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Loquat-tea intercropping enhances rhizosphere microbial diversity and functional profiles in tea soil ecosystems
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Introduction: Intercropping systems can significantly influence soil microbial communities, affecting plant health and soil nutrient cycling, which has better economic and ecological benefits than monoculture of tea.

Methods: This study investigated the impact of loquat-tea intercropping on the microbial community structure and functional gene composition in the rhizosphere soil of tea (Camellia sinensis). Using metagenomic sequencing, we analyzed rhizosphere soils from loquat-tea intercropping (PP_CS), tea monoculture (CS), and loquat monoculture (PP).

Results and discussion: A total of 161 phyla, 269 classes, 485 orders, 1,000 families, 3,838 genera, and 27,624 species were annotated across samples. Dominant phyla included Actinobacteria, Proteobacteria, Acidobacteria, and Chloroflexi. The genera Bradyrhizobium (4.20%) and Trebonia (3.78%) were notably enriched in the intercropping system. The analysis of community differences showed that unclassified_c_acidobacteria was in pp_cs group, demonstrating the highest LDA score (4.4 score). Functional annotation via the Kyoto Encyclopedia of Genes and Genomes (KEGG) revealed that metabolic pathways were predominant across all treatments, with 36,111,608 reads assigned to metabolism. The comparative analysis at KEGG level 3 revealed that Metabolic pathways 289 constituted the most abundantly annotated functional category across all three groups. Redundancy analysis (RDA) showed strong correlations between key microbial genera (Trebonia, Bradyrhizobium) and soil properties, including organic matter (OM), alkali hydrolyzed nitrogen (AN), available phosphorus (AP), and available potassium (AK). These findings suggest that loquat-tea intercropping promotes microbial diversity and enhances functional potential, improving soil health and nutrient availability in tea cultivation systems.
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1 Introduction

Camellia sinensis is a healthy beverage crop with a unique aroma and taste, as well as anti-cancer, anti-aging, and other medicinal and health benefits, which people love (Wang R. et al., 2018; Wang Z. J. et al., 2018). After long-term adaptation and evolution, tea plants have formed ecological habits that can tolerate shade, temperature, and humidity, like diffuse light and acid soil, and are widely planted in Southwest China (Yan et al., 2017). The economic benefits of tea gardens, as well as the improvement of tea quality and safety, are consistently the primary goals of the tea industry (Xie et al., 2021). With the continuous expansion of tea planting area, water and soil loss, soil fertility reduction, and large-scale growth of weeds in tea plantations pose a serious threat to the yield and quality of tea. The use of herbicides, pesticides, and other chemical pesticides not only caused severe damage to the ecological environment of tea gardens but also posed a threat to human health. Therefore, implementing reasonable and scientific farming technology to improve the soil fertility of tea gardens, as well as constructing ecological tea gardens, are important measures to ensure the synchronous improvement of both tea yield and quality. The results show that intercropping can not only significantly improve crop yield and stability but also fully utilize the resources of light, heat, water, and nutrients, thereby strengthening the service function of the farmland ecosystem (Li, 2016; Liu et al., 2016). Intercropping in tea gardens can not only prevent soil erosion and stabilize the tea garden ecosystem but also improve soil fertility. Intercropping can effectively increase the species diversity of tea gardens and maximize the utilization of tea garden space and resources, and thus have an impact on the growth and development of tea plants, the quality characteristics of tea and the yield and other physiological ecology, making it an important production mode in modern ecological agriculture (Duchene et al., 2017). Yao et al. (2016) found that the levels of free amino acids, water extracts, caffeine, and water-soluble carbohydrates of tea in pear tea intercropping tea plantations were significantly higher than those in monoculture tea plantations. Chen et al. (2011) found in their research on pear tea intercropping, that intercropping can enhance nitrogen metabolism and weaken the respiratory metabolic pathway of tea plants by enhancing diffuse radiation illumination and changing light quality, to improve the level of amino acids in tea, reduce the ratio of phenol to ammonia in tea, and make green tea taste fresh. Studies have found that intercropping Eriobotrya japonica in tea gardens can improve the content of soil nutrients, improve the soil properties of tea gardens, and then improve the yield and nutritional quality of tea (Liu et al., 2017). Therefore, reasonable and diversified planting in tea gardens is of great significance for improving the soil ecological environment in tea gardens and promoting the sustainable development of efficient and high-quality tea production.

Soil microorganisms are the core of the soil ecosystem and play a crucial role in controlling and mitigating soil pollution, maintaining soil nutrient balance, and promoting the soil biogeochemical cycle (van der Heijden et al., 2008; Fu et al., 2020; Wang R. et al., 2018; Wang Z. J. et al., 2018). Increasingly, studies have shown that the relationship between soil nutrient factors and soil microorganisms can provide a deeper understanding of the ecological processes and mechanisms underlying soil microorganisms’ role in promoting normal plant growth (Lange et al., 2014). Further study on the interaction mechanism between microorganisms and soil nutrients, particularly the functional role of microorganisms, is of great significance for a deeper understanding of nutrient absorption and plant growth and development.

Previous studies on soil microorganisms mainly focused on the distribution characteristics of microbial community structure and its influencing factors. For example, studies have found that Proteobacteria, Actinomycetes, Bacteroides, and Firmicutes are the dominant bacterial groups in desert soil (Li T. et al., 2018; Li M. S. et al., 2018). Wang R. et al. (2018) and Wang Z. J. et al. (2018) demonstrated that the diversity of the soil bacterial community increased significantly over time in soil natural restoration years, and the community structure also underwent significant changes. Soil microorganisms can not only promote plant growth by producing metabolites but also inhibit the growth of pathogenic microorganisms by inducing plants to play an antagonistic role, thereby maintaining the dynamic balance of the soil ecosystem. Studies have found that Trichoderma harzianum can effectively inhibit black scurf of potatoes (Abdul Rauf et al., 2015). The decomposition effect of soil microorganisms can accelerate the absorption of nutrients by plants, at the same time, disintegrate soil masses, dredge soil pores, promote gas exchange in the soil, and then be conducive to the respiration of plant roots. In the intercropping system, the interspecific competition and promotion effect of different plants will often enrich the diversity of microbial communities in the soil, and the increase in the number of microorganisms will also reverse the regulation of plant growth. Under the appropriate intercropping mode, the two can achieve the effect of mutual benefit and common promotion. Therefore, the change of soil microbial quantity is an index that can best reflect the soil condition, and is also related to the effect of intercropping mode on soil activity.

A large number of studies have shown that intercropping can increase the number of soil microorganisms, change the structure of the soil microbial community, and control plant diseases (Chen et al., 2019). For example, the number of bacteria, actinomycetes, and fungi increased under the intercropping mode of tea and soybean, while the microbial biomass and diversity index were also improved, so as to repair the soil with tea wilt disease (Qin et al., 2019). Due to the high functional redundancy of microorganisms, accurately predicting their functional characteristics is challenging. In contrast, functional genes can better predict the response of microbial communities to habitat changes. In particular, the advancement of metagenome sequencing has significantly enhanced the ability to characterize the environmental metagenome (Fierer et al., 2012; Burke et al., 2011; Luo et al., 2023). Metagenomic sequencing directly extracts total DNA from soil samples. Compared with amplicon sequencing, it can not only reflect the structural changes of microbial communities more comprehensively, accurately, and truly, but also provide information on microbial functions, further improving the understanding of microbial communities and their roles in the environment (Wu et al., 2017; Ma et al., 2015).

Plant planting pattern is one of the key factors affecting soil quality, and reasonable space-time collocation between plants can effectively improve soil quality. Reasonable intercropping can significantly improve the photosynthesis of plants, inhibit the breeding of weeds and pests, and improve the soil microecological environment. Compared with tea monoculture, tea fruit intercropping not only brings more economic benefits to tea farmers but also lays an ecological foundation for the development of organic tea gardens in the region (Qin et al., 2017). The different patterns of tea-fruit intercropping will produce different ecological effects, and also have different effects on the growth, quality, and yield of tea plants. The crown width and root size of tea trees are small, and the density is low. There are a large number of empty niches in the tea garden land, which provides the possibility of intercropping with fruit trees.

At present, most researches focus on the diversity of soil microbial community in the field crop intercropping (Ma et al., 2016), while the research on the structure of soil microbial community in the tea tree and fruit tree intercropping is relatively lack, especially the research on the comprehensive understanding of the functional diversity of rhizosphere microorganisms in the intercropping soil by using metagenomics is still blank. Therefore, in this study, metagenomic sequencing technology was employed to analyze the rhizosphere soil microbiota of tea-loquat intercropping systems, exploring the interactions between rhizosphere microbial community structures, gene functions, and soil nutrient influencing factors, which provided a theoretical basis for revealing the interaction mechanism between rhizosphere microorganisms and soil nutrients under tea and fruit intercropping mode, and also provided a scientific basis for improving the soil environment of tea garden, improving the yield and quality of tea, and further promoting the efficient and safe production of tea.



2 Materials and methods


2.1 Overview of test site

The test site is Yibin tea planting base (E 104°72′, N 28°93′) in Sichuan Province. The climate there is a humid subtropical monsoon climate with four distinct seasons, rainy and hot seasons, sufficient sunlight, long frost free period, mild and humid temperature, annual average temperature of 17.9°C, rainfall of 1,123 mL, sunshine of 2,278 h, frost free period of 344 days, which is conducive to the growth of tea, loquat, plum and other crops. The soil is acid red soil, which contains alkali hydrolyzable nitrogen 57.44 mg/kg, available phosphorus 14.78 mg/kg, available potassium 144.74 mg/kg, organic matter 1.17 g/kg, and pH 5.34.

Both loquat and tea trees have been planted since 2017. The row spacing of monoculture tea trees is 40 cm × 50 cm, and that of monoculture loquat trees is 440 cm × 440 cm. In the intercropping tea garden, one loquat tree is planted for every three tea trees. The row spacing of tea trees is 180 cm × 70 cm, and that of loquat trees is 180 cm × 300 cm. According to the local actual production, the tea garden mainly applies nitrogen, phosphorus, potassium fertilizers (the application amount is 450, 60, 90 kg/m2 respectively) and some local conventional organic fertilizers. During the whole experiment period, all the tea garden experimental plots adopted the same cultivation management mode.



2.2 Sample collection

To investigate the soil characteristics associated with different cropping systems, we established three distinct soil types: loquat monoculture (PP), tea monoculture (CS), and intercropping of loquat and tea (PP_CS). For each soil type, three sampling plots, each measuring 20 m × 20 m, were delineated. Within each plot, five sampling points were selected following the five-point sampling method. Using a trowel disinfected with 75% ethanol, we excavated the main roots and lateral rootlets from a depth of 10–30 cm, within a radial distance of 30–50 cm from the plant trunk. The rhizosphere soil, defined as the soil closely adhering (0–4 mm) to the root surfaces, was carefully collected using a sterile brush, with an approximate total weight of 5–10 g per sample. For each replicate, samples from five plants were pooled and homogenized, then transferred into 50-mL centrifuge tubes. These samples were subsequently stored at −80°C and transported to the laboratory for DNA extraction. The extracted DNA was then sent to Majorbio Bio-Pharm Technology Co., Ltd. (Shanghai, China) for metagenomic sequencing.



2.3 Microbial DNA extraction and metagenome sequencing

Microbial DNA extraction was conducted using the E.Z.N.A.® reagent kit (OMEGA®, United States), following the specific instructions provided in the kit. After DNA extraction was completed, the concentration and purity of the DNA were assessed, and its integrity was verified using 1% agarose gel electrophoresis. Each treatment group consisted of three biological replicates (n = 3), and equal amounts of DNA from each replicate were used for sequencing. A certain number of qualified DNA samples were sent to the Illumina HiSeq4000 platform (Illumina Inc., San Diego, CA, United States) for terminal sequencing. To monitor for potential contamination, extraction blanks (no-template controls) were included during DNA extraction and sequencing library preparation and were processed alongside the samples. No significant DNA amplification or sequencing reads were detected in these negative controls. Raw sequencing reads were processed using fastp1 to trim adapter sequences from both 3′ and 5′ ends. Low-quality reads were filtered through the following criteria: removal of reads with post-trimming lengths <50 bp, average quality scores <20, or ambiguous bases (N). High-quality paired-end and single-end reads were retained for subsequent metagenomic analysis. Sequences with varying sequencing depths were assembled de novo using MEGAHIT.2 Contigs of 300 bp or longer were selected as the final assembly outputs and subjected to downstream gene prediction and annotation. Open reading frames (ORFs) within contigs were predicted using MetaGene.3 Predicted genes with nucleotide sequences ≥100 bp were translated into amino acid sequences, generating a statistical table of gene prediction results for each sample.

All predicted gene sequences across samples underwent clustering analysis via CD-HIT,4 employing thresholds of ≥95% sequence identity and ≥90% coverage. A non-redundant gene set was constructed by selecting the most extended sequence as the representative for each cluster. Quality-controlled reads were aligned against the non-redundant gene set using SOAPaligner5 with a sequence identity of ≥95%, enabling the quantification of gene abundance in each sample.

For functional annotation, the non-redundant gene set was aligned against the NCBI-NR and Kyoto Encyclopedia of Genes and Genomes (KEGG) databases using BLASTP6 with an E-value threshold of 1 × 10−5. Taxonomic and functional annotations were derived from these alignments. Species- or function-specific abundance profiles were calculated through the summation of gene abundances corresponding to each taxonomic or functional category.



2.4 Determination of soil physical and chemical properties

The physical and chemical properties of soil were determined by the method of Wang et al. (2022). Soil pH was measured using a calibrated pH meter. Soil organic matter (OM) was determined by the potassium dichromate-sulfuric acid oxidation method. Total nitrogen (TN) content was quantified via the Kjeldahl distillation method. Available phosphorus (AP) was analyzed using the molybdenum-antimony ascorbic acid colorimetric method, while available potassium (AK) was measured by atomic absorption spectrophotometry.



2.5 Data processing and statistical analysis

Taxonomic annotation was performed using the non-redundant (NR) reference database,7 with species abundance calculated by summing gene abundances corresponding to each taxon. Hierarchical abundance profiling was subsequently conducted across eight taxonomic ranks: Domain, Kingdom, Phylum, Class, Order, Family, Genus, and Species. Taxon-specific abundance tables were generated at each taxonomic level to characterize microbial community composition across all samples systematically.

Analytical procedures, including microbial community composition profiling, community heatmap, diversity assessment, and Linear Discriminant Analysis Effect Size (LEfSe) for differential taxa identification, were conducted using RStudio (v4.3.2) (Lu et al., 2016; Zhou et al., 2017). Redundancy analysis (RDA) was implemented via the vegan package (v2.6-4) to elucidate relationships between soil physicochemical parameters and functional microbial community composition.

The non-redundant gene set was aligned against the KEGG GENES database using DIAMOND8 with BLASTP parameters (E-value ≤1 × 10−5). Functional abundance was calculated by aggregating gene abundances corresponding to each KEGG Orthology (KO) and Pathway. This enabled systematic profiling of functional potential across samples at both KO and pathway levels.

Statistical significance tests and correlation analyses of soil physicochemical properties were performed using SPSS 21.0 (SPSS Inc., Chicago, IL, United States). Data visualization was conducted using Excel 2021 (Microsoft Corp.). A comparative analysis of microbial functional gene relative abundance was performed between monocropping and intercropping systems using STAMP software (v2.1.3). All data are presented as mean values with standard deviations (SD) and analyzed using one-way analysis of variance (ANOVA). A Duncan multiple-comparison test was applied to detect variations among means of all samples at a p-value <0.05 level of significance.




3 Result


3.1 Microbial community composition

The study encompassed nine biological samples, generating 468,244,322 raw reads through initial sequencing. Following stringent quality control (Q30 threshold, adapter trimming), 460,863,082 high-quality clean reads were retained, achieving sample-wise coverage ≥98% across all replicates. This robust sequencing depth (average of ~51.2 million reads per sample) confirms adequate resolution for downstream metagenomic analyses, including the detection of rare taxa and functional profiling.

Metagenomic sequencing revealed microbial taxa spanning one kingdom, 161 phyla, 269 classes, 485 orders, 1,000 families, 3,838 genera, and 27,624 species. Statistical analysis of the top 20 most abundant taxa demonstrated that Actinobacteria, Proteobacteria, Acidobacteria, and Chloroflexi dominated at the phylum level. Actinobacteria exhibited the highest relative abundance across all three experimental groups, emerging as the most dominant phylum. Although the dominant phyla remained consistent among experimental groups, their relative abundances differed significantly. For instance, Proteobacteria (30.7%) and Acidobacteria (19.48%) in PP_CS showed markedly higher abundances compared to PP (24.15%) and CS (27.47%), respectively (Figure 1).

[image: Stacked bar chart showing the percent of community abundance on the phylum level for three categories: PP, CS, and PP-CS. The phyla include Actinobacteria, Proteobacteria, Acidobacteria, and others, with Actinobacteria and Proteobacteria being predominant. Color legend is provided for various phyla.]

FIGURE 1
 Stacked histogram of relative abundance of dominant phylum (top 20 in relative abundance) of bacterial communities.


Distinct patterns of bacterial composition at the genus level were observed across the three experimental groups. In the PP group, predominant genera included unclassified_p__Acidobacteria, unclassified_c__Actinomycetia, unclassified_p__Actinobacteria, and unclassified_p__Chloroflexi. The CS group was dominated by unclassified_c__Actinomycetia (7.08%), unclassified_o__Solirubrobacterales (4.46%), unclassified_p__Acidobacteria (4.25%), and unclassified_p__Actinobacteria (3.87%). In contrast, the PP_CS group exhibited a distinct profile, with unclassified_p__Acidobacteria (8.98%), unclassified_c__Acidobacteriia (5.87%), unclassified_p__Actinobacteria (4.43%), Bradyrhizobium (4.20%), and Trebonia (3.78%) as dominant taxa (Figure 2).

[image: Stacked bar chart showing the percent of community abundance at the genus level for three categories: PP, CS, and PP_CS. The chart includes various bacterial classifications, mostly unclassified groups such as Acidobacteria, Actinobacteria, and Proteobacteria, represented by different colors. The legend on the right lists these categories and their corresponding colors. The y-axis represents the percent abundance while the x-axis shows the categories.]

FIGURE 2
 Soil microbial community relative percentage bar plot analysis at the genus level.


Cluster analysis of the top 20 microbial genera by absolute abundance revealed distinct grouping patterns at the genus level. The CS and PP_CS groups formed a closely related cluster, indicating higher microbial community similarity between these two groups compared to PP. As evidenced by color gradients in the heatmap reflecting taxon-specific abundance variations, distinct distribution patterns were observed across microbial communities. The CS and PP_CS groups exhibited heightened color intensity for Streptomyces, Bradyrhizobium, and Trebonia, corresponding to significantly higher relative abundances compared to the PP group (Figure 3).

[image: Heatmap showing the abundance of various unclassified bacteria across three groups: PP, CS, and PP_CS. Abundance levels are indicated by a color gradient from blue (low) to red (high). Major bacteria classes include Burkholderiales, Thermoleophilia, Betaproteobacteria, and Proteobacteria. A dendrogram on the left groups similar bacteria based on abundance patterns.]

FIGURE 3
 Community heatmap analysis of similarity in abundance between samples at the genus level (top 20 in relative abundance).




3.2 Differential analysis of community composition

The genus exhibiting statistically significant differences among the three groups was identified using LEfSe (Linear Discriminant Analysis Effect Size), with genera possessing LDA scores greater than four selected for bar plot visualization. The analysis revealed three, one, and two significantly discriminant genera in the PP, CS, and PP_CS groups, respectively. Notably, unclassified_c__Acidobacteriia in the PP_CS group demonstrated the highest LDA score, followed by unclassified_c__Betaproteobacteria in the PP group (Figure 4).

[image: Horizontal bar graph showing LDA scores for different bacteria, including Betaproteobacteria and Candidatus Rokubacteria, among others. Bars are color-coded: green for PP, red for CS, and blue for PP_CS. Scores range from zero to seven.]

FIGURE 4
 LDA discriminant histogram of flora at the genus level.




3.3 Functional profiling of microbial communities

Functional annotation of the non-redundant gene set across soil samples was performed using the KEGG database. A total of 38,946,696 reads were successfully annotated, with 36,111,608 reads assigned to metabolism, 3,716,276 to genetic information processing, 4,312,784 to environmental information processing, 3,918,566 to cellular processes, 2,542,030 to human diseases, and 1,532,366 to organismal systems. At KEGG Level 1, metabolism demonstrated the highest relative abundance across all treatments, accounting for 51.07% (PP), 53.76% (CS), and 52.31% (PP_CS) of annotated functions, confirming its dominance in soil microbial activity. The environmental information processing and cellular processes reached peak abundance in the PP_CS group. Genetic information processing, human diseases, and organismal systems were most prevalent in PP. Metabolism exhibited maximal representation in CS (Figure 5).

[image: Stacked bar chart showing the percentage of community abundance across different pathway levels for PP, CS, and PP_CS. The categories are Environmental Information Processing, Genetic Information Processing, Cellular Processes, Human Diseases, Organismal Systems, and Metabolism. Metabolism has the highest proportion across all groups.]

FIGURE 5
 Histogram of relative abundance of functional composition of soil microbial communities under the KEGG level 1 database.


The comparative analysis at KEGG level 3 revealed that Metabolic pathways constituted the most abundantly annotated functional category across all three groups, followed by Carbon metabolism and Biosynthesis of amino acids. Significant differences in microbial functional metabolism were observed among the different soil samples. Notably, CS groups exhibited higher relative abundances of Metabolic pathways, Biosynthesis of nucleotide sugars, and Amino sugar and nucleotide sugar metabolism. In contrast, PP_CS groups demonstrated enriched Fatty acid metabolism, while other predominant functional categories showed elevated abundances in PP groups (Figure 6).

[image: Bar chart comparing mean proportions of various pathways including metabolic pathways, carbon metabolism, and biosynthesis of amino acids across three groups: PP, CS, and PP_CS. Metabolic pathways show the highest proportions, with all pathways having a p-value of 0.02732 or 0.03899.]

FIGURE 6
 STAMP analysis of the relative abundance of functional genes at KEGG level 3 obtained under different soils.




3.4 Correlation analysis between soil functional composition and physicochemical factors

The RDA is a type of PCA analysis that is constrained by environmental factors. For the pictorial representation of the relationship between microbial flora at the genus level and environmental factors, samples and environmental factors were drawn on the same 2-D sequence diagram (Huhe et al., 2017). The results demonstrated significant impacts of cultivation regimes on soil microbial functional composition. The horizontal and vertical ordination axes explained 67.77 and 19.11% of the functional variation, respectively, indicating the representativeness of the selected physicochemical parameters of soils. The proximity of CS and PP_CS samples, in contrast to their marked separation from PP samples, reflects distinct microbial functional profiles between these groups. Among the five analyzed soil properties, organic matter (OM) showed positive correlations with alkali hydrolyzed nitrogen (AN), available phosphorus (AP), and available potassium (AK), while total nitrogen (TN) showed a positive correlation with pH. Furthermore, correlations among soil bioactive components, microbial taxa, and cultivation systems were investigated. Notably, pH exhibited stronger associations with monoculture loquat (PP) soils, OM content was closely linked to monoculture tea (CS) soils, whereas AP and AK exerted more pronounced influences on tea-fruit intercropped (PP_CS) soils (Figure 7).

[image: RDA biplot showing bacterial communities and environmental variables. Points represent different samples (red for PP, blue for CS, green for PP_CS). Arrows indicate environmental factors, such as pH and organic matter (OM), influencing community composition. The axes, RDA1 and RDA2, explain 69.46% and 19.11% of the variation, respectively. Various bacterial genera are labeled, demonstrating their distribution and relationship with environmental variables.]

FIGURE 7
 RDA between soil microbial functional composition and soil physicochemical properties in three soils.


Within the PP_CS group, Trebonia and Bradyrhizobium demonstrated significant correlations with OM, AP, and AK, while pH and TN showed no associations with these dominant genera. These findings collectively suggest that edaphic properties have a significant influence on the composition of intercropped soil microbial communities.




4 Discussion

Soil microbial community composition is predominantly shaped by soil type and plant species, with key physicochemical parameters, including organic matter content and nitrogen-phosphorus-potassium (NPK) concentrations, critically influencing rhizosphere microbial abundance, community structure, and functional dynamics, particularly in modulating microbial functional diversity. Reciprocally, soil microorganisms drive critical processes such as organic matter decomposition, humification, nutrient transformation, and biogeochemical cycling, serving as the primary catalytic force for soil organic matter turnover and nutrient fluxes (Eduardo et al., 2015). This bidirectional interaction between soil nutrient environments and rhizosphere microbiota collectively sustains the stability of plant-soil systems. Diversified intercropping systems not only maintain microbial equilibrium in soil ecosystems but also significantly enhance microbial biomass, metabolic activity, and biodiversity (Ma et al., 2017). Through metagenomic analysis of rhizosphere soils under three cultivation regimes, this study revealed high community and functional diversity. At the phylum level, Actinobacteria, Proteobacteria, Acidobacteria, and Chloroflexi emerged as dominant taxa. Notably, loquat-tea intercropping significantly increased the abundance of Bacteroidota in tea rhizospheres compared to monocultures. Given that Bacteroidota are recognized as pivotal contributors to soil nutrient transformation, their enrichment in intercropped systems likely enhances nutrient acquisition efficiency (Yousuf et al., 2012).

Furthermore, field applications of plant growth-promoting rhizobacteria have been shown to elevate Bacteroidota abundance, suggesting a viable strategy for optimizing soil nutrient management (Hou et al., 2015). Intriguingly, both intercropped and monoculture systems in this study exhibited Ascomycota as the predominant fungal phylum, followed by Mortierellomycota, a pattern consistent with observations in the rhizospheres of Pinellia ternata and maize (Huang et al., 2022). These findings underscore the sensitivity of soil microbial communities in disease-prone soils, where shifts in diversity and structure can have a direct impact on soil-borne pathogen dynamics (Jiao et al., 2022).

At the genus level, monoculture soils were dominated by unclassified Acidobacteria, unclassified Actinomycetia, and unclassified Actinobacteria. In contrast, intercropping enriched functional genera, including Streptomyces, Bradyrhizobium, Trebonia, and Agromyces. Streptomyces spp., phosphate-solubilizing actinobacteria with biocontrol properties, enhance phosphorus availability via enzymatic mineralization of organic phosphates (Gao et al., 2020; Li and Shi, 2006). Agromyces serves as a bioindicator of soil health, promoting plant growth through multifaceted interactions (Wongkiew et al., 2022; Hu et al., 2021). Sphingomonas, characterized by glycosphingolipid-enriched membranes, exhibits exceptional resilience under nutrient-limited conditions and demonstrates bioremediation potential through the degradation of recalcitrant organic pollutants (Li et al., 2021). Intercropping also increased the relative abundance of Arthrographis, a fungal genus associated with humus formation. Compost-derived humus not only improves soil structure but also suppresses phytopathogens, highlighting the dual benefits of intercropping in enhancing both microbial functionality and plant health (Zhang et al., 2022). It can be seen that intercropping loquat significantly increased the microbial abundance, which is beneficial to the healthy growth of tea plants.

The composition-structure-function continuum of soil microbial communities is highly responsive to environmental perturbations, where shifts in species diversity may cascade into functional alterations (He et al., 2022). Level 1 KEGG pathway analysis revealed predominant microbial engagement in metabolism, genetic information processing, human diseases, and cellular processes, corroborating the intense metabolic activity within soil ecosystems. Chen Q. L. et al. (2020) and Chen Y. et al. (2020) identified microbial functional gene abundance as the primary determinant of soil process rates (e.g., respiration, nitrification/denitrification), while Xiang et al. (2020) established significant positive correlations between carbon-nitrogen-phosphorus-sulfur functional gene abundance and microbial diversity, suggesting that functional gene profiles reflect community structural complexity. Soil microbial metabolism is conducive to maintaining the stability and functionality of the soil ecosystem. It can not only improve soil structure by increasing soil porosity, but also provide energy sources for microorganisms and maintain the growth and reproduction of soil microorganisms (Wang et al., 2024). Intercropped soils demonstrated the highest functional metabolic abundance, indicating that intercropping regimes enhance soil microbial metabolic capacity, which in turn facilitates plant nutrient acquisition. This metabolism function enrichment may stem from increased plant diversity-driven humification processes, where heightened humus production necessitates extensive compound transformation. Microbial decomposition of these compounds requires energy-intensive metabolic activities, thereby promoting the proliferation of metabolically active communities—a mechanism reflecting microbial adaptive strategies to environmental stressors (Toledo et al., 2017). The function of the soil ecosystem mainly depends on the functional diversity, which is more mediated by the rhizosphere-specific functional flora (Lakshmanan et al., 2014). A large number of studies have shown that soil actinobacteria and Firmicutes bacteria have the functions of inhibiting the growth of pathogens, activating plant immunity, promoting plant growth, degrading complex organic matter, and enhancing the soil nutrient cycle (Lee et al., 2021; Chen Q. L. et al., 2020; Chen Y. et al., 2020). Streptomyces, Bacillus, Bradyrhizobium, Trebonia, and Agromyces are commonly reported plant growth-promoting bacteria or biocontrol bacteria, which play an important role in maintaining soil health (Li T. et al., 2018; Li M. S. et al., 2018). Studies have also shown that Streptomyces, Bacillus, and Arthrobacter also have biological nitrogen fixation, phosphate solubilization, and potassium solubilization functions (Ali et al., 2021). The results of microbial species obtained in the above study are basically consistent with the results of this study, indicating that the microbial activities after tea-loquat intercropping can effectively promote the rapid cycling of soil nutrients, improve the activation of nutrients, and inhibit pathogens. In addition, microbial function analysis also found that the relative abundance of functional categories such as fatty acid metabolism and carbon metabolism of rhizosphere microbial community in PP_CS group was higher than that in PP and CS group, which may be related to the increase of the type and content of organic matter such as root exudates after tea-loquat intercropping, which improved the metabolic activity and function of rhizosphere microorganisms. Soil microbial carbon metabolism has an important impact on the function and stability of the soil ecosystem. It can not only improve soil structure and increase soil porosity, but also provide energy sources for soil microorganisms to maintain microbial growth and reproduction. Therefore, the increase in the abundance of beneficial bacteria after tea fruit intercropping may help to reduce the negative feedback effect of plant soil, accelerate nutrient circulation and supply, maintain soil health, and promote the growth of intercropping plants.

Soil organic matter is a kind of carbon containing organic compounds in various forms and states in soil, in which humus is the main body of organic matter. Nitrogen, phosphorus, and potassium are essential nutrients in the ecosystem (Agnan et al., 2019). Extensive studies have documented the fertility-enhancing effects of intercropping, particularly in elevating organic matter, nitrogen, and phosphorus levels compared to monocultures (Brooker et al., 2015; Wu et al., 2020; Xiao et al., 2013). Zhu et al. (2006) reported superior tea quality and soil nutrient status in persimmon-tea intercropping systems, while Li et al. (2022) demonstrated significant increases in total phosphorus and potassium in chestnut-tea intercropped rhizospheres. Remarkably, three-year cassava-soybean intercropping elevated available NPK concentrations by ~20-fold (Tang et al., 2020). This study found that the correlation between the PP_CS group and OM, AN, AK, and AP was high. The results were basically consistent with previous studies, indicating that tea-loquat intercropping, like other crop intercropping, improved soil organic matter and nutrients, accelerated the transformation of nutrient elements, promoted the utilization of nitrogen, phosphorus, and potassium by plants, and was beneficial to the health of rhizosphere soil. It was found that the structure of the soil microbial population changed and the abundance increased with the application of nitrogen, phosphorus, and potassium fertilizers (Enebe and Babalola, 2020). Our study further revealed strong positive correlations between intercropping and rhizosphere AN, AP, and AK levels, with Trebonia (a novel acidophilic actinobacterium with biocontrol efficacy against soil-borne diseases) (Rapoport et al., 2020) and Bradyrhizobium (a well-documented plant growth promoter in legumes) showing tight linkages to OM, AN, AP, and AK dynamics (Agha et al., 2023). These findings advocate for the strategic management of organic fertilizers, AP, and AK in loquat-tea intercropping systems to synergistically enhance soil fertility and beneficial microbiota.



5 Conclusion

Our analysis of rhizosphere soil microbial communities in tea-fruit intercropping systems revealed three dominant phyla across all soil types: Actinobacteria, Proteobacteria, and Acidobacteria. Notably, loquat intercropping significantly enhanced the abundance of Bacteroidota in tea rhizospheres compared to monoculture systems. At the genus level, intercropping markedly increased the relative abundance of beneficial taxa, including Streptomyces, Bradyrhizobium, Trebonia, and Agromyces, establishing a rhizospheric environment conducive to suppressing root-associated phytopathogens. Distinct functional compositional shifts were observed between intercropped and monoculture soils, with intercropped systems exhibiting the highest functional abundance in metabolism pathways, indicative of enhanced microbial metabolic capacity. The RDA identified organic matter (OM), alkali hydrolyzed nitrogen (AN), available phosphorus (AP), and available potassium (AK) as critical drivers of microbial functional composition, with AP and AK exerting the most pronounced effects.
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