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Plant health is closely related to the soil, where microorganisms play a critical and unique role. For instance, Paeonia suffruticosa is an emerging woody oil crop in China with attractive development and utilization prospects. However, black root rot causes wilting of the aboveground plant parts, which significantly affected its seed yield and quality. Studies found that soil microorganisms are critical in maintaining plant health, but how changes in the soil microbial communities affect the healthy and diseased oil peony is unclear. Therefore, our present study used high throughput sequencing and BIOLOG to analyze the rhizosphere soil microbial communities of healthy and diseased oil peonies. Our results revealed that the physical and chemical properties of the soil of the diseased plants had changed, with the ability to metabolize the carbon source being enhanced. Moreover, our research highlighted that the oil peony-infecting fungal pathogenic genus (Fusarium, Cylindrocarpon, and Neocosmospora) was closely associated with oil peony yield reduction and disease aggravation. Further network analysis demonstrated that the bacterial and fungal networks of the diseased plants were more complex than those of the healthy plants. Finally, the inter-kingdom network among the diseased plants further indicated that the lesions destroyed the network and increased the intraspecific correlation between the fungal groups.
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Introduction

Oil peony, a unique new woody oil crop in China, is among the world’s top woody oil tree species, which includes olive, Camellia oleifera, and oil palm. The peony seed oil contains up to 92.26% unsaturated fatty acids, with over 42% α-linolenic acid, also known as “blood nutrients” (Cheffi et al., 2019). The Fusarium species complex often causes root rot, a classical soil-borne disease that attacks many economically important crops, including potato and camellia (Kendrick, 2003; Dugan et al., 2010; Hernandez et al., 2021). Root rot in oil peony is caused by Fusarium solani. At the disease onset, the pathogen enters the plant through the roots, then expands to the medulla, followed by the scattered fleshy roots, and even infects the entire root, thereby finally causing severe production losses annually.

Various soil biochemical factors affect the growth and survival of soil pathogens and the plant’s nutrient availability. Among them, soil microorganisms are crucial factors for plants and pathogens, since they are critical in regulating soil fertility, nutrient cycling, promoting plant health, and protecting plants from diseases (Lauber et al., 2008; Faoro et al., 2010; Rousk et al., 2010). Microbiota associated with the host plant, especially their roots, determines the soil-borne pathogen’s infection capability. Thus, assembling a self-serving rhizosphere microbiota is vital for both plants and pathogens. Plants recruit beneficial microbes to stimulate plant growth, elicit plant systemic defense, and attack pathogens. When pathogens invade plants and cause diseases, the original rhizosphere microecological balance is disturbed, subsequently changing the soil properties, microbial community structure, and metabolic functions (Li et al., 2010; Jaffuel et al., 2016; Mueller et al., 2016). Microbial community composition is primarily influenced by the cooperative and competitive interactions among the numerous microbial members that help maintain plant health (van der Heijden et al., 2016; Duran et al., 2018). Currently, the co-occurrence networks are widely used in inferring potential microbial interactions (De et al., 2018; Hernandez et al., 2021). The uniformity and complexity of the networks have been shown to be critical for stable host–microbial interactions (Wang et al., 2021).

Such an analysis is vital, as a balanced microbiome is crucial for the health of humans, plants, and the environment, while diseases are often associated with microbial dysbiosis (Hooks et al., 2017). Compared to healthy individuals, communities with microbial imbalances have more significant differences in their composition. Additionally, high microbial diversity and stable community composition have significant effects on the prevention of pathogen invasion and establishment (Ning et al., 2011), counteract the pathogen growth (Yuan et al., 2012), competition with pathogens for nutrients (Weller et al., 2002), direct promotion of plant growth (Langfelder and Horvath, 2007), and modulation of host immunity. Therefore, understanding the soil microbial composition of the rhizosphere is the key to understanding the spread of soil-borne diseases. Nevertheless, our current understanding of the potential interactions within the complex plant-associated microbiomes and their response to pathogen invasion still remains limited.

Therefore, this study evaluated the characteristics and differences between the diseased and healthy plants, including the soil’s physicochemical properties and the microbial community. In this study, we hypothesized: (1) soil properties are correlated with the soil microbial community and root rot, and (2) soil microbial community is altered in the root rot infected soils. For this purpose, we employed the BIOLOG and Illumina Miseq high-throughput sequencing technologies to compare the rhizosphere soil microbial communities of the healthy and diseased oil peony plants in different regions, thus providing theoretical support for the biological control of the oil peony root rot disease.



Materials and methods


Sample selection and physiochemical soil properties

All samples were collected from the main oil peony plant bases in Shanxi Province, China, at Wuxiang (112°51′56″ E, 36°50′40″ N), Xiangyuan (11258′15″ E, 36°27′42″ N), and Huguan (113°11′56″ E, 36°7′24″ N) (Supplementary Figure 1). The three oil peony planting bases were empty farmland before the planting of oil peony began in the last five years. Fertilization, weeding, and other daily management measures remained the same. The oil peony cultivar used was P. suffruticosa, and mature peonies were sampled at all sites. At each site, healthy plants not only referred to the above-ground plant growth being good and consistent without leaf wilting but also having an underground fleshy root surface without black spots. Accordingly, the diseased plants referred to the noticeable wilting and death of the aboveground parts, i.e., yellowing and wilting of the leaves, along with the blackening of the underground fleshy roots. Three replicates of each of the healthy and diseased plants were collected from three different plots (20 m × 20 m) at each site. From each plot, soil samples were randomly collected using the five-point sampling method. Soils of the same type collected from the same plot were thoroughly mixed into one sample. Rhizosphere soil (defined as the soil that adheres to the root) was collected from the roots through manual shaking. Soil samples were put into labeled self-sealing bags and transported to the laboratory to determine their physical and chemical properties. Each soil sample was ground, sieved through a 2-mm sieve, and divided into three portions for further processing, i.e., stored in a 4°C refrigerator for BIOLOG, air-dried for chemical property analysis, and stored at −80°C for DNA extraction. Samples were marked with letters and numbers as follows: H1: healthy plants in Wuxiang; D1: diseased plants in Wuxiang; H2: healthy plants in Xiangyuan; D2: diseased plants in Xiangyuan; H3: healthy plants in Huguan; D3: diseased plants in Huguan.



Physical and chemical properties of soil

The soil’s physicochemical parameters were measured according to the oven dry-weight method, which helped estimate the soil moisture content. Then soil pH was determined using a glass electrode meter (Sartorius PB-10) in a suspension of 1 g of soil in 5mL of distilled water. Available P (AP) was extracted using sodium bicarbonate and subsequently measured by the molybdenum blue method. The available K (AK) was determined by flame photometry (Wu et al., 2016; Xia et al., 2016), while the available N (AN) was determined using potassium persulfate oxidation. The organic matter (OM) content was determined as described previously (Inclán et al., 2015; Restrepo et al., 2015).



DNA extraction, polymerase chain reaction amplification, sequencing analysis

Total genomic DNA was extracted directly from these samples using the FastDNA® spin kit according to the manufacturer’s protocol (MP Bio, Santa Ana, United States). DNA concentrations were then determined using a NanoDrop ND-2000 UV–vis spectrophotometer (Thermo Scientific, Wilmington, United States). The DNA’s integrity was assessed via 1% agarose gel electrophoresis. The bacterial 16S rRNA gene’s V3-V4 hypervariable regions were amplified using the 341F (5′-CCTAYGGGRBGCASCAG-3′) and 806R (5′-GGACTACNNGGGTATCTAAT-3′) primers. To amplify the fungal ITS sequences, the primers ITS1-F (5′-GGAAGTAAAAGT CGTAACAAGG-3′) and ITS1-R (5′-GCTGCGTTCTTCATCGATGC-3′) were used. Polymerase chain reaction (PCR) reaction system was as follows: Phusion Master Mix (2×) 15 μl; Primer (2 μm) 3 μL; 10 μl template DNA; H2O 2 μL, total 30 μl. Reaction procedure: pre-denaturation at 98 °C for 1 min; The 30 cycles included (98 °C, 10 s; 50 °C, 30 s; 72 °C, 30 s); It was then extended for 5 min at 72 °C. 16S rRNA and ITS rRNA tag-encoded high-throughput sequencing were carried out on the Illumina MiSeq platform (Novogene, Beijing, China). Pairs of reads from the original DNA fragments were merged based on the previously described method, with sequencing reads being assigned to each sample according to the unique barcode. Sequences were analyzed through the QIIME software package (Quantitative Insights into Microbial Ecology) and the UPARSE pipeline. The reads were first filtered using the QIIME quality filters while using the default settings for Illumina processing in QIIME. Then the UPARSE pipeline was utilized to detect the operational taxonomic units (OTUs) at 97% similarity. For each OTU, a representative sequence was selected and used to assign taxonomic composition employing the RDP classifier.



Microbial metabolic function

The functional diversity of the soil microbial communities was estimated using the BIOLOG method. EcoPlates were used for the BIOLOG assay to determine the microbial carbon source utilization profile. One gram of fresh rhizosphere soil from around diseased or healthy plants was mixed with 99 ml of 0.85% sterile NaCl solution, then shaken for 30 min on a reciprocal shaker. Then, 150 μL of the solution was added into each well of the EcoPlate with 31 carbon sources and incubated in darkness at 25°C. Plates were read every 24 h at 590 nm with a total time of up to 168 h. Average chromogenic development (AWCD) was used to evaluate the carbon source utilization capacity of microbial communities in the rhizosphere soil samples of healthy and diseased plants. The utilization of 31 carbon sources by the microbes in each sample was measured as described previously, and a principal coordinate analysis (PCoA) was used to detect the time-course of substrate utilization in healthy and diseased rhizosphere samples.



Statistical analyses

The original data obtained by sequencing were spliced and filtered to obtain valuable clustered data. The operational taxonomic unit (OTU) was clustered under 97% similarity to calculate the number, annotate species, and obtain taxonomic information. The Alpha diversity indices (Chao1 index, Shannon index, and Simpson index) and the Goods-coverage index were calculated using Qiime software, while the taxonomic differences between the groups were compared utilizing the least-significant-difference (LSD) test with t-test adjustment. The statistical significance was p = 0.05 and heat maps were generated using custom R (version 3.2.5). Redundancy analysis (RDA) using the vegan package R (version 3.2.5) analyzed the relationships between microbial community structure, microbial species, and environmental variables.



Network analysis

A network of OTU levels between the fungi and bacteria was constructed using rhizosphere microorganisms from both healthy and diseased plants to evaluate the complexity of the interactions between microbial taxa. Using the Spearman correlation analysis (SparCC), a tool for estimating correlation values from component data, the SparCC correlation with statistical significance (P > 0.05) was included in the network analysis. Nodes in the reconstructed network represent gate-level classification units, while edges represent significant positive or negative correlations between the nodes. The corresponding network graph relies on node number, edge number, modularity, community number, average node connectivity, average path length, diameter, and cumulative degree distribution. The data co-occurrence analysis used the psych package in R 3.5.2, while visualization and attribute measurement employed the Gephi computing network. The hub taxa per network were identified as within and among module connectivity, while the network stability was measured by the proportion of negative or positive correlations and modularity.




Results


Physical and chemical properties of soil

The physical and chemical properties of the soil are presented in Table 1. The ANOVA analysis revealed a difference between the healthy and diseased soils, where the soil’s AK, AP, and OM decreased significantly in the diseased soils as compared to the healthy soils. AN also showed a decreasing trend but with no significant difference. Compared with the healthy soil, pH and water content did not show any trend changes. Finally, the correlation analysis highlighted that AK was significantly positively correlated with OM (0.82) and AP (0.66) (Supplementary Figure 2).


TABLE 1    Physicochemical parameters of the soil samples.
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Soil microbial diversity

We assigned all raw sequence data to each sample based on their barcode sequence. We obtained 1184901 bacterial 16S rRNA and 1270956 fungal ITS high-quality reads from 18 samples, sorted into 3904 and 2872 bacterial fungal OTUs. The rarefaction curve indicated that most microorganisms were detected in the samples. We used the Shannon, Simpson, and Chao 1 indices to evaluate and compare the diversity and richness of bacterial communities among different soil samples (Figure 1). The results revealed no significant difference between the healthy and diseased soil. However, the differences in the soil’s microbial diversity at different sampling points were evident, with the overall effect of the diseased soil on microbial diversity and richness being non-significant.
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FIGURE 1
Microbial alpha diversity. The α-diversity indices of soil bacterial (A) and fungal (B) communities in the soils of healthy and diseased oil peony, Chao1 index for calculating bacterial abundance, Shannon index, and Simpson index for calculating bacterial diversity, respectively.




Soil microbial community composition and structure analysis

When grouping the OTUs at the phylum level of bacteria, we found that the diseased plants had more bacterial phyla, whereas healthy plants had a greater number of fungal phyla, with no significant differences between the diseased and healthy soils (Supplementary Figure 3). Proteobacteria, Actinobacteria, Acidobacteria, Bacteroidetes, Chloroflexi, and Firmicutes were the dominant phyla existing in all the samples, with Proteobacteria being the most dominant phylum accounting for 45.36% (H1), 43.12% (H2), and 28.49% (H3) in the healthy soils and 40.73% (D1), 44.13% (D2), and 51.38% (D3) in the diseased soils. Similarly, we observed no significant difference among the fungi at the phylum level between the healthy and diseased soils. For the fungi, Ascomycetes, Balloonomycetes, Basidiomycetes, and Mortierella, were the dominant phyla across all samples, with Ascomycota being the most dominant phylum accounting for 24.80% (H1), 25.82% (H2), and 41.45% (H3) in healthy soils and 38.49% (D1), 32.34% (D2), and 46.31% (D3) in diseased soils.

We further explored the microbial community at the genus level and found differences in the microbial community structure in the healthy and diseased soils from different regions through the t-test (Figure 2). The abundances of thirty bacterial genera and six fungal genera were significantly different between the healthy and diseased soils (p < 0.05), as indicated by the t-test. Twenty-six bacterial genera were more abundant in the diseased soils, with bacterial genera like Marmoricola, Polycyclovorans, Pseudoduganella, and Geodermatophilus being more abundant in the healthy soils. Moreover, fungal genera like Chaetomium, Geomyces, and Stephanonectria were abundant in the healthy soil, while Fusarium, Cylindrocarpon, Neocosmospora were abundant in the diseased soil. Among them, Fusarium showed significant differences between diseased and healthy plant soils (p < 0.01).
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FIGURE 2
The difference in the relative abundance of bacteria (A) and fungi (B) between healthy and diseased plants was calculated, and the t-test was used to calculate the P-value (P < 0.05). H and D refer to healthy and diseased plant soil.




Relationship between microbial community and environmental variables

Redundancy analysis showed that the microbial community structure was affected by the plants’ health and soil properties (Figure 3). The microbial community structure in H1, H2, and H3 was correlated with AK, AP, and OM, while the microbial community structure in D1, D2, and D3 was correlated with pH. The redundancy analysis highlighted that the first and second components explained 35.74% and 26.85% of the total bacterial and total fungal variations, respectively. In the bacterial communities, the soil OM, AP, and AK were positively correlated with Pseudarthrobacter, Marmoricola, and Pseudomonas and were negatively correlated with Dongia, Sphingomonas Acidobacteria, Gaiella, Nocardioides, Lysobacter, and Nocardioides. With respect to the fungal communities, the soil OM, AP, and AK were positively correlated with Trichocladium, Mortierella, Aspergillus, Solicoccozyma, and Preussia, while being negatively correlated with Fusarium, Gibberella, Dactylonectria, Neonectria, and Neocosmospora. Thus, the soil properties, especially the available nutrients, highly influence the community structure of soil microbes.
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FIGURE 3
Redundancy analysis of abundant bacterial (A) and fungal (B) genus and soil properties for healthy and diseased samples from three sampling areas. The“H1,” “H2,” and “H3” refer to the three healthy soils. The “D1,” “D2,” and “D3” refer to the three diseased soils, respectively.




Microbial metabolic function

We also analyzed the average absorbance of soil microorganisms and found that the carbon source utilization rate in the samples increased with time, with the carbon source targeted metabolic ability of diseased plants being higher than that of the healthy plants. After principal component analysis (PCA) of the AWCD value of the soil samples, the microbial flora of healthy and diseased soils showed a separated state of carbon substrate utilization, thus indicating the differences in microbial communities between the healthy and diseased soil samples. Upon comparing the utilization rates of six different functional groups (carbohydrates, amino acids, carboxylic acids, multipolymer, amines/amides, and phenolic compounds) by microorganisms (Figure 4A), we found that the utilization rate of carbohydrates by microbial communities in diseased soil was significantly higher than those in healthy soil. Additionally, although the amino acid utilization rate in soil microbial communities increased, there was no significant difference in the utilization rate of the other carbon sources. Furthermore, the thermal diagram (Figure 4B) indicates that in all samples, the substrate D-Xylose, i-Erythritol, L-Arginine, L-Asparagine, L-Phenylalanine, L-Serine, Tween 40, Tween 80, Phenylethyl-amine, and Putrescine were metabolized rapidly in diseased soil. The substrates, including D-Cellobiose, Glucose-1-Phosphate, D-Glucosaminic, D-Galacturonic, D-Malic Acid, and α−Cyclodextrin presented high utilization rates in healthy soils. The significant differences in the carbon substrate utilization patterns between the healthy and diseased soil communities involved L-Asparagine and phenylethyl-amine, with high and low utilization in the diseased and healthy samples, respectively.
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FIGURE 4
Six groups carbon source utilization rates of soil microorganisms of healthy and diseased oil peony (A). Differences in utilization of 31 carbon sources by soil microorganisms (B). The “D1,” “D2,” and “D3” refer to the three diseased soils, respectively.




Co-occurrence network analysis

To investigate how the disease affected the community structure of the peony microbiome, we performed a co-occurrence network analysis to explore the connection complexity within the rhizosphere microbiomes of both healthy and diseased soils (Figure 5). We also analyzed the bacteria–bacteria (BB), fungi–fungi (FF) intra-kingdom networks, along with the bacteria–fungi (BF) inter-kingdom networks. Based on the intra-kingdom network analysis (Figure 5A), we observed a higher proportion of negative edges and modularity in the fungal networks (proportion of negative edges/modularity: 27.2%/0.49 and 31.4%/0.41 in the healthy and diseased soils, respectively) than in the bacterial networks (proportion of negative edges/modularity: 0.67%/0.486 and 16.6%/0.495 in healthy and diseased soils, respectively). Furthermore, based on the number of nodes and edges, the network in diseased soil was more complex than in the healthy soil. The inter-kingdom co-occurrence networks further indicated that diseases destabilized the network and increased the intra-kingdom correlations among the fungal taxa (Figure 5C). The proportion of negative edges and modularity were higher in the diseased networks (proportion of negative edges/modularity: 38.2%/0.431) than in the healthy networks (proportion of negative edges/modularity: 21.1%/0.524) (Figure 5B). The BF inter-kingdom correlations were primarily negative (58.0% and 57.3% in the healthy and diseased networks, respectively), while negative correlations dominated the intra-kingdom correlations (93.0% BB and 72.8% FF in the healthy plants network, and 60.0% BB and 68.6% FF in the diseased network) (Figure 5D). The top-10 hub taxa were six bacteria and four fungi, and they were the same in both the healthy and diseased networks.
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FIGURE 5
Co-occurrence networks. Intra-kingdom co-occurrence networks (A). The nodes are colored according to bacterial phylum and fungal phylum. Node size indicates the degree of connection. Edge color represents positive (green) and negative (red) correlations. Number of positive and negative edges of bacterial and fungal groups in health and disease networks (C). Interkingdom co-occurrence networks (B) contained both bacterial and fungal taxa. Number of bacterial–bacterial (BB), bacterial–fungal (BF), and fungal–fungal (FF) correlations in the healthy and diseased networks. Green and red colors of the edges and column indicate positive and negative correlations, respectively (D).


The topological roles of the nodes were defined by the within-module connectivity (Zi) and among-module connectivity (Pi). In all networks (Supplementary Figure 4), we found that 4.6% of the nodes were connectors (37 nodes), while 0.3% were module hubs (three nodes). Although we found no network hub in the four networks, the diseased network had more hubs (12 connectors in the bacterial network and nine connectors and one module hub in the fungal network) than the healthy network (eight connectors in the bacterial network and eight connectors and two module hubs in the fungal network). For the bacterial communities, the eight connectors in the healthy network belonged to Lechevalieria, Stenotrophomonas, Rhodoplanes, and Nocardioides, respectively. However, the 12 connectors in the healthy network belonged to Reyranella, Sphingomonas, and Bradyrhizobium, respectively. Regarding the fungal communities, Solicoccozyma and Acremonium were present in the diseased networks, while Chaetomium was in both the healthy and diseased networks.




Discussion


Effects of plant diseases on physical and chemical factors of soils

Microbes affect the growth of crops by affecting the soil’s physical and chemical properties, and consequently the vital transportation of nutrients needed for their cultivation (Jiang et al., 2017). The reduction in AK, AP, and OM decreased the soil quality and weakened plant resistance to pathogens (Janvier et al., 2007).

We analyzed the physicochemical properties of the rhizosphere soil of diseased and healthy plants in three areas. Compared to the healthy soils, the microorganisms in the root rot soil had higher carbon utilization ability, thereby potentially decreasing the OM content. The OM content and available nutrients were significantly decreased in the diseased soils, thus affecting the plant and soil microorganisms on soil nutrient utilization. Root rot actually increased the carbon source utilization capacity of plants, and the reduction of soil OM accelerated the occurrence of root rot, thus resulting in an inevitable vicious cycle that deepens the plants’ susceptibility.



Changes in the microbial composition of diseased plants

This study presented no significant difference in bacteria and fungi between the diseased and healthy soils according to the phylum level’s diversity, richness index of the rhizosphere microorganisms, and OTUs. This result follows the results of previous studies (Jumpponen and Jones, 2010; Xu et al., 2012). We conducted further studies at the genus level, and upon comparing the diseased and healthy soils, we observed differences in the rhizosphere’s resident bacterial and fungal genera. These microbial genera may be the key genera to inhibit or aggravate the occurrence of root rot. In this study, we found abundant fungal OTUs belonging to Fusarium. The proportion of Fusarium in the diseased soils of D1, D2, and D3 increased by 3.38%, 1.15%, and 9.76%, respectively, as compared to healthy soils. Following our previous study results, Fusarium is the oil peony’s root rot pathogen (Liushuang, 2020). Moreover, sequencing results also showed that the number of Fusarium in the diseased soil was significantly higher than in the healthy soil. This study showed that the relative abundance of Cylindrocarpon and Neocosmospora in the fungal groups in diseased soil was significantly higher than in the healthy soil (Figure 3B). Furthermore, Cylindrocarpon and Neocosmospora were also the pathogenic genera in the soil of the root rot-infected plants. For example, Cylindrocarpon can cause peanut root rot (Caputo et al., 2015; Chojak-Koniewska et al., 2017). The relative abundance of Chaetomium is high in the healthy soil, and Chaetomium has been reported to produce antibiotics like chitin to inhibit the growth of pathogens, thus acting as an antagonistic fungus in the root rot soil (Pangesti et al., 2017). The significantly increased Mycobacterium and Promicromonospora in the soil of the root rot plants were bacteria related to OM degradation (Jin et al., 2018; Baranowski et al., 2019). Dongia, Ohtaekwangia, Reyranella, and other nutrient cycling-related bacteria also showed an increasing trend in the diseased plant soil (Piubeli et al., 2019; Sun et al., 2020; Zhang et al., 2020). The increase of these bacteria accelerated the degradation of soil nutrients, thus decreasing the soil nutrient content.



Relationship between the available nutrient content and plant diseases

Soil microorganisms not only mutually affect each other but also interact with the surrounding environment. Increasing evidence indicated that root exudates initiate and modulate the dialog between the plants and soil microbes comprising both pathogenic and beneficial microbes (Zhao et al., 2016). Plants attract beneficial microbes by emitting volatile organic compounds or modifying the synthesis and secretion of particular root exudates (Berendsen et al., 2018; Jun et al., 2018; Liu et al., 2019; Gao et al., 2021). After planting oil peony for 5 years, the characteristics of the rhizosphere soil changes due to the shifting of the root exudates’ features because of the oil peony physiological change. This may systemically affect interactions between the plants and microbes via alteration of the microbial community structure. Therefore, our study aims to further understand the microbial activity mechanism and, through redundancy analysis, show a significant correlation between the soil properties and microbial community structure, which was affected by the OM and available nutrients in the diseased soil. Since the abundance of Stenotrophomonas, Lysobacter, Nocardioides, Gaiella, and Sphingomonas were negatively correlated with OM and the available nutrients, and root rot reduced the soil OM and the available nutrient content, we inferred that these bacteria might accelerate the soil’s carbon cycle. The abundance of Marmoricolam was positively correlated with both OM and the available nutrient content, and Marmoricola was also believed to improve the antifungal activity of the soil. Regarding fungi, redundancy analysis results indicated that the abundance of the Fusarium was negatively correlated with both OM and the available nutrients. Therefore, future studies can focus on controlling the content of the pathogenic Fusarium by manipulating the content of the organic compounds and available nutrients.



The carbon metabolism of diseased plants increased

The BIOLOG ECO microplate technology can competently describe the metabolic functions of the microbial communities, especially for the environmental microorganisms (Choi and Dobbs, 1999). AWCD is related to the number and species of microbiota that utilize the single carbon source in a soil microbial community, thus reflecting their overall capacity to utilize the carbon source (Choi and Dobbs, 1999; De Gens et al., 2000). In this experiment, the AWCD of the soil microbes from the healthy and diseased plants exhibited the conventional microbial growth curve (from the adaptation to the stable phase), thereby presenting an increase during the culture time and being consistent with the previous studies (Kong et al., 2006; Wang et al., 2018). The growth curve showed that the higher the AWCD value, the higher the soil microbial metabolic activity (Wang et al., 2011). The diseased plants had higher AWCD values than the healthy plants. Thus, both the soil microbial activity and metabolic ability of the diseased plants were higher than the healthy plants. The pathogenic invasion of these plants altered the microbial community structure, which consequently increased their carbon source utilization, and this reduced the bioavailability of nutrients in plants, thereby aggravating the disease (Lan et al., 2019). In this study, the soil microbial metabolism enhancement may be related to the increase in specific microbial groups that can utilize carbohydrates and carboxylic acids. Additionally, plants release phenolic acids into the soil via aboveground leaching, root secretion, and plant residue decomposition. This directly affects the soil’s nutrient status, while indirectly affecting the plant growth by regulating soil microbial activity. In this study, the increase in metabolic capacity may also be due to the release of substances from the root post root rot infection and plant wilting, which causes more leaves to enter the soil, thus providing more carbon sources for soil microorganisms. The utilization rate analysis of the six carbon sources highlighted that the carbohydrate utilization ability of the soil microorganisms to in the root rot-infected oil peony root zone was significantly improved. This may be related to the increased abundance of related microbial taxa, e.g., Dongia, Ohtaekwangia, and Reyranella, in the root zone soil, which have been previously reported to degrade carbohydrates. Furthermore, this may be due to the root necrosis caused by root rot, which causes root organic components like sugars, organic acids, and amino acids to enter the soil, which may selectively increase the related microbial groups.



Changes in microbial community structure of diseased plants

Cooperative and competitive interactions among the microbial species and network modularity can affect the community stability (Faust K; Coyte et al., 2015). In this study, fungal networks and their central taxa in healthy and diseased plants have more negative correlations than the bacterial networks. Mutual negative interactions indicate that ecological competition can reduce the stability of the microbial communities by inhibiting cooperation (Coyte et al., 2015). Therefore, the host may reduce its resistance to external stress due to microbial competition (Wagg et al., 2019). In stark contrast to bacterial communities, pathogen invasion affected the fungal communities more, probably due to enhanced positive intra-kingdom correlations we observed among the fungal taxa in diseased networks as compared to the healthy ones. Furthermore, lower modularity in the diseased fungal network may exacerbate the destabilizing effect due to the higher prevalence of cross-module correlations among the taxa (Grilli et al., 2016; Hernandez et al., 2021).

Many positive and negative correlations in the fungal network showed that the fungal community was more sensitive to diseased plants than the bacterial community.

Our results indicated that the diseased plants decreased the bacterial network complexity, but increased the fungal network complexity. The contrasting pattern of these networks parallels recent observation based on the macroecological soil patterns of Fusarium wilt (Yuan et al., 2020). Previous studies demonstrated the importance of the network complexity (Wagg et al., 2019) and hub taxa (Toju et al., 2018; Yu et al., 2020) in supporting the ecosystem functions. The fungal connectivity, mainly belonging to the intra-kingdom cooperative interactions, increased in the diseased soil, thus inducing the ecological importance of the fungal taxa. Additionally, we found dominating cooperative correlations within each microbial kingdom, but the competitive correlations dominated between the bacteria and fungi, since both the bacteria and fungi typically compete for similar plant-derived substrates (De et al., 2010).

Network hubs are the essential microorganisms in the microbial network (Qi et al., 2019). More network hubs, like keystone taxa, possibly made more frequent exchanges of materials and information among the microbial species in the diseased network than in the healthy network. Deciphering the network hub is critical for harnessing the plant microbiome to enhance the plant’s growth and health (Toju et al., 2018; Trivedi et al., 2020). Indeed, we found that several potential beneficial bacteria, like Reyranella, Sphingomonas, and Bradyrhizobium, were enriched in the diseased plants. We also identified them as the core taxa, i.e., present in all samples in the plant microbiomes. Nevertheless, previous studies showed that Reyranella, Sphingomonas, and Bradyrhizobium colonized plant rhizosphere and were vital for modulating the host performance, especially in suppressing plant pathogen (Zhang et al., 2020; Matsumoto et al., 2021). Therefore, our results indicated that the host plant might selectively regulate the community abundance of some core taxa under pathogen stress. Furthermore, we found that several fungal taxa, like Solicoccozyma and Chaetomium, were enriched in the diseased plants and identified as hub taxa in the co-occurrence networks, thereby having an antagonistic effect on the pathogens (Pangesti et al., 2017; Stosiek et al., 2019).




Conclusion

This study highlighted the significant differences in the rhizosphere microbial community structures between the healthy and diseased oil peony plants. After pathogen invasion, the increase of bacteria related to nutrient cycling in soil, such as Dongia, Ohtaekwangia, Reyranella, etc., the decrease of antagonistic bacteria and fungi, like Chaetomium, Marmoricola, etc., and the increase of pathogenic fungi, like Cylindrocarpon and Neocosmospora, caused the imbalance of soil microbial community structure and eventually led to plant root rot. The soil’s physical and chemical properties changes and the modified carbon source utilization also indirectly indicated the changes in the rhizosphere microbial communities of the root rot plants. Moreover, the network’s diagram complexity and some parameters indicated that the rhizosphere microbial community had indeed changed. Given that oil peony is economically important and root rot has always been a serious concern, future studies can use our study results to screen antagonistic bacteria against root rot through the study of rhizosphere microorganisms of root rot plants. They can then use its interaction with other microorganisms in the network diagram to synthesize bacterial agents that can treat oil peony root rot, and also provide methods for biological control of oil peony root rot.
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All data are presented as the mean =+ SE. Different lowercase letters in the same column indicate significant (p < 0.05) differences between the healthy and diseased soils. H1, healthy
plants in Wuxiang; D1, diseased plants in Wuxiang; H2, healthy plants in Xiangyuan; D2, diseased plants in Xiangyuan; H3, healthy plants in Huguan; D3, diseased plants in Huguan.





