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Abstract: Protein phosphatase 2C (PP2C) is a negative regulator of serine/threonine residue protein
phosphatase and plays an important role in abscisic acid (ABA) and abiotic-stress-mediated signaling
pathways in plants. The genome complexity of woodland strawberry and pineapple strawberry
is different due to the difference in chromosome ploidy. This study conducted a genome-wide
investigation of the FvPP2C (Fragaria vesca) and FaPP2C (Fragaria ananassa) gene family. Fifty-six
FvPP2C genes and 228 FaPP2C genes were identified from the woodland strawberry and pineapple
strawberry genomes, respectively. FvPP2Cs were distributed on seven chromosomes, and FaPP2Cs
were distributed on 28 chromosomes. The size of the FaPP2C gene family was significantly different
from that of the FvPP2C gene family, but both FaPP2Cs and FvPP2Cs were localized in the nucleus,
cytoplasm, and chloroplast. Phylogenetic analysis revealed that 56 FvPP2Cs and 228 FaPP2Cs could
be divided into 11 subfamilies. Collinearity analysis showed that both FvPP2Cs and FaPP2Cs had
fragment duplication, and the whole genome duplication was the main cause of PP2C gene abundance
in pineapple strawberry. FvPP2Cs mainly underwent purification selection, and there were both
purification selection and positive selection effects in the evolution of FaPP2Cs. Cis-acting element
analysis found that the PP2C family genes of woodland and pineapple strawberries mainly contained
light responsive elements, hormone responsive elements, defense and stress responsive elements,
and growth and development-related elements. The results of quantitative real-time PCR (qRT-PCR)
showed that the FvPP2C genes showed different expression patterns under ABA, salt, and drought
treatment. The expression level of FvPP2C18 was upregulated after stress treatment, which may play
a positive regulatory role in ABA signaling and abiotic stress response mechanisms. This study lays
a foundation for further investigation on the function of the PP2C gene family.

Keywords: protein phosphatase 2C; Fragaria vesca; Fragaria ananassa; genome-wide analysis;
expression analysis

1. Introduction

Plants are often affected by biotic and abiotic stresses during their growth and develop-
ment, which have a great impact on crop yield and quality [1]. Plants can respond to stress
through various physiological and biochemical reactions such as photosynthesis, glucose
metabolism, cell growth and reproduction, and many of their basic regulatory mechanisms
involve the reversible phosphorylation of proteins [2,3]. Reversible protein phosphoryla-
tion is a protein modification process that is mainly performed by protein kinases (PKs)
and protein phosphatases (PPs) [4,5]. PKs can phosphorylate serine (Ser), threonine (Thr),
and tyrosine (Tyr), while PPs eliminate phosphate groups for reversal [6]. On the basis
of substrate specificity, PPs can be divided into protein serine/threonine phosphatases
(STPs), protein tyrosine phosphatases (PTPs), and protein dual specificity phosphatases
(DSPTPs). Based on their crystal structure, amino acid sequence, and specific response to
inhibitors, PTPs are divided into two types, phosphoprotein metal phosphatases (PPM)
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and phosphoprotein phosphatases (PPP) [7]. STPs mainly include PP1 and PP2, which
are subdivided into PP2A, PP2B, and PP2C due to the subunit structure of PP2 and the
requirement for divalent cation activity [8–10].

Protein phosphatase 2C (PP2Cs) is a negative regulator of serine/threonine residue
protein phosphatase, and the activity of PP2Cs depends on Mg2+ or Mn2+ [7]. With regard
to the PP2C protein structures, its C-terminus has a relatively conserved catalytic domain,
and its N-terminus is an extension region that is not highly conserved and has different
functions. Meanwhile, this extension region is also unique to PP2C proteins [11]. PP2Cs are
the most numerous members of the plant protein phosphokinase family and are involved
in multiple signal transduction pathways with different regulatory mechanisms. It has
been shown that PP2Cs are evolutionarily conserved in fungi, archaea, bacteria, plants,
and animals and participate in different stress-regulated pathways and even play negative
regulatory roles [12].

The phytohormone abscisic acid (ABA) signaling pathway is an important pathway for
higher plants to regulate biotic and abiotic stress, and plays an important role in regulating
plant tolerance and growth and development [13]. This pathway mainly involves the
ABA receptor protein (PYR/PYL/RCAR), PP2Cs, and SNF1-associated protein kinase 2
(SnRK2s) [14–16]. ABA can reportedly interact with the receptor protein PYR/PYL/RCAR
and regulate SnRK2-type protein kinase activity through negative regulation, which plays
an important role in regulating PP2C in connection with transduction pathways [12,17].

The PP2Cs gene family has been identified in many plants such as
Triticum aestivum [18], Vitis vinifera [19], Oryza sativa [20], Arachis hypogaea [21], Zea mays [22],
Brachypodium distachyum [12], Glycine max [23], and Sorghum bicolor [23], which contain 80,
27, 132, 79, 130, 86, 158, and 53 members, respectively. PP2Cs have different functions in the
stress-response pathways of different plants [24–26]. In the study of Arabidopsis thaliana, 80
PP2Cs genes were identified and divided into 13 groups. Among them, six out of nine mem-
bers of subfamily A had negative regulation effects on ABA, namely, ABI1, ABI2, AHG1,
AHG3/ATPP2C-A, HAB1, and HAB2 [27–32]. Subfamily B is involved in the mitogen-
activated protein kinase (MAPK) signaling pathway, which is inactivated by the phospho-
rylation of MAPKs [33,34]. Subfamily C is involved in flowering regulation [35]. Subfamily
D is involved in response to saline-alkali stress [36]. Subfamily E participates in transpi-
ration by regulating stomatal signaling and subfamily F is involved in the induction of
bacterial stress responses [37–39]. ZmPP2C-A10 in maize has been transferred to A. thaliana,
which proves that it is a negative regulator of drought tolerance [40]. Xue et al. verified
the upregulated expression of ZmPP2C in subgroup G under salt stress [29]. Singh et al.
found that subgroup A of the ZmPP2C genes could positively regulate abiotic stress and
negatively regulate the ABA signaling pathway in rice [15]. In strawberry, the FaABI1 gene
has a negative regulatory effect on maturation [41]. The PP2C gene of subfamily B in alfalfa
can respond to stress induction and play a negative regulatory role in the MAPK signaling
pathway [42]. In millet, SiPP2CA8 can interact with SiRCAR3, a protein similar to the millet
ABA receptor, and participate in the ABA signal transduction pathway [18].

Strawberry has high economic, medicinal, and medical value. Its delicious flesh is
loved by people, but is susceptible to drought, low temperature and other external con-
ditions. The diploid woodland strawberry, with its short growth cycle, relatively small
genome (about 240 Mb), efficient genetic transformation, and abundant transcriptome
data resources, is a model plant for the study of strawberry gene function [43]. Octaploid
pineapple strawberry has been a popular cultivar in recent years. Its genetic background
is narrow, and its resistance to stress is weak [44]. The genome complexity of woodland
strawberry and pineapple strawberry is different due to the difference in the chromosome
ploidy. Therefore, this study identified the PP2C gene family based on the genomic screen-
ing of woodland and pineapple strawberries, and systematically analyzed them by the
bioinformatics method. By comparing the similarities and differences between the two
varieties and treating the strawberry test-tube seedlings with simulated stress, the PP2C
gene family of strawberry was preliminarily analyzed and the expression patterns of PP2Cs
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in strawberry under various stress conditions were explored. This study provides a basis
for the study and utilization of the PP2C gene function in strawberry.

2. Results
2.1. Identification of PP2C Gene Family in Woodland and Pineapple Strawberries

A total of 56 and 228 PP2C genes were identified in woodland strawberry and
pineapple strawberry by homologous screening, respectively. These are named FvPP2C01-
FvPP2C56 and FaPP2C01-FaPP2C228, according to their Latin abbreviation. Physicochemi-
cal characteristic analysis showed that the length of amino acids encoded by FvPP2C genes
varied from 271 aa to 1080 aa, among which FvPP2C01 was the longest and FvPP2C25 was
the shortest. Most genes contained around 380 amino acids. The molecular weight ranged
from 30,328.15 to 119,808.08 Da, and the pI ranged from 4.34 to 9.30, of which acid protein
accounted for 76.79% (Supplementary Table S1). Compared with FvPP2C, the gene length,
amino acid length, and molecular weight of FaPP2C were significantly different, while the
isoelectric point and protein hydrophilicity were not significantly different. The lengths of
the FaPP2C proteins varied from 87 (FaPP2C221) to 2106 (FaPP2C36) and molecular weight
varied from 9255.33 Da (FaPP2C221) to 236,904.86 Da (FaPP2C36). Most of the FaPP2C
proteins were acidic, but the D and E subfamilies were mainly alkaline (Supplementary
Table S2). In addition, except for FaPP2C113, FaPP2C152 and FaPP2C179, all of the other
FaPP2Cs and FvPP2Cs were hydrophilic proteins (Supplementary Tables S1 and S2).

The subcellular localization prediction showed that FvPP2C and FaPP2C were mainly
localized in three organelles: nucleus, cytoplasm, and chloroplast. Furthermore, FvPP2C49
was present in the cytoplasmic matrix. In pineapple strawberry, only FaPP2C132 might
be located in the Golgi apparatus, FaPP2C211 in the cytoskeleton, and FaPP2C211 in the
endoplasmic reticulum (Supplementary Tables S1 and S2).

2.2. Phylogenetic Tree Analysis

Phylogenetic trees were constructed using the PP2C protein sequences of A. thaliana,
F. vesca, and F. ananassa, and the phylogenetic relationship between strawberry and A. thaliana
was identified (Figure 1). The results showed that 56 FvPP2Cs and 228 FaPP2Cs were
clearly divided into 11 subfamilies (A–K). Subgroup B only contained PP2C proteins
from A. thaliana. Subgroups J and K contained the most PP2C members, among which
subgroup K included nine FvPP2Cs and 46 FaPP2C proteins, and subgroup J included
10 FvPP2Cs and 42 FaPP2C proteins. In addition, PP2C proteins of the same species tend to
form independent branches in the same subfamily, that is, woodland strawberry proteins
clustered together and pineapple strawberry proteins clustered together.

2.3. Gene Structure Analysis and Conserved Motif Analysis

To further understand the phylogeny and function of the PP2C gene family in straw-
berry, the FvPP2Cs and FaPP2Cs gene structures and protein conserved motifs were ana-
lyzed. Most genes in the same subfamily had the same number of exons and similar exon
lengths. In woodland strawberry (Supplementary Figure S1A), the number of exons of
FvPP2Cs varied from 1 to 15. Among them, FvPP2C11 and FvPP2C36 were intron deletion
types, and FvPP2C18 and FvPP2C20 lacked upstream and downstream structures. Different
intron lengths may affect gene functions. FvPP2C20 in subfamily K had an intron region
of more than 6 kb, which was the longest gene in this subfamily. In pineapple strawberry
(Supplementary Figure S2A), the number of exons in FaPP2Cs ranged from 1 to 35, with
relatively few exons in subgroups C, F, and K, ranging from 2 to 5. In addition, FaPP2C07,
09, 20, 21, 23, 27, and FaPP2C227 contained only one exon, and there were 12 FaPP2C
members that did not have upstream and downstream structures. Different gene structures
may affect the gene expression and corresponding protein function.
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Figure 1. Phylogenetic analysis of the PP2C gene family from F. vesca, F. ananassa, and A. thaliana. 
Note: Phylogenetic trees were constructed using the PP2C protein sequences. Maximum parsimony 
was adopted, and the bootstrap value was set to be equal to 1000. 
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Figure 1. Phylogenetic analysis of the PP2C gene family from F. vesca, F. ananassa, and A. thaliana.
Note: Phylogenetic trees were constructed using the PP2C protein sequences. Maximum parsimony
was adopted, and the bootstrap value was set to be equal to 1000.

Using MEME motif search tool, eight motifs were identified for FvPP2Cs and FaPP2Cs,
respectively. The number of conserved motifs in the FvPP2C proteins varied from three to
seven, but the composition and distribution of conserved motifs within the same subfamily
were similar. Both FvPP2C13 and FvPP2C25 contained only three motifs, namely, motifs
1, 2, 7, and motifs 2, 4, 8. Subgroups C and D contained motif 6 at the N-terminus and
the remaining subgroups contained motif 7 at the N-terminus (Supplementary Figure S1B).
In pineapple strawberry, most FaPP2C proteins contained one to six motifs. Among
them, FaPP2C02, 13, 125, 192, 194, and FaPP2C210 only contained motif 1, FaPP2C221
only contained motif 5, and FaPP2C225 only contained motif 2. The same as FaPP2Cs,
subgroups C and D contained motif 6 at the N-terminus, but the remaining subgroups
contained motif 1 at the N-terminus (Supplementary Figure S2B). It is worth noting that
the amino acid sequence of motif 4 was the same by comparing eight motifs between the
two species (Supplementary Figure S3). It is speculated that motif 4 plays an important
role in strawberry.

2.4. Chromosomal Location and Collinearity Analysis

The location of FvPP2Cs (Figure 2A) and FaPP2Cs (Figure 2B) on the strawberry
chromosome were analyzed. The results showed that 56 FvPP2Cs were unevenly distributed
on seven chromosomes (Fvb1-Fvb7). For them, Fvb4 was the most distributed (11), followed
by Fvb2 and 6, and Fvb5 was the least distributed (5). Overall analysis showed that FvPP2C
genes on Fvb1 and 6 were concentrated in the first half of the chromosome, while FvPP2C
genes on Fvb2, 3, 4, and 7 were mainly concentrated in the second half of the chromosome.
Two pairs of genes, FvPP2C01 and FvPP2C02 and FvPP2C55 and FvPP2C56, were close
to each other on the chromosomes, respectively. The 228 FaPP2C genes were unevenly
mapped on 28 chromosomes (Fvb1-1 to Fvb7-4), ranging from 4 (Fvb5-3) to 13 (Fvb4-3 and
Fvb6-3), and always existed in the regions with high gene density. The genes distributed
on Fvb2-2, Fvb7-3, and Fvb7-4 were all in the upper part of the chromosome, while Fvb7-1
and Fvb7-2 showed the opposite.
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Figure 2. Chromosome distribution of the PP2C gene family in woodland strawberry and pineapple
strawberry. Note: The left scale indicates the chromosome length (Mb), with PP2C gene markers on
the right side of each chromosome. Different chromosomal colors indicate different gene densities,
with red indicating the highest density and blue the lowest density. (A) Chromosome distribution of
FvPP2Cs. (B) Chromosome distribution of FaPP2Cs.
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To further understand the amplification mechanism of FvPP2Cs and FaPP2Cs, we in-
vestigated the collinearity of PP2Cs in the woodland strawberry and pineapple strawberry
genomes (Figure 3A,B). The results showed that there were nine pairs of collinearity genes
in the FvPP2C gene family and 11 pairs of collinearity genes in the FaPP2C gene family,
all of which were fragment duplicates. Interestingly, each gene pair belonged to the same
subfamily with high homology and their gene structure and conserved motifs were very
similar. Unlike FvPP2C, the collinear genes of FaPP2C clustered on Fvb1-1 to Fvb2-4. At the
same time, through the analysis of collinearity between woodland strawberry and pineap-
ple strawberry, we speculated that the whole genome duplication was the main reason for
the abundance of PP2C genes in the pineapple strawberry (Figure 3C). In addition, we also
carried out the collinearity analysis between strawberry and A. thaliana, and found that
the collinearity gene pairs between pineapple strawberry and A. thaliana were significantly
more than those between woodland strawberry and A. thaliana (Figure 3D).
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strawberry, and black lines represent the FvPP2C collinearity genes. (B) Collinearity analysis of
FaPP2Cs. The yellow bars represent chromosomes. The gray lines represent all collinear genes in
the pineapple strawberry, and blue lines represent the FaPP2C collinearity genes. (C) Collinearity
analysis of the PP2C genes between woodland strawberry and pineapple strawberry. The gray lines
denote collinearity between all genes and the orange lines denote collinearity between the two PP2C
family members. (D) Collinearity analysis of the PP2C genes in strawberry to A. thaliana. The gray
lines represent collinearity between all genes, and the blue lines represent collinearity of the PP2C
genes between woodland strawberry and A. thaliana or between pineapple strawberry and A. thaliana.

2.5. Evolutionary Selection Pressure and Codon Usage Bias Analysis

The Ka/Ks ratio can be used to determine whether there is selection pressure acting
on the protein-coding genes, which plays an important role in the evolutionary analysis
of gene families. Ks means synonymous substitution, which does not affect amino acid
species. Ka denotes a non-synonymous substitution that alters the expression of amino
acids [45]. The Ka value, Ks value, and Ka/Ks ratio were analyzed for the homologous
gene pairs among FvPP2Cs (Figure 4A) and FaPP2Cs (Figure 4B). The Ka/Ks value of most
FvPP2C gene pairs was less than 1, but the number of homologous gene pairs with a Ka/Ks
ratio greater than 1 and less than 1 tended to be consistent in pineapple strawberry. These
data indicate that these FvPP2C were primarily under purifying selection during evolution,
while both positive and purifying selection existed in pineapple strawberry.
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Figure 4. Evolutionary selection pressure analysis of the PP2C homologous gene pairs. Note: The
X axis represents the Ka value, the Y axis represents the Ks value, and the Z axis represents the
ratio of Ka to Ks. (A) Evolutionary selection pressure analysis of the FvPP2C homologous genes.
(B) Evolutionary selection pressure analysis of the FaPP2C homologous genes.

Codon bias analysis is helpful to study species evolution and environmental adaptabil-
ity. The ENc and CAI of the FvPP2C and FaPP2C gene family were analyzed. In woodland
strawberry, the minimum ENc value of FvPP2C was 47.71 (FaPP2C17), and the maximum
ENc value was 60.20 (FvPP2C55). The CAI value ranged from 0.16 to 0.23 (Figure 5). In
pineapple strawberry, the ENc value of FaPP2C ranged from 40.68 to 61, and the CAI value
ranged from 0.14 to 0.24 (Figure 5). Therefore, it was speculated that the codon bias of
FvPP2C and FaPP2C was weak. However, both FvPP2C and FaPP2C genes in subgroup K
showed relatively strong codon preference overall, favoring codons with G/C endings and
high G/C content. The relative synonymous codon usage (RSCU) analysis results of the
FvPP2C and FaPP2C gene family members were obtained by averaging the corresponding
codon RSCU values of amino acids (Figure 6). As can be seen from Figure 6, FaPP2C and
FvPP2C showed certain similarities. The strongest codon preference was found for AGA.
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sive elements, with the most in FvPP2C07 and FvPP2C52. In pineapple strawberry, the 
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Figure 6. The relative synonymous codon usage (RSCU) analysis of the PP2C gene family in woodland
strawberry and pineapple strawberry. Note: A color gradient mapped from low (blue) to high (red)
indicates an increase in RSCU. (A) The RSCU analysis of the FvPP2C gene family. (B) The RSCU
analysis of the FaPP2C gene family.
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2.6. Cis-Acting Elements Analysis

To further clarify the potential function of the FvPP2C and FaPP2C gene family, cis-
acting elements in the upstream 2 kb region were analyzed. The results showed that both
FvPP2Cs (Figure 7) and FaPP2Cs (Figure 8) contained four types of cis-acting elements
including light responsive elements, hormone responsive elements, defense and stress
responsive elements, and growth and development related elements. Light responsive
elements were present in all FvPP2Cs and FaPP2Cs, and they accounted for a large propor-
tion. It was speculated that PP2Cs was closely related to the light regulation of strawberry.
Hormone responsive elements included auxin responsive elements, abscisic acid responsive
elements, salicylic acid responsive elements, gibberellin responsive elements, and methyl
jasmonate responsive elements. In woodland strawberry, except for FvPP2C04, FvPP2C05,
FvPP2C08, FvPP2C29, FvPP2C34, FvPP2C40, FvPP2C43, and FvPP2C44, the rest of the genes
contained ABA responsive elements. Among them, FvPP2C22 and FvPP2C52 had the most,
with 17 and 19, respectively. Most FvPP2C genes contained MeJA responsive elements, with
the most in FvPP2C07 and FvPP2C52. In pineapple strawberry, the FaPP2Cs in subgroup K
contained more ABA and MeJA responsive elements. There were 17 ABA responsive ele-
ments in FaPP2C98 and 16 MeJA responsive elements in FaPP2C190. However, there were
relatively few auxin responsive elements, gibberellin responsive elements, and salicylic
acid responsive elements in the woodland and pineapple strawberries. Defense and stress
response elements included low temperature, drought, anaerobic induction, and defense
and stress responsive elements. Most of the FvPP2Cs and FaPP2Cs contained anaerobic
induction elements. It suggests that PP2Cs played an important role in the regulation of
anaerobic induction. In conclusion, the FvPP2C and FaPP2C gene family can not only per-
form normal transcriptional activities, but also participate in the light response, hormone
response, stress response, and growth and development.
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elements can be divided into four categories, namely, hormone response elements, light response
elements, defense and stress response elements, and growth and development related elements.
The total number of abscisic acid (ABA), methyl jasmonate (MeJA), auxin, gibberellin (GA) and
salicylic acid (SA) response elements, light response elements, anaerobic induction elements, drought
response elements, low temperature response elements, defense and stress response elements, and
growth and development response elements are shown in the heat map.
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Figure 8. Cis-regulatory element analysis of the FaPP2C genes. Note: Based on different subfamilies
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elements. The total number of hormone response elements (ABA, MeJA, auxin, JA, SA), light
response elements, anaerobic induction elements, drought response elements, low temperature
response elements, defense and stress response elements, and growth and development response
elements are shown in the heat map.

2.7. Expression Analysis of FvPP2C Genes by qRT-PCR

To further understand the role of PP2Cs in strawberry stress, the woodland strawberry
test-tube seedlings were treated with ABA, NaCl, and PEG, and then the relative expression
levels of FvPP2Cs in the plant leaves after treatment for 2 h, 12 h, and 24 h were analyzed
(Figure 9). Under ABA treatment (concentration = 100 µM), the relative expression of 17
FvPP2Cs were upregulated at 2 h, 12 h, and 24 h. Among them, the relative expression
levels of FvPP2C14, FvPP2C18, FvPP2C25, FvPP2C39, FvPP2C40, FvPP2C43, FvPP2C44,
FvPP2C46, FvPP2C50, and FvPP2C56 reached the maximum at 24 h. The relative expression
level of FvPP2C44 was the highest, about 152 times that of the control. In addition, the
relative expression levels of FvPP2C21, FvPP2C29, FvPP2C36, FvPP2C38, FvPP2C41, and
FvPP2C47 were significantly upregulated at 2 h, and FvPP2C21 and FvPP2C38 were 21
and 32 times that of those in the control group, respectively. The relative expression levels
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of FvPP2C14, FvPP2C18, FvPP2C20, and FvPP2C44 were also expressed at higher levels
at 12 h. After NaCl treatment (concentration = 200 mM), only the relative expression
levels of FvPP2C18 were upregulated within 2 h, 12 h, and 24 h, with 5.3% upregulated at
2 h, 25.0% upregulated at 12 h, and 33.9% upregulated at 24 h. Furthermore, FvPP2C05,
FvPP2C21, FvPP2C25, FvPP2C48, FvPP2C49, FvPP2C52, and FvPP2C55 showed the most
significant changes at 24 h (i.e., 24.69-, 22.7-, 11.8-, 147.73-, 45.77-, 101.02-, and 82.4-fold) of
the control. Under 10% PEG6000 treatment, only the relative expression levels of FvPP2C18
and FvPP2C44 were upregulated at 2 h, 12 h, and 24 h. Only two genes were upregulated
at 2 h, while most genes were upregulated at 12 h and downregulated at 24 h. In general,
the FvPP2C genes were downregulated under PEG treatment, but the range of changes was
not obvious.
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Figure 9. Quantitative real-time PCR analysis of the FvPP2C genes in response to the ABA, NaCl,
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3. Discussion

PP2Cs belongs to an important group of protein phosphatases and is the largest
protein phosphatase family in plants. They participate in the stress-signaling pathway
of plants through the dephosphorylation and phosphorylation reactions of the substrate
proteins [46]. In A. thaliana, PP2C genes are reportedly induced by ABA at the transcription
level, and PP2C-enzyme-catalyzed reversible phosphorylation is the mechanism of negative
regulation in the ABA signaling pathway [47,48]. Moreover, the PP2C gene is conserved
in the process of evolution [34]. In this study, we comprehensively analyzed the FvPP2C
gene in woodland strawberry and FaPP2C in pineapple strawberry including genome-wide
identification, phylogenetic relationships, gene structures, conserved motifs, chromosomal
location, collinear relationships, evolutionary selection pressure, codon usage bias, cis-
acting elements, and expression patterns. Fifty-six FvPP2C and 228 FaPP2C genes were
identified by homology comparison (Supplementary Tables S1 and S2). Obviously, the
amount of FvPP2C in woodland strawberry was much less than that in A. thaliana (80) [29],
rice (78) [29], wheat (95) [49], apple (128) [50], and peach (74) [50], while the amount of
FaPP2C in pineapple strawberry was higher. In addition, 56 CsPP2Cs were identified in
cucumber, which was consistent with woodland strawberry. The results showed that the
FvPP2C gene family contracted during the evolution process, while the FaPP2C gene family
of pineapple strawberry was the opposite. It is speculated that this phenomenon is related
to the chromosome number or genome size of woodland and pineapple strawberries.

The PP2C gene family members in most plants such as A. thaliana [29], rice [29],
wheat [50] and cucumber [51] were divided into 13 subfamilies by systematic cluster
analysis. In this study, the PP2C genes of A. thaliana, woodland, and pineapple strawberries
were divided into 11 subfamilies (Figure 1). This result was different from the above
species. FaPP2C was present in ten subfamilies except for subfamily B, while FvPP2C was
present in nine subfamilies, except for A and B. In addition, PP2C proteins of the same
species tend to form independent branches in the same subfamily. The diversity of the
exon/intron structure, position, and conserved motif had important effects on the gene
family function [51]. Accordingly, we studied the gene structure and protein conserved
motifs of FvPP2C and FaPP2C according to their phylogenetic relations (Supplementary
Figures S1 and S2). The results showed that there were significant differences in gene
structure between the woodland and pineapple strawberries, with FvPP2C containing
1–15 exons and FaPP2C containing 1–35 exons. Nonetheless, there were some similarities
in the length of exons of the same species within the same subfamily. Previous studies on
Brachypodium distachyon have shown that many intron-deletion genes exist in the PP2C
gene [13]. Similar results were found in the study of woodland and pineapple strawberries
in this paper. We also found that the composition and distribution of conserved motifs
within the same subfamily were similar. Moreover, the amino acid sequence of motif 4 was
consistent between the two species (Supplementary Figure S3), suggesting that motif 4
played a stable and important role in the evolution of strawberry. This conserved motif
was also found in cucumber studies [52], and it was presumed that the motif contained the
conserved domain of PP2C.

Chromosomal localization analysis and collinear analysis are very helpful to under-
stand the mechanism of gene amplification. In this study, both FvPP2C and FaPP2C were
located on chromosomes, among which FvPP2C was distributed on seven chromosomes
and FaPP2C was distributed on 28 chromosomes (Figure 2). Combined with the collinearity
analysis between the two species, it is speculated that the whole genome duplication is
the main reason for the abundance of PP2C genes in pineapple strawberry (Figure 3C).
In addition, the PP2C genes showed aggregation on the chromosomes of woodland and
pineapple strawberries, and the result was similar to that of paper mulberry [53]. Gene
replication is the main driving force for the amplification of the gene family, which could
obtain new functions and evolution [54]. Gene replication involves fragment replication,
tandem replication, and genome replication, as above-mentioned, and fragment replication
is more conducive for maintaining gene function than tandem replication [55]. It was found
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that there was fragment replication of the PP2C gene in both woodland and pineapple
strawberries (Figure 3A,B), and similar results were found in A. thaliana [29], cucumber [52],
and paper mulberry [53].

Gene selection pressure and codon bias also contribute to understanding the evolution-
ary relationship. In our work, we estimated the Ka, Ks, and Ka/Ks ratios of the collinearity
of FaPP2C and FvPP2C, respectively (Figure 4). The majority of the FvPP2C paralogous
pairs showed less than 1.00 Ka/Ks ratios, but the number of homologous gene pairs with
Ka/Ks ratios greater than 1.00 and less than 1.00 tended to be consistent in pineapple
strawberry. These results indicate that PP2C of woodland strawberry mainly underwent
purification selection, but there were both purification selection and positive selection
effects in the evolution process of the PP2C of pineapple strawberry. The conservation
of woodland strawberry was higher than pineapple strawberry. The result in woodland
strawberry was similar to those in cucumbers and Brassica rapa [56]. Furthermore, the
codon bias analysis of FvPP2C and FaPP2C (Figures 5 and 6) showed that the codon bias of
strawberry PP2C genes was weak, but the PP2Cs in subfamily K showed a relatively strong
codon bias.

Subcellular localization prediction can provide basic information for the study of
protein biological function. Both FvPP2C and FaPP2C were expressed mostly in the nucleus,
cytoplasm, and chloroplast (Supplementary Tables S1 and S2). Similar results were found
in the cucumber study [52]. Therefore, we speculated that the PP2C protein was involved
in respiration, photosynthesis, growth, and development of strawberry. When plants
suffer from abiotic and adverse stresses outside such as drought, high temperature, low
temperature, and salinity, stress signals, through a series of signal transduction, integrate
into the signal factor and activate the corresponding transcription factors. Coupled with
the corresponding gene of cis-acting, the corresponding gene expression and response to
adverse stress are initiated [57,58]. For example, ABA response elements (ABREs) can
respond to ABA, drought, and salt stress [59]. Drought response element (DRE) responds to
plant drought stress [60]. LTR is involved in low-temperature response and regulation [61].
MYB can respond to various stress signals and stress regulation and regulate the response
of corresponding genes [62]. We analyzed the upstream 2kb cis-acting elements of 56
FvPP2C (Figure 7) and 228 FaPP2C (Figure 8) genes, and found that each PP2C contained
ABRE, ERE, DRE, and other acting elements, indicating that the PP2C gene family was
significantly related to the regulation of plant stress signals. All of the acting elements were
divided into four categories: light response elements, hormone response elements, defense
and stress response elements, and growth and development response elements. Among
them, light responsive elements accounted for a large proportion of FvPP2C and FaPP2C,
which further demonstrated the photoregulated reaction of the PP2C protein in strawberry.
In addition, this study found that genes located in subgroup K played important roles in
the ABA and MeJA responses. Cao et al. also found many action elements related to plant
stress [12]. The same phenomenon has been found in A. thaliana, rice, foxtail millet, and
B. distachyum [18].

Previous studies have confirmed that the expression levels of the PP2C subfamily A in
A. thaliana and rice under ABA stress have significantly changed [63]. In subfamily A of
AtPP2C, seven genes were considered as negative regulators of the ABA-mediated signaling
pathway [14,29,50]. Four PtPP2Cs in subgroup A responded to drought, cold, and high-salt
stress, and the expression of PtPP2Cs was the highest under drought [64]. AtPP2C-G1 is
a positive regulator in the ABA pathway and response to hypersalt stress [65]. A. thaliana
overexpressing AtPP2C2 showed a significantly improved response to ABA stress [66]. In
grape, VvPP2C02 can strongly respond to ABA, high salt, and drought stress [19]. Here,
qRT-PCR was used to analyze the expression of 56 FvPP2Cs in woodland strawberry under
ABA, NaCl, and PEG stress treatment (Figure 9). The results showed that only 30.36% of
FvPP2Cs significantly increased under ABA stress treatment, so it is speculated that these
genes are involved in ABA signal response as positive regulatory factors. The expression
of most FvPP2Cs was inhibited after ABA stress, and these genes were presumed to be
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negative regulators in ABA signaling and abiotic stress. In addition, researchers have
confirmed that PP2Cs play a negative regulatory role in the signaling pathway of ABA in
model plants, indicating that FvPP2Cs has a certain degree of conservatism in the signal
transduction pathway [67]. In wheat, the expression of TaPP2C59 was significantly inhibited
by ABA and hypersaline stress, and it may be involved in ABA signaling and abiotic stress
response as a negative regulator [68]. Maize ZmPP2C is a negative regulator of salt and
drought stress responses [69]. The expression of most FvPP2Cs genes was significantly
inhibited under high salt and drought stress, and it was speculated that these genes acted
as a negative regulator. In addition, the expression of FvPP2C18 gene in strawberry was
upregulated under ABA, high salt, and drought stress treatment, suggesting a positive
regulatory role in ABA signaling and abiotic stress response mechanisms. However, the
specific function needs to be further verified.

4. Materials and Methods
4.1. Plant Materials and Treatment

The tissue culture seedlings of F. vesca were selected for RT-qPCR analysis and materi-
als were grown in MS tissue culture medium supplemented with 30 g·L−1 sucrose, 6 g·L−1

agar, 0.1 mg·L−1 6-BA, and 0.2 mg·L−1 IAA for 16 h/8 h (day/night) cycle at 25 ◦C/20 ◦C.
After 40 days of subculture, tissue culture seedlings with strong growth, consistent growth,
and no pollution were selected for the experimental treatments including 10% PEG, 100 µM
ABA, and 200 mM NaCl treated for 2 h, 12 h, and 24 h. Equal volume water treatment was
used as the control. Plant leaves were mixed for sampling and three biological repeats were
established. Leaf samples were immediately frozen in liquid nitrogen and stored at −80 ◦C
for RNA extraction.

4.2. Extraction and Quality Control of RNA from Strawberry Leaves

RNA extraction was carried out using the plant-extraction kit RNAplant-RTR2303
(Real-Times Biotechnology Co., Ltd., Beijing, China) according to the operating instructions.
RNA quality and quantity were determined using a Pultton P200 Micro Volume Spec-
trophotometer (Pultton Technology Ltd., San Jose, CA, USA). RNA was stored at −80 ◦C
for further analysis.

4.3. Identification of the PP2C Gene Family Members in Strawberry

By using the conserved amino acid sequences of PP2C genes obtained from A. thaliana
and rice, Blastp homology was performed in the woodland strawberry database (https:
//www.rosaceae.org/organism/24344, accessed on 1 October 2022) and the pineapple
strawberry database (https://www.rosaceae.org/organism/24345, accessed on 5 October
2022), respectively, to screen the PP2C gene family information of woodland and pineapple
strawberries. Candidate genes were screened by DNAMAN to avoid duplication, and
genes containing specific domains of PP2C (registration number: PF00481) were screened
by HMMER (https://www.ebi.ac.uk/Tools/hmmer/, accessed on 10 October 2022) [70].
The physicochemical properties of the theoretical isoelectric point (pI) and molecular
weight were analyzed based on ExPASy (http://web.expasy.org/, accessed on 16 October
2022) [71]. Online software WoLF PSORT (http://www.genscript.com/wolf-psort.html,
accessed on 21 October 2022) was used to predict subcellular localization [72].

4.4. Evolution Relationship of PP2C Gene Family

MEGA 11.0 and ClustalX software were used to construct a phylogenetic tree for the
PP2C protein sequences of woodland strawberry, pineapple strawberry, and A. thaliana [23].
Maximum parsimony was adopted, and the bootstrap value was set to be equal to 1000.
Image was beautified by iTOL (https://itol.embl.de/, accessed on 28 October 2022).

https://www.rosaceae.org/organism/24344
https://www.rosaceae.org/organism/24344
https://www.rosaceae.org/organism/24345
https://www.ebi.ac.uk/Tools/hmmer/
http://web.expasy.org/
http://www.genscript.com/wolf-psort.html
https://itol.embl.de/
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4.5. Gene Structure and Protein Conserved Motif Analysis

The gene structure of FvPP2C and FaPP2C was analyzed by GSDS (http://gsds.cbi.pku.
edu.cn/, accessed on 5 November 2022) [73]. MEME (http://meme-suite.org/tools/meme,
accessed on 13 November 2022) was used for the conserved motif analysis [74]. The maxi-
mum motif number was set as 8, and the remaining parameters were the default values.

4.6. Chromosomal Location and Collinearity Analysis

We downloaded the genome files of woodland strawberry, pineapple strawberry,
and A. thaliana via the Ensemble database (https://asia.ensembl.org/index.html, accessed
on 20 November 2022) and Phytozome database (https://phytozome-next.jgi.doe.gov/,
accessed on 1 December 2022). TBtools was used to extract the chromosome information
and draw chromosomal mapping of the target genes. The analysis and mapping of collinear
gene pairs were also conducted with TBtools [75].

4.7. Selective Pressure Analysis and Codon Usage Index Analysis

The nonsynonymous substitution rate and synonymous substitution rate of PP2C
collinear genes in woodland strawberry and pineapple strawberry were calculated by
DNAsp 5.0 and mapped by Origin 9.0. CodonW software was used to analyze the codon
usage characteristics of strawberry. The main parameters were acquired by employing
CDS sequences. These parameters included A3s, G3s, C3s, and T3s (synonymous codon
corresponding base frequency on the third), the codon adaptation index (CAI), codon bias
index (CBI), frequency of optimal codons (FOP), effective number of codon (ENc), amount
of the third codon (G+C) (GC3s), count of genes (G+C) (GC), triple codon, and analyzed
the correlation of these parameters.

4.8. Cis-Acting Elements Analysis

The upstream 2 kb sequences of the PP2C gene initiation codon (ATG) were extracted
by TBtools. The extracted sequences were submitted to PlantCARE (http://bioinformatics.
psb.ugent.be/webtools/plantcare/html/, accessed on 15 December 2022) for cis-acting
element analysis [76].

4.9. qRT-PCR Analysis

The fluorescent quantitative primers of FvPP2Cs were designed in the online primer
design tool Primer3 (http://bioinfo.ut.ee/primer3-0.4.0/, accessed on 23 December 2022)
(Supplementary Table S3) and synthesized by Sangon Biotech (Shanghai, China) Co., Ltd.
cDNA synthesis was performed using a Primer Reverse Transcriptase Kit (Takara Bio,
Shiga, Japan), and quantitative PCR was performed using the SYBR (concentration: 2x)
Primer Ex TaqTMII (TaKaRa) Kit specifications, and conducted by using a Light Cycler® 96
Real-Time PCR System (Roche, Switzerland). The GAPDH of strawberry was used as the
internal reference gene. The reaction system was 20 µL and comprised 1.5 µL of cDNA,
2 µL of upstream and downstream primers, 10 µL of SYBR, and 6.5 µL of ddH2O. The
reaction procedure was as follows: 95 ◦C for 30 s, 40 cycles of 95 ◦C for 10 s, 60 ◦C for
30 s, and 72 ◦C for 30 s. The experiment was repeated three times. After the reaction to
fluorescence value change curve and melting curve analysis, the 2−∆∆CT method was used
to calculate the relative expression of genes [77].

4.10. Test Data Statistics and Analysis

Test data were processed by Excel 2010. TBtools was used to draw the relative expres-
sion map of genes.

5. Conclusions

In this study, 56 FvPP2C and 228 FaPP2C genes were identified from woodland
strawberry and pineapple strawberry, respectively. Compared with diploid woodland
strawberry, the PP2C gene family of pineapple strawberry had large differences in the gene

http://gsds.cbi.pku.edu.cn/
http://gsds.cbi.pku.edu.cn/
http://meme-suite.org/tools/meme
https://asia.ensembl.org/index.html
https://phytozome-next.jgi.doe.gov/
http://bioinformatics.psb.ugent.be/webtools/plantcare/html/
http://bioinformatics.psb.ugent.be/webtools/plantcare/html/
http://bioinfo.ut.ee/primer3-0.4.0/
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size and relatively weak conservation. The whole genome replication was the main cause
of the PP2C gene quantity amplification in pineapple strawberry. The analysis of cis-acting
elements and the expression pattern of PP2C genes in woodland strawberry under different
stress indicate that there are a series of potential mechanisms of the PP2C gene family in
strawberry to abiotic stress, which provide a reference for understanding the PP2C gene
family and its functions in woodland and pineapple strawberries.
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Author Contributions: Conceptualization, L.G.; Methodology, L.G. and T.L.; Software, S.L.; Vali-
dation, G.N. and J.R.; Formal analysis, L.G. and H.G.; Writing—original draft preparation, L.G.;
Writing—review and editing, J.M. and B.C. All authors have read and agreed to the published version
of the manuscript.

Funding: This work was supported by the Education Science and Technology Innovation Project
of Gansu Province (GSSYLXM-02), the Key Project of Gansu Provincial Natural Science Fund
(22JR5RA831) and the FuXi Foundation of Gansu Agricultural University (Gaufx-03J02).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data will be made available on request.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

PP2C: protein phosphatase 2C; ABA: abscisic acid; SA: salicylic acid; MeJA: methyl jasmonate;
GA: gibberellin; PKs: protein kinases; PPs: protein phosphatases; Ser: serine; Thr: threonine; Tyr:
tyrosine; STPs: serine/threonine phosphatases; PTPs: protein tyrosine phosphatases; DSPTPs: pro-
tein dual specificity phosphatases; PPM: phosphoprotein metal phosphatases; PPP: phosphoprotein
phosphatases; PYR/PYL/RCAR: ABA receptor protein; SnRK2s: SNF1-associated protein kinase
2; MAPK: mitogen-activated protein kinase; Ks: synonymous substitution; Ka: non-synonymous
substitution; ENc: the effective number of codon; CAI: codon adaptation index; CBI: codon bias
index; FOP: frequency of optimal codons; GC3s: the amount of the third codon (G+C); GC: the count
of genes (G+C); RSCU: the relative synonymous codon usage; qRT-PCR: quantitative real-time PCR;
ABREs: ABA response elements; DRE: drought response element; pI: theoretical isoelectric point.

References
1. Lee, S.K.; Kim, B.G.; Kwon, T.R.; Jeong, M.J.; Park, S.R.; Lee, J.W.; Byun, M.O.; Kwon, H.B.; Matthews, B.F.; Hong, C.B.; et al.

Overexpression of the mitogen-activated protein kinase gene OsMAPK33 enhances sensitivity to salt stress in rice (Oryza sativa L.).
J. Biosci. 2011, 36, 139–151. [CrossRef]

2. Tian, C.; Wang, R.; Peng, Y.; Zhang, Z.C.; Cao, L. Research advance of protein kinase in plant resistant to adversity stress. J. Anhui
Agric. Sci. 2015, 43, 4–6+37. [CrossRef]

3. Kushalappa, A.C.; Gunnaiah, R. Metabolo-proteomics to discover plant biotic stress resistance genes. Trends Plant Sci. 2013, 18,
522–531. [CrossRef] [PubMed]

4. Zhu, J.K. Abiotic stress signaling and responses in plants. Cell 2016, 167, 313–324. [CrossRef]
5. Kumar, S.; Stecher, G.; Li, M.; Knyaz, C.; Tamura, K. MEGA X: Molecular evolutionary genetics analysis across computing

platforms. Mol. Biol. Evol. 2018, 35, 1547–1549. [CrossRef]
6. Li, F.; Fan, G.; Wang, K.; Sun, F.; Yuan, Y.; Song, G. Genome sequence of the cultivated cotton Gossypium arboreum. Nat. Genet.

2014, 46, 567–572. [CrossRef]
7. Cohen, P. The structure and regulation of protein phosphatases. Annu. Rev. Biochem. 1989, 58, 453–508. [CrossRef]
8. Cohen, P.T. Novel protein serine/threonine phosphatases: Variety is the spice of life. Trends Biochem Sci. 1997, 22, 245–251.

[CrossRef] [PubMed]
9. Ma, Y.; Yuan, L.; Wu, B.; Li, X.; Chen, S.; Lu, S. Genome-wide identification and characterization of novel genes involved in

terpenoid biosynthesis in Salvia miltiorrhiza. J. Exp. Bot. 2012, 63, 2809–2923. [CrossRef] [PubMed]
10. Wang, H.Q.; Li, L.; Yu, Z.X.; Yuan, Y.F.; Wu, S.H. Expression of PP2C related genes in dormancy process of Pyrus pyrifolia. Subtrop.

Plant Sci. 2018, 47, 305–311. [CrossRef]

https://www.mdpi.com/article/10.3390/ijms24044049/s1
https://www.mdpi.com/article/10.3390/ijms24044049/s1
http://doi.org/10.1007/s12038-011-9002-8
http://doi.org/10.13989/j.cnki.0517-6611.2015.20.003
http://doi.org/10.1016/j.tplants.2013.05.002
http://www.ncbi.nlm.nih.gov/pubmed/23790252
http://doi.org/10.1016/j.cell.2016.08.029
http://doi.org/10.1093/molbev/msy096
http://doi.org/10.1038/ng.2987
http://doi.org/10.1146/annurev.bi.58.070189.002321
http://doi.org/10.1016/S0968-0004(97)01060-8
http://www.ncbi.nlm.nih.gov/pubmed/9255065
http://doi.org/10.1093/jxb/err466
http://www.ncbi.nlm.nih.gov/pubmed/22291132
http://doi.org/10.3969/j.issn.1009-7791.2018.04.001


Int. J. Mol. Sci. 2023, 24, 4049 17 of 19

11. Schweighofer, A.; Hirt, H.; Meskiene, I. Plant PP2C phosphatases: Emerging functions in stress signaling. Trends Plant Sci. 2004, 9,
236–243. [CrossRef] [PubMed]

12. Cao, J.; Jiang, M.; Li, P.; Chu, Z. Genome-wide identification and evolutionary analyses of the PP2C gene family with their
expression profiling in response to multiple stresses in Brachypodium distachyon. BMC Genom. 2016, 17, 175. [CrossRef] [PubMed]

13. Hirayama, T.; Umezawa, T. The PP2C-SnRK2 complex: The central regulator of an abscisic acid signaling pathway. Plant Signal.
Behav. 2010, 5, 160–163. [CrossRef]

14. Singh, A.; Jha, S.K.; Bagri, J.; Pandey, G.K. ABA inducible rice protein phosphatase 2C confers ABA insensitivity and abiotic stress
tolerance in Arabidopsis. PLoS ONE 2015, 10, e0125168. [CrossRef] [PubMed]

15. Umezawa, T.; Yoshida, R.; Maruyama, K.; Yamaguchi-Shinozaki, K.; Shinozaki, K. SRK2C, a SNF1-related protein kinase 2,
improves drought tolerance by controlling stress-responsive gene expression in Arabidopsis thaliana. Proc. Natl. Acad. Sci. USA
2004, 101, 17306–17311. [CrossRef]

16. Yu, J.; Li, H.; Peng, Y.; Yang, L.; Zhao, F.; Luan, S.; Lan, W.Z. A survey of the pyrabactin resistance-like abscisic acid receptor gene
family in poplar. Plant Signal. Behav. 2017, 12, e1356966. [CrossRef]

17. Li, J.; Wang, X.Q.; Watson, M.B.; Assmann, S.M. Regulation of abscisic acid-induced stomatal closure and anion channels by
guard cell AAPK kinase. Science 2000, 287, 300–303. [CrossRef]

18. Min, D.H.; Xue, F.Y.; Ma, Y.N.; Chen, M.; Xu, Z.S.; Li, L.C.; Diao, X.M.; Jia, G.Q.; Ma, Y.Z. Characteristics of PP2C gene family in
foxtail millet (Setaria italica). Acta Agron. Sin. 2013, 39, 2135–2144. [CrossRef]

19. He, H.H.; Lu, Z.H.; Ma, Z.H.; Liang, G.P.; Ma, L.J.; Wan, P.; Mao, J. Genome-wide identification and expression analysis of the
PP2C gene family in Vitis vinifera. Acta Hortic. Sin. 2018, 45, 1237–1250. [CrossRef]

20. Singh, A.; Giri, J.; Kapoor, S.; Tyagi, A.K.; Pandey, G.K. Protein phosphatase complement in rice: Genome-wide identification and
transcriptional analysis under abiotic stress conditions and reproductive development. BMC Genom. 2010, 11, 435. [CrossRef]

21. Chen, G.X.; Qin, G.L.; Li, E.G.; Zhao, C.M.; Qiao, L.X.; Wang, J.S.; Sui, T.M. Identification and salinity stress-responsive analysis of
PP2C genes in peanut. Acta Agric. Boreali. Sin. 2018, 33, 71–77. [CrossRef]

22. Xu, Y.F.; Li, D.P.; Gu, L.K.; Hu, X.L.; Zong, X.J.; Li, D.Q. Cloning and expression characteristics of protein phosphatase gene
ZmPP2C of Zea mays roots. J. Plant Physiol. Mol. Biol. 2005, 31, 183–189. [CrossRef]

23. Kumar, B.; Bhalothia, P.; Mehrotra, R.; Mehrotra, S.; Lata, S.; Khan, Z.H. Genome wide analysis of protein phosphatase 2C (PP2C)
genes in Glycine max and Sorghum bicolor. Curr. Biotechnol. 2018, 7, 302–308. [CrossRef]

24. You, J.; Zong, W.; Hu, H.; Li, X.; Xiao, J.; Xiong, L. A STRESS-RESPONSIVE NAC1-regulated protein phosphatase gene rice
protein phosphatase18 modulates drought and oxidative stress tolerance through abscisic acid-independent reactive oxygen
species scavenging in rice. Plant Physiol. 2014, 166, 2100–2114. [CrossRef] [PubMed]

25. Qi, Y.; Xu, W.H.; Zhang, J.P.; Song, H.T. Progress on cell signaling pathways regulated by PP2C protein phosphatases. J. Pharm.
Pract. 2018, 36, 385–388. [CrossRef]

26. Li, Y.S.; Sun, H.; Wang, Z.F.; Duan, M.; Huang, S.D.; Yang, J.; Huang, J.; Zhang, H.S. A novel nuclear protein phosphatase 2C
negatively regulated by ABL1 is involved in abiotic stress and panicle development in rice. Mol. Biotechnol. 2013, 54, 703–710.
[CrossRef] [PubMed]

27. Nakashima, K.; Yamaguchi-Shinozaki, K. ABA signaling in stress-response and seed development. Plant Cell Rep. 2013, 32,
959–970. [CrossRef]

28. Bhaskara, G.B.; Nguyen, T.T.; Verslues, P.E. Unique drought resistance functions of the highly ABA-induced clade A protein
phosphatase 2Cs. Plant Physiol. 2012, 160, 379–395. [CrossRef]

29. Xue, T.; Wang, D.; Zhang, S.; Ehlting, J.; Ni, F.; Jakab, S.; Zheng, C.C.; Zhong, Y. Genome-wide and expression analysis of protein
phosphatase 2C in rice and Arabidopsis. BMC Genom. 2008, 9, 550. [CrossRef]

30. Leung, J.; Merlot, S.; Giraudat, J. The Arabidopsis ABSCISIC ACID-INSENSITIVE2 (ABI2) and ABI1 genes encode homologous
protein phosphatases 2C involved in abscisic acid signal transduction. Plant Cell 1997, 9, 759–771. [CrossRef]

31. Saez, A.; Apostolova, N.; Gonzalez-Guzman, M.; Gonzalez-Garcia, M.P.; Nicolas, C.; Lorenzo, O.; Rodriguez, P.L. Gain-of-function
and loss-of-function phenotypes of the protein phosphatase 2C HAB1 reveal its role as a negative regulator of abscisic acid
signalling. Plant J. 2004, 37, 354–369. [CrossRef] [PubMed]

32. Yoshida, T.; Nishimura, N.; Kitahata, N.; Kuromori, T.; Ito, T.; Asami, T.; Shinozaki, K.; Hirayama, T. ABA-hypersensitive
germination3 encodes a protein phosphatase 2C (AtPP2CA) that strongly regulates abscisic acid signaling during germination
among Arabidopsis protein phosphatase 2Cs. Plant Physiol. 2006, 140, 115–126. [CrossRef] [PubMed]

33. Boudsocq, M.; Barbier-Brygoo, H.; Laurière, C. Identification of nine sucrose nonfermenting 1-related protein kinases 2 activated
by hyperosmotic and saline stresses in Arabidopsis thaliana. J. Biol. Chem. 2004, 279, 41758–41766. [CrossRef] [PubMed]
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