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Abstract

:

Dehydration-responsive element-binding (DREB) transcription factors of the A2 subfamily play key roles in plant stress responses. In this study, we identified and characterized a new A2-type DREB gene, ZmDREB2.9, in the Zea mays cv. B73 genome and compared its expression profile with those of the known A2-type maize genes ZmDREB2.1–2.8. ZmDREB2.9 was mapped to chromosome 8, contained 18 predicted hormone- and stress-responsive cis-elements in the promoter, and had two splice isoforms: short ZmDREB2.9-S preferentially expressed in the leaves, embryos, and endosperm and long ZmDREB2.9-L expressed mostly in the male flowers, stamens, and ovaries. Phylogenetically, ZmDREB2.9 was closer to A. thaliana DREB2A than the other ZmDREB2 factors. ZmDREB2.9-S, ZmDREB2.2, and ZmDREB2.1/2A were upregulated in response to cold, drought, and abscisic acid and may play redundant roles in maize stress resistance. ZmDREB2.3, ZmDREB2.4, and ZmDREB2.6 were not expressed in seedlings and could be pseudogenes. ZmDREB2.7 and ZmDREB2.8 showed similar transcript accumulation in response to cold and abscisic acid and could be functionally redundant. Our results provide new data on Z. mays DREB2 factors, which can be used for further functional studies as well as in breeding programs to improve maize stress tolerance.
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1. Introduction


Maize (Zea mays L.) is the third most extensively cultivated cereal crop worldwide. Its ability to cross-pollinate in combination with a large genome (2.3 Gb) [1,2] provides an exceptional level of genetic diversity, which is successfully exploited in breeding programs [3,4]. Maize has been the object of many studies on monocot evolution [5], epigenetics [6], transposition [7], heterosis [8], and chloroplast differentiation in C4 species [9]. However, the need for genetic improvement of maize agricultural and economic traits is constantly increasing, especially in view of expanding cultivation in different areas, and further studies on the mechanisms regulating plant resistance to various biotic and abiotic stresses are required.



External stress stimuli perceived by plant cells through cell wall receptors trigger intracellular signaling mainly associated with reactive oxygen species (ROS) production and regulation of free Ca2+ concentration. The two main stress-activated signaling cascades involving mitogen-activated protein kinases (MAPKs) and Ca2+-dependent protein kinases (CDPKs) [10] are coordinated by phytohormones such as abscisic acid (ABA), jasmonic acid (JA), salicylic acid (SA), and ethylene (ET) and controlled by transcription factors (TFs) [11,12]. The APETALA2/ET-responsive element binding factor (AP2/ERF) family includes ERFs and dehydration-responsive element-binding (DREB) proteins, which bind to ET-responsive elements via the GCC box (AGCCGCC) and to the cis-acting DRE/C-repeat site (TACCGACAT), respectively [13,14,15].



Based on the sequence similarity of their AP2 domains, DREB factors are divided into six types (A1–6) [14], all of which are implicated, albeit to a different extent, in the control of hormone and stress responses. Among DREB genes of the A3–6 types, ABI4 (A3-type) has been shown to regulate ABA signaling in Arabidopsis thaliana and maize [16,17,18] and A. thaliana TINY (A4-type)—the response to drought, cold, and exogenous ET and JA [19]. The overexpression of GhDBP3 (A4-type) or GhDBP2 (A6-type) in Gossipium hirsutum [20,21] and StDREB2 (A5-type) in Solanum tuberosum [22] is sufficient to increase plant resistance to abiotic stresses. At the same time, maize ZmDREB4.1 (A4-type) is not induced by such stresses as drought, salt, cold, or wounding [23].



The largest and most studied types of DREB TFs are A1 (DREB1/C-repeat factor [CBF]) and A2 (DREB2), which are mostly involved in abiotic stress resistance [24,25,26,27]. DREB1/CBF and DREB2 factors have high homology in the DNA-binding domain characteristic for the AP2/ERF family and can bind the same DRE core sequence (A/GCCGAC). DREB1/CBFs are considered to be important for cold tolerance [28,29,30] and are conserved in plants regardless of their ability to acclimatize to cold [27,31]. The expression of Arabidopsis DREB1/CBF genes is sharply and strongly induced by low temperatures, whereas that of DREB2A genes is almost not affected by cold but upregulated in response to dehydration and salt stresses [14,30,32]. On the other hand, Oryza sativa OsDREB1 gene is found to be induced not only by cold but also by high salinity and drought [32]. Functionally redundant CBF1–CBF3 genes are quickly induced by low temperatures, and the corresponding proteins activate the expression of >40 cold-responsive genes regulated by DREB1/CBF [28,30,33,34,35,36]. In many plants, including maize, the overexpression of the DREB1/CBF regulon improves the resistance to frost [37,38,39].



DREB2 TFs regulate responses to a wider range of abiotic stresses, including drought, salt, heavy metals, cold, and heat [27,40,41,42]. Thus, SbDREB2A and SbDREB2B genes are activated in Sorghum bicolor treated with salt and cadmium [43], whereas the overexpression of SbDREB2 in transgenic Oryza sativa increases plant resistance to water deficiency [44]. Triticum aestivum TaDREB1 gene (A2-type) is found to be induced by cold, high salinity and drought [45]. H. vulgare HvDRF1 (A2-type) is reported to accumulate after drought and high salinity stresses and to be involved in ABA-mediated gene regulation [46]. DREB2A and DREB2B are induced in A. thaliana after osmotic stress [30], and it has been shown that the two genes are major TFs regulating the expression of high salinity- and drought-induced genes, respectively [47,48].



Advances in whole-genome sequencing have facilitated the identification and characterization of AP2/ERF factors in plants, including maize [49,50]. A total of 65 members of the DREB family are classified in the genome of Z. mays cv. B73 based on a previous assembly (GCF_000005005.2), including 10 genes belonging to each of the canonical A1 and A2 types [49], and 61 DREB genes are predicted based on the current genome assembly (GCF_902167145.1) [50]. However, the information on structural and functional characteristics of maize A2-type genes is rather limited. A previous study has analyzed the expression pattern of ZmDREB2.1–ZmDREB2.8 genes in different maize organs and revealed a significant association of the ZmDREB2.7 promoter region with drought tolerance at the seedling stage [49]. ZmDREB2A is the most studied DREB gene in maize; it has two splice isoforms, of which only the functional one, ZmDREB2A-S, is significantly induced by abiotic stresses such as cold, heat, dehydration, and salt through upregulation of acetylated histones H3K9 and H4K5 associated with the ZmDREB2A promoter [51,52].



In this study, we identified and characterized a new A2-type ZmDREB2.9 gene homologous to ZmDREB2.1/2A and compared its structural composition, promoter cis-regulatory elements, and expression pattern in maize organs with those of the known ZmDREB2.1/2A–2.8 genes. The transcript accumulation of ZmDREB2 genes in response to cold, salt, drought, and exogenous ABA were also analyzed. Our results provide new data on the DREB2 gene subfamily in Z. mays, which can be used in breeding programs to improve maize stress tolerance and acclimatization.




2. Results


2.1. Characterization of A2-Type DREB Genes in Z. mays B73 and Identification and Analysis of a New A2-Type ZmDREB2.9 Gene


The information on eight A2-type ZmDREB genes extracted from previous genome-wide identification reports [49,50] and the NCBI and Maize genome databases is summarized in Table 1. In this study, we identified a new A2-type ZmDREB gene based on BLAST-P alignment and characteristics of the A2-type DNA-binding domain [14]; this gene has not been previously described but is annotated in the NCBI as ZmDREB2A (Gene ID: 100286109; Table 1). It should be noted that another Z. mays gene has been widely studied under the same name, ZmDREB2A; however, in the NCBI it is annotated as ZmDREB1c (Gene ID: 732788), although ZmDREB2A is mentioned among the synonymous gene names (Table 1). To avoid confusion, we used the names ZmDREB2.1/2A–ZmDREB2.8, where ZmDREB2.1/2A corresponds to ZmDREB1c in [49], and designated the new gene as ZmDREB2.9 (Table 1).



The ZmDREB2.1/2A–2.9 genes are evenly distributed over maize chromosomes 1, 4, 6, 8, and 9; similar to ZmDREB2.1/2A, the new ZmDREB2.9 gene is located on chromosome 8 (Figure 1).



The main characteristics of the translated ZmDREB2 gene products are presented in Table 1. All analyzed proteins had a full-length DNA-binding AP2 domain (smart00380), which contained V14 and E19 residues important for the DNA-binding specificity of DREB2A TFs [14].



Phylogenetic analysis revealed three clades: DREB2A (ZmDREB2.1/2A and ZmDREB2.9), DREB2C (ZmDREB2.2), and ABI4 (ZmDREB2.3–2.8) (Figure 2a). Among the proteins of the DREB2A clade, the AP2 domain is a highly conserved region, while the N-terminus is the most polymorphic (Figure S1). ZmDREB2.9 was closer to DREB2A than ZmDREB2.1/2A. In the NCBI non-redundant protein sequence database, ZmDREB2.1/2A and ZmDREB2.9 are homologous to each other (identity 68%) and to the A. thaliana DREB2A protein (NP_001031837.1; identity 66% with both maize proteins).



A total of 25 conserved motifs were identified in the analyzed ZmDREB2 proteins and their A. thaliana homologs (Figure 2b). Motifs 1 and 10 constituted the AP2-domain. Proteins of the DREB2A clade shared motifs 8, 4, 1, and 10 (except for isoform X5 of ZmDREB2.1/2A, although motif 22 [consensus MKGKGGPENGI] was a part of motif 4 [RKAPAKGSKKGCMKGKGGPEN]). Motifs 21, 13, 15, and 18 were found in AtDREB2A/B proteins, motifs 17 and 9—in ZmDREB2.9, and motifs 11, 24, 12, 2, and 9—in ZmDREB2.1/2A. ZmDREB2.2 contained only motifs 22, 1, and 10 and could represent a truncated version or be a result of incorrect assembly. Motifs 19, 25, and 20 were unique for ZmDREB2.3–2.6 and motifs 23 and 16—for ZmDREB2.7 and ZmDREB2.8.



These results confirmed the phylogenetic relationship among ZmDREB2 and AtDREB2A proteins (Figure 2a), Thus, the motif profiles of ZmDREB2.9 (8-4-1-10-17-9) and AtDREB2A (8-4-1-10-21-13-[18]-15) showed the greatest similarity and differed from that of ZmDREB2.1/2A, which had additional N-terminal motifs (11-24-12), although containing the same C-terminal motif 9 as ZmDREB2.9 (Figure 2b).




2.2. ZmDREB2.1–2.9 Promoter Analysis


Considering the role of ZmDREB2 genes in maize stress response [49,50,51], we searched for cis-acting elements in the 5′-UTR and promoter regions (1 kb upstream of the start codon). As a result, 6 hormone- and 9 stress-responsive elements and 9 other regulatory sites associated with developmental processes and TF binding were identified (Table 2). Among the former, the most common were ABA responsive elements (ABRE, detected in all genes except ZmDREB2.3–2.5) and the CGTCA motif (MeJA and osmotic stress responsiveness; detected in all genes except ZmDREB2.3); the most enriched for ABRE were ZmDREB2.7 and ZmDREB2.8 and for CGTCA—ZmDREB2.7 and ZmDREB2.9. SA-responsive sites were found in ZmDREB2.1/2A, ZmDREB2.4, and ZmDREB2.5, auxin-responsive—in ZmDREB2.1/2A and ZmDREB2.9, and gibberellin-responsive—in ZmDREB2.3 and ZmDREB2.8. ET-sensitive elements were not detected (Table 2).



Among the 9 stress-responsive elements, the most common were anaerobic responsive element (ARE) involved in the activation of anaerobic gene expression (the highest number in ZmDREB2.4) and stress response element (STRE) implicated in the regulation of heat and osmotic stress-related genes (the highest number in ZmDREB2.1). Drought-responsive elements (DRE1/DRE core) were found in the promoters of ZmDREB2.2, ZmDREB2.7, and ZmDREB2.8 and low temperature-responsive elements (LTRs)—in those of ZmDREB2.3 and ZmDREB2.7.



Comparison of the promoter regions in ZmDREB2.1/2A and ZmDREB2.9 revealed 4 and 3 ABRE, 1 and 1 TGA element, 1 and 4 CGTCA motifs, 1 and 0 TCA elements, 2 and 1 AREs, 0 and 2 STREs, 0 and 1 W-box, 0 and 2 WRE3, and 0 and 2 GC motifs, respectively. Promoters of both genes had cis-elements related to meristem-specific activation (CCGTCC motif) and that of ZmDREB2.1/2A had a site associated with circadian control.



The ZmDREB2.4 promoter contained 7 CAT-box elements, suggesting that this TF may be the most responsive to developmental processes.




2.3. ZmDREB2.9 Expression in Various Organs of Maize cv. B73


To elucidate the role of the identified ZmDREB2.9 gene in maize development, we analyzed the transcript levels of two ZmDREB2.9 isoforms: long form iso1 (ZmDREB2.9-L; NM_001372391.2) and short form X1 (ZmDREB2.9-S; XM_020542190.3) in vegetative and reproductive tissues by quantitative real-time (qRT) PCR (Figure 3a). The results showed that both isoforms were expressed in all analyzed organs (Figure 3b). ZmDREB2.9-S was most strongly expressed in embryos, where ZmDREB2.9-L transcripts were present in very low numbers. The expression of ZmDREB2.9-S was also significantly higher than that of ZmDREB2.9-L in the endosperm, cob wraps and stalks, and leaves and lower in the stamens, ovaries, and male flowers.




2.4. ZmDREB2.1–2.9 Expression in Maize Seedlings in Response to Stresses


Considering the different profiles of stress-responsive cis-regulatory elements in ZmDREB2.1/2A–2.9 promoters (Table 2), we analyzed the expression of these genes in the leaves of maize seedlings exposed to cold, salt, drought, and exogenous ABA at 6 and 24 h after treatment (Figure 4). After 6 h, the experimental plants did not differ outwardly from the control, while after 24 h a slight wilting of the leaves was observed in the case of cold, salinity and drought; we did not notice any difference with the control when treated with ABA (Figure S2). Leaves analyzed for relative water content (RWC) at 6/24 h points were characterized by a decrease in water content of ~4/5% (ABA), ~5/13% (cold), ~5/18% (salinity) and ~11/21% (drought) (Figure S3).



The results revealed that ZmDREB2.3, ZmDREB2.4, and ZmDREB2.6 were not transcribed in the young leaves either under normal or stress conditions (Figure 4).



For ZmDREB2.1/2A, we evaluated the transcript levels of four isoforms, X1/iso1 and X2/X3 (Table 1); as X4 and iso3 corresponded to ZmDREB2A-S, which was analyzed previously for stress response [51], they were not analyzed. The identity of the shortest isoform X5 to the corresponding section of the ZmDREB2.1/2A isoforms did not allow the design of the primers to test its expression. The expression of X2/X3 was downregulated by cold, high salt, and drought, and slightly upregulated by ABA at 6 h. Iso1/X1 expression was also upregulated at 6 h after ABA treatment but not affected by stresses (Figure 4).



ZmDREB2.2 and ZmDREB2.5 were upregulated by ABA and cold and showed bell-shaped expression changes (increase at 6 h and decrease at 24 h) after exposure to high salt and drought (Figure 4).



ZmDREB2.7 was repressed by salt and drought but strongly activated by cold; it was downregulated by ABA at 6 h and upregulated at 24 h (Figure 4).



ZmDREB2.8 transcript accumulation was significantly induced by ABA and especially by cold stress and downregulated by salt and drought (Figure 4).



ZmDREB2.9-L transcripts were not detected in the seedlings under normal or stress conditions. However, ZmDREB2.9-S was upregulated by cold, drought, and, to a lesser extent, by ABA and downregulated by high salt (Figure 4).





3. Discussion


The development and productivity of plants are affected by various abiotic stresses, which activate plant molecular mechanisms providing adaption to adverse conditions. Drought, high salinity, and extreme temperatures limit the geographical distribution of plants as they cause dehydration and, ultimately, cell death [53]. Chilling (0–15 °C) increases membrane rigidity, destabilizes protein complexes, and disrupts photosynthesis [54], and freezing (<0 °C) results in ice formation in the apoplast [55] and destruction of cellular membranes [28]. Drought leads to dehydration resulting in osmotic and oxidative stresses and cell death [56], whereas high salinity reduces water uptake, causing toxic effects, nutritional imbalance, and acceleration of ROS production [57].



DREB TFs are key regulators of plant responses to stressful conditions [27,53], playing an important role in the protection and acclimation of various plant species, including maize [49,51,52], which suggests their potential utility in crop breeding programs. In the present study, we identified and characterized a new maize gene, ZmDREB2.9, belonging to the A2-type DREB subfamily and performed comparative profiling of DREB2 maize genes in terms of tissue expression patterns and stress-dependent regulation.



Although ZmDREB2.9 has been annotated in the NCBI as ZmDREB2A, it has not yet been studied, probably because of confusing terminology, since the ZmDREB2.1/2A gene (annotated as ZmDREB1c in the NCBI) is already known in the literature. Our phylogenetic analysis indicates that the products of the new ZmDREB2.9 and the known ZmDREB2.1/2A genes are structural homologs and belong to the AtDREB2A/B clade (Figure 2a), suggesting similar functions in the regulation of abiotic stress responses [27,51,58,59,60]. Furthermore, ZmDREB2.9 and ZmDREB2.1/2A are located on the same chromosome 8 (Figure 1) and could possibly be a result of segmented gene duplication, implying their functional redundancy.



Unlike the intronless ZmDREB2.3–2.8 genes, ZmDREB2.9 and ZmDREB2.1/2A contain 1 and 1–3 (depending on the splicing scheme) introns, respectively. Considering that intronless genes have evolved from their intron-containing counterparts in order to accelerate plant stress response [61], it can be assumed that ZmDREB2.9 and ZmDREB2.1/2A have a more ancient origin than ZmDREB2.3–2.8. Interestingly, ZmDREB2.3–2.8 are homologous to ABI4 (Figure 2a), which is involved in ABA signaling [16,17,18] and is considered an A3-type DREB factor, which questions the assignment of ZmDREB2.3–2.8 to the A2 subfamily [49].



The ZmDREB2.9 gene produces two transcript variants, longer ZmDREB2.9-L and shorter ZmDREB2.9-S (Figure 3a), similar to ZmDREB2.1/2A and AtDREB2A, which also have long and short transcript isoforms (Table 1). Among the ZmDREB2.1/2A splicing isoforms, only a shorter one, ZmDREB2.1/2A-S (AB218832, homologous to X4 and iso 3; Table 1), is considered to be functional and is significantly induced by temperature, drought, and osmotic stresses [27,51,58]. Consistent with these data, we observed stronger expression of the shorter ZmDREB2.9-S isoform compared to the longer one, ZmDREB2.9-L, although both transcripts were detected in maize adult tissues (Figure 3b). Furthermore, only ZmDREB2.9-S transcript accumulation was affected by cold, high salt, drought, and external ABA (Figure 4). These results imply functional similarity between ZmDREB2.1/2A-S and ZmDREB2.9-S.



It has been suggested that the transcriptional activity of AtDREB2A in A. thaliana depends on the stability of the protein product; as the short form AtDREB2A-CA lacking a 30 aa region (located between the AP2 domain and C-terminus) is stable, it can positively affect the level of the corresponding transcript [59,60]. In view of this, it can be hypothesized that the difference in the expression between shorter and longer isoforms of ZmDREB2.1/2A and ZmDREB2.9 could be attributed to the length of the N-terminus in the corresponding proteins (Figure 2b and Figure 3a), which may affect protein stability and, ultimately, isoform transcript accumulation. MEME motif profiling revealed that the N-terminus of the shorter ZmDREB2.1/2A isoforms differed from that of the longer ones (which are not functional [51]) by the absence of motifs 24 and 12; however, the motif composition of ZmDREB2.9-L was identical to that of ZmDREB2.9-S (Figure 2b). Therefore, in contrast to ZmDREB2.1/2A-L, ZmDREB2.9-L may be functional, which is consistent with its expression pattern in maize organs, including male flowers, stamens, and ovaries, where its mRNA levels even exceeded those of the shorter form (Figure 3).



The increased expression of ZmDREB2.9-S in embryos and endosperm (Figure 3b) indicates its possible role in grain development and maturation, which may be related to ABA accumulation. ABA is known to promote cell division in the seed endosperm and increase grain capacity, filling rate, and yield [62,63]. In this study, we found that the expression of ZmDREB2.9-S was upregulated in response to ABA (Figure 4), which can be attributed to the presence of three ABRE elements in the promoter (Table 2).



We observed differential stress responses of homologous ZmDREB2.9 and ZmDREB2.1/2A genes, which could be associated with the differences in cis-regulatory motif profiles of their promoters. Although both genes had a similar set of promoter hormone-sensitive elements, ZmDREB2.9 had a higher number of stress-sensitive motifs, whose pattern was more similar to that of ZmDREB2.2 (Table 2). The ZmDREB2.2 gene, more distantly related to the DREBA/B group (Figure 2a), was activated in response to ABA, cold, and drought (Figure 4), suggesting its role in maize stress resistance, which could be redundant to those of ZmDREB2.9 and ZmDREB2.1/2A.



Stress-sensitive elements were also found in the promoters of the ABI4 clade genes, ZmDREB2.3, ZmDREB2.4, and ZmDREB2.6 (Table 2). However, these genes were not transcribed in maize seedlings either under normal or stress conditions (Figure 4), although ZmDREB2.3 and ZmDREB2.4 have been previously shown to be expressed, albeit at low levels, in seedlings under normal conditions [49]. These data suggest that ZmDREB2.3, ZmDREB2.4, and ZmDREB2.6 may be pseudogenes or have a yet-unknown function. It should be noted that the ZmDREB2.4 gene is currently not annotated in the NCBI database (Table 1), and it is unclear which gene is expressed, and whether the ZmDREB2.3 gene is transcribed in fact [49].



A decrease in ZmDREB2.7 expression in response to drought (Figure 4) is consistent with the association between dehydration resistance at the seedling stage and the ZmDREB2.7 promoter structure [49]. At the same time, ZmDREB2.7 transcript level was significantly activated by ABA and cold and inhibited by high salinity (Figure 4), which corresponds with the assignment of ZmDREB2.7 to the ABI4 group (Figure 2a) and may indicate its involvement in the ABA signaling pathway and maize resistance to abiotic stresses. The function of the ZmDREB2.7 gene may be redundant to that of ZmDREB2.8, which was identified as the closest ZmDREB2.7 homolog (Figure 2a) and behaved similarly under stresses (Figure 4). It is possible that the ZmDREB2.7 and ZmDREB2.8 genes may have emerged through gene duplication. ZmDREB2.7 is the only gene whose promoter has a zein metabolism regulation element (O2 site) (Table 2), and it can be hypothesized that ZmDREB2.7 could have acquired (or ZmDREB2.8 lost) the O2 site through neofunctionalization; thus, ZmDREB2.7 may be involved in the regulation of zein metabolism in maize grain.



Our results provide new data about the Z. mays DREB A2-type genes, which can be useful for breeding programs aimed on increasing the resistance of maize crop to various abiotic stresses.




4. Materials and Methods


4.1. In Silico Identification and Structural Characterization of ZmDREB2 Genes


The search for ZmDREB2 genes was performed based on the Z. mays cv. B73 whole-genome assembly (NCBI Zea mays Annotation Release 103; GCF_902167145.1) and previous publications [49,50].



Multiple sequence alignment, structural analyses of the ZmDREB2 genes and encoded proteins, and construction of a phylogenetic dendrogram (Maximum Likelihood method) were conducted using MEGA 7.0.26 [64]; confidence for tree topologies was estimated by bootstrap values of 1000 replicates.



Putative ZmDREB proteins were characterized by molecular weight, pI (ExPASy ProtParam; https://web.expasy.org/protparam/; accessed on 30 August 2022), conserved domains, sites, and motifs (NCBI-CDD, https://www.ncbi.nlm.nih.gov/cdd; accessed on 30 August 2022; and MEME 5.4.1, http://meme-suite.org/tools/meme; accessed on 30 August 2022). The chromosomal localization map was drawn using MG2C v. 2.1 (http://mg2c.iask.in/mg2c_v2.1/; accessed on 30 August 2022).




4.2. RNA Extraction and qRT-PCR


Total RNA was extracted from individual roots, leaves, male flowers, stamens, cob wraps, cob stalks, silk, ovaries, grain embryos, and grain endosperm (0.1 g of each tissue) using the RNeasy Plant Mini Kit (QIAGEN, Hilden, Germany), purified from genomic DNA (RNase free DNase set; QIAGEN), qualified by gel electrophoresis, and used for first-strand cDNA synthesis (GoScript Reverse Transcription System; Promega, Madison, USA) with an oligo-dT primer. RNA and cDNA concentrations were quantified by fluorimetry (Qubit® Fluorometer, Thermo Fisher Scientific, Waltham, MA, USA), and qRT-PCR was performed in a CFX96 Real-Time PCR Detection System (Bio-Rad Laboratories, Hercules, CA, USA) with 3.0 ng cDNA, SYBR Green RT-PCR mixture (Syntol, Moscow, Russia), and specific primers (Table S1). The following cycling conditions were used: initial denaturation at 95 °C for 5 min, 40 cycles of denaturation at 95 °C for 15 s, and annealing/extension at 60 °C for 40 s.



ZmDREB2 gene expression was normalized using the ZmUBC gene (GRMZM2G419891) as reference [49], and the qRT-PCR results were statistically analyzed with Graph Pad Prism version 8 (GraphPad Software Inc., San Diego, CA, USA; https://www.graphpad.com/scientific-software/prism/, accessed on 27 July 2022). The data were expressed as the mean ± standard deviation (SD) based on three technical replicates of three biological replicates for each combination of cDNA and primer pairs. The unequal variance (Welch’s) t-test was applied to assess differences in gene expression; p < 0.01 was considered to indicate statistical significance.




4.3. Promoter and 5′-UTR Analysis


The search for specific cis-elements in the promoters and 5′-UTRs (1.0 kb regions upstream of the initiation codon) was performed using the PlantCARE database, which provides evaluation of cis-regulatory elements, enhancers, and repressors; (http://bioinformatics.psb.ugent.be/webtools/plantcare/html/; accessed on 25 August 2022).




4.4. Plant Material and Stress Assays


Z. mays cv. B73 grains were germinated in pots with soil, and plant were grown in a greenhouse (16 h light/8 h dark; 23 °C) for two weeks (stress analysis) and two and a half months (to the harvest; for the collection of tissues of various organs). Total RNA was isolated from adult plant organs (roots, leaves, male flowers, stamens, cob wrap, cob stalk, silk, ovaries, and grain embryos and endosperm) and used to synthesize cDNA for gene expression analysis by qRT-PCR.



Maize seedlings at the stage of 3–4 leaves were used to analyze stress response. Cold stress was performed at +4 °C in a climatic chamber. ABA treatment was done by spraying seedlings with 100 µM ABA. To analyze the effect of drought and high salt, seedlings with roots were cleaned from soil with distilled water and transferred to liquid Murashige and Skoog medium supplemented with 10% polyethylene glycol (PEG-6000) or 250 mM NaCl, respectively.



Leaves were harvested 6 and 24 h after each treatment and frozen in liquid nitrogen until further analyses. Untreated plants were used as control. The experiments were performed in two biological and three technical replicates.



Plant leaves at points 6 and 24 h post-stress were analyzed for RWC according to [65]. To do this, the leaf (petiole to the bottom) was placed in a pre-weighed airtight vial and weighed to obtain the weight of the leaf sample (W). Then, the sample was moistened for 3–4 h at room light and temperature: deionized water was poured into the vial to a level of 2 cm, the vial was closed with a lid, and the leaf received moisture through the petiole. After hydration, the samples were dried from surface moisture using filter paper and weighed to obtain the total turgid mass (TW). The samples were then dried in an oven at 80 °C for 24 h and after cooling were weighed to determine the dry weight (DW). Calculation: RWC (%) = [(W − DW)/(TW − DW)] × 100.





5. Conclusions


In the Z. mays cv. B73 genome, we identified and characterized a new A2-type ZmDREB2.9 gene, which showed homology to the ZmDREB2.1/2A gene, and compared its expression profile with those of the known A2-type maize genes ZmDREB2.1/2A–2.8. The two ZmDREB2.9 splice isoforms had distinct expression patterns in maize organs, indicating preferential involvement of the shorter transcript ZmDREB2.9-S in the development of the leaves, embryos, and endosperm and that of the longer transcript ZmDREB2.9-L in the development of the male flowers, stamens, and ovaries. Analysis of protein sequence homology, transcriptional response to stresses, and profiles of promoter hormone- and stress-responsible cis-acting elements points on the functional redundancy of ZmDREB2.9-S, ZmDREB2.1/2A, and ZmDREB2.2 as A2-type DREB genes. The absence of ZmDREB2.3, ZmDREB2.4, and ZmDREB2.6 transcripts in maize seedlings both under normal and stress conditions suggests that they are either pseudogenes or have an unknown function. The ZmDREB2.7 gene may regulate zein metabolism in maize grain and, together with ZmDREB2.8, play a redundant role in ABA signaling and plant resistance to abiotic stresses. Our results provide new data on the A2-type DREB TFs in Z. mays, which can be used for further functional characterization of the ZmDREB2.1/2A–2.9 genes and could contribute to the development of breeding programs to improve maize stress tolerance and acclimatization.
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Figure 1. Chromosome location of A1-type ZmDREB1/2A (grey) and A2-type ZmDREB2.1/2A–2.9 (blue) genes in the Z. mays genome. Chromosome lengths (indicated on the left) are based on the Z. mays cv. B73 genome (Zm-B73-REFERENCE-NAM-5.0); chr, chromosome. 
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Figure 2. Evolutionary relationships of the ZmDREB2.1/2A–2.9 and A. thaliana AtDREB proteins (NCBI IDs are indicated). (a) The unrooted dendrogram was constructed using the Maximum Likelihood method according to the JTT matrix-based model (bootstrap test: 1000 replicates) in MEGA 7.0.26. (b) Distribution of conserved motifs in ZmDREB2.1/2A–2.9 and AtDREB proteins. Analysis was performed using MEME 5.4.1; the length of each box corresponds to that of the motif. 
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Figure 3. Comparison of ZmDREB2.9 isoforms ZmDREB2.9-L and ZmDREB2.9-S. (a) Sequence alignment of ZmDREB2.9-S and ZmDREB2.9-L; 100% identical regions are highlighted gray, and the AP2 domain is underlined with a solid line. The sequences of motif 8 (m8; see Figure 2b), following the area of ZmDREB2.9 alternative splicing, as well as motifs 1 (m1) and 10 (m10), comprising the AP2 domain, are shown by a dotted lines (b) Transcript levels of ZmDREB2.9-L and ZmDREB2.9-S in the indicated Z. mays cv. B73 tissues. The data were normalized to the mRNA expression of the ZmUBC gene (GRMZM2G419891) and presented as the mean ± SD (n = 3); * p < 0.01. 
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Figure 4. Heatmap of ZmDREB2.1/2A–2.9 time-dependent expression in Z. mays cv. B73 seedlings subjected to cold, high salt, and drought stresses and ABA treatment. The data were normalized to ZmUBC expression. The color gradient indicates expression changes from low (blue) to high (red). 
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Table 1. Characteristics of the A2-type DREB genes in the Z. mays B73 genome.
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Gene Name *

	
Gene/Locus ID

	
Genomic Localization

(NCBI)

	
Gene, bp

	
CDS, bp

	
Protein, aa

	
MW, kDa

	
pI

	
AP2 Domain Localization, aa

	
Annotation in

Zm-B73-REFERENCE-NAM-5.0






	
ZmDREB2.1/no

	
Gene ID: 732788

LOC732788/Zm00001d010048/GRMZM2G006745

	
chr8:96775353–96778297

[NC_050103.1 (96775198..96778545)]

	
2945

	
1107 (X1)

	
368

XP_008655447.1

	
39.65

	
5.08

	
134–190

	
DRE-binding protein 1c,

also known as

DBP1a; DBP1b; DBP1c; DREB2; DREB2A; TIDP2952; ZmDREB2A; GRMZM2G006745




	
ZmDREB2.1/ZmERF135

	
1104 (X2)

	
367

XP_008655449.1

	
39.58

	
5.08

	
133–189




	
ZmDREB2.1/no

	
1101 (X3)

	
366

XP_035817469.1

	
39.51

	
5.02

	
132–188




	
ZmDREB2.1/ZmERF134

	
963 (X4)

	
320

XP_023156565.1

	
34.7

	
4.94

	
86–142




	
ZmDREB2.1/ZmERF136

	
747 (X5)

	
248

XP_020397925.1

	
26.55

	
4.3

	
14–70




	
ZmDREB2.1/no

	
1104 (iso1)

	
367

NP_001292873.1

	
39.58

	
5.02

	
133–189




	
ZmDREB2.1/no

	
960 (iso3)

	
319

NP_001105876.2

	
34.62

	
4.94

	
85–141




	
ZmDREB2.2/no

	
Gene ID: 103630470

LOC103630470

	
chr6:164425309–164427359

[NC_050101.1 (164425038..164427713)]

	
2051

	
618

	
205

XP_008649742.1

	
22.01

	
6.35

	
61–118

	
Dehydration-responsive element-binding protein 2D




	
ZmDREB2.3/ZmERF104

	
Gene ID: 100384333

LOC100384333/Zm00001d038001/GRMZM2G093595

	
chr6:151835642–151836388

[NC_050101.1 (151835246..151836529, complement)]

	
747

	
747

	
248

XP_008649551.1

	
26.8

	
7.99

	
41–103

	
Ethylene-responsive transcription factor ABI4




	
ZmDREB2.4/no

	
Gene ID: 103631782

LOC103631782/Zm00001eb005650/GRMZM2G419901

	
chr1:15900859–15901824

[NC_024459.2 (16005938..16006903)

B73 RefGen_v4 (GCF_000005005.2)]

	
966

	
966

	
321

XP_008651496.1

	
34.08

	
5.99

	
28–89

	
Dehydration-responsive element-binding protein 2E

Gene ID: 103631782,

This record represents a gene not currently annotated in the NCBI.




	
ZmDREB2.5/ZmERF154

	
Gene ID: 103639528

LOC103639528/Zm00001d048296/GRMZM2G376255

	
chr9:157327869–157328792

[NC_050104.1 (157327689..157328926, complement)]

	
924

	
924

	
307

XP_008660491.1

	
32.72

	
5.65

	
28–90

	
Dehydration-responsive element-binding protein 2E




	
ZmDREB2.6/ZmERF155

	
Gene ID: 103639531

LOC103639531/Zm00001d048297/GRMZM2G399098

	
chr9:157365710–157366678

[NC_050104.1 (157365710..157366678, complement)]

	
969

	
969

	
322

XP_008660493.1

	
34.3

	
6.89

	
28–87

	
Dehydration-responsive element-binding protein 2E




	
ZmDREB2.7/ZmERF18

	
Gene ID: 103643169

LOC103643169/Zm00001d031861/GRMZM2G028386

	
chr1:206336830–206338050

[NC_050096.1 (206336803..206338449)]



	
1221

	
1221

	
406

XP_008664551.2

	
43.65

	
6.88

	
132–188

	
Ethylene-responsive transcription factor ABI4

(A3 subgroup)




	
ZmDREB2.8/ZmERF57

	
Gene ID: 103653247

LOC103653247/Zm00001d049889/GRMZM2G156737

	
chr4:51083167–51084225

[NC_050099.1 (51082881..51084560)]

	
1059

	
1059

	
352

XP_008678419.1

	
37.88

	
7.7

	
78–139

	
Dehydration-responsive element-binding protein 2C




	
ZmDREB2.9/no

	
Gene ID: 100286109

LOC100286109/

Zm00001d008665

	
chr8:16438393–16439714

[NC_050103.1 (16437969..16440069)]

	
1322

	
786 (iso1—L)

	
261 (L)

NP_001359320.1

	
28.7

	
5.18

	
81–142

	
Dehydration-responsive element-binding protein 2A




	
771 (X1—S)

	
256 (S)

XP_020397779.1

	
28.65

	
5.26

	
76–137








Note: * According to [49,50]. 
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Table 2. Hormone- and stress-responsive cis-elements in the ZmDREB2.1/2A–2.9 regulatory regions (~1000 bp). The color scheme (pale to dark) corresponds to the number of cis-elements (low to high).






Table 2. Hormone- and stress-responsive cis-elements in the ZmDREB2.1/2A–2.9 regulatory regions (~1000 bp). The color scheme (pale to dark) corresponds to the number of cis-elements (low to high).





	
Function

	
Element

	
Annotation

	
ZmDREB2.1/2A

	
ZmDREB2.2

	
ZmDREB2.3

	
ZmDREB2.4

	
ZmDREB2.5

	
ZmDREB2.6

	
ZmDREB2.7

	
ZmDREB2.8

	
ZmDREB2.9






	
Hormone response

	
ABRE

	
cis-acting elements involved in ABA responsiveness

	
4

	
3

	

	

	

	
1

	
7

	
8

	
3




	
CARE

	

	

	

	

	

	

	

	

	




	
AuxRR-core

	
cis-acting regulatory elements involved in auxin responsiveness

	

	

	

	

	

	

	

	

	




	
TGA element

	
1

	

	

	

	

	

	

	

	
1




	
CGTCA motif

	
cis-acting regulatory element involved in MeJA-responsiveness

	
1

	
1

	

	
2

	
1

	
2

	
4

	
1

	
4




	
SARE

	
cis-acting elements involved in SA responsiveness

	

	

	

	

	

	

	

	

	




	
TCA-element

	
1

	

	

	
1

	
1

	

	

	

	




	
P-box

	
gibberellin-responsive elements

	

	

	

	

	

	

	

	

	




	
TATC-box

	

	

	

	

	

	

	

	
1

	




	
GARE motif

	

	

	
1

	

	

	

	

	
1

	




	
ERE

	
ET-responsive element

	

	

	

	

	

	

	

	

	




	
Stress response

	
ARE

	
cis-acting regulatory element essential for the anaerobic induction

	
2

	
2

	

	
4

	
2

	
1

	

	

	
1




	
DRE1/DRE core

	
cis-acting regulatory element involved in drought response

	

	
1

	

	

	

	

	
1

	
1

	




	
LTR

	
cis-acting element involved in low-temperature responsiveness

	

	

	
1

	

	

	

	
1

	

	




	
STRE

	
cis-acting element involved in heat, osmotic stress, low pH, nutrient starvation stress response

	

	
7

	
2

	
2

	

	

	
3

	
1

	
2




	
TC-rich repeats

	
cis-acting element involved in defense and stress responsiveness

	

	

	

	
2

	
1

	
1

	

	

	




	
W-box

	
WRKY-binding site involved in abiotic stress and defense response

	

	
1

	
2

	

	

	
1

	

	

	
1




	
Wun motif

	
cis-acting elements involved in wounding and pathogen response

	

	

	
2

	

	

	

	

	

	




	
WRE3

	

	
1

	
1

	
1

	

	

	

	
1

	
2




	
Box S

	

	

	

	

	

	

	

	

	




	
GC motif

	
enhancer-like element involved in anoxic specific inducibility

	

	

	
1

	
2

	

	
1

	
1

	

	
2




	
Developmental processes

	
O2-site

	
cis-acting element involved in zein metabolism regulation

	

	

	

	

	

	

	

	
1

	




	
CCGTCC motif

	
cis-acting element involved in meristem specific activation

	
1

	
1

	

	

	
1

	

	
3

	

	
2




	
circadian

	
cis-acting element involved in circadian control

	
1

	

	

	

	

	

	

	

	




	
CAT-box

	
cis-acting regulatory element related to meristem expression

	
1

	
2

	

	
7

	

	
2

	

	

	




	
RY-element

	
cis-acting regulatory element involved in seed-specific regulation

	

	

	
2

	

	
2

	
2

	
1

	

	




	
MSA-like

	
cis-acting element involved in cell cycle regulation

	

	

	

	
1

	

	
1

	

	

	




	
Other cis-elements

	
CCAAT-box/MYB/MRE

	
MYB-binding site

	
4

	
4

	
5

	
4

	
1

	
1

	
1

	
2

	
1




	
MYC

	
MYC-binding site

	
1

	
2

	

	
2

	

	
2

	
2

	
2

	
3




	
5′-UTR Py-rich stretch

	
cis-acting element conferring high transcript levels

	
1
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