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Analysis of endophytic bacterial diversity of Puerariae thomsonii from different production areas and their correlation with secondary metabolites
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Introduction: Puerariae thomsonii Benth is an important medicinal and edible plant, with its dried roots being widely used in traditional Chinese medicine. The secondary metabolites of P. thomsonii mainly contain flavonoid compounds that have beneficial effects on human health. Current researches on the secondary metabolites of P. thomsonii have primarily focused on the effects of external environmental factors, while studies investigating the impact of internal microorganisms on its secondary metabolites remain limited.

Methods: In this study, P. thomsonii roots were collected from five different regions in Jiangxi province to investigate the diversity of endophytic bacteria and their correlation with five isoflavones (puerarin, daidzin, genistin, daidzein, and genistein). The differences between endophytes and the content of five isoflavones were analyzed using high-throughput sequencing and UPLC methods. In addition, differences in endophytic bacteria across the samples from different productions were analyzed using LEfSe analysis. The functional capabilities of these bacteria were analyzed through PICRUSt2 to explore potential microbial functional traits.

Results: The findings indicated that the alpha diversity of endophytic bacteria in P. thomsonii differed among production areas and the unique bacterial genera could be found in different areas. Four secondary metabolites in P. thomsonii were found to have a positive correlation with the diversity, evenness, and richness of endophytic bacterial communities using Spearman’s correlation analysis. Genera such as unclassified_f_ Xanthomonadaceae, Bosea, and Methylobacterium–Methylorubrum were significant positively correlated with one or more of these secondary metabolites.

Discussion: This research enriches the endophytic bacterial resources of P. thomsonii, provides a preliminary analysis of the correlation between plants and microorganisms, and offers a scientific basis for the future exploration and application of endophytic resources in P. thomsonii.
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1 Introduction

Endophytes are a group of microorganisms that colonize plant tissue without causing any plant diseases (Cui et al., 2024; Dang et al., 2020). Endophytes and host plants form a dynamic and balanced symbiotic relationship in the process of long-term co-evolution, which plays a crucial role in enhancing the growth, stress tolerance, and accumulation of secondary metabolites of plants. These beneficial microbes are called functional endophytes. At present, numerous studies focus on the function of endophytes and verified the beneficial effects of the functional strains on plants (Afzal et al., 2019; Kushwaha et al., 2020; Wani et al., 2015; Wu et al., 2021). Liu et al. (2022) reported that inoculating Peucedanum praeruptorum Dunn with a low concentration of the endophytic fungal Didymella segeticola can reduce the rapid decrease in coumarin content after its bolting. Abdelshafy Mohamad et al. (2020) reported that the salt stress of tomato plant and the incidence of tomato root rot can be reduced by inoculating Bacillus endophytes. Liu et al. (2023) found that the endophytic microbe isolated from Taxus yunnanensis can enhance the taxane accumulation in host stem cells.

The accumulation of secondary metabolites of medicinal plants is related to many external ecological environments, such as temperature, rainfall, and light (Li et al., 2020; Wu et al., 2024). In addition, many studies have mentioned that the quality of the medicinal plants varies with the planting origin (Dong et al., 2011; Sheng et al., 2021). Recent studies have shown that endophytic microorganisms are particularly important for the accumulation of secondary metabolites in the host plants (Kong and Glick, 2017; Lv et al., 2024). Extensive studies have employed integrated analyses of microbiome and metabolome datasets to elucidate correlations between secondary metabolites and microbial communities, thereby identifying microbial taxa with potential core applications. Correlation analyses of microbiome and metabolite content in Alkanna tinctoria roots revealed positive correlation between specific bacterial genera and alkannin content (Csorba et al., 2022). Yu et al. (2023) identified dominant microorganisms positively correlated with key compounds through monitoring metabolite and microbial community dynamics during Huangjiu fermentation. Furthermore, research has demonstrated that plant root exudates can modulate microbial community structures, subsequently influencing plant growth, stress resistance, and nutrient acquisition (Baker et al., 2024). Endophytic microbes are a key component of the microecosystem within medicinal plants, and they are also a rich resource to be developed. Understanding the distribution and composition of plant endophytic microbes along with their relationship with secondary metabolites of host plants can help analyze the reasons for the formation of medicinal plant quality from another perspective.

Puerariae thomsonii Benth, a leguminous plant widely cultivated in China, is renowned for its dried root as a traditional Chinese medicine. The ‘Chinese Pharmacopoeia’ describes that it can be used to treat influenza, body stiffness, and other illnesses (Chinese Pharmacopoeia Commission, 2020). Functioning as a medicinal and edible homologous plant resource, P. thomsonii is rich in starch, dietary fiber, flavonoids (primarily isoflavones), proteins, and essential mineral elements. It is consumed fresh as vegetable and processed into products such as powder extracts, functional teas, starch-based noodles, and nutraceutical pastries, with annual consumption exceeding tens of thousands of tons. Isoflavones, such as puerarin, daidzein, genistein, ononin, and their aglycones, have been reported with a lot of pharmacological benefits including antioxidant, hypoglycemic, anti-inflammatory, and anti-cancer effects (Kim, 2021; Liu et al., 2016; Wong et al., 2015). Compared with wild medicinal Puerariae lobata, the content of iconic isoflavones in P. thomsonii is lower. According to the Chinese pharmacopoeia, the minimum required puerarin content for P. lobata is 2.4%, whereas that for cultivated P. thomsonii is only 0.3% (Chinese Pharmacopoeia Commission, 2020). Narrowing this gap would enhance the medicinal value of P. thomsonii. Studies have shown that there are differences in the content of active components in P. thomsonii samples from different producing areas (Qiuyan et al., 2020; Tang et al., 2020). Endophyte communities dynamically adjust to environmental shifts, and their maintenance could be crucial for plant ecological adaptation. Endophyte-driven environmental adaptation likely shapes plant quality through secondary metabolism, yet there has been no research on the geographical association of “flora and active components” of Pueraria species. Under the background of the “Healthy China 2030” plan to promote the development of medicinal and edible homologous plant resource, the P. thomsonii industry is facing land scarcity and quality decline due to conventional fertilizer-dependent farming practices. Elucidating the interplay between endophytic microbiota and the biosynthesis of isoflavones in P. thomsonii holds significant implications for agricultural innovation. Furthermore, the discovery of core microorganisms with metabolic regulation function will play a key role in promoting the quality improvement of P. thomsonii and the development of the large-scale health industry.

P. thomsonii is widely planted in Jiangxi province, and in 2020, it was listed as one of the “ten flavors of Gan food” by Jiangxi province government. In this study, P. thomsonii samples were collected from five different production areas in Jiangxi Province. The endophytic bacterial communities were analyzed by high-throughput sequencing of the 16S rRNA gene V5-V7 region, while the contents of five isoflavones were quantified using UPLC analysis. The purposes were to evaluate the endophyte community structures that vary in different production areas and analyze the association between endophytic bacteria and the five metabolite contents in P. thomsonii. These findings show the ecological functions of endophytic bacteria in P. thomsonii and lay the groundwork for improving the quality and further development of endophytic resources in P. thomsonii.



2 Materials and methods


2.1 Sample collection

Between August and September 2023, healthy and fresh 1-year-old cultivated P. thomsonii root samples were collected from five different origins in Jiangxi province, China (Table 1). NC-region samples had four replicates while six for other regions. After being gathered in sterile plastic bags, each sample was labeled, kept in a refrigerator at 4°C, and processed within 24 h. After being repeatedly cleaned with flowing tap water until there were no more impurities, the samples were rinsed three times with sterile water. Then, 0.5 g root of each plant was took as one sample. Next, the following washing procedures were used to surface-sterilize each root sample: 75% ethanol for 1 min, sterile water for 3 times, 2.5% sodium hypochlorite solution for 5 min, followed by five final rinses using sterile water. To ensure that surface disinfection was complete, the last rinse solution was inoculated onto NA medium (incubated at 37°C for 2 d) and PDA medium (incubated at 28°C for 7 d). All samples were subsequently stored at −80°C.



TABLE 1 The information of production areas of P. thomsonii.
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2.2 DNA extraction, amplification, and high-throughput sequencing

Genomic DNA of the root sample in P. thomsonii was extracted using the FastPure feces DNA Isolation Kit (Shanghai Majorbio Bio-pharm Technology Co., Ltd). The extracted DNA was tested for quality and concentration with 1.0% agarose gel electrophoresis and a NanoDrop2000 spectrophotometer (Thermo Scientific, United States) and then stored at −80°C. The V5-V7 region of the 16S rRNA gene was amplified with primer pairs 799F (5’-AACMGGATTAGATACCCKG-3′)/1392R (5’-ACGGGCGGTGTGTRC-3′) and 799F (5′-AACMGGATTAGATACCCKG -3′)/1193R (5′-ACGTCATCCCCACCTTCC -3′) in two steps by T100 Thermal Cycler PCR thermocycler (BIO-RAD, USA). The PCR reaction mixture included 10 μL 2 × Pro Taq (2 × ProTaq HS PCR Master Mix ver2, China), 0.8 μL each primer (5 μM), 4 μL of template DNA, and ddH2O to a final volume of 20 μL. Three technical replicates were performed for each reaction. The PCR amplification was performed according to the following procedure: The first step was initial denaturation at 95°C for 3 min, followed by 27 cycles of denaturing at 95°C for 30 s, annealing at 55°C for 30 s, and extension at 72°C for 45 s, and single extension at 72°C for 10 min. The second step was the same as those of the first step except 13 amplification cycles were applied. Three technical repeats of one sample were mixed as a single PCR product. The products were separated by 2% agarose gel, purified using the PCR Clean-Up Kit (YuHua, Shanghai, China) according to the manufacturer’s instructions and quantified using QuantiFluor™ -ST (Promega Biotech, Beijing, China). Purified amplicons were combined in equimolar concentrations and paired-end sequenced on an Illumina PE300/PE250 platform (Illumina, San Diego, USA) by Majorbio Bio-Pharm Technology Co. Ltd. (Shanghai, China).



2.3 Metabolites of PRT quantitative analysis

The standard source of puerarin, daidzin, daidzein, genistein, and genistin was Chengdu Must Biotechnology Co., Ltd. (Chengdu, Sichuan, China). Analytical-grade methanol and formic acid were offered by Xilong Scientific Company (Guangdong, China). Chromatography-grade acetonitrile was acquired from Thermo Fisher Scientific (Pittsburgh, PA, USA). Each treatment specimen’s dried root was ground into powder and sieved through a 350 μm mesh. A 0.5 g sample of the powder was precisely weighted and then mixed with 20 mL 50% methanol. The mixture was subjected to ultrasonic treatment (30–40°C, 250 W, 50 kHz) for 40 min. After cooling and restoring the sample weight, it was filtered with a 0.22 μm Millipore filter. According to sample concentration, 2–3 μL of the obtained solution was injected into the UPLC for analysis while 1 μL of the standard solution was injected into UPLC. The samples were analyzed by UPLC using CORTECS ® UPLC® C18 column (2.1 × 150 mm, 1.6 μm, Waters, USA). Chromatographic conditions were as follows: mobile phase acetonitrile (A) and 0.1% formic acid (B), elution gradient 0–3 min, 10%A; 3–15 min, 10–25%A; 15–20 min, 25–80%A; 20–20.5 min, 80–95%A; 20.5–22 min, 95%A, detection wavelength 254 nm, flow rate 2.5 mL/min, and column temperature 35°C. The following standard solutions were prepared from methanol: puerarin at 5.265 mg/mL, daidzin at 1.83 mg/mL, daidzein at 0.916 mg/mL, genistein at 0.866 mg/mL, and genistin at 0.820 mg/mL. A standard curve was then generated after each standard solution was series-diluted with methanol to the proper concentration and then tested under the previously mentioned chromatographic conditions. Sample chromatographic peaks were qualitatively determined by the standards’ retention time. The sample’s quality was assessed by standard curves.



2.4 Data analysis

The sequence data were processed using QIIME2. After quality filtering and chimera removal, amplicon sequence variants (ASVs) were generated using the DADA2 pipeline. Rarefaction curves were constructed to assess sequencing depth adequacy, and alpha diversity indices were calculated using Mothur v1.30.1, and the sequences were clustered at 97% similarity threshold, which is the conventional species-level cutoff for bacterial communities (Schloss et al., 2009). A Kruskal–Wallis test was employed to analyze differences in the abundance of microbial genera. Linear discriminant analysis (LDA) effect size (LEfSe) analysis (Segata et al., 2011) was performed to identify the bacterial taxa (from phylum to genera) that were significantly abundant among the different groups (LDA score > 4). Correlation analysis between host metabolites and the endophytic bacterial diversity and abundance was performed using the Spearman method. Function prediction was annotated by PICRUSt2 for the 16S rRNA ASVs. One-way analysis of variance (ANOVA) was performed using IBM SPSS Statistics 26.0. The figures in the manuscript were generated using Adobe Illustrator 2021.




3 Results


3.1 Diversity of endophytic bacteria in Puerariae thomsonii in different areas

The absence of colonies in the NA and PDA media culturing the last rinse of the P. thomsonii samples after a certain time suggested that surface sterilization was successful, and therefore, the samples were not cross-contaminated by microbes on the root surface.

After quality control, a total of 1,516,597 high-quality sequences were generated. All of the samples’ library coverages were higher than 0.992, indicating that the sequencing data may accurately depict the endophytic bacterial community structure for each sample. The rarefaction curve can be used to assess the adequacy of sequencing data and reflect species diversity and sample richness. The rarefaction curve neared the saturation plateau with an increase in sequencing effort, indicating the sequencing depths were adequate (Figure 1).
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FIGURE 1
 Rarefaction curves of endophytic bacteria for each sample. GA, Sample from Gaoan County, Yichun City; LC, Sample from Linchuan County, Fuzhou City; NC, Sample from Nancheng County, Fuzhou City; XG, Sample from Xingguo County, Ganzhou City; YX, Sample from Yongxiu County, Jiujiang City.


Alpha diversity was analyzed at the ASV level with a 97% similarity threshold. Community diversity was evaluated using multiple indices, including sample sequences (based on rarefied sequence counts), Simpson’s diversity index (measuring species dominance and community diversity), Shannon’s evenness index (quantifying species distribution uniformity in ecological communities), and the Chao1 richness estimator (assessing species richness with emphasis on rare taxa), which presented differences among all samples of P. thomsonii. XG had the highest number of detected sample sequences, with 430,917 sequences, while NC has the fewest sequences, with 182,382 sequences. Chao indicated a bacterial community richness trend of NC > GA > LC > XG > YX, respectively. Shannoneven index showed the sample community trends of NC > XG > GA > LC > YX, respectively. In contrast, the Simpson index showed the following trends: YX > LC > XG > GA > NC, respectively (Figure 2). This finding suggests that there were variations in the endophytic bacterial diversity, evenness, and richness among the different areas of P. thomsonii.
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FIGURE 2
 Alpha diversity index of bacterial community in P. thomsonii from different areas. The effective tags (A), Chao 1 index (B), Simpson index (C) and shannoneven index (D) of bacterial community in P. thomsonii from different areas. GA. Sample from Gaoan County, Yichun City; LC. Sample from Linchuan County, Fuzhou City; NC. Sample from Nancheng County, Fuzhou City; XG. Sample from Xingguo County, Ganzhou City; YX. Sample from Yongxiu County, Jiujiang City. (one-way ANOVA, *p < 0.05 and **p < 0.01, ***p < 0.001).


Based on the ASV level, partial least squares analysis (PLS-DA) was performed to distinguish the endophytic bacteria of P. thomsonii in different origins (Figure 3). The prediction index Q2 = 0.511, the explanatory ability parameter of the independent variable Ry2 = 0.924, and the explanatory ability parameter of the dependent variable Rx2 = 0.582, and R2 and Q2 exceeded 0.5, indicating that the model fitting results were acceptable. Then, 200 displacement tests were carried out on the model, and the intersection point between the Q2 regression line and the longitudinal axis was less than 0, indicating that the model did not have overfitting, and the model verification was effective. The analysis results showed that the GA, LC, and YX were clustered into one class, and XG and NC were clustered into a separate class, respectively.
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FIGURE 3
 PLS-DA analysis (A) and permutation test (B) of endophytic bacteria in samples of P. thomsonii from different origins. GA, Sample from Gaoan County, Yichun City; LC, Sample from Linchuan County, Fuzhou City; NC, Sample from Nancheng County, Fuzhou City; XG, Sample from Xingguo County, Ganzhou City; YX, Sample from Yongxiu County, Jiujiang City.




3.2 Community composition

The endophytic bacterial community composition of P. thomsonii in five plots was assigned to 27 phyla, 65 classes, 174 orders, 313 families, 634 genera, 903 species, and 4,383 ASV. Across all of the samples, Proteobacteria was the most predominant bacterial phylum exhibiting relative abundances between 74.91 and 95.84%. Furthermore, Actinobacteria constituted a significant portion of the relative abundance in the samples from GA (19.59%), LC (18.40%), and NC (15.30%) (Figure 4A). For genus level, Pseudomonas was the most prevalent genus in GA, LC, NC, XG, and YX samples, with relative abundances between 24.60 and 39.82%. In addition, Allorhizobium–Neorhizobium–Pararhizobium–Rhizobium had high abundance in XG at 17.61%, while Mycobacterium and Brevundimonas had relatively high abundance in GA, LC, and NC, accounting for 6.36 to 12.91% and 6.17 to 11.03%, respectively (Figure 4B).
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FIGURE 4
 Endophytic bacteria relative abundance at the phylum level (A) and the genus level (B) in P. thomsonii from different production areas. “Other” represents the communities whose relative abundance outside top 10. GA, Sample from Gaoan County, Yichun City; LC, Sample from Linchuan County, Fuzhou City; NC, Sample from Nancheng County, Fuzhou City; XG, Sample from Xingguo County, Ganzhou City; YX, Sample from Yongxiu County, Jiujiang City.


The endophytic bacterial biomarkers in P. thomsonii from different areas were identified by LEfSe, which revealed that the endophytic bacteria in P. thomsonii demonstrated significant differences in their cladogram structures. A total of 44 biomarkers were identified in P. thomsonii from different areas (LDA score > 4.0). The 44 biomarkers were distributed among the samples as follows: GA (5 taxa), LC (6 taxa), NC (10 taxa), YX (6 taxa), and XG (17 taxa). On the genus level, the GA samples contained more Mycobacterium, LC samples contained more Acidibacter and Pseudonocardia, NC samples contained more Brevundimonas, Bradyrhizobium, and Bauldia, YX samples contained more Burkholderia–Caballeronia–Paraburkholderia, Sphingomonas, and Dyella, and XG samples contained more Allorhizobium–Neorhizobium–Pararhizobium–Rhizobium, Stenotrophomonas, Sphingobium, Methylobacterium–Methylorubrum, Rhodococcus, unclassified_f_Alcaligenaceae, and unclassified_f_Xanthomonadaceae organisms than any other sample (Figure 5).

[image: Figure 5]

FIGURE 5
 Linear discriminant effect size (LEfSe) analysis of bacterial communities at different areas. LDA score >4. In cladograms (A), the circle radiating from inside to outside represents the taxonomic level from the phylum to the genus. Each small circle at a different taxonomic level represents a taxonomic at that level, and the diameter of the small circle is proportionate to the relative abundance of species. Light yellow small circle represents microbial groups with no significant differences. The LDA value distribution histogram (B) shows the species with significant difference in different groups. GA, Sample from Gaoan County, Yichun City; LC, Sample from Linchuan County, Fuzhou City; NC, Sample from Nancheng County, Fuzhou City; XG, Sample from Xingguo County, Ganzhou City; YX, Sample from Yongxiu County, Jiujiang City.




3.3 Correlation analysis between endophytic bacteria and the five isoflavone contents in Puerariae thomsonii

The five metabolites in P. thomsonii can be effectively detected under the UPLC condition (Figure 6). The content of metabolites in P. thomsonii differed according to their production areas (Figure 7). The Spearman heat map and co-occurrence network analysis showed the relationship between the endophytic bacterial community with the top 30 highest relative abundances and five isoflavone contents (Figure 8A, Supplementary Figure 1). The unclassified_f__Xanthomonadaceae, Methylobacterium–Methylorubrum, and Bosea exhibited significant positive correlations with one or more isoflavone contents in P. thomsonii. In addition, redundancy analysis (RDA) was also performed, in which axes 1 and axes 2 explained 21.29% of the variance of microbiome and metabolite correlation data. The results showed the accumulation of five isoflavones measured in this research showed a positive correlation with the genera of Stenotrophomonas, Methylobacterium–Methylorubrum, Sphingobium, unclassified_f__Xanthomonadaceae, unclassified_f__Alcaligenaceae, and Allorhizobium–Neorhizobium–Pararhizobium–Rhizobium (Supplementary Figure 2). Figure 8B shows the correlative patterns between the five isoflavone contents and alpha diversity metrics (Simpson index, Shannoneven, and Chao1 index). Statistical analyses revealed that both Chao1 and Shannoneven index showed inverse correlations with the genistein content, while exhibiting concordant positive trends with other four isoflavones. Among these, Shannoneven index demonstrated a moderate but statistically significant positive correlation with puerarin content (r = 0.378, p < 0.05). In contrast, the correlation coefficient of Simpson index and puerarin content was −0.45, showing a significant negative correlation (p < 0.05). The results suggested that samples with simple community diversity of the endophytic bacterial tentatively coincided with lower puerarin content.
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FIGURE 6
 UHLC of metabolite standards of P. thomsonii. 1–5: puerarin, daidzin, genistin, daidzein, and genistein.
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FIGURE 7
 The metabolite content including puerarin (A), daidzin (B), genistin (C), daidzein (D), genistein (E) of P. thomsonii in different production areas. Data were shown as mean ± SD. n ≥ 3. GA. Sample from Gaoan County, Yichun City; LC. Sample from Linchuan County, Fuzhou City; NC. Sample from Nancheng County, Fuzhou City; XG. Sample from Xingguo County, Ganzhou City; YX. Sample from Yongxiu County, Jiujiang City. (One-way ANOVA, *p < 0.05 and **p < 0.01, ***p < 0.001).


[image: Figure 8]

FIGURE 8
 Community diversity of endophytic bacteria in P. thomsonii and correlation analysis of representative genera and bioactive compounds. (A) The heat map intuitively reflects the correlation between puerarin, daidzin, genistin, daidzein, genistein, and representative microbial genus in P. thomsonii (the top 30 abundances of endophytic bacteria). (B) Correlation analysis between puerarin, daidzin, genistin, daidzein, genistein, and the diversity of endophytes (Chao index, Simpson index, and Shannoneven index). Red indicates promotion, blue indicates inhibition, white indicates no inhibition or promotion, and the depth of color indicates the strength of inhibition or promotion. *, p < 0.05 and **, p < 0.01.




3.4 PICRUSt2 functional prediction analysis

PICRUSt2 was utilized to forecast the functional potential of the endophytic bacterial community present in P. thomsonii samples from different areas based on the KEGG database (Figure 9). PICRUSt2-based predictions of potential functional traits mapped six hypothetical primary metabolic categories at the KEGG pathway level 1: metabolism, environmental information processing, cellular processes, genetic information processing, human disease, and organismal system (Figure 9A). Three hundred and eighty-nine KEGG homologs were identified. Among them, the metabolism pathway showed the highest relative prevalence across all samples, representing between 73.94 and 76.04% of the total. Based on the relative abundance greater than 1%, the prediction software PICRUSt2 highlighted 15 putatively enriched metabolic pathways at KEGG pathway level 3 (Figure 9B). Among these, metabolic pathways had a relative abundance higher than 17%, the highest in all samples; the second was the biosynthesis of secondary metabolites, with a relative abundance more than 7%, followed by microbial metabolism in diverse environments and ABC transporters, with abundances higher than 5 and 3%, respectively. The inferred pathway enrichments provide testable hypotheses that warrant further validation through targeted metatranscriptomics or biochemical assays.

[image: Figure 9]

FIGURE 9
 Functional annotation of endophytic bacteria by PICRUSt2. (A) Relative abundance of predicted KEGG Orthologs functional profiles of bacteria KEGG level 1; (B) relative abundance of predicted KEGG Orthologs functional profiles of bacteria KEGG level 3 (Based on the KEGG homologs whose relative abundance greater than 1%).





4 Discussion


4.1 Geographic distribution of Puerariae thomsonii isoflavones and endophytes

The content of active ingredients in medicinal plants is influenced by the cultivation site, and the content of their active components is closely related to the quality of the medicinal materials. In this study, samples from five different origins of P. thomsonii were collected from Jiangxi Province for the determination of the content of five isoflavones. The results showed that the active components of the samples from different origins were quite different and showed significant differences in different production areas except for daidzein. Among all the origins, the content of the five components in XG was relatively high, while in other origins, the components showed different distribution patterns (Figure 7). Zhao S. et al. (2023) found that the contents of rhein, sennoside A, and gallic acid in wild Rheum tanguticum were relatively higher in Qinghai province than in Sichuan and Gansu province. The metabolome analysis of Cynomorium songaricum collected from different production origins showed that the metabolic components of the sample from different regions showed obvious differences (Cui et al., 2019). The content of active ingredients in medicinal plant varied among different origins, which may be related to the environment or microbial difference in different origins. The endophytic bacteria in P. thomsonii from different production origins were sequenced by high-throughput sequencing. Alpha diversity analysis showed that the richness, diversity, and evenness of the endophytic bacterial community from the NC region were at a high level, while the YX region was low. The diversity of endophytic bacteria in P. thomsonii from different origins showed significant differences, consistent with the research in Polygonatum cyrtonema Hua (Zhang et al., 2024) and Gastrodia elata f. glauca (Zheng H. et al., 2023), which may be due to the differences in geographical environment. The difference in endophytic bacteria from different origin may be one of the reasons for the difference of active ingredients of P. thomsonii.



4.2 Regional variation in endophytic bacterial communities of Puerariae thomsonii

Endophytes are mutually beneficial and symbiotic with the host plant and play a vital role in the process of plant growth. Across all samples in this study, Proteobacteria was the predominant phyla of bacterial endophyte, exhibiting a relative abundance of more than 75% in each sample, followed by Actinobacteriota. Previous studies have reported similar results observed in many plants (Chen et al., 2024; Hou et al., 2022), as well as in the rhizosphere soil (Chen J. et al., 2021; Sun et al., 2022), because the rhizosphere microbiome is an important source of plant endophytes (Miranda-Carrazco et al., 2022). At the genus level, Pseudomonas presented as the predominant bacterial genus, the relative abundances ranging from 24.60 to 39.82% across all sample (Figure 4B), followed by Allorhizobium–Neorhizobium–Pararhizobium–Rhizobium, Mycobacterium, and Brevundimonas. The genera composition of P. thomsonii samples from different origin was similar, but there were some differences in abundance. By differential discriminant analysis of endophytic bacteria from different origins, 44 biomarkers of endophytic bacteria from different origin were obtained, including 16 biomarkers at the genus level (LDA score >4.0). Most are reported to enhance environmental remediation, plant growth, stress tolerance, and secondary metabolite accumulation. Stenotrophomonas sp. has been shown to have a good nitrogen fixation capacity and can promote the growth of barley, wheat, maize, and other crops (Zhou et al., 2025). After inoculated with Sphingobium bacteria, the plant height, leaf size, and chlorophyll content of Pinellia ternata increased obviously (Li J. et al., 2024). Li C. et al. (2024) found that pre-inoculation of Bradyrhizobium japonicum strain enhanced salt tolerance in soybean plants and suggested that GmADC may be a key gene to play this role. Some strains of Sphingomonas have the functions of repairing environmental pollution, producing plant hormones, improving plant stress, and so on (Asaf et al., 2020). These results indicated that the endophytic bacteria of P. thomsonii were basically beneficial microorganisms. Soil microbial communities vary across production areas, and plants selectively recruit these communities during their growth to improve fitness and stress resilience. Therefore, even for the same plant, the endophytic microbiota formed in different places of origin is probably different. Yang et al. (2023) showed that planting location significantly affected the bacterial community composition in different organs of soybean. Jiang M. et al. (2024) showed that soil type could affect the synthesis of Angelica dahurica var. formosana root exudates, thereby recruiting beneficial microorganisms and leading to differences in rhizosphere microorganisms in different producing areas.



4.3 Correlation analysis between endophytic bacteria and isoflavone contents across Puerariae thomsonii origins

Many studies reported that endophytic microbiomes significantly influence plant overall health and functionality. The endophytes can not only enhance the generation of host plant secondary metabolites (Qianliang et al., 2013; Sucheta et al., 2021) but also synthesize chemical substances that are identical or similar to the host plant (Zhao et al., 2011). To investigate such interactions, we analyzed correlation between P. thomsonii endophytic bacterial communities and its isoflavone content. Spearman’s correlation analysis revealed statistical correlation between specific bacterial taxa and isoflavones, revealing multiple genera positively correlated with the isoflavones measured in this research. Notably, the unclassified_f__Xanthomonadaceae genus showed a significant positive correlation with all five isoflavone contents measured in this study (p < 0.05), while Bosea and Methylobacterium–Methylorubrum displayed significant positive correlations with genistin content specifically (p < 0.05). These findings aligned with redundancy analysis (RDA), which showed positive correlation of five isoflavones accumulation with the Stenotrophomonas, Methylobacterium–Methylorubrum, Sphingobium, unclassified_f__Xanthomonadaceae, unclassified_f__Alcaligenaceae, and Allorhizobium–Neorhizobium–Pararhizobium–Rhizobium. The role of microorganisms in the regulation of plant secondary metabolism has been widely recognized. Specific microorganisms can increase the synthesis of plant secondary metabolites, and the beneficial effects depend on environmental factors and the microorganisms associated with the plant (Lv et al., 2024). Earlier research studies have also indicated that some strains in Xanthomonadaceae, Bosea, and Methylobacterium are plant growth-promoting bacteria. After inoculation with Xanthomonadaceae strains, the root length and root surface area of Medicago truncatula were significantly increased, and the growth was also promoted (Kępczyńska and Karczyński, 2019). Zheng Q. et al. (2023) found that inoculating with strain Bosea sp_L1B56 could significantly increase the total biomass production of Brachypodium distachyon. Methylorubrum extorquens AM1 can be used to produce violacein (Quynh Le et al., 2022), and vaccination with Methylorubrum rhodesianum M520 can reduce root knot nematodes in cucumber (Zhao Z. et al., 2023). No direct evidence currently links these taxa to isoflavone biosynthesis in the present system. The observed correlations may reflect ecological preferences rather than causal mediation and need to be verified by follow-up experiments, which is where we will go next. In our study, the recruitment of these microorganisms (unclassified _f__ Xanthomonadaceae genus, Bosea genus, and Methylobacterium–Methylorubrum genus), which exhibited significant positive correlation with the secondary metabolites, may promote the biosynthesis and accumulation of isoflavones in P. thomsonii. However, the potential role of these bacteria in promoting the accumulation of secondary metabolites in P. thomsonii remains to be explored of our subsequent research.

For endophytic bacterial diversity, we found that the content of puerarin, daidzin, genistin, and daidzein had a positive correlation with the community diversity, evenness, and richness of P. thomsonii. Puerarin content was significantly negatively correlated with Simpson index and positively correlated with Shannoneven index, suggesting a tentative link between community evenness, diversity, and puerarin accumulation. Among all the producing areas, the endophytic bacterial community diversity and evenness of samples from YX were the lowest, and the puerarin content was 5.15 mg/g; the endophytic bacterial community diversity and evenness of samples from NC were the highest, and the puerarin content was 8.77 mg/g. However, such patterns were not universally predictive. With the increase of microbial diversity, the microbial community functions such as nutrient mineralization or disease inhibition were also enhanced (Saleem et al., 2019). Maize intercropping with other crops can significantly increase rhizosphere microbiome diversity, thus promoting maize growth and nutrient absorption (Jiang P. et al., 2024). According to the study of Chen D. et al. (2021), the diversity of endophytic bacteria in Rheum palmatum from different production areas was negatively correlated with the contents of aloe-emodin, rhein, emodin, chrysophanol, and physcion. This is contrary to our results, suggesting that the effects of endophyte diversity on host secondary metabolites may vary with plants. In our study, the diversity of endophytic bacteria was correlated with the secondary metabolic components, but it was not the case that the higher the diversity of endophytic bacteria, the higher the content of secondary metabolites. It is speculated that the impact of microbial diversity on plants not only varies according to host species but also is affected by other factors such as the abundance of beneficial bacteria.




5 Conclusion

In this study, the endophytic microbial community structure and the contents of five isoflavones in P. thomsonii were investigated in different production areas, and the correlation between endophytic bacteria and active ingredients was clarified. This study revealed significant differences in both isoflavone content and endophytic bacterial composition among P. thomsonii samples collected from different production areas. In addition, distinct microbial communities were observed across different production regions. Correlation analysis showed that the unclassified _f__ Xanthomonas genus, Bosea genus, and Methylobacterium–Methylorubrum genus were significantly positively correlated with the content of one or more isoflavone components, suggesting tentative links that these taxa could sever as potential contributors to metabolite variation. However, the function of these bacterial genera in P. thomsonii needs to be further verified, and they are expected to serve as a raw material for the development of microbial fertilizers.
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SUPPLEMENTARY FIGURE 1 | Association network of endophytic bacteria and metabolites in P. thomsonii samples. Genera with top 30 relative abundance were selected. Pearson correlation coefficients (|r| >0.3; p < 0.05) between bacterial genera and metabolites were calculated. The size of the node in the network is related to the connective degree of the point; the color represents the phylogenetic phyla for bacteria and chemical classes for metabolites; the red and green lines represent the positive and negative correlations between the two nodes, respectively; the thicker the line, the stronger is the correlation.



SUPPLEMENTARY FIGURE 2 | Redundancy analysis (RDA) of dominant microorganisms and metabolites in P. thomsonii samples. The red arrows represent different metabolites, and the blue arrows represent dominant microorganisms. Circles in different color represent samples from GA, LC, NC, XG, and YX region, respectively.
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