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Soybean (Glycine max) is susceptible to root rot when subjected to continuous cropping, and this disease can seriously diminish the crop yield. Proteomics analyses can show the difference of protein expression in different treatment samples. Herein, isobaric tag for relative and absolute quantitation (iTRAQ) labeling and liquid chromatography-tandem mass spectrometry (LC-MS/MS) were employed for proteomic analysis of continuously cropped soybean inoculated with the arbuscular mycorrhizal fungus (AMF) Funneliformis mosseae. The AMF can reduce the incidence of root rot and increase plant height, biomass index in 1, 2, and 4 year of continuous cropping. Differential expression of proteins in soybean roots was determined following 1 year of continuous cropping. A total of 131 differentially expressed proteins (DEPs) were identified in F. mosseae-treated samples, of which 49 and 82 were up- and down-regulated, respectively. The DEPs were annotated with 117 gene ontology (GO) terms, with 48 involved in biological processes, 31 linked to molecular functions, and 39 associated with cell components. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis mapped the DEPs to 113 mainly metabolic pathways including oxidative phosphorylation, glycolysis, and amino acid metabolism. Expression of glucan 1,3-beta-glucosidase, chalcone isomerase, calcium-dependent phospholipid binding and other defense-related proteins was up-regulated by F. mosseae, suggesting inoculation promotes the growth and development of soybean and increases disease resistance. The findings provide an experimental basis for further research on the molecular mechanisms of AMF in resolving problems associated with continuous soybean cropping.
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INTRODUCTION

Continuous cropping of soybean makes plants susceptible to root rot, resulting in extensive crop damage and economic losses worldwide. The main pathogenic microorganisms causing root rot in soybean include Fusarium oxysporium (Lin et al., 2017), F. graminearum (Qi et al., 2016), F. avenaceum (Wei et al., 2017), Rhizoctonia solani (Li et al., 2017) and Phytophthora. sp (Puglisi et al., 2017), as well as other fungi. These diseases pose a serious threat soybean yield and quality in China, and morphological and physiological indicators suggest the situation is getting worse.

Arbuscular mycorrhizal fungi (AMF) form specific arbuscular structures and vesicles by infecting the roots of terrestrial vascular plants, thereby enhancing the absorption and transport of carbon, nitrogen, mineral elements and water in plant roots, which promotes plant growth and development, nutritional metabolism, and photosynthesis. AMF are therefore known as biofertilizers (Alva et al., 2017; Luginbuehl et al., 2017), and they have also been associated with resistance to stresses such as salinity and alkalinity, heavy metals, and drought (Tao et al., 2016; Alojz et al., 2017; Shi et al., 2017; Xu et al., 2017), and resistance to diseases including root rot, verticillium wilt and other wilt diseases (Qian et al., 2015; Fauziyah et al., 2017; Sharma and Sharma, 2017; Tripathi et al., 2017). The effects of inoculation with AMF have been widely studied, and the symbiotic relationships between AMF and plants have been analyzed using proteomics. One study revealed differential expression of proteins associated with membrane transport (lipid prions), nutrient uptake and plastid metabolism in the roots of Medicago sativa following AMF inoculation (Abdallah et al., 2014). Meanwhile, Bona et al. (2011) found that AMF inoculation induces the expression of stress-related proteins in Pteris vittata roots under arsenic stress. For instance, a GTP-binding protein, acetyl-CoA carboxylase, phenylalanine-tRNA ligase and other proteins were significantly up-regulated, thereby reducing the arsenic concentration in parts of P. vittata that are below ground (Bona et al., 2011). However, research on the differential expression of proteins in continuously cropped soybean root following inoculation with AMF is minimal.

In the present study, the dominant AMF Funneliformis mosseae was inoculated into the soil of continuously cropped soybeans, and protein profiles in soybean roots were analyzed by isobaric tag for relative and absolute quantitation (iTRAQ) labeling and liquid chromatography-tandem mass spectrometry (LC-MS/MS). Differentially expressed proteins (DEPs) following inoculation with F. mosseae were subsequently identified, and DEPs were analyzed by bioinformatics to investigate their potential roles in soybean metabolic pathways. The findings provide an experimental basis for research on the molecular mechanism of AMF in resolving problems associated with continuous soybean cropping.

MATERIALS AND METHODS

Ethics Statement

This study uses plants as experimental materials. And the study adhered to other Ethical Guidelines Frontiers in Microbiology.

Materials

Heinong 48 soybean (high protein type, denoted as HN48; average protein content = 45.23%, average fat content = 18.43%) is planted widely in Heilongjiang Province and was therefore selected as the plant material for these experiments. Soxhlet extraction was used to measure fat content (Wan and Bureau, 2011) and the Kjeldahl method was used to measure protein content (Jung et al., 2003). Experimental soil was collected from the experimental station of the Sugar Institute of Harbin Institute of Technology. The main physical and chemical properties of the soil were as follows: organic matter = 26.14 g/kg, total nitrogen (N) = 1.71 g/kg, total phosphorous (P) = 5.6 g/kg, total potassium (K) 24.9 g/kg, alkaline hydrolysis N = 138.1 mg/kg, fast-acting P = 13.54 mg/kg, fast-acting K = 207 mg/kg, pH = 7.0 (Li et al., 2016).

The F. mosseae strain for testing was selected by our research group and deposited at the Institute of Microbiology, Wuhan, China under strain collection number CGMCC No. 3013. F. mosseae was propagated using M. sativa before planting, and the preparation contained ∼30 spores per g of bacteria.

Sample Collection and Processing

Experiments were conducted using potted plants, and the production management model was the same as that used on land for growing field crops. Pots of the same size were placed around pots containing soybean plants to protect the line and reduce marginal effects. Treatment group T was inoculated with F. mosseae, but Control group C was not. Soil from soybean continuously cropped for 1, 2, and 4 year was used in experiments. A 2 kg sample of air-dried soil was placed in each pot, and 50 g of selected bacterial agent was added and mixed in treatment group pots. Plants were seeded five per pot, and three plants were eventually kept. The experiment included 3 × 2 treatments, with three replicates for C and T groups per treatment.

Treated soybean plants were randomly selected, and debris on the surface of pots was removed. Roots were removed by digging the top 10 - 20 cm soil profile, and fibrous soybean roots were harvested and stored in 10 mL centrifuge tubes. Three biological replicates were included for each treatment, and samples were taken at 60 days after sowing.

Evaluation of Incidence and Infection Rate

At 60 days after sowing, all root samples from different treatments were randomly selected, and the incidence of disease was counted. All counts were performed in triplicate.

The acid magenta method was used to determine the infection rate. At 30 days after sowing, 50 fibrous roots were randomly selected from each root sample every 10 days, dyed, used to make slides, and subjected to microscopic examination to observe AMF infection in each root segment. The AMF infection rate was counted for each root sample in triplicate.

Determination of Plant Height and Biomass

Three soybean plants treated in the same way were randomly selected during the growth of soybean, and the height of cotyledon scars to the top of each stem was measured. All counts were performed in triplicate.

In the high-incidence period of soybean root rot, 60 days after sowing, 3 plants were randomly selected in a same treatment. Washed plants with ddH2O and weighed their shoots and roots. Placed shoots and roots in paper bags and water-removing at 105°C for 20 min, then dried until the constant weight at 80°C. Measured biomass.

Protein Extraction

Protein extraction was performed using sonodynamic therapy (SDT) lysis (Zhu et al., 2014), and the bicinchroninic acid (BCA) method was used for protein quantification. Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was performed to verify protein quality, and protein digestion was conducted by A FFPE-FASPTM Protein Digestion Kit (Protein Discovery, San Diego, CA, United States).

iTRAQ Markers and String Cation Exchange (SCX) Chromatography

Peptides (100 μg) from each sample were labeled according to the instructions supplied with the iTRAQ Labeling Kit (AB SCIEX, United States) (Applied Biosystems, 2004). Labeled peptides from each group were mixed, and iTRAQ-labeled peptides were fractionated using an AKTA Purifier system (GE, AKTA, Amersham, Pharmacia) equipped with a SCX column.

LC-MS/MS Analysis

For nanoLC-MS/MS analysis, each peptide mixture was injected onto a reversed-phase trap column (Thermo Scientific Acclaim PepMap100; 100 μm × 2 cm, nanoViper C18) connected to a C18 reversed-phase analytical column (Thermo Scientific Easy Column; 10 cm long, 75 μm inner diameter, 3 μm resin) equilibrated in buffer A (0.1% formic acid) and separated with a linear gradient of buffer B (84% acetonitrile and 0.1% formic acid) at a flow rate of 300 nl/min controlled using IntelliFlow technology. A 1 h gradient was employed as follows: 0-35% buffer B for 50 min, 35-100% buffer B for 5 min, and holding in 100% buffer B for 5 min.

Liquid chromatography-tandem mass spectrometry analysis was performed on a Q Exactive mass spectrometer (Thermo Scientific) coupled to an Easy nLC (Proxeon Biosystems, now Thermo Fisher Scientific) over a 60 min period in positive ion mode. MS data were acquired using the data-dependent top10 method to dynamically choose the most abundant precursor ions from the survey scan (300–1800 m/z) for high-energy collision-induced dissociation (HCD) fragmentation. The automatic gain control (AGC) target was set to 3e6, the maximum injection time was 10 ms, and the dynamic exclusion duration was 40 s. Survey scans were acquired at a resolution of 70,000 at m/z 200, the resolution for HCD spectra was set to 17,500 at m/z 200, and the isolation width was 2 m/z. The normalized collision energy was 30 eV, and the underfill ratio, which specifies the minimum percentage of the target value likely to be reached at maximum fill time, was defined as 0.1%. The instrument was run with peptide recognition mode enabled.

Statistical Analysis

Raw MS data were analyzed as RAW files. Mascot 2.2 and Proteome Discoverer 1.4 (Thermo Fisher Scientific Inc., 2012) were used for identification and quantitative analysis. For protein quantitation, each protein was required to contain at least two unique peptides. Quantitative protein ratios were weighted and normalized by the median ratio in Mascot1. DEPs between F. mosseae-treated and control groups were only included if >1.2-fold or <0.833-fold, with p < 0.05, and standard proteins were considered differentially expressed.

Bioinformatics Analysis

Functional classification of DEPs was performed according to gene ontology (GO) annotation and enrichment analysis2. DEPs were classified into three categories, namely molecular function, biological process, and cellular component. Kyoto Encyclopedia of Genes and Genomes (KEGG3) analysis was used to predict molecular function, biological processes, and pathways associated with DEPs.

Firstly, normalization [to the (-1, 1) interval] of quantitative information for target proteins was conducted by cluster analysis. Secondly, Cluster 3.0 software was used to simultaneously classify the two dimensions of samples and protein expression (distance algorithm, euclid; connection type, average linkage). Finally, a hierarchical clustering heat map was generated using Java Treeview software.

Database Selection

Choosing the appropriate protein sequence database is the basis and key step for protein qualitative analysis of mass spectrometry data. This project used the database as: Uniprot_soybean_100396_20160912.fasta (Total number of sequences: 100396, Download time: 2016-09-12, Download link: http://www.uniprot.org).

Phenylalanine Ammonia-Lyase Activity Assay

At 30 days after sowing, root samples from all treatments were randomly selected every 15 days, and phenylalanine ammonia-lyase activity was determined by borate-mercaptoethanol colorimetry (Gao et al., 2008), in triplicate for each treatment.

Data Analysis

Data were recorded and initially calculated using Excel. Statistical analysis was performed on the test data using SPSS19 software. The comparison between the means was analyzed by difference significance, p < 0.05 was considered significant.

RESULTS

Determination of Infection Rate

At 30 days after planting, the acid fuchsine staining method was used to determine the infection of F. mosseae in the roots of continuously cropped soybean every 10 days. As shown Figure 1A Infection by F. mosseae was almost not detected in the treatment group at 40 days, and Obvious hyphal structures were observed at 50 days (Figure 1B), and at 60 days after infection, mycorrhizal structures in soybean roots had gradually increased. Hyphae and vesicles were observed by light microscopy (Figure 1C). The AMF infection rate gradually increased with increasing soybean growth and development. At 60 days after infection, the infection rate of F. mosseae in the root system of continuously cropped soybean was 100%.
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FIGURE 1. Hyphae and vesicle structures in soybean roots (10 × 40). (A–C) infection by Funneliformis mosseae in treatment groups at 40, 50, and 60 days after infection, respectively.



Determination of Infection Incidence Rate

At 60 days after planting, the roots of continuously cropped soybean were randomly sampled to determine the incidence of root rot in control and treatment groups for 1, 2, and 4 years of continuous cropping. The soybean root rot disease index is shown in Figure 2.
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FIGURE 2. Soybean root rot index At 60 days after planting. C, control group; T, treatment group; x-axis 1, 2, and 4 represents the years of continuous cropping. Vertical bars represent the standard deviation of the means. Lowercase indicate significant differences at 0.05 level.



From Figure 2, it can be seen that with the increase of continuous cropping years, the disease index increased significantly (P < 0.05). The disease index of the treatment group was lower than that of the control group significantly (P < 0.05), indicating that inoculation with F. mosseae could alleviate the symptoms of soybean root rot.

Plant Height and Biomass Index

Plant height was measured every 15 days after sowing 30 days (Figure 3), Figure 3 showed that the plant height in treatment group were higher than those in control group significantly (P < 0.05). It showed that inoculation of F. mosseae could alleviate continuous cropping obstacles and promote plant growth. And with the growth of the soybean, plant height increased significantly (P < 0.05). The plant height was significantly affected by the sampling time, treatment and their interactions (P < 0.05; Table 1).
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FIGURE 3. Plant height in continuous cropping soil at different growth stages. C, control group; T, treatment group. 1, 2, and 4 represents the years of continuous cropping. The small letters denote the significant differences among the different treatments at the same growth stages; the capital letters denote the significant differences among the same treatment at different growth stages. The differences in each parameter were detected at P < 0.05 level.



TABLE 1. Two-way ANOVA for time, treatment and their interactions on plant height, and phenylalanine ammonia-lyase activity.
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Soybean biomass index was measured at the high incidence period of soybean root rot. Table 2 showed that shoot fresh weight, shoot dry weight and root dry weight in the treatment group were significantly higher than those in the control group after inoculation with F. mosseae (P < 0.05), It indicated that F. mosseae could alleviate continuous cropping obstacles and promote plant growth.

TABLE 2. The biomass index in continuous cropping soil.
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Protein Quantification

Isobaric tag for relative and absolute quantitation labeling was used to identify DEPs in continuously cropped soybean roots inoculated with F. mosseae. Comparison with the soybean database revealed a total of 3641 proteins from 11,679 peptides (8836 unique peptides), matching 177,536 spectrograms. Molecular weight, isoelectric point (pI), and peptide sequence coverage distributions are shown in Figures 4A–C, respectively. The molecular weights of most peptides were between 10 and 100 kDa, and only a few were over 200 kDa, while pI values ranged from 5.0 to 9.0, and peptide sequence coverage was >10% for more than half of the identified proteins. And 133 proteins were defined as differentially expressed protein (DEPs) (>1.2-fold or <0.833-fold between F. mosseae-treated and control groups, p < 0.05). Compared with untreated controls, 49 and 82 proteins were up- and down-regulated in soybean roots following F. mosseae inoculation, respectively. Up-regulated proteins were mainly increased between 1.2- and 1.4-fold, while down-regulated proteins were mainly decreased between 0.6- and 0.8-fold. The number of DEPs at different levels is presented in Figure 4D.
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FIGURE 4. Summary of iTRAQ results. (A) Molecular weight. (B) Isoelectric point. (C) Sequence coverage. (D) The degree of up- and down-regulation of differentially expressed proteins (DEPs), colored red, and green, respectively.



A volcano plot was drawn using the fold-change in protein expression and the p-value obtained from t-tests between samples to display significant differences between C and T groups (Figure 5). Differences between T and C groups clearly increase along the x-axis (fold-change) in both directions. Additionally, the larger the value on the y-axis, the more significant the differences between the two groups (red circles represent significant DEPs).
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FIGURE 5. Volcano plot of treatment and control groups. The x-axis represents log2 fold-change values, and the y-axis indicates significant differences in log10 fold-change values.



GO Analysis of DEPs

Gene ontology analysis was performed for functional classification of the identified DEPs, and 2700 GO terms were identified, of which 1551 represented biological processes, 822 were molecular functional processes, and 327 were cellular component processes. A total of 117 GO terms (p < 0.05) were detected by Fisher’s exact tests, of which 48 were involved in biological processes, 31 were linked to molecular functions, and 39 were associated with cellular components. These GO terms were classified and enriched, and up- and down-regulated proteins were analyzed.

The distribution of DEPs following inoculation with F. mosseae in each GO classification was compared, and the 20 most enriched GO terms and their three main GO categories are presented in Figure 6. Biological processes accounted for four GO terms (three metabolic processes; glycerophospholipids, ethanolamine-containing compounds, and phosphatidylcholine). One cellular process was identified (vesicle fusion with Golgi apparatus), along with five molecular function GO terms (three associated with catalytic activity, and two with binding activity). GO terms enriched in up-regulated proteins were linked to nucleic acid-binding transcription factor activity, sequence-specific DNA-binding transcription factor activity, and phospholipase D activity. GO terms that were enriched in down-regulated proteins were linked to NAPE-specific phospholipase D activity, nucleic acid-binding transcription factor activity, lipase activity, and sequence-specific DNA-binding transcription factor activity. There were 11 GO terms associated with cellular components, and those enriched in up-regulated proteins were membrane, plastid thylakoid membrane, photosynthetic membrane, and integral to membrane. GO terms most enriched in down-regulated proteins were linked to spliceosomal complex assembly, including the aggregation, arrangement and interactions of the ribonucleoprotein spliceosomal complex that catalyzes nuclear mRNA splicing via transesterification reactions.
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FIGURE 6. Gene ontology (GO) enrichment analysis of DEPs. DEPs in each group are sorted into three categories; biological process (BP), molecular function (MF), and cellular component (CC). Different GO terms are indicated on the x-axis, and the number of proteins in the indicated categories is indicated on the y-axis.



KEGG Pathway Analysis of DEPs

Proteins do not usually perform their functions independently, but rather coordinate with each other to perform a series of biochemical reactions. Using established root proteins as the background, significantly enriched pathways were calculated by Fisher’s exact tests, which identified metabolic and signal transduction pathways that were significantly affected by inoculation with F. mosseae (Figure 7A). KEGG pathway analysis successfully mapped 131 DEPs to 113 pathways. In the top 20 most enriched pathways following inoculation with F. mosseae, a large number of DEPs were associated with oxidative phosphorylation, glycolysis, amino acid metabolism, and glycerophospholipid metabolism. Inoculation with F. mosseae also significantly affected mineral absorption, vitamin digestion and absorption, for which many DEPs were up-regulated. The absorption of minerals and vitamins is consistent with the observed strong growth of the treatment group. Furthermore, up-regulation of oxidative phosphorylation following inoculation with F. mosseae would increase ATP production, which is conducive to strong plant growth. Regarding the up-regulated amino acid metabolism, alanine, aspartate and glutamate pathways were particularly enriched in the treatment group (Figure 7B).
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FIGURE 7. (A) KEGG enrichment analysis of the identified DEPs. The x-axis indicates the degree of enrichment (rich factor), and the y-axis represents enriched KEGG pathways. (B) Pathways linked to the identified DEPs. The x-axis indicates different KEGG pathways, and the y-axis represents the number of proteins.



Cluster Analysis of DEPs

The results of cluster analysis are shown in Figure 8. Expression patterns of C1, C2, and C3 control groups, and T1, T2, and T3 treatment groups were the same. Significant differences were apparent between T and C groups. In total, 49 and 82 proteins were up- and down-regulated the T group. Protein clustering can provide subsets of proteins from the identified DEPs. Proteins with similar expression patterns may have similar functions or participate in the same biological pathway, or operate in adjacent regulatory positions in the pathway. When the positions were adjacent in clustering analysis, chalcone isomerase 4B (A0A0R4J387), pyruvate decarboxylase isozyme 2-like (A0A0R4J3M4), cytoplasmic-like isoform X1 (I1KQ93), NADH dehydrogenase subunit 6, and calreticulin-3-partial (K7L9U2) were up-regulated. These proteins are involved in defense systems and glucose metabolism, and may therefore promote plant sugar absorption and defense enzyme synthesis, and hence disease resistance. Expression of V-type proton ATPase subunit d2-like (A0A0R0IG71) was also up-regulated. V-type proton ATPases are primarily found in eukaryotes, and they function as proton pumps that acidify intracellular compartments and, in some cases, transport protons across the plasma membrane (PM). Some studies have demonstrated that mycorrhizal infection regulates the H+-ATP activity of the PM (Bago et al., 1997; Benabdellah et al., 1999). Meanwhile, Ferrol et al. (2002) demonstrated that mycorrhizal infection could up-regulate H+-ATP activity in wild-type tomato leaves, but not in mutant strains lacking mycorrhizal infection. The authors concluded that mycorrhizal regulation of H+-ATP activity could also be due to signal transduction pathways that may trigger and regulate plant responses to stress (Ferrol et al., 2002).
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FIGURE 8. Cluster analysis of DEPs at 60 days after planting in continuous cropping for 1 year. C, control group; T, treatment group. 1, 2, and 3, parallel samples.



Phenylalanine Ammonia-Lyase Activity

Metabolites produced by phenylpropane metabolic pathways play a very important role in plant disease resistance, of which flavonoid compounds are particularly important. Key enzymes in this pathway include phenylalanine ammonia lyase and chalcone synthase.

At 30 days after sowing, root samples from different treatments were randomly selected every 15 days. For each sampling period, the control group was compared with the treatment group. After thestatistical analysis, the treatment group displayed extremely significant differences compared with the control group (P < 0.05). Inoculation with F. mosseae generally increased the activities of defensive enzymes in soybean roots, which reduced the incidence of root rot and alleviated some of the problems associated with continuous cropping (Figure 9). And with the growth of the soybean, the phenylalanine ammonia-lyase activity increased significantly (P < 0.05). The phenylalanine ammonia-lyase activity was significantly affected by the sampling time, treatment and their interactions (P < 0.05; Table1).
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FIGURE 9. Phenylalanine ammonia-lyase activity of continuously cropped soybean roots at different growth stages. C, control group; T, treatment group. 1, 2, and 4 represents the years of continuous cropping. The small letters denote the significant differences among the different treatments at the same growth stages; the capital letters denote the significant differences among the same treatment at different growth stages. The differences in each parameter were detected at P < 0.05 level.



DISCUSSION

Proteins act together to carry out the myriad of physiological functions taking place in plants and other organisms. To understand the impact of F. mosseae on biological systems in soybean suffering root rot, we must explore the structures and functions of root proteins, and changes that occur following inoculation with F. mosseae to clarify the regulatory mechanisms of this AMF under pathological conditions.

The potential of microbial symbiosis to prime the immune system of plant for pathogen attack has received more and more attention. Desalegn investigated the effect of beneficial microbes on the Pisum leaf proteome and metabolome as well as phenotype characteristics of plants in various symbiont interactions (mycorrhiza, rhizobia, co-inoculation, non-symbiotic) after infestation by Didymella pinodes. In healthy plants, mycorrhiza and rhizobia induced changes in RNA metabolism and protein synthesis (Desalegn et al., 2016). Song studied that AM can colonize the roots of Amorpha fruticosa, and have significant promoting effects on A. fruticosa growth as the intensity of fungal colonization increases (Song et al., 2015). Recorbet et al. (2010) have compared the root proteome responses of Medicago truncatula upon colonization with two AM fungi. Wang (2013) studied the dynamic changes in maize leaf protein expression profiles under AMF colonization. AMF play a significant role in promoting the growth of host plants, and researchers have increased their efforts to study the interactions between AMF and host plants.

The analysis of the data relating to the genes and proteins in AM symbiosis is important. Kong has found 47 symbiosis-related unigenes during AMF treatment. Among the expressed genes, those related to plant metabolism and stress and defense show important roles during the symbiotic process of AMF- A. fruticosa (Song et al., 2014). In AM roots, the PM of the host plant is involved in all developmental stages of the symbiotic interaction, from initial recognition to intracellular accommodation of intra-radical hyphae and arbuscules. Aloui performed a comparative protein profiling of PM fractions from M. truncatula roots either inoculated or not with the AM fungus Rhizophagus irregularis. This workflow identified a set of 82 mycorrhiza-responsive proteins that provided insights into the plant PM response to mycorrhizal symbiosis (Aloui et al., 2017).

Specificity of Protein Alignment

The results of KEGG analysis revealed the up-regulation of three proteins aligned in two metabolic pathways (bile secretion and African trypanosomiasis), neither of which exist in plants. This may be due to the fact that KEGG analysis does not distinguish species when assessing protein enrichment, and there are few studies on these proteins. This form of computational analysis compares homologous proteins, which happen to be non-plant proteins in this case, hence metabolic pathways not present in plants can appear in the results of KEGG. Thus, improvements are needed in terms of species specificity for protein alignment when performing this analysis. Follow-up related experiments mapped the proteins to Glycine max proteins.

Metabolism-Related Proteins

Funneliformis mosseae significantly promotes the growth and development of soybean plants, enhances the metabolic functions of plants in general, and provides a material and energy basis for the production of soybeans. The main metabolic processes in which the identified DEPs are involved include sugar metabolism, energy metabolism, amino acid metabolism, nucleotide anabolism, and lipid metabolism.

Glucose metabolism plays an important role in the growth and development of plants. In the present study, glucan endo-1,3-beta-glucosidase, pyruvate decarboxylase isozyme, sugar transport 5-like and cytoplasmic-like isoform X1 were up-regulated, potentially promoting glycolysis, gluconeogenesis, the biosynthesis and metabolism of the phosphopentose branch, as well as hexose, galactose and sucrose in soybean roots, consistent with a previous report (Wu et al., 2017).

Energy metabolism is one of the basic metabolic pathways in plant, and AMF can promote photosynthesis and respiration in plants (Porcel et al., 2015; Romero-Munar et al., 2017). Stress inhibits photosynthesis and respiration in plants, and energy loss inhibits plant growth and accelerates cell death. Energy storage promotes carbohydrate metabolism, providing energy for other metabolic pathways. In our experiments, expression of NADH dehydrogenase subunit 6 was up-regulated mitochondria, as was mitochondrial electron transport chain complex I that promotes the transfer of electrons from NADH to ubiquinone, as well as NADP metabolism and regeneration of NADPH. This indicates that F. mosseae likely accelerates oxidative phosphorylation and enhances the efficiency of the respiratory pathway in plants, thereby promoting the generation of energy.

Defense-Related Proteins

Glucan 1,3-beta-glucosidase, an important disease-associated enzyme belonging to the PR2 family, is involved in the physiological development of cell division, fruit maturation and seed germination in plants. It is also involved in the composition of cell walls in many pathogenic fungi (Balasubramanian et al., 2012). In our experiments, glucan 1,3-beta-glucosidase was up-regulated, which may aid resistance to of root rot pathogens, indicating that F. mosseae likely induces disease defense responses in soybean, consistent with a previous report (Ramada et al., 2016).

Chalcone isomerase is involved in the biosynthesis of various defensive products in the phenylalanine metabolic pathway in plants, and plays an important role in antibacterial mechanisms, resistance to stress, cell development and differentiation, pigment accumulation and exogenous gene expression (Zorenc et al., 2017). This key enzyme in the flavonoid metabolic pathway is located downstream of chalcone synthase, and is essential for flavonoid compound production in plants (Park et al., 2018). In the treatment group in the present work, expression of chalcone isomerase 4B was up-regulated, which promotes the production of flavonoids, indicating that F. mosseae may induce defense responses in soybean, and thereby aid disease resistance.

The annexin family, also known as Ca2+-dependent phospholipid-binding proteins, are a class of homogenous, water-soluble, multifunctional proteins found in plants, animals and unicellular organisms that play an important role in plant growth and development, and the response to environmental stress (Wang et al., 2018; Zhou et al., 2018). Annexin genes are differentially expressed in various tissues in rape flowers under different hormone and stress conditions (Yadav et al., 2015). The ANN8 annexin gene in Arabidopsis thaliana is associated with disease resistance, and is expressed in the cytoplasm of specific plant cells. Expression levels are high in leaves, and is significantly increased under the induction of powdery mildew and Pseudomonas syringae (Lei and Wang, 2014). In our experiments, expression of annexin RJ4 was up-regulated, indicating that F. mosseae may induce stress responses and help in the resistance to invasion by pathogenic bacteria.

In conclusion, inoculation with F. mosseae promotes the expression of various disease resistance-associated, metabolic and energy-related proteins in soybean roots, thereby enhancing disease resistance and promoting plant growth and development.

CONCLUSION

In this study, iTRAQ labeling and LC-MS/MS were employed to identify DEPs in continuously cropped soybean roots inoculated with F. mosseae. Of the 131 DEPs identified, many are involved in oxidative phosphorylation, glycolysis, amino acid metabolism, and other metabolic pathways. Glucan 1,3-beta-glucosidase, chalcone isomerase, calcium-dependent phospholipid-binding protein, and other defense-related proteins were up-regulated by F. mosseae. The findings provide an experimental basis for further research on the molecular mechanisms of AMF in resolving problems associated with continuous soybean cropping, and provide a theoretical and practical basis for the application of AMF as biological control agents to prevent soybean root rot.
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