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Water deficit is a key limiting factor for limiting yield in maize (Zea mays L.). It is crucial to elucidate the molecular regulatory
networks of stress tolerance for genetic enhancement of drought tolerance. The mechanism of drought tolerance of maize was
explored by comparing physiological and transcriptomic data under normal conditions and drought treatment at polyethylene
glycol- (PEG-) induced drought stress (5%, 10%, 15%, and 20%) in the root during the seedling stage. The content of
saccharide, SOD, CAT, and MDA showed an upward trend, proteins showed a downward trend, and the levels of POD first
showed an upward trend and then decreased. Compared with the control group, a total of 597, 2748, 6588, and 5410
differentially expressed genes were found at 5%, 10%, 15%, and 20% PEG, respectively, and 354 common DEGs were identified
in these comparisons. Some differentially expressed genes were remarkably enriched in the MAPK signaling pathway and plant
hormone signal transduction. The 50 transcription factors (TFs) divided into 15 categories were screened from the 354
common DEGs during drought stress. Auxin response factor 10 (ARF10), auxin-responsive protein IAA9 (IAA9), auxin
response factor 14 (ARF14), auxin-responsive protein IAA1 (IAA1), auxin-responsive protein IAA27 (IAA27), and 1 ethylene
response sensor 2 (ERS2) were upregulated. The two TFs, including bHLH 35 and bHLH 96, involved in the MAPK signal
pathway and plant hormones pathway, are significantly upregulated in 5%, 10%, 15%, and 20% PEG stress groups. The present
study provides greater insight into the fundamental transcriptome reprogramming of grain crops under drought.

1. Introduction

Drought, or water deficit, is one of the major environmental
constraints to terrestrial plants, which limits agricultural
production worldwide and generates a prodigious threat to
our food security. Many physiological responses can be
triggered by drought stress, such as wilting, growth arrest,
alterations in metabolism, closure of stomatal cells, and even
death under severe conditions in plants [1, 2]. Owing to
water deficit, CO, assimilation in photosynthesis evidently
decreases and impairs sugar biosynthesis. Gene expression
under drought is affected by phytohormones, especially
abscisic acid (ABA) and auxin [3].

Meanwhile, drought stress leads to oxidative stress by
inducing the accumulation of toxic reactive oxygen species
(ROS) and inducing the antioxidant system [4]. Phytohor-

mones have a significant influence on the expression of
abscisic acid (ABA) and auxin genes owing to drought stress
[5]. These changes can further reduce crop yields. It has been
reported that rice (Oryza sativa L.) suffered a drastic water
deficiency, which resulted in yield reduction range of 18-
60% [6, 7]. Meanwhile, drought stress leads to a 10-50%
reduction in wheat [8]. The production of maize (Zea mays
L.) and barley (Hordeum vulgare L.) decreased by 1-76% and
73-87% owing to drought stress, respectively [9]. Similar
reports have also been found in leguminous crops, including
pigeon peas (Cajanus cajan (Linn.) Millsp.), chickpeas (Cicer
arietinum Linn.), and rape (Brassica napus L.), which are
planted on dry land, and the yield has declined seriously
due to water shortage [10].

Maize is not only of importance throughout the world as
a source of food, feed, and various important industrial
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products but also is a model genetic organism with great
genetic diversity. Although it was first domesticated in
Mexico, varieties of maize are widely found on the conti-
nents, and maize has become the most extensively cultivated
cereal crop, followed by wheat and rice [11]. However, the
production of maize in many developing countries is
severely limited by a range of abiotic or biotic stresses, such
as drought stress. Previous research indicated that maize is
highly sensitive to drought, and it has shown that drought
stress can reduce maize yield by 10-76% [12], especially mois-
ture deficit at the seedling stage can affect the entire growth
cycle, thus affecting the early adaptation ability of plants.
Therefore, it is important to elucidate the mechanism of
how maize responds to drought stress during seedling stage.

Furthermore, the regulation of stress-responsive genes
plays an important role in response to drought stress, which
is regulated by various transcription factors such as the
WRKY family, the AP2/ERF superfamily, and the bHLH
family [13]. Mitogen-activated protein kinase (MAPK) cas-
cade was potentially significant signaling pathways involved
in transducing external stimuli to the nucleus for appropri-
ate adjustment of cellular responses under stress [14].
MAPK signaling pathway has been confirmed to play crucial
roles in the response to multiple abiotic stresses, such as
drought stress. Under stress conditions, the phosphorylation
of target genes is regulated by MAPK, which controls vari-
ous transcription factors involved in abiotic stress tolerance
[15]. It is important to explore the molecular regulation of
drought stress in maize. Meanwhile, a total of 11 drought
stress-associated DEGs were annotated as late embryogene-
sis abundant protein genes, which were largely expressed at
polyethylene glycol-simulated drought stress [16].

Through transcriptomic analysis of Eruca vesicaria subs,
sativa lines found 51 genes which were significantly upregu-
lated under polyethylene glycol-simulated drought stress,
including those for ethylene-responsive transcription
factors, WRKY and bHLH transcription factors, calmodulin-
binding transcription activator, cysteine-rich receptor-like
protein kinase, mitogen-activated protein kinase, allene oxide
cyclase, aquaporin, C-5 sterol desaturase, trehalose-
phosphate phosphatase, and galactinol synthase 4 [17].

Meanwhile, NGS-based RNA-Seq has been applied as a
comprehensive high-throughput method to reveal regula-
tory networks in various species [10]. In this study, we ana-
lyzed genes that were differentially expressed, comparing
transcriptomic data under normal conditions and drought
treatment at polyethylene glycol- (PEG-) induced drought
stress (5%, 10%, 15%, and 20%). Analyzing these transcrip-
tomic data reveals the early dynamic molecular regulation
of drought stress in maize and indicates the key genes
responsible for drought tolerance, which is important for
the drought tolerance of drought response in maize roots.

2. Materials and Methods
2.1. Plant Materials

2.1.1. Sample Preparation. Seeds of maize inbred line Q901
(the parent of the maize variety Zhaoyu 215) are provided
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by Maize Research Institute, Guangxi Academy of Agricul-
tural Sciences. The seeds with full particles, consistent size,
and no damage were selected. The seeds were soaked in
75% alcohol for 3 minutes for disinfection, and distilled
water from filter paper of germinating box was 121 minutes,
and auto sterilization was performed for 30 min. With water
as a control treatment (CK), polyethylene glycol- (PEG-)
6000 solution with different concentrations of 5% (P1),
10% (P2), 15% (P3), and 20% (P4) was used to simulate
drought stress. In each germinating box place 30 seeds,
20mL peG-6000 solution of different concentrations was
added in the germinating boxes, respectively. The germinat-
ing boxes were put into the artificial climate box to perform
a germination experiment. The constant temperature was
25°C, and the relative humidity was 80. After cultivating
for 8 days, we removed the seedlings from the germinating
box (Figure 1(a)). The radicles of germinated seeds were
cut, put in an airtight bag, and stored at -80 for later use.
Three replicates were collected for transcriptome analysis
and physiological index measurement.

The maize rootstocks were sampled to estimate the phys-
iological indexing and MDA (malondialdehyde) levels. Each
sample was 0.1 g fresh tissue in 1 mL precooled PBS buffer.
After centrifugation at 10,000g for 10min at 4°C, adduct
formation was measured using Thermo Scientific Multiskan
FC (Shanghai, China) at 405nm on a spectrophotometer
(Thermo Scientific Multiskan FC, Shanghai, China). Protein
contents were determined using an Enhanced BCA Protein
Assay Kit (Beyotime, Shanghai, China). The activities of
antioxidant enzymes, including catalase (CAT), superoxide
dismutase (SOD), and peroxidase (POD), were measured
as described previously. Three biological replications deter-
mined all the above physiological indicators. The samples
were treated according to previous research [18].

2.1.2. RNA Extraction, cDNA Library Construction, and
RNA-Seq. Total RNAs were extracted using TRIzol reagent
(Invitrogen, Carlsbad, CA, USA) following the manufactur-
er’s procedure. The quantities and qualities of RNA with
RIN values greater than 7 were assessed using an Agilent
Bioanalyzer, and the concentration was measured to be
327ng/uL. The integrity of RNA was assessed by agarose
gel electrophoresis. After purifying approximately 10ng of
total RNA with poly-T oligo-attached magnetic beads, it
was lysed into smaller fragments using a fragmentation
buffer (Solarbio, Beijing, China). Subsequently, reverse tran-
scriptase and random hexamer primer were used to tran-
scribe cleaved RNA fragments into first-strand cDNA
fragments. The RNA-Seq sample preparation kit (Illumina,
San Diego, CA, USA) was used to construct the cDNA
library. An Illumina Hiseq4000 (LC Sciences, San Diego,
CA, USA) was used to perform paired-end sequencing.

2.1.3. Quality Control, DEG Analysis, and Gene Ontology
and Gene Pathway Enrichment Analysis. Acquired raw data
was further processed including removal of adaptor and
low-quality sequence reads for obtaining high-quality data
[19]. The TopHat package [20] was employed to compare
the valid dates with the maize reference genome. Then,
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F1GURE 1: The effects of polyethylene glycol- (PEG-) induced drought stress in maize. (a) Control: seeds at control media (without PEG). P1:
5% PEG-induced drought on root developments. P2: 10% PEG-induced drought on root developments. P3: 15% PEG-induced drought on
root developments. P4: 20% PEG-induced drought on root developments. (b) The effect of PEG treatment on the content of soluble
saccharide, POD, SOD, CAT, MDA, and protein. The asterisk represents the standard deviation. Bar graph with different asterisk

indicates significant difference between the mean values (p < 0.05).

Cuftlinks software was utilized to splice these mapped reads
based on the reference genome sequence [21]. DEGs were
screened using DESeq software [22] under the following
standard parameters: FDR <0.05 and log2|FC|>1. To
research the function of DEGs, multiple bioinformatic tools
were utilized to analyze the annotation, classification, and
metabolic pathway. The DEGs were conducted to perform
GO enrichment analysis based on Gene Ontology (The Gene
Ontology Resource: 20 years and still GOing strong 2019)
[23]. The DEGs based on KEGG [24] and KOBAS [25] were
used to identify the enriched metabolic pathways or signal
transduction pathways. KOBAS software was used to test
the enrichment statistics in the KEGG pathway.

2.1.4. Data Analysis. All values are expressed as the mean
+ standard deviation (SD). GraphPad Prism 6 was used to

analyze the data using a one-way analysis of variance
(ANOVA) followed by Tukey’s test.

3. Results

3.1. Physiological Changes of Maize in Response to Drought
Stress. In our research, the contents of soluble saccharide,
POD, SOD, CAT, MDA, and protein were measured in
maize roots at polyethylene glycol- (PEG-) induced drought
stress (5%, 10%, 15%, and 20%) (Figure 1(b)). With the PEG
concentration increased, the content of saccharide, SOD,
CAT, and MDA showed an upward trend. On the contrary,
the content of Pro showed a downward trend as the PEG
concentration increased. At the same time, we found that
the content of POD showed an increase at first and then



decrease, reaching maximum at 15% polyethylene glycol-
(PEG-) induced drought stress.

3.2. Transcriptomic Analysis of Maize Responses to Drought
Stress. An overview of the RNA-Seq reads derived from the
sequencing results is listed in Supplemental Table 1.
100.95GB clean data were obtained from the 15 samples.
The average Q30 and GC content values of these clean
reads were greater than 93.55% and 52.94%, respectively,
indicating that the data were reliable and available for
subsequent analysis.

To identify the global transcriptomic changes induced by
drought stress, an analysis of transcriptome data was
conducted. Principal component analysis (PCA) was utilized
to assess gene expression levels for each replicate
(Figure 2(a)). Samples from 5% PEG, 10% PEG, 15% PEG,
and 20% PEG clustered far from the 0% PEG (control) sam-
ples, indicating that drought stress induced differential
expression of gene.

To determine the DEGs involved in response to drought
stress, upregulated DEGs and downregulated DEGs were
screened with a threshold of |log 2 (FC)| > 1 and p value <
0.05. Compared with the control group, there were 597
(189 upregulated and 408 downregulated), 2748 (927 upreg-
ulated and 1821 downregulated), and 6588 (2561 upregu-
lated and 4027 downregulated) genes that showed different
levels of expression after 5% PEG, 10% PEG, 15% PEG,
and 20% PEG drought treatment, respectively
(Figure 2(b)). Meanwhile, the distribution of DEGs at the
four comparisons was calculated and presented in a Venn
diagram, and 354 common DEGs (Figure 2(c)) were identi-
fied in these comparisons.

3.3. KEGG Enrichment Analysis. Simultaneously, KEGG
enrichment analysis was conducted to explore the function
of the DEGs (Figure 3). Interestingly, MAPK signaling path-
way and starch and sucrose metabolism pathways are
enriched in 5%, 10%, 15%, and 20% PEG treatment groups.
Phytohormone signal transduction is enriched in 10%, 15%,
and 20% PEG treatment groups. At 5% PEG drought treat-
ment, the DEGs were also significantly enriched into taurine
and hypotaurine metabolism, plant-pathogen interaction,
flavonoid biosynthesis, and ABC transports. At 10% PEG
drought treatment, phenylpropanoid biosynthesis, plant-
pathogen interaction, galactose metabolism, arginine, and
proline metabolism were also significantly enriched.

Interestingly, at 15% and 20% PEG drought treatment,
enrichment pathways are also involved in mannose type
O-glycan biosynthesis and phenylpropanoid biosynthesis.
Furthermore, the 354 common DEGs performed KEGG
enrichment analysis, indicating that flavonoid biosynthesis,
mannose type O-glycan biosynthesis, and benzoxazinoid
biosynthesis were significantly enriched.

3.4. Expression of Transcription Factors under Drought
Stress. The 50 TFs, categorized into 15 categories, were
screened from the 354 common DEGs during drought stress
(Figure 4(a)). The largest group of TFs was the WRKY
family, followed by the MYB, whereas other TFs belonged
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to the AP2/ERF-ERF, NAC, bHLH, and C3H (Figure 4(b)).
In 5%, 10%, 15%, and 20% PEG treatment group, 7 TFs,
including Zm00014a022627 (B3 DNA-binding domain),
Zm000142028890  (HSF),  Zm00014a017550  (SBP),
Zm00014a006206 (bHLH), ZmO00014a037517 (Myb),
Zm00014a002630 (Myb), and Zm00014a015163 (CCCH),
were evidently high expression. Meanwhile, other 43 TFs
were downregulated in 5%, 10%, 15%, and 20% PEG treat-
ment groups (Supplemental Table 2). Then, KEGG
enrichment analysis was conducted to explore the function
of TFs. MAPK signaling pathway, hormone signal
transduction, plant-pathogen interaction, and spliceosome
were significantly enriched (Figure 4(c)).

3.5. Expressional Regulation in MAPK Signaling Pathway in
Response to Drought Stress. 216 DEGs were found to partic-
ipate in the MAPK signaling pathway in response to
drought stress (Figure 5(a)). 27 genes were differentially
expressed under drought stress in 5% PEG, including 22
downregulated genes and 5 upregulated genes, in which
transcription factor bHLH94 and transcription factor
bHLH96 were upregulated.

There were 20 upregulated genes and 72 downregulated
genes in MAPK signaling pathway between the CK and 10%
PEG drought stress group. Meanwhile, transcription factors
bHLH35 and bHLH96 were overexpressed in 10% PEG
drought stress group. 186 genes, including 46 upregulated
and 140 downregulated genes, were differentially expressed
under 15% drought compared with those of the CK. Tran-
scription factors bHLH96 and bHLH35 were upregulated.
Compared with CK, 116 downregulated genes and 53 upreg-
ulated genes were screened in 20% PEG drought stress in
this pathway. Besides, two transcription factors bHLH
(bHLH35 and bHLH96) displayed an upregulated expres-
sion in the MAPK signal transduction pathway.

3.6.  Expressional Regulation in  Hormone  Signal
Transduction Network in Response to Drought. Since DEGs
enriched hormone signal transduction pathways, we further
investigated the regulation of these DEGs and KEGG path-
way (Figure 5(b)). A total of 302 DEGs were identified,
including auxin, brassinosteroid, and ethylene. In CK vs. 5%
PEG group, 14 downregulated genes and 8 upregulated genes
were found. With the aggravation of drought stress, the
number of down- and upregulated genes in hormone signal
transduction network was increased. Compared with CK, 85,
171, and 139 genes were downregulated, while 38, 74, and 82
genes were upregulated in 10%, 15%, and 20% PEG.
Auxin-responsive protein IAA9, ethylene response
sensor 2, auxin response factor 10, and auxin-responsive
protein IAA1 were over-regulated in response to 10% PEG
drought compared with CK. 5 auxin genes (auxin response
factor 10, auxin-responsive protein IAA9, auxin response
factor 14, auxin-responsive protein IAAl, and auxin-
responsive protein IAA27) and 1 ethylene response sensor
2 were upregulated in response to 15% PEG drought com-
pared with CK. In CK vs. 20% PEG group, brassinosteroid
LRR receptor kinase BRL2, brassinosteroid LRR receptor
kinase BRL3, ethylene receptor 3, auxin-responsive protein
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IAA7, and auxin response factor 17 were upregulated. It
indicated that the genes related to hormone signal transduc-
tion play an important function in drought stress.

4. Discussion

Drought stress often exhibits adverse effects and brings out
cellular damage. It is essential to explore the expression pro-
file of drought-responsive genes to realize the molecular
mechanisms associated with drought stress tolerance in
crops [26]. In this study, PEG was employed in the media
to create rapid drought stress through water deprivation,
which was consistent with the previous research [27].

Our research found that the contents of saccharide,
SOD, CAT, and MDA are significantly increased with the
enhancement in drought intensity. In response to drought
stress, the dramatic increase in ROS levels in plants leads
to severe oxidative damage to DNA, proteins, and lipids
[28]. These reactive oxygen species, such as H,O,, directly
attack membrane lipids and increase lipid peroxidation.
MDA is a marker for membrane lipid peroxidation, whose
level can indicate oxidative damage [29]. It is reported that
SOD and CAT played major roles in the defense against
toxic ROS. SOD and CAT were increased in the early phase
of drought and reduced as the drought worsened [10]. It
explained why the content of SOD, CAT, and MDA showed
an upward trend with the increase in PEG concentration.
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Transcriptional reprogramming is one of the major
mechanisms that plants undergo during stress tolerance. In
cassava, DEGs showed significant changes when the PEG
stress period was enhanced from 3 h to 24 h. During drought
stress, plants undergo significant changes in gene expression
by regulating cellular processes in order to survive under
drought conditions [2]. Similar results were found in our
results, and there were 597, 2748, and 6588 genes which
were differentially expressed after 5% PEG, 10% PEG, 15%
PEG, and 20% PEG drought treatment, respectively. Mean-
while, the number of DEGs evidently increased with aggra-
vation of drought. The elucidation of drought resistance in

plants through different gene expression approaches pro-
vides valuable information to identify probable drought
resistance mechanisms.

The transcription factors, as regulatory proteins, exert
vital functions in drought tolerance by synchronizing the
signaling network and gene expression under stress. Some
of the most critical players in the abscisic acid pathway are
drought-responsive element binding (DREB) proteins that
are a part of AP2/ethylene response factor transcription fac-
tors that bind to promoters of some family genes needed to
be expressed under abiotic stresses [30]. The drought toler-
ance of NAC TFs has been demonstrated in various crops,
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our RNA-Seq.

such as rice [31] and soybean [32]. Yang et al. found 13
WRKY genes involved in drought response in the study of
weeping forsythia, most of which responded to drought
stress by regulating the abscisic acid signaling pathway
[33]. GmERF113 downregulates abscisic acid 8'-hydroxy-
lase and upregulates various drought-related genes, which
improves drought resistance and affects the ABA content
in soybean [34]. Overexpression of SIbHLH96 in tomatoes
improves drought tolerance by stimulating the expression
of genes encoding antioxidants, ABA signaling molecules,
and stress-related proteins [35]. Other drought-responsive

TFs revealed differential expression under PEG-induced
drought stress [36]. Consistent with the above research, in
our dataset, the expression of 50 transcription factor genes,
classified into 15 families, was significantly different under
PEG stress, compared to the control (Figure 4(b)). The 50
transcription factor genes were involved in 7 upregulated
genes and 43 downregulated genes. Our results have long
exhibited distinct expression profiles of TFs in different
plants under drought stress. More DETFs suggested the role
of a more complex transcriptional regulation network and
improved the drought resistance of maize.
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The starch and sucrose metabolism was significantly
enriched, which was found in Sophora moorcroftiana [37]
and Vicia sativa [38] exposed to drought stress. Our results
were consistent with the transcriptome data above. The
KEGG analysis showed that MAPK signaling pathway-plant,
phytohormone signal transduction, and starch and sucrose
metabolism were significantly enriched, which means that
maize consumed much energy when suffering drought stress.

The MAPK cascade is a multigene family of regulatory
networks used to deliver intracellular and extracellular sig-
nals to the nucleus, allowing the cell to adjust appropriately
to stimulation [39]. In the present study, 216 DEGs were
mapped to the MAPK pathway, including the expression
of MAPKKK, MAPKK, and MAPK. Evidently, the down-
and upregulated genes were increasing with aggravation of
drought stress from 5% to 20% PEG. Phytohormones
exerted significant functions in response to drought stress.
Drought induction can induce the secretion of phytohor-
mones that mediate the immediate cellular responses by
triggering phytohormone signaling pathways [40]. In our
research, 302 DEGs were found, including auxin, brassinos-
teroid, and ethylene. Ethylene, a plant-growth regulator,
regulates the growth of plants by undertaking various devel-
opmental changes in the plant under drought conditions
[41]. Ethylene response sensor 2 was upregulated under
5%, 10%, 15%, and 20% PEG stress, suggesting that an
ethylene-induced defense mechanism may be activated
under PEG-induced stress conditions. Previous studies indi-
cated that auxin could mediate the expression of auxin
responding genes, and the ARF family mediated the roles
of TAA during plant growth [42, 43].

Studies illuminated that IAA is associated with drought
tolerance in plants, and wild Arabidopsis plants pretreated
with TAA exhibit improved drought resistance. Tran-
scriptome data indicated that exogenous IAA and drought
induced rice AUX/IAA genes. AUX/IAA1 was also upregu-
lated in sorghum due to drought [44]. The findings
explained why the 5 IAA genes (auxin response factor 10,

auxin-responsive protein IAA9, auxin response factor 14,
auxin-responsive protein IAA1, and auxin-responsive pro-
tein IAA27) were upregulated in PEG stress. Especially, the
two TFs, including bHLH 35 and bHLH 96, involved in
MAPK signal pathway and plant hormone pathway are signif-
icantly upregulated in 5%, 10%, 15%, and 20% PEG stress
groups. MfbHLH38 enhanced tolerance to drought in Arabi-
dopsis through increasing water retention ability, regulating
osmotic balance, and possibly participating in ABA-
dependent stress-responding pathway [45]. PebHLH35 func-
tions as a positive regulator of drought stress responses by
regulating stomatal density, stomatal aperture, photosynthesis,
and growth [46]. As shown in Figure 6, the regulation mecha-
nisms of drought stress are related to multiple pathways in
maize roots. The mechanism of drought tolerance correlates
with the MAPK signal pathway and hormone signal transduc-
tion, which were regulated by many TFs, including MYB,
WRKY, NAC, and bHLH. In short, many key genes including
transcription factors, hormone signal transduction-related
genes, and MAPK signaling pathway-related genes were iden-
tified and interacted to improve drought tolerance in maize.

5. Conclusion

In this study, at normal conditions and polyethylene glycol-
(PEG-) induced drought stress (5%, 10%, 15%, and 20%) in
the root during the seedling stage, the physiological indexes
showed that maize responded rapidly to drought stress.
Transcriptome analysis indicated that the numbers of DEGs
gradually increased with the aggravation of drought stress.
These DEGs may be strongly related to drought tolerance
in maize. Meanwhile, our research may provide a theoretical
basis for enhancing drought resistance in other plants.
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reasonable request from the corresponding author.



International Journal of Genomics

Conflicts of Interest

The authors declare that they have no conflicts of interest.

Acknowledgments

This work was funded by grants from the National Key R &
D Projects of China (2018YFD0100105, 2016YFD01011206-
6), Major Science and Technology Projects in Guangxi
(GKAA17204064), Central Leading Local Science and Tech-
nology Development Fund Project (GKZY21195018), and
Guangxi Academy of Agricultural Sciences Fund Project
(GNK2021YTO015).

Supplementary Materials

Supplementary 1. Supplemental Table 1: an overview of the
RNA-Seq reads derived from the sequencing results.

Supplementary 2. Supplemental Table 2: forty-three tran-
scription factors were downregulated in 5%, 10%, 15%, and
20% PEG treatment groups.

Supplementary 3. Supplemental Table 3: a collection of 216
DEGs in the MAPK signaling pathway in response to
drought stress.

Supplementary 4. Supplemental Table 4: 302 DEGs in hor-
mone signal transduction network in response to drought.

References

[1] M. R. Gradoville, B. C. Crump, C. C. Hise, and A. E. White,
“Environmental controls of oyster-pathogenic vibrio spp. in
Oregon estuaries and a shellfish hatchery,” Applied and Envi-
ronmental Microbiology, vol. 84, no. 9, 2018.

[2] A. K. Shanker, M. Maheswari, S. K. Yadav et al., “Drought
stress responses in crops,” Functional ¢ Integrative Genomics,
vol. 14, no. 1, pp. 11-22, 2014.

[3] W.Ibrahim, Y. M. Zhu, Y. Chen, C. W. Qiu, S. Zhu, and F. Wu,
“Genotypic differences in leaf secondary metabolism, plant
hormones and yield under alone and combined stress of
drought and salinity in cotton genotypes,” Physiologia Plan-
tarum, vol. 165, no. 2, pp. 343-355, 2019.

[4] M. M. Chaves and M. M. Oliveira, “Mechanisms underlying
plant resilience to water deficits: prospects for water-saving
agriculture,” Journal of Experimental Botany, vol. 55, no. 407,
Pp. 2365-2384, 2004.

[5] R. Mega, F. Abe, J. S. Kim et al., “Tuning water-use efficiency
and drought tolerance in wheat using abscisic acid receptors,”
Nature Plants, vol. 5, no. 2, pp. 153-159, 2019.

[6] S. Dixit, A. Singh, M. T. Sta Cruz, P. T. Maturan, M. Amante,
and A. Kumar, “Multiple major QTL lead to stable yield per-
formance of rice cultivars across varying drought intensities,”
BMC Genetics, vol. 15, no. 1, p. 16, 2014.

[7] N. Sandhu, A. Singh, S. Dixit et al., “Identification and map-
ping of stable QTL with main and epistasis effect on rice grain
yield under upland drought stress,” BMC Genetics, vol. 15,
no. 1, p. 63, 2014.

[8] W. Wang, B. Vinocur, and A. Altman, “Plant responses to
drought, salinity and extreme temperatures: towards genetic
engineering for stress tolerance,” Planta, vol. 218, no. 1,
pp. 1-14, 2003.

[9] E. Adee, K. Roozeboom, G. R. Balboa, A. Schlegel, and I. A.
Ciampitti, “Drought-tolerant corn hybrids yield more in
drought-stressed environments with no penalty in non-
stressed environments,” Frontiers in Plant Science, vol. 7,
p. 1534, 2016.

[10] A. Zhang, Y. Ji, M. Sun et al., “Research on the drought toler-
ance mechanism of Pennisetum glaucum (L.) in the root dur-
ing the seedling stage,” BMC Genomics, vol. 22, no. 1, 2021.

[11] B. M. Prasanna, “Diversity in global maize germplasm: charac-
terization and utilization,” Journal of Biosciences, vol. 37, no. 5,
pp. 843-855, 2012.

[12] J. K. Waititu, X. Zhang, T. Chen, C. Zhang, Y. Zhao, and
H. Wang, “Transcriptome analysis of tolerant and susceptible
maize genotypes reveals novel insights about the molecular
mechanisms underlying drought responses in leaves,” Interna-
tional Journal of Molecular Sciences, vol. 22, no. 13, p. 6980,
2021.

[13] W. Yu, R. Zhao, L. Wang et al., “ABA signaling rather than
ABA metabolism is involved in trehalose-induced drought tol-
erance in tomato plants,” Planta, vol. 250, no. 2, pp. 643-655,
2019.

[14] M. Zhang and S. Zhang, “Mitogen-activated protein kinase
cascades in plant signaling,” Journal of Integrative Plant Biol-
ogy, vol. 64, no. 2, pp. 301-341, 2022.

[15] J. Bigeard and H. Hirt, “Nuclear signaling of plant MAPKs,”
Frontiers in Plant Science, vol. 9, p. 469, 2018.

[16] L. Zhang, S. Yan, S. Zhang, P. Yan, J. Wang, and H. Zhang,
“Glutathione, carbohydrate and other metabolites of Larix
olgensis A. Henry reponse to polyethylene glycol-simulated
drought stress,” PloS One, vol. 16, no. 11, article €0253780, 2021.

[17] B. L. Huang, X. Li, P. Liu et al., “Transcriptomic analysis of
Eruca vesicaria subs. sativa lines with contrasting tolerance to
polyethylene glycol-simulated drought stress,” BMC Plant
Biology, vol. 19, no. 1, p. 419, 2019.

[18] M. H. Siddiqui, S. A. Alamri, M. Y. Y. Al-Khaishany et al.,
“Mitigation of adverse effects of heat stress on Vicia faba by
exogenous application of magnesium,” Saudi Journal of Bio-
logical Sciences, vol. 25, no. 7, pp. 1393-1401, 2018.

[19] G. Bacci, “Raw sequence data and quality control,” Methods in
Molecular Biology, vol. 1231, pp. 137-149, 2015.

[20] C. Brueffer and L. H. Saal, “TopHat-recondition: a post-
processor for TopHat unmapped reads,” BMC Bioinformatics,
vol. 17, no. 1, p. 199, 2016.

[21] G. P. Wagner, K. Kin, and V. J. Lynch, “Measurement of
mRNA abundance using RNA-seq data: RPKM measure is
inconsistent among samples,” Theory in Biosciences, vol. 131,
pp- 281-285, 2012.

[22] P.Li, Y. Piao, H. S. Shon, and K. H. Ryu, “Comparing the nor-
malization methods for the differential analysis of Illumina
high-throughput RNA-Seq data,” BMC Bioinformatics,
vol. 16, no. 1, p. 347, 2015.

[23] Gene Ontology Consortium, “The gene ontology resource: 20
years and still GOing strong,” Nucleic Acids Research, vol. 47,
pp- D330-D338, 2019.

[24] M. Kanehisa and Y. Sato, “KEGG mapper for inferring cellular
functions from protein sequences,” Protein Science, vol. 29,
no. 1, pp. 28-35, 2020.

[25] D. Bu, H. Luo, P. Huo et al., “KOBAS-i: intelligent prioritiza-
tion and exploratory visualization of biological functions for
gene enrichment analysis,” Nucleic Acids Research, vol. 49,
no. W1, pp. W317-w325, 2021.


https://downloads.hindawi.com/journals/ijg/2024/5681174.f1.docx
https://downloads.hindawi.com/journals/ijg/2024/5681174.f2.txt
https://downloads.hindawi.com/journals/ijg/2024/5681174.f3.txt
https://downloads.hindawi.com/journals/ijg/2024/5681174.f4.txt

10

(26]

(27]

(28]

[29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

(40]

[41]

(42]

B. Valliyodan and H. T. Nguyen, “Understanding regulatory
networks and engineering for enhanced drought tolerance in
plants,” Current Opinion in Plant Biology, vol. 9, no. 2,
pp. 189-195, 2006.

A. Caruso, F. Chefdor, S. Carpin et al., “Physiological charac-
terization and identification of genes differentially expressed
in response to drought induced by PEG 6000 in Populus cana-
densis leaves,” Journal of Plant Physiology, vol. 165, no. 9,
pp. 932-941, 2008.

R. Mittler, “Oxidative stress, antioxidants and stress toler-
ance,” Trends in Plant Science, vol. 7, no. 9, pp. 405-410, 2002.
D. Del Rio, A.]. Stewart, and N. Pellegrini, “A review of recent
studies on malondialdehyde as toxic molecule and biological
marker of oxidative stress,” Nutrition, Metabolism, and Car-
diovascular Diseases : NMCD, vol. 15, no. 4, pp. 316-328, 2005.
A. Izadi-Darbandi, H. Alameldin, N. Namjoo, and K. Ahmad,
“Introducing sorghum DREB2 gene in maize (Zea mays L.) to
improve drought and salinity tolerance,” Biotechnology and
Applied Biochemistry, vol. 70, no. 4, pp. 1480-1488, 2023.

H. Shao, H. Wang, and X. Tang, “NAC transcription factors in
plant multiple abiotic stress responses: progress and pros-
pects,” Frontiers in Plant Science, vol. 6, p. 902, 2015.

D. T. Le, R. Nishiyama, Y. Watanabe et al., “Genome-wide
survey and expression analysis of the plant-specific NAC tran-
scription factor family in soybean during development and
dehydration stress,” DNA Research, vol. 18, no. 4, pp. 263-
276, 2011.

Y. L. Yang, S. A. Cushman, S. C. Wang et al., “Genome-wide
investigation of the WRKY transcription factor gene family
in weeping forsythia: expression profile and cold and drought
stress responses,” Genetica, vol. 151, no. 2, pp. 153-165, 2023.
X. Fang, J. Ma, F. Guo et al., “The AP2/ERF GmERF113 posi-
tively regulates the drought response by activating GmPR10-1
in soybean,” International Journal of Molecular Sciences,
vol. 23, no. 15, p. 8159, 2022.

Y. Liang, F. Ma, B. Li et al, “A bHLH transcription factor,
SIbHLH96, promotes drought tolerance in tomato,” Horticul-
ture Research, vol. 9, 2022.

Z. Yang, Z. Dai, R. Lu et al,, “Transcriptome analysis of two
species of jute in response to polyethylene glycol (PEG)-
induced drought stress,” Scientific Reports, vol. 7, no. 1,
p. 16565, 2017.

H. Li, W. Yao, Y. Fu, S. Li, and Q. Guo, “De novo assembly and
discovery of genes that are involved in drought tolerance in
Tibetan Sophora moorcroftiana,” PLoS One, vol. 10, no. 1, arti-
cle e111054, 2015.

Y. Zhu, Q. Liu, W. Xu et al., “De novo assembly and discovery
of genes that involved in drought tolerance in the common
vetch,” International Journal of Molecular Sciences, vol. 20,
no. 2, 2019.

A. K. Sinha, M. Jaggi, B. Raghuram, and N. Tuteja, “Mitogen-
activated protein kinase signaling in plants under abiotic
stress,” Plant Signaling & Behavior, vol. 6, no. 2, pp. 196-
203, 2011.

K. Shinozaki and K. Yamaguchi-Shinozaki, “Gene networks
involved in drought stress response and tolerance,” Journal
of Experimental Botany, vol. 58, pp. 221-227, 2006.

J. R. Ecker, “The ethylene signal transduction pathway in
plants,” Science, vol. 268, pp. 667-675, 1995.

A. C. Mallory, D. P. Bartel, and B. Bartel, “MicroRNA-directed
regulation of Arabidopsis AUXIN RESPONSE FACTORI17 is

(43]

[44]

(45]

(46]

International Journal of Genomics

essential for proper development and modulates expression
of early auxin response genes,” The Plant Cell, vol. 17, no. 5,
pp. 1360-1375, 2005.

S. Vanneste and J. Friml, “Auxin: a trigger for change in plant
development,” Cell, vol. 136, no. 6, pp. 1005-1016, 2009.

A. Ferndndez-Arbaizar, J. J. Regalado, and O. Lorenzo, “Isola-
tion and characterization of novel mutant loci suppressing the
ABA hypersensitivity of the Arabidopsis coronatine insensi-
tive 1-16 (coil-16) mutant during germination and seedling
growth,” Plant & Cell Physiology, vol. 53, no. 1, pp. 53-63,
2012.

J. R. Qiu, Z. Huang, X. Y. Xiang et al., “MfbHLH38, a Myr-
othamnus flabellifolia bHLH transcription factor, confers
tolerance to drought and salinity stresses in Arabidopsis,”
BMC plant Biology, vol. 20, no. 1, 2020.

Y. Dong, C. Wang, X. Han et al.,, “A novel bHLH transcrip-
tion factor PebHLH35 from Populus euphratica confers
drought tolerance through regulating stomatal development,
photosynthesis and growth in Arabidopsis,” Biochemical
and Biophysical Research Communications, vol. 450, no. 1,
pp. 453-458, 2014.



	Physiological Characteristic Changes and Transcriptome Analysis of Maize (Zea mays L.) Roots under Drought Stress
	1. Introduction
	2. Materials and Methods
	2.1. Plant Materials
	2.1.1. Sample Preparation
	2.1.2. RNA Extraction, cDNA Library Construction, and RNA-Seq
	2.1.3. Quality Control, DEG Analysis, and Gene Ontology and Gene Pathway Enrichment Analysis
	2.1.4. Data Analysis


	3. Results
	3.1. Physiological Changes of Maize in Response to Drought Stress
	3.2. Transcriptomic Analysis of Maize Responses to Drought Stress
	3.3. KEGG Enrichment Analysis
	3.4. Expression of Transcription Factors under Drought Stress
	3.5. Expressional Regulation in MAPK Signaling Pathway in Response to Drought Stress
	3.6. Expressional Regulation in Hormone Signal Transduction Network in Response to Drought

	4. Discussion
	5. Conclusion
	Data Availability
	Conflicts of Interest
	Acknowledgments
	Supplementary Materials



