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Abstract

Soybean is a legume crop enriched with proteins and oil. It is frequently exposed to anthro-

pogenic and natural flooding that limits its growth and yield. Current study applied gel-free

proteomic techniques to unravel soybean response mechanism to flooding stress. Two-

days-old soybeans were flooded for 4 days continuously and root samples were collected at

days 2 to 6 for proteomic and enzymatic analyses. Age-matched untreated soybeans were

collected as control. After protein extraction, purification and tryptic digestion, the peptides

were analyzed on nano-liquid chromatography-mass spectrometry. A total of 539 and 472

proteins with matched peptides 2 or more were identified in control and flooded seedlings,

respectively. Among these 364 proteins were commonly identified in both control and

flooded soybeans. Fourty-two protein’s abundances were changed 4-fold after 2-days of

flooding stress as compared to starting point. The cluster analysis showed that highly

increased proteins included cupin family proteins, enolase, pectin methylesterase inhibitor,

glyoxalase II, alcohol dehydrogenase and aldolase. The enzyme assay of enolase and pec-

tin methylesterase inhibitor confirmed protein abundance changes. These findings suggest

that soybean adopts the less energy consuming strategies and brings biochemical and

structural changes in the cell wall to effectively respond to flooding stress and for the

survival.

Introduction

Soybean (Glycine max (L.) Merr.) is an important legume that is enriched with proteins and

oil contents [1]. Frequent flooding due to climatic changes and ill-drained fields is one of the

abiotic stresses that reduce its growth and yield [2]. Flooding initially causes damage to the

roots [3], reduces the nutrient uptake [4] and decreases the nitrogen fixation capacity [5].

Flooding stress reduces biomass, tap-root length, and pod number, inhibits carbon/nitrogen
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content in root/nodule, decreases nodule dry weight, and grain yield in soybean [6]. These

reports suggest that flooding is a major constraint on growth and yield of soybean.

Root is an important primary organ to feel the effects of flooding stress. Flooding reduces

the root dry weight first [7]. Oxygen transport from the air to the roots is important for root

physiology [8]. Flooding causes oxygen deficiency leading to hypoxia or anoxia as oxygen

moves ten thousand times slower in water than in the air [8, 9]. Plants respond to flooding

stress by formation of adventitious roots [7, 10] and aerenchyma formation [7]. Adventitious

roots formation benefits the plant growth during flooding exposure [11]. Flooding stress did

not affect root growth of submergence-tolerant rice genotypes [12]. Roots undergo structural

and functional alterations at the cellular, molecular and phenotypic level to deal with the flood-

ing stress [13]. Roots rapidly use starch reserves for limiting the damage and maintaining the

growth [3].

Proteomic techniques found extensive applications in investigating effects of flooding stress

and flooding stress-responsive proteins. Proteins belonging to the categories of glycolysis, fer-

mentation, detoxification of reactive oxygen species, anaerobic catabolism, storage, stress,

development, cell organization, transport, signaling and amino acid metabolism-related pro-

teins were changed in abundance under flooding stress [14–16]. Proteins related to the cell

wall lignification were suppressed [17]. Protein abundances of energy-related proteins were

raised whereas those involved in protein folding and cell structure organization were lowered

in flooded soybean [18]. Kamal et al. [19] reported a decrease in sucrose metabolism-related

proteins but increase in fermentation-related proteins in soybean cotyledon under flooding

stress. Photosynthesis, RNA, DNA, signaling, and the tricarboxylic acid cycle were changed in

abundance leaf, hypocotyl and root of soybean under flooding stress [20]. Proteomics

approaches have also been applied on subcellular level to reveal localized cellular responses

and investigate communications among subcellular components during flooding stress. In the

plasma membrane, proteins related to signaling, stress and the antioxidative system were

increased; whereas, reactive-oxygen species scavenging enzymes activities were retarded in the

cell wall [21]. Protein metabolism-related proteins were decreased in the nucleus and also pro-

teins related to electron transport chain were suppressed in the mitochondria [21]. The soy-

bean responses to flooding stress are being studied at various levels utilizing proteomic

approaches. Current proteomic study was designed to analyze response mechanism of soybean

to continuous four days flooding stress.

Materials and methods

Plant material, growth conditions and treatment

Seeds of soybean (cv. Enrei) were sterilized with 2% sodium hypochlorite solution and washed

in clean water. The sterilized seeds were sown 4 cm inside 450 mL of quartz sand in seedling

cases (145 x 55 x 95 mm3) wetted with 150 mL water and grown at 25˚C and 70% humidity in

a growth chamber (Sanyo, Tokyo, Japan) under fluorescent light (160 μmol m-2 s-1, 16 h light

period/day). Eight seeds were grown in each pot per treatment. Two-day-old soybeans were

flooded until day 6. The roots were washed with tap water to remove sand particles and cut

with scissor. The root samples were collected at days 2, 3, 4, 5 & 6 from un-treated control

[labeled as 2(0), 3(0), 4(0), 5(0), 6(0)] and treated [labeled as 3(1), 4(2), 5(3), 6(4)] plants (Fig

1). Three independent biological replications were performed for each type of experiment.

Protein extraction

An amount of 500 mg of root was weighed on balance and ground under liquid nitrogen using

a mortar and pestle. The powder was transferred to pre-cooled (4˚C) acetone solution
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containing 10% trichloroacetic acid and 0.07% 2-mercaptoethanol. The mixture was vortexed

and sonicated for 10 min. The suspension was incubated for 1 h at -20˚C and then centrifuged

at 9,000×g at 4˚C for 20 min. The pellet was washed twice with 0.07% 2-mercaptoethanol in

pre-cooled acetone and dried. It was resuspended in lysis buffer (7 M urea, 2 M thiourea, 5%

CHAPS, 2 mM tributylphosphine) by vortexing for 1 h at 25˚C and centrifuged at 25˚C with

20,000×g for 20 min. The supernatant was collected as protein extract. Bovine serum albumin

was used as standard for protein concentration calculations through Bradford assay (0 to 2

mg/mL standard curve range) [22].

Protein purification and digestion for mass spectrometry analysis

Protein extracts of 100 μg were purified with methanol and chloroform to remove detergent

from the samples. For purification and digestion of extracted proteins, methodology described

Fig 1. Experimental design of the study.

https://doi.org/10.1371/journal.pone.0264453.g001
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by Khan and Komatsu [23] was followed. Briefly, 150 μL protein extract was mixed with

600 μL methanol. The resulting suspension was mixed with 150 μL chloroform and 450 μL

water and centrifuged at 20,000×g for 10 min to achieve phase separation. The upper aqueous

phase was discarded and 450 μL methanol was added slowly to the lower phase. The samples

were further centrifuged at 20,000×g for 10 min, and the obtained pellets were dried at room

temperature. The dried samples were reduced with 50 mM dithiothreitol for 30 min at 56˚C,

followed by alkylation with 50 mM iodoacetamide for 30 min at 37˚C in the dark. Alkylated

proteins were digested with trypsin and lysyl endopeptidase at 1:100 enzyme/protein concen-

trations at 37˚C for 16 h. The resulting tryptic peptides were acidified in 20% formate in milli-

Q water and analyzed by nano-liquid chromatography (LC) mass spectrometry (MS).

Nanoliquid chromatography-tandem mass spectrometry analysis

A nanospray LTQ Orbitrap mass spectrometer (Thermo Fisher Scientific, San Jose, CA, USA)

was operated in data-dependent acquisition mode with the installed XCalibur software (ver-

sion 2.0.7, Thermo Fisher Scientific). The nanoLC-MS conditions and method as described by

Khan and Komatsu [23] was followed. Peptides in 0.1% formic acid were loaded onto a C18

PepMap trap column (300 μm ID × 5 mm; Dionex, Germering, Germany) of an Ultimate 3000

NanoLC system. The peptides were eluted from the trap column with a linear acetonitrile gra-

dient (8–30% over 120 min) in 0.1% formic acid at a flow rate of 200 nL/min. The eluted pep-

tides were separated and sprayed onto a C18 capillary tip column (75 μm ID × 120 mm;

Nikkyo Technos, Tokyo, Japan) at a spray voltage of 1.5 kV. Full-scan mass spectra were

acquired in the nanospray LTQ Orbitrap MS system over 400–1500 m/z with a resolution of

30,000. A lock mass function was used for high mass accuracy [24]. The six most intense pre-

cursor ions were selected for collision-induced fragmentation in the linear ion trap at a nor-

malized collision energy of 35%. Dynamic exclusion was employed within 90 s to prevent the

repetitive selection of peptides [25].

Protein identification by Mascot search

Proteins were identified from a soybean peptide database (73,320 sequences, 29,844,971 amino

acid residues) constructed from the soybean genome database (Phytozome version 9.1, http://

www.phytozome.net/soybean) [26] using the Mascot search engine (version 2.4.0.2, Matrix

Science, London, UK) through Proteome Discoverer software (version 2.3.2, Thermo Fisher

Scientific). For the Mascot searches, the carbamidomethylation of cysteine was set as a fixed

modification and the oxidation of methionine was set as a variable modification. Trypsin was

specified as the proteolytic enzyme and one missed cleavage was allowed. Peptide mass toler-

ance was set at 10 ppm, fragment mass tolerance was set at 0.8 Da, and peptide charge was set

at +2, +3, and +4. An automatic decoy database search was performed as part of the search.

Mascot results were filtered with the Mascot Percolator package to improve the accuracy and

sensitivity of peptide identification. False discovery rates for peptide identification of all

searches were less than 1.0%. False discovery rates for peptide identification of all searches

were less than 1%. Peptides with> 13 (p< 0.05) percolator ion score were used for protein

identification.

Differential analysis of acquired mass spectrometry data

The Mascot results were exported for SIEVE software analysis (version 2.1; Thermo Fisher Sci-

entific). SIEVE compares the relative abundances of peptides and proteins between control

and experimental groups. For analysis, chromatographic peaks detected by MS were aligned

and peptide peaks were detected as a frame on all parent ions scanned by MS/MS using 5 min
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of frame time width and 10 ppm of frame m/z width. Area of chromatographic peak within a

frame was compared for each sample and ratios between samples were determined for each

frame. The frames with MS/MS scan were matched to the Mascot search results. The ratio of

peptides between samples was determined from the variance-weighted average of the ratios in

frames, which matched the peptides in the MS/MS spectrum. The ratios of peptides were fur-

ther integrated to determine the ratios of corresponding proteins. Total ion current was used

for normalization of differential analysis of protein abundance. The outliers of ratio were

deleted in frame table filter based on the frame area. The minimum requirement for protein

identification was two matched peptides. Significance of protein abundance between samples

was analyzed (p< 0.05).

Cluster and in silico protein-protein interaction analyses

Protein ratios obtained from SIEVE software analysis were subjected to cluster analysis using

Genesis software (version. 1.8.1; http://genome.tugraz.at) [27]. Genesis software was down-

loaded from the mentioned website and license was obtained on request. Cluster analysis was

performed using hierarchical clustering with a Euclidean distance metric and a centroid link-

age clustering method. The clustered proteins alignment in treatment was used for heat map

generation in control. Clustered proteins were analyzed for in silico protein-protein interac-

tions utilizing online STRING database (version 11.0; https://string-db.org).

Functional categorization

The functional categories of identified proteins were determined through MapMan bin codes

using MapMan software (http://mapman.gabipd.org) [28]. Log2-fold change values with

Glyma ID codes were used for the MapMan analysis. Proteins were categorized based on their

BIN names and codes as per MapMan functional categories (1–35).

Analysis of enzyme activities

Enolase. A quantity of 200 mg of root was homogenized in lysis buffer (20 mM Tris-HCl

pH 7.5, 1 mM EDTA, 1 mM 2- mercaptoethanol) prepared in milli-Q water. The suspension

was centrifugation at 20,000×g at 4˚C for 30 min. The supernatant was collected as enzyme

extract. Protein concentrations were estimated by Bradford assay using bovine serum albumin

as standard (0 to 2 mg/mL standard curve range) [22]. A reaction mixture consisting of 100

mM triethanolamine (pH 7.4), 120 mM KCl, 2.25 mM 2-phosphoglycerate, 0.2 mM 2-NADH,

30 mM MgSO4, 1.75 mM ADP, 10 units pyruvate kinase, and 15 units L-lactic dehydrogenase

was used for enzymatic assay. Enzyme extract of 100 μL was mixed with 900 μL of reaction

mixture and vortexed. The absorbance was measured in 1 cm standard cuvette at 340 nm

using a UV/Vis spectrophotometer (DU Series 700, Beckman Coulter, CA, USA) [29, 30].

Plant invertase/pectin methylesterase inhibitor superfamily. Plant invertase assay was

performed by slightly modifying protocol of Huang et al. [31]. The extraction procedure was

performed on ice. A weight of 200 mg of soybean roots was used for enzyme extraction. Roots

were ground into fine powder in liquid nitrogen and extracted in buffer that consisted of 50

mM HEPES-KOH, pH 7.4, containing 5% Polyvinyl pyrrolidone, 1 mM EDTA, 1 mM EGTA,

1 mM PMSF, 5 mM DTT, 0.1% Triton X-100, and 1% glycerol. The homogenate was centri-

fuged at 15000×g for 20 min at 4˚C. The supernatant was collected as the enzyme crude

extract. The crude extract was vacuum-filtered through bottle-top vacuum filters (pore size:

0.45 μm). The filtrate was used for enzyme assay. An enzyme extract of 100 μL was mixed with

900 μL of reaction mixture and reduction in absorbance was measured at 340 nm in a 1 cm
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standard cuvette using a UV/Vis spectrophotometer (DU Series 700, Beckman Coulter, CA,

USA).

Statistical analysis

Enolase and Pectin methylesterase activities were analyzed for statistical significance through

One-way ANOVA. The Post Hoc Duncan’s multiple range test was applied for analyzing sig-

nificances at specific sample points through SPSS (version 21.0). The statistical differences

were represented with different alphabets.

Results

Identified proteins in soybean root under flooding stress

To identify differentially changed proteins in soybean root, a gel-free proteomic technique was

used to analyze the protein profiles of soybeans that had been flooded continuously for 4 days.

A total of 539 and 472 proteins with matched peptides 2 or more were identified in control (S1

Table) and flooding-stressed soybean roots (S2 Table), respectively. Out of the total identified

proteins, 364 were commonly identified in control and flooding-stressed plants (S3 Table; Fig

2). Among these 364 proteins, protein abundances of 42 proteins were changed 4-fold in flood-

ing-stressed plants after 2-days of flooding (Table 1). The mass spectrometry proteomics data

files were deposited to the ProteomeXchange Consortium via the iProX partner repository

[32].

Identified proteins belonged to diverse functional categories

The total identified proteins in control (539) and flooded soybean (472) had 364 commonly

changed proteins. The total identified proteins were functionally categorized according to

MapMan codes (Fig 3A). Maximum number belonged to protein-metabolism category with

152 in control and 117 in flooded soybeans. The second major category was stress-related pro-

teins with 33 identified in control and 34 in flooded seedlings. The other differentially changed

Fig 2. Venn diagram of total identified and common proteins in control and flooded soybean seedlings.

https://doi.org/10.1371/journal.pone.0264453.g002
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Table 1. Proteins identified in soybean that changed 4-folds in abundance after 2 days flooding as compared to starting point 2(0)�.

Protein ID Description Peptides Protein abundance

Ratios for Control

soybean

Protein abundance Ratios

for flooding-stressed

soybean

Functional Category

3(0)/ 4(0)/ 5(0)/ 6(0)/ 3(1)/ 4(2)/ 5(3)/ 6(4)/

2(0) 2(0) 2(0) 2(0) 2(0) 2(0) 2(0) 2(0)

Glyma20g28466.1 Cupin family protein 2 0.55 0.96 0.22 0.41 0.19 57.06 69.19 0.60 Development

Glyma03g03460.1 Plant invertase/pectin methylesterase inhibitor

superfamily protein

2 5.15 26.74 9.96 38.39 1.57 44.03 49.65 28.87 Cell wall

Glyma20g28550.1 Seed maturation protein 2 0.15 0.27 0.12 0.12 0.16 19.36 8.15 0.30 Development

Glyma10g33350.2 Arabidopsis thaliana peroxygenase 2 3 0.72 0.20 0.26 0.17 0.29 12.04 1.79 0.54 Development

Glyma03g07470.1 Stress induced protein 3 0.95 0.20 0.15 0.13 0.25 11.24 0.09 0.85 Hormone metabolism

Glyma10g03310.1 Seed maturation protein 5 0.27 0.65 0.03 0.42 0.16 11.15 4.16 0.28 Development

Glyma16g32960.1 Enolase 2 0.93 3.71 0.59 1.40 1.05 10.28 5.12 2.84 Glycolysis

Glyma08g23750.4 Ribosomal protein L30/L7 family protein 4 2.89 12.42 1.08 3.29 0.07 9.61 3.20 0.14 Protein

Glyma19g34780.1 RmlC_like cupins superfamily protein 7 0.63 0.80 0.24 0.56 0.07 9.19 2.98 0.51 Development

Glyma11g15870.1 RmlC_like cupins superfamily protein 7 0.24 0.03 0.07 0.01 0.19 9.07 3.54 0.01 Development

Glyma13g21291.1 embryonic cell protein 63 6 0.89 0.49 0.29 0.13 0.18 9.07 0.30 0.72 Development

Glyma11g02410.1 RNA binding Plectin/S10 domain_containing protein 2 1.04 4.19 2.20 2.57 0.14 8.05 2.78 0.42 Protein

Glyma13g18450.2 RmlC_like cupins superfamily protein 9 0.22 0.00 0.06 0.05 0.02 7.92 0.13 0.02 Development

Glyma20g28640.1 Cupin family protein 18 0.47 1.49 0.11 0.31 0.06 7.84 2.70 0.83 Development

Glyma13g33590.1 Glyoxalase II 3 5 1.32 2.01 1.35 2.16 0.40 7.40 6.06 2.60 Biodegradation of

Xenobiotics

Glyma13g17980.1 Late embryogenesis abundant domain_containing

protein / LEA domain_containing protein

4 0.73 0.31 0.18 0.06 0.11 7.07 0.24 1.04 Not assigned

Glyma12g06950.1 Pathogenesis_related thaumatin superfamily protein 2 0.83 0.72 0.37 0.85 0.31 6.87 3.21 0.12 Stress

Glyma08g15000.1 Ribosomal protein L6 family protein 5 1.17 2.98 0.19 0.75 0.13 6.59 0.97 0.29 Protein

Glyma09g02790.1 Ribosomal protein L13 family protein 2 3.42 11.87 0.61 2.36 0.12 5.88 2.30 0.91 Protein

Glyma13g44261.1 Cystathionine beta_synthase (CBS) protein 3 0.41 0.23 0.05 0.16 0.18 5.85 2.49 0.62 Not assigned

Glyma06g11940.1 Ribosomal protein S3Ae 4 0.75 5.78 0.51 0.64 0.12 5.84 0.26 0.08 Protein

Glyma14g36620.1 Ribosomal protein L16p/L10e family protein 2 0.96 8.03 1.90 2.97 0.32 5.81 1.61 0.49 Protein

Glyma12g11130.1 beta_amylase 5 7 0.58 0.43 0.22 0.45 0.01 5.70 2.59 0.37 Major CHO metab.

Glyma20g21370.1 Ribosomal protein S13A 2 1.80 3.94 0.72 1.64 0.26 5.50 1.30 0.38 Protein

Glyma10g36880.4 Ribosomal protein S13/S18 family 3 1.11 3.18 0.78 1.94 0.02 5.17 0.96 0.10 Protein

Glyma09g16606.1 Ribosomal L22e protein family 2 1.32 4.56 0.53 1.83 0.10 4.90 1.41 0.28 Protein

Glyma16g23730.1 Ribosomal protein S4 (RPS4A) family protein 5 0.80 6.24 0.49 1.44 0.08 4.87 1.22 0.04 Protein

Glyma10g39150.1 Cupin family protein 10 0.44 0.35 0.29 0.28 0.51 4.79 0.22 0.37 Development

Glyma17g13760.1 Adenylate kinase 1 3 0.91 3.37 1.45 2.13 0.02 4.74 1.84 1.24 Nucleotide metab.

Glyma06g12780.1 Alcohol dehydrogenase 1 6 0.67 1.26 0.54 0.96 0.28 4.68 3.77 1.51 Fermentation

Glyma15g20180.1 Sucrose synthase 4 6 0.45 2.68 0.98 2.00 0.20 4.68 1.61 0.37 Major CHO metab.

Glyma14g34740.1 Annexin 2 3 0.56 0.39 0.12 0.76 0.02 4.65 0.33 0.86 Cell

Glyma03g32020.3 RmlC_like cupins superfamily protein 8 0.56 0.99 0.04 0.35 0.18 4.65 8.27 0.02 Development

Glyma09g16553.1 Ribosomal L22e protein family 2 1.66 3.97 0.94 2.11 0.27 4.46 1.76 1.43 Protein

Glyma11g00890.1 Ribosomal protein S3Ae 3 0.73 5.56 0.42 0.37 0.14 4.38 0.92 0.09 Protein

Glyma08g08970.1 Urease accessory protein G 3 0.50 0.73 0.19 0.28 0.21 4.37 1.04 0.06 Amino acid metab.

Glyma20g17440.1 Uricase / urate oxidase / nodulin 35_ putative 3 0.50 1.26 0.24 1.22 0.65 4.33 3.85 0.23 Nucleotide metab.

Glyma02g38730.1 Aldolase superfamily protein 3 0.77 2.30 0.57 1.32 0.63 4.25 3.22 0.55 Glycolysis

Glyma17g22161.1 Ribosomal protein S4 (RPS4A) family protein 2 1.50 6.64 0.64 1.71 0.21 4.17 1.38 0.19 Protein

Glyma17g10710.1 Ribosomal protein S4 4 1.20 3.23 0.84 1.63 0.14 4.11 0.86 0.23 Protein

Glyma19g01210.1 Formate dehydrogenase 2 0.72 0.85 0.13 1.06 0.52 4.07 2.47 0.08 C1-metabolism

(Continued)
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proteins belonged to glycolysis (31 in control, 24 in flooded), amino acid metabolism (27 in

both control & flooded), cell (25 in control, 22 in flooded), TCA/organic transformation (20 in

control, 12 in flooded), signaling (20 in control, 18 in flooded), secondary metabolism (18 in

control, 14 in flooded), development (18 in control, 23 in flooded), redox (17 in control, 19 in

flooded), cell wall (17 in control, 16 in flooded), hormone metabolism (16 both in control &

flooded), RNA (14 in control, 9 in flooded), transport (12 in control, 11 in flooded), mitochon-

drial electron transport (10 in control, 05 in flooded), lipid metabolism (9 in control, 5 in

flooded), major CHO metabolism (8 in control, 10 in flooded), mitochondrial metabolism (7

in control, 6 in flooded) and fermentation (7 in control, 8 in flooded). The 25 proteins in con-

trol and 16 in flooded belonged to miscellaneous; while 22 in control and 31 proteins in

flooded seedlings were not assigned any function. The ‘Others’ category included proteins

related to organo-pentose phosphate pathway, C1-metabolism, minor carbohydrate metabo-

lism, DNA, metal handling, biodegradation of xenobiotics, cofactor and vitamin metabolism,

and photosynthesis. Proteins belonging to protein-metabolism category were sub-categorized

(Fig 3B). These belonged to protein synthesis (76 in control, 63 in flooded), protein degrada-

tion (39 in control, 29 in flooded), protein folding (21 in control, 14 in flooded) and others (16

in control, 11 in flooded). Those grouped in others included proteins related to post-transla-

tional modifications, targeting and amino acid activation.

High changes in protein abundances observed in soybean root under

flooding stress

Among the total identified proteins in flooded and control soybeans, 42 common proteins

increased in abundance 4-fold or more after 2-days flooding stress as compared to 2-days-old

seedlings. The protein abundance changes in flooded plant proteins ranged from 4.06 to 57.06

fold when analyzed at 4(2). These proteins were subjected to cluster analysis that grouped pro-

tein abundance changes in flooded plants into 3 clusters (Fig 4A). In the first cluster, protein

abundance of majority of proteins was increased at 2nd, 3rd and 4th day of flooding. Abun-

dances of few proteins fell to the starting point at the end of 4-days flooding while a very few

decreased. Cluster I contained 16 proteins that included cupin family protein (Gly-

ma20g28466.1 & Glyma20g28640.1), plant invertase/pectin methylesterase inhibitor super-

family protein (Glyma03g03460.1), Arabidopsis thaliana peroxygenase 2 (Glyma10g33350.2),

seed maturation protein (Glyma20g28550.1 & Glyma10g03310.1), RNA binding Plectin/S10

domain containing protein (Glyma11g02410.1), glyoxalase II 3 (Glyma13g33590.1), ribosomal

protein L13 family protein (Glyma09g02790.1), ribosomal L22e protein family (Gly-

ma09g16553.1), enolase (Glyma16g32960.1), RmlC like cupins superfamily protein (Gly-

ma19g34780.1), cystathionine beta synthase (CBS) protein (Glyma13g44261.1), ribosomal

Table 1. (Continued)

Protein ID Description Peptides Protein abundance

Ratios for Control

soybean

Protein abundance Ratios

for flooding-stressed

soybean

Functional Category

3(0)/ 4(0)/ 5(0)/ 6(0)/ 3(1)/ 4(2)/ 5(3)/ 6(4)/

2(0) 2(0) 2(0) 2(0) 2(0) 2(0) 2(0) 2(0)

Glyma17g34070.1 Class II aminoacyl_tRNA and biotin synthetases

superfamily protein

4 0.57 3.27 0.29 0.67 0.02 4.06 0.94 0.04 Protein

�Starting point 2(0) is 1 and is used for abundance ratios calculation in both control and flooded seedlings.

https://doi.org/10.1371/journal.pone.0264453.t001

PLOS ONE Soybean root proteomic responses to flooding stress

PLOS ONE | https://doi.org/10.1371/journal.pone.0264453 May 5, 2022 8 / 20

https://doi.org/10.1371/journal.pone.0264453.t001
https://doi.org/10.1371/journal.pone.0264453


protein L16p/L10e family protein (Glyma14g36620.1), alcohol dehydrogenase 1 (Gly-

ma06g12780.1) and aldolase superfamily protein (Glyma02g38730.1).

In cluster II, protein abundance was increased until 3rd day of flooding 5(3), but decreased

even than the starting point 2(0) on the next day. The proteins grouped in the 2nd cluster

included RmlC like cupins superfamily protein (Glyma03g32020.3 & Glyma11g15870.1), ribo-

somal protein S13A (Glyma20g21370.1), sucrose synthase 4 (Glyma15g20180.1), formate

dehydrogenase (Glyma19g01210.1), ribosomal protein L30/L7 family protein (Gly-

ma08g23750.4), Pathogenesis-related thaumatin superfamily protein (Glyma12g06950.1), ure-

ase accessory protein G (Glyma08g08970.1), uricase/urate oxidase/nodulin 35 putative

Fig 3. MapMan-based functional categorization of proteins identified in soybean roots exposed to flooding stress.

A. All categories; B. Sub-categories of protein metabolism-related proteins.

https://doi.org/10.1371/journal.pone.0264453.g003
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(Glyma20g17440.1), ribosomal protein S4 (RPS4A) family protein (Glyma16g23730.1 & Gly-

ma17g22161.1) and ribosomal protein S3Ae (Glyma11g00890.1).

In cluster III, protein abundance was increased four-fold at 3rd day of flooding 5(3), but

decreased for majority of proteins in the next 2 days of flooding. The proteins grouped in the

3rd cluster included late embryogenesis abundant domain containing protein/LEA domain

containing protein (Glyma13g17980.1), ribosomal protein L6 family protein (Gly-

ma08g15000.1), cupin family protein (Glyma10g39150.1), Class II aminoacyl tRNA and biotin

synthetases superfamily protein (Glyma17g34070.1), stress induced protein (Gly-

ma03g07470.1), embryonic cell protein 63 (Glyma13g21291.1), RmlC like cupins superfamily

protein (Glyma13g18450.2), ribosomal protein S3Ae (Glyma06g11940.1), ribosomal protein

S13/S18 family (Glyma10g36880.4), annexin 2 (Glyma14g34740.1), ribosomal protein S4

Fig 4. Cluster analysis of flooding-responsive proteins in flooded (A) and control (B) soybean roots using Genesis

software.

https://doi.org/10.1371/journal.pone.0264453.g004
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(Glyma17g10710.1), beta amylase 5 (Glyma12g11130.1), ribosomal L22e protein family (Gly-

ma09g16606.1) and adenylate kinase 1 (Glyma17g13760.1).

In control plants, these proteins were aligned to check abundance changes (Fig 4B). Control

plant proteins aligned against flooded cluster I revealed different pattern of abundance changes

except for the plant invertase. The protein abundances of Arabidopsis thaliana peroxygenase 2,

seed maturation protein, cupin family protein, glyoxalase II 3, enolase, RmlC like cupins

superfamily protein, cystathionine beta synthase protein, alcohol dehydrogenase 1 and aldol-

ase superfamily protein were decreased in control as compared to same-aged flooded plants.

In control plant proteins aligned against flooded cluster II, abundances of RmlC like cupins

superfamily protein, formate dehydrogenase, and urease accessory protein G were very less as

compared to age-matched flooded plants. In control plant proteins aligned against flooded

cluster III, LEA domain containing protein, cupin family protein, stress induced protein,

embryonic cell protein 63, RmlC like cupins superfamily protein, annexin 2 and beta amylase

5 were decreased in abundance throughout the growth period; whereas, these proteins were

increased in flooded plants.

Compact protein-protein interactions revealed under flooding stress

In silico Protein-protein interactions were estimated by using STRING (version 11.0) (Fig 5).

Among the 42 common proteins, 14 proteins were found to strongly interact with each other

forming a complex network. These included ribosomal protein S4 family protein (Gly-

ma16g23730.1), ribosomal protein L16p/L10e family protein (Glyma14g36620.1), ribosomal

protein S3Ae (Glyma11g00890.1, Glyma06g11940.1), ribosomal protein S13A (Gly-

ma20g21370.1), ribosomal protein S4 (Glyma17g10710.1, Glyma17g22161.1), ribosomal L22e

protein family (Glyma09g16553.1, Glyma09g16606.1), ribosomal protein L6 family protein

(Glyma08g15000.1), ribosomal protein S13/S18 family (Glyma10g36880.4), ribosomal protein

L30/L7 family protein (Glyma08g23750.4), ribosomal protein L13 family protein (Gly-

ma09g02790.1), and RNA binding Plectin/S10 domain containing protein (Gly-

ma11g02410.1). Some proteins were labelled with alternate names in STRING database;

included Glyma03g07470.1 labelled LOC547493, Glyma08g08970.1 labelled as EU3, Gly-

ma10g33350.2 labelled as PM13, Glyma13g17980.1 labelled as PGPM10, Glyma19g34780.1

labelled asLOC547463 and Glyma20g17440.1 labelled as UOX. Lesser interacting proteins

included cupin family protein (Glyma10g39150.1; labelled GM7S, Glyma20g28640.1; labelled

CG-BETA-2), RmlC like cupins superfamily protein (Glyma13g18450.2, Glyma11g15870.1;

labelled LOC547942), embryonic cell protein 63 (Glyma13g21291.1; labelled MP2), and seed

maturation protein (Glyma20g28550.1; labelled PM26). Some proteins were not found to

interact with each other as can be seen isolated in Fig 4.

Enolase and plant invertase/pectin methylesterase inhibitor show highly

significant response to flooding stress

The enzyme enolase (Glyma16g32960) which is also called phosphopyruvate hydratase is an

important enzyme of glycolysis, was analyzed for activity changes under flooding stress. The

protein abundance of enolase was highly increased under initial 2 days of flooding stress

(10.28) and decreased gradually latter at day 3 and 4 of flooding stress (5.82 & 2.84) (Fig 6A).

While in control plants, there was no appreciable elevation with increasing age. The results of

enolase activity assay followed the pattern of protein abundance changes. The enzyme activity

was highly raised from first to second day of flooding (160.65 to 720.15 unit/mg protein) and

gradually d- lowered at days 3 and 4 of flooding (600.25 & 470.58 unit/mg protein,
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respectively) (Fig 6B). The changes in activity were significant as compared to those observed

in control plants and also among the different flooding durations.

Plant invertase also called pectin methylesterase inhibitor (PMEI) showed a high increase

in protein abundance (Fig 7A). The protein abundance raised from 1.57 after 1 day of flooding

towards maximum of 49.65 at the end of 3 days flooding. It was reduced at the end of 4 day of

flooding to a level of 28.87. The enzyme activity of PMEI was analyzed in control and flooded

plants (Fig 7B). PMEI activity gradually elevated from 90.77 after 1 day flooding to a highest of

390.47 unit/mg protein at the end of 4-days flooding period. The activity changes were statisti-

cally significant in the last 2 days of flooding.

Fig 5. Protein-protein interactions network among the differentially changed proteins analyzed through

STRING.

https://doi.org/10.1371/journal.pone.0264453.g005
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Fig 6. Changes in protein abundance (A) and enzyme activity (B) of enolase in soybean roots under flooding stress.

Different alphabets indicate significant changes as determined through One-way ANOVA and Duncan’s multiple

range test.

https://doi.org/10.1371/journal.pone.0264453.g006
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Discussion

Flooding stress causes injury in the soybean [16]. In the current study, continuous flooding

stress was applied to the soybeans for 4 days and protein abundance changes were analyzed

through gel-free proteomic technique. The study was conducted to unravel the mechanism

involved in soybean responses to continuous flooding stress. Flooding stress brought huge

abundance changes in many physiologically important proteins. Among the functionally

Fig 7. Changes in protein abundance (A) and enzyme activity (B) of plant invertase/pectin methylesterase inhibitor in

soybean roots under flooding stress. Different alphabets indicate significant changes as determined through One-way

ANOVA and Duncan’s multiple range test.

https://doi.org/10.1371/journal.pone.0264453.g007
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important proteins, abundances of cupin family protein, RmlC like cupins superfamily pro-

tein, enolase, plant invertase/pectin methylesterase inhibitor protein, Arabidopsis thaliana per-

oxygenase 2, seed maturation protein, glyoxalase II 3, alcohol dehydrogenase 1 and aldolase

supefamily protein were significantly increased under flooding stress as compared to starting

point 2(0) as well as control plants (Table 1). Proteins related to protein metabolism categories

such as synthesis, degradation and folding were also raised in abundance under flooding stress

from 4.06 to 10-times as compared to starting point (Table 1). Protein metabolism-related pro-

teins such as ribosomal proteins belonging to different protein families were among the high-

est interacting proteins when analyzed by STRING.

RmlC-like cupin superfamily proteins and cupin family proteins, which include storage

proteins belonging to the development category, were highly increased in abundance under

flooding stress. Cupin are functionally very diverse family of proteins [33] and play role in

seedling development in soybean [34]. Cupins and seed maturation proteins with nutrient res-

ervoir activity, are development-related storage proteins that were also previously reported to

be increased in flooded soybean roots possibly due to delayed degradation [35, 36]. The results

of the current study suggest delayed use of cupins as storage proteins in the initial 3 days of

flooding stress as against control plants where their abundance was quite low. The other types

of cupins modify the structure of cell wall as phosphomannose isomerase modifies mannose

derivatives [37]. Cupins such as dTDP-rhamnose enzymes produce activated rhamnose as ger-

min cross-link the plant cell-wall components [38, 39]. Hence cupins are vital for cell survival

through modification of cell wall. The increased abundance of cupins in the flooded soybean

may point out towards their role in maintaining cell wall integrity under flooding stress.

Glyoxalase II was increased in flooded 7-fold as compared to starting point and 3-fold as

compared to 4-days age-matched control. This enzyme is involved in detoxification of methyl-

glyoxal whose production is increased many-folds under abiotic stress [40]. Methylglyoxal II is

produced as by-product of metabolic pathways such as glycolysis and from photosynthesis

intermediates (glyceraldehyde-3-phosphate & dihydroxyacetone phosphate). Methylglyoxal is

a reactive cytotoxin that can cause lipid peroxidation, oxidation of proteins & fatty acids and

disruption of membranes [41, 42]. Methylglyoxal is detoxified by glyoxalase system consisting

of glyoxalase I and glyoxalase II that catalyze conversion of methylglyoxal to D-lactate while

using glutathione as co-factor [40]. The increased protein abundance of glyoxalase II in cur-

rent study showed an increase in detoxification of methylglyoxal as a defense effort by

soybean.

Aldolase superfamily protein abundance was increased at 2nd and 3rd days of flooding as

compared to control plants. Aldolase is an enzyme that brings conversion of fructose bispho-

sphate to glyceraldehyde-3-phosphate and dihydroxyacetone phospate, an important step of

glycolysis. The enzyme is also involved in gluconeogenesis and calvin cycle [43, 44]. Nuclear

isoform of fructose-bisphosphate aldolase regulates expression of its own gene as well as other

genes by acting as DNA-binding protein [45]. Aldolase is induced under hypoxia that may

result from abiotic stress [46]. Aldolase is linked with tonoplast for the activity of V-ATPase in

salt-stressed Mesembryanthemum crystallinum that results in sodium ion accumulation in vac-

uole as a defense strategy [47]. Fructose bisphosphate aldolase is speculated in integration of

signals linked to the growth, development, and sugar anabolism [48]. In soybean exposed to

flooding stress, aldolase protein abundance was increased [49]. Fructose bisphosphate aldolase

is induced by various abiotic stresses in Arabidopsis [50]. The enzyme is also involved in plant

development, metabolism and abiotic stress responses [51]. In the current study, increased

protein abundance of aldolase depicts increased rate of glycolysis under flooding stress as

plant had limited means to generate energy due to blockage of oxidative phosphorylation.
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In the current study, protein abundance of the enolase was increased under flooding stress.

The enzyme activity changes also followed the pattern of increase. The enzyme enolase which

is also called phosphopyruvate hydratase is an important enzyme of glycolysis, responsible for

conversion of 2-phosphoglycerate to phosphoenol pyruvate that ultimately leads to pyruvate

formation along-with energy generation. This particular enolase is localized in the cytosol,

binds magnesium ion and possesses phosphopyruvate hydratase activity. Moreover, it is

involved in vacuole fusion [26]. Enolase is induced in maize under anaerobic conditions [52].

Enolase has also been shown linked to the tonoplast for enabling V-ATPase activity [47].

Increase in enolase abundance has been reported in soybean facing flooding stress [49, 53].

The results of the present study are in agreement with previous reports indicating that enolase

as glycolytic enzyme might have helped in increasing frequency of glycolysis for generating

energy under flooding stress.

Alcohol dehydrogenase 1 protein abundance was highly increased under flooding stress as

compared to age-matched control plants. Under anaerobic conditions such as flooding, plants

ferment glucose to ethanol in the presence of alcohol dehydrogenase. Fermentation thus pro-

duces small amount of ATP for life continuity along-with glycolysis [54]. Proteomic and tran-

script abundances of alcohol dehydrogenase are highly increased in soybean under flooding

stress [36, 49, 55]. Activities of alcohol dehydrogenase were remarkably increased in soybean

leaf under flooding stress [20]. From the previous reports as well as results of current study,

the evidence of alcohol dehydrogenase induction and shifting of metabolism to anaerobic

mode is confirmed. Soybean used anaerobic fermentation to increase its ATP for survival

under flooding stress.

Plant invertase/pectin methylesterase inhibitor was increased in protein abundance and

activity. The enzyme activity was much higher when measured at the end of 3rd and 4th day of

flooding stress. Pectin plays roles in controlling cell wall porosity [56], cell adhesion [57] and a

key factor in plant development [58, 59]. Pectin methylesterase (PME) brings esterification.

The extent of methylesterification determines the susceptibility of the plant cell wall to the pec-

tin-degrading enzymes [60]. Plant PME activity generates methanol as a signal of the damaged

self, leading to regulate the transcription of pathogen-related PME inhibitor (PMEI) genes

[61]. Studies suggest that inhibitory activities of PMEIs are crucial depending on the cell wall

environment and different specificities for target PMEs for ensuring a development- and/or

stress-dependent adjustments in cell wall [62]. Plant invertase/PMEI abundance and/or activ-

ity increased in soybean under flooding stress in current study as well as previous findings by

Oh and Komatsu [49] and Yasmeen et al. [53]. These reports suggest that cell wall brings re-

adjustments in its structure and mechanics as a mechanism to deal with the flooding stress.

Conclusions

Flooding acts as abiotic stress for soybean that brings hypoxic or anoxic conditions on the

plant. Soybeans respond to flooding stress by altering its basic metabolic modes. It restricts the

normal metabolism and brings reduction in ATP yielding and high energy consuming pro-

cesses. Plant accelerates glycolysis as glycolytic enzymes such as aldolase, enolase etc. increase

their protein abundances and activities. Side-wise, after glycolysis, pyruvate undergoes fermen-

tation pathway to yield ethyl alcohol. Multi-faceted Cupins and toxics scavenging glyoxalases

also play crucial roles in flooding stress responses. Cell wall being outer boundary of plant cell

is at high exposure to flooding stress but brings alterations and rearrangements in its structure

and mechanics through various enzymes such as pectin methylesterase inhibitors to cope with

the flooding stress. Thus, soybean brings biochemical and structural changes to effectively

respond to flooding stress and adopts the less energy consuming strategies for the survival.

PLOS ONE Soybean root proteomic responses to flooding stress

PLOS ONE | https://doi.org/10.1371/journal.pone.0264453 May 5, 2022 16 / 20

https://doi.org/10.1371/journal.pone.0264453


Supporting information

S1 Table. Sieve MS data of untreated control soybeans.

(XLSX)

S2 Table. Sieve MS data of flooded soybeans.

(XLSX)

S3 Table. Sieve MS data of 364 commonly identified proteins in control and flooded soy-

beans.

(XLSX)

Acknowledgments

The authors are thankful to Prof. Dr. Komatsu at the faculty of Life and Environmental Sci-

ences, University of Tsukuba Japan for guidance and support.

Author Contributions

Conceptualization: Mudassar Nawaz Khan.

Data curation: Mudassar Nawaz Khan.

Formal analysis: Mudassar Nawaz Khan.

Funding acquisition: Ahmed Noureldeen, Hadeer Darwish.

Investigation: Mudassar Nawaz Khan.

Methodology: Mudassar Nawaz Khan.

Software: Mudassar Nawaz Khan.

Validation: Mudassar Nawaz Khan.

Visualization: Mudassar Nawaz Khan.

Writing – original draft: Mudassar Nawaz Khan, Iftikhar Ahmed.

Writing – review & editing: Mudassar Nawaz Khan, Iftikhar Ahmed, Israr Ud Din, Ahmed

Noureldeen, Hadeer Darwish, Majid Khan.

References
1. Panizzi MCC, Mandarino JMG. Soybean for human consumpsion: nutrition quality, processing and utili-

zation in Brazilian agricultural research enterprise, Tropical soybean: improvement and production.

FAO plant production and protection series 27, Italy. 1994.

2. Githiri SM, 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. https://doi.org/10.1111/j.1439-0523.

2006.01291.x

3. Sauter M. Root responses to flooding. Curr Opin Plant Biol. 2013; 16: 282–286. https://doi.org/10.1016/

j.pbi.2013.03.013 PMID: 23608517

4. Sallam A, Scott HD (1987) Effects of prolonged flooding on soybean at the R2 growth stage I. Dry mat-

ter and N and P accumulation. J Plant Nutr. 1987; 10: 567–592. https://doi.org/10.1080/

01904168709363592

5. Sung FJM. Waterlogging effects on nodule nitrogenase and leaf nitrate reductase activities in soybean.

Field Crops Res. 1993; 35: 183–189. https://doi.org/10.1016/0378-4290(93)90152-D

6. Miao S, Shi H, Jin J, Liu J, Liu X, Wang G. Effects of short-term drought and flooding on soybean nodu-

lation and yield at key nodulation stage under pot culture. J Food Agric Environ. 2012; 10: 819–824.

PLOS ONE Soybean root proteomic responses to flooding stress

PLOS ONE | https://doi.org/10.1371/journal.pone.0264453 May 5, 2022 17 / 20

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0264453.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0264453.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0264453.s003
https://doi.org/10.1111/j.1439-0523.2006.01291.x
https://doi.org/10.1111/j.1439-0523.2006.01291.x
https://doi.org/10.1016/j.pbi.2013.03.013
https://doi.org/10.1016/j.pbi.2013.03.013
http://www.ncbi.nlm.nih.gov/pubmed/23608517
https://doi.org/10.1080/01904168709363592
https://doi.org/10.1080/01904168709363592
https://doi.org/10.1016/0378-4290(93)90152-D
https://doi.org/10.1371/journal.pone.0264453


7. Shimamura S, Mochizuki T, Nada Y, Fukuyama M. Formation and function of secondary aerenchyma

in hypocotyl, roots and nodules of soybean (Glycine max) under flooded conditions. Plant Soil. 2003;

251: 351–359. https://doi.org/10.1023/A:1023036720537

8. Armstrong W. 1980. Aeration in higher plants. In: Woolhouse HWW, editors. Advances in botanical

research. Academic Press. London, UK. 1987. Vol 7. pp. 225–332. https://doi.org/10.1016/S0065-

2296(08)60089-0

9. Armstrong W, Drew MC. Root growth and metabolism under oxygen deficiency. In: Waisel Y, Eshel A,

Kafkafi U, editors. Plant roots: the hidden half, 3rd, Marcel Dekker, New York, USA. 2002. pp. 729–

761.

10. Mano Y, Omori F. Breeding for flooding tolerant maize using “teosinte” as a germplasm resource. Plant

Root. 2007; 1: 17–21. https://doi.org/10.3117/plantroot.1.17

11. Rich S, Ludwig M, Colmer T. Aquatic adventitious root development in partially and completely sub-

merged wetland plants Cotula coronopifolia and Meionectes brownii. Ann Bot. 2012; 110: 405–414.

https://doi.org/10.1093/aob/mcs051 PMID: 22419759

12. Ismail AM, Ella ES, Vergara GV, Mackill DJ. Mechanisms associated with tolerance to flooding during

germination and early seedling growth in rice (Oryza sativa). Ann Bot. 2009; 103: 197–209. https://doi.

org/10.1093/aob/mcn211 PMID: 19001425

13. Atkinson NJ, Urwin PE. The interaction of plant biotic and abiotic stresses: from genes to the field. J Exp

Bot. 2012; 63: 3523–3543. https://doi.org/10.1093/jxb/ers100 PMID: 22467407

14. Nanjo Y, Skultety L, Asraf Y, Komatsu S. Comparative proteomic analysis of early-stage soybean seed-

lings responses to flooding by using gel and gel-free technique. J Proteome Res. 2010; 9: 3989–4002.

https://doi.org/10.1021/pr100179f PMID: 20540568

15. Nanjo Y, Nakamura T, Komatsu S. Identification of indicator proteins associated with flooding injury in

soybean seedlings using label free quantitative proteomics. J Proteome Res. 2013; 12: 4785–4798.

https://doi.org/10.1021/pr4002349 PMID: 23659366

16. Komatsu S, Kuji R, Nanjo Y, Hiraga S, Furukawa K. Comprehensive analysis of endoplasmic reticulum-

enriched fraction in root tips of soybean under flooding stress using proteomics techniques. J Proteo-

mics. 2012; 77: 531–560. https://doi.org/10.1016/j.jprot.2012.09.032 PMID: 23041469

17. Komatsu S, Kobayashi Y, Nishizawa K, Nanjo Y, Furukawa K. (2010a). Comparative proteomics analy-

sis of differentially expressed proteins in soybean cell wall during flooding stress. Amino Acids. 2010a;

39: 1435–1449. https://doi.org/10.1007/s00726-010-0608-1 PMID: 20458513

18. Nanjo Y, Skultety L, Uvackova L, Klubicova K, Hajduch M, Komatsu S. Mass spectrometry-based anal-

ysis of proteomic changes in the root tips of flooded soybean seedlings. J Proteome Res. 2012; 11:

372–385. https://doi.org/10.1021/pr200701y PMID: 22136409

19. Kamal AHM, Rashid H, Sakata K, Komatsu S. Gel-free quantitative proteomic approach to identify coty-

ledon proteins in soybean under flooding stress. J Proteomics. 2015; 112: 1–13. https://doi.org/10.

1016/j.jprot.2014.08.014 PMID: 25201076

20. Wang X, Khodadadi E, Fakheri B, Komatsu S. Organ-specific proteomics of soybean seedlings under

flooding and drought stresses. J Proteomics. 2017; 162: 62–72. https://doi.org/10.1016/j.jprot.2017.04.

012 PMID: 28435105

21. Komatsu S, Hashiguchi A. Subcellular proteomics: Application to elucidation of flooding-response

mechanisms in soybean. Proteomes. 2018; 6: 13. https://doi.org/10.3390/proteomes6010013

22. Bradford MM. A rapid and sensitive method for the quantitation of microgram quantities of protein utiliz-

ing the principle of protein-dye binding. Anal Biochem. 1976; 72: 248–254. https://doi.org/10.1006/abio.

1976.9999 PMID: 942051

23. Khan MN, Komatsu S. Proteomic analysis of soybean root including hypocotyl during recovery from

drought stress. J Proteomics. 2016; 144: 39–50. https://doi.org/10.1016/j.jprot.2016.06.006 PMID:

27292084

24. Olsen JV, de Godoy LM, Li G., Macek B, Mortensen P, Pesch R, et al. Parts per million mass accuracy

on an orbitrap mass spectrometer via lock mass injection into a C-trap. Mol Cell Proteomics. 2005; 4:

2010–2021. https://doi.org/10.1074/mcp.T500030-MCP200 PMID: 16249172

25. Zhang Y, Wen Z, Washburn MP, Florens L. Effect of dynamic exclusion duration on spectral count

based quantitative proteomics. Analytical Chem. 2009; 81: 6317–6326. https://doi.org/10.1021/

ac9004887 PMID: 19586016

26. Schmutz J, Cannon SB, Schlueter J, Ma J, Mitros T, Nelson W, et al. Genome sequence of the palaeo-

polyploid soybean. Nature. 2010; 46: 178–183. https://doi.org/10.1038/nature08670 PMID: 20075913

27. Sturn A, Quackenbush J, Trajanoski Z. Genesis: cluster analysis of microarray data. Bioinformatics.

2002; 18: 207–208. https://doi.org/10.1093/bioinformatics/18.1.207 PMID: 11836235

PLOS ONE Soybean root proteomic responses to flooding stress

PLOS ONE | https://doi.org/10.1371/journal.pone.0264453 May 5, 2022 18 / 20

https://doi.org/10.1023/A:1023036720537
https://doi.org/10.1016/S0065-2296(08)60089-0
https://doi.org/10.1016/S0065-2296(08)60089-0
https://doi.org/10.3117/plantroot.1.17
https://doi.org/10.1093/aob/mcs051
http://www.ncbi.nlm.nih.gov/pubmed/22419759
https://doi.org/10.1093/aob/mcn211
https://doi.org/10.1093/aob/mcn211
http://www.ncbi.nlm.nih.gov/pubmed/19001425
https://doi.org/10.1093/jxb/ers100
http://www.ncbi.nlm.nih.gov/pubmed/22467407
https://doi.org/10.1021/pr100179f
http://www.ncbi.nlm.nih.gov/pubmed/20540568
https://doi.org/10.1021/pr4002349
http://www.ncbi.nlm.nih.gov/pubmed/23659366
https://doi.org/10.1016/j.jprot.2012.09.032
http://www.ncbi.nlm.nih.gov/pubmed/23041469
https://doi.org/10.1007/s00726-010-0608-1
http://www.ncbi.nlm.nih.gov/pubmed/20458513
https://doi.org/10.1021/pr200701y
http://www.ncbi.nlm.nih.gov/pubmed/22136409
https://doi.org/10.1016/j.jprot.2014.08.014
https://doi.org/10.1016/j.jprot.2014.08.014
http://www.ncbi.nlm.nih.gov/pubmed/25201076
https://doi.org/10.1016/j.jprot.2017.04.012
https://doi.org/10.1016/j.jprot.2017.04.012
http://www.ncbi.nlm.nih.gov/pubmed/28435105
https://doi.org/10.3390/proteomes6010013
https://doi.org/10.1006/abio.1976.9999
https://doi.org/10.1006/abio.1976.9999
http://www.ncbi.nlm.nih.gov/pubmed/942051
https://doi.org/10.1016/j.jprot.2016.06.006
http://www.ncbi.nlm.nih.gov/pubmed/27292084
https://doi.org/10.1074/mcp.T500030-MCP200
http://www.ncbi.nlm.nih.gov/pubmed/16249172
https://doi.org/10.1021/ac9004887
https://doi.org/10.1021/ac9004887
http://www.ncbi.nlm.nih.gov/pubmed/19586016
https://doi.org/10.1038/nature08670
http://www.ncbi.nlm.nih.gov/pubmed/20075913
https://doi.org/10.1093/bioinformatics/18.1.207
http://www.ncbi.nlm.nih.gov/pubmed/11836235
https://doi.org/10.1371/journal.pone.0264453


28. Usadel B, Nagel A, Thimm O, Redestig H, Blaesing OE, Palacios-Rofas N, et al. Extension of the visual-

ization tool MapMan to allow statistical analysis of arrays, display of corresponding genes, and compari-

son with known responses. Plant Physiol. 2005; 138: 1195–1204. https://doi.org/10.1104/pp.105.

060459 PMID: 16009995

29. Anderson VE, Weiss PM, Cleland WW. Reaction intermediate analogs for enolase. Biochemistry. 1984;

23: 2779–86. https://doi.org/10.1021/bi00307a038 PMID: 6380574

30. Joseph J, Cruz-Sanchez FF, Carreras J. Enolase activity and isoenzyme distribution in human brain

regions and tumors. J Neurochem. 1996; 66: 2484–2490. https://doi.org/10.1046/j.1471-4159.1996.

66062484.x PMID: 8632173

31. Huang YH, Picha DH, Johnson CE. An alternative method for enzymatic assay of plant invertases. J

Agric Food Chem. 1998; 46: 3158–3161. https://doi.org/10.1021/jf970978o

32. Ma J, Chen T, Wu S, Yang C, Bai M, Shu K, et al. iProX: an integrated proteome resource. Nucleic

Acids Res. 2019; 47: D1211–1217. https://doi.org/10.1093/nar/gky869 PMID: 30252093

33. Dunwell JM, Purvis A, Khuri S. Cupins: the most functionally diverse protein superfamily? Phytochem.

2004; 65: 7–17. https://doi.org/10.1016/j.phytochem.2003.08.016 PMID: 14697267

34. Lapik YR, Kaufman LS. The Arabidopsis cupin domain protein AtPirin1 interacts with the G protein

alpha-subunit GPA1 and regulates seed germination and early seedling development. Plant Cell. 2003;

15: 1578–1590. https://doi.org/10.1105/tpc.011890 PMID: 12837948

35. Salavati A, Khatoon A, Nanjo Y, Komatsu S. Analysis of proteomic changes in roots of soybean seed-

lings during recovery after flooding. J Proteomics. 2012; 75: 878–893. https://doi.org/10.1016/j.jprot.

2011.10.002 PMID: 22037232

36. Komatsu S, Sugimoto T, Hoshino T, Nanjo Y, Furukawa K. Identification of flooding stress responsible

cascades in root and hypocotyls of soybean using proteome analysis. Amino Acids. 2010b; 38: 729–

738. https://doi.org/10.1007/s00726-009-0277-0 PMID: 19333721

37. Nunez C, Leon R, Guzman J, Espıin G, Soberon-Chavez G. Role of Azotobacter vinelandii mucA and

mucC gene products in alginate production. J Bacteriol. 2000; 182: 6550–6556. https://doi.org/10.1128/

JB.182.23.6550-6556.2000 PMID: 11073894

38. Giraud MF, Leonard GA, Field RA, Berlind C, Naismith JH. RmlC, the third enzyme of dTDP-L-rham-

nose pathway, is a new class of epimerase. Nat Struct Bio. 2000; 7: 398–402. https://doi.org/10.1038/

75178 PMID: 10802738

39. Ma Y, Stern RJ, Scherman MS, Vissa VD, Yan W, Jones VC, et al. Drug targeting Mycobacterium tuber-

culosis cell wall synthesis: genetics of dTDP-rhamnose synthetic enzymes and development of a micro-

titer plate-based screen for inhibitors of conversion of dTDP-glucose to dTDP-rhamnose. Antimicrob

Agents Chemoth. 2001; 45: 1407–1416. https://doi.org/10.1128/AAC.45.5.1407-1416.2001 PMID:

11302803

40. Yadav SK, Singla-Pareek SL, Ray M, Reddy MK, Sopory SK. Methylglyoxal levels in plants under salin-

ity stress are dependent on glyoxalase I and glutathione. Biochem Biophys Res Comm. 2005; 337: 61–

67. https://doi.org/10.1016/j.bbrc.2005.08.263 PMID: 16176800

41. Chaplen FWR. Incidence and potential implications of the toxic metabolite methylglyoxal in cell culture:

A review. Cytotechnology. 1998; 26: 173–183. https://doi.org/10.1023/A:1007953628840 PMID:

22358615

42. Gill SS, Tuteja N. Reactive oxygen species and antioxidant machinery in abiotic stress tolerance in crop

plants. Plant Physiol Biochem. 2010; 48: 909–930. https://doi.org/10.1016/j.plaphy.2010.08.016 PMID:

20870416

43. Rutter WJ (1964) Evolution of aldolase. Fed Proc. 1964; 23: 1248–1257. PMID: 14236133

44. Berg IA, Kockelkorn D, Ramos-Vera WH, Say RF, Zarzycki J, Hugler M et al. Autotrophic carbon fixa-

tion in archaea. Nat Rev Microbio. 2010; 8: 447–460. https://doi.org/10.1038/nrmicro2365 PMID:

20453874

45. Ronai Z, Robinson R, Rutberg S, Lazarus P, Sardana M. Aldolase DNA interactions in a SEWA cell sys-

tem. Biochem Biophys Acta (BBA)–Gene structure and expression. 1992; 1130: 20–28. https://doi.org/

10.1016/0167-4781(92)90456-A

46. Kelley PM, Freeling M. Anaerobic expression of maize fructose- 1, 6-diposphate aldolase. J Biol Chem.

1984; 259: 14180–14183. https://doi.org/10.1016/S0021-9258(18)89874-X PMID: 6501292

47. Barkla BJ, Vera-Estrella R, Hernandez-Coronado M, Pantoja O. Quantitative proteomics of the tono-

plast reveals a role for glycolytic enzymes in salt tolerance. Plant Cell. 2009; 21: 4044–4058. https://doi.

org/10.1105/tpc.109.069211 PMID: 20028841

48. Li G, Zhang ZS, Gao HY, Liu P, Dong ST, Zhang JW, et al. Effects of nitrogen on photosynthetic charac-

teristics of leaves from two different stay-green corn (Zea mays L.) varieties at the grain-filling stage.

Can J Plant Sci. 2012; 92: 671–680. https://doi.org/10.4141/cjps2012-039

PLOS ONE Soybean root proteomic responses to flooding stress

PLOS ONE | https://doi.org/10.1371/journal.pone.0264453 May 5, 2022 19 / 20

https://doi.org/10.1104/pp.105.060459
https://doi.org/10.1104/pp.105.060459
http://www.ncbi.nlm.nih.gov/pubmed/16009995
https://doi.org/10.1021/bi00307a038
http://www.ncbi.nlm.nih.gov/pubmed/6380574
https://doi.org/10.1046/j.1471-4159.1996.66062484.x
https://doi.org/10.1046/j.1471-4159.1996.66062484.x
http://www.ncbi.nlm.nih.gov/pubmed/8632173
https://doi.org/10.1021/jf970978o
https://doi.org/10.1093/nar/gky869
http://www.ncbi.nlm.nih.gov/pubmed/30252093
https://doi.org/10.1016/j.phytochem.2003.08.016
http://www.ncbi.nlm.nih.gov/pubmed/14697267
https://doi.org/10.1105/tpc.011890
http://www.ncbi.nlm.nih.gov/pubmed/12837948
https://doi.org/10.1016/j.jprot.2011.10.002
https://doi.org/10.1016/j.jprot.2011.10.002
http://www.ncbi.nlm.nih.gov/pubmed/22037232
https://doi.org/10.1007/s00726-009-0277-0
http://www.ncbi.nlm.nih.gov/pubmed/19333721
https://doi.org/10.1128/JB.182.23.6550-6556.2000
https://doi.org/10.1128/JB.182.23.6550-6556.2000
http://www.ncbi.nlm.nih.gov/pubmed/11073894
https://doi.org/10.1038/75178
https://doi.org/10.1038/75178
http://www.ncbi.nlm.nih.gov/pubmed/10802738
https://doi.org/10.1128/AAC.45.5.1407-1416.2001
http://www.ncbi.nlm.nih.gov/pubmed/11302803
https://doi.org/10.1016/j.bbrc.2005.08.263
http://www.ncbi.nlm.nih.gov/pubmed/16176800
https://doi.org/10.1023/A%3A1007953628840
http://www.ncbi.nlm.nih.gov/pubmed/22358615
https://doi.org/10.1016/j.plaphy.2010.08.016
http://www.ncbi.nlm.nih.gov/pubmed/20870416
http://www.ncbi.nlm.nih.gov/pubmed/14236133
https://doi.org/10.1038/nrmicro2365
http://www.ncbi.nlm.nih.gov/pubmed/20453874
https://doi.org/10.1016/0167-4781(92)90456-A
https://doi.org/10.1016/0167-4781(92)90456-A
https://doi.org/10.1016/S0021-9258(18)89874-X
http://www.ncbi.nlm.nih.gov/pubmed/6501292
https://doi.org/10.1105/tpc.109.069211
https://doi.org/10.1105/tpc.109.069211
http://www.ncbi.nlm.nih.gov/pubmed/20028841
https://doi.org/10.4141/cjps2012-039
https://doi.org/10.1371/journal.pone.0264453


49. Oh M, Komatsu S. Characterization of proteins in soybean roots under flooding and drought stresses. J

Proteomics. 2015; 114: 161–181. https://doi.org/10.1016/j.jprot.2014.11.008 PMID: 25464361

50. Lu W, Tang X, Huo Y, Xu R, Qi S, Huang J, et al. Identification and characterization of fructose 1, 6-

bisphosphate aldolase genes in Arabidopsis reveal a gene family with diverse responses to abiotic

stresses. Gene. 2012; 503: 65–74. https://doi.org/10.1016/j.gene.2012.04.042 PMID: 22561114

51. Lv GY, Guo XG, Xie LP, Xie CG, Zhang XH, Yang Y, et al. Molecular characterization, gene evolution,

and expression analysis of the fructose-1, 6-bisphosphate aldolase (FBA) gene family in wheat (Triti-

cum aestivum L.). Front Plant Sci. 2017; 8: 1030. https://doi.org/10.3389/fpls.2017.01030 PMID:

28659962

52. Lal SK, Lee C, Sachs MM. Differential regulation of enolase during anaerobiosis in maize. Plant Physiol.

1998; 118: 1285–1293. https://doi.org/10.1104/pp.118.4.1285 PMID: 9847102

53. Yasmeen F, Raja NI, Mustafa G, Sakata K, Komatsu S. Quantitative proteomic analysis of post-flooding

recovery in soybean root exposed to aluminum oxide nanoparticles. J Proteomics. 2016; 143: 136–150.

https://doi.org/10.1016/j.jprot.2016.03.014 PMID: 27079982

54. Gibbs SM, Greenway H. Review: Mechanisms of anoxia tolerance in plants. I. Growth, survival and

anaerobic catabolism. Funct Plant Bio. 2003; 30: 1–47. https://doi.org/10.1071/PP98095

55. Komatsu S, Thibaut D, Hiraga S, Kato M, Chiba M, Hashiguchi A, et al. Characterization of a novel

flooding stress-responsive alcohol dehydrogenase expressed in soybean roots. Plant Mol Bio. 2011;

77: 309–322. https://doi.org/10.1007/s11103-011-9812-y PMID: 21811849

56. Braybrook SA, Hofte H, Peaucelle A. Probing the mechanical contributions of the pectin matrix. Plant

Signal Behav. 2012; 7: 1037–1041. https://doi.org/10.4161/psb.20768 PMID: 22836501

57. Daher FB, Braybrook SA. How to let go: Pectin and plant cell adhesion. Front Plant Sci. 2015; 6: 523.

https://doi.org/10.3389/fpls.2015.00523 PMID: 26236321

58. Levesque-Tremblay G, Pelloux J, Braybrook SA, Muller K. Tuning of pectin methylesterification: Conse-

quences for cell wall biomechanics and development. Planta. 2015; 242: 791–811. https://doi.org/10.

1007/s00425-015-2358-5 PMID: 26168980

59. Saffer AM. Expanding roles for pectins in plant development. J Integr Plant Bio. 2018; 60: 910–923.

https://doi.org/10.1111/jipb.12662 PMID: 29727062

60. Lionetti V, Cervone F, Bellincampi D. Methyl esterification of pectin plays a role during plant–pathogen

interactions and affects plant resistance to diseases. J Plant Physiol. 2012; 169: 1623–1630. https://doi.

org/10.1016/j.jplph.2012.05.006 PMID: 22717136

61. Lionetti V, Fabri E, De-Caroli M, Hansen AR, Willats WGT, Piro G, et al. Three pectin methylesterase

inhibitors protect cell wall integrity for Arabidopsis immunity to Botrytis. Plant Physiol. 2017; 173: 1844–

1863. https://doi.org/10.1104/pp.16.01185 PMID: 28082716

62. Wormit A, Usadel B. The multifaceted role of pectin methylesterase inhibitors (PMEIs). Int J Mol Sci.

2018; 19: 2878. https://doi.org/10.3390/ijms19102878 PMID: 30248977

PLOS ONE Soybean root proteomic responses to flooding stress

PLOS ONE | https://doi.org/10.1371/journal.pone.0264453 May 5, 2022 20 / 20

https://doi.org/10.1016/j.jprot.2014.11.008
http://www.ncbi.nlm.nih.gov/pubmed/25464361
https://doi.org/10.1016/j.gene.2012.04.042
http://www.ncbi.nlm.nih.gov/pubmed/22561114
https://doi.org/10.3389/fpls.2017.01030
http://www.ncbi.nlm.nih.gov/pubmed/28659962
https://doi.org/10.1104/pp.118.4.1285
http://www.ncbi.nlm.nih.gov/pubmed/9847102
https://doi.org/10.1016/j.jprot.2016.03.014
http://www.ncbi.nlm.nih.gov/pubmed/27079982
https://doi.org/10.1071/PP98095
https://doi.org/10.1007/s11103-011-9812-y
http://www.ncbi.nlm.nih.gov/pubmed/21811849
https://doi.org/10.4161/psb.20768
http://www.ncbi.nlm.nih.gov/pubmed/22836501
https://doi.org/10.3389/fpls.2015.00523
http://www.ncbi.nlm.nih.gov/pubmed/26236321
https://doi.org/10.1007/s00425-015-2358-5
https://doi.org/10.1007/s00425-015-2358-5
http://www.ncbi.nlm.nih.gov/pubmed/26168980
https://doi.org/10.1111/jipb.12662
http://www.ncbi.nlm.nih.gov/pubmed/29727062
https://doi.org/10.1016/j.jplph.2012.05.006
https://doi.org/10.1016/j.jplph.2012.05.006
http://www.ncbi.nlm.nih.gov/pubmed/22717136
https://doi.org/10.1104/pp.16.01185
http://www.ncbi.nlm.nih.gov/pubmed/28082716
https://doi.org/10.3390/ijms19102878
http://www.ncbi.nlm.nih.gov/pubmed/30248977
https://doi.org/10.1371/journal.pone.0264453

