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Abstract: Plants have a series of response mechanisms to adapt when they are subjected to external
stress. Calcium-dependent protein kinases (CDPKs) in plants function against a variety of abiotic
stresses. We screened 17 CDPKs from drought- and salt-induced soybean transcriptome sequences.
The phylogenetic tree divided CDPKs of rice, Arabidopsis and soybean into five groups (I–V). Cis-acting
element analysis showed that the 17 CDPKs contained some elements associated with drought and salt
stresses. Quantitative real-time PCR (qRT-PCR) analysis indicated that the 17 CDPKs were responsive
after different degrees of induction under drought and salt stresses. GmCDPK3 was selected as a further
research target due to its high relative expression. The subcellular localization experiment showed that
GmCDPK3 was located on the membrane of Arabidopsis mesophyll protoplasts. Overexpression of
GmCDPK3 improved drought and salt resistance in Arabidopsis. In the soybean hairy roots experiment,
the leaves of GmCDPK3 hairy roots with RNA interference (GmCDPK3-RNAi) soybean lines were
more wilted than those of GmCDPK3 overexpression (GmCDPK3-OE) soybean lines after drought and
salt stresses. The trypan blue staining experiment further confirmed that cell membrane damage of
GmCDPK3-RNAi soybean leaves was more severe than in GmCDPK3-OE soybean lines. In addition,
proline (Pro) and chlorophyll contents were increased and malondialdehyde (MDA) content was
decreased in GmCDPK3-OE soybean lines. On the contrary, GmCDPK3-RNAi soybean lines had
decreased Pro and chlorophyll content and increased MDA. The results indicate that GmCDPK3 is
essential in resisting drought and salt stresses.
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1. Introduction

Plants inevitably experience a variety of abiotic stresses during their growth and development
process, such as drought, salt, and extreme temperature [1]. To adapt to certain environmental changes,
plants evolved regulatory pathways in response to different stress signal stimuli [2]. As signals are
transmitted through the cell, the plant will regulate the expression of some genes and produce new
proteins, which will also change noticeably at the morphological, physiological, and biochemical
levels [3].

Calcium ions (Ca2+) are ubiquitous and are the most important messenger molecules in higher
plant cells. Ca2+ is involved in regulating growth and development of plants and functions directly in
the biotic and abiotic stress response of plants [4]. When plants are exposed to different external stimuli,
Ca2+ acts as the second messenger in the cell, and its concentration in the cytoplasm undergoes transient
and complex changes, producing Ca2+ oscillations, which are transmitted to the calcium-binding
protein via calcium receptors, and are then transmitted and amplified by calcium-binding proteins.
The signal goes downstream, causing changes in the expression of the corresponding gene, thereby
regulating the response of the plant to adverse stimuli [4,5].

Calcium-dependent protein kinases (CDPKs) are a class of typical Ser/Thr protein kinases [6].
CDPKs are widely distributed in some plants, algae, and some lower animals, but not in bacteria, fungi,
or higher animals [7,8]. CDPKs are essential in Ca2+-mediated signal transduction in plant response to
stresses. Unlike other calcium binding proteins, CDPKs are a single peptide chain. CDPKs possess
four specific domains: the N-terminal domain, the ATP-binding kinase domain, the autoinhibitory
junction domain, and the C-terminus domain [9,10]. The C-terminus domain of CDPKs binds with
Ca2+, resulting in conformational changes of CDPK proteins and causing activation of the kinase
domain and autoimmune changes. This change results in important functions of CDPKs in plant
responses to abiotic stresses [11].

CDPKs are widely present in various organs of plants and are expressed in roots, stems, leaves,
flowers, fruits, and seeds [12–15]. CDPKs are mainly involved in physiological activities such as
plant drought resistance, salt resistance, disease resistance, hormone signal transduction, photoperiod
regulation, and nutrient metabolism [16]. In the past 10 years, research on plant CDPKs developed
rapidly, and a large number of CDPKs were found in many plants. A total of 34 CDPKs have been
found in Arabidopsis [10], 31 CDPKs in rice [11], 40 CDPKs in maize and 20 CDPKs in wheat [17].
In addition, CDPKs have been increasingly studied in horticultural crops, and 19 CDPKs have been
identified in cucumber [13], 29 CDPKs in tomato [18], 31 CDPKs in pepper [19], 19 CDPKs in grape [20],
and 29 CDPKs in millet [16].

Soybean (Glycine max) is one of the most important crops in the world, providing oil and protein
to humans and livestock. There are currently 50 CDPKs identified from soybean [21]. The GmCDPKs
transcript levels change after wounding, exhibiting specific expression patterns after being simulated
by Spodoptera exigua feeding or soybean aphid (Aphis glycines) herbivory, and are largely independent of
the phytohormones jasmonic acid and salicylic acid [15]. Based on previous reports, this study screened
GmCDPKs with high expression levels in soybean transcriptome sequences from our laboratory
following drought and salt stresses, and screened for 17 GmCDPKs responding to drought and salt.
The genes were further verified by qRT-PCR analysis, and GmCDPK3 was selected for further research.
The results showed that in transgenic Arabidopsis, GmCDPK3 gene was resistant to drought and salt
environmental stress, and this characteristic was verified in soybean root experiment. The discovery
could help develop plants that are resistant to drought and salt.

2. Results

2.1. Phylogenetic Tree Inference in CDPKs

All amino acid sequences were used to create phylogenetic tress in MEGA X 10.0 (Figure 1).
The adjacent junction is the complete sequence of CDPKs in Arabidopsis, rice, and soybean, and the
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phylogenetic tree was divided into five groups (I–V). For 17 screened genes, 6 were in group I, 3 in
group II, 2 in group III, 5 in group IV, and 1 in group V.Int. J. Mol. Sci. 2019, 20, x FOR PEER REVIEW  3 of 22 

 

 

Figure 1. Phylogenetic relationships of CDPKs among Arabidopsis, rice, and soybean. The 
phylogenetic tree was generated by comparison of the CDPK amino acid sequences in MEGA 10.0. 
The neighbor-joining (NJ) method was used and the bootstrap value was set to 1000. Frequency values 
(%) higher than 50 are displayed. All the genes were divided into five groups and GmCDPK3 is 
classified as group III. 

2.2. Analysis of Gene and Protein Structure of 17 Selected GmCDPK 

A large number of CDPKs were found in the soybean drought and salt transcriptome. To further 
analyze their roles in abiotic stress, we selected 17 GmCDPKs and queried basic information in the 
Phytozome, Pfam, and SMART databases (Table S1) [22]. The chromosomal locations of the 17 
GmCDPK genes (Figure 2) on the 12 chromosomes. As shown in figure, three CDPK genes were 
mapped on chromosomal 2 and 5; tow CDPK genes on chromosomal 10; one CDPK gene was mapped 
on chromosomal 1, 3, 4, 6, 11, 14, 16, 18, and 19. To characterize the 17 GmCDPKs, we used the gene 
structure display server (GSDS) website (http://gsds.cbi.pku.edu.cn/) to analyze genomic sequences 
by submitting coding DNA. The results showed that 17 GmCDPKs contained an S-TKc protein 
domain and four EF hand-shaped structures (Figure 3a). The genes had exon-intron structure (Figure 
3c). In addition, the 17 GmCDPKs contained nine motifs, in which GmCDPK1/13/15 had the same 
structure, and the structures of other genes were similar (Figure 3b). Results showed that CDPKs tend 
to have a close genetic relationship with similar structures, suggesting that they evolved from the 
same pattern. 

Figure 1. Phylogenetic relationships of CDPKs among Arabidopsis, rice, and soybean. The phylogenetic
tree was generated by comparison of the CDPK amino acid sequences in MEGA 10.0. The
neighbor-joining (NJ) method was used and the bootstrap value was set to 1000. Frequency values (%)
higher than 50 are displayed. All the genes were divided into five groups and GmCDPK3 is classified
as group III.

2.2. Analysis of Gene and Protein Structure of 17 Selected GmCDPK

A large number of CDPKs were found in the soybean drought and salt transcriptome. To further
analyze their roles in abiotic stress, we selected 17 GmCDPKs and queried basic information in
the Phytozome, Pfam, and SMART databases (Table S1) [22]. The chromosomal locations of the 17
GmCDPK genes (Figure 2) on the 12 chromosomes. As shown in figure, three CDPK genes were
mapped on chromosomal 2 and 5; tow CDPK genes on chromosomal 10; one CDPK gene was mapped
on chromosomal 1, 3, 4, 6, 11, 14, 16, 18, and 19. To characterize the 17 GmCDPKs, we used the gene
structure display server (GSDS) website (http://gsds.cbi.pku.edu.cn/) to analyze genomic sequences by
submitting coding DNA. The results showed that 17 GmCDPKs contained an S-TKc protein domain
and four EF hand-shaped structures (Figure 3a). The genes had exon-intron structure (Figure 3c).
In addition, the 17 GmCDPKs contained nine motifs, in which GmCDPK1/13/15 had the same structure,
and the structures of other genes were similar (Figure 3b). Results showed that CDPKs tend to have a
close genetic relationship with similar structures, suggesting that they evolved from the same pattern.

http://gsds.cbi.pku.edu.cn/
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Figure 2. Chromosomal locations of the 17 GmCDPK genes. Using Map Gene 2 Chromosomal to 
depicted chromosomal location. The location of the gene is marked with short lines. black mark is the 
centromere of the chromosome. There are 17 GmCDPK genes that are distributed on 12 chromosomes. 

Figure 2. Chromosomal locations of the 17 GmCDPK genes. Using Map Gene 2 Chromosomal to
depicted chromosomal location. The location of the gene is marked with short lines. black mark is the
centromere of the chromosome. There are 17 GmCDPK genes that are distributed on 12 chromosomes.
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Figure 3. Bioinformatics analysis of 17 GmCDPK proteins and genes. The gene and protein sequences 
of 17GmCDPK were analyzed with bioanalysis tools. (a) The domain of the GmCDPK protein; (b) 
GmCDPKs protein motif; and (c) intron exon structure of GmCDPKs. 

2.3. GmCDPK Protein Tertiary Structure Homology Modeling 

To visualize the conserved Ser/Thr protein kinase domain and EF hand structure on the 
GmCDPK, protein structure models of these 17 GmCDPKs were constructed (Figure S1). The simu-
lated three-dimensional structure shows that in addition to the unique coiled Ser/Thr protein kinase 
domain, there are four EF-hand structures, consisting of four helical region-bubble region-coil regions 
with Ca2+ binding in the middle of the hand structure region. 

2.4. Expression of 17 GmCDPKs in Different Tissues and at Different Developmental Stages 

Gene registration numbers were submitted to SoyBase (http://soybase.org/soyseq/) [23], and 
quantitatively predicted tissue expression data was obtained for 14 tissues (Figure S2) (details are in 
Table S2). The results showed that GmCDPK6/7/8/9/10 were highly expressed in roots and basal 
tissues; GmCDPK14 was highly expressed at all times in soybean; and most of the other genes were 
slightly expressed or had no expression under stress-free conditions. These results indicated that 
these genes are essential in the soybean response to stresses. 

2.5. Promoter Regions of 17 GmCDPKs Contain Various Stress Response Elements 

The 2000 bp sequence before the start codon ATG was cloned in these 17 GmCDPK promoters. 
To investigate the mechanism of response to abiotic stress, the plant cis-acting elements of the 17 
GmCDPK promoter regions were submitted to PLACE 
(http://bioinformatics.psb.ugent.be/webtools/plantcare/html/) (Table S3). Many regulatory factors 
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Figure 3. Bioinformatics analysis of 17 GmCDPK proteins and genes. The gene and protein sequences
of 17GmCDPK were analyzed with bioanalysis tools. (a) The domain of the GmCDPK protein;
(b) GmCDPKs protein motif; and (c) intron exon structure of GmCDPKs.

2.3. GmCDPK Protein Tertiary Structure Homology Modeling

To visualize the conserved Ser/Thr protein kinase domain and EF hand structure on the GmCDPK,
protein structure models of these 17 GmCDPKs were constructed (Figure S1). The simulated
three-dimensional structure shows that in addition to the unique coiled Ser/Thr protein kinase
domain, there are four EF-hand structures, consisting of four helical region-bubble region-coil regions
with Ca2+ binding in the middle of the hand structure region.

2.4. Expression of 17 GmCDPKs in Different Tissues and at Different Developmental Stages

Gene registration numbers were submitted to SoyBase (http://soybase.org/soyseq/) [23], and
quantitatively predicted tissue expression data was obtained for 14 tissues (Figure S2) (details are in
Table S2). The results showed that GmCDPK6/7/8/9/10 were highly expressed in roots and basal tissues;
GmCDPK14 was highly expressed at all times in soybean; and most of the other genes were slightly
expressed or had no expression under stress-free conditions. These results indicated that these genes
are essential in the soybean response to stresses.

2.5. Promoter Regions of 17 GmCDPKs Contain Various Stress Response Elements

The 2000 bp sequence before the start codon ATG was cloned in these 17 GmCDPK promoters.
To investigate the mechanism of response to abiotic stress, the plant cis-acting elements of the 17
GmCDPK promoter regions were submitted to PLACE (http://bioinformatics.psb.ugent.be/webtools/
plantcare/html/) (Table S3). Many regulatory factors that respond to drought and salt stresses have been

http://soybase.org/soyseq/
http://bioinformatics.psb.ugent.be/webtools/plantcare/html/
http://bioinformatics.psb.ugent.be/webtools/plantcare/html/
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identified, including ABRE, DRE, ERE, GT-1, LTRF, MYB, and W-box elements. All of the genes except
GmCDPK12 have an ERE Cis-acting element, of which GmCDPK9/13 is the most abundant. GmCDPK3
contains seven ABRE, four EREs, two GT-1s, one LTRE, two MYBs, and four W-box Cis-acting elements.
This information indicates that 17 GmCDPKs may be involved in abiotic stress responses.

2.6. Candidate Genes Involved in Drought and Salt Stresses

To gain insight into the potential functions of these 17 GmCDPKs in plants subjected to abiotic
stresses, we detected the expression patterns under drought and salt stresses by qRT-PCR. After the
drought treatment, GmCDPK1/17 reached the highest expression at the 2nd hour, GmCDPK2/3/15 had
the highest expression at the fourth hour, and GmCDPK8 and GmCDPK13 had the highest expression
at the first and eighth hours, respectively (Figure 4a). After the salt treatment, the expression of
GmCDPK3/8/11/12/13 reached the highest level at the eighth hour. Furthermore, the transcription
levels of other genes slowly increased, but the changes were not significant (Figure 4b). These results
indicate that the transcription levels of most of the GmCDPKs are affected by drought and salt
stresses. GmCDPK3 apparently responds to a variety of these stresses, so GmCDPK3 was selected for
further study.
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Figure 4. Expression patterns of the 17 GmCDPKs under drought and salt treatment. Using qRT-PCR
to measure expression levels of 17 GmCDPKs under drought and salt stresses. (a) Drought treatment
was applied for 0, 1, 2, 4, 8, 12, 24, and 48 h. (b) Expression levels of 17 GmCDPKs under 250 mM NaCl
treatment for 0, 1, 2, 4, 8, 12, 24, and 48 h. The result is the mean ± SD of three experiments.
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2.7. GmCDPK3 Localized on the Cell Membrane

To determine the subcellular localization of GmCDPK3, the GmCDPK3 gene sequence was fused
with the N-terminal end of the GFP reporter gene, and connected to the 16318 hGFP expression
vector under the control of cauliflower mosaic virus (CaMV). The constructed vector was transferred
to the protoplast of Arabidopsis and the location of GFP expression was observed. We found that
GmCDPK3-GFP fusion protein was mainly located in the cell membrane (Figure 5).
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Figure 5. Subcellular localization of GmCDPK3 overexpression plants in Arabidopsis. Plasmid labeled
with GFP was transferred into the protoplast of Arabidopsis and subcellular localization image of
GmCDPK3-GFP was observed under a laser scanning confocal microscope, and the image showed that
it was expressed in the cell membrane. Bar = 20 µm.

2.8. GmCDPK3 Conferred Drought Tolerance in Transgenic Arabidopsis

Genes have potential functions in enhancing abiotic stress tolerance, particularly in overexpression
plants [24–28]. To further study the biological function of GmCDPK3, overexpression (OE, in lines 5, 14,
and 15) lines were treated with polyethylene glycol (PEG6000). To determine germination rate, seeds
of OE and WT were sown on 1/2 MS0 medium containing different concentrations of PEG6000, and at
0, 12, 24, 36, 48, 60, and 72 h, and the number of germinations was recorded. The germination rate on
1/2 MS0 medium did not differ, however, in the medium containing PEG6000, the germination of WT
seeds was inhibited to a greater extent than that of OE seeds (Figure 6a). Under normal conditions,
the germination rates of WT and OE ranged from 96–100% at 84 h (Figure 6b). Under 9% PEG6000
treatment, the germination rate of OE was 92.79–95.92%, higher than WT (85.71%) (Figure 6c). Under
12% PEG6000 treatment, the germination rate of OE (83.67–96.94%) was still higher than that of WT
(73.47%) (Figure 6d).
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Figure 6. Germination rate of the OE and WT under different concentrations of PEG6000. After
disinfection of Arabidopsis seeds, select the same strong seeds and sow them on the corresponding
medium. Record the number of germinations every 12 h., and each experiment was repeated three times.
(a) Germination rate phenotypes treated with different concentrations of PEG6000. (b) Untreated control
germination rate statistics. (c) Germination rate statistics under 9% PEG treatment. (d) Germination
rate statistics under 12% PEG treatment. Data are mean ± SD of three experiments (n = 64). The
ANOVA test showed a significant difference (** p < 0.01).

Six-day-old Arabidopsis seedlings were transferred to 1/2 MS0 medium containing different
concentrations of PEG6000 for a week (Figure 7a). Under normal conditions and 6% PEG6000, the
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root length phenotype of OE was similar to WT, with no differences among lines (Figure 7b, c).
Under treatment of 9% and 12% PEG6000, the root length of the OE was significantly longer than WT
(Figure 7d, e). With the increase of PEG6000 concentration, the root length became shorter.Int. J. Mol. Sci. 2019, 20, x FOR PEER REVIEW  9 of 22 
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PEG treatment. (d) Total root length statistics under 9% PEG treatment. (e) Total root length statistics 
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2.9. Salt Tolerance of GmCDPK3 in Arabidopsis  

To elucidate the role of GmCDPK3 in plant growth and development under salt treatment 
conditions, salt tolerance experiments of OE and WT were performed. For the germination assay, 
seeds of OE and WT were cultured on 1/2 MS0 medium containing different concentrations of NaCl, 
and the germination rate was measured (Figure 8a). OE and WT had similar germination rates on 1/2 
MS0 medium. Under the treatment of 100 mM NaCl, the germination rate of OE seeds was 82.31–

Figure 7. Root length phenotype of the OE and WT under different concentrations of PEG6000.
Seedlings with consistent root length and growth state were selected to grow in Ms0 medium for about
three days and transferred to another medium to observe root length. Each experiment was repeated
three times. (a) Root growth phenotypes of OE and WT under different concentrations of PEG6000. (b)
Untreated control total root length statistics. (c) Total root length statistics under 6% PEG treatment.
(d) Total root length statistics under 9% PEG treatment. (e) Total root length statistics under 12% PEG
treatment. Data are mean ± SD of three experiments (n = 30). The ANOVA test showed a significant
difference (* p < 0.05, ** p < 0.01).
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In the seedling treatment, 3-week-old OE and WT seedings were subjected to drought for 14 days,
and then rehydration for 3 days, and the survival rates were recorded separately. The survival rate of
OE after 3 days of fluid replacement was 90.05–91.63%, which was significantly higher than the WT
(50.50%) (Figure 10a,c).

2.9. Salt Tolerance of GmCDPK3 in Arabidopsis

To elucidate the role of GmCDPK3 in plant growth and development under salt treatment
conditions, salt tolerance experiments of OE and WT were performed. For the germination assay,
seeds of OE and WT were cultured on 1/2 MS0 medium containing different concentrations of NaCl,
and the germination rate was measured (Figure 8a). OE and WT had similar germination rates on
1/2 MS0 medium. Under the treatment of 100 mM NaCl, the germination rate of OE seeds was
82.31–85.76%, which was higher than that of WT seeds (72.11%). Under the treatment of 125 mM
NaCl, the germination rate of OE seeds was 65.31–86.73%, which was higher than that of WT seeds
(61.22%). When treated with 150 mM NaCl, the germination rate of OE seeds (72.45–82.65%) was
significantly higher than that of WT seeds (60.20%) (Figure 8b–e). The germination of OE and WT
seeds was inhibited under NaCl treatment.Int. J. Mol. Sci. 2019, 20, x FOR PEER REVIEW  11 of 22 
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Figure 8. Germination rate of OE and WT under different concentrations of NaCl. After disinfection of
Arabidopsis seeds, select the same strong seeds and sow them on the corresponding medium. Record the
number of germinations every 12 h., and each experiment was repeated three times. (a) Germination
rate phenotypes treated with different concentrations of NaCl. (b) Untreated control germination rate
statistics. (c) Germination rate statistics under 100 mM NaCl treatment. (d) Germination rate statistics
under 125 mM NaCl treatment. (e) Germination rate statistics under 150 mM NaCl treatment. Data are
mean ± SD of three experiments (n = 64). The ANOVA test showed a significant difference (* p < 0.05,
** p < 0.01).

For root length analysis, OE and WT seeds were grown on 1/2 MS0 medium at 22 ◦C for a week,
then transferred to 1/2 MS0 medium containing different concentrations of NaCl and grown for 7
days (Figure 9a). Under normal conditions, OE and WT had similar root length. The OE roots were
significantly longer than WT under 100 mM NaCl treatment. Under the treatment of 125 mM and
150 mM NaCl, the root length of the OE was significantly longer than WT (Figure 9b–e). With the
increase of NaCl concentration, the taproot length became shorter and the number of lateral roots
increased in OE plants.
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Figure 9. Root length phenotypes of OE and WT under different concentrations of NaCl. Seedlings
with consistent root length and growth state were selected to grow in Ms0 medium for about three days
and transferred to other medium to observe root length. Each experiment was repeated three times. (a)
Root growth phenotypes of OE and WT under different concentrations of NaCl. (b) Untreated control
total root length statistics. (c) Total root length statistics under 100 mM NaCl treatment. (d) Total root
length statistics under 125 mM NaCl treatment. (e) Total root length statistics under 150 mM NaCl
treatment. Data are mean ± SD of three experiments (n = 30). The ANOVA test showed a significant
difference (** p < 0.01).

In the seedling treatment, 3-week-old OE and WT seedlings were cultured for 14 days at 250 mM
NaCl, and the survival rate of the OE was 91.56–92.36%, which was significantly higher than WT
(74.94%) (Figure 10b,d). The results indicate that GmCDPK3 can be used to increase the tolerance of
transgenic plants to salt stress.
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conditions, we used Agrobacterium rhizogenes-mediated transformation of soybean hairy roots to 
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Figure 10. OE and WT phenotypes at the seedling stage under drought and salt treatments. The seedlings
of Arabidopsis with the same growth condition were transferred to the soil, after growing for two
weeks, they were treated with drought and salt. (a) Drought-tolerant phenotype of OE and WT in the
absence of water and after rehydration. (b) Salt-tolerant phenotype of the OE and WT in 250 mM NaCl
treatment. (c) Monitoring the survival rate of OE and WT under water stress 3 days after rehydration.
(d) Monitoring the survival rate of OE and WT under 250 mM NaCl treatment for 14 days. Data are
means ± SD of three experiments (n = 24). The ANOVA test showed a significant difference (** p < 0.01).

2.10. Positive Effect of GmCDPK3 in Transgenic Soybean Hairy Roots Under Drought and Salt Treatment

GmCDPK3 has a positive effect on drought and salt stresses of transgenic soybean hairy roots.
To further investigate the biological function of GmCDPK3 under drought and salt treatment
conditions, we used Agrobacterium rhizogenes-mediated transformation of soybean hairy roots to
produce GmCDPK3-OE (GmCDPK3 overexpression) and GmCDPK3-RNAi (GmCDPK3 with RNA
interference) soybean hairy roots. In the drought treatment, the hairy roots of the seedlings were
dried for 7 days first and then rehydrated for 3 days. Under drought stress, the leaf wilting degree of
GmCDPK3-RNAi was higher than that of EV (empty-vector) and GmCDPK3-OE (Figure 11a). Under
salt stress, the phenotype of the plants was observed to be consistent with the drought treatment, in
which the GmCDPK3-RNAi plants showed more pronounced leaf drooping, yellowing, and wilting
(Figure 12a).
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Figure 11. Phenotypic analysis of GmCDPK3-OE, GmCDPK3-RNAi, and EV under drought stress.
Soybean plants with the new root hair were transplanted and grown for another week without
watering and drought treatment three times per group. (a) Phenotypes of GmCDPK3-OE and
GmCDPK3-RNAi under normal conditions and drought treatments. (b) Changes in chlorophyll
content in GmCDPK3-OE, GmCDPK3-RNAi and EV under drought stress. (c) Changes in Pro content
in GmCDPK3-OE, GmCDPK3-RNAi, and EV under drought stress. (d) Changes in MDA content in
GmCDPK3-OE, GmCDPK3-RNAi, and EV under drought stress (** p < 0.01).

To investigate the potential physiological mechanisms by which GmCDPK3-OE enhances
plant tolerance, we determined proline (Pro), malondialdehyde (MDA) and chlorophyll content
in GmCDPK3-OE, EV, and GmCDPK3-RNAi plants under normal and stress conditions. The results
showed that under drought conditions, the MDA content of the GmCDPK3-RNAi (63.76 nmol/g)
was higher than that of EV (48.41 nmol/g); MDA content (35.42 nmol/g) of GmCDPK3-OE was lower
than EV (48.41 nmol/g). The Pro and chlorophyll content of GmCDPK3-OE (5.02 µg/g and 0.64 mg/g,
respectively) were higher than EV (4.88 µg/g and 0.31 mg/g, respectively) and GmCDPK3-RNAi
(4.1 µg/g and 0.04 mg/g, respectively) (Figure 11b,c). Under salt treatment conditions, the MDA
content of the GmCDPK3-RNAi (54.57 nmol/g) was significantly higher than EV (41.44 nmol/g) and
GmCDPK3-OE (31.90 nmol/g). The Pro and chlorophyll content of GmCDPK3-RNAi (1.43 µg/g and
0.55 mg/g, respectively) were significantly lower than EV (1.91 µg/g and 0.77 mg/g, respectively) and
GmCDPK3-OE (4.42 µg/g and 0.83 mg/g, respectively) (Figure 12b,c) (Table S4).
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Overexpression of SiCDPK24 in Arabidopsis enhanced drought resistance [16]. OsCPK24 
overexpressing plants have stronger resistance to low temperature by increasing amino acid content 
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Figure 12. Phenotypic analysis of GmCDPK3-OE, GmCDPK3-RNAi, and EV under salt stress. Soybean
plants with the new root hair were transplanted and grown for another week and 250 mM NaCl
treatment three times per group. (a) Phenotypes of GmCDPK3-OE and GmCDPK3-RNAi under normal
conditions and salt treatments. (b) Changes in chlorophyll content in GmCDPK3-OE, GmCDPK3-RNAi,
and EV under salt stress. (c) Changes in Pro content in GmCDPK3-OE, GmCDPK3-RNAi, and EV under
salt stress. (d) Changes in MDA content in GmCDPK3-OE, GmCDPK3-RNAi, and EV under salt stress
(* p < 0.05 ** p < 0.01).

When cells are damaged or die, trypan blue penetrates the denatured cell membrane and binds
to the disintegrated DNA to color the cell, while living cells prevent the dye from entering the cell.
Staining of the soybean leaves after salt and drought treatment was observed. Compared with the
control, the leaves of the treated group had different degrees of cell membrane damage, and the
GmCDPK3-OE had the least damage, followed by EV and GmCDPK3-RNAi (Figure S5).

3. Discussion

In this study, we analyzed 17 GmCDPK basic molecular characterization and identified the
GmCDPK3 gene from soybean. Subcellular localization results suggested that GmCDPK3 functions in
cell membranes. We obtained transgenic Arabidopsis seedlings and soybean hairy roots for studying
the functions of GmCDPK3. Our results indicated that overexpression of GmCDPK3 improved plants
tolerance to drought and salt stresses compared with control, after PEG6000 and NaCl treatments.

The regulation of CDPKs in the response to plant stresses has been widely reported. Overexpression
of SiCDPK24 in Arabidopsis enhanced drought resistance [16]. OsCPK24 overexpressing plants have
stronger resistance to low temperature by increasing amino acid content and increasing the GSH/GSSG
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(reduced glutathione/oxidized glutathione) ratio [23]. Overexpression of rice OsCPK12 can inhibit the
accumulation of intracellular ROS, thereby enhancing the tolerance of transgenic rice to salt stress [24].
AtCPK10 functions in abscisic acid- (ABA) and Ca2+-mediated stomatal regulation in response to
drought stress [25]. AtCPK32, through phosphorylating ABA-induced transcription factor ABF4, is
involved in ABA/stress responses [26]. OsCPK21 phosphorylates OsGF14e to facilitate the response
to ABA and salt stress [27]. In our research, qRT-PCR analysis indicated that most of 17 GmCDPKs
responded highly to drought or salt treatment. We hypothesize that soybean CDPKs may be play
important roles in enhancing tolerance to drought or salt stresses.

Drought, salinity, and other abiotic stresses are important factors that restrict plant growth and
affect plant morphology [28]. There are many microorganisms living around the root system of plants.
Changing the composition of plant-related flora in the root region and selecting a combination that
is adapted to abiotic stress can improve plant resistance to stress sources, promote plant health and
drought tolerance. An important factor in alleviating plant drought stress is mycorrhizal fungi (PGPR),
which promotes plant growth [29]. Studies have shown that promoting the growth of plant rhizobacteria
can improve the drought resistance of crops [30]. In addition, plants have evolved various physiological
and biochemical mechanisms to adapt to environmental changes [28]. Under drought stress, the water
loss rate of the drought-sensitive mutant dsm2 was faster than that of the wild type; the photosynthetic
rate, biomass and grain yield of the mutant were significantly reduced, while the malondialdehyde
level and stomatal aperture increased. DSM2 gene plays an important role in the regulation of the
rice lutein cycle and ABA synthesis; that is, it provides the ability for the establishment of a drought
tolerance mechanism in rice [31]. GmNHX1, located in the vacuole membrane, can enhance the salt
tolerance of plants by maintaining a high K+/Na+ ratio and inducing the expression of SKOR, SOS1,
and AKT1. Many physiological indicators are often used to verify plant tolerance during growth [32].
It has been proven that proline accumulation under adverse conditions can resist the damage abiotic
stress causes plants [33,34]. The higher the content of proline, the stronger the resistance of plants.
Malondialdehyde is produced by peroxidation of membrane lipids in tissues or organs when plants
are aging or injured in adverse conditions [35]. The higher the malondialdehyde content, the more
damaged the plant is. Chlorophyll content can reflect the plant is being hurt by adversity stress
level. Research has shown that PSII of salinity–alkalinity stress is the most sensitive; the chloroplast
is one of the most important organelles in plant response to salt stress [36]. According to the data
obtained in our experiment, it is certain that overexpression of GmCDPK3 gene can protect plants from
adverse conditions.

Roots are one of the main vegetative organs of plants. They absorb water and minerals dissolved
in the soil and transport them to the aerial parts of plants [37]. In the case of drought and high salt
conditions, in order to improve plant vigor, the roots face the problem of controlling ion migration
into or out of the cell membrane to maintain ion balance. In the root length experiment of Arabidopsis,
it was observed that the root phenotype of Arabidopsis gradually changed with the increase of PEG6000
concentration (Figure 7). In the WT, the primary roots gradually shortened, the lateral roots decreased,
the length became shorter and the root hairs became sparse. However, in overexpressing lines, with
the increase of PEG6000 concentration, Arabidopsis showed short roots, increased the number of lateral
roots and density of root hair. Under salt treatment conditions, the roots of WT changed in the same
way as the drought treatment with the increase of salt concentration (Figure 9). In the overexpressed
lines, with the increase of salt concentration, the same primary roots of Arabidopsis shortened and the
number of lateral roots increased. The number of root hairs increased, but the overall change was not as
obvious as the phenotype during drought treatment. Therefore, we hypothesize that CDPK regulates
plant adaptation to the stress environment by regulating the multiple pathways of Ca2+ in Arabidopsis
and may have direct or indirect regulatory functions on plant root growth and development.
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4. Materials and Methods

4.1. Phylogenetic Tree Analysis and Gene Source

CDPK genes and protein sequences of Arabidopsis, rice, and soybean were obtained from TAIR
(http://arabidopsis.org), RGAP (http://rice.plantbiology.msu.edu), and Phytozome (http://megasoftware.
net). The phylogenetic tree was inferred using the neighbor-joining method in MEGA 10.0. Based
on previously published information [22], combined with the existing soybean drought and salt
transcriptome data in the laboratory to screen out all CDPK genes, and selected 17 genes with a
multiple log2 Fold Change greater than 2 for the following experiment.

4.2. Sequence Analysis of 17 Drought and Salt-Tolerant GmCDPKs

Gene sequences of 17 GmCDPKs were analyzed at the transcriptome level, and the domain
and tertiary structure of 17 GmCDPKs were separately analyzed at the protein level. To depict the
chromosomal locations of the 17 GmCDPK genes Map Gene 2 Chromosomal (http://mg2c.iask.in/mg2c_
v2.0/) was used. The tertiary structure was predicted using SWISS-MODEL (https://www.swissmodel.
expasy.org), and evaluated in SAVES (https://servicesn.mbi.ucla.edu/SAVES/) [38]. The SMART
(http://smart.embl-heidelberg.de/) online tool and ExPASy Proteomics Sever (http://expasy.org/) were
used to analyze the functional domain of GmCDPKs [39]. The motifs of GmCDPKs were analyzed
with the online tool MAMA (https://www.ebi.ac.uk/Tools) [40]. An exon–intron structure map was
created using GSDS online tools (http://gsds.cbi.pku.edu.cn/). Expression of 17 GmCDPKs at different
tissue and developmental stages was analyzed by SoyBase (https://www.soybase.org/soyseq/) [41].

4.3. Promoter Analysis of GmCDPKs

The 2000 bp region upstream of the ATG start codon of the 17 GmCDPKs was submitted to PLACE
(http://bioinformatics.psb.ugent.be/webtools/plantcare/html/) to identify the cis-acting elements and
calculate the number of each element [42].

4.4. Planting of Plant Materials

Soybean seeds (Our Laboratory supply, Tiefeng 8) were planted in pots until the seedlings grew
to 10 cm and had two new leaves, and then the seedlings were subjected to drought and salt stresses.
Drought stress involved putting soybean seedlings on filter paper for rapid drought for 0, 1, 2, 4, 8, 12,
24, and 48 h; salt treatment involved transferring seedlings to 250 mM NaCl with the same timing,
samples were separately taken and immediately immersed in liquid nitrogen and stored at −80 ◦C for
RNA extraction [43].

The seeds of Arabidopsis (Col-0) were sterilized and planted on 1/2 MS0 medium, after vernalization
at 4 ◦C for 3 days. Plates containing seeds were placed at 22 ◦C and in light conditions of 40 µmol/m2/s1

with a photoperiod of 16h light/8h dark in the growth chamber the seedlings were then used in further
experiments [43,44].

4.5. RNA Extraction and qRT-PCR

Plant samples stored at −80 ◦C were run according to the method provided in the Plant Total
RNA Extraction Kit (TIANGEN). qRT-PCR was performed using the experimental method provided
by the PrimeScriptTM RT Kit (Takara, Shiga, Japan). The primers were designed by Primer Premier
5.0, in which the soybean actin gene was used as a control. An ABI Prism 7500 real-time PCR system
(Applied Biosystems, Foster City, CA, USA) was used to perform qRT-PCR [26]. The resulting data
was analyzed using the 2−∆∆CT method [45].

http://arabidopsis.org
http://rice.plantbiology.msu.edu
http://megasoftware.net
http://megasoftware.net
http://mg2c.iask.in/mg2c_v2.0/
http://mg2c.iask.in/mg2c_v2.0/
https://www.swissmodel.expasy.org
https://www.swissmodel.expasy.org
https://servicesn.mbi.ucla.edu/SAVES/
http://smart.embl-heidelberg.de/
http://expasy.org/
https://www.ebi.ac.uk/Tools
http://gsds.cbi.pku.edu.cn/
https://www.soybase.org/soyseq/
http://bioinformatics.psb.ugent.be/webtools/plantcare/html/
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4.6. Subcellular Localization of GmCDPK3

The full-length cDNA sequence of GmCDPK3 was ligated to the N-terminus of the hGFP gene
carrying the CaMV 35S promoter. The recombinant plasmid of GmCDPK3-GFP was transformed into
Arabidopsis protoplasts using a PEG4000-mediated method [46]. It was placed in the dark for more
than 12 h and the GFP signal was detected by laser scanning confocal microscopy (Zeiss LSM 700,
Oberkochen, Germany) [44].

4.7. Drought and Salt Stress Assays of Transgenic Arabidopsis Plants

The full-length cDNA sequence of GmCDPK3 was transformed into a pCAMBIA1302 plant
transformation vector to obtain OE, and then transformed into Agrobacterium tumefaciens (GV3101) after
sequencing. The gene of interest was transferred into WT Arabidopsis (Col-0) plants using the floral dip
method mediated by Agrobacterium [47]. The seeds were sterilized with 70% alcohol and 0.1% sodium
hypochlorite. After vernalization for 3 days at 4 ◦C, the plates containing the seeds were transferred
to a growth chamber [46]. The qRT-PCR analysis of GmCDPK3 gene expression was conducted in
3-week-old Arabidopsis seedlings (Figure S3).

For germination rate experiments, sterilized seeds from WT and OE plants (lines 5, 14, and 15)
were sown in various concentrations of PEG6000 (0, 6, 9, and 12%) or NaCl (0, 100, 125, and 150
mM). Each concentration was repeated three times on 1/2 MS0 medium. The plate was housed in a
growth chamber maintained at 22 ◦C, with illumination intensity of 40 µmol/m2/s1 and photoperiod of
16h-light/8h-dark [48,49]. The number of germinating seeds was counted every 12 h and at least 80
seeds per genotype were measured, and each experiment was repeated three times.

For root growth experiments, sterilized WT and OE seeds were seeded on 1/2 MS0 medium. After
5 days, the seedlings were transferred to medium containing different concentrations of PEG6000 (0, 6,
9, and 12%) or NaCl (0, 100, 125, and 150 mM) for one week, and each concentration was repeated
three times. Photographs were taken one week later and the root length was assessed by the Epson
Expression 11000XL Root Scan Analyzer (Epson, Nagano, Japan) [44]. To test drought and salt response
at later developmental stages, 3-week-old seedlings were treated with drought or 250 mM NaCl for
14 days. The experiment was repeated three times for each concentration and treatment. In the end,
the survival rate was calculated, and seeds were photographed.

4.8. Vector Construction of GmCDPK3

After amplification of the CDS of GmCDPK3, the restriction site sequences (NcoI and BsTEII) and
gene-specific primers were ligated to the end of GmCDPK3. The PCR products and the pCAMBIA3301
vector were digested with NcoI and BsTEII (ThermoFisher Scientific, USA), respectively, and the
product was ligated to obtain pCAMBIA3301-GmCDPK3 [44,50]. The RNAi sequence was selected
on the sense strand encoding the mRNA, the sense strand and the antisense strand of the selected
interference sequence were inserted before and after the sequence, and the non-coding sequence
(153 bp) from maize was inserted in the middle to form a large hairpin structure. The structure was
clipped to cause the gene to be disturbed without expression. After selecting the sequence, it was
submitted to the AUGCT company (Beijing, China) for synthesis and testing. The RNAi sequence and
the pCAMBIA3301 vector were digested with NcoI and BsTEII, respectively, and the product was
ligated to obtain pCAMBIA3301-GmCDPK3i.

4.9. Transformation of Soybean Hairy Roots

Soybean seeds (Williams 82) were subjected to Agrobacterium tumefaciens-mediated transformation
of the hairy root [51]. The seeds were planted in pots for 9–14 days, and after the seedlings grew to
10 cm, the hairy root strains carrying the genes of interest were inoculated 2 mm below the soybean
cotyledons, and the soil was overturned until the cotyledons were exposed. The newly grown roots
were treated after bacterial infection, and the old roots were removed and cultured for 4 days, then
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subjected to drought and 250 mM NaCl treatment for 16 and 7 days, respectively [52]. Due to the
uncertainty of inoculation, the experiment must be expanded to ensure that each treatment is repeated
at least three times. The qRT-PCR analysis of GmCDPK3 expression in GmCDPK3-OE, EV-control
(3301), and GmCDPK3-RNAi transgenic soybean hairy roots before processing (Figure S4).

4.10. Trypan Blue Staining

The isolated at least 5 leaves from the same position of soybean seedlings were treated with
drought for 7 days, and 250 mM NaCl for 3 days. The leaves were completely immersed in a 0.5%
trypan) solution for 12 h, then immersed in 75% ethanol for decolorization until the leaves turned
white and were photographed to visualize leaf staining [44].

4.11. Determination of Pro, MDA, and Chlorophyll Contents

The leaves were tested for Pro, MDA, and chlorophyll content after 1–3 days of drought or 250 mM
NaCl stress [52]. Untreated leaves were used as controls, all measurements were repeated three times
and statistical analysis was performed using the ANOVA test. Pro, MDA, and chlorophyll contents
were measured in accordance with the instructions provided in the corresponding kit produced by
Suzhou Comin Biotechnology Co., Ltd (Suzhou, China).

5. Conclusions

We screened GmCDPK genes induced by abiotic stresses from transcriptome, and our results
demonsrated that GmCDPK3 can increase plant resistance to drought and salt stresses.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/23/
5909/s1.

Author Contributions: Z.-S.X. conceived of and designed experiments, and edited the manuscript; D.W. completed
the experiment and wrote the first draft of the manuscript; Y.-X.L., X.-Y.C., and Z.-W.F. conducted bioinformatics
analysis; Q.Y., J.-Y.Z., and J.-N.R. provided analysis tools and analyzed the data; S.-P.Z., Y.-B.Z., M.C., and J.C.
collected samples and processed images; J.-H.L., and Y.-Z.M. made suggestions concerning the experiment.
All authors read and approved the final manuscript.

Funding: This research was financially supported by the National Natural Science Foundation of China (31701414
and 31871624) and the National Transgenic Key Project of the Ministry of Agriculture of China (2018ZX0800909B
and 2016ZX08002-002).

Acknowledgments: We are grateful to Li-Juan Qiu and Shi Sun of the Institute of Crop Science, Chinese Academy
of Agricultural Sciences for kindly providing soybean seeds.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

Abbreviations

A. rhizogenes Agrobacterium rhizogenes
ABA Abscisic acid
CDPK Calcium-dependent protein kinase
qRT-PCR Quantitative real-time PCR
pI Isoelectric points
GFP Green fluorescent protein
MDA Malondialdehyde
PRO Proline
PEG Polyethylene glycol

References

1. Bohnert, H.J.; Nelson, D.E.; Jensen, R.G. Adaptations to environmental stresses. Plant. Cell. 1995, 7, 1099–1111.
[CrossRef] [PubMed]

http://www.mdpi.com/1422-0067/20/23/5909/s1
http://www.mdpi.com/1422-0067/20/23/5909/s1
http://dx.doi.org/10.2307/3870060
http://www.ncbi.nlm.nih.gov/pubmed/12242400


Int. J. Mol. Sci. 2019, 20, 5909 20 of 22

2. Bray, E.A. Plant responses to water deficit. Trends Plant. Sci. 1997, 2, 48–54. [CrossRef]
3. Zhu, J.K.; Hasegawa, P.M.; Bressan, R.A.; Bohnert, H.J. Molecular aspects of osmotic stress in plants. Crit. Rev.

Plant. Sci. 1997, 16, 253–277. [CrossRef]
4. Ghosh, A.; Greenberg, M.E. Calcium signaling in neurons: Molecular mechanisms and cellular consequences.

Science 1995, 268, 239–247. [CrossRef] [PubMed]
5. Rudd, J.J.; Franklin Tong, V.E. Unravelling response-specificity in Ca2+ signaling pathways in plant cells.

New Phytol. 2001, 151, 7–33. [CrossRef]
6. Hamel, L.P.; Sheen, J.; Seguin, A. Ancient signals: Comparative genomics of green plant CDPKs. Trends

Plant. Sci. 2014, 19, 79–89. [CrossRef]
7. Harper, J.F.; Harmon, A. Plants, symbiosis and parasites: A calcium signalling connection. Nat. Rev. Mol.

Cell Biol. 2005, 6, 555–566. [CrossRef]
8. Valmonte, G.R.; Arthur, K.; Higgins, C.M.; MacDiarmid, R.M. Calcium-dependent protein kinases inplants:

Evolution, expression and function. Plant. Cell Physiol. 2014, 55, 551–569. [CrossRef]
9. Roberts, D.M.; Harmon, A.C. Calcium-modulated proteins: Targets of intracellular calcium signals in higher

plants. Annu. Rev. Plant. Physiol. Plant. Mol. Biol. 1992, 43, 375–414. [CrossRef]
10. Wu, Z.G.; Wu, S.J.; Wang, Y.C.; Zheng, L.L. Advances in studies of calcium-dependent protein kinase (CDPK)

in plants. Acta Prataculturae Sinica. 2018, 27, 204–214.
11. Cheng, S.H.; Willmann, M.R.; Chen, H.C.; Sheen, J. Calcium signaling through protein kinases. The Arabidopsis

calcium-dependent protein kinase gene family. Plant Physiol. 2002, 129, 469–485. [CrossRef] [PubMed]
12. Ray, S.; Agarwal, P.; Arora, R.; Kapoor, S.; Tyagi, A.K. Expression analysis of calcium-dependent proteinkinase

gene family during reproductive development and abiotic stress conditions in rice (Oryza sativa L. ssp. indica).
Mol. Genet. Genom. 2007, 278, 493–505. [CrossRef] [PubMed]

13. Xu, X.W.; Liu, M.; Lu, L.; He, M.; Qu, W.Q.; Xu, Q.; Qi, X.H.; Chen, X.H. Genome-wide analysis and expression
of the calcium-dependent protein kinase gene family in cucumber. Mol. Genet. Genom. 2015, 290, 1403–1414.
[CrossRef] [PubMed]

14. Li, A.L.; Zhu, Y.F.; Tan, X.M.; Wang, X.; Wei, B.; Guo, H.Z.; Zhang, Z.L.; Chen, X.B.; Zhao, G.Y.; Kong, X.Y.; et al.
Evolutionary and functional study of the CDPK gene family in wheat (Triticumaestivum L.). Plant Mol. Biol.
2008, 66, 429–443. [CrossRef] [PubMed]

15. Liu, H.L.; Che, Z.J.; Zeng, X.R.; Zhou, X.Q.; Hélder, M.S.; Wang, H.; Yu, D.Y. Genome-wide analysis of
calcium-dependent protein kinases and their expression patterns in response to herbivore and wounding
stresses in soybean. Funct. Integr. Genom. 2016, 16, 481–493. [CrossRef] [PubMed]

16. Yu, T.F.; Zhao, W.Y.; Fu, J.D.; Liu, Y.W.; Chen, M.; Zhou, Y.B.; Ma, Y.Z.; Xu, Z.S.; Xi, Y.J. Genome-Wide
Analysis of CDPK Family in Foxtail Millet and Determination of SiCDPK24 Functions in Drought Stress.
Front. Plant. Sci. 2018, 9, 651. [CrossRef] [PubMed]

17. Asano, T.; Tanaka, N.; Yang, G.X.; Hayashi, N.; Komatsu, S. Genome-wide identification of the rice
calcium-dependent protein kinase and its closely related kinase gene families: Comprehensive analysis of
the CDPKs gene family in rice. Plant. Cell Physiol. 2005, 46, 356–366. [CrossRef]

18. Wang, J.P.; Xu, Y.P.; Munyampundu, J.P.; Liu, T.Y.; Cai, X.Z. Calcium-dependent protein kinase (CDPK) and
CDPK-related kinase (CRK) gene families in tomato: Genome-wide identification and functional analyses in
disease resistance. Mol. Genet. Genom. 2016, 291, 661–676. [CrossRef]

19. Cai, H.Y.; Cheng, J.B.; Yan, Y.; Xiao, Z.L.; Li, J.Z.; Mou, S.L.; Qiu, A.L.; Lai, Y.; Guan, D.Y.; He, S.L.
Genome-wide identification and expression analysis of calcium-dependent protein kinase and its closely
related kinase genes in Capsicum annuum. Front. Plant. Sci. 2015, 6, 737. [CrossRef]

20. Zhang, K.; Han, Y.T.; Zhao, F.L.; Hu, Y.; Gao, Y.R.; Ma, Y.F.; Zheng, Y.; Wang, Y.J.; Wen, Y.Q. Genome-wide
identification and expression analysis of the CDPK gene family in grape, Vitis spp. BMC Plant. Biol. 2015, 15,
164. [CrossRef]

21. Hettenhausen, C.; Sun, G.L.; He, Y.B.; Zhuang, H.F.; Sun, T.; Qi, J.F.; Wu, J.Q. Genome-wide identification
of calcium-dependent protein kinases in soybean and analyses of their transcriptional responses to insect
herbivory and drought stress. Sci. Rep. 2016, 6, 18973. [CrossRef] [PubMed]

22. Liu, Y.; Xu, C.; Zhu, Y.; Zhang, L.; Zhou, F.; Chen, H.; Lin, Y. The calcium-dependent kinase OsCPK24
functions in cold stress responses in rice. BMC Genom. Biol. 2018, 60, 173–188. [CrossRef]

http://dx.doi.org/10.1016/S1360-1385(97)82562-9
http://dx.doi.org/10.1080/07352689709701950
http://dx.doi.org/10.1126/science.7716515
http://www.ncbi.nlm.nih.gov/pubmed/7716515
http://dx.doi.org/10.1046/j.1469-8137.2001.00173.x
http://dx.doi.org/10.1016/j.tplants.2013.10.009
http://dx.doi.org/10.1038/nrm1679
http://dx.doi.org/10.1093/pcp/pct200
http://dx.doi.org/10.1146/annurev.pp.43.060192.002111
http://dx.doi.org/10.1104/pp.005645
http://www.ncbi.nlm.nih.gov/pubmed/12068094
http://dx.doi.org/10.1007/s00438-007-0267-4
http://www.ncbi.nlm.nih.gov/pubmed/17636330
http://dx.doi.org/10.1007/s00438-015-1002-1
http://www.ncbi.nlm.nih.gov/pubmed/25687625
http://dx.doi.org/10.1007/s11103-007-9281-5
http://www.ncbi.nlm.nih.gov/pubmed/18185910
http://dx.doi.org/10.1007/s10142-016-0498-8
http://www.ncbi.nlm.nih.gov/pubmed/27179522
http://dx.doi.org/10.3389/fpls.2018.00651
http://www.ncbi.nlm.nih.gov/pubmed/30093908
http://dx.doi.org/10.1093/pcp/pci035
http://dx.doi.org/10.1007/s00438-015-1137-0
http://dx.doi.org/10.3389/fpls.2015.00737
http://dx.doi.org/10.1186/s12870-015-0552-z
http://dx.doi.org/10.1038/srep18973
http://www.ncbi.nlm.nih.gov/pubmed/26733237
http://dx.doi.org/10.1111/jipb.12614


Int. J. Mol. Sci. 2019, 20, 5909 21 of 22

23. Bian, S.M.; Jin, D.H.; Li, R.H.; Xie, X.; Gao, G.; Sun, W.; Li, Y.; Zhai, L.; Li, X. Genome-Wide Analysis of
CCA1-Like Proteins in Soybean and Functional Characterization of GmMYB138a. Int. J. Mol. Sci. 2017, 18,
2040. [CrossRef] [PubMed]

24. Asano, T.; Hayashi, N.; Kobayashi, M.; Aoki, N.; Mitsuhara, I.; Ichikawa, H.; Komatus, S.; Hirochika, H.;
Kikuchi, S.; Ohsuqi, R. A rice calcium-dependent protein kinase OsCPK12 oppositely modulates salt-stress
tolerance and blast disease resistance. Plant. J. 2012, 69, 26–36. [CrossRef] [PubMed]

25. Zou, J.J.; Wei, F.J.; Wang, C.; Wu, J.J.; Ratnasekera, D.; Liu, W.X.; Wu, W.H. Arabidopsis calcium-dependent
protein kinase CPK10 functions in abscisic susceptibility to early blight pathogen in potato via reactive
oxygen species burst. New Phytol. 2012, 196, 223–237.

26. Choi, H.I.; Park, H.J.; Park, J.H.; Kim, S.; Im, M.Y.; Seo, H.H.; Kim, Y.W.; Hwang, I.; Kim, S.Y. Arabidopsis
calcium-dependent protein kinase AtCPK32 interacts with ABF4, a transcriptional regulator of abscisic
acid-responsive gene expression, and modulates its activity. Plant. Physiol. 2005, 139, 1750–1761. [CrossRef]
[PubMed]

27. Chen, Y.; Zhou, X.; Chang, S.; Chu, Z.; Wang, H.; Han, S.; Wang, Y. Calcium-dependent protein kinase 21
phosphorylates 14–3-3 proteins in response to ABA signaling and salt stress in rice. Biochem. Biophys. Res.
Commun. 2017, 493, 1450–1456. [CrossRef] [PubMed]

28. Boyer, J.S. Plant productivity and environment. Science 1982, 218, 443–448. [CrossRef]
29. Liu, F.; Ma, H.; Peng, L.; Du, Z.; Ma, B.; Liu, X. Effect of the inoculation of plant growth-promoting

rhizobacteria on the photosynthetic characteristics of Sambucus williamsii Hance container seedlings under
drought stress. AMB Expr. 2019, 9, 2–9. [CrossRef]

30. Vurukonda, S.S.; Vardharajula, S.; Shrivastava, M.; SkZ, A. Enhancement of drought stress tolerance in crops
by plant growth promoting rhizobacteria. Microbiol. Res. 2016, 184, 13–24. [CrossRef]

31. Du, H.; Wang, N.L.; Cui, F.; Li, X.H.; Xiao, J.H.; Xiong, L.Z. Characterization of the β-Carotene Hydroxylase
Gene DSM2 Conferring Drought and Oxidative Stress Resistance by Increasing Xanthophylls and Abscisic
Acid Synthesis in Rice. Plant. Physiol. 2010, 154, 1304–1318. [CrossRef] [PubMed]

32. Sun, T.J.; Fan, L.; Yang, J.; Cao, R.Z.; Yang, C.Y.; Zhang, J.; Wang, D.M. A Glycine max sodium/hydrogen
exchanger enhances salt tolerance through maintaining higher Na+ efflux rate and K+/Na+ ratio in Arabidopsis.
BMC Plant. Biol. 2019, 19, 469. [CrossRef] [PubMed]

33. Szabados, L.; Savour, A. Proline: A multifunctional amino acid. Trends Plant. Sci. 2009, 15, 89–97. [CrossRef]
[PubMed]

34. Lehmann, S.; Funk, D.; Szabados, L.; Rentsch, D. Proline metabolism and transport in plant development.
Amino Acids 2010, 39, 949–962. [CrossRef]

35. Dimitrios, T. Assessment of lipid peroxidation by measuring malondialdehyde (MDA) and relatives in
biological samples: Analytical and biological challenges. Anal. Biochem. 2017, 524, 13–30.

36. Baker, N.R. A possible role for photosystem II in environmental perturbations of photosynthesis. Physiol.
Plant. 1991, 81, 563–570. [CrossRef]

37. Kolb, E.; Legué, V.; Bogeat-Triboulot, M.B. Physical root-soil interactions. Phys. Biol. 2017, 16, 065004.
[CrossRef]

38. Waterhouse, A.; Bertoni, M.; Bienert, S.; Studer, G.; Tauriello, G.; Gumienny, R.; Heer, F.T.; Beer, T.A.P.;
Rempfer, C.; Bordoli, L.; et al. SWISS-MODEL: Homology modelling of protein structures and complexes.
Nucleic Acids Res. 2018, 46, W296–W303. [CrossRef]

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

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

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

42. Flowers, T.J. Improving crop salt tolerance. Exp. Bot. 2004, 55, 307–319. [CrossRef] [PubMed]
43. Du, Y.T.; Zhao, M.J.; Wang, C.T.; Gao, Y.; Wang, Y.X.; Liu, Y.W.; Chen, M.; Chen, J.; Zhou, Y.B.; Xu, Z.S.; et al.

Identification and characterization of GmMYB118 responses to drought and salt stress. BMC Plant. Biol.
2018, 18, 320. [CrossRef] [PubMed]

http://dx.doi.org/10.3390/ijms18102040
http://www.ncbi.nlm.nih.gov/pubmed/28937654
http://dx.doi.org/10.1111/j.1365-313X.2011.04766.x
http://www.ncbi.nlm.nih.gov/pubmed/21883553
http://dx.doi.org/10.1104/pp.105.069757
http://www.ncbi.nlm.nih.gov/pubmed/16299177
http://dx.doi.org/10.1016/j.bbrc.2017.09.166
http://www.ncbi.nlm.nih.gov/pubmed/28988107
http://dx.doi.org/10.1126/science.218.4571.443
http://dx.doi.org/10.1186/s13568-019-0899-x
http://dx.doi.org/10.1016/j.micres.2015.12.003
http://dx.doi.org/10.1104/pp.110.163741
http://www.ncbi.nlm.nih.gov/pubmed/20852032
http://dx.doi.org/10.1186/s12870-019-2084-4
http://www.ncbi.nlm.nih.gov/pubmed/31690290
http://dx.doi.org/10.1016/j.tplants.2009.11.009
http://www.ncbi.nlm.nih.gov/pubmed/20036181
http://dx.doi.org/10.1007/s00726-010-0525-3
http://dx.doi.org/10.1111/j.1399-3054.1991.tb05101.x
http://dx.doi.org/10.1088/1478-3975/aa90dd
http://dx.doi.org/10.1093/nar/gky427
http://dx.doi.org/10.1139/B08-041
http://dx.doi.org/10.1111/j.1744-7909.2011.01062.x
http://dx.doi.org/10.1093/jxb/ert133
http://www.ncbi.nlm.nih.gov/pubmed/23682116
http://dx.doi.org/10.1093/jxb/erh003
http://www.ncbi.nlm.nih.gov/pubmed/14718494
http://dx.doi.org/10.1186/s12870-018-1551-7
http://www.ncbi.nlm.nih.gov/pubmed/30509166


Int. J. Mol. Sci. 2019, 20, 5909 22 of 22

44. Riechmann, J.L.; Heard, J.; Martin, G.; Reuber, L.; Jiang, C.; Keddie, J.; Adam, L.; Pineda, O.; Ratcliffe, O.J.;
Samaha, R.R.; et al. Arabidopsis transcription factors: Genome-wide comparative analysis among eukaryotes.
Science 2000, 290, 2105–2110. [CrossRef]

45. Le, D.T.; Nishiyama, R.; Watanabe, Y.; Mochida, K.; Yamaguchi-Shinozaki, K.; Shinozaki, K.; Tran, L.S.
Genome-wide expression profiling of soybean two component system genes in soybean root and shoot
tissues under dehydration stress. DNA Res. 2011, 18, 17–29. [CrossRef]

46. He, G.H.; Xu, J.Y.; Wang, Y.X.; Liu, J.M.; Li, P.S.; Chen, M.; Ma, Y.Z.; Xu, Z.S. Drought responsive WRKY
transcription factor genes TaWRKY1 and TaWRKY33 from wheat confer drought and/or heat resistance in
Arabidopsis. BMC Plant. Biol. 2016, 16, 116. [CrossRef]

47. Clough, S.J.; Bent, A.F. Floral dip: A simplified method for agrobacterium mediated transformation of
Arabidopsis thaliana. Plant. J. 1998, 16, 735–743. [CrossRef]

48. Bu, Q.; Lv, T.; Shen, H.; Luong, P.; Wang, J.; Wang, Z.; Huang, Z.; Xiao, L.; Engineer, C.; Kim, T.H.; et al.
Regulation of drought tolerance by the F-box protein MAX2 in Arabidopsis. Plant. Physiol. 2014, 164, 424–439.
[CrossRef]

49. Feng, C.Z.; Chen, Y.; Wang, C.; Kong, Y.H.; Wu, W.H.; Chen, Y.F. Arabidopsis RAV1 transcription factor,
phosphorylated by SnRK2 kinases, regulates the expression of ABI3, ABI4, and ABI5 during seed germination
and early seedling development. Plant. J. 2014, 80, 654–668. [CrossRef]

50. Kereszt, A.; Li, D.X.; Indrasumunar, A.; Nguyen, C.D.; Nontachaiyapoom, S.; Kinkema, M.; Gresshoff, P.M.
Agrobacterium rhizogenes-mediated transformation of soybean to study root biology. Nat. Protoc. 2007, 2,
948–952. [CrossRef]

51. Wang, F.; Chen, H.W.; Li, Q.T.; Wei, W.; Li, W.; Zhang, W.K.; Ma, B.; Bi, Y.D.; Lai, Y.C.; Liu, X.L.; et al.
GmWRKY27 interacts with GmMYB174 to reduce expression of GmNAC29 for stress tolerance in soybean
plants. Plant. J. 2015, 83, 224–236. [CrossRef] [PubMed]

52. Zhao, S.P.; Xu, Z.S.; Zheng, W.J.; Zhao, W.; Wang, Y.X.; Yu, T.F.; Chen, M.; Zhou, Y.B.; Min, D.H.; Ma, Y.Z.;
et al. Genome-wide analysis of the RAV family in soybean and functional identification of GmRAV-03
involvement in salt and drought stresses and exogenous ABA treatment. Front. Plant. Sci. 2017, 8, 905.
[CrossRef] [PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1126/science.290.5499.2105
http://dx.doi.org/10.1093/dnares/dsq032
http://dx.doi.org/10.1186/s12870-016-0806-4
http://dx.doi.org/10.1046/j.1365-313x.1998.00343.x
http://dx.doi.org/10.1104/pp.113.226837
http://dx.doi.org/10.1111/tpj.12670
http://dx.doi.org/10.1038/nprot.2007.141
http://dx.doi.org/10.1111/tpj.12879
http://www.ncbi.nlm.nih.gov/pubmed/25990284
http://dx.doi.org/10.3389/fpls.2017.00905
http://www.ncbi.nlm.nih.gov/pubmed/28634481
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Phylogenetic Tree Inference in CDPKs 
	Analysis of Gene and Protein Structure of 17 Selected GmCDPK 
	GmCDPK Protein Tertiary Structure Homology Modeling 
	Expression of 17 GmCDPKs in Different Tissues and at Different Developmental Stages 
	Promoter Regions of 17 GmCDPKs Contain Various Stress Response Elements 
	Candidate Genes Involved in Drought and Salt Stresses 
	GmCDPK3 Localized on the Cell Membrane 
	GmCDPK3 Conferred Drought Tolerance in Transgenic Arabidopsis 
	Salt Tolerance of GmCDPK3 in Arabidopsis 
	Positive Effect of GmCDPK3 in Transgenic Soybean Hairy Roots Under Drought and Salt Treatment 

	Discussion 
	Materials and Methods 
	Phylogenetic Tree Analysis and Gene Source 
	Sequence Analysis of 17 Drought and Salt-Tolerant GmCDPKs 
	Promoter Analysis of GmCDPKs 
	Planting of Plant Materials 
	RNA Extraction and qRT-PCR 
	Subcellular Localization of GmCDPK3 
	Drought and Salt Stress Assays of Transgenic Arabidopsis Plants 
	Vector Construction of GmCDPK3 
	Transformation of Soybean Hairy Roots 
	Trypan Blue Staining 
	Determination of Pro, MDA, and Chlorophyll Contents 

	Conclusions 
	References

