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Abstract: OSCAs are hyperosmolality-gated calcium-permeable channel proteins. In this study,
two co-expression modules, which are strongly associated with maize proline content, were screened by
weighted correlation network analysis, including three ZmOSCA family members. Phylogenetic and
protein domain analyses revealed that 12 ZmOSCA members were classified into four classes, which
all contained DUF221 domain. The promoter region contained multiple core elements responsive
to abiotic stresses and hormones. Colinear analysis revealed that ZmOSCAs had diversified prior
to maize divergence. Most ZmOSCAs responded positively to ABA, PEG, and NaCl treatments.
ZmOSCA2.3 and ZmOSCA2.4 were up-regulated by more than 200-fold under the three stresses,
and showed significant positive correlations with proline content. Yeast two-hybrid and bimolecular
fluorescence complementation indicated that ZmOSCA2.3 and ZmOSCA2.4 proteins interacted with
ZmEREB198. Over-expression of ZmOSCA2.4 in Arabidopsis remarkably improved drought resistance.
Moreover, over-expression of ZmOSCA2.4 enhanced the expression of drought tolerance-associated
genes and reduced the expression of senescence-associated genes. We also found that perhaps
ZmOSCA2.4 was regulated by miR5054.The results provide a high-quality molecular resource for
selecting resistant breeding, and lay a foundation for elucidating regulatory mechanism of ZmOSCA
under abiotic stresses.

Keywords: OSCAs; co-expression modules; proline content; DUF221 domain; abiotic stresses;
interaction; drought resistance

1. Introduction

Studies have shown that salt stress can cause osmotic stress and ionic stress on plants, and when
stress is severe, it will cause extravasation of plant tissue, resulting in physiological drought [1]. Maize is
sensitive to water, salt, and drought stress, which have become important factors limiting maize growth
and yield. Studies have shown that in drought stress, maize in the big bell stage, the average silking
period, and the filling period can lead to a reduction of 3%, 13%, and 4%, respectively [2]. For plants,
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high osmotic stress caused by salt and drought stress is the key environmental stress factor affecting
maize growth and yield. The plants are exposed to external osmotic stress, and sudden changes in the
concentration of solute around the cell. They broke the plants’ osmotic potential, and caused damage
to their cell membrane. Osmotic regulation is an important physiological mechanism for plants to
withstand water. Plants open the membrane channel by osmotic adjustment, and the permeate extracts
water from the cells, thereby restoring normal cell volume [3,4]. These permeates include betaine,
glycine, proline, etc. [5,6].

In eukaryotes, calcium is one of the main regulators of osmotic stress. Under osmotic pressure,
intracellular calcium levels increase. This change can be achieved and regulated by calcium transport
systems such as calcium channels and calcium pumps [7]. Plants are stimulated by the outside world
to induce a rapid increase in intracellular calcium ion concentration, mainly by reacting themselves at
physiological, cellular, and molecular levels, thereby inducing the expression of many stress-related
genes and regulating plant tolerance to stress [8]. Ion channels are a class of membrane-integrated
proteins that mediate ion transport and play a vital role in maintaining biological survival [9].
Analysis of the functional domain of the protein sequence revealed that the hyperosmolality-gated
calcium-permeable channels (OSCA) family contained the Calcium-dependent channel (DUF221)
domain [10]. Early detection of such proteins is also known as early responsive to dehydration
stress protein (ERD4) [11] and trans-membrane channel-like proteins (TMC) [6]. Studies have shown
that the transient increase of intracellular calcium concentration under drought stress is caused by
the extracellular calcium influx induced by AtCSC1.2 protein under stress [7]. The predecessors
systematically analyzed and identified the OSCA family of Arabidopsis thaliana, rice, and soybean,
and found 15, 11, and 21 genes, respectively, located on the plasma membrane [12–14]. A maize
gene ZmERD4 was cloned and found that it can improve the drought resistance of Arabidopsis [15].
A drought-tolerant gene (TaOSCA1.4) was cloned in wheat, which belongs to the same gene family
as Arabidopsis AtOSCA1.8 and rice OsOSCA1.4 and is related to grain number per ear and yield [16].
According to protein similarity, Ding divided 12 OSCA genes on maize into four subfamilies, and the
transcriptional level and genetic variation found that ZmOSCA4.1 was positively induced by drought
stress [17]. It can be seen that plants can initiate genes involved in signal transduction and regulation of
metabolic pathways to reduce the damage caused by drought or salt tolerance. Therefore, excavating
and studying the potential salt and drought resistance gene and protein interaction network of maize
is an important path for breeding highly resistant maize varieties.

To date, 12 OSCA genes have been identified from the protein sequence and gene structure
in maize. Studies on the role of OSCA family in osmotic stress caused by salt, ABA, and drought
exposure are limited, and the network regulatory mechanism and drought resistance involving OSCAs
in maize remain unknown. In this study, based on transcriptome data from drought stress and
rewatering, two co-expression modules, which are strongly associated with maize proline content,
were screened by weighted correlation network analysis (WGCNA), including three ZmOSCA family
members. Phylogenetic and protein domain analyses revealed that 12 ZmOSCA members were
classified into four classes, which all contained DUF221 domain. The promoter region contained
multiple core elements responsive to abiotic stresses and hormones. Colinear analysis revealed that
ZmOSCAs had diversified prior to maize divergence. Most ZmOSCAs were positively induced by
ABA, PEG, and NaCl treatments. ZmOSCA2.3 and ZmOSCA2.4 were up-regulated by more than
200-fold under the three stresses, and showed significant positive correlations with proline content.
Yeast two-hybrid and bimolecular fluorescence complementation (BIFC) indicated that ZmOSCA2.3
and ZmOSCA2.4 proteins interacted with ZmEREB198.Over-expression of ZmOSCA2.4 in Arabidopsis
remarkably enhanced drought resistance. Moreover, over-expression of ZmOSCA2.4 improved the
expression of drought tolerance-associated genes (MYB44, DREB2A, and NCED3) and reduced the
expression of senescence-associated genes (SAG12, WRKY6, and BFN1). We also found that perhaps
ZmOSCA2.4 was regulated by miR5054. The present analyses provide novel molecular resources
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for the breeding of new drought-tolerant cultivars, and provide a reference for future analysis the
mechanism of OSCA genes under abiotic stress.

2. Results

2.1. Transcriptome Co-Expression Network Module Construction and Association Analysis Module and
Proline Content

In this study, weighted gene co-expression network analysis (WGCNA) was used to analyze the
genes represented among drought stress and rewatering transcriptome sequences. Co-expression
network analysis showed that 8169 drought response genes could be clustered into 23 co-expression
modules under drought stress (Figure 1A, Table S1). Correlation analysis was performed on these 23
co-expression modules and maize proline content, and two co-expression modules (MElavenderblush3
and MElightsteelblue) that significantly correlated with proline content were detected (Figure 1B).
The proline is an important osmotic adjustment substance. Previous studies have shown that proline
can maintain the intracellular osmotic balance, thereby reducing the severity of cell damage when
plants exposed to osmotic stress [18,19]. Three genes expressed in the two modules contained DUF221
domain, which were characteristic of calcium-permeable stress-gated channel proteins (Table S1).
Our research aims to characterize the maize OSCA family members, their responses to different modes
of osmotic stress, and the network of mechanisms that control their expression and function.
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Figure 1. Weighted gene co-expression network analysis (WGCNA) gene expression module of drought
stress and rewatering transcriptome sequencing and correlation analysis between module and proline
content. (A) Each color represents a module. (B) The number represents the correlation coefficient
between proline content and each module, and the green to red indicates the maximum negative
correlation to the maximum positive correlation. Pro stands for proline content.

2.2. Genome-Wide Identification and Classification of OSCA Genes in Maize

The maize genome (genome version: AGPv3.0) was searched by a Hidden Markov Model using
DUF221 domain (Pfam login number: 02714). Finally, 12 genes in maize genome were found to be
ZmOSCAs, named after Arabidopsis orthologs. The result was consistent with the Ding (2019) [17].
To investigate the phylogenetic relationships of OSCA proteins in maize, Arabidopsis (a dicotyledon
model plant), and sorghum and rice (C4 monocotyledon model plants), we performed a phylogenetic
analysis of 49 OSCA protein sequences. The OSCA proteins were resolved into four major classes:
Classes I, II, III, and IV (Figure 2). Class I contained 21 OSCA members, belonged to the largest branch,
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followed by class II. Almost all subfamilies of OSCA contained orthologs, and more members had
more orthologs. Compared 12 maize OSCAs with sorghum, Arabidopsis, and rice, there were more
orthologs pairs in sorghum and rice. There was more homology with sorghum. ZmOSCA1.1a and
ZmOSCA1.1b were also found to be repetitive events in the maize genome. The results showed that the
OSCA family had experienced a similar evolutionary history in the maize, sorghum, and rice genomes,
and maize OSCA family members showed a closer phylogenetic relationship with those of sorghum.
In addition, a replication event in the maize genome resulted in duplication of one OSCA gene after
phylogenetic divergence of maize, sorghum, and rice.
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Figure 2. Complex phylogenetic tree of OSCAs in Arabidopsis, sorghum, rice, and maize. An unrooted
tree is generated with the MEGA5.2 software using the amino acid sequences of the OSCA proteins
by the neighbor-joining (NJ) method, with 1000 bootstrap replicates. The tree shows four major
phylogenetic classes (I to IV) indicated with different colored backgrounds.

The ZmOSCA genes were randomly located on chromosomes 1, 3, 5, 6, and 8 of maize, and
encoded polypeptides of 249 to 810 amino acids. Chromosomes 1 and 3 carried up to three ZmOSCA
genes, and chromosomes 5 and 8 harbored two genes. By contrast, chromosomes 6 and 9 each carried
only one ZmOSCA gene. The number of exons per ZmOSCA gene varied from one to 11. Two-thirds
(8/12) of ZmOSCA genes contained more than eight exons, and only 17% (2/12) contained fewer than
two exons. The predicted molecular weights of the ZmOSCA proteins ranged from 28.68 to 93.88 kDa,
and the pI ranged from 7.67 to 9.35. Half of 12 ZmOSCAs contained more than nine transmembrane
regions. (Table 1).
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Table 1. Detailed information for twelve ZmOSCA genes in the Zea mays L. genome.

Gene Name Gene Identifier Chromosome Protein
Length (aa) ORF (bp) Number

of Exons
Transmembrane

Domain
Isoelectric

Point
Molecular

Weight (KDa) Class

ZmOSCA1.1a GRMZM2G064189 3 327 984 4 4 8.54 36.95 I
ZmOSCA1.1b GRMZM2G021194 3 768 2307 11 9 9.05 87.51 I
ZmOSCA1.2 GRMZM2G456000 8 768 2307 11 9 9.15 87.93 I
ZmOSCA1.3 GRMZM2G181206 6 748 2247 11 10 9.15 85.65 I
ZmOSCA1.4 GRMZM2G128641 1 810 2433 11 9 8.66 93.88 I
ZmOSCA2.1 GRMZM2G163059 3 586 1761 8 7 9.35 66.76 II
ZmOSCA2.2 GRMZM2G409093 1 765 2298 10 9 9.3 87.38 II
ZmOSCA2.3 GRMZM2G164470 5 749 2250 10 10 8.8 86.15 II
ZmOSCA2.4 GRMZM2G039186 1 699 2100 10 9 8.74 79.04 II
ZmOSCA2.5 GRMZM2G402708 8 706 2121 10 11 9.05 79.64 II
ZmOSCA3.1 GRMZM2G162253 5 249 750 2 2 8.88 28.68 III
ZmOSCA4.1 GRMZM2G059891 9 796 2391 1 9 7.67 89.4 IV
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2.3. Additional Conserved Motifs in OSCA Genes in Maize

Analysis of the protein domains of these genes revealed that ZmOSCA1.1a contained only
Calcium-dependent channel (PF02714), ZmOSCA3.1 contained only Cytosolic domain (PF14703),
and ZmOSCA4.1 contained Calcium-dependent channel (PF02714) and Cytosolic domain (PF14703)
structure, but proteins of the other nine genes also contain late exocytosis (PF13967), as shown in
Figure 3A. To further explore potential function of these proteins, we performed additional conserved
motifs analysis using the MEME tool, which revealed 10 additional conserved motifs apart from the
protein sequences (Figure 3B, Table S2).

  
2.3. Additional Conserved Motifs in OSCA Genes in Maize 

Analysis of the protein domains of these genes revealed that ZmOSCA1.1a contained only 
Calcium-dependent channel (PF02714), ZmOSCA3.1 contained only Cytosolic domain (PF14703), 
and ZmOSCA4.1 contained Calcium-dependent channel (PF02714) and Cytosolic domain (PF14703) 
structure, but proteins of the other nine genes also contain late exocytosis (PF13967), as shown in 
Figure 3A. To further explore potential function of these proteins, we performed additional 
conserved motifs analysis using the MEME tool, which revealed 10 additional conserved motifs apart 
from the protein sequences (Figure 3B, Table S2).  

 

Figure 3. Distribution of functional domains and conserved motifs in ZmOSCA proteins. (A) The 
phytozome website queries the functional domain of the protein encoded by the ZmOSCA genes. 
PF14703, PF13967, and PF02714 represent the Cytosolic domain, late exocytosis, and Calcium-
dependent channel domains, respectively. Gray lines represent amino acid sequences, and each 
rectangle length represents the amino acid length of the domain; (B) all motifs were identified by 
MEME using the complete amino acid sequences of ZmOSCA proteins. Different motifs are indicated 
by different colors boxes numbered 1–10, and the length of each box in the proteins does not represent 
the actual motif size. The annotation of each motif is listed on the right. The regular expression 
sequences of the motifs 1–10 are listed in Table S2. 

Motif 5 was present in all classes (except ZmOSCA3.1), whereas motif 3 was present in classes I 
and II. Motifs 5 and motifs 3 were located in the calcium-dependent channel domain, which was a 
basic conserved domain shared by members of the OSCA family. Motifs 7 and 8 were present in all 
genes except ZmOSCA1.1a and ZmOSCA3.1. Motifs 7 and 8 were located in the late exocytosis 
domain, which indicated that these two genes did not currently perform this function. The majority 
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Figure 3. Distribution of functional domains and conserved motifs in ZmOSCA proteins. (A) The
phytozome website queries the functional domain of the protein encoded by the ZmOSCA genes.
PF14703, PF13967, and PF02714 represent the Cytosolic domain, late exocytosis, and Calcium-dependent
channel domains, respectively. Gray lines represent amino acid sequences, and each rectangle length
represents the amino acid length of the domain; (B) all motifs were identified by MEME using the
complete amino acid sequences of ZmOSCA proteins. Different motifs are indicated by different colors
boxes numbered 1–10, and the length of each box in the proteins does not represent the actual motif
size. The annotation of each motif is listed on the right. The regular expression sequences of the motifs
1–10 are listed in Table S2.

Motif 5 was present in all classes (except ZmOSCA3.1), whereas motif 3 was present in classes
I and II. Motifs 5 and motifs 3 were located in the calcium-dependent channel domain, which was
a basic conserved domain shared by members of the OSCA family. Motifs 7 and 8 were present in
all genes except ZmOSCA1.1a and ZmOSCA3.1. Motifs 7 and 8 were located in the late exocytosis
domain, which indicated that these two genes did not currently perform this function. The majority
of conserved motifs were restricted to specific classes, which was indicative of functional differences
among classes. Motif 6 was only detected in classes I, which indicated functional similarity among
members within this classes (Figure 2). Classes-specific motifs can be useful for determining the
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specific function of each classes. We also detected multiple motifs within the same class. For example,
ZmOSCA2.1 in classes II lacked motifs 2, 4, and 6, whereas the other four genes in the same classes
contained the same motifs except motif 6. Thus, we speculated that these four genes (ZmOSCA2.2,
-2.3, -2.4, and -2.5) shared similar functions. This phenomenon was also observed in other classes,
and suggested that there were different action mechanisms within each classes. The results of the
conserved motif analysis were generally consistent with the evolutionary relationships implied from
the phylogenetic analysis.

2.4. Cis-Element Analysis of OSCA Gene Promoter Sequences

Genes contain many cis-acting elements in their promoter regions that participate in various
pathways, for example, the ABA response signal transduction pathway and abiotic stress response
pathway [20]. In addition to some basic core components, multiple cis elements were also found in
the promoter regions, such as ABRE, ARE, DRE core, and MBS, LTR (Figure S1). These cis-elements
are key components for abiotic stress responsiveness. Other ZmOSCA genes all contained ABRE
response elements except ZmOSCA4.1. Classes I and II contained cis-elements associated with water
deficiency, such as DER and MBS, but genes in classes III and IV did not. For the genes of classes II, only
ZmOSCA2.5 gene did not contain ARE element, but only ZmOSCA2.5 and ZmOSCA2.2 contained MBS
element, and only ZmOSCA2.4 contained LTR elements. The cis-elements of the ZmOSCAs differed
within and among classes. Together, these results indicated that the genes in the same class may have
different mechanisms of action, and genes of different classes may work together.

2.5. Collinearity Relationships of OSCA Genes among Maize, Sorghum, Rice, and Arabidopsis

Comparative genomics analysis to detect gene collinearity indicates homologous gene function
and interspecific phylogenetic relationships. Researches on the collinearity of OSCA genes showed
that ZmOSCA1.4, ZmOSCA2.4, -4.1, -3.1, -1.3, and ZmOSCA2.5 were colinear with sorghum, rice, and
Arabidopsis, and the other six ZmOSCA genes were only colinear with sorghum and rice (Figure 4).
It suggested that large-scale expansion probably did not occur before the monocot-dicot split, but
large-scale expansion occurred before maize-sorghum and maize-rice division. Combined with the tight
phylogenetic relationship between ZmOSCA proteins and SbOSCA proteins, it was further speculated
that large-scale expansion occurred before maize-sorghum split. In addition, both ZmOSCA1.1a and
ZmOSCA1.1b had a collinear relationship with the sb.oo3g181600 and Os01g35050 genes. These results
were consistent with those of the phylogenetic analysis (Figure 2), which also confirmed the accuracy
of our analysis. Combining the paralogs ZmOSCA1.1a and ZmOSCA1.1b, it can be further stated that,
although the majority of ZmOSCA genes existed before divergence of maize, certain ZmOSCA genes
may have originated as a result of maize genome duplication.
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Sb, Os, and At stand for chromosomes in maize, sorghum, rice, and Arabidopsis, respectively. Each
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represent homologous regions in the genomes of maize, sorghum, rice, and Arabidopsis.

2.6. Expression of ZmOSCA Genes under Abiotic Stress

Previous studies have shown that plants respond to and adapt to drought and high salt stress by
inducing a range of gene expression [21]. PEG and NaCl stresses are often associated with each other
and may cause similar cellular damage [22], because osmotic stress is the first and major component of
drought and salt stresses when plants are exposed to high NaCl concentrations and water-deficient
environments [23]. ABA is an important plant stress signaling hormone that can be synthesized
in response to various abiotic stresses and regulates the expression of numerous stress-responsive
genes in plants [24]. Analysis of expression patterns revealed that with the exception of ZmOSCA3.1,
11 other genes were upregulated by PEG, NaCl, and ABA treatments. ZmOSCA3.1 was significantly
down-regulated at 12 h under PEG stress, whereas its expression did not change under ABA treatment
and was significantly up-regulated at 36 h under NaCl stress. (Figure 5). Further analysis showed that,
in the case of PEG stress, the expression of ZmOSCA2.3 and ZmOSCA2.4 increased by a factor of 10 to
100-fold compared with CK (0h). Under ABA treatment, the expression level of genes increased by a
factor of 10 to 100-fold compared with CK except ZmOSCA2.1, ZmOSCA2.5, and ZmOSCA3.1. Under
NaCl stress, the expression level of genes increased by a factor of 10 to 100-fold compared with CK
except ZmOSCA2.5. ZmOSCA1.2, -1.3, -2.3, and -2.4 were expressed simultaneously in response to ABA,
PEG, and NaCl treatments. Under the different types of osmotic stress, gene response patterns showed
similarities and differences. These results indicated that maize OSCAs strongly responded to osmotic
stress caused by PEG, NaCl, and ABA treatment, and provided additional clues for investigation of the
physiological function of ZmOSCAs as osmosensors in maize.
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Figure 5. Expression patterns of ZmOSCA genes in response to PEG, ABA, and NaCl treatments.
The relative expression level of 12 ZmOSCA genes was examined by the qRT-PCR. (A) Relative
expression of 12 ZmOSCA genes under PEG treatment at 0, 4, 12, 24, and 36 h; (B) relative expression of
12 ZmOSCA genes under NaCl treatment at 0, 4, 12, 24, and 36 h; (C) relative expression of 12 ZmOSCA
genes under ABA treatment at 0, 4, 12, 24, and 36 h; the error bars represent standard deviations (SD);
t-test was p < 0.05, and the different letters represented a significant difference in the relative expression
between samples. The y-axes are scales of relative expression level and x-axes are the time course of
treatments for each condition.
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2.7. Analysis of the Relationship between ZmOSCAs Gene and Proline Content

As a key osmotic adjustment substance, proline reduces the osmotic potential by increasing the
accumulation amount under salt, drought, and other abiotic stresses, maintaining cell stability and
alleviating the damage caused by stress [25]. The correlation between the expression level of each
ZmOSCA gene and the proline content in leaves at the corresponding time points under the three
osmotic stresses was analyzed. The correlation coefficients between the expression level of the majority
of genes and proline content under the three stresses were higher than 0.56. (Figure 6 and Table S3).
The correlation coefficients for ZmOSCA2.3, -2.4, and -1.1a, ZmOSCA1.1b, -2.3, -2.4, -4.1, -1.2, and -1.4,
and ZmOSCA2.3, -1.4, -1.1a, -2.4, -1.2, and -4.1 were higher than 0.82, respectively, under treatment of
PEG, ABA, and NaCl.ZmOSCA3.1 was negatively correlated with proline content (-0.618) under PEG
treatment, but no significant correlation was observed under the ABA and NaCl treatments. Thus,
differences in the mechanism of action of ZmOSCA genes in response to the different abiotic stresses
were observed. Among these genes, the expression levels of ZmOSCA 2.3 and ZmOSCA 2.4 were
highly correlated with proline content under all three treatments. In general, genes that were highly
correlated with proline content may play an important role in response to osmotic stress, but the degree
of response of each gene was indicated to differ.
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Figure 6. The relationship between ZmOSCAs gene and proline content. (A) Correlation between gene
expression and proline content under PEG treatment. (B) Correlation between gene expression and
proline content under ABA treatment. (C) Correlation between gene expression and proline content
under NaCl treatment. The yellow, red, blue, and green circles represent the class I, II, III, and IV
members, respectively. The y-axis is the absolute value of the coefficient of correlation between gene
expression and proline content, and the x-axis represents the number of genes.
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2.8. Predicting the Protein Interaction Network of ZmOSCAs

Systematic analysis of the interaction of ZmOSCA family proteins in biological systems is important
to understand the reaction mechanisms of signal and energy metabolism under abiotic stress and to
understand the functional linkages among proteins. Therefore, we explored the possible network of
regulatory mechanisms of the ZmOSCAs.

The 12 ZmOSCA interaction proteins were divided into six interaction clusters, such as
ZmOSCA1.1a, ZmOSCA1.1b, ZmOSCA1.2, and ZmOSCA3.1. Similar results were obtained for
ZmOSCA2.1 and ZmOSCA2.2. However, ZmOSCA1.3, ZmOSCA1.4, and ZmOSCA4.1 each formed
a unique protein interaction cluster (Figure S2). Interestingly, ZmOSCA2.3, ZmOSCA2.4, and
ZmOSCA2.5 in class II were predicted to interact with transcription factors AP2/EREBP, EREB195,
EREB134, ZmEREB198, bHLH35, and bHLH31 and functional genes PSGL-1b, QPRT, and Gpi7
(Figure 6), which may show a similar mechanism of action. ZmOSCA proteins in different classes and
in the same class also showed the same interaction protein. For example, ZmOSCA1.1a, ZmOSCA1.1b,
ZmOSCA1.2, and ZmOSCA3.1 were both predicted to interact with 6PGL4, MIS12-1, RAD51C, PER70,
HIS4, CASP-4, and MtN21a (Figure S2). These proteins were predominantly involved in plant
metabolism, sugar synthesis, the antioxidant system, as well as other processes (Table S4), indicating
that proteins in different and same groups jointly responded to plant stress through synergistic action.

2.9. Yeast Two-Hybrid and Bimolecular Fluorescence Complementation Validate the Interaction Proteins of
ZmOSCA2.3 and ZmOSCA2.4

The expression levels of ZmOSCA2.3 and ZmOSCA2.4 were significantly increased under three
stresses (Figure 5), and expression levels of the two genes were significantly positively correlated
with proline content under each stress (Figure 6). These results indicated that the two genes play an
important role in the plant response to osmotic stress. On the basis of the predicted interaction proteins,
we verified the interaction of ZmOSCA2.3 and ZmOSCA2.4 with transcription factors using yeast
two-hybrid in vitro and BIFC in vivo assays. The yeast two-hybrid assay showed that the ZmOSCA2.3
and ZmOSCA2.4 proteins interacted with the transcription factor ZmEREB198, but did not interact with
EREB134 (Figure 7). The BIFC produced identical results (Figure S3). These results also suggested that
a certain degree of false positives may be associated with STRING predictions of protein interactions.
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Figure 7. The yeast two-hybrid analysis for interactions between ZmOSCA2.3, ZmOSCA2.4, and
ZmEREB198, EREB134 proteins. Negative control (pGADT7-T + pGBKT7-Lam); positive control
(pGADT7-T + pGBKT7-53); KT7 and DT7 represent pGBKT7 and pGADT7 vectors, respectively.
The blue spots in the figure represent an interaction between the two proteins.
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2.10. Over-Expression of ZmOSCA2.4 in Arabidopsis Enhances Plant Tolerance to Drought Stress

The coding sequence of ZmOSCA2.4 fused to the CaMV 35S promoter were introduced into
Arabidopsis, and four homozygous transgenic lines (T3 generations) were obtained. Expression
levels of ZmOSCA2.4 in the transgenic plants were examined by qRT-PCR analysis (Figure 8A).
The four transgenic lines (L1–L4) with higher ZmOSCA2.4 expression were selected for analyzing their
phenotypes under drought stress. When one-week-old seedlings grew on MS medium under normal
conditions, there was no difference between Col-0 and transgenic Arabidopsis. When one-week-old
seedlings were transferred and vertically cultured for 3 days on MS medium containing 200 mM
mannitol concentration (Figure 8B), the fresh weight of the transgenic lines was significantly greater
than Col-0 (Figure 8C) and ZmOSCA2.4 transgenic lines displayed better drought tolerance than Col-0.

Int. J. Mol. Sci. 2020, 20, x FOR PEER REVIEW 7 of 21 

 

of ZmOSCA2.4 in the transgenic plants were examined by qRT-PCR analysis (Figure 8A). The four 
transgenic lines (L1–L4) with higher ZmOSCA2.4 expression were selected for analyzing their 
phenotypes under drought stress. When one-week-old seedlings grew on MS medium under normal 
conditions, there was no difference between Col-0 and transgenic Arabidopsis. When one-week-old 
seedlings were transferred and vertically cultured for 3 days on MS medium containing 200 mM 
mannitol concentration (Figure 8B), the fresh weight of the transgenic lines was significantly greater 
than Col-0 (Figure 8C) and ZmOSCA2.4 transgenic lines displayed better drought tolerance than Col-
0. 

The ZmOSCA2.4 transgenic Arabidopsis were compared to Col-0 plants after a drought period of 
six to eight days and rewatering for three days. As shown in Figure 8D, ZmOSCA2.4 transgenic lines 
have better drought resistance than Col-0. Statistical analysis indicated that there were significant 
differences in chlorophyll content, and proline content between ZmOSCA2.4 transgenic lines and Col-
0 under drought stress (Figure 8E, Figure 8F). The over-expression of ZmOSCA2.4 significantly 
enhanced the drought resistance of Arabidopsis, indicating that ZmOSCA2.4 played an important role 
in drought resistance. 

 
Figure 8. Over-expression of ZmOSCA2.4 in Arabidopsis enhances plant tolerance to drought stress. 
(A) Quantitative RT-PCR analysis of ZmOSCA2.4 expression in transgenic Arabidopsis.Col-0 is wild 
type, and L1–L4 are ZmOSCA2.4 transgenic lines; (B) one-week-old seedlings were transferred and 
grew for 3 days on MS medium supplemented with 300 mM Mannitol; (C) the relative fresh weight 
of ZmOSCA2.4 transgenic Arabidopsis and Col-0 under 300 mM Mannitol. Fresh weight in the picture 
represents three plants of each material; (D) O-OSCA represents ZmOSCA2.4 transgenic Arabidopsis 
containing L1–L4. Col-0 and O-OSCA plants were exposed for a period of six to eight days of drought 
(DOD). The plants were then rewatered for three days (R3D) and photographed; (E) statistical 
analysis of chlorophyll content of leaves of wild-type (Col-0) and transgenic lines (O-OSCA2.4) 
treated with drought for six days, eight days, and rewatering for 3 days; (F) measurement of proline 
content in leaves of wild-type (Col-0) and transgenic lines (O-OSCA) treated with drought for six days, 
eight days, and rewatering for three days. Mean values and standard errors were shown from three 

Figure 8. Over-expression of ZmOSCA2.4 in Arabidopsis enhances plant tolerance to drought stress.
(A) Quantitative RT-PCR analysis of ZmOSCA2.4 expression in transgenic Arabidopsis.Col-0 is wild
type, and L1–L4 are ZmOSCA2.4 transgenic lines; (B) one-week-old seedlings were transferred and
grew for 3 days on MS medium supplemented with 300 mM Mannitol; (C) the relative fresh weight of
ZmOSCA2.4 transgenic Arabidopsis and Col-0 under 300 mM Mannitol. Fresh weight in the picture
represents three plants of each material; (D) O-OSCA represents ZmOSCA2.4 transgenic Arabidopsis
containing L1–L4. Col-0 and O-OSCA plants were exposed for a period of six to eight days of drought
(DOD). The plants were then rewatered for three days (R3D) and photographed; (E) statistical analysis
of chlorophyll content of leaves of wild-type (Col-0) and transgenic lines (O-OSCA2.4) treated with
drought for six days, eight days, and rewatering for 3 days; (F) measurement of proline content in
leaves of wild-type (Col-0) and transgenic lines (O-OSCA) treated with drought for six days, eight days,
and rewatering for three days. Mean values and standard errors were shown from three independent
experiments. T tests for equality of means demonstrated that there was very significant difference
between wild type (Col-0) and transgenic lines (** p value < 0.01).
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The ZmOSCA2.4 transgenic Arabidopsis were compared to Col-0 plants after a drought period of six
to eight days and rewatering for three days. As shown in Figure 8D, ZmOSCA2.4 transgenic lines have
better drought resistance than Col-0. Statistical analysis indicated that there were significant differences
in chlorophyll content, and proline content between ZmOSCA2.4 transgenic lines and Col-0 under
drought stress (Figure 8E,F). The over-expression of ZmOSCA2.4 significantly enhanced the drought
resistance of Arabidopsis, indicating that ZmOSCA2.4 played an important role in drought resistance.

2.11. Analysis of Drought Tolerance-Associated and Senescence-Associated Genes Expression

As shown in Figure 9, ZmOSCA2.4 could improve the drought resistance of Arabidopsis. We also
analyzed transcription of some genes involved in drought tolerance, such as MYB44 (At5g67300),
DREB2A (At5g05410), and NCED3 (At3g14440). The mRNA levels of these three genes increased in
ZmOSCA2.4 lines after eight days of drought than Col-0 plants (Figure 9A).
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ZmOSCA2.4 gene. Under drought stress, the expression of ZmOSCA2.4 was up-regulated and down-
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and ZmOSCA2.4 at different time points under drought stress. Under drought stress, ZmOSCA2.4 
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negative correlation between the expression levels of ZmOSCA2.4 and miR5054, suggesting that 
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Figure 9. Analysis of drought tolerance-associated and senescence-associated genes expression.
(A) Levels of MYB44 (At5g67300), DREB2A (At5g05410) and NCED3 (At3g14440) mRNA were
determined relative to ACTIN2 (At3g18780) using qRT-PCR. These genes are associated with drought
stress; (B) levels of SAG12 (At5g45890), WRKY6 (At1g62300), and BFN1 (At1g11190) mRNA were
determined relative to ACTIN2 (At3g18780) using qRT-PCR. Those are senescence-associated genes.
Data represent at least three independent experiments using RNA extracted from leaves of Col-0 and
ZmOSCA2.4 transgenic Arabidopsis (L1–L4) subjected to eight days of drought. Statistically significant
differences (* p < 0.05) are represented by an asterisk.

To further investigate the senescence process, mRNA levels of the senescence associated genes
SAG12 (At5g45890), WRKY6 (At1g62300), and BFN1 (At1g11190) were analyzed. The transcript levels
of SAG12, WRKY6, and BFN1 showed a reduction of 72%, 69%, and 32% in the ZmOSCA2.4 transgenic
Arabidopsis, respectively, based on the delayed senescence observed in L1-L4 lines (Figure 9B).

2.12. Drought Stress and Rewatering Transcriptome and Small RNA Sequencing Predicted the Regulation of
ZmOSCA2.4 Gene by miR5054

Preliminary transcriptome and small RNA sequencing analysis showed that miR5054 regulated
ZmOSCA2.4 gene. Under drought stress, the expression of ZmOSCA2.4 was up-regulated and
down-regulated after rewatering, as opposed to miR5054 (Figure 10A). Quantitative real-time PCR
analysis showed that there was a significant negative correlation between the expression levels
of miR5054 and ZmOSCA2.4 at different time points under drought stress. Under drought stress,
ZmOSCA2.4 was significantly up-regulated while miR5054 was down-regulated (Figure 10B). There
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was a negative correlation between the expression levels of ZmOSCA2.4 and miR5054, suggesting
that miR5054 may indeed regulate ZmOSCA2.4 gene, which also showed that miR5054 may play an
important role in drought stress. We speculate that during osmotic stress response, there may be a
depression of miR5054 to promote ZmOSCA2.4 expression, and thereby stress resistance.Int. J. Mol. Sci. 2020, 20, x FOR PEER REVIEW 9 of 21 
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Figure 10. ZmOSCA2.4 was regulated by miR5054 under drought stress and rewatering. (A) ZmOSCA2.4
and miR5072 expression patterns in transcriptome and small RNA sequencing. The leaves of the
three-leaf stage were stressed for 60 h and 96 h by PEG, and rewatering for 3 days denoted as T60, T96,
and TR3d, and the control groups were named CK60, CK96, and CK3d, respectively. Quantification
of ZmOSCA2.4 and miR5072-3p expression levels were estimated using FPKM and TPM values,
respectively. The FC in log2FC.CK60 vs. T60 is a fold change, which is the ratio of the expression
between the CK60 sample and T60. It is log2FC after taking the base 2 logarithm; the same as
log2FC.CK96 vs. T96 and log2FC.CK3d vs. TR3d; (B) relative expression of ZmOSCA2.4 and miR5072
under PEG treatment at 0 h, 4 h, 12 h, 24 h, and 36 h. Data represent at least three independent
experiments using RNA extracted from leaves of PEG treatment at 0 h, 4 h, 12 h, 24 h, and 36 h.

3. Discussion

As an important food, feed, and industrial raw material, maize is often exposed to abiotic stresses
such as drought, high temperature, and high salinity results in reduced or even no yield. However,
plants respond to adversity by regulating gene transcription and activating multiple mechanisms
to reduce water loss and osmotic pressure damage, thereby sensing, responding to, and adapting
to adversity. Previous studies of Arabidopsis and rice have shown that OSCA family members
contain DUF221 domain and have been identified to contain 15 and 11 members, respectively, with
multiple genes associated with osmotic stress [13,26]. Each OSCA protein in the Arabidopsis and rice
genomes contained 11 transmembrane domains [27,28]. In contrast, nine ZmOSCAs contained 9–11
transmembrane domains, and ZmOSCA1.1a and ZmOSCA3.1 proteins contained only four and two
transmembrane domains, respectively (Table 1), which indicates that ZmOSCAs had experienced
greater genetic variation during evolution. Phylogenetic tree (Figure 2) analysis revealed that OSCAs
can be divided into four classes, which was consistent with evolutionary analysis of Arabidopsis, rice,
poplar, and grapes [13]. Each class included OSCA members from the monocotyledons sorghum, rice,
and maize, and the dicotyledon Arabidopsis, which indicated that the OSCA gene family originated
and diversified prior to the divergence of monocotyledons and dicotyledons. The classes III and IV of
OSCA family contained few members, but have been preserved during species evolution, indicating
they may perform an important role in a biological process.

On the basis of OSCA family phylogenetic relationships (Figure 2), protein structural domain
(Figure 3A), and conservative motif analyses (Figure 3B), the maize OSCA family was highly conserved.
The conserved motifs of member proteins in classes I and II were highly conserved, and composition
patterns of conserved motifs in these two classes were highly similar in maize. In Arabidopsis [29]
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and animal cells [30], most of OSCA genes responded to ABA and salt stress, respectively, which was
consistent with results of this study. However, we also found ZmOSCA3.1 contained fewer domains
and conserved motifs than the other ZmOSCAs, and it showed little or no difference in expression
level under PEG-, NaCl-, and ABA-induced osmotic stresses, suggesting that ZmOSCA3.1 may not
have a direct function in osmotic stress response.

Analysis of promoter components of the 12 ZmOSCA genes revealed that the other genes contained
ABRE core components except ZmOSCA4.1 (Figure S1). Classes I and II of the OSCA family also
contained variable numbers of core components associated with drought, salt, cold (DRE core and
MBS), and oxidation resistance (ARE), whereas classes III and IV contained only components that
were resistant to oxidation and low temperature (LTR), respectively. The ABA response element
(ABRE) is involved in ABA-dependent gene expression. Similarly, dehydration response elements
(DRE) play a crucial role in ABA-independent gene expression in response to osmotic stress [7].
The ABA synthesized in response to water deficiency effectively inhibits opening of stomatal pores
and promotes closure of stomatal pores to prevent water loss. In addition, ABA-activated gene
expression is associated with plant adaptation to drought, such as the genes RD22, KIN1, and KIN2 [8].
The promoters of ZmOSCA members classified in the same group also contained different numbers
and types of functional response elements, thus different genes classified in the same group may
exhibit functional diversity. Taken together, these results suggested that genes in the same class may
have different mechanisms of action and that synergistic effects may exist between genes in different
classes [31,32].

Although the relationship between OSCA genes and stress response has been reported
previously [17], the dynamic expression pattern of ZmOSCA and the relationship with osmoregulation
remain unclear. Analysis of the relationship between ZmOSCAs expression patterns and osmotic
adjustment will aid in understanding their function in osmotic stress response and provide a sound
basis for future functional studies. As members of the OSCA hyperosmotic calcium channels proteins
family, the majority of ZmOSCA genes responded to drought, salt, and ABA stress, consistent with
the OSCA family members in rice [26]. The present results showed that ZmOSCA3.1 was significantly
down-regulated at 12 h under PEG stress, the expression level was unchanged under ABA treatment,
and was significantly up-regulated at 36 h under NaCl stress, whereas the other 11 ZmOSCA genes
were significantly up-regulated under the three stresses (Figure 5), suggesting that the 11 ZmOSCAs
may be crucial mediators of drought stress response. Under NaCl stress, up-regulation of the other
ZmOSCA genes (except ZmOSCA2.5) ranged from 10 to 100-fold, which indicated that these genes
responded positively to salt stress. ZmOSCA1.2, -1.3, -2.3, and -2.4 responded strongly to NaCl, PEG,
and ABA stress, and showed peak expression levels 40 to 200-fold that of the control (0 h). Thus,
ZmOSCA1.2, -1.3, -2.3, and -2.4 were expressed simultaneously in response to ABA, PEG, and NaCl
stress-response pathways. The results showed that there may be interaction and commonality in
the pathways responsive to the three stresses. Regardless, it was evident that these genes played an
important role in drought resistance and high-salinity tolerance and may have a conserved function.

Salt and drought initially cause osmotic stress to the plant [25]. Plants can reduce the osmotic
potential by increasing solute concentrations, preventing massive loss of water, and maintaining cell
turgor pressure, thereby maintaining normal physiological processes such as metabolism, stomatal
opening, and photosynthesis [33]. As an important osmotic adjustment substance, proline can promote
the transfer of Na+ into the vacuole. Under high salt stress, salt tolerance is enhanced by proline
accumulation [34]. No previous studies have reported a certain relationship between ZmOSCA genes
and osmotic adjustment substances. In the present study, we analyzed the correlation between the
expression levels of 12 ZmOSCA genes and leaf proline content under ABA-, NaCl-, and PEG-induced
osmotic stress. ZmOSCA2.3 and ZmOSCA2.4 were significantly related to proline content, with
correlation coefficients higher than 0.9 (Figure 6). Under the three stresses, the peak expression level
of these two genes was about 200-fold that of the control, which indicated that ZmOSCA2.3 and
ZmOSCA2.4 may play important roles in the regulation of plant osmotic potential.
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Protein interaction networks are composed of individual proteins that interact with each other
to participate in all aspects of life processes, such as biosignal delivery, gene expression regulation,
energy and material metabolism, and cell cycle regulation. String predicts the interaction between
proteins using experimental data, information from other databases, and bioinformatic methods [35].
Protein-interaction assays showed that ZmOSCA2.3 and ZmOSCA2.4 interact with ZmEREB198, but not
with EREB134 (Figure 7). These results differed somewhat from the STRING predictions, indicating that
while STRING predicts potential interactions between proteins, the interaction requires experimental
verification. On the basis of analyses of protein domains (Figure 3), expression patterns under the
three osmotic stresses (Figure 5) and correlation between proline content (Figure 6), we speculated that
ZmOSCA2.3 and ZmOSCA2.4 may have identical functions and mechanisms of action. ZmEREB198 is
a member of the ERF transcription factor family and contains the AP2/ERF domain. Extensive analyses
have elucidated the essential involvement of AP2/ERF genes in plant growth, development, and stress
responses [36–39]. The present results suggested that ZmOSCA2.3 and ZmOSCA2.4 interact with
ZmEREB198 to alleviate cellular damage in plants subjected to osmotic stress. However, no previous
studies of ZmEREB198 in maize have been reported, thus exploration of molecular mechanism of
ZmEREB198 interaction with ZmOSCA2.3 and ZmOSCA2.4 is worthy of investigation.

Previous studies have shown that MYB44 (At5g67300) was associated with stomatal closure and
tolerance to abiotic stress [40]. DREB2A (dehydration response element binding protein 2, At5g05410)
can improve drought resistance [41]. NCED3 (At3g14440) encodes 9-cis-epoxy carotenoid dioxygenase,
an essential enzyme in ABA biosynthesis, which was regulated in response to drought in Arabidopsis [40].
SAG12 (At5g45890) codes for a cysteine protease, and SAG12-specific mRNA levels increased with
age [42]. WRKY6 (At1g62300) codes for a transcription factor, and its expression markedly increased with
senescence [43]. During senescence, the gene expression of BFN1 (a bifunctional nucleases, At1g11190)
was increased [44]. We analyzed drought tolerance performance in the different ZmOSCA2.4 transgenic
Arabidopsis (L1-L4) lines and found that drought tolerance was increased in the ZmOSCA2.4 transgenic
lines (Figure 8D). Compared with the wild type (Col-0), we also found the transcript levels of SAG12,
WRKY6, and BFN1 decreased in the ZmOSCA2.4 transgenic Arabidopsis, which explained exactly
the reason why the chlorophyll content in transgenic Arabidopsis lines were higher than that of
WT (Figure 8E). Combined with the increased expression levels for MYB44, DREB2A and NCED3
(Figure 9A) in ZmOSCA2.4 transgenic lines may explain why ZmOSCA2.4 transgenic lines exhibit
distinct drought-tolerant phenotype.

Small RNA sequencing revealed that miR5054 and ZmOSCA2.4 had binding sites. In combination
with high-throughput sequencing, a negative correlation was found between the two. Subsequently,
we found that at different time points of drought stress, there was a negative correlation between
the two expression levels. We initially speculated that ZmOSCA2.4 was a target gene of miR5054.
The function of miR5054 has not been reported. Combining ZmOSCA2.4 can enhance the drought
resistance of Arabidopsis. We speculate that miR5054 may also play an important role in plant drought
tolerance and is worthy of further research.

4. Materials and Methods

4.1. Plant Materials and Stress Treatment

Maize inbred line Yu 882 was selected as the material. The seeds were grown in Hoagland’s
nutrient solution, which was refreshed every 2 days under long-day conditions (14-h day/10-h night
with 60% relative humidity) in greenhouse. The leaves of three-leaf stage were treated with 20% PEG
6000 for 60 h and 96 h, and rewatering for 3 d, denoted as T60, T96, and TR3d, and the control classes
(Hoagland’s nutrient solution) were named CK60, CK96, and CK3d, respectively. The above samples
were sequenced by transcriptome and Small RNA sequencing. We also transferred separately the
leaves of three-leaf stage to nutrient solution containing 20% PEG 6000, NaCl (200 mmol L−1), and
ABA (5 µmol L − 1). The leaves were collected at 0 h, 4 h, 12 h, 24 h, and 36 h and stored at −80 ◦C.
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The ZmOSCA2.4 was cloned into pFGC5941 vector using specific primers (Table S7). The constructs
were then transferred into Arabidopsis by floral dip method. The presence of ZmOSCA2.4 was verified
by PCR using specific primers (Table S7). Four independent homozygous lines, L1, L2, L3, and L4,
were selected. Seeds of wild-type and independent lines of ZmOSCA2.4 transgenic Arabidopsis (L1-L4)
were germinated on MS medium. Seedlings were then transferred to MS medium containing 200 Mm
mannitol concentration in the vertical position. A soil mix consisting of sand, compost, and perlite (3:3:1,
respectively), was weighed to standardize the quantity in each pot. After wild-type and transgenic
Arabidopsis were watered regularly for 20 days, the plants were subjected to water restriction for 6 to
8 days, then rewatered for 3 days. The leaves of wild-type and transgenic Arabidopsis were collected at
6 DOD, 8 DOD, and R3D, then stored at −80 ◦C. All the Arabidopsis were grown in a greenhouse under
60% relative humidity with a 16-h/8-h day/night cycle.

4.2. Isolation of RNA and Quantitative Real-Time PCR (qPCR) Analysis

We extracted RNA from maize leaves treated with 20% PEG 6000, NaCl (200mmol L−1), ABA
(5 µmol L−1) for 0 h, 4 h, 12 h, 24 h, and 36 h and the Arabidopsis leaves with drought stress for 6 DOD,
8 DOD, and R3D. Using a Hifair® II 1st Strand cDNA Synthesis SuperMix (YEASEN, Shanghai, China)
synthesized the first-strand cDNA. According to corresponding sequence, we designed gene-specific
primers using Primer6, as shown in Table S7. ACTIN 18s and ACTIN2 as internal controls for qRT-PCR
in maize and Arabidopsis, respectively. The qRT-PCR analyses were carried out using Hieff® qPCR
SYBR® Green Master Mix (YEASEN, Shanghai, China) on a Light Cycler 480 instrument (Roche, Basel,
Switzerland) based on the manufacturer’s instructions. Each gene analyzed three technical replicates.
The relative expression level (2−∆∆Ct) in the control plants without treatment was normalized to 1.
The expression of miR5054 was determined using the TAKARA reverse transcription kit (TaKaRa,
Shiga, Japan), using the miR5054 sequence as forward primer and universal sequence as the reverse
primer for qRT-PCR.

4.3. Transcriptome Co-Expression Network Module Construction and Association Analysis Module and Proline
Content

The drought stress and rewatering transcriptome resulting reads were aligned to the Z. mays
genome (B73V3 Version) that was retrieved from NCBI. The transcriptome data have been deposited to
the sequence read archive (SRA) under the accession number PRJNA477643. On the basis of reference
genome, the mapping reads were assembled using Cufflinks software [45]. Quantification of gene
expression levels were estimated using FPKM values.

The step-by-step method in the “WGCNA” package of R v3.5.1 software was used for co-expression
analysis of drought stress and normal water-treated samples. According to the FPKM values of all
genes in the sample, the soft-threshold of the co-expression network clustering was selected with R2
> 0.9 as the standard [46]. All FPKM values were converted into topological overlap matrix (TOM),
hierarchical cluster analysis was performed on each gene, and different genes were classified into
different co-expression modules by dynamic tree cut method [47]. All parameters were set as defined
except “soft power = 14, min_module_size = 30, ME_miss_thread = 0.2”. For the results of gene
co-expression analysis under drought stress, combined with proline content, the correlation between
different co-expression modules and proline content was calculated through correlation analysis, and
the correlation between gene expression and proline content was calculated.

4.4. Identification of OSCA Protein-Coding Genes in the Maize Genome

The conserved OSCA domain DUF221 (Pfam accession number: 02714) was identified from the
Pfam database [48] for constructing a search based on Hidden Markov Model-based searches (http:
//hmmer.janelia.org/), scanning against the maize genome (genome assembly: AGPv3) and the sorghum
genome (genome assembly: V3). All the retrieved sequences were determined by the NCBI Conserved
Domain Database (www.ncbi.nlm.nih.gov/ Structure/cdd/wrpsb.cgi) [49]. To determine whether the

http://hmmer.janelia.org/
http://hmmer.janelia.org/
www.ncbi.nlm.nih.gov/
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proteins contained DUF221 domain or not. The ProtParam (http://web.expasy.org/protparam/) was
used to predict molecular weight (MW) and isoelectric point (PI).The transmembrane region (TMs) of
ZmOSCA proteins were predicted by TMHMM Server V2.

4.5. Gene Structure, Additional Conserved Motifs, and Cis-Elements in the Promoter Regions of Abiotic
Stress-Responsive Analysis of ZmOSCA Genes

We used phytozome v10.0 to download protein sequences of the identified maize and conserved
OSCA domain Calcium-dependent channel (PF02714), Cytoplasmic domain (PF14703), and Late
exocytosis (PF13967).The motifs of maize OSCA proteins were queried using online software Multiple
Expectation maximization for Motif Elicitation (MEME) program (Available online: http://meme-suite.
org/tools/meme) (Table S5).

To predict cis-acting regulatory DNA elements (cis-elements) in promoter regions of ZmOSCA
genes, the PLACE website (Available online: http://www.dna.affrc.go.jp/PLACE/signalscan.html) was
adopted to identify putative cis-elements in the 2000 bp genomic DNA sequences upstream of the Start
codon (ATG) (Table S5).

4.6. Interspecies Microsynteny Analysis

In order to detect homogenous region between maize, sorghum, rice, and Arabidopsis, multiple
sequence alignment was used to detect protein sequences of maize, sorghum, rice, and Arabidopsis,
with the similarity of more than 70% (Table S6). Subsequently, the collinear block was then detected by
MCScanX and the related downstream tools using the default parameters. Finally, the relationships
of OSCAs orthologous genes among the four species were plotted using Circos software (Available
online: http://circos.ca/).

4.7. Determination of Chlorophyll and Proline Content

In brief, chlorophylls in leaves were extracted with 80% acetone, and the extract was incubated
at 4 ◦C for 2 h in darkness. Chlorophyll content was assayed by measuring absorbance at 645, 652,
and 663 nm with a spectrophotometer. The free proline (Pro) content in fresh leaf samples (0.5 g) was
measured by the ninhydrin method. We Extracted the reaction mixture with 5 mL toluene, cooled it to
room temperature, and read the absorbance at 520 nm [50].

4.8. Predicting the Interaction of ZmOSCA Proteins

The protein sequences of 12 ZmOSCAs were predicted by the STRING website (https://string-db.
org/). The interaction coefficient between the proteins was greater than 0.5 (p > 0.5) (Table S4), and
then poured into the Cytoscape software.

4.9. Validation of Interactions between Proteins using Yeast Two-Hybrid and BIFC

The coding sequences of ZmOSCA2.3 and ZmOSCA2.4 genes were cloned into the yeast two-hybrid
vectors pGBKT7 (bait vector), and ZmEREB134 and ZmEREB198 genes were cloned into pGADT7
(prey vector), respectively. Subsequently, the pGBKT7-ZmOSCA2.3 + pGADT7-ZmEREB198 were
introduced into yeast strain Y2H using the high-efficiency lithium acetate transformation procedure [51].
PGBKT7-ZmOSCA2.4 + pGADT7-ZmEREB198, pGBKT7-ZmOSCA2.3 + pGADT7-ZmEREB134,
pGBKT7-ZmOSCA2.4 + pGADT7-EREB134, which were also transformed into yeast H2Y by the same
method, respectively. Primer sequences for pGADT7-T + pGBKT7-Lam (negative control), pGADT7-T
+ pGBKT7-53 (positive control), pGBKT7-ZmOSCA2.3, pGADT7-ZmEREB198, pGBKT7-ZmOSCA2.4,
and pGADT7-EREB134 constructs are listed in Table S7.

The pSAT4-nEYFP-ZmOSCA2.3, pSAT4-cEYFP-ZmEREB198, pSAT4-nEYFP-ZmOSCA2.4, and
PSAT4-cEYFP-ZmEREB134 vectors were constructed using gene-specific primers, respectively (Table S7).
The constructs were then introduced into Arabidopsis protoplasts by PEG3350 penetration. Fluorescence

http://web.expasy.org/protparam/
http://meme-suite.org/tools/meme
http://meme-suite.org/tools/meme
http://www.dna.affrc.go.jp/PLACE/signalscan.html
http://circos.ca/
https://string-db.org/
https://string-db.org/
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microscopy was performed on a SP5 Meta confocal laser microscope (Leica, Germany). A yellow
fluorescent signal indicates an interaction between the two proteins.

5. Conclusions

In this study, two co-expression modules related to proline content were obtained using WGCNA,
including three ZmOSCA members. The phylogenetic relationships and domain structure revealed
that 12 members of ZmOSCA family were placed in four classes (I, II, III, IV), all of which contained
DUF221 domain. The promoter region of ZmOSCA genes contains multiple core elements responsive
to abiotic stresses and hormones. A collinear analysis revealed that the ZmOSCA genes had diversified
prior to divergence of maize. The majority of ZmOSCA genes were up-regulated in response to
ABA, PEG, and NaCl treatment. In particular, the expression levels of ZmOSCA2.3 and ZmOSCA2.4
increased by more than 200-fold under the three stresses and showed significant positive correlations
with proline content. Yeast two-hybrid and BIFC showed that ZmOSCA2.3 and ZmOSCA2.4 proteins
interacted with ZmEREB198. Over-expression of ZmOSCA2.4 in Arabidopsis remarkably improved
drought resistance. Moreover, over-expression of ZmOSCA2.4 enhanced the expression of drought
tolerance-associated genes and reduced the expression of senescence-associated genes, which may
explain why ZmOSCA2.4 transgenic lines exhibit distinct drought-tolerant phenotype. We also found
that perhaps ZmOSCA2.4 was regulated by miR5054. These results provide novel molecular resources
for breeding new drought-tolerant cultivars, and provide a reference for future analysis regulatory
mechanism of ZmOSCA under abiotic stresses.
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Author Contributions: L.C., X.L., L.W. and T.W. conceived and designed this research; L.C., P.Z., Q.Z., X.W.
and X.L. performed the experiment; L.C., G.W., X.Z. and F.M. analyzed the data; L.C., Z.W. and X.L. wrote the
manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by the National Key Research and Development Program of China
(No. 2017YFD0301106), the National Natural Science Foundation of China (No. 31471452 and No. 31601258).

Acknowledgments: We thank Robert McKenzie, from Liwen Bianji, Edanz Group China (www.liwenbianji.cn/ac),
for editing the English text of a draft of this manuscript.

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

References

1. Aceved, O.E.; Hsiao, T.C.; Henderson, D.W. Immediate and subsequent growth responses of maize leaves to
changes in water status. Plant Physiol. 1971, 48, 631–636. [CrossRef] [PubMed]

2. Lang, K.; Lang, P.; Bauer, C.; Duranton, C.; Wieder, T.; Huber, S. Mechanisms of Suicidal Erythrocyte Death.
Cell. Physiol. Biochem. 2005, 15, 195–202. [CrossRef] [PubMed]

3. Dornhorst, A.C. Review of Medical Physiology. Anesthesiology 2001, 52, 959–960.
4. Neuhofer, W.; Beck, F. Survival in Hostile Environments: Strategies of Renal Medullary Cells. Physiology

2006, 21, 171–180. [CrossRef]
5. Arakawa, T.; Timasheff, S.N. The stabilization of proteins by osmolytes. Biophys. J. 1985, 47, 411–414.

[CrossRef]
6. Batistie, O.; Kudla, J. Analysis of calcium signaling pathways in plants. Biochim. Biophys. Acta (BBA)-Gen. Subj.

2012, 1820, 1283–1293. [CrossRef]
7. Steinhorst, L.; Kudla, J. Calcium-A central regulator of pollen germination and tube growth. Biochim. Biophys.

Acta (BBA)-Mol. Cell Res. 2013, 1833, 1573–1581. [CrossRef]
8. Hubbard, K.E.; Siegel, R.S.; Valerio, G.; Brandt, B.; Schroeder, J.I. Abscisic acid and CO2 signaling via calcium

sensitivity priming in guard cells, new CDPK mutant phenotypes and a method for improved resolution of
stomatal stimulus-response analyses. Ann. Bot. 2012, 109, 5–17. [CrossRef]

9. Hepler, P.K. Calcium: A Central Regulator of Plant Growth and Development. Plant Cell 2005, 17, 2142–2155.
[CrossRef]

http://www.mdpi.com/1422-0067/21/1/351/s1
www.liwenbianji.cn/ac
http://dx.doi.org/10.1104/pp.48.5.631
http://www.ncbi.nlm.nih.gov/pubmed/16657850
http://dx.doi.org/10.1159/000086406
http://www.ncbi.nlm.nih.gov/pubmed/15956782
http://dx.doi.org/10.1152/physiol.00003.2006
http://dx.doi.org/10.1016/S0006-3495(85)83932-1
http://dx.doi.org/10.1016/j.bbagen.2011.10.012
http://dx.doi.org/10.1016/j.bbamcr.2012.10.009
http://dx.doi.org/10.1093/aob/mcr252
http://dx.doi.org/10.1105/tpc.105.032508


Int. J. Mol. Sci. 2020, 21, 351 20 of 21

10. Boudsocq, M.; Sheen, J. Stress Signaling II: Calcium Sensing and Signaling. Abiotic Stress Adapt. Plant 2009,
75–90.

11. Trewavas, A.; Knight, M. Mechanical signaling, calcium and plant form. Plant Mol. Biol. 1994, 26, 1329–1341.
[CrossRef] [PubMed]

12. Hou, C.C.; Tian, W.; Kleist, T.; He, K.; Garcia, V.; Bai, F. DUF221 proteins are a family of osmosensitive
calcium-permeable cation channels conserved across eukaryotes. Cell Res. 2014, 24, 632–635. [CrossRef]
[PubMed]

13. Yuan, F.; Yang, H.; Xue, Y.; Kong, D.; Ye, R.; Li, C.; Zhang, J.; Theprungsirikul, L.; Shrift, T.; Krichilsky, B.;
et al. OSCA1 mediates osmotic-stress-evoked Ca2+ increases vital for osmosensing in Arabidopsis. Nature
2014, 514, 367–371. [CrossRef] [PubMed]

14. Li, J.W.; Yang, J.K.; Jia, B.W. Evolution and expression analysis of OSCA gene family in soybean. Chin. J. Oil
Crop Sci. 2017, 16, 16–26.

15. Liu, Y.; Li, H.; Shi, Y. A Maize Early Responsive to Dehydration Gene, ZmERD4, Provides Enhanced Drought
and Salt Tolerance in Arabidopsis. Plant Mol. Biol. Reporter 2009, 27, 542–548. [CrossRef]

16. Lv, G.D. Cloning, Molecular Msrkers and Function of the Gene TaOSCA1.4 in Common Wheat; Shandong
Agricultural University: Taian, China, 2015.

17. Ding, S.; Feng, X.; Du, H.; Wang, H. Genome-wide analysis of maize OSCA family members and their
involvement in drought stress. Peer J. 2019, 7, e6765. [CrossRef]

18. Chen, B.; Li, G.F.; Shen, Y.; Huang, X.; Xu, Y.J. Reducing iron accumulation: A potential approach for the
prevention and treatment of postmenopausal osteoporosis. Exp. Ther. Med. 2015, 2484, 7–11. [CrossRef]

19. Konstantina, K.V.; Peter, I.P.; Georgi, I.G. Physiological and anatomical responses of wheat to induced
dehydration and rehydration. Cent. Eur. J. Biol. 2013, 8, 499–503.

20. Ji, L.X.; Wang, J.; Ye, M.; Li, Y.; Guo, B.; Chen, Z.; Li, H.; An, X. Identification and characterization of the
Populus AREB/ABF subfamily. J. Integr. Pl. Biol. 2013, 55, 177–186. [CrossRef]

21. Fujita, Y.; Yoshida, T.; Yamaguchi-Shinozaki, K. Pivotal role of the AREB/ABF-SnRK2 pathway in
ABRE-mediated transcription in response to osmotic stress in plants. Physiol. Plant 2013, 147, 15–27.
[CrossRef]

22. Wang, W.; Vinocur, B.; Altman, A. Plant responses to drought, salinity and extreme temperatures: towards
genetic engineering for stress tolerance. Planta 2003, 218, 1–14. [CrossRef] [PubMed]

23. Shavrukov, Y. Salt stress or salt shock: Which genes are we studying? J. Ex Bot. 2013, 64, 119–127. [CrossRef]
[PubMed]

24. Finkelstein, R. Abscisic Acid synthesis and response. Arabidopsis Book. 2013, 11, e0166. [CrossRef] [PubMed]
25. Ahmad, M.S.A.; Javed, F.; Ashraf, M. Iso-osmotic effect of NaCl and PEG on growth, cations and free proline

accumulation in callus tissue of two indicia rice (Oryza sativa L.) genotypes. Plant Growth Regul. 2007, 53,
53–63. [CrossRef]

26. Li, Y.S.; Yuan, F.; Wen, Z.H. Genome -wide survey and expression analysis of the OSCA gene family in rice.
BMC Plant Biol. 2015, 15, 261. [CrossRef]

27. Jojoa-Cruz, S.; Saotome, K.; Murthy, S.E.; Tsui, C.C.A.; Sansom, M.S.P.; Patapoutian, A.; Ward, A.B. Cryo-EM
structure of the mechanically activated ion channel OSCA1.2. eLife Sci. 2018, 7, e41845. [CrossRef]

28. Maity, K.; Heumann, J.; McGrath, AP.; Kopcho, N.J.; Hsu, P.K.; Lee, C.W.; Mapes, J.H.; Garza, D.;
Krishnan, S.; Morgan, G.P.; et al. Cryo-EM structure of OSCA1.2 from Oryza sativa: mechanical basis of
hyperosmolality-gating in plants. Proc. Natl. Acad. Sci. USA 2019, 116, 14309–14318. [CrossRef]

29. Kiyosue, T.; Yamaguchishinozaki, K.; Shinozaki, K. Cloning of cDNAs for genes that are early-responsive
to dehydration stress (ERDs) in Arabidopsis thaliana L.: identification of three ERDs as HSP cognate genes.
Plant Mol. Biol. 1994, 25, 791–798. [CrossRef]

30. Chatzigeorgiou, M.; Bang, S.; Sun, W.H. Tmc-1 encodes a sodium-sensitive channel required for salt
chemosensation in C. elegans. Nature 2013, 494, 95–99. [CrossRef]

31. Yoshida, T.; Mogami, J.; Yamaguchi-Shinozaki, K. ABA-dependent and ABA-independent signaling in
response to osmotic stress in plants. Curr. Opin. Plant Biol. 2014, 21, 133–139. [CrossRef]

32. Fujita, Y.; Fujita, M.; Shinozaki, K.; Yamaguchi-Shinozaki, K. ABA-mediated transcriptional regulation in
response to osmotic stress in plants. J. Plant Res. 2011, 124, 509–525. [CrossRef] [PubMed]

33. Cui, Z.H.; Wang, Y.F.; Fan, J.J. Research Advances of plant osmotic regulation. J. Maize Sci. 2007, 15, 140–143.

http://dx.doi.org/10.1007/BF00016478
http://www.ncbi.nlm.nih.gov/pubmed/7858194
http://dx.doi.org/10.1038/cr.2014.14
http://www.ncbi.nlm.nih.gov/pubmed/24503647
http://dx.doi.org/10.1038/nature13593
http://www.ncbi.nlm.nih.gov/pubmed/25162526
http://dx.doi.org/10.1007/s11105-009-0119-y
http://dx.doi.org/10.7717/peerj.6765
http://dx.doi.org/10.3892/etm.2015.2484
http://dx.doi.org/10.1111/j.1744-7909.2012.01183.x
http://dx.doi.org/10.1111/j.1399-3054.2012.01635.x
http://dx.doi.org/10.1007/s00425-003-1105-5
http://www.ncbi.nlm.nih.gov/pubmed/14513379
http://dx.doi.org/10.1093/jxb/ers316
http://www.ncbi.nlm.nih.gov/pubmed/23186621
http://dx.doi.org/10.1199/tab.0166
http://www.ncbi.nlm.nih.gov/pubmed/24273463
http://dx.doi.org/10.1007/s10725-007-9204-0
http://dx.doi.org/10.1186/s12870-015-0653-8
http://dx.doi.org/10.7554/eLife.41845
http://dx.doi.org/10.1073/pnas.1900774116
http://dx.doi.org/10.1007/BF00028874
http://dx.doi.org/10.1038/nature11845
http://dx.doi.org/10.1016/j.pbi.2014.07.009
http://dx.doi.org/10.1007/s10265-011-0412-3
http://www.ncbi.nlm.nih.gov/pubmed/21416314


Int. J. Mol. Sci. 2020, 21, 351 21 of 21

34. Qu, F.F. Physiological and biochemical mechanisms related to salt tolerance in plants. J. Henan Sci. Technol.
2015, 141–143.

35. Andrew, C.A.; Arnaud, C.; Daniele, P. VirusMINT: A viral protein interaction database. Nucleic Acids Res.
2009, 37, D669–D673.

36. Jofuku, K.D.; Den Boer, B.; Van Montagu, M.; Okamuro, J.K. Control of Arabidopsis flower and seed
development by the homeotic gene APETALA2. Plant Cell 1994, 6, 1211–1225. [PubMed]

37. Krizek, B. AINTEGUMENTA and AINTEGUMENTA-LIKE6 act redundantly to regulate Arabidopsis floral
growth and patterning. Plant Physiol. 2009, 150, 1916–1929. [CrossRef] [PubMed]

38. Xu, Z.S.; Chen, M.; Li, L.C.; Ma, Y.Z. Functions and application of the AP2/ERF transcription factor family in
crop improvement. J. Integr. Plant Biol. 2011, 7, 64–79.

39. Gutterson, N.; Reuber, T.L. Regulation of disease resistance pathways by AP2/ERF transcription factors.
Curr. Opin. Plant Biol. 2004, 7, 465–471. [CrossRef]

40. Jung, C.; Seo, J.S.; Han, S.W.; Koo, Y.J.; Kim, C.H.; Song, S.I.; Nahm, B.H.; Choi, Y.D.; Cheong, J.J.
Overexpression of AtMYB44 Enhances Stomatal Closure to Confer Abiotic Stress Tolerance in Transgenic
Arabidopsis. Plant Physiol. 2008, 146, 623–635. [CrossRef]

41. Sakuma, Y.; Maruyama, K.; Osakabe, Y.; Qin, F.; Seki, M.; Shinozaki, K.; YamaguchiShinozaki, K. Functional
analysis of an Arabidopsis transcription factor, DREB2A, involved in drought-responsive gene expression.
Plant Cell 2006, 18, 1292–1309. [CrossRef]

42. Weaver, L.M.; Gan, S.; Quirino, B.; Amasino, R.M. A comparison of the expression patterns of several
senescence-associated genes in response to stress and hormone treatment. Plant Mol. Biol. 1998, 37, 455–469.
[CrossRef] [PubMed]

43. Robatzek, S.; Somssich, I.E. Targets of AtWRKY6 regulation during plant senescence and pathogen defense.
Genes Dev. 2002, 16, 1139–1149. [CrossRef] [PubMed]

44. Pérez-Amador, M.A.; Abler, M.L.; De Rocher, E.J.; Thompson, D.M.; van Hoof, A.; LeBrasseur, N.D.; Lers, A.;
Green, P.J. Identification of BFN1, a Bifunctional Nuclease Induced during Leaf and Stem Senescence in
Arabidopsis. Plant Physiol. 2000, 122, 169–180.

45. Trapnell, C.; Williams, BA.; Pertea, G. Transcript assembly and quantification by RNA-Seq reveals unannotated
transcripts and isoform switching during cell differentiation. Nat. Biotechnol. 2010, 28, 511. [CrossRef]

46. Pei, G.; Chen, L.; Zhang, W. WGCNA application to proteomic and metabolomic data analysis. Methods
Enzymol. 2017, 585, 135–158.

47. Garg, R.; Singh, V.K.; Rajkumar, M.S. Global transcriptome and coexpression network analyses reveal
cultivar-specific molecular signatures associated with seed development and seed size/weight determination
in chickpea. Plant J. 2017, 91, 1088–1107. [CrossRef]

48. Finn, R.D.; Bateman, A.; Clements, J.; Coggill, P.; Eberhardt, R.Y.; Eddy, S.R.; Heger, A.; Hetherington, K.;
Holm, L.; Mistry, J.; et al. Pfam: The protein families database. Nucleic Acids Res. 2014, 42, D222–D230.
[CrossRef]

49. Marchlerbauer, A.; Lu, S.; Anderson, J.B.; Chitsaz, F.; Derbyshire, M.K.; DeWeese-Scott, C.; Fong, J.H.;
Geer, L.Y.; Geer, R.C.; Gonzales, N.R. CDD: A conserved domain database for the functional annotation of
proteins. Nucleic Acids Res. 2011, 39, D225–D229. [CrossRef]

50. Bates, L.S.; Waldren, R.P.; Teare, I.D. Rapid determination of free proline for water-stress studies. Plant Soil
1973, 39, 205–207. [CrossRef]

51. Xiao, D.L.; Deng, H.Y.; Xie, L.Y. Construction of a yeast two-hybrid cDNA library of Laodelphax striatellus.
Plant Prot. 2011, 37, 19–23.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://www.ncbi.nlm.nih.gov/pubmed/7919989
http://dx.doi.org/10.1104/pp.109.141119
http://www.ncbi.nlm.nih.gov/pubmed/19542297
http://dx.doi.org/10.1016/j.pbi.2004.04.007
http://dx.doi.org/10.1104/pp.107.110981
http://dx.doi.org/10.1105/tpc.105.035881
http://dx.doi.org/10.1023/A:1005934428906
http://www.ncbi.nlm.nih.gov/pubmed/9617813
http://dx.doi.org/10.1101/gad.222702
http://www.ncbi.nlm.nih.gov/pubmed/12000796
http://dx.doi.org/10.1038/nbt.1621
http://dx.doi.org/10.1111/tpj.13621
http://dx.doi.org/10.1093/nar/gkt1223
http://dx.doi.org/10.1093/nar/gkq1189
http://dx.doi.org/10.1007/BF00018060
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Transcriptome Co-Expression Network Module Construction and Association Analysis Module and Proline Content 
	Genome-Wide Identification and Classification of OSCA Genes in Maize 
	Additional Conserved Motifs in OSCA Genes in Maize 
	Cis-Element Analysis of OSCA Gene Promoter Sequences 
	Collinearity Relationships of OSCA Genes among Maize, Sorghum, Rice, and Arabidopsis 
	Expression of ZmOSCA Genes under Abiotic Stress 
	Analysis of the Relationship between ZmOSCAs Gene and Proline Content 
	Predicting the Protein Interaction Network of ZmOSCAs 
	Yeast Two-Hybrid and Bimolecular Fluorescence Complementation Validate the Interaction Proteins of ZmOSCA2.3 and ZmOSCA2.4 
	Over-Expression of ZmOSCA2.4 in Arabidopsis Enhances Plant Tolerance to Drought Stress 
	Analysis of Drought Tolerance-Associated and Senescence-Associated Genes Expression 
	Drought Stress and Rewatering Transcriptome and Small RNA Sequencing Predicted the Regulation of ZmOSCA2.4 Gene by miR5054 

	Discussion 
	Materials and Methods 
	Plant Materials and Stress Treatment 
	Isolation of RNA and Quantitative Real-Time PCR (qPCR) Analysis 
	Transcriptome Co-Expression Network Module Construction and Association Analysis Module and Proline Content 
	Identification of OSCA Protein-Coding Genes in the Maize Genome 
	Gene Structure, Additional Conserved Motifs, and Cis-Elements in the Promoter Regions of Abiotic Stress-Responsive Analysis of ZmOSCA Genes 
	Interspecies Microsynteny Analysis 
	Determination of Chlorophyll and Proline Content 
	Predicting the Interaction of ZmOSCA Proteins 
	Validation of Interactions between Proteins using Yeast Two-Hybrid and BIFC 

	Conclusions 
	References

