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Transcriptome analysis reveals
key drought-stress-responsive
genes in soybean
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Chuanyou Ren?, Jiang Liu® and Xining Gao'%*

College of Agronomy, Shenyang Agricultural University, Shenyang, China, 2Liaoning Key Laboratory of
Agrometeorological Disasters, Shenyang, China

Drought is the most common environmental stress and has had dramatic
impacts on soybean (Glycine max L.) growth and yield worldwide. Therefore,
to investigate the response mechanism underlying soybean resistance to
drought stress, the drought-sensitive cultivar “Liaodou 15" was exposed to 7
(mild drought stress, LD), 17 (moderate drought stress, MD) and 27 (severe
drought stress, SD) days of drought stress at the flowering stage followed by
rehydration until harvest. A total of 2214, 3684 and 2985 differentially expressed
genes (DEGs) in LD/CK1, MD/CK2, and SD/CK3, respectively, were identified by
RNA-seq. Weighted gene co-expression network analysis (WGCNA) revealed
the  drought-response TFs such as WRKY (Glyma.15G021900,
Glyma.15G006800), MYB (Glyma.15G190100, Glyma.15G237900), and bZIP
(Glyma.15G114800), which may be regulated soybean drought resistance.
Second, Glyma.08G176300 (NCED1), Glyma.03G222600 (SDR),
Glyma.02G048400 (F3H), Glyma.14G221200 (CAD), Glyma.14G205200
(C4H),  Glyma.19G105100  (CHS),  Glyma.07G266200  (VTC)  and
Glyma.15G251500 (GST), which are involved in ABA and flavonoid
biosynthesis and ascorbic acid and glutathione metabolism, were identified,
suggesting that these metabolic pathways play key roles in the soybean
response to drought. Finally, the soybean yield after rehydration was
reduced by 50% under severe drought stress. Collectively, our study
deepens the understanding of soybean drought resistance mechanisms and
provides a theoretical basis for the soybean drought resistance molecular
breeding and effectively adjusts water-saving irrigation for soybean under
field production.
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1 Introduction

Soybean (Glycine max L.), as one of the most important oil crops with significant
economic value, has been cultivated worldwide. In addition to its macronutrients and
minerals, soybean has many positive effects on human health due to its contents of oil,
protein and isoflavones (Sakai and Kogiso, 2008; Choudhary and Tran, 2011; He and
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Chen, 2013).
environmental stress encountered by plants under the current

However, drought is the most common

situation of climate change, which has had dramatic impacts on
plant growth and crop yield (Barnab as et al., 2008; Qin et al.,
2011; Lesk et al., 2016), such as up to a 40% reduction in soybean
yield (Stacey et al.,, 2004; Fahad et al., 2017). Consequently, the
molecular mechanisms and molecular breeding of drought
tolerance in soybean remain to be explained (Lawlor, 2013).

Drought stress has negative effects at the physiological,
developmental, and molecular levels in plants, including
photosynthesis inhibition, reactive oxygen species (ROS)
generation, and cellular tissue and membrane damage (Xu
et al, 2010; Golldack et al, 2014; Zhu, 2016; Anjum et al,
2017). Thus far, a number of studies have suggested that
plants use multiple physiological and molecular strategies in
response to drought stress. For instance, they rapidly
accumulate osmotic regulators (proline and soluble sugar), a
process crucial for plant drought resistance (Dien et al., 2019; La
et al,, 2019). Furthermore, the increase in superoxide dismutase
(SOD) and peroxidase (POD) activities enhances vitamin C
production and glutathione metabolism, playing a key role in
avoiding drought damage (Sun et al., 2020; Zhang et al., 2020). In
addition, plants can activate drought stress defense though the
altered expression of related genes, such as 4CL5 and F5HI
involved in flavonoid pathway and lignin biosynthesis, which
results in increased lignin content and subsequent drought
tolerance (Xu et al., 2020; Sun et al., 2022).

Plant hormones responding to abiotic and biotic stresses
play significant roles in plant growth and development. It has
been well documented that drought stress can cause the
biosynthesis and signal transduction of various plant
hormones, especially abscisic acid (ABA) (Khan et al,
2015; Vishwakarma et al, 2017). Significantly, the NCED
gene encodes 9-cis-epoxycarotenoid dioxygenase, which can
increase abscisic acid content and induce drought stress
related genes, stomatal closure and other physiological
processes in plants (Chimungu et al,, 2014; Huang et al,
2019). The ABA responsive elements binding factor (ABF)
has been reported to regulate the expression of drought-
responsive genes and enhance enzyme activity to maintain
plant resistance to drought stress (Kerr et al., 2018).

Various omics analyses, such as genomics, transcriptomics,
proteomics, and metabolomics, have gained insight into plant
responses to abiotic stresses (Basim et al, 2021). Due to
RNA
sequencing, has become one of the most effective methods for

technological ~advancements and reduced cost,
evaluating the interaction between plants and abiotic stresses
(Zhang and Song, 2017; Xuan et al, 2022). Based on
transcriptomics analysis, many transcription factors (TFs)
have been detected in plants associated with drought stress,
including WRKY, MYB and DREB (Lindemose et al., 2013;
Wang et al, 2016), AP2/ERF (Xie et al, 2019), bZIP (Kang

et al, 2019), and NAC (Thirumalaikumar et al, 2018). In
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addition,
signaling pathway and the Ca®" signaling pathway have been
found to be enriched under drought stress based on KEGG
analysis (Zhao et al., 2020; Liu et al., 2022).

Soybean is known to be highly sensitive to water deficit;

the mitogen-activated protein kinase (MAPK)

hence, an adequate water supply is crucial for its growth and
development to achieve high primary production (Buezo et al.,
2019; Yu et al., 2020). However, there can be a certain degree
of drought stress in soybean, which has no significant effects
on soybean yield due to plant growth compensation after
rehydration (Hao et al., 2010; Liu et al., 2012; Xue et al., 2013).
Previous studies have shown that the flowering stage of
soybean is the most sensitive period for drought stress
(Meckel et al., 1984). Therefore, to investigate the response
mechanism of soybean under varying degrees of drought, the
drought-sensitive cultivar “Liaodou 15” was exposed to
different levels of drought stress at the flowering stage by
gradually decreasing the amount of irrigation at different
levels and durations. Subsequently, physiological evaluation
and transcriptomic analyses in soybean leaves under drought
stress were performed. Then, WGCNA based on the
data
performed to investigate the function of TFs and identify

transcriptome and physiological indices was
genes of several key pathways in soybean response under
drought stress. Meanwhile, we analyzed the crop yield of
the

Collectively, the aim of this work was to elucidate the

soybean after rehydration in harvesting period.
mechanism underlying the response of soybean to drought
stress, provide a theoretical basis for the molecular breeding of
drought resistance, and effectively adjust water-saving

irrigation for soybean production under field conditions.

2 Materials and methods
2.1 Plant materials and equipment

The soybean, the drought-sensitive cultivar “Liaodou 157,
was grown in the scientific observation and experimental station
of crop cultivation in Northeast China, Ministry of Agriculture
and Rural Affairs, P. R. China, located at Shenyang Agricultural
University (123.53°E, 41.73°N, Shenyang, China).

The area has a brown soil type, and the soil capacity at the
time was 30%. The basic soil fertility data are shown in
S1. The
included a sliding plastic film rain shelter with a reinforced

Supplementary Table experimental equipment
steel frame, which was used on rainy days, and a soil
moisture and temperature sensor buried approximately 30 cm
deep in the soil (SMTS-II-485, China). This study applied a drip
system to control the amount of water released during each
treatment to ensure uniform irrigation. Except for the water
control, the other cultivation measures were the same as in

standard procedures during the entire growth period.
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2.2 Experimental design

There were three drought stress treatments in the experiment
and three repetitions for the control. This study adopted a
randomized block design. Each drought treatment had three
plot replicates, for a total number of 12. The size of each plot was
2 x 3.6 m. A total of 108 soybean plants were grown in each plot.
The relative soil water content was measured by a soil moisture
and temperature sensor (SMTS-1I-485, China). Before flowering,
all plots should maintain the same soil moisture conditions and
sufficient water content.

For drought treatments, soybean plants at the early flowering
stage were continuously subjected to drought stress. 1) Water was
continuously withheld from the first group for 7 days. As a result, the
soybean leaves appeared curled (mild, the soil moisture content was
24.3%, LD). 2) Water was continuously withheld from the second
group for 17 days, wilting and curling (moderate, the soil moisture
content was 20.6%, MD). 3) Water was continuously withheld from
the third group for 27 days, severe wilting and curling (severe, the soil
moisture content was 16.9%, SD). 4) The control leaves of each
treatment with the same developmental stage were grown in soil with
30% relative water content (CK1, CK2, and CK3), which remained
green, fully expanded and healthy. After the drought stress period
was completed, rehydration was performed with the control level on
the same day, and this was maintained until harvest. Meanwhile, the
top two to three leaf samples with each drought stress treatment and
corresponding controls were collected on the day of completing the
drought experiment, and the samples were quickly frozen in liquid
nitrogen, then stored at —80°C until measurement. The leaves of each
soybean sample type (n = 30) were used for the evaluation of
physiological indices and transcriptome analysis. Soybean seeds
were used for yield measurement. All experiments were
performed with at least three biological replicates.

2.3 Determination of physiological indices

The collected soybean leaves under drought stress were
examined for seven physiological indices. The contents of
soluble sugar (cat no. YX-W-B602), soluble protein (cat no.
YX-W-C202), chlorophyll (YX-W-A304), proline (ca no. YX-
W-A605) and malondialdehyde (MDA, cat no. YX-W-A401), as
well as the SOD (cat no. YX-W-A500 -WST-8) and CAT (cat no.
YX-W-A501) activities were determined according to the
instructions of the physiological index assay kit provided by
Sinobestbio Biotechnology Co., Ltd. (Shanghai, China). Each
sample was used for three technical replications.

2.4 Soybean RNA-seq analysis

Leaves of soybean were collected at 7, 17, and 27 d after
drought stress with three biological replicates. Transcriptome
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sequencing was performed by Genedenovo Biotechnology Co.,
Ltd (Guangzhou, China). Briefly, total RNA was extracted and
checked for purity and integrity using a NanoDrop 2000
(Thermo Scientific, Waltham, MA, United States) and the
RNA Nano 6000 Assay Kit of the Bioanalyzer 2100 System
(Agilent Technologies, Santa Clara, CA, United States),
respectively. The qualified RNA was prepared for the
construction of cDNA libraries and sequenced using an
Mumina sequencing platform. The clean reads were mapped
to the soybean genome (https://phytozome-next.jgi.doe.gov/
info/Gmax_Wm82_a4_v1) by HISAT2 tools (Langmead et al.,
2009; Kim et al., 2015). The raw sequencing data generated from
this study were archived in NCBI SRA (http://www.ncbi.nlm.nih.
gov/sra) with the BioProject accession number PRINA852689. A
power analysis for sequencing depth was calculated by
RNASeqPower (https://doi.org/doi:10.18129/B9.bioc.
RNASeqPower), which uses RNA-seq data analysis to examine
transcription patterns. Differential expression analysis of
soybean plants under drought stress was performed using
DESeq2 (Love et al, 2014). DEGs with [log2FC| > 1 and
p-values < 0.05 were retained and considered significantly
upregulated or downregulated groups, respectively. The
expressed gene function annotations were conducted by the
Gene Ontology (GO) database. All molecular pathways were
explored by the Kyoto Encyclopedia of Genes and Genomes
(KEGG).

2.5 Weighted gene co-expression network
analysis

The R package “weighted gene co-expression network analysis”
(WGCNA) was used to identify the network of genes from the
transcriptome data and seven physiological indices. The DEGs were
divided into different modules marked with different colors based on
similar expression patterns. Combined with the changes in seven
physiological indices, the DEGs associated with drought resistance
were analyzed in the modules using the significant correlation
coefficient, which was performed by KEGG and GO enrichment
analysis.

2.6 Validation of RNA—seq data by qRT—
PCR analysis

Total RNA from soybean leaves was extracted by an
ultrapure RNA kit (Cat#CW0581, CWbio. Co. Ltd., Beijing,
China) and treated with DNase I (DNA free, Takara, Dalian,
China). The concentration and quality of total RNA was checked
by a NanoDrop device (Thermo, Fisher Scientific). First-strand
cDNA synthesis was carried out from 1 pg of treated total RNA
using PrimeScript™ RT Master Mix (Takara, Dalian, China) in a
total volume of 20 pl.
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https://phytozome-next.jgi.doe.gov/info/Gmax_Wm82_a4_v1
https://phytozome-next.jgi.doe.gov/info/Gmax_Wm82_a4_v1
http://www.ncbi.nlm.nih.gov/sra
http://www.ncbi.nlm.nih.gov/sra
https://doi.org/doi:10.18129/B9.bioc.RNASeqPower
https://doi.org/doi:10.18129/B9.bioc.RNASeqPower
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2022.1060529

Li et al.

Relative gene expression was quantified by QqRT—PCR using
SuperReal PreMix Plus (SYBR Green) (Takara, Dalian, China)
according to the manufacturer’s protocol on an ABI PRISM
7500 sequence detection system (Applied Biosystems, Thermo
Fisher Scientific, United States). The gene-specific primers for
real-time quantitative PCR (QRT—PCR) were designed using the
NCBI online tool Primer-blast (https://blast.ncbi.nlm.nih.gov/
Blast.cgi) and are listed in Supplementary Table S2. The
amplification program was as follows: one cycle of 30s at
95 °C, followed by 45 cycles of 5s at 95°C, 15s at 60°C and
72°C for 15s. The soybean gene GmUKNI (Glymal2¢02310)

2724Ct method was

served as the internal reference gene and the
used to analyze relative changes of gene expression (Livak and
Schmittgen, 2001; Lu et al,, 2016). Three biological and three

technical replicates were included in the QRT—PCR analysis.

2.7 Soybean yield measurement

After soybean ripening, thirty soybean plants were randomly
selected from each plot and harvested in the laboratory. The seed
weight and soybean yield in each plot were investigated.

2.8 Statistical analysis

All measurements were repeated at least three times. The data
are presented as the mean values + standard deviations (SD) and
(ANOVA). Multiple
comparisons were conducted by Duncan’s multiple range test
at p < 0.05 using the SPSS statistics program 18.0. The differences
between the physiological index and gene expression in response

subjected to analysis of variance

to drought stress were considered statistically significant at
p-values < 0.05. The charts were drawn by Excel 2010
(Microsoft, Redmond, WA, United States) and TBtools (Chen
et al., 2020).

3 Results

3.1 Physiological responses of soybean
under drought stress

To gain insights into the mechanism of the drought stress
response in soybean at the flowering stage, we triggered a
controlled water deficit in the experimental application to
simulate different drought levels. Plants in each treatment
group to a different level of soil moisture content are shown
in Supplementary Figure S1, which was measured by a soil
moisture and temperature sensor (SMTS-II-485, China).
When exposed to drought stress for 7 d, the soybean leaves
showed slightly curled edges, corresponding to mild drought
stress (24.3% soil moisture content, LD). After 17 d of water
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deprivation, moderate drought stress was attained (20.6% soil
moisture content, MD), and some soybean plants turned curved
and partially yellowed surfaces with signs of water loss, while
control plants remained healthy. Moreover, following 27 days
without watering, almost all soybean plants appeared severe
wilting and curling, indicating severe drought stress-induced
damage (16.9% soil moisture content, SD), whereas the leaves
of the control remained green and fully expanded (Figure 1A).
Accompanied by changes in leaf phenotype, the chlorophyll
content steadily decreased with decreasing soil moisture
content from 30% to 16.9% and was markedly lower than that
under control conditions (Figure 1E). The MDA content peaked
in the SD treatment at 138.4 pumol/g, MDA content in SD
treatment did differ significantly among the rest of the
treatments, and each drought treatment was significantly
higher than that of the control (Figure 1D).

Meanwhile, for the antioxidant enzyme activity in soybean
leaves, the SOD activity tended to increase first and then decrease
as drought time increased from 7d to 27d in the soybean
(Figure 1B). The SOD activity of soybean in the MD
treatment reached a maximum of 791.59 U/g min at 17 days,
whereas significant differences were noted among the other
treatments. The CAT activity was not significantly different
under the LD condition compared to the control, and CAT
activity was significantly increased (Figure 1C). Furthermore, for
osmotic adjustment in soybean leaves, the proline content
increased following the LD, MD and SD treatments. Soybean
reached a maximum proline content in the SD treatment of
193.29 ug/g (Figure 1F). Consistent with this, the contents of
soluble sugars and soluble protein were not significantly different
under LD compared with the control, whereas soluble sugars
content of 25.64 mg/g, and 32.33 mg/g and soluble protein
content with 52.84 mg/g, 66.06 mg/g in soybean for the MD
and SD treatments were noted compared with their control
(Figures 1G,H).

In short, these results indicated that in soybeans exposed to
varying degrees of drought stress due to prolonged water control,
osmotic regulatory substances were increased and antioxidant
enzyme activity was enhanced to maintain plant growth and
development.

3.2 RNA-seq data revealed differentially
expressed genes in soybean after drought
treatments

To elucidate the mechanism of the response of differentially
expressed genes in drought stress in soybean, RNA-seq was
performed in soybean leaves subjected to different levels of
drought stress. By comparing reads to the soybean genome,
the genomic alignment of each sample was obtained, and the
alignment rate was approximately 93% (Supplementary Table
S3). Based on three biological replicates under control and
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different drought conditions, we performed a principal

component analysis (PCA). The first two principal
components PCl and PC2 accounted for 79.5% and 10.4%,
respectively (Supplementary Figure S2A). These results

indicated that there were different gene expression patterns
between the soybeans under different levels of drought stress
(Supplementary Figure S2B). In addition, the power analysis for
sequencing depth was identify DEGs
(Supplementary Table S4). The statistical power of this

performed to

experimental design, calculated in three drought treatments
(CK1 vs. LD, CK2 vs. MD, and CK3 vs. SD), was 0.7655,
0.7654 and 0.7656, respectively (Supplementary Table S4).
Subsequently, the analysis of differentially expressed genes
was performed in soybean leaves exposed to three levels of
drought stress and compared with the control, which could
identify the significantly changed genes regulated by drought
2). There 1211
downregulated genes in CKl1

stress
1003

(Figure were upregulated and

vs. LD, and
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1865 upregulated and 1819 downregulated DEGs in CK2 vs.
MD. A total of 2985 DEGs were identified in leaves exposed to
SD, including 1238 upregulated and 1747 downregulated genes
(Figure 2A). Furthermore, the Venn diagrams showed that
235 DEGs were common in soybeans under three drought
treatments (CK1 vs. LD, CK2 vs. MD, and CK3 vs. SD)
(Figure 2B). The gene expression of 235 common DEGs in
soybean under three levels of drought stress is shown in
Supplementary Table S5.

3.3 Functional enrichment analysis of
DEGs by GO and KEGG

In order to analyze the differentially expressed genes in soybean
in response to drought stress, gene ontology (GO) and KEGG
analyses were performed, which highlighted the major functions
of genes induced by drought stress. The GO enrichment analysis was

frontiersin.org
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conducted with division into biological process (BP), molecular
function (MF) or cellular component (CC) terms. The majority of
drought-responsive genes in soybean were significantly enriched
regarding BP terms, including ‘cellular process’ and “metabolic
process”, as well as MF categories, including ‘binding’ and
“catalytic activity”. Several CC terms were mainly characterized
as ‘cell’, “cell part”, “organelle”, and “membrane” (Supplementary
Figures S3-5). The number of differentially expressed genes (up- or
downregulated) in each pathway under mild drought was less than
800, while those under MD and SD were all higher than 1000. These
results indicated that DEGs were related to metabolic pathways or
other regulatory networks that respond to drought stress.

On the basis of the obtained transcriptome data, we specified
the top 20 KEGG pathways under drought stress. The KEGG
analysis showed that three pathways were significantly enriched
(false discovery rate <5%) under varying degrees of drought
stress, including starch and sucrose metabolism, plant hormone
signal transduction, and MAPK signaling pathways (Figures
2C-E). Interestingly, significant enrichment of arginine and
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proline metabolism was detected only under mild drought
stress (Figure 2C). MD and SD stress stimuli trigger the
ascorbate and aldarate metabolism pathways. However,
glutathione metabolism and flavonoid biosynthesis pathways
were differentially expressed between MD and SD stress
(Figures 2D,E). This observation indicates that the enrichment
of antioxidant and secondary metabolite pathways are
considered typical of the response of soybean to different

drought stress treatments.

3.4 Co-expression network analysis of
DEGs in soybean leaves

We further performed weighted correlation network
analysis based on antioxidant enzyme activity and osmotic
regulation substance content to identify gene clusters or
modules that are associated with the drought stress
response in soybean leaves. All genes were clustered into
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27 modules (Figure 3A), of which the black modules were
significantly correlated (80%) with six physiological indicators
(Figure 3B). The orange and tiles modules were also
significantly correlated (Figure 3B). The gene expression
trends for the three modules are shown in Figure 3C. These
results indicate that the network of genes and these indicators
is complex, and the functioning pathways are in these modules
under drought stress. The KEGG enrichment analysis of three
modules showed that the MAPK signaling pathway was
(black modules)
and ascorbate and aldarate metabolism and

enriched for most drought-stressed
samples,
biosynthesis of secondary metabolites were also enriched

(orange modules) (Supplementary Figure S6). In addition,
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the expression of 135 DEGs, 15 DEGs and 5 DEGs was
associated with the TFs in the respective three modules
(Supplementary Figure S7). Among them, the MYB (6),
bHLH (5), bZIP (3), NAC (10), WRKY (11) and AP2/ERF
(9) families of TFs were predominantly differentially
expressed, and a greater number of TFs were significantly
upregulated under MD and SD stress, such as WRKY
(Glyma.15G021900, Glyma.15G006800), MYB
(Glyma.15G190100, Glyma.15G237900), and bzip
(Glyma.15G114800) (Figure 4). Taken together, the drought
response in soybean leaves was positively regulated by
multiple metabolic pathways and a number of transcription
factors.
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3.5 DEGs involved in ABA biosynthesis and
signaling pathways under drought stress

The drought-responsive DEGs were significantly enriched
in the plant hormone signal transduction pathways. As an
important plant hormone, ABA plays an essential role in
drought stress. Therefore, we monitored the expression
patterns of ABA biosynthesis and its signaling related
genes in the transcriptome data. Multiple genes that
ABA  were
upregulated only in LD treatment. At the same time,
NCEDs (Glyma.15G250100 and Glyma.08G176300), the key
genes in ABA synthesis, and SDR (Glyma.03G222600) were
upregulated in all groups. AAO was only upregulated in the
MD treatment. In addition, the metabolic genes AOG and

synthesize upregulated. Two ZEPs were
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CYP707A  (Glyma.09G282900)
(Figure 5). Five ABA-induced PP2Cs were significantly
upregulated by drought stress in the soybean, of which
Glyma.14G162100, Glyma.19G069200, and Glyma.08G33800
were upregulated under LD, MD and SD stress. In addition,
three SnRK2 genes (Glyma.17G148800, Glyma.09G066700,
Glyma.02G176100) were upregulated, and six such genes

were  downregulated

were downregulated under MD or SD stress. Finally, three
ABF TFs (Glyma.06G040400 LD and MD,
Glyma.04G039300 in LD, Glyma.12G184400 in SD) were
upregulated under three drought stress levels and in turn
activated ABA-responsive response genes (Figure 5). This
finding suggested that ABA-related genes are induced by

in

varying degrees of drought stress and thus play important
roles in the soybean response.
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3.6 DEGs involved in AsA and GSH
biosynthesis pathways under drought
stress

To identify the genes related to ascorbate biosynthesis and
glutathione metabolism in soybean under drought stress, the
DEGs related to ascorbate metabolism were analyzed (Figure 6).
The six DEGs were found to be linked to ascorbate metabolism at
all three drought stress levels. Some of these, DEGs, such as GME
(Glyma.10G162000) and VTC2-5 (Glyma.02G292800) were
induced by SD stress and three VTC4 genes
(Glyma.07G266200,  Glyma.09G011100,  Glyma.15G115500)
were upregulated under MD and SD stress (Figure 6A).
Meanwhile, the DEGs were found to be related to glutathione
metabolism under three levels of drought stress. Of these, six GST
genes (glutathione S-transferase) and two G6PDH genes
(Glyma.18G284600,  Glyma.17G096800)
under SD stress, and some GST genes were downregulated
under LD or MD stress. Furthermore, two PGD genes
(Glyma.19G038400, Glyma.05G214000) and one GPX gene
(Glyma.01G219400) were upregulated in the SD treatment
(Figure 6B). showed that ascorbate and
glutathione metabolism genes were activated by drought stress
in soybean, especially by serious drought stress.

were upregulated

These results
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3.7 DEGs involved in flavonoid
biosynthesis pathways under drought
stress

Based on the KEGG and WGCNA analyses, we further
identified the DEGs involved in phenylalanine and flavonoid
biosynthesis pathways, that were significantly related to
drought responses in soybean leaves. We found that the
DEGs enriched in phenylalanine and flavonoid biosynthesis
pathways were unique under MD and SD treatments. Mild
stress had no effects on phenylalanine and flavonoid
biosynthesis pathways and was not linked to differentially
expressed genes (Figure 7). Two genes (Glyma.10G209800,
Glyma.20G180800) encoding PAL proteins involved in the
phenylalanine pathway showed markedly increased
expression in soybean leaves under LD or SD conditions
relative to control plants. It is worth noting that C4H genes
(Glyma.14G205200) and two 4CL genes (Glyma.01G232400,
Glyma.05G075100) were upregulated by MD and SD
treatments (Figure 7A). Next, we further analyzed the genes
of the flavonoid pathway under drought stress. The genes CHS
(Glyma.19G105100) and F3H (Glyma.02G048400) were
significantly upregulated under MD and SD stress.

Meanwhile, DFR (Glyma.17G252200) and two ANS genes
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(Glyma.11G027700, Glyma.01G214200) were significantly
upregulated under SD stress (up to 3-fold) (Figure 7B).
These results suggest that the DEGs involved in the
phenylalanine and flavonoid pathways are perhaps
activated mainly by severe drought stress rather than mild

drought stress.

3.8 The qRT-PCR analysis to validate RNA-
seq data

To validate the gene expression data obtained from RNA-
seq, we selected nine genes participated in ABA, AsA, GSH
and flavonoid biosynthesis pathways under drought stress

for qRT-PCR analysis. We found good agreement (r =
0.99-0.8) in with relative gene expression between RNA-
Seq and qRT-PCR for all candidate genes except
Glyma.03G222600 under drought stress, which confirmed
the reliability and accuracy of RNA-seq analyses in this study
(Figure 8). When the soil moisture content was 20.3% (water
withheld  for 17 days), the upregulated
(Glyma.15G250100, Glyma.07G266200 and
Glyma.14G205200) in the MD treatment increased by the
largest proportion, to 3.7-, 6.5- and 7.6 fold, respectively. In
turn, the up-regulated genes (Glyma.15G251500,
Glyma.02G048400, Glyma.19G105100 and
Glyma.14G221200) exhibited the largest increase (to 3.7-
,6.5- and 7.6- fold) at SD treatment after 27 days without
water, at which time the soil moisture content was 16.9%.

genes
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Overall, when soybean exposed to MD and SD treatments,
some genes involved in ABA, AsA, GSH and flavonoid
biosynthesis pathways in soybean leaves were highly

expressed, and as the water deficit treatment was
extended, the degree of gene expression increased
correspondingly.

3.9 Soybean yield after rehydration

To reveal the effect of varying degrees of drought stress on the
yield of soybean after rehydration, soybean was harvested at the
mature stage for analysis. Soybean yield significantly decreased
with drought stress at different levels, whereas mild drought
stress had no significant effect on soybean yield after rehydration
in the harvested period (p < 0.05) (Figure 9). Moreover, soybean
yield under MD and SD stress was approximately 0.75-and 0.5-
fold lower than that of the controls, respectively (p < 0.05).

4 Discussion

As a symptom of a severe global climate disaster, drought
leads to a decline in crop production and exacerbates direct
economic losses each year (Molnar et al., 2021). In soybean,
which is a global economic oilseed crop, drought stress is a
major factor that can reduce yields by more than 40% (Specht
et al., 1999). However, molecular insights into the drought

resistance of soybean have been limited.
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4.1 Physiological performance of soybean
leaves subjected to different levels of
drought stress

Plants have been shown to display a variety of changes to

reduce drought damage through at stress response
mechanisms in terms of physiology and biochemistry
(Harauma et al., 2007; Song et al., 2009; Elansary and
Salem, 2015; Martignago et al., 2020). In this study, mild
drought stress had little effect on the growth of soybean,
the wilted, and dehydrated

dramatically under moderate and severe stress levels. The

however, leaves curled,
phenotype of plant leaves directly indicates the degree of
drought stress (Li et al, 2020). When plants encounter
drought stress, excess reactive oxygen species (ROS) will
accumulate, and these will be scavenged by activating the
antioxidant system to reduce oxidative damage, including
POD, SOD and CAT activities (Miller et al., 2010). If the

antioxidant system cannot remove excess reactive oxygen
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species in time, they will cause damage to membranes and

protein function, thereby harming plant tissues and
accelerating plant senescence (Mittler et al., 2004; Torres
and Dangl., 2005). One of the associated damages to plants
is the production of MDA and membrane lipid peroxidation
(Gill and Tuteja, 2010). Our findings suggested that MDA
caused by ROS
1B). The

activities of SOD and CAT were successfully measured, and

content was increased, which was

accumulation under drought stress (Figure
they were found to be upregulated to remove excess ROS and
relieve membrane damage to maintain normal plants growth
(Figure 1B) (Baldoni et al., 2016). Plants also adopt osmotic
regulation strategies to confer drought tolerance and further
reduce the damage caused by drought stress (Lotfi et al., 2010).
Notably, soluble proteins, soluble sugars and proline increased
approximately 2-fold under SD stress, which contributed to
reducing the osmotic potential and membrane protection, as
well as maintaining water uptake in plants in response to
drought stress (Ashraf and Foolad, 2007; Seki et al., 2007).

frontiersin.org


https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2022.1060529

Li et al.

10.3389/fgene.2022.1060529

Glyma.15G250100 Glyma.08G176300 Glyma.03G222600
E 5'2 r=0.999 A DRNA-seq BqRT-PCR EN T 1=0.884 ORNA-seq BqRT-PCR EN 3 1=-0.063 ORNA-seq BqRT-PCR
g 45 + a éﬂ 6 - i :%f 25 a
; 4r 357 a T T 4L
235 z 3 a
= 3t =4 | 2 5
= S S15 a
225 ¢ F3} i
§ 2t b £ b 2oL
15 ¢ 72 ]
o 1 21l 205
2 Z J
=05 + 5 ]
= = ]
s 0 &o g 0
~ CK1-vs-LD CK2-vs-MD CK3-vs-SD CK1-vs-LD CK2-vs-MD CK3-vs-SD CK1-vs-LD CK2-vs-MD CK3-vs-SD

Glyma.07G266200

Glyma.15G251500

Glyma.19G105100

—_ 2 1=0.881 a ORNA-seq MqRT-PCR E AN 1=0.873 ORNA-seq BqRT-PCR K?.-* 10 ¢ 1=0.822 ORNA-seq BqRT-PCR
o8¢ 6 a = a
$7 I £, i S8 i
= < 7t
—6r T o4t £ a
= b z T 6
25t - = =
=2 g 3r b S 5|
Eall %2t a4t
23 b = & L
g1 ; E1f c ﬂ g3
?; ! I ; X v .g : - l! ﬂ
pLr z Kil{vs-LD CK2-vs-MD CK3-vs-SD = [
'é o Za Vs Vs Vs 30 - -
g CK1-vs-LD CK2-vs-MD CK3-vs-SD ML CK1-vs-LD CK2-vs-MD CK3-vs-SD
Glyma.14G205200 Glyma.02G048400 Glyma.14G221200

10 - a Co T 5
sl 1=0.863 ? ORNA-seq BQRT-PCR & 1=0.970 DORNA-seq BqRT-PCR &, 1=0.934 DRNA-seq BqRT-PCR
E En 8 o 4
s 8 =971 a =7
S . a T a
= 1F 26l b 3 P
s 6+ g £3r
25t g3 E b
2 24t €2t
S 47 4 4
2 3t b 23 2
= o g 1r
g2 227 @ b
g 24 L £ [ ]
: ol - [] M S0 ma 0
£0 — g0 — & K1{vs-LD CK2-vs-MD CK3-vs-SD
2 -1 L CKl-vs-LD CK2-vs-MD CK3-vs-SD CK1-vs-LD CK2-vs-MD CK3-vs-SD 1t

FIGURE 8

Comparison of gene expression patterns between RNA-seq and gRT-PCR under drought treatments. Data represent the means + SD of three
biological replicates, and each biological replicate contained three technical replicates (p < 0.05).

(kg/hm?
w
]

250 c
200

150

100

Soybean yield

MD SD

FIGURE 9
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and the data represent the means + SDs. Different letters represent
statistically significant differences (p < 0.05).
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4.2 The roles of ABA biosynthesis and
signaling and TFs in drought stress
responses in soybean

ABA plays a pivotal role in drought stress tolerance that results in
closing the stomata as well as regulating the contents of proteins,
soluble sugars and amino acids (Finkelstein, 2013; Maruyama et al,
2014; Gonz "alez-Villagra et al., 2019; Mathan et al,, 2021). Using GO
and KEGG enrichment analyses, 28 DEGs and 36 DEGs related to
ABA biosynthesis and signaling pathways in soybean under different
drought treatments were obtained (Figure 5). We found that the
highest expression of the NCED gene occurred in soybean under three
drought stress levels (Figure 5A), which demonstrated that the plant’s
‘commitment’ increased ABA content (Qin and Zeevaart,, 2002;
Martinez-Anddjar et al, 2011). Interestingly, it seems that the
expression of AOG and CYP707A genes was significantly lower
than that of the control after MD and SD treatments (Figure 5A).
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FIGURE 10

The model for the regulation of the drought response in
soybean responds to drought conditions by regulating the plant
hormone, antioxidant and flavonoid pathways.

This suggested that the ABA response to drought stress occurs
through increased biosynthesis and catabolism (Ren et al., 2006).
This phenomenon was also reflected at the transcription levels of ABA
signaling pathways under drought stress. Drought treatments
upregulated genes participating in the ABA signaling pathways,
especially three PP2C genes (Figure 5B). Notably, we observed that
the expression of three ABF genes in soybean treated with drought
stress was higher than that in the controls. These results are
compatible with the critical signaling role of ABA in plant defense.

Transcription regulation is a typical mechanism for plants
encountering drought. Based on WGCNA, MYB, WRKY, NAC,
and bHLH were upregulated under MD and SD stress (Figure 3).
They function as activators or repressors to regulate target genes
and then form a transcriptional regulatory network involved in
abiotic stress response and tolerance. In addition, some plant
hormone response factors were also enriched in the three
modules, such as ARF, EIN3 and BESI, which indicated that
multiple hormones co-regulate plant responses to drought stress.

4.3 AsA and GSH metabolism involved in
drought stress responses in soybean

When the plant is subjected to drought stress, the excess ROS
will be scavenged by the antioxidant system, which involves the
SOD, POD and CAT enzymes, as well as the nonenzymatic
constituents (AsA, GSH, and flavonoids) that maintain the
steady state of cell membranes (You et al, 2019). KEGG
analysis detected the enrichment of AsA and GSH metabolism
genes involved in the drought response (Figures 2C-F; Figure 6).
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Vitamin C, also known as L-ascorbic acid (AsA), protects cells
from oxidative stress by maintaining the ROS balance (Gallie,
2013; Akram et al., 2017). The Smirnoff-Wheeler pathway
(VTC1, GME, VTC2, VTC4 and VTC5) was identified to
participate in vitamin C biosynthesis (Wheeler et al., 1998;
Conklin et al., 1999, 2000, 2006; Dowdle et al., 2007). The
all
upregulated in both the MD and SD treatments, especially the
VTC4 genes under SD stress. A recent study indicated that the
molecular mechanism underlying AsA biosynthesis and ABA

relevant pathway genes of AsA metabolism were

signaling pathways participates in plant drought tolerance
(Zhang et al, 2020). The application of AsA can be used
against drought stress in various plant species, such as wheat
(Malik and Ashraf., 2012; Hussein et al., 2014), and maize
(Darvishan et al, 2013). In short, these results provide
evidence that AsA biosynthesis was significantly induced by
drought stress in soybean, especially by severe drought stress.
An additional mechanism by which plants increase drought
resistance is the accumulation of glutathione, a major antioxidant
that conjugates with electrophilic compounds and facilitates
peroxide reduction (Alscher, 1989; Anderson and Davis,
2004). Specifically, this involves upregulating G6PDH and
GST enzymes involved in scavenging ROS and reducing
secondary noxious products under drought stress (Wagner
et al., 2002; Anderson and Davis, 2004; Landi et al., 2016). In
the present study, two G6PDH and six GST genes were
upregulated by approximately 2-fold under SD treatment,
indicating that soybean can activate the GSH metabolism
pathway to scavenge ROS under SD stress. Previous studies
also reported that increasing G6PDH expression in the tomato
and the overexpression of GST genes in transgenic Arabidopsis
can enhance drought tolerance (Liu et al., 2013; Xu et al., 2015).

4.4 Flavonoid biosynthesis involved in
drought stress responses in the soybean

Flavonoids are widely distributed in plants and exhibit
antioxidant activities, which could increase the ROS scavenging
ability to protect normal plant growth from drought stress
(Falcone Ferreyra et al, 2012; Nakabayashi et al, 2014).
Flavonoids are synthesized by the phenylalanine pathway in plants
(Dixon et al,, 2002). The C4H pathway is involved in the drought
defense of cucumber (Bellés et al., 2008). In our study, severe drought
stress significantly upregulated the transcript abundance of C4H genes
and activated the transcription of two 4CL genes (Figure 7A). We
further detected that the transcription of four CAD genes
(Glyma.14G221200, Glyma.01G021000, Glyma.15G088100,
Glyma.05G187700) was markedly increased, which may be
involved in lignin synthesis to confer drought tolerance to soybean
(Xu et al., 2020).

Earlier research analyzed the key genes related to flavonoid
biosynthesis by transcript profiling under drought stress (Kang
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et al, 2011). Similarly, the DEGs of flavonoid biosynthesis
pathway were activated by drought in  Populus
euphratica (Jiao et al., 2021). The KEGG analysis in our study
established that the DEGs were enriched in flavonoid metabolism

stress

biosynthesis only under MD and SD stress (Figure 2). The key
genes CHS, F3H, DFR and ANS showed prominent increases
under SD stress, which may have elevated the contents of
flavonoids and mobilized them in response to drought
resistance (Figure 7). These results indicate that drought stress
regulated the synthesis of flavonoids, which played a key role in
enhancing drought tolerance in soybean.

4.5 A proposed model and the effect of
drought stress on soybean yield

Plant growth compensation by rehydration is one of the
strategies against short-term drought to alleviate its effect on
plant yield (Acevedo et al., 1971), which was also performed in
this study. Short periods of drought had no effect on the soybean
yield, but prolonged periods of drought reduced the yields by 50%.

It is known that half of the drought response genes are activated
by ABA (Seki et al, 2002). However, the molecular mechanism
induced by drought stress in soybean remains elusive and needs to
be further studied. Herein, we discuss the probable molecular
mechanism of soybean response to drought stress. According to
the results, we propose a model for the soybean response to varying
levels of drought stress. First, drought stress activates the ABA
biosynthesis and signaling and drought-related TFs in plants.
Meanwhile, it promotes AsA and GSH metabolism by regulating
the expression of the VIC, GME and G6PDH genes. With longer
time exposure to drought stress, flavonoids may be a positive
regulator and function to mediate drought resistance (Figure 10).
The above results not only deepen the insights into the drought
response in soybean but also provide a theoretical basis for the
genetic improvement and water-efficient irrigation of this crop.

5 Conclusion

In this study, the response mechanism of soybean exposed to
three levels of drought stress at the flowering stage was investigated.
Physiological, transcriptomic and WGCNA analyses were carried
out and the TFs and potential pathways of genes in soybean under
drought stress were identified. The results suggested that the soybean
plant is able to activate the genes of antioxidants, secondary
metabolism and hormone signaling pathway,
Glyma.08G176300NCEDI), Glyma.03G222600(SDR), Glyma.02G048400(F3H),
Glymal4G221200(CAD),  Glyma.JAG205200(C4H) and  Glyma19GI05100
(CHS) Gyma07G266200 (VIC5-2) and Glyma.15G251500 (GST), response
to drought stress by promoting MDA accumulation and the
activities of SOD and CAT to partly cope with drought stress.
Furthermore, the soybean yield after rehydration in the harvesting
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period was reduced by 50% under severe drought stress. Finally, we
further deepen the understanding of molecular mechanism of
soybean in response to drought stress, which provides a
theoretical basis for the molecular breeding of drought resistance.

Data availability statement

The data presented in the study are deposited in the NCBI
SRA repository, accession number PRJINA852689.
Author contributions

The experiments were conceived and designed by CR, JL, and
XG. The experiments were performed by ML, HL, AS, and LW.
ML analysed the data. ML and XG contributed to writing the
manuscript. All authors read and approved the final manuscript.
Funding

This work was supported by the National Key Research and
Development Program of China (2019YFD1002204).

Acknowledgments

We thank all members of our laboratory for providing
technical assistance.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fgene.
2022.1060529/full#supplementary-material

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fgene.2022.1060529/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fgene.2022.1060529/full#supplementary-material
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2022.1060529

Li et al.

References

Acevedo, E., Hsiao, T. C., and Henderson, D. W. (1971). Immediate and
subsequent growth responses of maize leaves to changes in water status. Plant
Physiol. 48 (5), 631-636. doi:10.1104/pp.48.5.631

Akram, N. A, Shafiq, F., and Ashraf, M. (2017). Ascorbic acid-A potential oxidant
scavenger and its role in plant development and abiotic stress tolerance. Front. Plant
Sci. 8, 613. doi:10.3389/fpls.2017.00613

Alscher, R. G. (1989). Biosynthesis and antioxidant function of glutathione in
plants. Physiol. Plant. 77 (3), 457-464. doi:10.1111/j.1399-3054.1989.tb05667.x

Anderson, J. V., and Davis, D. G. (2004). Abiotic stress alters transcript profiles
and activity of glutathione S-transferase, glutathione peroxidase, and glutathione
reductase in Euphorbia esula. Physiol. Plant. 120 (3), 421-433. doi:10.1111/j.0031-
9317.2004.00249.x

Anjum, S. A., Ashraf, U,, Tanveer, M., Khan, I, Hussain, S., Shahzad, B., et al.
(2017). Drought induced changes in growth, osmolyte accumulation and
antioxidant metabolism of three maize hybrids. Front. Plant Sci. 8, 69. doi:10.
3389/fpls.2017.00069

Ashraf, M., and Foolad, M. R. (2007). Roles of glycine betaine and proline in
improving plant abiotic stress resistance. Environ. Exp. Bot. 59, 206-216. doi:10.
1016/j.envexpbot.2005.12.006

Baldoni, E., Bagnaresi, P., Locatelli, F., Mattana, M., and Genga, A. (2016).
Comparative leaf and root transcriptomic analysis of two rice japonica cultivars
reveals major differences in the root early response to osmotic stress. Rice 9, 25.
doi:10.1186/s12284-016-0098-1

Barnabas, B., J"ager, K., and Feh'er, A. (2008). The effect of drought and heat
stress on reproductive processes in cereals. Plant Cell Environ. 31, 11-38. doi:10.
1111/j.1365-3040.2007.01727 x

Basim, H., Basim, E., Tombuloglu, H., and Unver, T. (2021). Comparative
transcriptome analysis of resistant and cultivated tomato lines in response to
Clavibacter michiganensis subsp. Genomics 113 (4), 2455-2467. doi:10.1016/].
ygeno.2021.05.033

Bellés, J. M., Lopez-Gresa, M. P., Fayos, ]., Pallas, V., Rodrigo, I., and Conejero, V.
(2008). Induction of cinnamate 4-hydroxylase and phenylpropanoids in virus-
infected cucumber and melon plants. Plant Sci. 174 (5), 524-533. doi:10.1016/j.
plantsci.2008.02.008

Buezo, J., Sanz-Saez, A., Moran, J. E., Soba, D., Aranjuelo, I, and Esteban, R.
(2019). Drought tolerance response of high-yielding soybean varieties to mild
drought: Physiological and photochemical adjustments. Physiol. Plant. 166 (1),
88-104. doi:10.1111/ppl.12864

Chen, C. J., Chen, H., Zhang, Y., Thomas, H. R., Frank, M. H,, He, Y. H,, et al.
(2020). TBtools - an integrative toolkit developed for interactive analyses of big
biological data. Mol. Plant 13, 1194-1202. doi:10.1016/j.molp.2020.06.009

Chimungu, J. G., Brown, K. M., and Lynch, J. P. (2014). Reduced root cortical cell
file number improves drought tolerance in maize. Plant Physiol. 166, 1943-1955.
doi:10.1104/pp.114.249037

Choudhary, S., and Tran, L. (2011). Phytosterols: Perspectives in human nutrition
and clinical therapy. Curr. Med. Chem. 18 (29), 4557-4567. doi:10.2174/
092986711797287593

Conklin, P. L., Gatzek, S., Wheeler, G. L., Dowdle, J., Raymond, M. J., Rolinski, S.,
et al. (2006). Arabidopsis thaliana VTC4 encodes L-galactose-1-P phosphatase, a
plant ascorbic acid biosynthetic enzyme. J. Biol. Chem. 281, 15662-15670. doi:10.
1074/jbc.M601409200

Conklin, P. L., Norris, S. R., Wheeler, G. L., Williams, E. H., Smirnoff, N., and
Last, R. L. (1999). Genetic evidence for the role of GDP-mannose in plant ascorbic
acid (vitamin C) biosynthesis. Proc. Natl. Acad. Sci. U. S. A. 96, 4198-4203. doi:10.
1073/pnas.96.7.4198

Conklin, P. L., Saracco, S. A., Norris, S. R., and Last, R. L. (2000). Identification of
ascorbic acid-deficient Arabidopsis thaliana mutants. Genetics 154, 847-856. doi:10.
1093/genetics/154.2.847

Darvishan, M., Moghadam, H. R. T., and Nasri, M. (2013). Effect of foliar
application of ascorbic acid (vitamin C) on yield and yield components of corn (Zea
mays L.) as influenced by withholding of irrigation at different growth stages. Res.
Crops. 14, 736-742.

Dien, D. C., Mochizuki, T., and Yamakawa, T. (2019). Effect of various drought
stresses and subsequent recovery on proline, total soluble sugar and starch
metabolisms in rice (Oryza sativa L.) varieties. Plant Prod. Sci. 22 (4), 530-545.
doi:10.1080/1343943x.2019.1647787

Dixon, R. A., Achnine, L., Kota, P., Liu, C. J., Reddy, M. S., and Wang, L. (2002).
The phenylpropanoid pathway and plant defence-a genomics perspective. Mol.
Plant Pathol. 3, 371-390. doi:10.1046/j.1364-3703.2002.00131.x

Frontiers in Genetics

10.3389/fgene.2022.1060529

Dowdle, J., Ishikawa, T., Gatzek, S., Rolinski, S., and Smirnoff, N. (2007). Two
genes in Arabidopsis thaliana encoding GDP-L-galactose phosphorylase are
required for ascorbate biosynthesis and seedling viability. Plant J. 52, 673-689.
doi:10.1111/j.1365-313X.2007.03266.x

Elansary, H. O., and Salem, M. Z. M. (2015). Morphological and physiological
responses and drought resistance enhancement of ornamental shrubs by
trinexapac-ethyl application. Sci. Hortic. 189, 1-11. doi:10.1016/j.scienta.2015.
03.033

Fahad, S., Bajwa, A. A., Nazir, U,, Anjum, S. A, Faroog, A., Zohaib, A,, et al.
(2017). Crop production under drought and heat stress: Plant responses and
management options. Front. Plant Sci. 8, 1147. doi:10.3389/fpls.2017.01147

Falcone Ferreyra, M. L., Rius, S. P., and Casati, P. (2012). Flavonoids:
Biosynthesis, biological functions, and biotechnological applications. Front.
Plant Sci. 3, 222. doi:10.3389/fpls.2012.00222

Finkelstein, R. (2013). Abscisic acid synthesis and response. Arab. Book 11, e0166.
doi:10.1199/tab.0166

Gallie, D. R. (2013). The role of L-ascorbic acid recycling in responding to
environmental stress and in promoting plant growth. J. Exp. Bot. 64, 433-443.
doi:10.1093/jxb/ers330

Gill, S. S, and Tuteja, N. (2010). Reactive oxygen species and antioxidant
machinery in abiotic stress tolerance in crop plants. Plant Physiol. biochem. 48,
909-930. doi:10.1016/j.plaphy.2010.08.016

Golldack, D, Li, C., Mohan, H., and Probst, N. (2014). Tolerance to drought and
salt stress in plants: Unraveling the signaling networks. Front. Plant Sci. 5, 151.
doi:10.3389/fpls.2014.00151

Gonz alez-Villagra, J., Cohen, J. D., and Reyes-Diaz, M. M. (2019). Abscisic acid
is involved in phenolic compounds biosynthesis, mainly anthocyanins, in leaves of
Aristotelia chilensis plants (Mol.) subjected to drought stress. Physiol. Plant. 165 (4),
855-866. doi:10.1111/ppl.12789

Hao, S., Guo, X,, and Zhang, Z. (2010). Compensation effects of water stress and
rewatering on the structure of rice canopy. Trans. Chin. Soc. Agric. Mach. 41 (3),
52-61.

Harauma, A., Murayama, T., Ikeyama, K., Sano, H., Arai, H., Takano, R,, et al.
(2007). Mulberry leaf powder prevents atherosclerosis in apolipoprotein E-deficient
mice. Biochem. Biophys. Res. Commun. 358, 751-756. doi:10.1016/j.bbrc.2007.
04.170

He, F. J,, and Chen, J. Q. (2013). Consumption of soybean, soy foods, soy
isoflavones and breast cancer incidence: Differences between Chinese women and
women in western countries and possible mechanisms. Food Sci. Hum. Wellness 2
(3-4), 146-161. doi:10.1016/j.fshw.2013.08.002

Huang, Y., Jiao, Y., Xie, N., Guo, Y., Zhang, F., Xiang, Z., et al. (2019). OsNCED5,
a 9-cis-epoxycarotenoid dioxygenase gene, regulates salt and water stress tolerance
and leaf senescence in rice. Plant Sci. 287, 110188. doi:10.1016/j.plantsci.2019.
110188

Hussein, N. M., Hussein, M. 1., Gadel Hak, S. H., and Hammad, M. A. (2014).
Effect of two plant extracts and four aromatic oils on tuta absoluta population and
productivity of tomato cultivar gold stone. Nat. Sci. 12, 108-118.

Jiao, P., Wu, Z., Wang, X,, Jiang, Z., Wang, Y., Liu, H,, et al. (2021). Short-term
transcriptomic responses of Populus euphratica roots and leaves to drought stress.
J. For. Res. 32, 841-853. d0i:10.1007/s11676-020-01123-9

Kang, C,, Zhai, H., He, S., Zhao, N., and Liu, Q. (2019). A novel sweetpotato bZIP
transcription factor gene, IbbZIP1, is involved in salt and drought tolerance in
transgenic Arabidopsis. Plant Cell Rep. 38, 1373-1382. doi:10.1007/500299-019-
02441-x

Kang, Y., Han, Y., Torres-Jerez, I, Wang, M., Tang, Y., Monteros, M., etal. (2011).
System responses to long-term drought and re-watering of two contrasting alfalfa
varieties. Plant J. 68, 871-889. d0i:10.1111/j.1365-313X.2011.04738.x

Kerr, T. C. C., Abdel-Mageed, H., Aleman, L., Lee, J., Payton, P., Cryer, D., et al.
(2018). Ectopic expression oftwo AREB/ABF orthologs increases drought tolerance
in cotton (Gossypium hirsutum). Plant Cell Environ. 41, 898-907. doi:10.1111/pce.
12906

Khan, M. L. R, Fatma, M., Per, T. S, Anjum, N. A,, and Khan, N. A. (2015).
Salicylic acid-induced abiotic stress tolerance and underlying mechanisms in plants.
Front. Plant Sci. 6, 462. doi:10.3389/fpls.2015.00462

Kim, D., Langmead, B., and Salzberg, S. L. (2015). Hisat: A fast spliced aligner
with low memory requirements. Nat. Methods 12, 357-360. doi:10.1038/nmeth.
3317

Landi, S., Nurcato, R., De Lillo, A., Lentini, M., Grillo, S., and Esposito, S. (2016).
Glucose-6phosphate dehydrogenase plays a central role in the response of tomato

frontiersin.org


https://doi.org/10.1104/pp.48.5.631
https://doi.org/10.3389/fpls.2017.00613
https://doi.org/10.1111/j.1399-3054.1989.tb05667.x
https://doi.org/10.1111/j.0031-9317.2004.00249.x
https://doi.org/10.1111/j.0031-9317.2004.00249.x
https://doi.org/10.3389/fpls.2017.00069
https://doi.org/10.3389/fpls.2017.00069
https://doi.org/10.1016/j.envexpbot.2005.12.006
https://doi.org/10.1016/j.envexpbot.2005.12.006
https://doi.org/10.1186/s12284-016-0098-1
https://doi.org/10.1111/j.1365-3040.2007.01727.x
https://doi.org/10.1111/j.1365-3040.2007.01727.x
https://doi.org/10.1016/j.ygeno.2021.05.033
https://doi.org/10.1016/j.ygeno.2021.05.033
https://doi.org/10.1016/j.plantsci.2008.02.008
https://doi.org/10.1016/j.plantsci.2008.02.008
https://doi.org/10.1111/ppl.12864
https://doi.org/10.1016/j.molp.2020.06.009
https://doi.org/10.1104/pp.114.249037
https://doi.org/10.2174/092986711797287593
https://doi.org/10.2174/092986711797287593
https://doi.org/10.1074/jbc.M601409200
https://doi.org/10.1074/jbc.M601409200
https://doi.org/10.1073/pnas.96.7.4198
https://doi.org/10.1073/pnas.96.7.4198
https://doi.org/10.1093/genetics/154.2.847
https://doi.org/10.1093/genetics/154.2.847
https://doi.org/10.1080/1343943x.2019.1647787
https://doi.org/10.1046/j.1364-3703.2002.00131.x
https://doi.org/10.1111/j.1365-313X.2007.03266.x
https://doi.org/10.1016/j.scienta.2015.03.033
https://doi.org/10.1016/j.scienta.2015.03.033
https://doi.org/10.3389/fpls.2017.01147
https://doi.org/10.3389/fpls.2012.00222
https://doi.org/10.1199/tab.0166
https://doi.org/10.1093/jxb/ers330
https://doi.org/10.1016/j.plaphy.2010.08.016
https://doi.org/10.3389/fpls.2014.00151
https://doi.org/10.1111/ppl.12789
https://doi.org/10.1016/j.bbrc.2007.04.170
https://doi.org/10.1016/j.bbrc.2007.04.170
https://doi.org/10.1016/j.fshw.2013.08.002
https://doi.org/10.1016/j.plantsci.2019.110188
https://doi.org/10.1016/j.plantsci.2019.110188
https://doi.org/10.1007/s11676-020-01123-9
https://doi.org/10.1007/s00299-019-02441-x
https://doi.org/10.1007/s00299-019-02441-x
https://doi.org/10.1111/j.1365-313X.2011.04738.x
https://doi.org/10.1111/pce.12906
https://doi.org/10.1111/pce.12906
https://doi.org/10.3389/fpls.2015.00462
https://doi.org/10.1038/nmeth.3317
https://doi.org/10.1038/nmeth.3317
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2022.1060529

Li et al.

(Solanum lycopersicum) plants to short and long-term drought. Plant Physiol.
biochem. 105, 79-89. doi:10.1016/j.plaphy.2016.04.013

Langmead, B., Trapnell, C., Pop, M., and Salzberg, S. L. (2009). Ultrafast and
memory-efficient alignment of short DNA sequences to the human genome.
Genome Biol. 10, 25. doi:10.1186/gb-2009-10-3-125

Lawlor, D. W. (2013). Genetic engineering to improve plant performance under
drought: Physiological evaluation of achievements, limitations, and possibilities.
J. Exp. Bot. 64 (1), 83-108. doi:10.1093/jxb/ers326

Lesk, C., Rowhani, P., and Ramankutty, N. (2016). Influence of extreme weather
disasters on global crop production. Nature 529, 84-87. doi:10.1038/nature16467

Li, W,, Fu, L. F,, Geng, Z. W., Zhao, X. ], Liu, Q. H,, and Jiang, X. Q. (2020).
Physiological characteristic changes and full-length transcriptome of rose (rosa
chinensis) roots and leaves in response to drought stress. Plant Cell Physiol. 61 (12),
2153-2166. doi:10.1093/pcp/pcaal37

Lindemose, S., O’Shea, C., Jensen, M. K., and Skriver, K. (2013). Structure,
function and networks of transcription factors involved in abiotic stress responses.
Int. J. Mol. Sci. 14, 5842-5878. doi:10.3390/ijms14035842

Liu, H., Zheng, W., Zheng, F., and Wang, L. (2012). Influence of rewatering on
compensatory effect of maize seedling roots with diluted seawater irrigation. Trans.
Chin. Soc. Agric. Eng. 28 (3), 101-106.

Liu, J., Wang, X,, Hu, Y., Hu, W,, and Bi, Y. (2013). Glucose-6-phosphate
dehydrogenase plays a pivotal role in tolerance to drought stress in soybean
roots. Plant Cell Rep. 32 (3), 415-429. d0i:10.1007/s00299-012-1374-1

Liu, X. Q., Chen, A. P, Wang, Y. X,, Jin, G. L., Zhang, Y. H.,, Gu, L. L,, et al. (2022).
Physiological and transcriptomic insights into adaptive responses of Seriphidium
transiliense seedlings to drought stress. Environ. Exp. Bot. 194, 104736. doi:10.1016/
j.envexpbot.2021.104736

Livak, K. J., and Schmittgen, T. D. (2001). Analysis of relative gene expression
data using realtime quantitative PCR and the 2(-Delta Delta C(T)) method.
Methods 25, 402-408. doi:10.1006/meth.2001.1262

Lotfi, Y. N., Vahdati, K., Hassani, D., Kholdebarin, B., and Amiri, R. (2010).
Peroxidase, guaiacol peroxidase and ascorbate peroxidase activity accumulation in
leaves and roots of walnut trees in response to drought stress. Acta Hortic. 861,
309-316. doi:10.17660/actahortic.2010.861.42

Love, M. L, Huber, W., and Anders, S. (2014). Moderated estimation of fold
change and dispersion for RNA-seq data with DESeq2. Genome Biol. 15 (12), 550.
doi:10.1186/513059-014-0550-8

Lu, X, Li, Q. T, Xiong, Q.,, Li, W,, Bi, Y. D, Lai, Y. C, et al. (2016). The
transcriptomic signature of developing soybean seeds reveals the genetic basis of
seed trait adaptation during domestication. Plant J. 86, 530-544. doi:10.1111/tpj.
13181

Malik, S., and Ashraf, M. (2012). Exogenous application of ascorbic acid
stimulates growth and photosynthesis of wheat (Triticum aestivum L.) under
drought. Soil Environ. 31, 72-77.

Martignago, D., Medina, A. R, Escaez, D. B, Manzaneque, J. B. F., and Delgado,
A. L. C. (2020). Drought resistance by engineering plant tissue-specific responses.
Front. Plant Sci. 10, 1676. doi:10.3389/fpls.2019.01676

Martinez-Anddjar, C., Ordiz, M. I, Huang, Z., Nonogaki, M., Beachy, R. N., and
Nonogaki, H. (2011). Induction of 9-cis-epoxycarotenoid dioxygenase in
Arabidopsis thaliana seeds enhances seed dormancy. Proc. Natl. Acad. Sci. U. S.
A. 108, 17225-17229. doi:10.1073/pnas.1112151108

Maruyama, K., Urano, K., Yoshiwara, K., Morishita, Y., Sakurai, N., Suzuki, H.,
et al. (2014). Integrated analysis of the effects of cold and dehydration on rice
metabolites, phytohormones, and gene transcripts. Plant Physiol. 164 (4),
1759-1771. doi:10.1104/pp.113.231720

Mathan, J., Singh, A., and Ranjan, A. (2021). Sucrose transport in response
to drought and salt stress involves ABA-mediated induction of
OsSWEETI13 and OsSWEET15 in rice. Physiol. Plant. 171 (4), 620-637.
do0i:10.1111/ppl.13210

Meckel, L., Egli, D. B,, Phillips, R. E., Radcliffe, D., and Leggett, J. E. (1984).
Moisture stress and N redistribution in soybean '. Agron. J. 75, 1027-1031. doi:10.
2134/agronj1983.00021962007500060036x

Miller, G., Suzuki, N., Ciftci-Yilmaz, S., and Mittler, R. (2010). Reactive oxygen
species homeostasis and signalling during drought and salinity stresses. Plant Cell
Environ. 33, 453-467. doi:10.1111/j.1365-3040.2009.02041.x

Mittler, R., Vanderauwera, S., Gollery, M., and Breusegem, F. V. (2004). Reactive
oxygen gene network of plants. Trends Plant Sci. 9, 490-498. doi:10.1016/j.tplants.
2004.08.009

Molnar, 1., Cozma, L., D’enes, T.E.,, Vass, I, Vass, I. Z., and Rakosy-Tican, E.
(2021). Drought and saline stress tolerance induced in somatic hybrids of Solanum
chacoense and potato cultivars by using mismatch repair deficiency. Agriculture 11
(8), 696. doi:10.3390/agriculture11080696

Frontiers in Genetics

10.3389/fgene.2022.1060529

Nakabayashi, R., Yonekura-Sakakibara, K., Urano, K., Suzuki, M., Yamada, Y.,
Nishizawa, T., et al. (2014). Enhancement of oxidative and drought tolerance in
Arabidopsis by overaccumulation of antioxidant flavonoids. Plant J. 77, 367-379.
doi:10.1111/tpj.12388

Qin, F., Shinozaki, K., and Yamaguchi-Shinozaki, K. (2011). Achievements and
challenges in understanding plant abiotic stress responses and tolerance. Plant Cell
Physiol. 52, 1569-1582. doi:10.1093/pcp/pcr106

Qin, X, and Zeevaart, J. A. D. (2002). Overexpression of a 9-cis-epoxycarotenoid
dioxygenase gene in Nicotiana plumbaginifolia increases abscisic acid and phaseic
acid levels and enhances drought tolerance. Plant Physiol. 128, 544-551. doi:10.
1104/pp.010663

Ren, H,, Gao, Z., Chen, L., Wei, K,, Liu, J., Fan, Y., et al. (2006). Dynamic analysis
of ABA accumulation in relation to the rate of ABA catabolism in maize tissues
under water deficit. J. Exp. Bot. 58, 211-219. doi:10.1093/jxb/erl117

Sakai, T., and Kogiso, M. (2008). Soy isoflavones and immunity. J. Med. Invest. 55,
167-173. doi:10.2152/jmi.55.167

Seki, M., Narusaka, M., Ishida, J., Nanjo, T., Fujita, M., Oono, Y., et al. (2002).
Monitoring the expression profiles of 7000 Arabidopsis genes under drought, cold
and high-salinity stresses using a full-length ¢cDNA microarray. Plant J. 31,
279-292. doi:10.1046/j.1365-313x.2002.01359.x

Seki, M., Umezawa, T., Urano, K., and Shinozaki, K. (2007). Regulatory metabolic
networks in drought stress responses. Curr. Opin. Plant Biol. 10, 296-302. doi:10.
1016/j.pbi.2007.04.014

Song, W., Wang, H. ], Bucheli, P., Zhang, P. F.,, Wei, D. Z., and Lu, Y. H. (2009).
Phytochemical profiles of different mulberry (Morus sp.) species from China.
J. Agric. Food Chem. 57, 9133-9140. doi:10.1021/j£9022228

Specht, J. E., Hume, D. J., and Kumudini, S. V. (1999). Soybean yield potential - a
genetic and physiological perspective. Crop Sci. 39, 1560-1570. doi:10.2135/
cropscil999.3961560x

Stacey, G., Vodkin, L., Parrott, W. A., and Shoemaker, R. C. (2004). National
Science Foundation-sponsored workshop report. Draft plan for soybean genomics.
Plant Physiol. 135 (1), 59-70. doi:10.1104/pp.103.037903

Sun, J. H,, Qiu, C, Ding, Y. Q., Wang, Y., Sun, L. T,, Fan, K, et al. (2020). Fulvic
acid ameliorates drought stress-induced damage in tea plants by regulating the
ascorbate metabolism and flavonoids biosynthesis. BMC Genomics 21 (1), 411.
doi:10.1186/s12864-020-06815-4

Sun, T. T, Su, Z. H,, Wang, R, Liu, R, Yang, T., Zuo, W. T,, et al. (2022).
Transcriptome and metabolome analysis reveals the molecular mechanisms of
Tamarix taklamakanensis under progressive drought and rehydration treatments.
Environ. Exp. Bot. 195, 104766. doi:10.1016/j.envexpbot.2021.104766

Thirumalaikumar, V. P., Devkar, V., Mehterov, N., Ali, S., Ozgur, R,, Turkan, I,
et al. (2018). NAC transcription factor JUNGBRUNNEN 1 enhances drought
tolerance in tomato. Plant Biotechnol. . 16, 354-366. doi:10.1111/pbi.12776

Torres, M. A,, and Dangl, J. L. (2005). Functions of the respiratory burst oxidase
in biotic interactions, abiotic stress and development. Curr. Opin. Plant Biol. 8,
397-403. doi:10.1016/j.pbi.2005.05.014

Vishwakarma, K., Upadhyay, N., Kumar, N., Yadav, G., Singh, J., Mishra, R. K,,
et al. (2017). Abscisic acid signaling and abiotic stress tolerance in plants: A review
on current knowledge and future prospects. Front. Plant Sci. 8, 161. doi:10.3389/
fpls.2017.00161

Wagner, U., Edwards, R., Dixon, D. P., and Mauch, F. (2002). Probing the
diversity of the Arabidopsis glutathione S-Transferase gene family. Plant Mol. Biol.
49, 515-532. d0i:10.1023/a:1015557300450

Wang, H., Wang, H., Shao, H., and Tang, X. (2016). Recent advances in utilizing
transcription factors to improve plant abiotic stress tolerance by transgenic
technology. Front. Plant Sci. 7, 67. doi:10.3389/fpls.2016.00067

Wheeler, G. L., Jones, M. A., and Smirnoff, N. (1998). The biosynthetic pathway
of vitamin C in higher plants. Nature 393, 365-369. doi:10.1038/30728

Xie, Z., Nolan, T., Jiang, H., Tang, B., Zhang, M., Li, Z., et al. (2019). The AP2/ERF
transcription factor TINY modulates brassinosteroid- regulated plant growth and
drought responses in Arabidopsis. Plant Cell 31, 1788-1806. doi:10.1105/tpc.18.
00918

Xu, ], Xiao, J. X, Yong, S. T, Ri, H. P., Yong, X., Wei, Z., et al. (2015). Transgenic
Arabidopsis plants expressing tomato glutathione S-transferase showed enhanced
resistance to salt and drought stress. PLoS One 10 (9), €0136960. doi:10.1371/
journal.pone.0136960

Xu, W. Y., Tang, W. S,, Wang, C. X, Ge, L. H,, Sun, J. C,, Qi, X,, et al. (2020).
SiMYB56 confers drought stress tolerance in transgenic rice by regulating lignin
biosynthesis and ABA signaling pathway. Front. Plant Sci. 11, 785. doi:10.3389/fpls.
2020.00785

Xu, Z., Zhou, G., and Shimizu, H. (2010). Plant responses to drought and
rewatering. Plant Signal. Behav. 5, 649-654. doi:10.4161/psb.5.6.11398

frontiersin.org


https://doi.org/10.1016/j.plaphy.2016.04.013
https://doi.org/10.1186/gb-2009-10-3-r25
https://doi.org/10.1093/jxb/ers326
https://doi.org/10.1038/nature16467
https://doi.org/10.1093/pcp/pcaa137
https://doi.org/10.3390/ijms14035842
https://doi.org/10.1007/s00299-012-1374-1
https://doi.org/10.1016/j.envexpbot.2021.104736
https://doi.org/10.1016/j.envexpbot.2021.104736
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.17660/actahortic.2010.861.42
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1111/tpj.13181
https://doi.org/10.1111/tpj.13181
https://doi.org/10.3389/fpls.2019.01676
https://doi.org/10.1073/pnas.1112151108
https://doi.org/10.1104/pp.113.231720
https://doi.org/10.1111/ppl.13210
https://doi.org/10.2134/agronj1983.00021962007500060036x
https://doi.org/10.2134/agronj1983.00021962007500060036x
https://doi.org/10.1111/j.1365-3040.2009.02041.x
https://doi.org/10.1016/j.tplants.2004.08.009
https://doi.org/10.1016/j.tplants.2004.08.009
https://doi.org/10.3390/agriculture11080696
https://doi.org/10.1111/tpj.12388
https://doi.org/10.1093/pcp/pcr106
https://doi.org/10.1104/pp.010663
https://doi.org/10.1104/pp.010663
https://doi.org/10.1093/jxb/erl117
https://doi.org/10.2152/jmi.55.167
https://doi.org/10.1046/j.1365-313x.2002.01359.x
https://doi.org/10.1016/j.pbi.2007.04.014
https://doi.org/10.1016/j.pbi.2007.04.014
https://doi.org/10.1021/jf9022228
https://doi.org/10.2135/cropsci1999.3961560x
https://doi.org/10.2135/cropsci1999.3961560x
https://doi.org/10.1104/pp.103.037903
https://doi.org/10.1186/s12864-020-06815-4
https://doi.org/10.1016/j.envexpbot.2021.104766
https://doi.org/10.1111/pbi.12776
https://doi.org/10.1016/j.pbi.2005.05.014
https://doi.org/10.3389/fpls.2017.00161
https://doi.org/10.3389/fpls.2017.00161
https://doi.org/10.1023/a:1015557300450
https://doi.org/10.3389/fpls.2016.00067
https://doi.org/10.1038/30728
https://doi.org/10.1105/tpc.18.00918
https://doi.org/10.1105/tpc.18.00918
https://doi.org/10.1371/journal.pone.0136960
https://doi.org/10.1371/journal.pone.0136960
https://doi.org/10.3389/fpls.2020.00785
https://doi.org/10.3389/fpls.2020.00785
https://doi.org/10.4161/psb.5.6.11398
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2022.1060529

Li et al.

Xuan, H. D, Huang, Y. Z, Zhou, L, Deng, S. S, Wang, C. C, Xu, ]. Y,, et al. (2022). Key
soybean seedlings drought-responsive genes and pathways revealed by comparative
transcriptome analyses of two cultivars. Int. J. Mol. Sci. 23, 2893. doi:10.3390/ijms23052893

Xue, H. Y., Zhang, Y. J,, Liu, L. T., Sun, H. C,, and Li, C. D. (2013). Responses of
spectral reflectance, photosynthesis and chlorophyll fluorescence in cotton during
drought stress and rewatering. Sci. Agric. Sin. 46 (1), 2386-2393.

You, ], Zhang, Y., Liu, A, Li, D., Wang, X, Dossa, K., et al. (2019). Transcriptomic and
metabolomic profiling of drought tolerant and susceptible sesame genotypes in response
to drought stress. BMC Plant Biol. 19, 267. doi:10.1186/s12870-019-1880-1

Yu, Y. H, Wang, P, Bai, Y. C, Wang, Y., Wan, H. N,, Liu, C, et al. (2020). The soybean
F-box protein GmFBX176 regulates ABA-mediated responses to drought and salt stress.
Environ. Exp. Bot. 176, 104056. doi:10.1016/j.envexpbot.2020.104056

Frontiers in Genetics

17

10.3389/fgene.2022.1060529

Zhang, H., and Song, B. (2017). RNA-seq data comparisons of wild soybean
genotypes in response to soybean cyst nematode (Heterodera glycines). Genom.
Data 14, 36-39. doi:10.1016/j.gdata.2017.08.001

Zhang, H., Xiang, Y. L., He, N,, Liu, X. G, Liu, H. B, Fang, L. P,, et al. (2020).
Enhanced vitamin C production mediated by an ABA-induced PTP-like
nucleotidase improves plant drought tolerance in Arabidopsis and maize. Mol.
Plant 13, 760-776. doi:10.1016/j.molp.2020.02.005

Zhao, X,, Bai, S., Li, L, Han, X,, Li, J., Zhu, Y., et al. (2020). Comparative
transcriptome analysis of two Aegilops tauschii with contrasting drought tolerance
by RNA-Seq. Int. J. Mol. Sci. 21, 3595. d0i:10.3390/ijms21103595

Zhu, J. K. (2016). Abiotic stress signaling and responses in plants. Cell 167,
313-324. doi:10.1016/j.cell.2016.08.029

frontiersin.org


https://doi.org/10.3390/ijms23052893
https://doi.org/10.1186/s12870-019-1880-1
https://doi.org/10.1016/j.envexpbot.2020.104056
https://doi.org/10.1016/j.gdata.2017.08.001
https://doi.org/10.1016/j.molp.2020.02.005
https://doi.org/10.3390/ijms21103595
https://doi.org/10.1016/j.cell.2016.08.029
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2022.1060529

	Transcriptome analysis reveals key drought-stress-responsive genes in soybean
	1 Introduction
	2 Materials and methods
	2.1 Plant materials and equipment
	2.2 Experimental design
	2.3 Determination of physiological indices
	2.4 Soybean RNA-seq analysis
	2.5 Weighted gene co-expression network analysis
	2.6 Validation of RNA‒seq data by qRT‒PCR analysis
	2.7 Soybean yield measurement
	2.8 Statistical analysis

	3 Results
	3.1 Physiological responses of soybean under drought stress
	3.2 RNA-seq data revealed differentially expressed genes in soybean after drought treatments
	3.3 Functional enrichment analysis of DEGs by GO and KEGG
	3.4 Co-expression network analysis of DEGs in soybean leaves
	3.5 DEGs involved in ABA biosynthesis and signaling pathways under drought stress
	3.6 DEGs involved in AsA and GSH biosynthesis pathways under drought stress
	3.7 DEGs involved in flavonoid biosynthesis pathways under drought stress
	3.8 The qRT-PCR analysis to validate RNA-seq data
	3.9 Soybean yield after rehydration

	4 Discussion
	4.1 Physiological performance of soybean leaves subjected to different levels of drought stress
	4.2 The roles of ABA biosynthesis and signaling and TFs in drought stress responses in soybean
	4.3 AsA and GSH metabolism involved in drought stress responses in soybean
	4.4 Flavonoid biosynthesis involved in drought stress responses in the soybean
	4.5 A proposed model and the effect of drought stress on soybean yield

	5 Conclusion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


