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Abstract: Plant growth and development, stress responses, senescence, and plant hormone
signaling are just a few of the physiological processes for which calcium-dependent protein kinases
(CDPKs) have been demonstrated to be crucial. We found 40 CDPK genes in our study by doing
a bioinformatics analysis of the whole maize genome. Based on the phylogenetic study, 40
ZmCPKs are classified into four categories. we report a genome-wide analysis of the CDPK gene
family in maize here. This genomic analysis of maize CDPK genes serves as a foundation for a
functional investigation of this gene family in maize.

Keywords: CDPK, Gene Family, Maize, phylogenetic analysis.
Introduction

Different mechanisms have evolved by plants to help them adapt to a range of harsh
conditions, including biotic and abiotic pressures. Here, as the second messenger, calcium (Ca2+)
engages in a variety of signal transduction pathways [2]

In response to brief changes in calcium concentration, calcium sensors or calcium-binding
proteins can change the transcript of genes downstream, the phosphorylation of proteins, or the
activity of enzymes (Sanders et al., 1999; Harmon et al., 2000). Plants have been shown to have
three distinct kinds of calcium sensors thus far: calcineurin B-like protein (CBL), calcium-
dependent protein kinases (CDPKs), and calmodulin (CaM) and CaM-like protein (CaML). Only
CDPKs, out of all these calcium sensors, have the unique ability to directly sense, respond, and
translate Ca2+ signals into downstream protein phosphorylation without requiring a
conformational change in the protein partner [19][11][20]. One of the well-known Ca2+-sensor
protein kinases involved in environmental stress tolerance is the CDPK in plants. Four domains of
the CDPK protein have been identified: the calmodulin-like domain, the
autoregulatory/autoinhibitory domain, the catalytic domain of Ser/Thr kinase, and the N-terminal
variable region [9][6][15]. The Ca2+ binding EF-hands are present in the calmodulin-like domain.
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According to Hamel ef al. (2014) [8], the basal architecture of the CDPK family is
extensively preserved in land plants, including bryophytes and pteridophytes. The four
characterized regions of their conserved molecular structure are the autoinhibitory junction
domain, calmodulin-like domain, N-terminal domain, and Ser/Thr kinase domain [12]. N-terminal
domain length varies among species, and even within species among distinct CDPK variations
[14]. This variation is linked to in vivo phosphorylation and protein localization. A key component
of the CDPK function is the catalytic domain containing the ATP binding site, the Ser/Thr kinase
domain.

Calcium concentrations inside cells have the potential to dramatically alter sub-cellular
localization [21]. CDPK activity [10][2] and interactions with other proteins [13][25]. The CDPK-
SnRK superfamily's autoinhibitory junction domain is thought to function as an auto-inhibitor,
keeping CDPK inactive or allowing it to be stimulated by common cytosolic calcium signals. This
allows CDPK activation to occur as a means of overcoming autoinhibition [25][20]. To sense
calcium signals and bind to the free calcium ion, the C-terminal calmodulin-like domain of CDPKs
contains up to four elongation factor (EF) hands, a 29 aa helix-loop-helix structure with 13
conserved residues.

CDPKs are a multigene family of plant-specific protein kinases. 34 CDPK genes are found
in Arabidopsis (Arabidopsis thaliana;[5][12]), 29 in rice (Oryza sativa; [1]), 20 in wheat (Triticum
saestivum; [15]), 40 in maize (Zea mays; [16]), 30 in poplar (Populus trichocarpa;[25]), 17 in
grapevine (Vitis vinifera; [4]), respectively. The architecture of the CDPK family showed
significant conservation from bryophytes to higher taxa, according to a long-term evolutionary
perspective [8].

The genomes of rice, wheat, and Arabidopsis contain 31 genes, 34 CDPK genes, and 20
genes, respectively [22, 5,7]. Nicotiana tabacum, the tobacco plant, has numerous CDPK genes,
as does Glycine max, the soybean plant, and Lycopersicon esculentum, the tomato plant [3,24].
But at the moment, not much is understood about the maize CDPK family. One of the most
significant and ancient crops in the world is maize (Zea mays L.). It has only been possible to
characterize seven ZmCPKs in maize thus far: ZmCK1, ZmCDPK1, ZmCDPK2, ZmCDPK7,
ZmCDPK9, ZmCDPK10, and ZmCDPK11.

In this work, we found 40 CDPK genes by bioinformatics analysis of the whole maize
genome. Based on their evolutionary connections, these 40 maize CDPKs have been categorized
into 4 groups.

Materials and Methods:
CDPK Gene Identification by Database Search and Characterization in Maize

The protein sequences for thirty rice CDPKs and thirty Arabidopsis CDPKs were obtained
from GenBank (http://www.ncbi.nlm.nih.gov/genbank/), the rice genome annotation database
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(http://rice.plantbiology.msu.edu/), and  the Arabidopsis Information Resource
(http://www.Arabidopsis.org/), respectively. The following link was used to retrieve sequences
from the maize genome database: http://www.maizesequence.org/index.html. The Arabidopsis
and rice CDPK protein sequences were utilized to scan the maize genome and NCBI database
using BLASTP to identify the maize CDPK gene family. To get rid of duplication, a self-BLAST
of the sequences was done. To validate the existence of the protein kinase domain, all potential
candidates underwent manual verification using the InterProScan programme
(http://www.ebi.ac.uk/Tools/pfa/iprscan/). Ultimately, all acquired protein sequences were
subjected to  additional  analysis  through  the  utilization of the Pfam
(http://pfam.sanger.ac.uk/search) and SMART (http://smart.embl-heidelberg.de/) databases.

Phylogenetic Analysis of CDPKSs in Maize

Using the default settings of the Clustal X programme, calcium-dependent protein kinases
from Arabidopsis, rice, and maize were aligned (Larkin et al., 2007). The maximum-like hood
approach was used to construct the phylogenetic tree under the MEGA 7.0 programme [23].

Gene Duplication of CDPK genes in Maize

In maize B73, gene duplication events involving CDPK genes were examined. We used
the following standards to define the gene duplication: 1) The aligned section had an identity
>80%, 2) The alignment length spanned >80% of the larger gene, and 3) For closely connected
genes, only one duplication event was recorded. Clustal X was used to align all of the pertinent
genes found in the maize genomes, and MEGA v7.0 was used to compute the results.

Results and Discussion
CDPK Gene Identification and Characterization in Maize

The entire sequencing of the maize genome has made it possible to identify every member
of the CDPK gene family in that crop. To find 40 probable CDPK genes, including 7 known
CDPKs that are referred to as ZmCPK1-ZmCPK40 following the suggested nomenclature for
CDPK genes, BLAST searches of the maize genome were conducted using Arabidopsis and rice
CDPK sequences as query sequences (Table 1). Based on the results of multiple sequence
alignment and phylogenetic analysis, we found that alternative splice variants are closely linked
to one another, therefore we decided to focus our investigation on only one variant. The total
quantity of CDPK genes in maize was comparable to that of rice (389 Mb) and Arabidopsis (125
Mb), although the maize genome (2365 Mb) was substantially bigger. Furthermore, the increase
of Group I, which accounted for 17 genes in maize, 11 in rice, and 10 in Arabidopsis, was the
primary cause of the variation in the total number of CDPK genes (Figure 1).

The N-terminal variable domain, the protein kinase domain, the autoinhibitory domain, and

the calmodulin-like domain were among the conserved CDPK domains. With a Gly residue at the
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second position, several CDPKs in Arabidopsis, rice, and wheat have potential N-myristoylation
motifs for membrane attachment at the start of their extremely varied N-terminal domain. N-
myristoylation motifs were predicted for membrane attachment in 17 out of the 40 maize CDPKs.
Fifteen CDPKs were found to possess a minimum of one Cys residue at positions 3, 4, or 5, which
are putative locations for palmitoylation (Table 1). N-myristoylation and palmitoylation facilitate
protein-membrane interactions in a variety of systems.

Plasma membranes have been linked to AtCPK2, AtCPK10, AtCPK3, TaCPK2, and
TaCPKS5, which have been predicted to have an N-myristoylation motif [24]. Additionally, it has
been demonstrated through experimentation that OsCPK19 is myristoylated and palmitoylated
before being directed towards the membrane fraction. These genes were also linked to the
membranes, even though AtCPKS5, AtCPK6, TaCPK3, and TaCPKI15 lacked myristoylation
patterns. Although ZmCK1 (ZmCPK3) was predicted to have an N-myristoylation motif, a
ZmCK1:hGFP fusion protein was recently found to localize to the cytoplasm and nucleus .

The majority of CDPKs' calmodulin-like domains in wheat, rice, and Arabidopsis have
four Ca2+ binding EF hands, which enable the protein to act as a Ca>" sensor. The number and
location of EF-hands may be significant for defining the Ca®* regulation of CDPK activity, as
shown by the sequential deletion of the EF hands. More recently, Franz ef al. (2011) demonstrated
that the N-terminal EF1 and EF2 motifs of AtCPK21 were more significant for Ca**regulated
enzyme activity in comparison to the C-terminal EF3 and EF4 motifs. They also proposed that the
EF1 and EF2 motifs could act as a switch for the protein kinase activity that mediates abiotic stress
signaling. The majority of maize CDPKs had four EF hands; ZmCPK29, ZmCPK30, and
ZmCPK31 each had three EF-hands (Table 1). Interestingly, ZmCPK?7 only possessed one EF-
hand, a trait shared by its homologs AtCPK25 and OsCPK7. Examining the variations in
ZmCPK7's and other ZmCPKs' biological roles would be interesting.

Phylogenetic Analysis of CDPK Gene Family

Using alignments of the complete CDPK amino acid sequences, an unrooted tree was built
to investigate the evolutionary relationships amongst various CDPK members. The phylogenetic
analysis revealed that 40 ZmCPKs can be categorized into four groups (Figure 1). According to
reports, CRKs, PPCKs, and PEPRKSs have a close relationship with CDPKs. ZmCPKs, AtCRKs,
AtPPCKs, and AtPEPRKSs were grouped into 7 different groups, as seen in Figure 1, indicating
that all 40 ZmCPKs genuinely belonged to the CDPK family. Eleven CDPKs from rice, ten from
Arabidopsis, and seventeen from maize made up Group I. OsCPK 13 (OsCDPK?7), which has been
linked to reactions to cold, drought, and salt stress, shared a lot of similarities with ZmCPK1,
ZmCPK2, ZmCPK3, and ZmCPK4.

Similarities suggest that ZmCPK 1, ZmCPK2, ZmCPK3, and ZmCPK4 may have an abiotic
stress-related role. Eight rice CDPKs, thirteen Arabidopsis CDPKs, and eleven maize CDPKs were
in Group II. The positive regulator of salt tolerance and the negative regulator of blast resistance,
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OsCPK 12, and ZmCPK25, had 76% of the same similarities. There were eight CDPKs from rice,
nine from maize, and eight from Arabidopsis in Group III. ZmCPK32 and OsCPK21's amino acid
sequences were around 75% identical. It's been demonstrated that rice can tolerate salt thanks to
OsCPK21. Three maize CDPKs, three rice CDPKs, and three Arabidopsis CDPKs were present in
Group IV. On the level of amino acids, ZmCPK38 and AtCPK28 were 75% identical. Based on
phylogenetic analysis, it was determined that there were 14 closely related orthologs between
maize and rice (ZmCPK5 and OsCPKS5, ZmCPK6 and OsCPK6, ZmCPK7 and OsCPK7,
ZmCPK10 and OsCPK27, ZmCPK11, and OsCPK10, ZmCPK17 and OsCPK28, ZmCPK18 and
OsCPK2, ZmCPK19 and OsCPK14, ZmCPK22, and OsCPK15, ZmCPK25 and OsCPK12,
ZmCPK31 and OsCPK3, ZmCPK32 and OsCPK21, ZmCPK38 and OsCPK18) (Figure 1),
indicating the existence of an ancestral set of CDPK genes before the divergence between maize
and rice.

Conclusion

One of the biggest families of protein kinases in plants, the CDPK gene family, was
examined genome-wide in maize in this work. A thirty-three-strong list of newly identified CDPK
genes from maize was found by in silico analysis of the maize genome database. According to our
analysis, ZmCPK growth might have been facilitated by genome duplications. Four groups of these
genes have been formed thanks to the phylogenetic analysis of CDPKs from Arabidopsis, rice, and
maize. Due to the presence of conserved protein motifs, members of each group may have recently
evolved together. All things considered, we have identified the CDPK family, and the data we
have shared here offers a strong basis for additional functional research into the maize CDPK gene
family.
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Figure 1: Phylogenetic tree of CDPKs from Maize, rice, and Arabidopsis. Neibour-joining tree
was created using MEGA 7.0 Program with 1000 bootstraps using full-length sequences of 40
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maize, 29 rice, and 34 Arabidopsis CDPK proteins. Four groups were labeled as I, II, 111, and

IV.

Note: Red boxes: maize-rice orthologs, blue boxes: duplicated genes.

Table 1 Characteristics of CDPKSs from maize

Name Locus tag CDs | Amino | Mol N-terminal N- No. of
acids Wit. Myristoylation EF-
hands
(kDa)

ZmCDPK1 | ZEAMMB73_Zm00001d002540 | 1644 | 547 604 MGNACSGA | Yes 4
ZmCDPK2 | ZEAMMB73_Zm00001d002540 | 1479 | 492 447 MRRGGAGA | Yes 4
ZmCDPK3 | ZEAMMB73_Zm00001d026018 | 1671 | 556 612 MGNACGGA | Yes 4
ZmCDPK4 | D87042* 1665 | 554 616 MGNACGGA | Yes 4
ZmCDPK5 | ZEAMMB73_Zm00001d051502 | 1689 | 562 619 MGNTCGVT | Yes 4
ZmCDPK6 | ZEAMMB73_Zm00001d051835 | 1467 | 488 539 MGGHQLHL | No 4
ZmCDPK7 | ZEAMMB73_Zm00001d027480 | 1635 | 544 617 MGNQCPNG | NO 1
ZmCDPK8 | ZEAMMB73 Zm00001d013105 | 1755 | 584 641 MGNTCVGP | No 4
ZmCDPK9 | ZEAMMB73_Zm00001d034376 | 1743 | 580 637 MGNTCVGP | No 4
ZmCDPK10 | ZEAMMB73_Zm00001d040996 | 1941 | 646 717 MGNVCVGP | No 4
ZmCDPK11 | GRMZM2G121228 - 580 - MGNTCVGP | No 4
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ZmCDPK12 | ZEAMMB73_Zm00001d013109 | 1863 | 620 677 MGNTCVG No
ZmCDPK13 | AJ007366° 1920 | 639 695 MGNTCVGP | No
GRMZM2G121228
ZmCDPK14 | ZEAMMB73_Zm00001d053016 | 1527 | 508 565 MQPDPSGN | No
ZmCDPK15 | ZEAMMB73_Zm00001d004812 | 1533 | 510 566 MQPDPSGN | No
ZmCDPK16 | ZEAMMB73_Zm00001d023560 | 1548 | 515 568 MQPDPQGS | No
ZmCDPK17 | ZEAMMB73_Zm00001d041871 | 1548 | 515 568 MQPDPQGP | No
ZmCDPK18 | ZEAMMB73_Zm00001d043150 | 1533 | 519 562 MGNCCPGS | No
ZmCDPK19 | ZEAMMB73_Zm00001d010659 | 1842 | 613 675 MRPSVSMI No
ZmCDPK20 | ZEAMMB73_Zm00001d004998 | 1659 | 552 600 MGQCCSKG | Yes
ZmCDPK21 | ZEAMMB73_Zm00001d052438 | 1746 | 581 634 MGQCCSKG | Yes
ZmCDPK22 | ZEAMMB73_Zm00001d009708 | 1620 | 539 607 MGGRASRH | Yes
ZmCDPK23 | ZEAMMB73_Zm00001d011392 | 1593 | 530 599 MGNRASRH | Yes
ZmCDPK24 | ZEAMMB73_Zm00001d044185 | 1383 | 460 525 MEDVKATY | No
ZmCDPK25 | ZEAMMB73_Zm00001d026139 | 1620 | 539 610 MGNCFTRK | Yes
ZmCDPK26 | ZEAMMB73_Zm00001d021623 | 1596 | 531 594 MGQCCSRA | Yes
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ZmCDPK27 | ZMU28376¢ 1542 | 513 581 MVMAILTR | No
ZmCDPK28 | ZEAMMB73_Zm00001d006479 | 1596 | 531 594 MGQCCSRA | Yes
ZmCDPK29 | ZEAMMB73_Zm00001d010579 | 1626 | 541 605 MGNCCRSP | No
ZmCDPK30 | ZEAMMB73_Zm00001d038409 | 1623 | 540 602 MGNCCRSP | No
ZmCDPK31 | ZEAMMB73_Zm00001d012457 | 1611 | 536 602 MGNCCRSP | No
ZmCDPK32 | ZEAMMB73_ Zm00001d052713 1707 | 568 628 MGGCYSAF | Yes
ZmCDPK33 | Uncharacterized - - - - -

ZmCDPK34 | ZEAMMB73_Zm00001d034562 | - - MGNCCATP | Yes
ZmCDPK35 | Uncharacterized - - - - -

ZmCDPK36 | ZEAMMB73 Zm00001d021835 1620 | 539 608 MGNCCVTP | No
ZmCDPK37 | ZEAMMB73_Zm00001d006621 | 1620 | 539 608 MGNCCVTP | No
ZmCDPK38 | ZEAMMB73 Zm00001d005164 | 1539 | 512 575 MGLCSSST Yes
ZmCDPK39 | ZEAMMB73_Zm00001d015100 | 1569 | 522 585 MGACFSSA | Yes
ZmCDPK40 | ZEAMMB73 Zm00001d015100 | 1569 | 522 585 MGACFSSA Yes

Note: a, b, ¢ are GenBank accession numbers
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