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Introduction: Drought stress has gradually become a limiting factor for plant
growth. Soybean, a crop with a higher water demand than other plants, is
particularly sensitive to water deficits.

Method: To explore the effect of drought stress on soybean protein expression,
we used drought-tolerant soybean genotype HeiNong44 (HN44) and sensitive
soybean genotype HeiNong65 (HN65) as experimental materials, PEG-6000 as
an osmotic regulator, and tandem mass tag (TMT) technology to identify the
differential expression of soybean proteins.

Results: We identified that 48 upregulated and 38 downregulated proteins in
HN44 and 55 upregulated and 13 downregulated proteins in HN65.

Discussion: KEGG analysis showed that these differentially expressed proteins
were involved in carbohydrate metabolism, signal transduction, amino acid
metabolism, lipid metabolism, and programmed cell death. Drought stress usually
caused an increase in the activity of plant antioxidant enzymes, the obstruction
of photosynthetic synthesis, and a significant change in the content of plant
hormones. We found that HN44 responds to drought stress mainly through sugar
decomposition, increased antioxidant enzyme activity and lipid metabolism. HN65
responds to drought stress mainly through ABA synthesis, increased antioxidant
enzyme activity and amino acid metabolism. Our study also found that differential
proteins in the starch and sucrose metabolic pathway play a key role in supplying
energy and regulating osmotic potential.

drought stress, soybean protein expression, tandem mass tag technology, osmotic
adjustment, proteomics

1. Introduction

Owing to climate and environmental changes, long-term insufficient rainfall and limited
water supply in many areas result in severe drought stress on crops. Currently, drought stress is
one of the most unfavorable abiotic stresses for crop growth (Gupta et al., 2020). Water deficit
induces plants to produce large amounts of reactive oxygen species (ROS), which destroy
biological macromolecules such as DNA, proteins, and lipids in plant cells, change cell structure,
and affect the plant metabolic processes of plants (Silva et al., 2010; Zhou et al., 2022a).
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Carbohydrate regulation is one of the most important physiological
processes under drought stress (Baslam et al., 2020). Under drought
stress, plant water potential decreases (Hu et al., 2022). The adverse
effects of drought stress on plants are mainly manifest in its
interference with many physiological processes, such as plant
nitrogen-assimilates production and metabolism (Du et al., 2020),
weakened photosynthetic capacity (Sudhir et al., 2005), signal
transduction (Li et al., 2020), and endogenous hormone metabolism
(Demirkol, 2021), and can even cause plant death in severe cases
(Jangir et al., 2021).

To adapt and reduce the damage caused by drought stress, plants
regulate their metabolism and growth according to the water
conditions, resulting in morphological, physiological, and molecular
changes (Jupa et al., 2016; Gupta et al., 2020). Among them, the
molecular changes are most complex. Many genes and metabolites
related to plant drought resistance have been identified through
genomic, transcriptomic, and metabolomic studies (Jaiswal et al.,
2019). Proteomics has also been widely used in crop drought
resistance research to complement other omics (Wang et al., 2021).
For example, studies have shown that the overexpression of
calmodulin-binding protein 60 (CBP60) in soybean under drought
conditions can stimulate the regulation of calcium signaling pathways,
increase the content of osmotic adjustment substances (such as
proline), reduce the water loss rate and ROS content of soybean roots,
and effectively enhance soybean drought tolerance (Yu et al., 2021). In
addition, various proteins are involved in carbohydrate metabolism,
protein processing, ROS detoxification, secondary metabolism, ion
and water transport, and other drought resistance pathways (Zhang
and Shi, 2018).

Soybean (Glycine max (L). Merr.) originates in the Yellow River
Basin in China and is an annual herbaceous plant (Gonyane and
Sebetha, 2021). Soybeans are widely used in many industries, such
as food and animal husbandry. Among these, 29% of edible oils and
70% of plant proteins are derived from soybeans (Rahman et al.,
2022). However, soybeans require more water and are highly
sensitive to water deficits. Drought stress can reduce soybean yield
by approximately 40% (Ingwers et al., 2022). A full physiological
study confirmed that soybeans can reduce the damage caused by
drought stress through osmotic adjustment, ROS scavenging, and
endogenous hormone changes (Zhou et al., 2022a). Some studies
have also investigated drought-resistance regulatory genes in
soybeans (Jin et al, 2022). With continuous technological
development, plant studies have become increasingly extensive.
Several studies have widely used proteomic technology as an
important technique for studying plants under various abiotic
stresses, such as salt, drought, flooding, high temperature, and heavy
metals (Wang et al., 2016).

The selection of varieties with different stress resistances can make
the results more evident and better reveal the drought resistance
mechanism of soybeans (Zhou et al., 2022a). Therefore, we used
soybean varieties HeiNong44 (HN44) and HeiNong65 (HN65) with
different drought resistance as test materials, PEG-6000 as an osmotic
adjustment substance to simulate drought stress, and the tandem mass
tag (TMT) quantitative proteomics method to determine the
differential proteins under drought stress and normal treatment
conditions, as well as functional analysis. Our aim was to clarify the
underlying mechanisms of soybean resistance to drought stress by
comparing at the protein level the drought response of genotypes
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differing in drought tolerance, and to provide a theoretical basis for
selection and breeding of soybean varieties with improved
drought-resistance.

2. Materials and methods
2.1. Plant materials and drought treatment

The drought stress experiment was conducted at the Northeast
Agricultural University (N45° 44" 43.87, E126° 43" 50.42). The
experimental materials were HeiNong44 (HN44) and HeiNong 65
(HN65), which were developed by the Heilongjiang Academy of
Agricultural Sciences. Previous studies have shown that the drought
resistance of HN44 was stronger than that of HN65 (Wang et al,,
2022a). A potting experiment was conducted. First, the river sand was
washed, dried, and placed in a flowerpot with a height of 35cm and
an inner diameter of 30 cm. After watering with 2L per pot, eight
plump and uniform seeds were sown. Then, 500 mL distilled water was
added at one-time every day until the true leave of all seedlings was
fully expanded. Three soybean seedlings with consistent growth were
retained in each pot, and the other seedlings were cut with scissors.
After thinning, 500 mL of Hoagland nutrient solution (Waheed et al,,
2019) was added daily until all seedlings grew into three compound
leaves. The drought treatment was then performed. Control plants
were supplied daily with 500 mL nutrient solution per pot, and
drought treated plants were supplied daily with 500mL nutrient
solution containing 15% PEG-6000 for 4days until a moderate
drought stress has been reached (Wang et al., 2012, 2022a; GB/T
32136-2015, 2015). The water potential of nutrient solution containing
15% PEG-6000 was —0.33 MPa (Chen et al., 2015). Each treatment
consisted of three replicates, with five pots per replicate. The samples
comprised a mixture of the second leaves of all plants per replicate.
The sampling time was 8:00-9:00 a.m. on the day after treatment. After
sampling, the replicate was quickly frozen in liquid nitrogen, then
stored in a—80°C ultra-low temperature refrigerator (Haier,
DW-86L828], Qingdao, Shandong Province, China).

2.2. Determination of stress response
parameters

2.2.1. Determination of relative water content of
leaves

Determination of Relative Water Content (RWC) of leaves was
made by the BADR Method (Badr and Bruggemann, 2020) using the
equation RWC [%]=[(FM - DM) / (TM - DM)] x 100, where FM,
TM, and DM are the fresh, turgid, and dry masses, respectively. Three
leaf discs for each accession plants exposed to drought and
corresponding control plants were cut and immediately weighted
(FM), then saturated to turgidity by immersing in cold water over
night, briefly dried, weighted (TM), oven-dried at 80°C for 24 h, and
weighted (DM).

2.2.2. Determination of relative electrical
conductivity

The electrical conductivity (EC) of leaves was measured to
assess cell membrane damage, as described by Song et al. (2020). In
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brief, sampled leaves were washed using deionized water, cut into
0.5-cm pieces, aspirating 15 min used vacuum pressure pumping
(SCJ-10, Huaou Precision, Xian, China), and immersed in deionized
water for 30 min. Then, EC of the solution was measured using a
conductivity meter (DDS-307, Electric Scientific Instruments,
Shanghai, China) and recorded as S1. After boiling the leaf samples
for 15 min, EC of the solution at room temperature was measured
again and recorded as S2. A relative EC (REC) was calculated as S1/
S2x100%.

2.2.3. Determination of malondialdehyde (MDA):
thiobarbituric acid method

According to the experimental method of Wang et al. (2022b).
Frozen sample (0.1g) was weighted into cold mortar, 1 mL of 10%
trichloroacetic acid (TCA) was added, and the homogenate was
ground in an ice bath, and centrifuged at 12,000 rpm for 10 min. Then,
0.2mL of 0.67% thiobarbituric acid (TBA) was added to 0.4mL of
each supernatant, mixed well and kept in a wather bath at 100°C for
30min; after cooling, the samples were centrifuged again. The
absorbance values of the supernatants were measured at 450, 532, and
600 nm, and the malondialdehyde (MDA) content was calculated
according to the following formula and expressed on a moist weight
basis. Cypa =6.45 (Asz — Ago) — 0.56A 45 (pmol/g).

2.2.4. Determination of proline (Pro): ninhydrin
method

According to the experimental method of Bates et al. (1973) and
Wang et al. (2022b). Frozen sample (0.1 g) was weighted into cold
mortar, 1 mL of 3% sulfosalicylic acid was added and samples were
homogenised. Then the homogenate was transferred into a
centrifuge tube in a boiling water bath for 10 min. After cooling to
25°C, and centrifuged at 12,000 rpm for 10 min; then, 0.4 mL of
glacial acetic acid and 0.6 mL of chromogenic solution were added
to 0.4 mL of the supernatant. This mixture was heated in a boiling
water bath for 40 min and then cooled before 1 mL of toluene was
added. After stratification, the toluene layer was withdrawn and
absorbance was measured at 520 nm using a spectrophotometer. Pro
content in the sample was calculated according to the
following formula:

Pro(ugg FW)=(CxV/A)/W

where C is the proline content (pg) in the extract as calculated
from the standard curve; V is the total volume of extract (mL); A is
the volume (mL) absorbed during measurement; and W is the sample
weight (g).

2.2.5. Determination of soluble sugars (SSs):
anthrone method

According to the experimental method of Yemm and Willis
(1954) and Wang et al. (2022b). Frozen sample (0.1 g) was weighted
into mortar, 1 mL distilled water was added, homogenized and
centrifuged for 10 min at 12,000 rpm. Then, 0.2 mL of sample extracts
or distilled water for the control were added to 1 mL anthrone reagent,
shaken well, boiled in a boiling water bath for 10 min, removed, and
cooled, and absorbance was measured at 620nm using a
spectrophotometer. Soluble sugar content (mg/g)=sugar content
(mg) x dilution (10— fold)/ {sample weight (g) x 106} x 100.
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2.2.6. Determination of soluble proteins (SPs):
coomassie brilliant blue G-250 method

According to the experimental method of Bradford (1976) and
Wang et al. (2022b). Frozen sample (0.1 g) was weighted into mortar,
I mL distilled water was added, homogenized and centrifuged for
10 min at 12,000 rpm. The sample extracts (0.2 mL) were placed in test
tubes and added with 1 mL Coomassie brilliant blue G-250 reagent;
the mixture was shaken vigorously, and after 2 min, absorbance was
measured at 595 nm. Soluble protein content was calculated using the
corresponding standard curve obtained using bovine serum
albumin (BSA).

2.3. Preparation and concentration
determination of protein

The Tandem Mass Tag (TMT) technology was used for sample

preparation, extraction analysis, protein identification, and
quantification according to the standard procedures of Metware
Biotechnology Co., Ltd. (www.metware.cn, accessed on April 1, 2022)
(Wuhan, China). The lysate (1.5% SDS/100 mM Tris-Cl) was mixed
with the sample, homogenized, and centrifuged to obtain the
supernatant. The proteins in the solution were precipitated using
acetone. Subsequently, iodoacetamide (IAA) was added, and the
alkylation reaction was carried out in the dark at 20°C. The protein
concentration was determined using the Bradford method.

Then the samples were labeled with TMT (The amount of protein
used for TMT labeling was equal to that used for Bradford method).
Marking was performed according to the TMT instructions (Thermo
Scientific™, Massachusetts, United States). After labeling, Sep-PakC18
was used for desalination. After vacuum drying, the mixed samples were
separated by the high pH reverse chromatographic separation method,

vacuum dried, and stored in a refrigerator at —80°C for testing.

2.4. Liquid chromatographic-mass
pectrometric (LC/MS)

Mass spectrometry data were collected using an Orbitrap Exploris
480 mass spectrometer (Thermo Scientific™, Massachusetts,
United States) in series with an EASY-nLC1200 liquid-phase liquid
chromatography-mass spectrometry system (Thermo Scientific™,
Massachusetts, United States). The peptide sample was dissolved in
the loading buffer and separated using an analytical column (Metware
Biotechnology, Wuhan, China). The parameters of the analytical
column are 75 pm x 25 cm, C18, 2 pm, 100 A. Two mobile phases were
used to establish the analytical gradient. The liquid phase flow rate was
300nL/min. Mass spectrometry data were collected in the DDA mode.
Each scan cycle consisted of one full MS scan and 20 subsequent MS/
MS scans. The Turbo TMT function was turned on.

2.5. Qualitative and quantitative analysis of
differential proteins

Mass spectrometry data were retrieved using MaxQuant (V1.6.6),
and the Andromeda database retrieval algorithm was used. The
Uniprot.Glycine_max.20190126 Fast Proteome Reference Database
was used for retrieval. In addition, 20 ppm was set for the primary and
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secondary mass spectrometry matching tolerance and 4.5 ppm for the
main search. The search results were screened at the protein and
peptide levels using a 1% FDR for subsequent analysis. Proteins with
fold-change >1.2 and p-value <0.05 were defined as upregulated
proteins and proteins with fold-change <0.83 and p-value <0.05 were
defined as down-regulated proteins.

BLAST alignment (blastp, evalue < le-5) was used for GO, KEGG,
and KOG database annotation. Alignment results with the highest
scores were selected as the annotation results. In addition, BLAST
software (Springer Nature, Berlin, Germany) combined the UniProt
and InterPro databases for domain annotation, and MultiLoc2 was
used for subcellular localization prediction.

All our experiments contain three replicates biological to ensure
the stability of the experimental data.

2.6. Data analysis

Physiological and biochemical data were analyzed using IBM
SPSS (version 21.0: IBM Corporation, Armonk, NY, United States) for
T-test, Microsoft Office Excel 2021 (USA) for histogram and pie
charts, and OriginPro2021 (Origin Lab Corp, Northampton, MA,
United States) for principal component analysis and cluster analysis
and draw Venn and bubble diagram. KEGG enrichment pathway was
drawn by Adobe Illustrator (version 2022 v26.0.0.730: Adobe Systems
Incorporated, State of California, United States). Protein interaction
analyses were performed using the String DB protein interaction
database and visualized using Cytoscape (version 3.9.1: Netscape,
State of Illinois, United States).

3. Results
3.1. Stress response parameters

We measured the effects of drought stress on the physiological
indices of soybeans (Figure 1). Under drought stress, the relative water
content of plant leaves decreased significantly, HN44 decreased by
15.49%, HN65 decreased by 24.67%. The relative water content of
HN44 leaves was 5.55% and 18.41% higher than that of HN65 under
control and drought conditions, respectively. Under drought stress,
the relative electrical conductivity and MDA content of HN44
increased by 76.98% and 44.57%, respectively, and HN65 increased by
140.15% and 58.97%, respectively. The relative conductivity and MDA
of HN44 leaves were 21.60% and 10.24% lower than those of HN65
under control. Under drought conditions, HN44 was 42.22% and
18.37% lower than HNG65.

Drought stress increased the content of Pro, SSs, and SPs in HN44
leaves by 291.98%, 12.03%, and 18.81%, respectively, and in HN65
leaves by, 149.58%, 5.33%, and 8.23%, respectively. Under drought
stress, Pro, SSs and SPs of HN44 were 16.30%, 8.33%, and 4.90%
higher than those of HN65, respectively. In addition, the rate of
increase in Pro, SSs, and SPs content in HN65 was lower than that in
HN44, and the SSs content of HN65 did not significantly change
under drought stress. Overall, the results showed that drought stress
significantly affected the soybean physiology and that the drought
resistance of HN44 was stronger than that of HN65.
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3.2. Quantification of differential proteins

A total of 86 differentially expressed proteins were identified in
HN44 and 68 in HN65, of which 29 were shared by HN44 and HN65
(Figure 2A). There were 48 upregulated and 38 downregulated
proteins in HN44 and 55 upregulated and 13 downregulated proteins
in HN65 (Figure 2B). Principal component analysis (PCA) showed
that there was a significant difference between the control and drought
treatments of HN44 and HN65 (Figure 2C), indicating that drought
stress had a significant impact on soybean growth.

GO analysis showed that the differentially expressed proteins in
HN44 were mainly involved in the cell membrane and cytoplasm
composition, purine ribonucleoside triphosphate binding, metal ion
binding, and protein binding (Figure 3A). The differentially expressed
proteins in HN65 were mainly involved in metal ion binding,
hydrolase and transferase activity, membrane function, and response
to stress (Figure 3B). KEGG analysis showed that the differentially
expressed proteins in HN44 and HN65 cells were mainly involved in
protein turnover, post-translational modification, chaperones,
transport and catabolism, signal transduction mechanisms, lipid
transport and metabolism, and carbohydrate transport and
metabolism (Figures 3C,D). To alleviate the damage caused by stress,
energy and osmotic adjustment substances are provided to plants by
increasing the content of soluble sugars, free amino acids, and soluble
proteins. Subcellular localization showed that the differentially
expressed proteins in HN44 were mainly located in the chloroplast,
cytoplasm, and extracellular regions, accounting for 34.88%, 27.91%,
and 18.60% of the total differentially expressed proteins, respectively
(Figure 3E). The differentially expressed proteins of HN65 were
mainly located in the cytoplasm, chloroplasts, and nucleus, accounting
for 33.82%, 32.35%, and 16.18% of the total differentially expressed
proteins, respectively (Figure 3F).

3.3. The important role of carbon
metabolism in plant drought resistance

Non-structural carbon, represented by soluble sugars in plants, is
an important product of plant carbohydrate metabolism. It reflects the
physiological status of plants as well as plays a staged buffering role in
environmental stress and effectively reduces the damage caused by
adversity to plants (Baslam et al., 2020). A total of 35 related proteins
were detected in starch and sucrose metabolic pathways. And found
the original sugar metabolism pathway was changed. In HN44,
catabolism was enhanced and anabolism was weakened. Specific
performance in the proteins related to endoglucanase-1,3-p-D-
glucosidase in HN44 were significantly increased. In contrast, the
expression of granule-bound starch synthase, a-amylase, glycogen
phosphorylase, and endoglucanase-related proteins significantly
decreased, indicating that the synthesis of starch in HN44 leaves was
reduced under drought conditions. In HN65, the sucrose synthase-
related proteins decreased significantly under drought stress, which
promoted the accumulation in soluble sugar content, such as glucose
and fructose, consequently promoting a decrease in cell water
potential and reduced cell water loss. The responses of HN44 and
HNG65 to drought differed, and the method of regulating drought was
also significantly different (Figure 4).
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FIGURE 1
Effects of drought stress on relative water content (A), relative electrical conductivity (B), MDA (C), Pro (D), SSs (E), and SPs (F) contents in leaves of
HN44 and HNG65. *indicate significant differences between control and drought according to T test at the 5% level, and data are presented as
mean + SE (standard error) (n = 3). HN44, Hei Nong 44; HN65, Hei Nong 65; MDA, malonaldehyde; Pro, proline; SSs, soluble sugars; SPs, soluble
proteins

Carbohydrate metabolism is an important process that provides
energy to plants (Yu et al, 2023). KEGG analysis showed that
carbohydrates played an important role in the resistance of HN44 and
HNG65 to drought stress. In the KEGG pathway enrichment analysis of
HN44 cells, we identified 13 differentially expressed proteins related to
carbohydrate metabolism, of which six differentially expressed proteins
were upregulated. One protein was related to the expression of 1-ascorbate
oxidase, and one protein was related to the expression of phospholipid:
diacylglycerol acyltransferase. Three proteins were associated with the

Frontiers in Sustainable Food Systems

expression of myo-inositol-1-phosphate synthase, and one protein was
associated with the expression of glucan endo-1,3-beta-glucosidase. Seven
downregulated proteins were related to the expression of glycogen
phosphorylase, alpha-amylase, endoglucanase, 3-hydroxyisobutyryl-CoA
hydrolase, UDP-glucuronate 4-epimerase, UDP-apiose/xylose synthase,
and granule-bound starch synthase (Table 1).

Under drought stress, eight differentially expressed proteins
were related to carbohydrate metabolism, of which seven were
upregulated. One protein was related to sucrose synthase, and
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another was related to pyruvate and orthophosphate dikinase. Two
proteins were associated with beta-amylase, two proteins were
associated with phosphate synthase, and one protein was associated
with beta-galactosidase. The expression level of one protein related
to sucrose synthase decreased (Table 2). Plants must adapt to
adversity by changing the different forms of carbon under drought
conditions. In addition, drought stress considerably impacts
important life processes, such as signal transduction and lipid and
amino acid metabolism.

3.4. Important role of amino acids in plant
drought resistance

KEGG result showed that drought stress significantly affects the
metabolism of sucrose and starch as well as affects the metabolism of
many amino acids. Our results showed that drought stress had a
significant effect on the content of free amino acids. Two proteins involved
in amino acid metabolism under drought conditions were upregulated in
HN44, which related to primary amine oxidase and alanine-glyoxylic acid
transamina®(R)-3-amino-2-methylpropionate pyruvate transaminase.
They are located in chloroplast and mitochondrion respectively, and
play a vital role in redox reactions and amino acid metabolism.
Four proteins were downregulated, including, which were mainly
associated with aspartate kinase, cystathionine gamma synthase,
3-hydroxyisobutyryl-CoA hydrolase, and aminocyclopropanecarboxylate
oxidase. They are located in chloroplast, chloroplast, nucleus and
cytoplasm, respectively, and play a crucial role in regulating carbon flow,
cysteine metabolism, valine catabolism and ethylene synthesis. Among
the proteins involved in amino acid synthesis under drought conditions
in HN65, four were upregulated and one was downregulated. The
upregulated proteins were related to glutathione peroxidase, alanine-

glyoxylate
transaminase, and arginase. They are located in chloroplasts,

transamina®(R)-3-amino-2-methylpropionate-pyruvate

mitochondria, chloroplasts and chloroplasts, respectively, and play an
important role in antioxidant response, glyoxylic acid detoxification and
immune response. The downregulated protein mainly related to caffeic
acid 3-O-methyltransferase/acetylserotonin O-methyltransferase. It is
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located in the cytoskeleton, involved in the biosynthesis of lignin, is an
important component of stable cell structure.

3.5. Important roles of other proteins in
drought resistance

After GO enrichment analysis, we identified eight proteins related to
the stress response in HN44 cells, and seven were upregulated. Among
these, three proteins were involved in the response to reactive oxygen
species, and one protein was associated with antioxidant responses. One
protein was involved in systemic acquired resistance, and two proteins
were involved in response to heat and drought stress. One protein related
to the response to heat stress was downregulated, also related to
physiological processes such as ATP activity and protein renaturation.

Seven upregulated proteins related to stress response were
identified in HN65, of which two were involved in response to reactive
oxygen species and heat stress, one was involved in the biosynthesis of
abscisic acid, and two were involved in response to heat stress and
drought stress and two were involved in antioxidant enzyme activities
(including peroxidase and glutathione peroxidase activities and
superoxide dismutase activity), and no downregulated proteins related
to stress response were identified. In addition, drought stress increased
the oxidoreductase activity of HN44 cells and promoted organic acid
and alcohol metabolism in HN65 cells.

3.6. Differential protein—protein interaction
(PPI1) networks

Proteins are important carriers of life activities, and interactions
between proteins are involved in many life processes. PPI analysis can
identify key regulatory factors and effectively reveal interactions
between proteins. We used a STRING database to construct a protein—
protein interaction (PPI) network to better understand the relationship
between differential proteins. The PPI networks of HN44 and HN65
cells included 47 and 28 nodes, respectively (Figure 5). In the PPI
network of HN44 and HNG65, we screened three proteins
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FIGURE 3
Differential function and enrichment analysis of proteins under drought stress. (A) GO analysis of HN44. (B) GO analysis of HN65. (C) KEGG analysis of
HN44. (D) KEGG analysis of HN65. (E) Subcellular localization of HN44. (F) Subcellular localization of HN65. chlo, chloroplast; cyto, cytoplasm; nucl,
nucleus; extr, extra cell; plas, plasma membrane; mito, mitochondrion; vacu, vacuolus; cysk, cytoskeleton.

(AOA6N2BR27, A0A4451S56 and A0A445F5B9) expressed by SGT1-1,
RARI-1, and RARI-2 gene as hub proteins (degree>20), and the
molecular functions of them were protein-folding chaperone binding,
metal in binding and metal ion binding. Fu et al. (2009) considered that
SGT1-1, RARI1-1 and RARI-2 are important components of soybean
triggering immune effects. The three hub proteins were closely related
to the HSP20 protein family of HN44, nucleolin, calcium ion
permeability stress-gated cation channel proteins, UDPG glucuronide
epimerase, and other differentially expressed proteins. In HN65 cells,
the three hub proteins were closely related to differentially expressed
proteins, such as GTP-binding protein, molecular chaperone G,
calcium ion permeability stress-gated cation channel protein, pyruvate,
and orthophosphate dikinase. Thus, these three proteins, which are
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related to plant immunity and disease resistance, play vital roles under
drought stress.

4. Discussion

Under normal water conditions, the water potential of plant cells
was in a state of dynamic equilibrium. When drought occurs, osmotic
water loss is greater than osmotic water absorption of plant cells, the
original dynamic balance was broken, and the osmotic potential in
plant cells increases rapidly to cope with osmotic water loss caused by
drought (Guo et al,, 2012; Lv et al,, 2019). As an excellent osmotic
regulator, PEG-6000 is easily soluble in water and has a large molecular
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weight and cannot enter plant cell wall, resulting in a high extracellular
osmotic potential. It can also break the dynamic balance of the original
water potential of the cells, causing cell water loss and achieving the
purpose of simulating drought (Ahmed et al., 2022). The nutrient
solution was added with 15% PEG-6000 for 4 days to achieve moderate
drought stress equivalent to natural drought conditions (Wang et al.,
2012, 2022a; GB/T 32136-2015, 2015). Drought stress causes slow
plant growth rate, visible morphological changes such as leaf
yellowing, accumulation of ROS, membrane lipid peroxidation, and
an increase in osmotic regulators, seriously affecting the growth and
development of plants (Vahideh et al., 2021; Zhou et al., 2022b).
Previous proteomic studies have shown that drought stress
significantly affects soybean protein metabolism. Drought stress
considerably impacts energy metabolism, followed by defense-related
proteins (programmed death, signal transduction, and osmotic
regulation) (Yu et al., 2016). Our research also proves this point.
Drought stress also significantly affects plant secondary metabolite
synthesis, amino acid metabolism, protein folding, calcium
homeostasis, and signal transduction (Wang and Komatsu, 2018). Our
study screened many differentially expressed proteins, including
energy metabolism, nucleic acid metabolism, carbohydrate
metabolism, and secondary metabolism.

Carbon metabolism is an important part of energy metabolism,
and the accumulation of soluble sugars in plants under drought stress
is an important way to resist drought (Guo et al., 2021; Wang et al.,
2022b). Our study showed that the expression levels of starch synthase,
and other key enzymes in the synthesis of polysaccharides in drought-
resistant soybean HN44 decreased under drought stress, and the
expression levels of endoglucanases such as glucan endo-1,3-p-D-
glucosidase increased, causing an increase in soluble sugar content
and effectively alleviating drought stress (Zhou et al., 2022a). However,
the expression levels of glucan endo-1,3-p-D-glucosidase and other
endonucleases in soybean HN65 with weak drought resistance did not
change significantly. The sucrose synthase-related protein of HN65
changed significantly. The expression of the sucrose synthase protein
in HN65 soybeans with weak drought resistance increased or
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decreased under drought stress, indicating that drought stress changed
the carbon metabolism of HN65, which may be an important way to
endow it with new drought stress tolerance. Halder et al. (2022)
demonstrated a similar conclusion. Drought stress causes a significant
change in the activity of starch synthase in wheat, which blocks the
synthesis of starch, changes energy metabolism, and enhances drought
resistance. Simultaneously, it also led to a decrease in wheat grain
weight and thinner stems. Ali et al. (2023) suggested that the main
mechanism by which drought stress changes sucrose synthase activity
in maize and enhances drought resistance is by promoting sucrose
decomposition into sugar and glucose, increasing soluble sugar
concentrations, and alleviating drought stress. Sucrose synthase is a
key factor in plant abiotic stress tolerance; however, its mechanism
under abiotic stress requires further investigation (Halder et al., 2022).

Carbohydrate metabolism in soybeans under drought stress is strictly
regulated by calcium homeostasis. Calcium ions change the carbon
metabolism process of plants under stress by regulating pyruvate
carboxylase, causing an increase in the content of fructose and sucrose in
plant leaves and increasing their ability to resist drought stress (Wang and
Komatsu, 2018). Calcium homeostasis is an important signal transduction
component involved in almost all eukaryote physiological regulations (Yu
et al, 2021). Although the mechanism of calcium homeostasis in
biological stress processes has not been fully elucidated, many studies have
shown that the expression of calcium-related proteins and the level of
calcium ions in plants increase sharply after various abiotic stress stimuli
(Medvedev, 2005; Zhang et al., 2022). Our study also attained a similar
conclusion; the expression levels of calcium homeostasis-related proteins
(tr[TIM1I9|I1M1I9_SOYBN) and signal transduction-related proteins in
HN65 and HN44 leaves increased significantly after drought stress.
Calcium homeostasis is involved in carbon metabolism to enhance plant
drought resistance as well as activating ABA signal transduction,
synthesizing secondary metabolites, increasing intracellular ion
concentration, energy metabolism, and other drought resistance pathways
(Kudla et al., 2018).

Through PPI network analysis, the three hub proteins at the center
of the differential protein network were related to plant immunity and
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TABLE 1 HN44 differential proteins are involved in signal transduction and cellular processes as well as carbohydrate and lipid metabolism.

KEGG term Protein ID Up or down KEGG description
regulated

Carbohydrate tr|[IM7A4|11M7A4_SOYBN 0.0071 Up L-ascorbate oxidase

metabolism tr|[1LX38|11LX38_SOYBN 0.0332 Up Phospholipid:diacylglycerol acyltransferase
tr[I1IKYU6|I1KYU6_SOYBN 0.0403 Down Glycogen phosphorylase
tr] AOAOROIUQ7|AOAOROIUQ7_SOYBN 0.0189 Down Alpha-amylase
tr|IIMFX5[I1IMFX5_SOYBN 0.0329 Down Endoglucanase
tr[I1K4L3|11K4L3_SOYBN 0.0124 Up Myo-inositol-1-phosphate synthase
tr|Q2MJR3|Q2MJR3_SOYBN 0.0069 Up Myo-inositol-1-phosphate synthase
tr|Q2MJR5|Q2MJR5_SOYBN 0.0248 Up Myo-inositol-1-phosphate synthase
tr[[1KIU3|11KIU3_SOYBN 0.0066 Down 3-hydroxyisobutyryl-CoA hydrolase
tr|AOAOROF5B0|AOAOROF5B0_SOYBN 0.0382 Down UDP-glucuronate 4-epimerase
tr[I1ILTQ1|IILTQ1_SOYBN 0.0093 Down UDP-apiose/xylose synthase
tr|A1YZEO|A1YZE0_SOYBN 0.001 Down Granule-bound starch synthase
tr[11KZ22|11KZ22_SOYBN 0.0351 Up Glucan endo-1,3-beta-glucosidase 1/2/3

Signaling and tr[I1ILA71|I1LA71_SOYBN 0.0284 Down GTP-binding protein

cellular processes  41/111.314|11L314_SOYBN 0.0055 Up Molecular chaperone HtpG
tr|QO0M78|QO0M78_SOYBN 0.0087 Up ABA responsive element binding factor
tr| G3E7M9|G3E7M9_SOYBN 0.0132 Up Annexin D
tr|IIKZW8|I1IKZW8_SOYBN 0.024 Up Exocyst complex component 2
sp|P15490|VSPA_SOYBN 0.0054 Up Vegetative storage protein 2
tr[IIM1I9[I11M119_SOYBN 0.0492 Up Calcium permeable stress-gated cation channel

Lipid metabolism tr[I1LX38|11LX38_SOYBN 0.0332 Up Phospholipid:diacylglycerol acyltransferase
tr|D2D5G3|D2D5G3_SOYBN 0.0424 Down 24-methylenesterol C-methyltransferase
tr[11JU36|11JU36_SOYBN 0.0083 Down 3-ketoacyl-CoA synthase
tr[IILR32|T1LR32_SOYBN 0.0391 Down 3-ketoacyl-CoA synthase
tr] AOAOROKH50|AOAOROKH50_SOYBN 0.0136 Up Aldehyde decarbonylase
tr|[1IKH67|11KH67_SOYBN 0.0032 Up Linoleate 9S-lipoxygenase
tr[I1IKH70[I1KH70_SOYBN 0.0078 Up Linoleate 9S-lipoxygenase

stress resistance. This indicates that defense-related proteins play a
crucial role in the adaptation of soybeans to drought stress (Yu et al.,
2016; Wang and Komatsu, 2018). Our study found that drought stress
caused the response of antioxidant enzyme system of soybean, such as
catalase, antioxidant enzymes and other stress-related protein expression
levels, to reduce or remove oxidative stress caused by reactive oxygen
species (ROS) and protect growth and metabolism of plants (Silva et al.,
2010; Koh et al,, 2015). In addition, glutathione and ascorbic acid also
can achieve the purpose of scavenging ROS by binding to toxic
substances (Zhu B. et al., 2023). And drought stress causes a significant
increase in necroptosis-related proteins, achieving tissue homeostasis
and stabilizing the development of organisms by self-cleaning some
aging and death cells. There are also an important way for plants to adapt
to drought stress (Yamada and Yoshida, 2019).

The metabolism and content of free amino acids are highly
susceptible to drought stress, resulting in their large accumulation
(Zhuetal., 2020). Free amino acids act as osmotic regulators to reduce
water loss and have strong antioxidant activity, which is essential for
maintaining the redox homeostasis of cells (Yu et al., 2017; Li et al.,
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2022). Our study demonstrated that the activities of aspartate kinase,
cystathionine gamma synthase, and aminocyclopropanecarboxylate
oxidase, which are involved in the metabolism of cysteine and
methionine, were significantly decreased under drought stress. In
contrast, the activity of alanine-glyoxylate transamina®(R)-3-amino-
2-methylpropionate-pyruvate transaminase was significantly
upregulated. Changes in amino acid metabolic pathways, leading to
changes in the proportion of amino acids that maintain oxidative
homeostasis, are also important for plants to resist adversity (Li et al.,
2022). We also found that primary amine oxidase and alanine-
glyoxylate transam®se/(R)-3-amino-2-methylpropionate pyruvate
transaminase, which synthesize neutral amino acids, such as serine,
glycine, alanine, and threonine, were significantly upregulated. The
significant upregulation of neutral amino acid expression does not
cause changes in intracellular charge while maintaining osmotic
potential and is an excellent contributor to osmotic regulation (Zhu
et al., 2020).

At present, some studies have used omics technology to
demonstrate the drought resistance mechanism of soybean, but
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TABLE 2 HN65 differentially expressed proteins involved in amino acid and carbohydrate metabolism.

KEGG term Protein ID

Up ordown KEGG description

regulated

Carbohydrate metabolism tr|[1L1U4/11L1U4_SOYBN 0.0022 Down Sucrose synthase
tr|K7MZJ0|K7MZJ0_SOYBN 0.0308 Up Sucrose synthase
tr|[K7MJI6|K7MJ16_SOYBN 0.0264 Up Pyruvate, orthophosphate dikinase
tr|[1ILRU3|11LRU3_SOYBN 0.012 Up Beta-amylase
tr|Q42795|Q42795_SOYBN 0.025 Up Beta-amylase
tr|[1K4L3|11K4L3_SOYBN 0.0032 Up Myo-inositol-1-phosphate synthase
tr| Q2MJR3|Q2MJR3_SOYBN 0.0109 Up Myo-inositol-2-phosphate synthase
tr[IIM4L7|I1M4L7_SOYBN 0.0201 Up Beta-galactosidase
Amino acid metabolism tr|C6SZX7|C6SZX7_SOYBN 0.0217 Up Glutathione peroxidase
tr[AOAOR4J2K3|AOAOR4J2K3_SOYBN 0.4221 Up Alanine-glyoxylate transaminase/®-3-amino-2-
methylpropionate-pyruvate transaminase
tr]AOA368UIC9|A0A368UIC9_SOYBN 0.0113 Up Arginase
tr] AOAOR4J315|AOAOR4J315_SOYBN 0.0298 Down Caffeic acid 3-O-methyltransferase / acetylserotonin
O-methyltransferase
tr]AOAOB5E2H5|A0AOB5E2H5_SOYBN 0.0085 Up glutathione dehydrogenase/transferase
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(A) The interaction network of differential proteins in HN44. (B) Differential protein interaction network of HN65. Each node represents a protein, and
the connection between nodes indicates the interaction between proteins. The darker the color of a node, the more connections it has.
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most of them are limited to a single variety or yield formation
period, and there are few studies on multiple varieties and seedling
stage (Zhao et al., 2021). We believe that the use of varieties with
different stress resistance at the same time can make the results
more convincing (Farzad et al., 2023). Therefore, we choose two
varieties with great difference in stress resistance for comparison. It
was found that there were large differences between drought-
resistant varieties and sensitive varieties, which may be an
important reason for the large differences in drought resistance
among different varieties. Proteomics technology was widely used
in the study of plant stress resistance as a new technology. However,
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in order to fully understand the mechanism of plant stress
resistance, it was not enough to rely solely on proteomics technology
(Zhu W. C. et al., 2023). In addition, we have previously measured
transcriptomics and metabolomics. Similar to proteomics, drought
stress seriously affected carbohydrate metabolism, amino acid
metabolism, hormone metabolism and other pathways in soybean.
Varieties with different drought resistance showed great differences.
In addition, the results of transcriptomics also showed that drought
stress seriously affected plant photosynthesis. Metabolomics showed
that flavonoids are one of the important substances for soybean to
resist drought stress (Wang et al., 2022c¢).
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5. Conclusion

We identified 86 differentially expressed proteins (DEPs) in
HN44 cells. These differentially expressed proteins are involved
in signal transduction, energy metabolism, stress responses, and
other biological processes. A total of 68 differential proteins were
identified in the leaves of HN65 cells. These differentially
expressed proteins are involved in stress response, material
hydrolysis, redox and energy metabolism, and other biological
processes. HN44 responds to drought stress mainly through
sugar decomposition, increased antioxidant enzyme activity and
lipid metabolism. HN65 responds to drought stress mainly
through ABA synthesis, increased antioxidant enzyme activity
and amino acid metabolism. Proteomics, as a powerful research
method, is of great significance for revealing plant adversity.
However, it is not enough for us to study the mechanism of
drought resistance difference between the two genotypes of
soybean. In the future, we will study the drought resistance of
soybean from more perspectives, aiming to contribute to the
study of soybean drought resistance mechanism.
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