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Abstract: Soybeans are one of the most important grain crops worldwide. Water deficit, which seriously affects the yield and quality of soybeans, is the main abiotic stress factor in soybean production. As a follow-up study, the drought-tolerant soybean variant Heinong 44 was analyzed via proteome analysis. Soybean was exposed to water deficit for 0, 8, and 24 h, and protein samples were extracted for detection of differentially expressed proteins. Protein sequencing of leaf tissues under water stress yielded a total of 549 differentially expressed proteins: 75 and 320 upregulated proteins as well as 70 and 84 downregulated proteins were obtained after 8 and 24 h of water deficit, respectively. Gene Ontology analysis revealed that most of the differentially expressed proteins (DEPs) were involved in catalytic activity, molecular function, and metabolic processes, whereas some of them were involved in photosynthesis, carbon metabolism, and energy metabolism. We also identified some differentially expressed proteins that may be involved in the regulation of water deficit response. Our study provides a theoretical basis for the breeding of drought-resistant soybean varieties.
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1  Introduction

Soybean (Glycine max L. Merr.) is one of the most widely cultivated economic legume crops for its oil, mineral, and protein content [1–3]. Rapid population growth, changes in people’s diet, and increased demand for biofuels will double the global soybean production demand by 2050 [4]. Although soybean production has shown an upward trend in recent years, with an average annual increase of approximately 1.3%, doubling the total production by 2050 requires an increase of 55% [5]. Therefore, the development of effective methods for improving soybean production is an important scientific research objective.

Drought stress is one of the major abiotic stresses worldwide, affecting plant growth, development, and crop yield [6]. Between 1982 and 2012, soybean in China suffered serious damage from droughts, with reductions in yields and production ranging from 7.8% to 11.6% [7]. Moreover, drought was associated with 13% of the variability in soybean yields in the United States over 50 years [8]. Therefore, it is of great theoretical and practical significance to study the response and defense of plants to water deficit, understand the response mechanism and resistance mechanism of soybean to dry stress at physiological, biochemical, and molecular genetic levels, cultivate new varieties of drought-resistant soybean, improve soybean stress resistance and productivity to solve food security problems.

Proteomics is a systematic analysis of proteins, which involves the identification and quantitative application of total protein content in cells, tissues, or organisms. It complements genomics, transcriptomics, and other “omics” technologies in clarifying the identity of proteins in organisms and elucidating the structure and function of specific proteins [9]. Proteomics technology has been widely used in the research of plant stress resistance [10]. Zeng et al. [11] used proteomics technology to study the difference between sensitive and drought-tolerant maize roots under drought conditions and found that the reason for the higher drought resistance of drought-tolerant varieties. Li et al. [12] studied the proteomic changes of soybean under halosulfuron-methyl stress, and revealed the mechanism of soybean’s response to toxic substances. Katam et al. [13] studied the proteomic changes of the cross-tolerance mechanism of soybean response to heat and water stress and provided theoretical support for soybean breeding for resistance to cold and heat damage. In this study, we performed proteomics analysis of soybean seedlings exposed to short-term water deficit conditions. Our goal was to comprehensively elucidate the molecular mechanisms underlying the response of soybean to drought stress. Our findings will lay the foundation for future genetic modifications to improve soybean productivity and adaptability to stress.

2  Materials and Methods

The tested material was the soybean variety Heinong 44 (HN44). For experimental cultivation, full seeds of uniform size were selected, soaked, and disinfected for 10 min with 0.1% KMnO4 solution. After being rinsed with distilled water, the seeds were sown in a sand culturing device (upper mouth diameter, 13 cm; lower bottom diameter, 10 cm; height, 10 cm). The total amount of sand was 1.3 kg. Next, the seeds were sown in shallow acupoints, with five acupoints placed at the same distance and one seed sown at each acupoint. Among the sown seedlings, three strong and similar seedlings were retained, and the process was repeated three times.

The seedlings were placed under artificial light in a constant-temperature incubator (the day and night temperatures were 25°C/20°C, the light schedule was 14 h/d, and the relative humidity ranged from 60% to 80%). Distilled water (200 ml) was sprinkled once a day before the raw leaves were fully unfolded, and 200 ml of Hoagland nutrients solution was applied once a day after the bioleaves were fully unfolded. To prevent salt accumulation, the plants were washed with 500 ml distilled water every 3 days.

Upon reaching the V3 stage, seedlings with consistent growth were chosen to undergo drought stress treatment. For the simulated drought treatment, the plants were exposed to PEG-6000 (20%), which was equivalent to a permeability potential of –0.81 MPa, mixed with the nutrient solution. Seedlings with normal growth without any stress treatment were used as controls.

2.1 Analysis of Differentially Expressed Proteins in Soybean Leaf under Water Deficit

2.1.1 Treatment

The cultivar Heinong 44 was subjected to drought stress. After 0, 8, and 24 h of stress, the leaves were completely unfolded, and the samples obtained at 0 h were considered the control (CK). Each group had three biological replications, resulting in a total of nine samples. After the treatment period, the samples were subjected to rapid freezing in liquid nitrogen.

2.1.2 Protein Extraction

Soybean leaf samples (2 g each) were ground to powder under liquid nitrogen cooling and then transferred to a 50-ml centrifuge tube. An appropriate amount of 10% trichloroacetate acetone was added to the tube, and DL-Dithiothreitol (DTT) was added to a final concentration of 10 mM. The solution was mixed and allowed to sediment for over 2 h. Next, the solution was centrifuged at 15000 × g and 4°C for 20 min, and the supernatant was discarded. After that, 80% methanol containing 0.1 M ammonium acetate was added to the sediment, and DTT was added to a final concentration of 10 mM. Oscillation was performed to mix the sample at 20°C for 2 h. Subsequently, a precipitated protein solution was obtained and then centrifuged at 12,000 × g at 4°C for 25 min. The supernatant was discarded, 80% acetone was added at five times the volume of the precipitate, DTT was added to a final concentration of 10 mM, and the solution was mixed well at –20°C, yielding a precipitated protein solution after 2 h. The protein solution was subsequently centrifuged at 12,000 × g at 4°C for 25 min. The supernatant was discarded, and an appropriate volume of sucrose extract and an equal volume of Tris-saturated phenol were added. The solution was oscillated for 5 min on ice and then centrifuged at 10,000 × g and 4°C for 10 min. The phenolic phase was collected, and other volumes of tris-saturated phenol were added. The mixture was oscillated on ice for 5 min, followed by centrifugation at 10,000 × g and 4°C for 10 min. Next, the phenol phase was collected and then mixed with the last phenol phase. Methanol containing 0.1 M ammonium acetate was added at five times the volume to the supernatant, and then DTT was added to a final concentration. The solution was mixed well at 20°C, and the precipitated protein solution was allowed to stand overnight. Subsequently, the sample was washed once with methanol and then with 80% acetone once to obtain a protein precipitate. An appropriate amount of Lysis Buffer 3 was then added to the air-dried precipitate. Phenylmethylsulfonyl fluoride and Ethylene Diamine Tetraacetic Acid were added to final concentrations of 1 and 2 mM, respectively, and DTT was added to a final concentration of 10 mM. The solution was placed on ice for 5 min and then placed in an ice bath for 5 min (2 s/3 s). The solution was centrifuged at 25,000 × g and 4°C for 15 min, the supernatant was collected, and DTT was added to a final concentration of 10 mM. The supernatant was placed in a 56°C water bath for 1 h. After recovery to room temperature, IAM was added to a final concentration of 55 mM. The solution was then placed in a dark room for 45 min, five times the volume of cold acetone was added, and the precipitated protein solution was stored overnight at 20°C. After that, the solution was centrifuged at 25,000 × g at 4°C for 15 min, and the supernatant was discarded. Residual acetone was eliminated by air-drying the precipitate. Next, an appropriate amount of Lysis Buffer 3 was added to the solution, which was subjected to ice bath ultrasound for 5 min (2 s/3 s), followed by centrifugation at 25000 × g at 4°C for 15 min. The supernatant was collected, and the required protein solution was obtained.

2.1.3 Protein Concentration Determination

Standard protein at 0, 2, 4, 6, 8, 10, 12, 14, 16, and 18 μl was added to 96-well enzyme-label plates A1 to A10. Subsequently, 20, 18, 16, 14, 12, 10, 8, 6, 4, and 2 μL of pure water was added in turn. Next, 180 μl of G-250 quantitative working fluid was added to each well. OD595 was measured using an enzyme standard instrument, and a linear standard curve was generated according to measurement of OD595. Briefly, the protein solution was diluted several times, and 180 μl of quantitative working solution was added to 20 μl of the protein solution. Finally, the protein concentration of the samples was calculated according to the standard curve and OD595 sample.

2.1.4 SDS-PAGE Electrophoresis

Each sample was mixed with an appropriate amount of loading buffer, heated for 5 min at 95°C, centrifuged at 25,000 × g for 5 min, and added to 12% of the spot sample holes of SDS polyacrylamide gel. After electrophoresis, the gel was dyed with G-250 for 2 h, and then an appropriate amount of decolorization solution (40% ethanol, 10% acetic acid) was added to the gel three to five times for 30 min each time.

2.1.5 Proteinase Hydrolysis

From each sample, 100 μg of the protein solution was collected. Next, 2.5 μg trypsin was added, and enzyme solution was added to a protein:enzyme ratio of 40:1 at 37°C for 4 h. Trypsin was added one time in the above proportion, and the enzymatic solution was incubated for 8 h at 37°C. The enzymatic peptide section was subsequently desalinated and vacuum-dried using a Strata X column.

2.1.6 Peptide Segment Labeling and Separation

Each tube of IBT reagent (2 mg) was dissolved in 80 μl isopropyl alcohol and oscillated for more than 1 min. The peptide segment after enzymatic reaction and desalination was dissolved in 0.2 M Tetraethylammonium bromide solution and oscillated for more than 1 min, yielding a peptide segment concentration of 4 μg/μl. Next, 100 μg of the peptide segment (25 μl) and 80 μl IBT reagent were quickly and evenly mixed and centrifuged. The pH was measured to be between 7.0 and 8.0. The same process was used for each channel of IBT reagent and marked. The solution was maintained at room temperature for 2 h to ensure that they were fully marked. Marked samples CK-0-1, CK-0-2, CK-0-3, D-24-1, D-24-2, D-24-3, D-8-1, D-8-2, and D-8-3 were 114, 115N, 116C, 116N, 117C, 117N, 118C, 118N, and 119, respectively.

The samples were separated using a Shimazu LC-20AB liquid phase system equipped with a Gemini C18 column (5 μm, 4.6 × 250 mm). The elution peak was monitored at a wavelength of 214 nm, and one component was collected per minute. The sample was combined with the chromatographic elution peak map to obtain 20 components, which were then frozen and drained.

2.1.7 Liquid Chromatography Tandem Mass Spectrometry (LC-MS/MS)

LC-MS/MS was performed on a Thermo Dionex Ultimate 3000 RSLCnano system (Thermo Scientific, Waltham, MA, USA) coupled with a Q Exactive mass spectrometer (Thermo Scientific). The peptide was captured on a C18 column (300 μm ID by 5 mm, Acclaim PepMap RSLC C18, 5 μm, 100 Å; Thermo Scientific) and separated on an analytical column (Acclaim PepMap 75 μm × 150 mm, C18, 3 μm, 100 Å; Thermo Scientific). The mobile phase consisted of phase A (0.1% formic acid) and B (0.1% formic acid and 80% acetonitrile). The gradient program was 5% B to 90% B for 65 min, at a flow rate of 300 nl/min.

MS data were analyzed using a Thermo Scientific Q Exactive mass spectrometer. The first single ion monitoring protocol used m/z 350-1800 mass selection, 70,000 orbital well resolution, 3 × 106 target automatic gain control value, and 40 ms maximum filling time. For the second single ion monitoring, the resolution was 17,500, the target AGC value was 1 × 105, the maximum single filling time was 60 ms, and the normalized collision energy was 27.

2.1.8 Protein Database Search Identification

Protein identification was carried out using Mascot2.3.02 software (Matrix Science, London, UK). The database retrieval parameter settings were as follows: search database, UniProt (http://www.uniprot.org/uniprot/?query=taxonomy:3847); single isotopes were searched; the enzyme used for enzymatic hydrolysis, trypsin; error tolerance of primary mass spectrometry, 20 PPm; secondary mass spectrometry, 0.05 Da; fixed modifications, carbamidomethyl (C) and IBT10ple; X (N-term) and IBT10plex (K) variable modifiers, Exified (M) and IBT10plex (Y).

2.1.9 Protein IBT Quantification

IBT data were quantified using the IQuant software (independently developed by Huada), which integrates the Mascot Percolator algorithm. False discovery rate of 1% (PSM-level FDR ≤ 0.01) was applied at the spectral/peptide segment level to obtain a list of spectral maps and peptide segments identified as significant. Protein assembly using peptide segments was performed based on the parsimony principle, yielding a series of protein groups. To control the false positive rate, the data were further filtered with an FDR level of 1% (protein-level FDR ≤ 0.01). According to the experimental marker information and protein abundance level, significantly differentially expressed proteins were indicated by fold change > 1.5 and q-value < 0.05.

2.1.10 Data Analysis

The UniProt database was used for protein annotation and enrichment analyses. Gene Ontology (GO) [14] analysis was conducted to analyze the proteins based on molecular functions, biological processes, and cell components. Kyoto Encyclopedia of Genes and Genomes [15] analysis was performed. GO and KEGG enrichment analyses were performed using the phyper function in the R software.

3  Results

3.1 Basic Information for Protein Identification

A total of 25,8625 secondary spectra were obtained in the mass spectra experiment and analyzed using the Mascot software (Fig. 1a), and 60,627 spectral maps were matched, of which 34,727 were unique. A total of 5,183 proteins were identified, of which 17,141 were peptides. Among these peptides, 1,2556 were unique.
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Figure 1: Protein identification information: a: Basic information; b: relative molecular distribution of proteins; c: distribution of peptide length; d: distribution of the number of peptides

All proteins were identified according to their relative molecular weight. As shown in Fig. 1b, the relative molecular weight of the identified proteins was mainly concentrated in the 10–60 kDa range, and the molecular mass of the proteins was greater than 30 kDa. With increasing relative molecular weight, the proportion of proteins decreased, with more than 8% of proteins >100 kDa showing a decreased number.

The length of the identified peptide segment is shown in Fig. 1c. As shown in the figure, the length of the peptide segment was mostly 7 to 16 amino acid residues, the length of the independent peptide segment was mainly concentrated in 9 to 13 amino acid residue intervals, and the peptide segment length was greater than 10 amino acid residues. As the proportion of peptide segments increased, the average length of all peptide segments identified in this test was 12.32 amino acid residues.

The number of identified unique peptide segments is shown in Fig. 1d, which shows that most of the identified proteins contained fewer than 10 peptide segments. The number of proteins decreased with the number of matching peptide segments.

3.2 Distribution of Differentially Expressed Proteins

The conditions and distributions of DEPs are shown in Figs. 2 and 3. Under water deficit for 8 and 24 h, a total of 145 and 404 differentially expressed proteins were identified: 75 and 320 were upregulated, whereas 70 and 84 were downregulated, respectively. After 24 and 8 h of water deficit, a total of 430 differentially expressed proteins were identified: 332 and 98 isoproteins were upregulated and downregulated, respectively. The number of differentially expressed proteins under 24 h water deficit condition was significantly greater at than at 8 h, although the difference in the number of proteins after adjustment was not significant.

[image: images]

Figure 2: The statistics of differentially expressed proteins under water deficit condition

[image: images]

Figure 3: Logarithmic distribution plot of protein fold changes in CK and water stress 8 and 24 h
Note: Red, green, and gray triangles represent upregulated, downregulated, and non-differentially expressed proteins, respectively.

Fig. 4 shows the Venn diagram of DEPs between the groups. Fig. 4a shows the upregulated DEPs. Seven differentially expressed proteins were identified (I1L8S3_SOYBN, I1NBE4_SOYBN, C6SYA5_SOYBN, Q0PKY2_SOYBN, K7MQ84_SOYBN, I1MGV6_SOYBN, and C6T0E8_SOYBN), which played important roles in drought resistance. Fig. 4b shows the downregulated DEPs. No common DEPs were found between the three groups; only 20 common DEPs were found between D8 vs. CK and D24 vs. CK, and 36 common DEPs were observed between D24 and CK as well as between D24 and D8.
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Figure 4: Venn diagrams of differentially expressed proteins in the groups. (a) represents upregulated proteins, whereas (b) represents downregulated proteins

3.3 Gene Ontology Analysis

GO analysis was conducted to determine the functions of DEPs under water stress for 8 and 24 h (Figs. 5 and 6). The functions of DEPs were divided into three categories: molecular function, cell composition, and biological processes.
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Figure 5: (a) GO categories of upregulated differentially expressed proteins under water stress for 8 h (GeneRatio top 20 items); (b) GO categories of downregulated differentially expressed proteins under water stress for 8 h (GeneRatio top 20 items)
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Figure 6: (a) GO categories of upregulated differentially expressed proteins under water stress for 24 h (GeneRatio top 20 items); (b) GO categories of downregulated differentially expressed proteins under water stress for 24 h (GeneRatio top 20 items)

GO annotation of upregulated differentially expressed proteins after 8 h of water stress is shown in Fig. 5. Of the 75 differentially expressed proteins, 56 matched GO annotations, with a total of 518 GO terms. Most of DEPs were associated with membranes (27, 79%), cells (27, 79%), cell parts (27, 79%), intracellular components (24, 71%), and intracellular components (23, 68%), among cell composition types. Moreover, they were primarily involved in catalytic activity (21, 54%), binding (17, 44%), and other molecular functions. They were also involved in metabolic processes (29, 69%), cellular processes (28, 67%), cellular metabolic processes (18, 19%), single-organism processes (17, 41%), primary metabolic processes (17, 41%), and other biological processes.

GO annotation of the downregulated differentially expressed proteins under water stress for 8 h is shown in Fig. 5b. Of the 70 differentially expressed proteins, 55 matched GO annotations, with a total of 529 GO terms. Cells (10, 59%) and cell components (10, 59%) were the most enriched categories. The proteins mainly participated in binding (28, 76%), catalytic activity (26.7%), and metabolic processes (28, 76%).

GO annotation of differentially upregulated proteins after 24 h of water stress treatment is shown in Fig. 6a. Of the 320 differentially expressed proteins, 267 matched 1,092 GO terms. Most of DEPs were related to cell components (124, 88%), intracellular components (116, 82%), intracellular components (112, 79%), and cytoplasm (98, 70%), among cell composition types. Furthermore, they mainly participated in binding (107, 55%), catalytic activity (92, 65%), organic cyclic compound binding (77, 55%), and heterocyclic compound binding (76, 54%), and were involved in metabolic processes (142, 81%), cell processes (123, 70%), organic matter metabolism processes (114, 65%), primary metabolism processes (108, 61%), and metabolic processes (105, 60%).

GO annotation of differentially downregulated proteins exposed to water stress for 24 h is shown in Fig. 6b. Of the 84 differentially expressed proteins, 63 matched GO annotations, with a total of 496 GO terms. Most of DEPs were related to cells (18, 75%) and cell components (18, 75%). They mainly participated in molecular functions such as catalytic activity (38, 84%), binding (27, 60%), and metal ion binding (12, 27%), as well as in metabolic processes (33, 73%) and single biological processes (21, 47%).

3.4 COG Analysis

The identified proteins were compared with the COG database for prediction of their possible functions and for classification (Fig. 7).
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Figure 7: COG functional distribution of all identified proteins. A, RNA processing and modification; B, chromatin structure and dynamics; C, energy production and conversion; D, cell cycle control, cell division, chromosome partitioning; E, amino acid transport and metabolism; F, nucleotide transport and metabolism; G, carbohydrate transport and metabolism; H, coenzyme transport and metabolism; I, lipid transport and metabolism; J, translation, ribosomal structure, and biogenesis; K, transcription; L, replication, recombination, and repair; M, cell wall/membrane/envelope biogenesis; O, posttranslational modification, protein turnover, chaperones; P, inorganic ion transport and metabolism; Q, secondary metabolite biosynthesis, transport, and catabolism; R, general function prediction only; S, function unknown; T, signal transduction mechanisms; U, intracellular trafficking, secretion, and vesicular transport; V, defense mechanisms; Z, cytoskeleton. Note: (a) and (b) are upregulated and downregulated proteins under water stress for 8 h, respectively; (c) and (d) are upregulated and downregulated proteins under water stress for 24 h, respectively

Proteins that were upregulated and downregulated under water stress for 8 and 24 h can be classified into 22 types. A total of 277 upregulated proteins (Fig. 7a) under 8 h of water stress corresponded to COG functional annotations, of which J (translation, ribosomal structure and biosynthesis), G (carbohydrate transportation and metabolism), and R (general function prediction) had the largest number of proteins, accounting for 15.88%, 15.52%, and 15.52% of the total number of proteins with functional annotations, respectively, as well as 46.93% of the total protein population. A total of 468 proteins downregulated (Fig. 7b) under 8 h of water stress corresponded to COG functional annotations, of which F (nucleic acid transport and metabolism), I (lipid transport and metabolism), and Q (biosynthesis, transportation, and decomposition metabolism of secondary metabolites) had the largest number of proteins, accounting for 19.66%, 11.96%, and 8.97% of the total number of proteins with functional annotations, respectively, as well as 40.60% of the total protein population.

Under 24 h of water stress, COG functional annotations were observed for 851 upregulated proteins (Fig. 7c), of which J (translation, ribosomal structure, and biosynthesis), R (general functional prediction), and O (translation, posttranslational modification, protein folding, and molecular companions) had the largest number of proteins, accounting for 21.27%, 14.84%, and 11.63% of the total number of upregulated proteins, respectively, and 47.71% of the total number of proteins. COG functional annotations were also obtained for 457 downregulated proteins (Fig. 7d), of which G (carbohydrate transportation and metabolism), R (general function prediction), and O (transcription, posttranslational modification, protein folding, and molecular companion) had the largest number of downregulated proteins, accounting for 15.10%, 12.69%, and 12.69% of the total number of downregulated proteins, respectively, and 42.89% of the total protein population.

3.5 KEGG Analysis

KEGG enrichment analysis was carried out (Table 1) to further elucidate the metabolic pathways in which the differentially expressed water stress response proteins participate.
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Of the 549 differentially expressed proteins identified following water stress for 8 and 24 h, 441 corresponded to a total of 150 KEGG metabolic pathways. Among these pathways, 13 (P ≤ 0.05) were significantly enriched based on the P values, namely the ribosomes, photosynthetic antenna proteins, phenylpropyl biosynthesis, glutathione metabolism, distyrene and gingerol biosynthesis, linoleic acid metabolism, pyridine metabolism, flavonoid biosynthesis, ribosome biosynthesis in eukaryotes, creatine phosphate metabolism, glutamate, leucine, and isoleucine pathways. Degradation, phenylalanine metabolism, and inositol phosphate metabolism were significantly enriched under water stress for 8 and 24 h. These findings indicate that plant response to water stress involves a complex metabolic regulatory process that includes ribosomes, photosynthetic antenna proteins, phenylpropyl glycerin metabolism, and glutathione metabolism.

Of the 145 differentially expressed proteins identified under water stress for 8 h, 111 corresponded to a total of 56 KEGG metabolic pathways. Among these pathways, eight were significantly enriched: photosynthesis-antenna protein and linoleic acid metabolism were upregulated, whereas phenylpropyl biosynthesis, distyrene and gingerol biosynthesis, pyridine metabolism, flavonoid biosynthesis, creatine phosphate metabolism, and phenylalanine metabolism were downregulated. These results suggest that certain metabolic pathways, such as photosynthesis-antenna protein and phenylpropylene biosynthesis, may mainly participate in the response of plants to short-term water stress.

Of the 404 differentially expressed proteins identified following water stress for 24 h, 330 corresponded to a total of 94 KEGG metabolic pathways. Among these, five were significantly enriched: ribosomes, synthesis of ribosomes in eukaryotes, degradation of valine, leucine, and isoleucine were upregulated, whereas glutathione metabolism and creatine phosphate metabolism were downregulated. This implies that the metabolic pathways of ribosomes and glutathione metabolism mainly participate in the response of plants to long-term water stress.

3.6 Analysis of Differentially Expressed Proteins Participating in the Regulation of Water Stress Response

The results of GO functional analysis and KEGG metabolic pathway enrichment analysis revealed a set of differentially expressed proteins whose functions are known and may be involved in water stress response regulation (Table 2). These functional proteins were divided into three categories: photosynthesis-related proteins, carbon metabolism-related proteins, and energy metabolism-related proteins. Short-term water stress mainly promoted photosynthesis and energy metabolism, which had little effect on carbon metabolism; in contrast, prolonged water stress inhibited photosynthesis and energy metabolism, but promoted carbon metabolism.
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Through GO function annotation of DEPs, a total of 12 photosynthesis-related proteins were identified, 7 of which were upregulated after 8 h of water stress, including 2 proteins that encoded photosystem II reaction center proteins H and 10 kDa polypeptides (K7KP67_SOYBN, C6SWI3_SOYBN); 4 proteins that encoded chlorophyll a-b binding proteins CP26, CP29.2, P4 (A0A0R0FSY2_SOYBN, A0A0R0JQ91_SOYBN, C6TCH6_SOYBN, I1J7A8_SOYBN), and 1 protein that encoded photosynthetic NDH subunit 3 (I1M3H7_SOYBN) of the inner cavity position. Five differentially expressed proteins were downregulated under 24 h of water stress, including photosynthetic NDH subunit 2 (K7K1W5_SOYBN) at the inner cavity position, two proteins that encoded ketone carboxylase chains and large chains (RBS1_SOYBN, A0A0F6Y5T0_SOYBN), and two proteins that encoded chlorophyll a-b binding protein 7 and CP24 10A (C6TKB2_SOYBN, K7M9Q3_SOYBN). Long-term water stress mainly inhibited proteins associated with light reactions during photosynthesis.

In the KEGG metabolic pathway enrichment analysis, a total of 14 differentially expressed proteins related to carbon metabolism were identified. Of this, two that were observed water stress for 8 h encoded ribulose phosphate 3-epimerase (EC5.1.3.1) (I1JZN0_SOYBN) and 6-phosphate fructose kinase (EC 5.3.1.9) (I1KV07_SOYBN). The other 12 were observed under 24 h of water stress, and they consisted of two downregulated proteins encoding the small chain and large chain of carboxylase diphosphate, respectively, and 10 upregulated proteins encoding alcohol dehydrogenase (EC 1.1.1.1) (I1 LP46_SOYBN), acetyl-coacetyltransferase (EC 2.3.1.7) (I1JJT9_SOYBN) and acetyltransferase component of dihydrolipoic acid lysine residue of pyruvate dehydrogenase complex (I1NHB5_SOYBN, 1.62), hydrogen peroxidase-3 (CATA3_SOYBN), coenzyme hydrase (EC 4.2.1.55) (K7 LNL2_SOYBN, 1.82), fructose diphosphate aldolase (I1 MB71_SOYBN), members of the acyl-coenzyme A dehydrogenase family (A0A0R0GAV8_SOYBN), enolase (EC 4.2.1.11) (I1JPW5_SOYBN), methyl propionate-semialdehyde dehydrogenase (I1KL66_SOYBN), and S-formylglutathione hydrolase (I1JGB2_SOYBN), which are mainly involved in glycolysis pathways, citric acid circulation, pentose phosphate pathway, and starch and sucrose metabolism. These proteins may play an important role in plant response to long-term water stress.

In the KEGG metabolic pathway enrichment analysis, 22 differentially expressed proteins related to energy metabolism were also identified. Of this, 11 were upregulated under water stress for 8 h, with 7 of them consistent with the proteins involved in photosynthesis under water stress for 8 h, 1 consistent with the carbon metabolism-related proteins upregulated under water stress for 8 h, and 3 that encoded chlorophyll a-b binding proteins 4 and 6 (I1JWU0_SOYBN, I1JCY2_SOYBN) and NAD(P)H-quinone oxidoreductase subunit 1 (sp|Q2PMN7|NU1C_SOYBN). In addition, 11 differentially expressed proteins were upregulated after 24 h of water stress, with 5 proteins consistent with the proteins involved in photosynthesis under 24 h of water stress; 1 consistent with the carbon metabolism-related protein encoding fructose diphosphorhydehyde enzymes; 4 proteins encoding carbonic anhydrase (EC 4.2.1.1) (I1K1G3_SOYBN), NADH dehydrogenase [ubiquinone] ferrosulfin (I1MZF9_SOYBN), ferroxyregen-1 (K7LVE8_SOYBN, I1LTF4_SOYBN), and V-type proton ATPase subunit F (C6SVI1_SOYBN); and 2 proteins encoding fructose diphosphaldehydrase and NADH dehydrogenase [perquinone] ferrosulfin. The remaining proteins were downregulated and mainly involved in photosynthesis, oxidative phosphorylation, and nitrogen metabolism.

4  Discussion

To adapt to arid environments, plants respond to water stress by regulating their gene expression, which involves the production of new proteins and alteration of the expression of response proteins, resulting in changes at the plant morphological, physiological, and biochemical levels [16]. At present, an increasing number of scholars have used proteomics technology to investigate plant responses to abiotic stress, such as water stress, identify the key response genes under water stress, and reveal the metabolic pathways underlying plant responses to water stress. Yu et al. [17] used two-way electrophoresis to extract and separate proteins, then compared and analyzed the differences in protein abundance between the leaves of the drought-tolerant soybean variety G2120 and the drought-sensitive soybean variety Valder under mild and severe water stress conditions. They found that 38.5% of DEPs were related to energy metabolism and photosynthesis, followed by proteins related to defensive reactions (36.4%) and protein metabolism-related proteins (25.2%). In addition, more proteins exhibited different abundances under severe water stress, and the drought-sensitive variety had more significantly differentially expressed proteins than the drought-tolerant soybean. Further analysis showed that soybeans with different drought-tolerant genotypes also had different responses to water stress, with drought-tolerant soybeans showing higher reactive oxygen species and maintaining a higher energy supply than sensitive soybeans. Compared with previous studies, we studied the proteomic changes of drought-resistant varieties under short-term stress. This change can more directly reflect the direct impact of drought on plants, and is less affected by external environmental factors.

Khan et al. [18] analyzed the response mechanism of the lower cortex of soybean roots under water stress and found that the proteins whose expression changed during rehydration after water stress were associated with stress response, hormone metabolism, secondary metabolism, cell wall, redox, and glycolysis. Xie et al. [19] investigated proteomic changes in tobacco leaves under water stress and found that most differentially expressed proteins were involved in photosynthesis, metabolism, stress response, and defensive reactions, and that redox-induced posttranslational modifications may play an important role in the regulation of protein activities. Koh et al. [20] analyzed protein functions in rape leaves during water stress, and their results revealed that the number of proteins related to metabolism, protein folding and degradation, and signal conduction decreased, whereas the number of proteins related to water stress (photosynthesis), protein synthesis, stress, and defensive response increased.

Photosynthesis plays an important role in plant development [21]. Water stress directly affects photosynthesis, such as by limiting stomatal and mesophyll diffusion and altering photosynthetic metabolism [22]. Chlorophyll a-b binding proteins are enriched and important proteins in higher plant cystic membranes; they comprise more than 20 members and act as the coordinator of the antenna pigment light capture complexes in the photosystems (PSI and PSII) [23]. Wang et al. [24] used iTRAQ-based comparative proteomics to examine the protein expression profiles of tea tree seedlings under water stress, and found that the expression of chlorophyll a-b binding proteins was increased under water stress. However, although the expression of chlorophyll a-b binding proteins was not significantly increased under water stress, it was significantly elevated under salt stress [25]. The present study found that several chlorophyll a-b binding proteins were upregulated under water stress for 8 h, whereas only individual members of chlorophyll a-b binding protein (chlorophyll a-b binding protein 7 and chlorophyll a-b binding protein CP24 10A) were downregulated under water stress for 24 h, indicating that short-term water stress may maintain the function of the photosynthetic system II in soybean by regulating the expression of chlorophyll a/b binding protein, whereas prolonged water stress led to excessive photosynthesis inhibition.

The ability to maintain a positive balance between carbon assimilation and utilization is crucial for plants to survive and avoid carbon starvation under water conditions [26]. Glycolysis is an important pathway in sugar metabolism in plant cells. 6-Phosphate fructose kinase is the least catalytically efficient enzyme in this pathway, and most of it is irreversible; therefore, 6-phosphate fructose kinase is a rate-limiting enzyme in glycolysis [27]. Another key enzyme catalyzed in the glycolysis pathway is enolase, which is also an important enzyme in the CAM pathway and can convert 2-phosphoglyceric acid into phosphoenol acetone acid. Enolase is widely believed to be closely related to plant reversibility. It has been shown that abiotic stress, such as water stress, can increase the gene expression of enolase and thus enhance its enzymatic activity, thereby providing energy for repairing damaged cell structures, such as the photosynthetic systems [28]. This finding was further supported by differential expression at the protein level, indicating that the glucose fermentation pathway provides energy for the photosynthetic systems to reduce the damage caused by water stress.

Under adverse stress conditions, plants need to respond to stresses by regulating their energy metabolism to maintain the most basic energy level to ensure survival. A total of 22 differentially expressed proteins related to energy metabolism were identified in this study: 11 proteins related to photosynthesis were upregulated after 8 h of water stress, and 11 were differentially expressed following 24 h of water stress, with two of which encoding fructose diphosphorhydehyde enzyme and NADH dehydrogenase [ubiquinone] ferrosulfide protein. The remaining proteins, such as ferroproprotein-1 and carbonic anhydrase, were downregulated. These findings indicate that short-term water stress can enhance energy metabolism and production to promote photosynthesis as an adaptation to the adverse environment. On the contrary, long-term photosynthetic stress had a serious negative impact on plants, inhibiting energy metabolism processes, such as photosynthesis, oxidative phosphorylation, and nitrogen metabolism, to a certain degree. Ferroproteins in plants participate in photosynthesis, and their main role is to transfer electrons from photoreduction systems to ferroprotein NADP+ oxidoreductase, which is produced to absorb CO2 [29]. Ferroxin can also distribute the electrons generated by photoreduction systems to several ferroreductive-dependent enzymes that assimilate nitrogen and sulfur [30]. Gharechahi et al. [31] found that the abundance of tobacco ferroproteins decreased under water stress. Ferrooxidan was reduced at 24 h of water stress, indicating that prolonged water stress inhibited photoreduction systems during photosynthesis. Carbonic anhydrase catalyzes the reversible hydration of CO2, and it is an important photosynthase involved in CO2 conduction and entrance into the carboxylation site. Its activity significantly affects plant water use and photosynthesis [32]. Das et al. [33] performed proteomics analysis of the seedling leaves of soybean at 3 weeks of age and found that the expression of carbonic anhydrase was upregulated under water stress and combination of heat and water stress stresses. The downregulated expression of carbonic anhydrase after 24 h of water stress in this study was not consistent with the period of water stress in plants and the degree of water stress, and may also be related to the inhibition of photosynthesis due to prolonged water stress. However, this result is consistent with the results of this test and the downregulation of photosynthesis-related ketose carboxylase after 24 h of water stress. However, our study also has some limitations. We only studied the changes of soybean proteome under short-term water stress, which cannot represent a comprehensive drought resistance system. If we want to reveal the complete mechanisms of water stress resistance, we also need to carry out multi omics analysis under different water stress conditions, which is also the focus of our future work.

5  Conclusions

Water stress for 8 and 24 h led to the upregulation of 75 and 320 proteins, respectively, and downregulation of 70 and 84 proteins, including chlorophyll a-b binding protein related to photosynthesis, diphosphate ribonose carboxylase, carbon metabolism-related enolase, fructose diphosphorhydehyde, energy metabolism-related feroxyredoprotein, carbonic anhydrase, etc. The GO analysis found that differentially expressed proteins were mainly involved in molecular functions, such as catalytic activity and binding, metabolic processes and biological processes, such as cell processes. The KEGG analysis found that 8 metabolic pathways, including photosynthetic-antenna protein and phenylalanine metabolism, were significantly enriched by water stress for 8 h while five metabolic pathways, namely, valine, leucine and isoleucine degradation and glutathione metabolism, were significantly enriched by water stress for 24 h. Our research provides theoretical support for plant drought resistance breeding.
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Table 1: KEGG pathway enrichment analysis of differentially expressed proteins (DEPs) after different water
stress treatments (P < 0.05)

Stress Up-/down Secondary Pathway Number The ratio of DEPs  P-value Pathway
time  regulated classification of DEPs to pathway ID
expression annotation
Up Energy metabolism  Photosynthesis antenna 6 10.71% 3.86 x 10°° gmx00196
proteins
Up Lipid metabolism Linoleic acid metabolism 2 3.57% 2.38 x 107 gmx00591
Down Biosynthesis of other Phenylpropanoid 9.09% 4.13 x 107 gmx00940
secondary biosynthesis
metabolites
Down Biosynthesis of other Stilbenoid, 2 3.63% 1.32 x 10 gmx00945
secondary diarylheptanoid, and
- metabolites gingerol biosynthesis
Down Nucleotide Pyrimidine metabolism 3 5.45% 2.68 x 107 gmx00240
metabolism
Down Biosynthesis of other Flavonoid biosynthesis 2 3.63% 2.88 x 107 gmx00941
secondary
metabolites
Down Carbohydrate Inositol phosphate 2 3.63% 3.14 x 107 gmx00562
metabolism metabolism
Down Amino acid Phenylalanine 2 3.63% 4.28 x 107 gmx00360
metabolism metabolism
Up Translation Ribosome 63 23.60% 1.44 x 10 gmx03010
Up Translation Ribosome biogenesis in 4 1.50% 2.94 x 107 gmx03008
eukaryotes
Up Amino acid Valine, leucine, and 6 2.25% 421 x 107 gmx00280
24 h metabolism isoleucine degradation
Down Metabolism of other Glutathione metabolism 5 7.94% 433 x 107 gmx00480
amino acids
Down Carbohydrate Inositol phosphate 2 3.17% 3.90 x 10? gmx00562

metabolism

metabolism
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Table 2: Differentially expressed proteins that may participate i the regulation of the water stress response

Protein Stress Protein Protein ID Molecular Fold  Unique Annotation
pathway time point mass change peptide
number number
8h 183 AOAOROFSY2 SOYBN 30773 .52 2 Chlorophyll a-b binding protein
CP26
3413  AOAORO0JQ91 SOYBN 28091 155 3 Chlorophyll a-b binding protein P4
4944 C6TCH6_SOYBN 30962 1.67 1 Chlorophyll a-b binding protein
CP26
270 11J7A8 _SOYBN 31343 1.64 1 Chlorophyll a-b binding protein
CP29.2
1940 C6SWI3_SOYBN 14271 1.55 3 Photosystem II 10 kDa polypeptide
1771 IIM3H7 SOYBN 26480 1.51 1 Photosynthetic NDH subunit of
lumenal location 3
Photosynthesis 4111  K7KP67 SOYBN 8361 227 2 Photosystem II reaction center
protein H
24h 4110 K7K1WS5 _SOYBN 27733 065 5 Photosynthetic NDH subunit of
lumenal location 2
120 C6TKB2 SOYBN 29230 0.63 1 Chlorophyll a-b binding protein 7
1925 K7M9Q3 SOYBN 27624 064 3 Chlorophyll a-b binding protein
CP24 10A
264 RBS1_SOYBN 20270 0.55 1 Ribulose bisphosphate carboxylase
small chain
1009 AOAOF6YS5TO SOYBN 26179 0.61 1 Ribulose bisphosphate carboxylase
large chain
8h 3608 11JZNO_SOYBN 30056 1.60 1 Ribulose phosphate 3-epimerase
1578 I11KV07_SOYBN 50649 0.61 1 6-Phosphofructokinase
24h 561 IINHB5_SOYBN 48448 1.62 1 Dihydrolipoyllysine-residue
acetyltransferase component of the
pyruvate dehydrogenase complex
Carbon 3675  11LP46_SOYBN 33645 152 2 Alcohol dehydrogenase-like
metabolism
809 11JJT9 SOYBN 37988 1.51 Acetyl-CoA acetyltransferase
711 AOAOROGAVS SOYBN 92774 1.60 1 Acyl-CoA dehydrogenase family
member
5026  I1JPW5_SOYBN 47895 1.54 Enolase
325 I1KL66_SOYBN 57959 1.62
Methylmalonate-semialdehyde
dehydrogenase
1086 11JGB2_SOYBN 32311 1.60 1 S-formylglutathione hydrolase
3571 K7LNL2 _SOYBN 98935 1.82 1 Aconitate hydratase
4354 I1IMB71_SOYBN 38540 1.62 5 Fructose-bisphosphate aldolase
4644  CATA3_SOYBN 57199 2.01 1 Catalase-3
8h 1304 [1JCY2 SOYBN 21117 1.60 4 Chlorophyll a-b binding protein 6
606 I11JWUO0_SOYBN 21579 1.63 2 Chlorophyll a-b binding protein 4
1825 sp|Q2PMN7| 40758 1.62 1 NAD(P)H-quinone oxidoreductase
NUIC_SOYBN subunit 1
Energy 24h 2772 IIMZF9 SOYBN 82079 1.56 2 NADH dehydrogenase
metabolism [ubiquinone] iron-sulfur protein
4779  K7LVE8_SOYBN 19595 050 1 Ferredoxin-1
1294  TILTF4_SOYBN 15802 0.53 1 Ferredoxin-1
4114 I11K1G3 SOYBN 37060 0.65 2 Carbonic anhydrase
3984 C6SVI1_SOYBN 14515 0.54 1 V-type proton ATPase subunit F
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