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Editorial on the Research Topic 


Engineering plant-microbiomes to improve the health of economic crops


Economic crops are agricultural crops with specific economic uses and provide raw materials for industry. Together with food crops, they constitute the backbone of agricultural production, meeting daily dietary needs, supporting industrial systems, driving economic development, and optimizing agricultural structure, thereby forming a diversified, high-value sector of the global economy (Priyadarshan and Jain, 2022). Economic crops occupy a central position in global agricultural output value. In China, their output value accounts for approximately two-thirds of the total output value of the planting industry, significantly outweighing the contribution of food crops to increases in farmers’ income. Economic crops play an indispensable role in the global agricultural landscape by driving economic growth, ensuring food security, shaping trade patterns, and promoting technological innovation. The role of microbiome in plant health and growth is multidimensional and systematic, encompassing nutrient absorption, disease resistance, stress adaptation, and growth regulation (Noman et al., 2024). Through close symbiosis with plants, microbiomes become core partners in maintaining plant health. With continued advances in research, the precise application of microbial resources—such as synthetic microbial communities, microbial fertilizers, and biopesticides—is expected to become a key direction for sustainable agricultural development, providing strong support for achieving green development goals related to improving crop quality and yield (Wang et al., 2023). Building a healthy and stable plant microbiome is a core strategy for enhancing stress resistance and productivity in economic crops. Microbiomes play a key role in promoting nutrient uptake and maintaining plant health and therefore have substantial scientific and agronomic value for crop growth and yield.

This Research Topic focuses on advancing understanding of recent studies on interactions between economic crops and microbiomes. A total of 15 manuscripts were submitted, of which 9 articles were published, including 8 original research articles and 1 mini-review. These studies involve 7 crops—rice, Rheum officinale, citrus, maize, pepper, mango, and Aloe vera—and specifically describe the roles of Botryosphaeria dothidea, Aureobasidium pullulans, and Burkholderia gladioli in economic crops. The articles cover various biological and abiotic stress-related topics, such as plant nitrogen use efficiency, phosphorus solubilization and growth promotion, crop quality improvement, aphid infestation, and pathogen pathogenicity.

Bziuk et al. systematically explored the global distribution, ecological functions, and application potential of Aureobasidium pullulans within the frameworks of sustainable agriculture and the “One Health” concept, adopting a fungus with significant application value, from a novel microbiome-based perspective. Using the publicly available GlobalFungi database, the authors generated a macroscale global distribution map of A. pullulans. The analysis revealed a truly global distribution, with significantly higher detection rates in environments closely associated with human activities compared to natural ecosystems, highlighting a strong link to anthropogenic influence. These findings not only confirm the established value of A. pullulans as an effective biocontrol agent but also identity it as a natural core member of the plant microbiome. The results indicate that A. pullulans is not a transient colonizer but a resident symbiotic fungus with significant ecological influence. As a common component of the edible microbiome, A. pullulans may enter the human body through the food chain. Its potentially effects on the gut microbiome and human health was preliminarily explored, elevating its ecological significance to a “One Health” level that integrates plant, environmental, and human health. These findings provide a theoretical foundation for future in-depth development and application of A. pullulans in sustainable agriculture and health-related fields.

To explore how soybean green manure with different intercropping durations affects citrus fruit quality by altering soil physicochemical properties and microbial communities in acidified citrus orchards, Deng et al. established field experimental groups with varying intercropping durations. They systematically measured citrus fruit quality indicators and soil physicochemical properties and analyzed the community structures of soil bacteria and fungi using high-throughput sequencing. Through correlation network analysis, they revealed complex associations among intercropping duration, soil parameters, key microbial groups, and fruit quality. Soybean green manure significantly enhanced fruit quality, improved the soil environment, and reshaped the soil microbial community. Intercropping soybean green manure in citrus orchards is an effective ecological agricultural practice. Its core mechanism is the synergistic improvement of fruit quality through dual pathways: enhancement of soil physicochemical properties and regulation of soil microbial communities. This study provides a solid theoretical and practical basis for applying green manure intercropping in acidified orchard soils to support sustainable ecological restoration and improve agricultural production efficiency.

Lee et al. constructed a synthetic microbial community (SynCom) based on previous analyses of the tomato rhizosphere microbiome. They applied SynCom to pepper plants and compared its effects with those of individual strain inoculation, the chemical inducer benzothiadiazole (BTH), and a sterile water control. By analyzing volatile organic compounds (VOCs), and combining aphid infestation data, fruit yield measurements, and defense gene expression analyses, they comprehensively evaluated the effects of SynCom. SynCom significantly reduced aphid damage and increased crop yield. The microorganisms cooperatively produced the key volatile compound 1-nonanol, which could not be effectively produced by individual strains or partial combinations. Through exogenous addition experiments, treatment with 1 mM 1-nonanol reduced aphid numbers by 26–48% and activated expression of the pepper salicylic acid signaling pathway marker gene CaPR1, indicating a role in systemic resistance induction. This study demonstrates that microbial community cooperation can generate functional metabolites that cannot be synthesized by single strains. As a key signaling molecule, 1-nonanol indirectly surpasses pests by activating plant immunity. SynCom also maintained stability in complex field environments, providing a promising alternative to chemical pesticides and a theoretical foundation for designing efficient microbial fertilizers and biopesticides.

Wang et al. systematically examined the relationships among rhizosphere microbial community structure, soil physicochemical properties, and secondary metabolite accumulation in the cultivated medicinal plant Rheum officinale from three major production areas in China (ZB in Shaanxi, HB in Hubei, and CQ in Chongqing). Rheum officinale from the ZB region exhibited the highest content of rhein and catechin, whereas the CQ region was enriched in physcion. Microbial diversity followed the pattern ZB > HB > CQ, with bacteria dominated by Proteobacteria and fungi predominantly represented by Ascomycota. Soil properties, such as pH, moisture content, and zinc and copper ion concentrations, were closely correlated with microbial community structure. Increased pH and nutrient availability significantly promoted enrichment of beneficial bacterial groups such as Actinobacteria. Bacteria belonging to the order Rokubacteriales showed a significant positive correlation with anthraquinone accumulation, indicating that specific microbial groups may directly participate in regulating secondary metabolism through pathways such as nitrogen and phosphorus metabolism. This study elucidates the ecological mechanisms underlying geographical quality differentiation in rhubarb. Soil physicochemical properties indirectly regulate medicinal compound synthesis by shaping the rhizosphere microbiome, providing microbiome-level insights into the ecological cultivation of geographically indicated medicinal plants.

Guo et al. systematically investigated how Burkholderia gladioli DJB4-8, a highly efficient phosphate-solubilizing bacterium isolated from corn rhizosphere soil, promotes corn growth. By integrating multi-omics technologies with microbiology and plant physiology approaches, the study revealed the complete pathway by which the strain enhances crop growth through root colonization, regulation of endogenous plant hormones, and reprogramming of host metabolic pathways. Inoculation with DJB4–8 significantly promoted corn growth. After 40 days, plant height, root, stem, and leaf biomass, as well as photosynthetic rate, were significantly increased, and auxin content in the roots was elevated. At the molecular level, transcriptome analysis identified 303 differentially expressed genes, significantly enriched in pathways such as glutathione metabolism, plant hormone signal transduction, and phenylpropanoid biosynthesis. Metabolomic analysis further detected hundreds of differentially accumulated metabolites. Joint multi-omics analysis demonstrated that DJB4–8 synergistically regulates corn growth and development by activating core physiological processes such as plant hormone signaling, enhancing phenylpropane metabolism, and antioxidation in maize. This study elucidates the mechanism by which the phosphate-solubilizing bacterium DJB4–8 promotes corn growth via root colonization, physiological regulation, and metabolic reprogramming.

Umer et al. functionally characterized a serine carboxypeptidase gene, Bd-SCP10, from Botryosphaeria dothidea, a globally distributed pathogenic fungus affecting various fruit trees. The study aimed to uncover the enzyme’s role in fungal growth, pathogenicity, and stress tolerance, providing molecular targets for environmentally friendly disease management strategies. Bioinformatics analysis identified Bd-SCP10 as a member of the S10 family in the B. dothidea genome. A gene knockout mutant (ΔBd-SCP10) was subsequently constructed, and a complementation strain (CΔBd-SCP10) was obtained through gene complementation. Systematic comparison of wild-type, mutant, and complementation strains under various conditions comprehensively evaluated the gene’s function. Bd-SCP10 was confirmed as a pleiotropic gene regulating growth, pathogenicity, and stress response of B. dothidea. Its mechanism of action may include supplying nutrients for fungal growth by enzymaticallyhydrolyzing host proteins, modifying or degrading host defense proteins to suppress immune responses, and facilitating fungal colonization by maintaining cell wall integrity and redox balance. This study elucidates the core function of Bd-SCP10 and establishes it as a promising molecular target.

Chandel et al. investigated the metabolic interactions between the medicinal plant Aloe vera and its rhizosphere-associated bacteria. Aloe vera selectively recruits beneficial bacteria from its rhizosphere and analyzes the mechanisms by which these bacteria promote plant growth and accumulation of medicinal active compounds. Using Paenibacillus sp. GLAU-BT2 and Arthrobacter sp. GLAU-BT16, separate and mixed inoculation treatments were established. The effects of these treatments on Aloe vera growth, leaf secondary metabolite content, and root exudate composition were evaluated in a pot experiment. Mixed bacterial inoculation significantly promoted plant growth and increased total phenolic, flavonoid, and flavonol content in leaves, as well as antioxidant activity, indicating that PGPR can enhance the medicinal quality of Aloe vera. Flavonoids were identified as key signaling molecules in rhizosphere metabolic interactions. Aloe vera attracts and shapes beneficial microbial communities by secreting flavonoids and other metabolites into its rhizosphere. These recruited PGPR (such as GLAU-BT2 and GLAU-BT16) colonize the roots and promote nutrient absorption by secreting plant hormones and solubilizing nutrients, thereby stimulating synthesis and accumulation of medicinal secondary metabolites. Some newly synthesized metabolites are then secreted back into the rhizosphere, further maintaining and enriching the beneficial bacterial community, forming a positive feedback loop. This study provides a theoretical basis and practical direction for improving the yield and active ingredient content of medicinal plants and developing sustainable agriculture through microbial regulation strategies.

Yang et al. investigated how different seasons (spring and autumn) and tree ages (10 and 28 years) affect the structure of arbuscular mycorrhizal fungi (AMF) communities in the rhizosphere soil of two mango orchards in Baise, Guangxi, China. They also conducted an in-depth analysis of the key environmental factors driving community changes. The study aimed to elucidate the core mechanisms influencing the assembly of mango AMF communities, providing a theoretical basis for promoting sustainable mango production through microbial approaches. Changes in tree age and season had no significant impact on the diversity or richness of mango rhizosphere AMF communities. Conversely, soil chemical properties—especially the contents of phosphorus (P), potassium (K), and their available forms (AP and AK)—were the dominant factors driving differences in AMF community structure. Compared to biological factors (tree age and season), abiotic factors (soil nutrients) were more crucial in shaping mango rhizosphere AMF communities. This study provides a novel microbial strategy for precision nutrient management and sustainable development in mango orchards.

Lao et al. conducted an in-depth study on the structure and function of endophytic bacterial communities within the seeds of rice varieties with different nitrogen use efficiency (NUE). Rice seeds harbor rich and diverse endophytic bacterial communities, and their structure varies significantly among varieties. Rare taxa are the main drivers of community diversity and differentiation, while core taxa are highly conserved across varieties, primarily composed of high-abundance taxa, and occupy central positions in the co-occurrence network, thereby maintaining community stability. Five representative bacterial strains successfully isolated from seeds exhibited various plant growth-promoting characteristics in vitro, including siderophore production, phosphate solubilization, and indole-3-acetic acid synthesis. All strains promoted rice growth, increased nitrogen accumulation, and enhanced NUE. However, their growth-promoting effects were co-regulated by strain identity and nitrogen supply levels. Under low nitrogen conditions, the growth-promoting effects of the strains were pronounced, highlighting their potential for application in nutrient-stressed environments. The endophytic bacterial community within rice seeds co-evolve with the host through strategies of innovation and adaptation driven by rare taxa, and stability and inheritance maintained by core taxa. These natural symbiotic bacterial communities, as microbial allies of the host, enhance host adaptability in low-nitrogen soils through synergistic mechanisms such as nitrogen fixation, regulation of nitrogen metabolism, and production of plant hormones.

Future research will focus on multi-dimensional analyses of plant-microbiome interaction networks. Synthetic biology and genome-editing technologies will facilitate the design of customized microbial communities, such as constructing SynComs with nitrogen fixation, phosphorus solubilization, and disease-resistance functions, enabling precise regulation of multiple effects from a single microbial inoculum. Simultaneously, strategies to enhance environmental adaptability are crucial. By utilizing directed evolution and metabolic engineering to modify microbial metabolic pathways, colonization stability under adverse conditions such as salinity, alkalinity, and drought can be improved. Furthermore, interdisciplinary collaboration will accelerate the exploration and industrialization of microbial resources, developing innovative solutions for agricultural carbon neutrality and food security, including living biopesticides based on endophytes and the construction of rhizosphere microbial seed banks.
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Plants release a wealth of metabolites into the rhizosphere that can influence the composition and activity of microbial communities. These communities, in turn, can affect the growth and metabolism of the host plant. The connection between medicinal plant and its associated microbes has been suggested, yet the mechanisms underlying selection of indigenous microbes, and their biological function in medicinal plants are largely unknown. In this study, we investigated how the Aloe vera plants select its rhizosphere bacteria and examined their functional roles in relation to plant benefit. We utilized two native plant growth promoting rhizobacterial (PGPR) strains of Aloe vera: Paenibacillus sp. GLAU-BT2 and Arthrobacter sp. GLAU-BT16, as either single or consortium inoculants for plant growth experiment. We analyzed non-targeted root metabolites in the presence of both single and consortium bacterial inoculants and confirmed their exudation in the rhizosphere. The GC-MS analysis of metabolites revealed that the bacterial inoculation in Aloe vera plants amplified the abundance of flavonoids, terpenes and glucoside metabolites in the roots, which also exuded into the rhizosphere. Flavonoids were the most common prevalent metabolite group in individual and consortium inoculants, highlighting their role as key metabolites in interactions with rhizosphere microbes. In addition, the bacterial inoculants significantly increased antioxidant activity as well as total phenolic and flavonoid content in the leaves of Aloe vera. In conclusion, we propose a model of circular metabolic communication in which rhizosphere bacteria induce the production of flavonoids in plants. In turn, the plant releases some of these flavonoids into the rhizosphere to support the indigenous microbial community for its own benefit.
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Introduction

Soil microbes have undeniably established close association with their host plants for ages, ranging from mutualistic to parasitic. In mutualistic interactions, there are dynamic changes in the physiology and metabolism of the symbiotic partners (Singh et al., 2022). This relationship provides various benefits to the host plant, including growth promotion, improved nutrient uptake, enhanced tolerance against biotic and abiotic stresses, and modulation of metabolic pathway to accumulate more bioactive metabolite contents (Kumar and Nautiyal, 2022). In return, plants provide a nutrient-rich environment for the survival of selective microbes in their surroundings. The association of plant roots with numerous soil organisms is an interesting ecological niche known as the rhizosphere, which is beneficial for most plant symbionts (Maitra et al., 2024). Plants use a variety of mechanisms to modulate their microbiome, including the exudation of secondary metabolites and the coordinated action of different defense responses (Afridi et al., 2024). The relationships that exist between plants and rhizosphere microbes are dynamic and can be species-specific or environment-dependent (Berihu et al., 2023). Host plants can actively modulate the assembly of their rhizosphere microbiome in response to stressors and other environmental factors (Luo et al., 2023). Plants communicate with beneficial microorganisms in the rhizosphere through root exudates, creating a regulated microbial community. Changes in root microbiota throughout development influence soil-microbe feedback and rhizosphere chemistry, which are vital for survival in varying conditions (Korenblum et al., 2020). This dynamic response further emphasizes the need to understand the individual interactions between rhizosphere microbes and their hosts or specific crops, and the chemical basis of such interactions, which remains elusive in most cases and is a major reason for the failure of microbial products under field conditions (Bakker et al., 2018; Liu et al., 2019).

Plant growth-promoting rhizobacteria (PGPR) are beneficial bacteria found in the rhizosphere that form symbiotic relationships with plant roots through metabolic communication (Vaishnav et al., 2017; Singh et al., 2021; Singh et al., 2021). During this interaction, plants release signaling compounds, such as organic acids and phenolic compounds, to attract PGPR in the rhizosphere (Strehmel et al., 2014; Miller et al., 2019). Plants selectively exude these compounds based on their specific needs, which influences the composition of PGPR populations (Mashabela et al., 2022). In return, PGPR produce various traits that promote plant growth, including siderophores, organic acids for nutrient solubilization, and phytohormones (Vaishnav et al., 2014; Jain et al., 2014). These contributions lead to root elongation, improved overall growth, enhanced nutrient uptake, and increased plant defenses (Noumavo et al., 2013; Prasad et al., 2019). Among these beneficial bacteria, Paenibacillus spp. is the most abundant operational taxonomic unit (OTU) in the plant microbiome (Langendries and Goormachtig, 2021). It promotes growth through nitrogen fixation, phosphate solubilization, and phytohormone production, while also offering protection against pests and pathogens through antimicrobial compounds (Grady et al., 2016). Inoculating soil with P. polymyxa has been shown to improve microbial diversity and crop yields. For instance, in poplar plantations, it increased beneficial bacteria and reduced harmful fungi (Sui et al., 2019). Similarly, Arthrobacter spp. also hold significant potential as PGPR and can be found in various extreme environments, such as saline areas, drought-prone regions, and polluted soils. They play a vital role in protecting plants from abiotic stresses and enhancing plant nutrition, health, and yield (Sziderics et al., 2007; Tiwari et al., 2011; Qin et al., 2014). As key PGPR, Arthrobacter spp. improve iron acquisition by reducing and dissolving Fe3+ in the soil and also promote the growth of both leguminous and monocot plants by producing beneficial volatile compounds (Velázquez-Becerra et al., 2011; del-Carmen-Orozco-Mosqueda et al., 2013; Flores-Cortez et al., 2019).

In recent years, several studies on medicinal plants have enhanced our understanding of how the plant symbionts impact the quality of the host plant by influencing their medicinal metabolite compounds (Sharma et al., 2023). The microbial symbionts associated with medicinal plants have shown the ability to produce new leads of secondary metabolites with industrial and biotechnological implications, as well as stimulate plant growth and development (Wu et al., 2021). Aloe vera is highly sought after for its medicinal and cosmetic uses globally, attributed to therapeutic properties of its several secondary metabolites found in the leaf gel (Taher et al., 2024). Despite India being the largest producer of Aloe vera, it still struggles to meet the increasing demand for it (Lawal et al., 2021). Reproductive challenges and susceptibility to diseases pose threats to the productivity and yield of metabolite contents in Aloe vera (Kiran et al., 2017; Berhe et al., 2023). In addition, the excessive or unsustainable use of different cultivars of Aloe vera has placed them at a high risk of extinction, categorized in the red list by the International Union for Conservation of Nature (IUCN) (Bachman et al., 2020). Although efforts have been made to increase productivity and yield of metabolite contents in Aloe vera, they have limitations in large-scale production due to limited knowledge of the defined metabolic pathway in Aloe vera. The existing approaches such as heterologous gene expression, plant cell culture engineering, and breeding methods are insufficient to meet industrial demand (Isah et al., 2018; Wu et al., 2021). Reports indicate that the production of bioactive secondary metabolites in medicinal plants is stimulated by their associated microbes (Wu et al., 2021; Tripathi et al., 2022). The isolation of these plant associated microbes could be highly beneficial for large-scale production of bioactive secondary metabolites with medicinal value. However, the understanding of the relationship between the accumulation of bioactive components of Aloe vera and the root-associated microbiome is still limited and fragmented in the few studies (Chandra et al., 2024).

In this study, we aimed to assess how Aloe vera recruits beneficial bacteria in the rhizosphere. To do this, we used two native PGPR strains Paenibacillus sp. GLAU-BT2 (GenBank accession number- PV083208) and Arthrobacter sp. GLAU-BT16 (GenBank accession number- PV083209), previously isolated from Aloe vera’s rhizosphere (Unpublished data). These bacterial strains were used as a single and consortium inoculant to perform plant growth experiment with Aloe vera. We then assessed the effects of these bacterial strains on root metabolites and their secretion in the rhizosphere soil as well. We further investigated the bacterial effects on plant growth and secondary metabolites accumulation in the leaves of Aloe vera.





Materials and methods




Biological materials

We utilized pure cultures of two PGPR isolates Paenibacillus sp. GLAU-BT2 and Arthrobacter sp. GLAU-BT16, previously isolated from Aloe vera rhizosphere and stored in slant cultures at 4°C in the Plant biotechnology laboratory, Department of Biotechnology, GLA University, Mathura, India. Aloe vera’s root suckers were collected from a field crop growing in Horticulture Garden, GLA University, Mathura, India. All root suckers were surface sterilized before using in pot experiment. For bacterial inoculum preparation, a 24-hour-old bacterial culture was used, and the cell pellet was resuspended in sterile water to achieve a final concentration of 108 CFU/mL for inoculation.





Cross-compatibility of bacterial strains and development of the consortium inoculum

The cross-compatibility of both Paenibacillus sp. GLAU-BT2 and Arthrobacter sp. GLAU-BT16 was tested for growth by spotting them on Luria-Bertani (LB) agar plates and for biofilm formation in microtiter plates under broth medium. Bacterial growth occurring together indicated that the selected strains can work together as a consortium. The consortium was formed by growing the bacterial strains individually in LB broth until reaching the desired population (108 CFU). After that, both cultures were mixed in equal ratios and used to inoculate Aloe vera rhizomes.





Plant growth experiment with bacterial inoculation

The pot experiment aimed to assess the efficacy of both bacterial strains individually and in a consortium on the growth and metabolite contents of Aloe vera plants. This experiment was conducted in 5-liter earthen pots filled with sterilized soil. The bacterial inoculums were applied through dipping pre-sterilized root suckers of Aloe vera in the bacterial solutions for 1 hour before planting them in pots. This experiment was consisted of four treatment groups: (T1)- Control (without bacterial inoculation); (T2) GLAU-BT2 inoculation; (T3) GLAU-BT16 inoculation; (T4) Consortium inoculation (GLAU-BT2+GLAU-BT16). Each treatment was conducted with four replicates. The plants were watered weekly with sterile water, and all necessary plant protection measures were followed throughout the experiment. Plants were harvested 90 days after inoculation, and leaf parameters were measured, including number of leaves and their width and fresh weight.





Biochemical estimation of secondary metabolites in the leaves of Aloe vera

After harvesting, the plants were taken for testing phytochemical estimations. The plant leaves were dried in the oven at 50 °C for 48 hours, ground into powder, and used to estimate the total phenol, flavonol, flavonoid contents, and DPPH, following the protocol provided by Sharma et al. (2014). Total phenol contents were measured using Folin-Ciocalteu reagent and absorbance was taken at 765 nm. The total phenolic contents were expressed in terms of gallic acid equivalent (mg/g dry weight). Similarly, the total flavonoid contents were measured by aluminum chloride colorimetric method, and absorbance was measured at 415 nm. The total flavonoid contents were expressed in terms of quercetin equivalent (mg/g dry weight). Furthermore, the total flavonol contents were measured at an absorbance of 440 nm and expressed in terms of quercetin equivalent (mg/g dry weight). Additionally, the DPPH was used to measure the free radical scavenging activity of the leaf extract, and absorbance was measured by a spectrophotometer at 517 nm, in which ascorbic acid was used as the standard (Sharma et al., 2014). The antioxidant activity percentage (%) was determined by the following formula, whereas AC = absorbance of DPPH solution without extract and AE = absorbance of the tested extract.

[image: Text reads: Antioxidant activity percent equals open square bracket open parenthesis AC minus AE close parenthesis divided by AC close square bracket multiplied by one hundred. Formula expresses percentage antioxidant activity.]	





Extraction of metabolites from root and rhizosphere soil

To verify the exudation of root metabolites in the rhizosphere, nontargeted metabolites were extracted from both the roots and the adhering soil. For the root extracts, 50 mg of dried root samples were ground, and metabolites were extracted using 1 mL of precooled methanol. The mixture was subjected for sonication on ice bath followed by centrifugation at 14,000 g for 20 minutes at 4°C. The supernatant was collected and concentrated to dryness under vacuum and finally dissolved in 400 µL of cold methanol for gas chromatography-mass spectrometry (GC-MS) analysis (Kang et al., 2019). For rhizosphere soil sampling, soil was collected at 1 cm from the roots by gently scraping the surface. Additionally, soil attached directly to the roots was shaken off and collected. The extraction of exudates from soil samples was done according to method of Eze and Amuji (2024) and was subsequently dissolved in methanol for final analysis. Two different reference controls were used in this experiment to eliminate native soil metabolites and bacterial metabolites without presence of plant. These controls involved setups with no plants grown in the pots: (A) only sterile soil in the pot and (B) soil inoculated with a consortium of microorganisms.





Characterization of metabolite compounds through GC–MS analysis

The purified methanolic extract was subjected to GC-MS analysis in a Perkin Elmer GC-MS Clarus® SQ 8 equipped with DB-5MS (Agilent, USA) capillary standard non-polar column with dimensions 0.25 mm OD x 0.25 µm ID x 30 m length. The instrument was set to an initial temperature of 40°C, and the injection port temperature was ensured at 220°C, interface temperature set 250°C, source kept at 220°C, oven temperature programmed as 75°C for 2 min, 150°C @ 10°C/min, up to 250°C at 10°C per min. The GC conditions were: 1:12 split, helium carrier at 20 psi. The MS conditions were positive ion mode, electron impact spectra at 70 eV. The mass spectral scan range was set at 50 to 600 Da. The MS peaks were determined by their scatter pattern. The linear regression coefficient was used to calculate the concentrations in the samples from peak areas obtained in the chromatographs. The bioactive molecules were identified by comparison of mass spectra with NIST 08 Mass Spectra Library (National Institute of Standards and Technology). The name, molecular weight, and structure were ascertained from NIST, PubChem, and HMDB databases (Leylaie and Zafari, 2018).





Data processing and statistical analysis

Conformity with the assumptions of analysis of variance (ANOVA) were checked for the different data by ShapiroWilk test for normality and Levene’s test for homogeneity of variances using the “car” package in R 4.2.2 (R Core Team, 2022). The data were analyzed by one-way ANOVA, followed by post hoc Tukey’s test to separate treatment means if ANOVA results were significant (p<0.05). For comparative analysis of metabolites in different treatments, the GC-MS data from six distinct groups were imported into separate data frames using RStudio. The initial step involved processing the data to generate chord diagrams that illustrate the connections between compounds and their respective properties. To achieve this, we created new data frames for each group, focusing on the “Compound” and “Properties” columns. Properties listed in a single cell and separated by commas were then expanded so that each cell contained only a single property, thereby ensuring the singularity of the “Properties” column. The information about compounds was replicated for the new rows to maintain consistency, reducing redundancy where the same property was previously recorded in multiple cells. Preprocessing included the removal of leading and trailing whitespaces from both columns. We used the circlize package (Gu et al., 2014) to create chord diagrams for each group, which were subsequently combined into a composite collage. For visualization of intersections among the sets of compounds, we utilized the UpSetR package (Conway et al., 2017), opting for this approach over a Venn diagram due to the complexity of having more than five sets, which can obscure intersection details in Venn diagrams. Color schemes were adjusted discretely to clearly differentiate between intersections and other visual representations.






Results




Co-inoculation of bacterial strains promote leaf growth parameters

The impact of both bacterial strains on the growth of Aloe vera plants was examined by determining different leaf growth parameters. There was a significant effect of different treatments in the leaf number (F3,12= 14.56, p<0.001), leaf width (F3,12= 5.5, p<0.05) and leaf fresh weight (F3,12= 1322, p<0.001). The highest value of leaf growth parameters were observed in consortium inoculation, while individual inoculation showed similar trend to control plants (Figure 1).

[image: Bar chart illustration with three panels labeled A, B, and C, showing the effects of four treatments (T1 to T4) on leaf number, leaf width (cm), and leaf fresh weight (gm), respectively. In all panels, T4 consistently has significantly higher values marked by "a" compared to T1, T2, and T3 marked by "b," with p-values indicating statistical significance for treatment effects. Error bars are present on all bars.]
Figure 1 | Effect of bacterial inoculation on (A) Leaf number, (B) Leaf width, and (C) Leaf fresh weight. T1- uninoculated plant (control); T2- GLAU-BT2 inoculation; T3- GLAU-BT16 inoculation; and T4- Consortium inoculation (GLAU-BT2 + GLAU-BT16). The results are presented as mean values± SE, (n=4). The presence of different letters on each bar indicates a statistically significant difference between the treatment means. The means were separated by Tukey’s post-hoc test (p<0.05), following a significant one-way ANOVA analysis.





Bacterial inoculation induces production of secondary metabolites in leaves

Different treatments had a significant impact on the total flavonoid content (F3,12= 187.7, p<0.001), total flavonol content (F3,12= 93.6, p<0.001) and total phenolic content (F3,12= 241.5, p<0.001) in the leaves of Aloe vera plant. The highest concentrations of all secondary metabolites were observed in consortium inoculated plants. In terms of total phenolic and flavonol content, both individual bacterial inoculations also resulted in significantly higher levels compared to control plants. However, for total flavonoids, the GLAU-BT16 individual inoculum showed a similar content to the control (Figures 2A–C). Additionally, the antioxidant activity measured by the DPPH assay in the leaf extract was significantly influenced by treatment groups (F3,12= 660.6, p<0.001). The highest DPPH activity was observed in the consortium treatment compared to the other treated plants (Figure 2D).

[image: Four grouped bar graphs labeled A to D showing the effects of four treatments on different phytochemical and antioxidant metrics; in all panels, T4 shows significantly higher values than other treatments, with statistical groupings marked by different letters and p values less than 0.001.]
Figure 2 | Effect of bacterial inoculation on (A) total phenolic content, (B) total flavonol content, (C) total flavonoid content and (D) antioxidant activity (DPPH). T1- uninoculated plant (control); T2- GLAU-BT2 inoculation; T3- GLAU-BT16 inoculation; and T4- Consortium inoculation (GLAU-BT2 + GLAU-BT16). The results are presented as mean values± SE, (n=4). The presence of different letters on each bar indicates a statistically significant difference between the treatment means. The means were separated by Tukey’s post-hoc test (p<0.05), following a significant one-way ANOVA analysis.





Bacterial inoculated roots release distinctive metabolites into the rhizosphere

GC-MS profiling of metabolites from both roots and rhizosphere soil was conducted across all treatment groups, resulting in a final list of compounds after excluding their respective control groups. The number of compounds varied among the treatments. The highest number, 39 compounds, was observed in the rhizosphere soil of GLAU-BT16, while the lowest number, 35 compounds, was observed in the rhizosphere soil of GLAU-BT2 and in the roots of consortium inoculated plants. The final list of compounds, along with their properties, is summarized in Supplementary Tables S1-S6. Most compounds were detected within a retention time (RT) range of 3.1 to 31.3 minutes.

A total of 10 compounds were consistently identified in both the roots and rhizosphere soils across all treatment groups, indicating their stable presence. These compounds are “2,5-di-tert-Butylaniline”, “7-Tetradecyne”, “3-Octadecyne”, “trans-2-Decen-1-ol, methyl ether”, “1-Methylbicycloctane”, “Octadecadienoic acid, methyl ester”, “2H-Benzocyclohepten-2-one”, “Octadecatrienoic acid”, “3,4-Dimethyl-1-dimethyl(trimethylsilylmethyl)” and “Cyclooctene, 5,6-diethenyl”. Each treatment group also exhibited unique compounds that were not found in other groups. The highest number of unique compounds, 9, was identified in the rhizosphere soil of GLAU-BT16 inoculated treatment, which were absent in all other treatments.

In terms of root metabolite exudation into the rhizosphere, two unique compounds “2-Butenoic acid, 2-methyl” and “Pentanedioic acid, bis-dodecylamide” were exuded from the consortium treated roots into their rhizosphere soil. Additionally, two unique compounds, “1,3-dioxane-5,5-dimethanol, 2-hexyl” and “Cyclohexane, [6-cyclopentyl-3-(3-cyclopentylpropyl)hexyl]”, were exuded from the roots inoculated with GLAU-BT16, while one unique compound “Myricitrin” was exuded from the roots of GLAU-BT2 inoculated plants.

All identified compounds were researched in the available literature, and their reported activities are listed in the compiled Supplementary Tables S1-S6. The property “Antimicrobial” emerged as the most prevalent across all treatment groups, followed by “Antioxidant”. A collage of chord diagrams was created to visually represent the connections between individual compounds and their properties (Figure 3). An UpSet plot was also generated to understand the intersections of compounds among different treatment groups (Figure 4).

[image: Six circular chord diagrams visualize interactions between microbial taxa and chemical compounds in rhizosphere soils and roots for three treatments: GLAU-BT2, GLAU-BT16, and Consortium. Rhizosphere soils are shown in the top row; roots are in the bottom row. Each diagram uses colored segments and interconnecting lines to indicate relationships, with distinct labeled axes representing chemical compounds or taxa. Orange arrows labeled “Rhizosphere soils” and “Roots” point to their respective diagram rows on the left. ]
Figure 3 | Chord diagrams illustrating the associations between compounds and properties across root metabolites and rhizosphere soil metabolites present in all bacterial treatments. The figure is presented as a collage, with each chord diagram representing a separate group. The diagrams are organized into with each plot titled according to its respective group.

[image: Bar chart and matrix visualization displaying the number of compounds shared among six groups, labeled as Soil_BT16, Soil_BT2, Root_BT2, Root_Consortium, Root_BT16, and Soil_Consortium, with color-coded horizontal bars and intersection matrix indicating compound overlaps across groups.]
Figure 4 | UpSet plot depicting the intersection statistics of compounds across root metabolites and rhizosphere soil metabolites present in all bacterial treatments. The bars are arranged in descending order of the number of intersections across the groups. The last six bars represent distinct values specific to each group. The colors of these bars are matched to the colors of the horizontal bars in the lower left corner, which indicate the total number of compounds in each group.






Discussion

Plant-microbe interactions are complex and play a significant role in the metabolism of both plants and microbes. Using a metabolomics approach, researchers can identify low molecular weight metabolites involved in these interactions. Changes in these metabolites can provide insights into how plants and microbes respond to each other during specific physiological periods (Fiehn, 2002; Yang et al., 2017). Research on soil metabolomics has focused on understanding the relationships among plants, soil, and microbes by exploring “community metabolomics”, which considers both plant root exudates and microbial products (Jones et al., 2014; Huang et al., 2014). In this study, we examined the root metabolites of Aloe vera and their exudation into the rhizosphere while inoculating with two PGPR strains. Although collecting exudates from Aloe vera is challenging due to the large size of its roots, we aimed to identify common compounds present in both the roots and rhizosphere soil, even considering potential changes caused by microbial activity.

Our findings indicate that the consortium inoculum of Paenibacillus sp. GLAU-BT2 and Arthrobacter sp. GLAU-BT16 has a greater positive effect on the growth of Aloe vera plant than individual inoculants. Previous studies have demonstrated that using a mixed inoculant, rather than individual, promotes plant growth by increasing the number of surviving cells in their natural environments (Tittabutr et al., 2007; Sharma et al., 2017; Thanni et al., 2024). Our results align with previous studies on Paenibacillus sp. and Arthrobacter sp., which showed that plants inoculated with these bacterial strains exhibited enhanced growth parameters (Mohd Din et al., 2020; Chhetri et al., 2022; Jia et al., 2022; Özdoğan et al., 2022). Notably, co-inoculating A. ureafaciens DnL1-1 and Trichoderma harzianum significantly boosts biomass in wheat (Yang et al., 2021). In our results, the higher leaf biomass observed in bacterial-inoculated plants suggest that PGPR strains may increase nutrient uptake in Aloe vera plants through their nutrient solubilizing activities, as seen in GLAU-BT2 and GLAU-BT16 strains (Unpublished data). Earlier research also highlights nutrient solubilizing and other plant growth promoting properties in various strains of Paenibacillus and Arthrobacter (Banerjee et al., 2010; Grady et al., 2016; Chhetri et al., 2022).

The co-inoculation of GLAU-BT2 and GLAU-BT16 in the host plant Aloe vera significantly increased the leaf metabolite contents, including total flavonoids, flavonol, phenolic compounds, and total antioxidant activity. The therapeutic benefits of Aloe vera are attributed to the antioxidant properties of its phytochemical components, which can scavenge free radicals and reduce oxidative damage associated with various plant diseases (Mahapatra, 2021; Singh and Vaishnav, 2022; Nwozo et al., 2023). These findings align with previous studies that demonstrated that plants inoculated with different species of Arthrobacter induced the accumulation of secondary metabolites, particularly influencing carbohydrate metabolism in the plant leaves (Ramírez-Ordorica et al., 2020; Chhetri et al., 2022). Similarly, a co-inoculation experiment with Paenibacillus and Bacillus subtilis in wheat cultivars revealed a differential accumulation of compounds across several classes of metabolites, including phenylpropanoids, organic acids, lipids, organoheterocyclic compounds, and benzenoids in leaf tissue (Mashabela et al., 2022). The higher accumulation of flavonoids and phenolic compounds is primarily exuded from the roots to attract beneficial microbes in the rhizosphere (Gu et al., 2020; Sharma et al., 2021; Korenblum et al., 2022). In our findings, we also observed flavonoid compound ‘Myricitrin’ especially in Paenibacillus sp. GLAU-BT2 treated plant roots as well as in rhizosphere soil. It can be suggested that the presence of Paenibacillus sp. GLAU-BT2 and Arthrobacter sp. GLAU-BT16 in the Aloe vera rhizosphere may result from the exudation of flavonoid and phenolic compounds (Reynolds, 1985). Once these microbes colonize the rhizosphere, they stimulate nutrient uptake in the host plant, leading to increased production of flavonoids and phenolic compounds. These compounds are then exuded and recirculated in the rhizosphere, allowing beneficial microbes to enhance their population and colonization within the host plant (Figure 5). This hypothesis is based on the concept of a circular metabolic economy in plant-microbe interactions, where flavonoids, the most studied class of chemical exudates, have diverse effects on soil microorganisms (Korenblum et al., 2022).

[image: Diagram illustrating aboveground and belowground interactions of Aloe vera with soil bacteria Paenibacillus sp. GLAU-BT2 and Arthrobacter sp. GLAU-BT16, showing metabolic exchanges including myricitrin, butenoic acid, glutaric acid, and cyclohexane compounds. The figure shows increased total phenol, flavonoids, and flavonols in plant leaves as a result of these interactions, with nutrient cycling and consortia formation highlighted. Blue and red arrows indicate movement of compounds and effects within the rhizosphere.]
Figure 5 | A model framework illustrating circular metabolic communication within the Aloe vera rhizosphere. Our findings suggest the following steps in metabolic communication: (a) Roots exude ‘Cyclohexane’ in response to Arthrobacter sp. GLAU-BT16. (aa) In response to ‘Cyclohexane’, Arthrobacter sp. migrate towards the rhizosphere, increasing their abundance. (b) Roots exude ‘Myricitrin’ in response to Paenibacillus sp. GLAU-BT2. (bb) In response to ‘Myricitrin’, Paenibacillus sp. move towards the rhizosphere and increase their abundance. (c) In response to consortium inoculation of GLAU-BT2 and GLAU-BT16, roots exude ‘Butanoic acid’ and ‘Glutaric acid’. (cc) Both Paenibacillus sp. GLAU-BT2 and Arthrobacter sp. GLAU-BT16 move towards the rhizosphere, increasing their populations in response to ‘Butanoic acid’ and ‘Glutaric acid’. (d) In the rhizosphere, these bacteria (GLAU-BT2 and GLAU-BT16) solubilize nutrients, aiding in their uptake by plants. (e) The enhanced nutrient uptake leads to an increase in the accumulation of total phenols, flavonoids, and flavonol in the plants. (f) Some of the accumulated metabolites are recirculated in the rhizosphere.

The GC-MS analysis identified various categories of compounds in both root and rhizosphere soil. Plant root exudates play a significant role in transforming and modifying the conditions of the rhizosphere. These exudates are often considered the first line of communication between plants and the microorganisms residing in the rhizosphere (Oburger et al., 2009; Sharma et al., 2021). The presence of antimicrobial metabolites in both the root and rhizosphere suggests that these compounds inhibit the growth of pathogenic microbes in the soil and reduce competition for Paenibacillus sp. GLAU-BT2 and Arthrobacter sp. GLAU-BT16, thus facilitating their growth in the rhizosphere. Moreover, Arthrobacter spp. have been reported to produce antimicrobial metabolites that exhibit biocontrol activity; for instance, Arthrobacter agilis produces dimethylhexadecylamine, which inhibits the growth of phytopathogenic fungi in vitro (Velázquez-Becerra et al., 2013). Additionally, interactions between wheat and A. ureafaciens DnL1-1, as well as Trichoderma harzianum, led to the modulation of soil metabolites, particularly amino acids, organic acids, triterpenoids, coumarins, and flavonoid contents in the rhizosphere soil (Yang et al., 2021).

Benzenoids and their derivatives were the most detected compounds in the metabolites of both root and rhizosphere soil, followed by lipids and organoheterocyclic compounds. These specialized aromatic metabolites, often classified as volatile organic compounds (VOCs), are produced by microorganisms and play crucial roles in plant defense, stress response, and interactions at the plant–microbe interface (Misztal et al., 2015; Vaishnav et al., 2017; Lackus et al., 2021). Their significance in belowground plant-plant and plant-microbe communications has gained increased attention (Schenkel et al., 2018; Singh et al., 2021). Furthermore, phenolic compounds serve as substrates or signaling molecules for various soil microbes (Badri et al., 2013). They enhance plant defenses against pathogens and contribute to abiotic stress responses (Irfan et al., 2019).

Other common compounds included organic acids and fatty acids (Butenoic acid, Hexenoic acid, 3-Tetradecynoic acid, Eicosatrienoic acid, Octadecynoic acid, and Piperidineacetic acid) were present in the metabolites of both root and rhizosphere soil from bacterial treatments. Organic acids are common exudates that have gained interest for their diverse roles as metabolites in the rhizosphere, as they can be produced by both plant roots and microorganisms (Tuason and Arocena, 2009). These acids facilitate nutrient solubilization, promote microbial growth, detoxify harmful and influence bacterial chemotaxis (Menezes-Blackburn et al., 2016; Jiang et al., 2017; Macias-Benitez et al., 2020). Additionally, fatty acids serve as energy reserves and are crucial for membrane lipids, acting as markers for microorganisms while also playing a role in plant defense (Kang et al., 2019).

Moreover, terpenes, fatty aldehydes, glucosides, and flavonoids were also detected in the metabolites of both root and rhizosphere soil. Terpenes, the largest group of plant secondary metabolites with vast diversity, have been found to have dual effects on soil microbes. Terpenes are reported to promote the proliferation of bacterial strains belonging to Proteobacteria while inhibiting the growth of Actinobacteria strains (Bai et al., 2021). Similarly, the biosynthesis of glucoside metabolites in plants is crucial for interaction with soil microbes and in shaping the rhizosphere community for their host plants (Hu et al., 2018; Koprivova et al., 2019). These findings emphasize the importance of understanding the role of root metabolites in the rhizosphere for attracting PGPR strains and enhancing the accumulation of secondary metabolites within plant tissue.





Conclusion

Our observations provided insights into a proposed model of circular metabolic communication within the Aloe vera rhizosphere. In this model, Aloe vera plants may release flavonoids and phenolic metabolites that shape the rhizosphere bacteria. In turn, these rhizosphere bacteria produce phytohormones and nutrient-solubilizing enzymes in the soil, which enhance nutrient uptake by the plant roots. This process leads to improved plant growth and the accumulation of flavonoids, phenolic compounds, and other secondary metabolites, which then recirculate in the rhizosphere (Figure 5). Thus, this study enriches our understanding of the metabolic interactions between plants and microbes. This knowledge could facilitate the development of metabolome-engineering strategies aimed at enhancing plant growth, priming plants for defense, and promoting sustainable agriculture.
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Mango (Mangifera indica L.) is an important fruit crop with significant economic value in tropical and subtropical areas globally. Arbuscular mycorrhizal fungal (AMF) symbiosis is vital for mango trees growth, and the detailed understanding of various (a)biotic factors that influence AMF community composition is crucial for sustainable crop production. To date, there is little information available on how do different seasons and plant age influence the AMF community composition associated with mango. Using high-throughput amplicon sequencing, we examined AMF community diversity and composition in the rhizosphere of mango from two distinct orchards during spring (C_BY and C_YL) and autumn (Q_BY and Q_YL), which differed in age (10 and 28 years). The results revealed a notable variation in the number of observed species between two 28-years-old mango orchards (C_BY28 vs C_YL28 and Q_BY28 vs Q_YL28) during both the spring and autumn seasons. However, the comparison of 10-years-old and 28-years-old mangoes showed no significant shift in the diversity and richness of AMF. At the taxonomic level, Glomus was the absolute dominant genus in AMF community. The correlation analysis between species abundance and soil nutrients showed that the level of phosphorus, potassium and their available forms (AP, AK) significantly affect AMF community. Furthermore, the P, AP, and AK contents were found positively correlated with the dominant AMF molecular virtual species Sclerocystis sinuosa. These findings indicate the response characteristics of mango rhizosphere AMF community to soil nutrients, providing scientific basis for precise regulation of soil environment to improve mango tree growth and production.




Keywords: AMF community, mango, microbial diversity, planting years, seasonal dynamic, soil properties




1 Introduction

The agricultural economy on a global scale heavily depends on tropical fruits, and their development is influenced by several factors, notably the interplay between soil nutrients and native microbial communities. Arbuscular mycorrhizal fungi (AMF) are beneficial group of microorganisms commonly found in the soils of diverse ecosystems, capable of establishing symbiotic association with the root systems of many tropical fruit species. AMF can effectively promote the absorption and utilization of mineral nutrients by plants through the formation of a complex mycelial networks (Hartoyo and Trisilawati, 2021), which helps with the growth and development of tropical fruits, enhances plant resistance to biotic and abiotic stresses (Mickan et al., 2016; Boldt-Burisch et al., 2018), affects the secondary metabolism process of tropical fruits, and directly or indirectly affects the community structure, diversity, and productivity of different ecosystems (Meddad-Hamza et al., 2010; Zhang et al., 2015). AMF also provides a low-cost solution for stress resistant cultivation of tropical fruits under climate change and is currently a hot topic in exploring and utilizing beneficial microbial resources in tropical fruits. Studies have shown that AMF community composition is mainly influenced by factors such as management measures, host plants, and environmental conditions (Jia et al., 2023).

Mango (Mangifera indica L.) is an important fruit trees widely grown in tropical and subtropical regions (Xie et al., 2025). China is the world’s second largest mango producing country (Guo et al., 2021), and Baise City, situated in the Guangxi Zhuang Autonomous Region of China, is a major hub for mango production with a total harvest of 1.22 million tons (Guo et al., 2021). The Baise mango is recognized as a national geographical indication agricultural product. However, the increase in human activities and non-scientific agricultural practices over an extended period has greatly affected the soil biodiversity in mango growing regions. For example, according to one regional study, the excessive use of fertilizers and traditional farming approaches have led to considerable harm to the soil ecosystem in mango production areas of Baise city (Ou et al., 2021). Generally, soil nutrients like nitrogen (N), phosphorus (P), potassium(K) and calcium (Ca) significantly alter the diversity and composition of AMF communities (de Pontes et al., 2017). Changes in soil pH may also directly and indirectly shift AMF diversity (Svenningsen et al., 2018). Therefore, the ongoing challenges to soil fertility threaten AMF community and sustainable mango production, significantly impeding the developmental progress of the mango industry (Govindan et al., 2020; Mohammed et al., 2022).

AMF communities associated with plants have direct and profound impact on the nutrient absorption
efficiency, stress resistance, and ultimately fruit yield and quality of mangoes (Singh et al., 2024). Previous studies have identified a number of AMF taxa such as Acaulospora, Diversispora, Glomus, Gigaspora, Paraglomus and Rhizophagus from mango orchards using both traditional and high-throughput sequencing methods (Teixeira-Rios et al., 2018; Li et al., 2022). However, the questions regarding how the plants age and seasonal dynamics affect the diversity and composition of mango AMF community remains unanswered. Herein, we hypothesized that the age of mango trees and seasonal variation may significantly affect the structure and composition of AMF community. To test this hypothesis, we obtained rhizosphere samples from 10 and 28 years old mango plants across the spring and autumn seasons. Our specific objectives were to (a) assess the diversity and richness of AMF populations in two separate mango orchards in Baise city (b) decipher the structure and composition of the AMF community in the mango rhizosphere throughout different seasons and years of planting, and (c) understand how the structure of AMF community relates to the nutrient composition of the soil. This study offers valuable insights into the composition of AMF communities and their connection to soil health in mango orchards located in Baise city of the Guangxi Zhuang Autonomous Region of China.




2 Materials and methods



2.1 Sample collection

In November 2022 (autumn) and May 2023 (spring), the root samples with attached rhizosphere soil were collected from two mango orchards differed in age (10 and 28 years) located in Baise City, Guangxi Zhuang Autonomous Region, China. One orchards is situated in Baiyu Town (BY), Tianyang District (106°22′14″–107°08′32″ E, 23°28′20″–24°06′55″ N) characterized by an average annual temperature ranging from 18 to 22 °C, yearly rainfall between 1,100 and 1,250 mm, a frost-free duration of 307 to 352 days, and a total annual sunshine of 1,906.6 hours. The second orchard is located in Yongle Town (YL), Youjiang District (106°07′–106°56′ E, 23°33′–24°18′ N) characterized by an average annual temperature of 22 °C, total annual precipitation of 1,350 mm, a frost-free period of 360 days, and an annual sunshine duration of 1,633 hours. There is a significant heterogeneity in the geographical and climatic conditions between the two sampling sites, which is conducive to analyzing the construction of AMF communities and the temporal and spatial patterns of their responses to environmental factors. Five independent replicate samples were collected from 10-and 28-year-old mango plantations respectively (Supplementary Table 1), reducing the interference of microhabitat heterogeneity and meet the sample size requirements for subsequent statistical tests. The sample names in this study are as follow: C_BY10, 10yr old orchard in Baiyu Town during spring; C_BY28, 28yr old orchard in Baiyu Town during spring; C_YL10, 10yr old orchard in Yongle Town during spring; C_YL28, 28yr old orchard in Yongle Town during spring; Q_BY10, 10yr old orchard in Baiyu Town during autumn; Q_BY28, 28yr old orchard in Baiyu Town during autumn; Q_YL10, 10yr old orchard in Yongle Town during autumn; Q_YL28, 28yr old orchard in Yongle Town during autumn. In order to collect root samples through the five point sampling method, we first removed large gravel, dead branches, and leaves from the surface to ensure that the collected samples can truly reflect the rhizosphere soil conditions and avoid interference from debris. Next, excavate the roots to a depth of 5-30 cm, and then gently knock off the root with attached rhizosphere soil that is tightly bound to the root system and place it in a sterile bag. After the soil was bought back to the laboratory, the rhizosphere soil was collected in accordance with the methods described by Hussain et al. (2024). It was then divided into two parts, with one part used for DNA extraction and subsequent AMF molecular identification, and the other part for the analysis of soil chemical properties.




2.2 Determination of soil chemical properties

The soil chemical properties were determined according to soil agrochemical analysis (Bao, 2000). Soil pH was determined by electrode method. The contents of total nitrogen (N), total phosphorus (P) and total potassium (K) in soil were determined by Kjeldahl method, perchloric acid sulfuric acid method and alkali fusion atomic absorption spectrometry, respectively. The contents of alkali hydrolyzed nitrogen (HN), available phosphorus (AP) and available potassium (AK) were determined by alkali hydrolysis diffusion method, sodium bicarbonate extraction - molybdenum antimony anti colorimetry method and ammonium acetate extraction - Flame photometric method, respectively. Organic matter (OM) content was determined by potassium dichromate external heating method.




2.3 DNA extraction, PCR amplification and Illumina sequencing

The DNA from rhizosphere soil was extracted using the cetyltrimethylammonium bromide (CTAB) method to examine AMF communities as described previously (Yurkov et al., 2023), due to its cationic detergent properties that effectively bind and precipitate polysaccharide-protein complexes, particularly suitable for complex soil environments containing humic acids and inhibitors. After adjusting the DNA concentration to 20 ng/µL, the AMF 18S rDNA region was amplified using the specific barcoded primers AMV4.5NF (5’-AAGCTCGTAGTTGAATTTCG-3’) and AMDGR(5’- CCCAACTATCCCTATTAATCAT-3’) in a Veriti thermal cycler (Applied Biosystems). The PCR reaction mixture (20 µL) includes: 5 × fastpfu buffer 4.0 µL, 2.5 mmol/L dNTPs 2.0 µL, 5 µmol/L upstream and downstream primers 0.8 µL, fastpfu polymerase 0.4 µL, BSA 0.2 µL, template DNA 0.01 µL, ddH2O make up to 20.0 µL. Amplification procedure: pre-denaturation at 95 °C for 3 min; 35 cycles were performed at 95 °C for 30 s, 55 °C for 30 s, and 72 °C for 45 s; extend at 72 °C for 10 min. The amplified product from PCR was purified with the PCR Clean-Up Kit (YuHua, Shanghai, China), and the final concentration of the DNA was determined by Qubit 4.0 (Thermo Fisher Scientific, USA). Finally, the paired-end sequencing was performed using the Illumina Nextseq 2000 platform by Majorbio Bio-Pharm Technology Co. Ltd. (Shanghai, China). The raw sequencing reads were deposited into the NCBI Sequence Read Archive (SRA) database (Accession Number: PRJNA1224724).




2.4 Bioinformatics analyses of amplicon sequencing

Quality control on double-ended raw sequencing data is carried out using the fastp software tool (https://github.com/OpenGene/fastp, Version 0.19.6). The sequencing reads were merged using FLASH (http://www.cbcb.umd.edu/software/flash, Version 1.2.11) and the resulting high-quality sequences were then de-noised using DADA2. The classification of amplicon sequence variants (ASVs) was carried out utilizing the Naive Bayes consensus taxonomy classifier that is integrated into QIIME2. The calculations for rarefaction curves and alpha diversity metrics, such as the Sobs and Shannon indices, were performed using Mothur version 1.30.1. The Wilcoxon rank sum test was employed to assess the differences in alpha diversity among the groups. To determine the relative significance of certainty and randomness in the AMF community assembly, we applied a zero model (999 randomizations) for calculating the β-nearest taxonomic unit index (β NTI) through the R package ‘icamp’. The analysis of microbial typing conducted based on the proportion of the microbial community at a chosen classification tier, utilizing the Jensen Shannon Distance (JSD) for equidistant calculations and applying PAM (Partitioning Around Medoids) for clustering. The Calinski Harabasz index is employed to determine the ideal number of clusters (K), followed by principal coordinates analysis (PCoA, K ≥ 2) for visualization purposes. This analysis is performed using R version 3.3.1 with the packages ‘ade4’, ‘cluster’, and ‘clusterSim’. Venn diagram was created using the R package VennDiagrams. Circos diagrams was created using Circos-0.67-7 (http://circos.ca/). Species differential analysis was performed using R package ‘stat’ and the Wilxocon rank sum test was used to identify the differences in mean values of different groups. We then conducted a distance-based redundancy analysis (db-RDA) to assess the influence of soil chemical properties on the community structure of AMF in the soil. A numerical matrix was created by evaluating the correlation coefficient of environmental factors in relation to selected species and presented visually as a heatmap. The functional prediction of 18S rDNA sequencing reads was performed using PICRUSt2.





3 Results



3.1 Analysis of chemical properties of rhizosphere soil in mango orchard

The chemical properties of rhizosphere soil in mango orchards with different seasons, planting locations, and planting years exhibited strong heterogeneity (Supplementary Tables 2, 3). The differences in various indicators between spring (C_BY10, C_BY28, C_YL10 and C_YL28) and autumn (Q_BY10, Q_BY28, Q_YL10 and Q_YL28) did not show a clear consistent pattern, with only the OM content in autumn being significantly lower than that in spring. For the same production area, the soil fertility varies with different planting years. The N and OM content in the 28 year old plantation (C_BY28) were significantly higher than those in the 10-year plantation (C_BY10). In Yongle Town, the K content in the 28 year old plantation (Q_YL28) was more than that in the 10-year plantation (Q_YL10). With an increasing planting year, the content of N, OM, K and other nutrients in the soil increased. There were differences in soil fertility indicators between mango orchards in Baiyu Town and Yongle Town. The soil pH of sample C_BY28 was higher than that of C_YL28. The N content of C_YL10 was more than that of C_BY10, and the N content of Q_YL28 was high than that of Q_BY28. The P content of Q_BY10 was more than that of Q_YL10. However, the K content in Yongle Town was significantly higher than that in Baiyu Town. In addition, the AP content in Baiyu Town in autumn was more than that in Yongle Town. After 10 years of planting, the AK content in Baiyu Town was high than that in Yongle Town. This indicates that the chemical properties of the rhizosphere soil in mango orchards vary depending on the planting location, which may be closely related to agronomic measures such as fertilization.




3.2 Alpha diversity, community structure and microbial typing analysis

The total reads retrieved from the sequencing data were enough to reflect the vast majority of microbial diversity information in the sample (Supplementary Figure 1). In addition, the Coverage Index of each sample was close to 1, indicating that the sequencing results covered all microbial groups in the sample, providing enough data for downstream analysis (Supplementary Figure 2). The findings from the Rank Abundance curve indicated that the different seasons (spring and autumn), planting years (10 years and 28 years), and locations (BY and YL) may have important impacts on the relative abundance distribution of microorganisms at the genus level (Supplementary Figure 3). The Sobs index values in C_YL28 was lowest as compared to C_BY28, indicating a relative significant different between two 28-years-old mango orchards (Figure 1A). The Sobs index values for sample Q_BY28 was also highest than that of Q_YL28, suggesting that despite the seasonal variations, these orchards hosted distinct groups of microbial species. Furthermore, the results of the Shannon index (Figure 1B) showed that the sample Q_BY28 had highest AMF diversity than that of C_YL28 and C_YL10, indicating that AMF diversity is relatively low and the evenness of species distribution is not uniform. The results of β-NTI analysis (β-Nearest Taxon Index analysis) showed that the range of β-NTI values for each sample was -1.22~1.71, within the range of |β-NTI |<2, indicating that stochastic processes dominate the assembly of AMF communities in the rhizosphere soil of mango orchards, and they may have different response modes when facing environmental changes (Figures 1C, D).

[image: Four-panel scientific figure showing: (A) bar chart of Sob's index at ASV level by sample group with significant differences marked; (B) bar chart of Shannon index at ASV level with significant differences; (C) violin plots displaying β-NTI distribution across sample groups; (D) stacked bar chart of relative importance for ecological processes including homogeneous selection, heterogeneous selection, dispersal limitation, homogeneous dispersal, and drift with purple representing drift being most dominant.]
Figure 1 | Diversity and community structure of AMF community in mango rhizosphere soil. (A) Sobs index of AMF in rhizosphere soil of mango orchard, (B) Shannon index of AMF in rhizosphere soil of mango orchard, and (C) Analysis of β-NTI community structure of AMF in rhizosphere soil of mango orchard. (D) Relative importance of different ecological processes of mango rhizosphere AMF community. Note: 0.01<P ≤ 0.05 is marked as *, 0.001<P ≤ 0.01 is marked as * *, the same applies below. C_BY10, 10yr old orchard in Baiyu Town during spring; C_BY28, 28yr old orchard in Baiyu Town during spring; C_YL10, 10yr old orchard in Yongle Town during spring; C_YL28, 28yr old orchard in Yongle Town during spring; Q_BY10, 10yr old orchard in Baiyu Town during autumn; Q_BY28, 28yr old orchard in Baiyu Town during autumn; Q_YL10, 10yr old orchard in Yongle Town during autumn; Q_YL28, 28yr old orchard in Yongle Town during autumn.

The results of microbial typing analysis at the genus level showed that the AMF community in the rhizosphere of mango orchards was mainly divided into two dominant types (type 1, type 2). Within the confidence interval, the samples of type 1 were concentrated at the sampling point of YL origin, and the samples of type 2 were concentrated at the sampling point of BY origin, indicated that the sampling points of YL origin and BY origin each have one dominant microbial community (Figure 2). Among them, the sample size in type 1 was larger than that in type 2, suggesting that type 1 may contain some microbial genera with strong competitiveness, which may be in a relatively advantageous position in the community and play important roles in ecological processes such as nutrient transformation and organic matter decomposition. Type 2 may represent another microbial genus with different ecological strategies, with relatively low abundance in the community, but may still have irreplaceable functions in certain special ecological niches or specific ecological processes.

[image: Principal component analysis (PCA) scatter plot with points representing various groups, colored according to the legend on the right. Two ellipses labeled type1 and type2 enclose clusters of points, indicating groupings. Dashed lines connect cluster centroids to individual points, with axes labeled PC1 and PC2.]
Figure 2 | Microbial community typing analysis of AMF in rhizosphere soil of mango orchard. C_BY10, 10yr old orchard in Baiyu Town during spring; C_BY28, 28yr old orchard in Baiyu Town during spring; C_YL10, 10yr old orchard in Yongle Town during spring; C_YL28, 28yr old orchard in Yongle Town during spring; Q_BY10, 10yr old orchard in Baiyu Town during autumn; Q_BY28, 28yr old orchard in Baiyu Town during autumn; Q_YL10, 10yr old orchard in Yongle Town during autumn; Q_YL28, 28yr old orchard in Yongle Town during autumn.




3.3 AMF community composition analysis in rhizosphere soil of mango orchard

AMF community in the rhizosphere soil of mango orchards shared three genera across samples, namely Glomus, Sclerocystis, and unclassified_f_Glomeraceae (Supplementary Figure 4A). There were no unique genera observed in each sample. While at the species level, there were a total of 5 dominant AMF molecular virtual species shared between samples, including sp.VTX00387, sp.VTX00400, unclassified_g_Glomus, S. sinuosa, and unclassified_f_Glomeraceae (Supplementary Figure 4B). The construction of the Circos plot at the genus level showed that the Glomus genus dominates the AMF community (Supplementary Figure 5A). The average relative abundance of Glomus and Sclerocystis was significantly different among the groups, with p-values of 0.01316 and 0.01922, respectively (Figure 3).

[image: Horizontal bar chart comparing mean proportions of Glomus and Sclerocystis by group, with bars colored according to group labels in the legend. Significant p-values are 0.01316 for Glomus and 0.01922 for Sclerocystis. Labels include C_BY28, C_BY10, C_YL28, C_YL10, Q_BY28, Q_BY10, Q_YL28, and Q_YL10. Mean proportion percentages are shown on the x-axis.]
Figure 3 | Differences in relative abundance of AMF in rhizosphere soil of mango orchard (genus level). C_BY10, 10yr old orchard in Baiyu Town during spring; C_BY28, 28yr old orchard in Baiyu Town during spring; C_YL10, 10yr old orchard in Yongle Town during spring; C_YL28, 28yr old orchard in Yongle Town during spring; Q_BY10, 10yr old orchard in Baiyu Town during autumn; Q_BY28, 28yr old orchard in Baiyu Town during autumn; Q_YL10, 10yr old orchard in Yongle Town during autumn; Q_YL28, 28yr old orchard in Yongle Town during autumn.

At the species level (Supplementary Figure 5B), the molecular virtual species sp.VTX00387 was the main dominant species in sample C_YL10, with a sequence proportion of up to 61.94%. Further statistical analysis showed that the difference between sample C_YL10 and sample C_BY28 has reached an extremely significant level, which means that there was a fundamental difference in the existence of sp.VTX00387 between these two samples. At the same time, there were significant differences between sample C_YL10 and samples C_BY10, Q_BY28, and Q_BY10; and between Q_YL10 and C_BY28, reflecting variation in the abundance or activity of the strain in these different sample environments (Figure 4A).

[image: Bar chart with two panels comparing proportions of sequences for different samples. Panel A shows sp. VTX00387 with significant differences among bars marked by asterisks, with the highest proportion in sample C_YL10. Panel B shows S. sinuosa, with significant differences indicated by asterisks, and sample Q_BY10 having the highest proportion. Both panels use color to distinguish samples, and statistical significance is denoted by asterisks.]
Figure 4 | Proportion of sequences of two dominant AMF genera associated with mango rhizosphere soil. (A) The proportion of sequences of sp. VTX00387, and (B) S. sinuosa in mango rhizosphere soil. Note: 0.01<P ≤ 0.05 is marked as *0.001<P ≤ 0.01 is marked as **P ≤ 0.001 is marked as *** the same applies below. C_BY10, 10yr old orchard in Baiyu Town during spring; C_BY28, 28yr old orchard in Baiyu Town during spring; C_YL10, 10yr old orchard in Yongle Town during spring; C_YL28, 28yr old orchard in Yongle Town during spring; Q_BY10, 10yr old orchard in Baiyu Town during autumn; Q_BY28, 28yr old orchard in Baiyu Town during autumn; Q_YL10, 10yr old orchard in Yongle Town during autumn; Q_YL28, 28yr old orchard in Yongle Town during autumn.

For S. sinuosa, sample Q_BY10 was a dominant sample, with a sequence proportion of 38.00% and there was a significant difference between sample Q_BY10 and samples C_YL10 and Q_YL10, indicating that the distribution of this species in different samples was not random, but was constrained by specific environmental conditions, resulting in significant differences in its proportion in different samples (Figure 4B). Further analysis revealed a negative correlation between the sequence proportions of sp.VTX00387 and S. sinuosa in each sample. In the AMF microbial community of mango orchard rhizosphere soil, the proportions of sp.VTX00387 and S. sinuosa were in a “competitive” state. When the proportion of sp.VTX00387 decreased, the proportion of S. sinuosa increased (Figures 4A, B).




3.4 Correlation analysis of AMF in rhizosphere soil of mango orchard

At the species level, the db-RDA (distance-based redundancy analysis) analysis of AMF and soil chemical properties in the rhizosphere soil of mango orchards revealed that the two axes of RDA explained 20.78% of the variation in the AMF community, indicating a certain degree of correlation between soil chemical properties and the AMF community (Figure 5).

[image: Scatter plot with two axes labeled CAP1 (16.02%) and CAP2 (4.76%), various colored dots representing different groups, and red vectors indicating AP, P, AK, pH, K, N, QM, and HN with a legend on the right.]
Figure 5 | db-RDA analysis of AMF and soil chemical properties in the rhizosphere of mango orchard. C_BY10, 10yr old orchard in Baiyu Town during spring; C_BY28, 28yr old orchard in Baiyu Town during spring; C_YL10, 10yr old orchard in Yongle Town during spring; C_YL28, 28yr old orchard in Yongle Town during spring; Q_BY10, 10yr old orchard in Baiyu Town during autumn; Q_BY28, 28yr old orchard in Baiyu Town during autumn; Q_YL10, 10yr old orchard in Yongle Town during autumn; Q_YL28, 28yr old orchard in Yongle Town during autumn.

Further analysis reveals that the canonical Axis 1 (CAP1) coefficient of K was 0.9976, indicating that K had a strong explanatory power for changes in microbial community structure, explaining nearly 54.18% of the induced changes (Supplementary Table 4). Correlation analysis between AMF and soil chemical properties showed a positive correlation of sp.VTX00387 with K content, and a negative correlation with P, AP, and AK contents (Figure 6). There was a positive correlation between S. sinuosa and the contents of P, AP, and AK, and a negative correlation between S. sinuosa and the K content.

[image: Heatmap showing correlations between soil parameters (pH, OM, N, P, K, HN, AP, AK) and various fungal genera, with color gradients from red (positive correlation) to blue (negative correlation) and significance marked by asterisks. A color legend and genus labels are included.]
Figure 6 | Spearman correlation heatmap of AMF and soil chemical properties in the rhizosphere of mango orchard. * 0.01 < P ≤ 0.05, ** 0.001 < P ≤ 0.01, *** P ≤ 0.001.




3.5 Functional prediction of AMF in rhizosphere soil of mango orchard

Based on the 18S rDNA marker gene sequences, PICRUSt2 was used to predict the function of AMF in the rhizosphere soil of mango orchards (Figure 7). The results showed that the functions of each AMF sample were mainly enriched by the metabolic pathway 3.6.1.3 (Adenosine Triphosphatase, ATPase). From the perspective of correlation with soil elements, the ATPase function of sp.VTX00387 was more focused on promoting the absorption, transport, and potassium-related metabolic processes of the K element, thus exhibiting a positive correlation with K content. The ATPase function of S. sinuosa was more conducive to the utilization and transformation of phosphorus elements and their related forms (such as AP and AK), and was positively correlated with the contents of P, AP, and AK. This difference in ATPase function towards different soil elements directly leads to their different strategies for resource acquisition.

[image: Heatmap visualizing gene expression data with rows labeled by gene identifiers and columns representing experimental conditions or samples. Color gradient from blue to red indicates expression levels, with blue representing low and red representing high expression. A legend and colored bars differentiate sample groups, and a scale bar quantifies expression values.]
Figure 7 | PICRUSt2 functional prediction heatmap of AMF in rhizosphere soil of mango orchard. C_BY10, 10yr old orchard in Baiyu Town during spring; C_BY28, 28yr old orchard in Baiyu Town during spring; C_YL10, 10yr old orchard in Yongle Town during spring; C_YL28, 28yr old orchard in Yongle Town during spring; Q_BY10, 10yr old orchard in Baiyu Town during autumn; Q_BY28, 28yr old orchard in Baiyu Town during autumn; Q_YL10, 10yr old orchard in Yongle Town during autumn; Q_YL28, 28yr old orchard in Yongle Town during autumn.





4 Discussion

AMF enhances the absorption of water and nutrients by symbiotic plants through various pathways. In this study we found that N, K, OM and other nutrients content in the 28 year old plantation were significantly higher than those in the 10-year plantation (Supplementary Table 3). AMF mycelium can extend into soil pores over time which is difficult for plant roots to reach, thereby establishing a mycorrhizal network and expanding the absorption range of plant roots. The hyphae of AMF have high affinity and can efficiently uptake phosphorus from soil, and transport phosphorus into plant cells through specific transport proteins. In addition, AMF can help plants absorb various nutrients such as N, zinc, and copper, resulting in improved plant growth (Govindan et al., 2020; Zhang et al., 2023). Leguminous plants have a high affinity for AMF and can quickly be infected and establish a good symbiotic relationship with AMF, thereby promoting the formation and function of mycorrhizal networks (Wu and Cui, 2016; Chen and Zeng, 2016). When facing pathogen invasion, microbes can also induce a series of defense responses in plants, activate the expression of defense related genes, synthesize and accumulate disease-related proteins, phytohormones and other substances, and enhance the plant’s disease resistance (Ma et al., 2024; Ye et al., 2024; Hussain et al., 2025).

Currently, the development and utilization of AMF in mangoes is not comprehensive and systematic enough. This study utilized high-throughput amplicon sequencing to decipher AMF community in the rhizosphere soil of two mango orchards from different seasons and different planting years to obtain a comprehensive understanding of AMF community composition. The planting year has a certain impact on the diversity and structure of soil AMF communities. Previous studies showed that the number of AMF OTUs in the rhizospheric soil of three-year-old Panax notoginseng was significantly higher than that in the rhizospheric soils of one- and two-year-old P. notoginseng (Pei et al., 2023). Similarly, there were significant differences in the richness and community structure of root AMF in P. notoginseng at different planting ages. As the planting age increased, the AMF richness was gradually decreased (Yang et al., 2023). We observed the absolute dominance of genus Glomus in AMF community (Figure 3), which was the dominant genus and the focus of functional AMF development in previously studies (Wang et al., 2011; Song et al., 2020). Chen et al. (2024) also previously found that the dominant AMF genus in the rhizosphere soil of lavender was Glomus, and its OTUs number gradually decreased with increasing planting years (Chen et al., 2024). Glomus is a common dominant genus in the rhizospheric soil of Siraitia grosvenorii, and its average relative abundance increases with the increase in the number of consecutive planting years (Yu et al., 2023). However, we found no significant effect of the planting years on the richness and diversity of AMF in mango rhizosphere soil. This indicates that the AMF community in mango rhizosphere soil can maintain a relatively stable state over a long period of time and did not experience drastic fluctuations due to the extension of planting years. This also implies that AMF has formed a stable adaptive mechanism during its long-term symbiotic evolution with mangoes, which can maintain population size and community structure through its own physiological regulation and ecological strategies.

In this study, Glomus had a relative abundance of 53.39% to 86.33% in the mango orchards (Figure 3). This may be due to the more diverse reproductive methods of Glomus, which gives it a stronger ability to infect plants compared to other genera (Hassan et al., 2011; Govindan et al., 2020; Silvana et al., 2020; Wang et al., 2021), indicating a closer mutualistic relationship between Glomus and mangoes compared to other genera. However, the results of dominant AMF species in the rhizosphere soil of mango orchards in different regions were not consistent. The dominant AMF molecular virtual species in the YL sampling point was sp. VTX00387 belonging to Glomus genus, whereas, the dominant species of AMF at the BY sampling point was S. sinuosa in the genus Sclerocystis (Figure 4). These changes in species dominance could be related to different geographical environments or mango orchard management measures (Rasmussen et al., 2018). In addition, many AMF ASVs have not been identified to the species level, and most were belonged to unclassified_f_Glomeraceae, indicating that there may be new genera or species belonging to unclassified_f_Glomeraceae in the rhizosphere soil of mango orchards.

Geological and climatic conditions are known as the important determining factors affecting AMF communities. However, at the regional scale, soil type, soil pH, and ecological type are the main driving factors. Compared to biological factors (host species), abiotic factors are the most important driving factors determining AMF communities in semi-natural grassland ecosystems in Europe (Van Geel et al., 2017). Vast majority of the AMF studies are mainly performed on annual or perennial herbaceous plants, but there have been relatively less research on the AMF community in the rhizosphere of woody plants, especially fruit trees (mangoes). In this study, there were significant differences in the richness and diversity of AMF in mango rhizosphere soil between sampling points in different regions. Our results found that P, K, AP, and AK had a significant impact on AMF diversity in mango rhizosphere soil (Figure 6; Supplementary Tables 2, 3). Among various types of AMF, sp.VTX00387 showed a positive correlation with soil K content. This means that in areas with abundant soil K content, sp.VTX00387 can more effectively utilize K elements to meet the needs of its own growth, metabolism, and reproduction, thereby occupying a relatively advantageous position in the microbial community. However, the strain showed a negative correlation with P, AP, and AK content. This phenomenon suggests that sp.VTX00387 may face growth limitations or intense competitive pressure in soil environments with high P, AP, and AK contents. It is speculated that the reason for this may be that under conditions where these elements are abundant, other microorganisms (such as S. sinuosa) have higher utilization efficiency for P, AP, and AK, thereby compressing the living space of sp.VTX00387 and leading to a decrease in its relative abundance in the corresponding area. On the contrary, S. sinuosa is positively correlated with the content of P, AP, and AK, which fully indicates its strong adaptability and competitive advantage in soil environments enriched with these elements, and can fully utilize these resources to maintain its own growth and reproduction. The negative correlation between S. sinuosa and K content indicates that it may be at a relative disadvantage in areas with higher K content. This may be due to the relatively weak ability of S. sinuosa in K uptake or metabolism, or it may be inhibited by competition from microorganisms with stronger K utilization abilities, such as sp.VTX00387. Previously, it was hypothesized that the chemical properties of rhizosphere, as a key ecological factor, have a complex impact on the types, diversity, and richness of AMF in mango rhizosphere soil (IIA, A. E. S, 2021; Zhao et al., 2024). Overall, the structure and composition of AMF community in mango rhizosphere soil were not affected by planting years and seasonal changes, but are mainly influenced by soil chemical properties.

This study found that the distribution pattern of AMF community structure in mango rhizosphere soil (such as dominant AMF molecular virtual species sp.VTX00387 and S. sinuosa) is mainly driven by soil P, K and their available forms (AP, AK), rather than planting years or seasonal changes (Figure 6). These results conclusively provide a key ecological basis for the targeted development of AMF in microbial fertilizers. Soil nutrient characteristics should be the core decision-making parameters for microbial agent compatibility and application strategies. From the perspective of future microbial fertilizer development, sp.VTX00387 can be developed into microbial fertilizers dominated by K elements. For soils with low K content, especially the red soils (pH4.5-5.5) widely distributed in the main mango-producing areas of southern China, the sp.VTX00387 can be used as the microbial fertilizer component in a soil amendment. To address weak potassium retention capacity caused by the leaching of Ca2+ in acidic soils, the sp.VTX00387 can be applied in conjunction with mineral fertilizer composed of calcium, magnesium and phosphate. Especially in soils with poor potassium mobility, AMF can overcome the diffusion limitations of potassium in the soil through the extension of mycelia, prevent secondary loss of K+ resulting from factors like soil solution flow. Such strategy utilizing multi-level synergistic mechanism of activation-absorption-transport can rapidly transports the absorbed K+ to the vicinity of the mango root system, making it available for absorption and utilization by the trees. It has the potential to systematically alleviate the supply-demand contradiction of K elements in the acidic soils of the mango-producing areas in southern China. Similarly, S. sinuosa can be developed to a microbial fertilizer with P as the main element, while balancing K. In some soils with high P contents but low utilization efficiency, such as those where long-term application of P fertilizer leads to its accumulation, the use of microbial fertilizers containing S. sinuosa can promote the transformation and utilization of insoluble P in the soil, improve the utilization efficiency of soil P resources, reduce P waste and environmental pollution (Cruz-Paredes et al., 2021). This addresses the issue of high phosphorus content and low utilization in acidic soil by relying on mycelial networks to achieve the synergy of phosphorus and potassium, providing microbial solutions for the sustainable nutrient management in southern China mango plantations. Although sp.VTX00387 and S. sinuosa have shown clear correlation with soil P and K, their future commercialization still requires the establishment of a life cycle assessment system (LCA) for AMF functional strains, the development of soil nutrient AMF community, crop phenotype intelligent matching algorithms, and the precise release of microbial agents.




5 Conclusion

Our results showed that planting years and seasonal changes had minor impact on the structure and composition of AMF in mango rhizosphere soil, while soil chemical properties such as P, K, and their available content were major factors correlating with the AMF composition at two different mango orchards. A total of 733 ASVs were obtained from the rhizosphere soil of mango orchards, and 7 species of AMF belonging to 5 genera and 3 families were identified. Among them, Glomus was the absolute dominant genus in the mango AMF community, with a relative abundance of 53.39%~86.33%, followed by Sclerocystis. Differentiation analysis indicated that the molecular virtual species sp.VTX00387 in the Glomus genus and S. sinuosa in the Sclerocystis genus were the dominant AMF species in the mango rhizosphere. The sp.VTX00387 was positively correlated with K content and negatively correlated with P, AP, and AK. The high abundance of sp.VTX00387 and S. sinuosa in the rhizosphere make them ideal candidate for specialized microbial fertilizers. This study provides a theoretical basis and a reserve of strain resources for regulating nutrient dynamics in mango orchards to improve mango trees health and productivity.
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Soil microbes offer various benefits to plants, including induced systemic resistance and growth promotion, with some functioning as biocontrol agents. Although the role of microbial consortium in microbiota function was recently elucidated, the production of a specific determinant through microbial cooperation for plant protection against insect infestation has not been demonstrated to date. Here, we report that a synthetic community (SynCom) comprising four Gram-positive bacteria could protect pepper plants from aphid infestation under greenhouse and field conditions. Headspace solid-phase microextraction-gas chromatography mass spectrometry analysis of the determinants produced by the four bacteria during co-cultivation led to the de novo detection of a volatile compound, 1-nonanol. Drench application of 1 mM 1-nonanol reduced aphid infestation. Taken together, our results suggest that SynCom and its volatile compound can effectively attenuate insect infestation. This is the first case study demonstrating how a volatile compound synthesized in the rhizosphere soil by bacteria protects plants against invasion by a sucking insect pest.
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1 Introduction

In nature, microbial colonization in the rhizosphere soil facilitates plant adaptation to various environments by promoting plant growth (Zablotowicz et al., 1991; Hayat et al., 2010), enhancing abiotic stress tolerance (Yang et al., 2009), and defending plants against pathogen invasion (Kloepper et al., 2004; Berendsen et al., 2012; Kwak et al., 2018; Lee et al., 2021). Certain rhizobacteria act as bioprotectants and biofertilizers by protecting plants from diseases and enhancing crop yield (Kloepper et al., 2004; Berg, 2009). Traditionally, beneficial bacterial species have been applied individually to agricultural fields; however, their effectiveness as bioprotectants and biostimulants has often been unstable. This instability under field conditions is attributed to the complex microbial interactions within natural communities (Martins et al., 2023). To address this issue, the co-inoculation of multiple bacterial species that mimic the natural microbiota, known as synthetic communities (SynComs), has recently been proposed (Vorholt et al., 2017; Durán et al., 2018; Martins et al., 2023).

The construction of SynComs can be achieved through the random selection of various natural isolates or through the integrated prediction of microbiota and plant phenotypes based on in silico approaches, such as metagenome sequencing (Martins et al., 2023). Accounting for microbial interactions is essential for SynCom construction. Microbial interactions among SynCom members, as well as those between SynCom members and native microbiota, play a crucial role in the overall functioning and stability of SynComs in nature (Lee et al., 2024). Recently, in addition to identifying keystone taxa important for the functionality and stability of SynComs, identifying rare taxa with relatively low abundance has been recognized as an essential consideration for ensuring the full activity of SynCom members (Jousset et al., 2017; Carlström et al., 2019; Lee et al., 2021; Xiong et al., 2021; Kim et al., 2023; Lee et al., 2024). In recent studies, diverse SynComs were constructed to investigate plant-microbiome interactions for causality determination, yet the chemical determinants underlying SynCom functionality remain largely unknown.

Microorganisms do not exist individually in nature, rather in multi-species communities, where biological diversity leads to chemical diversity (Martins et al., 2023). The chemicals produced by microbes include volatile and non-volatile secondary metabolites. A key feature of volatiles is their ability to travel long distances through air and soil, making them effective mediators of microbe-microbe or plant-microbe interactions (Ryu et al., 2003, 2004; Cernava et al., 2015; Silva Dias et al., 2021; Weisskopf et al., 2021). Bacterial volatiles, including 2,3-butanediol and acetoin, are known to promote plant growth and activate plant immunity (Garbeva and Weisskopf, 2020; Silva Dias et al., 2021; Gfeller et al., 2022; Almeida et al., 2023; Singh et al., 2024; Belt et al., 2025). For instance, 2,3-butanediol released by Bacillus velezensis strain GB03 (previously Bacillus amyloliquefaciens) was first reported to enhance plant growth and immunity in Arabidopsis thaliana (Ryu et al., 2003, 2004). Subsequent studies reported that bacterial volatile compounds protect host plants against microbial pathogens, including viruses, bacteria, and fungi, as well as insect pests (Cortes-Barco et al., 2010; Song and Ryu, 2013; Kong et al., 2018; Gfeller et al., 2022; Jung et al., 2023; Singh et al., 2024; Belt et al., 2025). Previously, most studies investigating the beneficial effects of volatiles focused on single bacterial species. Consequently, little is known about the biosynthesis of volatile compounds by SynCom for crop protection. However, a recent study reported differences in volatile composition between bacterial monocultures and mixed cultures (Schulz-Bohm et al., 2015). In addition, loss of the unique functionality of microbial volatiles was observed when specific taxa were absent from a microbial community (Hol et al., 2015). Thus, these data suggest the potential for the biosynthesis of specific volatile(s) that determine the functionality of SynCom.

Previously, based on the microbiome analysis of rhizosphere soil in tomato (Solanum lycopersicum L.) fields, we constructed a protective SynCom comprising four Gram-positive bacteria, namely, Brevibacterium frigoritolerans HRS1, Bacillus niacini HRS2, Solibacillus silvestris HRS3, and Bacillus luciferensis HRS4 (Lee et al., 2021). This SynCom efficiently reduced the occurrence of bacterial wilt disease, caused by Ralstonia pseudosolanacearum, in tomato by activating plant immunity (Lee et al., 2021). A complete combination of SynCom with keystone taxa and rare taxa can induce the full activation of plant immunity in tomato. However, the ability of SynCom to control naturally-occurring plant diseases and insect pests and the SynCom-derived determinants involved in this process remain largely unknown.

The aim of the present study is to investigate the biocontrol activity of the SynCom under field conditions. To validate this, we applied the SynCom to the root system of pepper plants instead of tomato plants, as tomatoes are generally cultivated in greenhouse conditions in S. Korea. Drenching application of SynCom effectively protects pepper (Capsicum annum L.) plants against aphid (Myzus persicae L.) infestation, even under field conditions. Compared with individual bacterium inoculations, the SynCom treatment showed higher biocontrol activity against aphid infestation in the field. The four bacterial species when used together as the SynCom specifically produced the volatile compound 1-nonanol. Thus, our data highlight the role of a specific combination of bacterial species (HRS1 + 2+3 + 4) in the production of a unique metabolite for host plant protection.




2 Materials and methods



2.1 Plant materials

Pepper (Capsicum annum L. cv. Bulkala) seeds were sown on autoclaved soilless potting medium (Punong, Co. Ltd., Gyeongju, South Korea), containing zeolite, perlite, colored dust, and lime (pH = 4.5–7.5), in a 50-hole plastic tray (28 cm × 54 cm × 5 cm). After 7 days, pepper seedlings were transplanted in new round pots (diameter = 10 cm, height = 8.5 cm) containing autoclaved soilless potting medium. Pepper plants were grown in an environmentally controlled growth room at 25°C under fluorescent lights (approximately 7,000 lux light intensity) and 12 h light/12 h dark cycle.




2.2 Evaluation of SynCom and 1-nonanol against aphid infestation in the greenhouse

Four different Gram-positive bacteria (Brevibacterium frigoritolerans HRS1, Bacillus niacini HRS2, Solibacillus silvestris HRS3, and Bacillus luciferensis HRS4) were cultured as described previously. Briefly, four bacterial isolates were cultured on Tryptic Soy Agar (TSA, Difco Laboratories, Detroit, MI, USA) medium at 30 °C for 1 day and suspended in sterile distilled water (OD600 = 1.0). To prepare the SynCom suspension, the four strains were initially prepared at a higher concentration and then mixed in calculated volumes to achieve a final OD600 of 1.0 for each bacterium. To conduct the greenhouse experiment, 10 mL of the SynCom suspension was drenched into the root system of 3-week-old pepper plants twice a week, and the number of aphids on the aerial parts of each plant was counted at 0, 7, and 14 days after inoculation. Then, 10 mL of 1-nonanol at four different concentrations (1 μM, 10 μM, 100 μM, and 1 mM) was drenched into the root system of 3-week-old pepper plants. Drench application of 10 mL of 0.5 mM of benzothiadiazole (BTH) and sterile distilled water (SDW) served as positive and negative controls, respectively, and the number of aphids on the aerial parts of each plant was counted at 3, 4, 5, 6, and 7 days after inoculation.

Aphid (Myzus persicae L.) adults were obtained from the Department of Agro-Food Safety and Crop Protection, National Institute of Agricultural Sciences, Rural Development Administration, South Korea. Aphids were reared in a miniature plastic box (70 cm wide × 70 cm long × 80 cm tall). Then, 10 aphids were transferred onto the apex of freshly grown pepper plants using a small paint brush one week after the SynCom or 1-nonanol treatment.




2.3 Field trials

Field trials were conducted at Nonsan, Chungcheongnam-do, South Korea (36.23577°N, 127.18946°E). All necessary permits were obtained from landowners prior to the commencement of field trials. To evaluate the biocontrol activity of SynCom under typical field conditions, irrigation and fertilizer treatments were applied uniformly across all plots, including the negative control, by the farm owner, according to the environmental conditions at the experimental site throughout the entire trial period. Before transplanting, the furrows were covered with black polyethylene film to prevent weed growth. Pepper seedlings were planted 30 cm apart. After 30 days of growth, seedlings were irrigated with bacterial suspensions (OD600 = 1.0), 0.5 mM BTH, or SDW (100 mL per seedling) every 10 days, for a total of three times per month. To prepare the SynCom suspension (a mixture of HRS1, HRS2, HRS3, and HRS4), suspensions of all four strains were mixed, and the final OD600 of each bacteria was adjusted to 1.0. Each treatment was applied to four blocks, in a randomized block design (n = nine plants per treatment). For GC–MS analysis, we employed an Agilent 7890A series gas chromatograph (Agilent Technologies, Santa Clara, CA, United States).

To inoculate pepper plants, Xanthomonas axonopodis pv. vesicatoria (Xav) was cultured overnight at 28 °C in LB medium. At 2 weeks after inoculation, 500 μL of Xav (OD600 = 0.01) culture was pressure-infiltrated into the abaxial surface of pepper leaves using a needleless syringe. Seven days after inoculation, the severity of disease caused by Xav was recorded on a 0–5 scale, where 0 = no symptom; 1 = mild chlorosis; 2 = chlorosis; 3 = severe chlorosis and mild necrosis; 4 = necrosis; and 5 = necrosis with cell death (Kim et al., 2022). Each treatment was applied to four blocks, with five plants per treatment, in a randomized block design.




2.4 Evaluation of aphid infestation in pepper under field conditions

To evaluate the biological control activity of SynCom under field conditions, we measured the severity of aphid infestation at 4 weeks after treatment at the Nonsan field. The severity of aphid infestation was recorded on a 0–5 scale based on the distribution of aphids in the aboveground parts of the pepper: 0 = no infestation; 1 <25% of the pepper plant infested; 2 <50% of the pepper plant infested; 3 <75% of the pepper plant infested; 4 <100% of the pepper plant infested; and 5 = whole plant infested. Each treatment was replicated four or five times in a randomized block design (n = 36 plants per treatment).




2.5 Pepper fruit yield measurement

Fruit fresh weight per plant and number of pepper fruits per 20 plants in a row were measured at 16 weeks after transplanting, with four replications. Only red-colored fruits were harvested for market value. Total yield (g/plant) was estimated per treatment, and the total fruit weight per plant was calculated. In addition, the number of fruits per plant was recorded at each harvest, and the total harvest was then calculated as the number of fruits per plant.




2.6 Detection of de novo volatile compound production

Volatile compounds produced by the SynCom were identified by headspace solid-phase microextraction-gas chromatography mass spectrometry (HS-SPME-GC-MS). Briefly, 50 μL of each bacterial suspensions was inoculated on the TSA medium and cultured in 20-mL SPME vials at 30°C for 2 days. Suspension cultures of the four different bacterial species were mixed in different combinations (HRS1 + HRS2, HRS1 + HRS2 + HRS3, HRS1 + HRS2 + HRS4, and HRS1 + HRS2 + HRS3 + HRS4), and the final OD600 of each mixed bacterial species, as well as that of monocultures (HRS1, HRS2, HRS3, and HRS4), was adjusted to 1.0. The equipment condition of HS-SPME-GC-MS was modified using the method described previously (Song et al., 2019). Briefly, the fibers were conditioned in the GC injection port prior to use, according to the manufacturer’s instructions. A manual holder was used to handle the fibers. Separation was performed using the following program: initial temperature of 50°C with a 2-min hold, followed by ramping up to 220°C at a rate of 10°C/min with a 2-min hold. The split–splitless injection port was maintained at 280°C for volatile desorption in split mode, with a split ratio of 1:10. Helium was employed as the carrier gas at a constant flow rate of 1.0 mL/min. Volatile organic compounds (VOCs) were separated using a non-polar HP-5MS column (30 m × 0.25 mm × 0.25 µm, Hewlett Packard) with the following program: initial temperature of 40°C with a 3-min hold, followed by ramping up to 220°C at 10°C/min with a 2-min hold. The split–splitless injection port was set to 250°C in splitless mode. The MS parameters were set to the full-scan mode, with a range of 40–500 amu at a scan rate of 0.817 scan/s. The ion source temperature was 250°C, with an ionization energy of 70 eV and a mass transfer line temperature of 300°C. The retention time (tR) and mass spectrum of each VOC was compared with those of authentic standards and of volatiles from the National Institute of Standards and Technology (NIST) reference library. An in-house dedicated mass spectral library, containing the spectra of known compounds, was also used to verify the identity of the detected VOCs.




2.7 Expression analysis of defense-related marker genes in pepper leaves

Total RNA was isolated from pepper leaves collected at 8 days post-aphid inoculation, and first-strand cDNA was synthesized as previously described (Song et al., 2017). Quantitative real-time PCR (qRT-PCR) was carried out on the Chromo4 Real-Time PCR System (Bio-Rad, Hercules, CA, USA) using iQ™ SYBR® Green SuperMix (Bio-Rad), 10 pM sequence-specific primers (Supplementary Table 1) (Lee et al., 2012; Yi et al., 2013; Kong et al., 2018), and cDNA (template). The reaction conditions were as follows: an initial polymerase activation step at 95°C for 10 min, followed by 40 cycles of denaturation at 95°C for 30 s, annealing at 60°C for 30 s, and extension at 72°C for 30 s. Gene expression levels were calibrated and normalized against the mRNA level of CaActin.




2.8 Statistical analysis

Data were analyzed using analysis of variance (ANOVA) in JMP 4.0 software (SAS Institute Inc., Cary, NC, USA). Significant treatment effects were determined based on the F-value at a significance level of p < 0.05. When a significant F-value was obtained, post hoc pairwise comparisons were conducted using Fisher’s protected least significant difference (LSD) or Tukey’s honestly significant difference (HSD) test at p < 0.05. For ordinal disease severity measurements related to naturally occurring aphid infestations and Xav infections, statistically significant differences were assessed using the nonparametric Kruskal-Wallis test, followed by Dunn’s post hoc test for multiple comparisons, implemented in R (http://www.r-project.org/).





3 Results



3.1 Gram-positive bacterial SynCom reduced aphid infestation in pepper

Previously, we designed a plant-protective SynCom comprising four Gram-positive bacterial species isolated from field upland soils (Lee et al., 2021). Since the drench application of SynCom systemically elicited induced resistance in tomato plants, we wanted to test whether the drench application of SynCom can protect economically important crop plants from insect pests. The roots of pepper plants grown under greenhouse conditions were drenched with the SynCom suspension, and the population of aphids on the aboveground plant parts was assessed (Figures 1A, B). Compared with the control, drenching with 0.5 mM BTH (positive control) reduced the aphid population size by 1.8- and 2.7-fold at 7 and 14 days post infestation, respectively (Figure 1C). Similar to BTH, the drench application of SynCom also reduced the population of aphids on pepper plants by 1.7- and 1.6-fold at 7 and 14 days post infestation, respectively (Figure 1C). However, unlike BTH, the SynCom treatment did not result in a growth penalty in pepper (Supplementary Figure 1).

[image: Panel A shows an experimental workflow diagram testing SynCom and BTH on pepper plants exposed to aphids, with aphid populations counted at days zero, seven, and fourteen. Panel B features a close-up color photograph of green pepper leaves infested with small light brown aphids, including an enlarged inset detailing aphid clustering. Panel C displays box plots comparing aphid numbers per plant across SynCom, BTH, and control treatments over time, with lower aphid counts in SynCom and BTH groups. Panel D presents bar graphs of relative gene expression levels of CaPR1, CaLOX, and CaPIN2 genes, indicating significant differences among treatments.]
Figure 1 | Synthetic community (SynCom) comprising four Gram-positive bacteria reduced aphid infestation in pepper plants. (A) Experimental procedure for the aphid control assay. SynCom (10 mL) was drenched into the root system of 3-week-old pepper plants twice a week. One week after the SynCom treatment, each pepper plant was inoculated with 10 aphids. The total population of aphids on the aerial parts of plants were counted at 0, 7, and 14 days post-inoculation. (B) Photograph showing aphid infestation on the aboveground parts of pepper plants at 14 days post-inoculation. (C) Total number of aphids on SynCom-treated pepper plants. SynCom, mixture of Brevibacterium frigoritolerans HRS1, Bacillus niacini HRS2, Solibacillus silvestris HRS3, Bacillus luciferensis HRS4; BTH, 0.5 mM benzothiadiazole (positive control); SDW, sterile distilled water (negative control). Data represent mean ± standard error of the mean (SEM; n = 18 replications per treatment). Different letters indicate significant differences between treatments (P < 0.05; least significant difference [LSD] test). Diamonds and bolded lines of the boxplot are the average and median of indicated values, respectively. (D) Relative expression levels of salicylic acid signaling marker gene (CaPR) and jasmonic acid signaling marker gene (CaLOX and CaPIN2) in the leaves of pepper plants treated with 1-nonanol at 24 hour post-inoculation with aphids. Data represent mean ± SEM. Different letters indicate significant differences between treatments (P < 0.05; LSD).

SynCom activates the signaling of defense-related phytohormones, salicylic acid (SA) and jasmonic acid (JA), in tomato plants (Lee et al., 2021). To validate the activation of SA and JA signaling by SynCom treatment in pepper plants, we analyzed the expression patterns of defense-related marker genes involved in SA and JA signaling in pepper leaves at 24 hours post aphid inoculation (Figure 1D). Compared with the negative control, treatment with SynCom and BTH upregulated the expression of SA signaling marker gene CaPR1 by 2.5-fold and 2.07-fold, respectively. In addition, SynCom treatment upregulated the expression of JA biosynthesis gene CaLOX by 2.74-fold compared to control, but not BTH treatment. However, the expression of JA responsive gene CaPIN2 was downregulated by SynCom treatment compared to control. Thus, this result suggests that the SynCom treatment activates induced resistance in pepper plants against aphids.




3.2 SynCom enhanced resistance against aphids and Xav in pepper under field conditions

To test the disease control activity of the Gram-positive bacterial SynCom under field conditions, the roots of pepper plants grown at Nonsan, South Korea, were drenched with either individual bacterial suspensions or the SynCom suspension (Figures 2A, B). Among the bacterial treatments, only drenching with the SynCom suspension significantly reduced aphid infestation in pepper plants by 1.5-fold compared with the negative control (Figure 2B). In contrast, individual application of each strain did not lead to a significant reduction in aphid infestation compared with the negative control (Figure 2B). Meanwhile, treatment with BTH (positive control) reduced aphid infestation by 2.7-fold compared with the negative control (Figure 2B).

[image: Panel A shows a photo of a pepper plant marked with annotated horizontal lines and percentages indicating the upper 25, 50, and 75 percent segments. Panel B presents a bar graph comparing disease severity (scale zero to five) from aphid infestation across different treatments, with HRS1 showing the highest severity and 0.5 mM BTH the lowest, statistically significant differences indicated by asterisks. Panel C displays a similar bar graph for Xav infection, where control and HRS1 groups show the highest disease severity and 0.5 mM BTH the lowest, with significant differences marked by asterisks.]
Figure 2 | Drench application of SynCom protected pepper plants from aphid infestation and Xanthomonas axonopodis pv. vesicatoria (Xav) infection under field conditions. (A) Severity standard for aphid infestation in pepper plants in the field at Nonsan. Aphid infestation severity was recorded on a 0–5 scale, based on the proportion of aboveground tissues infested: 0 = no infestation; 1 = less than 25% of plant parts infested; 2 = 25–49% of plant parts infested; 3 = 50–74% infested; 4 = 75–99% infested; 5 = whole plant infested, resulting in plant death. (B) Severity of aphid infestation in pepper plants at 4 weeks after SynCom treatment. Data represent mean ± SEM of 10 plants with four block repeats (n = 40 replications per treatment). Asterisks indicate significant differences (*P < 0.05; **P < 0.01; ***P < 0.001; Dunn’s test). (C) Drench application of SynCom protected pepper plants against Xav infection under field conditions. Data represent mean ± SEM of five plants with three block repeats (n = 15 replicates per treatment). Asterisks indicate significant differences (*P < 0.05; **P < 0.01; ***P < 0.001; Dunn’s test). HRS1, Brevibacterium frigoritolerans HRS1; HRS2, Bacillus niacini HRS2; HRS3, Solibacillus silvestris HRS3; HRS4, Bacillus luciferensis HRS4; SynCom, mixture of HRS1–4; BTH, 0.5 mM benzothiadiazole (positive control); SDW, sterile distilled water (negative control).

Previously, we showed that the activation of induced resistance against both aphids and Xav involves the same defense signaling pathways, including SA and JA signaling (Lee et al., 2012). Thus, SynCom-mediated induced resistance led us to hypothesize that the SynCom treatment can also elicit induced resistance against Xav infection in pepper. Indeed, drenching with SynCom reduced the symptoms of bacterial spot disease, caused by Xav, on the leaves of pepper plants under field conditions (Figure 2C). SynCom application notably reduced the severity of bacterial leaf spot on pepper leaves by 1.4-fold compared to the negative control (Figure 2C). In contrast, none of the individual SynCom strains showed a significant effect on disease severity (Figure 2C). BTH achieved a significant 1.6-fold reduction compared to negative control, and its disease control efficacy was comparable to that of SynCom (Figure 2C). Taken together, these results indicate that the combination of Gram-positive bacteria (SynCom) systemically protects pepper plants from attack by insect pests and bacterial pathogens.




3.3 SynCom treatment increased fruit yield

To investigate the effect of SynCom on the fruit yield of pepper plants, we measured the weight and number of fruits harvested from SynCom-treated pepper plants in the field at Nonsan in 2019 (Figures 3A, B). Drenching with SynCom enhanced the fruit number and weight per plant by 1.5- and 1.7-fold, respectively, compared with the negative control (Figures 3A, B). The drench application of HRS4 suspension also enhanced the fruit weight per plant by 1.7-fold, but not fruit number per plant, compared with the negative control (Figures 3A, B). Treatment with HRS1, HRS2, and HRS3 suspensions individually did not affect pepper fruit number and weight. Meanwhile, drenching with BTH significantly reduced the pepper fruit yield (Figures 3A, B). Thus, SynCom treatment increased the yield of pepper fruits under field conditions.

[image: Boxplot graphic with two panels compares treatments on plant fruit production. Panel A shows fruits number per plant; panel B shows fruit weight per plant in grams. Treatments are HRS1, HRS2, HRS3, HRS4, SynCom, 0.5 mM BTH, and Control. HRS4 and SynCom yield higher fruit numbers and weights, while 0.5 mM BTH shows lowest values. Alphabetical labels indicate statistically significant differences among groups.]
Figure 3 | SynCom treatment increased pepper fruit yield. (A, B) Number (A, B) fresh weight of pepper fruits harvested from three blocks, each containing seven plants (n = 21), treated with Gram-positive bacterial species (either individually or as a mixture), BTH, and SDW. For each treatment, seven plants per block were measured and averaged, resulting in one value per block. Dots represent these block-level averages. HRS1, Brevibacterium frigoritolerans HRS1; HRS2, Bacillus niacini HRS2; HRS3, Solibacillus silvestris HRS3; HRS4, Bacillus luciferensis HRS4; SynCom, mixture of HRS1–4; BTH, 0.5 mM benzothiadiazole (positive control); SDW, sterile distilled water (negative control). Different letters indicate significant differences between treatments (P < 0.05; LSD). Diamonds and bolded lines of the boxplot are the average and median of indicated values, respectively.




3.4 De novo production of 1-nonanol by the SynCom deterred aphid infestation in pepper

To identify the determinant eliciting plant immunity against aphid infestation, we analyzed the volatiles produced by SynCom bacteria by HS-SPME-GC-MS. Previously, various combinations (dual, triple, and quadruple mixes) were tested by supplementing the core strains HRS1 and HRS2 with HRS3 and/or HRS4, and the complete combination of all four strains (HRS1 + HRS2 + HRS3 + HRS4) most effectively suppressed disease development (Lee et al., 2021). Based on this, we analyzed the volatiles emitted by single strains or various combinations in which HRS1 and HRS2 were supplemented with HRS3 and/or HRS4 (Figure 4). We selected major compounds that were detected only in the SynCom treatment, with a match quality >90% and a peak area >1%, and were not detected in the control. 1-Butanol, 3-methyl-, Octyl chloroformate, (S)-(+)-6-Methyl-1-octanol, 1-Nonanol, and Cyclodecane were detected in SynCom (Supplementary Table 2, Supplementary Figure 2). Among five major candidates, the full SynCom (HRS1 + HRS2 + HRS3 + HRS4) treatment resulted in the production of the volatile compound 1-nonanol, with a 90% matching quality of its mass spectrum in the MS library, at levels higher than those produced in other treatments (i.e., individual or other combinatorial inoculations) (Figure 4). The volatile compound 1-nonanol was also detected in the HRS4 and HRS1 + 2+4 treatments, but its abundance in the SynCom treatment was 5.1- and 13.8-fold higher, respectively, at 13.6 min (Figure 4). Since the four bacterial strains were more effective in protecting pepper plants from aphids and Xav when used altogether than when used individually, we hypothesized that 1-nonanol generated by SynCom might be a key factor in reducing plant diseases.

[image: Gas chromatography graph with retention time in minutes on the x-axis and abundance in thousands on the y-axis. Multiple colored lines represent different samples as described in the legend. An arrow highlights a peak near 13.6 minutes, corresponding to 1-nonanol, with an enlarged inset above showing the detailed peak and chemical structure for 1-nonanol.]
Figure 4 | Chromatographic profiling of volatile organic compounds (VOCs) produced by Gram-positive bacteria. GC-MS of VOCs released by Gram-positive bacteria,either individually or in different combinations. The TSA medium was inoculated with bacterial suspensions in 20-mL SPME vials and incubated at 30°C for 2 days. The graph at the top left shows the peak of 1-nonanol. HRS1 + HRS2, mixture of Brevibacterium frigoritolerans (HRS1) and Bacillus niacini (HRS2); HRS1 + HRS2 + HRS3, mixture of HRS1, HRS2, and Solibacillus silvestris (HRS3); HRS1 + HRS2 + HRS4, mixture of HRS1, HRS2, and Bacillus luciferensis (HRS4); HRS1 + HRS2 + HRS3 + HRS4, mixture of all four SynCom strains. HRS1, HRS2, HRS3, and HRS4, single inoculations of SynCom strains; Control, Tryptic Soy Agar (negative control).

To investigate the active concentration of 1-nonanol for controlling aphid infestation, we applied serially diluted concentration of 1-nonanol (1 mM, 100 μM, 10 μM, and 1 μM) to the pepper root system (Figure 5A). Drench application of 1 mM 1-nonanol significantly decreased the aphid population on pepper plants by 26.1%, 34.5%, 45.1%, 48.3%, and 38.9% at 3, 4, 5, 6, and 7 days post-inoculation, respectively compared with the negative control (Figure 5A). Significant reduction in aphid populations was also observed in the SynCom or BTH treatment at 4, 5, 6, and 7 days post-inoculation.

[image: Panel A shows a line graph comparing the number of aphids per plant over seven days post-inoculation for different treatments, with lower aphid numbers in SynCom, 1 millimolar 1-nonanol, and 0.5 millimolar BTH groups. Panel B presents three bar graphs showing relative expression levels of CaPR1, CaLOX, and CaPIN2 genes under various treatments, with significant differences indicated by different letter labels above bars.]
Figure 5 | Exogenous 1-nonanol treatment protected pepper plants from aphid infestation. (A) Effect of 1-nonanol on aphid population size. The root system of pepper plants (n = 5) was drenched with 10 mL of 1-nonanol at different concentrations (1 μM, 100 μM, 10 μM, and 1 mM). The number of aphids on the aerial parts of pepper plants was counted at 3, 4, 5, 6, and 7 days post-inoculation. Comparison of treatments at different time points (Day 3 to Day 7) was performed using repeated measures ANOVA, with Group and Time as between-subjects and within-subjects factors, respectively, followed by Tukey’s honestly significant difference (HSD) post-hoc tests for pairwise comparisons (*p < 0.05, **p < 0.01, ***p < 0.001). The experiment was repeated three times with similar results. (B) Relative expression levels of salicylic acid signaling marker gene (CaPR) and jasmonic acid signaling marker gene (CaLOX and CaPIN2) in the leaves of pepper plants treated with 1-nonanol at 24 hour post-inoculation with aphids. Data represent mean ± SEM. Different letters indicate significant differences between treatments (P < 0.05; LSD). SynCom, mixture of HRS1, HRS2, HRS3, and HRS4; 1mM, 100 μM, 10 μM, and 1 μM, 1-nonanol treated pepper; BTH, 0.5mM BTH treated pepper; Control, SDW treated pepper.

To investigate whether the SynCom-derived 1-nonanol activates defense signaling in pepper, we analyzed the expression patterns of defense-related marker genes involved in SA and JA signaling in pepper leaves at 24 hours post-inoculation (Figure 5B). Compared with the negative control, treatment with SynCom and BTH upregulated the expression of SA signaling marker gene CaPR1 by 2.52-fold, 2.09-fold, respectively. Treatment with 1 mM 1-nonanol and BTH upregulated the expression of SA signaling marker gene CaPR1 by 2.10-fold, compared with the negative control. SynCom treatment activated the expression of the JA biosynthesis gene CaLOX by 2.74-fold compared to the control, but did not affect the expression of the JA responsive gene CaPIN2. However, except for SynCom, the expression of the JA marker genes CaLOX and CaPIN2 did not up-regulated in any 1-nonanol treatments compared to negative control (Figure 5B). Meanwhile, unlike BTH, exogenous 1-nonanol treatment did not result in a growth penalty in pepper (Supplementary Figure 3). Taken together, these results suggest that the SynCom can activate SA-dependent induced resistance in pepper plants against aphids through the de novo synthesis of 1-nonanol.





4 Discussion

Rhizosphere microbiota benefit plants by enhancing their abiotic and biotic stress tolerance. While studies have explored the interactions among beneficial microbiota, the production of unique plant-protective determinants by these microbiota remains largely unknown. Here, we demonstrate that a Gram-positive SynCom and its de novo synthesized metabolite, 1-nonanol, protects pepper plants from aphid infestation under greenhouse and field conditions. The SynCom showed higher biocontrol activity against aphids and Xav compared with individual bacterial inoculations. We found that the volatile compound 1-nonanol, produced by the combination of all four Gram-positive positive bacteria (SynCom), reduced aphid infestation in pepper plants, demonstrating how this specific bacterial combination produces a unique metabolite to enhance plant defense.

Previously, the SynCom exhibited priming effects against Ralstonia pseudosolanacearum SL341, which causes bacterial wilt disease in tomato (Lee et al., 2021). Consistent with this finding, when applied as a biocontrol agent in pepper, another Solanaceae crop, the SynCom exhibited strong disease control activity against aphids under both indoor and field conditions (Figures 1, 2). In alignment with previous data, the application of all four Gram-positive bacteria (SynCom) resulted in the highest biocontrol activity compared with individual bacterium inoculations and control (Figure 2, Lee et al., 2021). Similar to resistance against aphids, the SynCom treatment also protected pepper plants against the semibiotrophic bacterial pathogen Xav (Figure 2B). Since the SynCom treatment primed SA- and JA-dependent induced resistance against R. pseudosolanacearum in tomato and aphid in pepper plant (Lee et al., 2021, Figure 1D), it is likely that the induced resistance triggered by the SynCom used in this study shares similarities with that induced against other phytopthogens and herbivores, including the sucking insect-pest aphid, Xav, and R. pseudosolanacearum (Walling, 2000; Kaloshian and Walling, 2005; Pieterse et al., 2009; Lee et al., 2012, 2021). In comparison with immune chemical triggers such as BTH, which can lead to excessive immune activation and growth penalties in plants, the SynCom not only enhanced disease resistance but also increased pepper fruit yield, suggesting that SynCom can systemically elicit induced resistance without growth penalties (Figures 1, 2; Supplementary Figure 1).

Induced resistance triggered by SynCom may be a result of the production of 1-nonanol, which protects pepper plants against aphid infestation without any growth penalties (Figures 2, 4, 5, Supplementary Figure 3). Exogenous 1-nonanol application can systemically activate the expression of genes involved in defense phytohormone (JA and SA) signaling as well as oxidative stress responses in Arabidopsis and cotton plants (Gamboa-Becerra et al., 2022; Parmagnani et al., 2023; Ni et al., 2024). Consistently, treatment with either the SynCom or exogenous 1-nonanol activated the expression of SA signaling genes in pepper leaves following infestation by the sucking insect aphid (Figures 1D, 5B), suggesting that SynCom-derived 1-nonanol is a key metabolite that elicits SA-dependent immunity against aphids in pepper. Interestingly, only SynCom treatment, not exogenous 1-nonanol alone, induced the expression of the JA biosynthetic gene CaLOX (Figure 1D). These indicates that in addition to 1-nonaol, SynCom-derived other metabolites might contribute to the activation of a more complex plant immunity against not only sucking insect but also broad spectrum of phytopathogens (Lee et al., 2021, Figure 2). Thus, while 1-nonanol serves as a key metabolite, the SynCom might activate a more complex plant immunity against broad-spectrum phytopathogens and insect pests through the combined effect of multiple metabolite(s). Traditionally, a bottom-up approach has been used to construct a plant-protective SynCom, in which the microbial characteristics of random combinations of isolated bacteria are investigated via in vitro tests, including enzymatic activity and metabolite production assays (Marín et al., 2021; Martins et al., 2023). However, the SynCom constructed using the bottom-up approach exhibits unstable activity in field conditions, possibly because of the complexity of microbial interactions within natural communities. A multispecies combination does not always result in additive or synergistic effects, and the presence or absence of specific taxa is crucial for determining the activity of the SynCom (Sanchez-Gorostiaga et al., 2019; Marín et al., 2021). The SynCom used in this study was constructed using a top-down approach, based on the microbiome analysis of natural rhizosphere soil (Lee et al., 2021). Among the members of our SynCom, HRS1 and HRS2 play key roles in activating plant immunity; however, the full activation of induced resistance against bacterial wilt disease requires the support of minor helper strains including HRS3 and HRS4 (Lee et al., 2021). Consistently, in this study, the complete SynCom combination (HRS1 + HRS2 + HRS3 + HRS4) showed maximum disease control activity against aphids and Xav in pepper plants even under field conditions (Figures 1, 2). Interestingly, the emission of 1-nonanol was significantly higher in the SynCom treatment than in individual or partial combination treatments lacking HRS3 and/or HRS4 (i.e., dual or triple combinations), suggesting that minor helper strains such as HRS3 and HRS4 play a crucial role in volatile compound biosynthesis through microbial interactions within the SynCom (Figure 4). These results demonstrate that specific microbial combinations can maximize the production of unique metabolites, offering new evidence for microbial interdependency and syntrophic interaction (Zengler and Zaramela, 2018; Kost et al., 2023; Lee et al., 2024). Meanwhile, the 1-nonanol were also detected in single inoculation of HRS4 and in partial combinations that included HRS4, indicating that HRS4 strain is the key strain responsible for 1-nonanol production. The ability of 1-nonanol production has only been found in Gram-negative bacteria, such as Pseudomonas aurantiaca and Erwinia amylovora, and not in Gram-positive bacteria (Ni et al., 2022; Parmagnani et al., 2023). Therefore, our findings represent the first report about 1-nonanol emission from Gram-positive Bacillus luciferensis HRS4 and from a Gram-positive bacterial SynCom.

For decades, various microorganisms have been used individually as alternatives to synthetic pesticides. However their activity has mostly declined under field conditions, because the lack of consideration for interactions within microbial communities in nature (Lee et al., 2021; Martins et al., 2023; Lee et al., 2024). In this study, using the top-down approach, a specific combination of four Gram-positive bacteria was constructed, which demonstrated effective biocontrol activity in pepper plants not only in the greenhouse but also in the field. A specific combination of bacterial species in the SynCom can lead to the production of unique volatile compounds, in amounts greater than those produced by monocultures, to support plant health and growth. This finding provides new insights for the development of future biocontrol agents. However, further research is needed to address the following: (1) benefits provided by 1-nonanol to the SynCom in the field; (2) the mechanism of 1-nonanol-induced plant immune signaling against diverse phytopathogens and herbivores; and (3) how the SynCom-derived 1-nonanol influences native microbial communities under natural conditions. Further investigation using soil and leaf microbiome profiling could help evaluate the colonization capacity of SynCom members and their impact on native microbial communities. In addition, plant metabolomic analyses, including volatile profiling, may offer deeper insights into the immune responses activated by SynCom or 1-nonanol treatment. Although previous studies have shown that the absence of SynCom increases plant disease susceptibility, the causes of SynCom dysbiosis remain unknown (Lee et al., 2021). Preventing the dysbiosis of protective microbiota or applying their active metabolites is essential for advancing biological control strategies (Chen et al., 2020; Lee et al., 2021; Arnault et al., 2023). Future efforts should focus on increasing the abundance of protective SynCom using probiotics or utilizing SynCom-derived metabolites, such as 1-nonanol, as postbiotics for agricultural applications.
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Phosphorus (P) is one of the essential macroelements for the growth of maize. The deficiency of P in maize will result in adverse effects, including chlorosis and reduced yield. The Hexi Corridor in China serves as the principal region for seed maize production, with chemical phosphate fertilizer remaining the predominant source of P delivery for local maize cultivation. Nonetheless, the agricultural non-point source pollution resulting from the prolonged application of artificial phosphate fertilizers is intensifying. P in farmland soil often exists in an insoluble form, which plants cannot directly absorb and utilize. Phosphate-solubilizing bacteria (PSB) in the rhizosphere are a kind of plant growth-promoting rhizobacteria (PGPR) that can transform insoluble P in soil into soluble P for plants to absorb and utilize. Utilizing PGPR in agricultural production is an ecological approach to achieving sustainable development in agricultural practices and output. In this study, 41 strains of bacteria were isolated from the rhizosphere soil of four maize varieties. According to an in vitro plant growth-promoting (PGP) feature study and 16S RNA molecular identification, Burkholderia gladioli DJB4-8, among all strains tested, exhibited the highest in vitro PGP activity, with a phosphate-solubilizing ability of 8.99 mg/L. By scanning electron microscope (SEM) and green fluorescent protein (GFP) labeling technique, it was found that strain DJB4–8 formed a colonization symbiotic system with maize roots. The inoculation of maize Zhengdan 958 with strain DJB4–8 altered the plant’s photosynthetic physiology and indole-3-acetic acid (IAA) level, and it also dramatically increased the plant’s growth rate. The combined analysis of transcriptome and metabolomics showed that the key genes and metabolites in the interaction between strain DJB4–8 and maize were mainly concentrated in plant growth key pathways such as plant hormone signal transduction, phenylalanine, tyrosine and tryptophan biosynthesis, phenylalanine metabolism, phenylpropane biosynthesis, pentose phosphate pathway, zeatin biosynthesis, amino sugar and nucleotide sugar metabolism, and glutathione metabolism. These findings shed light on the need for additional research into the mechanism of interaction between PSB and maize.
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Introduction

The Hexi Corridor in China is the principal site for maize production, with approximately one million acres dedicated to seed maize cultivation (Chen et al., 2023). P is essential for the growth and development of maize, mainly in promoting cell division and differentiation, affecting photosynthesis and nutrient absorption, promoting root development and flowering and fruiting, and affecting the yield and quality of maize (Lambers, 2022; Richardson et al., 2009; Sadiq et al., 2017). P in the soil frequently exists in insoluble forms, such as calcium phosphate, rendering it inaccessible for direct absorption and utilization by plants (Johnston and Richards, 2003; Deng and Dhar, 2023; Olsen et al., 1983). P deficiency has become a critical limiting factor affecting local seed maize production. Currently, maize’s primary source of P supply relies on chemical P fertilizers. Plant growth-promoting rhizobacteria (PGPR) are beneficial microorganisms that interact symbiotically with plants and positively affect plant growth (Bhattacharyya and Jha, 2012; Jha and Saraf, 2015; Parray et al., 2016). Phosphate-solubilizing bacteria (PSB) play a crucial role in the P cycle within the soil (Khan et al., 2009; Pande et al., 2017). PSB secrete abundant organic acids as metabolic byproducts and generate CO2 through respiratory processes, which react with water in the soil to form carbonic acid. These acidic compounds dissolve insoluble phosphate minerals (e.g., calcium phosphate and aluminum phosphate) in the soil, releasing plant-available phosphate ions for uptake and enhancing P bioavailability in agricultural systems (Chen et al., 2006; Prijambada et al., 2009; Billah et al., 2019; Prager and Cisneros-Rojas, 2017). Regarding organic P compounds, PSB can release enzymes like phosphatase and phytase (Zhang et al., 2014; Rawat et al., 2021). These enzymes break down organic P compounds, such as phospholipids, phytic acid, and nucleic acids, and release phosphate and carbohydrates for use by crops (Pan and Cai, 2023; Prabhu et al., 2019; Alori et al., 2017). PSB can satisfy maize’s P needs by creating a comparatively adequate phosphorus supply micro area surrounding the rhizosphere. It accelerates the use of P fertilizer and promotes maize growth and development (Ingle and Padole, 2017; Adnan et al., 2020). In addition to facilitating phosphorus activation in the soil, PSB also can enhance plant growth by modifying the type and quantity of root exudates, thereby augmenting the uptake of minerals such as potassium, calcium, manganese, iron, and zinc by plant roots (Yahya et al., 2021; Biswas et al., 2018). Additionally, PSB produce biocontrol chemicals that inhibit the growth of phytopathogens and lower the incidence of disease, such as cyanide, siderophores, lytic enzymes, and antibiotics. At the same time, they increase the surface area of plant roots by colonizing them, improving nutrient uptake efficiency (Mitra et al., 2020; Vassilev et al., 2006; Li et al., 2017). This collaborative association mitigates abiotic stress and rhizosphere acidification, enabling plants to acclimate to adverse environments while enhancing agricultural productivity and stress resilience (Dey et al., 2021; Vassilev et al., 2012).

Numerous soil types and biological settings are home to PSB, which include bacteria such as Bacillus, Pseudomonas, Burkholderia, Erwinia, Agrobacterium, Serratia, and Flavobacterium, and these microbes are essential to the cycling of soil P (Saeid et al., 2018; Soares et al., 2023; You et al., 2020). PSB has been found in the rhizosphere of economic crops such as soybeans, sweet potatoes, fruit trees, and vegetables, as well as cereal crops like wheat, maize, sugarcane, and rice (Shome et al., 2022; Marques et al., 2019; Wang et al., 2022; Sundara et al., 2002; Rahman et al., 2015). According to previous reports, Pseudomonas fluorescens, Pseudomonas putida, Bacillus megaterium, Bacillus subtilis, Burkholderia cepacia, Serratia liquefaciens, Enterobacter cloacae, Arthrobacter sphaeroides, Arthrobacter globiformis, and Azotobacter chroococcum are the main PSB found in the rhizosphere of maize (Vyas and Gulati, 2009; Ahmad et al., 2019; Zhao et al., 2014; Tang et al., 2020).

Leveraging the growth-promoting attributes of PSB to augment phosphorus uptake and use in maize, hence fostering maize development, represents an eco-friendly approach to reducing chemical fertilizer application in maize cultivation (Fathi, 2017). Burkholderia is a common rhizosphere bacterium with multifunctional growth-promoting potential, especially in maize and other gramineous crops (Gastélum et al., 2022; Elnahal et al., 2022). The combination of its phosphate-solubilizing ability and pleiotropic growth-promoting mechanism plays a vital role in improving the P utilization efficiency of maize, enhancing stress resistance, and promoting root development (Liu, 2021; Li et al., 2012). Particularly in low-phosphorus soil, Burkholderia sp. can raise the biomass by 15% to 30% and the amount of accessible P in the maize rhizosphere by 20% to 50%. For example, maize production increased by 22% in the tropical red soil experiment (Pal et al., 2022). According to certain research, inoculating maize plants with PSB boosted their P intake by 29.74% (Vincze et al., 2024). PSB may also further enhance the nutritional status of maize, facilitating the absorption of additional elements like potassium and nitrogen (Sekhar et al., 2020). The primary focus of research on PSB in the maize rhizosphere is to isolate strains and evaluate their ability to stimulate growth. However, the mechanism of interaction between these bacteria and maize is poorly understood. Employing omics technologies, particularly transcriptomics and metabolomics, it is possible to discover differentially expressed genes and metabolites, build networks of gene–metabolite interactions, and uncover the functions and connections of important genes and metabolites in the interaction process (Yang et al., 2021). The basic objectives of this study were to identify and screen PSB from the rhizosphere soil of maize seed production in China’s Hexi Corridor and i) investigate the plant growth-promoting (PGP) activity of the isolated PSB while conducting a phylogenetic analysis; ii) examine the morphological traits of the PSB strain Burkholderia gladioli DJB4–8 via scanning electron microscopy, development of green fluorescent protein (GFP) clone transformants of strain DJB4-8, and assessment of its colonization properties in maize; iii) assess agronomic characteristics, photosynthetic physiology, and biochemical enzyme activities of maize Zhengdan 958 following inoculation with strain DJB4-8; and iv) examine the interaction genes and metabolic variances between strain DJB4–8 and maize Zhengdan 958 utilizing transcriptomics and metabolomics. The results will provide a scientific basis for further study of the interaction mechanism between PSB and maize.





Materials and methods




Isolation of bacteria from rhizosphere soil of seed maize

Healthy seed maize plants were selected from various areas of China’s Hexi Corridor’s National Hybrid Seed Maize production base. After digging the maize roots, the loose soil was carefully shaken to remove it. A sterile brush was used to brush the soil 1–2 mm from the root surface. The soil samples were immediately taken to the lab in an ice box and kept at 4°C (less than 24 h). Four soil samples, each approximately 100 g, were collected. The collection of information for rhizosphere soil samples of seed maize is presented in Supplementary Table S1. One gram of rhizosphere soil was weighed and added to 9 mL of sterile normal saline (containing 0.05% Tween 80 for dispersion). Oscillates were vortexed for 2 min and allowed to stand for 30 s; the supernatant was taken as the stock solution (10−1 dilution) and then gradually diluted it to 10−2, 10−3, 10−4, 10−5, 10−6, and 10−7; 100 μL of each diluted soil solution was coated on the plate of PKO medium and cultured upside down at 32°C for 48 h. Subsequent to the growth of the colonies, the strains were purified based on the distinct colony morphologies. All strains were cultivated in two aliquots: one was supplemented with 20% glycerol and preserved at −80°C, while the other was maintained at 4°C.





Testing of PGP characteristics of maize rhizosphere soil bacteria

The activity of dissolved inorganic phosphate in maize rhizosphere bacteria for plant growth promotion was measured using a specialized Pikovskaya’s agar culture plate; 5 µL of each test bacterial solution was placed in the middle of the plate. Each culture plate was sealed with a membrane and then placed flat in an incubator set at 32°C for 72 h prior to observation. The strain’s phosphate-solubilizing ability was qualitatively indicated by the presence or absence of a colorless translucent circle, and the diameter of the circle was positively correlated with the ability. PSB’s capacity to dissolve inorganic phosphate was quantitatively assessed using the molybdenum antimony colorimetric technique (Guo et al., 2023).

The colorimetric method of Nessler’s reagent was utilized to determine whether the strains can produce ammonia. Culture media were created by dividing them into 15-mL vials and adding 10 g of peptone and 5 g of sodium chloride per liter. After dividing each vial into 9.5 mL of sterilized culture media, 10 μL of each test bacterial solution was added. Every culture bottle was put in an oscillating incubator with a consistent temperature. After 48 h of cultivation at 32°C and 110 rpm, 0.5 mL of Nessler’s reagent was added and observed to see if the bacterial solution turned reddish brown instead of yellow. A change in hue indicates that the strain can produce ammonia, and the capacity to produce ammonia increases with color darkness.

The tested strains’ capacity to secrete siderophores was assessed using the chrome azurol S (CAS) agar plate method (Milagres et al., 1999). The center of the CAS culture plate was inoculated with 5 µL of each test bacterial solution. Before being observed, each culture plate was placed flat in an incubator set at 32°C for 72 h after sealing it with a sealing film. The strain’s capacity to secrete siderophores was shown by the presence or absence of the yellow halo, and the diameter of the yellow halo was positively connected with the strain’s siderophore strength.

Culture plates were prepared for qualitative examination by adding 1-aminocyclopropyl-1-carboxylic acid (ACC) to Dworkin and Foster (DF) media (Li et al., 2011). After inoculating DF–ACC culture plates with the bacterial solution, they were incubated for 72 h at 32°C. The size of the bacterial circle positively correlates with the strain’s capacity to use the ACC nitrogen source. The absence of a bacterial growth zone demonstrates the strain’s incapacity to utilize ACC as a nitrogen source.





Identification and phylogenetic analysis of maize rhizosphere soil bacteria

The bacterial genomic DNA was extracted using a TIANamp Bacteria DNA Kit (TIANGEN Biotech Co., Ltd., Beijing, China) following the manufacturer’s instructions. Each bacterium underwent PCR amplification of its 16S rRNA sequences. The primers and reaction parameters of the PCR conditions are presented in Supplementary Table S2. After acquiring the PCR products, the SanPrep column DNA gel recovery kit (Shenggong Biotech Co., Shanghai, China) was employed. The kit’s directions are referred to as the unique operation method. Following gel recovery and purification, the PCR product was identified using a 1.2% agarose gel to guarantee that only one band was sequenced. Shanghai Biotech Co., Ltd., completed the sequencing of bacterial 16S rRNA sequences. To obtain a login number, the sequencing data were compared and uploaded to the official website of the National Center for Biotechnology Information (NCBI). Next, sequences were grouped using the Mega7.0 software to produce a PSB strain 16S rRNA gene phylogenetic tree.





Colonization analysis of PSB in maize

Seedlings of the maize variety Zhengdan 958 were inoculated with strain DJB4–8 at a concentration of 1 × 106 CFU mL−1 and grown for 3 days. Sterile scissors were used to cut samples of the maize roots and stems, and absorbent paper was used to absorb the surface moisture. After being promptly fixed for 2 h using an electron microscope fixative, the samples were moved to 4°C for storage. The fixed samples for testing were washed three times for 15 min each using 0.1 M phosphoric acid buffer (Pb; pH 7.4). The samples were soaked in alcohol solutions for 15 min before being transferred to isoamyl acetate for 15 min. The samples were sprayed with gold for 30 s using the ion sputtering machine (Hitachi MC1000, Tokyo, Japan). After that, a scanning electron microscope (SEM; HITACHI SU8100) was used to collect the images.

Guo’s approach (Guo et al., 2020) was used in three parent bindings to change strain DJB4-8’s GFP into DJB4-8/pPROBE-pTetr-TT-gfp. Using sterile water as a control, Zhengdan 958 maize seedlings were inoculated with a concentration of 1 × 106 CFU mL−1 of the three parent conjugate transformant solutions. The seedlings were removed after 4 days of inoculation, and sterile water was used to wash the culture media and contaminants from the root surface. Using a fluorescence microscope, the maize roots were manually sliced to assess the colonization status of strain DJB4-8.





Agronomic traits and physiological and biochemical evaluation of maize after inoculation

The pot specifications for the inoculation experiment had a height of 18 cm, a bottom diameter of 18 cm, and an upper diameter of 25 cm. Each pot contained approximately 8 kg of soil. The maize variety was Zhengdan 958, and the inoculation concentration of the bacterial solution was 1 × 106 CFU mL−1. Maize seedling cultivation used seedling trays: the cultivation tray was 40 cm long and 30 cm wide, with 50 seedling holes per tray and one seedling per hole. The seedling substrate was sterilized with high-pressure steam. Maize seeds were soaked in 1% carbendazim for 0.5 h before being transplanted into seedling trays. Under conventional management in greenhouse conditions, after the maize grew to two to three– leaves, maize seedlings with consistent growth were selected for inoculation and transplantation. After removing the maize seedlings from the seedling tray, the root maize matrix was rinsed with sterile water, and the roots were allowed to soak in the test bacterial solution for approximately 1 h. They were transferred to the container as the control group, and then the maize seedlings’ roots were submerged in sterile water. Each of the 60 pots in the treatment and control groups had 30 pots and one maize seedling. Maize was merely irrigated and did not receive fertilizer while growing. The experimental facility was situated in Hexi University’s maize-growing base. The maize plants were carefully uprooted from the growth medium, adhering rhizospheric soil particles were gently removed through manual agitation, and the root system was thoroughly rinsed with deionized water and allowed to air-dry at ambient temperature under laboratory conditions. The root, stem, and leaf weights were measured separately. The experiment was repeated three times, with three maize plants taken from each repetition for testing.

The growth hormone indole-3-acetic acid (IAA) in maize leaves was measured using high-performance liquid chromatography (HPLC); 0.2 g aliquot of the maize roots was accurately weighed and subjected to cryogenic grinding in a liquid nitrogen-chilled mortar. The resulting powder was homogenized with a pre-cooled methanol–acidic solution (70%–80% v/v, 4°C) and maintained at 4°C for 12 h to facilitate extraction. Following homogenization, the mixture underwent centrifugation at 12,000 rpm for 10 min (4°C). The supernatant was then collected under controlled temperature conditions and designated as the primary extract (first solution). After centrifuging the residue, 0.5 mL of a 70%–80% methanol solution was added, mixed well, and extracted for 2 h at 4°C; the second solution (the supernatant) was centrifuged, and then the supernatant was mixed twice. The supernatant was evaporated to one-third of its volume at 4°C and lowered pressure, and then an equivalent volume of petroleum ether was added. After two or three repetitions of extraction and decolorization, triethylamine was added after static stratification, and the pH was lowered to 8.0. The supernatant was put in the cross-linked polyvinylpyrrolidone (CTFA) and allowed to sit at room temperature for 20 min at 150 rpm. After adjusting the pH to 3.0, the supernatant was removed from the centrifuge, extracted three times using ethyl acetate, and then evaporated at 40°C with reduced pressure until dry. Vortex oscillation was used to dissolve the mobile phase solution after adding it. Under the following chromatographic conditions, the sample was passed through a needle filter, and a WuFeng LC-100 HPLC was used to identify it: mobile phase A of 100% methanol and B of 0.1% acetic acid aqueous solution (A:B = 55:45), with an injection volume of 20 μL, a column temperature of 30°C, a column size of 150 mm × 4.6 mm × 5 μm, and a detection wavelength of 254 nm. The standard curve for detecting endogenous hormone IAA in plants is shown in Supplementary Table S3.





Transcriptome analysis of maize inoculated with PSB

After 40 days of PSB inoculation, the maize root RNA was extracted using a kit (Omega Bio-Tek, Inc., Norcross, GA, US). For the RNA extraction procedure, the kit instructions were consulted. Since 1% agarose gel electrophoresis was used to detect RNA integrity, and NanoDrop 2000 was used to detect RNA purity and concentration, it was appropriate for the RNA standard of transcriptome sequencing (OD260/OD230 value greater than 2.0, OD260/OD280 value between 1.8 and 2.2, and Rin value greater than 6.5).

The RNA library was created using the TruSeq™ RNA sample preparation kit (Illumina, San Diego, CA, USA). The 200–300 bp cDNA enrichment fragment was recovered by 2% agarose gel electrophoresis. The sequencing platform utilizes Illumina NovaSeq 6000. The sequencing library quantitatively employs TBS380 (PicoGreen), and the sequencing read length was PE150. The specific sequencing of RNA-seq refers to the method proposed by Zhang et al. (2020). The processes of cDNA synthesis, library construction and sequencing, sequencing result calculation and assembly, screening of differentially expressed genes, and analysis of metabolic pathways followed those of Martin and Wang (2011). Using the maize inbred line B73 genome as a transcriptome annotation reference genome, the genes were analyzed and found to be significantly differentially expressed after screening using the Kyoto Encyclopedia of Genes and Genomes (KEGG) and Gene Ontology (GO). Utilizing the Goatools program (https://github.com/tanghaibao/GOatools), functional analysis was conducted on genes that exhibited substantial differential expression, and p-values were adjusted using the Sidak, Holm, Bonferroni, and false discovery procedures. p (pfdr) ≤ 0.05 is the p-value threshold for GO functional significance enrichment. KOBAS (http://kobas.cbi.pku.edu.cn/home.do) enriched the KEGG metabolic pathway. Several tests were run on the results using the Benjamini–Hochberg (BH) [false discovery rate (FDR)] method to control the false-positive rate.

For transcriptome validation, quantitative real-time PCR (qRT-PCR) was used to verify the accuracy of the data. Twelve significantly differentially expressed genes were randomly selected for qRT-PCR validation, with the glyceraldehyde-3-phosphate dehydrogenase gene (GAPDH) as an internal reference gene. The gene primer design software was Primer 5.0, and the sequence is presented in Supplementary Table S4. Using the remaining RNA from transcriptome sequencing, its quality was evaluated using NanoDrop 2000, and the RNA was reverse-transcribed into cDNA using the reverse transcription reagent (Takara, Dalian, China). The qRT-PCR instrument was LightCycler 480) II, and the relative gene expression level was determined using the 2−ΔΔCt method (Fleige and Pfaffl, 2006).





Metabolome analysis of maize inoculated with strain DJB4-8

The collected maize root samples were stored on ice, and the metabolites were extracted with 50% methanol buffer. Then, the supernatant was transferred to a new 96-hole plate for mass spectrometry analysis. In addition, an equal amount of 10 μL diluent from the extracted mixture of each sample was obtained and mixed evenly as the quality control sample. All samples were collected using the LC–MS system following the manufacturer’s instructions. An ultra-high-performance liquid chromatography (UPLC) system was used for chromatographic separation, and an Acquity UPLC T3 column was used for reversed-phase separation. The injection volume of each sample was 4 μL.

The metabolites eluted from the column were detected using a triple high-resolution tandem mass spectrometer 5600+. quadrupole-time of flight (Q-TOF) operates in positive ion and negative ion modes. The XCMS, CAMERA, and metaX tools in the R software (v3.5.2) were used to process the LC–MS raw data files after they were transformed into mzXML format. Combining m/z data with retention time (RT) allowed for the identification of each ion. The metabolites were annotated using the KEGG database, and the accuracy of metabolite identification was further verified using the internal metabolite fragment library. Peak intensity data underwent advanced preprocessing through Metax, followed by partial least squares–discriminant analysis (PLS-DA) to evaluate batch effects and identify outliers within the preprocessed dataset. Intergroup metabolite differences were statistically analyzed using Student’s t-test, with p-values adjusted via the Benjamini–Hochberg FDR correction method. Subsequently, supervised PLS-DA was implemented in Metax to quantify variable importance in projection (VIP) scores and discriminate group-specific differentiating factors. The VIP’s crucial value was set at 1.0 to select important metabolites.

Transcriptome and metabolome data were standardized through log2 transformation. The evaluation of correlation functions was based on the R language and normalized data Pearson’s correlation analysis between differentially expressed genes (DEGs) and differentially accumulated metabolites (DAMs). KEGG signaling pathway enrichment analysis was performed using DEGs and DAMs with Pearson’s correlation coefficient (PCC) ≥0.8. Then, the DEGs were mapped, and DAMs were grouped in the KEGG pathway diagram.





Data and statistical analyses

All data were analyzed using the SPSS 22.0 software for one-way analysis of variance (ANOVA) and Student’s t-test. p < 0.05 means a significant difference, and p < 0.01 means a highly significant difference. The OmicStudio toolbox was used in bioinformatics analysis (https://www.omicstudio.cn/tool).






Results




Isolation and identification of bacteria from maize rhizosphere soil and their PGP activity

A total of 41 strains of bacteria were isolated and purified from the rhizosphere soil of four seed maize varieties. Among them, 20, 8, 9, and 4 strains were isolated from maize varieties Zhengdan 958, Xianyu 335, Jingke 968, and Zhongdan 909, accounting for 48.78%, 19.51%, 21.95%, and 9.76%, respectively (Figure 1). Pikovskaya’s plate test found that nine strains of bacteria had strong phosphate-solubilizing ability, accounting for 21.95% of the total strains, in terms of their ability to dissolve inorganic phosphates (Table 1). Furthermore, 12 strains (29.26%) had vigorous ammonia-producing activity and the capacity to secrete siderophores (Table 1). However, only two strains had vigorous growth activity on the medium with ACC as the sole nitrogen source (Table 1). By analyzing the PGP characteristics of all strains, strain DJB4–8 showed intense activity in all detection indexes, which has the potential for further development. At the same time, the 16S rRNA identification of all strains showed that there were 12 genera of bacteria in 41 strains, of which Burkholderia was the dominant genus, with 17 strains (41.46%). Nine strains with strong inorganic phosphate-solubilizing ability were used to create a phylogenetic tree using the MEGA7.0 software, which showed that the strains DJB4–8 and B. gladioli had high similarities (Figure 2). The 16S rRNA sequences of all strains were submitted to the NCBI GenBank, and the strain accession number was PP792774-792814 (Table 1).

[image: Three-dimensional pie chart showing the distribution of four categories: Zhengdan 958 at forty-eight point seventy-eight percent (blue), Xianyu 335 at nineteen point fifty-one percent (orange), Jingke 968 at twenty-one point ninety-five percent (gray), and Zhongdan 909 at nine point seventy-six percent (yellow).]
Figure 1 | Isolation of bacterial strains from rhizosphere soil of four maize varieties.

Table 1 | Molecular identification and PGP characteristics of rhizosphere soil bacteria from four maize varieties.


[image: Table showing plant-growth-promoting characteristics of various bacterial isolates with columns for most similar strain, similarity percentage, NCBI accession number, phosphate solubilization, ammonia, siderophore production, and DF-ACC. Plus, minus, and plus symbols represent activity levels.   Caption below table explains “+++”, “++”, “+”, and “−” indicate strong, moderate, weak, and undetectable levels of activity; includes abbreviations for PGP, NCBI, and ACC.]
[image: Phylogenetic tree diagram comparing bacterial strains with their accession numbers, showing evolutionary relationships based on genetic similarity, bootstrap values at nodes, and a scale bar indicating branch length of 0.02.]
Figure 2 | The phylogenetic tree was constructed based on the amplified 16S rRNA gene sequences of PSB strains from maize rhizosphere soil. PSB, phosphate-solubilizing bacteria.





Quantitative analysis of the ability of bacterial strains to dissolve inorganic phosphates

The molybdenum antimony colorimetric method was used to quantitatively analyze the dissolution ability of nine strains that were proven to have a strong ability to dissolve inorganic phosphate. The results showed that PSB had a range of 3.05 to 8.99 mg/L for this ability (Figure 3A). Among them, strain DJA1–9 had the lowest quantitative ability to dissolve inorganic phosphate, while strain DJB4–8 had the highest. Notably, strain DJB4–8 demonstrated the maximum phosphate solubilization capacity among tested isolates, with a halo zone diameter of 6.47 cm (p < 0.01 vs. controls), as quantified in Figure 3B. Strain DJB4–8 shows excellent potential for further research and use.

[image: Panel A shows a bar graph comparing P-solubilization ability and phosphate content among various bacterial isolates, with DJB4-8 displaying the highest values for both metrics; error bars and statistical groupings are indicated. Panel B displays a petri dish labeled DJB4-8, containing a single colony at the center on a clear agar surface.]
Figure 3 | Assessment of phosphate-solubilizing capacity in PSB strains. (A) Quantitative determination of inorganic phosphate dissolution using the molybdenum-blue spectrophotometric method, demonstrating strain-specific solubilization efficiency. (B) Characterization of phosphate-releasing activity in the PSB strain DB4–8 through halo formation analysis on Pikovskaya’s agar medium. PSB, phosphate-solubilizing bacteria. Different letters on the column indicate significant difference at 0.05 level. Student T-test was used for the determination of significant differences.





Colonization analysis of strain B. gladioli DJB4–8 in maize roots

The SEM imaging revealed the successful rhizospheric colonization of maize roots by strain DJB4-8 (Figures 4A–C). Complementary to these morphological observations, the GFP-tagged DJB4–8 derivatives demonstrated sustained endophytic colonization patterns within root cortical tissues by fluorescence microscopy (Figures 4D–F). This multimodal imaging evidence collectively confirms the establishment of functional symbiotic associations between DJB4–8 and Zea mays host plants.

[image: Panel A shows a scanning electron micrograph of rod-shaped bacteria. Panel B depicts bacteria adhering to a plant root surface with arrows indicating colonization. Panel C displays a plant root without visible colonization. Panel D presents a fluorescence micrograph of bright green bacterial cells on a dark background. Panel E shows fluorescently labeled bacteria, highlighted in green, distributed along a yellow-stained plant root under a microscope, with arrows marking their locations. Panel F depicts a plant root stained yellow with no visible fluorescence or bacterial cells.]
Figure 4 | Using microscopic techniques to visualize DJB4–8 strain colonization dynamics in Zhengdan 958 maize root system. (A) SEM characterization of DJB4–8 colonial morphology. (B) SEM micrograph demonstrating successful rhizoplane colonization by DJB4–8 on Zhengdan 958 maize roots. (C) Comparative SEM analysis of root architecture in non-inoculated control plants. (D) Epifluorescence microscopic detection of GFP-expressing DJB4–8 colonies. (E) Spatial distribution pattern of GFP-tagged DJB4–8 colonizing Zhengdan 958 root tissues revealed by fluorescence microscopy. (F) Autofluorescence control imaging of uninoculated Zhengdan 958 root specimens. GFP, green fluorescent protein.





Effect analysis of maize inoculated with strain B. gladioli DJB4-8

Strain DJB4–8 considerably enhanced the growth of maize following inoculation of maize Zhengdan 958 (Figure 5). The fresh weight of the roots, stems, and leaves and maize heights were assessed for 20 and 40 days following inoculation with strain DJB4-8. According to the results, inoculation treatment could significantly improve maize agronomic indicators. There was no significant difference in various agronomic indicators of maize at 20 days compared to the control group without inoculation, but significant differences were noted at 40 days (Figures 6A–D). Other physiological markers, such as intercellular CO2, stomatal conductance, and transpiration, did not significantly change 20 days after inoculation with maize strain DJB4-8, with the exception of a notable increase in photosynthesis. Nonetheless, intercellular CO2 and photosynthesis in maize increased dramatically 40 days after inoculation, although transpiration and stomatal conductance did not alter appreciably (Figures 6E–H). In maize Zhengdan 958 inoculated with strain DJB4-8, root growth hormone (IAA) was detected at 20 and 40 days. The results indicated that the inoculation of strain DJB4–8 significantly increased IAA in maize at both times, reaching 3.62 μg/g FW at 40 days (Figure 6I). The examination of the growth characteristics of maize Zhengdan 958 inoculated with strain DJB4–8 shows that inoculation with PSB strain DJB4–8 can greatly enhance physiological and biochemical markers and boost growth at 40 days.

[image: Four potted plants are displayed against a black background, with two labeled “DJB4-8” on the left showing taller and denser growth, and two labeled “Control” on the right appearing shorter and less robust.]
Figure 5 | Growth status of strain DJB4–8 inoculated with maize Zhengdan 958 at 40 days.

[image: Nine-panel bar graph displays plant physiological and growth parameters for DJB4-8 and control groups at twenty and forty days. Parameters include height, root weight, stem weight, leaf weight, intercellular CO₂, photosynthesis, stomatal conductance, transpiration rate, and IAA, with DJB4-8 typically showing higher values at forty days. Statistical significance is indicated by different letters above each bar.]
Figure 6 | Determination of photosynthetic physiological indexes and IAA content of maize Zhengdan 958 inoculated with strain DJB4–8 at 20 and 40 days. (A) Height. (B) Root weight. (C) Stem weight. (D) Leaf weight. (E) Intercellular CO2. (F) Photosynthesis. (G) Stomatal conductance (gsw). (H) Transpiration rate. (I) IAA content. IAA, indole-3-acetic acid. Different letters on the column indicate significant difference at 0.05 level. Student T-test was used for the determination of significant differences.





Overall evaluation of transcriptome data and gene function annotation

A total of six maize root samples of maize Zhengdan 958 were sequenced at 40 days following the inoculation with PSB strain DJB4-8. The average comparison rate with maize reference genome B73_v4 was 80.46%, and the average percentages of sequencing quality indicators Q20 and Q30 were 97.89% and 93.63%, respectively, indicating that the quality of sequencing data was high (Supplementary Table S5), and the length distribution information of transcripts is shown in Supplementary Figure S1. The NCBI Sequence Read Archive (SRA) database received the original transcriptome sequencing data, and the accession number PRJNA1118104 was acquired. There were 22,750 genes in the inoculated treatment group and control group, accounting for 89.89% of the total number of genes, while 1,085 and 1,473 genes were unique to the inoculated treatment group and the control group, respectively (Supplementary Figure S2A). In addition, thermogram analysis showed that the samples in the same group were highly similar, indicating that the transcriptome sequencing data were highly repeatable (Supplementary Figure S2B). All genes were annotated in the public database, and the number of gene annotations in each database was obtained (Supplementary Figure S3).





Functional enrichment analysis of DEGs in maize inoculated with strain DJB4-8

The DEGs between the inoculated and the control groups were screened to examine the changes in gene expression brought about by the DJB4–8 inoculation of maize. This investigation identified 303 DEGs, of which 240 were downregulated and 63 were upregulated (Figure 7). Randomly selected 12 important genes with high and low expression in DEGs were chosen for expression verification using qRT-PCR. According to the findings, nine genes’ expression trends aligned with RNA-seq. However, the expression trends of three genes (Zm00001eb382310, Zm00001eb264870, and Zm00001eb093660) did not align with RNA-seq (Supplementary Figure S4). Overall, the results of transcriptome sequencing were relatively reliable.

[image: Panel A shows an MA plot with log two fold change versus log ten TPM, highlighting upregulated genes in red and downregulated genes in blue. Panel B presents a bar graph, indicating sixty-three upregulated and two-hundred forty downregulated differentially expressed genes for DJB4-8 versus Control.]
Figure 7 | The DEGs in the root transcriptome of maize Zhengdan 958 inoculated with strain DJB4-8. (A) The Minus-versus-Add (MA) plot of gene transcriptome expressed genes. (B) The number of DEGs (bar). DEGs, differentially expressed genes.

Using the GO database to annotate DEGs and conducting enrichment analysis separately, it was found that DEGs were mainly enriched in hydrolase activity, oxidoreductase activity, serine hydrolase activity, signaling receptor activity, carbohydrate phosphatase activity, nutrient reservoir activity, and glutathione transferase activity in terms of aspects of biological function. Biological processes (BPs) are mainly enriched in items such as response to stimulus, proteolysis, and defense response. Cellular components (CCs) are mainly enriched in the plasma membrane, extracellular region, etc. (Figure 8A). After annotating DEGs and conducting separate enrichment analyses using the KEGG database, it was discovered that DEGs were primarily enriched in metabolic pathways like glutathione metabolism (map00480), starch and sucrose metabolism (map00500), amino sugar and nucleotide sugar metabolism (map00520), and plant hormone signal transduction (map04075) (Figure 8B). The analysis of the predicted protein interaction network based on DEGs showed that genes such as trehalose biosynthesis process (Zm00001eb327900), cytoskeleton (Zm00001eb155540), xylan acetylation (Zm00001eb329480), synthesis (Zm00001 eb059380), and trehalose metabolism in response to stress (Zm00001eb 178890) play a decisive role in protein network interactions (Figure 9).

[image: Panel A displays a GO enrichment analysis bubble chart comparing DJB4-8 and control groups, showing enriched gene ontology terms by rich factor, adjusted p-value, and gene count. Panel B presents a KEGG enrichment analysis bubble chart for the same comparison, listing KEGG pathways with rich factor, adjusted p-value, and affected gene count.]
Figure 8 | Functional enrichment analysis of maize transcriptome responses to DJB4–8 colonization. (A) Enrichment of DEGs in GO database. (B) Enrichment of DEGs in KEGG database. Note: The vertical axis represents the GO term/pathway name, and the horizontal axis represents the rich factor—the more significant the rich factor, the greater the degree of enrichment. The dot’s size shows the number of genes in this GO term/pathway, and the dot’s color reflects the various p-adjust ranges. DEGs, differentially expressed genes; KEGG, Kyoto Encyclopedia of Genes and Genomes.

[image: Network graph with labeled red circles of varying sizes, each representing a unique identifier. The circles are connected by dashed gray lines, indicating relationships or interactions between entities in the dataset.]
Figure 9 | Analysis of protein network regulation predicted by DEGs. Note: Nodes represent genes, and edges represent interactions between two genes. The size of a node is proportional to its connectivity. DEGs, differentially expressed genes.





Metabolite identification and DAM analysis of maize inoculated with strain DJB4-8

In the metabolome data of the interaction between maize and strain DJB4-8, 3,069 and 5,740 metabolic ions were identified in cationic and anionic modes, respectively. Ultimately, 1,104 and 1,029 metabolites were identified, with 555 and 467 metabolites annotated to the KEGG database, respectively (Supplementary Table S6). PLS-DA indicates that under both anionic and cationic conditions, the greater the sample separation between the inoculation treatment group and the control group, the more significant the classification effect (Supplementary Figure S5). Meanwhile, the interpretability of components undefined d1 and two under cations was 23.8% and 16.2% (Supplementary Figure S5A), while under anions, it was 25.4% and 20.6% (Supplementary Figure S5B), respectively.

Orthogonal partial least squares–discriminant analysis (OPLS-DA) was utilized with univariate multiple analysis and t-test to screen for DAMs and perform significant difference analysis on the identified metabolic characteristics. Out of 115 DAMs screened in cationic conditions, 122 showed upregulation, and 33 showed downregulation (Figure 10A). After 169 DAMs were screened in anionic conditions, 103 showed upregulation, and 66 showed downregulation (Figure 10B). The OPLS-DA model analysis indicated significant differences between the groups. It revealed that the first predicted principal component release rate and the first orthogonal component release rate under cation were 19.10% and 20.90%, respectively (Figure 10C), while under anion, they were 19.70% and 25.60%, respectively (Figure 10D).

[image: Panel A shows a volcano plot comparing DJB4-8 and Control groups with differential expression data; significant upregulated and downregulated points are highlighted. Panel B displays a similar volcano plot with slightly different distribution. Panel C presents an OPLS-DA scores plot, illustrating separation between DJB4-8 and Control groups by components with confidence ellipses. Panel D shows another OPLS-DA scores plot, again depicting distinct clustering between the two groups with component axes and ellipses.]
Figure 10 | The DAMs in the root metabolome of maize Zhengdan 958 inoculated with strain DJB4-8. (A) DAMs in the metabolome under cationic conditions. (B) DAMs in the metabolome under anionic conditions. (C) OPLS-DA comparative analysis of metabolites under cationic conditions. (D) OPLS-DA comparative analysis of metabolites under anionic conditions. DAMs, differentially accumulated metabolites; OPLS-DA, orthogonal partial least squares–discriminant analysis.





Metabolite enrichment analysis of metabolic differences in the interaction between maize and strain DJB4-8

Through KEGG pathway enrichment analysis of DAMs, the key metabolic pathways of maize-responsive strain DJB4–8 were further identified (Figure 11). The top 20 pathways with the highest enrichment level (lowest p-value) were selected from the KEGG database, such as biosynthesis of cofactors (map01240), glycerophospholipid metabolism (map00564), biosynthesis of various plant secondary metabolites (map00999), phenylpropanoid biosynthesis (map00940), and tyrosine metabolism (map00350), which are the metabolic pathways with higher enrichment levels (Figure 11A), indicating that metabolites in these pathways may play important roles in the interaction between maize and strain DJB4-8. Furthermore, clustering heatmaps and variable importance in projection analysis have shown that metabolites such as 2,6-diamino-9-(2-hydroxyethoxymethyl)purine, acevaltrate, and tricin are the main upregulated metabolites in DAMs, while (3S,5R,6R,7E)-3,5,6-trihydroxy-7-megastigmen-9-one, Fluoronaphthyridone, and others are the main downregulated metabolites in DAMs (Figure 11B).

[image: Panel A shows a KEGG enrichment bubble chart comparing DJB4-8 with CK, listing metabolic pathways on the y-axis and P value on the x-axis, with bubble size representing the number of compounds and color representing P value. Panel B displays a VIP score plot of metabolites with colored dots indicating upregulation in red and downregulation in blue, alongside a heatmap comparing the Control and DJB4-8 groups.]
Figure 11 | Enrichment of DAMs after strain DJB4–8 inoculated into maize. (A) Bubble diagram of DAMs enrichment in the KEGG database. (B) VIP analysis of metabolites. Note: In panel A, the abscissa denotes the enrichment ratio (metabolite set enrichment analysis score), while the ordinate specifies annotated KEGG pathways. Bubble diameter is proportional to metabolite set cardinality per pathway. Color gradient corresponds to the statistical significance level (−log10-transformed FDR-adjusted p-values). In panel B, the left ordinate displays metabolites ranked by variable importance in projection (VIP) scores derived from OPLS-DA modeling, with bubble size reflecting VIP magnitude. The right panel presents a hierarchical clustering heatmap of z-score normalized relative abundance, where columns represent experimental replicates, and rows indicate significantly regulated metabolites (VIP > 1.0, q-value < 0.05). DAMs, differentially accumulated metabolites; KEGG, Kyoto Encyclopedia of Genes and Genomes; FDR, false discovery rate; OPLS-DA, orthogonal partial least squares–discriminant analysis.





Combined transcriptome and metabolome analysis of the interaction between maize and strain DJB4-8

The combined analysis of transcriptomics and metabolomics of the interaction between maize and strain DJB4–8 simultaneously locates DEGs and DAMs on the KEGG pathway map to better evaluate the relationship between genes and metabolites. The nine-quadrant plot analysis indicates a correlation between the transcriptome and metabolome data (Figure 12A). The response strain DJB4–8 of maize Zhengdan 958 has 23 and 34 transcriptome- and metabolome-associated genes and differential substances, respectively; KEGG has enriched multiple metabolic pathways, such as glutathione metabolism, starch and sucrose metabolism, biosynthesis of various plant secondary metabolites, amino sugar and nucleotide sugar metabolism, plant hormone signal transduction, and pentose phosphate pathway (Figure 12B). These metabolic pathways play important roles in various stages of plant growth.

[image: Panel A displays a scatter plot comparing Log2 fold changes of metabolites and genes, with color-coded data points and axis labels. Panel B shows a KEGG enrichment bubble chart for metabolites and genes across biological pathways, with bubble color intensity representing p-values and bubble size indicating the number of enriched entries.]
Figure 12 | Combined analysis of transgenic and metabolome data after inoculation of strain DJB4–8 in maize. (A) Nine-quadrant plot of transcriptome and metabolome expression correlation. (B) KEGG enrichment bubble plot of transcriptome and metabolome. KEGG, Kyoto Encyclopedia of Genes and Genomes.






Discussion

Scientific researchers have always focused on improving crop yield and quality in agricultural production. With the deepening of microbiology research, using microbial resources to promote crop growth and enhance stress resistance has achieved rich research results in recent years (Guzmán et al., 2025; Sengupta and Gunri, 2015; Gupta et al., 2022; Adeleke and Babalola, 2021). As an important kind of PGPR, PSB can improve the content of available phosphorus in soil by dissolving insoluble phosphate in soil and then promoting crop growth (Panhwar et al., 2011; Ahemad, 2015). This study isolated 41 bacterial strains from the rhizosphere soil of four maize varieties. B. gladioli DJB4–8 was evaluated through in vitro analysis of plant growth-promoting characteristics and 16S rRNA molecular identification. Strain DJB4–8 exhibited the highest activity-promoting activity of any strain in vitro, and it could solubilize phosphate at a level of 8.99 mg/L, much greater than that of other strains. This outcome demonstrates the potential for B. gladioli DJB4–8 to be a superior PGPR. Similar to our study, Pande et al. (2017) isolated a PSB strain from the maize rhizosphere that exhibited potent in vitro PGP characteristics. Many PSB strains, such as Pseudomonas aeruginosa, Enterobacter aerogenes, and Stenotrophomonas maltophilia, have been screened (Panhwar et al., 2012; Sadiq et al., 2013; Amri et al., 2023). This greatly enriches the PGPR resource library and provides valuable microbial resources for the application of microorganisms in agricultural production. Compared with the reported PGPR, strain B. gladioli DJB4–8 exhibits a unique ecological niche preference. It possesses various PGP traits, including ammonia synthesis and iron excretion, and is capable of proliferating in a medium where ACC serves as the exclusive nitrogen source. Specifically, it possesses a high capacity to solubilize phosphorus (Table 1), indicating promise for study and use.

The prerequisite for the symbiotic system formed by PGPR and plants to exert its promoting effect is that microorganisms can successfully colonize plant tissues (Compant et al., 2010). This study integrated high-resolution surface morphology characterization using SEM and monitoring with GFP labeling to reveal the colonization pattern of PSB strain B. gladioli DJB4–8 in maize rhizosphere at a three-dimensional spatial scale. Strain DJB4–8 effectively infects the maize root surface and establishes a persistent symbiotic relationship by generating many microcolonies on maize Zhengdan 958 roots, as demonstrated by the SEM images. Certain studies have indicated that the preferential adhesion of bacterial cells to root hair regions and intercellular spaces of the root epidermis may correlate with their chemotactic responses and resilience to stressors, including drought and salinity (Kranawetter and Sumner, 2025; Verma et al., 2021). It may also promote the local enrichment of P through physical adsorption mechanisms (Liu et al., 2019; Sharma and Sharma, 2019). It is worth noting that GFP labeling showed clustering of strain DJB4–8 in the inner layer of maize roots (Figures 4E), suggesting that it may enter the plant’s symbiotic system through intercellular hyphae or active transport. It provides a reference for studying cross-border interaction mechanisms in the Burkholderia genus. The rhizosphere microenvironment has also been shown to dramatically increase the expression level of the acid phosphatase gene (phoA) in the genome of certain PSB strains, improving their capacity to solubilize phosphate (Li et al., 2023b; Liu et al., 2020; Dey et al., 2021). At the same time, some PSB strains carry gene clusters encoding the Type III secretion system in their genomes, which may be involved in host-specific signal recognition (Preston et al., 2001; Stringlis et al., 2019). The symbiotic P release mechanism between strain DJB4–8 and maize still needs further research.

Both photosynthesis and respiration in plants depend on P. The carbon fixation mechanism and the photosynthetic electron transport chain are essential, facilitating the production of ATP and NADPH (Malhotra et al., 2018; Amthor, 2023). Photosynthesis and respiration intensity levels were significantly higher in maize Zhengdan 958 infected with the PSB strain DJB4–8 than in the control in this study. After 40 days of inoculation, it was noticed that maize’s photosynthetic physiological activity changed significantly, possibly related to PSB’s improvement of maize P absorption. This study also found that after inoculation with strain B. gladioli DJB4-8, the IAA content in maize roots significantly increased, and the developmental pattern of maize roots was significantly altered considerably, increasing the fresh weight of maize roots. Quantitative analysis by HPLC showed that the IAA concentration secreted by DJB4–8 in the maize rhizosphere was as high as 34.03 mg/L, which was 1.14 times higher than that in the control group without inoculation (p < 0.05). Some scholars have detected high concentrations of IAA and tryptophan (Trp) in plant rhizosphere through targeted metabolomics. Combined with key genes for IAA synthesis annotated in the strain genome, such as ipdC and aldH, it has been confirmed that PGPR can synthesize IAA through dual channels of the indole-3-acetamide pathway and tryptophan-dependent pathway (Luziatelli et al., 2020; Li et al., 2018). This multi-pathway synergistic IAA synthesis strategy may help plants adapt to different growth environments. In this study, strain DJB4–8 significantly upregulates genes related to tryptophan synthesis in the transcriptome (map00400), which may be associated with PSB stimulation. Some research has found that PGPR stimulate plant tryptophan metabolism toward IAA synthesis by secreting small molecule metabolites such as IAA or inducing reactive oxygen species (ROS) signals (Deng et al., 2024; Mir et al., 2020). Additionally, after plant inoculation with PGPR, some hormones such as gibberellin drive stem elongation, and IAA enhances assimilate transport capacity, increasing aboveground biomass and maintaining growth through efficient phosphorus absorption, exhibiting a carbon–phosphorus synergistic optimization effect (Mogal et al., 2020). The transcriptome results of this study’s interaction between strain DJB4–8 and maize revealed notable alterations in the expression levels of genes linked to the plant hormone signaling pathways in maize. It implies that strain DJB4–8 may impact maize growth and development by controlling the plant hormone signaling pathways.

The shikimic acid pathway produces phenylalanine, the precursor to the phenylpropane metabolic pathway. Several enzymes catalyze the synthesis of various secondary metabolites necessary for plant growth and development. In the phenylpropane metabolic cycle, lignin, the main component of plant cell walls, forms conduits, moves water and mineral components, and provides mechanical support for plants (Muro-Villanueva et al., 2019). It is a leading creator of systems for material transportation and plant support. Furthermore, this system produces flavonoid chemicals such as flavonoids, flavones, and isoflavones, which are essential for plant growth and development and can act as signaling molecules to help generate root nodules (Meng et al., 2022; Tohge et al., 2013; Wu et al., 2024). After inoculation with DJB4-8, key genes (Zm00001eb133780 and Zm00001eb286490) involved in the phenylpropanoid biosynthesis pathway in maize roots were significantly upregulated. This synergistic change suggests that DJB4–8 may indirectly regulate maize growth by regulating the phenylpropanoid pathway.

Zeatin, as one of the most active members of the cytokinin (CK) family, plays a core regulatory role in plant growth and development, stress response, and microbial interactions (Schäfer et al., 2015; Li et al., 2021). Zeatin drives the G1/S phase transition by activating cell cycle proteins (CycD3) to maintain cell activity (Lu et al., 2025). It can also delay leaf senescence by inhibiting the expression of SAG12 (senescence-related gene) while activating the expression of sucrose transporters (SUC2) to promote the transport of assimilates to grains (Wang et al., 2025; Swartzberg et al., 2011). Genes linked to the zeatin biosynthesis pathway in maize showed altered expression levels following inoculation with strain DJB4-8, suggesting that strain DJB4–8 may influence maize cell division and growth by controlling zeatin production. Glutathione is an important antioxidant that can eliminate free radicals in plants and protect cells from oxidative damage (Margis et al., 2008). This study found that after inoculation with strain DJB4-8, the expression levels of genes related to the glutathione metabolism pathway in maize changed, which may be related to the oxidative stress response triggered by the initial colonization of strain DJB4-8.

The pentose phosphate pathway (PPP) is key in plants’ biosynthetic and energy metabolism processes (Kruger and Von Schaewen, 2003). Genes associated with the pentose phosphate system in maize exhibited changed expression levels when strain DJB4–8 was introduced. Strain DJB4–8 may regulate the pentose phosphate pathway, affecting energy metabolism and maize biosynthesis. Genes linked to the PPP, such as G6PD and 6PGD, were markedly elevated during the late contact stage (Barcia-Vieitez and Ramos-Martínez, 2014; Spielbauer et al., 2013). In addition to promoting phenylpropanoid production, the resultant NADPH may affect redox equilibrium by controlling the thioredoxin system (Zhang et al., 2024; Li et al., 2023c). This process of energy coupling across metabolic pathways may serve as a fundamental basis for enhancing host stress resistance by DJB4-8. After inoculation with PSB, the growth and development of maize were promoted. It may be related to the important role of NADPH and intermediates produced by the PPP in biosynthesis. As a reducing agent, NADPH participates in synthesizing biomolecules such as fatty acids, sterols, and nucleic acids, providing the necessary material and energy basis for the growth of maize plants. At the same time, the intermediate products produced by the PPP also provide raw materials for the synthesis of cell wall structural substances, enhancing the mechanical strength and stability of the cell wall and helping to improve the stress resistance of maize plants (Wurtele and Nikolau, 1986; Pugin et al., 1997).

Following the DJB4–8 inoculation of maize, transcriptome DEGs were enriched in KEGG for carbon amino sugar and nucleotide sugar metabolic pathways, which are centered around the GFAT and GNA1 genes, and UGD and UGP gene clusters contribute to cell wall synthesis, glycosylation modification, and disease defense. Since nucleotide sugar synthesis is a high-energy process, PSB may raise ATP levels by improving phosphorus absorption, blocking the conformational sites of hexokinase (HXK), and encouraging carbon flow into nucleotide sugar metabolism (Reiter and Vanzin, 2001; Seifert, 2004; Bar-Peled and O’Neill, 2011). Research in the recent past has demonstrated that rhizosphere microorganisms can increase UDP glucuronic acid secretion and encourage microbial chemotaxis colonization (Velmourougane et al., 2017). The accumulation of compounds like N-acetylglucosamine is advantageous for cell wall synthesis, maintaining cell osmotic balance, and boosting plant stress resistance (Yoo et al., 2021).

Metabolome analysis revealed that distinct metabolites in the interaction between maize and strain DJB4–8 were considerably enhanced in the glycerophospholipid metabolic pathway. This phenomenon suggests complex metabolic interactions between PSB and host plants, which may involve multiple biological processes such as phosphorus activation, cell membrane remodeling, signal transduction, and defense response (Li et al., 2022a). Glycerol phospholipids are the main components of precursors of signaling molecules and cell membranes, such as phosphatidic acid and phosphatidylinositol. Their metabolic changes may reflect the adaptive adjustment of plants to the action of microbial agents (Dedinaite and Campbell, 2000; Green et al., 2019). In the phospholipid metabolism pathway, phospholipid derivatives (phosphatidic acid) participate in the signal transmission of plant hormones (auxin and jasmonic acid). PSB may activate host defense enzymes [superoxide dismutase (SOD), peroxidase (POD), and catalase (CAT)] by secreting hormone analogs such as IAA, thereby regulating the expression of genes related to glycerophospholipid metabolism (Ge and Zhang, 2015). Simultaneously, glycerophospholipid metabolism interacts with channels like glycolysis and the tricarboxylic acid cycle (TCA), and its enrichment may be a result of plants modifying their energy allocation to accommodate the higher phosphorus absorption and utilization efficiency brought about by microbial agents (Li et al., 2023a, 2022b). The metabolic products of glycerophospholipids (phosphatidic acid) may optimize the plant’s response to PSB promotion. These may function as second messengers and mediate the synergistic action of IAA signaling and the antioxidant enzyme system (Hou et al., 2024). This study indicates that strain DJB4–8 can promote maize root development by secreting IAA, which may enhance phosphorus absorption capacity, increase oxidative stress kinase activity during the maize seedling stage, reduce oxidative damage, and accelerate maize growth.

The biosynthesis of various plant secondary metabolites is another important metabolic pathway for enriching differential metabolites in this study’s metabolome. Plant secondary metabolites (phenols, terpenes, and alkaloids) are important chemical mediators for plants to adapt to environmental stress, resist pathogen invasion, and interact with microorganisms (Firáková et al., 2007; Ko et al., 2010). Inoculating corn with PSB strain DJB4-8 may activate the secondary metabolic network of corn by regulating plant defense response, phosphorus utilization efficiency, or microbial host signaling communication. One important tactic that plants use to deal with biotic and abiotic stress is the manufacture of secondary metabolites, which may also contribute to promoting PSB. Some secondary metabolites (citric acid and malic acid) can directly chelate insoluble phosphorus in soil and synergistically improve phosphorus availability with organic acids secreted by PSB (Bai et al., 2024; Xia et al., 2024). In addition, secondary metabolites may optimize phosphorus absorption efficiency by regulating the expression of phosphorus transporters such as the PHT1 family. In the meantime, the activation of secondary metabolic pathways may reflect the redistribution of carbon sources in plants when phosphorus levels are high enough (Victor Roch et al., 2019; Zhao et al., 2024). It would balance stress resistance and growth promotion by directing photosynthetic products toward defense-related metabolism rather than necessary growth.

Tricin is a metabolite upregulated in DAMs discovered in this study (VIP = 2.53). Tricin is a flavonoid compound widely present in grasses. Tricin, as a flavonoid compound, has antioxidant activity and may protect maize cells from oxidative damage by scavenging free radicals or activating antioxidant enzyme systems such as SOD. Tricin may play a role in secondary metabolic processes in maize, like phenylpropanoid metabolism, which encourages the production of additional phenolic or flavonoid compounds—these metabolites, which help maize deal with biological stress, may be insect-resistant or antimicrobial (Santhoshkumar et al., 2025; Nephali et al., 2021).

This study elucidated the theoretical foundation of the interaction between B. gladioli DJB4–8 and maize, demonstrating that PSB modulate maize development via hormonal signals, phenylpropanoid production, redox equilibrium, and other mechanisms. In the future, we will focus on analyzing the spatiotemporal heterogeneity of the interaction between PSB and the maize rhizosphere at the single-cell level. Employing molecular marker technology to monitor the expression of pivotal genes dynamically facilitates a paradigm shift in plant–microbe interaction research from mere descriptive phenomena to precise regulation, hence offering theoretical and technical support for sustainable agriculture.





Conclusion

This research identified B. gladioli DJB4-8, a bacterium that promotes plant development and solubilizes phosphate, from the rhizosphere soil of maize. The strain can establish a persistent symbiotic association in maize roots, markedly enhancing agronomic characteristics and physiological photosynthesis while dramatically increasing the amount of the plant hormone IAA in maize roots. Combined transcriptome and metabolome analysis showed that the key genes and metabolites of maize Zhengdan 958 interacting with strain DJB4–8 were mainly enriched in the key metabolic pathways of plant growth. In conclusion, strain DJB4–8 has excellent potential for development and research. The pertinent research findings offer a theoretical framework for examining the interaction mechanism between PSB and maize, establishing a foundation for the application of PSB in maize cultivation.
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Introduction

Intercropping leguminous green manure in orchards represents a widely adopted agroecological practice that concurrently influences soil physicochemical properties, microbial communities, and crop performance. However, the temporal mechanisms by which different durations of soybean green manure (SGM) intercropping regulate soil-plant-microbe interactions remain insufficiently understood. This study elucidates the impact of SGM intercropping duration on ecosystem functionality in citrus orchards.





Methods

A multi-year field experiment compared SGM intercropping durations (0-, 1-, and 2-year treatments). We assessed citrus fruit quality parameters (total soluble solids, TSS; sugar-acid ratio, TSS/TA) and soil properties (pH, available nitrogen, total nitrogen, available phosphorus, available potassium, and organic matter). Microbial community structure was analyzed via high-throughput sequencing. Spearman correlation analysis (|ρ| ≥ 0.8, ρ < 0.05) delineated networks among intercropping duration, soil parameters, keystone microbial taxa (e.g., Proteobacteria, Acidobacteriota, Ascomycota), and fruit quality indicators.





Results

The two-year intercropping treatment (T2) significantly enhanced fruit quality: TSS increased by 11.66% and the sugar-acid ratio (TSS/TA) by 41.95% (ρ < 0.05). Soil properties improved markedly: pH rose by 0.42 units, while AN, TN, AP, AK, and OM increased by 41.80%, 9.15%, 16.78%, 100.50%, and 79.53%, respectively (ρ < 0.05). Microbial communities underwent structural reorganization, exhibiting increased α-diversity, enhanced network complexity, and selective enrichment of beneficial taxa including Actinobacteria, Mortierellales, and Ascomycota. Correlation networks revealed significant associations among intercropping duration, soil parameters, keystone microbes, and fruit quality.





Discussion

This study demonstrates that SGM intercropping enhances fruit quality through dual mechanisms: (1) amelioration of soil properties (pH elevation and improved nutrient availability), and (2) functional restructuring of microbial communities. Notably, specific taxa such as Actinobacteria play pivotal roles in nutrient cycling. Our findings provide empirical evidence for microbiome-mediated optimization of soil functionality, offering a sustainable rehabilitation strategy for degraded orchards and reinforcing the scientific value of ecological intensification in perennial cropping systems.





Keywords: soybean green manure (SGM) intercropping, citrus quality, soil quality, soil microbial communities, community diversity, keystone microbial taxa





Highlights

	Intercropping soybean green manure (SGM) enhanced the soil pH, organic matter content, and available nitrogen, available phosphorus, and available potassium concentrations.

	Intercropping SGM altered the soil microbial community composition and diversity, reconstructed co-occurrence networks, and enriched beneficial microbial taxa including Actinobacteria, Proteobacteria, Ascomycota, and Mortierellales.

	Intercropping SGM improved the citrus fruit quality, significantly increasing total soluble solid content (TSS) and TSS/titratable acidity ratio (TSS/TA).

	Citrus fruit quality exhibited strong correlations with intercropping duration (years), soil physicoproperties, and soil microbial community characteristics (diversity and specific microbial taxa).

	Intercropping SGM in orchards critically enhanced the soil quality and crop productivity, advancing sustainable agricultural practices.






1 Introduction

Citrus represents a significant economic fruit crop extensively cultivated in China, with documented planting areas and yields reaching 2.67 million hectares and over 600 million tonnes, respectively, in 2023 (Shen et al., 2024; National Bureau of Statistics of China, 2025). As a principal cultivar, navel orange (C. sinensis Osbeck) dominates production across key provinces including Jiangxi, Sichuan, Hubei, and Hunan (Yao et al., 2022; National Bureau of Statistics of China, 2025). Critical determinants of fresh fruit quality and commercial value encompass total soluble solids content (TSS), titratable acidity (TA), and sugar–acid ratio (TSS/TA) (Yu et al., 2015; Wu et al., 2021; Guo et al., 2023). The sensory quality and market value of navel oranges are largely determined by their TSS, TA, and TSS/TA, which collectively contribute to a balanced sweet–tart flavor profile. However, the accumulation of soluble sugars and total soluble solids (TSS) and the conversion of titratable acidity (TA) in fresh fruits are influenced by numerous factors, including the genetic characteristics of fruit trees, environmental variables (climate and soil conditions), and agricultural management practices (intercropping, crop rotation, no-till farming, and fertilization) as well as the timing of harvest (Li and Wan, 2006; Li C. et al., 2023; Yu et al., 2024). Intercropping has emerged as an efficacious approach for fostering the sustainable development of orchards and woodlands. This practice not only aids in minimizing the reliance on chemical fertilizers but also enhances crop yield and quality while simultaneously preserving the soil ecosystem (Li et al., 2020; Dong et al., 2021). The soil environment holds a pivotal position in determining the quality and productivity of orchards and woodlands, encompassing both the physical and chemical characteristics of the soil and the functional dynamics of the soil microbial community (Dong et al., 2021; Fu et al., 2023; Li C. et al., 2023).

Intercropping, a cornerstone of traditional Chinese agriculture with a history spanning over 2,000 years, has garnered significant attention due to its myriad benefits. These include mitigating crop competition for land, enhancing land utilization, stabilizing and augmenting yields per unit area, diminishing pest and disease issues, reducing agrochemical reliance, and fostering biodiversity (Li C. et al., 2023; Duan et al., 2024; Qin et al., 2024). Recently, the advancement and dissemination of modern orchard cultivation practices centered on wide-row, dense planting, mechanization, and intelligent, labor-saving technologies for citrus and other fruits in China have created conducive environments for orchard and woodland intercropping (Qin et al., 2024). Extensive literature attests to the prevalent practice of intercropping leguminous green manure in soil ecosystems, including farmland, orchards, and woodlands (Wang T. et al., 2022; Duan et al., 2024; Qin et al., 2024). Soybean and other leguminous crops, noted for their nitrogen-fixing capabilities, ease of cultivation, and management, are frequently employed as green manure or intercrops for balanced fertilization and soil amelioration (Jing et al., 2022; Yu et al., 2025). Research indicates that intercropping leguminous green manure in tea plantation woodlands alters the soil bacterial community, influencing amino acid metabolism and flavonoid biosynthesis, ultimately enhancing tea quality (Wang T. et al., 2022; Duan et al., 2024; Yu et al., 2025). This practice also modulated soil physicochemical properties, boosted soil nutrient metabolism, and improved soil quality. Furthermore, soil microorganisms serve as vital bio-indicators reflecting soil health, plant growth, and development. They participated in nutrient cycling and impacted crop resistance to disease and stress, which was pivotal for fostering healthy crop growth, sustainable agricultural development, and ecosystem stability (Jing et al., 2022; Li C. et al., 2023). The structure and function of soil microbial communities were comprehensively influenced by soil properties, the soil environment, and agronomic practices (Jing et al., 2022; Wang T. et al., 2022; Duan et al., 2024; Yu et al., 2025). Studies highlighted the crucial role of soil fungal communities in regulating ecosystem services related to soil fertility, while bacterial communities were intimately linked to plant growth and soil properties (Read and Perez, 2003; Kyaschenko et al., 2017).

TCurrently, despite the fact that the utilization of chemical fertilizers can sustain the productivity of citrus navel orange orchards, the prolonged and excessive application of these fertilizers in orchards with acidified soils adversely affects the physicochemical properties of orchard soils, soil pH, and soil microbial communities (Lin et al., 2019; Wang Z. et al., 2022; Raiesi et al., 2024). Such practices are unsustainable for long-term development. To mitigate these issues, studies on intercropping leguminous green manures in orchards or woodlands have demonstrated that this practice can enrich soil nutrients, modulate soil properties and microbial communities, and enhance crop yield and quality (Wang T. et al., 2022; Wang Z. et al., 2022; Duan et al., 2024; Raiesi et al., 2024; Yu et al., 2025). Consequently, this study examined the effects of intercropping soybean green manure (SGM) in citrus orchards on orchard ecological functions (fruit yield and quality) and orchard soil ecosystems (soil properties, soil microbial communities) over different durations (0, 1, and 2 years). Additionally, the study evaluated the correlations between intercropping duration, citrus yield and quality, soil properties, and soil microbial communities. Ultimately, it is anticipated that the findings of this research will furnish theoretical backing for the establishment of a green manure model aimed at intercropping soybean in citrus orchards located in acid soil regions.




2 Materials and methods



2.1 Site description and experimental design

TThe citrus orchard experiment was situated in Houjiawan Village, Yongding District, Zhangjiajie City, Hunan Province, China (110°42′ E, 29°11′ N), within a subtropical mountain monsoon humid climate zone characterized by an average annual sunshine duration of 1,440 h, a mean temperature of 17°C, annual precipitation of 1,400 mm, and a frost-free period of 216–269 days. The gently sloping and flat orchard covered approximately 2 ha of uniform acidic brown soil, with 6-year-old Newhall navel orange trees (2022) spaced at 3 m × 4 m (row spacing). The experimental groups included T0 (control, no SGM intercropping or tillage in 2021–2022), T1 (no treatment in 2021, soybean intercropping and tillage in 2022), and T2 (two consecutive years of soybean intercropping and tillage in 2021 and 2022), each comprising five replicate plots of 20 trees (four rows × five trees/row) separated by two buffer tree rows to minimize cross-plot interference. Quarterly weed mowing was implemented, while the citrus trees received annual fertilization in April with 10 kg of organic fertilizer (2.5% N, 2.0% P2O5, 2.8% K2O) and 2 kg of compound fertilizer (15-15-15, N–P2O5–K2O) per tree, applied to 30-cm-deep furrows aligned with drip lines; for the soybean (Glycine max L. cv. Xiangchun 24) intercropping system, six rows were planted in 1.5-m-wide strips between citrus rows in March without supplemental fertilization, with residues mechanically processed into 3–5-cm segments and incorporated into topsoil (0–20-cm depth) via rotary tiller after fresh pod harvest in late July.




2.2 Soil sampling and DNA sequencing

On November 12, 2022 (fruit harvest date), soil samples were randomly collected from five points in each of the five experimental fields per treatment (totaling 15 samples), following modified protocols from Zhou et al. (2021) and Wu et al. (2024). The sampling avoided treatment edges and fertilizer application zones, specifically targeting the 5–15-cm depth within the 5–20-cm soil layer where citrus roots and soybean residues interact. All samples were immediately transported to the laboratory, where each was divided: one portion preserved for DNA extraction and sequencing, while the other was air-dried for physicochemical analysis.

TMicrobial DNA was extracted from soil samples using the E.Z.N.A.® Soil DNA Kit (Omega Bio-tek, Norcross, GA, USA) following the manufacturer’s protocols. PCR amplification was conducted using the Takara ExTaq PCR kit (Takara Shuzo, Osaka, Japan) with specific primers: 338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′) for bacterial 16S rRNA V3–V4 regions and ITS1F (5′-CTTGGTCATTTAGAGGAAGTAA-3′) and ITS2R (5′-GCTGCGTTCTTCATCGATGC-3′) for fungal ITS regions. The thermal cycling protocol consisted of initial denaturation at 95°C for 2 min, followed by 25 cycles of 95°C for 30 s, 55°C for 30 s, and 72°C for 30 s, with a final extension at 72°C for 10 min. PCR products were verified by 2% agarose gel electrophoresis, purified using a gel recovery kit, and sequenced on an Illumina MiSeq platform (Novogene, Beijing). The raw sequencing data were deposited in the NCBI Sequence Read Archive (accession: PRJNA957046).




2.3 Fruit yield and quality evaluation

At the stage of edible maturity (November 12), fruit sampling was performed using a stratified protocol: five fruits were randomly collected from different crown aspects of each tree, with three trees randomly selected per plot, yielding 15 fruits per plot across four replicate plots per treatment group, thus totaling 60 fruits per treatment. The yield and quality parameters of citrus were determined according to GB/T 12947-2008 (Fresh Citrus Fruits: National Standards Information Public Service Platform) (China National Standardization Administration Committee, 2008) as briefly described below: single fruit weight (SFW) was directly measured using an electronic balance; yield per tree (YPT) was calculated by multiplying the mean SFW by the total fruit count per tree (field-recorded); and for quality assessment, 15 fruits per plot were pooled, peeled, and juiced with a mechanical extractor. Total soluble solids (TSS), expressed as a percentage (%) and representing water-soluble components (sugars, acids, vitamins, minerals), were measured using a handheld refractometer (PAL-BXIACID1, 0%–90%; Atago Co., Japan); titratable acidity (TA), quantifying total organic acids in the juice, was determined via the refractometer’s acid titration mode; and the TSS/TA ratio was derived from the relative proportion of soluble solids to organic acids.




2.4 Analysis of soil physicochemical properties

The determination of soil chemical properties followed the procedures described in Soil Agrochemical Analysis edited by Bao SD (Bao, 2000), detailed as follows: Soil pH was measured using a pH meter with a soil-to-deionized water ratio of 1:2.5 (w/v). Organic matter content was determined via the potassium dichromate–sulfuric acid oxidation method. Total nitrogen was quantified using the Kjeldahl method, total potassium by flame photometry, and total phosphorus by molybdenum blue colorimetry. For available nutrients, alkali-hydrolyzable nitrogen was measured using the alkaline hydrolysis diffusion method, available potassium via neutral ammonium acetate extraction–flame photometry, and available phosphorus through sodium bicarbonate extraction–molybdenum antimony resistance colorimetry.




2.5 Soil microbial community analysis

The bioinformatics analysis of high-throughput sequencing results was performed following the methods described by Zhou et al. (2021) and Wu et al. (2024). Briefly, raw data were cleaned to remove assembly artifacts and then compared against the SILVA Database v138.1 and UNITE v7.2 Database for species annotation of bacteria and fungi, respectively. These results were further utilized for downstream analysis. Linear discriminant analysis effect size (LEfSe) with a linear discriminant analysis (LDA) threshold of 4.0 was employed to identify genus-specific microbes in each group. Phylogenetic tree diagrams were used to visualize differences in microbial communities from the phylum to species level. All of these data analyses were performed online on the NovoCloud Platform (https://magic.novogene.com) for both analysis and visualization.




2.6 Co-occurrence network analysis

The co-occurrence network analysis based on Spearman’s correlation matrix was conducted using the “Hmisc” package (version 5.2.3) (Harrell, 2019) in R software. To ensure accuracy, amplicon sequence variants (ASVs) present in at least three subsamples within each group and with relative abundances >0.1% were included in the analysis. The results were filtered using thresholds of |ρ| >0.8 and p <0.05. Network visualization was performed in Gephi (V0.9.2) (Bastian et al., 2009) with the Fruchterman Reingold layout and network topological parameters, which included nodes, edges, positive edges, negative edges, average degree, average clustering coefficient, and average path length, were calculated in Gephi.




2.7 Statistical analysis

Data processing was conducted using Excel 2020 software, with values in tables presented as means ± standard error. To analyze significant differences in soil properties and alpha diversity indices among all treatment groups, one-way analysis of variance (ANOVA) combined with Duncan’s multiple-range test was employed. Statistical significance was determined at p-values <0.05. Additionally, analysis of similarity (ANOSIM) was performed to ascertain whether intergroup differences were significantly greater than intragroup variations. Venn diagrams were constructed using the R package “ggvenn” (version 0.1.9); note that a previous mention of “vegan” for this purpose was incorrect. Bacterial diversity analysis was facilitated by the R package “tidyverse” (version 2.0.0). Correlation analysis was carried out using the R package “Hmisc” (version 5.2.3), with subsequent network visualization performed in Cytoscape (version 3.5.0). Other data analyses and visualizations, including histograms of community composition, were executed on the Novogene Cloud Platform (https://magic.novogene.com).





3 Results



3.1 Citrus yield and quality

The effects of intercropping SGM with different years on citrus yield and quality parameters are presented in Table 1. As the years of intercropping SGM increase (0–2 years), the citrus trees showed progressive increases in yield per tree (YPT), single fruit weight (SFW), total soluble solids (TSS), and TSS/titratable acidity (TSS/TA) ratio. Conversely, titratable acidity (TA) exhibited a gradual decline. Crucially, significant improvements (p < 0.05) in fruit quality were observed exclusively for TSS and TSS/TA following 2 years of SGM intercropping (T2) that fruit TSS increased by 11.66% from 11.97% (T0) to 13.37% (T2) and TSS/TA rose markedly by 41.95% from 15.59 (T0) to 22.12 (T2). Although the YPT, SFW, and TA showed favorable directional changes (increases for YPT/SFW, decrease for TA), these alterations failed to reach statistical significance. So, the results indicate that intercropping SGM enhanced citrus fruit quality, with the most pronounced improvements in TSS and TSS/TA occurring specifically after 2 years of implementation (T2).


Table 1 | Effect of SGM intercropping with different years on citrus yield and quality.
	Treatments
	Yield
	Quality


	Yield per tree (YPT), kg
	Single fruit weight (SFW), g
	Total soluble solid (TSS), %
	Total acid (TA)
	Solid–acid ratio (TSS/TA)



	T0
	27.79 ± 1.69 a
	158.91 ± 7.37 a
	11.97 ± 0.43 b
	0.73 ± 0.08 a
	15.59 ± 1.16 b


	T1
	28.90 ± 1.20 a
	164.58 ± 7.54 a
	12.61 ± 0.81 ab
	0.70 ± 0.02 a
	18.23 ± 1.26 b


	T2
	29.98 ± 2.08 a
	167.79 ± 7.64 a
	13.37 ± 0.56 a
	0.66 ± 0.05 a
	22.12 ± 3.79 a





The data shown are mean ± standard error. The lowercase letters denote significant differences between treatments as determined by Duncan’s tests (p < 0.05).






3.2 Soil physicochemical properties

As shown in Table 2, intercropping SGM in citrus orchards differentially impacted soil physicochemical properties across treatment durations (0–2 years). The orchard soils exhibited acidity, with pH values ranging from 5.11 to 5.53. With increasing intercropping duration, significant enhancements (p < 0.05) were observed in soil pH, available nitrogen (AN), total nitrogen (TN), available phosphorus (AP), available potassium (AK), and organic matter (OM) content. However, no significant differences occurred in total phosphorus (TP) or total potassium (TK). Notably, at 1 year of SGM intercropping treatment (T1), significant increases (p < 0.05) were observed in soil pH (+0.26 units), available nitrogen (AN, +17.42%), available phosphorus (AP, +13.86%), available potassium (AK, +62.75%), and organic matter (OM, +28.52%). After 2 years of treatment (T2), further significant enhancements occurred in soil pH (+0.16 units), AN (+20.77%), AK (+23.20%), and OM (+39.69%). Cumulatively, the T2 treatment significantly improved the soil pH (+0.42 units), AN (+41.80%), total nitrogen (N, +9.15%), AP (+16.78%), AK (+100.50%), and OM (+79.53%) compared with the control (T0) (p < 0.05). Thus, SGM intercropping improved the soil physicochemical properties in citrus orchards, with particularly significant enhancements in soil pH and fertility indicators (AN, AK, AP, TN, OM) following 2 years of implementation.


Table 2 | Effect of SGM intercropping with different years of treatment on soil properties.
	Treatments
	pH
	Available nitrogen (AN)
	Nitrogen (N)
	Available phosphorus (AP)
	Phosphorus (P)
	Available potassium (AK)
	Potassium (K)
	Organic matter (OM)


	mg/kg
	g/kg
	mg/kg
	g/kg
	mg/kg
	g/kg
	g/kg



	T0
	5.11 ± 0.01 c
	97.6 ± 8.85 c
	1.53 ± 0.07 b
	28.78 ± 0.26 b
	2.11 ± 0.19 a
	80.0 ± 14.76 c
	13.20 ± 0.8 a
	20.86 ± 2.7 c


	T1
	5.37 ± 0.03 b
	114.6 ± 8.96 b
	1.60 ± 0.05 ab
	32.77 ± 1.51 a
	2.10 ± 0.09 a
	130.2 ± 7.33 b
	12.92 ± 0.53 a
	26.81 ± 4.05 b


	T2
	5.53 ± 0.02 a
	138.4 ± 9.69 a
	1.67 ± 0.09 a
	33.61 ± 0.76 a
	2.14 ± 0.07 a
	160.4 ± 11.04 a
	13.86 ± 0.76 a
	37.45 ± 3.28 a





The data shown are mean ± standard error. The lowercase letters denote significant differences between treatments as determined by Duncan’s tests (p < 0.05).






3.3 Soil microbial composition and diversity



3.3.1 Soil microbial composition

A total of 1,168,771 and 1,068,647 high-quality bacterial and fungal sequences were obtained after sequencing and quality control, respectively. There were 59,960–72,770 and 55,850–83,106 valid reads obtained in bacterial and fungal ASVs, respectively. The corresponding rarefaction curves tended to nearly saturate at the selected sequencing depth (47,940 and 48,772 bacterial and fungal valid reads ASVs, respectively; Supplementary Figures S1, S2; Supplementary Tables S1, S2).

Among three different treatments, the dominant phyla (abundance in top 10) of soil bacterial communities (Figure 1a; Supplementary Table S3) were Acidobacteriota (34.03%–42.81%), Proteobacteria (28.54%–34.90%), Chloroflexi (6.52%–7.75%), Actinobacteriota (5.22%–7.29%), Gemmatimonadota (2.98%–3.80%), Bacteroidota (1.45%–2.48%), Crenarchaeota (1.41%–2.55%), Myxococcota (1.44%–1.92%), Verrucomicrobiota (1.30%–1.49%), and WPS-2 (1.03%–1.41%). Soil fungal communities (Figure 1a; Supplementary Table S4) were dominated by Ascomycota (34.92%–72.71%), Mortierellomycota (2.95%–18.16%), Basidiomycota (4.75%–9.30%), Rozellomycota (0.11%–0.61%), Kickxellomycota (0.04%–0.32%), Chytridiomycota (0.06%–0.32%), Mucoromycota (0.08%–0.09%), Glomeromycota (0.02%–0.11%), Zoopagomycota (0.00%–0.01%), and Aphelidiomycota (0.00%–0.01%). The Venn analysis of soil microbial communities (Figure 1b; Supplementary Table S5) revealed that intercropping SGM (T1, T2) increased the number of ASVs in both bacterial and fungal communities compared to the control (T0). However, after 2 years of SGM intercropping (T2), the ASV richness of soil bacterial and fungal communities declined relative to T1, and it was still higher than in T0. A principal coordinates analysis (PCoA) of soil microbial β-diversity based on weighted UniFrac distances revealed distinct separation between T0 (control) and T2 (2-year SGM intercropping) treatments (Figure 1d). However, partial overlap persisted between T1 (1-year SGM intercropping) and both T0 and T2 groups, indicating incomplete community differentiation. The cumulative explanatory power of the first two principal coordinates (PCo1 + PCo2) approached or exceeded 50% of total variation, accounting for 62.96% (bacteria: 40.21% + 22.75%) and 48.15% (fungi: 27.00% + 21.15%) in bacterial and fungal communities, respectively. All of these findings demonstrate that SGM intercropping restructures soil microbial composition, with significantly more pronounced shifts in both bacterial and fungal community architecture following a 2-year implementation.

[image: Figure with four panels analyzing bacterial (Bac) and fungal (Fun) communities: a) two stacked bar charts show taxonomic composition by color for treatments T0, T1, T2; b) two Venn diagrams illustrate shared and unique operational taxonomic units (OTUs) across treatments; c) four bar graphs display Chao1 and Shannon diversity indices for Bac and Fun, with statistical significance indicated; d) two scatter plots show community separation by treatment based on principal coordinate analysis (PCoA) for Bac and Fun.]
Figure 1 | Soil bacteria (Bac) and fungal (Fun) communities of the top 10 phyla: relative abundance (a), Veen analysis (b), principal coordinate analysis (c), and alpha-diversity (d).




3.3.2 Soil microbial alpha diversity

Analyses of α-diversity indices (Chao1, observed species, Simpson, and Shannon) for soil bacterial and fungal communities revealed consistent increases under SGM intercropping treatments (T1, T2) compared to the monoculture control (T0) (Figure 1c; Supplementary Table S6). Notably, the T2 treatment (2-year intercropping) induced significant elevations (p < 0.05) in both Chao1 and Shannon indices for soil bacterial and fungal communities. In contrast, only the Simpson index of bacterial communities exhibited a significant enhancement (p < 0.05) following a 1-year intercropping (T1). Thus, intercropping SGM in citrus orchards enhanced the alpha diversity indices of soil bacterial and fungal communities, particularly after 2 years of implementation (T2) (p < 0.05).





3.4 Different taxon of soil bacterial and fungal communities

The unique ASV numbers of soil bacterial and fungal community are shown in Figure 1b. Compared to the no-intercropping treatment (T0), intercropping treatments (T1 and T2) increased the unique ASV numbers for both communities (Figure 1b; Supplementary Table S5). The number of unique ASVs increased as the intercropping years decreased, except for the fungal community, and this pattern was generally consistent with the overall changes in ASVs within the community.

The cladogram analysis (Figures 2a, c) showed the result of linear discriminant analysis effect size (LEfSe, LDA scores ≥ 4.0) and indicated the taxonomic component of bacterial and fungal microbial communities. It showed a better visualization of shifts in the bacterial and fungal community in citrus orchard soil, whether T0, T1, or T2 treatment. For soil bacterial community (Figure 2a), Acidobacteria (from phylum to genus) and Proteobacteria (from phylum to genus) were significantly enriched in T0 and T1 treatments, respectively. However, Actinobacteriota (the phylum) and Burkholderiales (from family to genus) were significantly enriched in T2 treatment. For soil fungal communities (Figure 2d), Ascomycota (the phylum and its order Sordariomycetes) and Rutstroemiaceae (from family to species) were significantly enriched in T0 treatment. Fusarium solani (the species) was significantly enriched in T1 treatment. Mortierellomycota (from phylum to genus) and Dothideomycetes (the class and its family Lophiostomataceae) were significantly enriched in T2 treatment.

[image: Panel a shows a circular cladogram with highlighted branches in red, green, and blue, representing different bacterial taxonomic groups, while panel b displays a horizontal bar chart of LDA scores by group color. Panel c features a similar cladogram for other bacterial families, and panel d presents corresponding LDA score bar charts, with taxa color-coded by group.]
Figure 2 | LEfSe and cladogram on different years of intercropping treatments of soil bacterial (a, b) and fungal (c, d) communities (LDA scores ≥4.0).

The LEfSe analysis revealed differential microbial taxa across treatments (Figures 2b, d). In the soil bacterial community, 14 discriminative taxa were identified (LDA score ≥ 4.0), with enrichment patterns distributed as follows: five in T0 (control), six in T1 (intercropping = 1 year), and three in T2 (intercropping = 2 years). The predominant bacterial phyla were Acidobacteriae in T0, Proteobacteria in T1, and Actinobacteriota in T2. For fungal communities, 18 discriminative taxa were detected (LDA score ≥ 4.0), exhibiting distinct treatment enrichment: six in T0, one in T1, and 11 in T2. The predominant fungal taxa were Ascomycota in T0, Fusarium solani (species taxon) in T1, and Mortierellales (order taxon) in T2.




3.5 Co-occurring network analysis

The co-occurrence network was used to analyze the co-occurrence characteristics of intercropping SGM treatments on soil microbial community in citrus orchards. Soil bacterial and fungal communities’ ASVs with relative abundance ≥0.1% in three groups were constructed (Figure 3; Supplementary Table S7). The co-occurrence networks of soil bacterial and fungal communities exhibited increased node counts, link numbers, and structural complexity with extended intercropping duration (years) with SGM. Network connections shifted from predominantly positive links toward balanced positive–negative interactions (approaching 50%), indicating a transition from cooperative-dominant to cooperative-competitive dynamics, except for fungal communities in the T1 treatment. The average path length, inversely related to network compactness and stability (Li J. et al., 2023; Qiao et al., 2024), decreased progressively in bacterial networks (T0: 3.649; T1: 3.590; T2: 3.510), demonstrating enhanced cohesion and robustness over the intercropping chronosequence. Conversely, fungal networks displayed increased path lengths (T0: 1.444; T1: 1.725; T2: 3.651), reflecting gradual structural decentralization.

[image: Network diagrams display bacterial (top row) and fungal (bottom row) community interactions at three time points, T0, T1, and T2, with nodes representing taxa and edges showing associations; color coding indicates different bacterial and fungal phyla according to the legends on the right.]
Figure 3 | Co-occurring network of soil bacterial and fungal communities at ASV taxon. The nodes (n) are colored by phylum. The edges (l) show significant Spearman correlations (|ρ| > 0.8, p < 0.05), with red/green indicating positive/negative correlations.

Elevated taxonomic diversity within these co-occurrence networks amplified complexity and critically supported soil microbial multifunctionality (Chen et al., 2022; Wang et al., 2023; Xiao et al., 2025). This complexity was evidenced by (i) increased node and link counts across bacterial and fungal networks (Supplementary Table S7; Figure 3) and (ii) declining proportional representation of dominant phyla alongside rising contributions from minor taxa. For bacterial networks (Supplementary Figure S3; Supplementary Table S8), nodes affiliated with Acidobacteriota decreased significantly (T0: 52.53% → T1: 44.70% → T2: 39.31%), whereas those assigned to Proteobacteria increased progressively (T0: 28.28% → T1: 34.09% → T2: 37.24%). Concurrently, the number of represented phyla expanded (T0: 9 → T1: 11 → T2: 11). Fungal networks exhibited parallel trends (Supplementary Figure S4; Supplementary Table S9).

Collectively, SGM intercropping in citrus orchards enhanced the structural complexity of soil microbial co-occurrence networks. Crucially, it increased species composition diversity within these networks, driving a shift from cooperation-dominated to balanced cooperative–competitive frameworks and reinforcing soil microbial community multifunctionality.




3.6 Correlations between soil properties and soil microorganisms

Distance-based redundancy analysis (db-RDA) was performed to assess the influence of soil properties on microbial communities (Figure 4). The first two axes collectively explained 55.93% (bacteria) and 58.98% (fungi) of community variation, indicating a robust model representation of environmental effects (>50% threshold). Bacterial and fungal communities exhibited directional succession along the dbRDA1 axis (left to right) with increasing SGM intercropping duration (0→1→2 years). Key drivers of community restructuring (p < 0.05, Supplementary Table S10) included soil pH, total nitrogen (N), available nitrogen (AN), available phosphorus (AP), available potassium (AK), and organic matter (OM). Notably, pH, AN, AK, and OM emerged as shared strong drivers for both communities (p < 0.01, r2 ≥ 0.8). In addition, acute angles between these factor vectors in ordination space implied synergistic interactions among dominant drivers.

[image: Two principal coordinate analysis (PCoA) plots compare microbial communities: left plot for bacteria (Bac) and right plot for fungi (Fun), each showing sample groupings by T0 (red squares), T1 (blue circles), and T2 (green triangles) along principal components with labeled vectors indicating explanatory variables.]
Figure 4 | Distance-based redundancy analysis (dbRDA) for soil bacterial (Bac) and fungal (Fun) communities associated with soil properties at the ASV taxonomic level, respectively.

Moreover, the correlation analysis between alpha diversity indices and the soil properties ae shown in Figure 5; Supplementary Table S11. For bacterial α-diversity, significant positive correlations were observed with soil pH, available nitrogen (AN), available phosphorus (AP), available potassium (AK), and organic matter (OM) (p < 0.05). The Shannon index exhibited particularly strong associations (p < 0.01) with soil pH (ρ = 0.788), AN (ρ = 0.728), AP (ρ = 0.744), and AK (ρ = 0.781). Similarly, fungal α-diversity showed significant positive correlations (p < 0.05) with soil pH, AN, AP, AK, and OM, with the Shannon index demonstrating robust linkages (p < 0.01) to AN (ρ = 0.703) and OM (ρ = 0.776). In contrast, total soil nitrogen (N), phosphorus (P), and potassium (K) displayed non-significant correlations (p > 0.05). Collectively, soil pH, available nutrients (AN, AP, AK), and OM emerged as key drivers shaping the α-diversity in both bacterial and fungal communities, particularly for the Shannon index. Notably, bacterial diversity displayed stronger correlations (higher coefficients, lower p-values) with soil pH, AN, AP, and AK than fungal diversity, whereas soil OM exerted a more pronounced influence (higher coefficient, lower p-value) on the fungal Shannon index.

[image: Heatmap chart illustrates Spearman’s rho correlations between eight soil properties and alpha diversity indices for bacterial and fungal communities, with stronger positive correlations shown in darker red and significant values marked by asterisks according to p-value thresholds.]
Figure 5 | Correlations between soil properties and microbial α-diversity (Spearman’s |ρ| > 0.6 in bold).

Significant correlations (Spearman’s |ρ| ≥ 0.6, p < 0.05) between soil physicochemical properties and taxon-specific bacterial (Figure 2b) and fungal (Figure 2d) microbes are visualized in Figure 6. For bacteria (Figure 6a), soil pH, available nitrogen (AN), available phosphorus (AP), available potassium (AK), and organic matter (OM) exhibited strong positive correlations (ρ ≥ 0.8, p < 0.01) with Actinobacteriota (Phylum), Burkholderiales (Order), Burkholderiaceae (Family), and Burkholderia (Genus). Conversely, these same soil parameters showed strong negative correlations (ρ ≤ -0.8, p < 0.01) with Subgroup 2 (Order to Genus). Additionally, Acidobacteriae (Class) was negatively correlated with AK (-0.8 ≤ ρ ≤ -0.6, p < 0.05). Among fungi (Figure 6b), 12 specific microbial taxa (including Mortierellomycota, etc.) demonstrated positive correlations (ρ ≥ 0.6, p < 0.05) with soil properties, particularly showing strong positive associations (ρ ≥ 0.8, p < 0.01) with soil pH, AN, AP, AK, and OM. In contrast, Fusarium solani (Species) displayed a negative correlation (ρ ≤ -0.6, p < 0.05). Collectively, soil pH, OM, N, AN, AK, and AP emerged as key determinants governing the composition and abundance of some specific bacterial and fungal taxa in the soil ecosystem.

[image: Two network diagrams labeled a and b display microbial interactions, with nodes representing different microbial taxa color-coded by phylum or class, and edges colored green (positive) or red (negative) to indicate relationship type. Legends identify node colors and abbreviations for taxonomy, including Acidobacteriota, Actinobacteriota, Proteobacteria, Ascomycota, Mortierellomycota, and soil.]
Figure 6 | Correlations between soil properties and taxon-specific microbes (LEfSe, LDA ≥ 4.0; Spearman’s |ρ| ≥ 0.6 shown). The node size reflects microbial relative abundance. The solid line and dashed line represent p < 0.01 and p < 0.05, respectively; line with green (negative) and red (positive). The bold lines denote strong correlations (|ρ| ≥ 0.8).




3.7 Correlations among the citrus yield and quality, soil properties, soil microorganism, and SGM intercropping years

The results of a network correlation analysis revealing multi-component interactions within the citrus orchard intercropped with SGM system are presented in Figure 7 (Spearman’s |ρ| ≥ 0.8, p < 0.01). As illustrated in Figure 7a, intercropping duration (years) exhibited numerous direct and indirect correlations with soil properties, the taxon-specific microbes, soil microbial diversity, and fruit quality. Overall, extremely strong positive correlations (|ρ| ≥ 0.9, p < 0.01) were prevalent both among and within the core factors of intercropping duration (years), soil properties (specifically pH, available potassium, and available nitrogen), and some taxon-specific microbes. Notably, the taxon-specific microbes affiliated with Acidobacteriota and the titratable acidity (TA) index of fruit quality exhibited consistently negative correlations with all other analyzed factors, whereas all remaining correlations were positive. Additionally, soil properties and microbial factors exhibited several strong correlations (|ρ| ≥ 0.8, p < 0.01) with soil microbial diversity. Analysis of factors directly and strongly correlated with fruit quality (Figure 7b, |ρ| ≥ 0.8, p < 0.01) demonstrated that fruit quality was primarily influenced by three external factors: intercropping duration (years), soil properties, and some taxon-specific microbes. Notably, certain taxa within the phylum Acidobacteria exhibited negative correlations with fruit quality. Additionally, the titratable acidity (TA) index of fruits showed negative correlations with both soil pH and the TSS/TA. In contrast, all other pairwise relationships among these factors demonstrated positive correlations.

[image: Panel a presents a complex network diagram connecting soil properties, citrus yield and quality, soil fungal and bacterial communities, and taxon-specific microorganisms using colored nodes and lines to indicate relationships, with legend details for Ascomycota, Mortierellomycota, Proteobacteria, Actinobacteriota, and Acidobacteriota taxa. Panel b shows a simplified network focusing on the interactions among selected microbial groups, environmental variables, and plant outcomes, using color-coded groupings corresponding to the legend.]
Figure 7 | Correlation networks of (a) citrus yield/quality, soil properties, microbial α-diversity, and taxon-specific microbes (Spearman’s |ρ| ≥ 0.8, p < 0.01) and (b) key factors strongly correlated with citrus yield/quality (|ρ| ≥ 0.8, p < 0.01). Red/green lines indicate positive/negative correlations; bold lines represent strong correlations (|ρ| ≥ 0.9, p < 0.01).

This study demonstrated that citrus fruit quality was predominantly influenced by intercropping duration (years), key soil properties (pH and available potassium, AK), and specific soil microbial taxa (Ascomycota, Acidobacteriota, and Proteobacteria), exhibiting highly significant strong correlations (|ρ| ≥ 0.8, p < 0.01).





4 Discussion

Cropping systems significantly influence orchard soil ecosystems by altering physical characteristics, chemical properties, and microbial communities—factors critically determining crop performance and quality (Wang T. et al., 2022; Li C. et al., 2023; Duan et al., 2024). This study specifically examined how SGM intercropping duration affects citrus yield/quality parameters and soil ecosystem dynamics (physicochemical properties and microbial structure), providing actionable insights for sustainable orchard management.



4.1 Effect of intercropping SGM on soil properties

Extensive research has documented the critical role of leguminous green manure incorporation in enhancing soil fertility and promoting nutrient transformation (Dong et al., 2021; Wang T. et al., 2022; Fu et al., 2023; Duan et al., 2024; Qin et al., 2024). The current investigation revealed that 1-year SGM intercropping significantly enhanced most soil physicochemical properties, with the exception of total N, P, and K content. Further improvements in soil pH and key nutrient indicators (AN, AK, AP, OM) were observed after 2 years of intercropping (T2) compared to the first year (T1) (Table 2). This finding aligns with established evidence demonstrating the nitrogen-fixing capacity of legume crops and their soil amelioration effects (Fu et al., 2023; Qin et al., 2024). The practice of intercropping SGM application effectively regulates soil nutrient conversion rates, leading to significant improvements in multiple soil parameters including pH, organic matter content, and AN, AK and AP, etc., ultimately enhancing crop yield and quality (Wang T. et al., 2022; Duan et al., 2024; Qin et al., 2024). The duration of SGM intercropping in orchards showed a positive correlation with the enhancement of essential nutrient conversion efficiency. These soil modifications, particularly the elevation of acidic soil pH and nutrient enrichment, subsequently influenced microbial community diversity and composition (Li et al., 2020; Fu et al., 2023; Qin et al., 2024). Consequently, SGM intercropping demonstrated substantial benefits for soil physicochemical properties in citrus orchards, with progressively more pronounced effects on soil pH neutralization and fertility improvement as intercropping duration (years) increased (Table 2).




4.2 Effect of intercropping SGM on soil microbial community

As the most biologically active and taxonomically diverse components of soil ecosystems, microorganisms perform indispensable ecological functions, including organic matter decomposition, biogeochemical cycling (Li et al., 2020; Adomako et al., 2022; Li C. et al., 2023), and modulation of plant growth and disease resistance (Shi et al., 2019; Philippot et al., 2024). Critical microbial community parameters—encompassing composition, α/β-diversity, phylogenetic structure, keystone taxon abundance, and co-occurrence network topology—serve as robust bioindicators for assessing soil ecosystem health and functional capacity (Li et al., 2020; Li C. et al., 2023; Li J. et al., 2023).



4.2.1 Effect on soil microbial community composition and diversity

Numerous studies have demonstrated that green manure intercropping significantly alters microbial community composition, diversity, and structure (Dong et al., 2021; Wang T. et al., 2022; Fu et al., 2023; Duan et al., 2024; Qin et al., 2024). The results demonstrated that SGM intercropping in citrus orchards induced marked changes in soil microbial communities and associated physicochemical properties (Figure 1). Taxonomic analysis identified Acidobacteria, Proteobacteria, Chloroflexi, Actinobacteriota, and Gemmatimonadota as dominant bacterial phyla, while Ascomycota, Mortierellomycota, and Basidiomycota predominated among fungi—consistent with global soil microbial distributions (Wang T. et al., 2022; Duan et al., 2024; Philippot et al., 2024). Notably, SGM intercropping practices induced differential shifts in microbial composition (Figure 1a) characterized by (i) increased Actinobacteria and decreased Acidobacteria in bacterial communities and (ii) elevated Mortierellomycota and reduced Ascomycota abundance in fungal populations (Figure 2). The results demonstrated that bacterial communities exhibited concurrent enrichment of Actinobacteria and Proteobacteria phyla alongside the depletion of Acidobacteriota, while fungal communities showed concomitant increases in Mortierellomycota abundance with reductions in Ascomycota (Figure 2).

Many researches have established soil pH and nutrient availability as primary determinants of microbial community dynamics (Kyaschenko et al., 2017; Lin et al., 2019; Wang Z. et al., 2022; Philippot et al., 2024; Raiesi et al., 2024). Our findings corroborated these observations, demonstrating that available nitrogen (AN), available phosphorus (AP), available potassium (AK), organic matter (OM), and pH constituted the key edaphic factors governing microbial succession following soybean green manure (SGM) incorporation (Figures 4, 5; Supplementary Table S10). The soil fertility index, which positively correlates with nutrient levels, emerged as a robust predictor of microbial diversity. Statistical analyses revealed significant positive correlations (p < 0.01) between these soil parameters (particularly pH, AN, AP, AK, and OM) and both bacterial and fungal community diversity metrics (Figure 5). Consistent with previous reports (Duan et al., 2024; Xiao et al., 2025), soil properties exhibited stronger regulatory effects on bacterial communities, with pH, AN, AP, AK, and OM all showing substantial correlations (ρ ≥0.6) with bacterial Shannon diversity. In contrast, fungal diversity demonstrated significant correlations (ρ ≥ 0.6) only with AN and OM concentrations (Figure 5).

In total, the observed changes in soil properties (particularly pH and fertility indices) showed significant associations with alterations in soil microbial community composition and diversity under SGM intercropping systems in citrus orchards.




4.2.2 Effect on the co-occurrence network

The co-occurrence network analysis revealed that SGM intercropping in citrus orchards significantly enhanced the organizational complexity of soil microbial communities as evidenced by increased network nodes, connections, and species richness following SGM introduction (Figure 3; Supplementary Tables S8; S9). Research indicates that increases in node count, connectivity, and taxonomic richness within co-occurrence networks signify enhanced ecosystem health while simultaneously introducing novel ecological challenges. The core value of such network expansion lies in achieving equilibrium between functional augmentation and risk mitigation through structured development rather than pursuing quantitative complexity alone (Lei et al., 2023; Zhu et al., 2023; Qiao et al., 2024; Zhai et al., 2024).

A balance of positive and negative connections contributes to network stability (Luo et al., 2023). The study revealed a balanced distribution of positive and negative connections within the soil bacterial and fungal co-occurrence network following SGM intercropping, with this equilibrium being particularly pronounced under the 2-year intercropping regime (T2) (Figure 3; Supplementary Table S7). It is noteworthy that the negative connectivity number of the fungal co-occurrence network in the 1-year intercropped treatment was zero, which may be due to the Fusarium wilt disease of soybean in the 1-year intercropped SGM treatment group affecting the soil microflora fungal community environment (Figures 2c, d) (Zhou et al., 2022; Mendes et al., 2023). Despite the absence of documented Fusarium wilt cases in citrus to date, this potential pathogen requires increased attention. Furthermore, planting SGM in acid-biased environments tends to lead to the development of Fusarium wilt diseases in leguminous crops and has impacted the structure and network of soil fungal communities (Zhou et al., 2022; Du et al., 2024).

Small-world networks of interactions are characterized by short path lengths and have been shown to respond rapidly to disturbances in ecosystems (Zhou et al., 2010). This study showed that with increasing years of SGM intercropping, the average path length of bacterial co-occurrence networks decreased, while an opposite trend was observed in fungal communities (Supplementary Table S7). Therefore, intercropping soybean crops and using them as green manure led to an increase in the complexity of the bacterial and fungal communities in orchard soils, with enhanced internal interactions within the bacterial communities and weakened internal interactions within the fungal communities, which tended to be looser. These results are consistent with the results of Duan et al (Duan et al., 2024), who showed an increase in the interactions of bacterial networks and a strengthening of modularity of fungal networks and a loosening of internal interactions within the overall network after intercropping of a leguminous green manure in a tea garden.




4.2.3 Effect on soil-taxon-specific microbes

The SGM intercropping system induced distinct shifts in microbial community composition (Figure 1a), demonstrating selective recruitment of specific taxonomic groups (Figure 2). Notably, SGM treatment recruited Actinobacteria and Proteobacteria while reducing Acidobacteria in bacterial communities. Fungal communities exhibited increased Mortierellomycota abundance with concomitant reduction in Ascomycota populations (Figure 2).

The correlation analysis (Figure 6) between soil properties and taxon-specific microbes (Figure 2) revealed that Actinobacteria, Proteobacteria, Mortierellomycota, and Ascomycetes (excluding Fusarium solani) showed significant positive correlations with soil properties including pH, OM, AN, AP, AK, and N (|ρ| ≥ 0.6, p < 0.05). In contrast, Fusarium and Acidobacteria exhibited opposite trends. Previous studies have demonstrated that Acidobacteria dominate in acidic soils, with their relative abundance increasing as pH decreases (Rousk et al., 2010; Zhao et al., 2025). These bacteria also play crucial roles in soil nutrient cycling and ecological function regulation. Actinobacteria and Proteobacteria contribute significantly to soil multifunctionality (Ma et al., 2022; Shi et al., 2025). Proteobacteria are particularly important for organic phosphorus activation (Chen et al., 2024) and community structure stabilization (Liu et al., 2025). Actinobacteria regulate microbial community structure, mediate nutrient transformation and plant uptake, and participate in organic pollutant degradation and heavy metal redox processes, making them essential for soil improvement, biomass maintenance, and pollutant remediation (Ma et al., 2022; Cui et al., 2023; Sun et al., 2024). Ascomycetes and other fungal groups serve as key indicators of soil health (Sun et al., 2024), while Mortierellomycota contribute to straw degradation and soil nutrient cycling through their ability to break down hemicellulose, cellulose, and lignin (Ning et al., 2022 2022). Notably, the 1-year intercropped SGM treatment group showed elevated recruitment of Fusarium solani, a known causal agent of soybean Fusarium wilt that often leads to significant crop losses (Ellis et al., 2016). Although no Fusarium-related disease symptoms were observed in citrus, soil acidification, barrenness, and nutrient imbalance have been identified as predisposing factors for soybean Fusarium wilt (Ning et al., 2020 2020; Osorio and Habte, 2014 2014). This may explain the establishment and dominance of F. solani in the T1 group, suggesting that Fusarium wilt in soybean crops intercropped with citrus warrants careful attention.

The SGM intercropping system demonstrated significant temporal effects on soil microbial community composition. Long-term SGM intercropping consistently enriched beneficial phyla including Actinobacteria, Proteobacteria, Ascomycota, and Mortierellomycota while reducing the relative abundance of Acidobacteria. This selective microbial recruitment pattern correlated with enhanced soil quality, greater microbial community functional versatility, and improved stability of the ecological network.





4.3 Effect of intercropping SGM on citrus quality

Intercropping with leguminous crops and green manure incorporation represent high-yielding, ecologically beneficial, and sustainable cultivation practices that enhance crop growth while improving the soil quality and microbial communities (Wang T. et al., 2022; Duan et al., 2024; Fan et al., 2025). Being consistent with this principle, the results of this study showed that SGM intercropping enhanced citrus fruit yield and quality parameters. Notably, after 2 years of implementation, this treatment significantly increased the total soluble solids (TSS) and the TSS/TA ratio in citrus fruits relative to the non-intercropped control (Table 1).

An analysis of factors exhibiting strong correlations with citrus fruit quality (Spearman coefficient |ρ| ≥ 0.8, p < 0.01; Figure 7b) revealed that intercropping duration with SGM significantly and positively correlated with the TSS/TA ratio—a key indicator of flavor maturity in citrus. This aligns with documented evidence that long-term green manure application enhances fruit quality (Zhang et al., 2022; Yang et al., 2023). Concurrently, soil nutrient availability demonstrated strong positive correlations with multiple fruit quality parameters, consistent with established mechanisms whereby green manure improves edaphic conditions to elevate crop quality (Wang T. et al., 2022; Zhang et al., 2022; Duan et al., 2024). Contrastingly, titratable acidity (TA) showed a significant negative correlation with soil pH (p < 0.01). Critically, titratable acidity (TA) serves as a negative indicator of fresh fruit palatability (China National Standardization Administration Committee, 2008; Li et al., 2014; Yang et al., 2014), further corroborating the interdependent relationship between soil properties and sensory quality attributes. Notably, specific microbial taxa—predominantly affiliated with Actinobacteria, Proteobacteria, Acidobacteriota, and Ascomycota—exhibited robust correlations with quality indices (Figure 7). Previous studies have shown that Proteobacteria and Ascomycota are positively associated with crop performance (Ning et al., 2022; Wang T. et al., 2022; Duan et al., 2024). Despite the positive role of Acidobacteria in participating in nutrient activation and organic matter degradation, as well as in enhancing primary productivity, many Acidobacteria have been associated with oligotrophic strategies and have successfully proliferated in low-nutrient environments, especially with poor soil quality (Kielak et al., 2016; Stone et al., 2023). Collectively, these findings underscore that SGM intercropping synchronizes soil physicochemical properties, microbiome dynamics, and fruit quality optimization, with intercropping duration being a pivotal regulatory factor.

Therefore, this study underscored that the duration of sustained intercropping with SGM significantly impacts soil physicochemical properties and microbial communities within citrus orchards and consequently reveals intricate links to the formation of key fruit quality attributes in citrus.

In general, in this study, intercropping SGM contributed to improved soil physicochemical properties (Table 2) and modified soil microbial community structure (Figures 1–6), consequently enhancing citrus fruit quality (Table 1; Figure 7). However, due to the short duration (2 years) of the SGM treatment, the observed improvements in citrus fruit yield and titratable acidity (a key quality parameter in Table 1) were not statistically significant. Consequently, extending SGM intercropping beyond the current trial duration may augment beneficial effects on orchard ecological functions (fruit yield and quality) and soil ecosystem attributes (soil properties and microbial community structure), rendering these positive trends more pronounced.





5 Conclusion

This study revealed that soybean green manure (SGM) intercropping in acidified citrus orchards effectively modulated soil characteristics, reshaped microbial communities, enhanced biodiversity, optimized network complexity, and intensified microbial interactions, resulting in superior fruit quality. After 2 years of SGM intercropping, significant improvements were observed in orchard soil pH and fertility, along with the selective recruitment of beneficial microorganisms (Proteobacteria, Actinobacteria, Ascomycota, and Mortierellomycota), while reducing acidophilic Acidobacteria populations. These changes led to increased complexity in both bacterial and fungal communities, strengthened microbial network interactions, and consequent enhancement of fruit quality parameters. Importantly, significant correlations were established between fruit quality improvement and specific changes in soil physicochemical parameters, microbial community structure, and the recruitment of some keystone microbial taxa. These findings provide fundamental insights into the ecological mechanisms underlying soil environment improvement in acidified citrus orchards through green manure intercropping, suggesting this approach as a promising strategy for sustainable citrus production in acidic regions. Thus, future research should explore the long-term effects of SGM intercropping on citrus rhizosphere microbiome dynamics and soil carbon sequestration while evaluating its economic feasibility across different acidic soil types and climatic conditions.
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Aureobasidium pullulans is a globally distributed fungus commonly found in plant-associated and anthropogenic environments. Known for its antagonistic activity against plant pathogens, it is widely used as a biocontrol agent in sustainable agriculture. Despite its prevalence in edible plant tissues and frequent environmental exposure, its broader role within microbiomes and potential relevance for human health remain underexplored. In this perspective article, we highlight the global distribution of A. pullulans based on publicly available sequencing data and examine its ecological function from a microbiome-based viewpoint. Our synthesis supports the view of A. pullulans as a safe, plant-beneficial symbiont with high value for sustainable crop protection and potential relevance for the One Health framework. Future microbiome research should further explore its functional roles within plant and human-associated microbiomes to better harness its benefits while ensuring biosafety across ecosystems.
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Introduction

The fungus Aureobasidium pullulans (De Bary) Arnaud, commonly known as the ‘black yeast’, was first described 150 years ago (Cooke, 1959). At that time, like the majority of microorganisms, A. pullulans was subjected to an anthropocentric perspective on the microbial world, i.e., the mere presence of a microorganism implies disease (Heidenreich et al., 1997). Though ahead of the times, Cooke discussed the ecological life history of A. pullulans in 1959 and highlighted that more intense studies may demonstrate its independence from saprobic and pathogenic strains (Cooke, 1959). The discovery of the microbiome, a term first defined by Whipps et al. (1988) and newly conceptualized by Berg et al. (2020) has provided an alternative to the anthropocentric perspective on microbial life. Microorganisms are ubiquitous providers of key ecosystem services and are, thus, intrinsically associated with the health of eukaryotic hosts. This has led to the definition of the holobiont, which refers to a host organism together with all of its associated microorganisms, including bacteria, archaea, fungi, viruses, and protists, forming a complex ecological unit (Vandenkoornhuyse et al., 2015). This concept emphasizes that the biology, evolution, and health of the host cannot be fully understood without considering its microbial interactions and co-evolutionary dynamics. Furthermore, the microbiome interconnects holobionts; for example, plant-associated bacteria in food can withstand human digestion (Wicaksono et al., 2022) and may inhabit the human gut, representing an underexplored but important component of the exposome (Wicaksono et al., 2023a), which is defined as the sum of exposures to which an individual is subjected during their lifespan.

A. pullulans is a frequent member of the environmental microbiome. Due to its targeted antagonistic activity, the fungus can protect crops against various plant pathogens, such as Monilinia laxa, Botrytis cinerea, Alternaria alternata, and Fusarium spp (Zajc et al., 2020; Iqbal et al., 2021; Wachowska et al., 2021; Di Francesco et al., 2023). Initially, A. pullulans was categorized into four subspecies: A. pullulans var. pullulans, var. melanogenum, var. subglaciale, and var. namibiae (Zalar et al., 2008). However, significant genomic differences among these groups warranted their reclassification as four distinct species: A. pullulans, A. subglaciale, A. namibiae, and A. melanogenum (Gostinčar et al., 2014). This revised taxonomy is particularly important for biotechnological applications in agriculture, as it clearly distinguishes A. melanogenum – a species with strains that may possess pathogenic potential for humans – from the agriculturally relevant species A. pullulans (Gostinčar et al., 2014; Černoša et al., 2025). A. pullulans has been considered safe for various agricultural applications (European Food Safety Authority, 2013; Prasongsuk et al., 2018), and its unparalleled global distribution and use for a sustainable economy (Rensink et al., 2024) calls for studying it in relation to the One Health concept. The importance of A. pullulans as an effective biocontrol agent, as well as its applicability in diverse sectors of the sustainable food industry, has been comprehensively reviewed by Di Francesco and colleagues (Di Francesco et al., 2023). However, a microbiome-based perspective on the global and host-associated role of A. pullulans is still missing. In this perspective paper, we review the literature on A. pullulans occurrence from a microbiome-based perspective to gain new insights into its global prevalence in different biomes and the potential for human exposure by representing a common member of the edible plant microbiome.





A. pullulans is prevalent in anthropogenic environments

A. pullulans is known for its host- and non-host-associated lifestyles. The fungus has been detected in numerous ecosystems, ranging from soils (Ignatova et al., 2015; Ademakinwa and Agboola, 2016; Bennamoun et al., 2016), freshwater and marine environments (Gunde-Cimerman et al., 2000; Wang et al., 2009), deserts and drylands (Coleine et al., 2021), glaciers’ ice and permafrost (Branda et al., 2010; Sannino et al., 2020), as well as in the air and atmosphere (Shelton et al., 2002; Griffin, 2007). A. pullulans survives in acidic and alkaline surroundings (Cooke, 1959), and saline soils (Bennamoun et al., 2016). Due to its prevalence in extreme habitats, the fungus was described as a polyextremotolerant microorganism (Gostinčar et al., 2023) because it can survive cold as well as hot temperatures up to 50°C (Zajc et al., 2020). However, A. pullulans does not grow well at 37°C (Zajc et al., 2020). Interestingly, the fungus does not show substantial specialization in any of these habitats at the genomic level (Gostinčar et al., 2019). Frequent recombination between A. pullulans strains could diminish the structuring of the global A. pullulans population (Gostinčar et al., 2019).

We conducted a taxonomy-based search for A. pullulans in the GlobalFungi database (Větrovský et al., 2020), which contains high-throughput sequencing metabarcoding studies, to illustrate its global distribution (Figure 1). We used two search terms to query the database: (i) an empty prompt to retrieve all samples and (ii) “Aureobasidium pullulans” to obtain samples where A. pullulans was detected. These two tables were merged, and a total of 57’184 samples were obtained (as of 02.11.2023). We included only samples from 515 studies that were not flagged as “manipulated”, used non-nested primers (covering ITS1, ITS2, or full-length ITS), and contained at least 500 samples per study. This resulted in a total of (i) 50’084 total samples and (ii) 10’191 samples in which A. pullulans was detected. Due to the compositional nature of the sequencing data and the high variability among reads between the different primers (Supplementary Figures 1, 2), we used presence/absence to delineate the global distribution of A. pullulans. Nonetheless, with an increasing number of reads, the detection of A. pullulans was more likely, and this was reflected in an increased prevalence (Supplementary Figure 3). Hence, we used prevalence for the purpose of delineating the occurrence probability of A. pullulans globally.
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Figure 1 | Global occurrence of A. pullulans. (A) Percentage of samples with A. pullulans out of 515 studies based on ITS sequences (ITS1, ITS2, full-length ITS), showing a total of 57’184 samples. (B) Latitudinal occurrence patterns in different environments (mean ± SE). (C) Distribution of samples with the presence/absence of A. pullulans in different environments and sample types. (D) Total number of samples in different environments and (E) sample types; percentages are represented by the colored part of the bars and indicate the fraction of samples with A. pullulans. The 50’084 samples were obtained from the GlobalFungi database (02.11.2023; Větrovský et al., 2020).

Our analysis demonstrates that A. pullulans can occur in various environments. Although A. pullulans occurred on all continents, it was more often detected in anthropogenic environments (51% of n = 707 samples) and croplands (36%, n = 2’713) compared to natural environments (19%, n = 46’664). Interestingly, A. pullulans was most prevalent in atmospheric samples, including air and dust. The high prevalence in soil (24%, n = 28’433), organic matter (28%, n = 3043), and atmospheric samples (34%, n = 838) suggests that it is often present in our surroundings. Hence, we expect frequent human exposure to A. pullulans across different environments with a low risk for hazard incidents (Prasongsuk et al., 2018).





A. pullulans is an effective biological agent in agriculture

The prevalence of A. pullulans in croplands is likely attributable to its broad use as an effective biocontrol agent against bacterial and fungal phytopathogens. Several organic disease control products based on A. pullulans are already on the market (e.g., Boni Protect, Blossom Protect, Botector) and are highly promising alternatives to problematic chemicals in viticulture and horticulture, both pre- and postharvest. This is of high importance considering, for instance, the European Green Deal proposing a reduction of the use and risk of pesticides by 50% by 2030.

Over the past decades, A. pullulans strains have been applied as single organisms, and in combination with other organisms and chemical peptides (Zajc et al., 2020). Nevertheless, most studies focus on fruit crops, whereas the potential impact of A. pullulans on cereals and legumes is less explored. Pre-harvest applications have shown effectiveness against pathogens such as Erwinia amylovora in apples (Slack et al., 2019; Zeng et al., 2023), Diplodia seriata in grapevines (Pinto et al., 2018), and Verticillium dahliae in olive trees (López-Moral et al., 2021, 2022). Post-harvest studies have focused mainly on fruits, demonstrating biocontrol of Botrytis cinerea in strawberries, apples, and grapes (Schena et al., 2003; Mari et al., 2012; Iqbal et al., 2022), Monilinia laxa in stone fruits (Zhang et al., 2010; Di Francesco et al., 2018), or diverse Penicillium species in tropical and non-tropical fruits (Ippolito et al., 2000; Janisiewicz et al., 2000; Zhang et al., 2010, p. 20; Mari et al., 2012; Parafati et al., 2017), just to name some examples. In some cases, it has been used successfully in microbial consortia with Bacillus subtilis (Bellamy et al., 2022). In a recent study, A. pullulans was transmitted via bees to strawberry flowers, resulting in decreased strawberry post-harvest infections with B. cinerea (Iqbal et al., 2022). The potential impact of A. pullulans on insects and their microbiome has not been assessed so far (Davis and Landolt, 2013; Hung et al., 2015). Overall, A. pullulans is mainly used as a direct antagonist towards phytopathogens, and the main mode of action of A. pullulans is referred to as a competition for space and nutrients. However, A. pullulans might also have the ability, due to its wide genetic equipment, to induce systemic resistance in plants, which was shown lately by Zeng et al. (2023), demonstrating increased gene expression of pathogenesis-related genes. Further evidence for A. pullulans’ broad spectrum application potential is given by its postulated function in abiotic stress management of coniferous trees under drought stress (Mannaa et al., 2023), underlining the global potential of A. pullulans.

Another important consideration for the use of biocontrol agents is their interaction with the native microbiome in plants and soil, although this aspect has been less explored to date. A recent study showed that the dominance of A. pullulans on fruit surfaces resulted in a decreased abundance of naturally occurring phytopathogenic fungi and an increased proportion of bacteria with plant growth-promoting properties (Shi et al., 2022). Since the application and occurrence of A. pullulans seems to potentially result in benefits for the plant, we suggest that A. pullulans could be considered a fungal soterobiont. This term has recently been postulated to describe microorganisms – artificially applied or native to the plant – that can extend the host plant´s immune system by providing active protection against pathogens, which results in resistant phenotypes (Cernava and Berg, 2022). However, both genetic and functional aspects of A. pullulans, the host plant, and other members of the plant microbiota must be considered to build a comprehensive understanding of the dynamics within the holobiont.





A. pullulans is a native member of the plant and the edible microbiome

The native plant microbiome assists the host plant in acquiring nutrients, suppressing pathogens, enhancing stress tolerance, and regulating plant hormones (Sánchez-Cañizares et al., 2017; Berg et al., 2022; Gross, 2022). Thus, plants rely on their associated microbiota and are unlikely to survive without them under natural conditions (Paasch et al., 2023). A. pullulans displays a plethora of properties and was observed to natively colonize various plants, including wheat (Wachowska et al., 2020), apple (Abdelfattah et al., 2022), grapevine (Wassermann et al., 2021), olive trees (López-Moral et al., 2021), Ficus (Singh and Saini, 2008), wildflowers (Choudhury et al., 2011), and seeds of native alpine plants (Wassermann et al., 2019a). In addition, A. pullulans was frequently documented to occur in the edible parts of fresh produce, such as apples (Wassermann et al., 2019b; Abdelfattah et al., 2021; Zhimo et al., 2022), cherries (Schena et al., 2003; Molnárová et al., 2014), peaches (Zhang et al., 2010; Molnárová et al., 2014), citrus (Ferraz et al., 2016), and strawberries (Adikaram et al., 2002), and a large body of literature observed A. pullulans in berries of grapevine (Fleet, 2003; Martini et al., 2009; Verginer et al., 2010; Grube et al., 2011; Barata et al., 2012; Pinto et al., 2014). However, these observations are mainly based on PCR-based marker gene profiling or microbial cultivation methods, which do not provide direct information regarding actual microbial loads.

Based on the global data set, we found a wide range of sequence reads of A. pullulans across the different samples, reaching high percentages in certain samples (Supplementary Figure 2). However, microbiome-based quantitative data on the fungal plant microbiota remain limited. To estimate the load of A. pullulans in plant tissues, we analyzed a previously published dataset on the apple microbiome (Abdelfattah et al., 2022). The data includes marker gene sequences (ITS) and quantitative real-time PCR (ITS gene copy numbers (GCN) per centimeter of shoot length) measurements for the endophytic microbiota of 61 apple accessions from 11 Malus species. The total fungal load ranged from 106 GCN cm-1 to 109 GCN cm-1 in domesticated apples (Abdelfattah et al., 2022), and A. pullulans sequences accounted for 36% to 51% of all fungal GCN in these samples, indicating that the fungus is a native and significant member of the apple microbiome. This example supports A. pullulans’ environmental prevalence and shows its potential for host interaction, as microbial abundance is a key determinant of ecological relevance and functional impact on the host (Lloréns-Rico et al., 2021).

In general, while all niche-specific microbiota play a functional role for the plant (Trivedi et al., 2020), and for humans as consumers, microbes associated with the edible parts of a plant can pose health benefits and risks (Berg et al., 2015; Kim et al., 2020). The risks are deeply studied, yet human pathogens causing food-borne outbreaks, as well as opportunistic pathogens that cause healthcare-associated infections (Mehta et al., 2017), are still of global concern, accelerated by the drivers of the Anthropocene (Flandroy et al., 2018). However, edible plants are colonized by a huge diversity of microorganisms, and only a very small fraction may have adverse impacts on healthy humans (Berg et al., 2015). Those microbes represent the edible plant microbiome and are an important component of the exposome (Berg et al., 2015; Wicaksono et al., 2023a). Studies suggest that the edible microbiome may positively impact the gut microbiome and human health. Fruit and vegetable-derived bacteria are, despite their low abundance, consistently present in the human gut, enriching the functional diversity of the gut microbiota due to the presence of genes associated with benefits for human health (Wicaksono et al., 2023b). Besides bacteria, eukaryotic organisms are important components of the gut microbiome (Zhang et al., 2022); yet, to our knowledge, no comparable studies on fruit- and vegetable-transmitted fungi in the human gut have been conducted so far (Laforest-Lapointe and Arrieta, 2018). Nonetheless, A. pullulans has been detected in stool samples of healthy humans (Maas et al., 2023). In addition, it is known that fungal β-glucans play an important role in the human immune system (Zhang et al., 2022) and also the compounds produced by A. pullulans may have potential health benefits for humans (Ikewaki et al., 2023; Raghavan et al., 2023). Analyzing the diversity of fungi and other eukaryotes in the human gut and whether they are delivered via plant consumption will help uncover those microorganisms’ roles for host health.





Conclusion

A. pullulans is a globally distributed fungus commonly found in anthropogenic environments and croplands. Research indicates that A. pullulans pose minimal health risks to humans (Gostinčar et al., 2014). Yet, given its widespread occurrence in food and the environment, animal and human exposure is probable, necessitating comprehensive risk assessments to ensure safety. The fungus’s beneficial properties for plants, including pathogen suppression and crop protection, along with its native abundance in wild plants and crops, underscore its potential relevance for future agricultural practices aligned with the One Health framework. Future research should focus on its interaction with the native plant and the environmental microbiome. Further, its role within the human exposome and gut microbiome needs to be explored to better understand its interactions and any potential health implications.
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Rheum officinale Baill., a medicinal herb rich in anthraquinones and tannins, exhibits region-specific variation in bioactive compound accumulation. Given the well-documented pharmacological properties of R. officinale Baill. including its laxative, antibacterial, anti-inflammatory and regulating intestinal function, this study integrated Illumina sequencing of rhizosphere microbiomes, HPLC quantification of 10 active components (e.g., rhein, physcion), and soil analysis across three cultivation regions Shaanxi (ZB), Hubei (HB), Chongqing (CQ). Results demonstrated significant regional disparities: ZB showed highest rhein and catechin levels, while CQ accumulated more physcion. Microbial diversity followed the order ZB>HB>CQ, with Proteobacteria and Ascomycota dominating bacterial and fungal communities, respectively. Soil pH, moisture (SWC), and Zn/Cu content strongly correlated with microbial structure. Notably, Rokubacteriales was significantly positively associated with anthraquinones accumulation. These findings suggest that soil properties modulate microbial communities, which in turn regulate secondary metabolite biosynthesis through nutrient cycling (e.g., nitrogen/phosphorus metabolism). This study elucidates the tripartite interaction of soil-microbe-metabolite networks in R. officinale Baill., providing insights for geoherbalism optimization. Future research will focus on optimizing R. officinale Baill. cultivation through soil condition management to enhance both quality and yield.




Keywords: 16S rRNA sequencing, fungal ITS high-throughput sequencing, Rheum officinale Baill., secondary metabolites, soil properties





Introduction

Rheum officinale Baill. as a tall perennial herbaceous plant, its dried roots and rhizomes are known as the Chinese herbal medicine rhubarb (Chinese Pharmacopoeia Commission, 2025). The main chemical constituents include anthraquinones, anthrones, stilbenes, phenylbutanones, polysaccharides, tannins, and volatile oils (Cao et al., 2017). The laxative activity of R. officinale Baill. is primarily attributed to its anthraquinones derivatives (rhein, aloe-emodin) and anthrone glycosides (sennoside) (Duval et al., 2016; Takayama et al., 2012; Feng et al., 2013). The growing medicinal demand for R. officinale Baill. has outpaced wild supply, necessitating large-scale cultivation. While intensive farming system are now established in China’s major production regions, persistent monoculture challenges have emerged. Notably, soil-borne diseases (particularly root rot) have increased substantially due to continuous cropping issues, threatening industry sustainability (Lin et al., 2024; Xu et al., 2025). Research confirms these agricultural problems correlate strongly with soil microbiome alterations, where pathogenic bacterial/fungi and nutrient imbalances directly impact plant health (Pang et al., 2022; Bi et al., 2023). Beneficial secondary metabolites (such as medicinal plant active ingredients, microbial functional compounds, plant polyphenols, etc.) have exploded in market demand in recent years due to their high application value in medicine, food and health care, etc.; The contradiction between insufficient adaptation of production scale and demand expansion is continuing to give birth to deepening basic research in this field.

Rhizosphere microorganisms are often termed the plant’s ‘second genome’. In natural environment, plant roots harbor a diverse community of microorganisms within and surrounding the root system, collectively known as the rhizosphere microbiome, which includes bacteria and fungi (Luo et al., 2024). This microbiome accompanies plants throughout their life cycle, interacts closely with them, and plays a vital role in the growth, development, and secondary metabolite accumulation of medicinal plants (Yuan et al., 2022; Peng et al., 2020). Among these microorganisms are plant growth-promoting rhizobacteria (PGPR). PGPR constitute a core functional group that directly or indirectly sustain plant growth and soil health through mechanisms such as promoting nutrient uptake, secreting plant hormones, enhancing tolerance to abiotic stresses, and suppressing pathogenic microorganisms (Jabborova et al., 2024; Vaghela and Gohel, 2023). Certain rhizobacteria directly promote plant growth by secreting plant hormones or influencing the plant’s own hormone synthesis. Among them, phosphate-solubilizing bacteria (Bacillus, Pseudomonas, Enterobacter and Escherichia) represent the most dominant phosphorus-transforming groups in soil (Wang et al., 2023; Pang et al., 2024). Nitrogen-fixing bacteria such as Klebsiella and Rhodococcus can convert atmospheric nitrogen into ammonia, increasing soil nitrogen content and thereby promoting the growth of medicinal plants and the accumulation of their active ingredients (Shi et al., 2023). For instance, the latest research has found that Paraburkholderia, a probiotic flora in Coptis chinensis, can promote plant growth, activate immune responses, inhibit the main pathogens of coptis root rot, and significantly improve the overall health of plants (Cao et al., 2025), while Streptomyces TM32 from the rhizosphere of Curcuma longa exhibits potent antimicrobial effects against plant pathogens (Nakaew et al., 2019). Additionally, Burkholderia from the rhizosphere of Baphicacanthus cusia, as well as Pseudomonas and Pantoea strains from the rhizosphere of Salvia miltiorrhiza, can also directly participate in indigo biosynthesis and phenolic compound accumulation (Zeng et al., 2018; You et al., 2017).

Rhizosphere fungi are another important group within rhizosphere microorganisms, and their diversity plays a crucial role in stabilizing soil ecosystems, promoting plant growth, and directly participating in nutrient cycling between soil and plants, thereby making significant contributions to soil ecology (Adedayo and Babalola, 2013). Functionally, they are categorized into saprophytic fungi and symbiotic mycorrhizal fungi: beneficial fungi can enhance plant root activity, promote growth, and improve disease resistance, whereas harmful fungi may induce plant diseases or even lead to plant mortality (Finzi Razavi et al., 2016; Li Destri Nicosia et al., 2015). Among them, arbuscular mycorrhizal (AM) fungi form symbiotic associations with most terrestrial plants. By assisting hosts in absorbing water and mineral nutrients such as phosphorus (while acquiring organic nutrients from the hosts), they significantly influence plant secondary metabolism (Jiang et al., 2017; Welling et al., 2016; Kapoor et al., 2017). For instance, in Salvia miltiorrhiza, synthetic communities composed of fungi can significantly promote plant growth and improve the quality and yield of medicinal materials (Jia et al., 2024). Moreover, AM fungi are closely associated with the synthesis of phenolic compounds (Rosa-Mera et al., 2011). In addition, Aspergillus flavus can convert soluble arsenic into insoluble forms, reducing its toxicity to soil organisms to ensure plant growth (Mohd et al., 2019). In summary, the community diversity and functional specificity of rhizosphere microorganisms are the core research targets for elucidating the mechanisms underlying the growth regulation of medicinal plants and the accumulation of their active ingredients. Related research in this field has provided an important theoretical basis for the optimization of medicinal plant cultivation and the utilization of microbial resources.

This study investigated the relationship between rhizosphere microorganisms and R. officinale Baill. Using the second-generation NovaSeq platform for PE250 amplicon sequencing, we characterized bacterial and fungal communities in the 3-year-old plants. Our analysis focused on two key aspects: how these rhizosphere microorganisms influence soil physicochemical properties, and their impact on the accumulation of active components in medicinal plant R. officinale Baill.





Materials and methods




Sample collection

Field sample was conducted in November 2023 across three major Rheum officinale producing regions: Shaanxi, Hubei and Chongqing. At each location, we collected three-year-old plants along with their rhizosphere soil (Li et al., 2021). Geographic coordinates for all sampling sites (longitude and latitude information) were recorded using Global Positioning System (GPS) (Supplementary Table S1). The study employed a replicated sampling design with three sampling points per region, each comprising three biological R. officinale Baill. replicates, yielding a total of nine sample batches. Notably, Zhenba County in Shaanxi Province served as a key sampling site due to its provincial recognition as a genuine producing area. All samples were collected from established medicinal cultivation bases. Three-year-old plants showing no visible signs of damage or disease were carefully selected (Figure 1, Supplementary Figure S1).

[image: Panel A shows a plant root system with thick, short roots and green stem remnants. Panel B displays a root system with fewer, longer lateral roots and a cut stem. Panel C presents a similar root structure with a prominent central root mass and several extending roots. All roots have soil attached and a scale bar indicating one centimeter is visible below each plant.]
Figure 1 | Sample photos of R. officinale Baill. from different origins. (A) ZB; (B) HB; (C) CQ.

For soil sampling, the soil adhering to the roots of R. officinal was collected by gentle shaking, and rhizosphere soil samples tightly bound to the fibrous roots were carefully collected using sterilized brushes (Supplementary Figure S2). The frozen soil samples were dispatched to Shanghai Paisno Biotechnology Co., Ltd. for the detection of microbial diversity. Meanwhile, the remaining soil samples were air-dried to remove impurities, passed through a 20-mesh sieve, and then subjected to the determination of soil physical and chemical properties.





Determination of 10 secondary metabolites in R. officinale Baill.

The high-performance liquid chromatography (HPLC) analysis was performed according to an established method for R. officinale Baill (Li et al., 2025), enabling simultaneous quantification of ten bioactive components: gcatechin, catechin, sennoside B, chrysophanol-8-O-glucoside, emodin-8-O-glucoside, aloe-emodin, rhein, emodin, chrysophanol and physcion. The fresh R. officinale Baill. herbs underwent the following steps. The workflow is summarized in the schematic below (Jiang et al., 2025), illustrating the key steps from sample preparation to chromatographic analysis (Supplementary Figure S3). First, the coarse outer skin was carefully scraped off. The peeled R. officinale Baill. was then sliced into 3.0 cm pieces. These slices were air-dried for seven consecutive days and subsequently dried in an electric blast drying oven at 50°C for seven days. Finally, the dried R. officinale Baill. slices were pulverized and sieved through a No. 4 sieve (with an inner diameter of sieve hole of 250 µm) to acquire samples appropriate for liquid phase detection. Precisely, 100 mg of each powdered sample was transferred to a 50 mL stoppered flask, mixed with 4.5 mL methanol, and weighed. After 30 minutes of ultrasonication (500W, 40kHz), samples were returned to room temperature, reweighted to compensate for solvent lose, then centrifuged at 11260 xg for 10 minutes. The supernatant was filtered through a 0.22 μm membrane. The reference substances were purchased from Chengdu Desite Biotechnology Co., Ltd. Individual reference standards were accurately weighed and dissolved in methanol to prepare10 mL stock solutions. A mixed working standard solution was prepared by combining 1.0 mL aliquots of each primary standard, followed by ten-fold dilution with methanol. All standard solutions were stored at 4 °C. Separation was achieved using a Maple Unitary C18 column (5 μm, 4.6 × 250 mm) with a binary mobile phase system: (A) methanol and (B) 0.2% phosphoric acid in water. The analysis was conducted at 30 °C with a flow rate of 1.0 mL/min, detection wavelength of 260 nm, and injection volume of 10 μL. Gradient elution was performed according to program Supplementary Table S2.





Determination of soil physicochemical properties

Soil pH was measured with a Sardolus PB-10 pH meter. Total Nitrogen (TN) content was determined through sulfuric acid-catalyzed digestion. Flame photometric was used to quantify total Potassium (TK) content. For phosphorus analysis, total Phosphorus (TP) and available Phosphorus (AP) were determined using the NaOH fusion method followed by molybdenum-antimony anti-colorimetric method. Soil organic carbon and organic matter were determined via the potassium dichromate-concentrated sulfuric acid external heating method. Ammonium nitrogen (NH4+-N) and Nitrate nitrogen (NO3-N) was analyzed utilizing the potassium chloride extraction method. Soil Moisture Content (SWC) was determined gravimetrically by oven drying. Micronutrients analysis such as iron (Fe), manganese (Mn), zinc (Zn) and copper (Cu) was performed using acid extraction followed by atomic absorption spectrophotometry (Bao, 2000). All soil physical and chemical properties analyses were conducted by Yangling Xinhua Ecological Technology Co., Ltd.





Soil DNA extraction, PCR amplification, Illumina sequencing, and data processing

Total soil DNA was extracted using the OMEGA Soil DNA Kit (D5635-02) (OMEGA Bio-tek, USA), with extraction quality verified by 0.8% agarose gel electrophoresis. For bacterial community analysis, the V3-V4 hypervariable region of 16S rRNA gene was amplified using universal primers 338F: (5’-ACTCCTACGGGAGGCAGCAG-3’) and 806R: (5’-GGACTACHVGGGTWTCTAAT-3’), with diluted DNA as template. Fungal community analysis targeted the ITS1 region using primers ITS1F(5’-GGAAGTAAAAGTCGTAACAAGG-3’) and ITS2R(5’-GCTGCGTTCTTCATCGATGC-3’) (Shanghai Paisano Biotechnology Co., Ltd., Shanghai). PCR products were purified using the Axygen Gel Recovery Kit (OMEGA, USA), followed by library preparation with the TruSeq Nano DNA LT Library Prep Kit (Illumina). Paired-end (2 × 250 bp) sequencing was performed on the Illumina MiSeq platform (Illumina, San Diego, CA) at Shanghai Personalbio Technology Co., Ltd.





Statistical analysis of data

The paired-end sequencing was conducted using the NovaSeq 6000 SP Reagent Kit (500 cycles) (Illumina Shanghai Personalbio Technology Co., Ltd., Shanghai). Raw sequence data were demultiplexed using the demux plugin, followed by primer removal with cutadapt plugin. Subsequent processing included quality filtering, denoising, read merged and chimera removal using DADA2 plugin to generate amplicon sequence variation (ASVs). The ASVs were using MAFFT, and phylogenetic trees with constructed with FastTree2. Bioinformatic analyses were primarily performed in QIIME2 and R (Bokulich et al., 2018). Alpha diversity indices (Chao1 index and Shannon index) were calculated from the ASV table and visualized as boxplots. Microbial taxonomic composition and relative abundance were analyzed using MEGAN and GraPhlAn (Asnicar et al., 2015; Huson et al., 2011). Beta diversity was assessed through principal coordinates analysis (PCoA) based on the Bray-curtis dissimilarity matrices, with community composition differences visualized in two-dimensional sorting plots. Statistical analyses were conducted by using SPSS26.0 for one-way ANOVA, Kruskal-Wallis and Duncan’s multiple comparison test (α=0.05). GraphPad Prism 8 software was used for plotting.






Results




The content of bioactive ingredients in R. officinale Baill. exhibits interregional variations

To investigate the phytochemical variability of medicinal R. officinale Baill. from different geographical origins, we quantitatively analyzed ten characteristic bioactive ingredients using HPLC (Supplementary Figure S4). Comparative analysis revealed significant compositional variations in six components including rhein (Figure 2A), chrysophanol-8-O-glucoside (Figure 2B), catechin (Figure 2C), emodin-8-O-glucoside (Figure 2D), gallic acid (Figure 2E) and physcion (Figure 2F), whereas the remaining four components exhibited relatively Table Sconcentrations without statistically significant difference (Supplementary Figure S5). Specifically, R. officinale Baill. from ZB exhibited significantly higher levels of rhein (3.50 × CQ, 1.85 × HB), chrysophanol-8-O-glucoside (2.89 × CQ, 1.54 × HB), catechin (3.30 × CQ, 1.48 × HB) and emodin-8-O-glucoside (1.36 × CQ, 1.61 × HB) but lower gallic acid content compared to other regions. Conversely, CQ showed the highest physcion content (1.63 × ZB, 1.56 × HB). No significant interregional differences were observed for sennoside B, emodin, aloe-emodin, or chrysophanol. These findings demonstrate distinct chemotypic profiles associated with geographical origins, which may influence the pharmacological properties of R. officinale Baill. products.

[image: Grouped bar charts labeled panels A to F compare compound concentrations across ZB, CQ, and HB samples. Panel A shows rhein, B chrysophanol-8-O-Glc, C catechin, D emodin-8-glucoside, E gallic acid, and F physcion. ZB consistently shows the highest or among the highest values except for physcion, where CQ is highest. Statistical significance is marked above bars with letters a, b, and c. Error bars are shown for each group.]
Figure 2 | (A-F) is the numbering of the active ingredients in R. officinale Baill. The content of 6 effective components in R. officinale Baill. from 3 origins. The abscissa is the sample grouping, and the ordinate is the content of the components. Data are the mean of three replicates ± SE (standard error); different letters indicate significant differences at p < 0.05 according to analysis of variance (ANOVA).





Analysis of the composition and diversity of fungal and bacterial colonies in rhizosphere soil

To investigate the potential correlation between rhizosphere microbial communities and phytochemical variations in R. officinale Baill., we performed comprehensive analysis of bacterial and fungal populations in the rhizosphere soils from different cultivation regions. Microbial community analysis was performed on nine rhizosphere soil samples collected from three geographic regions using Illumina HiSeq high-throughput sequencing. The rarefaction curves of ITS (Supplementary Figure S6A) and 16S rRNA (Supplementary Figure S6B) sequencing demonstrated the continuous emergence of novel operational taxonomic units (OTUs) with increasing sequencing effort, indicating previously uncharacterized microbial diversity. Curve plateauing at sufficient sequencing depth, suggesting adequate coverage of extant microbial diversity with samples (Good’s coverage >99%). For fungi, the sequencing depth ranges from 0 to 60,000 reads, and the effective sequencing depth (saturation depth) is 10,000–60,000 reads. For bacteria, the sequencing depth ranges from 0 to 25,000 reads, with a saturation depth of 5,000–10,000 reads. The asymptotic behavior of the curves confirms that the sequencing depth achieved was sufficient to capture the majority of bacterial and fungal diversity present in the samples, while further sequencing would primarily reveal rare taxa.

Microbial community analysis was conducted at 97% sequence similarity threshold to determine operational OTUs in rhizosphere soil of R. officinale Baill. from three regions. Venn diagram analysis revealed distinct distribution patterns of shared and unique OTUs. For the fungal community (Figure 3A), there were a total of 1891 OTUs in the three regions, and only 52 OTUs were shared among all three regions, ZB region exhibited the highest diversity with 842 total OTUs, accounting for 44.53% of the total. While, HB region contained 643 total OTUs, accounting for 34.00%. And CQ region showed 616 total OTUs, accounting for 26.97%. For the bacterial community, a total of 13,360 OTUs were present in the three regions, of which 126 OTUs were common to all regions (Figure 3B). The samples from ZB demonstrated maximum diversity, with a total of 6364 OTUs, accounting for 47.63% of the total. Whereas, samples form HB contained 4625 OTUs, accounting for 34.62%, and samples from CQ showed only 2623 OTUs, accounting for 13.63%. The overall microbial diversity followed a consistent regional pattern: ZB>HB>CQ (p<0.05), indicating significantly higher microbial diversity in ZB rhizosphere soils compared to other regions.

[image: Panel A and B show Venn diagrams comparing unique and shared values among three groups labeled CQ, HB, and ZB, with overlapping regions indicating shared values. Panels C and D present two-dimensional PCoA plots with colored dots and lines representing group clustering by ZB (red), HB (yellow), and CQ (blue) along principal coordinate axes. Panels E and F display box plots for Chao1 and Shannon diversity indices among the three groups, with statistical significance indicated for panel E (p = 0.027) and non-significant differences in panel F (p = 0.29, p = 0.56).]
Figure 3 | Venn diagrams depicting fungi (A) and bacteria (B) in the rhizosphere soil of R. officinale Baill. across three regions. PCoA analysis of fungi (C) and bacteria (D) in rhizosphere soil of R. officinale Baill. among three regions. α diversity analysis of bacteria (E) and fungi (F) in the rhizosphere soil of R. officinale Baill. in three regions. The Venn diagram shows the number of OTUs common and unique to the three regions, with different colors representing different regions. Each point in the PCoA diagram represents a sample, and the dots of different colors indicate different groupings. The percentage in the coordinate axis bracket represents the proportion of the sample difference data (distance matrix) that the corresponding coordinate axis can interpret. Box plots visually compare diversity between groups. α diversity index reflects the species richness and uniformity in the sample. Higher index values indicate higher microbial community complexity.

Alpha diversity analysis was performed to assess microbial community characteristics across different regions. The Chao1 index, which estimates species richness, showed higher values corresponding to greater community richness. The Shannon index, incorporating both species richness and evenness, indicated higher community diversity with increasing values. Both indices followed the same trend: ZB (fungi: Chao1 = 377.92, Shannon=6.01; bacteria: Chao1 = 3274.80, Shannon=10.55) > HB (fungi: Chao1 = 289.33, Shannon=4.36; bacteria: Chao1 = 2247.59, Shannon=10.10) > CQ (fungi: Chao1 = 262.11, Shannon=5.72; bacteria: Chao1 = 1419.09, Shannon=8.73). According to bacterial communities, significant regional variations were detected in both Chao1(P<0.05) and Shannon indices (P<0.05) (Figure 3C). Chao1 index ranking: ZB>CQ>HB. Shannon index pattern: CQ>HB>ZB. Regarding fungal communities, no statistically significant differences were detected in either Chao1 (P >0.05) or Shannon (P >0.05) (Figure 3D) indices among regions. These results demonstrate distinct spatial patterns in microbial diversity, with fungal communities showing consistent richness-diversity.

Principal Component Analysis (PCA) was employed to assess beta diversity patterns among sampling regions. For fungal communities (Figure 3E), the first two principal coordinates (PCo1 and PCo2) explained 42.03% of total variation (PCo1:22%; PCo2 20.3%). Bacterial communities (Figure 3F) showed stronger separation, with PCo1 (36.6%) and PCo2 (23.3%) collectively accounting for 59.9% of observed variation. This indicates that the selected principal components are effective in capturing the major patterns of difference in the raw data. In the PCoA diagram, the soil samples of ZB, HB and CQ were distributed in different quadrants and were far away from each other, indicating that there was significant spatial heterogeneity in the composition of fungal and bacterial communities in rhizosphere soil in the three regions.





Composition of fungal and bacterial communities

We further analyzed bacterial and fungal communities in R. officinale Baill. rhizosphere soils in Baill. three regions. Microbial abundance data were normalized during analysis, and species were matched in the NCBI database. Based on the horizontal abundance data of soil fungi in ZB, HB and CQ, the predominant fungal phylum across all regions was Ascomycota, accounting for 73.08%-92.14% of total fungal sequences. Secondary phyla included Basidiomycota (2.27%-15.30%), Rozellomycota (0.22%-1.52%) and Mortierellomycota (0.33%-3.79%), while other phyla each represented was less than 0.1% (Figure 4A). This consistent dominance pattern suggests Ascomycota’s ecological adaptation to the studied rhizosphere environments. However, in accordance with the bacterial community structure, the regional variations in the composition bacterial phyla were more pronounced. The horizontal abundance distribution of soil bacteria phyla in the three regions was as follows: Proteobacteria (30.20%) and Acidobacteria (20.30%) were the dominant phyla in ZB samples, followed by Actinobacteriota (11.71%), Chloroflexi (4.41%), Verrucomicrobiota (3.26%), Bacteroidota (2.97%) and Gemmatimonadota (6.22%). Proteobacteria (37.39%) and Actinobacteriota (18.11%) were the dominant categories in HB samples, followed by Acidobacteria (16.11%), Chloroflexi (5.72%), Gemmatimonadota (5.98%), Verrucomicrobiota (2.23%) and Bacteroidota (5.23%). Proteobacteria (26.77%) and Acidobacteriota (21.27%) were the dominant phyla in the CQ sample, followed by Gemmatimonadota (9.31%), Verrucomicrobiota (3.01%), Chloroflexi (19.69%), Bacteroidota (1.08%) and Myxococcota (1.74%) (Figure 4A). The microbial communities were predominantly composed of known beneficial taxa, including plant-growth promoting Proteobacteria and organic matter-degrading Acidobacteria in bacteria, along with Ascomycota in fungi. The differential abundance patterns suggest region-specific environmental selection pressures shaping microbial community assembly.

[image: Stacked bar charts display the relative abundance of microbial taxa in different soil groups, panel A for phyla and panel B for genera, with color-coded legends identifying each taxon on the right.]
Figure 4 | Relative abundance of fungi at the phylum (A) and genus (B) levels in the cultivated soil of R. officinale Baill. from three origins. F, fungi; B, bacteria. The picture shows the top 10 taxa by relative abundance at the phylum and genus level. The colors distinguish between microbial taxa, while the x-axis indicates the sample name and the y-axis indicates the relative abundance (%).

The top 10 soil fungal genus in ZB, HB and CQ were Penicillium, Humicola, Fusarium, Longitudinalis, Staphylotrichum, Varicosporellopsis, Solicoccozyma, Oidiodendron, Saitozyma and Trichoderma (Figure 4B). Among them, Penicillium (5.59%) was the most abundant in ZB, Humicola (41.13%) was the most abundant in HB, and Penicillium (10.75%) was the most abundant in CQ. Notably, Fusarum showed significant regional variation (CQ:6.40% > HB:2.86 > ZB: 2.11%). Eight of the den dominant fungal genera are known beneficial microorganisms, with Trichoderma and Penicillium being particularly notable for their plant-growth promoting properties. The top 10 species of soil bacteria were JG30-KF-AS9, SC-I-84, Sphingomonas, Subgroup_2, Rokubacteriales, Vicinamibacteraceae, Gemmatimonas, RB41, KD4–96 and Candidatus_Solibacter. Rokubacteriales (4.84%) and SC-I-84 (4.67%) were the dominant genera in ZB, Sphingomonas (6.87%) and SC-I-84 (6.55%) were dominant in HB, and JG30-KF-AS9 (14.56%) and Subgroup_2 (7.29%) were dominant in CQ (Figure 4B). Ecologically significant beneficial genera including Rokubacteriales, Sphingomonas and Gemmatimonas showed higher relative abundance in ZB and HB (8.24%-8.89%) compared to CQ (2.72%). This distribution pattern potential functional differences in microbial-mediated soil processes across regions.





Correspondence analysis on soil microorganisms from three different R. officinale Baill. cultivation regions

The soil samples from the three regions were roughly divided into three quadrants, indicating that there were some differences in the composition of fungal and bacterial communities among different soil samples. Among the fungal communities, the ZB region was dominated by Penicillium and Humicola (Figure 5A). Penicillium and Humicola were significantly enriched in the HB region. In the CQ area, Solicoccozyma and Varicosporellopsis are dominant. Among the physicochemical properties, the arrow of Cu was the longest and pointed to the negative direction of the RDA1 axis, indicating that it had the greatest impact on the community. The direction was consistent with the distribution of CQ samples, Solicoccozyma and Varicosporellopsis, indicating that Cu significantly affected the enrichment of CQ samples and Solicoccozyma and Varicosporellopsis. The WS pointed to the positive direction of the RDA2 axis, which was close to the CQ sample, which may have a certain effect on the fungal community in the CQ area. Zn points to the positive direction of the RDA1 axis, which is correlated with the distribution trend of the ZB group. In the bacterial community, the Cu arrow was the longest and pointed to the negative direction of the RDA1 axis, which was the most influential factor (Figure 5B). The direction was highly consistent with the distribution of CQ samples and JG30-KF-AS9, indicating that Cu may significantly affect the enrichment of CQ samples and JG30-KF-AS9. The arrows of Zn and WS are shorter and have a weaker influence. Zn points to the positive direction of the RDA1 axis, which is correlated with the distribution trend of samples in the ZB group. Taken together, the influencing factors of fungal and bacterial communities were about the same.

[image: Two redundancy analysis (RDA) biplots labeled A and B display microbial community compositions for three groups (ZB, HB, CQ) with color-coded sample points. Arrows represent environmental variables Cu, WS, and Zn, and black points mark specific taxa. Axes show RDA1 and RDA2 with percent variance explained.]
Figure 5 | Redundancy analysis (RDA) of soil fungi (A) and bacteria (B) communities of R. officinale Baill. cultivated in three different locations and their environmental factors. The percentage of coordinate axes in the graph represents the degree of difference in the raw data it can interpret, with dots representing different samples and different colors representing different groupings. Arrows indicate environmental factors, and the length represents the degree to which the corresponding environmental factors are related to microorganisms. The angle between the arrows indicates the correlation between the two, with the acute angle positively correlated and the obtuse angle negatively correlated.





Correlation analysis of soil microorganisms and bioactive components of R. officinale Baill.

Correlation analysis between soil factors and the active ingredient content in R. officinale Baill. was performed using SPSS software (version 27). It was performed between the top ten most abundant soil microorganisms (bacteria and fungi) and ten active ingredients in R. officinale Baill (Tohge, 2020). Firstly, the normality test of the data is carried out, and the Spearman correlation analysis method is selected to test the initial correlation coefficient and p-value according to the results. In order to control the risk of false positives caused by multiple comparisons, FDR correction was further used to process the p-value to more reliably identify the key soil factors affecting the formation of active ingredients in wolfberry. Fungal correlation showed that there were no fungi significantly associated with the ten active ingredients among the top 10 fungi in abundance (p>0.05) (Figure 6A). In the composition of the bacterial community, there was a significant correlation between two bacteria and the components (Figure 6B). Rokubacteriales was significantly positively correlated with rhein and emodin-8-O-glucoside (p<0.05), and JG30-KF-AS9 was significantly negatively correlated with rhein, catechin, and chrysophanol-8-O-glucoside (p<0.01), and positively correlated with physcion (p<0.05).

[image: Two clustered heatmaps labeled A and B display correlation coefficients between groups of compounds and microbial genera. Squares range from green (negative), yellow (neutral), to red (positive), indicating correlation strength. A color scale bar from minus one to one is shown beside each heatmap, and hierarchical clustering trees are present above and to the left of both heatmaps. Compound and microbial names are aligned on the y-axis and x-axis, respectively, with some statistical significance annotations in heatmap B.]
Figure 6 | Correlation analysis between the content of active ingredients in R. officinale Baill. and the levels of fungi (A) and bacteria (B) in the cultivation soil. The abscissa in the figure represents the microbial species, and the ordinate is the ten active ingredients. The color of the square represents the level of the correlation coefficient.





Differences in physicochemical properties of rhizosphere soil of R. officinale Baill. in different production areas

To explore whether the differences in soil are related to the variations in the components of R. officinale Baill., we conducted test on various physical and chemical indicators of the soil.

Significant regional variations in soil physicochemical properties were observed among the three study areas (Table 1). Soil pH analysis revealed neutral conditions in ZB (pH 6.5-7.5), while HB and CQ exhibited acidic soils (pH 4.5-5.5). Trace element analysis demonstrated distinct distributions patterns: iron (Fe) concentrations were markedly elevated in HB (6.78 × ZB, 1.38 × CQ; p<0.01), whereas ZB showed the highest manganese (Mn) levels (5.91× HB, 1.20× CQ; p<0.01). CQ soils contained significantly greater Copper (Cu) (2.01 × ZB, 1.24 × HB; p<0.05), while Zinc (Zn) showed no significant interregional differences. Nutrient analysis revealed HB’s superior fertility, with significantly higher concentrations of total nitrogen (TN: 1.65 × ZB, 1.95 × CQ), organic matter (OM: 2.04 × ZB, 2.48 × CQ), available phosphorus (AP: 7.74 × ZB, 8.46 × CQ), and total phosphorus (TP: 2.57 × ZB, 1.92 × CQ; all p<0.01). CQ exhibited the highest total potassium (TK: 1.45 × ZB, 1.12 × HB; p<0.05) and ammonium nitrogen (NH4+-N: 6.48 × ZB, 1.53 × HB; p<0.01). ZB showed predominant nitrate nitrogen (NO3--N: 2.93 × HB, 8.01 × CQ; p<0.01), while water-soluble content (SWC) was significantly lower in HB compared to other region.


Table 1 | Soil physicochemical properties.
	Index
	ZB
	HB
	CQ



	pH
	6.1333 ± 0.0907
	5.13 ± 0.01
	4.82 ± 0.0529


	Zn
	2.3091 ± 0.1865
	2.2122 ± 0.0538
	2.3133 ± 0.0578


	Fe
	14.1382 ± 1.3556
	95.927 ± 3.7401
	69.6704 ± 2.978


	Mn
	62.2394 ± 2.8578
	10.5285 ± 0.2194
	51.728 ± 0.8646


	Cu
	0.9123 ± 0.073
	1.4753 ± 0.0413
	1.8363 ± 0.068


	TN
	1.7973 ± 0.0491
	2.9649 ± 0.0966
	1.5225 ± 0.0144


	OM
	29.6375 ± 0.4334
	60.4537 ± 0.6611
	24.335 ± 0.3768


	AP
	23.0333 ± 0.9793
	178.1667 ± 5.8126
	21.0667 ± 0.3253


	TP
	0.5906 ± 0.0121
	1.5155 ± 0.0147
	0.7906 ± 0.0076


	TK
	15.4504 ± 0.4246
	20.0417 ± 0.1015
	22.4769 ± 0.3172


	AK
	241.3333 ± 6.4291
	260.5581 ± 3.8116
	147.3333 ± 6.6583


	NH4+-N
	3.9781 ± 0.411
	16.8209 ± 0.5874
	25.783 ± 0.9739


	NO3--N
	36.2577 ± 1.8023
	12.3743 ± 1.0447
	4.5264 ± 0.4299


	SWC
	33.228 ± 1.5133
	28.1955 ± 0.3253
	33.3004 ± 0.7698











Correlation analysis of soil physical and chemical properties and bioactive components of R. officinale Baill.

The correlation between soil properties and the active ingredients of R. officinale Baill. was further discussed, and the p-value was FDR corrected (Figure 7; Supplementary Table S3). The results showed that Zn, Mn, TN, OM, AP, TP and SWC were not significantly correlated with the 10 active ingredients. Specifically, pH was significantly positively correlated with gallic acid, catechin, chrysophanol-8-O-glucoside, and rhein (P <0.05); Fe and gallic acid, chrysophanol-8-O-glucoside and rhein were significantly positively correlated. Cu, NH4+-N and NO3-N were significantly positively correlated with catechin, chrysophanol-8-O-glucoside, emodin-8-O-glucoside and rhein. TK and catechin, chrysophanol-8-O-glucoside, emodin-8-O-glucoside and rhein were significantly positively correlated. AK was significantly positively correlated with physcion.

[image: Network visualization combines a Mantel correlation plot and a Pearson correlation heatmap to display relationships between soil parameters and plant secondary metabolites. Edge thickness and color represent Mantel correlation strength and false discovery rate, while colored matrix cells indicate Pearson correlations from strong negative (blue) to strong positive (orange) values.]
Figure 7 | Correlation analysis between the content of active ingredients in R. officinale Baill. and soil properties. The lower left line represents the Mantel test results of soil physical and chemical properties and active ingredients. The thickness of the line represents the overall correlation coefficient, and the color of the line represents the significance test result of the correlation coefficient. The triangle is a heat map of correlations between substances, with cell color blocks indicating the size of the correlation coefficient, red indicating positive correlation, and blue indicating negative correlation.






Discussion

A growing body of research has shown that R. officinale Baill. has a variety of pharmacological properties, including anti-inflammatory, anticancer, antibacterial, and antiviral, and can also be used as an expectorant. It has been recognized as effective in treating a variety of conditions, including stomach pain, nausea, and vomiting (Keshavarzi et al., 2021). The medicinal properties of R. officinale Baill. stem from the synergistic effects of several active ingredients (Supplementary Table S4). Gallic acid and catechin belong to tannins, sennoside B belongs to dianthranone, chrysophanol-8-O-glucoside and emodin-8-O-glucoside belong to conjugated anthraquinone, and aloe-emodin, rhein, emodin, chrysophanol and physcion belong to free anthraquinone. According to the results of HPLC analysis, there exist distinct regional patterns in bioactive compound accumulation. Specifically, ZB region exhibited the highest concentrations of tannins (gallic acid, catechin), dianthrones (sennoside B), and conjugated anthraquinones (chrysophanol-8-O-glucoside, emodin-8-O-glucoside). Conversely, free anthraquinone (aloe-emodin, rhein, emodin, chrysophanol, physcion) were minimally abundant in ZB but reached peak levels in CQ region. Studies have revealed that the pharmacological effect of tannins predominantly manifest as astringency and antidiarrheal properties (Xu et al., 2024). Regarding anthone, its pharmacological effects mainly include laxative and promoting of bile secretion. When combined with anthraquinone, it exhibits a potent laxative effect. Moreover, it also possesses antioxidant functions. Free anthraquinone is associated with various effect such as antibacterial, anti-inflammatory, antitumor and antioxidant effects (Xiang et al., 2020). The pronounced inter-regional variability in active ingredients profiles underscore the significant impact of geographical factors on secondary metabolite biosynthesis in R. officinale Baill (Komatsu et al., 2006). These suggest that origin-specific quality variations may influence clinical efficacy.

Soil physicochemical properties serve as critical determinants of medicinal plant yield and quality through their influence on plant growth, nutrient uptake, secondary metabolism and microbial interaction (Lv G. et al., 2024). Through the association of soil physicochemical properties with active components, it was discovered that pH exhibited a strong correlation with the content of ten active components. In contrast, TN, AK, and heavy metal ions in soil were only correlated with specific individual components. Thus, we hypothesized that soil pH might be the core factor driving the quality variation of R. officinale Baill., consistent with observations in other medicinal species. Study revealed that soil stands as one of the crucial determinants of Panax notoginseng production, and soil physicochemical properties and soil microbiome have high contributions to the biomass and saponins of Panax notoginseng (Xia et al., 2024). Specific pH conditions proved beneficial for the synthesis and accumulation of THSG and total anthraquinones in Polygonum multiflorum, thereby enhancing the quality of the medicinal material (Wu et al., 2023). Enhanced medicinal quality of Astragalus mongholicus correlates with improved soil quality, particularly pH, soil organic matter (SOM), and calcium content (STCa). These factors directly regulate the biosynthesis of key bioactive compounds including asragalosides (I, II, and IV) and calycosin (Sun et al., 2020). Similar studies in Lycium barbarum found that soil pH mediates the accumulation of fruit flavonoids and total sugars, demonstrating both direct and indirect regulatory effects (Liu et al., 2022). It is worth noting that correlation analysis only provides preliminary insights into the potential association between soil physicochemical factors, active ingredients and microorganisms, but cannot establish a causal mechanism between the two, so the results need to be interpreted with caution.

Rhizosphere microorganisms can directly or indirectly regulate the accumulation process of plant active ingredients by building an “interaction network” with plant roots (Lv J. et al., 2024). In terms of nutrient uptake enhancement, nitrogen-fixing microorganisms can convert N2 in the air into ammonia nitrogen available to plants, and efficiently supplement nitrogen for plants. In addition, these microorganisms can synthesize plant hormones such as indoleacetic acid (IAA) to promote root growth, and cytokinins to enhance leaf photosynthesis and fruit development. At the same time, microorganisms can also regulate the physical and chemical properties of rhizosphere soil and create a suitable microenvironment for the accumulation of active ingredients (Hacquard et al., 2017; Zhong et al., 2022). Analysis of soil samples from different R. officinale Baill. cultivation regions revealed significant correlations between microbial community characteristics and specific environmental, with copper (Cu), zinc (Zn) and water content (WC) emerging as primary determinant. Heavy metal contamination, originating from mineral mining, fossil fuel combustion, and industrial/agricultural activities, has been documented to alter soil physicochemical properties and disrupt microbial composition and community structure through cadmium (Cd), arsenic (As), and Cu accumulation (Perveen et al., 2017). Experimental evidence demonstrates a concentration-dependent relationship between Cu exposure and microbial diversity reduction. Biolog analysis indicate an inverse correlation between CuCl2 concentration (0, 10, 20, 100 and 300 μmol/L) and Shannon diversity indices, confirming Cu’s suppressive effect on microbial diversity (Woźniak et al., 2019; Kong et al., 2006). In addition, it has been found that Cu has a particularly significant effect on the composition of rhizosphere bacterial communities, which may be due to the fact that Cu can not only destroy the cellular structure and function of microorganisms, but also change the spatial conformation of proteins by binding to specific proteins, produce harmful clumps, interfere with the functions of key proteins, lead to cellular metabolic disorders and signal transduction obstruction, enter a toxic stress state, and eventually die (An et al., 2023). In this study, Cu exhibited the strongest pronounced effects observed in the CQ region. This spatial pattern suggests localized Cu accumulation may drive significant microbiome alteration in CQ soils. In contrast, Zn and water content demonstrated comparatively weaker impacts on microbial communities. These results are only derived from high-throughput data analysis. The specific mechanisms still need to be further verified through experiments.

Fusarium, a prevalent pathogenic genus among the dominant fungi taxa, exhibits significant phytotoxicity toward medicinal plants. For example, in Panax ginseng, Fusarium can cause root rot, leading to root decay, which affects the ginseng’s absorption of water and nutrients, and in severe cases, the entire plant can die (Jun et al., 2022). When Salvia miltiorrhiza is infected by Fusarium, the content of effective components such as tanshinone will decrease significantly, thus affecting the medicinal value of Danshen (Yang et al., 2020). In medicinal plants like Atractylodes macrocephala, root rot and wilt diseases often occur, leading to poor growth, reduced yield, and diminished quality (Huang et al., 2021). Our data revealed a negative correlation between Fusarium and catechin levels, suggesting potential suppression of catechin biosynthesis, possibly through interference with phenylpropanoid pathway enzymes. This provides us with a clue that when Fusarium infects the plants, it may reduce the medicinal quality of R. officinale Baill. by directly or indirectly affecting the synthesis of catechin. Subsequently, molecular techniques can be combined with plant pathology methods for verification. As a beneficial fungus, Trichoderma can solubilize poorly soluble nutrients such as phosphorus and potassium in the soil by secreting organic acids, enzymes, and other substances. It converts these nutrients into forms that can be absorbed by plants, thereby enhancing the medicinal plants’ ability to absorb and utilize these nutrients and promoting plant growth and development. For instance, during the cultivation of Astragalus membranaceus, it facilitates plant growth by dissolving soil nutrients, promoting root elongation, and generating hormone-like substances (He et al., 2022). Correlation analysis revealed a modest positive association between Trichoderma and the concentration of physcion and aloe-emodin. This pattern suggests that Trichoderma might contribute to enhanced synthesis or accumulation of physcion and aloe-emodin. Conversely, Trichoderma exhibited significant negative correlations with emodin-8-O-glucoside, rhein, and chrysophanol-8-O-glucoside, indicating potential inhibitory effects on these metabolites. Regarding Penicillium, evidence suggests this fungal genus promotes growth and secondary metabolism in medicinal plants. For instance, mono-inoculation of the endophytic fungus Penicillium steckii in Tripterygium wilfordii significantly increased triptolide and tripterine production (Song et al., 2020). Based on this functional analogy, Penicillium may similarly facilitate aloe-emodin in R. officinale Baill. All correlation analyses were interpreted with careful consideration of inherent observational limitations. While these analyses reveal significant associations between microbial communities and metabolic profiles, they do not establish direct causation. To validate these findings and elucidate mechanistic relationships, we propose employing complementary experimental approaches, including microbial isolation of key operational taxonomic units, controlled co-cultivation systems integrating isolated microbes with plant tissues, and Table Sisotope-assisted metabolic tracing to quantify microbial contributions. This multi-approach will bridge the gap between correlative observations and causative inferences.

Notably, among the top ten bacteria phyla in relative abundance, many remain understudied regarding their functional roles. The bacteria taxa most strongly associated with bioactive components in R. officinale Baill. include Rokubacteriales, JG30-KF-AS9, RB41, Subgroup_2 and. RB41 belongs to the phylum Acidobacteria, which contributes significantly to soil carbon cycling. Acidobacteria generally account for approximately 20% of soil bacterial communities (Jones et al., 2009) and carry out ecologically beneficial functions including plant polymers degradation, iron cycling, and single-carbon compound metabolism (Pankratov et al., 2012; Lu et al., 2010). RB41 and Rokubacteriales are significantly positively correlated with catechin, chrysophanol-8-O-glucoside, emodin-8-O-glucoside, and rhein, indicating that bacteria from these two genera may promote the accumulation of these four components. Subgroup_2 and JG30-KF-AS9 are extremely significantly positively correlated with physcion, suggesting that bacteria from these two genera may promote the synthesis and accumulation of physcion, while being negatively correlated to varying degrees with emodin-8-O-glucoside, rhein, catechin, and chrysophanol-8-O-glucoside, possibly inhibiting the synthesis and accumulation of these four components. Due to the limited sample size (N = 3), the statistical power of our analyses may be insufficient to detect subtle effects or interactions. Correlation analysis only provides preliminary insights into the potential association between soil physicochemical factors, active ingredients and microorganisms, but cannot establish a causal mechanism between the two, so the results need to be interpreted with caution.

While these correlation analysis provide preliminary insights into potential microbe-metabolite relationships in R. officinale Baill., their inherent limitations warrant cautious interpretation. Correlative data alone cannot establish causal mechanisms and may reflect indirect associations influenced by unmeasured environmental variables or microbial interactions. To validate the proposed roles of RB41, Rokubacteriales, Subgroup_2, and JG30-KF-AS9 in metabolite modulation, targeted experimental approaches are recommended. For instance, in vitro co-culture assays with isolated bacterial strains and R. officinale Baill. tissues/cell lines to directly quantify effects on specific metabolite accumulation.
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Introduction

Botryosphaeria dothidea (B. dothidea) is a catastrophic fungal pathogen that threatens fruit production worldwide. Secreted peptidases like serine carboxypeptidases (SCPs) are well known to be involved in fungal virulence, but their role in B. dothidea is unknown.





Methodology

Here, we identified and functionally characterized Bd-SCP10, a homolog of SCPs found in B. dothidea, which is a member of the S10 family, using a split marker strategy for gene knockout and complementation.





Results

Mutants exhibited substantial phenotypic changes, including reduced radial growth and compromised biomass production, as well as altered pathogenicity and stress tolerance in response to multiple stress conditions. In contrast, complementation restored these traits, suggesting a functional role of Bd-SCP10. Particularly, Bd-SCP10 contributes to maintaining growth, cell wall integrity and adaptation to host-induced stresses, highlighting its involvement in fungal survival and pathogenicity.





Discussion

This study provides the first functional evidence that secreted peptidases in B. dothidea are a key factor in vegetative growth, pathogenicity, and stress tolerance. The identification and functional characterization of Bd-SCP10 led us to believe that it is a promising molecular target for eco-friendly strategies to manage diseases caused by B. dothidea and related pathogens.





Keywords: Botryosphaeria dothidea, eco-friendly disease control strategies, functional genomics, pathogenicity, serine carboxypeptidase S10 family





1 Introduction

B. dothidea infects many woody plants worldwide and damages most parts of plants, including leaves, fruits, branches, and stems. It can cause fruit rot, leaf spot, twig dieback, and stem and branch canker diseases, leading to the death of infected trees (Jash et al., 2025). It has caught the attention of fruit tree pathologists, as it can infect most economically significant fruit trees, such as apples, pears, grapes, peaches, and blueberries, and cause severe diseases resulting in substantial annual losses. In China, apple white rot caused by B. dothidea is considered as one of the most destructive diseases (Dong and Guo, 2020). Raindrops facilitated the spread of fungal conidia to the host tissue surface, and conidia primarily form a germ tube and appressorium. After the development of the appressoria appressorium, it begins to invade cells and expand inside the cell, then infects the cells and absorbs nutrients from the infected tissues (Kim et al., 2016). Eco-friendly strategies for disease control measures are still unknown for this devastating fungal pathogen. That is why it is necessary to explore sustainable approaches. The host defense system is considered the first line of defense against fungal invasion, and the plant cell wall can provide an adequate defense against fungal attacks (Looi et al., 2017; Munzert and Engelsdorf, 2025). Alternatively, fungal pathogens employ a range of strategies, including physical, enzymatic (such as hemicellulase, cutinase, pectinase, cellulase, lipases, secreted peptidases, and degradative enzymes), and chemical effectors to overcome barriers during invasion and infection (Zhao et al., 2013; Rauwane et al., 2020). Comparative genomic analysis of B. dothidea has suggested that virulence- and pathogenicity-related genes are involved in regulating metabolic pathways associated with the production of various enzymes, including those involved in plant cell wall degradation, biosynthesis, cytochrome P450, carbohydrate-active, and secreted peptidases (Wang et al., 2018). Plant cell wall degrading and secreted peptidases are considered the most important factors related to pathogenicity, and the former have been well characterized as responsible for virulence in many phytopathogenic fungi. While the latter remains enigmatic (Wang et al., 2018; Munzert and Engelsdorf, 2025). SCPs are proteolytic enzymes belonging to the peptidase S10 family, characterized by a conserved Ser–Asp–His catalytic triad (Oda et al., 2022) and hydrolyze peptide bonds from the C-terminus of peptides and proteins (Semenova et al., 2020), thereby contributing to protein processing, nutrient acquisition, and regulation of cellular functions (Chen et al., 2022). In fungi, SCPs are often secreted into the extracellular environment, where they interact with host proteins and cell wall components, facilitating the release of nutrients and promoting host colonization. Beyond their housekeeping functions, SCPs are increasingly recognized as essential virulence factors (Muszewska et al., 2017; Da Silva, 2018; Madhu et al., 2020). They vary in their characteristics, including substrate selectivity, active site, and catalytic mechanism, and are also involved in a wide range of complex physiological activities (Da Silva et al., 2006; Dong et al., 2021). Generally, fungal pathogens secrete peptidases to modify spore production and germination and these enzymes act as virulence regulators (Krishnan et al., 2018; Yang et al., 2023). In addition, fungal peptidases can inhibit the host defense system by modifying and inactivating protein components of the protection machinery of the host (Xia, 2004; Shi et al., 2025). Fusarium graminearum, FgSCP was shown to be essential for fungal growth, toxin biosynthesis, stress tolerance, pathogenicity, and suppression of host immunity (Liu et al., 2024). Similarly, in Penicillium expansum, secretome profiling identified a PeBgl1 and PeSCP as enzymes required for virulence on apple fruit, emphasizing their direct role in host invasion (Wang et al., 2025). Several old studies have also shown the importance of secreted peptidases in the regulation of virulence in fungal pathogens, e.g., SsNEP2 in Sclerotinia sclerotiorum (Yang et al., 2022), BcCGF1 in Botrytis cinerea (Zhang et al., 2020a), CpSge1 in Cryphonectria parasitica (Lin et al., 2025b), Fospc2 in Fusarium odoratissimum (Yang et al., 2023), and GcStuA in Glomerella cingulate (Chethana et al., 2021). These findings highlight the functional role of SCPs as key modulators of fungal physiology, managing growth, stress adaptation, and host immune suppression. Although the recognized roles of SCPs in other phytopathogenic fungi are well understood, their functional role in B. dothidea remains largely unknown. Therefore, identifying the function of Bd-SCP10 offers a key step toward understanding the mechanisms of pathogenicity and will help in developing innovative, eco-friendly strategies for disease control in fruit crops.




2 Materials and methods



2.1 Strains and cultural conditions

The B. dothidea wildtype strain (Bd-wt) was generously provided by Hafiz Husnain Nawaz (Hainan University, Haikou, China). For colony morphology analysis, the control [CK, representing uninoculated potato dextrose agar medium (PDA)] and Bd-wt were cultured and replicated 6 times on PDA for 5 days (d) at 25°C (Wei et al., 2019).




2.2 Nucleic acid manipulations and polymerase chain reaction

Fungal gDNA was isolated from 5 d old mycelium through the 2X Cetyltrimethylammonium bromide (CTAB) method (Jasim et al., 2024). The verification and identification of mutants and complementary strains were performed as previously described through polymerase chain reaction (PCR) (Huang et al., 2017a).




2.3 Bioinformatics analysis

The full-length nucleotide sequence of the Bd-SCP10 gene, along with upstream and downstream flanking sequences, was downloaded from B. dothidea (ASM1106463v1, GenBank: GCA_011064635.1, https://www.ncbi.nlm.nih.gov/assembly/GCA_011064635.1/). Oligo primer analysis v. 7.0 (Molecular Biology Insights, Inc., Colorado, USA) was used to design the primers. For phylogenetic analysis, the protein sequence of Bd-SCP10 (GenBank: KAF4310043.1) was obtained from NCBI, and the homologs of SCPs in 12 other phytopathogenic fungi were identified via MEROPS (https://www.ebi.ac.uk/Tools/services/web/toolresult.ebi?jobId=ncbiblast-I20210421-144041-0569-47522791-p2m) (Rawlings, 2020), followed by the multiple sequence alignment with Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/). Finally, the phylogenetic tree was generated using MEGA software v. 7.0 (Kumar et al., 2016; Ahmad et al., 2021) with the neighbor-joining (NJ) method. The dendrograms were based on clustered homologs, determined through bootstrap analysis (with 1000 replicates), and displayed replication percentages on the respective branches. ORFFINDER (https://www.ncbi.nlm.nih.gov/orffinder/) was used for the analysis of the open reading frame (ORF) (Varabyou et al., 2023), and the protein domain was predicted using Pfam (https://pfam.xfam.org/) (Savojardo et al., 2021).




2.4 Targeted knockout of the Bd-SCP10 gene from a wildtype strain

The deletion of the Bd-SCP10 gene was conducted using a split marker strategy, in which the selectable marker HYG replaced the targeted gene (Yuan et al., 2023). Briefly, in the first round of PCR, the fragment of the upstream flanking sequence (UPS) of Bd-SCP10 (887 base pairs (bp) was amplified with Up-F and Up-R primers, while the downstream flanking sequence (DNS) of 789 bp was amplified with Dn-F and Dn-R primers. On the other hand, the pCX62 plasmid (Lin et al., 2025a) was used to amplify the HYG resistance cassette for a 767 bp HY fragment with HYG-F/HY-R primers and a 931 bp YG fragment with HYG-R/YG-F primers. In the second round or fusion PCR, the Up-F/HY-R primers were used to fuse the UPS fragment with the HY fragment, while the Dn-R/YG-F primers were used to fuse the DNS fragment with the YG fragment through splicing of overlapped sequence extension, and templates were used in equal proportion in fusion PCR. Fusion PCR cycling conditions were conducted initially at 95 °C for 5 minutes (min), followed by 35 cycles of 95 °C for 30 seconds (s), 60 °C for 45 s, and 72 °C for 90 s, and finally at 72 °C for 10 min. The products of fusion PCR were transformed through the PEG-mediated transformation method (Zhang et al., 2022) into the protoplasts (2×107 cells/mL) isolated from 5 d old mycelium of Bd-wt using the previously described method (Ning et al., 2022). The transformants were cultured on PDA supplemented with 50 µg/mL hygromycin B (HYG; Roche, USA), and the developed colonies were randomly selected and verified by standard PCR using the two sets of primers Bd-SCP10-F/Bd-SCP10-R and HYG-F/HYG-R.




2.5 Complementation of the Bd-SCP10 gene

The complementation of the mutant ΔBd-SCP10a was achieved by inserting the Bd-SCP10 gene, along with a NEO resistance cassette, into the knockout mutant through a split marker strategy (Gravelat et al., 2012). The first-round PCR was briefly conducted to amplify the 47 bp upstream flanking region (UPS) together with the full length of the Bd-SCP10 gene, resulting in a 2800 bp amplified fragment and the 832 bp amplified fragment of the downstream flanking region (DNS). Then, the pSELECT-neo plasmid (InvivoGen, USA) was used to amplify the NEO drug cassette for the NE fragment (975 bp) with NEO-F/NE-R primers and the EO fragment (543 bp) with NEO-R/EO-F primers. In the second round or fusion PCR, the cycling conditions were kept the same as those used for deleting the targeted gene. The corresponding primers UP-F/NE-R were used for the fusion of the UPS fragment with the NE fragment. In contrast, the Dn-R/EO-F primers fused the DNS fragment with the EO fragment by splicing an overlapped extension. The products of fusion PCR were transformed through the PEG-mediated transformation method (Zhang et al., 2022) into the protoplasts (1×105 cells/mL) isolated from 5 d old mycelium of mutant ΔBd-SCP10a using the previously described method (Ning et al., 2022). Finally, the complementary transformants were screened on PDA supplemented with 150 μg/mL of the antibiotic G418, and the generated colonies were randomly selected and verified by standard PCR using the two sets of primers Bd-SCP10-F/Bd-SCP10-R and NEO-F/NEO-R.




2.6 Phenotype analysis

For the growth rate analysis, mycelial plugs (5 mm diameter) excised from colony margins were placed in the center of PDA (at least 3 replicates) and then incubated for 5 d at 25 °C in the dark (Wei et al., 2019). The per day radial growth rate (Oledibe et al., 2023) was calculated with formula [(Colony diameter – Plug diameter ÷ 2) × Number of incubation days] and per day biomass production rate (Novotna et al., 2023) was calculated with formula (Colony weight ÷ Number of incubation days) and final measurements were taken at 5 days post-inoculation (dpi). The hyphal tips of fungal strains were observed under a Ni90 microscope (Nikon, Japan) after 5 dpi incubation, following the previous method (Aboelfotoh Hendy et al., 2019; Zhang et al., 2020b).




2.7 Virulence assay

Virulence assay was performed on pear fruits (Pyrus bretschneideri var. huangguan) with the mycelial plugs (5 mm diameter) derived from actively growing colonies (at least 6 replicates), and uncolonized PDA plugs were involved in parallel as a control (CK). Mechanically produced wounds with a sterile needle on the fruits were used for inoculation by reversely placing mycelial plugs. After inoculation, the fruits were incubated at 25 °C with 100% relative humidity. The resulting lesions were measured at 5 days post-infection (dpi), and photos were taken to document lesion development.





2.8 Stress response assays

For a stress response assays, mycelia of Bd-wt, complementary strains, and mutants were quantitatively analyzed after cultured on unamended PDA or amended PDA [supplemented with different stress agents (at least 6 replicates), including 0.04% sodium dodecyl sulfate (SDS), 0.5 M calcium chloride (CaCl2), 1 M glucose (C6H12O6), 1.5 M sodium chloride (NaCl), 1 M potassium chloride (KCl), and 0.05% hydrogen peroxide (H2O2)] for 5 d, respectively. The percentage growth inhibition rates were calculated with the formula [(Do – Dt ÷ Do) × 100], where Do represents the  mean colony diameter on PDA, and Dt represents the mean colony diameter on amended PDA (Khanh et al., 2024).




2.9 Statistical analysis

The quantitative data were statistically analyzed using Statistix v. 8.1 (Analytical Software, Florida, USA) with ANOVA and the least significant difference (LSD) test at P ≤ 0.05. The bar graphs were drawn on GraphPad Prism v. 8.0 (GraphPad Software, California, USA).





3 Results



3.1 Phenotypic and virulence assay of the B. dothidea wildtype strain

For phenotypic analysis, the CK and Bd-wt were cultured on PDA for 5 d at 25 °C. CK culture showed a plain dish of PDA without fungal growth, while Bd-wt culture showed the whitish color of the colony with a fluffy cotton-like white margin and a relatively thick mycelium mat, as shown in Supplementary Figure S1A. For virulence assays, CK does not induce disease on pear fruits (var. huangguan, 6 replicates). However, lesions induced by Bd- wt can be seen in Supplementary Figure S1B after 5 dpi. Therefore, these results suggested that Bd-wt is a virulent strain.




3.2 Identification and characterization of the Bd-SCP10 gene

The MEROPS database analysis of amino acid sequences similar to SCPs belonging to the peptidase S10 family revealed its homolog in B. dothidea, which was tentatively named as Bd-SCP10. Bd-SCP10 shared the highest identity (40.9%, E-value = 8.9E-133) with the homolog in Microsporum canis (EEQ30006.1), a member of the family Arthrodermataceae. A phylogenetic tree was constructed based on the amino acid sequences of Bd-SCP10 together with other homologs of SCPs chosen from 12 fungal species based on percentage amino acid sequence identity and E-value (32% to 40.9%, and 8.9E-133 to 7.9E-57, respectively). The neighbor-joining phylogenetic tree showed that all the fungal SCPs were grouped into 3 clusters (a to c), and Bd-SCP10 was located in a separate clade far from other members in cluster A and that has been shown in Figure 1A. The multiple sequence alignment results depicted that Bd-SCP10 belongs to the peptidase S10 family (PF00450) and this family have 43 conserved amino acids among in all of the selected phytopathogenic fungi shown in Figure 1B.

[image: Panel A shows a phylogenetic tree diagram clustering protein sequences from various fungi, labeling clusters a, b, and c, and highlighting Botryosphaeria dothidea with a red arrow, including bootstrap values for branch support. Panel B displays a multiple sequence alignment of thirteen fungal protein sequences, with amino acids color coded, species names and accession numbers listed at left, and gap marks indicated by dashes.]
Figure 1 | Phylogenetic analysis and multiple sequence alignment of Bd-SCP10 together with other fungal homologs of SCPs. (A) The phylogenetic tree was generated using MEGA v. 7.0 with the neighbor-joining method, and fungal SCPs were grouped into 3 clusters (a to c) as indicated by the arrow. The number beside the branch nodes refers to the bootstrap value, and the host’s fungal name is presented in brackets, followed by the homolog accession number. B. dothidea is indicated with a triangle ahead of its accession number. (B) The sequences of amino acids are aligned using Clustal Omega, and conserved amino acids among the selected pathogenic fungi are denoted by an asterisk (*).




3.3 Knockout of the Bd-SCP10 gene from a wildtype strain

To verify the gene function of Bd-SCP10, Bd-wt induced long lesions (approximately 35.8 mm) as inoculated on pear fruits (Pyrus bretschneideri var. huangguan) as shown in Supplementary Figures S1A, B, was subjected to knockout for the target gene through split marker strategy, i.e., Bd-SCP10 gene was replaced with a HYG resistance cassette through homologous recombination (Dong and Guo, 2020) of the flanking parts around the targeted gene and schematic representation has been shown in Figure 2A. The first-round PCR was conducted to amplify 887 bp UPS and 789 bp DNS fragments, as well as the HY (767 bp) and YG (931 bp) fragments of the HYG resistance cassette as shown in Figure 2B and Supplementary Figure S2A. The UPS fragment was further fused with the HY fragment using fusion PCR, generating the fragment termed as 5′HY (1654 bp). Similarly, fragment DNS was fused with YG to generate a fragment termed as 3′YG (1720 bp), which is shown in Figure 2C and Supplementary Figure S2B. The resulting DNA fragments 5′HY and 3′YG were purified and used to transfect the protoplasts of Bd-wt through PEG-mediated transformation. Upon transfection, a UPS-HYG-DNS combination replaced the Bd-SCP10 gene through homologous recombination. After transfection, 12 colonies were grown in media containing the antibiotic HYG, and 3 colonies named ΔBd-SCP10a, ΔBd-SCP10b, and ΔBd-SCP10c were selected for identification by a strict PCR strategy with Bd-SCP10-F/Bd-SCP10-R and HYG-F/HYG-R primers mentioned in Supplementary Table S1, targeting Bd-SCP10 and HYG fragments, respectively. The results showed that the Bd-SCP10 amplified fragment of 1200 bp was detected in Bd-wt except in mutants, while the HYG amplified fragment of 1383 bp was present in mutants except for Bd-wt, as depicted in Figure 2D, suggesting that Bd-SCP10 was successfully knocked out.

[image: Panel A displays a schematic diagram illustrating a gene replacement strategy using a hygromycin B resistance cassette. Panels B, C, and D show agarose gel electrophoresis results for PCR products, demonstrating amplification of specific gene regions and confirmation of gene replacement in various Bd-SCP10 strains. DNA ladders with corresponding base pair markers are included for molecular weight estimation.]
Figure 2 | Targeted knockout of Bd-SCP10 from B. dothidea through split marker strategy and PCR identification of the mutants. (A) Schematic representation of the split marker strategy for deleting Bd-SCP10 from Bd-wt. (B) First-round PCR amplified fragments (UPS: 887 bp, DNS: 789 bp, HY: 767 bp, and YG: 931 bp). (C) Fusion PCR products showing the synthesis of the two recombinant fragments 5′HY (1654 bp) and 3′YG (1720 bp) used for transformation. (D) PCR identification for the Bd-SCP10 gene and HYG resistance cassette in Bd-wt and mutants. Amplification of Bd-SCP10 (blue box, amplified band of 1200 bp) was detected only in Bd-wt, while amplification of the HYG cassette (red box, amplified band of 1383 bp) was detected only in mutants (ΔBd-SCP10a, ΔBd-SCP10b, and ΔBd-SCP10c), confirming successful gene knockout. Here, M is denoted for DNA markers (Note: The original gel documentation figures for (B, C) can be seen in Supplementary Figure S2).




3.4 Complementation of the Bd-SCP10 gene

The mutant ΔBd-SCP10a was subjected for complementation of the targeted gene through split marker strategy, i.e., the HYG resistance cassette was replaced with gene Bd-SCP10 and NEO resistance cassette through homologous recombination (Dong and Guo, 2020) of the flanking parts around the HYG resistance cassette and schematic representation can been seen in Figure 3A. The first-round PCR was conducted to amplify the 2800 bp UPS and 832 bp DNS fragments, along with the NE (975 bp) and EO (543 bp) fragments of the NEO resistance cassette, as shown in Figure 3B and Supplementary Figure S3A. The UPS fragment was further fused with the NE fragment using fusion PCR, resulting in the 5′NE (3775 bp) fragment. At the same time, the DNS with EO generated the 3′EO (1375 bp) fragment, as depicted in Figure 3C and Supplementary Figure S3B. The resulting DNA fragments 5′NE and 3′EO were purified and used to transfect the protoplasts of the mutant ΔBd-SCP10a through PEG-mediated transformation. Upon transfection, a UPS-NEO-DNS combination replaced the HYG resistance cassette through homologous recombination. After transfection, 8 colonies were grown in the media containing G418 antibiotic, and colonies CΔBd-SCP10a, CΔBd-SCP10b, and CΔBd-SCP10c were picked for identification by PCR strategy with Bd-SCP10-F/Bd-SCP10-R and NEO-F/NEO-R primers described in Supplementary Table S1, targeting Bd-SCP10 and NEO fragments, respectively. The results showed that the amplified fragment of 1200 bp Bd-SCP10 was detected in Bd-wt together with complementary strains, while the NEO amplified fragment of 1200 bp was present in complementary strains except for Bd-wt, as shown in Figure 3D, suggesting that complementation of Bd-SCP10 was successful and complementary strains were generated from mutant ΔBd-SCP10a.

[image: Panel A presents a schematic diagram of a gene knockout strategy, showing replacement of a Hygromycin B resistance cassette with a NEO marker flanked by homologous sequences. Panels B, C, and D display agarose gel electrophoresis results with labeled DNA markers, demonstrating successful gene editing and marker integration in different clones, indicated by distinct amplicon bands for Bd-SCP10 and NEO regions.]
Figure 3 | Complementation of the Bd-SCP10 mutant through the split marker strategy and PCR identification of the complementary strains. (A) Schematic representation of the complementation through the split marker strategy, in which Bd-SCP10 was reintroduced into mutant ΔBd-SCP10a with the NEO resistance cassette. (B) First-round PCR fragments (UPS: 2800 bp, DNS: 832 bp, NE: 975 bp, and EO: 543 bp). (C) Fusion PCR products, which showed recombinant fragments (5′NE, 3775 bp; 3′EO, 1375 bp), were used for transformation. (D) PCR identification for the Bd-SCP10 gene and NEO resistance cassette in Bd-wt and complementary strains. Bd-SCP10 (blue box, amplified band of 1200 bp) was detected in Bd-wt and complementary strains (CΔBd-SCP10a, CΔBd-SCP10b, and CΔBd-SCP10c), while the NEO cassette (red box, amplified band of 1200 bp) was detected only in complementary strains, confirming restoration of Bd-SCP10 expression in ΔBd-SCP10a. Here, M is denoted for DNA markers (Note: The original gel documentation figures for (B, C) are shown in Supplementary Figure S3).




3.5 Bd-SCP10 gene is required for vegetative growth and virulence

To test whether Bd-SCP10 is related to the fungal vegetative growth, the mutants and complementary strains, along with Bd-wt, were cultured on PDA in triplicate for 5 d and subjected to assessment of their phenotype, growth, and biomass. These mutants exhibited snowy white and compact aerial mycelium throughout the entire colonies, characterized by random radial grooves. In contrast, both complementary strains and Bd-wt showed a collapsed and cleared mycelial growth in the colony center. At the same time, upward fluffy and cottony mycelia in the margins can be seen in Figure 4A. Additionally, the mutants exhibited growth rates ranging from 2.1 mm/d (ΔBd-SCP10b) to 2.4 mm/d (ΔBd-SCP10c), which were substantially reduced compared to Bd-wt (15.9 mm/d). However, the growth rates for Bd-SCP10 complementary strains ranged from 15.4 mm/d (CΔBd-SCP10a) to 15.5 mm/d (CΔBd-SCP10c), which are nearly identical to Bd-wt, and are shown in Figure 4B and Supplementary Table S2. The biomass production for the mutants was observed, ranging from 0.018 g/d (ΔBd-SCP10b) to 0.019 g/d (ΔBd-SCP10c), which were significantly lower than Bd-wt (0.2 g/d), while complementary strains produced biomass approximately 0.2 g/d (CΔBd-SCP10b to CΔBd-SCP10c), similar to Bd-wt, as shown in Figure 4C and Supplementary Table S2. Moreover, the hyphal tips of Bd-wt and complementary strains have fewer septa at hyphal tips and more dense mycelial growth than mutants, as observed in Supplementary Figures S4A, B. The results showed that Bd-SCP10 is involved in the phenotypic development and vegetative growth of B. dothidea. To test whether Bd-SCP10 is associated with fungal pathogenicity, the mutants and complementary strains together with Bd-wt were assessed on the pear fruits (var. huangguan, 6 replicates). At 5 dpi, the Bd-SCP10 complementary strains induced lesions ranging from 28.4 mm (CΔBd-SCP10c) to 29.1 mm (CΔBd-SCP10b). It is almost similar to the lesion lengths (31.1 mm) induced by Bd-wt. In contrast, the mutants did not induce lesions, as shown in Figures 4A, D, and Supplementary Table S3. These results suggested that Bd-SCP10 is responsible for the pathogenicity of B. dothidea.
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Figure 4 | Comparative analysis of Bd-wt, mutants, and complementary strains for vegetative growth, biomass production, and virulence. (A) Phenotype and induced symptoms on the inoculated pear fruits (Pyrus bretschneideri var. huangguan) for Bd-wt, mutants, and complementary strains. (B-D) Bar graphs for the growth rates, biomass, and lesion lengths on the inoculated pear fruits for Bd-wt, mutants, and complementary strains, respectively. The alphabet on a column represented analysis of variance (ANOVA) with the least significant difference (LSD) at P ≤ 0.05. During this experimental process, 3 replicates were used for vegetative growth and biomass production, and 6 replicates were used for the virulence assay.




3.6 Bd-SCP10 gene plays a role in stress tolerance and cell wall integrity

Mutants and complementary strains, along with Bd-wt, were cultured on PDA amended with 0.04% SDS to analyze the level of tolerance to cell wall disruption. The results showed significantly higher growth inhibition rates ranging from 45.0% to 49.9% in mutants compared to Bd-wt (27.6%) and complementary strains (29.3% to 33.9%). Similarly, on PDA amended with chemicals used to response against hyperosmotic stresses (0.5 M CaCl2, 1 M C6H12O6, 1.5 M NaCl, and 1 M KCl) all mutants showed significantly reduced growth rates on PDA amended with 0.5 M CaCl2, 1 M C6H12O6, and 1 M KCl (42.8 to 49.3%, 15.9 to 25.2%, and 42.2 to 48%, respectively) as compared to Bd-wt (7.5%, 5%, and 15.2%) and the complementary strains (8.6 to 14.2%, 15.9 to 25.2%, and 22.8 to 30%). In contrast, the mutants did not show a significant difference in the growth inhibition rates on PDA amended with 1.5 M NaCl (72.4 to 74.7%) as compared with Bd-wt (75.31%) or the complementary strains (76 to 77.2%). Moreover, on PDA amended with 0.05% H2O2, the response of strains against oxidative stress was observed. The results highlighted that mutant had a significantly higher growth inhibition rate from 46% to 59% than Bd-wt (1.6%) and complementary strains (0.8 to 2.5%), as shown in Figures 5 and 6, along with Supplementary Tables S4 and S5. These results suggested that the Bd-SCP10 gene is involved in cell wall integrity and contributes to the resistance against hyperosmotic and oxidative stresses in B. dothidea.

[image: Grid of petri dishes displaying fungal colony growth for different Bd strains (Bd-wt, ΔBd-SCP10a, CABd-SCP10a, ΔBd-SCP10b, CABd-SCP10b, ΔBd-SCP10c, CABd-SCP10c) under six stress conditions: SDS, CaCl2, glucose, NaCl, KCl, and H2O2. Colony morphology and growth vary by genotype and chemical treatment.]
Figure 5 | Phenotypic comparison of Bd-wt, mutant, and complementary strains on PDA amended with 0.04% SDS, 0.5 M CaCl2, 1 M C6H12O6, 1.5 M NaCl, 1 M KCl, and 0.05% H2O2 after 5 d at 25 °C. Mutants exhibited reduced growth relative to Bd-wt and complementary strains, particularly under SDS, CaCl2, C6H12O6, KCl, and H2O2 stress.
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Figure 6 | Comparative analysis of stress responses of Bd-wt, mutant, and complementary strains. Growth inhibition rates were measured on PDA amended with 0.04% SDS (A), 0.5 M CaCl2 (B), 1 M C6H12O6 (C), 1.5 M NaCl (D), 1 M KCl (E), and 0.05% H2O2 (F). Alphabet on a columns depicted ANOVA with the LSD at P ≤ 0.05, mutants exhibiting pronounced sensitivity to cell wall disrupting, osmotic, and oxidative stresses, underscoring the importance of Bd-SCP10 in fungal stress tolerance.





4 Discussion

SCPs were functionally reported to be involved in protein processing and degradation, as well as the production of secondary metabolites (Chen et al., 2022). This study aligns with emerging evidence that secreted peptidases, particularly SCPs belonging to the S10 family, are key virulence factors (Iqbal et al., 2018; Zhang et al., 2019) in phytopathogenic fungi (Semenova et al., 2020). SCPs were also identified as potential regulators of phenotypes, habitat adaptation, and growth (Iqbal et al., 2018). However, the functions of SCPs in the phytopathogenic fungus B. dothidea are still unknown. In this study, we performed functional characterization of the Bd-SCP10 gene, a homolog of the SCPs in B. dothidea. Our experimental data confirmed that Bd-SCP10 plays a key role in vegetative growth, pathogenicity, and stress response, as demonstrated by generating mutants and complementary strains using a split marker strategy. FgSCP was previously reported for its role in the virulence of F. graminearum, and affects fungal growth, stress tolerance, and pathogenicity. It also suppresses cell death triggered by the INF1 elicitor, indicating its role in modulating plant immune responses (Liu et al., 2024). The substantial reduction in radial growth of Bd-wt (2.1–2.4 mm/d vs. 15.9 mm/d) and biomass production (0.018–0.019 g/d vs. 0.2 g/d) in mutants underscores the importance of the Bd-SCP10 in fungal physiology. Similar observations were found in Botrytis cinerea and Sclerotinia sclerotiorum, highlighting that peptidases often facilitate nutrient acquisition by hydrolyzing host proteins into assimilable amino acids (Urbanek and Kaczmarek, 1985; Clark et al., 1997). Moreover, it was reported that Magnaporthe oryzae wildtype and complementary strains have denser mycelial development than mutants, as the hyphal tips of the wildtype strain have longer cell lengths and less septation as compared to the mutant, which has more septation and shorter cell lengths (Aboelfotoh Hendy et al., 2019; Zhang et al., 2020b). Our microscopic studies revealed that the thin and compact mycelia of mutants suggested that Bd-SCP10 regulates hyphal expansion or septation, processes that require precise proteolytic activity to remodel cell walls or recycle proteins (Zhang et al., 2020b). Furthermore, we did not find any differences in colony pigmentation among the mutants, suggesting that the production of secondary metabolites (e.g., melanin or polyketide-derived pigments) was not noticeably affected under PDA culture conditions. Even so, SCPs have been reported for the regulation of fungal secondary metabolism in other fungal species (Madhu et al., 2020). It suggested that the Bd-SCP10 gene is involved in the fungal growth and the phenotypic development of B. dothidea. SCPs regulate virulence in Phellinus sulphurascens (Williams et al., 2014) and Clonostachys rosea (Iqbal et al., 2018). A secreted peptidase, BEC1019, regulating a virulence factor, was identified in Blumeria graminis, which is required for haustorium development. Silencing of BEC1019 induced hypovirulence in the fungus (Zhang et al., 2019). An ortholog Rs-SCP1 was identified in the plant-parasitic nematode Radopholus similis and was involved in reducing pathogenicity (Huang et al., 2017b). Mutations in the FgSCP gene compromise nutritional growth and stress tolerance, and deletion leads to reduced pathogenicity in F. graminearum. Expression is upregulated during infection, suggesting involvement in invasion and potentially by suppressing host defense genes (Liu et al., 2024). The full loss of pathogenicity in mutants on pear fruits and the restoration of pathogenicity in complementary strains represented the essential role of Bd-SCP10 in infection. Mirror findings in Fusarium culmorum revealed that secreted peptidases degrade host defense proteins, enabling tissue colonization by Fusarium culmorum (Urbanek and Yirdaw, 1984). Notably, B. dothidea inoculation relied on wounded fruit surfaces, implying that Bd-SCP10 acts post penetration by degrading plant cell wall components or suppressing host immune responses. For instance, fungal proteases in Glomerella cingulata cleave pathogenesis-related (PR) proteins, neutralizing plant defenses (Clark et al., 1997). The hypersensitivity of ΔBd-SCP10 mutants to cell wall disrupting agents (0.04% SDS) and hyperosmotic stressors (0.5 M CaCl2, 1 M C6H12O6, and 1 M KCl) emphasized the role of Bd-SCP10 in maintaining cell wall integrity and osmotic homeostasis. These results align with studies related to Aspergillus fumigatus, in which SCPs were reported to stabilize the cell wall under stress by processing structural proteins (Gravelat et al., 2012). Mannoproteins present in the cell wall of Candida albicans play important roles in cell wall remodeling under stress. These proteins interact with cell wall integrity and stress-activated signaling pathways, such as the high-osmolarity glycerol (HOG) and mitogen-activated protein kinase (MAPK) pathways (e.g., Cek1 and Mkc1), which explain how cell wall protein processing ties into stress tolerance (Ibe and Munro, 2021). Although direct evidence connecting SCPs to the processing of fungal wall proteins is lacking, the moonlighting capacity of extracellular fungal proteases (Satala et al., 2023) supports the hypothesis that Bd-SCP10 may serve a functional role in vegetative growth, pathogenicity, and stress tolerance. However, the unaltered sensitivity to 1.5 M NaCl in mutants suggested that Bd-SCP10 selectively regulates osmotic stress pathways, possibly via interactions with calcium or potassium signaling cascades rather than sodium-specific transporters. In plants, the rapid production and accumulation of reactive oxygen species (ROS) are considered the initial response to invading pathogens (Shetty et al., 2007; Imam et al., 2016). The H2O2 is a critical ROS that host plants can produce in response to fungal infection and initiate lipid peroxidation, DNA damage, formation of hydroxyl radicals, and protein oxidation (Rolke et al., 2004). Therefore, proper cell wall integrity and stress tolerance are essential for successful fungal infection and thus required for pathogenicity in numerous phytopathogenic fungi (Kim et al., 2009). Similarly, oxidative stress hypersensitivity (0.05% H2O2) suggests that Bd-SCP10 may mitigate ROS generated during host invasion, a strategy employed by Magnaporthe oryzae to counteract plant oxidative bursts (Zhang et al., 2020b). The partial restoration of stress tolerance in complementary strains indicated the potential epistatic interactions or incomplete genetic rescue, warranting further transcriptomic analyses to map regulatory networks involving Bd-SCP10. In addition, the HOG pathway is associated with hyperosmotic stresses and the osmoregulation ability of fungal pathogens, primarily due to its involvement in an environment characterized by hyperosmotic stresses (Yaakoub et al., 2022). However, our studies found that mutants showed hypersensitivity in response to hyperosmotic stresses (0.5 M CaCl2, 1 M C6H12O6, and 1 M KCl, except for 1.5 M NaCl). Deletion of Bd-SCP10 from Bd-wt has no link with the osmoregulation of 1.5 M NaCl, and we found the same results as mutant Bdo-05381 from B. dothidea strains HTLW03 and ZY7 (Dong and Guo, 2020). These results indicate that Bd-SCP10 is a positive modulator of the HOG pathway for the hyperosmotic stress response against 0.5 M CaCl2, 1 M C6H12O6, and 1 M KCl but a negative modulator for the hyperosmotic stress response against 1.5 M NaCl. Phylogenetically, SCPs are conserved in phytopathogenic fungi (Lv et al., 2023). However, Bd-SCP10 clusters separately from SCPs homologs found in other fungi. These results suggest evolutionary divergence personalized to the host range or environmental niche of B. dothidea. This divergence may explain its unique regulatory roles, such as its apparent lack of relevance to NaCl tolerance. Comparative genomics could elucidate whether homologs of Bd-SCP10 in related pathogens share similar functional specializations. While this study provides compelling evidence for multifunctionality, limitations exist for Bd-SCP10. The split marker knockout strategy although is reliable method however it does not rule out off-target effects. CRISPR-Cas9 validation could strengthen conclusions. Additionally, in vitro, fruit assays may not fully replicate field conditions, where host-pathogen interactions involve complex environmental and immunological variables. Future studies should aim to identify the direct substrates of Bd-SCP10 through proteomic approaches to clarify its mechanistic role in host invasion. Host response profiling using transcriptomics or metabolomics could reveal how Bd-SCP10 modulates plant defense pathways, particularly ROS detoxification and PR protein activity. In planta, validation under natural conditions will be essential to assess its role in systemic colonization and disease spread. Moreover, exploring Bd-SCP10 associated stress regulatory networks and evolutionary comparisons with homologs of SCPs in related fungi may uncover unique adaptations. Finally, screening for specific inhibitors of Bd-SCP10 could provide novel, eco-friendly strategies for controlling B. dothidea infections.




5 Conclusion

This study provides the first functional characterization of Bd-SCP10, a homolog of serine carboxypeptidase belonging to the S10 family in B. dothidea. Our results demonstrate that Bd-SCP10 is essential for pathogenicity and stress tolerance, also revealing its role in maintaining growth and cell wall integrity. The complete loss of pathogenicity in mutants suggested that Bd-SCP10 is an essential determinant of pathogenicity. However, identifying Bd-SCP10 as a functional regulator of vegetative growth, pathogenicity, and stress tolerance, this work provides a foundation for developing eco-friendly control strategies against B. dothidea and related pathogens.
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Nitrogen is a key limiting factor for crop growth, and improving nitrogen use efficiency (NUE) is critical for achieving high crop yields. In this study, both culture-independent and culture-dependent approaches were employed to systematically analyze the community composition and functional traits of seed endophytic bacteria in rice varieties with contrasting NUE. The results revealed diverse endophytic bacterial communities across the four rice varieties, with Shannon indices ranging from 2.95 to 3.23. However, significant compositional differences were observed among varieties. Rare taxa accounted for over 51% of operational taxonomic units (OTUs) in each variety and were the primary drivers of community diversity and differentiation. In contrast, core taxa (shared OTUs) were highly conserved across varieties, largely composed of abundant taxa (OTUs > 39%, total relative abundance > 93%), and occupied central positions in co-occurrence networks, thereby contributing to community stability. Five representative strains exhibited diverse plant growth-promoting (PGP) traits in vitro, including siderophore production, phosphate solubilization, and indole - 3 - acetic acid (IAA) synthesis. These functions were partially redundant, but individual strains exhibited distinct strengths, indicating functional complementarity. Inoculation experiments demonstrated that all strains improved rice growth, nitrogen accumulation, and NUE, with their effectiveness modulated by both strain identity and nitrogen availability. This study reveals rice seed endophytic bacteria as “natural microbial allies” that support host growth and adaptation under low-nitrogen conditions. These endophytes represent valuable microbial resources for the development of next-generation biofertilizers in sustainable agriculture.
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1 Introduction

Nitrogen, as an essential macronutrient for plant growth and development, plays a critical role in determining crop performance and yield. In agricultural ecosystems, nitrogen use efficiency (NUE) varies significantly both between and within crop species (Fan et al., 2020). For instance, at the subspecies level, indica and japonica rice exhibit marked divergence in the regulatory pathways of nitrate uptake and assimilation, such as the transcription factor OsWRKY23 (Zhang et al., 2025a). Even at the variety level, the maize variety “Denghai605” shows significantly higher NUE than “Ludan981” under both nitrogen-rich and nitrogen-deficient conditions (Shao et al., 2022). Consequently, integrated strategies that combine traditional phenotypic selection, molecular breeding, and artificial intelligence-based prediction have become effective approaches for developing high-NUE crop varieties and mitigating nitrogen fertilizer pollution (Anas et al., 2020; Zhang et al., 2025b). Notably, plant-associated microbiomes, often referred to as the plant’s “second genome,” have demonstrated great potential in enhancing crop NUE. Harnessing the functional capabilities of these microbiomes has emerged as a promising frontier in breeding high-NUE varieties of economically important crops (Xu et al., 2025).

Plant-associated microbiomes, especially functional microbes in the rhizosphere, have been shown to improve host NUE through diverse interaction mechanisms. On the one hand, both free-living and symbiotic nitrogen-fixing bacteria contribute directly to nitrogen availability via biological nitrogen fixation (Guo et al., 2023). On the other hand, plant-associated microbes can also modulate the expression of host genes involved in nitrogen uptake and assimilation, thereby enhancing nitrogen metabolism. For instance, the arbuscular mycorrhizal (AM) fungus Rhizophagus irregularis promotes the uptake and assimilation of ammonium (NH4+) in Medicago sativa by upregulating key mycorrhizal nitrogen transporter genes, RicPSI and RicARI (Wang et al., 2024). Similarly, the plant growth-promoting bacterium Azospirillum brasilense can significantly enhance nitrogen assimilation efficiency in rice (Oryza sativa cv. Nipponbare) by upregulating the expression of multiple genes, including nitrate transporter and nodulin gene MtN3 (Thomas et al., 2019). Moreover, rhizosphere microbial colonization can influence root system architecture, thereby indirectly facilitating nitrogen uptake. For example, Wu et al. (2025) found that Pseudomonas spp. stimulate lateral root development in Leuce poplar through the secretion of indole - 3 - acetic acid (IAA), expanding root surface area and enhancing nitrogen acquisition. In addition, high-NUE varieties have the capacity to selectively enrich specific functional microbial taxa in the rhizosphere, thereby reshaping microbial community composition and accelerating nitrogen transformation rates in soil, ultimately improving plant NUE. 15N isotope tracing studies have shown that high-NUE rice varieties can restructure their rhizosphere microbiomes compared to bulk soil, leading to faster nitrogen turnover and improved nitrogen use efficiency (Chen et al., 2025). Collectively, these findings provide important theoretical foundations for microbial strategies to improve plant NUE.

Although rhizosphere microbial communities play a significant role in enhancing crop NUE, their functional performance is often constrained by multiple factors, including environmental conditions (e.g., soil moisture and nutrient availability) and host plant genotypes (Rodriguez et al., 2009). In particular, the colonization compatibility between microbes and host tissues is critical for the expression of microbial functions. For example, Wu and Chang (2024) demonstrated that the differential colonization ability of the crown rot–antagonistic strain Bacillus altitudinis in various soybean varieties significantly affected the level of disease resistance. In contrast, seed-associated microbes—an integral part of the plant microbiome—possess distinctive and inherently stable advantages. First, the vertical transmission of seed endophytes ensures the stable fidelity of the microbiome during intergenerational transfer (Johnston-Monje et al., 2016). Second, as a primary inoculum, the seed microbiome can colonize the root system early during seedling establishment, preemptively occupying ecological niches and forming dominant rhizosphere communities (Shade et al., 2017). Third, seed-borne microbes serve as natural microbial allies, playing key roles in host development and in mediating adaptive responses to environmental stresses (Truyens et al., 2015).

As a globally important crop with a high dependency on nitrogen, rice presents significant research value for exploring the composition of its seed microbiome and its functional role in enhancing host NUE. In this study, we conducted a comparative analysis of high- and low- NUE rice varieties and proposed the following hypotheses: (1) seeds act as reservoirs of diverse endophytic bacteria, and the seed microbiome composition varies across rice varieties; (2) seed-borne endophytes possess functional traits that contribute to improving host NUE; and (3) the functional characteristics of seed endophytes are consistent with, and may extend, the physiological traits of their host plants. Therefore, investigating the diversity and functional roles of seed-borne ‘primary inoculum’ in rice varieties with contrasting NUE can uncover microbial candidates for improving host NUE and offer new insights into the biological strategies for enhancing nitrogen use in rice.




2 Materials and methods



2.1 Rice cultivars and nitrogen use efficiency characteristics

In this study, a systematic review of 20 publications from 2010 to 2022 was conducted to identify four widely cultivated rice varieties in China that exhibit significant differences in NUE as candidate materials. These cultivars were grown under greenhouse conditions for 30 days with either normal nitrogen (42.23 mg kg−1, N42) or low nitrogen (7.39 mg kg−1, N7) treatments. Based on key physiological traits—including biomass, nitrogen accumulation, and NUE—two high-NUE varieties, Tianyouhuazhan (HTY) (Feng et al., 2014; Hu et al., 2019) and Y Liangyou 1# (HY1) (Cui et al., 2010); and two low-NUE varieties, Xiushui 134# (LXS) (Feng et al., 2014) and Fuyuan 4# (LFY) (An et al., 2014) (Supplementary Table S1). For downstream analyses, 10 g of seeds from each of the four representative varieties were surface-sterilized by sequential immersion in 75% ethanol for 1 minute, followed by 5 minutes in 10% sodium hypochlorite, and then rinsed 3–5 times with sterile distilled water, according to the protocol of Zhang et al. (2021). The sterilized seeds were then transferred into 5 mL EP tubes and homogenized using a tissue grinder (Jingxin, Shanghai, China) at 50 Hz for 200 s to prepare seed suspensions for further experiments.




2.2 DNA extraction and sequencing of seed endophytic bacteria

Total environmental DNA for bacterial community analysis was extracted from the 2 g seed suspensions prepared as described above, using the MolPure® Plant DNA kit (Guangzhou Feiyang Bioengineering Co., Ltd., China), according to the manufacturer’s instructions. DNA was eluted in 50 μl of purified water and quantified using a Nanodrop spectrophotometer (ThermoFisher, Massachusetts, USA). The V5-V6 region of the bacterial 16S rRNA gene was amplified using universal primers 799F (5′-AAC MGG ATT AGA TAC CCK G-3′) and V6R (3′-GGG TTG CGC TCG TTG CG-5′) (Yang et al., 2024). PCR reactions were performed in 20 µL volumes containing 4 µL 5× FastPfu Buffer, 2 µL 2.5 mM dNTPs, 0.8 µL of each primer (5 µM), 0.4 µL FastPfu DNA polymerase (Beijing TransGen Biotech Co., Ltd., China), 0.2 µL BSA, and 10 ng of template DNA. The thermal cycling protocol consisted of 3 min at 95°C for pre-denaturation, followed by 30 cycles of 95°C for 30 s, 58 °C for 30 s, and 72°C for 45 s, with a final extension at 72°C for 10 min. PCR products were purified using a PCR Clean-Up Kit (Axygen Co. Ltd., USA) and quantified with a Qubit 4.0 Fluorometer (Thermo Fisher Scientific, USA). Library construction was performed using the NEXTFLEX Rapid DNA-Seq Kit (Shanghai Xinrui Biotechnology Co., Ltd., China), and sequencing was carried out on the Illumina Nextseq2000 platform.




2.3 Diversity analysis of seed endophytic bacterial communities

Raw sequencing reads were subjected to quality filtering using Fastp (v0.19.6), followed by paired-end read merging using FLASH (v1.2.11). Sequences with > 97% similarity were clustered into operational taxonomic units (OTUs) using UPARSE (v7.1) (Edgar, 2013). OTU classification and abundance were annotated using the RDP Classifier (v2.11) with a confidence threshold of 97% (Wang et al., 2007). OTUs were categorized as abundant taxa (AT, abundance > 0.1%), intermediate taxa (IT, 0.01% ≤ abundance ≤ 0.1%), and rare taxa (RT, abundance< 0.01%) according to Zhao et al. (2022). Alpha diversity indices were calculated using Mothur (v1.30.2) (Schloss et al., 2009), and Bray-Curtis principal component analysis (PCA) was used to assess community structure similarity (Siebyła et al., 2024). The top 50 most abundant bacterial OTUs were selected for microbial co-occurrence network analysis, and network topological parameters such as modularity and clustering coefficient were calculated using Gephi (version 0.10.1) (Barberán et al., 2012). Bacterial functional prediction was performed with the FAPROTAX database (Louca et al., 2016). Indicator species analysis was conducted on the Majorbio Cloud Bioinformatics Platform (https://www.majorbio.com), and OTUs with IndVal > 0.7 and p < 0.05 were considered cultivar-specific indicators. Based on Yuan et al. (2021), network robustness was assessed using the Top 50 most abundant OTUs per cultivar in R (v4.4.3). Robustness was defined as the proportion of remaining nodes after randomly removing 50% of network nodes. The raw sequence data are deposited in NCBI SRA under BioProject PRJNA1303560.




2.4 Isolation and identification of seed endophytes from high NUE varieties

For bacterial isolation, 2 g of seeds from the HTY and HY1 cultivars were surface-sterilized, homogenized, and serially diluted following the procedure described above. Aliquots (100 µL) from 5−4 to 5−4−6 dilutions were spread onto Luria Bertani (LB), Nutrient Agar (NA), and Reasoner’s 2A (R2A) agar plates, and incubated at 37°C overnight, respectively (Ahn et al., 2014; Ezraty et al., 2014; Zhang et al., 2022). Single colonies were selected and identified using 16S rRNA gene amplification with primers 27F (5′-AGA GTT TGA TCC TGG CTC AG-3′) and 1492R (5′-TAC GGC TAC CTT GTT ACG ACT T-3′), and M5 Hiper Mix DNA polymerase (Xi’an Zhuangzhi Biotechnology Co., Ltd., China) (Hou et al., 2018). PCR reactions (20 µL) contained 2 µL DNA template, 0.5 µL primers, and 10 µL enzyme mix. Cycling conditions were: 95°C for 3 min; 35 cycles of 94°C for 25 s, 55°C for 25 s, 72°C for 90 s; final extension at 72°C for 5 min. Sequences were trimmed and clustered at ≥ 99% similarity using SeqMan and Mothur. Representative sequences were taxonomically identified via BLAST searches against the NCBI database. Closely related reference sequences were retrieved from GenBank and aligned with the target sequences in MEGA (v11.0.13). A Neighbor-Joining phylogenetic tree was subsequently constructed, and node reliability was assessed with 1,000 bootstrap replicates (Koester et al., 2019; Tamura et al., 2013).




2.5 Plant growth-promoting traits of representative seed endophytic strains

(1) Phosphate solubilization: Each strain (OD600 = 0.3) was spot-inoculated (2 µL) onto solid National Botanical Research Institute Phosphate (NBRIP) medium supplemented with 5 g/L of either phytate calcium or tricalcium phosphate as the only phosphorus source. Plates were incubated at 37°C for 2 days. The phosphate solubilization ability was assessed by the formation of clear halos around colonies using the cross-line method, in which two perpendicular lines were drawn through the center of the colony and the distance from the colony edge to the halo edge along each line was recorded. For quantitative analysis, 1 mL of each strain was inoculated into 100 mL sterile NBRIP liquid medium and incubated at 37°C, 180 rpm for 3 days with five replicates. A sterile, uninoculated medium served as the control. After centrifugation at 10,000 rpm for 3 min, the pH of the supernatant was measured using a pH meter (FiveEasy Plus, FE28, Shanghai, China). Soluble phosphorus concentrations were determined using the molybdenum blue colorimetric method, following the Chinese national standard NY/T 2017-2011 (Watanabe and Olsen, 1965). OD700 was measured with a microplate reader (Molecular Devices, FlexStation 3, Shanghai, China).

(2) Siderophore production: Each bacterial strain (OD600 = 0.3) was spot-inoculated (2 µL) onto chrome azurol S (CAS)-based double-layer agar plates prepared with LB medium and incubated at 37°C for 48 hours. The presence of orange halos around colonies indicated siderophore production (Pérez-Miranda et al., 2007). For quantitative assessment, 1 mL of bacterial culture was added to 100 mL sterile iron-limited Modified King’s B (MKB) liquid medium and incubated at 37 °C, 180 rpm for 3 days (5 replicates). After centrifugation at 4,500 rpm for 5 min, 1 mL of supernatant was mixed with 1 mL CAS assay solution and incubated at room temperature for 1 hour. Distilled water was used as a blank control. OD630 was measured for each sample, and siderophore units (SU) were calculated as follows (Schwyn and Neilands, 1987):

SU (%)
=100×(Ar−As
)

Ar





Where As is the OD630 value of the treatment group, and Ar is the OD630 value of the control group. Siderophore production capacity was standardized by dividing SU of the bacterial culture.

(3) Quantification of IAA Production: IAA production was quantified according to the method described by Carvajal et al. (2024), with minor modifications. 1 mL of bacterial suspension was inoculated into 50 mL of sterilized modified LB liquid medium supplemented with 100 mg·L−1 L-tryptophan. Cultures were incubated at 37 °C with shaking at 180 rpm for 3 days. Each treatment was conducted with five replicates, and an uninoculated medium served as the control. After incubation, cultures were centrifuged at 8000 rpm for 10 min. Then, 50 μL of the supernatant was mixed with an equal volume of Salkowski reagent. In parallel, IAA standards were prepared at concentrations of 0, 10, 20, 30, 40, and 50 mg mL−1, each with three replicates, and processed identically. All samples were incubated in the dark at room temperature for 30 min. Absorbance was measured at 530 nm for each sample. A linear regression of standard concentration (x) against absorbance (y) was used to generate the calibration equation (R² = 0.9953). The IAA concentration of each sample was subsequently calculated from the standard curve. Double-distilled water (ddH2O) served as a blank control.




2.6 Effects of seed endophyte on rice growth and NUE

Well-filled seeds of the low-NUE rice variety LXS (with husks removed) were selected, soaked in sterile water for 8 hours, and then surface-sterilized following the procedure described above. The disinfected seeds were sown onto 1/2 Murashige Skoog (MS) medium supplemented with 1% Plant Preservative Mixture (PPM™, Beijing Coolibor Technology Co., Ltd., Beijing, China) and 0.25% agar. After 2 days of incubation in darkness, the germinated seeds were transferred to a light chamber and cultivated for 2 weeks. Embryo-derived sterile seedlings were obtained by carefully excising the endosperm and removing any adhering MS medium. Uniformly grown sterile seedlings were used as hosts for inoculation with each of five representative endophytic bacterial strains. Autoclaved bacterial inocula (121°C, 20  min) served as negative controls. For the inoculation treatments, a root-dipping method was employed: sterile rice seedling roots were immersed in 10 mL of a bacterial suspension (OD600 = 0.3) for pre-inoculation. The pre-inoculated seedlings were then transplanted into pots (9 × 23.5 × 5 cm; top diameter × height × bottom diameter) containing 350 g of growth substrate, after which the remaining bacterial suspension was applied and watered around the root zone to promote effective colonization (Wang and Gottwald, 2017). The growth substrate was composed of commercial vermiculite, farmland soil, and commercial humus soil mixed at a ratio of 50:1:1 (w/w) (organic matter = 12.93 g kg−1, total N = 0.216 mg kg−1, total P = 4.182 mg kg−1, total K = 34.25 mg kg−1, available N = 0.0481 mg kg−1, available P = 7.544 mg kg−1, available K = 75.41 mg kg−1, and pH = 6.89). The substrate was sterilized at 121 °C for 120 minutes, with 3 consecutive treatments (24 hours apart each time). Two nitrogen treatments were established by supplementing the substrate with nutrient solution containing urea (Tianjin Fengchuan Chemical Reagent Co., Ltd., Tianjin, China) as the N source: low N (N7, 7.39 mg kg−1) and normal N (N42, 42.23 mg kg−1). Each pot contained one seedling, with five replicates per treatment. In total, the experiment comprised 2 nitrogen levels × 6 inoculants (5 bacteria + ck) × 6 replicates = 72 pots. Plants were grown for 60 days in a greenhouse under natural light at 15–30 °C and irrigated with 60 mL sterile water every two days. Prior to harvest, plant height, tiller number, fresh leaf number, and number of senescent leaves were recorded. Leaf chlorophyll content was measured using a SPAD-502 Plus chlorophyll meter (Konica Minolta, Japan). After 60 days, both shoot and root tissues were separately harvested for further analysis.




2.7 Sample digestion and quantification of nitrogen-related parameters

Following the Chinese national standard “Determination of nitrogen, phosphorus and potassium in plants” (NY/T 2419-2013), plant tissues were digested using the concentrated sulfuric acid–hydrogen peroxide method. Total nitrogen content was then determined using a Kjeldahl nitrogen analyzer (SKD-800, Shanghai Peiou Analytical Instrument Co., Ltd., Shanghai, China), according to the manufacturer’s instructions.

Nitrogen Transport efficiency (NTE), Nitrogen Uptake efficiency (NUpE), Nitrogen Utilization efficiency (NUtE) and Nitrogen Use efficiency (NUE) was calculated using the following formula (Cheng et al., 2011; Liu et al., 2025):

Nitrogen Transport Efficiency (NTE, %
)
=Total shoot N accumulation
total plant N accumulation

×100%



Nitrogen Uptake Efficiency (NUpE, %
)
=total plant N accumulation
total N investment

×100%



Nitrogen Utilization Efficiency (NUtE, g/g
)
=plant dry matter
total plant N accumulation





Nitrogen Use Efficiency (NUE, g/g
)
=NUpE × NUtE






2.8 Statistical analysis

Statistical analyses were conducted using SPSS software (version 24.0; IBM, Armonk, NY, USA), and data visualization was performed with Origin 2018 (OriginLab, Northampton, MA, USA). Two-way ANOVA was used to evaluate the main and interaction effects of endophyte inoculation and nitrogen level, assuming homogeneity of variance and normality. When significant effects were detected, one-way ANOVA, followed by post-hoc Tukey’s HSD test, was used to detect significant difference in rice biomass, plant height, chlorophyll content, nitrogen concentration, and NUE among the bacterial inoculation treatments and the control (CK) under the same nitrogen level (p < 0.05). Independent-samples t-tests were applied to compare the effects of nitrogen treatments on these parameters in the CK group. Data are expressed as means ± standard error (SE).





3 Results



3.1 Diversity of seed endophytic bacteria between High- and Low-NUE rice cultivars



3.1.1 Characteristics of seed endophytic bacterial communities

A total of 500 OTUs of seed endophytic bacteria were annotated across the four rice cultivars, with individual cultivars containing 214 (LXS) to 311 (HY1) OTUs. Among these, 92 OTUs (18.4%) were shared across all cultivars, yet accounting for over 94.5% of total abundance, reaching up to 98.4% in LFY variety. Rare taxa (RT) dominated OTU richness, representing over 51% of OTUs in all cultivars, although their total abundance was below 0.6%. In contrast, abundant taxa (AT) comprised only 15.1% (HY1, 47 OTUs) to 23.4% (LXS, 50 OTUs) of OTUs but contributed more than 96.8% of total abundance. Cultivar-specific OTUs ranged from 36 (7.2%, LXS) to 75 (15%, HY1), primarily consisting of RT, with total abundances below 0.35% in all cultivars (Figure 1a). Shannon diversity indices indicated high microbial diversity among cultivars, ranging from 2.95 ± 0.03 (LFY) to 3.23 ± 0.04 (HY1), with significant differences (p < 0.05, one-way ANOVA, Figure 1b). All cultivars showed significantly higher Shannon diversity of rare taxa than intermediate and abundant taxa, while AT exhibited the lowest diversity (Figure 1b). Twelve bacterial phyla and 172 genera were identified, including 50 dominant genera with abundance > 0.1%. The number of dominant genera per cultivar ranged from 26 (LFY) to 35 (HY1). Seventeen dominant genera were shared across all cultivars, including Methylobacterium, Xanthomonas, Buttiauxella, and Sphingomonas (Figure 1c).
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Figure 1 | Diversity of seed endophytic bacterial communities in rice cultivars with high (HTY, HY1) and low (LFY, LXS) nitrogen use efficiency. (a) Venn diagram, (b) Shannon indices, and (c) Community composition. AT, IT and RT represent abundant, intermediate and rare bacterial taxa, respectively, while ‘Total’ refers to all taxa in the seed endophytic bacterial communities. Different letters indicate significant differences between groups (p < 0.05, one-way ANOVA, n = 4).




3.1.2 Community composition differences

PCA revealed significant differences in seed endophytic bacterial communities among cultivars (p < 0.05, ANOSIM, Figure 2a). Hierarchical clustering showed that cultivars with the same NUE type clustered more closely, with HTY and HY1 (high-NUE) forming a distinct group (Figure 2b). Among the 172 identified genera, 60 (34.9%) showed significant abundance differences across cultivars (p < 0.05, Kruskal-Wallis H test). For example, Sphingomonas, which was dominant across all cultivars, was enriched in low-NUE cultivars (> 7.7% in LXS, 15.5% in LFY) but accounted for< 3.8% in both high-NUE cultivars (Figure 2c). Salmonella was dominant in HTY (1.19%) and HY1 (1.24%), but significantly reduced in LFY (0.26%) and LXS (0.76%). Conversely, Rhodanobacter was dominant in HY1 (3.73%) but low (< 0.84%) in the other three cultivars. Additionally, some genera showed NUE-specific distributions, where Midichloria (0.002% in HTY, 0.016% in HY1), Weissella (0.11% in HTY, 0.07% in HY1), and Lichenibacterium (0.013% in HTY, 0.007% in HY1) were found exclusively in high-NUE cultivars, whereas Sanguibacter (0.02% in LFY, 0.01% in LXS) was specific to low-NUE cultivars. (Figure 2c).
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Figure 2 | Principal component analysis (PCA) (a), Hierarchical clustering (b), and differential abundance analysis (c) of seed endophytic bacterial communities in High- (HTY, HY1) and Low-NUE (LFY, LXS) rice varieties. Significance determined by Kruskal-Wallis H test: * p < 0.05, ** p < 0.01 (n = 4).




3.1.3 Characteristics of microbial co-occurrence networks and indicator species

Co-occurrence network analysis revealed similar topologies across four cultivars, with comparable numbers of edges and modularity indices, and predominantly positive correlations (Figure 3a; Supplementary Table S2). Several core OTUs, including Kineococcus (OTU286) and Pseudomonas (OTU310), served as shared network hubs across all cultivars, indicating structural similarity among networks. Network robustness indices ranged from 0.23 to 0.26 with no significant differences (p > 0.05, one-way ANOVA, Figure 3b). Indicator species analysis identified 76 cultivar-specific indicator OTUs (IndVal > 0.7, p < 0.05), none of which were shared among cultivars. The number of indicator OTUs ranged from 6 (HTY) to 27 (LXS). Specific indicators included Priestia (OTU207) for HTY, Actinomycetospora (OTU356) for HY1, Aureimonas (OTU250) for LXS, and Clavibacter (OTU70) for LFY. Indicator OTUs for HY1, LFY, and LXS were primarily from Actinobacteria and Proteobacteria, while HTY’s indicators belonged mostly to Firmicutes (Supplementary Table S3).
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Figure 3 | Co-occurrence network analysis (a) and microbial network robustness analysis (b) of seed endophytic bacteria in High- (HTY, HY1) and Low- (LFY, LXS) NUE rice varieties. In the network, nodes are colored by phylum and node size reflects the degree. Red and blue edges indicate positive and negative correlations, respectively; OTU numbers correspond to indicator species identified in each cultivar.




3.1.4 Functional prediction of bacterial communities

A total of 41 functional groups were annotated using the FAPROTAX database. Of these, 33 functions (80.5%) showed significant differences among cultivars (p < 0.05). Among the differential functions, 27.3% (9/33) were nitrogen-related (e.g., nitrogen fixation, nitrate reduction, urea decomposition), 21.2% were carbon cycling-related, and others involved sulfur cycling (9.09%) and pathogenicity (18.18%) (Supplementary Figure S2).





3.2 Isolation and growth-promoting potential of cultivable endophytes in high-NUE varieties



3.2.1 Isolation and identification of cultivable endophytes

A total of 369 cultivable endophytes were isolated from seeds of HTY and HY1 cultivars. 16S rRNA gene sequencing revealed affiliation to 15 genera, with the most frequently isolated being Enterobacter (66.04%), Pantoea (21.03%), and Acinetobacter (4.04%). Based on frequency, diversity, and functional prediction, five representative strains were selected for the following experiments, including Bacillus thuringiensis T328, Xanthomonas sacchari Y003, Pantoea agglomerans Y013, Curtobacterium citreum Y089, and Pantoea dispersa Y163 (Figure 4; Supplementary Table S5).

[image: Circular phylogenetic tree diagram displaying bacterial genera and species distributions, each segment color-coded with genus names, percentages, and sample counts; species are listed on outer arcs, illustrating proportional representation among microbial groups.]
Figure 4 | Neighbor-joining (NJ) phylogenetic tree based on the 16S rRNA sequences of 369 cultivable seed endophytic bacterial strains. The numbers above the nodes indicate bootstrap support values from 1,000 replicates. Colors in the inner circle distinguish bacterial genera, while the percentages in the outer ring show the isolation frequency. Arabic numerals in parentheses denote the number of isolates.




3.2.2 Growth-promoting traits of cultivable endophytes from high-NUE rice

Five representative endophytes exhibited diverse plant growth-promoting traits, including phosphate solubilization, siderophore production, and IAA synthesis. Soluble phosphorus concentrations in fermentation broths ranged from 2.18 mg L−1 to 763.98 mg L−1. The siderophore units (SU) ranged from 0.139 to 0.733, and IAA concentrations varied between 2.67 mg L−1 and 289.38 mg L−1. Significant differences were observed in the dominant functions among strains. For example, P. dispersa Y163 exhibited the strongest phosphate solubilization ability, significantly higher than the other five strains, but its IAA production was lower than that of P. agglomerans Y013. Furthermore, the siderophore production index of P. dispersa Y163 was significantly lower than those of the other four strains, at only 0.139 (p < 0.05, one-way ANOVA, Figure 5).
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Figure 5 | Plant growth-promoting (PGP) traits of five representative endophytes under in vitro conditions. (a) pH of the culture medium, (b) soluble phosphorus concentration in Pikovskaya (PVK) medium supplemented with calcium phytate and tricalcium phosphate as the sole phosphorus sources after 3 days of inoculation; (c) Siderophore production; and (d) IAA production. Data are means ± SE (n = 5); significance by one-way ANOVA (p < 0.05).





3.3 Functional role of seed endophytes in enhancing rice growth and NUE



3.3.1 Effects of seed endophytes on rice growth under different N levels

Compared with the uninoculated control, inoculation with five representative endophytes enhanced rice growth, including biomass, plant height, chlorophyll content, tiller number, number of fresh leaves, and root length, while reducing the number of withered leaves across treatments (Figure 6; Supplementary Figure S3). However, the inoculation effect was influenced by the combined factors of bacterial strain type and nitrogen level. Under normal nitrogen conditions (N42), most strains inoculation—particularly C. citreum Y089, P. dispersa Y163 and X. sacchari Y003—significantly increased shoot dry biomass (p < 0.05, one-way ANOVA). In contrast, B. thuringiensis T328 and P. agglomerans Y013 showed no significant effect (p > 0.05, one-way ANOVA). Interestingly, under low nitrogen conditions (N7), all strains promoted rice growth significantly (p < 0.05, one-way ANOVA, Figure 6a). Among the five representative endophytes, C. citreum Y089 consistently exhibited superior growth-promoting effects under both normal and low nitrogen conditions, indicating its potential as the most effective plant growth-promoting strain (Figure 6a).
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Figure 6 | Effects of inoculation with five representative endophytes on rice total biomass (a), plant height (b), chlorophyll content (c), average N concentration (d), total N accumulation (e), N uptake efficiency (NUpE) (f), N utilization efficiency (NUtE) (g), N use efficiency (h), and N transport efficiency (NTE) (i), under normal nitrogen (N42) and low nitrogen (N7) treatments. Mean ± SE (n = 6). Different lowercase letters indicate significant differences at the same N level (p < 0.05, one-way ANOVA).




3.3.2 Seed endophytes enhance nitrogen accumulation and NUE in rice

Compared to the uninoculated control, inoculation with the five representative endophytes did not significantly increase the average N concentration in rice under either nitrogen regime and even showed a general decreasing trend (Figure 6d). In contrast, total N accumulation per plant was significantly improved by bacterial inoculation in all treatments. Notably, inoculation with C. citreum Y089 increased total N accumulation by 20.5% under N42 and 55.7% under N7 conditions, respectively (Figure 6e). Correspondingly, inoculation with representative endophytes also enhanced N uptake efficiency (NUpE), nitrogen utilization efficiency (NUtE), and nitrogen use efficiency (NUE) of rice, but did not affect N transport efficiency (NTE). C. citreum Y089 showing the most pronounced effect: its NUtE increased significantly by 53.1% under N42 and 33.6% under N7. Meanwhile, its NUE was markedly enhanced by 0.84-fold under N42 and 1.1-fold under N7 compared with the CK group (p < 0.05, one-way ANOVA) (Figure 6). It is worth noting that the effect of bacterial inoculation on NUE was influenced by both bacterial strain and nitrogen availability (Figure 6i). For example, B. thuringiensis T328 and P. agglomerans Y013 did not significantly improve NUE under normal nitrogen conditions, but under N7 they increased NUE by 21.17% and 20.22%, respectively (p < 0.05, one-way ANOVA, Figure 6h).






4 Discussion

Using both culture-dependent and culture-independent approaches, we detected a rich and diverse array of endophytic bacterial taxa in the seeds of all four rice cultivars examined, with Shannon diversity indices ranging from 2.99 to 3.23. These findings are consistent with those of Deckert et al. (2019), who identified highly diverse seed endophytic communities in two representative gymnosperms, Pinus edulis and P. ponderosa, including four mycorrhizal fungal genera (e.g., Gymnopilus). A meta-analysis by Simonin et al. (2022) encompassing seed microbiota from 50 plant species further confirmed the widespread high diversity of microbial communities residing within plant seeds. Together, these findings support the view that plant seeds represent a rich reservoir of endophytic microbes and form an integral part of the plant microbiome (Nelson, 2018).

We found that the composition of seed endophytic bacterial communities varied significantly among different rice cultivars. Such variation is commonly observed not only across different plant species but also among genotypes within the same species. Simonin et al. (2022) reported substantial diversity in seed endophytic communities across 50 plant species, with taxonomic richness ranging from a single taxon to several thousand, averaging 95 taxa per seed (34 prokaryotic and 61 fungal taxa). Similarly, Wang et al. (2023a) observed pronounced differences in seed endophytic bacterial composition among 11 genetically correlated hybrid rice seeds with different rice blast resistance levels, even among hybrids with similar genetic constitutions, such as those sharing the same female parent but different male parents, and vice versa. It is widely accepted that the composition of seed-associated endophytes results from the interplay of multiple factors, with host genotype being one of the most critical drivers (da Silva et al., 2014). In a more recent study, Lobato et al. (2024) compared the impact of plant genotype, domestication, and breeding on endophytic bacterial communities in the seeds of 46 Cannabis genotypes, including early domestication genotypes obtained through natural and artificial selection, as well as modern genotypes obtained through artificial selection. The study found that the heterogeneous genetic background of Cannabis influences its seed microbiome. In addition to genetic factors, abiotic environmental variables such as soil type, climate, moisture, and nutrient availability also contribute to shaping the seed microbiome (Durán et al., 2022), suggesting the combined influence of host genotype, environmental factors, and microbial ecological interactions (Franić et al., 2020).

Among the four rice cultivars analyzed, flexible rare taxa (RT) played a dominant role in shaping both the diversity and composition of the seed endophytic microbiome. RT exhibited the highest OTU richness and Shannon diversity despite their low relative abundance. This pattern aligns with observations from diverse soil ecosystems, where rare taxa frequently contribute disproportionately to overall diversity and serve as key regulators of microbial compositional variation (Yang et al., 2025). In contrast to the high variability of RT, a subset of abundant taxa (AT, > 93% of total relative abundance) was consistently detected in the seeds of all four rice cultivars, indicating broad host adaptability. For example, genera such as Sphingomonas, Methylobacterium, and Pantoea are not only prevalent in major crops like rice, maize, and wheat but also widely distributed in woody or leguminous hosts (Suman et al., 2020; Simonin et al., 2022). Notably, these taxa can also persist under extreme environmental stresses, including drought, salinity, and heavy metal contamination (Asaf et al., 2017; Li et al., 2023; Tai et al., 2024). Importantly, these abundant and shared core taxa also showed strong genetic conservation across various rice cultivars and were similarly conserved across multiple hybrid generations and geographical regions (Walitang et al., 2019). Collectively, these findings suggest that vertical transmission and genetic conservation of core seed endophytes contribute to their long-term association with host plants and play a critical role in plant–microbiome co-evolution.

We also observed that these core taxa frequently occupied central positions within the microbial co-occurrence networks, suggesting their critical role in maintaining community stability (Jiao et al., 2019; Li et al., 2021). In particular, core microbes contributing to essential host functions—such as nitrogen fixation or disease resistance—may be selectively retained by the host to ensure the stability and integrity of microbiome function (Walitang et al., 2019). In parallel, rare taxa also contribute significantly to ecosystem functioning. On one hand, they harbor a highly diverse repertoire of functional genes, serving as a vast gene reservoir within the microbial community (Chen et al., 2020; Zhou et al., 2022). The functional diversity among RT increases microbial functional redundancy, providing “backup” capacities that buffer the community against external disturbances and thereby enhance ecological stability and resilience (Kang et al., 2015; Louca et al., 2018). On the other hand, rare taxa serve as a “microbial seed bank” within the community. Conditionally rare taxa can dynamically shift between rare and abundant states depending on environmental conditions, thereby influencing both the structure and function of the microbial community (Lynch and Neufeld, 2015; Hu et al., 2023). Although low in abundance, rare taxa exert disproportionate influence on microbial community diversity and functional capacity. They are now recognized as essential contributors to the stability and resilience of microbial ecosystems (Lynch and Neufeld, 2015; Jousset et al., 2017). Taken together, the conserved core taxa and the highly variable rare taxa confer a “dual-stability” to the seed microbiome, characterized by a stable core microbiome and a flexible rare biosphere. This duality may reflect an evolutionary strategy for microbial adaptation to host selection.

We found that representative endophytes in rice exhibited diverse and functionally redundant PGP traits. However, these strains displayed differentiated strengths in their functional profiles, indicating a degree of functional complementarity. Such functional diversity and redundancy are common features among seed-associated endophytes in various plant species. For instance, numerous endophytic bacteria isolated from rice and tomato seeds have been shown to produce IAA, siderophores, and solubilize essential minerals such as phosphorus and potassium (Jana et al., 2023; Roy et al., 2024). Functional redundancy and complementarity among microbial PGP traits are key mechanisms supporting host growth and adaptive capacity. On one hand, functional redundancy ensures the stability of host-associated benefits under variable environmental conditions by mitigating the loss of any single strain (Vandenkoornhuyse et al., 2015; Wang et al., 2023b). On the other hand, complementary interactions among functionally distinct strains can enhance the host’s functional diversity, thereby promoting greater ecological adaptability (Singh et al., 2015; Finkel et al., 2017). For example, compared to single-strain inoculation, Paenibacillus sp. B1 acidified the rhizosphere pH through organic acid secretion, thereby enhancing the high-level expression of the nifH gene in the co-inoculated strain Paenibacillus beijingensis and activating soil nitrogenase activity. This co-inoculation significantly promoted wheat growth, particularly increasing root nitrogen and phosphorus accumulation in wheat roots by 27% and 63%, respectively (Li et al., 2020). Therefore, when assessing the functional roles of seed microbiota, it is important to consider both functional redundancy and complementarity among strains. By following these principles, the rational design of effective functional microbial communities can be achieved, laying the theoretical groundwork for the practical use of seed endophytes in agriculture (Northen et al., 2024; Zhu et al., 2025).

The five representative endophytes significantly enhanced rice growth, nitrogen accumulation, and NUE, likely through multiple synergistic mechanisms. Firstly, nitrogen-fixing seed endophytes can effectively convert atmospheric nitrogen (N2) into plant-available forms, such as ammonium (NH4+), thereby increasing the nitrogen supply to the host (Huang et al., 2023). Secondly, numerous endophytic bacteria can modulate host nitrogen metabolism and contribute to nitrogen cycling in the rhizosphere (Liang and Bowatte, 2022). For example, Epichloë gansuensis significantly enhances the activities of nitrate reductase, nitrite reductase, and glutamine synthetase in Achnatherum inebrians, thereby accelerating the conversion of NO3−4 to organic nitrogen and improving NUE (Wang et al., 2018). Thirdly, endophytic fungi can modify and improve the rhizosphere microenvironments, creating favorable niches for beneficial microbes, including nitrogen fixers (Li et al., 2020; Kour et al., 2021). For example, seed endophytes such as Fictibacillus rigui and Priestia aryabhattai accelerate the reduction of Fe3+ to Fe2+ increasing electron availability for the DNRA pathway. This, in turn, selectively recruits DNRA-performing Clostridium spp., strengthening nitrogen-conserving processes and ultimately enhancing rice NUE (Liu et al., 2025). Moreover,many seed endophytes, such as Burkholderia vietnamiensis RS1, can produce plant hormones like IAA, which stimulate root cell division and elongation. This promotes the formation of lateral roots and root hairs, ultimately enhancing nitrogen uptake (Shinjo et al., 2022). Collectively, these findings underscore the critical role of seed endophytes in facilitating nitrogen acquisition and translocation in host plants.

However, we also observed that the growth-promoting effects of seed endophytes are co-determined by bacterial strain and nitrogen conditions. Firstly, different bacterial strains can trigger distinct host response mechanisms, leading to variable growth outcomes. For instance, multiple strains of Paenibacillus inoculated into wheat, cucumber, and tomato exhibited markedly different PGP effects by suppressing ethylene levels and promoting root development (Liu et al., 2019). Interestingly, even the same bacterial strain may exhibit different PGP effects under varying environmental stress conditions. For example, under low-nitrogen conditions, inoculation with Bradyrhizobium japonicum enhanced soybean nitrogen accumulation by approximately 40% through symbiotic nitrogen fixation. However, under high-nitrogen conditions, soybean plants favored the energy-efficient strategy of direct nitrogen uptake over the energetically costly process of symbiosis. As a result, B. japonicum inoculation had no significant effect on nitrogen accumulation in high-nitrogen environments (Perkowski et al., 2024). These findings highlight the importance of considering both microbial and environmental factors in the practical application of seed endophytes. Optimal outcomes depend not only on selecting the appropriate bacterial strains but also on understanding their functional traits in relation to specific environmental conditions.




5 Conclusion

This study compared the composition of seed endophytic bacterial communities between high- and low-NUE rice cultivars. The results revealed that rice seeds harbor highly diverse endophytic bacterial communities, with significant differences in community structure among cultivars. Despite these differences, all four cultivars exhibited a common dual pattern: rare taxa serve as key drivers of community diversity and compositional variation, while core taxa display strong genetic conservation across cultivars. The representative seed endophytic bacteria possessed diverse, functionally redundant, and complementary PGP traits, which significantly enhanced rice growth and NUE. However, the magnitude and consistency of their beneficial effects were modulated by both the bacterial strain and environmental nitrogen availability. Overall, this study offers important theoretical insights into the diversity and functional potential of the rice seed microbiome, providing a solid foundation for developing and applying seed endophytes as microbial resources to enhance nitrogen use efficiency in rice cultivation.
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Isolations Most similar strain Similarity NCBI acces- Phosphate Ammonia Siderophore

(%) sion no.
DJAL-2 Chryseobacterium flavum 100 PP792774 +++ +++ - ++
DJAL-3 Stenotrophomonas sp. 99.93 PP792775 ol + ++ +
DJA1-5 Stenotrophomonas 99 PP792776 & a5 + + +
calcoaceticus

DJA1-9 Herbaspirillum sp. 99.93 PP792777 +++ ++ - ++
DJA1-12 Agrobacterium deltaense 100 PP792778 Ak - ™ ++
DJA2-2 Enterobacter cloacae 99.79 PP792779 ++ +H+ + -
DJA2-3 Burkholderia sp. 99.93 PP792780 e+ ++ + ++
DJA2-5 Enterobacter sp. 100 PP792781 ++ + ++ -
DJA2-7 Acinetobacter sp. 100 PP792782 + + - +
DJA2-8 Burkholderia sp. 99.93 PP792783 ++ ++ +++ +
DJA2-9 Agrobacterium sp. ‘ 99.85 PP792784 ] ] - +
DJA3-2 Microbacterium sp. 99.93 PP792785 = + - +
DJA3-4 Herbaspirillum seropedicae 100 PP792786 + ++ ++ +
DJA3-5 B. gladioli ‘ 100 PP792787 s ++ ++ +
DJA4-2 Enterobacter cancerogenus 99.64 PP792788 +- + - +
DJA4-3 Pantoea dispersa 99.93 PP792789 ++ ++ +++ +
DJA4-5 Herbaspirillum huttiense 99.93 PP792790 + + + +
DJA4-6 B. gladioli 100 PP792791 ++ +4+ +4+ +
DJA4-9 Enterobacter ludwigii 99.86 PP792792 S b ¥ +
DJAS-3 Herbaspirillum sp. 100 PP792793 ++ + - -+
DJB1-3 Burkholderia sp. 99.86 PP792794 +++ ++ +++ +++
DJB1-4 Burkholderia sp. 99.93 PP792795 ++ ++ + ++
DJB1-6 Burkholderia cenocepacia 99.71 PP792796 ++ +++ +++ ++
DJB2-3 B. cenocepacia 99.64 PP792797 ++ +++ +++ +
DJB2-8 B. gladioli 99.93 PP792798 ++ +H+ + +
DJB4-5 B. cenocepacia ‘ 100 PP792799 ++ +++ +++ ++
DJB4-8 B. gladioli 99.93 PP792800 +++ e+ 4+ 4+
DJB5-1 Burkholderia sp. 99.45 PP792801 ++ ++ ++ +
DJC1-3 Pantoea ananatis 100 PP792802 ++ ++ + +
DjC1-4 Stenotrophomonas sp. 99.93 PP792803 ++ + + +
DjC2-3 Serratia marcescens 100 PP792804 ++ ++ ++ ++
DJC3-1 Herbaspirillum sp. 99.93 PP792805 + + ++ ++
DJC3-2 B. cenocepacia 100 PP792806 + + + +
DJC3-4 Burkholderia sp. 99.79 PP792807 ++ +H+ H+ +
DJC4-2 Burkholderia sp. 99.86 PP792808 ++ + +++ +
DJC4-3 P. ananatis 99.72 PP792809 ++ + - +
DJC4-8 Burkholderia sp. 99.71 PP792810 - +H+ Ft+ +
DJD1-1 Sphingomonas sp. 99.86 PP792811 ++ ++ - +
DJD3-2 Acinetobacter calcoaceticus 100 PP792812 +t+ ++ ++ +
DJD4-1 Acidovorax avenae 99.93 PP792813 ++ + - +
DJD4-6 Burkholderia cepacia 99.86 PP792814 ++ et ++ +

The symbols “++4+7, “++7, “+”, and “~” correspond to strong, moderate, weak, and undetectable levels of PGP activity, respectively, as demonstrated by the bacterial strains under standardized
assay conditions.
PGP, plant growth-promoting; NCBI, National Center for Biotechnology Information; ACC, 1-aminocyclopropyl-1-carboxylic acid.
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