.cn/) was used to analyze the structure of 15 soybean bZIP genes [46]. The protein structure of the 15 soybean bZIPs were obtained by using ExPAsy-PROSITE (http://prosite.expasy.org/). We used the 2000 bp upstream of the start codon as the promoter for the 15 soybean bZIPs and all sequences were obtained from Phytozome. The cis-acting elements in these promoter sequences were analyzed with the online PlantCARE software (http://bioinformatics.psb.ugent.be/webtools/plantcare/html/). The data are available in Tables S2 and S3.




4.5. Tissue-Specific Expression Analysis of 15 Soybean bZIPs


The expression pattern data of the 15 bZIP family members in 26 different tissues of soybean (flower open, flower un-open, lateral root standard, leaf ammonia, leaf nitrate, leaf standard, leaf symbiotic condition, leaf urea, nodules symbiotic condition, root tip standard, root ammonia, root nitrate, root standard, root symbiotic condition, root urea, shoot tip standard, stem standard, flower, leaves, nodules, pod, root, root hairs, seed, shoot apical meristem and stem organs) under normal conditions were downloaded from Phytozome (https://phytozome.jgi.doe.gov/pz/portal.html) and then Hierarchical clustering was performed with Heml1.0 software (http://www.patrick-wied.at/static/heatmapjs/). The relevant data are listed in Table S4.




4.6. qRT-PCR Analysis


Four-leaf stage soybean seedlings grown under normal conditions (22 °C, light 16 h/dark 8 h, 50% of relative humidity) were taken out of their flowerpots, washed off with water, dehydrated on filter paper and soaked in 150 mM NaCl and then samples were taken at 0, 3, 6 and 12 h, respectively and saved at −70 °C after freezing in liquid nitrogen. The total RNA was isolated, and qRT-PCR was performed according to Yu et al. (2018) [53]. The primers for qRT-PCR of the 15 soybean bZIP transcription factor genes were designed by using the Primer 5.0 software (Premier, Ottawa, Canada) (Table S5).




4.7. Subcellular Localization of GmbZIP2


The ORF of GmbZIP2 without the stop codon was fused to the N-terminus of the hGFP gene under the control of the constitutive CaMV 35S promoter using the specific primers for GmbZIP2-hGFP (In-Fusion® HD Cloning Kit, Takara). The transient expression of the GmbZIP2-hGFP fusion construct and the hGFP control vector in Arabidopsis protoplast cells were performed as in Liu et al. (2013) [58]. After being dark cultured for 12 h at 25 °C, the Arabidopsis protoplast cells were observed with a confocal laser scanning microscope (LSM700, CarlZeiss, Oberkochen, Germany) [59]. GmbZIP2 was inserted into the prokaryotic expression vector pCold (TaKaRa) by using a pair of specific primers (Table S5). The protein of the plant nucleus, cytoplasm and cytomembrane were isolated by using the plant nuclear cytoplasm and cytomembrane extraction kit (Best Bio, Shanghai, China) and then the plant nucleus protein was detected by western blot analysis with anti-GFP.




4.8. Expression Pattern Analysis of GmbZIP2 under Different Stresses


Soybean seedlings were cultured at normal conditions (22 °C, light 16 h/dark 8 h, 50% of relative humidity) until the four-leaf stage, then were treated under four different stresses, including heat (45 °C for 12 h), 150 μM ABA, 200 mM mannitol and cold (4 °C for 12 h). Samples of the soybean seedlings under each treatment were obtained at 0, 1, 2, 4, 6 and 12 h, respectively. The total RNA was isolated, and qRT-PCR was performed according to Yu et al. (2018) [53]. The primers for qRT-PCR of GmbZIP2 were designed by using the Primer 5.0 software (Table S5).




4.9. Effect of Drought and Salt Stresses on Transgenic Arabidopsis Growth


GmbZIP2 was cloned into pCAMBIA1302 and driven by the CaMV 35S promoter. The GmbZIP2 gene was transformed into Arabidopsis (Columbia-0, WT) by the floral dip method [60]. The transgenic plants were first screened on half MS medium supplemented with 50 mg L−1 hygromycin. Seeds from each T1 plant were individually collected. Selected T2 plants were propagated. T3 progeny homozygotes were obtained for further analysis.



To investigate the effect of drought stress on the growth of transgenic Arabidopsis, seeds of the three T3 homozygous transgenic lines and wild-type line were sown on MS agar plates for germination, kept at 4 °C for 3 days and then transferred to normal conditions (22 °C, light 16 h/dark 8 h, 50% of relative humidity) to continue to grow. After 14 days of growth, the seedlings from each line were carefully transferred to flowerpots containing vermiculite and nutrient soil (v/v = 1:1) for 10 days of growth and then the seedlings were used in the phenotyping experiment. For drought treatment, water was withheld for 2 weeks and then followed by a full re-watering and recovery period. Two weeks later, the survival rate was calculated. For salt treatment, the seedlings were exposed to 200 mM NaCl stress for a week and the survival rate was calculated at the end of the treatment. The treated and untreated Arabidopsis seedlings with drought and NaCl were collected for RNA preparation and physiological and biochemical determination. The measurement of chlorophyll and MDA contents were carried out as described by Cui and Wang et al. (2006) [61] and Abdallah et al. (2007) [62] and the determination of REC was carried out as in Sharp et al. (1990) [63].




4.10. Hairy Root Induction of Soybean Transformation under Drought and Salt Stresses


Transgenic soybean hairy root composite plants were generated by the method described by Shi et al. (2018) [64]. The water-deficient treatment was performed for 2 weeks and then transgenic soybean 35S::GmbZIP2 and EV-Control seedlings were returned to normal growth conditions for one week [65]. Under salt stress, transgenic soybean seedlings and controls were gown in 200 mM NaCl for a week. Ten soybean seeds were put in each pot and three pots formed a group. Each stress treatment experiment was repeated 3 times. Similarly, the treated and untreated soybean hairy roots were collected for RNA isolation and physiological and biochemical experimentation. The measurements of chlorophyll, MDA and proline contents were carried out as described by Cui and Wang et al. (2006) [61] and Abdallah et al. (2007) [62] and the determination of REC was carried out as in Sharp et al. (1990) [63].




4.11. Statistical Analyses


Each assay was performed at least three times independently to ensure the reliability of our results. Vertical bars indicate ± SE of three replicates and statistical comparison among groups was conducted via a Student’s t-test. The one star indicates differences in comparison with the control lines at p < 0.05, the double star indicates highly significant differences in comparison with the control lines at p < 0.01.





5. Conclusions


In this study, we identified 15 soybean bZIPs that were upregulated in response to drought stress from the data of de novo transcriptome sequencing of soybean. The 15 soybean bZIP transcription factor family members were phylogenetically divided into six groups and distributed over 12 chromosomes. Afterwards we found that the 15 soybean bZIPs genes were differentially expressed under drought and salt stresses. GmbZIP2 was induced significantly by drought and salt stresses. The results of phenotyping assays show that overexpressing GmbZIP2 in Arabidopsis and soybean conferred an enhanced tolerance to drought and salt. qRT-PCR revealed an elevated transcription of GmMYB48, GmWD40, GmDHN15, GmGST1 and GmLEA in transgenic soybean overexpressing GmbZIP2 and thus GmbZIP2 was demonstrated to be involved in plants’ tolerance to drought and salt stresses. These results provide vital clues to understanding the regulatory mechanism of bZIP genes in abiotic stress responses in plants.








Supplementary Materials


Supplementary Materials can be found at https://www.mdpi.com/1422-0067/21/2/670/s1.





Author Contributions


Z.-S.X. coordinated the project, conceived and designed experiments and edited the manuscript; The experiments were performed and the first draft was written by Y.Y. and T.-F.Y.; Analytical tools and managed reagents were provided by J.M., Y.-B.Z., J.C. and M.C.; Y.-Z.M. and W.-L.W. contributed with valuable discussion and revised the manuscripts. All authors have read and agreed to the published version of the manuscript.




Funding


This research was financially supported by the National Transgenic Key Project of the Ministry of Agriculture of China (2018ZX0800909B and 2016ZX08002-002), the National Natural Science Foundation of China (31871624) and talents Introduced Fund of Anhui Science and Technology University (NXYJ201604).




Conflicts of Interest


The authors declare that they have no competing interests.




Abbreviations




	ABA
	abscisic acid



	ABRE
	ABA-responsive element



	DRE
	dehydration response element



	DBDs
	DNA-binding domains



	bZIP
	Basic (region) leucine zippers



	MeJA
	methyl jasmonate



	qRT-PCR
	quantitative real-time PCR



	REC
	Relative electrical conductivity



	MDA
	malondialdehyde



	DAF
	days after flowering



	GFP
	green fluorescent protein







References


	



Attipalli, R.R.; Kolluru, V.C.; Munusamy, V. Drought-induced responses of photosynthesis and antioxidant metabolism in higher plants. J. Plant Physiol. 2004, 161, 1189–1202. [Google Scholar]

	



Mittler, R. Abiotic stress, the field environment and stress combination. Trends Plant Sci. 2006, 11, 15–19. [Google Scholar] [CrossRef] [PubMed]

	



Farooq, M.; Wahid, A.; Kobayashi, N.; Fujita, D.; Basra, S.M.A. Plant drought stress: Effects, mechanisms and management. Agron. Sustain. Dev. 2009, 29, 185–212. [Google Scholar] [CrossRef]

	



Liu, C.; Li, Z.T.; Yang, K.J.; Xu, J.Y.; Shi, X.X. Effects of water stress and subsequent rehydration on physiological characteristics of maize (zea mays) with different drought tolerance. Plant Physiol. J. 2015, 51, 702–708. [Google Scholar]

	



Xu, Z.S.; Ni, Z.Y.; Liu, L.; Nie, L.N.; Li, L.C.; Chen, M.; Ma, Y.Z. Characterization of the TaAIDFa gene encoding a CRT/DRE-binding factor responsive to drought, high-salt, and cold stress in wheat. Mol. Genet. Genom. 2008, 280, 497–508. [Google Scholar] [CrossRef]

	



Hirayama, T. Research on plant abiotic stress responses in the post-genome era: Past, present and future. Plant J. 2010, 61, 1041–1052. [Google Scholar] [CrossRef] [PubMed]

	



Cheong, Y.H. Transcriptional profiling reveals novel interactions between wounding, pathogen, abiotic stress, and hormonal responses in Arabidopsis. Plant Physiol. 2002, 129, 661–677. [Google Scholar] [CrossRef] [PubMed]

	



Zhu, J.K. Abiotic stress signaling and responses in plants. Cell 2016, 167, 313–324. [Google Scholar] [CrossRef] [PubMed]

	



ARobert, E.; David, P.; Dixon, V.W. Plant glutathione s-transferases: Enzymes with multiple functions in sickness and in health. Trends Plant Sci. 2000, 5, 193–198. [Google Scholar]

	



Hundertmark, M.; Hincha, D.K. LEA (late embryogenesis abundant) proteins and their encoding genes in Arabidopsis thaliana. BMC Genom. 2008, 9, 118. [Google Scholar] [CrossRef]

	



Shinozaki, K.; Yamaguchi-Shinozaki, K. Gene networks involved in drought stress response and tolerance. J. Exp. Bot. 2007, 58, 221–227. [Google Scholar] [CrossRef] [PubMed]

	



Chinnusamy, V.; Schumaker, K.; Zhu, J.K. Molecular genetics perspectives on cross-talk and specificity in abiotic stress signaling in plants. J. Exp. Bot. 2004, 55, 225–236. [Google Scholar] [CrossRef] [PubMed]

	



Rushton, P.J.; Somssich, I.E. Transcriptional control of plant genes responsive to pathogens. Curr. Opin. Plant Biol. 1998, 1, 311–315. [Google Scholar] [CrossRef]

	



Xu, Z.S.; Chen, M.; Li, L.C.; Ma, Y.Z. Functions of the ERF transcription factor family in plants. Botany 2008, 86, 969–977. [Google Scholar] [CrossRef]

	



Xu, Z.S.; Chen, M.; Li, L.C.; Ma, Y.Z. Functions and application of the AP2/ERF transcription factor family in crop improvement. J. Integr. Plant Biol. 2011, 53, 570–585. [Google Scholar] [CrossRef]

	



Yamasaki, K.; Kigawa, T.; Inoue, M.; Watanabe, S.; Tateno, M.; Seki, M.; Shinozaki, K.; Yokoyama, S. Structures and evolutionary origins of plant-specific transcription factor DNA-binding domains. Plant Physiol. Biochem. 2008, 46, 394–401. [Google Scholar] [CrossRef]

	



Wang, W.X.; Vinocur, B.; Altman, A. Plant responses to drought, salinity and extreme temperatures: Towards genetic engineering for stress tolerance. Planta 2003, 218, 1–14. [Google Scholar] [CrossRef]

	



Zhu, J.K. Salt and drought stress signal transduction in plants. Annu. Rev. Plant Biol. 2002, 53, 247–273. [Google Scholar] [CrossRef]

	



Song, L.; Huang, S.S.C.; Wise, A.; Castanon, R.; Nery, J.R.; Chen, H.; Watanabe, M.; Thomas, J.; Bar-Joseph, Z.; Ecker, J.R. A transcription factor hierarchy defines an environmental stress response network. Science 2016, 354, aag1550. [Google Scholar] [CrossRef]

	



Zhao, T.; Liang, D.; Wang, P.; Liu, J.; Ma, F. Genome-wide analysis and expression profiling of the DREB transcription factor gene family in Malus under abiotic stress. Mol. Genet. Genom. 2012, 287, 423–436. [Google Scholar] [CrossRef]

	



Ankita, S.; Ahamed, K.; Nrisingha, D. cis-trans engineering: Advances and perspectives on customized transcriptional regulation in plants. Mol. Plant 2018, 11, 886–898. [Google Scholar]

	



Chen, L.; Song, Y.; Li, S.; Zhang, L.; Zou, C.; Yu, D. The role of WRKY transcription factors in plant abiotic stresses. Biochim. Biophys. Acta 2012, 1819, 120–128. [Google Scholar] [CrossRef] [PubMed]

	



Alber, T. Stucture of the leucine zipper. Curr. Opin. Genet. Dev. 1992, 2, 205–210. [Google Scholar] [CrossRef]

	



Pabo, C.O.; Sauer, R.T. Transcription factors: Structural families and principles of DNA recognition. Annu. Rev. Biochem. 1992, 61, 1053–1095. [Google Scholar] [CrossRef] [PubMed]

	



Wei, K.; Chen, J.; Wang, Y.; Chen, Y.; Chen, S.; Lin, Y.; Pan, S.; Zhong, X.; Xie, D. Genome-wide analysis of bZIP-encoding genes in maize. DNA Res 2012, 19, 463–476. [Google Scholar] [CrossRef] [PubMed]

	



Baloglu, M.C.; Eldem, V.; Hajyzadeh, M.; Unver, T. Genome-wide analysis of the bZIP transcription factors in cucumber. PLoS ONE 2014, 9, e96014. [Google Scholar] [CrossRef]

	



Wang, Z.; Cheng, K.; Wan, L.; Yan, L.; Jiang, H.; Liu, S.; Lei, Y.; Liao, B. Genome-wide analysis of the basic leucine zipper (bZIP) transcription factor gene family in six legume genomes. BMC Genom. 2015, 16, 1053. [Google Scholar] [CrossRef]

	



Finkelstein, R.R.; Gampala, S.S.; Rock, C.D. Abscisic acid signaling in seeds and seedlings. Plant Cell 2002, 14, S15–S45. [Google Scholar] [CrossRef]

	



Liu, C.; Ou, S.; Mao, B.; Tang, J.; Wang, W.; Wang, H.; Cao, S.; Schläppi, M.R.; Zhao, B.; Xiao, G.; et al. Early selection of bZIP73 facilitated adaptation of japonica rice to cold climates. Nat. Commun. 2018, 9, 3302. [Google Scholar] [CrossRef]

	



Kim, J.S.; Yamaguchi-Shinozaki, K.; Shinozaki, K. ER-Anchored Transcription Factors bZIP17 and bZIP28 Regulate Root Elongation. Plant Physiol. 2018, 176, 2221–2230. [Google Scholar] [CrossRef]

	



Rodriguez-Martinez, J.A.; Reinke, A.W.; Bhimsaria, D.; Keating, A.E.; Ansari, A.Z. Combinatorial bZIP dimers display complex DNA binding specificity landscapes. eLife 2017, 6, e19272. [Google Scholar] [CrossRef] [PubMed]

	



Dröge-Laser, W.; Snoek, B.L.; Snel, B.; Weiste, C. The Arabidopsis bZIP transcription factor family-an update. Curr. Opin. Plant Biol. 2018, 45, 36–49. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, Y.; Xu, D.; Jia, L.; Huang, X.; Ma, G.; Wang, S.; Zhu, M.; Zhang, A.; Guan, M.; Lu, K.; et al. Genome-wide identification and structural analysis of bZIP transcription factor genes in Brassica napus. Genes 2017, 8, 288. [Google Scholar] [CrossRef]

	



Zhang, M.; Liu, Y.; Shi, H.; Guo, M.; Chai, M.; He, Q.; Yan, M.; Cao, D.; Zhao, L.; Cai, H.; et al. Evolutionary and expression analyses of soybean basic leucine zipper transcription factor family. BMC Genom. 2018, 19, 159. [Google Scholar] [CrossRef] [PubMed]

	



Menkens, A.E.; Schindler, U.; Cashmore, A.R. The G-box: A ubiquitous regulatory DNA element in plants bound by the GBF family of bZIP proteins. Trends Biochem. Sci. 1995, 20, 506–510. [Google Scholar] [CrossRef]

	



Choi, H.; Hong, J.; Ha, J.; Kang, J.; Kim, S.Y. ABFs, a family of ABA-responsive element binding factors. J. Biol. Chem. 2000, 275, 1723–1730. [Google Scholar] [CrossRef]

	



Hossain, M.A.; Cho, J.I.; Han, M.; Ahn, C.H.; Jeon, J.S.; An, G.; Park, P.B. The ABRE-binding bZIP transcription factor OsABF2 is a positive regulator of abiotic stress and ABA signaling in rice. J. Plant Physiol. 2010, 167, 1512–1520. [Google Scholar] [CrossRef]

	



Huang, X.S.; Liu, J.H.; Chen, X.J. Overexpression of PtrABF gene, a bZIP transcription factor isolated from Poncirus trifoliata, enhances dehydration and drought tolerance in tobacco via scavenging ROS and modulating expression of stress-responsive genes. BMC Plant Biol. 2010, 10, 230. [Google Scholar] [CrossRef]

	



Tsugama, D.; Liu, S.; Takano, T. The bZIP Protein VIP1 Is Involved in Touch Responses in Arabidopsis Roots. Plant Physiol. 2016, 171, 1355–1365. [Google Scholar] [CrossRef]

	



Yoshida, T.; Fujita, Y.; Maruyama, K.; Mogami, J.; Todaka, D.; Shinozaki, K.; Yamaguchi-Shinozaki, K. Four Arabidopsis AREB/ABF transcription factors function predominantly in gene expression downstream of SnRK2 kinases in abscisic acid signalling in response to osmotic stress. Plant Cell Environ. 2015, 38, 35–49. [Google Scholar] [CrossRef]

	



Apel, K.; Hirt, H. Reactive oxygen species: Metabolism, oxidative stress, and signal transduction. Annu. Rev. Plant Biol. 2004, 55, 373–399. [Google Scholar] [CrossRef]

	



Kim, S.; Kang, J.Y.; Cho, D.I.; Park, J.H.; Kim, S.Y. ABF2, an ABRE-binding bZIP factor, is an essential component of glucose signaling and its overexpression affects multiple stress tolerance. Plant J. 2004, 40, 75–87. [Google Scholar] [CrossRef]

	



Hong, Y.; Zhang, H.; Huang, L.; Li, D.; Song, F. Overexpression of a stress-responsive NAC transcription factor gene ONAC022 improves drought and salt tolerance in rice. Front. Plant Sci. 2016, 7, 4. [Google Scholar] [CrossRef]

	



Qin, Y.; Wang, M.; Tian, Y.; He, W.; Han, L.; Xia, G. Over-expression of TaMYB33 encoding a novel wheat MYB transcription factor increases salt and drought tolerance in Arabidopsis. Mol. Biol. Rep. 2012, 39, 7183–7192. [Google Scholar] [CrossRef]

	



Kang, C.; Zhai, H.; He, S.Z.; Zhao, N.; Liu, Q.C. A novel sweetpotato bzip transcription factor gene, ibbzip1, is involved in salt and drought tolerance in transgenic Arabidopsis. Plant Cell Rep. 2019, 38, 1373–1382. [Google Scholar] [CrossRef]

	



Guo, X.; Zhang, L.; Wang, X.; Zhang, M.; Xi, Y.; Wang, A.; Zhu, J. Overexpression of Saussurea involucrata dehydrin gene SiDHN promotes cold and drought tolerance in transgenic tomato plants. PLoS ONE 2019, 14, e0225090. [Google Scholar] [CrossRef]

	



Liao, Y.; Zou, H.F.; Wang, H.W.; Zhang, W.K.; Ma, B.; Zhang, J.S.; Chen, S.Y. Soybean GmMYB76, GmMYB92, and GmMYB177 genes confer stress tolerance in transgenic Arabidopsis plants. Cell Res. 2008, 18, 1047–1060. [Google Scholar] [CrossRef]

	



Mishra, A.K.; Muthamilarasan, M.; Khan, Y.; Parida, S.K.; Prasad, M. Genome-wide investigation and expression analyses of WD40 protein family in the model plant foxtail millet (Setaria italica L.). PLoS ONE 2014, 9, e86852. [Google Scholar] [CrossRef]

	



Magwanga, R.O.; Lu, P.; Kirungu, J.N.; Lu, H.; Wang, X.; Cai, X.; Zhou, Z.; Zhang, Z.; Salih, H.; Wang, K.; et al. Characterization of the late embryogenesis abundant (LEA) proteins family and their role in drought stress tolerance in upland cotton. BMC Genet. 2018, 19, 6. [Google Scholar] [CrossRef] [PubMed]

	



Jha, B.; Sharma, A.; Mishra, A. Expression of SbGSTU (tau class glutathione S-transferase) gene isolated from Salicornia brachiate in tobacco for salt tolerance. Mol. Biol. Rep. 2011, 38, 4823–4832. [Google Scholar] [CrossRef]

	



Rong, W.; Qi, L.; Wang, A.; Ye, X.; Du, L.; Liang, H.; Xin, Z.; Zhang, Z. The ERF transcription factor TaERF3 promotes tolerance to salt and drought stresses in wheat. Plant Biotechnol. J. 2014, 12, 468–479. [Google Scholar] [CrossRef]

	



Qi, J.; Song, C.P.; Wang, B.; Zhou, J.; Kangasjarvi, J.; Zhu, J.K.; Gong, Z. Reactive oxygen species signaling and stomatal movement in plant responses to drought stress and pathogen attack. J. Integr. Plant Biol. 2018, 60, 805–826. [Google Scholar] [CrossRef]

	



Yu, T.F.; Zhao, W.Y.; Fu, J.D.; Liu, Y.W.; Chen, M.; Zhou, Y.B.; Ma, Y.Z.; Xu, Z.S.; Xi, Y.J. Genome-wide analysis of CDPK family in foxtail millet and determination of SiCDPK24 Functions in drought stress. Front. Plant Sci. 2018, 9, 651. [Google Scholar] [CrossRef]

	



Huala, E.; Dickerman, A.W.; Garcla-Hernandez, M.; Weems, D.; Reiser, L.; LaFond, F.; Hanley, D.; Kiphart, D.; Zhuang, M.; Huang, W.; et al. The Anabidopsis information resource (TAIR): A comprehensive database and web-based information retrieval, analysis, and visualization system for a model plant. Nucleic Acids Res. 2001, 29, 102–105. [Google Scholar] [CrossRef]

	



Skoneczka, J.A.; Maroof, M.A.S.; Shang, C.; Buss, G.R. Identification of candidate gene mutation associated with low stachyose phenotype in soybean line pi200508. Crop Sci. 2009, 49, 247–255. [Google Scholar] [CrossRef]

	



Thompson, J.D.; Gibson, T.J.; Plewniak, F.; Jeanmougin, F.; Higgins, D.G. The CLUSTAL-X windows interface: Flexible strategies for multiple sequence alignment aided by quality analysis tools. Nucleic Acids Res. 1997, 25, 4876–4882. [Google Scholar] [CrossRef]

	



Kumar, S.; Stecher, G.; Tamura, K. MEGA7, molecular evolutionary genetics analysis version 7.0 for bigger datasets. Mol. Biol. Evol. 2016, 33, 1870–1874. [Google Scholar] [CrossRef]

	



Liu, P.; Xu, Z.S.; Lu, P.P.; Hu, D.; Chen, M.; Li, L.C.; Ma, Y.Z. A wheat PI4K gene whose product possesses threonine autophophorylation activity confers tolerance to drought and salt in Arabidopsis. J. Exp. Bot. 2013, 64, 2915–2927. [Google Scholar] [CrossRef]

	



Chung, W.S.; Lee, S.H.; Kim, J.C. Identification of a calmodulin-regulated soybean Ca2+-ATPase (SCA1) that is located in the plasma membrane. Plant Cell 2015, 12, 1393–1407. [Google Scholar] [CrossRef]

	



Harrison, S.J.; Mott, E.K.; Parsley, K.; Aspinall, S.; Gray, J.C.; Cottage, A. A rapid and robust method of identifying transformed Arabidopsis thaliana seedlings following floral dip transformation. Plant Methods 2006, 2, 19. [Google Scholar] [CrossRef]

	



Cui, Y.; Wang, Q. Physiological responses of maize to elemental sulphur and cadmium stress. Plant Soil Environ. 2006, 52, 523–529. [Google Scholar] [CrossRef]

	



Oukarroum, A.; Madidi, S.E.; Schansker, G.; Strasser, R.J. Probing the responses of barley cultivars (hordeum vulgare l.) by chlorophyll a fluorescence OLKJIP under drought stress and re-watering. Environ. Exp. Bot. 2007, 60, 438–446. [Google Scholar] [CrossRef]

	



Sharp, R.E.; Hsiao, T.C.; Silk, W.K. Growth of the maize primary root at low water potentials: II. role of growth and deposition of hexose and potassium in osmotic adjustment. Funct. Plant Biol. 1990, 93, 1337–1346. [Google Scholar] [CrossRef]

	



Shi, W.Y.; Du, Y.T.; Ma, J.; Min, D.H.; Jin, L.G.; Chen, J.; Chen, M.; Zhou, Y.B.; Ma, Y.Z.; Xu, Z.S.; et al. The WRKY transcription factor GmWRKY12 confers drought and salt tolerance in soybean. Int. J. Mol. Sci. 2018, 19, 4087. [Google Scholar] [CrossRef]

	



Hao, Y.J.; Wei, W.; Song, Q.X.; Chen, H.W.; Zhang, Y.Q.; Wang, F.; Zou, H.F.; Lei, G.; Tian, A.G.; Zhang, W.K. Soybean NAC transcription factors promote abiotic stress tolerance and lateral root formation in transgenic plants. Plant J. 2011, 68, 302–313. [Google Scholar] [CrossRef]








[image: Ijms 21 00670 g001 550] 





Figure 1. Phylogenetic relationships of bZIPs with soybean and Arabidopsis thaliana. The phylogenetic tree was produced by MEGA 5.0 software based on the comparison of amino acid sequences of GmbZIPs. The neighbor-joining method was used and the bootstrap values were set at 1000. The brown dot means GmbZIPs that were high induced in transcriptome data (Table S1). GmbZIPs were divided into six classes. 
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Figure 2. Gene structure analysis of soybean bZIPs. (A) Intron–exon structures of 15 soybean bZIP genes. (B) Protein structure analysis of 15 soybean bZIP genes. 
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Figure 3. Distribution of the GmbZIP genes in soybean genome. The 15 soybean bZIP genes distributed on the 12 chromosomes. 
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Figure 4. The tissue specific expression patterns of the 15 GmbZIP genes. The tissues of soybean from left to right are flower open, flower unopen, lateral root standard, leaf ammonia, leaf nitrate, leaf standard, leaf symbiotic condition, leaf urea, nodules symbiotic condition, root tip standard, root ammonia, root nitrate, root standard, root symbiotic condition, root urea, shoot tip standard, stem standard, flower, leaves, nodules, pod, root, root hairs, seed, shoot apical meristem and stem organs. The color legend refers to the different expression levels under normal conditions. 
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Figure 5. Expression patterns of the 15 GmbZIP genes under drought treatment. Quantitative real-time polymerase chain reaction (qRT-PCR) data are normalized using soybean Actin (U60506) and displayed as relative to 0 h. The X-axes show time periods and y-axes depict scales of relative expression level (error bars indicate SD). 
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Figure 6. Expression patterns of the 15 GmbZIP genes under salt treatment. qRT-PCR data are normalized using soybean Actin (U60506) and displayed as relative to 0 h. The X-axes show time periods and y-axes depict scales of relative expression level (error bars indicate SD). 
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Figure 7. GmbZIP2 subcellular localization and expression patterns under different stresses. (A) Subcellular localization analysis of GmbZIP2 protein. The scale bar was shown by 10 μm. (B) Western blot detection analysis of GmbZIP2 protein subcellular localization. (C) The expression patterns of GmbZIP2 under different stresses. Vertical bars in C indicate ± SE of three replicates. 
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Figure 8. Phenotype identification of transgenic and WT (wild-type, WT, Col-0) seedlings under drought and salt stresses. (A) The growth states of transgenic and WT seedlings under drought and salt stresses. (B) The transcription levels of GmbZIP2 in transgenic and WT seedlings by semi-quantitative PCR. (C–F) The survival rates, Chlorophyll content, malondialdehyde (MDA) content and REC (relative electrical conductivity) of transgenic and WT Arabidopsis seedlings under drought and salt stresses, respectively. Vertical bars in C–F indicate ± SE of three replicates. ** indicate significant differences in comparison with the WT lines at p < 0.01. 
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Figure 9. Phenotype and function identification of soybean GmbZIP2 under drought and salt stresses. (A,B) Growth states of transgenic soybean hairy root composite plants and EV-control (the empty plasmid of pCAMBIA3301) plants under drought and salt stresses. (C,D) Transcriptional level of GmbZIP2 in transgenic soybean hairy roots. (E) The root elongation of transgenic soybean hairy root composite plants and EV-control plants under non-stress condition. (F) Root elongation of transgenic soybean hairy root composite plants and EV-control plants under drought condition. (G) Root elongation of transgenic soybean hairy root composite plants and EV-control plants under salt condition. (H) Proline content of transgenic soybean hairy root composite plants and EV-control plants under drought and salt conditions. (I) MDA content of transgenic soybean hairy root composite plants and EV-control plants under drought and salt conditions. (J) Relative electrical conductivity of transgenic soybean hairy root composite plants and EV-control plants under drought and salt conditions. Vertical bars indicate ± SE of three replicates. ** indicates significant differences in comparison with the control lines at p < 0.01. 
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Figure 10. Expressions of five stress-responsive genes in transgenic GmbZIP2 soybean hairy root plants under normal conditions, 150 mM NaCl and 200 mM mannitol treatments detected by qRT-PCR. Vertical bars indicate ± SE of three replicates. 
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