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Calcium-dependent protein kinases (CDPKs) are a class of serine/threonine protein
kinases encoded by several gene families that play key roles in stress response and
plant growth and development. In this study, the BLAST method was used to search for
protein sequences of the potato Calcium-dependent protein kinase gene family. The
chromosome location, phylogeny, gene structures, gene duplication, cis-acting elements,
protein-protein interaction, and expression profiles were analyzed. Twenty-five CDPK
genes in the potato genome were identified based on RNA-seq data and were clustered
into four groups (I-IV) based on their structural features and phylogenetic analysis. The
result showed the composition of the promoter region of the StCDPKs gene, including
light-responsive elements such as Box4, hormone-responsive elements such as ABRE,
and stress-responsive elements such as MBS. Four pairs of segmental duplications were
found in StCDPKs genes and the Ka/Ks ratios were below 1, indicating a purifying
selection of the genes. The protein-protein interaction network revealed defense-
related proteins such as; respiratory burst oxidase homologs (RBOHs) interacting with
potato CDPKs. Transcript abundance was measured via RT-PCR between the two
cultivars and their relative expression of CDPK genes was analyzed after 15, 20, and
25 days of drought. There were varied expression patterns of StCDPK3/13/21 and 23,
between the two potato cultivars under mannitol induced-drought conditions. Correlation
analysis showed that StCDPK21/22 and StCDPK3 may be the major differentially
expressed genes involved in the regulation of malondialdehyde (MDA) and proline
content in response to drought stress, opening a new research direction for genetic
improvement of drought resistance in potato.
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INTRODUCTION

Plants have developed a complex signal transduction network over the years to adapt to climate
change and its effects. Calcium (Ca2+) functions as an important secondary messenger in signal
transduction during a variety of biological activities, such as growth and development (Hepler, 2005).
Members of four kinase superfamilies whose activities are regulated by calcium and/or calmodulin
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(CaM) can sense transient fluctuations in cytoplasmic Ca2+

concentration. These are Calcium-dependent protein kinases
(CDPKs), Ca2+/calmodulin-dependent protein kinases
(CaMKs), calcium- and calmodulin-dependent protein kinases
(CCaMKs), and CDPK-related protein kinases (CRKs) (Zuo
et al., 2013; He, 2015; Wang et al., 2016; Zhang et al., 2017).
Calcium-dependent protein kinases have a variable N-terminal
domain that includes myristoylation or palmitoylation sites for
subcellular localization (Cheng et al., 2002; Saito et al., 2018). The
protein kinase catalytic domain, which has an adenosine
triphosphate (ATP) binding site, is usually followed by the
autoinhibitory domain, which acts as an auto inhibitor to
switch CPKs between inactive and/or active states depending
on the calcium concentration (Yip Delormel and Boudsocq,
2019). In addition, the calmodulin-like domain usually has
four EF-hands for Ca2+ binding (Franz et al., 2011; Boudsocq
et al., 2012) and a C-terminal domain (Hrabak et al., 2003).

Calcium-dependent protein kinases are unique sensors among
Ca2+ sensors in that they can directly convert upstream Ca2+

signals directly into downstream protein phosphorylation events
due to the presence of both sensory and reactive of CaM like and
protein kinase domains (Poovaiah et al., 2013). Calcium ions
(Ca2+) are released into the cytosol from internal reserves or the
extracellular space under different conditions, such that different
external stimuli are transduced by variable spatiotemporal
differences in the frequency, amplitude, and location of Ca2+

waves (Kudla et al., 2018). Calcium-dependent protein kinases
have been discovered throughout the plant kingdom and in some
protozoa (Harper and Harmon, 2005). Calcium-dependent
protein kinases are found in various subcellular locations,
implying that they are involved in numerous signaling
pathways (Lu and Hrabak 2002). Various stress responses and
numerous environmental stimuli have been associated with
increased CDPK activity/expression (Klimecka and Muszynska,
2007). Consequently, these kinases translate the information
encoded in Ca2+ signatures into specific phosphorylation
events of target proteins.

Osmotic adjustment is used by plants to respond to drought
conditions; this involves the accumulation of solutes in cells in
response to variations in water potential. Under various stress
conditions, plants accumulate compatible solutes such as sugars,
amino acids, glycerol, and mannitol, among others. As osmotic
potential decreases, cells absorb water to maintain optimal turgor to
support normal physiological functions (Blum, 1996;Możdżeń et al.,
2021). Mannitol, an essential osmolyte, is produced in considerable
amounts in many plant species (Mitoi et al., 2009), accounting in
some species for almost half of all translocated photoassimilates
(Loescher et al., 1992). Mannitol is a polyhydric alcohol, and beyond
functioning in osmotic adjustment, mannitol also has antioxidant
properties; it can scavenge hydroxyl radicals (OH+) (Shen, et al.,
1997; Srivastava et al., 2010). Many studies of plant water relations
use exposure to mannitol to experimentally induce drought stress
(Soetaert et al., 1999), and mannitol simulated drought treatment is
known to inhibit many physiological processes. For example, maize
grown on a mannitol-supplemented medium exhibited decreased
permeability of cell membranes, which was attributed to high
electrolyte leakage caused by osmotic stress, and the maize plants

also showed decreased chlorophyll content and inhibition of gas
exchange (Możdżeń et al., 2021).

Studies of the CDPK gene family have shown functions for
some of these genes in drought stress responses. For example,
overexpression of OsCDPK4/9 in rice and AtCPK10/11 in
Arabidopsis resulted in significantly increased drought tolerance
(Campo et al., 2014; Wei et al., 2014; Zou et al., 2015). Moreover,
the expression of the ginger (Zingiber officinale) gene ZoCDPK1 in
tobacco reduced the severity of drought stress (Vivek et al., 2017),
and the overexpression of maize ZmCPK4 in transgenic
Arabidopsis conferred drought stress tolerance (Jiang et al.,
2013). Other studies have shown that drought stress induces the
transcription of the PtrCDPK10 and GbCDPK68 genes (Meng
et al., 2020; Shi and Zhu, 2022). Recently, Bi et al. (2021)
reported that the expression of four potato CDPK genes
(StCDPK3/13/21/23) is strongly induced by drought stress.

In the present study, we identified 25 StCDPK genes that
exhibit significantly altered expression profiles upon long-term
(15, 20, and 25 days) in vitro mannitol-induced drought stress
treatment. Our study deepens the understanding of the functions
of potato CDPK genes in responses to long-term mannitol-
induced drought stress and lays a solid foundation for
studying these genes under field conditions in drought-prone
crop production regions.

MATERIAL AND METHODS

Identification and Characterization of
StCDPK Gene Family
The protein sequences of Arabidopsis and rice were obtained from
the NCBI database (https://www.ncbi.nlm.nih.gov/) database and a
Hidden Markov Model file was created using the method BLAST
(Altschul et al., 1997). The protein sequence of StCDPK genes was
downloaded from the published potato genome database in “DMv4.
04.” All candidate genes containing a kinase domain and EF-hands
were identified and further verified in the Pfam (http://pfam.xfam.
org/) and SMART database (http://smart.embl-heidelberg.de/)
(Letunic et al., 2021). The molecular weight, theoretical pI, grand
average hydropathicity, and the instability coefficient of the protein
encoded by the StCDPKs gene were predicted using the ProtParam
tool of ExPaSy (http://web.expasy.org/protparam/) (Gasteiger et al.,
2005). The signal peptide of the StCDPK protein was analyzed using
SignalP-5.0 (http://www.cbs.dtu.dk/services/SignalP/) to determine
if it was a secretory protein. Interpro (http://www.ebi.ac.uk/interpro/
) was used to identify StCDPK domains and predict the number of
EF-hands present. The Palmitoylation and myristoylation sites of
StCDPK proteins were predicted using GPS-Palm (http://csspalm.
biocuckoo.org/index.php) and GPS-Lipid (http://lipid.biocuckoo.
org/index.php), respectively (Ren et al., 2008; Xie et al., 2016).

Phylogenetic Analysis of the StCDPKsGene
Family
A phylogenetic tree was generated by using the Neighbor-Joining
method with 1,000 rapid bootstrap repeats usingMEGA 7.0 (Kumar
et al., 2016) using protein sequences from potato, Arabidopsis, and
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rice. The generated phylogenetic tree was visualized using Evolview
v2 (http://www.evolgenius.info/evolview/).

Chromosome Localization and Synteny
Analysis
The chromosomal distribution of StCDPKs was identified using
the MCScanX (http://chibba.pgml.uga.edu/mcscan2/) program,
and the genomic positions of the StCDPK genes were mapped
using the S. tuberosum database Spud DB (http://solanaceae.
plantbiology.msu.edu/pgsc%20download.shtml). The map was
drafted using the Mapchart program (https://www.
wageningenur.nl/en.htm). The synteny blocks were used for
constructing a synteny analysis map that included the
genomes of potato (S. tuberosum), A. thaliana, O. sativa, and
S. lycopersicum. Figures were generated using the Circos program
(version 0.69) (https://circos.ca/). Gene duplication events of
CDPK genes in potato were investigated. Three criteria were
used in defining gene duplication: 1) the alignment length
covered >80% of the longer gene, 2) the aligned region had an
identity >80%, and 3) only one duplication event was counted for
tightly linked genes. All of the relevant genes identified in the
potato genomes were calculated using MSCanX and visualized in
Circos. Based on the phylogenetic tree results, a molecular
evolutionary analysis of the StCDPK genes was performed by
calculating the nonsynonymous (Ka) to synonymous (Ks)
substitution ratio of the duplicated gene pairs in S. tuberosum
using the KaKs_Calculator in TBtools (https://github.com/CJ-
Chen/TBtools) (Chen et al., 2020).

StCDPKs Gene Structure and Protein
Domain Analysis
To identify and draw the gene structure of the CDPKs genes, the
genomic sequences were aligned with the corresponding coding
sequences in the GSDS 2.0 server (http://gsds.cbi.pku.edu.cn).
Proteins that share motifs within the StCDPK family were
identified using the Multiple Expression motifs for Motif Elicitation
(MEME)motif search tool (http://memesuite.org/tools/meme) (Bailey
et al., 2009). They were then visualized using TBtools software.

Analysis of Cis-Acting Elements in the
Promoters of Members of the StCDPKs
Gene Family
The 1,500 bp genomic sequence upstream of the transcription
start site of the CDPKs gene family members was obtained from
the potato genome database (http://solanaceae.plantbiology.msu.
edu/index.shtml) and the cis-acting elements in the promoter
region of StCDPKs gene family members were predicted by the
PlantCARE online tool (http://bioinfomatics.psb.ugent.be/
webtools/plantcare/html).

Protein-Protein Network Interaction
A predicted protein-protein interaction network of the StCDPKs
and their interacting proteins was constructed using the online
program STRING V11.5 (https://string-db.org/) with the following

terms; textmining, databases, co-expression, neighborhood, co-
occurrence, and experimental evidence. The co-expression
network was visualized using Cytoscape (Shannon et al., 2003).

Planting Materials and Treatment
Conditions
Two potato cultivars QingShu 9 (QS9) and Atlantic (Atl),
known to be drought-tolerant and drought-sensitive,
respectively, were used in this experiment. They were
provided by the Gansu Provincial Key Laboratory of Arid
Habitat Crop Science/Gansu Provincial Key Laboratory of
Crop Genetic Improvement and Germplasm Innovation.
Uniform plantlets from two nodal cuttings were cultured on
Murashige and Skoog potato growth medium (Murashige and
Skoog, 1962), which contained 5 g L-1 of agar, 30 g L-1 of
sucrose, and 0.1 g L−1 of inositol. The pH of the medium
was adjusted to 5.8 and autoclaved at 121°C at 15 1b psi for
25 min. In vitro propagated plants were maintained in a
growth chamber at 25 ± 1°C, with a 16 h photoperiod, with
active photosynthetic radiation of 45 µmol photons m−2s−1,
and with a relative humidity of 55–66% for a 30-day growth
period. Healthy and good-looking plantlets were then selected
for stress treatment in MS medium supplemented with
150 mM mannitol for simulated drought treatment and
control conditions in sterilized glass bottles (120 × 50 mm).
The experiment was replicated three times, with each glass
bottle containing five cuttings of potato plantlets and subjected
to growth conditions 25 ± 1°C, with a 16 h photoperiod, with
active photosynthetic radiation of 45 µmol photons m−2s−1,
and with a relative humidity of 55–66%. Sampling was done on
the 15th, 20th, and 25th days, respectively. Collected samples
were immediately frozen in liquid nitrogen and stored at–80°C
prior to subsequent RNA extraction.

Determination of Phenotype and
Physiological Indicators
Some physical and physiological parameters were measured after
drought induction in the two potato cultivars. Plant height was
measured using a meter ruler, i.e., above the root portion of the
plant and total root length was measured with a root scanner
(EPSON Scan 2 1200XL 2.2) and a root morphology and
structure analysis device (Pornaro et al., 2017).

Oxidation stress-related traits such as malondialdehyde (MDA)
content, catalase (CAT), and peroxidase (POD) activities, which
have been reported as important traits related to drought tolerance in
potato (Li et al., 2019), were measured after drought induction.
Osmolytes such as proline was also measured after the plant was
exposed to drought. Malondialdehyde (MDA content) was
determined by the thiobarbituric acid (TBA) method (Heath and
Packer, 1968); proline accumulation (Pro) after drought treatment
was determined by the sulfosalicylic acid indandione method (Bates
et al., 1973). Peroxidase activity (POD) was determined according to
the Upadhyaya et al. (1985) method. In brief, POD activity was
evaluated in a reaction solution containing 0.2 g of ground fresh
plant tissue with 50mM phosphate buffer, 25 mM guaiacol, and

Frontiers in Genetics | www.frontiersin.org May 2022 | Volume 13 | Article 8743973

Dekomah et al. Potato Response to Drought Stress

http://www.evolgenius.info/evolview/
http://chibba.pgml.uga.edu/mcscan2/
http://solanaceae.plantbiology.msu.edu/pgsc%20download.shtml
http://solanaceae.plantbiology.msu.edu/pgsc%20download.shtml
https://www.wageningenur.nl/en.htm
https://www.wageningenur.nl/en.htm
https://circos.ca/
https://github.com/CJ-Chen/TBtools
https://github.com/CJ-Chen/TBtools
http://gsds.cbi.pku.edu.cn/
http://memesuite.org/tools/meme
http://solanaceae.plantbiology.msu.edu/index.shtml
http://solanaceae.plantbiology.msu.edu/index.shtml
http://bioinfomatics.psb.ugent.be/webtools/plantcare/html
http://bioinfomatics.psb.ugent.be/webtools/plantcare/html
https://string-db.org/
https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles


20mM H2O2. The amount of enzyme activity was expressed as the
average change in absorbance (at a wavelength of 470 nm) per
minute with readings every 1 min for a total of 3 times. Catalase
activity Catalase (CAT) was measured according to the Hamurcu
et al. (2013) method. In summary, an amount of 0.8 ml of stock
solutionwas put in a 0.2 g ground sample and centrifuged for 10 min
at 12,000 rpm at 4°C. The supernatant was pipetted (40 µl), and
mixed with 560 µl of 0.067M H2O2 for CAT determination. The
absorbance value was measured at a wavelength of 240 nm within
1 min. All physiological analyses were repeated 3 times.

Gene Expression Analysis
Total RNA was isolated from in vitro drought-stressed plants
using an RNA kit (Tiangen) according to the manufacturer’s
instructions. Approximately, 0.1–1 g of the plant material was
collected and crushed in liquid nitrogen using a mortar and
pestle. The integrity of the extracted RNA was checked on a 1%
agarose gel and the concentration and purity were determined
using the nucleic acid analyzer. Then, the DNA-free total RNA
was used for first-strand cDNA synthesis with the kit (TOYOBO)
for gene expression, and the QuantStudio 5 fluorescent real-time
quantitative PCR system was used for qRT-PCR detection and
analysis. The cDNA was amplified in a total reaction volume of
20 μl; i.e, SYBR Premix Ex Taq TM 10 μl, forward primer 0.8 μl,
reverse primer 0.8 μl, cDNA 2 μl, ROX Reverence Dye (2X) 0.4 μl,
ddH2O 6 μl. PCR amplification conditions were: 95°C pre-
denaturation for 30 s; 95°C denaturation for 5 s, 60°C annealing
for 35 s, 40 cycles; 95°C denaturation for 15 s, 58°C annealing for
60 s, and 95°C for 15 s. After the reaction, the dissolution curve was
analyzed and the specificity of product amplification was checked.
Actin was used as an internal reference gene and the 2−ΔΔCtmethod
(Livak and Schmittgen, 2001) was used to calculate the relative
expression of StCDPK genes. Each gene amplification result
represents data comprising three technical replications for each
of three biological replicates. Supplementary Table S1 shows the
primers used for gene expression analysis.

Data Analysis
Excel 2016 version was used to sort the data, and the IBM SPSS
software version 24.0 (International Business Machine
Corporation, United States) was used for statistical analysis.
Statistically significant differences (p < 0.05) are reported in
the text and shown in the figures. GraphPad Prism 7 and
Excel 2016 were used for data mapping and the R software
was used to draw the heat map.

RESULTS

Identification and Analysis of the Basic
Characteristics of the Members of the
Solanum tuberosum Calcium-Dependent
Protein Kinase Family
A total of 25 gene loci were identified as StCDPKs and their
coding genes were designated as StCDPK1~ StCDPK25 according
to their location on potato chromosomes (Table 1). In silico

analysis of the chromosomal locations of the CDPK loci indicated
that the 25 CDPKs were distributed among 11 chromosomes in
potato (Figure 1); only chromosome 9 lacked a CDPK locus.
There were 5 StCDPK genes distributed on chromosome 10
(ST4.03ch10), which had the highest number of StCDPK loci.
Two chromosomes ST4.03ch01 and ST4.03ch11 had 4 loci each; 2
loci were present on chromosomes 3, 4, 6, and 12; there was only 1
locus on chromosomes 2, 5, 7, and 8.

To explore the physicochemical properties of CDPK proteins,
the molecular weight (MW), isoelectric point (pI), grand
hydropathy score (GRAVY), and instability index were
predicted for the 25 StCDPK members. Predicted protein
sequence analysis of the 25 StCDPKs revealed that the amino
acid lengths ranged from 474 aa (StCDPK9) ~ 638 aa
(StCDPK17), with coding region lengths ranging from 1,425 bp
(StCDPK9) ~ 1917 bp (StCDPK17). The predicted molecular
weight of the proteins ranges from 53,356.88 to 70,171.73 kDa.
The differences in molecular weight can be largely attributed to
the different numbers of domains. The pH at which a given
molecule carries no net charge is known as the isoelectric point;
this can be informative for identifying proteins with pH-
dependent properties. The theoretical isoelectric points of the
StCDPKs range from 5.02 to 9.34 (Table 1). With the exceptions
of StCDPK5, StCDPK6, and StCDPK9, the predicted isoelectric
points of the other StCDPKs proteins were below 7, a trend
indicating that most of the StCDPKs are rich in acidic amino acids
(Garcia-Moreno, 2009; Talley and Alexov, 2010).

Our analysis of the 25 StCDPK protein domains using the
Interpro online tool (Table 1) indicated that most of the CDPK
proteins were predicted to contain 4 EF-hand domains with the
notable exceptions of StCDPK4/9, which were predicted to
contain 1 and 2 EF-hand domains, respectively indicating that
the arrangement of StCDPK protein domains is largely conserved.
At the same time, the results of protein hydrophilicity analysis
and instability coefficient analysis showed that the average
hydrophilic GRAVY values of all StCDPKs were negative. The
negative GRAVY values of all 25 proteins indicate a soluble or
hydrophilic nature of the CDPK proteins (Kyte and Doolittle,
1982). Notably, 12 of the StCDPKs had protein instability
coefficients predicted above 40 (Table 1), suggesting that these
12 proteins may be unstable.

We also assessed the predicted signal peptides, myristoylation
sites, and palmitoylation sites for the StCDPKs. A signal peptide
analysis showed that there were no obvious signal peptides.
Prediction of potential myristoylation and palmitoylation sites
indicated that 3 of the 25 CDPK proteins have no myristoylation
or palmitoylation sites: whereas StCDPK4, StCDPK10, and
StCDPK21 were predicted to have only palmitoylation sites,
the remaining 21 proteins were predicted to contain both
myristoylation and palmitoylation sites (Table 1).

Phylogenetic Tree Analysis of the Potato
Calcium-Dependent Protein Kinase Gene
Family
A phylogenetic tree was constructed using 90 full-length protein
sequences to compare the CDPKs of potato with those of rice and
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TABLE 1 | The basic characteristics and Physico-chemical properties of CDPK gene family members in potato.

Subfamily
type

Gene
name

Gene ID Chromosome
location

CDS
length
(bp)

AA
length
(bp)

Molecular
weight

pI Instability
index

GRAVY EF-
hand

number

Signal
peptide

Myristoylation
site

Palmitoylation
site

Ⅰ StCDPK1 PGSC0003DMG400021342 1 1749 582 64,626.41 5.71 41.99 −0.408 4 No Y Y
StCDPK2 PGSC0003DMG400021338 1 1797 598 67,601.16 5.42 44.41 −0.411 4 No Y Y
StCDPK8 PGSC0003DMG400025435 4 1746 581 64,589.29 5.54 36.41 −0.42 4 No Y Y
StCDPK10 PGSC0003DMG400023440 5 1,512 503 56,374.25 5.02 44.02 −0.28 4 No N Y
StCDPK11 PGSC0003DMG400026077 6 1,506 501 56,453.55 5.69 39.53 −0.368 4 No N N
StCDPK15 PGSC0003DMG400016820 10 1704 567 63,366.69 5.56 40.03 −0.374 4 No Y Y
StCDPK16 PGSC0003DMG400028229 10 1824 607 68,348.03 5.58 36.32 −0.451 4 No Y Y
StCDPK17 PGSC0003DMG401028133 10 1917 638 70,172.73 5.17 45.6 −0.265 4 No Y Y
StCDPK19 PGSC0003DMG401007209 10 1,635 544 60,369.47 5.31 41.6 −0.411 4 No Y Y
StCDPK20 PGSC0003DMG400000994 11 1737 578 64,801.71 5.35 42.82 −0.447 4 No Y Y
StCDPK21 PGSC0003DMG400000890 11 1,518 505 56,997.05 5.49 37.76 −0.368 4 No N N

Ⅱ StCDPK9 PGSC0003DMG400009883 4 1,425 474 53,356.88 7.89 49.51 −0.257 1 No Y Y
StCDPK13 PGSC0003DMG400022318 7 1,566 521 57,862.21 6.75 29.4 −0.391 4 No Y Y
StCDPK14 PGSC0003DMG400005829 8 1,554 517 57,847.71 5.79 41.08 −0.417 4 No Y Y
StCDPK22 PGSC0003DMG400009451 11 1,575 524 58,971.02 5.77 40.04 −0.504 4 No Y Y
StCDPK24 PGSC0003DMG400027877 12 1,530 509 56,625.8 6.07 37.42 −0.338 4 No Y Y
StCDPK25 PGSC0003DMG400004646 12 1,608 535 59,662.66 5.44 42.35 −0.473 4 No Y Y

Ⅲ StCDPK3 PGSC0003DMG400010704 1 1,602 532 60,004.61 6.44 37.82 −0.494 4 No Y Y
StCDPK7 PGSC0003DMG400013183 3 1,617 538 60,908.99 6.43 36.81 −0.388 4 No Y Y
StCDPK12 PGSC0003DMG400026908 6 1,611 536 61,050.86 5.97 30.71 −0.38 4 No Y Y
StCDPK18 PGSC0003DMG400008149 10 1,575 524 59,424.7 5.95 36.01 −0.527 4 No Y Y
StCDPK23 PGSC0003DMG400033335 11 1,599 532 59,737.26 6.12 38.32 −0.466 4 No Y Y

Ⅳ StCDPK4 PGSC0003DMG400027527 1 1,488 495 55,392.29 5.27 39.98 −0.252 2 No N N
StCDPK5 PGSC0003DMG400003564 2 1,695 564 63,596.52 9.34 39.67 −0.55 4 No Y Y
StCDPK6 PGSC0003DMG400022562 3 1707 568 64,172.58 9.01 45.14 −0.63 4 No Y Y

AA, amino acid, pI, isoelectric point, N, no, and Y, yes.
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Arabidopsis (Figure 2). Using the NCBI database search tool,
34 Arabidopsis and 31 rice CDPKs protein sequences were found,
and a neighbor-joining tree of CDPK protein sequences from
potato, Arabidopsis, and rice was constructed using MEGA 7.0
(Figure 2). Similar to rice and Arabidopsis, the potato CDPKs
were clustered into four main groups (I, II, III, and IV). The
largest was group I which comprised 11 StCDPKs, 11 OsCPKs,
and 10 AtCPKs. The second group (II) comprises 6 StCDPKs,
8 OsCPKs, and 12 AtCPKs; the group with the fewest CDPK
members was group IV, with 3 StCDPKs, 3 OsCPKs, and
3 AtCPKs.

Analysis of Solanum tuberosum
Calcium-Dependent Protein Kinases Gene
Structure and Protein Domain Conservation
Gene structure analysis of the CDPK genes in potato was
conducted to assess gene family expansion and divergence.
The number of introns varied from 5 to 12 (Figure 3B). Our
analysis showed that most of the 25 StCDPK genes contained 7-9
introns; only the group I gene StCDPK9 had 5 introns, while the
group IV genes StCDPK5 and StCDPK6 each contained 12
introns. There were large differences in gene length, exon/
intron structure distribution, and fragment length (Figure 3B).

Using the MEME website to predict and analyze the conserved
motifs of potato CDPKs, a total of 10 conserved motifs were
identified (Figure 3A). Of the 10 identified motifs, motifs 1, 2,
and 3 occurred in all 25 proteins, followed by motifs 5, 6, and 7,
which occurred in all proteins except StCDPK9 and StCDPK4;
motif 10 was present in only 5 StCDPK proteins. Groups I and II
contain similar motifs, except StCDPK9, which lacks motif 5; all
members of group III contain motif 10 but lack motif 9. The
proteins of group IV have the lowest number of motifs
(Figure 3A). More than 80% of the StCDPKs contain motifs
1–8. Moreover, one protein StCDPK4 contained only 4 of the 10
motifs.

Gene Duplication, Synteny, and Ka/Ks
Analysis of StCDPK Genes
To examine the effect of duplications on the CDPK gene family,
we assessed putative tandem duplication and segmental
duplication gene pairs using PGDD (Plant Genome
Duplication Database), and visualized the results using Circos.
We identified 4 pairs of paralogous segmental duplicated genes
distributed on different chromosomes (Supplementary Figure
S2). The identified CDPK gene pairs were StCDPK1/StCDPK16
found on chromosomes 1 and 10, StCDPK5/StCDPK6 located on

FIGURE 1 |Chromosomal distribution of StCDPK genes in potato genome. The genes were distributed on eleven chromosomes with their numbers shown on top.
The black thin lines across the chromosomes indicate the exact location of the specific gene.
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chromosomes 2 and 3, StCDPK20/StCDPK8 located on
chromosomes 11 and 4, and StCDPK13/StCDPK24 located on
chromosomes 7 and 12. No tandem duplication was found
among the potato CDPK genes.

To explore evolutionary relationships among the CDPK genes
in potato, a synteny analysis that included Arabidopsis, rice, and
tomato was performed using MCScanX. The synteny analyses
help in gaining knowledge of the evolutionary and functional
relationship between orthologs. This analysis found a synteny of 8
potato chromosomes with Arabidopsis, 11 potato chromosomes
with tomato, and 1 chromosome with rice. Potato showed
maximum synteny with tomato and Arabidopsis and least with
rice because of the divergence along with the evolutionary time
frame (Supplementary Figure S2). The lowest synteny found in
potato and rice is due to the distant evolutionary relationship
between dicots and monocots plants.

To estimate the divergence time of potato CDPKs,
synonymous (Ks) and nonsynonymous (Ka) substitutions
between paralogous gene pairs were calculated using the
KaKs_Calculator in TBtool. Ka/Ks ratio <1, Ka/Ks = 1, and
Ka/Ks > 1.00 respectively indicate purifying, neutral, and
accelerated evolution with positive formation (Li, et al., 2009).

In total 4 pairs of paralogous genes were found in potato CDPKs.
The calculated Ka/Ks ratio of the gene pairs varied from
0.11—0.82 (Supplementary Table S2). All the paralogous
StCDPK gene pairs had a Ka/Ks ratio <1, indicating a
purifying formation (Yang et al., 2006). The estimated
divergence time ranges from 20.32 to 39.32 million years
ago (MYA).

Analysis of Cis-Acting Elements in
Promoters of Calcium-Dependent Protein
Kinase Genes
Promoter cis-elements influence the initiation of gene
transcription. We performed a bioinformatics analysis to
identify possible cis-elements in the promoter sequences of
StCDPKs. PlantCARE was used to identify putative cis-acting
elements in the 1,500 bp upstream sequence of each StCDPK gene
promoter. The results indicated that key components of the
StCDPKs gene family include core promoter elements
(Figure 4A) and plant-inducible promoter elements. In
addition to nuclear promoter elements, we detected putative
functional elements including light response elements,

FIGURE 2 | Phylogenetic tree of CDPKs gene family in potato (Solanum tuberosum), rice (Oryza sativa), and Arabidopsis thaliana. The tree was generated using
Mega 7.0 software by the Neighbor-joiningmethod and bootstrap analysis (1,000 replicates) expressed in percentages. Members in the same group are clustered under
the same color with a chromosomal location number ranging from; StCDPK1 to 25 in potato, OsCPK1 to 31 in rice, and AtCPK1 to 34 in Arabidopsis.
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hormone response elements, stress response elements, and some
growth and development-related regulatory elements.

Among them, the types and numbers of light-responsive
elements are the largest, and these are present in the promoter
regions of each CDPK gene, including box 4, G-box, GT1 motifs,
TCT motifs, and GATA motifs (Figure 4B). Some StCDPKs have
unique light-responsive elements, such as AAAC motifs, AT1

motifs, chs-CMA2a, GA motifs, Sp1, Box II, and Gap-box
elements, which were found only in StCDPK1, StCDPK8,
StCDPK9, StCDPK11, StCDPK17, StCDPK14, and StCDPK21.
Interestingly, our results revealed five hormone-dependent
elements in the promoters of the StCDPKs (Figure 5),
including an abscisic acid-responsive element (ABRE), a
methyl jasmonate responsive element (CGTCA-motif,

FIGURE 3 | Gene structure and conserved protein motif of StCDPKs gene family members. (A) The conserved motifs of StCDPK proteins were discovered using
the online searching tool MEME (http://memesuite.org/tools/meme). Different colors were used to indicate the conserved motifs. (B) Structural organization of exon/
intron of the 25 potato CDPKs. Exons are represented by green boxes and black lines for introns.
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TGACG-motif), a salicylic acid-responsive element (TCA-
element), a gibberellin responsive element (TATC-box, GARE-
motif, P-box), and an auxin-responsive element (TGA-element,
TGA-box, AuxRR-core, AuxRE). Among these five types of
hormone-responsive elements, 64% of the StCDPKs contain
abscisic acid response elements, making it the most frequent
hormone-responsive element; the number of methyl jasmonate
response elements is second at 40%

In addition, 68% of the StCDPKs were predicted to contain
anaerobically inducible elements (AREs): 52% of the members
contained the WUN motif; 40% of the members contained
defense and stress response elements (TC-rich repeats); 32%
and 28% of the family members contained low-temperature
response elements (LTR) and drought response elements
(MBS), respectively. The StCDPKs with these elements appears
likely to exert functions when potatoes are exposed to low
temperature or drought stress (Figure 5).

Protein-Protein Interaction Network of
StCDPKs
Network interaction analysis can be an effective method for
studying gene function (Zhao et al., 2018). We used the
STRING 11.5 (https://string-db.org/cgi/) database to predict an
interaction network for the StCDPK proteins (Szklarczyk et al.,
2019), and Cytoscape was used to visualize the network. The
network can help in connecting proteins of interest to other
pathways. The network indicated that potato CDPKs apparently
interact with several respiratory burst oxidase homolog proteins
(RBOH), which are known to promote ROS scavenging
(Foreman et al., 2003) (Figure 6). In particular, the network
indicated interactions between potato CDPKs and RBOHA,
RBOHB, and RBOHC, proteins with known functions in

defense responses (Zhang et al., 2018) and plant development
(Torres and Dangl, 2005). StCDPK5/6 was predicted to interact
with StWIPK, a mitogen-activated protein kinase that may be
involved in the catalytic activity as well as other cellular processes
(Kamiyoshihara et al., 2010). Additionally, CDPKs interact with
activated disease resistance 1 (ADR1), a protein that mediates
resistance against pathogens in a salicylic acid-dependent manner
(Saile et al., 2021). StCDPK12/19 was predicted to interact with
glycogen phosphorylase (GlgP), an allosteric enzyme involved in
carbohydrate metabolism.

Expression Analysis of Potato
Calcium-Dependent Protein Kinases in
Response to Drought Stress
Plants are regularly threatened by abiotic and biotic stresses, and
CDPKs have been described as essential factors in regulating
plant tolerance to biotic and abiotic stresses (Huang et al., 2018).
To gain insight into the potential functions of StCDPKs in abiotic
stress responses, two cultivars (QS9 and Atl) with distinct
drought resistance capacities (Li et al., 2019; Bi et al., 2021)
were propagated in vitro with mannitol-induced drought
treatment and their expression levels measured on 15, 20 and
25 days. The expression levels of the 25 StCDPKswere assessed by
qPCR, among which 20 StCDPK transcripts were detected
(Figures 7A-E). Moreover, 5 StCDPK genes (StCDPK4,
StCDPK10, StCDPK11, StCDPK17, and StCDPK19) were not
detected in either of the examined potato cultivars grown with
mannitol-induced drought treatment. The expression of
20 StCDPKs were altered in response to stress, and the
expression levels of seven of these genes increased significantly
in the drought-resistant cultivar QS9 (StCDPK7/9/20/21/22/24/
25) as compared to the drought-sensitive cultivar Atl (p < 0.05).

FIGURE 4 | (A) Distribution maps of core promoter elements of the StCDPKs family. The core promoters were divided into two groups; CAAT-box and TATA-box
indicated by brown and blue colors respectively. The PlantCARE website and database were used to identify the promoter elements of the 25 StCDPK genes. (B)
Distributionmap of photoresponsive functional elements in the promoters of the StCDPKs family. The analysis revealed 24 photo-responsive elements distributed across
the identified CDPK genes. Each gene carries at least 2 photoresponsive elements at its promoter site as revealed by the PlantCARE (http://bioinfomatics.psb.
ugent.be/webtools/plantcare/html) online tool.
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Expression of the genes StCDPK2/5/8/18/23 was significantly
higher in QS9 than Atl at 15 and 20 days (p < 0.05) (Figures
7A-E).

Correlation Analysis Between StCDPK
Gene Expression and Phenotypic Changes
Under Drought Stress
We assessed changes in physiological indicators in the Atl and
QS9 cultivars after 15, 20, and 25 days of drought. The plant
height and total root lengths of the Atl plants were each
significantly lower than those of QS9 under all the examined
drought durations (p < 0.05) (Figures 8A,B). We also examined
the levels of peroxidase (POD) and catalase (CAT) in Atl and
QS9 under drought and normal conditions. In Atl and QS9, a
high accumulation of these two antioxidants occurred after
drought treatment. The POD activity of Atl and QS9
increased by 5.46%, 136.73%, 101.93%, and 171.41% 53.10%,
and 75.00%, respectively. The POD activity in QS9 increased
significantly (Figures 8E). On the 20th day of treatment, the
CAT activities of Atl and QS9 were significantly higher than
those of control (p < 0.05) (Figures 8F). The effect of cultivar x
mannitol interaction on MDA activities was also significant (p <
0.05) in the two potato cultivars (Figure 8C). Compared to their

corresponding unstressed control samples, the percentage
increases in MDA content at 15, 20, and 25 days were
respectively 98.21%, 56.95%, and 225.61% for the Atl plants
and 85.89%, 115.09%, and 60.45% for the QS9 plants; note that
the increases inMDA content in the Atl plants were significantly
higher than for QS9 for all of the sampling days (p < 0.05).
Proline is a proteogenic amino acid that is often used as a stress
marker in plants where unstressed plants were reported to
contained low content of proline per gram of plant tissue,
whereas stressed plants contained high amount of proline
(Hossain et al., 2016). We measured the proline content in
the two potato cultivars after drought treatment and compared
the stressed plants to their corresponding unstressed controls,
the Alt plants proline increases by 118.14%, 376.64%, and 32.5%
at the 15, 20, and 25-day drought stress time points, respectively,
while the QS9 plants had increases of 258.91%, 302.87%, and
364.29% (Figures 8D).

We also conducted a correlation analysis for the expression of
StCDPK genes in Atl and QS9 with the detected changes in
physiological indicators under drought stress (Figure 9). We
detected negative correlations between the expression levels of the
StCDPK9/18/20/21/22/23 genes in Atl with the plant height
values, whereas positive correlations for plant height were
detected for QS9 plants. The StCDPK9/21/22 levels in Atl

FIGURE 5 | Distribution of stress-related cis-elements in the promoters of the StCDPKs family. The elements were partitioned into different categories; biotic
responsive (defense, wound), abiotic responsive (drought induction, anaerobic induction, low temperature), and phytohormones responsive (abscisic, auxin, salicylic
acid, MeJA, gibberellin). These stress-related elements are indicated by different color boxes in the chart.
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plants were positively correlated with MDA levels, whereas
negative correlations were detected for these genes in the QS9
plants. In drought-stress-treated Atl plants, the expression levels
of the gene pairs StCDPK13/23 and StCDPK6/20 were,
respectively, positively and negatively correlated with the
detected increases in MDA content (p < 0.05). Also the
detected increases in MDA content (p < 0.05) were negatively
correlated with the expression levels of StCDPK2/21/22 in QS9
(Figure 9). Proline accumulation in QS9 correlated positively
with the expression of the gene StCDPK3/7/13/14. There was a
negative correlation between the StCDPK1/3 expression in Atl
and the detected increase in proline content (p < 0.05), but a
positive correlation was detected between StCDPK2 expression
and the change in root length (p < 0.05) in Atl. POD activity in
QS9 and the expression of StCDPK24 showed a strong positive
correlation (p < 0.01).

DISCUSSION

Calcium-dependent protein kinase (CDPK) is a type of serine/
threonine-protein kinase found in plants and some protists. With
the completion of the whole genome sequencing of several

species, the CDPK gene family has been identified and cloned
in a variety of plants. The genomes of Arabidopsis, rice, maize,
wheat, tomato, melon, cucumber, and cotton are; 34, 31, 40, 20,
29, 18, 19, and 41 CDPK members, respectively (Ray et al., 2007;
Li et al., 2008; Boudsocq and Sheen, 2013; Kong et al., 2013; Li
et al., 2015; Xu et al., 2015; Hu et al., 2016; Zhang et al., 2017). We
found 25 CDPK genes in the potato genome in our present study
which is in line with (Bi et al., 2021). Phylogenetic analysis
revealed four groups, with Group I being the largest group
with 31 gene members from potato, rice, and Arabidopsis,
while group IV was the smallest with 9 members (Arabidopsis:
3, rice: 3, potato 3). Hamel et al. (2014) observed similar grouping
patterns in monocotyledons and dicotyledons.

The palmitoylation and myristoylation sites are often located
at the N-terminal domains for membrane attachment (Cheng
et al., 2002). Previous studies have shown that the myristoylation
site is related to membrane localization, and the palmitoylation
site can be used as a posttranslational signal to maintain this
membrane binding (Martı´n and Busconi, 2001; Simeunovic
et al., 2016). The results of predicting the acylation sites of the
protein encoded by the StCDPK genes showed that 22 of the
25 StCDPK proteins contain both myristoylation and
palmitoylation sites, tentatively suggesting that most potato

FIGURE 6 | Protein-protein interaction network of StCDPKs. A complex network of all potato CDPKs and proteins identified and green labeled circles contains the
interacting proteins.
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CDPKs are membrane-anchored and may be involved in
regulating subcellular localization. Calcium-sensing proteins
have two EF-hands, each of which is a critical functional unit
for protein stability and enables high-affinity calcium ion binding
(Luan et al., 2002). When calcium ions bind to the EF-hands, the
globular shape of CaM proteins changes, allowing CaMs to
interact with their target proteins (Yamniuk and Vogel 2005).
In this study, 23 StCDPK proteins contained 4 EF-hand domains
excluding 2 proteins.

All eukaryotes evolved from a common ancestor, and
during genome evolution, there might be substantial loss
and gain of introns driven by selection pressure and
population growth (Lynch and Conery, 2000). Structural
divergences, such as the presence and position of domains,
and the organization of exons/introns, can reveal evolutionary
history within a gene family and are also closely related to
protein function (Boudet et al., 2001; Kudla et al., 2010). The
number of introns varied from 5 to 12 in potato, as in H.

brasiliensis (Xiao et al., 2017), indicating similarities in CDPK
gene structure between different species. Therefore, the
presence of more introns could increase the functional
diversity of CDPK genes through alternative splicing and
exon shuffling (Keren et al., 2010). Similarities in the genes
intron phases of the genes indicate common ancestry. During
evolution, a change in the intron phase reflects a divergence in
homology between genes. Long et al. (1998) found that
insertion or deletion of a short DNA fragment can affect the
transcript, resulting in a change in gene function. The results of
gene structure and conservative protein sequence analysis
showed that the gene length and exon-intron structure
distribution of StCDPK gene family members are quite
different, which may be one of the reasons for the
functional differentiation among StCDPK gene family
members.

Gene duplication is a main driving force in plant evolution,
resulting in gene family expansion. Gene duplication models

FIGURE 7 | (A-E) Changes of StCDPKs relative expression in potato during different periods under long-term drought. Expression patterns of 20 CDPK genes by
quantitative PCR analyses at 15, 20, and 25 days, respectively in both tolerant and drought-sensitive cultivar. The Green and orange line represents QS9 and Atlantic (Atl)
cultivars, respectively. The actin gene was used as the internal control reference.
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include segmental/whole-genome duplication (WGD), tandem
duplication, proximal duplication, transposed duplication, and
dispersed duplication (Paterson et al., 2010). In our analysis, we
found 4 pairs of segmental duplication in S. tuberosum CDPKs.
Zhao et al. (2021) however, discovered six pairs of segmental
duplication inM. truncatula CDPKs. Segmental duplication gene
pairs were also identified in rice (Asano et al., 2005) and poplar
(Zuo et al., 2013) CDPK and CRK gene families. The Ka/Ks ratio
was used to calculate the selection pressure on the duplicated gene
pairs. The Ka/Ks ratio of the 4 paralogous gene pairs was less than
1in our report. This is similar to what has been observed in
tomato (Hu et al., 2016), Brassica rapa (Wu et al., 2017), and M.
truncatula (Zhao et al., 2021). According to the findings, these
gene pairs have been subjected to strong purifying selection,
which may have resulted in limited functional divergence.

Several cis-acting elements responsible for phytohormones,
stress, light, growth, and development were observed in the
promoter regions of StCDPKs, indicating the possible role of
StCDPKs in regulating various responses to phytohormones,
environmental stresses, and development. These cis-acting
elements are used to predict the binding sites of transcription
factors in the promoter region of genes and provide clues for the
study of gene function. Analysis of the cis-acting elements in the
promoter region of the StCDPK gene family in this study showed
that the CDPK gene family contains two key promoter elements,
namely the TATA box (which links transcription initiation to

RNA polymerase) and the CAAT box (which regulates gene
transcription efficiency), suggesting that the potato CDPK gene
family can be transcribed normally. In Arabidopsis thaliana and
Medicago truncatula, some AtCPKs andMtCDPKs are involved in
the regulation of phytohormone and abiotic stress signaling when
specific cis-acting elements were detected in the promoter regions
(Li et al., 2016; Huang et al., 2018; Zhang et al., 2020; Zhao et al.,
2021). Moreover, the promoter regions of different members of the
potato CDPK family contain different cis-acting elements for stress
response, suggesting that different members of potato CDPK may
play important roles in different stresses.

Potato CDPK genes are likely involved in responses to biotic
and abiotic stresses, particularly pathogen defense and drought,
and our interaction network analysis predicted that StCDPKs
were engaged with RBOHs. RBOHs are integral membrane
proteins that produce superoxide anions that can be
subsequently transformed to H2O2. RBOH proteins are known
to engage in enzyme activity regulation based on their two
calcium-binding EF-hand motifs and several phosphorylation
sites at their N-termini. In addition to their roles in abiotic
stress responses, RBOHs are known to be essential in various
processes including cellular growth and hypersensitivity
responses (Foreman et al., 2003). The expression of RBOHs
varies depending on the tissue and developmental stage
(Torres and Dangl, 2005), and various stimuli determine
which isoforms are activated (Valmonte et al., 2014). AtRBOHD

FIGURE 8 | Changes in phenotypic and physiological indexes of potato test-tube plantlets in different periods under drought treatment. (A,B) height of plants and
root length in control and mannitol-induced drought treated media measured in cm. (C) MDA content (nmol/g FW) of QS9 and Atl under stressed and unstressed
conditions. (D) Proline content (μg/g FW) under drought conditions. (E,F) POD and CAT activities (U/g FW) in mannitol-induced drought treatment and control. Different
letters show significant differences between treatments. Duncan’s method was used for significance analysis for multiple comparisons (p < 0.05)
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was shown to be responsible for the production of ROS in response
to pathogen infection in Arabidopsis (Angel et al., 2015). Similarly,
overexpression of the RBOHB protein in Arabidopsis confers
resistance to soil pathogens, and RBOHB is known to function
in the lateral root growth of Phaseolus vulgaris (Arthikala and
Quinto, 2018; Hawamda et al., 2020). In strawberry, FvRBOHA and
FvRBOHD are needed for the accumulation of ROS during plant
response to cold stress (Zhang et al., 2018), and salt and drought
stress treatments were shown to significantly enhance the
expression of VvRBOHA, VvRBOHB, and VvRBOHC1 in grapes.
Exogenous ABA treatment significantly upregulated the expression
ofVvRBOHB (Cheng et al., 2013). RBOHA expression in P. vulgaris
has been demonstrated to increase lateral root initiation, emergence,
and development; it functions to restrict the region from which
lateral roots can emerge (Arthikala and Quinto, 2018). Other
predicted interacting proteins from the potato CDPK network
analysis include LAC2-like proteins that function in drought
tolerance in Populus euphratica (Niu et al., 2021).

There is growing evidence that CDPKs are involved in various
physiological adaptations (Klimecka and Muszynska, 2007; Zhu
et al., 2007; Xu et al., 2010). This role is evident from the
expression of CDPK genes in response to various stimuli such
as salt, hormones, cold, drought, heat, and wounding. To
understand the potential functions of certain members of
CDPKs in potato plants, their expression patterns were
analyzed under different stages of mannitol-induced drought
treatments. Mannitol is a polyhydric alcohol, and beyond

functioning in osmotic adjustment, mannitol also has
antioxidant properties; it can scavenge hydroxyl
radicals (OH+) (Shen, et al., 1997; Srivastava et al., 2010).
Mannitol-induced drought stress affects many phenotypic and
physiological processes in plants (Soetaert et al., 1999; Możdżeń
et al., 2021). Potato is generally considered sensitive to prolonged
drought. However, the cultivar QS9 used in this study is
considered tolerant to drought while the cultivar Atl cultivar is
sensitive to drought stress (Li et al., 2019; Bi et al., 2021).
Therefore, a better understanding of the molecular response to
drought is needed to develop more tolerant cultivars.

Evaluation of the phenotypic and physiological indices of the two
potato cultivars undermannitol-induced drought treatment revealed
different levels of stress responses during the experimental period.
The plants responded to themannitol induced stress as shown by the
results of qRT-PCR analysis, which revealed an increase in the
expression levels of StCDPK2/3/7/9/13/20/21/24/25 in cultivar QS9
after drought treatment at different periods, while, the expression
levels of StCDPK1/12/16/21/23 in cultivar Atl were also increased
under drought stress. This report suggests that StCDPK proteins play
a role in the tolerance of these cultivars to drought stress and
supports the relationships among sequence, structure, and protein
function. StCDPK13was placed in the same phylogenetic group II as
AtCPK21, AtCPK23, and AtCPK33, which have been reported to be
involved in drought tolerance in Arabidopsis (Ma and Wu, 2007;
Geiger et al., 2011; Wang et al., 2019). StCDPK3/23 which Bi et al.
(2021) reported as having high expression levels in mannitol-

FIGURE 9 | tCorrelation analysis between StCDPKs gene expression and physiological and biochemical indexes of Atl and QS9 under drought treatment. Six
phenotypic and physiological parameters were examined on 15, 20, and 25 days, respectively. Red color indicates positive correlation, black color represents no correlation,
and green color shows a negative correlation. * indicates significant correlation at p < 0.05 level, while ** indicates a highly significant correlation at p < 0.01 level.
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induced drought stress was grouped in the same phylogenetic group
III with OsCPK9, which was also reported to play a role in drought
tolerance in rice (Wei et al., 2014). Thus, StCDPK13 might be
associated with physiological responses triggered by both stresses,
such as regulation of stomatal movement and suppression of cell
growth and photosynthesis, as has also been observed for the
FaCDPK4 gene of strawberry (Crizel et al., 2020).

The response of a plant to stress depends on the degree and
duration of stress. Drought causes excessive accumulation of reactive
oxygen species (ROS), leading to the induction of antioxidant
enzymes such as superoxide dismutase (SOD), catalase (CAT),
peroxidase (POD), malondialdehyde (MDA), and an osmolyte
such as proline. The enrichment of proline content and
antioxidant enzymes in the two cultivars QS9 and Atl were
different. Proline content in the tolerant cultivar (QS9) increased
significantly under sustained drought stress on day 25, with a
corresponding decrease in MDA content on all measured days.
Xu et al. (2010) reported that transgenic Arabidopsis lines
overexpressed with AtCPK6 had increased proline content and
decreased MDA content, which is an indicator of stress tolerance.
In other words, the oxidative damage associated with drought stress
leads to lipid peroxidation and cell membrane dysfunction.
Malondialdehyde (MDA) content was used to quantify lipid
peroxidation because MDA is a typical degradation product of
peroxidized polyunsaturated fatty acids in plant membranes
(Ayala et al., 2014; Bhattacharjee, 2014). Simova-Stoilova et al.
(2010) found an increase in catalase activity under drought and
the enzyme activity appeared to be higher in the sensitive genotypes
than in the tolerant ones, which is in agreement with our study
where the drought-sensitive cultivar Atl showed high CAT activity
after 15- and 20-day, stress exposure, while the tolerant cultivar
(QS9) increased its catalase activity after 25-day drought exposure.
Another study showed that the activity of CAT decreased in rice
seedlings under drought (Sharma and Dubey, 2005). Moreover,
POD activity increased under drought conditions in both sensitive
(Atl) and tolerant (QS9) cultivars at different time intervals. Under
unfavorable environmental conditions, elevated POD and CAT
activities can swiftly detoxify peroxides, such as reactive oxygen
species (ROS), from plants tissues, protect the cell membrane system
from destruction, and delay leaves senescence thereby increasing
plant resistance (Lei et al., 2006).

To better understand the relationship between gene expression,
phenotype, and physiological indicators under drought, a correlation
analysis was performed between the relative changes in the identified
StCDPKs. The relative expression of the gene StCDPK9/18/20/21/22/
23 in Atl was negatively related to the relative change in plant height.
Malondialdehyde (MDA) content is considered one of the most
important indicators of drought stress in plants. Three genes
StCDPK9/21/22 in drought-sensitive potato (Atl) were shown to
correlate positively with the relative increase in MDA content,
whereas, QS9 responded negatively. With the relative expression
of proline, four genes StCDPK3/7/13/14 showed a negative
correlation in Atl, while QS9 correlated positively. This indicates
that these genes might be involved in regulating plant height, MDA
content, and proline content through differential expression when
Atl and QS9 are under drought stress to produce differences in
drought resistance among cultivars. Under drought conditions, the

relative expression of StCDPK21/22 was higher in QS9 than in Atl
but was negatively correlated with the relative increase in MDA
content (p < 0.05). On the other hand, StCDPK3 in Atl showed a
negative correlation with the relative increase in proline (p < 0.05),
suggesting that StCDPK21/22 and StCDPK3, as differentially
expressed genes in response to drought stress, may be involved in
the regulation of MDA and proline content and could be used as
candidate genes for subsequent functional research to further
explore the molecular mechanism of potato response to drought.

CONCLUSION

In this study, 25 copies of CDPKs were identified in the Solanum
tuberosum genome by genome-wide structural analysis and
phylogenetic characterization. Phylogenetic analysis of CDPKs
from three plant species, namely, S. tuberosum, Arabidopsis
thaliana, and Oryza sativa revealed a classification into four major
groups (I-IV). Within each group, members share some common
features such as protein motifs and exon-intron structures, which
may be due to the fact that the members recently shared common
evolutionary origins. StCDPKs were found to be involved in drought
response and these genes showed differential expression after
drought stress in the two potato cultivars studied. Gene
expression profiles after drought induction detected 20 StCDPK
transcripts. The accumulation of antioxidants in the drought-
tolerant QS9 was significantly different from the sensitive cultivar
Atl. The identification and systemic study of CDPK genes in
S. tuberosum would help plant breeders to better explore the
functions of CDPKs in integrating Ca2+ signaling pathways in
S. tuberosum to adapt to unanticipated environmental stresses.
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tuberosum CDPK gene family. Four pairs of duplicated genes were identified
and shown in red lines.
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