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Introduction

Maize/soybean intercropping is a common cropping practice in Chinese agriculture, known to boost crop yield and enhance soil fertility. However, the role of below-ground interactions, particularly root exudates, in maintaining intercropping advantages in soybean/maize intercropping systems remains unclear.





Methods

This study aimed to investigate the differences in root exudates between intercropping and monocropping systems through two pot experiments using metabolomics methods. Multiple omics analyses were conducted to explore correlations between differential metabolites and the community of Arbuscular Mycorrhizal Fungi (AMF), shedding light on the mechanisms underlying the dominance of intercropping from the perspective of root exudates-soil microorganism interactions.





Results and discussion

The study revealed that intercropping significantly increased the types and contents of root exudates, lowered soil pH, increased the availability of nutrients like available nitrogen (AN) and available phosphorus (AP), and enhanced AMF colonization, resulting in improving the community composition of AMF. Besides, root exudates in intercropping systems differed significantly from those in monocropping, with 41 and 39 differential metabolites identified in the root exudates of soybean/maize, predominantly amino acids and organic acids. The total amount of amino acids in the root exudates of soybean intercropping was 3.61 times higher than in monocropping. Additionally, the addition of root exudates significantly improved the growth of soybean/maize and AMF colonization, with the mycorrhizal colonization rate in intercropping increased by 105.99% and 111.18% compared to monocropping, respectively. The identified metabolic pathways associated with root exudates were closely linked to plant growth, soil fertility improvement, and the formation of AMF. Correlation analysis revealed a significant relationship (P < 0.05) between certain metabolites such as tartaric acid, oxalic acid, malic acid, aspartic acid, alanine, and the AMF community. Notably, the photosynthetic carbon fixation pathway involving aspartic acid showed a strong association with the function of Glomus_f_Glomerace, the dominant genus of AMF. A combined analysis of metabolomics and high throughput sequencing revealed that the root exudates of soybean/maize intercropping have direct or indirect connections with AMF and soil nutrients.





Conclusion

This suggests that the increased root exudates of the soybean/maize intercropping system mediate an improvement in AMF community composition, thereby influencing soil fertility and maintaining the advantage of intercropping.
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1 Introduction

Intercropping, a traditional agricultural technique, has gained global traction for its efficient resource utilization, encompassing sunlight, water, and nutrients (Brooker et al., 2015). This practice is pivotal in sustaining biodiversity and stability within farmland ecosystems while achieving high and consistent yields in agroecosystems (Hauggaard-Nielsen et al., 2008; Zhang et al., 2012). Although significant studies have shed light on the advantages concerning aboveground productivity and resource sharing in intercropping settings, below-ground interspecific interactions, present a more intricate picture that warrants further investigation. In recent years, greater emphasis has been placed on exploring the microecology of the soil, including soil nutrients, root exudates, and soil microorganisms (Li et al., 2014). Understanding plant-soil-microbe interactions is crucial in comprehending intercropping systems (Duchene et al., 2017). However, the specific role of these interactions in intercropping remains poorly understood.

The rhizosphere, recognized for its crucial role in nutrient cycling and supporting diverse microbial populations (Kuzyakov and Blagodatskaya, 2015), is the key zone of interaction between plants and the soil. It facilitates the transfer of materials between crops and their soil environment (Kuzyakov and Razavi, 2019). In this dynamic environment, root exudates serve as essential channels for the exchange of substances and signals between plants and soil (Coskun et al., 2017). Notably, plants allocate approximately 10% of their photosynthetically fixed carbon to generate root exudates, enriching the rhizosphere (Mohanram and Kumar, 2019). These secretions are instrumental in enhancing soil texture and chemistry while also attracting and nourishing specific advantageous microbial colonies. This enhances the soil conditions, promoting healthier plant growth (Pérez-Jaramillo et al., 2016). Soil microbes have the capability to directly utilize root exudates as carbon sources (Swenson et al., 2015), and this communication between plants and microbes are vital in maintaining the vitality of the rhizosphere microecosystem. Root exudates facilitate below-ground interactions among plant species and significantly contribute to the link between biodiversity and ecosystem function (Zhang et al., 2017).

Root exudates, are pivotal in augmenting the nutrient dynamics within soil, thereby optimizing nutrient acquisition and assimilation by vegetation (Nardi et al., 2002). The interaction between root exudates and plant species manifests in several ways: they can activate insoluble soil phosphorus (P) and trace elements, and can also form chelates with various metallic elements, such as calcium (Ca), thereby facilitating nutrient absorption and utilization by crops such as alfalfa, legume, etc (Dakora and Phillips, 2002; Shen et al., 2002; Landi et al., 2006). Fe-deficient cereals release iminocarboxylic acids to dissolve ferric compounds for uptake by cereal roots (Dakora and Phillips, 2002). Beyond their nutritional role, root exudates can also alleviate the adverse impacts of heavy metals on crops, modulate the rhizospheric microbial ecosystem, suppress plant diseases, and improve the physical and chemical conditions of the soil (Okubo et al., 2016; Karlen et al., 2019; Wang et al., 2020). Simultaneously, allelochemicals within these exudates can influence the root development and nutrient uptake of adjacent plants, thereby impacting their growth either positively or negatively (Liu et al., 2013; Hu et al., 2018).

Research demonstrates that root exudates selectively shape the microbial community of the rhizosphere, which varies across plant species, resulting in distinctive microbial profiles (Paterson et al., 2007). In turn, changes in this microbial community significantly affect root exudate production, soil material cycling, energy flow, and information transfer, ultimately impacting plant growth and development (Eisenhauer et al., 2012). Furthermore, a significant relationship exists between the variety and quantity of soil metabolites and the stimulation of microbial genetic activity (Chaparro et al., 2013).

AMF are key soil microbes, integral to plant-soil interactions in intercropping systems. The symbiosis between AMF and plants significantly extends the nutrient absorption capacity through a widespread mycelial network. This network enhances plant nutrient uptake efficiency (Ferrol et al., 2019). Additionally, mycorrhizal symbiosis assists in immobilizing approximately 5 billion tons of photosynthetic products annually into the soil, thereby stabilizing the carbon balance of the ecosystem (Bago et al., 2000). Moreover, mycorrhizal relationships are instrumental in enhancing the growth and productivity of host plants. This leads to higher agricultural yields and lessens the dependency on chemical fertilizers, thereby supporting both food production and ecological health (Raklami et al., 2019). AMF are also effective at reducing nutrient losses due to leaching or denitrification by optimizing nutrient uptake (Querejeta, 2017), which is vital for enhancing soil quality. However, limited research has been conducted on the interrelationship and regulation between AMF, root exudates, and their underlying mechanisms within intercropping systems. Given the crucial roles of AMF and root exudates in the soil ecosystems, our research aims to delve into the alterations in exudates and the interplay between root exudates and AMF in intercropping systems.

This investigation utilized pot experiments to assess the impacts of interspecific interactions on root exudates and AMF communities in a soybean/maize intercropping system. Metabolomics and high-throughput sequencing were employed for a comprehensive analysis. This study tried (1) to delineate the metabolic variances in root exudates between of soybean and maize in both intercropped and monocropped systems, (2) to assess the impact of root exudates on plant growth and the soil’s microbial environment, and (3) to examine the relationship between root exudates and AMF communities. By uncovering the underlying mechanisms behind the advantages of intercropping from the perspectives of microorganisms and metabolites, this research seeks to bolster the theoretical underpinnings for the ecologically sustainable development of intercropping practices in agriculture.




2 Materials and methods



2.1 Experiment design



2.1.1 Experiment 1: impact of interspecific interactions on root exudates, AMF and plant growth

This study employed a one-way completely randomized experiment consisting of three treatments: soybean monocropping, maize monocropping, and soybean/maize intercropping. Each treatment had six replications that were randomly assigned. The pot experiment was implemented at the Horticultural Experiment Station of Northeast Agricultural University (45°03’N, 126°43’E), Harbin, China, utilizing soybean (Glycine max L.) seeds of the Dongnong-252 variety and maize (Zea mays L.) seeds of the Xianyu-335 variety. The experiment commenced on August 15, 2020. The pot (Diameter 23 cm, depth 8 cm) was divided into two parts from the middle, one for maize and the other for soybean, applying two distinct partition methodologies: (i) a solid root barrier to simulate sole cropping by obstructing root interactions, and (ii) a 30-μm nylon mesh allowing for mass flow and diffusion between species, mimicking intercropping scenarios. (Supplementary Figure S1). The root barriers experiment could ensure that two plant species occupied the same soil space whether monocropping or intercropping (plastic sheet barrier versus nylon mesh barrier) and were simultaneous planted and harvested, and the aboveground growth conditions are the same, so as to avoid the difference of root exudates caused by the influence of factors such as light on plant growth.

Soil was procured from an undisturbed mollisoil (0-20 cm layer) at the Acheng Experimental Site (44°04’N, 125°42’E) in Harbin City, China. The soil contained 17.2 g total organic carbon (TOC), 1.47 g total nitrogen (TN), 125 mg available nitrogen (AN), 67.8 mg available phosphorus (AP) and 123 mg available potassium (AK) per kg soil, and pH is 6.10. The soil was prepared by air- drying and sieving through a 2-mm mesh sieve. Each compartment of the pot was then loaded with 1.5 kg of this prepped soil. Basal fertilizers were mixed in soil and thoroughly mixed before sowing. The soil for maize was supplemented with 120 mg/kg N by applying 0.39 g urea (N 46%) in each compartment, while the soybean soil received 60 mg/kg N by applying 0.20 g urea (N 46%) in each compartment. Additionally, the soil was fertilized with 50 mg/kg P2O5 by applying 0.12 g Ca(H2PO4)2 (P2O5 61%) in each compartment and 100 mg/kg K2O by applying 0.28g K2SO4 (K2O 54%) in each compartment. Basal nutrients in solution were added to soil at the following rates (mg/kg soil): MgSO4(317), FeSO4·7H2O (31), MnSO4·H2O (20), CuSO4·5H2O (25) and ZnSO4·7H2O (28).

Seeds of soybean and maize were sterilized with 15% hydrogen peroxide(H2O2) for 20 minutes and rinsed with sterile water thrice. Subsequently, the sterilized corn seeds were soaked in sterile water for 24 hours to promote germination. After 24 hours of soaking, the corn seeds were placed on rectangular filter paper with approximately 1-2 cm spacing between the seeds, and arranged with the navel facing downward. The seeds were then pregerminated in the dark in a dish at a temperature of 18°C for 8 hours per day, taking approximately 1-2 days for the corns to grow by about 1 cm, and then transplanted them to the compartment of pot. Initially, four soybean seeds and two maize seeds were sown in separate compartments; thinning was conducted to maintain two soybeans and one maize plant per compartment 10 days post-sowing. The plants received consistent irrigation and were cultivated in a greenhouse regulated at 20°C to ensure optimal growing conditions.

After a growth period of 60 days, the plants were harvested on October 14, 2020. Samples from both the plant’s aboveground tissues and the soil surrounding the roots were gathered to evaluate aboveground and belowground biomass, root morphological characteristics (such as length, surface area, and volume), soil physicochemical traits, and variations in mycorrhizal colonization and root exudation between the soybean and maize under different treatment conditions.




2.1.2 Experiment 2: root exudate addition experiment—effects of root exudates on AMF and plant growth

To further verify the impact of root exudates in intercropping systems on crops growth and AMF, the experiment 2 was designed with exogenous addition of root exudates. The soil was the same as experiment 1, and the study comprised eight distinct treatments, each replicated four times. The treatments were arranged as follows: 1) Soybean grown alone with deionized water added (S_W); 2) Soybean grown alone with soybean intercropping root exudates added(S_RIS); 3) Soybean grown alone with maize monocropping root exudates added (S_RMM); 4) Soybean grown alone with maize intercropping root exudates added (S_RIM); 5) Maize grown alone with deionized water added (M_W); 6) Maize grown alone with maize intercropping root exudates added (M_RIM); 7) Maize grown alone with soybean monocropping root exudates added (M_RMS); and 8) Maize grown alone with soybean intercropping root exudates added (M_RIS) (Supplementary Figure S2).

The experiment commenced on August 15, 2021, with the sterilization and germination of soybean and maize seeds, following the method described in Experiment 1. The sprouted seeds were then planted in the pots (Diameter 12 cm, depth 6 cm), each containing 1.5 kg of the prepared soil, air-dried and sifted through a 2 mm mesh. Fertilizer and potting management were conducted according to the guidelines outlined in experiment1. After the crops grow for 10 days, keep 2 soybeans or 1 maize in each pot. The crops were cultivated in a greenhouse at 20°C. Additionally, separate pots were utilized for the cultivation of soybean and maize monocrops, as well as intercrops, while root exudates were collected from soybean monocrop, soybean intercrop, maize monocrops, and maize intercrops, respectively. From the 14th day after sowing (DAS), root exudates were collected (dynamic collection for 24 hours), and the collected root exudates (RIM, RMM, RIS, RMS) were added to the rhizosphere soil of soybean and maize respectively according to the experimental settings. Add 40 ml exudates to the respective treatment every 5 days, while an equal measure of deionized water served as a control in comparison treatments. On the 60th DAS, samples from plant biomass and rhizosphere soil were collected for examination. The assessments included analysis of both aboveground and belowground biomass, and evaluation of root architectural traits, such as root length, surface area, and volume. In addition, the study extended to measure soil physicochemical traits, and the levels of amino acids and organic acid, alongside appraising variations in AMF colonization under different treatment conditions.





2.2 Plant growth and soil physicochemical properties

After harvesting, the aboveground and underground biomass of soybean and maize, as well as their respective root morphological parameters were measured. The plant’s aerial sections were initially sterilized at 105°C for 30 minutes and then consistently dried at 65°C until achieving a stable weight for subsequent analysis. Roots were imaged using an Epson scanner set to professional mode, 16-bit grayscale, at a resolution of 600 dpi, with the images being recorded in.jpg format. The WinRhizo 2005 software was applied to analyze these images, extracting data on total root length, diameter, volume, and surface area for both crops. Post-scanning, root samples were dried at 65°C to a constant weight for further assessments. In parallel, soil samples were collected, and a subset was air-dried and sieved through a 2 mm mesh to evaluate soil characteristics. Soil analyses encompassed measurements of pH, TN, AN, AP, AK, and TOC. Soil pH levels were gauged using a PHS-3C Meter (Toledo) in a 2.5:1 water-to-soil ratio.TN levels were determined following the Kjeldahl distillation technique (Hou et al., 2007). AP levels were gauged using the sodium bicarbonate (NaHCO3) solution method at pH 8.5, following Olsen’s protocol (Olsen and Sommers, 1982). AN concentrations were obtained through the diffusion adsorption method (Lu, 2000). AK extraction was performed with NH4OAc (pH 7.0) and quantified using flame atomic absorption spectrometry (Schollenberger and Simon, 1945). TOC was determined utilizing the Multi N/C 2000 TOC analyzer (Germany), following the method of Xiao et al (Xiao et al., 2019). Finally, the mycorrhizal colonization rate was established utilizing the trypan blue staining technique (Giovannetti and Mosse, 1980).




2.3 AMF mycorrhizal infection rate and community

For determining the extent of AMF colonization in plant roots, we adapted the procedure described by Phillips and Hayman (1970). Fine roots (2 mm in diameter) were cut into segments of 1-2 cm length and subjected to clearing with 10% KOH at 90°C for 30 min, followed by triple rinsing with distilled water. The root segments were then acidified using 2% HCl and stained with a 0.05% trypan blue solution for 15 min at 90°C, followed by another series of washes with distilled water. Subsequently, the stained roots were immersed in a lacto-glycerol mixture (equal parts of lactic acid, glycerol, and water) and allowed to stand at ambient temperature. For microscopic examination, 15 root fragments were positioned on slides pre-marked for analysis (resulting in 60 fragments evaluated per treatment) (Brundrett and Kendrick 1990). Observations were conducted under 40× and 100× magnification. The degree of AMF infestation in root segments was categorized into 0, 10%, 20%…100% infestation levels, and the mycorrhizal infestation rate (%) of the samples was calculated by the weighting method of root infection rate.

The rhizosphere soil AMF community composition at genus level has been measured by high-throughput sequencing. Nested PCR was utilized to amplify fragments of the arbuscular mycorrhizal fungal 18S rRNA genes. The first PCR amplification was performed utilizing the universal primers AML1F (5’-ATCAACTTTCGATGGTAGGATAGA-3’) and AML2R (5’-GAACCCAAACACTTTGGTTTCC-3’). For the second PCR procedure, we used these amplicons from the first PCR as the template, and the AMF-specific primers AMV4-5NF (5’-AAGCTCGTAGTTGAATTTCG-3’) and AMDGR (5’-CCCAACTATCCCTATTAATCAT-3’) were used to amplify the partial AMF 18S rRNA gene fragment (Xu et al., 2017). The resultant products from the second PCR, following verification and purification, were sequenced employing the Illumina MiSeq platform from Majorbio Bioinformatics Technology Co., Ltd. (Shanghai, China). Subsequently, sequencing outputs were consolidated and subjected to quality checks utilizing FLASH software. Clustering of the sequences into operational taxonomic units (OTUs) was implemented at a similarity threshold of 97%. Taxonomic classification of all sequences into diverse groups was executed utilizing the RDP Classifier algorithm against the MaarjAM database with a confidence threshold of 70% (Öpik et al., 2010).




2.4 Soil metabolite analysis



2.4.1 Collection and extraction of root exudates

After 60 days of plant growth, collect soil solution from the rhizosphere of crops and use a soil solution sampler (Rhizon soil moisture samplers™, OD 2.5mm, nylon wire, Pore size of the membrane 0.12, μm PVC-PE tubing 30 cm; Rhizosphere Research Products bv Wageningen, Netherlands) as an instrument. Before use, the samplers were washed using de-ionized water and dried at 25°C. Gently insert the sampler into the rhizosphere soil 5-8 cm away, connect the outer end of the sampler to a syringe, and then vacuum the inside of the syringe. Use pressure to suck the soil solution into the syringe, Disposable syringes of 50ml were used at selected sampling dates to collect 40 ml soil solution, collecting five times in total. To collect the soil solution, soil moisture was kept at 70% capacity. During the collection process, promptly store the collected solution in a -80°C refrigerator, and mix and store the solutions in each basin after they are fully collected. Once collected, the root secretions were concentrated to a volume of 50 mL. To analyze the amino acids, 35 mL of the filtrate was vacuum freeze-dried to obtain a dry powder, which was then dissolved in 0.5 mL of deionized water. The dissolved powder was transferred to a 1.5 mL centrifuge tube and stored in a -20°C refrigerator for further analysis. Furthermore, for the analysis of low molecular weight organic acids, 15 mL of the filtrate was vacuum freeze-dried to obtain a dry powder, which was then dissolved in 1 mL of deionized water. The solution was placed in an ice bath at -20°C for analysis.




2.4.2 Nontargeted measurement of root exudates

The method for extracting soil metabolites was modified from Swenson and Northen’s technique (Swenson and Northen, 2019). Briefly, one gram of soil was transferred into a 5 ml EP tube, to which 1 ml of methanol (adjusted to a 3:1 volume/volume ratio with water) and 1 ml of ethyl acetate were added, along with 10 μl of adonitol (0.5 mg/ml) serving as an internal standard. This blend was homogenized utilizing a ball mill at a frequency of 45 Hz for 4 min, followed by an ultrasonic bath in chilled water for 5 min. The mixture was then centrifuged at 12,000 rpm and 4°C for 15 min, and the supernatants were collected into fresh EP tubes. This extraction step was repeated once more with another 1 ml of methanol and 1 ml of ethyl acetate. Post a second cycle of homogenization and centrifugation, the collected supernatants were merged and subsequently dehydrated using a vacuum concentrator at ambient temperature. To finalize the sample preparation, 30 μl of methoxyamine hydrochloride (dissolved in pyridine to make a20 mg/ml solution) was introduced to the desiccated extracts, followed by a 30-minute incubation at 80°C.

Non targeted analysis of metabolites was carried out using the LC-MS system. Chromatographic resolution occurred through a UPLC system by SCIEX (UK) (Seybold et al., 2020). For separation, an ACQUITY UPLC T3 column (100 mm × 2.1 mm, 1.8 μM, Waters, UK) was utilized under reversed-phase conditions. The column temperature was set at 35°C with a consistent flow of 0.4 mL/min. Gradient elution was conducted utilizing a mixture of solvent A (water enhanced with 0.1% formic acid) and solvent B (acetonitrile enhanced with 0.1% formic acid), based on the modified approach by Yu and colleagues (Yu et al., 2018). An injection volume of 4 μL was used for the analysis. ESI-MSn evaluations were performed with a Thermo Q Exactive mass spectrometer, scanning both positive and negative ion modes. Settings for the mass spectrometer were as follows: mass range 50–1200 Da; spray temperature 400°C; ion source temperature 120°C; nebulizer gas flow 800 L/h; and capillary voltage 40 V. Identification of soil metabolites was completed by Majorbio BioPharm Technology (Shanghai, China), and the subsequent data handling was performed employing the Majorbio Cloud Platform (www.majorbio.com).




2.4.3 Targeting measurement of specific root exudates



2.4.3.1 Amino acid analysis

Amino acids in the analyzed root exudates were quantified using high-pressure liquid chromatography with pre-column derivatization (Li et al., 2013). The amino acids were initially converted into fluorescent compounds, followed by separation on a C18 column. Detection and quantification were achieved using fluorescence detection methods, supported by comparative analyses with standard amino acid mixtures. The chromatographic conditions included the use of a Waters 470 fluorescence detector and a Nova2pak C18 column (150 × 3.9 mm, 4 μm) at ambient temperature. The mobile phase comprised two solvents: solvent A (20 mmol/L sodium acetate solution) and solvent B (a blend of 20 mmol/L sodium acetate solution, methanol, and acetonitrile in a 1:2:2 ratio, v/v/v). Fluorescence detection settings included an excitation wavelength of 338 nm, and an emission wavelength of 262 nm. The application of a gradient elution method was utilized with a flow rate set at 1.0 mL min-1, and the injection volume was fixed at 10 μL. Amino acid identification was based on matching the mass-to-charge ratio (m/z), retention time, and ESI−MS/MS dissociation patterns to those of authentic standards.




2.4.3.2 Organic acid analysis

The type and mass concentration of organic acids were analyzed utilizing high-performance liquid chromatography (HPLC). The HPLC method employed the LC-100 high-performance liquid chromatograph, which consisted of an LC-P100 high-pressure constant flow pump, an LC-UV100 ultraviolet detector, an autosampler, and a temperature-controlled box.

The chromatographic setup utilized for analysis incorporated a reversed-phase C18 column (150 mm × 4.6 mm, 5 μm), employing an 18 mmol/L KH2PO4 (pH 2.48), as the mobile phase. The operational temperature of the column was maintained at 30°C, and the mobile phase flow rate was established at 1.0 mL/min. For each run, a 10 μL sample volume was introduced, and analyte detection was conducted at 214 nm, with an overall run time of 15 min. The identification of LMWOA relied on comparing their retention times with those of standard organic acids. Quantification of the organic acids present in the samples was achieved through the external standard technique, with concentration calculations based on the comparative peak areas.






2.5 Data and statistical analysis

Principal component analysis (PCA) was implemented utilizing the SIMCA 14.1 software (Umetrics, Umeå, Sweden). For bubble diagram analysis, MetaboAnalyst was utilized (Chong et al., 2019). We analyzed the significance of differences in metabolites utilizing analysis of variance (ANOVA) and applied the least significant difference (LSD) tests for post hoc comparisons in SPSS V17.0, setting the significance threshold at p < 0.05. Orthogonal partial least squares discriminant analysis (OPLS-DA) was conducted with variable importance (VIP) values of N1. The relationships and visual representations of the differences between microbes and metabolites were explored utilizing R software v.3.2.1 and Cytoscape 3.4.0.





3 Results



3.1 Analysis of differential metabolites between monocropping and intercropping systems

Untargeted metabolomic profiling of the root exudates revealed a diverse array of compounds. A total of 13,885 mass spectrum peaks were detected from the root exudates, with 749 metabolites identified. Among these metabolites, 574 were found in public databases such as HMDB and Lipidmaps. The secreted compounds were further categorized, including 178 lipid substances, 106 organic acids, 89 organic heterocyclic compounds, 70 benzene-type compounds, 56 organic oxygen compounds, 51 phenylpropane and polyketone compounds, as well as other compounds. The proportions of these various compound classes were 31.01%, 18.47%, 15.51%, 12.20%, 9.76%, 8.89%, and 4.18% respectively (Figure 1A).




Figure 1 | Metabolites types identified from monocropping and intercropping of soybean and maize root exudates (A). Partial Least-Squares Discriminant Analysis of the root exudates in maize (B) and soybean (C) soils.



The PLS-DA plot comparing MM vs IM and MS vs IS were presented in Figures 1B, C. As observed from the figure, a clear distinction can be made between MM and IM as well as MS and IS, suggesting significant variations in the content of different compounds in the root exudates of soybean and maize under monocropping and intercropping conditions (Figures 1B, C).

Based on the ANOVA of known metabolites, significant differences (P < 0.5) were witnessed in the mean concentrations of 39 and 41 metabolites between IM and MM, as well as between IS and MS soil types (Figure 2). Examining the species composition of different metabolites, it was found that 38 root exudates exhibited significant up-regulated changes (Figures 2A, B). Further investigation into the root exudates with significant differences between intercropping and monocropping in maize identified eleven specific up-regulating substances, including Avocadiene, Phytal, 3,6,7-Trihydroxy-4’-methoxyflavone 7-rhamnoside, Acetyl tributyl citrate, Myristoleic acid, Shogaol, Gluten exorphin, 2-amino-14,16-dimethyloctadecan-3-ol, PE, and PG. Similarly, the analysis of common and unique root exudates in intercropping and monocropping of soybean revealed 27 specific up-regulating substances, primarily consisting of amino acids and their derivatives (9), sugars and their derivatives (3), small molecular acids (4), alcohols (2), amines (1), alkaloids and their derivatives (1), and others (7). These findings indicate that intercropping significantly alters root exudates.




Figure 2 | Volcano map (A, B) and Heatmap map (Top30) (C, D) of metabolites expressed differently between “IM vs MM” and “IS vs MS”.



To elucidate the primary metabolic pathways associated with differential metabolites, all identified metabolites in the root exudates of maize/soybean monocropping and intercropping were imported into the online analysis platform, Metaboanalyst (http://www.metaboanalyst.ca/). We identified significant pathways based on an impact value threshold above 0.1 and an enrichment pathway p-value below 0.05 (Figure 3). In the comparison between IM and MM, five distinct pathways were characterized: Phenylalanine metabolism, Tyrosine metabolism, beta-alanine metabolism, Caprolactam degradation, and alpha-linolenic acid metabolism (Figures 3A–C). Likewise, in the comparison between IS and MS, five distinct pathways were identified: Glycine, serine, and threonine metabolism, beta-alanine metabolism, Cyanoamino acid metabolism, Histidine metabolism, and Carbon fixation in photosynthetic organisms (Figures 3B–D).




Figure 3 | KEGG functional pathway involved in different metabolites of “IM&MM” (A) and “IS&MS” (B). Topological diagram of important functional paths participated by differential metabolites in “IM&MM” (C) and “IS&MS” (D).






3.2 The effect of intercropping on the content of amino acids and organic acids in root exudates

Quantitative targeted analysis of amino acids in the root exudates of monocropped and intercropped soybeans revealed notable findings. Glu and Arg were solely detected in the root exudates of soybean intercropping, whereas Asp, Thr, Ser, Gln, Gly, Ala, Val, Ile, Tyr, Phe, Lys, and His displayed significantly higher levels in intercropped soybeans compared to monocropped soybeans (P < 0.05). The total amount of amino acids in the root exudates of intercropped soybeans was 3.61 times greater than that in monocropped soybeans (Table 1). In this study, it was found that soybean/maize intercropping significantly improved the exudation of amino acids by soybean roots. Furthermore, aspartic, glutamic, alanine and other amino acids also participated in important metabolic pathways, such as alanine metabolism and glutamate metabolism, which promote plant growth.


Table 1 | Content of amino acids and organic acids in root exudates under soybean/maize monocropped and intercropped system (unit: ug/L).



Targeted quantitative assessments of amino acids in maize root exudates from both monocropped and intercropped systems yielded significant insights. Specifically, Arg was uniquely identified in the exudates from intercropping, whereas Cys was exclusively observed in those from monocropping. Additionally, concentrations of Glu, Gln, Ala, Val, Tyr, Lys and His were found to be elevated in the exudates of intercropped maize compared to those of monocropped maize (P < 0.05). The aggregate level of amino acids in the exudates from intercropped maize exceeded that from monocropping by 1.22-fold. Importantly, glutamine, tyrosine, and alanine are essential components participating in key metabolic pathways such as β-alanine metabolism, caprolactam degradation, and tyrosine metabolism.

Notable variations were identified in the organic acid content of both crops under monocropping and intercropping conditions (Table 2). The total amount of organic acids in soybeans from intercropped settings markedly exceeded that of those grown in isolation, reaching a magnitude 1.80 times greater. Notably, oxalic acid (442.86%, P < 0.05), malic acid (185.71%, P < 0.05), and lactic acid (31.61%, P < 0.05) exhibited significantly higher levels in intercropping than corresponding monocropping, and citric acid was not detected in soybean root exudates. Conversely, maize displayed an augmented total organic acid concentration under monocropping rather than under intercropping, with notable increases in oxalic (172.22%, P < 0.05) and malic acids (200.00%, P < 0.05) when grown alone. However, intercropped maize showed higher quantities of tartaric, lactic (12.59%, P < 0.05), and citric acids (300.00%, P < 0.05) than when grown singly.


Table 2 | Content of organic acids in root exudates under soybean/maize monocropped and intercropped system (unit: mg/L).






3.3 Effects of root exudates on plant growth and AMF colonization in intercropping

Although not statistically significant, the biomass of soybean/maize plants separated by nylon net was higher than those separated by plastic. However, a significant difference was witnessed in the biomass of the roots, with the roots separated by nylon net displaying significantly higher biomass than those separated by plastic (P < 0.05). This underground interaction resulted in a remarkable elevation in the biomass of maize roots by 30.30% and soybean roots by 52.63% (Figure 4B). Compared to plastic separation, nylon net separation enhanced the exchange of root exudates and nutrients in the underground environment, facilitating biomass accumulation in both soybean and maize plants.




Figure 4 | Effects of interspecific interaction on plant growth and AMF in intercropping system. Including: Relative abundances of main AMF genus in the rhizosphere soil of soybean/maize monocropping and intercropping (A), The aboveground and underground biomass (B), AMF colonization rate (C) and Root morphological parameters (D–G) of maize/soybean under different planting methods. *Represents the significant difference between different treatments at P < 0.05, ** represents the significant difference between different treatments at P < 0.01, *** represents the significant difference between different treatments at P < 0.001, ns represents no significant difference between different treatments.



Throughout the development phases of soybean and maize, the incorporation of root exudates was observed to notably enhance both aboveground and belowground biomass, surpassing the results from the control group devoid of root exudate supplementation (Supplementary Figures S3A, B). The dry weight of soybean added deionized water and added root exudates of IS, MM and IM were 2.42 g, 3.10 g, 2.67 g and 3.68 g, respectively. Adding root exudates of IS, MM and IM increased the dry weight of soybean shoot by 35.22%, 23.99% and 47.29% respectively, and the dry weight of soybean root increased by 42.74%, 51.28% and 66.67%, respectively. It can be seen that the application of IS and IM root exudates has a more significant increase in aboveground biomass, and the application of IM root exudates has a more significant increase in root biomass. This effect underscores the significance of specific compounds within root exudates in fostering both vegetative and root growth. Moreover, the infusion of root exudates, particularly those derived from maize within an intercropping context, resulted in a marked increase in the formation of soybean nodules, underscoring the vital role these exudates play in augmenting soybean nodulation (Supplementary Figure S3E).

The root length of maize under nylon net separation was significantly higher than that of maize under plastic separation by 22.76% (P < 0.05, Figures 4D–G). When separated by plastic, crops underground growth mode is equivalent to monoculture, while under nylon mesh separation, Crops can interact through root exudates between each other. This implies that root exudates have a promoting effect on root growth under the same aboveground condition. Additionally, the adding of root exudates brings about the enhancement of root length and surface area in soybean and maize roots, as depicted in Supplementary Figures S3F–M. For example, the root length of soybean was increased by 61.60% with added root exudates of IM, and the root length of maize was increased by 34.11% with added root exudates of IS. This showed that root exudates play an important role in soybean/maize intercropping system and have a direct effect on plant root growth.

The results revealed a significantly higher AMF colonization rate in soybean/maize intercropping compared to their respective monocropping (P < 0.05). Specifically, the mycorrhizal colonization rate in intercropping increased by 105.99% and 111.18% when compared to monocropping conditions, as depicted in Figure 4C. Moreover, in this experiment, intercropping significantly increased the relative abundance of Glomus_f_Glomeraceae, the dominant genus of AMF (Figure 4A). Glomus plays an important roli in soil carbon fixation and nutrient cycling. So, it is suggested that intercropping not only enhances the colonization rate of arbuscular mycorrhizal fungi, but also improves the community of AMF. Moreover, the addition of root exudates from soybean or maize during the growth process significantly increased the AMF colonization rate compared to treatments without root exudates, as shown in Supplementary Figures S3C, D. In the growth of soybean, the mycorrhizal infection rate of the treatment group added root exudates of maize intercropping was the highest, which was 126.11% higher than that without root exudates. During the growth of maize, the mycorrhizal infection rate of the treatment added root exudates from soybean intercropping was the highest, which was 97.38% higher than that without root exudates. It is worth noting that adding root exudates from soybean intercropping significantly increased mycorrhizal infection in soybeans, while adding root exudates from maize intercropping did not have a significant effect on mycorrhizal infection in maize. This observation suggests that intercropped system mediated an increase in the type and quantity of root exudates, and certain substances in which may facilitate mycorrhizal colonization and community improvement.




3.4 Correlation between root exudates and AMF community

Utilizing the Mantel and Procrustes analyses, correlations were assessed between the top 20 distinct metabolites identified in the root exudates and the composition of the AMF community, as depicted in Figures 5A, B. Notable associations emerged between certain metabolites and the mycorrhizal fungal community within both monocropped and intercropped systems. Specifically, Within the differential metabolites between soybean monocropping and intercropping, several metabolites, including amino acids like L-Proline, L-Histidine, and L-Arginine, the saccharide Levan, certain organic acids such as Taurine and (R)-3-hydroxyl-5-phenylpropanoic acid, the biomolecule Choline, and the nucleic base analog 5-Hydroxymethyl-4-methyluracil were significantly correlated (P < 0.05) with Glomus, the predominant genus of the AMF community. Furthermore, compounds like Sucrose, L-Aspartic Acid, Trimethylamine N-oxide, and Xanthine were highly significant correlated (P < 0.01) with Glomus in soybean soil. Trimethylamine N-oxide also showed a positive association (P < 0.01) with Gigaspora. In contrast, within maize environments, both Sucrose and L-Aspartic Acid demonstrated notable correlations (P < 0.05) with Glomus, while Trimethylamine N-oxide was closely linked (P < 0.05) with the Paraglomus genus, and Choline was highly significant correlated (P < 0.01) with unclassified_c_Glomeromycetes.




Figure 5 | Correlation analysis between AMF and different metabolites of maize (A) and soybean (B) in monocropping and intercropping system. Analysis of the interaction network between differential metabolites and AMF (genus level) in maize monocropping (C) and intercropping (D), and soybean monocropping (E) and intercropping (F).



The differential metabolites obtained from the intercropping and monocropping systems of soybean and maize were analyzed for their interaction networks with important genera of AMF. The results, illustrated in Figures 5C–F, demonstrated that the intercropping of soybean and maize led to a more intricate interplay between root exudates and AMF genera. In the interaction network specific to soybean monocropping (Figure 5E), there were 42 nodes, consisting of 39 differential metabolites and interactions with three AMF genera. This network comprised 83 pairs of interactions, with 47 pairs showing positive correlations and 36 pairs exhibiting negative correlations. The root exudates with the highest number of interactions were 3S-amino decanoic acid (amino acids) and L-Histidine (amino acids), while the genus with the most complex interactions was Glomus. Similarly, the soybean intercropping interaction network (Figure 5F) consisted of 43 nodes, 39 differential metabolites, and interactions involving four AMF genera. It encompassed 122 pairs of interactions, of which 63 pairs exhibited positive correlations, and 59 pairs displayed negative correlations. The root exudates that demonstrated the most complex interactions with the AMF community in this network included (R)-3-Hydroxy-5-phenylpentanoic (organic acids), Geosmin (alcohols), Histidine (amino acids), and Eriodictyol 7-(6-galloylglucoside) (sugar). Furthermore, the maize monocropping interaction network (Figure 5C) consisted of 38 nodes, representing 36 differential metabolites and interactions with two AMF genera. It comprised 94 pairs of interactions, with 59 pairs showing positive correlations and 35 pairs displaying negative correlations. The root exudate with the highest number of interactions in this network was N-decanoyl-L-Homoserine lactone (sugar). Finally, the maize intercropping interaction network (Figure 5D) consisted of 40 nodes, 37 differential metabolites, and interactions involving three AMF genera. It encompassed 120 pairs of interactions, with 99 pairs demonstrating positive correlations and 21 pairs exhibiting negative correlations. The root exudates with the most interactions in this network were N-methyl-Gabapentin (organic acid), 3,7,8. 15-Scirpenetetrol (sugar), and D-Pantothenic acid (organic acid). These findings indicated that intercropping significantly enhanced the mutualistic relationship between root exudates and the AMF community.

Phenylalanine and leucine in maize root exudates exhibited a highly significant positive correlation with Glomus, the prominent genus in AMF (P < 0.01). Additionally, serine was positively correlated with Glomus (P < 0.05), as depicted in Figure 6B. In the case of soybean root exudates, glycine, methionine, isoleucine, phenylalanine, and arginine demonstrated significant positive correlations with Glomus (P < 0.01), as shown in Figure 6A. Furthermore, aspartic acid, threonine, serine, glutamic acid, and other metabolites displayed significant positive correlations with Glomus as well (P < 0.05). Interestingly, significant or highly significant correlations were observed between tartaric acid, oxalic acid, malic acid, and Glomus in soybean root exudates (P < 0.05), as displayed in Figures 6C, D.




Figure 6 | Correlation analysis between amino acids, organic acids and AMF community in soybean (A, C) and maize (B, D) soil.







4 Discussion



4.1 Different expression of root exudates under different planting modes

Root systems release a diverse array of organic substances into the rhizosphere, playing crucial roles in nutrient and water uptake, and mediating interactions with surrounding plants (Bais et al., 2006). These exudates range from low-molecular-weight entities like sugars and amino acids to high-molecular-weight compounds including proteins and polysaccharides (Bertin et al., 2003; Cesco et al., 2010). Notably, the nature of these exudates is often altered by different agricultural practices such as intercropping. For example, pairing maize with peanuts significantly modifies the latter’s root exudates, notably increasing total isoflavones by 22.4% (Gao et al., 2022). In a tea-persimmon intercropping system, intercropping was found to enhance the ability of roots to secrete amino acids (Zhu et al., 2006). Similarly, in a perilla/corn intercropping pot experiment, Qin et al. discovered that intercropping increased the concentration of oxalic acid and citric acid in the root exudates of perilla by 43.8% and 75.4%, respectively, while maize decreased them by 18.5% and 18.7%, respectively. Furthermore, the changes in root exudates were found to impact the bioavailability of soil Cd (Qin et al., 2021). Our findings echo these observations, demonstrating significant alterations in the composition and content of root exudates under intercropping conditions for both maize and soybean. Specifically, intercropped soybean and maize exhibited variations in 41 and 39 metabolites, respectively, compared to their monocropped counterparts, encompassing esters, sugars, amino acids, and organic acids. Notably, amino acid and organic acid levels in intercropped soybean were observed to be 3.61 and 1.80 times higher, respectively, than in their monocropped versions. The greater effect of intercropping on soybean may be due to the distinctive nutrient absorption dynamics between soybean and maize roots within intercropping systems (Li et al., 2007). For example, when intercropped leguminous crops with Poaceae crops, leguminous crops can produce more organic acids compared to monoculture, thereby activating insoluble phosphorus compounds. However, Poaceae did not show this reaction. This mainly because the competition of Gramineae roots for phosphorus (P) in rhizosphere soil of leguminous crops is fierce, which makes the concentration of available phosphorus in rhizosphere of leguminous crops decrease. As a result, leguminous crops produce more organic acids, activate soil insoluble phosphorus compounds, and promote the absorption of phosphorus (P) by leguminous crops (Li et al., 2007).

This study revealed that intercropping soybean and maize notably enhanced the rate of amino acid secretion by soybean roots (Table 1). This increase in secretion could be attributed to the promotion of nitrogen absorption and utilization capacity of soybeans as a result of intercropping (Duchene et al., 2017; Lu et al., 2024). Consequently, the root’s ability to secrete amino acids is enhanced. Amino acids present in root exudates serve as a vital nitrogen source for the growth of rhizosphere microorganisms (Broeckling et al., 2008). Intercropping, by enhancing amino acid secretion, provides a material foundation for increasing the abundance of rhizosphere microorganisms. Furthermore, the reciprocal influence between these microorganisms and the secretion of plant amino acids necessitates further investigation (Phillips et al., 2004).

Intercropping soybean and maize can lead to nutrient competition, potentially increasing the rate of organic acid secretion. Such secretion patterns often alter in response to nutrient deficiencies (Degryse et al., 2008). In this study, the primary influencing factors are light and nutrient stress caused by maize’s shading and competition for nutrients with soybean in the intercropping system (Li et al., 2009). Consequently, the types and secretion rates of organic acids may differ between monocropping and intercropping systems. Maize-soybean intercropping not only impacts the types of root organic acid secretion but also significantly enhances the rate of secretion. This can be attributed to the promotion of crop nitrogen (N) and phosphorus (P) absorption and utilization, improvement in crop carbon and nitrogen assimilation capacities, enhancement of organic acid metabolism in plants, and ultimately, alterations in the secretion characteristics of low-molecular-weight organic acids in the roots of intercropped crops.




4.2 Effects of root exudates on plant growth in intercropping system

Root exudates serve as vital agents for material and information exchange between plants and the soil, acting as the primary regulators of root activity (Gao et al., 2022). In this experiment, the soybean and maize under nylon netting separation, exhibited increased above-ground and below-ground biomass (Figure 4B; Supplementary Figure S4) as well as root growth (Figures 4D–G) compared to plastic sheeting separation. When separated by plastic, crops underground growth mode is equivalent to monoculture, and there is no competition in water and nutrient absorption caused by mass flow diffusion between crop roots, and there is also a lack of mechanisms and motivation to promote root growth (Peng et al., 2017). While under nylon mesh separation, Crops can interact through root exudates between each other. This implies that root exudates have a promoting effect on plant and root growth under the same aboveground condition. Furthermore, the direct addition of exogenous root secretions significantly boosted biomass and root growth in both soybean and maize (Supplementary Figures S3A, B, F–M), which was consistent with the results of the current study (Li et al., 2016). And a study has shown that L-Tryptophan in root exudates can promote the growth of roots (Lu et al., 2024). This finding suggested the essential role of root exudates on plants growth in soybean/maize intercropping systems. Additionally, the addition of root exudates led to an elevation in the number of soybean nodules during crop growth (Supplementary Figure S3E). This aligns with findings from Li et al (Li et al., 2008), which highlighted the improved nodulation and nitrogen-fixing capabilities in legumes when intercropped with cereals. Additionally, the legume/cereal intercropping model has been noted for its ability to enhance phosphorus (P) utilization by inducing the secretion of organic acids from leguminous roots (Latati et al., 2014), and for boosting nitrogen uptake through increased nodulation in leguminous plants (Fang et al., 2006; Zhao et al., 2020). Thus, root exudates in intercropping systems enhance the absorption and utilization of mineral elements by plants and enable their adaptation to the changes in the external environment.

This study found that intercropping significantly increased the secretion of aspartic acid, glycine, alanine, tyrosine and glutamic acid (Table 1), which may promote the growth of crops. It has been found that soil amino acids were closely related to soil fertility and plant productivity (Moreira and Moraes, 2016), and affect the metabolism of carbon and nitrogen in the soil. A study found that glutamic acid plays a crucial role as an important component in chlorophyll synthesis, significantly promoting crop growth (El-Metwally et al., 2022). When glutamic acid is present in the free form in soil pore water, it forms a film on the surface of crop root hair (Limami et al., 2008), effectively enhancing nutrient absorption from the soil and regulating the acidity and alkalinity of the soil microbial environment (Limami et al., 2008). In this research, we found that root exudates from soybean and maize, when intercropped, play pivotal roles in essential metabolic pathways associated with amino acid metabolism, significantly influencing carbon and nitrogen dynamics within the soil (Figure 3). Among these, α-linolenic acid metabolism was critical for enhancing crop quality. Metabolism of compounds such as alanine, aspartate, and glutamate is crucial in modulating nitrogen flow, augmenting carbon availability, and altering cytosolic pH levels to support plant development (Limami et al., 2008).In maize, nitrogen metabolism stands as a critical pathway reflecting not only the plant’s developmental stages but also affecting yield and quality (Zhao et al., 2018; Lu et al., 2019). Compounds present in root exudates are involved in significant pathways of amino acid and carbon and nitrogen metabolism, potentially explaining the improved mycorrhizal rate, enhanced nutrient absorption efficiency, and increased crop biomass after intercropping (Moe, 2013). Additionally, in soybean and maize intercropping systems, elements such as sugars, carboxylic acids, and amino acids act as primary carbon sources for rhizospheric microorganisms (Dong et al., 2013). Intercropping systems also increased the secretion of organic acids from plant roots, especially legumes (Table 2). Organic acids are instrumental in nutrient enrichment within the root vicinity, easing nutrient acquisition by plants and thereby enhancing their nutritional profile (Haichar et al., 2014). These acids are crucial for activating essential nutrient elements, with oxalic, citric, acetic, succinic, tartaric, malic, and malonic acids being notably prevalent in root exudates. Their presence reduces rhizospheric pH, boosting the solubility of compounds otherwise insoluble (Shen et al., 2002), and forms chelates with various metal ions (Dakora and Phillips, 2002), thus liberating nutrient in the rhizosphere soil. The augmentation in organic acid exudation within the intercropping arrangement is thought to play a crucial role in mobilizing non-soluble soil nutrients, particularly enhancing phosphorus (P) solubility (Jones, 1998), thereby boosting the accessible phosphorus (P) levels in the rhizospheric soil and fostering an improved nutritional state through natural self-adjustment mechanisms. Furthermore, these organic acids can react with toxic metal ions in the soil, forming compounds with reduced toxicity and mitigating the harmful effects of toxic ions on plant roots. Notably, this study identified two main types of root exudates, namely amino acids and organic acids, each exerting positive effects on crop growth and soil environment, aligning with the experimental results obtained.




4.3 Effects of root exudates on soil environment and microorganisms, especially AMF, under intercropping system

In the intercropping rhizosphere environment, plants primarily utilize root exudates to regulate the physical and chemical properties of the soil (Bertin et al., 2003; Okubo et al., 2016). Our study demonstrates a significant correlation between the type and content of root exudates and the levels of AN, AP, and AK in intercropped soils (Supplementary Figure S6). Root exudates in intercropping systems play a crucial role in activating otherwise inaccessible nutrients in the soil, enhancing nutrient effectiveness, and optimizing root distribution for resource utilization (Li et al., 2006, 2014). Through the secretion of root exudates, plants can also improve soil microbiological conditions, alleviate nutrient stress, and regulate microbial communities to promote their growth (Withers et al., 2020). Moreover, root exudates serve as substrates, signaling molecules, and antimicrobial agents, which influence the relative abundance of rhizosphere microorganisms and indirectly enhance the soil environment by stimulating microbial growth and activity, facilitating the production of extracellular enzymes (Li et al., 1997; Nardi et al., 2002), and promoting the degradation of soil organic matter (Razavi et al., 2016; Lopez-Sangil et al., 2017).

Root exudates not only regulate the nutrient availability of the rhizosphere soil but also influence and modulate the soil microbial community (Philippot et al., 2013; Zhalnina et al., 2018). Intercropping significantly affects the structure and diversity of the soil microbial community through root exudates (Chen et al., 2019). Our study found that intercropping increased AMF colonization and improved AMF community structure (Figure 4C; Supplementary Figure S5). These findings align with a previous field experiment that demonstrated how intercropping substantially improves the diversity of mycorrhizal fungi (Zhang et al., 2020). Moreover, our study revealed significant differences in root exudates between soybean/maize monocropping and intercropping, and correlation analysis indicated a close relationship between root exudates and AMF (Figure 5). Furthermore, the addition of soybean or maize root exudates to crop growth substantially enhances mycorrhizal fungi colonization (Supplementary Figures S3C, D). Root exudates are crucial in modulating plant-AMF interactions and shaping the soil microbial community (Haichar et al., 2008; Hugoni et al., 2018). Studies demonstrate that the addition of root exudates significantly stimulates the germination rates of AM fungal spores and promotes hyphal growth (Bücking et al., 2008; Nagata et al., 2016). This phenomenon can be attributed to the metabolic function of root exudates and the reciprocal regulation between exudates and soil microorganisms. Research shows that roots release various compounds during plant growth, such as sugars, organic acids, amino acids, phenolic acids, and other metabolites. These compounds selectively attract bacteria and fungi, promoting their aggregation and proliferation in the rhizosphere, thus forming a rhizosphere interaction (Brencic and Winans, 2005). Root exudates are key in initiating and modulating interactions between plant roots and soil microbes, crucially influencing the communication between these two entities (Bais et al., 2006; Houlden et al., 2008). Even minor variations in the composition or quantity of these exudates can significantly alter the microbial community and its structure in the rhizosphere (Ling et al., 2011). Accumulating evidence have shown that a range of compounds including vitamins, amides, terpenoids, organic acids, amino acids, derivatives, lipids, and benzoxazinoids play roles in regulating both the soil microbiota and plant growth (Faure et al., 2009; Hu et al., 2018; Zhalnina et al., 2018). Moreover, components like sugars, organic acids, amino acids and derivatives, and lipids serve as carbon and energy sources for rhizosphere microorganisms (Mavrodi et al., 2021). Our study revealed that intercropping between soybean and maize increased the secretion of sugar, amino acids, organic acids, and lipids in root exudates. This enhanced secretion provides an abundant supply of carbon sources for rhizosphere microorganisms, thereby promoting the improvement of rhizosphere microbial diversity, particularly AMF diversity in intercropping systems. Additionally, we identified important metabolic pathways in soybean/maize intercropping, which involved amino acid metabolism, carbon and nitrogen metabolism, carbon fixation by photosynthetic organisms, and other important pathways (Figure 3). The increase in soil carbon and nitrogen metabolism may be a significant factor contributing to the enhanced mycorrhizal colonization rate following intercropping. Furthermore, the carbon fixation pathway of photosynthetic organisms exhibits a functional connection with AMF (Jeewani et al., 2021; Agnihotri et al., 2022). Organic acids present in root exudates, as vital energy sources for soil microbial growth, stimulate microbial and enzyme activities in the root zone (Haichar et al., 2014). One previous study has demonstrated that organic acids, such as fumaric acid, promote the formation of biofilms in Bacteroides polymyxa SQR9 (Liu et al., 2014). In our investigation, we detected oxalic acid, malic acid, citric acid, succinic acid, and tartaric acid in the root exudates of maize/soybean intercropping, which may serve as nutritional sources for the growth and reproduction of AMF. Furthermore, organic acids can activate insoluble nutrients in the soil and improve its physical and chemical properties, thereby enhancing mycorrhizal colonization and AMF diversity. We also observed a close relationship between the relative abundance of the significant AMF genus Glomus_f_Glomerace and the concentration of differential metabolites (Figures 5, 6). Studies show that Glomus, can effectively obtain nitrogen (N) and phosphorus (P) (Jiang et al., 2020), and Glomus is beneficial to carbon fixation and soil organic carbon protection, therefore Glomus plays an important role in soil nutrient cycle. Intercropping system can increase the abundance of Glomus in AMF community, which is of positive significance to improve soil fertility. Correlation analysis revealed significant associations between several differential metabolites (tartaric acid, oxalic acid, malic acid, aspartic acid, and alanine) and the AMF community (Figure 6). Notably, the photosynthetic carbon fixation pathway involving aspartic acid was identified as a pathway that may be related to the formation of AMF (Agnihotri et al., 2021), and aspartic acid showed a significant connection with Glomus_f_Glomerace (P < 0.05, Figure 6). Therefore, it is demonstrated that the root exudates of soybean/maize intercropping mediate changes in AMF diversity and community structure. Moreover, the mycorrhizal symbiotic relationships between AMF and plants can enhance the nutrient absorption capacity and help to improve the growth and productivity of host plants (Ferrol et al., 2019). Therefore, root exudates in intercropping can not only directly promote crops growth, but also indirectly promote plant growth by regulating the colonization and community of AMF. Intercropping can bring higher crop productivity as well as maintain soil nutrients, which is of positive significance to improve the sustainability of soil and the diversity and stability of farmland ecosystem. Therefore, it is summarized that in the intercropping system of soybean/maize, intercropping influences AMF and soil microecology by altering root exudate patterns, ultimately establishing intercropping dominance.





5 Conclusion

In this study, the diversity of AMF communities in the maize/soybean intercropping system was distinctly influenced due to altered root exudate compositions and metabolic profiles. Notably, analyses revealed 39 unique metabolites in the exudates of intercropped versus monocropped maize, and 41 distinct metabolites between intercropped and monocropped soybean (P < 0.05, VIP > 1). There was a notable increase in the release of amino acids, organic acids, and other substances in intercropped system (P < 0.05). Such changes were associated with enhanced growth in plants and roots, increased mycorrhizal colonization, and improved soil nutrient status, which was attributed to the influence of root exudates. And the addition of root exudates significantly bolstered plant growth and AMF colonization in both soybeans and maize. Crucial metabolic pathways involved in differential metabolites, such as amino acid metabolism and carbon fixation pathways, were found to be significantly correlated to AMF functionality. The variation in root exudates and metabolic processes contributed to improved plant growth and soil microecology. Metabolites like tartaric acid, oxalic acid, malic acid, aspartic acid, and alanine showed significant correlations with AMF communities (P < 0.05). Notably, the pathway of photosynthetic carbon fixation involving aspartic acid demonstrated a close functional relationship with AMF, and aspartic acid was significantly associated with the dominant AMF genus, Glomus_f_Glomerace. The findings suggested that maize/soybean intercropping was more effective in increasing AMF colonization and metabolite accumulation than monocropping. Compounds such as aspartic acid in the root exudates of the intercropping system significantly altered the diversity and community structure of AMF, thus contributing to the improvement of soil quality and microecology. This research sheds light on the pivotal role of root exudates in facilitating plant-soil interactions within intercropping systems and underscores their importance in sustaining agricultural ecosystem health and promoting soil vitality. Additionally, it provides a scientific basis for diverse cropping aimed at conserving black soil and ensuring sustainable field management.





Data availability statement

The data presented in the study are deposited in the NCBI Sequence Read Archive repository, accession number Bio Project PRJNA781197.





Author contributions

SZ: Data curation, Formal analysis, Investigation, Validation, Writing – original draft. SL: Funding acquisition, Writing – review & editing, Project administration, Supervision. LM: Funding acquisition, Writing – review & editing. XL: Writing – review & editing. YZ: Visualization, Writing – review & editing. SCZ: Writing – review & editing, Software. HZ: Writing – review & editing.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. The study was supported by National Natural Science Foundation of China (32271657).





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2024.1375194/full#supplementary-material




References

 Agnihotri, R., Bharti, A., Ramesh, A., Prakash, A., and Sharma, M. P. (2021). Glomalin related protein and C16: 1ω5 PLFA associated with AM fungi as potential signatures for assessing the soil C sequestration under contrasting soil management practices. Eur. J. Soil Biol. 103, 103286. doi: 10.1016/j.ejsobi.2021.103286

 Agnihotri, R., Sharma, M. P., Prakash, A., Ramesh, A., Bhattacharjya, S., and Patra, A. K. (2022). Glycoproteins of arbuscular mycorrhiza for soil carbon sequestration: Review of mechanisms and controls. Sci. Total Environ. 806, 150571. doi: 10.1016/j.scitotenv.2021.150571

 Bago, B., Pfeffer, P. E., and Shachar-Hill, Y. (2000). Carbon metabolism and transport in arbuscular mycorrhizas. Plant Physiol. 124, 949–958. doi: 10.1104/pp.124.3.949

 Bais, H. P., Weir, T. L., Perry, L. G., Gilroy, S., and Vivanco, J. M. (2006). The role of root exudates in rhizosphere interactions with plants and other organisms. Annu. Rev. Plant Biol. 57, 233–266. doi: 10.1146/annurev.arplant.57.032905.105159

 Bertin, C., Yang, X., and Weston, L. A. (2003). The role of root exudates and allelochemicals in the rhizosphere. Plant Soil. 256, 67–83. doi: 10.1023/A:1026290508166

 Brencic, A., and Winans, S. C. (2005). Detection of and response to signals involved in host-microbe interactions by plant-associated bacteria. Microbiol. Mol. Biol. Rev. 69, 155–194. doi: 10.1128/MMBR.69.1.155-194.2005

 Broeckling, C. D., Broz, A. K., Bergelson, J., Manter, D. K., and Vivanco, J. M. (2008). Root exudates regulate soil fungal community composition and diversity. Appl. Environ. Microbiol. 74, 738–744. doi: 10.1128/AEM.02188-07

 Brooker, R. W., Bennett, A. E., Cong, W. F., Daniell, T. J., George, T. S., Hallett, P. D., et al. (2015). Improving intercropping: a synthesis of research in agronomy, plant physiology and ecology. New Phytol. 206, 107–117. doi: 10.1111/nph.13132

 Brundrett, M., and Kendrick, B. (1990). The roots and mycorrhizae of herbaceous woodland plants: II. structural aspects of morphology. New Phytol. 114, 469–479. doi: 10.1111/j.1469-8137.1990.tb00415.x

 Bücking, H., Abubaker, J., Govindarajulu, M., Tala, M., Pfeffer, P. E., Nagahashi, G., et al. (2008). Root exudates stimulate the uptake and metabolism of organic carbon in germinating spores of Glomus intraradices. New Phytol. 180, 684–695. doi: 10.1111/j.1469-8137.2008.02590.x

 Cesco, S., Neumann, G., Tomasi, N., Pinton, R., and Weisskopf, L. (2010). Release of plant-borne flavonoids into the rhizosphere and their role in plant nutrition. Plant Soil. 329, 1–25. doi: 10.1007/s11104-009-0266-9

 Chaparro, J. M., Badri, D. V., Bakker, M. G., Sugiyama, A., Manter, D. K., and Vivanco, J. M. (2013). Root exudation of phytochemicals in Arabidopsis follows specific patterns that are developmentally programmed and correlate with soil microbial functions. PloS One 8, e55731. doi: 10.1371/annotation/51142aed-2d94-4195-8a8a-9cb24b3c733b

 Chen, C., Chen, H. Y. H., Chen, X., and Huang, Z. (2019). Meta-analysis shows positive effects of plant diversity on microbial biomass and respiration. Nat. Commun. 10, 1332. doi: 10.1038/s41467-019-09258-y

 Chong, J., Yamamoto, M., and Xia, J. (2019). MetaboAnalystR 2.0: from raw spectra to biological insights. Metabolites.c 9, 57. doi: 10.3390/metabo9030057

 Coskun, D., Britto, D. T., Shi, W., and Kronzucker, H. J. (2017). How plant root exudates shape the nitrogen cycle. Trends Plant Sci. 22, 661–673. doi: 10.1016/j.tplants.2017.05.004

 Dakora, F. D., and Phillips, D. A. (2002). Root exudates as mediators of mineral acquisition in low-nutrient environments. Plant Soil. 245, 35–47. doi: 10.1023/A:1020809400075

 Degryse, F., Verma, V., and Smolders, E. (2008). Mobilization of Cu and Zn by root exudates of dicotyledonous plants in resin-buffered solutions and in soil. Plant Soil. 306, 69–84. doi: 10.1007/s11104-007-9449-4

 Dong, Y., Yang, Z.-x., Dong, K., Tang, L., Zheng, Y., and Hu, G.-b. (2013). Effects of nitrogen application rate on faba bean fusarium wilt and rhizospheric microbial metabolic functional diversity. J. Appl. Ecol. 24, 1101–1108. doi: 10.13287/j.1001-9332.2013.0265

 Duchene, O., Vian, J.-F., and Celette, F. (2017). Intercropping with legume for agroecological cropping systems: Complementarity and facilitation processes and the importance of soil microorganisms. Agric Ecosyst. Environ. 240, 148–161. doi: 10.1016/j.agee.2017.02.019

 Eisenhauer, N., Scheu, S., and Jousset, A. (2012). Bacterial diversity stabilizes community productivity. PloS One 7, e34517. doi: 10.1371/journal.pone.0034517

 El-Metwally, I. M., Sadak, M. S., and Saudy, H. S. (2022). Stimulation effects of glutamic and 5-aminolevulinic acids on photosynthetic pigments, physio-biochemical constituents, antioxidant activity, and yield of peanut. Gesunde Pflanz. 74, 915–924. doi: 10.1007/s10343-022-00663-w

 Fang, Q., Qiang, Y., Wang, E., Chen, Y., Zhang, G., Wang, J., et al. (2006). Soil nitrate accumulation, leaching and crop nitrogen use as influenced by fertilization and irrigation in an intensive wheat-maize double cropping system in the North China Plain. Plant Soil. 284, 335–350. doi: 10.1007/s11104-006-0055-7

 Faure, D., Vereecke, D., and Leveau, J. H. J. (2009). Molecular communication in the rhizosphere. Plant Soil. 321, 279–303. doi: 10.1007/s11104-008-9839-2

 Ferrol, N., Azcón-Aguilar, C., and Pérez-Tienda, J. (2019). Review: Arbuscular mycorrhizas as key players in sustainable plant phosphorus acquisition: An overview on the mechanisms involved. Plant Sci. 280, 441–447. doi: 10.1016/j.plantsci.2018.11.011

 Gao, Q., Deng, H., Yang, Z., Yang, Q., Zhang, Y., Yuan, X., et al. (2022). Sodium danshensu attenuates cerebral ischemia-reperfusion injury by targeting AKT1. Front. Pharmacol. 13. doi: 10.3389/fphar.2022.946668

 Giovannetti, M., and Mosse, B. (1980). An evaluation of techniques for measuring vesicular arbuscular mycorrhizal infection in roots. New Phytol. 84, 489–500. doi: 10.1111/j.1469-8137.1980.tb04556.x

 Haichar, F. Z., Marol, C., Berge, O., Rangel-Castro, J. I., Prosser, J. I., Balesdent, J., et al. (2008). Plant host habitat and root exudates shape soil bacterial community structure. ISME J. 2, 1221–1230. doi: 10.1038/ismej.2008.80

 Haichar, F. Z., Santaella, C., Heulin, T., and Achouak, W. (2014). Root exudates mediated interactions belowground. Soil Biol. Biochem. 77, 69–80. doi: 10.1016/j.soilbio.2014.06.017

 Hauggaard-Nielsen, H., Jørnsgaard, B., Kinane, J., and Jensen, E. S. (2008). Grain legume–cereal intercropping: The practical application of diversity, competition and facilitation in arable and organic cropping systems. Renew Agric. Food Syst. 23, 3–12. doi: 10.1017/S1742170507002025

 Hou, Z. N., Li, P. F., Li, B. G., Gong, J., and Wang, Y. N. (2007). Effects of fertigation scheme on N uptake and N use efficiency in cotton. Plant Soil. 290, 115–126. doi: 10.1007/s11104-006-9140-1

 Houlden, A., Timms-Wilson, T. M., Day, M. J., and Bailey, M. J. (2008). Influence of plant developmental stage on microbial community structure and activity in the rhizosphere of three field crops. FEMS Microbiol. Ecol. 65, 193–201. doi: 10.1111/fem.2008.65.issue-2

 Hu, L., Robert, C. A. M., Cadot, S., Zhang, X., Ye, M., Li, B., et al. (2018). Root exudate metabolites drive plant-soil feedbacks on growth and defense by shaping the rhizosphere microbiota. Nat. Commun. 9, 2738. doi: 10.1038/s41467-018-05122-7

 Hugoni, M., Luis, P., Guyonnet, J., and Haichar, F. (2018). Plant host habitat and root exudates shape fungal diversity. Mycorrhiza. 28, 451–463. doi: 10.1007/s00572-018-0857-5

 Jeewani, P. H., Luo, Y., Yu, G., Fu, Y., He, X., and Van Zwieten, L. (2021). Arbuscular mycorrhizal fungi and goethite promote carbon sequestration via hyphal-aggregate mineral interactions. Soil Biol. Biochem. 162, 108417. doi: 10.1016/j.soilbio.2021.108417

 Jiang, Y., Luan, L., Hu, K., Liu, M., and Sun, B. (2020). Trophic interactions as determinants of the arbuscular mycorrhizal fungal community with cascading plant-promoting consequences. Microbiome. 8, 1–14. doi: 10.1186/s40168-020-00918-6

 Jones, D. L. (1998). Organic acids in the rhizosphere–a critical review. Plant Soil. 205, 25–44. doi: 10.1023/A:1004356007312

 Karlen, D. L., Veum, K. S., Sudduth, K. A., Obrycki, J. F., and Nunes, M. R. (2019). Soil health assessment: Past accomplishments, current activities, and future opportunities. Soil Tillage Res. 195, 104365. doi: 10.1016/j.still.2019.104365

 Kuzyakov, Y., and Blagodatskaya, E. (2015). Microbial hotspots and hot moments in soil: Concept & review. Soil Biol. Biochem. 83, 184–199. doi: 10.1016/j.soilbio.2015.01.025

 Kuzyakov, Y., and Razavi, B. S. (2019). Rhizosphere size and shape: Temporal dynamics and spatial stationarity. Soil Biol. Biochem. 135, 343–360. doi: 10.1016/j.soilbio.2019.05.011

 Landi, L., Valori, F., Ascher, J., Renella, G., Falchini, L., and Nannipieri, P. (2006). Root exudate effects on the bacterial communities, CO2 evolution, nitrogen transformations and ATP content of rhizosphere and bulk soils. Soil Biol. Biochem. 38, 509–516. doi: 10.1016/j.soilbio.2005.05.021

 Latati, M., Blavet, D., Alkama, N., Laoufi, H., Drevon, J. J., Gérard, F., et al. (2014). The intercropping cowpea-maize improves soil phosphorus availability and maize yields in an alkaline soil. Plant Soil. 385, 181–191. doi: 10.1007/s11104-014-2214-6

 Li, L., Li, S.-M., Sun, J.-H., Zhou, L.-L., Bao, X.-G., Zhang, H.-G., et al. (2007). Diversity enhances agricultural productivity via rhizosphere phosphorus facilitation on phosphorus-deficient soils. PNAS. 104, 11192–11196. doi: 10.1073/pnas.0704591104

 Li, B., Li, Y.-Y., Wu, H.-M., Zhang, F.-F., Li, C.-J., Li, X.-X., et al. (2016). Root exudates drive interspecific facilitation by enhancing nodulation and N2 fixation. PNAS. 113, 6496–6501. doi: 10.1073/pnas.1523580113

 Li, Y., Ran, W., Zhang, R., Sun, S., and Xu, G. (2009). Facilitated legume nodulation, phosphate uptake and nitrogen transfer by arbuscular inoculation in an upland rice and mung bean intercropping system. Plant Soil. 315, 285–296. doi: 10.1007/s11104-008-9751-9

 Li, M., Shinano, T., and Tadano, T. (1997). Distribution of exudates of lupin roots in the rhizosphere under phosphorus deficient conditions. Soil Sci. Plant Nutr. 43, 237–245. doi: 10.1080/00380768.1997.10414731

 Li, L., Sun, J. H., Zhang, F. S., Guo, T. W., Bao, X. G., Smith, F. A., et al. (2006). Root distribution and interactions between intercropped species. Oecologia. 147, 280–290. doi: 10.1007/s00442-005-0256-4

 Li, L., Tilman, D., Lambers, H., and Zhang, F. S. (2014). Plant diversity and overyielding: insights from belowground facilitation of intercropping in agriculture. New Phytol. 203, 63–69. doi: 10.1111/nph.12778

 Li, Y., Yu, C., Sun, J., Li, C., Li, L., and Cheng, X. (2008). Nitrogen environmental endurance and economically-ecologically appropriate amount of nitrogen fertilizer in faba bean/maize intercropping system. Trans. CSAE. 24, 223–227. doi: 10.3901/JME.2008.09.177

 Li, X., Zhang, T. L., Wang, X. X., Hua, K., Zhao, L., and Han, Z. M. (2013). The composition of root exudates from two different resistant peanut cultivars and their effects on the growth of soil-borne pathogen. Int. J. Biol. Sci. 9, 164–173. doi: 10.7150/ijbs.5579

 Limami, A. M., Glévarec, G., Ricoult, C., Cliquet, J.-B., and Planchet, E. (2008). Concerted modulation of alanine and glutamate metabolism in young Medicago truncatula seedlings under hypoxic stress. J. Exp. Bot. 59, 2325–2335. doi: 10.1093/jxb/ern102

 Ling, N., Raza, W., Ma, J. H., Huang, Q. W., and Shen, Q. R. (2011). Identification and role of organic acids in watermelon root exudates for recruiting Paenibacillus polymyxa SQR-21 in the rhizosphere. Eur. J. Soil Biol. 47, 374–379. doi: 10.1016/j.ejsobi.2011.08.009

 Liu, S., Wu, F., and Wen, X. (2013). Allelopathic effects of root exudates of Chinese onion on tomato growth and the pathogen Fusarium oxysporum(Sch1) f.sp. lycopersici. Allelopathy J. 31, 387–404.

 Liu, Y., Zhang, N., Qiu, M., Feng, H., Vivanco, J. M., Shen, Q., et al. (2014). Enhanced rhizosphere colonization of beneficial Bacillus amyloliquefaciens SQR9 by pathogen infection. FEMS Microbiol. Lett. 353, 49–56. doi: 10.1111/fml.2014.353.issue-1

 Lopez-Sangil, L., George, C., Medina-Barcenas, E., Birkett, A. J., Baxendale, C., Bréchet, L., et al. (2017). The Automated Root Exudate System (ARES): a method to apply solutes at regular intervals to soils in the field. Methods Ecol. Evolution. 8, 1042–1050. doi: 10.1111/2041-210X.12764

 Lu, R. K. (2000). Analysis methods of soil agricultural chemistry. Beijing: China Agricultural Science and Technology Press. 156–159.

 Lu, S., Haixing, S., Guan, C., Lepo, J., Wu, Z., He, X., et al. (2019). Long-term rice-rice-rape rotation optimizes 1,2-benzenediol concentration in rhizosphere soil and improves nitrogen-use efficiency and rice growth. Plant Soil. 445:23–37. doi: 10.1007/s11104-019-04177-9

 Lu, J., Liu, Y., Zou, X., Zhang, X., Yu, X., Wang, Y., et al. (2024). Rotational strip peanut/cotton intercropping improves agricultural production through modulating plant growth, root exudates, and soil microbial communities. Agric Ecosyst. Environ. 359, 108767. doi: 10.1016/j.agee.2023.108767

 Mavrodi, O. V., McWilliams, J. R., Peter, J. O., Berim, A., Hassan, K. A., Elbourne, L. D. H., et al. (2021). Root exudates alter the expression of diverse metabolic, transport, regulatory, and stress response genes in rhizosphere pseudomonas. Front. Microbiol. 12. doi: 10.3389/fmicb.2021.651282

 Moe, L. A. (2013). Amino acids in the rhizosphere: From plants to microbes. Am. J. Bot. 100, 1692–1705. doi: 10.3732/ajb.1300033

 Mohanram, S., and Kumar, P. (2019). Rhizosphere microbiome: revisiting the synergy of plant-microbe interactions. Ann. Microbiol. 69, 307–320. doi: 10.1007/s13213-019-01448-9

 Moreira, A., and Moraes, L. A. C. (2016). Yield, nutritional status and soil fertility cultivated with common bean in response to amino-acids foliar application. J. Plant Nutr. 40, 344–351. doi: 10.1080/01904167.2016.1240194

 Nagata, M., Yamamoto, N., Miyamoto, T., Shimomura, A., Arima, S., Hirsch, A. M., et al. (2016). Enhanced hyphal growth of arbuscular mycorrhizae by root exudates derived from high R/FR treated Lotus japonicus. Plant Signaling behavior. 11, e1187356. doi: 10.1080/15592324.2016.1187356

 Nardi, S., Sessi, E., Pizzeghello, D., Sturaro, A., Rella, R., and Parvoli, G. (2002). Biological activity of soil organic matter mobilized by root exudates. Chemosphere. 46, 1075–1081. doi: 10.1016/S0045-6535(01)00160-6

 Okubo, A., Matsusaka, M., and Sugiyama, S. (2016). Impacts of root symbiotic associations on interspecific variation in sugar exudation rates and rhizosphere microbial communities: a comparison among four plant families. Plant Soil. 399, 345–356. doi: 10.1007/s11104-015-2703-2

 Olsen, S., and Sommers, L. (1982). “Phosphorus,” in Methods of soil analysis. part 2. chemical and microbiological properties, second ed. Eds.  A. L. Page, R. H. Miller, and D. R. Keeney (Madison: SSSA).

 Öpik, M., Vanatoa, A., Vanatoa, E., Moora, M., Davison, J., Kalwij, J. M., et al. (2010). The online database maarj AM reveals global and ecosystemic distribution patterns in arbuscular mycorrhizal fungi (Glomeromycota). New Phytol. 188, 223–241. doi: 10.1111/j.1469-8137.2010.03334.x

 Paterson, E., Gebbing, T., Abel, C., Sim, A., and Telfer, G. (2007). Rhizodeposition shapes rhizosphere microbial community structure in organic soil. New Phytol. 173, 600–610. doi: 10.1111/j.1469-8137.2006.01931.x

 Peng, Y., LI, X., and Li, C. (2017). Temporal and spatial profiling of root growth revealed novel response of maize roots under various nitrogen supplies in the field. PloS One 7, e37726. doi: 10.1371/journal.pone.0037726

 Pérez-Jaramillo, J. E., Mendes, R., and Raaijmakers, J. M. (2016). Impact of plant domestication on rhizosphere microbiome assembly and functions. Plant Mol. Biol. 90, 635–644. doi: 10.1007/s11103-015-0337-7

 Philippot, L., Raaijmakers, J. M., Lemanceau, P., and van der Putten, W. H. (2013). Going back to the roots: the microbial ecology of the rhizosphere. Nat. Rev. Microbiol. 11, 789–799. doi: 10.1038/nrmicro3109

 Phillips, D. A., Fox, T. C., King, M. D., Bhuvaneswari, T., and Teuber, L. R. (2004). Microbial products trigger amino acid exudation from plant roots. Plant Physiol. 136, 2887–2894. doi: 10.1104/pp.104.044222

 Phillips, J. M., and Hayman, D. S. (1970). Improved procedures for clearing roots and staining parasitic and vesicular-arbuscular mycorrhizal fungi for rapid assessment of infection. Trans. Brit Mycol Soc 55, 158–161. doi: 10.1016/S0007-1536(70)80110-3

 Qin, L., Li, Z., Li, B., Wang, J., Zu, Y., Jiang, M., et al. (2021). Organic acid excretion in root exudates as a mechanism of cadmium uptake in a sonchus asper–zea mays intercropping system. Bull. Environ. Contam Toxicol. 107, 1059–1064. doi: 10.1007/s00128-021-03361-x

 Querejeta, J. I. (2017). Soil water retention and availability as influenced by mycorrhizal symbiosis: consequences for individual plants, communities, and ecosystems - scienceDirect. Mycorrhizal Mediation Soil., 299–317. doi: 10.1016/B978-0-12-804312-7.00017-6

 Raklami, A., Bechtaoui, N., Tahiri, A.-i., Anli, M., Meddich, A., and Oufdou, K. (2019). Use of rhizobacteria and mycorrhizae consortium in the open field as a strategy for improving crop nutrition, productivity and soil fertility. Front. Microbiol. 10, 1106. doi: 10.3389/fmicb.2019.01106

 Razavi, B. S., Zarebanadkouki, M., Blagodatskaya, E., and Kuzyakov, Y. (2016). Rhizosphere shape of lentil and maize: spatial distribution of enzyme activities. Soil Biol. Biochem. 96, 229–237. doi: 10.1016/j.soilbio.2016.02.020

 Schollenberger, C. J., and Simon, R. H. (1945). Determination of exchange capacity and exchangeable bases in soil–ammonium acetate method. Soil Sci. 59, 13–24. doi: 10.1097/00010694-194501000-00004

 Seybold, H., Demetrowitsch, T. J., Hassani, M. A., Szymczak, S., Reim, E., Haueisen, J., et al. (2020). A fungal pathogen induces systemic susceptibility and systemic shifts in wheat metabolome and microbiome composition. Nat. Commun. 11, 1910. doi: 10.1038/s41467-020-15633-x

 Shen, H., Yan, X., Zhao, M., Zheng, S., and Wang, X. (2002). Exudation of organic acids in common bean as related to mobilization of aluminum-and iron-bound phosphates. Environ. Exp. Bot. 48, 1–9. doi: 10.1016/S0098-8472(02)00009-6

 Swenson, T. L., Jenkins, S., Bowen, B. P., and Northen, T. R. (2015). Untargeted soil metabolomics methods for analysis of extractable organic matter. Soil Biol. Biochem. 80, 189–198. doi: 10.1016/j.soilbio.2014.10.007

 Swenson, T. L., and Northen, T. R. (2019). Untargeted soil metabolomics using liquid chromatography-mass spectrometry and gas chromatography-mass spectrometry. Methods Mol. Biol. 1859, 97–109. doi: 10.1007/978-1-4939-8757-3_4

 Wang, X., Whalley, W. R., Miller, A. J., White, P. J., Zhang, F., and Shen, J. (2020). Sustainable cropping requires adaptation to a heterogeneous rhizosphere. Trends Plant Sci. 25, 1194–1202. doi: 10.1016/j.tplants.2020.07.006

 Withers, E., Hill, P. W., Chadwick, D. R., and Jones, D. L. (2020). Use of untargeted metabolomics for assessing soil quality and microbial function. Soil Biol. Biochem. 143, 107758. doi: 10.1016/j.soilbio.2020.107758

 Xiao, X., Xi, B. D., He, X. S., Zhang, H., Li, D., Zhao, X. Y., et al. (2019). Hydrophobicity-dependent electron transfer capacities of dissolved organic matter derived from chicken manure compost. Chemosphere. 222, 757–765. doi: 10.1016/j.chemosphere.2019.01.173

 Xu, X., Chen, C., Zhang, Z., Sun, Z., Chen, Y., Jiang, J., et al. (2017). The influence of environmental factors on communities of arbuscular mycorrhizal fungi associated with chenopodium ambrosioides revealed by MiSeq sequencing investigation. Sci. Rep. 7, 45134. doi: 10.1038/srep45134

 Yu, C. N., Luo, X. J., Zhan, X. R., Hao, J., Zhang, L., Song, Y. B., et al. (2018). Comparative metabolomics reveals the metabolic variations between two endangered Taxus species (T. fuana and T. yunnanensis) in the Himalayas. BMC Plant Biol. .18, 197. doi: 10.1186/s12870-018-1412-4

 Zhalnina, K., Louie, K. B., Hao, Z., Mansoori, N., Da Rocha, U. N., Shi, S., et al. (2018). Dynamic root exudate chemistry and microbial substrate preferences drive patterns in rhizosphere microbial community assembly. Nat. Microbiol. 3, 470–480. doi: 10.1038/s41564-018-0129-3

 Zhang, X., Huang, G., Bian, X., Jiang, X., and Zhao, Q. (2012). Review of researches on advantages of intercropping. Asian Agric. Res. 4, 126–132. doi: 10.1016/j.saa.2013.05.053

 Zhang, R., Mu, Y., Li, X., Li, S., Sang, P., Wang, X., et al. (2020). Response of the arbuscular mycorrhizal fungi diversity and community in maize and soybean rhizosphere soil and roots to intercropping systems with different nitrogen application rates. Sci. Total Environ. 740, 139810. doi: 10.1016/j.scitotenv.2020.139810

 Zhang, P., Nie, M., Li, B., and Wu, J. (2017). The transfer and allocation of newly fixed C by invasive Spartina alterniflora and native Phragmites australis to soil microbiota. Soil Biol. Biochem. 113, 231–239. doi: 10.1016/j.soilbio.2017.06.003

 Zhao, L., Liu, A., Song, T., Jin, Y., Xu, X., Gao, Y., et al. (2018). Transcriptome analysis reveals the effects of grafting on sugar and α-linolenic acid metabolisms in fruits of cucumber with two different rootstocks. Plant Physiol. Biochem. 130, 289–302. doi: 10.1016/j.plaphy.2018.07.008

 Zhao, Y., Liu, X., Tong, C., and Wu, Y. (2020). Effect of root interaction on nodulation and nitrogen fixation ability of alfalfa in the simulated alfalfa/triticale intercropping in pots. Sci. Rep. 10, 4269. doi: 10.1038/s41598-020-61234-5

 Zhu, H. Y., Liu, Z. D., Wang, C. R., and Zhong, Z. C. (2006). Effects of intercropping with persimmon on the rhizosphere environment of tea. Front. Biol. China. 1, 407–410. doi: 10.1007/s11515-006-0054-3




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2024 Zhang, Li, Meng, Liu, Zhang, Zhao and Zhao. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fpls-15-1375194-g001.jpg
Component 2(6.68%)

30

Hydrocarbons: 1 (0.17%)
Lignans, neolignans and related compounds: 2 (0.35%)
Homogeneous non-metal compounds: 2 (0.35%)

Nucleosides, nucleotides, and analogues: 3 (0.52%)
Organic nitrogen compounds: 5 (0.87%)
Alkaloids and derivatives: 5 (0.87%) -
Organosulfur compounds: 6 (1.05%)
Phenylpropanoids and polyketides: 51 (8.89%)

Organic oxygen compounds: 56 (9.76%)

Benzenoids: 70 (12.20%)

Organoheterocyclic compounds: 89 (15.51%)

Score (PLS-DA) plot

254

204

15+

10

-80

T
60

0 0 20 40 60
Component 1(46%)

80

Component 2(21.6%)

50

\

Lipids and lipid-like molecules: 178 (31.01%)

Organic acids and derivatives: 106 (18.47%)

Score (PLS-DA) plot

40

30

20

10

-104

20

30

40

-50

T
-50

40

T
30

20

d0 0
Component 1(31.1%)

10

20

30

40





OEBPS/Images/fpls-15-1375194-g006.jpg
P
Gigaspora-
g unclassified_Glomeromycetes -

Tartaric -

g unclassified_Gigasporaceae-

Gigaspora -

¢ unclassified_Glomeromycetes -

Paraglomus -

Glomus -

081

&

096
A
098
A0

A

097
029 099
099 098

029 099 ) 098

-0.11

0 02 L
052 053 062 0.59 0.5 066
-0.27 -0.06 -0.08 -0.04 -0.12 -0.08 -0.06
0.26 -0.04 -0.27 025 -025 -0.18 025 -021
Paraglomus-| 028 043 -0.42 053 -053 -06 058 -0.52 0.62
Glomus - [ -081 -0.11 0.11 065 0§5 0.86 091 0§9 084 093

-0.43

0.11

098

-0.42

0.65

047
-0.04 001 031
03 028 0.04 -0

06 0.16 -
083 091 043

05

-0.67
038
L 066
098 038
099 -075
L 069
099 -0.79
099 078
062 -0.04

0.01

-0.68

0,9

0,9

&

0.8

-0.06

-0.14

-0.69

0.11

037

-0.3

-0.67

096 097
095 )
095 098
093 099
0% )
095 099
096 098
053 063
014003

046 026
053 061

0gs 092

0.07

0.61

-0.69

-0.36

0.51

026
099 098
099 098
094 09
A 06
099 098
093 098
076 -0.58

og7
098 099 092
L 0% 0%
038 ) 0%
099 1 097
L0 038
090 L 024
[
062 057 073
004 01 01
-0.25 -0.21 -0.13
06 056 067
091 088 095

0.5
0.0

. 05

034
10 Cyse 065 049
05 Val- 065 099 032
092 044 096 057
018 086 076

00

094 085
%5 ! 24 0F:
091 038 073 09 02

063 031 097 0§1 027

025 0. 091 074 -002 077 0g6
097 038 094 095 077 018 052 074
075 073 081 087 0gs 091 L 064 099 031
036 -079 081 007 04 -071 -063 037 025 043 -082
068 -0.17 -051 069 044 007 -062 -035 017 064 0.14 094

Glomus - 093 09 028 069 0§ -029 016 072 052 028 05 03 097

Asp-
omeromycetes..

Paraglomus-|

o

Citric-

Lactic-

Malic-
Oxalic- 083
Tartaric - -0.36 -0.57
g_unclassified_Glomeromycetes - 021 -0.14
Paraglomus - y 05 055 -0.71
Glomus - 0, -0.47 0.22 0.49

0.54
099
037
051 044
0g6 033
097 061
0g6 077
096 028
066 023
04 088
094 08
0gs 032
061 -086
019 088
042 095

0.03

-0.48

-0.26

0.39

091
041 02 017

097 092 083

035 009 015

099 034 097

064 074 076 10
jrapeape
097 0g2
0g5 059
097 098
079 081
078 055
07 073
094 075
048 035
012 021 0
031 005 012

0.5
0.0
0.17 I 205
-0.19
-0.23
0.23





OEBPS/Images/fpls.2024.1375194_cover.jpg
& frontiers | Frontiers in Plant Science

Root exudation under maize/ soybean
intercropping system mediates the
arbuscular mycorrhizal fungi diversity and
improves the plant growth





OEBPS/Images/fpls-15-1375194-g003.jpg
A

KEGG BEnnchment Analysis (IM_vs MM)

B KEGG Ennchment Analysis (I5_vs_MS)

P_value P_value
0.120 Cysteine and methionine metabolism ®
Biosynthesis of phenylpropanoids - L] 2 00100
o1 Salmonellainfecton - ®
e 000800
Tonscampencat sytem | o
Ubiquinone and other terpenoid-quinone biosynthesis - e 00600 0.00600
i Histidine metabolism - Y 000400
Aminobenzoate degradation | ° 00200 Cyanoamino acid metabolism ® 0.00200
000 000
Starch and sucrose metabolism - ®
Phenylpropanoid biosynthesi: L ] Biosynthesis of alkaloids derived from histidine and purine - [ ]
Sulfur metabolism - L ]
alpha-Linolenic acid metabolism - e S—— ™
Mineral absortion | ®
Vitamin digestion and absorption - e
Pantothenate and CoA biosynthesis | ™
R | ° Carbohydrate digestion and absorption { ]
Arginine biosynthesis | ®
Pantothenate and CoA biosynthesis - Y Number Monobactam biosynthesis 4 () Number
[ ABC wnsporters{ () [
Caprolactam degradation - ° o: Protin digesion and absorption | (@) @
Central carbon metabolism in cancer{ () @
Tyrosine metabolism = @ Aminoacyl-RNA biosynthesis | () @
Glyeine, serine and threonine metabolism | (@)
Phenylalanine metabolism - @ Biosynthesis of plant secondary metabolites | ()
001 0 001 002 003 004 0.5 006 007 005 009 01 011 012 0001 0 0001 0002 0003 0.004 0.005 0.006 0.007 0008 0.009 0.01 0011
P value P value
KEGG Topology Analysis(IM_vs_MM) D KEGG Topology Analysis(IS_vs_MS)
32 P_value 8 P_value
o1
. 02
9 008
B Glyeineserine and threonine metabolism o015
006 7 ®
284 Phenyllanine metabolism 004 01
005
002
28 @ Tyrosine metabolism iy b
244 @ Histide metabolism
7 224
2
£ .
£ 2
¥
T 18-
Protein digestion and absorption
164 o L] Cyanoamino acid metabolism Impact
caprol®htam degradation alpha-Linofenic acid metabolism Tmpact . o0
B . ® 004 5l . beta-Alamine metabolism o
144 ® oo ° 7 ® @ o
. ABC transporters
@ o Monobactam biosynthesis e @ o
12 ° [ )
l ® .. @ @
015 o
il ° o 5 Carbon fixation in photosynthetic organisms
L : ’ ! L L ’ ' r s 0 005 o1 015 02 025 03 035 04
002 0 002 004 006 008 01 012 o4 06 :
Impact Value

Tt Vidme:





OEBPS/Images/fpls-15-1375194-g005.jpg
A

Lovan
. N-(5-Methyl-3-oohexyljalanine
Lt AMINOHYDROXYBUTYRIC.ACID
i <04 Sucrose
e Eriodictyol.7-(6-galloylglucoside)
== =08 L-Aspartic.Acid
5-Hydroxymethyl-4-methyluraci
Mantels p Botaine
— <om
— 001005 (R)-3-Hydrory-5-phenylpentanoic.acid
=005

Poarson's 1 Taurine

jRr Trimethylamine.N-oxide.
N.. o

Xanthine

@ AMF
@ Root exudate

® AMF
@ Root exudate

inclassified_Glomeromycetes

—— Positive correlation
— Negative correlation

Monoculture soybean

—— Positive correlation
—— Negative correlation

ine [}

Lovan
N~{(5-Methy1-3-cxohexylalan

e AMINOHYDROXYBUTYRIC ACID

= Sucrose

B Eriodictyol7-(6-gallyigiucosice)

Ll L-Aspartic Acid

5-Hycroxymethyl-4-methyluraci

Mantels p Betaine

— <om

— 001-005 (R)-3-Hydroxy-5-phenylpentanoic.acid

o0 as-aminodecancic.acid [l 1)
N-(Carbonymetry)-D-aia
Posssorts ¢ Taur

2
araglomus “Trimethylamine. N—oxic
»

L-Proli

@ AMF

ine MM
ine
ide
ine
ine
ine
ine

REHAILLS

<

N
APES

—— Positive correlation
—— Negative correlation

@ Root exudate

® AMF
@ Root exudate

Intercropping soybean

—— Positive correlation
—— Negative correlation






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Root exudation under maize/soybean intercropping system mediates the arbuscular mycorrhizal fungi diversity and improves the plant growth

      

        		

          Introduction

        



        		

          Methods

        



        		

          Results and discussion

        



        		

          Conclusion

        



        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Experiment design

          

            		

              2.1.1 Experiment 1: impact of interspecific interactions on root exudates, AMF and plant growth

            



            		

              2.1.2 Experiment 2: root exudate addition experiment—effects of root exudates on AMF and plant growth

            



          



          



          		

            2.2 Plant growth and soil physicochemical properties

          



          		

            2.3 AMF mycorrhizal infection rate and community

          



          		

            2.4 Soil metabolite analysis

          

            		

              2.4.1 Collection and extraction of root exudates

            



            		

              2.4.2 Nontargeted measurement of root exudates

            



            		

              2.4.3 Targeting measurement of specific root exudates

            

              		

                2.4.3.1 Amino acid analysis

              



              		

                2.4.3.2 Organic acid analysis

              



            



            



          



          



          		

            2.5 Data and statistical analysis

          



        



        



        		

          3 Results

        

          		

            3.1 Analysis of differential metabolites between monocropping and intercropping systems

          



          		

            3.2 The effect of intercropping on the content of amino acids and organic acids in root exudates

          



          		

            3.3 Effects of root exudates on plant growth and AMF colonization in intercropping

          



          		

            3.4 Correlation between root exudates and AMF community

          



        



        



        		

          4 Discussion

        

          		

            4.1 Different expression of root exudates under different planting modes

          



          		

            4.2 Effects of root exudates on plant growth in intercropping system

          



          		

            4.3 Effects of root exudates on soil environment and microorganisms, especially AMF, under intercropping system

          



        



        



        		

          5 Conclusion

        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table2.jpg
IM MM IS MS

tartaric acid 0.07 + 0.00a 0.06 + 0.00a 0.08 + 0.00a 0.06 + 0.00a
oxalate 0.18 + 0.06¢ 0.31 + 0.09b 1.14 + 0.50a 0.21 +£0.07¢
malic acid 0.20 £ 0.10b 0.60 + 0.22a 0.60 + 0.27a 021 +0.11b
lactic acid 1.61 + 0.30c 143 £ 0.21d 254 £0.2la 1.93 £ 0.68b
citric acid 0.04 £0.01a 0.01 + 0.00b —_ —_

Total organic acid 2.08 + 0.48¢ 2.40 £ 0.07b 435 +0.57a 241 + 0.84b

Different lower-case letters in the same row indicate significant differences in different treatments (P < 0.05).





OEBPS/Images/fpls-15-1375194-g002.jpg
o

ST A T ST i T e

IS_vs MS.volcano

3.5

254

-Log10(pvalue)
N
.

1.54

0.5

0

S B |

-0.8 -06 -04 -02 0

02 04 0.‘6 OfB
Log2FC

Expression Profile & VIP of Metabolites

AMINOHYDROXYBUTYRIC ACID
Sydosymetyl-mthy i
Lavginine

Lsparic Acd

65-methyibue 2 tsylslfoni acid
N(CabarymetylyD-tlaine
Lbtdine

Lprline

Lerne

Tuioe

Levan

Erodiyol T-¢salloylgbcoside)
beaine

Megloal

Surtos

NO-Didesmctylvnlaasine

L Phenynie byl ser

s —

7-Mebyl vyl 1,6 cxanetiol
Undscaneaid

L ———
NdecannyL-Homserine cone
Rty phenypentaoic acid
Amemygheine

Riesting el

Thisdioe

@ Gingerol

Stovaine

Goosmin

5.0l D Glucopymonesy D-xyose

IlI,l‘;
H
AT ATA S h e ] s ™

Significant
@ w27

@ nosig(705)
@ down(17)

° 0995
® 1989
® 2984
@ 397

26

IM_vs_MM.volcano

244 L

-Log10(pvalue)

Expression Profile & VIP of Metabolites

-

PILILIPFS O

Avecadens
Felgnic acid

(RIS 38 4R Mentban-2 -t
Ligeounusia

15 Octadesene 1113wyt acd.
e —

DIMETHYLCAFFEIC ACID
7ethylmethylene 16 -octanerol
Tt Counaric scid
Enclphenylpyvate

Phenyigyosal
Xifydony-methyl-2-clohexn-l-one
18 Disscyclotatradecane 29-diore

[ —

(62 Butny1 4 methy i

Alpha Hydrosymetopoll
NemthyGabapenin

2 epiyl3 -bydrony5-G-mthy ol -y endehy e
N5 MthyhLoxoheny e

I —

37815 Seipenccol
Ndecanoy-L-Homosrine lcion

[ —

soaleryllinine

PCounaricseid

NACETYLIROLINE

(SRS Hydroyheanic st

LysyhLysine

Gluamphcryainine

Aniocatchol

Sigificant
@)

@ rosig(699)
@ down(39)

E

° 0853
o 1705
® 2557
@ 3410

T
IERERE
v





OEBPS/Images/logo.jpg
, frontiers ‘ Frontiers in Plant Science





OEBPS/Images/fpls-15-1375194-g004.jpg
A AMEF community abundance on Genus level

Evm
W™
Glomus_f _Glomeraceac W
Wi
Paraglomus
Gigaspora
unclassified_c__Glomeromycetes
unclassified_f _Gigasporaceae
f T T T T T T T T T ,
0 10 20 30 40 50 60 70 80 90 100
Mean proportion(%)
o E vl Es
B (o7
24.00 .
s
L - 1
200 BRoot  EShoot 60
2000
- | -
e 18.00 9
= <
z 1600 P
% 1400 | g 40
=
w1200 5
~ 3
% 1000 N
g 800 | &
=] o
@ 600 ns 3
— 1
4.00 | e
2,00 ok
0.00 9
M MM 1S MS
D EvEw@Es@Evs E W v [l s [l s F v [ v [l s [l s G v vy [l s [l s
. 1500 s % s 3 ns
—n ns ns ns
6000 40
_ “E 1000 P
S 2 ~30 E
= 4000 g = ¥
3 8 S 2
3 8 20 s
= < 500 a1
g 3
o s - .
™ MM 18 MS

™ Iy ™S





OEBPS/Images/table1.jpg
Asp
Thr
Ser

Glu
Gln

Gly

Val
Cys.
Met
Tle

Leu

His

Arg

IS
47.70 + 3.85a
46.87 + 4.19a
214.17 £ 51.92a
24.60 +6.21
25.30 + 1.60a
100.26 + 28.80a
68.10 + 2.36a
3491 + 5.61a
1.53 +0.14a
515+ 1.17a
18.74 £ 3.97a
22.98 + 2.86a
21.76 + 1.74a
16.75 + 3.68a
24.73 + 5.82a
79.45 + 13.19a

329 +1.90

MS
14.10 + 3.63b
14.52 + 2.60b

49.99 + 7.82b

7.16 + 1.30b
25.08 + 6.50b
20.11 + 6.62b
17.40 + 3.11b
1.74 + 0.08a
3.49 + 042a
7.28 + 1.74b
9.73 + 0.94b
13.13 + 4.06b
591 + 1.57b
6.13 + 0.90b

13.87 £ 2.17b

IM
17.99 + 3.28a
14.82 £ 5.19a

54.61 +22.12a
820 + 1.44a
16.34 £ 4.19a
27.52 + 3.19a
22.00 + 5.47a

21.27 + 5.45a

8.99 +2.25a
753 £ 1.77a
9.66 + 3.08a
4.88 +0.71a
13.12 £ 3.53a
19.09 + 5.73a

12.48 £ 590

MM

15.73 + 0.04a

13.88 + 3.38a

54.16 + 8.86a

3.61 +0.01b

11.52 + 3.65b

25.88 + 2.41a

19.64 + 2.43b

17.50 + 0.25b

043 +0.01

7.37 +0.54a

9.79 + 1.67a

6.07 + 4.60b

584 + 1.18a

10.47 + 1.70b

9.12 £ 0.92b

Total amino acid

Different lower-case letters in the same row indicate significant differences in different treatments (P < 0.05).

756.27 + 89.58a

209.64 + 40.70b

258.47 + 52.95a

211.00 + 20.62b





