

[image: image1]
Soil microbiome dysbiosis and rhizosphere metabolic dysfunction drive continuous cropping obstacles of Codonopsis tangshen
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Successive monocropping of Codonopsis tangshen causes continuous cropping obstacles, impairing growth, yield, and quality. To investigate the soil environmental and microbial changes caused by these obstacles, we collected both continuous cropping (C-crop) and non-continuous cropping (NC-crop) soil for analysis. We employed high-throughput sequencing, Biolog-ECO microplate, and metabolomics technology to evaluate microbial diversity, community structure, and carbon source utilization efficiency. Compared with NC-crop, C-crop decreased the yield and polysaccharide content of C. tangshen by 40.47 and 29.4%, respectively. Continuous cropping significantly altered soil physicochemical properties and metabolomes, driving distinct shifts in microbial community structure and impairing carbon utilization efficiency. Microbial carbon use efficiency was positively correlated with key soil bacteria and fungi. However, their abundance decreased significantly under continuous cropping, ultimately disrupting soil carbon cycling. Moreover, key bacterial (e.g., Flavobacterium, Lysobacter, Pseudomonas, Burkholderia) and fungal genera (e.g., Ophiosphaerella, Dactylonectria, Humicola) showed strong correlations with critical soil physicochemical properties, microbial carbohydrate metabolism, and rhizosphere metabolite profiles. The reduced abundance of these microbes disrupted soil nutrient balance and microbial activity, potentially contributing to C. tangshen continuous cropping obstacles. This study contributes to the understanding of the mechanisms underlying continuous cropping obstacles in C. tangshen and lays the foundation for developing strategies to alleviate these obstacles.
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1 Introduction

Codonopsis tangshen (C. tangshen), a medicinal and edible plant belonging to the Campanulaceae family, has been widely utilized in traditional Chinese medicine (Lin et al., 2013). Phytochemical investigations have revealed its abundant bioactive constituents, including polysaccharides, lobetyolin, and alkaloids, which demonstrate immunomodulatory, hematopoietic, antioxidant, anti-aging, and antitumor pharmacological activities (Ma et al., 2023). C. tangshen is primarily cultivated in western Hubei, northeastern Sichuan, and northern Guizhou, with a total national planting area of around 20,000 hectares and an annual market value reaching 12 billion RMB. C. tangshen industry offers substantial economic benefits and plays a vital role in promoting economic development of alpine areas and rural revitalization. However, continuous cropping obstacles pose a major challenge to the sustainable development of the C. tangshen industry (Zhang M. et al., 2021).

Continuous cropping obstacle refers to the stunted growth, reduced yield, and increased pest/disease susceptibility caused by repeatedly planting the same crops in the same field (Zeeshan Ul Haq et al., 2023). This is mainly caused by three factors: (1) autotoxicity, (2) soil nutrient imbalance, and (3) disrupted microbial communities (Xi et al., 2019). A prime example is Salvia miltiorrhiza, whose growth is significantly suppressed under continuous cropping regimes (Liu et al., 2020). Research confirms that continuous cropping severely disrupts soil health, causing microbial imbalance, reduced enzyme activity, and long-term soil quality decline (Liu et al., 2021). As evidenced by Panax quinquefolius continuous cropping, this practice induces progressive soil acidification, elevates salinity levels, and depletes essential nutrient reserves (Li et al., 2021). Similarly, Astragalus mongholicus replanting drives rhizosphere microbiome reorganization, characterized by 23% increase in fungal dominance and selective enrichment of pathogenic Fusarium spp. (Zhou Q. et al., 2024). Notably, continuous cropping of Panax notoginseng promotes the accumulation of root-exuded allelochemicals, destabilizing microbial communities, stimulating Fusarium oxysporum growth, and inhibiting root development (Wu et al., 2017). However, how the rhizosphere microecology changes after continuous cropping of Codonopsis tangshen remains unclear.

The rhizosphere microecosystem imbalance constitutes the core mechanism underlying these obstacles (Gao et al., 2021). Specifically, continuous cropping disrupts beneficial microbial consortia essential for pathogen suppression and plant health maintenance (Zhang et al., 2020). Plant-microbe crosstalk is mediated through root exudate dynamics that reciprocally modulate microbial colonization patterns (Korenblum et al., 2020). Notably, arbuscular mycorrhizal fungi inoculation enhances root membrane permeability and modifies exudate profiles in Astragalus spp. (Yizhu et al., 2019). For instance, actinomycetes contribute to plant stress tolerance via phytohormone and siderophore biosynthesis (Sadeghi et al., 2017; Singh and Gaur, 2017). Microbial carbon use efficiency (CUE) affects the fate and storage of carbon in terrestrial ecosystems. High-CUE microbial communities promote greater soil organic carbon storage (He et al., 2024). However, the effects of continuous cropping on the C. tangshen rhizosphere soil microbial community structure, carbon source utilization efficiency, and metabolomic characteristics remain rarely reported.

Through integrated field investigations and controlled experiments in Banqiao Town, Enshi City, this study combines microbial community profiling with functional metabolic analysis to systematically evaluate the impacts of continuous cropping on C. tangshen. By characterizing shifts in rhizospheric microbiota, carbon metabolism, and soil physicochemical properties, we elucidate the key biotic and abiotic factors limiting C. tangshen productivity in continuous cropping systems. This work advances mechanistic insights into cropping obstacles and provides a scientific basis for targeted remediation strategies, which was beneficial for restoring soil health and sustaining C. tangshen cultivation.



2 Materials and methods


2.1 Study site description

The field experiment was conducted in Banqiao Town, Enshi City, Hubei Province, China (30°32′16″N, 109°12′45″E). This region is characterized by a subtropical humid monsoon climate, with mean annual temperature and precipitation measuring 16.2°C and 1,600 mm, respectively. The experimental site features yellow-brown soil with a pH of 4.16 and bulk density of 1.2 g cm−3. Prior to experiment initiation, two distinct land-use histories were identified: one plot was subjected to 7 years of continuous corn production prior to 3 years of C. tangshen cultivation (designated as continuous cropping, C-crop), while the other plot had been under corn cultivation for the preceding decade (designated as non-continuous cropping, NC-crop).



2.2 Experimental design

The experimental trial was conducted from November 2021 to September 2023, incorporating two distinct treatments: continuous cropping (C-crop, continuous cultivation of C. tangshen) and non-continuous cropping (NC-crop, featuring maize as the preceding crop). A standardized planting density of 25 cm × 7 cm was implemented across all plots. The experimental design employed four randomized replicates per treatment, with individual plot dimensions measuring 10 m2. Fertilization protocols and agronomic management practices were uniformly administered in accordance with conventional local agricultural procedures.



2.3 Sample collection and preparation

The sampling protocol consisted of establishing 1 m2 quadrats with uniform growth vigor within each experimental plot. The fresh roots of C. tangshen were harvested and underwent thorough cleansing and desiccation processes to enable subsequent yield quantification and phytochemical characterization of C. tangshen. Concurrently, rhizosphere soil fractions were mechanically separated from bulk soil matrices through controlled manual agitation. Adjacent C-crop and NC-crop rhizospheric zones were systematically sampled using a five-point transect approach, collecting 10 intact root systems per sampling node. Soil samples from each cropping system were sieved (2 mm), homogenized, and analyzed for nutrients, metabolome, and microbiome.



2.4 Determination of plant indicators and soil properties

Yield estimation was based on the total fresh weight of C. tangshen roots harvested from a defined unit area. The fresh weight per plant was obtained by measuring the fresh weight of 15 plants and calculating the average value. Dried roots were crushed for determination of polysaccharide (Yang et al., 2024) and lobetyolin (Zhao et al., 2016). Air-dried soil samples were analyzed for physicochemical properties using standard agrochemical methods (Bohn et al., 2002). Specifically, soil pH and electrical conductivity (EC) were measured using a potentiometer after shaking for 30 min at a soil-to-distilled water ratio of 1:2.5. Soil organic matter (SOM) was determined using the potassium dichromate method. Total phosphorus (TP) was quantified using the sodium hydroxide melting method, total potassium (TK) by flame photometry, and total nitrogen (TN) by the sulfuric acid digestion Kjeldahl method. Available nitrogen (AN) was measured by converting it to ammonia. Available phosphorus (AP) was determined by leaching with sodium bicarbonate solution followed by the molybdenum-antimony colorimetric method. Available potassium (AK) was extracted with ammonium acetate and measured using flame photometry. Exchangeable calcium (ECa) and magnesium (EMg) were determined by ammonium acetate extraction and flame photometry. Available zinc (AZn) in the soil was measured by DTPA extraction and flame atomic absorption spectrophotometry, and available boron (AB) was determined by boiling water extraction and curcumin colorimetry.



2.5 DNA extraction, PCR amplification of 16S rRNA genes and ITS

Microbial DNA was extracted from 0.5 g of soil using the DNeasy PowerSoil Kit (QIAGEN, Inc., CA, United States) according to the manufacturer’s instructions. The concentration and quality of the DNA samples were assessed using a NanoDrop 2000 spectrophotometer (Thermo Scientific, Waltham, MA, United States). Bacterial and fungal sequencing libraries were constructed following the MiSeq Reagent Kit Preparation Guide (Illumina, San Diego, CA, United States) as previously described (Caporaso et al., 2012). The paired-end amplicons were sequenced on an Illumina MiSeq platform (Illumina, San Diego, CA, United States) according to standard protocols at Magigene Technology Co., Ltd. (Guangdong, China). The bacterial 16S rRNA gene V4–V5 hypervariable region (Sun et al., 2013) was amplified using the forward primer 515F (5′-GTGCCAGCMGCCGCGGTAA-3′) and the reverse primer 907R (5′-CCGTCAATTCMTTTRAGTTT-3′), each containing a variable 12-bp barcode sequence. The fungal ITS1-1 region (Mbareche et al., 2020) was targeted using the forward primer ITS5-1737F (5′-GGAAGTAAAAGTCGTAACAAGG-3′) and the reverse primer ITS2-2043R (5′-GCTGCGTTCTTCATCGATGC-3′).

The sequencing data were processed by USEARCH (Zhou Y. et al., 2024) and VSEARCH (Rognes et al., 2016). First, the “vsearch --fastq_mergepairs” script was employed to merge paired-end sequences. The “vsearch --fastx_filter” script was used to clip primers. The “vsearch --derep_fulllength” script was applied to identify unique sequence reads. The “usearch -unoise3” script was utilized to generate amplicon sequence variants (ASVs). The “vsearch --usearch_global” script was used to create an ASV table. The “vsearch --sintax” script, in conjunction with the RDP taxonomic database, was adopted for annotating representative sequences. A standardized number of sequences were randomly extracted from each sample, and alpha diversity indices were calculated using the vegan R package. For taxonomic annotation, representative sequences in the gene catalog were searched against NCBI’s non-redundant protein database with an e-value cutoff of 1 × 10−5 using DIAMOND, and the lowest common ancestor (LCA) method was applied to estimate the assignment of genes to specific taxonomic groups. The raw sequencing data have been deposited in the NCBI Sequence Read Archive under BioProject accession PRJNA1133669.1



2.6 Biolog-ECO technology

This study employed the Biolog-ECO microplate, which contains 31 carbon sources, to analyze the metabolic characteristics of microbial communities, specifically their functional diversity. Initially, soil samples were activated at 25°C for 24 h. Subsequently, 3 g of soil was mixed with 27 mL of 0.85 mol/L NaCl solution and shaken at 200 rpm for 30 min. A 3-mL aliquot of the supernatant was then transferred to 27 mL of NaCl solution and mixed thoroughly. Another 3 mL aliquot of the resulting supernatant was added to an additional 27 mL of NaCl solution, yielding a final dilution of 1:1000. Each well of the ECO plate was inoculated with 150 μL of the diluted solution, with four replicates prepared for each treatment. The inoculated microplate was placed in a humid container and incubated at 25°C. During the incubation period, the absorbance at 590 nm was measured every 24 h using a multi-functional enzyme-linked immunosorbent assay (ELISA) plate reader. The ability of microorganisms to utilize different carbon sources was assessed using the average well-color development (AWCD) index, as described by Garland and Mills (1991). The calculation formula for the AWCD is:
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Ci is the absorbance value of each reaction well at 590 nm, R is the absorbance value of the control well, and n is the number of wells. (Ci − R) less than 0.06 of wells are calculated as zero (Classen et al., 2003).



2.7 Statistical analysis

All experiments are conducted in quadruplicate, and the results were expressed as means ± standard deviations. Statistical analyses were conducted using SPSS 24.0 (IBM Corporation, United States), initiating with one-way analysis of variance (ANOVA) to determine significant differences in C. tangshen yield and quality parameters across experimental treatments. Subsequently, a random forest model was constructed using the randomForest package in R, employing variable importance function to identify physicochemical properties linked to C. tangshen yield and quality traits. Microbial community analyses were conducted in R (v4.0.3) using the vegan package for α- and β-diversity assessments (Wen et al., 2023). Redundancy analysis (RDA) was employed to evaluate treatment-driven dissimilarities in microbial communities and their correlations with environmental factors. Differential abundance analysis was performed using DESeq2 to identify significantly altered microbial taxa (adjusted p-value <0.05). Additionally, correlation networks were constructed with the Hmisc package to explore relationships between key microbial taxa and critical soil physicochemical properties, differential carbon substrates, and differential metabolites.




3 Results


3.1 Effects of continuous cropping on yield, quality of Codonopsis tangshen, and the soil physicochemical properties

Significant differential responses in C. tangshen growth parameters were observed between C-crop and NC-crop systems (Figure 1). Compared with NC-crop, C-crop cultivation resulted in 37.78 and 40.47% reductions in fresh biomass and yield per plant, respectively. While polysaccharide content remained unaffected by cropping regimes, lobetyolin concentrations exhibited significant depletion under C-crop conditions. Besides, continuous cropping induced soil acidification, evidenced by a 0.89-unit pH decline in C-crop, compared with NC-crop. Concurrently, marked decrease of available potassium (AK, 57.7%), exchangeable calcium (ECa, 88.2%), and magnesium (EMg, 78.2%) was documented in C-crop, compared with NC-crop. Notably, total phosphorus (TP) and available phosphorus (AP) exhibited inverse concentration trends relative to pH dynamics, demonstrating 18.8 and 86.1% increases under C-crop, respectively (Table 1). Subsequently, we employed a random forest model to evaluate the impact of various physicochemical indicators on different key metrics of C. tangshen. The study revealed that TP, EMg, ECa, and AP were critical factors influencing the fresh weight, yield, and polysaccharide content of C. tangshen. However, ECa did not significantly affect the content of lobetyolins; instead, AK was identified as the primary influencing factor in this context (Figure 2).
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FIGURE 1
 Effect of continuous cropping on the yield and quality of Codonopsis tangshen. (a) Fresh weight per plant; (b) yield; (c) polysaccharide content; (d) lobetyolin content. C-crop, continuous cultivation of C. tangshen; NC-crop, non-continuous cropping of C. tangshen.



TABLE 1 Soil physicochemical properties.


	Item
	pH
	SOM g/kg
	TN %
	TP %
	TK %
	AN mg/kg
	AP mg/kg
	AK mg/kg
	Eca mg/kg
	Emg mg/kg
	Azn mg/kg
	AB mg/kg
	EC us/cm
	CEC cmol/kg

 

 	NC-crop 	5.37 ± 0.33 	49.97 ± 11.11 	3.41 ± 3.22 	0.95 ± 0.8 	19.21 ± 19.34 	264.00 ± 50.05 	7.00 ± 7.01 	268.38 ± 27.49 	1591.18 ± 396.22 	74.13 ± 26.67 	3.43 ± 1.24 	0.23 ± 0.05 	62.22 ± 17.10 	17.71 ± 2.24


 	C-crop 	4.48 ± 0.29 	50.94 ± 5.63 	3.46 ± 3.66 	1.17 ± 1.12 	18.77 ± 18.56 	266.67 ± 25.28 	50.22 ± 14.02 	113.59 ± 57.16 	187.20 ± 84.12 	16.19 ± 3.51 	3.52 ± 0.43 	0.2 ± 0.04 	51.71 ± 7.62 	18.29 ± 1.96


 	Significance 	*** 	 	 	*** 	 	 	*** 	*** 	*** 	*** 	 	 	 	





SOM, soil organic matter; TN, total nitrogen; TP, total phosphorus; TK, total potassium; AN, available nitrogen; AP, available phosphorus; AK, available potassium; ECa, exchangeable calcium; EMg, exchangeable magnesium; AZn, available zinc; AB, available boron; EC, electrical conductivity. Data in the table are mean ± SE, n = 4. Using Duncan’s multiple range test of diversity indices separately, ***represents p < 0.001.
 

[image: Bar graphs labeled a to d show the increase in MSE percentage for different attributes: Fresh weight, Yield, Polysaccharide, and Lobetylin. Each graph highlights key factors contributing to variance with statistical significance indicated by asterisks. R-squared values and p-values (less than 0.001) are provided. Key attributes include TP, EMg, and ECa, among others, demonstrating notable increases in specific scenarios. The graphs compare variables across multiple categories to show their impact statistically.]

FIGURE 2
 Random forest analysis of potential soil physicochemical factors for changes in yield and quality of Codonopsis tangshen. (a) Fresh weight per plant; (b) yield; (c) polysaccharide content; (d) lobetyolin. C-crop, continuous cultivation of C. tangshen; NC-crop, non-continuous cropping of C. tangshen; SOM, soil organic matter; TN, total nitrogen; TP, total phosphorus; TK, total potassium; AN, available nitrogen; AP, available phosphorus; AK, available potassium; ECa, exchangeable calcium; EMg, exchangeable magnesium; AZn, available zinc; AB, available boron; EC, electrical conductivity. The “*” indicates a significant (p < 0.05) explanatory effect on the formation of C. tangshen yield and quality.




3.2 Differences in microbial community structure

To investigate the effects of long-term continuous monocropping of C. tangshen on soil microbial communities, a comparative analysis of bacterial community dynamics was conducted. Principal coordinates analysis (PCoA) revealed distinct separation between the two cultivation treatments (C-crop and NC-crop), demonstrating that C. tangshen continuous cropping significantly altered microbial community structure (R2 = 0.5495, p = 0.027). The first two principal coordinates (PCoA1 and PCoA2) accounted for 59.55 and 15.79% of total variance, respectively (Figure 3a). Furthermore, significant reductions in Chao1 richness and Shannon diversity indices were observed in C-crop soils compared to NC-crop controls, indicating that sustained monocropping practices profoundly diminished bacterial diversity (Figures 3b,c). These findings collectively demonstrated that continuous cropping of C. tangshen induced substantial structural reorganization and biodiversity loss within soil bacterial communities. Further taxonomic analysis revealed phylum-level alterations, with C-crop soils showing increased relative abundance of Acidobacteria and significant reduction in Bacteroidetes, while other phyla maintained stable proportions (Supplementary Figure S1). Differential abundance analysis at genus level identified 58 genera were significantly downregulated and 35 genera were significantly upregulated in C-crop soil (Figure 3d). The correlation between soil physicochemical factors and soil bacterial communities was analyzed through RDA (Figure 3e). The results indicated that soil physicochemical factors (pH, TP, AP, ECa, EK, and EMg) were important driving factors associated with soil bacterial communities. In addition, soil physicochemical factors like TP and AP significantly affect the composition of microbial communities in continuous cropping soil.

[image: Five graphs analyze bacterial data:a) PCoA plot showing treatment group separation (red for NC-crop, blue for C-crop);b) Boxplot of bacterial Chao1 index with NC-crop higher;c) Boxplot of bacterial Shannon index with NC-crop higher;d) Volcano plot comparing bacteria between groups, identifying significant species;e) RDA plot with environmental factors influencing group separation.]

FIGURE 3
 Effects of continuous cropping on bacterial community structure in rhizosphere soil of Codonopsis tangshen. (a) PCoA analysis of soil bacterial communities. (b) Chao1 index of soil bacterial community. (c) Shannon index of soil bacterial community. (d) Horizontal volcanic map analysis of soil bacterial genera. (e) Redundancy analysis (RDA) of bacteria and soil physicochemical properties.


Simultaneously, PCoA ordination revealed significant intergroup differentiation in fungal community composition (R2 = 0.2066, p = 0.031). The principal coordinates (PC1: 26.31% variance contribution; PC2: 23.29% variance contribution) effectively differentiated fungal assemblages across treatments (Figure 4a). Compared to NC-cropt, C-crop significantly reduced soil fungal alpha-diversity as evidenced by decreased Chao1 index (p < 0.05), though no significant variation was observed in Shannon diversity index (Figure 4b). Comparative analysis revealed that fungal phyla exhibited more stable relative abundance patterns compared to bacterial phyla across both treatments. Specifically, the C-crop treatment showed increasing trends in Basidiomycota relative to NC-crop controls, while Ascomycota and Mortierellomycota demonstrated significant depletion (Supplementary Figure S2). Furthermore, volcano plot analysis identified 14 fungal genera with significantly downregulated abundance and nine genera with upregulated abundance in C-crop treatment soils (Figure 4c). RDA was employed to elucidate correlations between edaphic factors and fungal community structure. The results demonstrated that, analogous to bacterial communities, TP and AP exhibited significant covariation with fungal community composition in C-crop treatment soils (Figure 4d).

[image: Panel of five images analyzing fungal community data. a) Principal Coordinate Analysis (PCoA) plot showing separation between NC-crop (red) and C-crop (blue) treatments. b) Boxplot of Fungi Chao1 Index indicating diversity differences with NC-crop lower than C-crop. c) Boxplot of Fungi Shannon Index, showing no significant difference between treatments. d) Volcano plot displaying enriched and depleted fungal taxa between treatments. e) Redundancy Analysis (RDA) plot illustrating fungal community variation, with environmental vectors shown.]

FIGURE 4
 Effects of continuous cropping on fungal community structure in rhizosphere soil of Codonopsis tangshen. (a) PCoA analysis of soil fungal communities. (b) Chao1 index of soil fungal community. (c) Shannon index of soil fungal community. (d) Horizontal volcanic map analysis of soil fungal genera. (e) Redundancy analysis (RDA) of fungi and soil physicochemical properties.




3.3 Rhizosphere soil metabolome and microbial carbon source utilization

To mechanistically elucidate microbial community divergence between difference agricultural practices, we performed comparative metabolomic profiling of C. tangshen rhizosphere soils under C-crop and NC-crop cultivation regimes. PCA revealed significant metabolic differentiation, with 45.68 and 18.9% variance explained by PC1 and PC2 respectively, cumulatively accounting for 64.58% of total metabolic variation (Supplementary Figure S3a). LEfSe analysis identified treatment-specific biomarker metabolites: NC-cropping soils exhibited preferential accumulation of 26 metabolites, including osmoprotectants (betaine), plant-microbe signaling precursors (hypogeic acid), energy metabolism intermediates (succinic acid semialdehyde), antimicrobial compounds (pelargonic acid), and growth regulators (spermidine). In contrast, C-crop soils uniquely accumulated stress-associated metabolites, notably nitrile derivatives (β-aminopropionitrile), amino aldehyde intermediates (histidinal), histamine analogs (3-methylhistamine), and short-chain fatty acids (valeric acid) (Supplementary Figure S3b). This metabolic dichotomy implies that NC-crop maintains symbiotic microbial networks via growth-promoting pathways, whereas C-crop accumulates stress-response metabolites, potentially reflecting allelopathic inhibition and microbial dysbiosis.

The Biolog ECO microplate system serves as a widely adopted methodology for assessing metabolic functional diversity in microbial communities. The average well color development (AWCD) metric provides a quantitative indicator of microbial metabolic activity, with higher AWCD values correlating with elevated microbial functional capacity. As illustrated in Figure 5a, both C-crop and NC-crop treatments exhibited a gradual increase in AWCD values over the cultivation period. Notably, the C-crop treatment demonstrated significantly attenuated AWCD values compared to NC-crop treatment, suggesting substantial suppression of microbial metabolic activity under continuous cropping conditions. Besides, the 31 carbon substrates embedded in Biolog-ECO microplates were categorized into six biochemical classes based on molecular characteristics: polymeric compounds, phenolic acids, amines, amino acids, carboxylic acids, and carbohydrates. Comparative analysis revealed consistently reduced utilization efficiencies across all carbon source categories in C-crop soil relative to NC-crop soil (Figure 5b). The most pronounced differential utilization was observed in carbohydrate substrates, followed sequentially by polymeric compounds and amine-class metabolites, highlighting specific metabolic constraints imposed by continuous cropping practices.

[image: Graph a shows the AWCD over time, comparing NC-crop and C-crop, with NC-crop increasing at a higher rate. Graph b is a bar chart comparing average OD values for six categories: polymer, amine, phenolic acid, amino acid, carboxylic acid, and sugars, with distinctions between NC-crop and C-crop shown in different colors.]

FIGURE 5
 The effect of continuous cropping on the utilization of microbial carbon sources in the rhizosphere of Codonopsis tangshen. (a) AWCD effects of six carbon sources on the rhizosphere microbial community of Codonopsis tangshen. (b) Bar chart of differences in absorption of six types of carbon sources by rhizosphere microorganisms of Codonopsis tangshen.




3.4 Analysis of the correlation between soil metabolites and microbial communities

Multivariate correlation analysis elucidated significant linkages between keystone microbial taxa (13 bacterial and 4 fungal genera), soil physicochemical parameters, carbon source utilization patterns, and metabolite profiles (Figure 6). Soil properties including pH, ECa, EMg, and AK exhibited significant positive correlations with bacterial genera Flavobacterium, Pedobacter, Arenimonas, Lysobacter, Chryseolinea, Niastella, and Ohtaekwangia, along with fungal genera Ophiosphaerella, Humicola, and Dactylonectria. Carbon metabolism profiling identified eight substrates with significantly reduced utilization in C-crop soils: glucose-1-phosphate, 4-hydroxybenzoic acid, γ-hydroxybutyric acid, D-malic acid, L-arginine, Tween 80, putrescine, and D-xylose. These carbon sources showed strong positive correlations with the aforementioned microbial taxa, suggesting their functional dependency on specific nutrient acquisition pathways. Conversely, C-crop-enriched metabolites (β-aminopropionitrile, histidinal, 3-methylhistamine, valeric acid, and carbendazim) demonstrated significant negative correlations with the same microbial consortium. This inverse relationship implies metabolite-mediated inhibition of microbial taxa critical for carbon substrate processing, potentially explaining the observed metabolic constraints in continuous cropping systems.

[image: Correlation heatmap showing relationships between different variables, divided into two groups: physicochemical properties, carbon source substances, and metabolic substances (Group 1), and bacterial genera and fungus (Group 2). Colors range from red (positive correlation) to blue (negative correlation), with a gradient scale from -1 to 1 on the right. Each cell displays a correlation coefficient, represented by the color intensity and pattern. Group 1 includes items like pH and glucose, while Group 2 includes various bacterial and fungal genera.]

FIGURE 6
 Analysis of the correlation between key physicochemical properties of soil, differential carbon sources, and differential metabolites with key microorganisms.





4 Discussion

Extensive research demonstrates a progressive decline in soil pH with increasing duration of continuous cropping (C-crop) regimes (Wang B. et al., 2022), coupled with differential nutrient acquisition patterns that fundamentally alter soil nutrient stoichiometry (Li et al., 2022). Our findings reveal severe soil acidification following C. tangshen replantation, potentially mediated through two synergistic mechanisms: (1) diminished cation exchange capacity impairing soil buffering against proton accumulation (Zhou et al., 2019), and (2) progressive accumulation of acidic root exudates (e.g., organic acids, phenolic compounds) across successive cultivation cycles (Liu et al., 2013). Concomitant nutrient profile alterations exhibited a paradoxical pattern: marked depletion of cationic macronutrients contrasted with significant phosphorus accumulation. This nutrient imbalance likely stems from crop-specific ion uptake preferences combined with pH-mediated shifts in mineral solubility. The cationic depletion directly compromises soil structural stability through reduced flocculation forces, while phosphorus accumulation may induce ligand competition, further exacerbating micronutrient deficiencies (Yang et al., 2023).

A growing body of evidence establishes soil microbial community composition and diversity as critical determinants of microbially mediated soil functions, with direct implications for soil fertility gradients and agricultural productivity (Muhammad, 2019). Microbial diversity indices serve as ecological barometers, where reduced diversity correlates with diminished ecosystem resilience and compromised sustainability (Xun, 2021). In this study, continuous cropping of C. tangshen reduced the α-diversity indices of soil bacteria, leading to shifts in bacterial community composition. The bacterial α-diversity indices decreased with the increasing continuous cropping year, which is consistent with the conclusions of previous study (Wang J. et al., 2022). Moreover, the rhizosphere soil bacterial community structure shifted significantly, marked by a pronounced decline in Bacteroidetes abundance and a substantial increase in Acidobacteria abundance. The soil TP and AP have a positive impact on the bacterial community in C-crop soil, while soi pH, ECa, EMg, and AK have a positive impact on the bacterial community in NC-crop soil.

Continuous cropping systems induced significant reductions in fungal community richness as evidenced by diminished Chao1 indices, though fungal diversity (Shannon index) remained statistically unaltered. This pattern aligns with recent findings demonstrating that short-term continuous cropping primarily compromises crop yield through modifications in soil fungal community dynamics (Yu, 2024). Fungal assemblages critically regulate agroecosystem productivity via multifaceted roles in nutrient acquisition, organic matter mineralization, and pathogen-host interactions (Delgado-Baquerizo et al., 2020; Jiang et al., 2021; Hu et al., 2024). Our analysis revealed that prolonged C. tangshen continuous cropping substantially changed soil fungal community structure. Redundancy analysis (RDA) of fungal communities demonstrated treatment-specific environmental drivers mirroring fungal community patterns: phosphorus availability (TP, AP) emerged as primary positive correlates in C-crop systems, while cationic nutrients (pH, ECa, EMg, AK) predominantly influenced fungal assemblages under NC-crop conditions. These parallel responses across microbial kingdoms suggest systemic soil restructuring under continuous cultivation, where phosphorus accumulation and cation depletion collectively drive functional microbiome reorganization.

Continuous cropping induces marked declines in soil microbial metabolic activity, fundamentally disrupting microbial-mediated nutrient cycling processes critical for crop nutrient acquisition (Berg and Smalla, 2009). The Average Well Color Development (AWCD), a robust indicator of microbial metabolic potential (Weber et al., 2007), was significantly lower in continuous cropping (C-crop) systems than in non-continuous (NC-crop) controls. This AWCD depression reflects impaired microbial capacity to metabolize diverse carbon substrates, with particularly pronounced reductions in six major carbon source categories: carbohydrates, amino acids, carboxylic acids, polymers, phenolic compounds, and amines. Notably, specific substrate utilization deficiencies emerged in continuous cropping systems, including compromised metabolism of glucose-1-phosphate (glycolytic intermediate), 4-hydroxybenzoic acid (aromatic compound), γ-hydroxybutyric acid (GABA shunt metabolite), D-malic acid (TCA cycle component), L-arginine (nitrogen-rich amino acid), Tween 80 (emulsified lipid source), putrescine (polyamine precursor), and D-xylose (hemicellulose derivative). Carbohydrate metabolism deficits might contribute to impaired energy transduction during decomposition, whereas diminished amino acid utilization may negatively affect microbial nitrogen cycling. Carboxylic acid metabolism limitations, particularly in key TCA cycle intermediates like D-malic acid, suggest systemic energy generation impairments in C-crop microbial consortia (Geisseler, 2014). This metabolic dysregulation creates a self-reinforcing cycle: impaired substrate utilization further restricts microbial functionality, ultimately exacerbating soil health degradation in intensive continuous cropping systems.

Comparative metabolic profiling revealed fundamental biochemical divergence between C-crop and NC-crop cultivation systems. NC-crop soils showed preferential enrichment of organic acids and derivatives, benzenoids, phenylpropanoids, and polyketides, whereas C-crop systems exhibited accumulation of heterocyclic organic compounds. This metabolic shift aligns with the established allelopathic accumulation mechanism, where persistent root exudation of phytochemicals-particularly organic acids-drives rhizosphere microbiome restructuring through pH modification and microbial inhibition, ultimately fostering pathogenic proliferation and crop dysfunction characteristic of continuous cropping obstacles (Wu et al., 2017). Correlation analysis further demonstrated distinct functional associations between microbial communities and soil metabolites across cropping regimes. NC-crop systems maintained robust positive correlations between beneficial bacterial taxa and both carbon source utilization capacity and beneficial metabolite production. Notably, Flavobacterium—a genus renowned for high-affinity phosphorus acquisition strategies in phosphorus-limited environments-exhibited stronger metabolic coordination with carbohydrate and organic acid levels. In contrast, C-crop systems showed disrupted microbial-metabolite networks, indicating weakened soil functional connectivity. This microbial-biogeochemical decoupling highlights the metabolic feedback erosion in continuous cropping systems, where declining microbial substrate conversion capacity may worsen soil dysfunction.

Phosphorus-depleted NC-crop soils exhibit selective enrichment of specialized microbial consortia with enhanced nutrient mobilization capacities. Flavobacterium thrives under phosphorus limitation by mediating small-molecule carbon metabolism (e.g., monosaccharides and organic acids) and accelerating organic phosphorus mineralization through phosphatase secretion (Ni et al., 2022; Wen et al., 2022; Liu B.-C. et al., 2023). Lysobacter demonstrates robust enzymatic potential through extracellular hydrolase production and bioactive secondary metabolite synthesis (Zhao et al., 2021), while Arenimonas contributes to soil organic matter turnover via hydrocarbon degradation pathways (Hu et al., 2022). The cellulolytic guild, comprising Chryseolinea and Ohtaekwangia, drives carbon-nitrogen cycle coupling through coordinated regulation of carbon fixation, methane metabolism, and nitrogen transformation pathways (Zhang S. et al., 2021; Chen et al., 2023). Niastella exhibits dual ecological functionality as both a plant-growth promoter and xenobiotic degrader, capable of breaking down complex substrates including cellulose, lignin, and polyaromatic hydrocarbons (Zhao, 2020; Xu et al., 2022). Phosphorus stress adaptations are further mediated by Chryseobacterium in acidic soils (Liu B.-C. et al., 2023) and root-mediated recruitment of phosphate-solubilizing Pseudomonas (Zhou Q. et al., 2024). Nitrogen cycle modulators include Haliangium, which enhances nitrogen fixation and phosphorus mobilization through urease-mediated pathways (Mu et al., 2024), and Rhizobium, which directly facilitates atmospheric nitrogen fixation in legume (He et al., 2024) symbioses (Jiang et al., 2021). Sphingomonas, belonging to the Proteobacteria, has potential in degrading mulch film materials (Hu et al., 2024). Contrastingly, Burkholderia demonstrates negative correlations with soil nutrient parameters while potentially facilitating Basidiomycete nitrogen acquisition through competitive exclusion mechanisms (Liu Y. et al., 2023). Fungal functional specialists such as Ophiosphaerella (antimicrobial compound producer) and Humicola (cellulose-degrading humification agent) further underscore the microbiome’s role in mediating plant-soil feedbacks, particularly in medicinal plant rhizospheres and composting systems (Wang et al., 2023). This functional specialization underscores the complex interplay between microbial guilds and biogeochemical processes under different agricultural regimes. In this study, the abundance of most microbes mentioned above was significantly lower in C-crop than that in NC-crop, potentially leading to imbalances in soil nutrients and microbial activity, which might contribute to the continuous cropping obstacles observed in C. tangshen.



5 Conclusion

Continuous cropping of C. tangshen induced multifaceted soil degradation, including nutrient imbalance (potassium/calcium/magnesium depletion, phosphorus accumulation), acidification, and microbial community dysregulation. These changes correlated with significant yield reduction and compromised medicinal quality. Continuous cropping conditions restructured the bacterial and fungal communities, characterized by reduced diversity, depleted functional guilds, and pathogen-enriched taxa. These changes collectively impaired carbon/nitrogen cycling and compromised stress resilience. Metabolomic shifts further reflected allelopathic stress and disrupted root-microbe communication. Crucially, soil physicochemical properties (pH, AP, ECa) and microbial carbon use efficiency were strongly associated with keystone genera, including Flavobacterium, Lysobacter, Arenimonas, Chryseolinea, Ohtaekwangia, Niastella, Chryseobacterium, Pseudomonas, Haliangium, Sphingomonas, Burkholderia, Ophiosphaerella, Dactylonectria, and Humicola, the reduced abundance of these microbes may lead to soil microbiome dysbiosis and rhizosphere metabolic dysfunction, thereby contributing to the continuous cropping obstacles in C. tangshen.



Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary material.



Author contributions

DX: Formal analysis, Writing – original draft, Software, Methodology, Writing – review & editing, Investigation. CP: Project administration, Formal analysis, Supervision, Writing – review & editing. GS: Supervision, Software, Writing – review & editing, Resources. XX: Investigation, Validation, Writing – review & editing, Methodology. SZ: Writing – review & editing, Funding acquisition, Conceptualization, Supervision. CY: Writing – review & editing, Supervision, Software. WZ: Data curation, Methodology, Writing – review & editing, Conceptualization, Investigation, Writing – original draft, Funding acquisition.



Funding

The author(s) declare that financial support was received for the research and/or publication of this article. This research was financially supported by the National Key Research and Development Program of China (2021YFD190120403 and 2024YFD190010505), the Special Fund for the Construction of Modern Agricultural Industrial Technology System (CARS-21); and the Hubei Key Research and Development Program (2023BBB079 and 2024BB090).



Conflict of interest

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



Generative AI statement

The authors declare that no Gen AI was used in the creation of this manuscript.



Publisher’s note

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



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2025.1628234/full#supplementary-material



Footnotes

1   https://www.ncbi.nlm.nih.gov/


References
	 Berg, G., and Smalla, K. (2009). Plant species and soil type cooperatively shape the structure and function of microbial communities in the rhizosphere. FEMS Microbiol. Ecol. 68, 1–13. doi: 10.1111/j.1574-6941.2009.00654.x 
	 Bohn, H. L., Myer, R. A., and O’Connor, G. A. (2002). Soil chemistry. Hoboken, NJ: John Wiley & Sons.
	 Caporaso, J. G., Lauber, C. L., Walters, W. A., Berg-Lyons, D., Huntley, J., Fierer, N., et al. (2012). Ultra-high-throughput microbial community analysis on the Illumina HiSeq and MiSeq platforms. ISME J. 6, 1621–1624. doi: 10.1038/ismej.2012.8 
	 Chen, J.-Y., Liu, S., Deng, W.-K., Niu, S.-H., Liao, X.-D., Xiang, L., et al. (2023). The effect of manure-borne doxycycline combined with different types of oversized microplastic contamination layers on carbon and nitrogen metabolism in sandy loam. J. Hazard. Mater. 456:131612. doi: 10.1016/j.jhazmat.2023.131612 
	 Classen, A. T., Boyle, S. I., Haskins, K. E., Overby, S. T., and Hart, S. C. (2003). Community-level physiological profiles of bacteria and fungi: plate type and incubation temperature influences on contrasting soils. FEMS Microbiol. Ecol. 44, 319–328. doi: 10.1016/S0168-6496(03)00068-0
	 Delgado-Baquerizo, M., Reich, P. B., Trivedi, C., Eldridge, D. J., Abades, S., Alfaro, F. D., et al. (2020). Multiple elements of soil biodiversity drive ecosystem functions across biomes. Nat. Ecol. Evol. 4, 210–220. doi: 10.1038/s41559-019-1084-y 
	 Gao, Z., Hu, Y., Han, M., Xu, J., Wang, X., Liu, L., et al. (2021). Correction to: Effects of continuous cropping of sweet potatoes on the bacterial community structure in rhizospheric soil. BMC Microbiol. 21:121. doi: 10.1186/s12866-021-02194-2
	 Garland, J. L., and Mills, A. L. (1991). Classification and characterization of heterotrophic microbial communities on the basis of patterns of community-level sole-carbon-source utilization. Appl. Environ. Microbiol. 57, 2351–2359. doi: 10.1128/aem.57.8.2351-2359.1991 
	 Geisseler, D. (2014). Investigating amino acid utilization by soil microorganisms using compound specific stable isotope analysis. Soil Biol. Biochem. 74, 100–105. doi: 10.1016/j.soilbio.2014.02.024
	 He, X., Abs, E., Allison, S. D., Tao, F., Huang, Y., Manzoni, S., et al. (2024). Emerging multiscale insights on microbial carbon use efficiency in the land carbon cycle. Nat. Commun. 15:8010. doi: 10.1038/s41467-024-52160-5 
	 Hu, X., Gu, H., Sun, X., Wang, Y., Liu, J., Yu, Z., et al. (2024). Metagenomic exploration of microbial and enzymatic traits involved in microplastic biodegradation. Chemosphere 348:140762. doi: 10.1016/j.chemosphere.2023.140762 
	 Hu, Y., Liu, T., Chen, N., and Feng, C. (2022). Changes in microbial community diversity, composition, and functions upon nitrate and Cr(VI) contaminated groundwater. Chemosphere 288:132476. doi: 10.1016/j.chemosphere.2021.132476 
	 Jiang, S., Jardinaud, M.-F., Gao, J., Pecrix, Y., Wen, J., Mysore, K., et al. (2021). NIN-like protein transcription factors regulate leghemoglobin genes in legume nodules. Science 374, 625–628. doi: 10.1126/science.abg5945 
	 Korenblum, E., Dong, Y., Szymanski, J., Panda, S., Jozwiak, A., Massalha, H., et al. (2020). Rhizosphere microbiome mediates systemic root metabolite exudation by root-to-root signaling. Proc. Natl. Acad. Sci. U.S.A. 117, 3874–3883. doi: 10.1073/pnas.1912130117 
	 Li, C., Chen, G., Zhang, J., Zhu, P., Bai, X., Hou, Y., et al. (2021). The comprehensive changes in soil properties are continuous cropping obstacles associated with American ginseng (Panax quinquefolius) cultivation. Sci. Rep. 11:5068. doi: 10.1038/s41598-021-84436-x 
	 Li, H., Li, C., Song, X., Liu, Y., Gao, Q., Zheng, R., et al. (2022). Impacts of continuous and rotational cropping practices on soil chemical properties and microbial communities during peanut cultivation. Sci. Rep. 12:2758. doi: 10.1038/s41598-022-06789-1 
	 Lin, L. C., Tsai, T. H., and Kuo, C. L. (2013). Chemical constituents comparison of Codonopsis tangshen, Codonopsis pilosula var. modesta and Codonopsis pilosula. Nat. Prod. Res. 27, 1812–1815. doi: 10.1080/14786419.2013.778849 
	 Liu, B.-C., Chen, J.-Y., Zhang, W.-J., Huang, Y.-Z., Zhao, Y.-Q., and Ye, J. (2023). Identification and biological characteristics of violet root rot pathogen of Pseudostellaria heterophylla in Fujian province. Zhongguo Zhong Yao Za Zhi 48, 45–51. doi: 10.19540/j.cnki.cjcmm.20221016101
	 Liu, Y., Li, T., Zhu, H., Zhou, Y., Shen, Q., and Liu, D. (2023). Cysteine facilitates the lignocellulolytic response of Trichoderma guizhouense NJAU4742 by indirectly up-regulating membrane sugar transporters. Biotechnol. Biofuels Bioprod. 16:159. doi: 10.1186/s13068-023-02418-9 
	 Liu, H., Niu, M., Zhu, S., Zhang, F., Liu, Q., Liu, Y., et al. (2020). Effect study of continuous monoculture on the quality of Salvia miltiorrhiza Bge roots. Biomed. Res. Int. 2020:4284385. doi: 10.1155/2020/4284385 
	 Liu, S., Wang, Z., Niu, J., Dang, K., Zhang, S., Wang, S., et al. (2021). Changes in physicochemical properties, enzymatic activities, and the microbial community of soil significantly influence the continuous cropping of Panax quinquefolius L. (American ginseng). Plant Soil 463, 427–446. doi: 10.1007/s11104-021-04911-2
	 Liu, P., Zhao, H., Zhong, Z., and Sun, M. (2013). The effects of three root exudated fatty acids on peanut (Arachis hypogaea L.) growth and soil enzymes activities. Acta Ecol. Sin. 33, 3332–3339. doi: 10.5846/stxb201203210382
	 Ma, Z., Guan, Z., Liu, Q., Hu, Y., Liu, L., Wang, B., et al. (2023). “Chapter four-obstacles in continuous cropping: mechanisms and control measures” in Advances in agronomy. ed. D. L. Sparks (London: Academic Press), 205–256.
	 Mbareche, H., Veillette, M., Bilodeau, G., and Duchaine, C. (2020). Comparison of the performance of ITS1 and ITS2 as barcodes in amplicon-based sequencing of bioaerosols. PeerJ 8:e8523. doi: 10.7717/peerj.8523 
	 Mu, M., Wang, Z., Chen, Z., Wu, Y., Nie, W., Zhao, S., et al. (2024). Physiological characteristics, rhizosphere soil properties, and root-related microbial communities of Trifolium repens L. in response to Pb toxicity. Sci. Total Environ. 907:167871. doi: 10.1016/j.scitotenv.2023.167871 
	 Muhammad, S. (2019). More than the sum of its parts: microbiome biodiversity as a driver of plant growth and soil health. Annu. Rev. Ecol. Evol. Syst. 50, 145–168. doi: 10.1146/annurev-ecolsys-110617-062605
	 Ni, M., Pan, Y., Li, D., Huang, Y., Chen, Z., Li, L., et al. (2022). Metagenomics reveals the metabolism of polyphosphate-accumulating organisms in biofilm sequencing batch reactor: a new model. Bioresour. Technol. 360:127603. doi: 10.1016/j.biortech.2022.127603 
	 Rognes, T., Flouri, T., Nichols, B., Quince, C., and Mahé, F. (2016). VSEARCH: a versatile open source tool for metagenomics. PeerJ 4:e2584. doi: 10.7717/peerj.2584 
	 Sadeghi, A., Karimi, E., Dahaji, P. A., Javid, M. G., Dalvand, Y., and Askari, H. (2017). Correction to: Plant growth promoting activity of an auxin and siderophore producing isolate of Streptomyces under saline soil conditions. World J. Microbiol. Biotechnol. 34:16. doi: 10.1007/s11274-017-2393-4
	 Singh, S. P., and Gaur, R. (2017). Endophytic Streptomyces spp. underscore induction of defense regulatory genes and confers resistance against Sclerotium rolfsii in chickpea. Biol. Control 104, 44–56. doi: 10.1016/j.biocontrol.2016.10.011
	 Sun, D.-L., Jiang, X., Wu, Q. L., and Zhou, N.-Y. (2013). Intragenomic heterogeneity of 16S rRNA genes causes overestimation of prokaryotic diversity. Appl. Environ. Microbiol. 79, 5962–5969. doi: 10.1128/AEM.01282-13 
	 Wang, J., Li, M., Zhou, Q., and Zhang, T. (2022). Effects of continuous cropping Jiashi muskmelon on rhizosphere microbial community. Front. Microbiol. 13:1086334. doi: 10.3389/fmicb.2022.1086334 
	 Wang, B., Lu, Y., Li, W., He, S., Lin, R., Qu, P., et al. (2022). Effects of the continuous cropping of Amomum villosum on rhizosphere soil physicochemical properties, enzyme activities, and microbial communities. Agronomy 12:2548. doi: 10.3390/agronomy12102548
	 Wang, Y., Wei, Y., Zhou, K., Gao, X., Chang, Y., Zhang, K., et al. (2023). Regulating pH and Phanerochaete chrysosporium inoculation improved the humification and succession of fungal community at the cooling stage of composting. Bioresour. Technol. 384:129291. doi: 10.1016/j.biortech.2023.129291 
	 Weber, K. P., Grove, J. A., Gehder, M., Anderson, W. A., and Legge, R. L. (2007). Data transformations in the analysis of community-level substrate utilization data from microplates. J. Microbiol. Methods 69, 461–469. doi: 10.1016/j.mimet.2007.02.013 
	 Wen, T., Xie, P., Liu, H., Liu, T., Zhao, M., Yang, S., et al. (2023). Tapping the rhizosphere metabolites for the prebiotic control of soil-borne bacterial wilt disease. Nat. Commun. 14:4497. doi: 10.1038/s41467-023-40184-2 
	 Wen, T., Xie, P., Penton, C. R., Hale, L., Thomashow, L. S., Yang, S., et al. (2022). Specific metabolites drive the deterministic assembly of diseased rhizosphere microbiome through weakening microbial degradation of autotoxin. Microbiome 10:177. doi: 10.1186/s40168-022-01375-z 
	 Wu, H., Wu, L., Zhu, Q., Wang, J., Qin, X., Xu, J., et al. (2017). The role of organic acids on microbial deterioration in the Radix pseudostellariae rhizosphere under continuous monoculture regimes. Sci. Rep. 7:3497. doi: 10.1038/s41598-017-03793-8 
	 Xi, H., Shen, J., Qu, Z., Yang, D., Liu, S., Nie, X., et al. (2019). Effects of long-term cotton continuous cropping on soil microbiome. Sci. Rep. 9:18297. doi: 10.1038/s41598-019-54771-1 
	 Xu, Y., Chen, Z., Li, X., Tan, J., Liu, F., and Wu, J. (2022). Mycorrhizal fungi alter root exudation to cultivate a beneficial microbiome for plant growth. Funct. Ecol. 37, 664–675. doi: 10.1111/1365-2435.14249
	 Xun, W. (2021). Specialized metabolic functions of keystone taxa sustain soil microbiome stability. Microbiome 9:35. doi: 10.1186/s40168-020-00985-9 
	 Yang, M., Wang, A., Tang, X., Wang, X., Leng, F., and Wang, Y. (2024). Structure identification and activity evaluation of polysaccharide from Codonopsis pilosula (C. pilosula nannf. Var. modesta (nannf.) LT Shen). Food Biosci. 62:104973. doi: 10.1016/j.fbio.2024.104973
	 Yang, X., Zhang, K., Shaghaleh, H., Qi, Z., Gao, C., Chang, T., et al. (2023). Continuous cropping alters soil hydraulic and physicochemical properties in the Karst region of Southwestern China. Agronomy 13:1416. doi: 10.3390/agronomy13051416
	 Yizhu, L., Imtiaz, M., Ditta, A., Rizwan, M. S., Ashraf, M., Mehmood, S., et al. (2019). Response of growth, antioxidant enzymes and root exudates production towards as stress in Pteris vittata and in Astragalus sinicus colonized by arbuscular mycorrhizal fungi. Environ. Sci. Pollut. Res. 27, 2340–2352. doi: 10.1007/s11356-019-06785-5 
	 Yu, T. (2024). Short-term continuous monocropping reduces peanut yield mainly via altering soil enzyme activity and fungal community. Environ. Res. 245:117977. doi: 10.1016/j.envres.2023.117977 
	 Zeeshan Ul Haq, M., Yu, J., Yao, G., Yang, H., Iqbal, H. A., Tahir, H., et al. (2023). A systematic review on the continuous cropping obstacles and control strategies in medicinal plants. Int. J. Mol. Sci. 24:12470. doi: 10.3390/ijms241512470 
	 Zhang, J., Fan, S., Qin, J., Dai, J., Zhao, F., Gao, L., et al. (2020). Changes in the microbiome in the soil of an American ginseng continuous plantation. Front. Plant Sci. 11:572199. doi: 10.3389/fpls.2020.572199 
	 Zhang, M., He, Y., Zhou, W., Ai, L., Liu, H., Chen, L., et al. (2021). Effects of continuous cropping of Codonopsis tangshen on rhizospheric soil bacterial community as determined by pyrosequencing. Diversity 13:317. doi: 10.3390/d13070317
	 Zhang, S., Xia, T., Wang, J., Zhao, Y., Xie, X., Wei, Z., et al. (2021). Role of Bacillus inoculation in rice straw composting and bacterial community stability after inoculation: unite resistance or individual collapse. Bioresour. Technol. 337:125464. doi: 10.1016/j.biortech.2021.125464 
	 Zhao, W. (2020). Effect of application of straw and wood peat for a short period on soil organic matter and microbial community in composition and function in Fluvo-aquic soil. Acta Pedol. Sin. 57, 153–164.
	 Zhao, Y., Jiang, T., Xu, H., Xu, G., Qian, G., and Liu, F. (2021). Characterization of Lysobacter spp. strains and their potential use as biocontrol agents against pear anthracnose. Microbiol. Res. 242:126624. doi: 10.1016/j.micres.2020.126624 
	 Zhao, Q., Wu, Y.-N., Fan, Q., Han, Q.-Q., Paré, P. W., Xu, R., et al. (2016). Improved growth and metabolite accumulation in Codonopsis pilosula (Franch.) Nannf. by inoculation of Bacillus amyloliquefaciens GB03. J. Agric. Food Chem. 64, 8103–8108. doi: 10.1021/acs.jafc.6b03390 
	 Zhou, W. X., He, Y. S., Zhu, Y. H., Zhang, M., Duan, Y. Y., Huang, D. Y., et al. (2019). Improvement effects of quicklime and calcium magnesium phosphate fertilizer on acidified soil cultivating Codonopsis tangshen. Ying Yong Sheng Tai Xue Bao 30, 3224–3232. doi: 10.13287/j.1001-9332.201909.008
	 Zhou, Y., Liu, Y. X., and Li, X. (2024). USEARCH 12: open-source software for sequencing analysis in bioinformatics and microbiome. iMeta 3:e236. doi: 10.1002/imt2.236 
	 Zhou, Q., Wang, Y., Yue, L., Ye, A., Xie, X., Zhang, M., et al. (2024). Impacts of continuous cropping on the rhizospheric and endospheric microbial communities and root exudates of Astragalus mongholicus. BMC Plant Biol. 24:340. doi: 10.1186/s12870-024-05024-5 


Copyright
 © 2025 Xu, Peng, Si, Xu, Zhao, You and Zhou. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fmicb-16-1628234-g004.jpg
.2066, P=0.031

a °
[ ]
0.2:
° Treatment
& L] ® NC-crop
Q ® C-crop
§ 0.0 ®
3
g L4
-02{@®
o
-0.4 -0.2 0.0
PCoA1: 26.31%
d Carop vs NC-oop
6 : : Mycena-©
' '
' '
Chastosphacria ' I
L4 H Tetraplosphaeria.
Dactylgnectia 1
= 4 g ' ®
) Ophiosphacrella 1 Cryptosporigpsis
=Y ' ' Fusidium
S | Humicoa ylindrocarport J « Enrched
= \? " ' diodendror] @ Nosig
g Tahrgmyces-Podaspora 1 & * Depleted
i ' o
2| Tiletiria, proborr inibasidi
P e W
13 -Beaux k.d-r;,ﬁfi “1= = = T - Cophaofioty = = =
- S Ca
0]

log,(FC)

RDA2 (20.65%)

g
5
3
E
5
5
2
o
2
g
g
:
.
3
c £
H
=
5
g
g
£
5
:
z
g
g
:

a b
1200
1100
NC-crop  C-crop.
65 a E]
P ]
60
55
50
NC-crop C-crop
Group ® NC-crop = C-crop

™
T 2
7’
>y ECa
’ | 74
|
4 ' 4
-1 . -
-
1 ! o
\ a”
PR
> H

0
RDAT (27.36%)





OPS/images/fmicb-16-1628234-g005.jpg
—1 —a
3 12 Noorop-e- Comp—e b poymer 5
1 Amine F 2 Neww[ ]
° Cerop ]
08 Phenolic acid E‘b 2
8 )
oe; Amino acid &
z ing eck 5
04 a
Carboxylic acid :’jb‘
0.2
a
s
ugars F
% 4 T2 % 120 144 168 00 02 04 06 08 10 12 14

Average OD value





OPS/images/fmicb-16-1628234-g002.jpg
Increase in MSE (%)

Increase in MSE (%)

3

10

°

-5

o

Fresh weight Yield
Ri=g19 p<0.001 Ri=79.1  p<0.001
* g I
III ] I
I ¢
H
II_ §o IIII-__
oogQg u=El
PP drgeep v e CFgPETET T g e
dm
Polysaccharide Lobetyolir
Bt Ri=81.8  p<0.001 L2 R=80.3  P<0.001
cEE L
. - s
ws
@ ~EEEE[

P YRR Y Y XS

I X I e





OPS/images/fmicb-16-1628234-g003.jpg
PCoA2: 15.79 %

R*=0.5495, P=0.027

02

00

Treatment
© NC-crop
® C-crop

-02

00 02 04
PCoA1: 59.55 %

Coop vs NC-aop

Soltalgg

©-Flavobacterium

Trtmdaes

A onmnss
Bysobagter

"
'
'
'
'
'
'
'
Peaier H
'
N@vm
'

mmé’nz

v
'
'
'
'
'
'
'
'
'
'
'
'
'
Niesteopseqomonas 1

A i

* Enviched
o Nosig
* Depleted

baera

o -

=] T
Iogz(FC)

3900,
3800
3700
3600
3500

Bacterial Chao1 Index

3400,

107

105

103

104

99

Bacterial shannon Index

a
b
=
NC-crop C-crop
a
-
b
==
NC-crop. C-crop

Group @ NC-crop <+ C-crop

RDA2 (17.39%)

RDA1 (46.73%)






OPS/images/fmicb-16-1628234-g006.jpg
SANAN N
N \\\\:\\‘:”\
ARRRRA
NNRRNRN\N\FIS
(L LdLLLLaNYd
A

NNAN

e
5

PANARAI/ANNNAN/SN SN\

FASNUAVANN L LN VAR V)
NSVIRENNNE /NN \NS /NN T,
RERRBRR
AANVARNIAN VAL VAN

N
9,
3
INN

Ay

Physcochemca Propertes Group2
T Carbon Source Substances ‘Bacterial gonus
Metabolic Subsiances W Fungus.






OPS/xhtml/Nav.xhtml




Contents





		Cover



		Soil microbiome dysbiosis and rhizosphere metabolic dysfunction drive continuous cropping obstacles of Codonopsis tangshen



		1 Introduction



		2 Materials and methods



		2.1 Study site description



		2.2 Experimental design



		2.3 Sample collection and preparation



		2.4 Determination of plant indicators and soil properties



		2.5 DNA extraction, PCR amplification of 16S rRNA genes and ITS



		2.6 Biolog-ECO technology



		2.7 Statistical analysis









		3 Results



		3.1 Effects of continuous cropping on yield, quality of Codonopsis tangshen, and the soil physicochemical properties



		3.2 Differences in microbial community structure



		3.3 Rhizosphere soil metabolome and microbial carbon source utilization



		3.4 Analysis of the correlation between soil metabolites and microbial communities









		4 Discussion



		5 Conclusion



		Data availability statement



		Author contributions



		Funding



		Conflict of interest



		Generative AI statement



		Publisher’s note



		Supplementary material



		Footnotes



		References



















OPS/images/fmicb-16-1628234-g001.jpg
NC-crop C-crop

3._‘ h.._|‘w
2
ot m
H

N, (wu/B) pratA 2 (B/6w) ujokiago]
ol o ]
o] of] ]
§kt e 5§ & -

(6) wed sad ybiom ysaiy

(%) @pueyooeshiog





OPS/images/cover.jpg
’ frontiers = Frontiers in Microbiology

Soil microbiome dysbiosis and
rhizosphere metabolic
dysfunction drive continuous
cropping obstacles of
Codonopsis tangshen












OPS/images/crossmark.jpg
©

2

i

|






OPS/images/logo.jpg
’ frontiers Frontiersin Microbiology






