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Abstract: Flooding stress caused by climate change is a serious threat to crop productivity. To
enhance our understanding of flooding stress in soybean, we analyzed the transcriptome of the
roots of soybean plants after waterlogging treatment for 10 days at the V2 growth stage. Through
RNA sequencing analysis, 870 upregulated and 1129 downregulated differentially expressed genes
(DEGs) were identified and characterized using Gene Ontology (GO) and MapMan software (version
3.6.0RC1). In the functional classification analysis, “alcohol biosynthetic process” was the most
significantly enriched GO term in downregulated DEGs, and phytohormone-related genes such as
ABA, cytokinin, and gibberellin were upregulated. Among the transcription factors (TFs) in DEGs,
AP2/ERFs were the most abundant. Furthermore, our DEGs encompassed eight soybean orthologs
from Arabidopsis and rice, such as 1-aminocyclopropane-1-carboxylate oxidase. Along with a co-
functional network consisting of the TF and orthologs, the expression changes of those genes were
tested in a waterlogging-resistant cultivar, PI567343. These findings contribute to the identification of
candidate genes for waterlogging tolerance in soybean, which can enhance our understanding of
waterlogging tolerance.

Keywords: RNA-seq; soybean; transcriptome analysis; transcription factor; waterlogging stress

1. Introduction

Soybean (Glycine max L. [Merril]) is valued as one of the most economically significant
oilseed crops as it contains an abundance of edible protein and oil [1]. Soybean plays a
pivotal role in various products and services, including human food, animal feed, biofuel
production, and many others, as an essential legume crop. Global soybean production
has increased over time, reaching 320.2 million metric tons in 2015, from 17 million metric
tons in 1960. According to the United States Department of Agriculture’s agricultural
outlook for 2025, the global soybean trade volume is expected to increase by 22% and the
soybean oil trade volume is expected to increase by 30% [2]. However, recent changes in
precipitation due to global warming have had a negative effect on the yield of soybean,
which is highly sensitive to waterlogging stress [3].

Plants exhibit a variety of physiological effects under water stress. First, roots that
are not sufficiently supplied with oxygen inhibit growth and promote the formation of
aerenchyma and adventitious roots [4]. Additionally, ethylene hormone accumulates
inside the plant, inducing stress responses in the leaves and roots, and the chlorosis
phenomenon is observed in the leaves [5,6]. Finally, the metabolic pathway shifts from
respiration to fermentation, resulting in lower energy productivity. Consequently, this
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leads to inhibited plant growth, reduced growth rates of stems and leaves, delayed flow-
ering, and decreased yield [7]. Indeed, temporary waterlogging has detrimental effects
on soybean, leading to stunted plant growth, impaired development, and decreased seed
production at critical stages of the life cycle, including germination, vegetative growth, and
reproductive phases [8,9].

Rapid changes in climate conditions are increasing the frequency of repeated flooding
in agricultural areas around the world [10]. These changes can cause substantial harm
to crop yields and impact global food security. For example, only two days of flooding
during the late vegetative stage can result in an 18% loss in yield, with a potential increase
to 26% if flooding occurs during the early reproductive stage of soybean [11]. In addition,
flood-related damage and control costs in the United States in 2016 totaled USD 217 million,
3.4 times more than for drought (https://legacy.rma.usda.gov/data/cause.html; accessed
on 11 March 2024). In some developing countries, inadequate draining systems may lead
to frequent flooding, resulting in poverty and food insecurity [12].

The QTL analysis of soybean populations has revealed the genomic regions associated
with flooding tolerance [13,14]. Briefly, a single QTL associated with the simple sequence
repeat marker Sat_064 was identified from two recombinant inbred populations, namely
“Archer” × “Minsoy” and “Archer” × “Noir I”. Under waterlogging stress, the allele from
Archer enhanced plant growth by 11–18% and yield by 47–180%. Furthermore, two markers
were found to be related to flooding tolerance, Satt385 on chromosome 5 and Satt269 on
chromosome 13, and four markers, Satt59, Satt160, Satt252, and Satt485, were identified as
QTLs related to flooding tolerance [12]. Unfortunately, the understanding of gene function
related to waterlogging stress in soybean is currently limited; only a few quantitative trait
loci (QTLs) associated with waterlogging tolerance have been identified [15,16].

The development of next-generation sequencing technology has facilitated the analysis
of interactions between plants and abiotic stress at the transcriptome level [17,18]. Specifi-
cally, RNA sequencing (RNA-seq) was conducted in various crops, such as Arabidopsis,
rice, maize, and pea, with the aim of elucidating the molecular mechanisms and signaling
responses implicated in flooding stress [19–21]. In general, two types of flooding are en-
countered in the field: (1) waterlogging, in which the roots and some portions of the shoot
are submerged, and (2) complete submergence, in which the entire plant is submerged
underwater. To date, most of transcriptome analysis has focused on complete submergence
treatment even though waterlogging is more frequently seen in the field [22,23].

Here, we subjected Daewonkong, a cultivar of soybean (Glycine max L. [Merrill]), to
waterlogging stress to investigate transcriptome variations and elucidate genetic resources
for waterlogging stress-resistant soybean. The result of our transcriptome analysis suggests
1999 differentially expressed genes that could be a foundation for soybean breeding for a
waterlogging-resistant variety combined with QTL analysis.

2. Materials and Methods
2.1. Experimental Design

We conducted waterlogging stress treatment on Daewonkong, a cultivar of soybean
(Glycine max L. [Merrill]). We aimed to investigate the transcriptome changes following wa-
terlogging by comparing the roots of control and stress-treated plants. Gene Ontology (GO)
enrichment and MapMan analysis were performed on selected differentially expressed
genes (DEGs) using gene set annotations. Then, we searched for soybean orthologs of
genes associated with waterlogging tolerance in other crops, such as Arabidopsis and rice,
and compared the identified genes with the DEGs. In addition, co-functional network
analysis was performed using major transcription factors and orthologs. Lastly, differ-
ences in the expression of key candidate genes predicted in the network were confirmed
using a waterlogging-tolerant cultivar. The overall study workflow is summarized in
Supplementary Figure S1.

https://legacy.rma.usda.gov/data/cause.html


Plants 2024, 13, 2538 3 of 14

2.2. Plant Materials and Waterlogging Stress Treatments

Plants of the soybean (Glycine max L. [Merrill]) cv. Daewonkong were grown in plastic
pots in an incubator until they reached the V2 stage (14 h light/10 h dark, 28 ◦C (day)/24 ◦C
(night), humidity 60%). Based on the previous reports [24,25] and our morphological obser-
vations (Figure 1A–C), an appropriate water level to submerge the soil was maintained for
10 days to apply waterlogging stress, followed by a recovery period of 15 days. To deter-
mine the physiological features affected by waterlogging stress treatment, the roots were
analyzed at three time points: before stress treatment, after treatment, and after recovery.
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Figure 1. Physiological responses of soybean roots to waterlogging stress and heat-map of differ-
entially expressed genes. Plants at the V2 stage were exposed to waterlogging stress for 10 days
and allowed to recover for 15 days (A–C). Each of the images indicates before waterlogging (A),
after 10 days of waterlogging (B), and 15 days of recovery (C). Scale bar = 5 cm. N = 3 for (A–C).
Quantitative data of the root length (D) and the number of adventitious roots (E) are illustrated.
Genes differentially expressed in roots during waterlogging stress were identified (F). Processing
RNA-seq data under the criteria of FPKM > 4, p-value < 0.05, and |log2(fold change)| over 2 for
roots exposed to waterlogging vs. mock-treated soybean roots (control) identified 1999 differentially
expressed genes (DEGs). In the left panel, red indicates upregulation in the waterlogging/control
comparison and green indicates downregulation in the waterlogging/control comparison. The right
panel shows the average normalized FPKM values from RNA-seq experiments; blue indicates the
lowest expression level and yellow indicates the highest level. Detailed data for the RNA-seq analysis
are presented in Supplementary Table S2.

2.3. RNA Sequencing (RNA-Seq) Analysis

Roots were collected from control (control) and 10 days of waterlogging stress-treated
plants (WS) used in three replicated experiments and immediately frozen in liquid nitrogen.
Total RNA was extracted using the RNeasy Plant Mini Kit (Qiagen, Hilden, Germany), and
the transcripts for library construction were selected based on the RIN value (RIN > 7). The
RNA-Seq library was constructed using the TruSeq Stranded mRNA Library Prep kit in
accordance with the manufacturer’s instructions (TruSeq Stranded mRNA Reference Guide
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#1000000040498v00 library) and sequenced using the Illumina NovaSeq 6000 platform by
Macrogen Inc.

The raw data were trimmed using Trimmomatic [26] with the following parameters:
window size = 4, mean quality = 15, and min length = 36. The cleaned reads were aligned to
a soybean reference genome (Glycine_max_v2.1) using HISAT2 software (version 2.1.0) [27].
Read counts were calculated using StringTie software [28] with the option of fragments per
kilobase of transcript per million mapped reads (FPKM). Lastly, differentially expressed
genes (DEGs) were statistically elucidated after quantile normalization and an independent
t-test using the following criteria: average FPKM of each sample group ≥ 4 to filter
expressed genes, |fold change (WS/Control)| > 2, and p-value < 0.05.

2.4. Functional Analysis of DEGs Using Gene Ontology (GO) and MapMan Software

The GO terms of the DEGs were assigned via the AgriGOv2 toolkit [29] (http://
systemsbiology.cau.edu.cn/agriGOv2/classification_analysis.php?category=Plant&&family=
Fabaceae). The GO terms with a fold enrichment value of >2 and FDR < 0.05 were con-
sidered as enriched terms. The results were illustrated using the R package ggplot2 [30].
Functional classification of the DEGs was performed using MapMan software with an
X4.4 Glycine max mapping file [31].

2.5. Ortholog Analysis

Previously reported waterlogging-related genes were retrieved from the literature,
including those in rice and Arabidopsis [32,33]. To match locus information for the
genes, the funRiceGenes database (https://funricegenes.github.io/) and the NCBI database
(https://www.ncbi.nlm.nih.gov/) were utilized. Lastly, the locus information of rice and
Arabidopsis was mapped to the soybean locus using the g:Orth toolkit [34].

2.6. Co-Functional Networks Analysis

Using the SoyNet tool (http://www.inetbio.org/soynet) [35], we generated a func-
tional gene network involving various transcription factors (TFs) and soybean orthologs of
flooding stress-related genes identified in other crops. The network was edited using the
Cytoscape tool (version 3.9.1) [36].

2.7. RNA Extraction and Quantitative Real-Time PCR (qRT-PCR) Analysis

Samples from the roots of Daewonkong (control) and PI 567343 (waterlogging-resistant
variety) treated with waterlogging stress for 10 days from 2-week-old soy seedlings
(V2 stage) were collected and immediately frozen in liquid nitrogen. Total RNA was
extracted using the RNeasy Plant Mini Kit in accordance with the manufacturer’s protocol
(Qiagen, Hilden, Germany). First-strand cDNA was synthesized using M-MuLV Reverse
Transcriptase (Thermo Fisher Scientific, Waltham, MA, USA) and the oligo(dT)-18 primer.
Then, qPCR was performed using a QuantStudio 5 Real-Time PCR instrument (Thermo
Fisher Scientific, Waltham, MA, USA). To normalize the amplified transcripts, we used a
primer pair for soybean Actin11 gene (Act11/Glyma18g52780.1) [37]. Student’s t-test was
used for the statistical analysis of the results. All primers for the genes used in these
analyses are presented in Supplementary Table S1.

3. Results and Discussion
3.1. Physiological Responses of Soybean Roots Exposed to a Waterlogging Stress

Two-week-old soybean seedlings (V2 stage) grown in an incubator were exposed
to waterlogging stress for 10 days (Figure 1A,B) and then grown for a further 15 days
under normal conditions as a recovery treatment (Figure 1C). Observing the roots at each
stage revealed that root development was inhibited in the waterlogging-treated plants and
adventitious roots (ARs) were increased (Figure 1B). The inhibition of root development
caused by waterlogging stress was not resolved, even after the 15-day recovery period
(Figure 1C).

http://systemsbiology.cau.edu.cn/agriGOv2/classification_analysis.php?category=Plant&&family=Fabaceae
http://systemsbiology.cau.edu.cn/agriGOv2/classification_analysis.php?category=Plant&&family=Fabaceae
http://systemsbiology.cau.edu.cn/agriGOv2/classification_analysis.php?category=Plant&&family=Fabaceae
https://funricegenes.github.io/
https://www.ncbi.nlm.nih.gov/
http://www.inetbio.org/soynet
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Plants promote the development of ARs to smoothly facilitate the uptake of nutrients
and the transport of gas under waterlogging stress [38]. ARs can be categorized into various
types, including hypocotyl roots, crown roots, brace roots, nodal roots, stem roots, junction
roots, and prop roots, depending on physical characteristics and induction conditions [39].
In soybean, waterlogging stress is predicted to induce hypocotyl roots (Figure 1B).

The development of ARs during waterlogging stress has been studied in various crops.
For example, ARs gradually formed at the hypocotyl after three days of partial submergence
owing to the action of ethylene and auxin in tomato [40]. In maize, waterlogging stress
increases the development of crown roots, with more crown roots observed in waterlogging-
tolerant lines than in waterlogging-sensitive lines [41]. Cucumber also promotes the
development of ARs under waterlogging stress by ethylene and auxin [42]. These findings
suggest that the development of plant ARs is primarily governed by the interplay of
ethylene and auxin during waterlogging stress, although their specific roles can differ
across plant species.

3.2. Identification of Differentially Expressed Genes (DEGs) under Waterlogging Stress
by RNA-Seq

To identify the DEGs in response to waterlogging treatment, we performed tran-
scriptome analysis of the roots of control and waterlogging-treated plants (10 days of
waterlogging stress, Figure 1B) and identified 870 upregulated and 1129 downregulated
genes in the waterlogging-treated plants relative to the control (p-value < 0.05 and |log2
fold-change| > 2; Figure 1D, Supplementary Table S2).

3.3. Gene Ontology (GO) Enrichment Reveals Biological Processes Associated with Waterlogging
Stress in Soybean Roots

To explore the biological functions of the 870 upregulated and 1129 downregulated
DEGs resulting from waterlogging stress in soybean roots, we investigated the GO terms of
those genes within the “biological process” category. Twenty-one GO terms were highly
over-represented in the group of upregulated genes and fifteen GO terms were significantly
enriched in the group of downregulated genes (Figure 2, Supplementary Table S3). Lastly,
eight terms were highly over-represented in both the upregulated and downregulated
groups of genes.

Of the identified terms, “alcohol biosynthetic process” (20.6-fold enrichment) was the
most significantly enriched term in the downregulated gene group. Alcoholic fermentation,
also known as ethanol fermentation, is a biological process that converts sugars into cellular
energy while generating the by-products of ethanol and carbon dioxide [43].

In plants, respiration using oxygen plays a major role under normal oxygen condi-
tions (aerobic conditions), while fermentation is used to obtain energy under anaerobic
conditions [44,45]. That is, plants produce ATP through fermentation at low efficiency
during waterlogging stress, with ethanol being the main product in the process.

Interestingly, GO enrichment analysis showed that genes associated with alcohol
biosynthesis were downregulated. These results might be due to the plant material used in
this study, V2 stage soybean plants, unlike previous reports that usually used germinating
seeds or young seedlings [25,46,47]. As shown in Figure 1B, we conducted a 10-day
flooding treatment during the V2 stage and compared the results to the control group,
and a significant reduction in root growth was observed. Therefore, it is predicted that
prolonged flooding caused cellular damage, leading to a decrease in overall metabolic
activity and a subsequent reduction in ethanol biosynthesis. The fact that the second
most downregulated gene group in the GO enrichment analysis is associated with the
“secondary metabolic process” further supports this prediction. Since the gene expression
of waterlogging-responsive genes differs in tissues and crop species [46], our transcriptome
results suggest the necessity of further research on waterlogging stress in soybean in the
context of developmental stages and tissue types.
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Figure 2. Gene Ontology (GO) enrichment analysis in the “biological process” category for genes
up- and downregulated in response to waterlogging. Overall, 21 GO terms were highly over-
represented, and in the downregulated gene group, 15 GO terms were significantly enriched (p < 0.05
and fold-enrichment values of >2 log2-fold). Details of the GO assignments are presented in
Supplementary Table S3.

3.4. MapMan Analysis of Waterlogging Stress-Related Genes in Soybean Roots

The MapMan program is a powerful tool that can effectively visualize transcriptomic
data and provide meaningful insights from different perspectives [48]. Therefore, we
uploaded fold-change data and locus IDs for the 870 upregulated and 1129 downregulated
genes for analysis by various overviews within the MapMan program (Figure 3; Supple-
mentary Table S4). In the metabolism overview, we identified 41 elements downregulated
in “fermentation,” which was consistent with the identification of the “alcohol biosynthetic
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process” as the most enriched biological process in the GO enrichment analysis (green box
in Figure 3A).
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information is presented in Supplementary Table S4.

In the cellular response overview, it was shown that the responses of thioredoxin
(18 elements), ascorbate peroxidase (APX)/glutathione (16), and glutaredoxin (22) were
clearly related to waterlogging stress (green box in Figure 3B, Supplementary Table S4).
Plants accumulate harmful substances, such as reactive oxygen species (ROS) and malon-
dialdehyde (MDA), internally during flooding stress [49,50]. To overcome this situation,
plants enhance the activation of antioxidant enzymes and generate various compounds that
can actively participate in redox reactions. For example, the overexpression of APX cDNA
from eggplant in rice resulted in a ninefold increase in APX activity under flooding com-
pared with that in non-transgenic plants [51]. The exogenous application of GSH (reduced
glutathione) to sesame plants under waterlogging stress reduced the accumulation of ROS
and diminished membrane damage, resulting in improved photosynthetic efficiency and
biomass [52]. Our results are consistent with previous reports that redox-related genes are
upregulated during waterlogging stress.

3.5. Expression Analysis of TFs in DEGs

Among the 1999 DEGs, we found 33 APETALA2/ethylene-responsive (AP2/ERF,
upregulated: 11, downregulated: 22), 13 basic helix-loop-helix (bHLH, up: 6, down: 7),
5 basic leucine zipper (bZIP, up: 4, down: 1), 6 Cys2His2 (C2H2, up: 1, down: 5) zinc
finger, 7 GRAS (up: 1, down: 6), 6 homeodomain-leucine zipper (HD-ZIP, up: 3, down: 3),
18 NAM, ATAF1/2, and CUC2 (NAC, up: 1, down: 17), 14 WRKY (up: 3, down: 11), 3 auxin
response factor (ARF, down: 3), 5 heat shock factor (down: 5), and 17 myeloblastosis (MYB,
down 17) transcription factor (TF) DEGs for waterlogging stress (Figure 4A, Supplementary
Table S4). Interestingly, there were more than twice as many TFs in the downregulated
gene group than in the upregulated gene group.

To validate our transcriptome analysis, we selected 10 TF genes (4 highly changed
and 6 randomly chosen TFs) from each of the two DEGs and analyzed their expression
patterns. As anticipated, the expression of the chosen TF genes was consistent with their
expression pattern in the RNA-seq analysis (Figure 4B and Figure S2). We confirmed that
AP2/ERF genes were the most common TFs. In particular, Group VII ethylene response
factors (ERF-VIIs) are known to be involved in plant tolerance to waterlogging stress [53].
For example, in Arabidopsis, the ERF-VII genes HRE1, HRE2, RAP2.2, RAP2.3, and RAP2.12
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have been identified as pivotal regulators of flooding and low oxygen tolerance [54,55].
Two ERF-VII genes, SNORKEL1 and SNORKEL2, found in deep-water rice, contributed to
the elongation of the internodes to prevent the top leaves from submergence [56]. In maize,
ZmEREB180, an ERF-VII member, has been reported to increase the formation of ARs and
promote antioxidant ability during waterlogging stress [57]. The role of ERF-VII has also
been studied in waterlogging-tolerant wheat (Triticum aestivum L.) and the dicot species
Rumex and Rorippa [58,59].
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Figure 4. Expression analysis of major transcription factors in DEGs. Among the transcription
factors, the number of upregulated genes is presented in light gray, and the number of downregulated
genes is presented in dark gray (A). The expression of four randomly selected genes from the up-
or downregulated genes was compared (B). C: control (light gray), WL: waterlogging (dark gray).
*** p < 0.001.

The most significantly up- or downregulated TFs were a bHLH TF, Glyma.01G129700,
and an NAC TF, Glyma.12G221500, respectively. Although these genes have not been
characterized in soybean, some reports in pepper and Arabidopsis indicate that bHLH
and NAC TFs have specific roles under waterlogging stress [60,61]. The overexpression of
CabHLH18 in pepper showed enhanced waterlogging tolerance and the Arabidopsis NAC
TF, SPEEDY HYPONASTIC GROWTH, governs waterlogging-induced leaf movement
by interacting with 1-aminocyclopropane-1-carboxylate (ACC) oxidase 5. Furthermore,
WRKY [62], ARF [63], MYB [64], and bZIP [65] TFs have been found to be associated
with waterlogging stress. Collectively, these findings suggest a strong correlation between
waterlogging and various TFs in soybean.

3.6. Ortholog Analysis to Elucidate Flooding Stress-Related Genes in Soybean

We performed a literature search to determine whether the DEGs identified in our
RNA-seq analysis encompassed previously characterized genes related to waterlogging
stress. To date, although no genes have been reported in soybean, the functions of genes
involved in flooding stress have been revealed in various crops, including Arabidopsis, rice,
maize, and barley [32,33]. In the case of rice, we were able to find 32 submergence-related
genes reported to date through the funRiceGenes database (https://funricegenes.github.
io/tags/) [66].

https://funricegenes.github.io/tags/
https://funricegenes.github.io/tags/
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Consequently, we identified soybean orthologs by mapping genes studied in vari-
ous crops, resulting in the discovery of eight soybean genes through comparison with
the DEGs list (Table 1). In brief, there were two downregulated orthologs in soybean
(Glyma.15G112700 and Glyma.09G008400) of an important factor in ethylene biosynthesis
in Arabidopsis, ACO (AT1G12010) [67]. Furthermore, there was one downregulated or-
tholog (Glyma.02G034000) of rice mitochondrial aldehyde dehydrogenase that metabolizes
acetylaldehyde after submergence [68]. These results provide insights into the molecular
mechanism underpinning waterlogging stress in soybean.

Table 1. Soybean ortholog information of genes related to flooding stress identified in Arabidopsis
and rice.

Plants Initial_Alias
(Gene_Id) Symbol Ortholog_Name Description DEG Reference

Arabidopsis

AT1G12010 ACO Glyma.15G112700 1-aminocyclopropane-1-
carboxylate (ACC) oxidase Down [67]

AT1G12010 ACO Glyma.09G008400 1-aminocyclopropane-1-
carboxylate (ACC) oxidase Down [67]

AT5G39890 AtPCO2 Glyma.19G020500 cysteine oxidase (PCO) Down [69]
AT5G15120 AtPCO1 Glyma.19G020500 cysteine oxidase (PCO) Down [69]

Rice

Os07g47620 OsUsp1 Glyma.02G155600 not annotated Up [70]

Os01g09700 OS-ACS5,
OsACS5 Glyma.05G223000 1-aminocyclopropane-1-

carboxylate (ACC) synthase Up [71]

Os01g09700 OS-ACS5,
OsACS5 Glyma.08G030100 1-aminocyclopropane-1-

carboxylate (ACC) synthase Up [71]

Os04g39020 BAD1,
OsBADH1 Glyma.06G186300 betaine-aldehyde

dehydrogenase Up [72]

Os02g49720 ALDH2a,
OsALDH2B5 Glyma.02G034000 aldehyde dehydrogenase

(ALDH2B) Down [68]

3.7. Analysis of Co-Functional Networks of TFs and Orthologs

Transcription factors (TFs) play a crucial role in regulating the response and resistance
of plants to flooding stress. Orthologs of genes in other crops reported to function in relation
to flooding stress are promising candidate genes for research on waterlogging tolerance
in soybeans. Among the 1999 genes with expression changed by 10 days of waterlogging
stress treatment, we identified 127 TFs and 8 ortholog genes (Figure 4, Table 1). By gaining
an understanding of the co-expression relationship between them, novel strategies can
be explored to enhance tolerance to waterlogging stress in soybean. Consequently, we
generated a co-functional gene network for the 127 TFs and 8 orthologs based on the
SoyNet webtool [35]. The network was refined using the Cytoscape tool, resulting in eight
TF categories being utilized as queries: 19 AP2/ERF (white nodes), 14 NAC (green nodes),
9 WRKY (light blue nodes), 9 MYB (dark blue nodes), 4 C2H2 (ZF, yellow nodes), 1 bHLH
(pink node), 1 bZIP (orange node), and 2 orthologs (gray nodes). Finally, we gathered
elements with more than five lines into one node and grouped them with a red dotted line
(Figure 5A).

3.8. Stress Treatment of Waterlogging-Resistant Varieties and Quantitative Real-Time PCR
(qRT-PCR) Analysis

We predicted that the 26 genes included in the red dotted line in the co-functional
networks would be candidate genes that may be useful in waterlogging tolerance research
(Figure 5A). To evaluate the network, we investigated the expression of nine waterlogging-
responsive genes in waterlogging-resistant varieties compared with Daewonkong. The
waterlogging-resistant cultivar utilized, PI 567343, is one of the germplasm lines (G. max)
identified as a potential donor for breeding aimed at enhancing flooding tolerance (pur-
chased from National Agrobiodiversity Center of Rural Development Administration,
Republic of Korea) [73].
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Figure 5. Construction and expression validation of co-functional networks associated with tran-
scription factors regulated under waterlogging stress. (A) Co-functional network consists of various
transcription factors retrieved from SoyNet. There are 19 AP2/ERF (white nodes), 1 bHLH (pink
node), 1 bZIP (orange node), 4 C2H2 (ZF, yellow nodes), 14 NAC (green nodes), 9 WRKY (light blue
nodes), 9 MYB (dark blue nodes), and 2 ortholog (gray nodes) in the network. Circular nodes repre-
sent upregulated genes; square nodes represent downregulated genes. The raw networks initially
created in SoyNet are shown in Supplementary Figure S2. (B) The expression of nine TF genes was
significantly upregulated in a resistant variety, PI 567343, than in Daewonkong under waterlogging
stress, as shown by qRT-PCR. The expression levels were normalized to that of Act11 using a real-time
polymerase chain reaction. DW: Daewonkong (light gray), PI 567343: waterlogging-resistant varieties
(dark gray). ** p < 0.01; *** p < 0.001.
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As for the RNA-seq sample preparation, qRT-PCR analyses were performed using the
roots of the two cultivars Daewonkong and PI 567343 grown to the V2 stage and treated
with waterlogging stress for 10 days. Nine genes were found to be expressed more than
twice as strongly in PI 567343 than in Daewonkong. Interestingly, eight out of the nine
genes were AP2/ERF TFs: the expression of Glyma.19G213100 was confirmed to be 8-fold
higher and the expression of Glyma.17G131800 and Glyma.10G239300 was 4-fold higher
(Figure 5B).

Three AP2/ERFs in the network (Glyma.04G041200, Glyma.15G180000, and Glyma.17G131900)
showed different expression patterns in two cultivars under waterlogging stress (Figure 4B,
Figure 5B and Figure S2). Although these AP2/ERFs appear to have a negative role under
waterlogging stress due to their decreased expression, the actual mode of action needs to
be characterized through further analysis. In our previous study in rice, the knockout of
OsPhyB, which was upregulated under drought stress, showed a tolerant phenotype [17].
Also, it suggests that genes in the co-functional network under abiotic stress could be
co-regulated, as previously reported [74].

As mentioned in Section 3.5, these results suggest that among various TFs, AP2/ERF
might be an important component in studying soybean waterlogging resistance.

4. Conclusions

Recent extreme climate changes have increased the severity of flooding stress, which
threatens the stability of crop production. In particular, soybean, which is an economically
important oilseed crop, but very sensitive to waterlogging stress urgently needs research
about improving stress resistance. In this study, we investigated transcriptome variation in
soybean root to investigate the molecular mechanism associated with waterlogging stress
and suggested 1999 DEGs and a co-functional network.

Recently, the focus of flooding stress research has gradually shifted from the screening
of major genetic loci through genome-wide association study or map-based cloning tech-
niques to functional studies using gene editing tools such as the CRISPR/Cas9 system. In
line with this trend, the candidate genes from our research could be a valuable resource to
generate a waterlogging resistance variety.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/plants13182538/s1, Figure S1: Workflow summarizing the anal-
ysis processes used in this study. Figure S2: Expression validation of six randomly selected TFs.
Figure S3: Raw co-functional networks created using SoyNet; Table S1: Primer sequences used for
qRT-PCR analyses; Table S2: Gene list and relating RNA-seq data of differentially expressed genes
between control and waterlogging stress (WS); Table S3: Gene Ontology (GO) assignment to the
“biological process” category of differentially expressed genes after 10 days of waterlogging stress;
Table S4: Detailed information for the MapMan terms assigned to genes up- and downregulated by
waterlogging stress.

Author Contributions: Y.-H.Y., I.L. and N.K. performed the experiments; Y.-H.Y., S.-Y.C., E.Y.K. and
W.-J.H. analyzed the data; S.-K.L., K.-S.C. and K.-H.J. gave advice; Y.-H.Y. and W.-J.H. wrote the
paper. All authors have read and agreed to the published version of the manuscript.

Funding: This study was supported by the Research Program for Agricultural Science and Technology
Development (PJ017224032024) Rural Development Administration, Republic of Korea, and a grant
from Kyung Hee University in 2023 (KHU-20230888 to W.H.).

Data Availability Statement: The raw data of RNA-Seq analysis were deposited at ArrayExpress
(E-MTAB-14196).

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

References
1. Hou, A.; Chen, P.; Alloatti, J.; Li, D.; Mozzoni, L.; Zhang, B.; Shi, A. Genetic Variability of Seed Sugar Content in Worldwide

Soybean Germplasm Collections. Crop Sci. 2009, 49, 903–912. [CrossRef]

https://www.mdpi.com/article/10.3390/plants13182538/s1
https://www.mdpi.com/article/10.3390/plants13182538/s1
https://doi.org/10.2135/cropsci2008.05.0256


Plants 2024, 13, 2538 12 of 14

2. Westcott, P.; Hansen, J. USDA Agricultural Projections to 2025. No. (OCE-2016-1); Office of the Chief Economist, World Agricultural
Outlook Board: Washington, DC, USA, 2016.

3. McFadden, J.; Smith, D.; Wechsler, S.; Wallander, S. Development, Adoption, and Management of Drought-Tolerant Corn in the United
States; U.S. Department of Agriculture: Washington, DC, USA, 2019.

4. Zhang, X.; Shabala, S.; Koutoulis, A.; Shabala, L.; Johnson, P.; Hayes, D.; Nichols, D.S.; Zhou, M. Waterlogging Tolerance in Barley
Is Associated with Faster Aerenchyma Formation in Adventitious Roots. Plant Soil 2015, 394, 355–372. [CrossRef]

5. Pedersen, O.; Perata, P.; Voesenek, L.A.C.J. Flooding and Low Oxygen Responses in Plants. Funct. Plant Biol. 2017, 44, iii–vi.
[CrossRef]

6. Irfan, M.; Hayat, S.; Hayat, Q.; Afroz, S.; Ahmad, A. Physiological and Biochemical Changes in Plants under Waterlogging.
Protoplasma 2010, 241, 3–17. [CrossRef]

7. Fukao, T.; Barrera-Figueroa, B.E.; Juntawong, P.; Peña-Castro, J.M. Submergence and Waterlogging Stress in Plants: A Review
Highlighting Research Opportunities and Understudied Aspects. Front. Plant Sci. 2019, 10, 340. [CrossRef]

8. Linkemer, G.; Board, J.E.; Musgrave, M.E. Waterlogging Effects on Growth and Yield Components in Late-Planted Soybean. Crop
Sci. 1998, 38, 1576–1584. [CrossRef]

9. Tian, X.-H.; Nakamura, T.; Kokubun, M. The Role of Seed Structure and Oxygen Responsiveness in Pre-Germination Flooding
Tolerance of Soybean Cultivars. Plant Prod. Sci. 2005, 8, 157–165. [CrossRef]

10. Lesk, C.; Rowhani, P.; Ramankutty, N. Influence of Extreme Weather Disasters on Global Crop Production. Nature 2016, 529,
84–87. [CrossRef]

11. Scott, H.D.; DeAngulo, J.; Daniels, M.B.; Wood, L.S. Flood Duration Effects on Soybean Growth and Yield. Agron. J. 1989, 81,
631–636. [CrossRef]

12. Tanoue, M.; Hirabayashi, Y.; Ikeuchi, H. Global-Scale River Flood Vulnerability in the Last 50 Years. Sci Rep. 2016, 6, 36021.
[CrossRef]

13. VanToai, T.T.; St. Martin, S.K.; Chase, K.; Boru, G.; Schnipke, V.; Schmitthenner, A.F.; Lark, K.G. Identification of a QTL Associated
with Tolerance of Soybean to Soil Waterlogging. Crop Sci. 2001, 41, 1247–1252. [CrossRef]

14. Cornelious, B.; Chen, P.; Chen, Y.; De Leon, N.; Shannon, J.G.; Wang, D. Identification of QTLs Underlying Water-Logging
Tolerance in Soybean. Mol. Breed. 2005, 16, 103–112. [CrossRef]

15. Nguyen, V.T.; Vuong, T.D.; VanToai, T.; Lee, J.D.; Wu, X.; Mian, M.A.R.; Dorrance, A.E.; Shannon, J.G.; Nguyen, H.T. Mapping of
Quantitative Trait Loci Associated with Resistance to Phytophthora Sojae and Flooding Tolerance in Soybean. Crop Sci. 2012, 52,
2481–2493. [CrossRef]

16. Sayama, T.; Nakazaki, T.; Ishikawa, G.; Yagasaki, K.; Yamada, N.; Hirota, N.; Hirata, K.; Yoshikawa, T.; Saito, H.; Teraishi, M.; et al.
QTL Analysis of Seed-Flooding Tolerance in Soybean (Glycine Max [L.] Merr.). Plant Sci. 2009, 176, 514–521. [CrossRef] [PubMed]

17. Yoo, Y.-H.; Nalini Chandran, A.K.; Park, J.-C.; Gho, Y.-S.; Lee, S.-W.; An, G.; Jung, K.-H. OsPhyB-Mediating Novel Regulatory
Pathway for Drought Tolerance in Rice Root Identified by a Global RNA-Seq Transcriptome Analysis of Rice Genes in Response
to Water Deficiencies. Front. Plant Sci. 2017, 8, 580. [CrossRef]

18. Ayaz, A.; Saqib, S.; Huang, H.; Zaman, W.; Lü, S.; Zhao, H. Genome-Wide Comparative Analysis of Long-Chain Acyl-CoA
Synthetases (LACSs) Gene Family: A Focus on Identification, Evolution and Expression Profiling Related to Lipid Synthesis.
Plant Physiol. Biochem. 2021, 161, 1–11. [CrossRef]

19. Du, H.; Zhu, J.; Su, H.; Huang, M.; Wang, H.; Ding, S.; Zhang, B.; Luo, A.; Wei, S.; Tian, X.; et al. Bulked Segregant RNA-Seq
Reveals Differential Expression and SNPs of Candidate Genes Associated with Waterlogging Tolerance in Maize. Front. Plant Sci.
2017, 8, 1022. [CrossRef]

20. van Veen, H.; Vashisht, D.; Akman, M.; Girke, T.; Mustroph, A.; Reinen, E.; Hartman, S.; Kooiker, M.; van Tienderen, P.; Schranz,
M.E.; et al. Transcriptomes of Eight Arabidopsis Thaliana Accessions Reveal Core Conserved, Genotype- and Organ-Specific
Responses to Flooding Stress. Plant Physiol. 2016, 172, 668–689. [CrossRef]

21. Zaman, M.S.U.; Malik, A.I.; Erskine, W.; Kaur, P. Changes in Gene Expression during Germination Reveal Pea Genotypes with
Either “Quiescence” or “Escape” Mechanisms of Waterlogging Tolerance. Plant Cell Environ. 2019, 42, 245–258. [CrossRef]

22. Tamang, B.G.; Li, S.; Rajasundaram, D.; Lamichhane, S.; Fukao, T. Overlapping and Stress-Specific Transcriptomic and Hormonal
Responses to Flooding and Drought in Soybean. Plant J. 2021, 107, 100–117. [CrossRef]

23. Lin, Y.; Li, W.; Zhang, Y.; Xia, C.; Liu, Y.; Wang, C.; Xu, R.; Zhang, L. Identification of Genes/Proteins Related to Submergence
Tolerance by Transcriptome and Proteome Analyses in Soybean. Sci Rep. 2019, 9, 14688. [CrossRef] [PubMed]

24. Koo, S.C.; Kim, H.T.; Kang, B.K.; Lee, Y.H.; Oh, K.W.; Kim, H.Y.; Baek, I.Y.; Yun, H.T.; Choi, M.S. Screening of Flooding Tolerance
in Soybean Germplasm Collection. Korean J. Breed. Sci. 2014, 46, 129–135. [CrossRef]

25. Tamang, B.G.; Magliozzi, J.O.; Maroof, M.a.S.; Fukao, T. Physiological and Transcriptomic Characterization of Submergence and
Reoxygenation Responses in Soybean Seedlings. Plant Cell Environ. 2014, 37, 2350–2365. [CrossRef] [PubMed]

26. Bolger, A.M.; Lohse, M.; Usadel, B. Trimmomatic: A Flexible Trimmer for Illumina Sequence Data. Bioinformatics 2014, 30,
2114–2120. [CrossRef] [PubMed]

27. Kim, D.; Paggi, J.M.; Park, C.; Bennett, C.; Salzberg, S.L. Graph-Based Genome Alignment and Genotyping with HISAT2 and
HISAT-Genotype. Nat. Biotech. 2019, 37, 907–915. [CrossRef]

28. Kovaka, S.; Zimin, A.V.; Pertea, G.M.; Razaghi, R.; Salzberg, S.L.; Pertea, M. Transcriptome Assembly from Long-Read RNA-Seq
Alignments with StringTie2. Genome Biol. 2019, 20, 278. [CrossRef]

https://doi.org/10.1007/s11104-015-2536-z
https://doi.org/10.1071/FPv44n9_FO
https://doi.org/10.1007/s00709-009-0098-8
https://doi.org/10.3389/fpls.2019.00340
https://doi.org/10.2135/cropsci1998.0011183X003800060028x
https://doi.org/10.1626/pps.8.157
https://doi.org/10.1038/nature16467
https://doi.org/10.2134/agronj1989.00021962008100040016x
https://doi.org/10.1038/srep36021
https://doi.org/10.2135/cropsci2001.4141247x
https://doi.org/10.1007/s11032-005-5911-2
https://doi.org/10.2135/cropsci2011.09.0466
https://doi.org/10.1016/j.plantsci.2009.01.007
https://www.ncbi.nlm.nih.gov/pubmed/26493141
https://doi.org/10.3389/fpls.2017.00580
https://doi.org/10.1016/j.plaphy.2021.01.042
https://doi.org/10.3389/fpls.2017.01022
https://doi.org/10.1104/pp.16.00472
https://doi.org/10.1111/pce.13338
https://doi.org/10.1111/tpj.15276
https://doi.org/10.1038/s41598-019-50757-1
https://www.ncbi.nlm.nih.gov/pubmed/31604973
https://doi.org/10.9787/KJBS.2014.46.2.129
https://doi.org/10.1111/pce.12277
https://www.ncbi.nlm.nih.gov/pubmed/24433575
https://doi.org/10.1093/bioinformatics/btu170
https://www.ncbi.nlm.nih.gov/pubmed/24695404
https://doi.org/10.1038/s41587-019-0201-4
https://doi.org/10.1186/s13059-019-1910-1


Plants 2024, 13, 2538 13 of 14

29. Tian, T.; Liu, Y.; Yan, H.; You, Q.; Yi, X.; Du, Z.; Xu, W.; Su, Z. agriGO v2.0: A GO Analysis Toolkit for the Agricultural Community,
2017 Update. Nucleic Acids Res. 2017, 45, W122–W129. [CrossRef]

30. Wickham, H. Ggplot2. WIREs Comp. Stats. 2011, 3, 180–185. [CrossRef]
31. Thimm, O.; Bläsing, O.; Gibon, Y.; Nagel, A.; Meyer, S.; Krüger, P.; Selbig, J.; Müller, L.A.; Rhee, S.Y.; Stitt, M. Mapman: A

User-Driven Tool to Display Genomics Data Sets onto Diagrams of Metabolic Pathways and Other Biological Processes. Plant J.
2004, 37, 914–939. [CrossRef]

32. Jia, W.; Ma, M.; Chen, J.; Wu, S. Plant Morphological, Physiological and Anatomical Adaption to Flooding Stress and the
Underlying Molecular Mechanisms. Int. J. Mol. Sci. 2021, 22, 1088. [CrossRef]

33. Wu, J.; Wang, J.; Hui, W.; Zhao, F.; Wang, P.; Su, C.; Gong, W. Physiology of Plant Responses to Water Stress and Related Genes: A
Review. Forests 2022, 13, 324. [CrossRef]

34. Raudvere, U.; Kolberg, L.; Kuzmin, I.; Arak, T.; Adler, P.; Peterson, H.; Vilo, J. G:Profiler: A Web Server for Functional Enrichment
Analysis and Conversions of Gene Lists (2019 Update). Nucleic Acids Res. 2019, 47, W191–W198. [CrossRef] [PubMed]

35. Kim, E.; Hwang, S.; Lee, I. SoyNet: A Database of Co-Functional Networks for Soybean Glycine Max. Nucleic Acids Res. 2017, 45,
D1082–D1089. [CrossRef] [PubMed]

36. Shannon, P.; Markiel, A.; Ozier, O.; Baliga, N.S.; Wang, J.T.; Ramage, D.; Amin, N.; Schwikowski, B.; Ideker, T. Cytoscape: A
Software Environment for Integrated Models of Biomolecular Interaction Networks. Genome Res. 2003, 13, 2498–2504. [CrossRef]
[PubMed]

37. Hu, R.; Fan, C.; Li, H.; Zhang, Q.; Fu, Y.-F. Evaluation of Putative Reference Genes for Gene Expression Normalization in Soybean
by Quantitative Real-Time RT-PCR. BMC Mol. Biol. 2009, 10, 93. [CrossRef]

38. Striker, G.G. Flooding Stress on Plants: Anatomical, Morphological and Physiological Responses. Botany 2012, 1, 3–28.
39. Steffens, B.; Rasmussen, A. The Physiology of Adventitious Roots. Plant Physiol. 2016, 170, 603–617. [CrossRef]
40. Vidoz, M.L.; Loreti, E.; Mensuali, A.; Alpi, A.; Perata, P. Hormonal Interplay during Adventitious Root Formation in Flooded

Tomato Plants. Plant J. 2010, 63, 551–562. [CrossRef]
41. Zhai, L.; Liu, Z.; Zou, X.; Jiang, Y.; Qiu, F.; Zheng, Y.; Zhang, Z. Genome-Wide Identification and Analysis of microRNA

Responding to Long-Term Waterlogging in Crown Roots of Maize Seedlings. Physiol. Plant 2013, 147, 181–193. [CrossRef]
42. Qi, X.; Li, Q.; Ma, X.; Qian, C.; Wang, H.; Ren, N.; Shen, C.; Huang, S.; Xu, X.; Xu, Q.; et al. Waterlogging-Induced Adventitious

Root Formation in Cucumber Is Regulated by Ethylene and Auxin through Reactive Oxygen Species Signalling. Plant Cell Environ.
2019, 42, 1458–1470. [CrossRef]

43. Cho, H.-Y.; Loreti, E.; Shih, M.-C.; Perata, P. Energy and Sugar Signaling during Hypoxia. New Phytol. 2021, 229, 57–63. [CrossRef]
[PubMed]

44. Perata, P.; Alpi, A. Plant Responses to Anaerobiosis. Plant Sci. 1993, 93, 1–17. [CrossRef]
45. Bui, L.T.; Novi, G.; Lombardi, L.; Iannuzzi, C.; Rossi, J.; Santaniello, A.; Mensuali, A.; Corbineau, F.; Giuntoli, B.; Perata, P.; et al.

Conservation of Ethanol Fermentation and Its Regulation in Land Plants. J. Exp. Bot. 2019, 70, 1815–1827. [CrossRef] [PubMed]
46. Nanjo, Y.; Maruyama, K.; Yasue, H.; Yamaguchi-Shinozaki, K.; Shinozaki, K.; Komatsu, S. Transcriptional Responses to Flooding

Stress in Roots Including Hypocotyl of Soybean Seedlings. Plant Mol. Biol. 2011, 77, 129–144. [CrossRef] [PubMed]
47. Komatsu, S.; Thibaut, D.; Hiraga, S.; Kato, M.; Chiba, M.; Hashiguchi, A.; Tougou, M.; Shimamura, S.; Yasue, H. Characterization

of a Novel Flooding Stress-Responsive Alcohol Dehydrogenase Expressed in Soybean Roots. Plant Mol. Biol. 2011, 77, 309–322.
[CrossRef]

48. Jung, K.-H.; An, G. Application of MapMan and RiceNet Drives Systematic Analyses of the Early Heat Stress Transcriptome in
Rice Seedlings. J. Plant Biol. 2012, 55, 436–449. [CrossRef]

49. Wang, J.; Sun, H.; Sheng, J.; Jin, S.; Zhou, F.; Hu, Z.; Diao, Y. Transcriptome, Physiological and Biochemical Analysis of Triarrhena
Sacchariflora in Response to Flooding Stress. BMC Genet. 2019, 20, 88. [CrossRef]

50. Ye, T.; Shi, H.; Wang, Y.; Chan, Z. Contrasting Changes Caused by Drought and Submergence Stresses in Bermudagrass (Cynodon
dactylon). Front. Plant Sci. 2015, 6, 951. [CrossRef]

51. Chiang, C.M.; Chen, L.F.O.; Shih, S.W.; Lin, K.H. Expression of Eggplant Ascorbate Peroxidase Increases the Tolerance of
Transgenic Rice Plants to Flooding Stress. J. Plant Biochem. Biotechnol. 2015, 24, 257–267. [CrossRef]

52. Keya, S.S.; Mostofa, M.G.; Rahman, M.; Das, A.K.; Rahman, A.; Anik, T.R.; Sultana, S.; Khan, A.R.; Islam, R.; Watanabe, Y.; et al.
Effects of Glutathione on Waterlogging-Induced Damage in Sesame Crop. Ind. Crops Prod. 2022, 185, 115092. [CrossRef]

53. Voesenek, L.A.C.J.; Bailey-Serres, J. Flood Adaptive Traits and Processes: An Overview. New Phytol. 2015, 206, 57–73. [CrossRef]
[PubMed]

54. Bui, L.T.; Giuntoli, B.; Kosmacz, M.; Parlanti, S.; Licausi, F. Constitutively Expressed ERF-VII Transcription Factors Redundantly
Activate the Core Anaerobic Response in Arabidopsis thaliana. Plant Sci. 2015, 236, 37–43. [CrossRef] [PubMed]

55. Gasch, P.; Fundinger, M.; Müller, J.T.; Lee, T.; Bailey-Serres, J.; Mustroph, A. Redundant ERF-VII Transcription Factors Bind to
an Evolutionarily Conserved Cis-Motif to Regulate Hypoxia-Responsive Gene Expression in Arabidopsis. Plant Cell 2016, 28,
160–180. [CrossRef] [PubMed]

56. Hattori, Y.; Nagai, K.; Furukawa, S.; Song, X.-J.; Kawano, R.; Sakakibara, H.; Wu, J.; Matsumoto, T.; Yoshimura, A.; Kitano,
H.; et al. The Ethylene Response Factors SNORKEL1 and SNORKEL2 Allow Rice to Adapt to Deep Water. Nature 2009, 460,
1026–1030. [CrossRef]

https://doi.org/10.1093/nar/gkx382
https://doi.org/10.1002/wics.147
https://doi.org/10.1111/j.1365-313X.2004.02016.x
https://doi.org/10.3390/ijms22031088
https://doi.org/10.3390/f13020324
https://doi.org/10.1093/nar/gkz369
https://www.ncbi.nlm.nih.gov/pubmed/31066453
https://doi.org/10.1093/nar/gkw704
https://www.ncbi.nlm.nih.gov/pubmed/27492285
https://doi.org/10.1101/gr.1239303
https://www.ncbi.nlm.nih.gov/pubmed/14597658
https://doi.org/10.1186/1471-2199-10-93
https://doi.org/10.1104/pp.15.01360
https://doi.org/10.1111/j.1365-313X.2010.04262.x
https://doi.org/10.1111/j.1399-3054.2012.01653.x
https://doi.org/10.1111/pce.13504
https://doi.org/10.1111/nph.16326
https://www.ncbi.nlm.nih.gov/pubmed/31733144
https://doi.org/10.1016/0168-9452(93)90029-Y
https://doi.org/10.1093/jxb/erz052
https://www.ncbi.nlm.nih.gov/pubmed/30861072
https://doi.org/10.1007/s11103-011-9799-4
https://www.ncbi.nlm.nih.gov/pubmed/21656040
https://doi.org/10.1007/s11103-011-9812-y
https://doi.org/10.1007/s12374-012-0270-0
https://doi.org/10.1186/s12863-019-0790-4
https://doi.org/10.3389/fpls.2015.00951
https://doi.org/10.1007/s13562-014-0265-7
https://doi.org/10.1016/j.indcrop.2022.115092
https://doi.org/10.1111/nph.13209
https://www.ncbi.nlm.nih.gov/pubmed/25580769
https://doi.org/10.1016/j.plantsci.2015.03.008
https://www.ncbi.nlm.nih.gov/pubmed/26025519
https://doi.org/10.1105/tpc.15.00866
https://www.ncbi.nlm.nih.gov/pubmed/26668304
https://doi.org/10.1038/nature08258


Plants 2024, 13, 2538 14 of 14

57. Yu, F.; Liang, K.; Fang, T.; Zhao, H.; Han, X.; Cai, M.; Qiu, F. A Group VII Ethylene Response Factor Gene, ZmEREB180,
Coordinates Waterlogging Tolerance in Maize Seedlings. Plant Biotechnol. J. 2019, 17, 2286–2298. [CrossRef]

58. van Veen, H.; Akman, M.; Jamar, D.C.L.; Vreugdenhil, D.; Kooiker, M.; van Tienderen, P.; Voesenek, L.A.C.J.; Schranz, M.E.; Sasid-
haran, R. Group VII Ethylene Response Factor Diversification and Regulation in Four Species from Flood-Prone Environments.
Plant Cell Environ. 2014, 37, 2421–2432. [CrossRef]

59. Wei, X.; Xu, H.; Rong, W.; Ye, X.; Zhang, Z. Constitutive Expression of a Stabilized Transcription Factor Group VII Ethylene
Response Factor Enhances Waterlogging Tolerance in Wheat without Penalizing Grain Yield. Plant Cell Environ. 2019, 42,
1471–1485. [CrossRef]

60. Tian, H.; Fan, G.; Xiong, X.; Wang, H.; Zhang, S.; Geng, G. Characterization and Transformation of the CabHLH18 Gene from Hot
Pepper to Enhance Waterlogging Tolerance. Front. Plant Sci. 2024, 14, 1285198. [CrossRef]

61. Rauf, M.; Arif, M.; Fisahn, J.; Xue, G.-P.; Balazadeh, S.; Mueller-Roeber, B. NAC Transcription Factor SPEEDY HYPONASTIC
GROWTH Regulates Flooding-Induced Leaf Movement in Arabidopsis. Plant Cell 2013, 25, 4941–4955. [CrossRef]

62. Tang, H.; Bi, H.; Liu, B.; Lou, S.; Song, Y.; Tong, S.; Chen, N.; Jiang, Y.; Liu, J.; Liu, H. WRKY33 Interacts with WRKY12 Protein to
Up-Regulate RAP2.2 during Submergence Induced Hypoxia Response in Arabidopsis Thaliana. New Phytol. 2021, 229, 106–125.
[CrossRef]

63. Liu, Z.; Kumari, S.; Zhang, L.; Zheng, Y.; Ware, D. Characterization of miRNAs in Response to Short-Term Waterlogging in Three
Inbred Lines of Zea Mays. PLoS ONE 2012, 7, e39786. [CrossRef] [PubMed]

64. Xue, T.; Liu, Z.; Dai, X.; Xiang, F. Primary Root Growth in Arabidopsis Thaliana Is Inhibited by the miR159 Mediated Repression of
MYB33, MYB65 and MYB101. Plant Sci. 2017, 262, 182–189. [CrossRef] [PubMed]

65. Dietrich, K.; Weltmeier, F.; Ehlert, A.; Weiste, C.; Stahl, M.; Harter, K.; Dröge-Laser, W. Heterodimers of the Arabidopsis
Transcription Factors bZIP1 and bZIP53 Reprogram Amino Acid Metabolism during Low Energy Stress. Plant Cell 2011, 23,
381–395. [CrossRef] [PubMed]

66. Yao, W.; Li, G.; Yu, Y.; Ouyang, Y. funRiceGenes Dataset for Comprehensive Understanding and Application of Rice Functional
Genes. GigaScience 2018, 7, gix119. [CrossRef]

67. Hinz, M.; Wilson, I.W.; Yang, J.; Buerstenbinder, K.; Llewellyn, D.; Dennis, E.S.; Sauter, M.; Dolferus, R. Arabidopsis RAP2.2: An
Ethylene Response Transcription Factor That Is Important for Hypoxia Survival. Plant Physiol. 2010, 153, 757–772. [CrossRef]

68. Tsuji, H.; Meguro, N.; Suzuki, Y.; Tsutsumi, N.; Hirai, A.; Nakazono, M. Induction of Mitochondrial Aldehyde Dehydrogenase by
Submergence Facilitates Oxidation of Acetaldehyde during Re-Aeration in Rice. FEBS Lett. 2003, 546, 369–373. [CrossRef]

69. Weits, D.A.; Giuntoli, B.; Kosmacz, M.; Parlanti, S.; Hubberten, H.-M.; Riegler, H.; Hoefgen, R.; Perata, P.; van Dongen, J.T.;
Licausi, F. Plant Cysteine Oxidases Control the Oxygen-Dependent Branch of the N-End-Rule Pathway. Nat. Commun. 2014,
5, 3425. [CrossRef]

70. Sauter, M.; Rzewuski, G.; Marwedel, T.; Lorbiecke, R. The Novel Ethylene-regulated Gene OsUsp1 from Rice Encodes a Member
of a Plant Protein Family Related to Prokaryotic Universal Stress Proteins. J. Exp. Bot. 2002, 53, 2325–2331. [CrossRef]

71. Zhou, Z.; de Almeida Engler, J.; Rouan, D.; Michiels, F.; Van Montagu, M.; Van Der Straeten, D. Tissue Localization of a
Submergence-Induced 1-Aminocyclopropane-1-Carboxylic Acid Synthase in Rice. Plant Physiol. 2002, 129, 72–84. [CrossRef]

72. Mitsuya, S.; Yokota, Y.; Fujiwara, T.; Mori, N.; Takabe, T. OsBADH1 Is Possibly Involved in Acetaldehyde Oxidation in Rice Plant
Peroxisomes. FEBS Lett. 2009, 583, 3625–3629. [CrossRef]

73. Valliyodan, B.; Ye, H.; Song, L.; Murphy, M.; Shannon, J.G.; Nguyen, H.T. Genetic Diversity and Genomic Strategies for Improving
Drought and Waterlogging Tolerance in Soybeans. J. Exp. Bot. 2017, 68, 1835–1849. [CrossRef] [PubMed]

74. Urano, K.; Kurihara, Y.; Seki, M.; Shinozaki, K. ‘Omics’ Analyses of Regulatory Networks in Plant Abiotic Stress Responses. Curr.
Opin. Plant Biol. 2010, 13, 132–138. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1111/pbi.13140
https://doi.org/10.1111/pce.12302
https://doi.org/10.1111/pce.13505
https://doi.org/10.3389/fpls.2023.1285198
https://doi.org/10.1105/tpc.113.117861
https://doi.org/10.1111/nph.17020
https://doi.org/10.1371/journal.pone.0039786
https://www.ncbi.nlm.nih.gov/pubmed/22768123
https://doi.org/10.1016/j.plantsci.2017.06.008
https://www.ncbi.nlm.nih.gov/pubmed/28716415
https://doi.org/10.1105/tpc.110.075390
https://www.ncbi.nlm.nih.gov/pubmed/21278122
https://doi.org/10.1093/gigascience/gix119
https://doi.org/10.1104/pp.110.155077
https://doi.org/10.1016/S0014-5793(03)00631-8
https://doi.org/10.1038/ncomms4425
https://doi.org/10.1093/jxb/erf096
https://doi.org/10.1104/pp.001206
https://doi.org/10.1016/j.febslet.2009.10.039
https://doi.org/10.1093/jxb/erw433
https://www.ncbi.nlm.nih.gov/pubmed/27927997
https://doi.org/10.1016/j.pbi.2009.12.006
https://www.ncbi.nlm.nih.gov/pubmed/20080055

	Introduction 
	Materials and Methods 
	Experimental Design 
	Plant Materials and Waterlogging Stress Treatments 
	RNA Sequencing (RNA-Seq) Analysis 
	Functional Analysis of DEGs Using Gene Ontology (GO) and MapMan Software 
	Ortholog Analysis 
	Co-Functional Networks Analysis 
	RNA Extraction and Quantitative Real-Time PCR (qRT-PCR) Analysis 

	Results and Discussion 
	Physiological Responses of Soybean Roots Exposed to a Waterlogging Stress 
	Identification of Differentially Expressed Genes (DEGs) under Waterlogging Stress by RNA-Seq 
	Gene Ontology (GO) Enrichment Reveals Biological Processes Associated with Waterlogging Stress in Soybean Roots 
	MapMan Analysis of Waterlogging Stress-Related Genes in Soybean Roots 
	Expression Analysis of TFs in DEGs 
	Ortholog Analysis to Elucidate Flooding Stress-Related Genes in Soybean 
	Analysis of Co-Functional Networks of TFs and Orthologs 
	Stress Treatment of Waterlogging-Resistant Varieties and Quantitative Real-Time PCR (qRT-PCR) Analysis 

	Conclusions 
	References

