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Abstract: Flooding stress, which reduces plant growth and seed yield, is a serious problem for
soybean. To improve the productivity of flooded soybean, flooding-tolerant soybean was produced
by gamma-ray irradiation. Three-day-old wild-type and mutant-line plants were flooded for 2 days.
Protein, RNA, and genomic DNA were then analyzed based on oppositely changed proteins between
the wild type and the mutant line under flooding stress. They were associated with cell organization,
RNA metabolism, and protein degradation according to proteomic analysis. Immunoblot analysis
confirmed that the accumulation of beta-tubulin/beta-actin increased in the wild type under flooding
stress and recovered to the control level in the mutant line; however, alpha-tubulin increased in both
the wild type and the mutant line under stress. Ubiquitin was accumulated and genomic DNA was
degraded by flooding stress in the wild type; however, they were almost the same as control levels in
the mutant line. On the other hand, the gene expression level of RNase H and 60S ribosomal protein did
not change in either the wild type or the mutant line under flooding stress. Furthermore, chlorophyll
a/b decreased and increased in the wild type and the mutant line, respectively, under flooding stress.
These results suggest that the regulation of cell organization and protein degradation might be an
important factor in the acquisition of flooding tolerance in soybean.
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1. Introduction

Soybean, which is one of the major agricultural crops, is sensitive to flooding stress [1].
In flooded soils, the plant growth and grain yield of soybean is significantly reduced [2].
Due to the rich protein and oil content in soybean seeds, soybean is susceptible to internal
damage and uneven soil flattening, heavy rainfall, and poorly drained fields [3], resulting
in impeded seed germination and seedling establishment. Plants frequently face hypoxic
stress due to habitat changes, such as sudden floods, heavy rainfall, and low oxygen at high
altitudes [4], though oxygen availability is essential for their survival. In soybean breeding
or genetic studies, when soybean is exposed to flood stress at various growth stages,
the vegetative period is reduced by 17–40% and the reproductive period is reduced by
40–57% due to flooding [5]. On the other hand, in Japan, soybean in the early growth stage
is significantly suppressed due to flooding stress during the rainy season. The candidate
genes could help researchers better understand the underlying physiological mechanisms
of flooding stress tolerance in soybean in the early growth stage.

Floods cause excessive moisture to accumulate in crop roots and dramatically decrease
oxygen levels in the soil [6]. Under flooding stress, soybean has displayed differential
regulation of proteins involved in the suppression of reactive oxygen species scavenging,
signal transduction, transcriptional regulation, sucrose accumulation/glucose degrada-
tion, alcohol fermentation, mitochondrial impairment, gamma-aminobutyric acid shunt,
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ubiquitin/proteasome-mediated proteolysis, and cell-wall loosening [7,8]. In particular,
plants can cope with flooding conditions by adopting an orchestrated set of morphological
adaptations and physiological adjustments controlled by an elaborate hormonal signaling
network [9]. Ethylene transcription factors were found to be involved in regulating the
response of plants to low-oxygen stress, and crop yields were improved under suboptimal
growing conditions [10]. Ethylene transcription factors were highly induced by submer-
gence and then downregulated during the recovery phase in soybean [11]. Although
flooding response mechanisms in soybean were reported, the characterization of flooding
tolerance mechanisms is needed regarding agricultural usage.

To characterize flooding tolerance mechanisms in soybean, flooding-tolerant mutant
lines were generated by gamma-ray irradiation with six-fold tolerance screening [12]. Gel-
based proteomic analysis using this mutant line indicated that the important factor for the
acquisition of flooding tolerance in soybean is the activation of the fermentation system dur-
ing the early stages of flooding [12]. Gel-free proteomics [13], RNA-seq transcriptomics [14],
and metabolomics [15] were performed at the initial stage of flooding stress using the same
mutant line and abscisic acid-treated soybean, which highlights flooding tolerance. These
results indicated that the ethylene and abscisic acid signaling pathways, which may be
involved in tolerance to initial flooding, prevented the growth-inhibitory effect of soybean
under flooding [16]. On the other hand, how soybean achieves a harmonious relationship
within these responses to initial flooding is elusive.

Furthermore, because the causative gene of this mutant line has not yet been identified,
the previous mutant line [12], which showed flooding tolerance, was crossed with the
parent cultivar Enrei. Using this mutant line, morphological and proteomic analyses
were performed under flooding stress [17], indicating that the regulation of cell death
through the fermentation system and glycoprotein folding was an important factor in the
acquisition of flooding tolerance [17]. Although the importance of the fermentation system
and glycoprotein folding against flooding tolerance was clarified using this mutant line,
other cellular mechanisms were not identified. To obtain more comprehensive results
regarding flooding tolerance, previous proteomic data from gene ontology analysis [17]
were re-analyzed using MapMan bin codes. Based on the results, immunoblot, gene
expression, and other analyses were further performed.

2. Results
2.1. Identification and Functional Investigation of Proteins in the Mutant Line under Flooding
Stress

Three-day-old seedlings from the mutant line and the wild type were subjected to
flooding for 2 days and proteins were analyzed using a gel-free/label-free proteomic tech-
nique [17]. Using gene ontology categorization, the abundance of oppositely changed
proteins between these two kinds of soybean was associated with endoplasmic reticu-
lum [17]. In this study, to obtain further information on the flooding tolerance mechanism,
previous proteomic data [17] were re-analyzed using MapMan bin codes (Figures 1, 2 and
Supplementary Figure S1). Among the 127 proteins, 79 and 48 increased and decreased,
respectively, in the mutant line compared with the wild type under non-flooding conditions
(Figure 1A and Table S1). Among the 85 proteins, 33 and 52 increased and decreased, re-
spectively, in the mutant line compared with the wild type under flooding stress (Figure 1B
and Table S2). Using MapMan bin codes, newly analyzed categories in this study were
associated with protein degradation, RNA metabolism, and transport in the mutant line
compared with the wild type under flooding stress (Figure 1).
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Figure 1. Functional categories of proteins with differential abundance in the mutant line com-
pared with the wild type under flooding stress or non-flooding conditions. Functional categories
of changed proteins were determined using MapMan bin codes (Supplemental Tables S1 and S2).
(A) Changed proteins in mutant-line compared with wild-type soybean under non-flooding condi-
tions. (B) Changed proteins in mutant-line compared with wild-type soybean under flooding stress.
Red and blue columns show increased and decreased proteins. Abbreviations: TCA, tricarboxylic
acid cycle; PTM, posttranslational modification.

Among the 986 proteins, 514 and 472 increased and decreased, respectively, in the wild
type under flooding stress compared with non-flooding conditions (Figure 2A and Table S3).
Among the 833 proteins, 350 and 483 increased and decreased, respectively, in the mutant
line under flooding stress compared with non-flooding conditions (Figure 2B and Table S4).
Using MapMan bin codes, in this study, newly analyzed categories with opposite changes
were associated with protein degradation, cell organization, RNA metabolism, minor
CHO, co-factor, oxidative pentose phosphate, and the tricarboxylic acid cycle between the
mutant line and the wild type under flooding stress (Figure 2). The proteins related to
protein degradation, cell organization, and RNA metabolism were further confirmed using
immunoblotting, RNA expression, and other analyses.
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Figure 2. Functional categories of proteins with differential abundance in the mutant line or
wild type under flooding stress compared with non-flooding conditions. Functional categories
of changed proteins were determined using MapMan bin codes (Supplemental Tables S1 and S2).
(A) Changed proteins in wild-type soybean under flooding stress compared with non-flooding
conditions. (B) Changed proteins in mutant-line soybean under flooding stress compared with non-
flooding conditions. Red and blue columns show increased and decreased proteins. Abbreviations:
TCA, tricarboxylic acid cycle; OPP, oxidative pentose phosphate; mitoETC, mitochondrial electron
transport chain; PTM, posttranslational modification; and aa met, amino acid metabolism.

2.2. Analyses of Ubiquitin Accumulation and Genomic DNA Degradation in the Mutant Line
under Flooding Stress

To better uncover the changes in proteins categorized as protein degradation, im-
munoblot analysis of ubiquitin was performed (Figure 3). In this study, among proteins
related to protein degradation, RBR-type E3 ubiquitin transferase, ubiquitin conjugate
2 domain-containing protein, ubiquitin protease, ubiquitin, ubiquitin thioesterase, and
proteasome increased and decreased in the wild type and mutant, respectively, under
flooding stress. Proteins were extracted from the roots of the wild type and the mutant
line treated with or without flooding stress. The Coomassie brilliant blue staining pattern
was used as a loading control (Figure 3A and Figure S2A). To investigate the changes in
proteins categorized as protein degradation, the accumulation of ubiquitin was analyzed
(Figure S3). Immunoblot analysis confirmed that ubiquitin accumulated in the wild type
under flooding stress; however, this accumulation was recovered to the control level in the
mutant line even if it was under flooding stress (Figure 3B).
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Figure 3. Immunoblot analysis of ubiquitin in the mutant line under flooding stress. Proteins were ex-
tracted from the roots, including hypocotyl, separated on SDS-polyacrylamide gel by electrophoresis
and transferred onto a membrane. The membrane was cross-reacted with an anti-ubiquitin antibody.
The Coomassie brilliant blue staining pattern was used as a loading control (A) (Figure S2A). The
integrated densities of the bands were calculated using ImageJ software (B). Data are shown as
the means ± SD from 3 independent biological replicates (Figure S3). Student’s t-test was used to
compare values between control and treatment as well as wild type and mutant line under flooding
stress. Asterisks indicate a significant change (* p ≤ 0.05, ** p ≤ 0.01).

To investigate the changes in genomic DNA degradation, its accumulation was an-
alyzed (Figure 4). Genomic DNA was extracted from the roots of the wild type and the
mutant line treated with or without flooding stress. DNA concentrations were analyzed for
each sample (Figure 4A). Genomic DNA was degraded in the wild type under flooding
stress; however, it was not degraded in the mutant line even under stress (Figure 4B). These
results indicated that protein and DNA degradation was suppressed in the mutant line
even when it was flooded.
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Figure 4. Analysis of genomic DNA degradation in the roots of the mutant line under flooding
stress. After flooding stress, genomic DNA was extracted from the roots of the wild type and the
mutant line. (A) The concentration of genomic DNA. (B) The pattern of agarose gel electrophoresis of
extracted genomic DNA. Data are shown as the means ± SD from 3 independent biological replicates.
Student’s t-test was used to compare values between control and treatment as well as wild type and
mutant line under flooding stress. Asterisks indicate a significant change (* p ≤ 0.05, ** p ≤ 0.01).
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2.3. Analysis of Cell-Organization-Related Proteins in the Mutant Line under Flooding Stress,
Which Were Identified Using Immunoblot Analysis

To better uncover the change in cell-organization-related proteins in the mutant line
under flooding stress, the accumulation of alpha-tubulin, beta-tubulin, and beta-actin was
analyzed using immunoblot analysis (Figure 5). Proteins were extracted from the root
and the hypocotyl of the mutant line and wild type treated with or without flooding. The
Coomassie brilliant blue staining pattern was used as a loading control (Figure S2), and the
accumulation of alpha-tubulin, beta-tubulin, and beta-actin was analyzed with antibodies
(Figures S4–S6). The accumulation of alpha-tubulin increased in both the wild type and
the mutant line under flooding stress (Figure 5A). The accumulation of beta-tubulin and
beta-actin increased in the wild type under flooding stress; however, they recovered to
the control level in the mutant line even if it was under stress (Figure 5B,C). These results
indicated that beta-tubulin and beta-actin were regulated in the mutant line for stress
tolerance under flooding.

2.4. Analysis of Gene Expression Levels of RNA Metabolism-Associated Proteins in the Mutant
Line under Flooding Stress

To better uncover the change in RNA metabolism-associated proteins in the mutant
line under flooding stress, the gene expression levels of RNase and 60S ribosomal protein
were analyzed in both the wild type and the mutant line under flooding stress using
polymerase chain reaction analysis. RNAs were extracted from the roots and the hypocotyl
of the mutant line and wild type treated with or without flooding. Polymerase chain
reaction analysis was performed for the gene expression of RNase and 60S ribosomal protein
(Figures 6A,B, S7 and S8). The expression pattern of 18S rRNA was used as an internal
control (Figures 6C and S9), and the expression of RNase and 60S ribosomal protein was
analyzed (Figure 6). The gene expression levels of 18S rRNA and RNase did not change
between the wild type and the mutant line with or without flooding stress. Although the
gene expression level of 60S ribosomal protein was downregulated by flooding stress, they
did not change between the wild type and the mutant line under flooding stress (Figure 6).

2.5. Analysis of Chlorophyll Contents in the Mutant Line under Flooding Stress

To understand the role of the hypocotyl in the mutant line under flooding stress,
the chlorophyll contents were analyzed as photosynthesis parameters (Figure 7). The
contents of chlorophylls a and b significantly decreased under flooding stress; however,
they recovered in the mutant line, even if it was under stress (Figure 7). These results
indicated that photosynthesis was improved in the mutant line, even if it was under
flooding conditions.
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Figure 5. Immunoblot analysis of proteins involved in cell organization in the mutant line under flood-
ing stress. Proteins were extracted from the root and hypocotyl, separated on SDS-polyacrylamide
gel by electrophoresis and transferred onto a membrane. The membrane was cross-reacted with
anti-alpha-tubulin, beta-tubulin, and beta-actin antibodies. The Coomassie brilliant blue staining
pattern was used as a loading control (Supplemental Figure S2B). The integrated densities of the
bands were calculated using ImageJ software with 3 independent biological replicates (Figures S4–S6).
Data are shown as the means ± SD from 3 independent biological replicates. Student’s t-test was
used to compare values between control and treatment as well as wild type and mutant line under
flooding stress. Asterisks indicate a significant change (* p ≤ 0.05).
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stress. Gene expression analysis of 60S ribosome protein and RNase H in the wild type and the mutant
line with or without flooding stress was performed. (A) 60S ribosome protein- and (B) RNase H-
specific oligonucleotides were used to amplify transcripts from total RNA isolated from the roots and
hypocotyl. 18S rRNA was used as an internal control (C). Data are shown as the means ± SD from
3 independent biological replicates. Student’s t-test was used to compare values between control and
treatment as well as wild type and mutant line under flooding stress (** p ≤ 0.01).
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flooding stress (B). Chlorophylls a and b extracted from the hypocotyl of the wild type and the mutant
line were measured. Data are shown as the means ± SD from 3 independent biological replicates
(Figures S7–S9). Student’s t-test was used to compare values between control and treatment as well as
wild type and mutant line under flooding stress. Asterisks indicate a significant change (** p ≤ 0.01).

3. Discussion
3.1. Protein Degradation, Cell Organization, and RNA Metabolism Changes in the Mutant Line
under Flooding Stress, Which Were Identified Using Proteomic Techniques

Compared to cultivated soybean (Glycine max L. Merr.), annual climbing soybean
(Glycine soja Sieb. and Zucc.) exhibits high genetic diversity and was recognized as the
ancestor of cultivated soybean [18,19]. Wild soybean was more waterlog-tolerant than
cultivated soybean [20]; most especially, the wild soybean accession PI342618B has demon-
strated high flooding tolerance [21]. Furthermore, the flooding tolerance of cultivated
soybean was improved by introducing favorable alleles from wild soybean into elite culti-
vars [22]. Although wild soybean can be used as an important source of genetic variability,
the creation of mutants by gamma-ray irradiation is also a useful method [12]. The growth
of the mutant lines was better than that of the wild type even if it was flooded, although
the growth of the wild type was significantly suppressed by this stress compared with
non-flooding conditions [12,17]. Unfortunately, the causative gene of this mutant line has
not yet been identified.

Using this flooding tolerance mutant line, proteomic analysis was performed. Accord-
ing to the gene ontology classification, oppositely changed proteins, which are abundant
between the wild type and the mutant line, were associated with the endoplasmic reticulum
under flooding stress [17]. Based on this result, the regulation of cell death through the
fermentation system and glycoprotein folding was an important factor in the acquisition of
flooding tolerance [17]. To obtain further information on the flooding-tolerant mechanism,
previous proteomic data with gene ontology analysis [17] were re-analyzed using MapMan
bin codes in this study. Using MapMan bin codes, newly analyzed categories, in this
study, were associated with protein degradation, RNA metabolism, and transport in the
mutant line compared with the wild type under flooding stress (Figure 1). Additionally,
these categories with opposite changes were associated with protein degradation, cell
organization, RNA metabolism, minor CHO, co-factor, oxidative pentose phosphate, and
the tricarboxylic acid cycle between the mutant line and the wild type under flooding stress
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(Figure 2). These current studies suggest that the proteins related to protein degradation
and RNA metabolism are important factors for the flooding tolerance of soybean. Although
it was reported that the proteins related to cell organization such as tubulin were regulated
in soybean under flooding stress [8], there are almost no reports to support this claim.
Because proteins related to cell organization were identified in the mutant line in this study,
these proteins might be associated with flooding tolerance in soybean.

3.2. Ubiquitin Is Accumulated and Genomic DNA Is Degraded by Flooding Stress in the Wild
Type; However, They Recover to the Control Level in the Mutant Line

It has been previously reported that cell death increased and decreased in the wild
type and the mutant line, respectively, under flooding stress with the Evans blue staining
method [17]. In this study, because proteins related to the ubiquitin–proteasome system
increased and decreased in the wild type and the mutant line, respectively, under flooding
stress, the accumulation of ubiquitin was analyzed. The ubiquitin-proteasome system has
been identified as key regulator that acts in concert to regulate core aspects of responses
to hypoxia in plants [23]. Under flooding, plant-derived smoke, which shows flooding
tolerance, induced the inhibition of the ubiquitin–proteasome pathway and led to sacrifice-
for-survival-mechanism-driven degradation of the root tips in soybean [24]. The amount of
ubiquitinated proteins in soybean roots decreased after flooding treatment and recovered
to levels similar to controls after de-submergence [25]. N-terminal degradation signal-
mediated processes with the ubiquitin–proteasome system in plants were implicated in
the regulation of traits with potential agronomic importance, including the responses to
flooding tolerance [26]. Protein degradation mediated by the ubiquitin–proteasome system
might be central to this regulation, which enabled the accumulation of metabolites and
promoted root development during recovery after flooding.

In the context of ubiquitin-like proteins, another important emerging player is au-
tophagy. Autophagic programmed cell death is a complex and highly regulated degradative
process, which acts as a survival pathway in response to cellular stress [27]. Autophagic
programmed cell death of the meristematic cells has been implicated in the root-tip death of
several species, such as pea and maize, when exposed to severe stress conditions [28]. Initi-
ating a response to hypoxia requires genomic reprogramming. The latter depends on the
activity of master transcriptional regulators, which coordinate gene expression in response
to hypoxia [29]. In this study, to investigate the changes in genomic DNA degradation, its
accumulation was analyzed. It was indicated that genomic DNA was reduced in the wild
type under flooding stress; however, this reduction was recovered to the control level in the
mutant line even if it was under stress (Figure 4). These results implied that protein and
DNA degradation were recovered in the mutant line even if it was in flooding conditions.
These results, along with previous reports, suggest that the mutant line might improve the
quality of proteins and DNA; as a result, cell death is suppressed.

3.3. Cell-Organization-Related Proteins Were Regulated in the Mutant Line under Flooding Stress
and Were Identified Using Immunoblot Analysis

In this study, beta-tubulin and beta-actin as cell-organization-related proteins were
regulated in the mutant line for stress tolerance under flooding (Figure 5). The plant
cytoskeleton, which includes microtubules and actin filaments, is a dynamic component
of plant cells. It rapidly and dynamically recombines to adapt to the environment and
maintain a growth state under external or internal stimuli [30]. The root system for the
underground parts of plants is a direct organ for acquiring nutrients and water, as well
as responding to environmental stimuli. The actin cytoskeleton is a point of integration
not only in root growth and development but also in plant response to environmental
stimuli [31]. Cytoskeleton-associated proteins are important regulatory molecules involved
in the rearrangement of the actin cytoskeleton in response to environmental signals [32].
Among them, actin depolymerization factors are a major protein family for actin filament
disassembly and play an important role in plant response to salt stress [33]. These results
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suggest that cell-organization-related proteins also have important roles in the flooding
tolerance of soybean.

Using comparative RNA sequencing, genes were identified in biological processes,
which were differentially regulated under drought and flooding stresses. These results in-
dicate that these overlapping responses, which include the negative regulation of cellulose,
tubulin, photosystem I/II, and chlorophyll biosynthesis, as well as the positive regulation
of trehalose/sucrose metabolism, promote energy storage saving under both submergence
and drought stresses [8]. In this study, the chlorophyll contents were analyzed as photosyn-
thesis parameters (Figure 7). The contents of chlorophylls a and b significantly decreased
under flooding stress; however, they recovered in the mutant line even if under stress
(Figure 7). The expression of photosynthesis and chlorophyll synthesis-related genes were
significantly reduced under drought and flooding stresses [34], which limit the metabolic
processes and thus help prolong survival under extreme conditions. These results suggest
that photosynthesis might be improved in the mutant line, even under flooding conditions,
which might help it survive flooding stress.

4. Materials and Methods
4.1. Plant Material and Treatment

Flooding-tolerant founder mutant soybean was crossed with wild-type soybean
(Glycine max L. cultivar Enrei). Mutant line 1386-6 (G2) with flooding tolerance selected
from progeny was used [17]. Seeds were sterilized with a 2% sodium hypochlorite solution,
washed twice with water, and sown in 400 mL of silica sand in a plastic case. Soybean
plants were grown under white-fluorescent light (160 µmol m−2 s−1, 16 h light period/day)
at 25 ◦C and 60% humidity for 3 days. To induce flooding stress, 3-day-old seedlings were
soaked with additional water above the silica sand surface. After 2 days of treatment,
seedlings were used for immunoblotting, RNA expression, and other analyses. Three
independent experiments were performed as biological replicates of all experiments. This
means that the seeds were sown on different days. In each plastic case, a total of 14 seeds
were sown evenly.

4.2. Functional Categorization of Mass Spectrometry Data

Three-day-old seedlings of the mutant line and wild type were flooded for 2 days
and proteins were analyzed using a gel-free/label-free proteomic technique [17]. For MS
data, RAW data, peak lists, and result files were deposited into the ProteomeXchange
Consortium [35] via the jPOST [36] partner repository with dataset identifier PXD024711.
Proteins were categorized based on function using MapMan bin codes [37].

4.3. Protein Extraction and Immunoblot Analysis

The samples (500 mg) were ground with RIPA extraction buffer (Nacalai Tesque,
Kyoto, Japan) at 4 ◦C using a mortar and pestle. SDS sample buffer (Bio-Rad, Hercules,
CA, USA) was added to the protein extracts [38]. After the determination of protein
concentration [39], quantified proteins (10 µg) were separated by electrophoresis on a
10% SDS-polyacrylamide gel. Coomassie brilliant blue staining was used as a loading
control. For immunoblot analysis, proteins were transferred to a polyvinylidene difluoride
membrane using a semidry-transfer blotter. This membrane was blocked in Bullet Blocking
One reagent (Nacalai Tesque, Kyoto, Japan) for 5 min and cross-reacted with the primary
antibodies for 30 min. As primary antibodies, anti-ubiquitin (Cosmo Bio, Tokyo, Japan),
alpha-tubulin (Abcam, Cambridge, UK), beta-tubulin (Proteintech, Rosemont, IL, USA),
and beta-actin (Proteintech) antibodies were used. After cross-reaction, the membrane
was incubated with anti-rabbit IgG conjugated with horseradish peroxidase (Bio-Rad)
as the secondary antibody for 30 min. Signals were detected using a TMB Membrane
Peroxidase Substrate Kit (Seracare, Milford, MA, USA). The integrated density of the bands
was calculated using Image J software (version 1.8; National Institutes of Health, Bethesda,
MD, USA).
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4.4. RNA Extraction and Polymerase Chain Reaction Analysis

The samples (500 mg) were snap-frozen in liquid nitrogen and ground into a powder
using a mortar and pestle. Total RNA was isolated with an RNeasy Plant Mini Kit (Qiagen,
Venlo, The Netherlands) according to the protocol from the manufacturer. First-strand
cDNA was synthesized from total RNA (1 µg) with the iSuperscript Reverse Transcription
Supermix (BioRad). Gene-specific primers for 18S rRNA, 60S ribosomal protein, and RNaseH
were constructed with Primer3Plus software [40] and used to amplify the 200–500 bp
regions (Table S5). Polymerase chain reaction analysis was performed with Emerald Amp
PCR Master Mix (Takara, Tokyo, Japan) as follows: 98 ◦C for 10 s, 60 ◦C for 30 s, and
72 ◦C for 30 s, for a total of 30 cycles. Amplified products with polymerase chain reaction
were separated on a 3% agarose gel and stained with the Atlas ClearSight Gold DNA stain
(BioAtlas, Tartu, Estonia). The integrated densities of the bands were calculated using
Image J software.

4.5. Genomic DNA Extraction and Electrophoresis

A portion (0.5 g) of the samples was quickly frozen in liquid nitrogen and ground
into a powder with a mortar and pestle. Genomic DNA was extracted using a Genomic
DNA Extraction Kit (NucleoSpin Plant II: Macgrey-Nagel, Duren, Germany) following the
protocol from the manufacturer [41]. The absorbance of DNA extraction was measured at
260 nm. The genomic DNA was separated by 2% agarose gel and stained with the Atlas
ClearSight Gold DNA stain. The integrated densities of the bands were calculated using
Image J software.

4.6. Contents of Chlorophylls a and b

A portion (0.5 g) of the samples was submerged in 1 mL of N,N-dimethylformamide
for 16 h at 4 ◦C. The absorbance of chlorophylls a and b released in the solvent was measured
at 663.8 nm and 646.8 nm. The contents of chlorophylls a and b were calculated using
absorbance as follows: chlorophylls a and b (µM) = 19.4 × A646.8 + 8.05 × A663.8 [42,43].

4.7. Statistical Analysis

The statistical significance of data between the two groups was analyzed using Stu-
dent’s t-test. A p-value of less than 0.05 was considered statistically significant.

5. Conclusions

To improve the productivity of flooded soybean, flooding-tolerant soybean was pro-
duced by gamma-ray irradiation. The main findings are as follows: (i) regarding cell
organization, the accumulation of beta-tubulin/beta-actin increased in the wild type under
flooding stress and recovered to the control level in the mutant line, whereas alpha-tubulin
increased in both the wild type and the mutant line under stress; (ii) regarding protein
degradation, ubiquitin was accumulated and genomic DNA was degraded by flooding
stress in the wild type, but recovered to the control level in the mutant line; and (iii) re-
garding RNA metabolism, the gene expression levels of RNase and 60S ribosomal protein
did not change in either the wild type or the mutant line under flooding stress. These
results suggest that the regulation of cell organization and protein degradation might be an
important factor in the acquisition of flooding tolerance in soybean.

Supplementary Materials: The supporting information can be downloaded at: https://www.mdpi.
com/article/10.3390/ijms25010517/s1.

Author Contributions: Y.K. cultivated mutant soybeans; S.K. and T.Z. performed protein and RNA
preparation; S.K. and T.Z. performed the immunoblot analysis and other biological and molecular
analyses; S.K. analyzed the data and wrote the paper. All authors have read and agreed to the
published version of the manuscript.

Funding: This work was supported by the program “Breeding of soybean varieties with new trait in
Niigata prefecture”, Niigata, Japan, for S.K.

https://www.mdpi.com/article/10.3390/ijms25010517/s1
https://www.mdpi.com/article/10.3390/ijms25010517/s1


Int. J. Mol. Sci. 2024, 25, 517 13 of 14

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article and supplementary materials.

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

References
1. Sharmin, R.A.; Karikari, B.; Chang, F.; Al Amin, G.M.; Bhuiyan, M.R.; Hina, A.; Lv, W.; Chunting, Z.; Begum, N.; Zhao, T.

Genome-wide association study uncovers major genetic loci associated with seed flooding tolerance in soybean. BMC Plant Biol.
2021, 2, 497. [CrossRef] [PubMed]

2. Githiri, S.M.; Watanabe, S.; Harada, K.; Takahashi, R. QTL analysis of flooding tolerance in soybean at an early vegetative growth
stage. Plant Breed. 2006, 125, 613–618. [CrossRef]

3. Yu, X.; Jin, H.; Fu, X.; Yang, Q.; Yuan, F. Quantitative proteomic analyses of two soybean low phytic acid mutants to identify the
genes associated with seed field emergence. BMC Plant Biol. 2019, 19, 569. [CrossRef] [PubMed]

4. Abbas, M.; Sharma, G.; Dambire, C.; Marquez, J.; Alonso-Blanco, C.; Proaño, K.; Holdsworth, M.J. An oxygen-sensing mechanism
for angiosperm adaptation to altitude. Nature 2022, 606, 565–569. [CrossRef] [PubMed]

5. Nguyen, V.; Vuong, T.; VanToai, T.; Lee, J.; Wu, X.; Mian, M.; Nguyen, H. Mapping of quantitative trait loci associated with
resistance to Phytophthora sojae and flooding tolerance in soybean. Crop Sci. 2012, 52, 2481–2493. [CrossRef]

6. Colmer, T.D.; Voesenek, L.A.C.J. Flooding tolerance: Suites of plant traits in variable environments. Funct. Plant Biol. 2009, 36,
665–681. [CrossRef] [PubMed]

7. Wang, X.; Komatsu, S. Review: Proteomic techniques for the development of flood-tolerant soybean. Int. J. Mol. Sci. 2020, 21, 7497.
[CrossRef]

8. 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]

9. Wang, X.; Komatsu, S. The role of phytohormones in plant response to flooding. Int. J. Mol. Sci. 2022, 23, 6383. [CrossRef]
10. Loreti, E.; Perata, P. ERFVII transcription factors and their role in the adaptation to hypoxia in Arabidopsis and crops. Front. Genet.

2023, 14, 1213839. [CrossRef]
11. 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]
12. Komatsu, S.; Nanjo, Y.; Nishimura, M. Proteomic analysis of the flooding tolerance mechanism in mutant soybean. J. Proteom.

2013, 79, 231–250. [CrossRef] [PubMed]
13. Yin, X.; Nishimura, M.; Hajika, M.; Komatsu, S. Quantitative proteomics reveals the flooding-tolerance mechanism in mutant and

abscisic acid-treated soybean. J. Proteome Res. 2016, 15, 2008–2025. [CrossRef] [PubMed]
14. Yin, X.; Hiraga, S.; Hajika, M.; Nishimura, M.; Komatsu, S. Transcriptomic analysis reveals the flooding tolerant mechanism in

flooding tolerant line and abscisic acid treated soybean. Plant Mol. Biol. 2017, 93, 479–496. [CrossRef] [PubMed]
15. Wang, X.; Zhu, W.; Hashiguchi, A.; Nishimura, M.; Tian, J.; Komatsu, S. Metabolic profiles of flooding-tolerant mechanism in

early-stage soybean responding to initial stress. Plant Mol. Biol. 2017, 94, 669–685. [CrossRef] [PubMed]
16. Yin, X.; Komatsu, S. Nuclear proteomics reveals the role of protein synthesis and chromatin structure in root tip of soybean during

the initial stage of flooding stress. J. Proteome Res. 2016, 15, 2283–2298. [CrossRef] [PubMed]
17. Komatsu, S.; Yamaguchi, H.; Hitachi, K.; Tsuchida, K.; Kono, Y.; Nishimura, M. Proteomic and biochemical analyses of the

mechanism of tolerance in mutant soybean responding to flooding stress. Int. J. Mol. Sci. 2021, 22, 9046. [CrossRef]
18. Nichols, D.M.; Wang, L.Z.; Pei, Y.L.; Glover, K.; Diers, B.W. Variability among Chinese Glycine soja and Chinese and North

American soybean genotypes. Crop Sci. 2007, 47, 1289–1298. [CrossRef]
19. Lee, J.D.; Yu, J.K.; Hwang, Y.H.; Blake, S.; So, Y.S.; Lee, G.J.; Nguyen, H.T.; Shannon, J.G. Genetic diversity of wild soybean

(Glycine soja Sieb. and Zucc.) accessions from South Korea and other countries. Crop Sci. 2008, 48, 606–616. [CrossRef]
20. 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]
21. Sharmin, R.A.; Bhuiyan, M.R.; Lv, W.H.; Yu, Z.P.; Chang, F.G.; Kong, J.J.; Bhat, J.A.; Zhao, T.J. RNA-Seq based transcriptomic

analysis revealed genes associated with seed-flooding tolerance in wild soybean (Glycine soja Sieb. & Zucc.). Environ. Exp. Bot.
2020, 171, 103906.

22. Yu, Z.-P.; Lv, W.-H.; Sharmin, R.A.; Kong, J.-J.; Zhao, T.-J. Genetic Dissection of Extreme Seed-Flooding Tolerance in a Wild
Soybean PI342618B by Linkage Mapping and Candidate Gene Analysis. Plants 2023, 12, 2266. [CrossRef] [PubMed]

23. Doorly, C.M.; Graciet, E. Lessons from comparison of hypoxia signaling in plants and mammals. Plants 2021, 10, 993. [CrossRef]
[PubMed]

24. Zhong, Z.; Kobayashi, T.; Zhu, W.; Imai, H.; Zhao, R.; Ohno, T.; Rehman, S.U.; Uemura, M.; Tian, J.; Komatsu, S. Plant-derived
smoke enhances plant growth through ornithine-synthesis pathway and ubiquitin-proteasome pathway in soybean. J. Proteomics
2020, 221, 103781. [CrossRef] [PubMed]

https://doi.org/10.1186/s12870-021-03268-z
https://www.ncbi.nlm.nih.gov/pubmed/34715792
https://doi.org/10.1111/j.1439-0523.2006.01291.x
https://doi.org/10.1186/s12870-019-2201-4
https://www.ncbi.nlm.nih.gov/pubmed/31856712
https://doi.org/10.1038/s41586-022-04740-y
https://www.ncbi.nlm.nih.gov/pubmed/35650430
https://doi.org/10.2135/cropsci2011.09.0466
https://doi.org/10.1071/FP09144
https://www.ncbi.nlm.nih.gov/pubmed/32688679
https://doi.org/10.3390/ijms21207497
https://doi.org/10.1111/tpj.15276
https://doi.org/10.3390/ijms23126383
https://doi.org/10.3389/fgene.2023.1213839
https://doi.org/10.1111/pce.12277
https://www.ncbi.nlm.nih.gov/pubmed/24433575
https://doi.org/10.1016/j.jprot.2012.12.023
https://www.ncbi.nlm.nih.gov/pubmed/23313221
https://doi.org/10.1021/acs.jproteome.6b00196
https://www.ncbi.nlm.nih.gov/pubmed/27132649
https://doi.org/10.1007/s11103-016-0576-2
https://www.ncbi.nlm.nih.gov/pubmed/28012053
https://doi.org/10.1007/s11103-017-0635-3
https://www.ncbi.nlm.nih.gov/pubmed/28733872
https://doi.org/10.1021/acs.jproteome.6b00330
https://www.ncbi.nlm.nih.gov/pubmed/27291164
https://doi.org/10.3390/ijms22169046
https://doi.org/10.2135/cropsci2006.09.0605
https://doi.org/10.2135/cropsci2007.05.0257
https://doi.org/10.1093/jxb/erw433
https://doi.org/10.3390/plants12122266
https://www.ncbi.nlm.nih.gov/pubmed/37375891
https://doi.org/10.3390/plants10050993
https://www.ncbi.nlm.nih.gov/pubmed/34067566
https://doi.org/10.1016/j.jprot.2020.103781
https://www.ncbi.nlm.nih.gov/pubmed/32294531


Int. J. Mol. Sci. 2024, 25, 517 14 of 14

25. Yanagawa, Y.; Komatsu, S. Ubiquitin/proteasome-mediated proteolysis is involved in the response to flooding stress in soybean
roots, independent of oxygen limitation. Plant Sci. 2012, 185–186, 250–258. [CrossRef] [PubMed]

26. Mooney, B.C.; Graciet, E. A simple and efficient Agrobacterium-mediated transient expression system to dissect molecular processes
in Brassica rapa and Brassica napus. Plant Direct. 2020, 4, e00237. [CrossRef] [PubMed]

27. Wu, Y.; Taisne, C.; Mahtal, N.; Forrester, A.; Lussignol, M.; Cintrat, J.C.; Esclatine, A.; Gillet, D.; Barbier, J. Autophagic degradation
is involved in cell protection against ricin toxin. Toxins 2023, 15, 304. [CrossRef]

28. Subbaiah, C.C.; Sachs, M.M. Molecular and cellular adaptations of maize to flooding stress. Ann. Bot. 2003, 91, 119–127. [CrossRef]
29. Lee, T.A.; Bailey-Serres, J. Conserved and nuanced hierarchy of gene regulatory response to hypoxia. New Phytol. 2021, 229, 71–78.

[CrossRef]
30. Kumar, S.; Jeevaraj, T.; Yunus, M.H.; Chakraborty, S.; Chakraborty, N. The plant cytoskeleton takes center stage in abiotic stress

responses and resilience. Plant Cell Environ. 2023, 46, 5–22. [CrossRef]
31. García-González, J.; van Gelderen, K. Bundling up the role of the actin cytoskeleton in primary root growth. Front. Plant Sci. 2021,

12, 777119. [CrossRef] [PubMed]
32. Wang, X.; Mao, T. Understanding the functions and mechanisms of plant cytoskeleton in response to environmental signals. Curr.

Opin. Plant Biol. 2019, 52, 86–96. [CrossRef] [PubMed]
33. Wang, L.; Qiu, T.; Yue, J.; Guo, N.; He, Y.; Han, X.; Wang, Q.; Jia, P.; Wang, H.; Li, M.; et al. Arabidopsis ADF1 is regulated by

MYB73 and is involved in response to salt stress affecting actin filament organization. Plant Cell Physiol. 2021, 62, 1387–1395.
[CrossRef] [PubMed]

34. Chen, W.; Yao, Q.; Patil, G.B.; Agarwal, G.; Deshmukh, R.K.; Lin, L.; Wang, B.; Wang, Y.; Prince, S.J.; Song, L.; et al. Identification
and comparative analysis of differential gene expression in soybean leaf tissue under drought and flooding stress revealed by
RNA-Seq. Front. Plant Sci. 2016, 7, 1044. [CrossRef] [PubMed]

35. Vizcaíno, J.A.; Côté, R.G.; Csordas, A.; Dianes, J.A.; Fabregat, A.; Foster, J.M.; Griss, J.; Alpi, E.; Birim, M.; Contell, J.; et al. The
PRoteomics IDEntifications (PRIDE) database and associated tools: Status in 2013. Nucleic Acids Res. 2013, 41, D1063–D1069.
[CrossRef] [PubMed]

36. Okuda, S.; Watanabe, Y.; Moriya, Y.; Kawano, S.; Yamamoto, T.; Matsumoto, M.; Takami, T.; Kobayashi, D.; Araki, N.;
Yoshizawa, A.C.; et al. jPOSTTrepo: An international standard data repository for proteomes. Nucleic Acids Res. 2017, 45,
D1107–D1111. [CrossRef] [PubMed]

37. Usadel, B.; Nagel, A.; Thimm, O.; Redestig, H.; Blaesing, O.E.; Palacios-Rojas, N.; Selbig, J.; Hannemann, J.; Piques, M.C.;
Steinhauser, D.; et al. Extension of the visualization tool MapMan to allow statistical analysis of arrays, display of corresponding
genes, and comparison with known responses. Plant Physiol. 2005, 138, 1195–1204. [CrossRef]

38. Laemmli, U.K. Cleavage of structural proteins during the assembly of the head of bacteriophage T4. Nature 1970, 227, 680–685.
[CrossRef]

39. Bradford, M.M. A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of
protein-dye binding. Anal. Biochem. 1976, 72, 248–254. [CrossRef]

40. Untergasser, A.; Nijveen, H.; Rao, X.; Bisseling, T.; Geurts, R.; Leunissen, J.A. Primer3Plus, an enhanced web interface to Primer3.
Nucleic Acids Res. 2007, 35, W71–W74. [CrossRef]

41. Murray, M.G.; Thompson, W.F. Rapid isolation of highmolecular weight plant DNA. Nucleic Acids Res. 1980, 8, 4321–4325.
[CrossRef] [PubMed]

42. Porra, R.J.; Thompson, W.A.; Kriedemann, P.E. Determination of accurate extinction coefficients and simultaneous equations for
assaying chlorophylls a and b extracted with four different solvents: Verification of the concentration of chlorophyll standards by
atomic absorption spectroscopy. Biochim. Biophys. Acta (BBA) Bioenerg. 1989, 975, 384–394. [CrossRef]

43. Moran, R. Formulae for determination of chlorophyllous pigments extracted with n,n-dimethylformamide. Plant Physiol. 1982, 69,
1376–1381. [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/10.1016/j.plantsci.2011.11.014
https://www.ncbi.nlm.nih.gov/pubmed/22325888
https://doi.org/10.1002/pld3.237
https://www.ncbi.nlm.nih.gov/pubmed/32775949
https://doi.org/10.3390/toxins15050304
https://doi.org/10.1093/aob/mcf210
https://doi.org/10.1111/nph.16437
https://doi.org/10.1111/pce.14450
https://doi.org/10.3389/fpls.2021.777119
https://www.ncbi.nlm.nih.gov/pubmed/34975959
https://doi.org/10.1016/j.pbi.2019.08.002
https://www.ncbi.nlm.nih.gov/pubmed/31542697
https://doi.org/10.1093/pcp/pcab081
https://www.ncbi.nlm.nih.gov/pubmed/34086948
https://doi.org/10.3389/fpls.2016.01044
https://www.ncbi.nlm.nih.gov/pubmed/27486466
https://doi.org/10.1093/nar/gks1262
https://www.ncbi.nlm.nih.gov/pubmed/23203882
https://doi.org/10.1093/nar/gkw1080
https://www.ncbi.nlm.nih.gov/pubmed/27899654
https://doi.org/10.1104/pp.105.060459
https://doi.org/10.1038/227680a0
https://doi.org/10.1016/0003-2697(76)90527-3
https://doi.org/10.1093/nar/gkm306
https://doi.org/10.1093/nar/8.19.4321
https://www.ncbi.nlm.nih.gov/pubmed/7433111
https://doi.org/10.1016/S0005-2728(89)80347-0
https://doi.org/10.1104/pp.69.6.1376
https://www.ncbi.nlm.nih.gov/pubmed/16662407

	Introduction 
	Results 
	Identification and Functional Investigation of Proteins in the Mutant Line under Flooding Stress 
	Analyses of Ubiquitin Accumulation and Genomic DNA Degradation in the Mutant Line under Flooding Stress 
	Analysis of Cell-Organization-Related Proteins in the Mutant Line under Flooding Stress, Which Were Identified Using Immunoblot Analysis 
	Analysis of Gene Expression Levels of RNA Metabolism-Associated Proteins in the Mutant Line under Flooding Stress 
	Analysis of Chlorophyll Contents in the Mutant Line under Flooding Stress 

	Discussion 
	Protein Degradation, Cell Organization, and RNA Metabolism Changes in the Mutant Line under Flooding Stress, Which Were Identified Using Proteomic Techniques 
	Ubiquitin Is Accumulated and Genomic DNA Is Degraded by Flooding Stress in the Wild Type; However, They Recover to the Control Level in the Mutant Line 
	Cell-Organization-Related Proteins Were Regulated in the Mutant Line under Flooding Stress and Were Identified Using Immunoblot Analysis 

	Materials and Methods 
	Plant Material and Treatment 
	Functional Categorization of Mass Spectrometry Data 
	Protein Extraction and Immunoblot Analysis 
	RNA Extraction and Polymerase Chain Reaction Analysis 
	Genomic DNA Extraction and Electrophoresis 
	Contents of Chlorophylls a and b 
	Statistical Analysis 

	Conclusions 
	References

