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Rhizosphere soil microorganisms have great agricultural importance. To explore the relationship between rhizosphere microorganisms and the disease incidence, and to optimize the concentration of difenoconazole fungicide for the control of wheat dwarf bunt, caused by Tilletia controversa Kühn, the rhizosphere microorganisms were characterized based on sequencing methods. We found that the disease incidence correlated with the relative abundance of some microbial communities, such as Acidobacteria, Nocardioides, Roseiflexaceae, Pyrinomonadaceae, and Gemmatimonadaceae. Actinobacteria showed significant differences in the infected soils when compared to the control soils, and the relative abundance of Acidobacteria, Pyrinomonadaceae, Gemmatimonadaceae, and Saccharimonadales populations was distinctly higher in the T. controversa-inoculated group than in the control group. The members of Dehalococcoidia, Nitrosomonadaceae, and Thermomicrobiales were found only in T. controversa-inoculated soils, and these taxa may have potential effects against the pathogen and contribute to disease control of wheat dwarf bunt. In addition, for T. controversa-infected plants, the soil treated with difenoconazole showed a high relative abundance of Proteobacteria, Actinobacteria, Ascomycota, Basidiomycota, Mortierellomycota, and Olpidiomycota based on the heatmap analysis and ANOVA. Our findings suggest that the optimized concentration of fungicide (5% recommended difenoconazole) exhibits better control efficiency and constant diversity in the rhizosphere soil.
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INTRODUCTION

Dwarf bunt of wheat is caused by Tilletia controversa Kühn and is an economically devastating disease of wheat (Liu et al., 2020), which not only causes 80% of total yield loss but also affects the milled flour quality with a stinky smell (Lu et al., 2005). The use of seeds coated with fungicide is an effective and convenient method to control the dwarf bunt disease (Shakoor et al., 2014; Din et al., 2021). The increasing demand for the quality of foods worldwide emphasizes the need to develop better friendly strategies for the efficient management of dwarf bunt disease.

Microbial diversity and composition play an important role in multiple soil functions and in improving soil fitness and fertility (Fuhrman, 2009; Maestre et al., 2015). Microbial abundance is used as an indicator for assessing soil quality (Ravindran and Yang, 2015). Almost all parts of the plant interact with microbes during the growth and developmental period and the plants discharge various compounds to feed and attract the associated microbes. The microbes also discharge various substances that favor plant physiological and morphological functions, increase the resistance level against malignant microbes, and increase plant strength, thus allowing plants to tolerate abiotic and biotic stress conditions (Schirawski and Perlin, 2018). The microbes present in the soil not only influence the physiology of plants but also alter different morpho-physiological traits of plant tissues, resulting in a reduction in the yields or quality of the cultivated product (Bezemer and Van Dam, 2005; Wardle et al., 2011). The population of these microorganisms is influenced directly or indirectly by other beneficial mutualistic microbes or pathogens (Rudrappa et al., 2010). Some studies have demonstrated that plant hosts and their growth and developmental stages have a significant impact on the rhizospheric microbiome (Chaparro et al., 2013; Peiffer et al., 2016). The rhizospheric microbes can enhance disease resistance in plants, thus protecting the plant from the development of disease (Kwak et al., 2018; Carrión et al., 2019). For instance, several rhizospheric microbes are known to exhibit antagonistic effects against pathogens, such as Trichoderma spp., Bacillus spp., Rhizobia spp., Lactobacilli spp., Pseudomonas spp., and Gliocladium spp. (Fravel, 2005; Nuzzo et al., 2020). Increased microbial diversity in the rhizospheric region may improve the disease resistance of crops against pathogen attack (Mendes et al., 2011; Zhou et al., 2019). The high Pseudomonas diversity increased pathogen destruction through microbial communities and competition with the plant pathogen (Hu et al., 2016). The bacterial community significantly affects the population of Fusarium verticillioides pathogen in the maize crop (Niu et al., 2017). F. oxysporum f. sp. lycopersici changes the composition of microbiomes in tomato crops and alters the relative abundance of the microbial community that acts as biocontrol agents (Zhou et al., 2020). Many plant-associated microbes, such as Pseudomonas spp., Trichoderma spp., Bacillus spp., Rhizobia spp., Lactobacilli spp., and Gliocladium spp., act as potential biocontrol agents against Fusarium spp. (Hu et al., 2016; Niu et al., 2017).

Fungicide use can pose a serious threat to the natural environment, in particular soil, by adversely affecting the soil microorganisms and biochemical processes (Banks et al., 2005; Wightwick et al., 2013). Fungicides exert a negative effect on non-target beneficial microorganisms (Guo et al., 2015). Baćmaga et al. (2016) reported that Falcon 460 EC fungicide reduces the population density of bacterial (Bacillus spp.) and fungal (Penicillium and Rhizopus spp.) species. Kalia and Gosal (2011) reported that the use of pesticides reduces the soil microbiome population in rice–wheat cropping system. All these results suggest that a diverse microbial community could affect the establishment, survival, and functioning of plant pathogens and play a significant role in disease suppression (Mendes et al., 2011).

In this study, to explore the effect of rhizosphere microbial communities on the disease incidence and to optimize the concentration of difenoconazole fungicide for controlling wheat dwarf bunt caused by T. controversa, 16 wheat varieties were inoculated with T. controversa, and a highly susceptible wheat cultivar (Morocco) coated with six different concentrations of difenoconazole was used to optimize the rhizosphere microbial community. To our knowledge, this is the first study to determine the potential of some rhizosphere soil microbial communities to provide protection against T. controversa and to optimize the effective dose of difenoconazole based on the rhizosphere microorganisms in T. controversa-infected and non-infected wheat plants.



MATERIALS AND METHODS


Plant Materials and Treatments

Sixteen wheat varieties (Table 1A) and one highly susceptible variety (Morocco) to T. controversa were collected from the Institute of Plant Protection, Chinese Academy of Agricultural Sciences, China. Wheat kernels were surface sterilized with 30% NaOCl for 5 min, washed five times with ddH2O, and grown for 30 days in an incubator at 5°C (AUCMA, Qing Dao, China) to induce the vernalization process. After vernalization, wheat seedlings were sown in a 2:2 ratio of soil and organic matter in pots (diameter 23 cm and height 15 cm). About 10–12 seedlings were transplanted into every pot. Five inoculations of T. controversa spores were administered into the root zone of all the above-mentioned wheat varieties, with three biological replicates, and three sets of each variety were used as controls. The seeds of the Morocco cultivar were coated with six different concentrations of difenoconazole fungicide, and the details are presented in Table 2.


TABLE 1A. List of the varieties used in this study.
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TABLE 1B. Disease incidence in different varieties treated with T. controversa.

[image: Table 1B]

TABLE 2. Seed dressing with difenoconazole application against T. controversa infected and non-infected wheat rhizosphere.
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Collection and Processing of Soil Samples

Soil samples were collected (three biological replicates and four technical replicates) from both T. controversa-inoculated and control pots at a depth of 20 cm during the ripening stage of wheat, packed into 50-ml test tubes (Houdior, China), and labeled with a permanent marker. All the impurities were removed (filtered by using a 40-mesh strainer) from the samples in the laboratory for further processing. The fine soil was then weighed, and 20 g of the soil was added into a sterile centrifuge tube. The soil samples were stored at –80°C for further experiments.



Molecular Detection of Tilletia controversa

Plant leaves were collected after 1 week of inoculation with T. controversa in the root zone of seedlings. The DNA was extracted, and the sequence characterized amplified region (SCAR) markers were used to determine whether the infection was successful. The design of primers and PCR experiments were performed according to a previous report (Gao et al., 2014).



Extraction of Total Soil DNA and PCR Amplification

Soil DNA was extracted from every sample using a DNA kit (Omega Bio-tek, Norcross, GA, United States) according to the manufacturer’s instructions by using 0.5 g of soil suspension. The concentration and quality of the extracted DNA were analyzed by using NanoDrop 2000 machine (Thermo Scientific, United States) and adjusting the absorbance wavelength to 260/280 nm and 260/230 nm, respectively. The DNA quality was analyzed by subjecting a 6-μl aliquot of DNA sample to 1% agarose gel electrophoresis. The extracted and purified DNA was kept at –80°C for further use.



Bacterial and Fungal Gene Amplification

An aliquot of the high-quality DNA extracted from every sample was further used as a template for DNA amplification. The V3–V4 bacterial hypervariable regions of 16S rRNA genes were amplified using the specific primers 338F 5′- ACTCCTACGGGAGGCAGCAG-3′ and 806R 5′- GGACTACHVGGGTWTCTAAT-3′, and PCR reactions were performed according to the method proposed by Tian et al. (2018). Primers ITS3_KYO2 (5′-GATGAAGAACGYAGYRAA-3′) and ITS4 (5′-TCCTCCGCTTATTGATATGC-3′) were used to amplify fungal ribosomal DNA ITS2 gene, and PCR reactions were performed according to Din et al. (2021).



Illumina MiSeq Sequencing (16S and ITS)

Illumina MiSeq sequencing was performed for the PCR products of bacteria (16S) and fungus (ITS) by following the method of our previous study (Din et al., 2021). The procedure for the construction of the library included the following steps: (1) connecting the “Y”-shaped joints, (2) removing self-ligated fragments using magnetic beads, (3) enriching the library template by PCR amplification, and (4) performing sodium hydroxide denaturation for single-stranded DNA fragments. Sequencing was conducted using the Illumina MiSeq PE300 platform at Meiji Biomedical Tech. Co., Ltd. (Shanghai, China).



Processing of Sequenced Data

The original sequences were processed for quality control using Trimmomatic software and ligated using FLASH software (Magoč and Salzberg, 2011). Sequences with ambiguous bases were removed. Operational taxonomic units (OTUs) were clustered by using UPARSE software (version 7.11) with 97% similarity as the cut-off. The taxonomic classification was performed using the Ribosomal Database Project (RDP) classifier2 (Tian et al., 2018) and compared to the Silva database (SSU123) with a homology of 70% (Xu et al., 2018).



Statistical Analysis

The α-diversity metric was calculated using Mothur (version v.1.30.1, collect.single command), while β-diversity and other parameters were calculated using QIIME (Caporaso et al., 2011) and R software. Principal component analysis (PCA) was performed to examine the differences between individuals and communities. Further analysis was done to check significant alterations in the community structures in every sample at every classification level. Statistical analyses were done by using R.V.3.2.1 with the VEGAN package. The incidence of dwarf bunt was scored for each variety as follows: Disease incidence = Number of infected heads/total number of heads × 100.




RESULTS


Effects of Tilletia controversa on Rhizosphere Soil Microbial Community

A total of 3,928,163 high-quality sequences were obtained from all the soil samples, with 34,750–74,834 sequences identified for each sample (average of 61,920 sequences) (Supplementary Table 1). All the infected samples were confirmed by the presence of a specific SCAR band characteristic of the pathogen (Supplementary Figure 1). We found that the dominant phyla were norank_c_Subgroup_6, RB41, norank_f_Gemmatimonadaceae, Sphingomonas, norunk-f_JG30-KF-CM45, norunk_c_Actinobacteria, and Nocardiodes (Figure 1). For specific norunk_c_Subgroup_6, the abundance of all the species was found to be increased after infection, except for New Winter 13 and 24, and Yinong 18 cultivars. For RB41, the abundance of most of the bacteria was increased, except for New Winter 7, 24, 33, and 46 and Yinong 18 cultivars, while the abundance did not show a significant difference between the infected and control plants for New Winter 14, 19, 20, and 51 wheat varieties. For norank_f_Gemmatimonadaceae, the abundance of most of the species increased after the pathogen infection, except for New Winter 7 and 35 and Yinong 18, while no big difference between infected samples and control samples was observed for New Winter 12 and 46 varieties. For Sphingomonas, the abundance of species did not show a significant difference between the wheat varieties when compared to the previous three dominant phyla.
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FIGURE 1. Relative abundance of the dominant rhizosphere soil bacterial in 16 wheat cultivars. The relative abundances are based on the proportional frequencies of the DNA sequences that could be classified. The length of the colored bars indicates the average relative abundance in each sample group. C indicates control cultivar and I indicates infected wheat cultivar.




Effects of Microbial Diversity on Disease Incidence

A Wilcoxon rank-sum test was performed to demonstrate whether T. controversa inoculation and control variables influenced the structure of the microbial community (Figure 2A). The levels of significance (*P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001) determined by the Wilcoxon rank-sum test were used for comparing the root soil microbial community in T. controversa-inoculated and control samples. The results revealed that the populations of Arthrobacter sp. and Nitrosomonadaceae were highly significant (P ≤ 0.001); Acidobacteria, Nocardioides, and Roseiflexaceae were significantly different (P ≤ 0.01); and Pyrinomonadaceae, Gemmatimonadaceae, Actinobacteria, and Chloroflexi were also significantly different (P ≤ 0.05).
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FIGURE 2. (A) Wilcoxon rank-sum test analysis for the rhizosphere soil microorganisms. *P = significant, **P = highly significant, ***P = extremely significant. (B) Community heatmap analysis of rhizosphere soil microorganisms.


The rhizosphere microbial community plays an important role in the disease incidence of T. controversa in different wheat cultivars. The disease incidence was classified into three levels, that is, 0–5%, 6–10%, and 11–20% (Figure 2B). The disease incidence was correlated with the abundance of some microbial communities based on the heatmap analysis of the community. Acidobacteria showed a direct proportional relationship with disease incidence; as the abundance of Acidobacteria increased from 3.6 to 4.0%, the rate of disease incidence also increased. The same pattern was observed for the members of Pyrinomonadaceae, Actinobacteria, and Nocardioides, that is, as the abundance level of the microbial community increased, the level of disease incidence also increased. Interestingly, in the case of Sphingomonas, the disease incidence increased as the abundance level decreased. Furthermore, the disease incidence was inversely proportional to the abundance of Saccharimonadales. The study results indicated that the disease incidence varied between the cultivars. The maximum disease incidence was recorded in New Winter 51, and the minimum was recorded in New Winter 20 and New Winter 35, with values of 14 and 4%, respectively (Table 1B).



Microbial Taxonomic Distribution in Different Concentrations of Difenoconazole in Rhizosphere Soil

Seeds coated with six different concentrations of difenoconazole for infected and control samples (three replicates) were used for Illumina MiSeq sequencing using bacteria- and fungi-specific primers. The number of OTUs was high in the fungal (2,028,447) kingdom when compared to the bacterial (605,412) kingdom. The populations of fungal and bacterial phyla were observed in both T. controversa-infected and non-infected plant samples obtained from seeds coated with different concentrations of difenoconazole fungicide (Supplementary Tables 2, 3). Furthermore, data were analyzed through the Shannon curve, which reflects the microbial diversity. When the curve tends to be flat, it indicates that the samples contain a sufficient representation of bacterial (Supplementary Figure 2A) and fungal (Supplementary Figure 2B) communities.

In Figure 3A, we show nine bacterial phyla from the dataset whose relative abundance reached up to 2% in at least one sample, and the taxonomic distributions are presented with average relative abundances. Among the bacterial phyla, the most abundant phylum was Proteobacteria, with the percentage of community abundance of 0. 42 (42%) in T. controversa + 1.5% dose of difenoconazole (IA), T. controversa + 5% dose of difenoconazole (IC), T. controversa + 1. 5 times dose of difenoconazole (IE), and control + no difenoconazole (NL). The percentage of community abundance of Proteobacteria was almost similar in control + 1.5% dose of difenoconazole (NG), T. controversa + 3% dose of difenoconazole (IB), control + 3% dose of difenoconazole (NH), control + 5% dose of difenoconazole (NI), T. controversa + recommended dose of difenoconazole (ID), control + recommended dose of difenoconazole (NJ), control + 1.5 times dose of difenoconazole (NK), and T. controversa + no difenoconazole (IF) samples. We also found that for T. controversa + 1.5% dose of difenoconazole (IA), T. controversa + 3% dose of difenoconazole (IB), T. controversa + 5% dose of difenoconazole (IC), and T. controversa + recommended dose of difenoconazole (ID), Chloroflexi and Patescibacteria were higher in the infected samples than in the control samples, while Acidobacteria and Actinobacteria were less than in the control samples. However, a reverse scenario was observed in the non-infected samples and samples infected with 1.5 times the dose of fungicide (IE). These findings indicated that with the increase in the concentration of fungicide, the population of Acidobacteria and Actinobacteria also increased, while that of Chloroflexi and Patescibacteria decreased. Following infection with T. controversa, the number of Proteobacteria decreased, while that of Acidobacteria and Chloroflexi increased.
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FIGURE 3. (A) Comparison of taxonomic distributions of bacterial phyla between different concentrations of difenoconazole fungicide in T. controversa-infected and non-infected samples. IA (T. controversa + 1.5% dose of difenoconazole), NG (control + 1.5% dose of difenoconazole), IB (T. controversa + 3% dose of difenoconazole), NH (control + 3% dose of difenoconazole), IC (T. controversa + 5% dose of difenoconazole), NI (control + 5% dose of difenoconazole), ID (T. controversa + recommended dose of difenoconazole), NJ (control + recommended dose of difenoconazole), IE (T. controversa + 1. 5 times dose of difenoconazole), NK (control + 1. 5 times dose of difenoconazole), IF (T. controversa + no difenoconazole), and NL (control + no difenoconazole). The control indicates treatment with ddH2O. (B) Comparison of taxonomic distributions of fungal phyla between different concentrations of difenoconazole fungicide in T. controversa-infected and non-infected samples.


Unlike the bacterial communities (Figure 3B), the fungal communities were predominated by four dominant phyla (Ascomycota, Basidiomycota, Mortierellomycota, and Oipidiomycota) with some fungi belonging to the unclassified kingdom. The relative abundance of Ascomycota was high in NL (control + no difenoconazole) and IF (T. controversa + no difenoconazole) samples compared to the samples treated with different concentrations of difenoconazole. Basidiomycota was the second most abundant phylum, with the highest relative abundance in T. controversa-infected samples, that is, IF (T. controversa + no difenoconazole) and IB (T. controversa + 3% dose of difenoconazole) samples. The relative abundance of Mortierellomycota and Oipidiomycota was high in IC (T. controversa + 5% dose of difenoconazole) and IB (T. controversa + 3% dose of difenoconazole) samples. We found that IC (T. controversa + 5% dose of difenoconazole) treatment highly decreased the Basidiomycota population, which may contain the pathogen of T. controversa.



Microbial Community Structure in Different Concentrations of Difenoconazole-Coated Seeds in Rhizosphere After Tilletia controversa Infection

We observed the resemblances in the microbial communities between samples using Principal Component Analysis (PCA) of weighted UniFrac distances that compare microbial communities based on the phylogenetic relationship. For the infected and control of different treatments, we found IE (T. controversa + 1.5 times dose of difenoconazole), IA (T. controversa + 1.5% dose of difenoconazole) and IF (T. controversa + no difenoconazole) was far away from control, while IB (T. controversa + 3% dose of difenoconazole) and IC (T. controversa + 5% dose of difenoconazole) had overlap with control which means they were similar (Supplementary Figure 2c). Similarities were examined in fungal communities by using PCA analysis. The control sample (no fungicide) was placed far away from the other samples, which indicated that the inoculation of T. controversa significantly changed the composition of the microbial community (Supplementary Figure 2D). We found that the sample infected with 5% fungicide and the control sample overlapped the most, which means this concentration was optimal for the control of the disease.



Microbial Abundance With Different Concentrations of Difenoconazole Against Tilletia controversa

Ten bacterial phyla were selected in each sample for clustered heatmap analysis (Figure 4A). Five phyla were found to be abundant in 12 samples, which include, Proteobacteria, Actinobacteria, Chloroflexi, Acidobacteria, and Bacteroidetes, while the remaining five phyla were relatively less abundant in all the samples, which include Planctomycetes, Verrucomicrobia, Firmicutes, Patescibacteria, and Gemmatimonadetes. The members of Proteobacteria, Actinobacteria, Chloroflexi, Bacteroidetes, and Acidobacteria were higher than observed in control, and Patescibacteria population was similar in IA (T. controversa + 1.5% dose of difenoconazole) and IB (T. controversa + 3% dose of difenoconazole) samples, while significant difference was observed for IC (T. controversa + 5% dose of difenoconazole) sample, which indicated that this concentration of fungicide decreased the microbial community of Patescibacteria.
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FIGURE 4. (A) Bacterial distribution of the top 10 abundant phyla among the 12 samples. The heatmap plot shows the relative percentage of each bacterial phylum (variable clustering on the Y-axis) within every sample (X-axis clustering). The percentage value of each phyla is shown by color intensity, and the legend is given on the right side of the figure. (B) Fungal distribution of the top eight abundant phyla among the 12 samples. The heatmap plot shows the relative percentage of each fungal phylum (variable clustering on the Y-axis) within every sample (X-axis clustering). The percentage values of all phyla are shown by color intensity, and the legend is given on the right side of the figure.


Eight fungal phyla were also selected in each sample for clustered heatmap analysis. The results showed that all 12 samples had a similar and more abundant distribution of Ascomycota, with minor variation among the samples. The abundance of Basidiomycota and Mortierellomycota was similar in all the samples, while the abundance of Olipidiomycota was more in the IB (T. controversa + 3% dose of difenoconazole) sample when compared to other samples. On the other hand, the abundance of Glomeromycota, Mucoromycota, Cercaria, and Chytridiomycota was relatively low in almost all the samples. The members of Ascomycota, Oipidiomycota, Basidiomycota, and Mortierellomycota showed significant differences, but the abundance of Basidiomycota in the IC (T. controversa + 5% dose of difenoconazole) sample was lower than observed in control, which means that this concentration of fungicide can decrease the population of T. controversa.

The study results showed that the abundance of Actinobacteria and Chloroflexi was maximum when compared to the members of other phyla. The abundance of Actinobacteria was the highest in IF (T. controversa + no difenoconazole) and IB (T. controversa + 3% dose of difenoconazole) samples when compared to non-inoculated samples (Supplementary Figure 3A). In the case of fungi, phylum Ascomycota showed maximum abundance when compared to the other phyla, and maximum abundance was observed in the NL (control + no difenoconazole) sample (Supplementary Figure 3B). Additionally, samples were verified by using a specific primer of T. controversa after difenoconazole application.




DISCUSSION

Our main hypothesis is that the rhizosphere microbial communities will change after infection with T. controversa and play a role in the disease incidence and that some of these microbial communities have potential antagonist effects and contribute to the control of the disease. Additionally, the composition of the rhizosphere microbial communities undergoes a drastic change after treatment with difenoconazole fungicide in T. controversa-infected and control plants. The morpho-physiological characteristics and performance of a plant are closely linked to various plant-associated soil microorganisms in various conditions (Agler et al., 2016). Many studies have been conducted to determine how microbes help in controlling plant diseases. Several thousand species of nematodes, fungi, protists, and bacteria, including plant root-associated species, can be used as potential antagonist agents against different plant pathogens (Berendsen et al., 2012).

Based on the microbiome analysis, the members of the phyla Bacteroidetes, Actinobacteria, Acidobacteria, Chloroflex, and Proteobacteria were found to be dominant in all the soil samples. These five phyla have been reported to be the dominant phyla in the plant rhizosphere regions of oak, potato, sugar beet, cactus, maize, and Arabidopsis (Mendes et al., 2011). The loss of soil microbial diversity due to biotic or abiotic factors contributes to an increase in soil-borne plant pathogens (Van Elsas et al., 2002; Mendes et al., 2015). The high microbial functional diversity and activity are involved in soil-borne disease suppression, plant growth promotion, and plant defense (Jaiswal et al., 2017). Fungi and bacteria are the main components of the plant microbiome, and interactions between these organisms are important in influencing the environmental microbial communication and have vital effects on colonization and viability, thus playing a key role in the pathogenesis of various crop plants (Wargo and Hogan, 2006). The communication and interactions among fungi and bacteria occur via cooperative metabolism, antibiotic production, chemotaxis, protein secretion, molecular signaling or even gene transfer, and various types of biological processes involving different levels of cooperation and antagonism (Frey-Klett et al., 2011). In our results, the abundance levels of Gemmatimonadaceae and Actinobacteria were more in the T. controversa-inoculated cultivars, which may play a role in the control of disease in these plants. Actinobacteria play a role in suppressing Rhizoctonia solani, a serious plant pathogen (Mendes et al., 2011), and Gemmatimonadaceae members act as antagonist agents against wilt and blight diseases of tomato (Singh et al., 2017). Previous studies have shown that the plants that are infected with pathogens and lack genetic resistance to soil-borne pathogens may enrich specific microorganisms for disease suppression (Kwak et al., 2018; Wei et al., 2019). Our results also showed that the microbial diversity was significantly different in the T. controversa-inoculated and control plants, which implies that T. controversa may play an important role in changing the soil microbial community of the rhizosphere. Our study results also showed that Acidobacteria was higher in T. controversa-inoculated plants when compared to the control plants and thus support the reports of previous studies that higher microbial diversity is linked to higher resistance to plant infestation and pathogen invasions (Mendes et al., 2011; Hu et al., 2016; Zhou et al., 2019). In this study, 16S rRNA gene analysis was performed to determine the community distribution of the rhizosphere soil microbes and their impact on disease incidence in 16 wheat varieties. Further analysis revealed that the norank_c_Subgroup_6, RB41, norank_f_Gemmatimonadaceae, and Sphingomonas were the dominant species in the rhizosphere of control and infected plants (Figure 1). Previous studies have demonstrated that pathogen inoculation affects the microbial community, which might be enriched or depleted after infecting the rhizosphere of tomato plants with F. oxysporum (Zhou et al., 2020). Nitrosomonadaceae encodes a low-affinity iron permease that may function under iron-replete conditions (Bollmann et al., 2013). Microscillaceae is a new family, and members of this family are proposed to be present in response to T. controversa inoculation. Additionally, the microbial population of Acidobacteria was significantly higher in the T. controversa-inoculated plants when compared to the control plants (Figure 2A). Similarly, some of the previous studies have shown that different types of plant pathogens directly or indirectly affect the soil microbial community (Fierer, 2017). A considerable number of bacterial strains, particularly Pseudomonas spp., have great potential as biocontrol agents against different plant pathogens (Chen et al., 2018). The phenazines that are most commonly produced by Pseudomonas spp. include PCN, PCA, pyocyanin, and hydroxyphenazines, which are crucial for the biocontrol efficiency of bacterial biocontrol agents against various fungal diseases (Chin-A-Woeng et al., 2003; Mazurier et al., 2009). Soil microbes respond to pathogens and play a role in regulating the soil environment (Kwak and Weller, 2013). In this study, we found that the disease incidence was related to the abundance of some microbial populations. When the abundance levels of Acidobacteria increased, the rate of disease incidence also increased. Similarly, in the case of Pyrinomonadaceae, Actinobacteria, and Nocardioides, the disease incidence increased as the abundance levels of the microbes increased. However, with regard to Microscillaceae and Sphingomonas species, after a certain period of time, the disease incidence increased with the decreasing abundance of the microbial community. Additionally, an inversely proportional relationship was observed between the members of Saccharimonadales and disease incidence (Figure 2).

For seeds coated with difenoconazole fungicide, the abundance of Proteobacteria was high in NL (control + no difenoconazole), IA (T. controversa + 1.5% dose of difenoconazole), and IC (T. controversa + 5% dose of difenoconazole) samples, and the relative abundance of Actinobacteria was higher in fungicide-treated soils when compared to the control plants (Figure 3A). This finding suggested that plants susceptible to a particular pathogen tend to increase the population of specific microorganisms that act as biocontrol agents (Mendes et al., 2011; Kwak et al., 2018). The loss of rhizosphere microbial diversity contributes to an increase in the incidence of soil-borne diseases, such as damping-off disease caused by Pythium sylvaticum, and black scurf and stem canker of potato caused by Rhizoctonia solani AG3 (Van Elsas et al., 2002; Jaiswal et al., 2017). Our results demonstrated that the abundance of bacterial and fungal phyla was high in the control and fungicide-coated plants when compared to the T. controversa-infected plants (Figure 3). Our results were supported by other studies which reported that fungicides decrease pathogen infections by stimulating the rhizosphere microbial community (Zhou et al., 2020). The abundance levels of Proteobacteria, Actinobacteria, and Ascomycota were significantly high in T. controversa-infected plants that were coated with a fungicide when compared to the control plants (Figure 4), and the above-mentioned findings were supported by the previous studies (Newman et al., 2016; Cardona et al., 2018). Overall, we optimized the fungicide concentration to control dwarf bunt based on the signature of the microbial community.



DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: https://www.ncbi.nlm.nih.gov/sra/?term=SRP359013.



AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct, and intellectual contribution to the work, and approved it for publication.



FUNDING

This work was supported by the National Natural Science Foundation of China (31761143011 and 31571965).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2022.853176/full#supplementary-material

Supplementary Figure 1 | Molecular detection of T. controversa from the leaf samples using specific primers. M, DL2000 marker (100, 250, 500, 750, 1,000, and 2,000 bp); line 1, positive control; lines 5, 7, and 11, T. controversa-infected leaf samples; lines 2–4, 8–10, and 12, negative controls; black arrows indicate the target band of size 372 bp.

Supplementary Figure 2 | (A) Shannon curves of different rhizosphere soil bacteria in T. controversa-infected and non-infected samples at the phylum level. (B) Shannon curves of different rhizosphere fungi in T. controversa-infected and non-infected samples at the phylum level. (C) Principal component analysis (PCA) of weighted UniFrac distances of bacterial communities. (D) Principal component analysis (PCA) of weighted UniFrac distances of fungal communities.

Supplementary Figure 3 | (A) ANOVA test for bacterial community. (B) ANOVA for fungal community.

Supplementary Table 1 | Sequence analysis of the samples after T. controversa infection.

Supplementary Table 2 | The list of core OTUs of bacterial community in T. controversa infected and non-infected samples after fungicide seed dressings.

Supplementary Table 3 | The list of core OTUs of fungal community in T. controversa infected and non-infected samples after fungicide seed dressings.


FOOTNOTES

1
http://drive5.com/uparse/

2
http://rdp.cme.msu.edu/


REFERENCES

Agler, M. T., Ruhe, J., Kroll, S., Morhenn, C., Kim, S. T., Weigel, D., et al. (2016). Microbial hub taxa link host and abiotic factors to plant microbiome variation. PLoS Biol. 14:e1002352. doi: 10.1371/journal.pbio.1002352

Baćmaga, M., Wyszkowska, J., and Kucharski, J. (2016). The effect of the Falcon 460 EC fungicide on soil microbial communities, enzyme activities and plant growth. Ecotoxicol. 25, 1575–1587. doi: 10.1007/s10646-016-1713-z

Banks, K. E., Hunter, D. H., and Wachal, D. J. (2005). Chlorpyrifos in surface waters before and after a federally mandated ban. Environ. Int. 31, 351–356. doi: 10.1016/j.envint.2004.08.007

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

Bezemer, T. M., and Van Dam, N. M. (2005). Linking aboveground and belowground interactions via induced plant defenses. Trends Ecol. Evol. 20, 617–624. doi: 10.1016/j.tree.2005.08.006

Bollmann, A., Sedlacek, C. J., Norton, J., Laanbroek, H. J., Stein, L. Y., Klotz, M. G., et al. (2013). Complete genome sequence of Nitrosomonas sp. Is79, an ammonia oxidizing bacterium adapted to low ammonium concentrations. Stand. Genomic Sci. 7, 469–482. doi: 10.4056/sigs.3517166

Caporaso, J. G., Lauber, C. L., Walters, W. A., Berg-Lyons, D., Lozupone, C. A., Turnbaugh, P. J., et al. (2011). Global patterns of 16S rRNA diversity at a depth of millions of sequences per sample. Proc. Natl. Acad. Sci. U.S.A. 108, 4516–4522. doi: 10.1073/pnas.1000080107

Cardona, N. L., Franco-Sierra, N. D., and Correa Alvarez, J. (2018). Complete mitogenome of the biocontroller fungus Purpureocillium sp. (Ascomycota. Ophiocordycipitaceae, Hypocreales). Mitochondrial DNA Part B Resour. 3, 1158–1160. doi: 10.1080/23802359.2018.1522982

Carrión, V. J., Perez-Jaramillo, J., Cordovez, V., Tracanna, V., De Hollander, M., Ruiz-Buck, D., et al. (2019). Pathogen-induced activation of disease-suppressive functions in the endophytic root microbiome. Science 366, 606–612. doi: 10.1126/science.aaw9285

Chaparro, J. M., Badri, D. V., Bakker, M. G., Sugiyama, A., Manter, D. K., and Vivanco, J. M. (2013). Root exudation of phytochemicals in arabidopsis follows specific patterns that are developmentally programmed and correlate with soil microbial functions. PLoS One 8:e55731. doi: 10.1371/journal.pone.0055731

Chen, Y., Wang, J., Yang, N., Wen, Z., Sun, X., Chai, Y., et al. (2018). Wheat microbiome bacteria can reduce virulence of a plant pathogenic fungus by altering histone acetylation. Nat. Commun. 9:3429. doi: 10.1038/s41467-018-05683-7

Chin-A-Woeng, T. F. C., Bloemberg, G. V., and Lugtenberg, B. J. J. (2003). Phenazines and their role in biocontrol by Pseudomonas bacteria. New Phytol. 157, 503–523. doi: 10.1046/j.1469-8137.2003.00686.x

Din, G. M. U., Du, Z., Zhang, H., Zhao, S., Liu, T., Chen, W., et al. (2021). Effects of Tilletia foetida on microbial communities in the rhizosphere soil of wheat seeds coated with different concentrations of Jianzhuang. Microb. Ecol. 82, 736–745. doi: 10.1007/s00248-021-01696-w

Fierer, N. (2017). Embracing the unknown: disentangling the complexities of the soil microbiome. Nat. Rev. Microbiol. 15, 579–590. doi: 10.1038/nrmicro.2017.87

Fravel, D. R. (2005). Commercialization and implementation of biocontrol. Annu. Rev. Phytopathol. 43, 337–359. doi: 10.1146/annurev.phyto.43.032904.092924

Frey-Klett, P., Burlinson, P., Deveau, A., Barret, M., Tarkka, M., and Sarniguet, A. (2011). Bacterial-fungal interactions: hyphens between agricultural, clinical, environmental, and food microbiologists. Microbiol. Mol. Biol. Rev. 75, 583–609. doi: 10.1128/mmbr.00020-11

Fuhrman, J. A. (2009). Microbial community structure and its functional implications. Nature 459, 193–199. doi: 10.1038/nature08058

Gao, L., Yu, H., Han, W., Gao, F., Liu, T., Liu, B., et al. (2014). Development of a SCAR marker for molecular detection and diagnosis of Tilletia controversa Kühn, the causal fungus of wheat dwarf bunt. World J. Microbiol. Biotechnol. 30, 3185–3195. doi: 10.1007/s11274-014-1746-5

Guo, P., Zhu, L., Wang, J., Wang, J., Xie, H., and Lv, D. (2015). Enzymatic activities and microbial biomass in black soil as affected by azoxystrobin. Environ. Earth Sci. 74, 1353–1361. doi: 10.1007/s12665-015-4126-z

Hu, J., Wei, Z., Friman, V.-P. P., Gu, S. H., Wang, X. F., Eisenhauer, N., et al. (2016). Probiotic diversity enhances rhizosphere microbiome function and plant disease suppression. MBio 7, 1–8. doi: 10.1128/mBio.01790-16

Jaiswal, A. K., Elad, Y., Paudel, I., Graber, E. R., Cytryn, E., and Frenkel, O. (2017). Linking the belowground microbial composition, diversity and activity to soilborne disease suppression and growth promotion of tomato amended with biochar. Sci. Rep. 7:44382. doi: 10.1038/srep44382

Kalia, A., and Gosal, S. K. (2011). Effect of pesticide application on soil microorganisms. Arch. Agron. Soil Sci. 57, 569–596. doi: 10.1080/03650341003787582

Kwak, M. J., Kong, H. G., Choi, K., Kwon, S. K., Song, J. Y., Lee, J., et al. (2018). Rhizosphere microbiome structure alters to enable wilt resistance in tomato. Nat. Biotechnol. 36, 1100–1109. doi: 10.1038/nbt.4232

Kwak, Y., and Weller, D. M. (2013). Take-all of wheat and natural disease suppression: a review. Pathol. J. 29, 1325–13529. doi: 10.5423/PPJ.SI.07.2012.0112

Liu, J., Li, C., Muhae-ud-din, G., Liu, T., and Chen, W. (2020). Development of the droplet digital PCR to detect the teliospores of Tilletia controversa Kühn in the soil with greatly enhanced sensitivity. Front. Microbiol. 11:4. doi: 10.3389/fmicb.2020.00004

Lu, Z.-X., Gaudet, D., Puchalski, B., Despins, T., Frick, M., and Laroche, A. (2005). Inducers of resistance reduce common bunt infection in wheat seedlings while differentially regulating defence-gene expression. Physiol. Mol. Plant Pathol. 67, 138–148. doi: 10.1016/j.pmpp.2005.12.001

Maestre, F. T., Delgado-Baquerizo, M., Jeffries, T. C., Eldridge, D. J., Ochoa, V., Gozalo, B., et al. (2015). Increasing aridity reduces soil microbial diversity and abundance in global drylands. Proc. Natl. Acad. Sci. U.S.A. 112, 15684–15689. doi: 10.1073/pnas.1516684112

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

Mazurier, S., Corberand, T., Lemanceau, P., and Raaijmakers, J. M. (2009). Phenazine antibiotics produced by fluorescent pseudomonads contribute to natural soil suppressiveness to Fusarium wilt. ISME J. 3, 977–991. doi: 10.1038/ismej.2009.33

Mendes, L. W., Tsai, S. M., Navarrete, A. A., de Hollander, M., van Veen, J. A., and Kuramae, E. E. (2015). Soil-Borne microbiome: linking diversity to function. Microb. Ecol. 70, 255–265. doi: 10.1007/s00248-014-0559-2

Mendes, R., Kruijt, M., De Bruijn, I., Dekkers, E., Van Der Voort, M., Schneider, J. H. M., et al. (2011). Deciphering the rhizosphere microbiome for disease-suppressive bacteria. Science 332, 1097–1100. doi: 10.1126/science.1203980

Mishra, P. K., Mishra, S., Selvakumar, G., Kundu, S., and Shankar Gupta, H. (2009). Enhanced soybean (Glycine max L.) plant growth and nodulation by Bradyrhizobium japonicum-SB1 in presence of Bacillus thuringiensis-KR1. Acta Agric. Scand. Sect. B Soil Plant Sci. 59, 189–196. doi: 10.1080/09064710802040558

Newman, M. M., Hoilett, N., Lorenz, N., Dick, R. P., Liles, M. R., Ramsier, C., et al. (2016). Glyphosate effects on soil rhizosphere-associated bacterial communities. Sci. Total Environ. 543, 155–160. doi: 10.1016/j.scitotenv.2015.11.008

Niu, B., Paulson, J. N., Zheng, X., and Kolter, R. (2017). Simplified and representative bacterial community of maize roots. Proc. Natl. Acad. Sci. U.S.A. 114, E2450–E2459. doi: 10.1073/pnas.1616148114

Nuzzo, A., Satpute, A., Albrecht, U., and Strauss, S. L. (2020). Impact of soil microbial amendments on tomato rhizosphere microbiome and plant growth in field soil. Microb. Ecol. 80, 398–409. doi: 10.1007/s00248-020-01497-7

Peiffer, J. A., Spor, A., Koren, O., Jin, Z., Tringe, S. G., Dangl, J. L., et al. (2016). Diversity and heritability of the maize rhizosphere microbiome under field conditions. Proc. Natl. Acad. Sci. U.S.A. 110, 6548–6553. doi: 10.1073/pnas.1302837110

Ravindran, A., and Yang, S. S. (2015). Effects of vegetation type on microbial biomass carbon and nitrogen in subalpine mountain forest soils. J. Microbiol. Immunol. Infect. 48, 362–369. doi: 10.1016/j.jmii.2014.02.003

Rudrappa, T., Biedrzycki, M. L., Kunjeti, S. G., Donofrio, N. M., Czymmek, K. J., Paré, P. W., et al. (2010). The rhizobacterial elicitor acetoin induces systemic resistance in Arabidopsis thaliana. Commun. Integr. Biol. 3, 130–138. doi: 10.4161/cib.3.2.10584

Schirawski, J., and Perlin, M. H. (2018). Plant–microbe interaction 2017—the good, the bad and the diverse. Int. J. Mol. Sci. 19:1374. doi: 10.3390/ijms19051374

Shakoor, M. A., Ahmad, M., Zia ullah Ghazali, H., Ahmad, S., Arshad Balouch, M., Anjum, R., et al. (2014). Chemotherapy of karnal bunt of Wheat: A Review. Int. J. Adv. Res. 1, 163–188.

Singh, V. K., Singh, A. K., and Kumar, A. (2017). Disease management of tomato through PGPB: current trends and future perspective. 3 Biotech 7:255. doi: 10.1007/s13205-017-0896-1

Tian, J., He, N., Hale, L., Niu, S., Yu, G., Liu, Y., et al. (2018). Soil organic matter availability and climate drive latitudinal patterns in bacterial diversity from tropical to cold temperate forests. Funct. Ecol. 32, 61–70. doi: 10.1111/1365-2435.12952

Van Elsas, J. D., Garbeva, P., and Salles, J. (2002). Effects of agronomical measures on the microbial diversity of soils as related to the suppression of soil-borne plant pathogens. Biodegradation 13, 29–40. doi: 10.1023/A:1016393915414

Wardle, D. A., Bardgett, R. D., Klironomos, J. N., Setälä, H., van der Putten, W. H., Wall, D. H., et al. (2011). Ecological linkages between aboveground and belowground biota. Science 304, 1629–1633. doi: 10.1126/science.1094875

Wargo, M. J., and Hogan, D. A. (2006). Fungal-bacterial interactions: a mixed bag of mingling microbes. Curr. Opin. Microbiol. 9, 359–364. doi: 10.1016/j.mib.2006.06.001

Wei, Z., Gu, Y., Friman, V. P., Kowalchuk, G. A., Xu, Y., Shen, Q., et al. (2019). Initial soil microbiome composition and functioning predetermine future plant health. Sci. Adv. 5, 1–12. doi: 10.1126/sciadv.aaw0759

Wightwick, A. M., Reichman, S. M., Menzies, N. W., and Allinson, G. (2013). The effects of copper hydroxide, captan and trifloxystrobin fungicides on soil phosphomonoesterase and urease activity topical collection on remediation of site contamination. Water. Air. Soil Pollut. 224, 1–9. doi: 10.1007/s11270-013-1703-1

Xu, J., Liu, S., Song, S., Guo, H., Tang, J., Yong, J. W. H., et al. (2018). Arbuscular mycorrhizal fungi influence decomposition and the associated soil microbial community under different soil phosphorus availability. Soil Biol. Biochem. 120, 181–190. doi: 10.1016/j.soilbio.2018.02.010

Zhou, D., Feng, H., Schuelke, T., De Santiago, A., Zhang, Q., Zhang, J., et al. (2019). Rhizosphere microbiomes from root knot nematode non-infested plants suppress nematode infection. Microb. Ecol. 78, 470–481. doi: 10.1007/s00248-019-01319-5

Zhou, X., Wang, J. T., Wang, W. H., Tsui, C. K., and Cai, L. (2020). Changes in bacterial and fungal microbiomes associated with tomatoes of healthy and infected by Fusarium oxysporum f. sp. lycopersici. Microb. Ecol. 81, 1004–1017. doi: 10.1007/s00248-020-01535-4


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

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.

Copyright © 2022 Jia, Muhae-Ud-Din, Zhang, Zong, Zhao, Guo, Chen and Gao. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/fmicb-13-853176-g002.jpg
Wilcoxon rank-sum test bar plot on genus level

99% confidence intervals

== Control

mm Inoculated

Acidobacteria [ — —e—— £+ 000307
Pyrinomonadaceae [iila S * 001654
G timonadaceae il & 0.01845
Sphingomonas Il ®: 0.1275
Thermomicrobiales Il = 0.1
Actinobacteria il © * 002055
Chloroflexi Il o 0.05923
Nocardioides Il® @1 #* 0008665
Saccharimonadales ik s 0.1028
Roseiflexaceae Il e #* 0002253
Chloroflexi I L@ 0.4809
Solirubrobacterales Il o 06336
Anaerolineae P o 0.07973
Microscillaceae e 0.1489
Gaiellales B @ 0.05923
Arthrobacter P E} 4500003831
Dehalococcoidia [k & 0.1086
Chloroflexi I = * 001053
Nitrosomonadaceae [ 5 *4%0.0002404
| 1 1 1 1 1 1 L) L 1 1 1 1 1 1 L)
0 4 8 12 10 8 6 4 -2 0 2 4
Proportions (%) Difference between proportions (%)

anjead

0-5%

6-10%

Community heatmap

11-20%

Microscillaceae

Nocardioides

Chloroflexi

Saccharimonadales

Thermomicrobiales

Sphingomonas

Actinobacteria

G o8

onadaceae

Pyrinomonadaceae

Acidobacteria

~
4.0 g—
2
33l o
' &
S
36 &
5
[¢]
34 8
5'
328 3
c
5
3.0 g





OPS/images/fmicb-13-853176-g001.jpg
Samples

Community barplot analysis

R

1 | 1 1
0.2 0.4 0.6 0.8
Percent of community abundance on Genus level

[l norank ¢ Subgroup 6
B RB41

B norank f Gemmatimonadaceae

[ Sphingomonas

B norank f JG30-KF-CM45
_ norank_c__Actinobacteria
B Nocardioides

B norank ¢ KD4-96

B norank o Saccharimonadales
B norank_f Roseiflexaceae
B norank_ ¢ TK10

[ norank _f 67-14

B norank f_A4b

B norank_f__Microscillaceae
B norank o Gaiellales

B Arthrobacter

¥ norank_c__ Gitt-GS-136

B norank o S085

. MND1

B Gaiella

M norank_f__ Blrii41

| Massilia

B norank_f__Chitinophagaceae
B Bryobacter

B norank_c__Gemmatimonadetes

I Adhaeribacter

B Devosia

I norank_o__Subgroup 7

B Altererythrobacter

[l norank_o_ SBR1031

| Lechevalieria

B norank_o__ Rokubacteriales
M norank_c_ JG30-KF-CM66

I Marmoricola

B unclassified o Saccharimonadales

B Agromyces

I norank_o__ Actinomarinales

B Microbacterium

¥ norank_f__Pedosphaeraceae

I unclassified_f _Intrasporangiaceae

| norank f Saccharimonadaceae

B norank_f__Anaerolineaceae

Il OLB13

~ Solirubrobacter

B norank ¢ OLB14

B Ohtaekwangia

. Blastococcus

~ Stenotrophomonas
Sphingobacterium

B others






OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Characterization of Rhizosphere Microbial Communities for Disease Incidence and Optimized Concentration of Difenoconazole Fungicide for Controlling of Wheat Dwarf Bunt



		INTRODUCTION



		MATERIALS AND METHODS



		Plant Materials and Treatments



		Collection and Processing of Soil Samples



		Molecular Detection of Tilletia controversa



		Extraction of Total Soil DNA and PCR Amplification



		Bacterial and Fungal Gene Amplification



		Illumina MiSeq Sequencing (16S and ITS)



		Processing of Sequenced Data



		Statistical Analysis







		RESULTS



		Effects of Tilletia controversa on Rhizosphere Soil Microbial Community



		Effects of Microbial Diversity on Disease Incidence



		Microbial Taxonomic Distribution in Different Concentrations of Difenoconazole in Rhizosphere Soil



		Microbial Community Structure in Different Concentrations of Difenoconazole-Coated Seeds in Rhizosphere After Tilletia controversa Infection



		Microbial Abundance With Different Concentrations of Difenoconazole Against Tilletia controversa







		DISCUSSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		SUPPLEMENTARY MATERIAL



		FOOTNOTES



		REFERENCES

















OPS/images/cover.jpg
& frontiers | Frontiers in Microbiology

Characterization of Rhizosphere
Microbial Communities
for Disease Incidence
and Optimized Concentration
of Difenoconazole Fungicide
for Controlling of Wheat Dwarf
Bunt






OPS/images/fmicb-13-853176-t002.jpg
Fungicide (ratio) Dose Infected Control

1.5% dose 2.25 mL/100 kg IA NG
3% dose 4.5 mL/100 kg B NH
5% dose 7.5 mL/100 kg IC NI
Recommended dose 150 mL/100 kg D NJ
1.5 times dose 225 mL/100 kg IE NK
No fungicide No seed treatment IF NL

Wheat grains were coated with difenoconazole fungicide with the different range of
concentration with aim to check the effect of different concentration on rhizosphere
soil microorganisms in T. controversa infected and control plants. Infected means
T. controversa applied in the root zone of seedlings, while control stands for no
T. controversa.








OPS/images/logo.jpg
’ frontiers ‘ Frontiers in Microbiology





OPS/images/fmicb-13-853176-g004.jpg
B: B 5

Plantomycetes
z 35 ks 1.
-3 Unclassified_K_Fungi
Verrucomicrobia 2.5
' 2 Ascomycota
Firmicutes
Olpidoicmycota
Patescibacteria
Basidiomycota

Gemmatimonadetes
Moritierellomycota

Proteobacteria o
Chytriciomycota
Actinobacteria
Cercozoa
Chlorofiexi
Unclassified_d_Eukaryota
Bacteroidetes Mucoromycota
Actidobacteria Glomeromacota






OPS/images/fmicb-13-853176-g003.jpg
>

Percent of community abundance on phylum leve!

Percent of community abundance on phylum leve

Il Proteobacteria
Actinobactena

B Chlorofiexi

I Bacteroidetes

I Acidobacteria
Patescibacterna
Gemmatimonadetes

B Firmicutes
Verrucomicrobia

M others

Il unciassified_K__Fungi
Ascomycota

I Basidiomycota

I Mortierellomycota

Il Olpidiomycota

I others





OPS/images/fmicb-13-853176-t001a.jpg
Variety name

New Winter 1
New Winter 4
New Winter 7
New Winter 11
New Winter 12
New Winter 13
New Winter 14
New Winter 17

Control

NW1_C
NW4_C
NW7_C
NW11_C
NW12_C
NW13_C
NW14_C
NW17_C

Infected*

NWA1_I
NW4_I
NW7_I
NW11_l
NW12_l
NW13_I
NW14_l
NW17_l

Variety name

New Winter 19
New Winter 20
New Winter 24
New Winter 33
New Winter 35
New Winter 46
New Winter 51
Yinong 18

Control

NW19_C
NW20_C
NW24_C
NW33_C
NW35_C
NW46_C
NW51_C
YN18_C

Infected*

NW19_l
NW20_l
NW24_|
NW33_I
NW35_I
NW46_l
NW51_l
YN18_l

* “Infected” refers to the application of T. controversa in the root zone of wheat cultivars. NWI_C and NW1_| refer to the New Winter 1 control and New Winter 1 inoculated

plants, respectively.





OPS/images/fmicb-13-853176-t001b.jpg
Variety name

New Winter 1
New Winter 4
New Winter 7
New Winter 11
New Winter 12
New Winter 13
New Winter 14
New Winter 17

Disease incidence

10%

Variety name

New Winter 19
New Winter 20
New Winter 24
New Winter 33
New Winter 35
New Winter 46
New Winter 51
Yinong 18

Disease incidence

4%

8%
4%

14%
6%





