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Calcium dependent protein kinases (CDPKs) play significant role in regulation of plant growth and development in response to various stresses including drought. A set of 32 CDPK genes identified in maize were further used for searching of orthologs in the model plant Arabidopsis (72) and major food crops such as rice (78) and sorghum (91). We comprehensively studied the phylogenetic relationship, annotations, gene duplications, gene structure, divergence time, 3-D protein structures and tissue-specific drought induced expression of CDPK genes in all four species. Variation in intron frequency in the studied species was one of the reasons for the functional diversity of CDPK genes to various stress responses. Protein kinase and protein kinase C phosphorylation site domains were the most conserved motifs identified in all species. Four groups were identified from the sequence-based phylogenetic analysis, in which maize CDPKs were clustered in group III. Expression data showed that the CDPK genes were highly expressed in leaf of maize, rice, and sorghum whereas in Arabidopsis the maximum expression was observed in root. The expression assay showed 5, 6, 11, and 9 were the commonly and differentially expressed drought-related orthologous genes in maize, Arabidopsis, rice, and sorghum, respectively. 3-D protein structure were predicted for the nine genes (Arabidopsis: 2, maize: 2, rice: 3, and sorghum: 2) showing differential expression in at least three species. The predicted 3-D structures were further evaluated and validated by Ramachandran plot, ANOLEA, ProSA, and Verify-3D. The superimposed 3-D structure of drought-related orthologous proteins retained similar folding pattern owing to their conserved nature. Functional annotation revealed the involvement of CDPK genes in various pathways such as osmotic homeostasis, cell protection, and root growth. The interactions of CDPK genes in various pathways play crucial role in imparting drought tolerance through different ABA and MAPK signaling cascades. These selected candidate genes could be targeted in development of drought tolerant genotypes in maize, rice, and sorghum through appropriate breeding approaches. Our comparative experiments of CDPK genes could also be extended in the drought stress breeding programmes of the related species.
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INTRODUCTION

Plants are evolved with numerous signaling pathways to adapt with stress environments. The transfer of stress signals in plants is mediated by various primary and secondary messengers. Calcium (Ca2+) acts as a universal secondary messenger in signaling pathways and regulates growth and development (Boudsocq and Sheen, 2013). Several stimuli including hormones, elicitors (Romeis et al., 2001), light (Frattini et al., 1999), and different abiotic stresses change the intracellular Ca2+ concentration (Sanders et al., 2002) Calcium binding proteins or calcium sensors (calmodulin, calmodulin like proteins, calcineurin B-like proteins, and calcium dependent protein kinases) recognize the changes in Ca2+ concentration and results in downstream expression events (Sanders et al., 1999).

Among these sensors, CDPKs serve as special sensors as they can directly convert upstream Ca2+ signals into downstream protein phosphorylation events as they have both sensing and responding behavior owing to the presence of CaM like and protein kinase domains (Poovaiah et al., 2013). CDPK's have been identified all over plant kingdom including some protozoan's (Harper and Harmon, 2005).

CDPKs possess a variable N-terminal domain which often contains myristoylation sites for membrane association (Cheng et al., 2002). The catalytic Ser/Thr kinase domain or protein kinase domain contains ATP-binding site, which plays an important role in the function of CDPK. An auto-inhibitory region which acts as an auto-inhibitor in the absence of Ca2+ stimulation and blocks the enzyme active site, and camodulin-like domain which contains EF hands for calcium ion binding (Sanders et al., 2002) and C-terminal domain (Hrabak et al., 2003).

Genome wide analysis led to identification of CDPK proteins in various plant species such as rice, wheat, Arabidopsis, poplar, grapes etc. (Chen et al., 2013; Zuo et al., 2013). CDPK proteins play major biological and functional roles viz., root development (Ivashuta et al., 2005), pollen tube elongation (Myers et al., 2009), cell differentiation, programmed cell death (Lee et al., 2003), hormone signaling (Liese and Romeis, 2013).

Drought is considered as one of the major abiotic stress responsible for restraining crop production and productivity in the developing world (Aravind et al., 2017). Drought stress decreases the water potential of different parts of plant, closing of stomata through increased accumulation of abscisic acid (ABA) and leads to reduced photosynthesis and decreased biomass and grain yield (Shikha et al., 2017; Thirunavukkarasu et al., 2017; Van Gioi et al., 2017). CDPKs have been shown to be involved in abiotic stress tolerance in various plants. The first CDPK activities were reported ~25 years ago in pea shoot membranes (Hetherington and Trewavas, 1982). CDPKs were often recognized as positive regulators of abiotic stress responses and the over-expression of the respective kinase leads to plants with improved stress tolerance (Asano et al., 2012; Boudsocq and Sheen, 2013). A positive regulatory outcome of CDPKs may be explained by the enhanced expression of ABA-responsive genes in drought stress signaling (Xu et al., 2010).

Previous studies also reported the involvement of CDPK genes with drought tolerance enhancement. Over-expression of OsCPK7 and AtCPK6 in rice and Arabidopsis, respectively led to enhanced drought tolerance (Saijo et al., 2000; Xu et al., 2010). Similarly, AtCPK10 under drought stress regulates the stomatal movement through interaction with HSP1 in Arabidopsis (Zou et al., 2010). Evidences also indicated the participation of OsCPK9 and AtCPK10 in ABA-responsive drought tolerance (Zou et al., 2010; Wei et al., 2014). ZoCDPK1 from ginger was found to promote the drought tolerance by improving growth and photosynthesis in Nicotina tabacum (Vivek et al., 2013). OsCPK10 played a role in drought stress tolerance by defending cellular membranes through an enhanced capacity to detoxify ROS (Kumar et al., 2014; Nakabayashi et al., 2014; Fang et al., 2015; Yin et al., 2015).

Various studies have reported that the CDPK genes not only behave as positive regulator of abiotic stress signaling but also a negative regulator. For example, AtCPK23 improved the drought tolerance in Arabidopsis by behaving as a negative regulator of abiotic stress signaling (Ma and Wu, 2007). Similarly, ZmCPKs and OsCPKs negatively regulate abiotic stress (Wang et al., 2013). In Arabidopsis, AtCPK12 has been categorized as a negative ABA signaling pathway regulator (Zhao et al., 2011). In another report it has been observed that CIPK15 interacts with CBL1 as a negative regulator of ABA signaling pathway (Guo et al., 2001). The down-regulation of ZmCPK14 after the ABA treatment in maize suggesting that ZmCPK14 might act as a negative regulator in ABA signaling (Kong et al., 2013).

Our main focus of the study was to characterize the CDPK genes in maize and to find its orthologs in model plant Arabidopsis and major food crops such as rice and sorghum and study their role in drought tolerance. Our objectives were to predict the putative orthologs of maize CDPK genes in Arabidopsis, rice, and sorghum species, to comprehensively characterize the genes using different in-silico tools, to determine the expression pattern of CDPK orthologous genes using public data, to superimpose the predicted 3-D protein structure of selected drought-related genes to determine the functional conservation and differentiation, and to explain the functional role of CDPK genes in drought tolerance. To our knowledge, this is the first study in which 3-D structures of drought-related CDPK orthologs were compared and superimposed to understand the structural variation of CDPK gene family in different species. Our investigation also proposed a working hypothesis about the involvement of CDPK genes in various pathways in controlling drought tolerance.

MATERIALS AND METHODS

Identification of CDPK Gene Families

The CDPK genes for maize were retrieved from ProFITS (Protein Families Involved in the Transduction of Signalling) database (http://bioinfo.cau.edu.cn/ProFITS/) and searched for domains using Pfam (http://pfam.xfam.org/). Using the compiled domain ID obtained from Pfam, the Phytozome tool Biomart (http://www.phytozome.net) was used for obtaining 3,332 hits of the CDPK genes in Arabidopsis, rice and sorghum. The protein sequences were retrieved from MaizeGDB (http://www.maizegdb.org/) for maize, TAIR (https://www.arabidopsis.org) for Arabidopsis, Rice Genome Annotation Project (http://rice.plantbiology.msu.edu) for rice and from Ensembl plants (http://plants.ensembl.org/index.html) for sorghum. The retrieved protein sequences were then subjected to protein BLAST with reference database of Arabidopsis and the query file composed of maize, rice, and sorghum protein sequences. Out of 3,332 hits, 273 CDPK proteins were selected on the basis of their domains for further analysis on the basis of percent identity ≥75% and significant E-value (1e-6) from the BLAST output (Wu et al., 2017).

Physiochemical Properties of CDPK Proteins

The primary information on CDPKs viz., chromosome and gene location was retrieved from Ensembl plants (http://plants.ensembl.org/index.html). To get more information about the nature of proteins, we predicted isoelectric point (pI), molecular weight, instability index, and grand average of hydropathy (GRAVY) by using ProtParam tool available on Expert Protein Analysis System (ExPasy) proteomics server (http://web.expasy.org/compute_pi) (Gasteiger et al., 2003).

Gene Structure Analysis

To identify the gene structure or exon-intron structure of the 273 CDPKs genes, the genomic sequences were aligned with their corresponding coding sequences in GSDS 2.0 server (http://gsds.cbi.pku.edu.cn). The genomic and coding sequences of the genes were extracted from Phytozome BioMart (http://www.phytozome.net).

Gene Ontology (GO) Annotation

To provide GO annotation, protein sequences of 273 CDPK proteins were retrieved using Phytozome Biomart (http://www.phytozome.net) and were searched using BLAST. These BLAST results were then used as input to Blast2GO (https://www.blast2go.com/) to assign Gene Ontology (GO) terms i.e., biological process (BP), molecular function (MF), and cellular component (CC).

Phylogenetic Analysis

Multiple sequence alignment of the full-length protein sequences of all four species was used to generate the phylogenetic tree of CDPK proteins through ClustalW (Thompson et al., 1994). Phylogenetic tree was created by using Neighbour-Joining method with 1,000 rapid bootstrap replicates with the help of MEGA v6.06 (Tamura et al., 2013). The developed phylogenetic tree was visualized using iTOL (http://itol.embl.de).

Gene Duplication, Orthologs, and Paralogs Identification

Orthologous genes were identified using BLAST search against Arabidopsis, maize, rice, and sorghum. Potential orthologs were identified by performing reciprocal blast of proteins whose sequence identity was >75%. Tandem and segmental duplications was also identified by performing BLAST. Paralogous pairs located on the same chromosome either adjacent or separated by five or fewer genes were considered to be duplicated by tandem duplication. Paralogous pairs within known genomic duplication blocks were assigned as duplicates through segmental duplication (Guo et al., 2013). Synonymous and non-synonymous substitution rates for orthologous and paralogous genes were carried out using PAL2NAL server (http://www.bork.embl.de/pal2nal/).

Amino Acid Motif Prediction

Conserved motifs among CDPK proteins of Arabidopsis, maize, rice, and sorghum were predicted using Multiple maximization for Motif Elicitation analysis tool (MEME v4.10.2; http://meme-suite.org/; Bailey et al., 2006). The MEME suite was used to search 5 best motifs with minimum width of 12, maximum width of 60 and E < 0.01. Myristoylation and Palmitoylation sites were predicted using PlantsP (http://plantsp.genomics.purdue.edu/myrist.html) and CSS-Palm 3.0 (Ren et al., 2008) respectively while N-terminal acylation prediction was done using NetAcet 1.0 (Kiemer et al., 2005). EF-hand domains for all the sequences were predicted using SMART (http://smart.embl-heidelberg.de/).

Gene Expression Analysis

The drought-related expression of CDPK genes was examined using available published water deficit microarray studies. For Arabidopsis, GEO datasets GSE76827, GSE55431, and Arabidopsis EFP browser containing data of root, shoot, and leaves in different time point and days were used. For maize, drought expression data of root, stem leaf, cob, and tassel was collected from different studies having GEO datasets accession number GSE40070, GSE71377, and GSE71723 while in case of rice, expression data for leaf and root tissue was collected from GSE38130, GSE65022, and Rice EFP browser. For sorghum, expression data for root and leaf was collected from GSE30249 and GSE80699.

Secondary and Tertiary Structure Prediction of CDPK Proteins

The secondary as well as the 3-D structure of the selected nine drought-responsive orthologous CDPK proteins of Arabidopsis, maize, rice, and sorghum were predicted using an online protein structure prediction tool Phyre2 (http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index), which is based on distant homology recognition techniques with secondary structure prediction and domain analysis of each CDPK protein model (Kelley and Sternberg, 2009). The predicted structures were evaluated using Atomic Non-Local Environment assessment (ANOLEA; Melo and Feytmans, 1998), Verify-3D (Eisenberg et al., 1997) and Protein structure analysis (ProSA) program (Wiederstein and Sippl, 2007) and validated using Ramachandran plot. For structural variation analysis of drought-related orthologous CDPK proteins, predicted models of CDPK protein were superimposed in pair-wise manner using the TM-align (http://zhanglab.ccmb.med.umich.edu/TM-align). The predicted structures were visualized in the form of ribbons by PyMol (https://www.pymol.org).

RESULT AND DISCUSSION

Identification and Structural Analysis of CDPK Family Members

Genome-wide analysis led to the identification of 3,332 CDPK genes using EF-hand (Pfam ID: PF00036) and protein kinase (Pfam ID: PF00069) domains belonging to Arabidopsis, maize, rice and sorghum. A total of 273 members (Supplementary Table S1) of CDPK family (Arabidopsis: 72; maize: 32; rice: 78; and sorghum: 91) were selected for further analysis.

To understand the physico-chemical properties of CDPK proteins, molecular weight (MW), isoelectric point (pI), grand hydropathy score (GRAVY) and instability index were predicted for 273 CDPK members. Among 273 members, highest and lowest molecular weight, pI and GRAVY were found in rice. Molecular weight varies from 11.93 to 191.41 kDa. The variations in molecular weight was owing to variable number of domains contributing to protein size difference (Hrabak et al., 2003). pI is the pH at which a particular molecule carries no net-charge and is important to find out the pH of dependent characteristics proteins (Garcia-Moreno, 2009; Talley and Alexov, 2010). pI of CDPKs ranged from 4.11 to 9.99 (Table 1). All 273 proteins showed negative GRAVY scores, suggesting soluble or hydrophilic nature of CDPK proteins (Kyte and Doolittle, 1982). In terms of instability index of these proteins, 43.22% proteins were found to be stable in nature while 56.78% proteins were unstable in nature (Rogers et al., 1986). GRMZM2G154489_P01 protein emerged as the most stable (17.15) while Sb09g021730.1. as the most unstable protein (63.23).


Table 1. Physiochemical properties of 273 CDPK genes in Arabidopsis, maize, rice and sorghum species.
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Gene Structure Analysis

Gene structure was examined to get the insights of structural evolution of CDPK genes in different species i.e., Arabidopsis, maize, rice, and sorghum. The gene structure analysis showed the details of expansion of gene family and divergence. The number of introns varied from 0 to 18 (Figure 1). We divided the gene structure of 273 proteins into 2 types: Type-I (intron-poor) and Type-II (intron-rich). Those genes in which number of intron were ≤ 5 were considered as intron-poor, while in which number of introns exceeded >5were included in intron-rich type. In type I, only (23.08%) genes were found while many of the genes were included in Type II (76.92%). Several CDPK proteins were intron-rich in their gene structure. In type I, we examined the participation of different species. Out of 4 selected species, maize was the least contributing species (18.75%) in Type I, while sorghum contributed the most (24.18%). In type II, highest number of genes were in maize (81.25%), followed by Arabidopsis (77.78%), rice (76.92%), and sorghum (75.82%). Among all the genes, only one gene was found as intron-less (Sb1599s002010). Maximum number of introns was also observed in sorghum (Sb04g036670) with 18 introns. All the eukaryotes evolved from common ancestor, the extensive loss and gain of introns could have been occurred during the genome evolution which was mediated by selection pressure and population size (Lynch, 2002; Roy and Gilbert, 2006). Furthermore, CDPKs are known to respond various abiotic stress signals through multiple pathways. Therefore, presence of more introns might add the functional diversity to CDPK genes through alternative splicing and exon shuffling (Keren et al., 2010).


[image: image]

FIGURE 1. Gene structure distribution of 273 CDPK genes collected from Arabidopsis, maize, rice, and sorghum.



GO Annotation

The GO terms comprise of three categories: (1) Cellular component, (2) Molecular function, and (3) Biological process. The annotated GO terms were categorized into 33 functional groups, including eight GO terms under cellular component, five terms under molecular function, and 20 terms under biological process. In cellular component category-cell, cell part and organelle were top three GO terms, while in case of molecular function, the maximum CDPK genes were found to be involved in binding, catalytic, and molecular transducer activity. In biological processes; cellular process, metabolic process, biological regulation, pigmentation, response to stimulus, and signaling activities were highly enriched (Figure 2).
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FIGURE 2. Classification of GO annotation of 273 CDPK genes under different functional categories belonging to Arabidopsis, maize, rice, and sorghum.



Out of 273 genes, we identified 46 drought-related genes based on their GO annotation (Arabidopsis: 11; maize: 12; rice: 17; and sorghum: 6). Most of these drought-related CDPK genes were related to calcium-dependent kinase, CBL-interacting kinase, cyclin dependent kinase (CDK), Mitogen-activated protein kinase (MAPK), serine threonine kinase activities. CDPKs are highly conserved proteins involved in various functions such as plant growth, development, stress signaling, defense response, and proteasome regulation (Tena et al., 2011; Hubbard et al., 2012). Under drought stress, CDPK acts as a key intracellular protein kinase which converts calcium signals into phosphorylation events. Calmodulin like proteins, one of the most significant calcium sensors, regulates activity of abundant proteins and plays important role in mediating plant stress tolerance. Calmodulin does not have catalytic activity but upon binding with calcium it triggers target proteins which lead to various cellular responses (Bouché et al., 2005). Previous studies reported that MAPK plays significant role in various biotic and abiotic stresses including drought, salt, temperature, wounding, pathogen infection, and hormones (Ichimura et al., 2000; Tena et al., 2001). Under drought stress, role of MAPK signaling had been extremely studied and is known to act downstream of secondary signaling mechanisms (Sun et al., 2015). MAPK, signaling cascades are phosphorylated by specific serine/threonine residues thereby modulating cellular functions. The MAPK cascade having role in stress regulation consists of 3 inter-connected protein kinases-MAP kinase kinase kinase (MAPKKK), MAPKK (MAP kinase kinase), and MAPK.

Similarly, the roles of cyclin-dependent kinases (CDK) and cyclin-dependent kinase inhibitors under drought stress have been reported. CDK are involved in regulation of cell cycle. In water deficit environment, the action of CDK reduces, which increases the period of cell division, thereby decreasing cell divisions per unit time hence leading to reduction in growth of plant and leaves (Granier et al., 2000). In our study, among refined drought-related genes, only LOC_Os07g02350.1 has been annotated as casein kinase II (CK2). Recently CK2 has been identified as negative regulator of SnRK2 (Vilela et al., 2015). CK2, a serine/threonine kinase found in all eukaryotes is distinctive in nature as it can use either ATP or GTP as phosphoryl donors (Vilela et al., 2015). CK2 is found to be involved in response to various biotic and abiotic stresses, plant growth and development, regulation of cell cycle, hormone response, time of flowering, light-regulated gene expression, and DNA repair (Mulekar and Huq, 2014; Vilela et al., 2015). CK2 acts as an ABA regulator because ck2α mutants are hypersensitive to ABA concerning seed germination, cotyledon greening, and stomatal opening (Mulekar and Huq, 2014; Wang et al., 2014).

CDPKs play significant role in different drought tolerance mechanisms such as stomatal regulation, root growth maintenance, defense, and cell damage and repair (Figure 3). For example, abiotic stress accompanies the ROS formation such as hydrogen peroxide, hypochlorite ion etc. MAPK pathways triggers this ROS signaling pathway by the receptors or sensors which further activate the osmolyte/antioxidants production which are very important for osmotic homeostasis under drought stress tolerance (Wang et al., 2003). Secondly, increase in concentration of ABA triggers H2O2, NO and Ca+2 signaling (Courtois et al., 2008; Neill et al., 2008). Further, specific CDPK and MAPK regulate the expression of ABA-responsive genes by the activation of transcription factors (García-Mata and Lamattina, 2001). These ABA-responsive genes inhibit the levels of ethylene, cytokinin, and auxin which favor the maintenance of root growth for drought stress tolerance. Thirdly, many of the previous studies have supported the regulation of stomatal aperture by NO and turgid cells under drought stress (Tanaka et al., 2005; Bright et al., 2006; Munemasa et al., 2007; Closure et al., 2011). The CDPK pathways induce the expression of LEA-proteins such as dehydration responsive element which further helps in stress damage control and repair.
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FIGURE 3. The response of CDPK genes during drought stress and the possible drought tolerant mechanisms controlled by the CDPK genes.



Multiple Sequence Alignment and Phylogenetic Analysis

To know the evolutionary relationship among the model plant (Arabidopsis) and major food crops (rice, maize, and sorghum), a rooted phylogenetic tree was generated (Figure 4). Phylogenetic analysis revealed four groups in which Group IV was the largest group consisting of 33 members of rice, 30 members of Arabidopsis and 35 members of sorghum species while Group I was the smallest one with 41 members (Arabidopsis: 11; rice: 12; sorghum: 18). Similar kind of grouping patterns had also been reported in dicot and monocots (Hamel et al., 2014). Further, we divided each group into subgroups according to the conserved domains present in each main group. Group I was divided into-Ia and Ib, II into IIa, IIb, IIc and IId, III into IIIa and IIIb while group IV into-IVa, IVb, IVc. We noticed that CDPK genes of maize were clustered distinctly in group III only except one gene GRMZM2G154489_P01 which was grouped with IVa.
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FIGURE 4. A rooted pylogenetic tree of 273 CDPK genes generated using MEGA software with 1,000 bootstrapping replicates and divided into four groups- I, II, III, and IV where green, blue, golden, and red color represents Arabidopsis, maize, rice, and sorghum species.



Genes involved in Ib, IIa, IId, IIIa, IVa, IVc subgroups were conserved in having only one copy of protein kinase domain (Supplementary Figure 1A). This domain is a catalytic domain, possesses serine/threonine residues and activation loop and has vital role in CDPK functioning. To avoid loop from unnecessary phosphorylation, activation loop has acidic residues (Harmon et al., 2000; Harper et al., 2004). In subgroup IIIb, protein kinase along with 2 repeats of EF-hand_7 domain was conserved except in three proteins of maize (GRMZM2G028086_P02 and GRMZM2G158305_P02) and one protein of sorghum (Sb02g034640.2). Calcium sensor proteins hold pair of EF-hands, each of which are considered as the crucial functional unit for protein stabilization and facilitate high affinity binding to calcium ions (Luan et al., 2002). When calcium ion binds to EF-hands, it results in conformational changes in the globular structure of CaM proteins, which allows interaction of CaMs with their target proteins (Yamniuk and Vogel, 2005). Similarly, in case of IVb, EF-hand_7 (2 repeats) domain was conserved except in 1 protein of Arabidopsis (AT2G40120.1) and 2 proteins of sorghum (Sb02g027630.1, Sb03g038890.1). Subgroup Ia had multiple types of domains. Subgroup IIb had domain-specific protein kinase (2 repeat) while subgroup IIc, UBA, KA1, NAF, and pkinase domains were found (Supplementary Figure 1B). The CDPK evolutionary analyses revealed that the division of phylogenetic groups corresponds well with their pfam domain structures and sequence conservation.

The reason behind the maize genes available in a different conserved group is that these genes might have similar functional relationship. While the other genes of different species present in this group represents the orthologous relationship. By examining their domains, it was noticed that all these genes consist of same type of domains so they belong to the same group.

Gene Duplication, Orthologs, Paralogs, and Ks Dating

Divergence is an important process in the evolution of novel genes (Hughes, 1994). The synteny analysis helps in understanding of evolutionary and functional relationship between the orthologs. Our study revealed synteny of 28 genes with rice (87.5%), 26 genes with sorghum (81.25%) and 12 genes with Arabidopsis (40.62%). Maize showed maximum synteny with rice and lowest with Arabidopsis owing to the divergence during evolutionary time scale (Figure 5).
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FIGURE 5. Syntenic relationship among CDPK genes mapped on different chromosomes belonging to Arabidopsis, maize, rice, and sorghum.



For paralog and ortholog gene pairs, we also estimated the time of divergence by examining ratio of synonymous (Ks) and non-synonymous (Ka) substitution. In total, we found 19 segmentally duplicated gene pairs while 30 tandems duplicated gene pairs in maize CDPK genes. More duplication events may be the reason for family expansion in maize (Cannon et al., 2004). In segmental duplication, Ka/Ks varied from 0.0 to 1.90 with an average of 0.28 while in tandem duplication, Ka/Ks ranged from 0.0 to 1.40 with an average of 0.32 (Supplementary Tables S2A,B). Similarly, in case of orthologous gene pairs, average Ka/Ks ratio for maize-Arabidopsis, maize-rice and maize-sorghum were 0.04, 0.07, and 0.08, respectively. Since Ka/Ks ratio for all the ortholog pairs was found to be <1, it is suggested that CDPK genes were evolved under purifying or stabilizing selection (Hurst, 2002; Yang et al., 2006) (Supplementary Table S2C–E).

Amino Acid Motif Analysis

A motif is a consensus or conserved region in protein or nucleotide sequences (Table 2). Among the five best identified motifs, motif 1 was the most frequently occurring one which was conserved in 234 proteins out of total 273 proteins, followed by motif 2 in 217 proteins. Motif 3 and 4 occurred equally in 211 proteins while the motif 5 was present in least number of proteins i.e., 156 proteins. Among different amino acids conserved in these five motifs, leucine (L) frequency was the highest (0.099), followed by Serine (0.089), Glycine (0.072), Alanine (0.068) etc. while minimum frequency was of tryptophan (W) amino acid (0.014). All the five identified motifs were part of the protein kinase domain.


Table 2. The best five protein conserved motifs identified using MEME software.
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Motif 1, the most conserved domain in 234 proteins, represented protein kinase domain (ProteinkinaseDOM) and protein kinase C phosphorylation site domain (PKCPHOSPHOSITE) with a consensus pattern of [ST]-x-[RK], where S or T represented phosphorylation site. This site or domain preferred phosphorylation of serine or threonine residues which are available close to a C-terminal basic residue (Kishimoto et al., 1985; Woodgett et al., 1986). Motif 2 and motif 5 represented only protein kinase domain (ProteinkinaseDOM) that belongs to a very wide family of proteins which share a conserved catalytic core common to both serine/threonine and tyrosine protein kinases (Hanks and Hunter, 1995). The protein kinase domain have been found to play an important role in linking abiotic stress tolerance and metabolic responses of plants (Qin et al., 2011; Tao et al., 2014). The protein kinase domain is adjacent to the autoinhibitory or junction domain and consists of catalytic domain for ATP binding. This autoinhibitory domain alters during calcium binding which changes the protein conformation (Snedden and Fromm, 2001). The autoinhibitor domain acts as a pseudo substrate site and is found to be involved in activation of kinase (Harper et al., 1994). Interaction of autoinhibitor domain with calcium-binding domain regulates CDPKs, CaMKs, and SnRKs (Yoo and Harmon, 1996; Guo et al., 2001; Hook and Means, 2001; Huang and Huber, 2001; Soderling and Stull, 2001). In case of motif 3, Protein kinase ATP-binding region domain (ProteinkinaseATP) was found. This domain was functionally related with ATP binding and rich in glycine residues with lysine residue in vicinity, and located in the N-terminal of catalytic domain (Knighton et al., 1991). Motif 4 consists of one more extra site i.e., cAMP and cGMP-dependent protein kinase phosphorylation site (CAMPPHOSPHO-SITE) with a conserved pattern of [RK] (2)-x-[ST] where S or T represents phosphorylation site. cAMP and cGMP-dependent protein kinase are the key regulators of auxin transport and signaling (Christensen et al., 2000; Benjamins et al., 2001). This site shared preference for the phosphorylation of serine or threonine residues found close to at least two consecutive N-terminal basic residues (Glass et al., 1986). The statistical significance of motif prediction is correlated with biological significance and was an important reason for the motif analysis (Hart et al., 2000).

The N-terminal domains often contain palmitoylation and myristoylation sites for membrane attachment (Cheng et al., 2002). In our study, we found that out of 273 genes, only 59 genes contain myristoylation sites while all genes contain palmitoylation sites. The N-terminal acylation site was obtained in 181 sites (Supplementary Table S3). These sites play an important role in subcellular localization and function (Simeunovic et al., 2016). A total of 69 proteins have four EF-hand domains (Arabidopsis-16; maize-25; rice-13; sorghum-15) while 16 genes were having EF-hand domains <4 (Arabidopsis-4; maize-5; rice-6; sorghum-1). Less than 4 EF hand domains have previously been observed in monocot as well as dicot species. For example, in Arabidopsis, tomato, soybean, rice, grape, and maize 9, 4, 4, 1, 2, 4 members had <4 EF-hands, respectively (Cheng et al., 2002; Ray et al., 2007; Kong et al., 2013; Hettenhausen et al., 2016; Hu et al., 2016; Zhang et al., 2016).

Gene Expression Analysis of CDPK Gene Family

CDPKs were found to be implicated in diverse physiological adaptations (Klimecka and Muszynska, 2007; Zhu et al., 2007; Xu et al., 2010). The expression profiles of genes indicate their functional relevance. A total of 27, 14, 23, and 16 genes were filtered in Arabidopsis, maize, rice and sorghum, respectively expressed in leaf, root, and shoot tissues. Previous researches have reported about the tissue-specific expression of CDPK genes (Frattini et al., 1999; Anil et al., 2000; Asano et al., 2002). Expression analysis showed highest expression in leaf tissue followed by root and stem. Similarly, higher expression of CDPK members was observed in growing tips of leaves, and coleoptiles of maize (Barker et al., 1998). In Arabidopsis, highest number of drought related genes were expressed in root (23) tissue followed by leaf (6) and shoot (5). In leaf (Arabidopsis), all CDPK genes were highly up regulated, while in root 11 genes were up-regulated and 12 genes down-regulated whereas only five genes were up-regulated in shoot. We noticed three common drought-related genes (AtCDPK3, AtCDPK46, and AtCDPK54) expressed in root and shoot of Arabidopsis but it was examined that these genes showed approximately twice the level of expression in leaf tissue as compared to root. Maize showed only up-regulation of genes in leaf (10), root (9) as well as shoot (3). No down-regulated expression of CDPK genes was found in maize. ZmCDPK1 was expressed in leaf, root and shoot tissue but highest expression was noticed in leaf tissue followed by root and shoot. ZmCDPK2, ZmCDPK3, and ZmCDPK4 showed almost similar expression in leaf and root. While, ZmCDPK6 and ZmCDPK9 showed higher drought-related expression in case of leaf as compared to shoot. In case of rice and sorghum, no significant drought expression was noticed in stem tissue. About 14 up-regulated and nine down-regulated genes were observed in leaf tissue of rice, while nine up-regulated and six down-regulated genes were expressed in leaf of sorghum. Similarly, in root tissue, only one up-regulated and one down-regulated gene were observed in rice as well as sorghum. These results suggested that the CDPK genes could play a differential role in various tissues and environments. In the leaf and root, OsCDPK15 and SbCDPK80 were down-regulated in rice and sorghum, respectively. Under drought stress, the role of calcium dependent kinases have been characterized in Arabidopsis as well as rice (Saijo et al., 2000; Zou et al., 2010).

For comparative expression of CDPK genes, their orthologs were identified and compared in different tissues. AtCDPK46, up-regulated in leaf as well as root tissue was found to be orthologous to maize, rice and sorghum. AtCDPK46-OsCDPK30, AtCDPK46-OsCDPK67 showed almost similar expression in leaf tissue while AtCDPK46-SbCDPK58 showed contrasting expression. In AtCDPK46-ZmCDPK8, AtCDPK46 retained its high expression in leaf while ZmCDPK8 showed over-expression in root tissue indicating that AtCDPK46 and its orthologs in other species are not species-specific or tissue-specific. Similarly, AtCDPK54, up-regulated in leaf under drought stress showed homology with rice and sorghum species. Ortholog pairs AtCDPK54-OsCDPK75, AtCDPK54-OsCDPK53, and AtCDPK54-SbCDPK6 showed up- regulation in leaf tissue which represents tissue specific nature of these CDPK genes. Similar type of expression pattern in orthologous pairs suggests that they might have some conserved function during evolution. We also noticed some contrasting ortholog pairs. AtCDPK14, down-regulated in the shoot tissue of Arabidopsis while its ortholog ZmCDPK6 was up-regulated in the shoot tissue of maize (Figure 6A). Similar results were also reported while studying orthology among CPK genes in wheat and rice. It was observed that most of wheat-rice ortholog pairs retained same type of expression except TaCPK8-OsCPK1 and TaCPK4-OsCPK24, indicating species-specific functional evolution of ortholog pairs (Li et al., 2008).
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FIGURE 6. (A) Expression of drought-related ortholog pairs in different tissues (root, shoot, and leaf) where green, blue, golden, and red text represents Arabidopsis, maize, rice, and sorghum, respectively. (B) Ramachandran plot analysis of drought-related CDPK proteins using RAMPAGE describing percentage of residues in favored, allowed, and outlier region.



ZmCDPK1, up-regulated in maize leaf tissue while its orthologs OsCDPK77 (in rice) and SbCDPK16 (in sorghum) were down and up-regulated respectively. ZmCDPK9-OsCDPK67 pair was up-regulated in leaf tissue. While comparing rice and sorghum expression in leaf tissue, 10 ortholog pairs were identified in leaf tissue. In pair OsCDPK15-SbCDPK69, both CDPK genes were down- regulated while OsCDPK21-SbCDPK6, OsCDPK53-SbCDPK6, and OsCDPK75-SbCDPK6 were up-regulated in leaf tissue in both species. In OsCDPK34-SbCDPK27, OsCDPK41-SbCDPK29, OsCDPK43-SbCDPK30, OsCDPK43-SbCDPK59, OsCDPK67-SbCDPK58, and OsCDPK77-SbCDPK16, expression was contrasting to each other. Such inconsistencies in expression levels between Arabidopsis, maize, rice, and sorghum CDPKs suggested that the regulatory control of particular kinases are likely species-specific.

Three contrasting drought-related orthologous groups (AtCDPK46, OsCDPK67, SbCDPK6), (AtCDPK54, OsCDPK75, SbCDPK6), and (ZmCDPK1, OsCDPK77, SbCDPK16) expression were identified to be contrasting in leaf tissue. In first group, OsCDPK67 was down-regulated; AtCDPK46 and SbCDPK6 were up regulated showing contrasting results. Similarly, in second and third group, AtCDPK54 and OsCDPK77 were down-regulated. Several maize-rice ortholog pairs maintained almost same expression as already reported- ZmCPK11-OsCPK10, ZmCPK28-OsCPK19, ZmCPK29-OsCPK16, ZmCPK33-OsCPK8 (Kong et al., 2013). In (AtCDPK46, OsCDPK67, SbCDPK6) pair, AtCDPK46 and SbCDPK6 have been found to be highly up regulated as compared to OsCDPK67 under drought stress. It has been noticed that under drought stress, AtCDPK46 phosphorylates ABA-responsive bZIP-type transcription factors (ARF/AREB) via ABA-signaling. Similarly in (AtCDPK54, OsCDPK75, SbCDPK6), OsCDPK75 has been found to phosphorylates and activates the OREB1, and plays vital role in ABA- signaling pathway. It provides drought tolerance by retaining plant growth under drought stress (Saijo et al., 2000).

Secondary and Tertiary Structure of CDPK Proteins

For secondary and tertiary structure analysis of drought-related orthologous genes—AtCDPK46, AtCDPK54, OsCDPK67, OsCDPK75, OsCDPK77, ZmCDPK1, ZmCDPK9, SbCDPK6, and SbCDPK16 were selected based on their differential expression in at least 3 species. Alpha helix, beta strand, transmembrane helix, and disordered regions were detected in these drought-related genes. Alpha helix was found to be most frequent followed by beta strand and transmembrane helix and disordered region (Table 3). The more frequency of the alpha helix revealed the higher level of conservation and stability of protein structure (Neelamathi et al., 2009). For proper understanding of protein functions and their interactions, 3-D structure is very important (Chen, 2009). The protein structure was generated by matching the target protein sequence to an evolutionary related known protein structure (template) (Kelley and Sternberg, 2009). Crystal structure of pbanka-031420 having PDB id 3Q5I was used as a template. According to our study, 91% (455) and 98% (354) residues of AtCDPK46 and AtCDPK54 were modeled at >90% accuracy. In case of ZmCDPK1and ZmCDPK9, 90% of the residues were modeled at >90% accuracy. In case of rice, 91, 55, and 99% of residues were modeled at >90% confidence level in OsCDPK67, OsCDPK77 and OsCDPK75, respectively, while in SbCDPK6 and SbCDPK16, 99% and 56% of residues, respectively were modeled (Figures 7A–C). In previous studies of Hevea spp. and Arabidopsis models, 83 and 86% residues of query sequence modeled with >90% confidence level with 29 and 26% disordered regions (Mathew et al., 2015).


Table 3. Secondary structure analysis of drought-related CDPK proteins using Phyre2 server.
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FIGURE 7. Predicted and superimposed 3-D structure of (A) AtCDPK46, OsCDPK67, and ZmCDPK9 (B) AtCDPK54, OsCDPK75, and SbCDPK6, and (C) ZmCDPK1, OsCDPK77, and SbCDPK16. (D) Ramachandran plots of these nine selected structures using RAMPAGE.



3-D Protein Structure Evaluation

The predicted 3-D structures of AtCDPK46, AtCDPK54, ZmCDPK1, ZmCDPK9, OsCDPK67, OsCDPK75, OsCDPK77, SbCDPK6, and SbCDPK16 were evaluated for their quality by Ramachandran plot analysis, ANOLEA, ProSA program, and Verify—3D score. To know about the stereo chemical quality of side chains and polypeptide backbone, Ramachandran plot analysis was examined using RAMPAGE. To examine the reliability of the target proteins, percentage quality measurement and torsion angles Ø and Ψ was used, in which three regions were known “favored,” “allowed,” and “outlier regions.” These values were calculated for these nine-selected droughts responsive proteins (Figure 7D). Altogether we determined that in AtCDPK46 (97%), AtCDPK54 (96.4%), ZmCDPK1 (92.6%), ZmCDPK9 (93.2%), OsCDPK67 (98.1%), OsCDPK75 (96.1), OsCDPK77 (93.8%), SbCDPK6 (97.9%), and SbCDPK16 (92.6%), approximately most of the residues lie in favored and allowed region of Ramachandran plot suggesting that all the predicted 3-D structure of CDPK proteins are good quality structures (Figure 6B).

Verify-3D checks the protein by analyzing compatibility of protein model (3-D) with its amino acid sequence (1D). Score between 0.1 and 0.71 is considered as a good score of the residues and the profile score above zero indicates acceptance of side chain environment (Eisenberg et al., 1997). Verify-3D results showed 79.64, 78.45, 56.90, 58.03, 91.23, 72.33, 60.88, 68.77, and 61.01% of AtCDPK46, AtCDPK54, ZmCDPK1, ZmCDPK9, OsCDPK67, OsCDPK75, OsCDPK77, SbCDPK6, and SbCDPK16, respectively had an averaged profile score ≥ 0.2. ANOLEA program calculates energies of the protein chains in the form of high energy (%) and Z-score (Melo and Feytmans, 1998). Z-score is inversely related with the reliability i.e., lower Z-score indicates high reliability and vice-versa. Z-scores calculated by ANOLEA were 3.68, 5.66, 18.89, 15.98, 3.84, 5.17, 5.90, 3.37, and 6.20 for AtCDPK46, AtCDPK54, ZmCDPK1, ZmCDPK9, OsCDPK67, OsCDPK75, OsCDPK77, SbCDPK6, and SbCDPK16, respectively. This program estimates errors, global quality of the predicted protein structure and also energy values for each amino acid (Melo and Feytmans, 1998; Offredi et al., 2004). The 3D-1D score, ProSA and ANOLEA scores validated our structures to be a good quality model.

ProSA server on the basis of distance based pair potential calculates interaction energy per residue. Score of overall quality model of AtCDPK46, AtCDPK54, ZmCDPK1, ZmCDPK9, OsCDPK67, OsCDPK75, OsCDPK77, SbCDPK6, and SbCDPK16 were −10.43, −6.28, −6.71, −6.87, −9.3, −5.22, −5.04, −5.73, and −6.24, respectively. The reliability of these predicted models of drought-related proteins can be confirmed by negative ProSA energies of the residues. ProSA analysis confirmed that the folding energy of the predicted 3-D structure was in agreement with the template model (Table 4).


Table 4. Evaluation of 3-D protein structure using ANOLEA, Verify-3D, and ProSA.
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Structure Alignment and Superimposition

To have an idea about structural variation in drought-related CDPK proteins among different species i.e., Arabidopsis, maize, rice, sorghum, and 3-D structures were superimposed on each other (Figures 7A–C). The root mean square deviation (RMSD) and TM-score was calculated for each superimposed structure. RMSD is measured by the averaging distance between the backbones of superimposed structure (Pettersen et al., 2004). Previously reported that RMSD score between 1 and 2Å represents closely related proteins while RMSD score <6 indicates likely related proteins. While TM-score between 0.0 and 0.30 indicates random similarity between superimposed structures while if TM-score lies between 0.5 and 1.0, it suggests that the superimposed proteins may have same folds. The RMSD scores for all the ortholog pairs were <6 (AtCDPK46-OsCDPK67, AtCDPK46-ZmCDPK9, OsCDPK67-ZmCDPK9, AtCDPK54-OsCDPK75, AtCDPK54-SbCDPK6, OsCDPK75-SbCDPK6, ZmCDPK1-OsCDPK77, ZmCDPK1-SbCDPK16, and OsCDPK77-SbCDPK16) indicated these proteins were structurally similar to each other. Similarly, TM-score for all these 9 superimposed structures was between 0.5 and 1 indicating that the ortholog pairs had similar folding pattern. Some structural differences between the superimposed structures may be due to insertion or deletion in different loop regions. Those structures which possess low RMSD score, shows high structural similarity and common folding pattern with the template model while high RMSD score indicates low quality model. As already reported, Hevea CDPK model was significantly superimposed on Arabidopsis CDPK21 model suggesting orthologous nature of genes. Proteins with same architecture and domains possess common functional features (Forslund et al., 2011).

CONCLUSION

The present study was the first attempt to focus the comparative structural and functional characterization of CDPK proteins in Arabidopsis, maize, rice and sorghum. CDPK genes revealed more intron-rich regions (Type-II) over intron-poor (Type-I) regions lead in to alternative splicing and exon shuffling. This phenomenon could be the major reason for the functional diversity of CDPKs responses to various stress signals. The most frequently occurred motif in all the species contained the protein kinase and protein kinase C phosphorylation site domains. Pfam domain structure similarity among genes of specific subgroups in phylogenetic tree suggested that the genes were structurally conserved in the subgroups. Phylogenetic analysis of CDPK proteins revealed that the Group III was the highly conserved group during the evolution. Our study identified that the duplication events could be the reason for the expansion of CDPK genes. Maize-rice species genes were less divergent as compared to maize-sorghum and maize-Arabidopsis. The maximum synteny was observed between maize-rice, and the minimum was between maize-Arabidopsis owing to the divergence during evolutionary time scale. Tissue-specific and across-tissues expression of drought-responsive genes in different species could be exploited in modulation of drought tolerance mechanism in crop plants. Predicted 3-D structures of a set of selected nine CDPK proteins suggested the both divergence and similarity among CDPK proteins. Superimposed 3-D structures of orthologous drought proteins revealed similar folding pattern indicating the structural and functional conservation across the species. Many of the droughts-responsive CDPKs were associated with regulation of physiological and molecular pathways to impart the drought tolerance. The information from the present investigation could be useful in understanding of the tolerance mechanism and development of drought tolerant genotypes in maize as well as in rice and sorghum. Our results from the comparative analysis of CDPK genes will further be extended to the stress breeding programmes of other related species.

AUTHOR CONTRIBUTIONS

NT and SM conceived and designed the experiments; SM, MGM, ARR, PAJ, and PD analysed the data. NT, SM, MGM, and PD drafted the manuscript. All authors read and approved the final manuscript.

ACKNOWLEDGMENTS

This study was funded by the ICAR Network Projects on Transgenics in Crop Plants (Maize Functional Genomics Component: 21-22) and Computational Biology and Agricultural Bioinformatics (Agril.Edn.14(44)/2014-A&P). The funders had no role in study design, data collection, and analysis, decision to publish, or preparation of the manuscript.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fchem.2017.00115/full#supplementary-material

REFERENCES

 Anil, V. S., Harmon, A. C., and Rao, K. S. (2000). Spatio-temporal accumulation and activity of calcium-dependent protein kinases during embryogenesis, seed development, and germination in sandalwood. Plant Physiol. 122, 1035–1044. doi: 10.1104/pp.122.4.1035

 Aravind, J., Rinku, S., Pooja, B., Shikha, M., Kaliyugam, S., Mallikarjuna, M. G., et al. (2017). Identification, characterization and functional validation of microRNAs in subtropical maize inbreds. Front. Plant Sci. 8:941. doi: 10.3389/fpls.2017.00941

 Asano, T., Hayashi, N., Kikuchi, S., and Ohsugi, R. (2012). CDPK-mediated abiotic stress signaling. Plant Signal. Behav. 7, 817–821. doi: 10.4161/psb.20351

 Asano, T., Kunieda, N., Omura, Y., Ibe, H., Kawasaki, T., Takano, M., et al. (2002). Rice SPK, a calmodulin-like domain protein kinase, is required for storage product accumulation during seed development: phosphorylation of sucrose synthase is a possible factor. Plant Cell 14, 619–628. doi: 10.1105/tpc.010454

 Bailey, T. L., Williams, N., Misleh, C., and Li, W. W. (2006). MEME: discovering and analyzing DNA and protein sequence motifs. Nucleic Acids Res. 34, 369–373. doi: 10.1093/nar/gkl198

 Barker, L. D. P., Templeton, M. D., and Ferguson, I. B. (1998). A 67-kDa plasma-membrane-bound Ca2+-stimulated protein kinase active in sink tissue of higher plants. Planta 205, 197–204. doi: 10.1007/s004250050312

 Benjamins, R., Quint, A., Weijers, D., Hooykaas, P., and Offringa, R. (2001). The PINOID protein kinase regulates organ development in Arabidopsis by enhancing polar auxin transport. Development 128, 4057–4067.

 Bouché, N., Yellin, A., Snedden, W. A., and Fromm, H. (2005). Plant-specific calmodulin-binding proteins. Annu. Rev. Plant Biol. 56, 435–466. doi: 10.1146/annurev.arplant.56.032604.144224

 Boudsocq, M., and Sheen, J. (2013). CDPKs in immune and stress signaling. Trends Plant Sci. 18, 30–40. doi: 10.1016/j.tplants.2012.08.008

 Bright, J., Desikan, R., Hancock, J. T., Weir, I. S., and Neill, S. J. (2006). ABA-induced NO generation and stomatal closure in Arabidopsis are dependent on H2O2 synthesis. Plant J. 45, 113–122. doi: 10.1111/j.1365-313X.2005.02615.x

 Cannon, S. B., Mitra, A., Baumgarten, A., Young, N. D., and May, G. (2004). The roles of segmental and tandem gene duplication in the evolution of large gene families in Arabidopsis thaliana. BMC Plant Biol. 4:10. doi: 10.1186/1471-2229-4-10

 Chen, D. (2009). “Structural genomics: exploring the 3D protein landscape,” in Simbios, the NIH National Center for Physics-Based Simulation of Biological Structures, 11–18.

 Chen, F., Fasoli, M., Tornielli, G. B., Dal Santo, S., Pezzotti, M., Zhang, L., et al. (2013). The evolutionary history and diverse physiological roles of the grapevine calcium-dependent protein kinase gene family. PLoS ONE 8:e80818. doi: 10.1371/journal.pone.0080818

 Cheng, S., Willmann, M. R., Chen, H., and Sheen, J. (2002). Update on calcium signaling through protein kinases. the arabidopsis calcium-dependent protein kinase gene family 1. Plant Physiol. 129, 469–485. doi: 10.1104/pp.005645

 Christensen, S. K., Dagenais, N., Chory, J., and Weigel, D. (2000). Regulation of auxin response by the protein kinase PINOID. Cell 100, 469–478. doi: 10.1016/S0092-8674(00)80682-0

 Closure, J. S., Hossain, M. A., Munemasa, S., Uraji, M., and Nakamura, Y. (2011). Involvement of endogenous abscisic acid in methyl. Plant Physiol. 156, 430–438. doi: 10.1104/pp.111.172254

 Courtois, C., Besson, A., Dahan, J., Bourque, S., Dobrowolska, G., Pugin, A., et al. (2008). Nitric oxide signalling in plants: interplays with Ca2+ and protein kinases. J. Exp. Bot. 59, 155–163. doi: 10.1093/jxb/erm197

 Eisenberg, D., Lüthy, R., and Bowie, J. U. (1997). VERIFY3D: assessment of protein models with three-dimensional profiles. Methods Enzymol. 277, 396–406. doi: 10.1016/S0076-6879(97)77022-8

 Fang, Y., Liao, K., Du, H., Xu, Y., Song, H., Li, X., et al. (2015). A stress-responsive NAC transcription factor SNAC3 confers heat and drought tolerance through modulation of reactive oxygen species in rice. J. Exp. Bot. 66, 6803–6817. doi: 10.1093/jxb/erv386

 Forslund, K., Pekkari, I., and Sonnhammer, E. L. (2011). Domain architecture conservation in orthologs. BMC Bioinformatics 12:326. doi: 10.1186/1471-2105-12-326

 Frattini, M., Morello, L., and Breviario, D. (1999). Rice calcium-dependent protein kinase isoforms OsCDPK2 and OsCDPK11 show different responses to light and different expression patterns during seed development. Plant Mol. Biol. 41, 753–764. doi: 10.1023/A:1006316422400

 García-Mata, C., and Lamattina, L. (2001). Nitric oxide induces stomatal closure and enhances the adaptive plant responses against drought stress. Plant Physiol. 126, 1196–1204. doi: 10.1104/pp.126.3.1196

 Garcia-Moreno, B. (2009). Adaptations of proteins to cellular and subcellular pH. J. Biol. 8:98. doi: 10.1186/jbiol199

 Gasteiger, E., Gattiker, A., Hoogland, C., Ivanyi, I., Appel, R. D., and Bairoch, A. (2003). ExPASy: the proteomics server for in-depth protein knowledge and analysis. Nucleic Acids Res. 31, 3784–3788. doi: 10.1093/nar/gkg563

 Glass, D. B., El-Maghrabi, M. R., and Pilkis, S. J. (1986). Synthetic peptides corresponding to the site phosphorylated in 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase as substrates of cyclic nucleotide-dependent protein kinases. J. Biol. Chem. 261, 2987–2993.

 Granier, C., Inzé, D., and Tardieu, F. (2000). Spatial distribution of cell division rate can be deduced from that of p34(cdc2) kinase activity in maize leaves grown at contrasting temperatures and soil water conditions. Plant Physiol. 124, 1393–1402. doi: 10.1104/pp.124.3.1393

 Guo, H., Lee, T. H., Wang, X., and Paterson, A. H. (2013). Function relaxation followed by diversifying selection after whole-genome duplication in flowering plants. Plant Physiol. 162, 769–778. doi: 10.1104/pp.112.213447

 Guo, H., Mockler, T., Duong, H., and Lin, C. (2001). SUB1, an Arabidopsis- Ca2+- binding protein involved in cryptochrome and phytochrome coaction. Science 291, 487–490. doi: 10.1126/science.291.5503.487

 Hamel, L. P., Sheen, J., and Séguin, A. (2014). Ancient signals: comparative genomics of green plant CDPKs. Trends Plant Sci. 19, 79–89. doi: 10.1016/j.tplants.2013.10.009

 Hanks, S. K., and Hunter, T. (1995). Protein kinases 6. The eukaryotic protein kinase superfamily: kinase (catalytic) domain structure and classification. FASEB J. 9, 576–596.

 Harmon, A. C., Gribskov, M., and Harper, J. F. (2000). CDPKs–a kinase for every Ca2+ signal? Trends Plant Sci. 5, 154–159. doi: 10.1016/S1360-1385(00)01577-6

 Harper, J. F., Breton, G., and Harmon, A. (2004). Decoding Ca2+ signals through plant protein kinases. Annu. Rev. Plant Biol. 55, 263–288. doi: 10.1146/annurev.arplant.55.031903.141627

 Harper, J. F., and Harmon, A. (2005). Plants, symbiosis and parasites: a calcium signalling connection. Nat. Rev. Mol. Cell Biol. 6, 555–566. doi: 10.1038/nrm1679

 Harper, J. F., Huang, J. F., and Lloyd, S. J. (1994). Genetic Identification of an Autoinhibitor in CDPK, a protein kinase with a calmodulin-like domain. Biochemistry 33, 7267–7277. doi: 10.1021/bi00189a031

 Hart, R. K., Royyuru, A. K., Stolovitzky, G., Califano, A., and Heights, Y. (2000). “Systematic and automated discovery of patterns in PROSITE families,” in Proceedings of the Fourth Annual International Conference on Computational Molecular Biology (Tokyo), 147–154. doi: 10.1145/332306.332360

 Hetherington, A., and Trewavas, A. (1982). Calcium-dependent protein-kinase in pea shoot membranes. FEBS Lett. 145, 67–71. doi: 10.1016/0014-5793(82)81208-8

 Hettenhausen, C., Sun, G., He, Y., Zhuang, H., Sun, T., Qi, J., et al. (2016). Genome-wide identification of calcium-dependent protein kinases in soybean and analyses of their transcriptional responses to insect herbivory and drought stress. Sci. Rep. 6, 1–14. doi: 10.1038/srep18973

 Hook, S. S., and Means, A. R. (2001). Ca2+/CaM-Dependent kinases from activation to function. Annu. Rev. Pharmacol. Toxicol. 41, 471–505. doi: 10.1146/annurev.pharmtox.41.1.471

 Hrabak, E. M., Chan, C. W., Gribskov, M., Harper, J. F., Choi, J. H., Halford, N., et al. (2003). The Arabidopsis CDPK-SnRK superfamily of protein kinases. Plant Physiol. 132, 666–680. doi: 10.1104/pp.102.011999

 Hu, Z., Lv, X., Xia, X., Zhou, J., Shi, K., Yu, J., et al. (2016). Genome-Wide identification and expression analysis of calcium-dependent protein kinase in tomato. Front. Plant Sci. 7:469. doi: 10.3389/fpls.2016.00469

 Huang, J. Z., and Huber, S. C. (2001). Phosphorylation of synthetic peptides by a CDPK and plant SNF1-related protein kinase. Influence of proline and basic amino acid residues at selected positions. Plant Cell Physiol. 42, 1079–1087. doi: 10.1093/pcp/pce137

 Hubbard, K. E., Siegel, R. S., Valerio, G., Brandt, B., and Schroeder, J. I. (2012). Abscisic acid and CO 2 signalling via calcium sensitivity priming in guard cells, new CDPK mutant phenotypes and a method for improved resolution of stomatal stimulus-response analyses. Ann. Bot. 109, 5–17. doi: 10.1093/aob/mcr252

 Hughes, A. L. (1994). The evolution of functionally novel protein after gene duplication. Proc. R. Soc. Lond. Ser. B 256, 119–124. doi: 10.1098/rspb.1994.0058

 Hurst, L. D. (2002). The Ka/Ks ratio: diagnosing the form of sequence evolution. Trends Genet. 18, 486–487. doi: 10.1016/S0168-9525(02)02722-1

 Ichimura, K., Mizoguchi, T., Yoshida, R., Yuasa, T., and Shinozaki, K. (2000). Various abiotic stresses rapidly activate Arabidopsis MAP kinases ATMPK4 and ATMPK6. Plant J. 24, 655–665. doi: 10.1046/j.1365-313x.2000.00913.x

 Ivashuta, S., Liu, J., and Lohar, D. P. (2005). RNA interference identifies a calcium-dependent protein kinase involved in Medicago truncatula root development. Plant Cell 17, 1–11. doi: 10.1105/tpc.105.035394

 Kelley, L. A., and Sternberg, M. J. (2009). Protein structure prediction on the web: a case study using the phyre server. Nat. Protoc. 4, 363–371. doi: 10.1038/nprot.2009.2

 Keren, H., Lev-Maor, G., and Ast, G. (2010). Alternative splicing and evolution: diversification, exon definition and function. Nat. Rev. Genet. 11, 345–355. doi: 10.1038/nrg2776

 Kiemer, L., Bendtsen, J. D., and Blom, N. (2005). NetAcet: prediction of N-terminal acetylation sites. Bioinformatics 21, 1269–1270. doi: 10.1093/bioinformatics/bti130

 Kishimoto, A., Nishiyama, K., Nakanishi, H., Uratsuji, Y., Nomura, H., Takeyama, Y., et al. (1985). Studies on the phosphorylation of myelin basic protein by protein kinase C and adenosine 3':5'-monophosphate-dependent protein kinase. J. Biol. Chem. 260, 12492–12499.

 Klimecka, M., and Muszynska, G. (2007). Structure and functions of plant calcium-dependent protein kinases. Acta Biochim. Pol. 54, 219–233.

 Knighton, D. R., Zheng, J. H., Ten Eyck, L. F., Ashford, V. A., Xuong, N. H., Taylor, S. S., et al. (1991). Crystal structure of the catalytic subunit of cyclic adenosine monophosphate-dependent protein kinase. Science 253, 407–414. doi: 10.1126/science.1862342

 Kong, X., Lv, W., Jiang, S., Zhang, D., Cai, G., Pan, J., et al. (2013). Genome-wide identification and expression analysis of calcium-dependent protein kinase in maize. BMC Genomics 14:433. doi: 10.1186/1471-2164-14-433

 Kumar, M., Lee, S. C., Kim, J. Y., Kim, S. J., Aye, S. S., and Kim, S. R. (2014). Over-expression of dehydrin gene, OsDhn1, improves drought and salt stress tolerance through scavenging of reactive oxygen species in rice (Oryza sativa L.). J. Plant Biol. 57, 383–393. doi: 10.1007/s12374-014-0487-1

 Kyte, J., and Doolittle, R. F. (1982). A simple method for displaying the hydropathic character of a protein. J. Mol. Biol. 157, 105–132. doi: 10.1016/0022-2836(82)90515-0

 Lee, S. S., Cho, H. S., Yoon, G. M., Ahn, J. W., Kim, H. H., and Pai, H. S. (2003). Interaction of NtCDPK1 calcium-dependent protein kinase with NtRpn3 regulatory subunit of the 26S proteasome in Nicotiana tabacum. Plant J. 33, 825–840. doi: 10.1046/j.1365-313X.2003.01672.x

 Li, A. L., Zhu, Y. F., Tan, X. M., Wang, X., Wei, B., Guo, H. Z., et al. (2008). Evolutionary and functional study of the CDPK gene family in wheat (Triticum aestivum L.). Plant Mol. Biol. 66, 429–443. doi: 10.1007/s11103-007-9281-5

 Liese, A., and Romeis, T. (2013). Biochemical regulation of in vivo function of plant calcium-dependent protein kinases (CDPK). Biochim. Biophys. Acta 1833, 1582–1589. doi: 10.1016/j.bbamcr.2012.10.024

 Luan, S., Kudla, J., Rodriguez-concepcion, M., Yalovsky, S., Gruissem, W., Yalovsky, C. S., et al. (2002). Calmodulins and calcineurin B-like proteins: calcium sensors for specific signal response coupling in plants. Plant Cell 14(Suppl.), S389–S400. doi: 10.1105/tpc.001115

 Lynch, M. (2002). Intron evolution as a population-genetic process. Proc. Natl. Acad. Sci. U.S.A. 99, 6118–6123. doi: 10.1073/pnas.092595699

 Ma, S. Y., and Wu, W. H. (2007). AtCPK23 functions in Arabidopsis responses to drought and salt stresses. Plant Mol. Biol. 65, 511–518. doi: 10.1007/s11103-007-9187-2

 Mathew, S. A., Supriya, R., and Thulaseedharan, A. (2015). In silico characterization of a calcium-dependent protein kinase from hevea brasiliensis reveals prospective features for conferring multiple stress tolerance. Rubber Sci. 28, 147–158.

 Melo, F., and Feytmans, E. (1998). Assessing protein structures with a non-local atomic interaction energy. J. Mol. Biol. 277, 1141–1152. doi: 10.1006/jmbi.1998.1665

 Mulekar, J. J., and Huq, E. (2014). Expanding roles of protein kinase CK2 in regulating plant growth and development. J. Exp. Bot. 65, 2883–2893. doi: 10.1093/jxb/ert401

 Munemasa, S., Oda, K., Watanabe-Sugimoto, M., Nakamura, Y., Shimoishi, Y., and Murata, Y. (2007). The coronatine-insensitive 1 Mutation Reveals the Hormonal Signaling Interaction between abscisic acid and methyl jasmonate in Arabidopsis guard cells. Specific impairment of ion channel activation and second messenger production. Plant Physiol. 143, 1398–1407. doi: 10.1104/pp.106.091298

 Myers, C., Romanowsky, S. M., Barron, Y. D., Garg, S., Azuse, C. L., Curran, A., et al. (2009). Calcium-dependent protein kinases regulate polarized tip growth in pollen tubes. Plant J. 59, 528–539. doi: 10.1111/j.1365-313X.2009.03894.x

 Nakabayashi, R., Yonekura-Sakakibara, K., Urano, K., Suzuki, M., Yamada, Y., Nishizawa, T., et al. (2014). Enhancement of oxidative and drought tolerance in Arabidopsis by overaccumulation of antioxidant flavonoids. Plant J. 77, 367–379. doi: 10.1111/tpj.12388

 Neelamathi, E., Vasumathi, E., Bagyalakshmi, S., and Kannan, R. (2009). In silico prediction of structure and functional aspects of a hypothetical protein of Neurospora crassa. J. Cell Tissue Res. 9, 1889–1894.

 Neill, S., Barros, R., Bright, J., Desikan, R., Hancock, J., Harrison, J., et al. (2008). Nitric oxide, stomatal closure, and abiotic stress. J. Exp. Bot. 59, 165–176. doi: 10.1093/jxb/erm293

 Offredi, F., Dubail, F., Kischel, P., Sarinski, K., Stern, A. S., Van de Weerdt, C., et al. (2004). De novo backbone and sequence design of an idealized alpha/beta-barrel protein: evidence of stable tertiary structure. J. Mol. Biol. 325, 163–174. doi: 10.1016/S0022-2836(02)01206-8

 Pettersen, E. F., Goddard, T. D., Huang, C. C., Couch, G. S., Greenblatt, D. M., Meng, E. C., et al. (2004). UCSF Chimera - A visualization system for exploratory research and analysis. J. Comput. Chem. 25, 1605–1612. doi: 10.1002/jcc.20084

 Poovaiah, B. W., Du, L., Wang, H., and Yang, T. (2013). Recent advances in calcium/calmodulin-mediated signaling with an emphasis on plant-microbe interactions. Plant Physiol. 163, 531–542. doi: 10.1104/pp.113.220780

 Qin, F., Shinozaki, K., and Yamaguchi-Shinozaki, K. (2011). Achievements and challenges in understanding plant abiotic stress responses and tolerance. Plant Cell Physiol. 52, 1569–1582. doi: 10.1093/pcp/pcr106

 Ray, S., Agarwal, P., Arora, R., Kapoor, S., and Tyagi, A. K. (2007). Expression analysis of calcium-dependent protein kinase gene family during reproductive development and abiotic stress conditions in rice (Oryza sativa L. ssp. indica). Mol. Genet. Genomics 278, 493–505. doi: 10.1007/s00438-007-0267-4

 Ren, J., Wen, L., Gao, X., Jin, C., Xue, Y., and Yao, X. (2008). CSS-Palm 2.0: an updated software for palmitoylation sites prediction. Protein Eng. Des. Sel. 21, 639–644. doi: 10.1093/protein/gzn039

 Rogers, S., Wells, R., and Rechsteiner, M. (1986). Amino acid sequences common to rapidly degraded proteins: the PEST hypothesis. Science 234, 364–368. doi: 10.1126/science.2876518

 Romeis, T., Ludwig, A. A., Martin, R., and Jones, J. D. (2001). Calcium-dependent protein kinases play an essential role in a plant defence response. EMBO J. 20, 5556–5567. doi: 10.1093/emboj/20.20.5556

 Roy, S. W., and Gilbert, W. (2006). The evolution of spliceosomal introns: patterns, puzzles and progress. Nat. Rev. Genet. 7, 211–221. doi: 10.1038/nrg1807

 Saijo, Y., Hata, S., Kyozuka, J., Shimamoto, K., and Izui, K. (2000). Over-expression of a single Ca2+-dependent protein kinase confers both cold and salt/drought tolerance on rice plants. Plant J. 23, 319–327. doi: 10.1046/j.1365-313x.2000.00787.x

 Sanders, D., Brownlee, C., and Harper, J. (1999). Communicating with calcium. Plant Cell 11, 691–706. doi: 10.1105/tpc.11.4.691

 Sanders, D., Pelloux, J., Brownlee, C., and Harper, J. F. (2002). Calcium at the crossroads of signaling. Plant Cell 14(Suppl.), S401–S417. doi: 10.1105/tpc.002899

 Shikha, M., Kanika, A., Rao, A. R., Mallikarjuna, M. G., Gupta, H. S., and Thirunavukkarasu, N. (2017). Genomic selection for drought tolerance using genome-wide SNPs in maize. Front. Plant Sci. 8:550. doi: 10.3389/fpls.2017.00550

 Simeunovic, A., Mair, A., Wurzinger, B., and Teige, M. (2016). Know where your clients are: subcellular localization and targets of calcium-dependent protein kinases. J. Exp. Bot. 67, 3855–3872. doi: 10.1093/jxb/erw157

 Snedden, W. A., and Fromm, H. (2001). Calmodulin as a versatile calcium signal transducer in plants. New Phytol. 151, 35–66. doi: 10.1046/j.1469-8137.2001.00154.x

 Soderling, T. R., and Stull, J. T. (2001). Structure and regulation of calcium/calmodulin-dependent protein kinases. Chem. Rev. 101, 2341–2351. doi: 10.1021/cr0002386

 Sun, Y., Liu, W., Liu, T., Feng, X., Yang, N., and Zhou, H. (2015). Signaling pathway of MAPK / ERK in cell proliferation, differentiation, migration, senescence and apoptosis. J. Recept. Signal Transduct. Res. 9893, 1–5. doi: 10.3109/10799893.2015.1030412

 Talley, K., and Alexov, E. (2010). On the pH-optimum of activity and stability of proteins. Proteins 78, 2699–2706. doi: 10.1002/prot.22786

 Tamura, K., Stecher, G., Peterson, D., Filipski, A., and Kumar, S. (2013). MEGA6: molecular evolutionary genetics analysis version 6.0. Mol. Biol. Evol. 30, 2725–2729. doi: 10.1093/molbev/mst197

 Tanaka, Y., Sano, T., Tamaoki, M., Nakajima, N., and Kondo, N. (2005). Ethylene inhibits abscisic acid-induced stomatal closure in Arabidopsis 1. 138, 2337–2343. doi: 10.1104/pp.105.063503

 Tao, X., Gu, Y. H., Jiang, Y. S., Zhang, Y. Z., and Wang, H. Y. (2014). Transcriptome analysis to identify putative floral-specific genes and flowering regulatory-related genes of sweet potato. Biosci. Biotechnol. Biochem. 77, 2169–2174. doi: 10.1271/bbb.130218

 Tena, G., Asai, T., Chiu, W. L., and Sheen, J. (2001). Plant mitogen-activated protein kinase signaling cascades. Curr. Opin. Plant Biol. 4, 392–400. doi: 10.1016/S1369-5266(00)00191-6

 Tena, G., Boudsocq, M., and Sheen, J. (2011). Protein kinase signaling networks in plant innate immunity. Curr. Opin. Plant Biol. 14, 519–529. doi: 10.1016/j.pbi.2011.05.006

 Thirunavukkarasu, N., Sharma, R., Singh, N., Shiriga, K., Mohan, S., Mittal, S., et al. (2017). Genomewide expression and functional interactions of genes under drought stress in maize. Int. J. Genomics 2017:2568706. doi: 10.1155/2017/2568706

 Thompson, J. D., Higgins, D. G., and Gibson, T. J. (1994). CLUSTAL W: improving the sensitivity of progressive multiple sequence alignment through sequence weighting, position-specific gap penalties and weight matrix choice. Nucleic Acids Res. 22, 4673–4680. doi: 10.1093/nar/22.22.4673

 Van Gioi, H., Mallikarjauna, M. G., Shikha, M., Pooja, B., Jha, S. K., Dash, P. K., et al. (2017). Variable level of dominance of candidate genes controlling drought functional traits in maize hybrids. Front. Plant Sci. 8:940. doi: 10.3389/fpls.2017.00940

 Vilela, B., Nájar, E., Lumbreras, V., Leung, J., and Pagès, M. (2015). Casein kinase 2 negatively regulates abscisic acid-activated SnRK2s in the core abscisic acid-signaling module. Mol. Plant 8, 709–721. doi: 10.1016/j.molp.2014.12.012

 Vivek, P. J., Tuteja, N., and Soniya, E. V. (2013). CDPK1 from Ginger Promotes salinity and drought stress tolerance without yield penalty by improving growth and photosynthesis in Nicotiana tabacum. PLoS ONE 8:e76392. doi: 10.1371/journal.pone.0076392

 Wang, Q., Zhang, W., Yin, Z., and Wen, C. K. (2013). Rice constitutive triple-response2 is involved in the ethylene-receptor signalling and regulation of various aspects of rice growth and development. J. Exp. Bot. 64, 4863–4875. doi: 10.1093/jxb/ert272

 Wang, W., Vinocur, B., and Altman, A. (2003). Plant responses to drought, salinity and extreme temperatures: towards genetic engineering for stress tolerance. Planta 218, 1–14. doi: 10.1007/s00425-003-1105-5

 Wang, Y., Chang, H., Hu, S., Lu, X., Yuan, C., Zhang, C., et al. (2014). Plastid casein kinase 2 knockout reduces abscisic acid (ABA) sensitivity, thermotolerance, and expression of ABA-and heat-stress-responsive nuclear genes. J. Exp. Bot. 65, 4159–4175. doi: 10.1093/jxb/eru190

 Wei, S., Hu, W., Deng, X., Zhang, Y., Liu, X., Zhao, X., et al. (2014). A rice calcium-dependent protein kinase OsCPK9 positively regulates drought stress tolerance and spikelet fertility. BMC Plant Biol. 14:133. doi: 10.1186/1471-2229-14-133

 Wiederstein, M., and Sippl, M. J. (2007). ProSA-web: interactive web service for the recognition of errors in three-dimensional structures of proteins. Nucleic Acids Res. 35, 407–410. doi: 10.1093/nar/gkm290

 Woodgett, J. R., Gould, K. L., and Hunter, T. (1986). Substrate specificity of protein kinase C: use of synthetic peptides corresponding to physiological sites as probes for substrate recognition requirements. Eur. J. Biochem. 161, 177–184. doi: 10.1111/j.1432-1033.1986.tb10139.x

 Wu, P., Wang, W., Duan, W., Li, Y., and Hou, X. (2017). Comprehensive Analysis of the CDPK-SnRK superfamily genes in chinese cabbage and its evolutionary implications in plants. Front. Plant Sci. 8:162. doi: 10.3389/fpls.2017.00162

 Xu, J., Tian, Y. S., Peng, R. H., Xiong, A. S., Zhu, B., Jin, X. F., et al. (2010). AtCPK6, a functionally redundant and positive regulator involved in salt/drought stress tolerance in Arabidopsis. Planta 231, 1251–1260. doi: 10.1007/s00425-010-1122-0

 Yamniuk, A. P., and Vogel, H. J. (2005). Structural investigation into the differential target enzyme regulation displayed by plant calmodulin isoforms. Biochemistry 44, 3101–3111. doi: 10.1021/bi047770y

 Yang, X., Tuskan, G. A., and Cheng, M. Z. (2006). Divergence of the Dof gene families in poplar, Arabidopsis, and rice suggests multiple modes of gene evolution after duplication. Plant Physiol. 142, 820–830. doi: 10.1104/pp.106.083642

 Yin, X. M., Huang, L. F., Zhang, X., Wang, M. L., Xu, G. Y., and Xia, X. J. (2015). OsCML4 improves drought tolerance through scavenging of reactive oxygen species in rice. J. Plant Biol. 58, 68–73. doi: 10.1007/s12374-014-0349-x

 Yoo, B. C., and Harmon, A. C. (1996). Intramolecular binding contributes to the activation of CDPK, a protein kinase with a calmodulin-like domain. Biochemistry 35, 12029–12037. doi: 10.1021/bi9606612

 Zhang, X., Zhang, H., Li, L., Lan, H., Ren, Z., Liu, D., et al. (2016). Characterizing the population structure and genetic diversity of maize breeding germplasm in Southwest China using genome-wide SNP markers. BMC Genomics 17:697. doi: 10.1186/s12864-016-3041-3

 Zhao, R., Sun, H. L., Mei, C., Wang, X. J., Yan, L., Liu, R., et al. (2011). The Arabidopsis Ca2+-dependent protein kinase CPK12 negatively regulates abscisic acid signaling in seed germination and post-germination growth. New Phytol. 192, 61–73. doi: 10.1111/j.1469-8137.2011.03793.x

 Zhu, S., Yu, X.-C., Wang, X. X.-J., Zhao, R., Li, Y., Fan, R., et al. (2007). Two calcium-dependent protein kinases, CPK4 and CPK11, regulate abscisic acid signal transduction in Arabidopsis. Plant Cell 19, 3019–3036. doi: 10.1105/tpc.107.050666

 Zou, J. J., Wei, F. J., Wang, C., Wu, J. J., Ratnasekera, D., Liu, W. X., et al. (2010). Arabidopsis calcium-dependent protein kinase CPK10 functions in abscisic acid- and Ca2+-mediated stomatal regulation in response to drought stress. Plant Physiol. 154, 1232–1243. doi: 10.1104/pp.110.157545

 Zuo, R., Hu, R., Chai, G., Xu, M., Qi, G., Kong, Y., et al. (2013). Genome-wide identification, classification, and expression analysis of CDPK and its closely related gene families in poplar (Populus trichocarpa). Mol. Biol. Rep. 40, 2645–2662. doi: 10.1007/s11033-012-2351-z

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

The reviewers, MK, SK, and handling Editor declared their shared affiliation.

Copyright © 2017 Mittal, Mallikarjuna, Rao, Jain, Dash and Thirunavukkarasu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) or licensor are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fchem-05-00115-g005.gif





OPS/images/fchem-05-00115-g006.gif
|

Yy Yy

8 rsdiegon % Mlowedregon 8 Owtirregon





OPS/images/fchem-05-00115-g003.gif





OPS/images/fchem-05-00115-g004.gif





OPS/images/fchem-05-00115-t002.jpg
Motif  Width Best possible match

1 87 YSER' AAYFCQQIISWEYC' |SMGVC RDLKPENFL
2 28 YGPEIDIWSCGOILYIMLOGVPPFWGET

3 39 D YELGRKIGRGOFGWWYLCTCKETGETVACKKINKRKL
4 28 AKDLVRRMLVYDPKKRITA EALG! PWF

5 28 CDFGLSKFFKPGEKF DYVGSPYYVACE






OPS/images/fchem-05-00115-g007.gif





OPS/images/fchem-05-00115-t001.jpg
Species

Arabidopsis
Maize

Rice
Sorghum

No. of genes

72
32
78
91

1685
1597
1195
129

MW (kDa)

Max

7864
67.49
191.41
8301

Avg

5095
54.33
51,69
50.97

a1
456
an
411

ol
Max

9.98
9.05
9.99
971

Avg

745
652
7.22
7.27

GRAVY

Min Max
-0.86 -0.11
-06 -0.14
-0.87 —0.04
-08 —~0.14

Avg

~0.42

-0.39
~0.39





OPS/images/fchem-05-00115-g001.gif





OPS/images/fchem-05-00115-g002.gif
Number of genss.





OPS/images/fchem-05-00115-t004.jpg
Protein

AtCDPKAS.

AICDPKS4.

ZmCDPK1

ZmCDPK9

OsCDPK67

OSCDPK75

OsCDPK77

SbCDPK6

SHCDPK16

Evaluation
program

ANOLEA
Verify-3D
ProSA

ANOLEA
Veriy-3D
ProSA

ANOLEA
Verify-3D
ProSA

ANOLEA
Verify-3D
ProSA

ANOLEA
Veriy-3D
ProSA

ANOLEA
Verify-3D
ProSA

ANOLEA
Veriy-3D
ProsSA

ANOLEA
Verfy-3D
ProsA

ANOLEA
Verify-3D
ProSA

Overall

model quality

Z-score

3D-1D profile

79.64>02

7845202

68.72 02

6101202





OPS/images/fchem-05-00115-t003.jpg
Species

Arabidopsis

Maize

Rice

Sorghum

Gene ID

MCDPK46

/MCDPK54

ZmCDPK1

ZmCDPK9

OsCDPK67

OsCDPK75

OsCDPK77

SbCDPK6

SbCDPK16

Secondary structure

Disordered
Apha helix
Beta strand
™ helix

Disordered
Appha helix
Beta strand
T™ helix

Disordered
Apha helix
Beta strand
T™ helix

Disordered
Apha helix
Beta strand
T™ helix

Disordered
Aipha helix
Beta strand
™ helix

Disordered
Aipha helix
Beta strand
™ helix

Disordered
Apha helix
Beta strand
TM helix

Disordered
Apha helix
Beta strand
TM helix

Disordered
Apha helix
Beta strand
T™ helix





OPS/images/cover.jpg
’ frontiers
in Chemistry

Comparative Analysis of CDPK
Family in Maize, Arabidopsis, Rice,
and Sorghum Revealed Potential
Targets for Drought Tolerance
Improvement









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Chemistry





