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Structure and function of rhizosphere soil microbial communities associated with root rot of Knoxia roxburghii
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The microbial communities in rhizosphere soil play important roles in plant health and crop productivity. However, the microbial community structure of rhizosphere soil still remains unclear. In this study, the composition, diversity and function of the microbial communities in the rhizosphere soil of healthy and diseased plants were compared using Illumina MiSeq high-throughput sequencing. The Sobs (richness) and Shannon (diversity) indices of the soil microbial communities were higher in the rhizospheres of 2- and 3-year-old susceptible plants than in those of the healthy plants. With the increase in planting time, the numbers of fungi tended to decrease, while those of the bacteria tended to increase. Fungal diversity could be used as a biological indicator to measure the health of Knoxia roxburghii. The microbial composition and differential analyses revealed that the rhizosphere soil infested with fungi had a higher relative abundance at the phylum level in Ascomycota and Basidiomycota, while the bacteria had a higher relative abundance of Chloroflexi and a lower relative abundance of Actinobacteriota. At the genus level, the rhizosphere soil infested with fungi had relatively more abundant unclassified_f__Didymellaceae and Solicoccozyma and relatively less abundant Saitozyma and Penicillium. The bacterial genus norank_f__Gemmatimonadaceae was the most abundant, while Arthrobacter was less abundant. In addition, the abundance of Fusarium in the fungal community varied (p = 0.001). It tended to increase in parallel with the planting years. Therefore, it was hypothesized that the change in the community composition of Fusarium may be the primary reason for the occurrence of root rot in K. roxburghii, and the change in the abundance of Fusarium OTU1450 may be an indication of the occurrence of root rot in this species. The community function and prediction analyses showed that the pathogenic fungi increased with the increase in planting years. In general, soil fungi can be roughly divided into three types, including pathotrophs, symbiotrophs, and saprotrophs. An analysis of the differences in the prediction of different rhizosphere functions showed that D and L were significantly different in the COG enrichment pathway of the K. roxburghii rhizosphere bacteria (p < 0.05). The soil physical and chemical properties, including the pH, AK, total potassium (TK), and catalase (S_CAT), had the most significant effect on the soil fungal community, and most of the soil physical and chemical properties significantly correlated with the bacterial community. This study demonstrated that the occurrence of root rot had an important effect on the diversity, structure and composition of microbial communities. In addition, the results will provide a theoretical basis to prevent and control root rot in K. roxburghii.
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Introduction

Knoxia roxburghii (Sprengel) M. A. Rau, synonym Knoxia valerianoides Thorel et Pitard, is a first-grade protected traditional Chinese medicine (TCM) that grows wild in China. The root is used to treat diarrhea, eliminate swellings and disperse knots among others (Liu et al., 2023b). Its radix has diuretic, anti-inflammatory, and antitumor effects (Chen et al., 2022). This plant is primarily distributed in southern China and Southeast Asia (Zhang et al., 2023). The major organic compounds in the extracts of K. roxburghii are anthraquinones and triterpenoids. Many anthraquinones have displayed anti-tumor, antibiotic and insecticidal activities (Dikkala et al., 2023). Anthraquinones are also an important source of anti-tumor drugs (Chen et al., 2022). With the increasing incidence of cancer and the modernization of TCM, the demand for K. roxburghii root materials is increasing. K. roxburghii is susceptible to various plant diseases, and root rot is the most serious. This disease substantially limits its production.

Among plant diseases, root rot is a soilborne disease. Its incidence is closely related to plant health, water, nutrition, soil physical and chemical factors and the microbial community structure of the rhizosphere. It has been reported that many medicinal plants are vulnerable to root rot (Latha et al., 2011; Gordo et al., 2012). Chinese ginseng (Panax notoginseng) is particularly susceptible to root rot, with an annual incidence that ranges from 5–20% and can cause severe losses as high 70% (Wu et al., 2015). Similarly, in Canada 20–30% of the annual ginseng crops are lost to root rot (Walsh et al., 2021). Furthermore, the incidence of root rot on K. roxburghii is between 10 and 15% (Liu et al., 2023a).

The rhizosphere is considered to be the area that has the greatest impact on plant nutrition and growth. It is defined as a narrow area of soil around the root and is directly affected by microorganisms and root exudates (Mendes et al., 2013; Lakshmanan et al., 2014). The whole system of the interactions between the plant root and rhizosphere microbiome constitutes the plant-root microbiome (Philippot et al., 2013). Rhizosphere microorganisms (Mendes et al., 2013) have formed mutual relations, such as symbiosis, parasitism, mutualism, and antagonism, during the long-term process of evolution (Chaudhary et al., 2024). Some agronomic practices can affect plant-microbial interactions, including continuous cropping (Tan et al., 2017a; Xu et al., 2020; Wang et al., 2022), crop rotation (Lin et al., 2009), intercropping (Noushahi et al., 2021) and irrigation and fertilization (Liu et al., 2015; Xie et al., 2022), as well as the application of pesticide-fertilizer combinations (Huang et al., 2021).

Studies have shown that most of the pathogens that cause root rot are fungi, including Fusarium oxysporum, F. solani, Penicillium subrubescens, and Rhizoctonia solani (Latiffah et al., 2010; Scherm et al., 2013; Chittem et al., 2015; Liu et al., 2023a,b), with Fusarium as the predominant pathogen. Soil microbial diversity refers to the species and interspecific differences of microbial communities, which reveal the richness of microbial life in the soil and show the quality and potential of the soil (Zhou et al., 2012). Rhizosphere and root-associated microbial communities are closely related to soilborne diseases and plant health. Under the limited consumption of rhizosphere microbial nutrients, only a few rhizosphere microorganisms do not occupy the niche, which provides an opportunity for the invasion of potential soilborne pathogens (Mallon et al., 2015; Wei et al., 2015). Studies have compared the soil of the rhizospheres of healthy and diseased P. notoginseng, and the results showed that there was a decrease in the microbial community in the rhizosphere soil and in the alpha-diversity of the roots of diseased plants (Wu et al., 2015). There was less fungal diversity in the rhizosphere soil of diseased P. notoginseng than in healthy plants (Tan et al., 2017b). Compared to the healthy rhizosphere, the types of soilborne pathogens, such as Alternaria, Botrytis cinerea, Cladosporium, Verticillium, and Fusarium, in the rhizosphere soil of susceptible American ginseng (Panax quinquefolius) increased, while the diversity of potential beneficial microorganisms, such as Bacillus and Chaetomium, decreased (Ji et al., 2021). Similarly, the bacterial diversity in the rhizosphere soil of Chinese goldthread (Coptis chinensis) root rot was significantly reduced, which may be the primary cause of root rot (Song et al., 2017). There was less diversity in the bacteria found in the rhizosphere of healthy Lanzhou lily (Lilium davidii var. unicolor) than that found in susceptible plants, while the fungi were more diverse (Shang et al., 2016). However, when plants are attacked by harmful pathogens, they also take corresponding measures to defend themselves. For example, plants can recruit protective microorganisms and enhance microbial activity to inhibit the growth of rhizosphere pathogens (Berendsen et al., 2012, 2018). Diversified microbial communities can provide a stable and balanced rhizosphere ecosystem. When plants are infected by pathogens, they can improve their resistance to disease by inhibiting these microorganisms (Trivedi et al., 2012). Therefore, the problem of the reduction in the yield of K. roxburghii could be improved by identifying the pathogens related to root rot.

However, the characteristics of the rhizosphere microbial community of K. roxburghii plants with root rot have not yet been reported. In this study, high-throughput sequencing was used to sequence the microorganisms in the rhizosphere soil of healthy K. roxburghii plants that had contracted root rot. The goal was to analyze the composition and variation of microbial communities in the rhizosphere soil of K. roxburghii that had succumbed to root rot and healthy plants and quantitatively analyze the physical and chemical properties and enzyme activities of the soil. This research should help to understand the pathogenesis of root rot in K. roxburghii and provide a theoretical basis to prevent and treat root rot in this crop.



Materials and methods


Sample collection

The field experiment was performed in Xiangyun County, Dali Bai Autonomous Prefecture of Yunnan Province (25°25′ N, 100°40′ E), a prominent region for the cultivation of K. roxburghii in China. The occurrence of root rot of K. roxburghii was observed in August 2021, with an incidence of approximately 15% (Liu et al., 2023a). The rhizosphere soil of 2- and 3-year-old K. roxburghii plants was collected by a diagonal sampling method, and soil that had not been planted with K. roxburghii was used as the control. In each plot, the rhizosphere soil of five healthy K. roxburghii plants of those with root rot was uniformly selected and mixed, and the soil without K. roxburghii was sampled and mixed according to the five-point sampling method. After the soil samples were collected, they were quickly stored on dry ice after the soil had been screened through a 4-mm sieve. During the sampling process, the plants were uprooted, and the excess soil was shaken off. The soil left on the root surface was considered to be the rhizosphere soil (Tan et al., 2017b).

The soil collection and classification were as follows: 2-year-old healthy K. roxburghii rhizosphere soil (S_H2), 3-year-old healthy K. roxburghii rhizosphere soil (S_H3); the rhizosphere soil of 2-year-old K. roxburghii with root rot (S_D2) and the rhizosphere soil of 3-year-old K. roxburghii with root rot (S_D3) were studied. Unplanted soil was used as the blank control (S_CK) of this experiment, and there were six replicates of each sample.



Soil physicochemical properties and enzyme activities

The soil physical and chemical properties that were measured primarily included the soil pH, organic matter (OM), total nitrogen (TN), total phosphorus (TP), total potassium (TK), hydrolytic nitrogen (HN), available phosphorus (AP), and available potassium (AK) (Liu et al., 2024b). The soil enzymes were primarily catalase (S_CAT), urease (S_UE), sucrase (S_SC), and cellulase (S_CL) (Abay et al., 2022). The eight routine tests of the soil are the basic indices of the physical and chemical properties of the soil. These parameters can reflect the basic status of the soil.



DNA extraction, PCR amplification, and sequencing

The total microbial genomic DNA was extracted from the samples of rhizosphere soil and blank control soil using a PowerSoil Pro DNA Kit (Qiagen, Hilden, Germany) according to the manufacturer’s instructions. The quality and concentration of DNA were assessed by 1% agarose gel electrophoresis and a NanoDrop® ND-2000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, United States) and stored at −80°C for further analysis. The hypervariable region of the fungal ITS gene was amplified using the primer pairs ITS1-F (5′-CTTGGTCATTTAGAGGAAGTAA-3′) and ITS2-R (5′-GCTGCGTTCTTCATCGATGC-3′) using an ABI GeneAmp® 9700 PCR thermocycler (Applied Biosystems, Waltham, MA, United States) (Adams et al., 2013). The bacterial amplification region was the V3-V4 region using the primers 338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and 806R (5′-GGACTACHVGGGTWTC TAAT-3′) (Liu et al., 2016). The PCR reaction mixture consisted of 5 × Fast Pfu buffer (4 μL), 2.5 mM dNTPs (2 μL), 5 μM each primer (0.8 μL), Fast Pfu polymerase (0.4 μL), and template DNA (10 ng). ddH2O was added to bring the final volume to 20 μL. The PCR amplification procedure involved 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, with a final single extension at 72°C for 10 min, and subsequent cooling at 4°C. All the samples were amplified in triplicate, and the resulting amplicons were extracted from a 2% agarose gel and purified using an AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, United States) according to the manufacturer’s instructions. The extracted amplicons were quantified using a Quantus™ fluorescence meter (Promega, Madison, WI, United States). The sequencing library was prepared by Illumina (San Diego, CA, United States) according to the manufacturer’s instructions. The prepared library was closely examined to assess its quality and integrity. The DNA was sequenced by Shanghai Majorbio Bio-Pharm Technology Co., Ltd. (Shanghai, China) using an Illumina MiSeq PE300 platform.



Data processing and statistical analysis

FASTP v. 0.19.6 was used to perform quality control on the original sequences to remove low-quality reads, and FLASH v. 1.2.11 was used for splicing to obtain longer sequences (Magoč and Salzberg, 2011; Chen et al., 2018). UPARSE v. 11 was used for operational taxonomic unit (OTU) clustering after quality control splicing, and the chimeras were removed according to 97% similarity (Edgar, 2013). To minimize the impact of sequencing depth on the subsequent analysis of alpha-diversity and beta-diversity, the number of all the sample sequences was flattened to 20,000. After flattening, the average sequence coverage of each sample was still more than 97%. RDP classifier was used to compare the bacterial Silva 16S rRNA gene database (v. 138) and the fungal UNITE database (v. 8.0) to taxonomically annotate the OTUs. The confidence threshold was 70%, and the community composition of each sample was counted at different levels of species classification. Mothur v. 1.30.2 was used to calculate the alpha-diversity and the Chao and Shannon indices among others (Schloss et al., 2009). Multiple comparisons for the Least Significant Difference (LSD) in a one-way ANOVA (SPSS 16.0) were used to analyze the differences in alpha-diversity between the groups. A non-metric multidimensional scaling (NMDS) analysis based on the Bray-Curtis distance algorithm was used to test the similarity of microbial community structure between the samples, and an analysis of similarity (ANOSIM) non-parametric test was used to analyze whether there was a significant difference in the microbial community structure between the sample groups. A Kruskal-Wallis test was used to test the differences between the groups (Segata et al., 2011). A redundancy analysis (RDA) was used to determine the effects of soil physical and chemical indicators and enzyme activities on the soil microbial community structure. Based on a Spearman correlation of |r| > 0.6, p < 0.05, the species were selected for a correlation network analysis (Barberán et al., 2012). FUNGuild v.1.0 was used to functionally annotate the fungal sequences, and PICRUSt v.1.1.0 was used for the Cluster of Orthologous Groups (COG) functional annotation of the bacterial OTUs.




Results


Composition and alpha-diversity of the rhizosphere microorganisms

The fungal ITS regions of 30 soil samples were sequenced, and 1,419,555 optimized quality control sequences were obtained (Supplementary Table S1). The sequences were 239 bp long on average, and the average sequence after leveling was 33,872 with 97% similarity. All the quality control spliced sequences were subjected to OTU clustering, and there were 29,165 OTUs in total. Among them, there were 651 OTUs in the healthy and root rot rhizosphere compared to the non-planted soil; 381 OTUs in S_H2 and S_D2, and 313 OTUs in S_H3 and S_D3. There were more OTUs in the rhizosphere of healthy plants than that the susceptible ones (Figure 1B).
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FIGURE 1
 Soil fungal rarefaction curves (A) and Venn diagram (B).


The bacterial 16S V3-V4 regions of 30 soil samples were sequenced. A total of 1,476,629 optimized quality control sequences were obtained by sequencing that were 416 bp long on average (Supplementary Table S2). The average sequence was 26,027, and there were 76,597 OTUs in total. Among them, there were 2,386 OTUs in the healthy and root rot soil compared to the unplanted soil; 392 OTUs in S_H2 and S_D2, and 364 OTUs in S_H3 and S_D3 (Figure 2B).

[image: Figure 2]

FIGURE 2
 Soil bacterial rarefaction curves (A) and Venn diagram (B).


The dilution curves of each soil sample and the control (Figures 1A, 2A) showed that the number of species of fungi and bacteria increased with the increase in the amount of sequencing data randomly selected, and the curve first increased and then tended to flatten. This indicated that the sequencing amount of the sample can reflect the microbial community structure in the real environment. The dilution curves of the fungi in each treatment were relatively dispersed, which indicated that the fungi among the treatments were highly diverse. The dilution curves between the bacterial treatments were relatively concentrated, which indicated that there was little diversity in the bacteria between the treatments. The curve between the control and each sample sample had some degree of dispersion whether it contained fungi or bacteria. This indicated that there was a substantial difference in the microbial diversity of the control and each soil sample.

The alpha-diversity was estimated by calculating the richness indices, such as Sobs, Chao, Ace, Simpson, and others (Supplementary Table S3). The Good’s coverage of the fungi and bacteria exceeded 97%. Therefore, the rate of detection of the rhizosphere microorganisms of K. roxburghii was close to saturation, and the sequencing amount could cover most of the species in the soil. The Sobs (richness) and Shannon (diversity) indices of the soil microbial communities were higher in the rhizospheres of the 2- and 3-year-old susceptible plants than in those of the healthy plants, and the richness indices (Sobs, Ace, and Chao) were significantly higher than those of the unplanted soil (S_CK). With the increase in planting time, the number of fungi tended to decrease, while that of the bacteria tended to increase.



Structure of the microbial communities

At the phylum level, the distribution of the top 10 species is shown in Figure 3. The five phyla with higher abundances of fungal community were Ascomycota, Basidiomycota, Mortierellomycota, Olpidiomycota, and Chytridiomycota. Among them, the relative abundances of Ascomycota and Basidiomycota in the susceptible rhizosphere soil fungi were higher than those in the healthy rhizosphere (Figure 3A). The 10 phyla of bacteria that were highly abundant included Actinobacteriota, Proteobacteria, Chloroflexi, Acidobacteriota, Gemmatimonadota, Firmicutes, Myxococcota, Bacteroidota, Methylomirabilota, and Verrucomicrobiota (Figure 3B). Among them, Chloroflexi in the susceptible rhizosphere was relatively more abundant, while Actinobacteriota was less abundant.

[image: Figure 3]

FIGURE 3
 Soil fungal (A) and bacterial (B) phylum level.


At the genus level, the distribution of the top 10 species abundances is shown in Figure 4. In all the rhizosphere soil samples, the top 10 genera of fungal community abundance were unclassified_f__Didymellaceae, Fusarium, Mortierella, Saitozyma, Olpidium, Solicoccozyma, Chaetomium, and Penicillium. Among them, the Fusarium in S_D2 was more abundant than that of S_H2, while S_D3 was the opposite. Fusarium showed an increasing trend as the number of planting years increased, and the blank control was between 2 and 3 years. Compared to the healthy rhizosphere, the unclassified_f__Didymellaceae and Solicoccozyma in the susceptible rhizosphere soil fungi were more abundant, while Saitozyma and Penicillium were less abundant (Figure 4A). The bacterial genera that were more abundant included Arthrobacter, Sphingomonas, Gaiellales, and Gemmatimonas. The others were annotated to the corresponding databases and families but not to specific genera, including Vicinamibacterales, Gemmatimonadaceae, Vicinamibacteraceae, Roseiflexaceae, and KD4-96. Among them, the bacteria norank_f__Gemmatimonadaceae were relatively more abundant in the susceptible rhizosphere, while Arthrobacter was less abundant (Figure 4B).

[image: Figure 4]

FIGURE 4
 Soil fungal (A) and bacterial (B) genus level composition.


To intuitively represent the differences between different treatments, the NMDS analysis of the soil microorganisms was performed based on the Bray–Curtis dissimilarity. There were significant differences in the fungal community composition among different types of rhizospheres (R = 0.7078, p = 0.001), which indicated that the fungal community composition was significantly affected by infection of the roots of K. roxburghii (Figure 5A). Different bacterial community structures and fungal changes were the same (R = 0.7166, p = 0.001), and stress = 0.063 (Figure 5B). The microorganisms in the healthy rhizosphere and those that contained pathogens did not overlap and were separated, thus, indicating that the rhizosphere microbial community composition of the susceptible and healthy plants differed. Simultaneously, the rhizosphere microorganisms of the different planting years and unplanted soil were divided into different quadrants. This indicated that the planting years were also factors that caused the differences in the microbial community of K. roxburghii.

[image: Figure 5]

FIGURE 5
 NMDS analysis of soil fungi (A) and bacteria (B).


Based on the community abundance in each sample, a Kruskal-Wallis test was used to detect the species with different levels of abundance in the 2-year-old, 3-year-old and control soil microbial communities, and a hypothesis test was performed to evaluate the significance of the observed differences. There were significant differences in the four genera of Fusarium, Penicillium, Exophiala, and Coniocessia (p < 0.05), and there was a substantial change in the abundance of Fusarium (Figure 6A). In bacteria, there were significant differences between the Gemmatimonadaceae and KD4-96 communities (p < 0.05). There were significant differences among Arthrobacter, Gemmatimonas, Bacillus, Gaiella, Nocardioides, Streptomyces, and eight unannotated genera (p < 0.001) (Figure 6B).

[image: Figure 6]

FIGURE 6
 Genus with significant difference between fungi (A) and bacteria (B).


The structure and difference of Fusarium in the rhizosphere fungal community of healthy and infected K. roxburghii were analyzed. The primary members of the rhizosphere community of K. roxburghii were found to include OTU1450, OTU3613, OTU5135, OTU4223, OTU1871 and OTU5149, and OTU1450 and OTU3613 accounted for the highest proportion (Figure 7A). The NMDS analysis showed that there were significant differences in the community composition of Fusarium among the different types of rhizospheres (R = 0.2384, p = 0.001), and the stress = 0.031 < 0.05, which indicated that the analysis was highly representative. There were significant differences in the Fusarium community between the different types of rhizospheres, which indicated that infection of the roots of K. roxburghii could significantly affect the community composition of Fusarium in the rhizosphere (Figure 7B). The analysis of the difference of the Fusarium community in the different types of rhizospheres revealed a significant difference in Fusarium OTU1450 between the rhizosphere of healthy K. roxburghii, the rhizosphere of K. roxburghii with root rot and S_CK (p < 0.001), and S_D2 and S_D3 was significantly higher than that of healthy rhizosphere; OTU5135, OTU4934, and OTU4895 were significantly different (p < 0.05) (Figure 7C). The representative sequences of Fusarium OTUs in the top 15 of high abundance were selected for a phylogenetic analysis, and the phylogenetic tree was constructed using the neighbor-joining method. The results showed that Fusarium OTU1450 and OTU5149 were on the same evolutionary branch, which indicated that the two were closely related. Fusarium OTU3613 had the highest proportion of Reads in the rhizosphere of each branch, followed by OTU1450 and OTU5135 (Figure 7D).
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FIGURE 7
 Cluster analysis and difference analysis of the Fusarium community in the soil. (A) Fusarium composition analysis. (B) Cluster analysis. (C) Fusarium community difference analysis. (D) Phylogenetic tree.




Correlation between soil properties, enzyme activity, and the microbial communities

In this investigation, an RDA was used to study the correlation between soil properties, enzyme activity and the microbial community composition of the rhizosphere. The results showed that the response of rhizosphere microbial community composition to soil properties followed a linear model (Axis_lengths <3.5). Therefore, the relationship between the microbial community and soil environmental factors was studied by an RDA (Figure 8). The results of the fungal community showed a correlation between soil environmental factors, such as pH, TP, TK, TN, and S_CL, and there was also a correlation between OM, HN, AK, S_UE, and S_SC. The rhizosphere fungal community of the infected roots positively correlated with S_UE and S_CL, and the healthy rhizosphere positively correlated with OM and HN. In addition, the pH (p = 0.001), AK (p = 0.001), TK (p = 0.001), and S_CAT (p = 0.001) significantly correlated with the fungal community structure (Figure 8A). The results of the RDA showed that the rhizosphere bacterial community of the unplanted K. roxburghii negatively correlated with the environmental factors, and the rhizosphere bacterial community of 3-year-old K. roxburghii positively correlated with the TN and AK. In addition, the rhizosphere of S_D2 positively correlated with the TK, S_CAT, and pH. In addition, there was a significant correlation between the pH, OM, TP, TK, TN, HN, AK, AP, S_UE, S_SC, and S_CAT and the bacterial community structure (p < 0.001) (Figure 8B).

[image: Figure 8]

FIGURE 8
 The relationship between soil fungi (A) and bacteria (B) and environmental variables.


The Spearman correlation between the soil physical and chemical properties, enzyme activity and the top 15 species at the genus level was significant as shown in Figure 9. In the fungal community, Fusarium sp. positively correlated with the AK (p < 0.05), HN (p < 0.05) and OM (p < 0.01) and negatively correlated with the TK (p < 0.01) and S_CAT (p < 0.05). Penicillium sp. positively correlated with the pH (p < 0.05), TK (p < 0.05), AP (p < 0.01) and S_CAT (p < 0.05). Boeremia sp. positively correlated with the pH (p < 0.001), OM (p < 0.05), TP (p < 0.01), TN (p < 0.05), AP (p < 0.01), S_CL (p < 0.05), S_UE (p < 0.01), and S_CAT (p < 0.01) (Figure 9A). A Spearman correlation analysis showed that Nocardioides sp., Gaiella sp., and Bacillus sp. negatively correlated with the AK (p < 0.001), HN (p < 0.01), OM (p < 0.001), and the difference was significant. They positively correlated with the TK (p < 0.001) and S_CAT (p < 0.001). Gemmatimonas sp. negatively (p < 0.001) correlated with the pH, AP, and S_CAT, while Arthrobacter sp. positively correlated with most of the environmental factors (Figure 9B).

[image: Figure 9]

FIGURE 9
 Spearman correlation test of the soil fungi (A) and bacteria (B).




Prediction of the microbial community function

The fungal community in rhizosphere soil was classified and analyzed by FUNGuild to obtain the functional classification of fungi in the rhizosphere samples and the abundance information of each functional classification in the different samples (Figure 10A). In general, soil fungi can be roughly divided into three types, including pathotrophs, symbiotrophs, and saprotrophs. The analysis of the differences in the prediction of different rhizosphere functions showed the plant pathogenic bacteria in the rhizosphere of K. roxburghii were more abundant than those in the unplanted control. There were more OTUs of plant pathogens in the rhizosphere of S_D2 than in S_H2, and the OTUs of plant pathogens in the rhizosphere of 3-year-old K. roxburghii were higher than those in the two-year-old K. roxburghii. It was predicted that the pathogenic fungi increased with the increase in planting years. The relative abundances of endophyte-plant pathogen, dung saprotroph-soil saprotroph, dung saprotroph-plant saprotroph, and endophyte in the rhizosphere of susceptible K. roxburghii was higher than that in the rhizosphere of healthy K. roxburghii (Figure 10B).

[image: Figure 10]

FIGURE 10
 Soil fungi community function prediction (A) and difference analysis (B).


The OTU abundance table was standardized by PICRUSt, and the COG function annotation was performed on the OTUs through the Greengenes id, which corresponded to each OTU to obtain the annotation information of the OTU at the COG function level and the abundance information of each function in different samples. The COG function analysis of the rhizosphere and control of K. roxburghii with different planting years showed that there were 24 enriched pathways (Figure 11A). The analysis of the differences in the prediction of different rhizosphere functions showed that D and L were significantly different in the COG enrichment pathway of the K. roxburghii rhizosphere bacteria (p < 0.05) (Figure 11B). Thus, there were higher populations of bacteria in the susceptible rhizosphere than the healthy rhizosphere, and the soil bacterial community of K. roxburghii was not significantly different in the other pathways.

[image: Figure 11]

FIGURE 11
 Soil bacterial community function prediction (A) and difference analysis (B).





Discussion

The occurrence of root diseases is related to soil fertility, its structural degradation and the microbial community composition of the soil (Liao et al., 2022). Microbial diversity is an important indicator to measure the soil conditions (Chouhan et al., 2023). Knoxia roxburghii is a type of TCM with rhizomes as medicine. Its sustainable production requires an in-depth understanding of the structure and diversity of the rhizosphere microbial communities. In this study, high-throughput sequencing was used to evaluate the changes in the fungal and bacterial communities in the rhizosphere soil of K. roxburghii after the plants had developed root rot. The results showed that the occurrence of root rot had a significant effect on the diversity, structure and composition of the fungal and bacterial communities in the rhizosphere soil. The richness index (Sobs) and diversity index (Shannon) of the soil microbial communities in the rhizosphere of S_D2 and S_D3 were higher than those in the healthy rhizosphere, and the richness index (Sobs, Ace and Chao) was significantly higher than that in the unplanted rhizosphere. Therefore, the alpha-diversity of fungi and bacteria in the rhizosphere soil increased after the infection of K. roxburghii, and the microbial diversity of the soil without planting K. roxburghii was the lowest. The results of this study differ from those of previous studies on the microbial community of root rot in P. notoginseng (Wu et al., 2015). Higher soil levels of microbial communities are usually associated with resistance to pathogens. With the increase in planting time, the fungi tended to decrease, while the bacteria tended to increase, which may be the cause of root rot (Tan et al., 2017a,b). Compared to susceptible plants, there was relatively low fungal diversity in the rhizosphere soil of healthy plants. The decrease in the diversity of rhizosphere fungi, particularly the decrease of beneficial groups, may lead to the occurrence of diseases during continuous cropping (Ji et al., 2021). Currently, PICRUSt and FUNGuild are widely used to predict the functional study of microbial communities (Zhang et al., 2016; Schmidt et al., 2019). In the prediction of bacterial function, only two pathways in the 24 pathways of COG function in the rhizosphere of healthy and infected plants differed significantly at a low level. The prediction of fungal function showed that the plant pathogenic bacteria in the rhizosphere of K. roxburghii were more abundant than in the unplanted soil, and the OTUs of the plant pathogenic bacteria of 2-year-old plants with root rot were higher than those of the healthy rhizosphere, and the pathogenic fungi increased with the increase in planting years. Therefore, the diversity of fungal communities in the rhizosphere soil of K. roxburghii can be used as a biological indicator to measure the health of K. roxburghii.

Ascomycota and Basidiomycota are key decomposers in the soil fungal community and are the dominant phyla in all the rhizosphere soils. Simultaneously, their ecological importance was also confirmed in a previous study (Dai et al., 2022). Actinobacteria, Proteobacteria, Chloroflexi, and Acidobacteria were dominant in the rhizosphere of K. roxburghii, which was consistent with the results of previous studies on P. notoginseng (Tan et al., 2017a,b). At the genus level, with the increase in planting years, Fusarium showed an increasing trend. Fusarium is an important plant pathogen (Stępień, 2023) and includes such important pathogens as F. oxysporum and F. solani (Liang et al., 2024; Liu et al., 2024a). Continuous planting resulted in an increase in rhizosphere anthracnose (Jiao et al., 2019). The disturbance of the rhizosphere microbial community and particularly the proliferation of potential pathogens may contribute to the transformation of rhizosphere microenvironment from “healthy” to “diseased” (Wang et al., 2018). Simultaneously, the composition of the Fusarium community in infested, healthy and control soils was quite different, and Fusarium OTU1450 had a highly significant difference among these soils (p < 0.001). The change in the relative abundance of OTU1450 may be a sign of root rot in K. roxburghii. This pathogen was found at significantly higher levels in the rhizosphere of infected plants than that of the healthy plants. This indicated that the change in the composition of Fusarium in the rhizosphere microbial community of K. roxburghii may be the primary reason for the occurrence of root rot in this plant. Therefore, the change of microbial community in the rhizosphere soil, particularly the increase in the abundance of Fusarium indicated that there was a potential correlation between the development of root rot and K. roxburghii with different planting years.

Microbial diversity, including species composition and interspecific variation within the microbial community, reflects the richness of soil microbial life and is an indicator of soil quality and restoration potential (Liu et al., 2024b). Soil enzymes are important biological indices that reflect the material and energy metabolism and soil quality in soil. S_CAT, S_UE, S_SC and S_CL play an important role in the circulation and transformation of soil nitrogen, carbon and other nutrients and plant protection (Abay et al., 2022). There was less S_UE activity in the rhizosphere of susceptible plants than in that of the healthy plants, which was consistent with the results of previous studies (Wang et al., 2017). In this study, there was a significant correlation between the pH, AK, TK, S_CAT and the fungal community structure. Fusarium and Penicillium correlated with S_CAT, and it has been previously reported that they are the pathogens that cause root rot in K. roxburghii (Liu et al., 2023a,b). Except for S_CL, the bacterial community significantly correlated with most of the environmental factors. The soil pH has a profound influence on the chemical and physical properties of soil and is the primary factor that affects the composition of the rhizosphere soil microbial community (Dhaigude et al., 2024). In this study, the characteristics of rhizosphere microbial community of K. roxburghii root rot were identified to provide theoretical support for the prevention and control of this disease. However, the mechanism of root rot merits further study.



Conclusion

In this study, the microbial community structure of healthy and infested rhizosphere soil and unplanted soil was clarified by high-throughput sequencing. After the infection that caused root rot, there was an increase in the alpha-diversity of the fungi and bacteria in the rhizosphere soil, and the unplanted soil had the lowest amount of microbial diversity. With the increase in planting time, the fungi tended to decrease, while the bacteria tended to increase. Fungal diversity can be used as a biological indicator to measure the health of K. roxburghii. The occurrence of root rot of K. roxburghii affected the diversity, structure and composition of the fungal and bacterial communities in the soil. The change in the community composition of Fusarium may be the primary reason for the occurrence of root rot in K. roxburghii, and the change in the abundance of Fusarium OTU1450 in the rhizosphere of K. roxburghii may be a sign of the occurrence of root rot in this crop. There was a certain correlation between the soil environmental factors and the rhizosphere microbial community of K. roxburghii. Future research should focus on the resistance of the microbial community to the root rot of K. roxburghii and explore ways to improve the potential for the disease resistance and yield of K. roxburghii through the use of targeted microbial communities.



Data availability statement

The original data have been deposited into the NCBI SRA database with the accession number PRJNA981433 (fungi) and PRJNA991088 (bacteria).



Author contributions

CL: Writing – original draft, Data curation, Formal analysis, Investigation. HL: Investigation, Writing – review & editing. JD: Project administration, Writing – review & editing. XH: Resources, Writing – review & editing. LZ: Formal analysis, Writing – review & editing. BQ: Funding acquisition, Writing – review & editing.



Funding

The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This research was financially supported by the Yunnan Province Xingdian Elite Support Program; Medical service and support capacity improvement subsidy fund (part of the inheritance and development of traditional Chinese medicine) – the construction of traditional Chinese medicine processing technology inheritance base (Yunnan) (Z155080000004); and the major science and technology special program of Yunnan Province (202102AA310037; 202102AA310045-04).



Acknowledgments

We would like to thank MogoEdit (https://www.mogoedit.com) for its English editing during the preparation of this manuscript.



Conflict of interest

HL was employed by R&D Center of Yunnan Yuntianhua Co., Ltd.

The remaining 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.



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.2024.1424633/full#supplementary-material



References

 Abay, P., Gong, L., Chen, X., Luo, Y., and Wu, X. (2022). Spatiotemporal variation and correlation of soil enzyme activities and soil physicochemical properties in canopy gaps of the Tianshan Mountains, Northwest China. J. Arid. Land 14, 824–836. doi: 10.1007/s40333-022-0098-5

 Adams, R. I., Miletto, M., Taylor, J. W., and Bruns, T. D. (2013). Dispersal in microbes: fungi in indoor air are dominated by outdoor air and show dispersal limitation at short distances. ISME J. 7, 1262–1273. doi: 10.1038/ismej.2013.28 

 Barberán, A., Bates, S. T., Casamayor, E. O., and Fierer, N. (2012). Using network analysis to explore co-occurrence patterns in soil microbial communities. ISME J. 6, 343–351. doi: 10.1038/ismej.2011.119 

 Berendsen, R. L., Pieterse, C. M. J., and Bakker, P. A. H. M. (2012). The rhizosphere microbiome and plant health. Trends Plant Sci. 17, 478–486. doi: 10.1016/j.tplants.2012.04.001

 Berendsen, R. L., Vismans, G., Yu, K., Song, Y., de Jonge, R., Burgman, W. P., et al. (2018). Disease-induced assemblage of a plant-beneficial bacterial consortium. ISME J. 12, 1496–1507. doi: 10.1038/s41396-018-0093-1 

 Chaudhary, A., Chaudhary, P., Fayssal, S. A., Singh, S., Jaiswal, D. K., Tripathi, V., et al. (2024). “Exploring beneficial microbes and their multifaceted applications: an overview” in Microbial Inoculants. Interdisciplinary Biotechnological Advances. eds. P. Chaudhary and A. Chaudhary (Singapore: Springer), 1–28.

 Chen, X.-J., Pu, X.-Y., Pu, X.-M., Li, X., Liu, Z.-B., Mei, M.-J., et al. (2022). Extracts of Knoxia roxburghii (Spreng.) M. A. Rau induce apoptosis in human MCF-7 breast Cancer cells via mitochondrial pathways. Molecules 27:6435. doi: 10.3390/molecules27196435 

 Chen, S., Zhou, Y., Chen, Y., and Gu, J. (2018). Fastp: an ultra-fast all-in-one FASTQ preprocessor. Bioinformatics 34, i884–i890. doi: 10.1093/bioinformatics/bty560 

 Chittem, K., Mathew, F. M., Gregoire, M., Lamppa, R. S., and Goswami, R. S. (2015). Identification and characterization of Fusarium spp. associated with root rots of field pea in North Dakota. Eur. J. Plant Pathol. 143, 641–649. doi: 10.1007/s10658-015-0714-8

 Chouhan, U., Gamad, U., and Choudhari, J. K. (2023). Metagenomic analysis of soybean endosphere microbiome to reveal signatures of microbes for health and disease. J. Genet. Eng. Biotechnol. 21:84. doi: 10.1186/s43141-023-00535-4 

 Dai, L., Singh, S. K., Gong, H., Tang, Y., Peng, Z., Zhang, J., et al. (2022). Rhizospheric microbial consortium of Lilium lancifolium Thunb. causes lily root rot under continuous cropping system. Front. Microbiol. 13:981615. doi: 10.3389/fmicb.2022.981615 

 Dhaigude, A., Chaudhary, A., Gore, P., Kaur, J., Ghosh, A., Aravindharajan, S. T. M., et al. (2024). “Microbial inoculants for improved soil nutrient accessibility and maintenance of soil fertility” in Microbial Inoculants. Interdisciplinary Biotechnological Advances. eds. P. Chaudhary and A. Chaudhary (Singapore: Springer), 281–301.

 Dikkala, P. K., Kakarlapudi, J., Rokalla, P., Vedantam, S. K., Kaur, A., Kaur, K., et al. (2023). “Chapter 13—computational screening of phytochemicals for anti-diabetic drug discovery” in Phytochemistry, Computational Tools and Databases in Drug Discovery. eds. C. Egbuna, M. Rudrapal, and H. Tijjani (Amsterdam, The Netherlands: Elsevier Science Press), 285–311.

 Edgar, R. C. (2013). UPARSE: highly accurate OTU sequences from microbial amplicon reads. Nat. Methods 10, 996–998. doi: 10.1038/nmeth.2604 

 Gordo, S. M. C., Pinheiro, D. G., Moreira, E. C. O., Rodrigues, S. M., Poltronieri, M. C., de Lemos, O. F., et al. (2012). High-throughput sequencing of black pepper root transcriptome. BMC Plant Biol. 12:168. doi: 10.1186/1471-2229-12-168 

 Huang, W., Lu, Y., Chen, L., Sun, D., and An, Y. (2021). Impact of pesticide/fertilizer mixtures on the rhizosphere microbial community of field-grown sugarcane. 3 Biotech 11:210. doi: 10.1007/s13205-021-02770-3 

 Ji, L., Nasir, F., Tian, L., Chang, J., Sun, Y., Zhang, J., et al. (2021). Outbreaks of root rot disease in different aged American ginseng plants are associated with field microbial dynamics. Front. Microbiol. 12:676880. doi: 10.3389/fmicb.2021.676880 

 Jiao, X.-L., Zhang, X.-S., Lu, X.-H., Qin, R., Bi, Y.-M., and Gao, W.-W. (2019). Effects of maize rotation on the physicochemical properties and microbial communities of American ginseng cultivated soil. Sci. Rep. 9:8615. doi: 10.1038/s41598-019-44530-7 

 Lakshmanan, V., Selvaraj, G., and Bais, H. P. (2014). Functional soil microbiome: belowground solutions to an aboveground problem. Plant Physiol. 166, 689–700. doi: 10.1104/pp.114.245811 

 Latha, P., Anand, T., Prakasam, V., Jonathan, E. I., Paramathma, M., and Samiyappan, R. (2011). Combining Pseudomonas, Bacillus and Trichoderma strains with organic amendments and micronutrient to enhance suppression of collar and root rot disease in physic nut. Appl. Soil Ecol. 49, 215–223. doi: 10.1016/j.apsoil.2011.05.003

 Latiffah, Z., Hayati, M., Baharuddin, S., and Maziah, Z. (2010). Identification and pathogenicity of fusarium species associated with root rot and stem rot of Dendrobium. Asian J. Plant Pathol. 3, 14–21. doi: 10.3923/ajppaj.2009.14.21

 Liang, F., Jiang, X., Liu, L., Wang, F., Liu, F., Hu, S., et al. (2024). White root rot of Bletilla striata: the pathogen, biological characterization, and fungicide screening. Front. Microbiol. 15:1374137. doi: 10.3389/fmicb.2024.1374137 

 Liao, L. B., Chen, X. X., Xiang, J., Zhang, N. N., Wang, E. T., and Shi, F. S. (2022). Zanthoxylum bungeanum root-rot associated shifts in microbiomes of root endosphere, rhizosphere, and soil. Peer J. 10:e13808. doi: 10.7717/peerj.13808 

 Lin, G., Wan, D., Yang, X., Zhao, K., Zhu, Y., and Yan, Z. (2009). Characteristics of soil microbial variation during crop rotation period at cultivation area of Salvia miltiorrhiza in Zhongjiang of Sichuan province. Chin. J. Chin. Mater. Med. 34, 3184–3187 

 Liu, C., Guo, Z., Zhang, L., Dong, J., He, X., Li, H., et al. (2024a). Genome sequence of fusarium oxysporum strain ByF01, the causal agent of root rot of Knoxia roxburghii in China. BMC Genom. Data 25:59. doi: 10.1186/s12863-024-01242-w 

 Liu, Z., Liu, P., Jia, X., Cheng, Y., Dong, S., Zhao, B., et al. (2015). Effects of irrigation and fertilization on soil microbial properties in summer maize field. Chin. J. Appl. Ecol. 26, 113–121 

 Liu, C. J., Qiu, B., Zhang, L., Li, H., Dong, J. H., and He, X. H. (2023a). First report of root rot caused by fusarium oxysporum on Knoxia valerianoides in China. J. Plant Pathol. 105, 1205–1206. doi: 10.1007/s42161-023-01409-x

 Liu, C. J., Zhang, L., Li, H., Dong, J. H., He, X. H., and Qiu, B. (2023b). First report of Penicillium subrubescens causing root rot of Knoxia roxburghii in China. Plant Dis. 107:3304. doi: 10.1094/PDIS-05-23-0918-PDN

 Liu, C. J., Zhang, L., Li, H., He, X. H., Dong, J. H., and Qiu, B. (2024b). Assessing the biodiversity of rhizosphere and endophytic fungi in Knoxia valerianoides under continuous cropping conditions. BMC Microbiol. 24:195. doi: 10.1186/s12866-024-03357-7 

 Liu, C., Zhao, D., Ma, W., Guo, Y., Wang, A., Wang, Q., et al. (2016). Denitrifying sulfide removal process on high-salinity wastewaters in the presence of Halomonas sp. Appl. Microbiol. Biotechnol. 100, 1421–1426. doi: 10.1007/s00253-015-7039-6 

 Magoč, T., and Salzberg, S. L. (2011). FLASH: fast length adjustment of short reads to improve genome assemblies. Bioinformatics 27, 2957–2963. doi: 10.1093/bioinformatics/btr507 

 Mallon, C. A., Poly, F., Le Roux, X., Marring, I., van Elsas, J. D., and Salles, J. F. (2015). Resource pulses can alleviate the biodiversity-invasion relationship in soil microbial communities. Ecology 96, 915–926. doi: 10.1890/14-1001.1 

 Mendes, R., Garbeva, P., and Raaijmakers, J. M. (2013). The rhizosphere microbiome: significance of plant beneficial, plant pathogenic, and human pathogenic microorganisms. FEMS Microbiol. Rev. 37, 634–663. doi: 10.1111/1574-6976.12028 

 Noushahi, H. A., Zhu, Z., Khan, A. H., Ahmed, U., Haroon, M., Asad, M., et al. (2021). Rhizosphere microbial diversity in rhizosphere of Pinellia ternata intercropped with maize. 3 Biotech 11:469. doi: 10.1007/s13205-021-03011-3 

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

 Scherm, B., Balmas, V., Spanu, F., Pani, G., Delogu, G., Pasquali, M., et al. (2013). Fusarium culmorum: causal agent of foot and root rot and head blight on wheat: the wheat pathogen fusarium culmorum. Mol. Plant Pathol. 14, 323–341. doi: 10.1111/mpp.12011 

 Schloss, S., Westcott, S. L., Ryabin, T., Hall, J. R., Hartmann, M., Hollister, E. B., et al. (2009). Introducing mothur: open-source, platform-independent, community-supported software for describing and comparing microbial communities. Appl. Environ. Microbiol. 75, 7537–7541. doi: 10.1128/AEM.01541-09 

 Schmidt, R., Mitchell, J., and Scow, K. (2019). Cover cropping and no-till increase diversity and symbiotroph:saprotroph ratios of soil fungal communities. Pergamon 129, 99–109. doi: 10.1016/J.SOILBIO.2018.11.010

 Segata, N., Izard, J., Waldron, L., Gevers, D., Miropolsky, L., Garrett, W. S., et al. (2011). Metagenomic biomarker discovery and explanation. Genome Biol. 12:R60. doi: 10.1186/gb-2011-12-6-r60 

 Shang, Q., Yang, G., Wang, Y., Wu, X., Zhao, X., Hao, H., et al. (2016). Illumina-based analysis of the rhizosphere microbial communities associated with healthy and wilted Lanzhou lily (Lilium davidii var. unicolor) plants grown in the field. World J. Microbiol. Biotechnol. 32, 95–15. doi: 10.1007/s11274-016-2051-2 

 Song, X.-H., Wang, Y., Li, L.-Y., and Tan, J. (2017). Research on bacteria microecology in root rot rhizosphere soil of Coptis chinensis produced in Shizhu city. Chin. J. Chin. Mater. Med. 42, 1304–1311. doi: 10.19540/j.cnki.cjcmm.20170222.012 

 Stępień, Ł. (2023). Plant-pathogenic fusarium species. J. Fungi 9:13. doi: 10.3390/jof9010013 

 Tan, Y., Cui, Y., Li, H., Kuang, A., Li, X., Wei, Y., et al. (2017a). Diversity and composition of rhizospheric soil and root endogenous bacteria in Panax notoginseng during continuous cropping practices. J. Basic Microbiol. 57, 337–344. doi: 10.1002/jobm.201600464

 Tan, Y., Cui, Y., Li, H., Kuang, A., Li, X., Wei, Y., et al. (2017b). Rhizospheric soil and root endogenous fungal diversity and composition in response to continuous Panax notoginseng cropping practices. Microbiol. Res. 194, 10–19. doi: 10.1016/j.micres.2016.09.009 

 Trivedi, P., He, Z., Van Nostrand, J. D., Albrigo, G., Zhou, J., and Wang, N. (2012). Huanglongbing alters the structure and functional diversity of microbial communities associated with citrus rhizosphere. ISME J. 6, 363–383. doi: 10.1038/ismej.2011.100 

 Walsh, J. P., DesRochers, N., Renaud, J. B., Seifert, K. A., Yeung, K. K.-C., and Sumarah, M. W. (2021). Identification of N,N’,N″-triacetylfusarinine C as a key metabolite for root rot disease virulence in American ginseng. J. Ginseng Res. 45, 156–162. doi: 10.1016/j.jgr.2019.08.008

 Wang, R., Wang, Y., Yang, Q., Kang, C., and Li, M. (2018). Unraveling the characteristics of the microbial community and potential pathogens in the rhizosphere soil of Rehmannia glutinosa with root rot disease. Appl. Soil Ecol. 130, 271–279. doi: 10.1016/j.apsoil.2018.07.001

 Wang, T., Yang, K., Ma, Q., Jiang, X., Zhou, Y., Kong, D., et al. (2022). Rhizosphere microbial community diversity and function analysis of cut Chrysanthemum during continuous monocropping. Front. Microbiol. 13:801546. doi: 10.3389/fmicb.2022.801546 

 Wang, R., Zhang, H., Sun, L., Qi, G., Chen, S., and Zhao, X. (2017). Microbial community composition is related to soil biological and chemical properties and bacterial wilt outbreak. Sci. Rep. 7:343. doi: 10.1038/s41598-017-00472-6 

 Wei, Z., Yang, T., Friman, V.-P., Xu, Y., Shen, Q., and Jousset, A. (2015). Trophic network architecture of root-associated bacterial communities determines pathogen invasion and plant health. Nat. Commun. 6:8413. doi: 10.1038/ncomms9413 

 Wu, H., Hao, Z., Zeng, Y., Guo, L., Huang, L., and Chen, B. (2015). Molecular characterization of microbial communities in the rhizosphere soils and roots of diseased and healthy Panax notoginseng. Antonie Van Leeuwenhoek 108, 1059–1074. doi: 10.1007/s10482-015-0560-x 

 Xie, Y., Wang, Z., Cheng, X., Qiu, R., Hamoud, Y. A., Hong, C., et al. (2022). Dissecting the combined effects of cultivar, fertilization, and irrigation on rhizosphere bacterial communities and nitrogen productivity in rice. Sci. Total Environ. 835:155534. doi: 10.1016/j.scitotenv.2022.155534 

 Xu, J., Ou, X.-H., Jiang, W.-K., Yuan, Q.-S., Wang, Y.-H., Yang, J., et al. (2020). Effect of Gastrodiae elata-phallus impudicus sequential planting pattern on soil microbial community structure. Zhongguo Zhong Yao Za Zhi 45, 463–471. doi: 10.19540/j.cnki.cjcmm.20191204.106 

 Zhang, J., Wang, X., Huo, D., Li, W., Hu, Q., Xu, C., et al. (2016). Metagenomic approach reveals microbial diversity and predictive microbial metabolic pathways in Yucha, a traditional Li fermented food. Sci. Rep. 6:32524. doi: 10.1038/srep32524 

 Zhang, Y., Zhang, F., Jin, L., Zhang, T., Pu, X., Qiu, B., et al. (2023). A chromosome-level genome assembly of the Knoxia roxburghii (Rubiaceae). Sci Data 10:803. doi: 10.1038/s41597-023-02725-8 

 Zhou, X., Yu, G., and Wu, F. (2012). Responses of soil microbial communities in the rhizosphere of cucumber (Cucumis sativus L.) to exogenously applied p-hydroxybenzoic acid. J. Chem. Ecol. 38, 975–983. doi: 10.1007/s10886-012-0156-0 


Copyright
 © 2024 Liu, Li, Dong, He, Zhang and Qiu. 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/xhtml/Nav.xhtml




Contents





		Cover



		Structure and function of rhizosphere soil microbial communities associated with root rot of Knoxia roxburghii



		Introduction



		Materials and methods



		Sample collection



		Soil physicochemical properties and enzyme activities



		DNA extraction, PCR amplification, and sequencing



		Data processing and statistical analysis









		Results



		Composition and alpha-diversity of the rhizosphere microorganisms



		Structure of the microbial communities



		Correlation between soil properties, enzyme activity, and the microbial communities



		Prediction of the microbial community function









		Discussion



		Conclusion



		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		Supplementary material



		References



















OPS/images/fmicb-15-1424633-g011.jpg
COG function lassifcation

Kruskal-Wallis H test bar plot

* 001622

<o

0051152253 354455
% i Proportions(%)

B





OPS/images/fmicb-15-1424633-g010.jpg
W
o
I i P D S Epye by P S oS
I i g P oo g
N Entopbytc Lt S-S S fid Sprorgh
W Fong P Uit Sy
1 i P Exdopyte Lchen PP P oot od S
Wi
W il Paboge Uend S
Fungal Pasic st Pthoge- Pt S
[ [
I sl Paboge gyt Pt Poge Uk S
Wit
W iy s s
N D S o Sy
N i g by P e P Wk Syt
I il Patboge byt Fngl s s PeingnWo St
W i P gt
™

Kruskal- Wallls H test bar plot






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

Structure and function of
rhizosphere soil microbial
communities associated with root
rot of Knoxia roxburghii












OPS/images/crossmark.jpg
©

2

i

|






OPS/images/logo.jpg
’ frontiers Frontiersin Microbiology






OPS/images/fmicb-15-1424633-g005.jpg
035, 02
03 015
025 &
0z

005
015
01 0
goos 005
I o1 7
005 015
01 s
015

025
02
025 w3 .
0% siross 0099, R=0.7078, P=0.001000| <035 i siess 0,063, R=07166, P=0.001000

o1 oz o3 os

04 035 03 025 02 015 01 005 0 05 01 035 02 035 03 04 O3 oz 41 0
'NMDS1 NMDS1





OPS/images/fmicb-15-1424633-g006.jpg
5 7
Mean proportion(%)

1o

B3

3 35
Mean proportion(%)






OPS/images/fmicb-15-1424633-g003.jpg
Percent of community abundance on Phylum level

08+

06+

0.4

02

.

P

°

Q.

B

%,
Mo
.

B

°

M Ascomycota

i Basidiomycota

M Mortierellomycota

W Olpidiomycota

9 unclassified_k_Fungi
I Chytridiomycota

¥ others

Percent of community abundance on Phylum level

bl

08+

06+

0.4

02+

B 2 B E mimmone
I Proteobacteria
W Chiorofiexi
Ml Acidobacteriota
W Gemmatimonadota
M Firmicutes
1% Myxococcota
M Bacteroidota
M Methylomirabilota

Vemcamiobion

M others

§ & E
PR )





OPS/images/fmicb-15-1424633-g004.jpg
Percent of community abundance on Genus level

W unctassificd_£_Didymeliacese
W Morticrella
W Fusariom
W Soicoccozyma
Wom
W Peiciliom
1 Sutozyma
Opidiam
W Gibberelta
W wcassiiod p_Ascomycota

ctomium

Percent of community abundance on Genus level

Wnorank_{_norank_o_Vicinamibacterales
Mo
W Arhvobactr

W Sphingomonas

emmatimonadaceae

W norank_{_norank_o_Gaiellales

W rorank_{_Vicimamibocteraceae

1 nomank_{_Roseilexa
norank_{_norank_o_norank_¢_KD4-96

W Gemmatimoras

W orank_{_IG30-KF-CM4S






OPS/images/fmicb-15-1424633-g009.jpg
! B | e — B
pe - N BN R s Y .

[P — l*”
"HE EE '






OPS/images/fmicb-15-1424633-g007.jpg
Community heatmap analysis on OTU level

sross 0031, R=0.2384,P=0.001000
G o a1 oz 03 o4 o5

NMDS1
Phylogenstic ee on OTU level






OPS/images/fmicb-15-1424633-g008.jpg
RDA on Genus level

RDA on Genus level

120- ® sck 40
b
100 4 so
e W
W g
= 20.
W
" .
£ 2
3 4
g §°
g H
)
-60- -20-
2
:
5
. w
b S | o R R
'RDA1(34.51%)

EE )
RDA1(26.89%)

“aere





OPS/images/fmicb-15-1424633-g001.jpg
Rarefaction curves.

o, s
. e
S0

i o Keie Sl





OPS/images/fmicb-15-1424633-g002.jpg
Rarefaction curves

0. o
s
500
swe
S0

o

L T T TR T T T TR O TR N

Nomber of Reads Sampled.





