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Abstract: Cotton production is hampered by a variety of abiotic stresses that wreak havoc on the
growth and development of plants, resulting in significant financial losses. According to reports,
cotton production areas have declined around the world as a result of the ongoing stress. Therefore,
plant breeding programs are concentrating on abiotic stress-tolerant cotton varieties. Mitogen-
activated protein kinase (MAPK) cascades are involved in plant growth, stress responses, and the
hormonal signaling pathway. In this research, three abiotic stresses (cold, drought, and salt) were
analyzed on GhMPK3 transformed Arabidopsis plants. The transgenic plant’s gene expression and
morphologic analysis were studied under cold, drought, and salt stress. Physiological parameters
such as relative leaf water content, excised leaf water loss, chlorophyll content, and ion leakage
showed that overexpressed plants possess more stable content under stress conditions compared
with the WT plants. Furthermore, GhMPK3 overexpressed plants had greater antioxidant activities
and weaker oxidant activities. Silencing GhMPK3 in cotton inhibited its tolerance to drought stress.
Our research findings strongly suggest that GhMPK3 can be regarded as an essential gene for abiotic
stress tolerance in cotton plants.

Keywords: MAPK; cold; drought; salt; gene cloning; Arabidopsis transformation; virus-induced
gene silencing

1. Introduction

Plants are constantly subjected to different forms of biotic and abiotic stress during
their life cycle, including infection, pests, water shortage, high salinity, and extreme tem-
peratures. Unlike animals, which are sessile, plants have developed complex signaling
systems that operate under different conditions and control various cellular functions.
Stress signaling in plant cells is a complex network of interacting proteins organized into
segmented cascades in which a molecule’s function depends on the interaction and acti-
vation of another molecule. For an appropriate adaptive response, cell surface receptors
sense the stimulus and transmit the stress signal through a specific pathway [1]. Drought
stress is a significant limiting factor in the production of cotton, with more than half of
the global cotton supply cultivated in areas with drought challenges. Gossypium (cotton)
crops require improved yields and yield balance in both normal and moisture-stressed
environments. Cotton plants have evolved a variety of complex signaling networks to
respond to a variety of metabolic, physiological, and morphological changes throughout
evolution [2]. High salinity is among the most significant environmental stress that plants
experience. Roots are the first and most direct organs to detect a signal [3]. Salinity is
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one of the most effective stresses affecting plant developments as well as agricultural
practices around the world [4,5]. From germination to boll formation, salt stress affects
cotton physiology, and the tolerance mechanism is well described. Temperature is a crucial
environmental factor for plant development, metabolism, and productivity [6]. Plants can
survive in a wide range of temperatures based on their species and growth rate. Plants
suffer significant temperature damage if they are exposed to temperatures outside of these
ranges. Germination, development, and metabolic activities can all be hindered by low
temperatures. Cold stress also induces dehydration and disrupts membrane integrity by
forming ice crystals [7].

Phosphorylation is a significant post-translational modification (PTM), and protein
phosphorylation is the key signal transduction mechanism, allowing external signals to be
transmitted and enhanced by changes in downstream gene expression and other biological
processes. As a component of a key transduction module of signaling, the mitogen-
activated protein kinase (MAPK) cascade plays important roles in responses to the abiotic
stresses in plants [8]. There are three types of MAPK cascades Mitogen-activated protein
kinase (MAPK), Mitogen-activated protein kinase kinase (MAPKK), and Mitogen-activated
protein kinase kinase (MAPKKK) [9–12]. The MAPK gene goes through the following steps:
MAPKKK triggers MAPKK by phosphorylating MAPKK’s preserved S/T- (S/T stands for
serine/threonine, and X stands for any amino acid) motif. Then, MAPKK activates MAPK
by phosphorylating the TXY motif in MAPK (T stands for threonine, Y stands for tyrosine,
and X stands for any amino acid). Then, MAPK stimulates downstream kinases, proteins,
hormones, and other reaction variables, as well as transmitting extracellular environmental
signals into cells [8].

MAPKs are essential genes that regulate a variety of cellular processes and stress
responses, as per previous studies. The functions of MAPK genes have been reported in
Arabidopsis, tomato, tobacco, wheat, rice, and soybean and cotton [5,10,13–17]. Gossyp-
ium hirsutum is a vital strategic fiber source that is extensively used in textile mills, pro-
ducing 95% of the overall cotton crop globally and serving as a model for researching
genome-scale emergence and polyploidization [18,19]. Drought, salinity, and cold are
only a few of the environmental factors that restrict cotton yields [9,20]. Gene cloning and
virus-induced gene silencing among others have resulted in the maximum transformation
and production of high yield breed in many crop species. In this study, GhMPK3, a group
A MAPK, was identified and characterized. The silencing of GhMPK3 enhanced drought
tolerance in Gossypium hirsutum. GhMPK3 overexpression improves plant resistance to
drought, cold, and salt stress.

2. Materials and Methods
2.1. Plant Materials

The tissue expression was assessed using quantitative real-time PCR on an Upland
cotton (Gossypium hirsutum L. cv., “TM-1”) grown in both the lab growth chamber at 25 ◦C
with a 16 h light/8 h dark cycle and cotton field in Anyang (AY), Henan, China. Tissues
such as cotyledon, young leaves, mature leaves, stems, and leaves, were collected from
the growth chamber and flowers of the “TM-1” were collected from the field to analyze
GhMPK3 (Gh_D05G3876) gene expression. The TM-1 cotton germplasm was developed
at the Texas Agricultural Experiment Station and was mainly used for cotton genetic
experiments [21].

H117 variety was used for virus-induced gene silencing, while Gossypium hirsutum L.
cv. CCRI10 was used for GhMPK3 gene cloning. Both H177 and CCRI10 (Zhong Mian Suo
10) were developed by the Chinese Academy of Agricultural Sciences, Institute of Cotton
Research Anyang, China. H177 was used because it is extremely vulnerable to various
environmental stressors, such as drought, while CCRI10 was used due to its great yielding
and consistently improve fiber quality. Plants were germinated in a growth chamber room
with a 16 h light/8 h dark cycle and a temperature of 25 ◦C. Arabidopsis thaliana (ecotype
Col-0) was used to study overexpression. The plants were grown in a growth chamber with
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a temperature of 22 ◦C, a photoperiod of 16 h of light/8 h of darkness, and relative humidity
of 80%. T0–T3 seeds were screened, and T3 progeny were used for further research.

2.2. Gene Cloning, Sequence Analysis, Phylogenetic Analysis, and Cis-Regulatory
Element Analysis

The gene cloning of the GhMPK3 cDNA was done as previously described follow-
ing Ma et al. (2020) [22]. The genomic sequences analysis was performed as described
previously [19]. The phylogenetic tree was developed using protein sequences from Ara-
bidopsis thaliana (AT), Gossypium hirsutum (Gh), Oryza sativa (LOC), and Gossypium raimondii
(Gorai) with MEGA 7.0 (http://www.megasoftware.net), taking into consideration the
1000 replications [23]. For the regulatory region analysis of gene GhMPK3 in cotton, a
2000 bp upstream sequence from the start codon was submitted to the Plant CARE program
(http://bioinformatics.psb.ugent.be/webtools/plantcare/html/) [24].

2.3. Subcellular Localization

An online tool was used to predict GhMPK3 protein subcellular localization PSORT
WOLF (http://www.genscript.com/wolf-psort.html). For confirmation, GhMPK3 was
also amplified using the transformed gene-specific primers by polymerase chain reaction
(Supplementary Table S2). To obtain the pBI121-GhMPK3-GFP gene construct, the amplified
gene was inserted into the plasmid, and the amplified gene was inserted upstream of the
green fluorescent protein pBI121-GFP into the plasmid vector (GFP). The 35S:GFP construct
was used as a control. Both the transformants and the control were infiltrated into 6-week-
old leaves of Nicotiana benthamiana [22]. Fluorescence was observed 48 h after infiltration
with a microscope (Leica DM2500, Solms, Germany).

2.4. Expression Analysis

The RNAprep Pure Plant Kit (TIANGEN, Beijing, China) was used to extract and
purify RNA for gene expression analysis according to the manufacturer’s instructions.
RNA was transcribed into cDNA using a PrimeScriptTMRT reagent kit and a gDNA Eraser.
As described, a real-time quantitative polymerase chain reaction was performed using gene
specific primers (Supplementary Table S2) [25]. The cotton and Arabidopsis actin genes
were used as housekeeping genes. The 2−∆∆CT method was used to calculate the relative
expression levels [26]. Each experiment was repeated three times, and all experiments were
done with three technical replicates.

2.5. Overexpressed of GhMPK3 in Arabidopsis Plants
2.5.1. Construction of Vector and Genetic Transformation of Overexpressed Plants

The vector construction and genetic transformation were performed as described
previously [27]. Positively transformed plants were confirmed by DNA and PCR. The
transgenic T3 lines and WT plants were used for further experiments.

2.5.2. Stress Treatment, Physiological Parameters Measurement, Oxidant and Antioxidant
Determination in Overexpressed and Wild-Type Plants

Overexpressed lines L2, L3, L5, and WT plants were treated with 20% polyethylene
glycol (PEG) for drought stress treatment, while 200 mM NaCl was used for salt stress
treatment. For cold treatment, plants were transferred from normal conditions of 22 ◦C to
4 ◦C for 8 days, whereas control plants were placed in the dark at 22 ◦C for 8 days. After
8 days, samples from leaves were collected from both treatments (cold, drought, salt) and
control. Samples collected were immediately frozen in liquid nitrogen and stored at −80 ◦C
to be used for subsequent gene expression analysis.

Physiological parameters such as the relative leaf water content (RLWC), excised leaf
water loss (ELWL), chlorophyll content, and membrane ion leakage were analyzed. RLWC
determination was done as described previously [28]. ELWL determination was carried out
as described in Mccaig and Romagosa (1989) [29]. Ion leakage from leaves was determined
using the relative conductivity method to measure the electrolyte leakage [30]. Lastly,
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chlorophyll was extracted by grinding the leaves with 80% acetone and kept at 4 ◦C in the
dark for 48 h. After 3 min of shaking, the absorbance of 2 mL of each sample was measured
at 663 and 645 nm [31]. To develop a greater understanding of the transgenic and WT plant’s
drought stress responsiveness, the concentrations of oxidant and antioxidant enzymes such
as malondialdehyde (MDA), hydrogen peroxide (H2O2), catalase (CAT), and peroxidase
(POD) were assessed. The updated (NH4)2Fe(SO4)/xylenol orange procedure was used to
determine the concentration of H2O2 [32]. For the malondialdehyde concentration assay,
lipid peroxidation was determined as the volume of MDA measured by the thiobarbituric
acid (TBA) reaction as described previously [6]. Catalase activity (CAT) was measured by
determining the concentration level reduction of H2O2 [33], while peroxide (POD) was
measured with the substrate 4-methyl catechol to test the POD behavior [34].

2.6. Expression Level of Stress-Responsive Genes in Transgenic and Wild-Type Plants under Cold,
Drought, and Salt Stress

The level of expression of six stress-responsive genes was analyzed GhMPK3 by PCR
using gene-specific primers (Supplementary Table S3) to further explore the function of
GhMPK3 under cold, drought, and salt stress exposure in cotton plants. The six stress-
responsive genes used include AtABF4, AtCBL1, AtKIN1, AtERD15 AtRD29A, and AtSOS1.

2.7. Virus-Induced Gene Silencing Analysis of GhMPK3

For VIGS analysis, 300-bp fragments were amplified from GhMPK3 by PCR us-
ing gene-specific primers (Supplementary Table S2). A control vector (pCLCrVA) with
pCLCrVA:GhMPK3 and pCLCrVA:PDS (Positive control), which have been combined with
the helper vector (pCLCrVB) strain carrier in a 1:1 ratio, and OD600 = 1.5 were individually
transferred into cotton cotyledons [35]. Gene expression analysis was performed after one
month. Physiological parameters such as chlorophyll content, ion leakage, excised leaf
water loss, and relative leaf water content were determined after 10 days of post-treatment.
Oxidant and antioxidant concentrations for empty vector and silenced gene plants were
also analyzed. The experiment was repeated three times, and each experiment was done
with three technical replicates.

2.8. Transactivation Assay of GhMPK3

Autoactivation and toxicity were tested by fusing the cotton GhMPK3 gene with the
GAL4 DNA-binding domain into pGBKT7, pGBKT7-GhMPK3, pGBKT7, and pGADT7-
largeT+pGBKT7-p53 were transformed into the AH109 yeast using the Clontech protocol.
The strains were plated on SD/-TRP (synthetic dextrose medium without tryptophan)
and SD/-TRP, HIS, ADE (synthetic dextrose medium lacking tryptophan, histidine, and
adenine) respectively.

2.9. Statistical Analysis

GraphPad Prism version 8.4.3 was used to conduct statistical analyses. In this research,
all the experiments were carried out in three replications. In each graph, error bars indicate
the mean values ± standard error (SE) of three replicates. To test the statistical significance
between measurements of different treatments, a multiple test selection with analysis of
variance (ANOVA) was used. The significance level between the various time points has
been placed (p < 0.05).

3. Results
3.1. Cloning and Characterization of GhMPK3

The true leaf of G. hirsutum was used to clone the GhMPK3 gene (CCRI10). The CDS
of GhMPK3 is 1131bp long, with six exons and five introns. A 376-amino-acid protein
with a molecular mass of 43.325, a charge of −5, and an isoelectric point of 5.872 are
found in the genome The amino acid sequence of the gene with the homologous sequence
of MAPK members as family in Arabidopsis, rice, and Gossypium raimondii were used to
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develop the phylogenetic tree. Phylogenetic analysis between GhMPK3 and MAPK in other
plants revealed that GhMPK3 can be found in group A (Figure 1A). This is in line with
previous research findings reports in G. raimondii and G. barbadense [15,36]. In addition,
sequence comparisons between GhMPK3 and the sequence of MAPK from other organisms
revealed that GhMPK3 had six exons and five introns structures, similar to other group A
MAPK members (Figure 1B). This result gives more confirmation that GhMPK3 belongs to
group A MAPK members. For cis-regulatory element analysis, 2kb upstream sequences
from the gene transcription start were used. Based on the evaluation of the cis-regulatory
elements of the coding sequence GhMPK3 on the promoter regions, cis-regulatory elements
responsible for the plant’s stress tolerance were identified. Cis-regulatory elements present
in the gene-promoting region indicate their role in stress control in a plant (Supplementary
Table S1).

Figure 1. Comparison of the amino acid sequences of GhMPK3 and closely related plant mitogen-
activated protein kinase. (A) The phylogenetic relationships between GhMPK3 and MAPK proteins in
other plants. MEGA 7 was used for the development of the phylogenetic tree using the CLUSTALW by
neighbor-joining (NJ) method. Bootstrap values of 1000 replicates are shown in each branch. Protein
ID represents the gene names: Arabidopsis thaliana –AT, Gossypium hirsutum—Gh Oryza sativa—LOC,
and Gossypium raimondii—Gorai (B) GhMPK3 (Gh_D03G1517) genomic DNA structure comparison
with other MAPK from other plants. The pattern of exons, introns, and untranslated regions is dis-
played in the legend (UTRs). The length of the sequence is indicated by the X-axis scale. The following
are the abbreviations for the species names: At for Arabidopsis thaliana, Gh for Gossypium hirsutum,
and Loc for Oryza sativa.

A protein’s subcellular localization is closely related to its functions. GhMPK3-GFP
and pBI121-GFP (control) were transformed into Agrobacterium tumefaciens to investigate
its role. Figure 2A shows that fluorescence was detected in the cell membrane of pBI121-
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GhMPK3-GFP, while in pBI121-GFP (control), fluorescence was distributed all over the cell.
These findings indicate that the GhMPK3 protein is localized to the cytoplasm.

Figure 2. GhMPK3-GFP analysis in Nicotiana benthamiana and expression level in cotton. (A) GhMPK3-GFP analysis. (B)
GhMPK3 TM-1 tissue expression level. (C) GhMPK3 expression pattern under cold stress. (D) GhMPK3 expression pattern
under drought stress. (E) GhMPK3 expression pattern under salt stress. The standard deviation of three replications is
reflected by error bars.

3.2. Profiling Expression of Cotton GhMPK3

To explore the biological function of GhMPK3, its expression pattern was analyzed
in tissues and under stress treatments (cold, drought, and salt). Using designed primers
(Supplementary Table S2), the expression level was analyzed by qRT-PCR. Tissue expression
analysis results show that GhMPK3 was expressed in all tissues with the highest expression
in true leaves (Figure 2B).

For cold treatment expression, the genes show expression at all hours with the highest
expression in 12 h of post-treatment (Figure 2C). After treatment with PEG (for drought
treatment), expression levels were significantly increased at different stages, with maximum
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expression at 12 h post-treatment; then, they showed a steady decrease (Figure 2D). For
salt treatment, the gene was upregulated at various hours after treatment with the highest
expression at 12 h post-treatment (Figure 2E). This shows that the GhMPK3 gene has the
highest level of expression after 12 h of exposure to stress.

3.3. Overexpression of Gh_D05G3876 Enhances Cold, Drought, and Salt Stress Tolerance

Lines L2, L3, and L5 are the overexpressed Arabidopsis lines with the highest gene
expression among fifteen screened different lines (Supplementary Figure S1A) and were
thus selected. Cold, drought, and salt stress conditions were chosen and used to carry out
phenotypic and other functional evaluations. Overexpressed lines and WT plants were
exposed to 4 ◦C for 8 days to induce cold stress, GhMPK3 expression levels were highly
expressed in transgenic plants but downregulation is observed in WT plants. After 8 days
of drought treatment (20% PEG6000), transgenic lines expressed more GhMPK3 than WT
lines under the same condition. For salt treatment, the transgenic lines also show higher
GhMPK3 expression than the WT lines (Figure 3).

Figure 3. Gene expression analysis of GhMPK3 (Gh_D05G3876). (A). PCR analysis result to check the 1200-bp CDS
integration in transformed Arabidopsis plants, L 1–L14: GhMPK3-overexpressed lines, L15: WT. (B). GhMPK3 gene
expression level under abiotic stress (cold, drought, and salt) in transformed Arabidopsis and WT by qRT-PCR. Each
experiment was performed three times. The bar represents a standard error (SE). Various letters above the columns indicate
statistically significant differences (ANOVA, p < 0.05). WT: Wild type. L2, L3, L5: Overexpressed lines.

3.4. Physiological Characteristics and Enzymatic Activity of Evaluated under Cold, Drought, and
Salt Stress Conditions

The physiological parameters of the transformed lines and WT plants were assessed at
post stresses (cold, drought, and salt stress conditions) (Figure 4). Relative leaf water con-
tent (RLWC) was evaluated, and it was observed that the overexpressed lines have higher
content compared with the WT under cold, drought, and salt stress conditions (Figure 5A).
The excised leaf water loss (ELWL) showed a substantial decrease in overexpressed lines
compared with the WT lines (Figure 5B). For chlorophyll content, the overexpressed lines
had significantly higher chlorophyll content, while the WT leaves appeared chlorotic. In
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both stress environments, the chlorophyll content of the WT plant decreased significantly,
suggesting that WT plants were more vulnerable to oxidative damage than the transgenic
line (Figure 5C). The ion leakage was evaluated as an indicator for cell membrane stability;
in comparison to the transgenic lines, WT plants had higher levels of ion leakage due to
exposure to stress (Figure 5D). All parameter measurements between the transgenic lines
and the WT were similar under controlled conditions.

Figure 4. Physical features of GhMPK3-transformed lines and WT plants prior and post-cold, drought, and salt treatments.
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Figure 5. Assessment of physiological parameters in GhMPK3 over-expressed lines and WT under drought and salt stress
conditions. (A) Relative leaf water content (RLWC), (B) Excised leaf water loss (EWL), (C) Ion leakage, and (D) Chlorophyll
content after 8 days of exposure to stress. Each experiment was performed three times. The bar represents a standard error
(SE). Various letters above the columns indicate statistically significant differences (ANOVA, p < 0.05). WT: Wild type. L2,
L3, L5: Overexpressed lines.

The enzyme activity in the transgenic lines and WT plants was analyzed using two
antioxidants (CAT and POD) and two oxidants (MDA and H2O2), respectively. The antioxi-
dant concentration in transformed lines was found to be higher than the WT (Figure 6C–D).
Higher antioxidant levels (CAT and POD) in transgenic lines have shown that transgenic
lines can greatly reduce ROS to normal levels during salt and drought stress [37]. The
concentration of oxidants (MDA and H2O2) in the WT was found to be significantly higher
and significantly lower in the transgenic line under both stress conditions (Figure 6A–B).
The rates of enzyme activities in stressed plant’s leaves indicate their ability to cope with
the impact of the stress [38].

3.5. Expression of Stress-Responsive Genes in WT and GhMPK3-Overexpressed Arabidopsis under
Cold, Drought, and Salt Treatments

To further explore the function of GhMPK3 under abiotic stress, six stress-responsive
gene expression levels were investigated in GhMPK3 enhancing cold, drought, and salt
stress in cotton plants. The stress-responsive genes investigated include AtABF4, AtCBL1,
AtERD15, AtKIN1, AtRD29A, and AtSOS1. All the transgenic lines showed upregulated
expression compared with the WT (Figure 7). This indicates that the overexpression of
GhMPK3 has a beneficial effect on the expression profile of the stress-responsive genes
in these plants, implying that these gene regulations have a role in these plants’ abiotic
stress tolerance.
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Figure 6. Determination of enzyme activity in GhMPK3-overexpressed and WT plants induced by stress treatments. (A)
Malondialdehyde (MDA), (B) Hydrogen peroxide (H2O2), (C) Catalase (CAT), and (D) Peroxidase (POD) in post-treatment.
Three replications were conducted in each experiment. The bar indicates a standard error (SE). “a” and “b” indicates major
variations between the columns (ANOVA, p < 0.05). WT: Wild type. L2, L3, L5: Overexpressed lines.

Figure 7. Expression profiles of abiotic stress-responsive genes. (A) AtABF4, (B) AtCBL1, (C) AtERD15, (D) AtKIN1, (E)
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AtRD29A, and (F) AtSOS1 in GhMPK3-transformed lines (L2, L3, and L5) and WT Arabidopsis under cold, drought, and salt
stress. For the housekeeping gene, AtACTIN2 was used. Three replications were conducted in the experiment. A standard
error is indicated by the bar (SE). “a” and “b” indicate major variations between the columns (ANOVA, p < 0.05). WT: Wild
type. L2, L6, L8: Overexpressed lines.

3.6. GhMPK3 Silenced Cotton Displays Sensitivity to Drought Tolerance

Virus-induced gene silencing (VIGS) technique serving as an effective method to ana-
lyze the role of GhMPK3 under drought stress was carried out. Cotton plants infected with
pCLCrVA:GhMPK3, plants infected with pCLCrVA:PDS (indicator), and plants infected
pCLCrVA (control) were subjected to drought stress. Indicator (PDS) plants exhibited an
albino phenotype after ten days. Phenotypic results for drought-subjected plants showed
that pCLCrVA:GhMPK3 leaves showed more shrinkage, whereas the leaves of the control
plants appeared regular (Figure 8). The expression level of GhMPK3 was analyzed by qRT-
PCR, and the results show that infected plants (pCLCrVA:GhMPK3) have lower expression
than the control plants (pCLCrVA).

Figure 8. Phenotypic feature of GhMPK3-silenced plants (A) (I) pCLCrVA:PDS (II) pCLCrVA (III) pCLCrVA:GhMPK3 (B).
GhMPK3’s expression level in empty control and GhMPK3-silenced plants. Each experiment was conducted three times.
The error bar represents the three biological replicate’s standard deviation. The significant differences between VA and
GhMPK3-VIGS plants (ANOVA; p < 0.05) are indicated by different letters a/b.
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Physiological parameters including relative leaf water content, excised leaf water
loss, membrane ion leakage, and chlorophyll content revealed that the plants were less
drought-tolerant than the control (Figure 9). Determination of the oxidant (MDA and
H2O2) and antioxidant (CAT and POD) enzymes concentration in GhMPK3_silenced and
VA plants under drought conditions. The results of the analysis showed that antioxidant
concentrations were significantly reduced while the oxidant levels showed a sharp increase
in the silenced plants compared with the control plants (Figure 10).

3.7. Transcriptional Activation Assay of GhMPK3

To investigate the activation activity of GhMPK3, the pGBKT7 and the construct of the
pGBKT7-GhMPK3 was inserted into a yeast strain AH109; these yeast cells were grown
on the SD/-TRP, and SD/-TRP-HIS-ADE (selective medium). All transformants grew in
SD/-TRP and SDO/X, but no growth is observed on SD/-TRP-ADE-HIS (Figure 11). This
result suggests that the GhMPK3 gene has no activation activity.

Figure 9. Evaluation of physiological parameters in GhMPK3-VIGS plants: (A) RLWC, (B) ELWL, (C) Chlorophyll, and (D)
Ion leakage concentration in the leaves of empty vector and GhMPK3-VIGS, the assessment was performed after 10 days of
drought exposure and control. Each experiment was conducted three times. The error bar represents the three biological
replicate’s standard deviation. The significant differences between VA and GhMPK3-VIGS plants (ANOVA; p < 0.05) are
indicated by different letters a/b.
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Figure 10. Enzyme activity analysis in GhMPK3-VIGS and VA cotton plant leaf under drought stress conditions. (A) MDA,
(B) H2O2, (C) CAT, and (D) POD plants after 10 days of control and drought treatment. Each experiment was conducted
three times. The error bar represents the three biological replicates’ standard deviation. The significant differences between
VA and GhMPK3-VIGS plants (ANOVA; p < 0.05) are indicated by different letters a/b.

Figure 11. Determination of the auto-activation activity of GhMPK3 gene. The constructs were transformed into Y2HGold
yeast cells and plated on a GhMPK3 gene on (A) SD/-TRP, (B) SDO/X/A, (C) SD/-TRP-HIS-ADE media and incubated for
3 days at 30 ◦C.
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4. Discussion

Plant bodies are complicated, and their survival depends on well-coordinated internal
activities due to ever-changing ecological parameters [39]. Abiotic stresses such as water
shortage, salt stress, and severe temperatures have a major impact on crop growth and
development [40]. Sessile plants have developed a variety of defensive strategies to cope
with these harsh growing conditions. A few of these adaptations are the rapid activation of
many genes that play important roles in stress tolerance [41]. Some recent studies have
identified that MAPK genes perform an essential function in cotton by improving plant
abiotic tolerance [5,15,28,36,42]. Thus far, further research is needed to know more about
the complex role of other MAPK cascades in cotton plants. In this study, GhMPK3, a group
A MAPK gene, was identified and characterized. The physicochemical properties of the
GhMPK3 gene show that were hydrophobic, which is a property common among the
membranous proteins [43]. Phylogenetic analyses and gene structure analysis revealed that
the GhMPK3 gene and other group A MAPKs members have a similar protein structure
The protein is characterized by the presence of TEY motif at the phosphorylation site
between subdomains as seen in group A MAPKS of previous research findings [36]. These
analyses confirmed that GhMPK3 belongs to group A MAPKS. Subcellular localization
analysis revealed that GhMPK3 is localized in the cell membrane. Subcellular localization
can reveal how a gene interacts with signaling pathways to function, provide important
insights into its functions, and aid in their discovery to gain a deeper understanding of the
complex pathways that govern biological processes at the cellular level [43]. MAPKs are
found in both the cytoplasm and the nucleus, and their subcellular localization is highly
associated with the cellular response [44]. The subcellular localization of MAPKs in the
same family has yet to be determined. The fusion protein of GbMPK3, a group A MAPK
from Gossypium raimondii, is found to be accumulated in the nucleus [36]. In addition,
AtMPK3 from Arabidopsis thaliana is located in the cytosol nucleus [45,46]. Subcellular
localization analysis of MAPK in Tobacco with the use of CELLO v.2.5 revealed that
NtMPK7 was localized both in the nucleus and cytoplasm [47]. Our analysis of GhMPK3-
GPF protein suggests that GhMPK3 was located in the cell cytoplasm, indicating that it
may interfere with signaling pathways.

Abiotic stresses such as drought, salinity, and cold, among others, disrupt plant tissue
functions, affecting both behavioral and environmental outcomes [34]. Plant responses
are primarily regulated at the transcriptional level; transgenic species have developed a
variety of stress-responsive genes that enable them to overcome the detrimental impacts
of multiple stress factors. To determine if the gene had any effect on preserving the
cell’s normal biological function and electrolyte pressure, we measured RLWC, ELWL, ion
leakage, and chlorophyll content in both transformed and WT under normal and stress
conditions (drought, cold, salt). The findings revealed that the overexpressed lines showed
stable physiological parameters such as relative water content, chlorophyll content, and
lower water loss and excised leaves when compared to the WT plants. In addition, lower
levels of ion leakage under drought, salt, and cold stress conditions were found in the
transgenic plants compared to the WT plants. These results confirm that GhMPK3 can
maintain normal physiological functions in transformed plants. This follows prior research
findings that MAK plays a role in sustaining cell physiological responses when plants are
stressed by abiotic factors [48,49].

Plant’s cellular activities and biochemical pathways change when they are exposed
to stress conditions including cold, drought, and salinity. The excessive synthesis of ROS
caused by cellular respiration resulted in oxidative stress, which results to plant death.
Overexpressed plants can release antioxidant enzymes that control the amount of ROS
within the cell. The GhMPK3 overexpressed plants were found to have a higher level of
antioxidants (CAT and POD) as compared with WT under each stress treatment. This
indicates that the gene can control oxidative damage to the plants when they are exposed
to cold, drought, and salt stress [50]. MAPKs genes were previously reported to be an
essential factor for the production of antioxidant enzymes in plants [51,52]. The transgenic
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plants had significantly lower oxidant (MDA and H2O2) concentrations than the WT. When
the ROS level exceeds the cell’s tolerance threshold, lipid peroxidation occurs, and this is
among the most harmful process known to occur in plants exposed to stress. The level
of oxidant concentration is used to determine the magnitude of lipid peroxidation [53].
Having a lower oxidants level implies that the transgenic lines had a greater ability to
tolerate cold, drought, and salt stress, resulting in low or normal ROS production with
no or low effects within the plant. The significance of MAPKs genes in ROS-related
signal transduction has been previously identified. Arabidopsis MKK1 was thought to
control ABA-induced CAT1 expression in response to H2O2 signaling [54]. Thus, the
MKK1/MPK6 component is likely to be a key element of the ABA-dependent transcription
factor that controls H2O2 development and stress responses [55]. In addition, GhMPK17
overexpression in Arabidopsis improved plant resistance to salinity stresses, as well as
changing H2O2 concentrations [44].

Six identified abiotic stress-responsive genes, ABF4, CBL1, KIN1, ERD15, RD29A,
and SOS1 were assessed and found to be significantly higher in all overexpressing lines
compared to the wild type. This finding supports previous research findings that improved
responsive gene products increased abiotic tolerance in transgenic Arabidopsis plants
under abiotic stress [56]. These genes have been reported as stress tolerance genes in
previous research [57–62]. The upregulation of all these abiotic stress-responsive genes
in transgenic Arabidopsis plants revealed that the GhMPK3 gene played a role in cold,
drought, and salinity stress.

5. Conclusions

According to the results of this study, the GhMPK3 performs a significant function
in improving cold, drought, and salt stress tolerance. The overexpression of GhMPK3
in Arabidopsis resulted in abiotic stress tolerance in transgenic plants, while silencing
GhMPK3 developed sensitivity to drought stress in cotton plants. Under cold, drought,
and salt stress conditions, the transgenic lines had a stable cell membrane stability, as
determined by the low level of ion leakage measured. Similarly, the transgenic lines had a
low level of water loss but a high level of leaf water content. It has been discovered that
overexpressed plants may integrate additional antioxidant enzymes to help facilitate the
conversion of reactive oxygen species (ROS) to non-toxic compounds. In addition, GhMPK3
overexpressed lines possess higher concentrations of antioxidant enzymes as compared to
the WT plants. As indicated by increased levels of various oxidant enzymes measured, the
VIGS plant’s ability to withstand the drought stress was significantly reduced. Furthermore,
all stress-responsive gene expression levels were upregulated in the overexpressed plants
but were significantly downregulated in the WT under cold, drought, and salt stress. This
research work lays the groundwork for more research into these genes to build a more
robust cotton genotype that performs better under different environmental stress factors,
such as cold, drought, and salt stress.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/agronomy11061049/s1, Table S1: Functions of Identified cis-regulatory element. Table S2:
Gene primers used for qRT-PCR. Table S3: Stress Responsive Gene primers used for qRT-PCR.

Author Contributions: Conceptualization, H.W., S.Y. and S.B.S.; Methodology, A.A. and S.B.S.;
software, A.A., S.B.S. and S.I.; Validation, S.B.S. and S.M.T.; Formal analysis, S.B.S. and A.A.; In-
vestigation, H.W. and S.Y.; Resources, H.W. and S.Y.; data curation A.A.; Writing—original draft
preparation, S.B.S.; writing—review and editing, B.B.K., A.A. and S.M.T.; visualization, A.A., S.B.S.
and S.M.T.; Supervision, H.W. and S.Y. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the National Key R&D Program of China (2020YFD1001004).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

https://www.mdpi.com/article/10.3390/agronomy11061049/s1
https://www.mdpi.com/article/10.3390/agronomy11061049/s1


Agronomy 2021, 11, 1049 16 of 18

Data Availability Statement: Data sharing not applicable.

Conflicts of Interest: The authors declare no conflict of interest, and the funding agencies 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.

References
1. Xie, K.; Chen, J.; Wang, Q.; Yang, Y. Direct Phosphorylation and Activation of a Mitogen-Activated Protein Kinase by a Calcium-

Dependent Protein Kinase in Rice. Plant Cell 2014, 26, 3077–3089. [CrossRef] [PubMed]
2. Tuteja, N. Abscisic Acid and Abiotic Stress Signaling. Plant Signal. Behav. 2007, 2, 135–138. [CrossRef] [PubMed]
3. Fu, Y.; Yang, Y.; Chen, S.; Ning, N.; Hu, H. Arabidopsis IAR4 Modulates Primary Root Growth under Salt Stress through

ROS-Mediated Modulation of Auxin Distribution. Front. Plant Sci. 2019, 10, 522. [CrossRef] [PubMed]
4. Munns, R.; Tester, M. Mechanisms of salinity tolerance. Annu. Rev. Plant Biol. 2008, 59, 651–681. [CrossRef] [PubMed]
5. Zhu, J. Update on Stress Signaling Genetic Analysis of Plant Salt Tolerance Using Arabidopsis. Plant Physiol. 2020, 124, 941–948.

[CrossRef] [PubMed]
6. Lu, P.; Magwanga, R.O.; Kirungu, J.N.; Hu, Y.; Dong, Q.; Cai, X.; Zhou, Z.; Wang, X.; Zhang, Z.; Hou, Y.; et al. Overexpression of

Cotton a DTX/MATE Gene Enhances Drought, Salt, and Cold Stress Tolerance in Transgenic Arabidopsis. Front. Plant Sci. 2019,
10, 299. [CrossRef]

7. Yamazakia, T.; Kawamura, Y.; Uemura, M.; Yamazaki, T. Extracellular freezing-induced mechanical stress and surface area
regulation on the plasma membrane in cold-acclimated plant cells. Plant Signal. Behav. 2009, 4, 231–233. [CrossRef]

8. Wang, F.; Wang, C.; Yan, Y.; Jia, H.; Guo, X. Overexpression of Cotton GhMPK11 Decreases Disease Resistance through the
Gibberellin Signaling Pathway in Transgenic Nicotiana benthamiana. Front. Plant Sci. 2016, 7, 689. [CrossRef]

9. Cristina, M.; Petersen, M.; Mundy, J. Mitogen-Activated Protein Kinase Signaling in Plants. Annu. Rev. Plant Biol. 2010, 61,
621–649. [CrossRef]

10. Nakagami, H.; Pitzschke, A.; Hirt, H. Emerging MAP kinase pathways in plant stress signalling. Trends Plant Sci. 2005, 10,
339–346. [CrossRef]

11. Pitzschke, A.; Schikora, A.; Hirt, H. MAPK cascade signalling networks in plant defence. Curr. Opin. Plant Biol. 2009, 12, 421–426.
[CrossRef] [PubMed]

12. Zhang, S.; Klessig, D.F. MAPK cascades in plant defense signaling. Trends Plant Sci. 2001, 6, 520–527. [CrossRef]
13. Fang, Y.; Xiong, L. General mechanisms of drought response and their application in drought resistance improvement in plants.

Cell. Mol. Life Sci. 2015, 72, 673–689. [CrossRef] [PubMed]
14. Zhan, H.; Yue, H.; Zhao, X.; Wang, M.; Song, W.; Nie, X. Genome-Wide Identification and Analysis of MAPK and MAPKK Gene

Families in Bread Wheat (Triticum aestivum L.). Genes 2017, 8, 284. [CrossRef]
15. Zhang, X.; Wang, L.; Xu, X.; Cai, C.; Guo, W. Genome-wide identification of mitogen-activated protein kinase gene family in

Gossypium raimondii and the function of their corresponding orthologs in tetraploid cultivated cotton. BMC Plant Biol. 2014, 14,
345. [CrossRef] [PubMed]

16. Zhang, X.; Cheng, T.; Wang, G.; Yan, Y.; Xia, Q. Cloning and evolutionary analysis of tobacco MAPK gene family. Mol. Biol. Rep.
2012, 40, 1407–1415. [CrossRef] [PubMed]

17. Zhang, L.; Xi, D.; Li, S.; Gao, Z.; Zhao, S.; Shi, J.; Wu, C.; Guo, X. A cotton group C MAP kinase gene, GhMPK2, positively
regulates salt and drought tolerance in tobacco. Plant Mol. Biol. 2011, 77, 17–31. [CrossRef]

18. Grover, C.E.; Kim, H.; Wing, R.A.; Paterson, A.H.; Wendel, J.F. Incongruent Patterns of Local and Global Genome Size Evolution
in Cotton. Genome Res. 2004, 14, 1474–1482. [CrossRef]

19. Wang, C.; Lu, W.; He, X.; Wang, F.; Zhou, Y.; Guo, X.; Guo, X. The CottonMitogen-Activated Protein Kinase Kinase 3Functions in
Drought Tolerance by Regulating Stomatal Responses and Root Growth. Plant Cell Physiol. 2016, 57, 1629–1642. [CrossRef]

20. Jia, H.; Hao, L.; Guo, X.; Liu, S.; Yan, Y.; Guo, X. A Raf-like MAPKKK gene, GhRaf19, negatively regulates tolerance to drought
and salt and positively regulates resistance to cold stress by modulating reactive oxygen species in cotton. Plant Sci. 2016, 252,
267–281. [CrossRef] [PubMed]

21. Kohel, R.J.; Richmond, T.R.; Lewis, C.F. Texas Marker-1. Description of a Genetic Standard for Gossypium hirsutum L. 1. Crop.
Sci. 1970, 10, 670–671. [CrossRef]

22. Ma, Q.; Wang, N.; Ma, L.; Lu, J.; Wang, H.; Wang, C.; Yu, S.; Wei, H. The Cotton BEL1-Like Transcription Factor GhBLH7-D06
Negatively Regulates the Defense Response against Verticillium dahliae. Int. J. Mol. Sci. 2020, 21, 7126. [CrossRef] [PubMed]

23. Liu, Q.; Xue, Q. Computational identification and phylogenetic analysis of the MAPK gene family in Oryza sativa. Plant Physiol.
Biochem. 2007, 45, 6–14. [CrossRef] [PubMed]

24. Lescot, M.; Déhais, P.; Thijs, G.; Marchal, K.; Moreau, Y.; Van De Peer, Y.; Rouzé, P.; Rombauts, S. PlantCARE, a database of
plant cis-acting regulatory elements and a portal to tools for in silico analysis of promoter sequences. Nucleic Acids Res. 2002, 30,
325–327. [CrossRef] [PubMed]

25. Elasad, M.; Wei, H.; Wang, H.; Su, J.; Ondati, E.; Yu, S. Genome- Wide Analysis and Characterization of the TRX Gene Family in
Upland Cotton. Trop. Plant Biol. 2018, 11, 119–130. [CrossRef]

26. Schmittgen, T.D.; Livak, K.J. Analyzing real-time PCR data by the comparative CT method. Nat. Protoc. 2008, 3, 1101–1108.
[CrossRef] [PubMed]

http://doi.org/10.1105/tpc.114.126441
http://www.ncbi.nlm.nih.gov/pubmed/25035404
http://doi.org/10.4161/psb.2.3.4156
http://www.ncbi.nlm.nih.gov/pubmed/19516981
http://doi.org/10.3389/fpls.2019.00522
http://www.ncbi.nlm.nih.gov/pubmed/31105724
http://doi.org/10.1146/annurev.arplant.59.032607.092911
http://www.ncbi.nlm.nih.gov/pubmed/18444910
http://doi.org/10.1104/pp.124.3.941
http://www.ncbi.nlm.nih.gov/pubmed/11080272
http://doi.org/10.3389/fpls.2019.00299
http://doi.org/10.4161/psb.4.3.7911
http://doi.org/10.3389/fpls.2016.00689
http://doi.org/10.1146/annurev-arplant-042809-112252
http://doi.org/10.1016/j.tplants.2005.05.009
http://doi.org/10.1016/j.pbi.2009.06.008
http://www.ncbi.nlm.nih.gov/pubmed/19608449
http://doi.org/10.1016/S1360-1385(01)02103-3
http://doi.org/10.1007/s00018-014-1767-0
http://www.ncbi.nlm.nih.gov/pubmed/25336153
http://doi.org/10.3390/genes8100284
http://doi.org/10.1186/s12870-014-0345-9
http://www.ncbi.nlm.nih.gov/pubmed/25492847
http://doi.org/10.1007/s11033-012-2184-9
http://www.ncbi.nlm.nih.gov/pubmed/23079708
http://doi.org/10.1007/s11103-011-9788-7
http://doi.org/10.1101/gr.2673204
http://doi.org/10.1093/pcp/pcw090
http://doi.org/10.1016/j.plantsci.2016.07.014
http://www.ncbi.nlm.nih.gov/pubmed/27717463
http://doi.org/10.2135/cropsci1970.0011183X001000060019x
http://doi.org/10.3390/ijms21197126
http://www.ncbi.nlm.nih.gov/pubmed/32992496
http://doi.org/10.1016/j.plaphy.2006.12.011
http://www.ncbi.nlm.nih.gov/pubmed/17296305
http://doi.org/10.1093/nar/30.1.325
http://www.ncbi.nlm.nih.gov/pubmed/11752327
http://doi.org/10.1007/s12042-018-9205-3
http://doi.org/10.1038/nprot.2008.73
http://www.ncbi.nlm.nih.gov/pubmed/18546601


Agronomy 2021, 11, 1049 17 of 18

27. Ghtrx, C.; Gene, C.; Elasad, M.; Ahmad, A.; Wang, H.; Ma, L.; Yu, S.; Wei, H. Tolerance in Arabidopsis. Plants 2020, 9, 1388.
28. Wang, N.-N.; Zhao, L.; Lu, R.; Li, Y.; Li, X.-B. Cotton mitogen-activated protein kinase4 (GhMPK4) confers the transgenic

Arabidopsis hypersensitivity to salt and osmotic stresses. Plant Cell Tissue Organ Cult. 2015, 123, 619–632. [CrossRef]
29. McCaig, T.N.; Romagosa, I. Measurement and Use of Excised-Leaf Water Status in Wheat. Crop. Sci. 1989, 29, 1140–1145.

[CrossRef]
30. McKay, H. Root electrolyte leakage and root growth potential as indicators of spruce and larch establishment. Silva Fenn. 1998, 32,

241–252. [CrossRef]
31. Shah, S.T.; Pang, C.; Fan, S.; Song, M.; Arain, S.; Yu, S. Isolation and expression profiling of GhNAC transcription factor genes in

cotton (Gossypium hirsutum L.) during leaf senescence and in response to stresses. Gene 2013, 531, 220–234. [CrossRef]
32. Wei, H.; Zhang, X.; Wang, Y.; Lebwohl, M. Inhibition of ultraviolet light-induced oxidative events in the skin and internal organs

of hairless mice by isoflavone genistein. Cancer Lett. 2002, 185, 21–29. [CrossRef]
33. Cakmak, I.; Marschner, H. Magnesium Deficiency and High Light Intensity Enhance Activities of Superoxide Dismutase,

Ascorbate Peroxidase, and Glutathione Reductase in Bean Leaves. Plant Physiol. 1992, 98, 1222–1227. [CrossRef]
34. Magwanga, R.O.; Kirungu, J.N.; Lu, P.; Yang, X.; Dong, Q.; Cai, X.; Xu, Y.; Wang, X.; Zhou, Z.; Hou, Y.; et al. Genome wide

identification of the trihelix transcription factors and overexpression of Gh_A05G2067 (GT-2), a novel gene contributing to
increased drought and salt stresses tolerance in cotton. Physiol. Plant. 2019, 167, 447–464. [CrossRef] [PubMed]

35. Gu, L.; Wei, H.; Wang, H.; Su, J.; Yu, S. Characterization and functional analysis of GhWRKY42, a group IId WRKY gene, in
upland cotton (Gossypium hirsutum L.). BMC Genet. 2018, 19, 1–14. [CrossRef] [PubMed]

36. Long, L.; Gao, W.; Xu, L.; Liu, M.; Luo, X.; He, X.; Yang, X.; Zhang, X.; Zhu, L. GbMPK3, a mitogen-activated protein kinase from
cotton, enhances drought and oxidative stress tolerance in tobacco. Plant Cell Tissue Organ Cult. 2013, 116, 153–162. [CrossRef]

37. Magwanga, R.O.; Lu, P.; Kirungu, J.N.; Dong, Q.; Hu, Y.; Zhou, Z.; Cai, X.; Wang, X.; Hou, Y.; Wang, K.; et al. Cotton Late
Embryogenesis Abundant (LEA2) Genes Promote Root Growth and Confer Drought Stress Tolerance in Transgenic Arabidopsis
thaliana. G3 Genes Genomes Genet. 2018, 8, 2781–2803. [CrossRef] [PubMed]

38. Song, W.Y.; Peng, S.P.; Shao, C.Y.; Shao, H.B.; Yang, H.C. Ethylene glycol tetra-acetic acid and salicylic acid improve anti-oxidative
ability of maize seedling leaves under heavy-metal and polyethylene glycol 6000-simulated drought stress. Plant Biosyst. Int. J.
Deal. Asp. Plant Biol. 2014, 148, 96–108. [CrossRef]

39. Ben Rejeb, I.; Pastor, V.; Mauch-Mani, B. Plant Responses to Simultaneous Biotic and Abiotic Stress: Molecular Mechanisms.
Plants 2014, 3, 458–475. [CrossRef]

40. Suzuki, N.; Rivero, R.M.; Shulaev, V.; Blumwald, E.; Mittler, R. Abiotic and biotic stress combinations. New Phytol. 2014, 203,
32–43. [CrossRef]

41. Lu, P.; Magwanga, R.O.; Kirungu, J.N.; Dong, Q.; Cai, X.; Zhou, Z.; Wang, X.; Xu, Y.; Hou, Y.; Peng, R.; et al. Genome-wide
analysis of the cotton G-coupled receptor proteins (GPCR) and functional analysis of GTOM1, a novel cotton GPCR gene under
drought and cold stress. BMC Genom. 2019, 20, 651. [CrossRef] [PubMed]

42. Li, Y.; Zhang, L.; Wang, X.; Zhang, W.; Hao, L.; Chu, X.; Guo, X. CottonGhMPK6anegatively regulates osmotic tolerance and
bacterial infection in transgenicNicotiana benthamiana, and plays a pivotal role in development. FEBS J. 2013, 280, 5128–5144.
[CrossRef] [PubMed]

43. Glory, E.; Murphy, R.F. Automated Subcellular Location Determination and High-Throughput Microscopy. Dev. Cell 2007, 12,
7–16. [CrossRef] [PubMed]

44. Zhang, J.; Zou, D.; Li, Y.; Sun, X.; Wang, N.-N.; Gong, S.-Y.; Zheng, Y.; Li, X.-B. GhMPK17, a Cotton Mitogen-Activated Protein
Kinase, Is Involved in Plant Response to High Salinity and Osmotic Stresses and ABA Signaling. PLoS ONE 2014, 9, e95642.
[CrossRef] [PubMed]

45. Brock, A.K.; Willmann, R.; Kolb, D.; Grefen, L.; Lajunen, H.M.; Bethke, G.; Lee, J.; Nürnberger, T.; Gust, A.A. The Arabidopsis
Mitogen-Activated Protein Kinase Phosphatase PP2C5 Affects Seed Germination, Stomatal Aperture, and Abscisic Acid-Inducible
Gene Expression. Plant Physiol. 2010, 153, 1098–1111. [CrossRef] [PubMed]

46. Ahlfors, R.; Macioszek, V.; Rudd, J.; Brosché, M.; Schlichting, R.; Scheel, D.; Kangasjärvi, J. Stress hormone-independent activation
and nuclear translocation of mitogen-activated protein kinases in Arabidopsis thaliana during ozone exposure. Plant J. 2004, 40,
512–522. [CrossRef] [PubMed]

47. Iftikhar, H.; Virk, N.; Cheng, X.; Bhatti, M.F. In Silico Analysis Reveals Multiple Genes of Mapk, Mapkk and Mapkkk Gene
Families of the Mapk Cascade. PeerJ 2017, 5, e3255. [CrossRef] [PubMed]

48. Kumar, K.; Rao, K.P.; Sharma, P.; Sinha, A.K. Differential regulation of rice mitogen activated protein kinase kinase (MKK) by
abiotic stress. Plant Physiol. Biochem. 2008, 46, 891–897. [CrossRef]

49. Ning, J.; Li, X.; Hicks, L.M.; Xiong, L. A Raf-Like MAPKKK Gene DSM1 Mediates Drought Resistance through Reactive Oxygen
Species Scavenging in Rice. Plant Physiol. 2010, 152, 876–890. [CrossRef]

50. Venditti, P.; Di Stefano, L.; Di Meo, S. Mitochondrial metabolism of reactive oxygen species. Mitochondrion 2013, 13, 71–82.
[CrossRef]

51. Zong, X.-J.; Li, D.-P.; Gu, L.-K.; Li, D.-Q.; Liu, L.-X.; Hu, X.-L. Abscisic acid and hydrogen peroxide induce a novel maize group
C MAP kinase gene, ZmMPK7, which is responsible for the removal of reactive oxygen species. Planta 2009, 229, 485–495.
[CrossRef]

http://doi.org/10.1007/s11240-015-0865-5
http://doi.org/10.2135/cropsci1989.0011183X002900050008x
http://doi.org/10.14214/sf.684
http://doi.org/10.1016/j.gene.2013.09.007
http://doi.org/10.1016/S0304-3835(02)00240-9
http://doi.org/10.1104/pp.98.4.1222
http://doi.org/10.1111/ppl.12920
http://www.ncbi.nlm.nih.gov/pubmed/30629305
http://doi.org/10.1186/s12863-018-0653-4
http://www.ncbi.nlm.nih.gov/pubmed/30060731
http://doi.org/10.1007/s11240-013-0392-1
http://doi.org/10.1534/g3.118.200423
http://www.ncbi.nlm.nih.gov/pubmed/29934376
http://doi.org/10.1080/11263504.2013.878408
http://doi.org/10.3390/plants3040458
http://doi.org/10.1111/nph.12797
http://doi.org/10.1186/s12864-019-5972-y
http://www.ncbi.nlm.nih.gov/pubmed/31412764
http://doi.org/10.1111/febs.12488
http://www.ncbi.nlm.nih.gov/pubmed/23957843
http://doi.org/10.1016/j.devcel.2006.12.007
http://www.ncbi.nlm.nih.gov/pubmed/17199037
http://doi.org/10.1371/journal.pone.0095642
http://www.ncbi.nlm.nih.gov/pubmed/24743296
http://doi.org/10.1104/pp.110.156109
http://www.ncbi.nlm.nih.gov/pubmed/20488890
http://doi.org/10.1111/j.1365-313X.2004.02229.x
http://www.ncbi.nlm.nih.gov/pubmed/15500467
http://doi.org/10.7717/peerj.3255
http://www.ncbi.nlm.nih.gov/pubmed/28603666
http://doi.org/10.1016/j.plaphy.2008.05.014
http://doi.org/10.1104/pp.109.149856
http://doi.org/10.1016/j.mito.2013.01.008
http://doi.org/10.1007/s00425-008-0848-4


Agronomy 2021, 11, 1049 18 of 18

52. Samuel, M.A.; Ellis, B.E. Double Jeopardy: Both Overexpression and Suppression of a Redox-Activated Plant Mito-gen-Activated
Protein Kinase Render Tobacco Plants Ozone Sensitive. Plant Cell 2002, 14, 2059–2069. [CrossRef]

53. Yadav, D.; Ahmed, I.; Shukla, P.; Boyidi, P.; Kirti, P.B. Overexpression of Arabidopsis AnnAt8 Alleviates Abiotic Stress in
Transgenic Arabidopsis and Tobacco. Plants 2016, 5, 18. [CrossRef] [PubMed]

54. Frugoli, J.A.; Zhong, H.H.; Nuccio, M.L.; McCourt, P.; McPeek, M.A.; Thomas, T.L.; McClung, C.R. Catalase Is Encoded by a
Multigene Family in Arabidopsis thaliana (L.) Heynh. Plant Physiol. 1996, 112, 327–336. [CrossRef] [PubMed]

55. Fujita, M.; Fujita, Y.; Noutoshi, Y.; Takahashi, F.; Narusaka, Y.; Yamaguchi-Shinozaki, K.; Shinozaki, K. Crosstalk between abiotic
and biotic stress responses: A current view from the points of convergence in the stress signaling networks. Curr. Opin. Plant Biol.
2006, 9, 436–442. [CrossRef] [PubMed]

56. Yamaguchi-Shinozaki, K.; Shinozaki, K. Organization of cis-acting regulatory elements in osmotic- and cold-stress-responsive
promoters. Trends Plant Sci. 2005, 10, 88–94. [CrossRef] [PubMed]

57. Msanne, J.; Lin, J.; Stone, J.M.; Awada, T. Characterization of abiotic stress-responsive Arabidopsis thaliana RD29A and RD29B
genes and evaluation of transgenes. Planta 2011, 234, 97–107. [CrossRef] [PubMed]

58. García, M.N.M.; Cortelezzi, J.I.; Fumagalli, M.; Capiati, D.A. Expression of the Arabidopsis ABF4 gene in potato increases tuber
yield, improves tuber quality and enhances salt and drought tolerance. Plant Mol. Biol. 2018, 98, 137–152. [CrossRef]

59. Chutipaijit, S. Changes in physiological and antioxidant activity of indica rice seedlings in response to mannitol-induced osmotic
stress. Chil. J. Agric. Res. 2016, 76, 455–462. [CrossRef]

60. Tähtiharju, S.; Sangwan, V.; Monroy, A.F.; Dhindsa, R.S.; Borg, M. The induction of kin genes in cold-acclimating Arabidopsis
thaliana. Evidence of a role for calcium. Planta 1997, 203, 442–447. [CrossRef]

61. Su, W.; Huang, L.; Ling, H.; Mao, H.; Huang, N.; Su, Y.; Ren, Y.; Wang, D.; Xu, L.; Muhammad, K.; et al. Sugarcane calcineurin
B-like (CBL) genes play important but versatile roles in regulation of responses to biotic and abiotic stresses. Sci. Rep. 2020,
10, 167. [CrossRef] [PubMed]

62. Shi, H.; Ishitani, M.; Kim, C.; Zhu, J.-K. The Arabidopsis thaliana salt tolerance gene SOS1 encodes a putative Na+/H+ antiporter.
Proc. Natl. Acad. Sci. USA 2000, 97, 6896–6901. [CrossRef] [PubMed]

http://doi.org/10.1105/tpc.002337
http://doi.org/10.3390/plants5020018
http://www.ncbi.nlm.nih.gov/pubmed/27135239
http://doi.org/10.1104/pp.112.1.327
http://www.ncbi.nlm.nih.gov/pubmed/8819328
http://doi.org/10.1016/j.pbi.2006.05.014
http://www.ncbi.nlm.nih.gov/pubmed/16759898
http://doi.org/10.1016/j.tplants.2004.12.012
http://www.ncbi.nlm.nih.gov/pubmed/15708346
http://doi.org/10.1007/s00425-011-1387-y
http://www.ncbi.nlm.nih.gov/pubmed/21374086
http://doi.org/10.1007/s11103-018-0769-y
http://doi.org/10.4067/S0718-58392016000400009
http://doi.org/10.1007/s004250050212
http://doi.org/10.1038/s41598-019-57058-7
http://www.ncbi.nlm.nih.gov/pubmed/31932662
http://doi.org/10.1073/pnas.120170197
http://www.ncbi.nlm.nih.gov/pubmed/10823923

	Introduction 
	Materials and Methods 
	Plant Materials 
	Gene Cloning, Sequence Analysis, Phylogenetic Analysis, and Cis-Regulatory Element Analysis 
	Subcellular Localization 
	Expression Analysis 
	Overexpressed of GhMPK3 in Arabidopsis Plants 
	Construction of Vector and Genetic Transformation of Overexpressed Plants 
	Stress Treatment, Physiological Parameters Measurement, Oxidant and Antioxidant Determination in Overexpressed and Wild-Type Plants 

	Expression Level of Stress-Responsive Genes in Transgenic and Wild-Type Plants under Cold, Drought, and Salt Stress 
	Virus-Induced Gene Silencing Analysis of GhMPK3 
	Transactivation Assay of GhMPK3 
	Statistical Analysis 

	Results 
	Cloning and Characterization of GhMPK3 
	Profiling Expression of Cotton GhMPK3 
	Overexpression of Gh_D05G3876 Enhances Cold, Drought, and Salt Stress Tolerance 
	Physiological Characteristics and Enzymatic Activity of Evaluated under Cold, Drought, and Salt Stress Conditions 
	Expression of Stress-Responsive Genes in WT and GhMPK3-Overexpressed Arabidopsis under Cold, Drought, and Salt Treatments 
	GhMPK3 Silenced Cotton Displays Sensitivity to Drought Tolerance 
	Transcriptional Activation Assay of GhMPK3 

	Discussion 
	Conclusions 
	References

