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Introduction

Several microorganisms in the plant root system, especially in the rhizosphere, have their own compositions and functions. Corm rot is the most severe disease of Crocus sativus, leading to more than 50% mortality in field production.



Methods

In this study, metagenomic sequencing was used to analyze microbial composition and function in the rhizosphere of C. sativus for possible microbial antagonists against pathogenic Fusarium oxysporum.



Results

The microbial diversity and composition were different in the C. sativus rhizosphere from different habitats. The diversity index (Simpson index) was significantly lower in the C. sativus rhizospheric soil from Chongming (Rs_CM) and degenerative C. sativus rhizospheric soil from Chongming (RsD_CM) than in others. Linear discriminant analysis effect size results showed that differences among habitats were mainly at the order (Burkholderiales, Micrococcales, and Hypocreales) and genus (Oidiodendron and Marssonina) levels. Correlation analysis of the relative lesion area of corm rot showed that Asanoa was the most negatively correlated bacterial genus (ρ = −0.7934, p< 0.001), whereas Moniliophthora was the most negatively correlated fungal genus (ρ = −0.7047, p< 0.001). The relative lesion area result showed that C. sativus from Qiaocheng had the highest resistance, followed by Xiuzhou and Jiande. C. sativus groups with high disease resistance had abundant pathogen resistance genes, such as chitinase and β-1,3-glucanase genes, from rhizosphere microorganisms. Further, 13 bacteria and 19 fungi were isolated from C. sativus rhizosphere soils, and antagonistic activity against pathogenic F. oxysporum was observed on potato dextrose agar medium. In vivo corm experiments confirmed that Trichoderma yunnanense SR38, Talaromyces sp. SR55, Burkholderia gladioli SR379, and Enterobacter sp. SR343 displayed biocontrol activity against corm rot disease, with biocontrol efficiency of 20.26%, 31.37%, 39.22%, and 14.38%, respectively.



Discussion

This study uncovers the differences in the microbial community of rhizosphere soil of C. sativus with different corm rot disease resistance and reveals the role of four rhizospheric microorganisms in providing the host C. sativus with resistance against corm rot. The obtained biocontrol microorganisms can also be used for application research and field management.
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1
Introduction

The rhizosphere is a narrow soil zone affected by root secretions (Zhalnina et al., 2018). The soil microbial community is the largest biological resource pool known thus far (Torsvik et al., 2002), with its microbial species adding up to tens of thousands (Mahoney et al., 2017). Plants are closely related to microorganisms in rhizosphere soil. Rhizosphere microorganisms are essential in determining plant health, which may be related to microbial community structure and core microbial composition (Hou et al., 2021). Host plants may induce health beneficial microbes by the regulation of plant and microbiome signaling pathways (Gao et al., 2021), and this result is caused by their coevolution (Li et al., 2021b). Plant disease development may be affected by environmental factors, including commensal microbes, which either inhabit plant niches or live in soil (Kwak et al., 2018). Many beneficial microorganisms possess plant disease control activity in the rhizosphere; thus, revealing the secrets of microbial structure of the rhizosphere can help control plant diseases. For example, Hawaii 7996, a tomato variety resistant to the soil-borne pathogen Ralstonia solanacearum, possessed more abundant Flavobacteriia, Flavobacteriaceae, Sphingomonadaceae, and Pseudomonadaceae bacteria in the rhizosphere than the susceptible variety Moneymaker. Further, transplantation of rhizosphere microbiota from the resistant variety Hawaii 7996 could help the susceptible variety Moneymaker resist wilt, and the key strains may be the cause of the change and play an important role in disease resistance (Kwak et al., 2018). These results suggested that a good microbial composition can prevent pathogens from showing pathogenicity (Gordon, 2017; Zhou et al., 2019; Hu et al., 2020).

Crocus sativus L. (saffron) is a medicinal plant, whose stigma is used as valuable traditional Chinese medicine. The three main active components of C. sativus are crocin, picrocrocin, and safranal (Khorasanchi et al., 2018), which have an antidepressant effect (Dai et al., 2020) and antisenile dementia effect (Wang et al., 2019). However, C. sativus suffers from serious diseases in field production. The most severe disease of C. sativus is corm rot, leading to more than 50% mortality (Di Primo et al., 2002). Corm rot can be caused by various pathogens, but Fusarium oxysporum infection is the main cause (Hu et al., 2021). Various methods to manage plant rot diseases include chemical pesticide application, soil improvement technology, breeding of resistant varieties, and field rotation (Eshel et al., 2000; Shang et al., 2021; Dong et al., 2022; Wohor et al., 2022), but these methods are cumbersome with low efficiency and may cause severe environmental pollution. The interest in controlling plant diseases by beneficial microbes has recently increased because of the global need for environmentally friendly alternatives to chemical pesticides and fertilizers (Niu et al., 2020). Various microorganisms, such as phyllosphere microorganisms, endophytes, and rhizosphere microorganisms, can be used as biocontrol agents to prevent plant diseases (Vurukonda et al., 2018; Legein et al., 2020; Wang et al., 2021). Among these, biocontrol agents from rhizosphere microorganisms are the most common (Gu et al., 2020; Jiao et al., 2021). For example, rhizosphere bacteria Pseudomonas chlororaphis, P. extremaustralis, and Acinetobacter lwoffii A07 could alleviate damping-off disease caused by Rhizoctonia solani on Pinus sylvestris var. mongolica (Song et al., 2022).

Metagenomics is effective in revealing the microbiota related to pathogen infection and offers clues for the source of resistance against pathogens in plants (Mendes et al., 2011). Using metagenomic analysis, a previous study determined the diversity and abundance of bacteria and fungi in sour rot-affected table grapes, and confirmed that four of the isolated bacterial strains (two Cronobacter species, Serratia marcescens, and Lysinibacillus fusiformis) and five of the isolated fungal strains (three Aspergillus species, Alternaria tenuissima, and F. proliferatum) spoiled grapes (Gao et al., 2020). Many reports have analyzed the disease resistance of rhizosphere microorganisms to pathogens by co-culturing them with host plants. In a field experiment, inoculation with two antagonistic bacteria (Pseudomonas and Bacillus) in rhizospheric soil of tomato could stimulate its defense against R. solani (Kwak et al., 2018). Two rhizobacterial isolates Bacillus subtilis K4-4 and GH3-8 could completely suppress citrus dry root rot disease caused by Neocosmospora solani in greenhouse trials (Ezrari et al., 2021). The relationship between C. sativus rhizosphere microorganisms and phenology has been revealed by high-throughput sequencing (Ambardar et al., 2016); however, the relationship between the rhizosphere microbiome and disease resistance is unclear.

In this study, metagenomic tools were used to analyze the microbial composition in rhizosphere soil of C. sativus and predict gene function. Microorganisms related to the rot disease resistance of C. sativus were evaluated. We aimed to explore the relationship between the rhizosphere microbiome and host plant C. sativus, as well as the potential biocontrol fungal and bacterial strains against pathogenic F. oxysporum. These antagonistic microbes can be candidates for developing a microbial formulation for the biocontrol of corm rot disease of C. sativus.


2
Materials and methods

2.1
Sample collection and processing

C. sativus corm and its rhizosphere soil were collected from five distinct sites in China: Jiande, Zhejiang Province (29°32′34″N, 119°36′51″E), Xiuzhou, Zhejiang Province (30°39′41″N, 120°42′58″E), Chongming, Shanghai Municipality (31°39′59″N, 121°28′30″E), Chengcheng, Shaanxi Province (35°13′40″N, 109°57′5″E), and Qiaocheng, Anhui Province (33°37′33″N, 115°39′33″E). C. sativus corm was used for the disease resistance test, and rhizosphere soil was used for metagenomic analysis and microorganism isolation. The names and abbreviations of the groups are listed in Table S1. The loose soil around C. sativus corms was shaken off, and attached soil was brushed off gently and stored in an ice box. Plant tissue and gravel in rhizosphere soil were removed, and only rhizosphere soil was collected (Zhang et al., 2017).

Loose soil was air-dried, crushed, and passed through a screen mesh to assess chemical properties. Soil pH was determined with a digital pH meter (PHS-3E; Shanghai INESA & Scientific Instrument Co., Ltd., China) in a suspension of 1:2.5 soil/water ratio (w/v). Available nitrogen (AN) was determined by the alkaline hydrolysis diffusion method. Acidic available phosphorus (AP) and non-acid AP were extracted by NH4F–HCl solution (pH< 6.5) and NaHCO3 solution (pH ≥ 6.5), respectively, and the extracted AP was determined by the Mo-Sb anti-spectrophotometric method (Saudner, 1956). Available potassium (AK) was extracted by NH4OAc solution and determined by a flame photometer (F-500; Shanghai Metash Instruments Co., Ltd., China) (Shu et al., 2017). Soil organic matter (OM) was determined by the potassium dichromate oxidation method (Walkley and Black, 1934). Chromium (Cr) was determined by inductively coupled plasma mass spectrometry (X-2; Thermo Fisher Scientific, USA) after the soil samples were digested with HF–HNO3–H2O2.


2.2
Sequencing and metagenomic analysis

2.2.1
Metagenomic sequencing and gene prediction

To reveal the C. sativus rhizospheric microbial structure, a high-throughput metagenomic sequencing approach was used. The rhizosphere soil in the previous step was used for DNA extraction and metagenomic sequencing. Metagenomic shotgun sequencing libraries were prepared and sequenced by Majorbio (Shanghai Majorbio Bio-pharm Technology Co., Ltd.) using the HiSeq 2000 platform. After quality control, the low-quality (<20 average quality) and N-containing reads were removed from the initial sequence data obtained from the metagenomic sequencing of C. sativus rhizosphere soil, and the high-quality sequences required for subsequent analysis were obtained. MEGAHIT was used for splicing, and the obtained contigs were predicted by open reading frame (ORF). MetaGene (http://metagene.cb.k.u-tokyo.ac.jp/) was used for ORF prediction (Hideki et al., 2006). Genes with nucleic acid lengths ≥100 bp were selected and translated into amino acid sequences. Redundancy was removed with CD-HIT (http://www.bioinformatics.org/cd-hit/) using bacterial and fungal redundant coding sequence catalogs. Sequences with ≥95% identity and 90% coverage were considered redundant (Fu et al., 2012).


2.2.2
Species and functional analyses

Taxonomy information was matched against non-redundant (NR) protein databases (including Swiss-Prot, Protein Information Resource, Protein Research Foundation, Protein Data Bank, and the protein data translated from CDS data of GenBank and RefSeq) by DIAMOND (https://github.com/bbuchfink/diamond) (Buchfink et al., 2015; Buchfink et al., 2021) with E-value<1 × 10−5. Carbohydrate-active enzyme information was matched against the Carbohydrate-Active enZYme (CAZy) database (http://www.cazy.org/) by hmmscan (HMMER 3.0) with E-value<1 × 10−5 (Lombard et al., 2014). Gene function information was matched against the Kyoto Encyclopedia of Genes and Genomes (KEGG) database (http://www.genome.jp/kegg/) by DIAMOND with E-value<1 × 10−5 (Ogata et al., 1999).


2.2.3
Statistical analysis

Alpha diversity, such as Simpson and Chao1 indices, was calculated by the number of reads of species using Quantitative Insights into Microbial Ecology 2 (QIIME2). The number of reads of species was also used for principal component analysis (PCA) based on the Euclidean distance by QIIME2. Adonis analysis was performed based on the Bray–Curtis distance and a significance test with 999 Monte Carlo test permutations in QIIME2 (Anderson, 2001). Also, linear discriminant analysis (LDA) effect size (LEfSe) was calculated by Kruskal–Wallis sum-rank test and LDA using LEfSe (http://huttenhower.sph.harvard.edu/galaxy/root?tool_id=lefse_upload) (Segata et al., 2011). Redundancy analysis (RDA) was performed by vegan in R (programming language), and the significance of RDA was judged by permutest analysis.



2.3
Isolation and identification of rhizosphere microorganisms

The pure-culture method was used to isolate microorganisms from rhizosphere soil (Jogaiah et al., 2013; Ezrari et al., 2021). The rhizosphere soil collected in Section 2.1 was used to isolate rhizosphere microorganisms. Serial dilutions were prepared up to 10−5 mg/mL using sterile water. Exactly 100 μL of each diluted sample was spread onto plates with nutrient agar (NA) medium (15 g peptone, 5 g NaCl, 3 g beef extract, 15 g agar, 1 L distilled water, and pH 7.2 ± 0.2) and potato dextrose agar (PDA) medium (200 g potato, 20 g glucose, 15 g agar, and 1 L distilled water). Plates with NA were incubated in the incubator (LMI-100; Shanghai Longyue Instrument Equipment Co., Ltd., China) at 28°C in the dark for 2 days, whereas plates with PDA were cultured at 26°C in the dark for 7 days. Bacterial colonies were transferred to fresh NA plates and purified by the streak plate method, whereas fungi were purified by constantly choosing hyphae and placing them on fresh PDA plates with an inoculating needle.

Identification of the purified isolates was achieved using 16S rRNA or ITS gene sequence analysis. First, total genomic DNA was extracted from bacteria or fungi using the TIANamp Bacteria DNA Kit (Tiangen, China) and DNAiso Reagent (TaKaRa Bio, China), respectively. Fungal ITS genes were amplified by polymerase chain reaction (PCR) with the primer pair ITS5 and ITS4, whereas bacterial 16S rRNA genes were amplified by PCR with the primer pair 27F and 1492R (Liu et al., 2019). PCR was performed in a 50 μL reaction mixture containing 2 μL of DNA, 1 μL forward primer (10 mM), 1 μL reverse primer (10 mM), 25 µL 2×Taq Mix (+Dye) (Monad Biotech, China), and 21 μL sterile PCR-grade water. The amplification procedure included an initial denaturation at 95°C for 5 min, followed by 30 cycles of 95°C for 30 s, 55°C for 30 s, 72°C for 1 min, and a final elongation step of 72°C for 10 min (Yang et al., 2020). The PCR amplified products were analyzed by agarose gel electrophoresis and sequenced at Sangon Biotech (Shanghai) Co., Ltd. (Shanghai, China). Bacteria and fungi were identified based on similarities to 16S rRNA and ITS sequences, respectively. The sequences of the isolates were searched against the NCBI database (https://www.ncbi.nlm.nih.gov/nuccore) and have been deposited in GenBank under the accession numbers listed in Table S2.


2.4
Disease resistance test of C. sativus corm

Disease resistance was evaluated by a C. sativus corm rot model. The corm rot disease model was constructed by injecting C. sativus with the corm rot pathogen (F. oxysporum CS60) spore solution. F. oxysporum CS60 was isolated from a typical rot C. sativus corm and identified based on the ITS rRNA gene sequence according to the methods in Section 2.3 (Figure S1). To satisfy Koch’s postulates, the causal fungus was reisolated from the lesions of inoculated C. sativus corm, with morphological and cultural characteristics, as well as ITS rRNA gene sequence identical to the original isolate (Ben et al., 2021). The spore solution was prepared as follows: three PDA disks containing 7-day-old F. oxysporum were inoculated into 30 mL sterilized potato dextrose broth (PDB), and the PDA disks were obtained by beating the edge of the colony with a cork borer (sterilized, 6 mm diameter). After culture in the shaker (MC-100B; Shanghai Muce Instrument Technology Co., Ltd., China) at 28°C and 180 rpm in the dark for 7 days, the spore suspension was obtained by filtering, and the spore concentration was adjusted to 106/mL. C. sativus corms were injected with spore solution by a micro syringe, 30 μL each time, three injections with an interval of three days, and cultured in a greenhouse at 28 ± 2°C. C. sativus corm samples were tested for rot disease resistance by the relative lesion area (RLA) in the corm rot model. The corm area and lesion area were measured using AutoCAD 2019 software.

	


2.5
In vitro inhibition of F. oxysporum

Strains that could improve the corm rot resistance of C. sativus were screened. Based on microorganisms isolated from Section 2.3, the predicted active bacteria and fungi were evaluated for their antagonistic activity against F. oxysporum. The antagonism experiment was performed with PDA disks and filter paper (circle, 6 mm diameter). PDA disks containing 7-day-old F. oxysporum were placed at the center of PDA plates. Isolates with possible antagonism were placed 2.5 cm away from the center (three replicates per isolate). Specifically, 6 mm diameter PDA disks containing fungal threads were used in fungal antagonism, and filter papers containing 5 μL bacterial culture solution were used in bacterial antagonism. A week later, the diameter of the inhibition zone or inhibition rate was assessed (Liu et al., 2012).


2.6
In vivo evaluation of antagonistic microbes

For in vivo biocontrol evaluation of antagonistic microbes (Trichoderma yunnanense SR38, Talaromyces sp. SR55, Burkholderia gladioli SR379, and Enterobacter sp. SR343), antagonistic solutions were used. The antagonistic fungal solution was prepared as described in Section 2.4, whereas the antagonistic bacterial solution was prepared as follows. The bacterial colonies were scraped and placed in a flask containing 30 mL nutrient broth (NB). After culturing in the shaker at 28°C and 180 rpm in the dark for 2 days, the culture solution was filtered using a gauze and diluted to OD600 = 0.8 to obtain the antagonistic bacterial solution (Zu et al., 2022).

About 20 g healthy corms were selected for the experiment, and the antagonistic solutions were injected three times, 30 μL each time, with an interval of three days (day 0, 3, and 6). Pathogen spore solution was then injected three times, 30 μL each time, with an interval of three days (day 3, 6, and 9), and cultured in a greenhouse at 28 ± 2°C to investigate the incidence rate of corm rot. The blank group was injected with PDB or NB, and the positive control group was injected with carbendazim, 12 corms per group, repeated three times (Li et al., 2019).

Disease resistance was evaluated by the disease index, which was calculated as follows (Tian et al., 2021a):

	

Level 0: no disease, Level 1: RLA ≤ 20%, Level 2: 20%< RLA ≤ 40%, Level 3: 40%< RLA ≤ 60%, Level 4: 60%< RLA ≤ 80%, Level 5: 80%< RLA ≤ 100%.



3
Results

3.1
Microbial species composition and differential analysis

Soil DNA was sheared into 500 bp fragments, amplified, and sequenced to obtain an average of 93 729 748 raw reads. To build a high-quality sequencing library, an average of 91 247 300 clean reads were obtained from raw reads by quality control, and the percentage in raw reads (%) was 97.35%. The high-quality sequences were then assembled into contigs (average 890 335). Finally, ORFs were taken for analysis after ORF prediction (Table S1).

Among these, the analyzed NR gene set was constructed by the sequences related to bacteria and fungi, and the gene sequence numbers were 9 033 718 and 128 495, respectively. The annotation results with the NR database showed that the genes in the gene set belonged to 91 phyla, 170 classes, 335 orders, 658 families, 2 268 genera, and 13 789 species. To evaluate the abundance and diversity of microbial communities, the diversity index (Simpson index) and richness index (Chao1 index) were calculated based on species (Figures 1A, B). The Simpson index was significantly lower in Rs_CM and RsD_CM than in others. Rs_XZ had a significantly lower Chao1 index among all the groups. Although rhizosphere microbial diversity was often related to host conditions, specific microbes in the microbiome could play key roles.




Figure 1 | Rhizosphere microorganism composition of Crocus sativus from different origins. Boxplot of alpha-diversity indices: (A) Shannon index; (B) Chao1 index (group significance is indicated by letters; non-identical letters indicate p< 0.05). (C) Relative abundances of bacterial genera in samples. (D) Relative abundances of fungal genera in samples. (E) Cladogram generated from LEfSe analysis showing the most differentially abundant bacterial taxa enriched in rhizosphere with LDA scores (LDA score > 4 are shown). (F) Cladogram generated from LEfSe analysis showing the most differentially abundant fungal taxa enriched in rhizosphere with LDA scores (LDA score > 4 are shown).



The microbial species composition was also analyzed. Bacterial composition could be divided into two categories, with either (Microbacterium + Nocardioides) or (Burkholderia + Sphingomonas) as the most dominant genus. Rs_JD had the highest abundance of Sphingomonas (5.83%), and Rs_CC had the highest abundance of Microbacterium (11.14%). In addition, a higher abundance of Mycobacterium was found in Rs_XZ, reaching 8.11%, which was 2.06 times that of RsD_CC (Figure 1C). Fungal samples could be divided into two categories, with the most dominant genus as either Oidiodendron or Marssonina. The abundance of Oidiodendron in Rs_JD was the highest and even up to 55.35%, which was 13.98 times higher than RsD_CC. The abundance of Talaromyces and Pseudogymnoascus in Rs_QC was unusual and up to 3.52% and 7.76%, which were 2.83 and 1.30 times as large as in RsD_CC, respectively (Figure 1D).

Dissimilarity among samples was explored using PCA, and the compositions of the groups were distinct from each other (Figure S2, PC1 = 59.23%, PC2 = 19.11%), which was similar to the Adonis analysis (sample variation 0.9785, p = 0.001). The different taxon units were confirmed by LEfSe analysis, and Burkholderiales was enriched in RsD_JD, whereas Micrococcales was enriched in Rs_CC at the order level, and Proteobacteria with the highest LDA (5.17) was enriched in Rs_JD at the phylum level (LDA > 4, Figure 1E). For fungi, LefSe results revealed that Marssonina was enriched in Rs_QC, whereas Ascomycota was enriched in Rs_CC. Moreover, Helotiales, Oidiodendron, and Myxotrichaceae were the groups with top three LDA. Oidiodendron and Myxotrichaceae were enriched in Rs_JD, whereas Helotiales was enriched in Rs_QC (LDA > 4, Figure 1F).


3.2
Correlations among taxonomic levels, soil physicochemical properties, and disease resistance

To evaluate the resistance of different C. sativus corms to F. oxysporum, samples of eight groups from five regions were tested. RLA denoted the incidence rate of corm rot in C. sativus. The RLA result showed that RsD_CC had the highest incidence rate (RLA = 67.17 ± 5.02%), followed by RsD_CM (48.17 ± 2.06%), Rs_CC (40.20 ± 3.37%), RsD_JD (35.66 ± 3.12%), Rs_CM (34.32 ± 3.84%), Rs_JD (25.50 ± 0.66%), Rs_XZ (25.35 ± 6.12%), and Rs_QC (22.29 ± 3.87%), indicating that Rs_QC had the highest resistance (Table S3, Figure S3). There was a close relationship between taxonomic levels and disease resistance. Specifically, the top 10 genera in abundance were revealed by RDA (Figure 2). RLA significantly affected the bacterial community (r2 = 0.32, permutest p< 0.05), which was negatively correlated with the abundance of Burkholderia and positively correlated with the abundance of Agromyces.




Figure 2 | Redundancy analysis of rhizospheric genera corresponding to soil and corm properties. The 10 best-fitting genera are shown.



The determined soil chemical properties (Table S4) were used for RDA, and a significant correlation was found between soil chemical properties (pH, AN, AP, AK, OM, and Cr) and taxonomic levels (Figure 2). pH was the closest environmental factor related to microbial communities (r2 = 0.94, permutest p< 0.001), followed by Cr (r2 = 0.67, permutest p< 0.001) and AN (r2 = 0.62, permutest p< 0.001) (Table S5), and it was most positively correlated with the abundance of Microbacterium (Figure 2). The abundance of Burkholderia, Caballeronia, Mycobacterium, Sphingomonas, and Rhizobium was positively correlated with Cr and AN. In addition, pH had the closest correlation with RLA, showing a positive correlation, whereas the strongest negative correlation was with AK, according to the angle between the vectors of representative factors.

To clarify a deeper relationship between RLA and taxa, Spearman’s correlation analysis was performed. A total of 2 269 genera were used in the analysis, including 586 genera with significant correlation in which 384 genera were positively correlated and 202 genera were negatively correlated (Table S6). Moreover, the top 50 close genera with both positive and negative correlations are shown in Figure 3. Among the genera with positive correlation, Bacteriovorax had the greatest correlation (ρ = 0.8906, p< 0.001), followed by Lewinella (ρ = 0.8881, p< 0.001), Mariniradius (ρ = 0.8872, p< 0.001), and Terrimonas (ρ = 0.8669, p< 0.001). Among the genera with negative correlation, the bacterial genus Asanoa had the closest correlation (ρ = −0.7934, p< 0.001), whereas the closest fungal genus was Moniliophthora (ρ = −0.7047, p< 0.001). In addition, genera negatively correlated with RLA included many microbes of disease resistance, such as Massilia (ρ = −0.7277, p< 0.001) (Li et al., 2021a), Talaromyces (ρ = −0.6398, p< 0.001) (Tian et al., 2021c), Burkholderia (ρ = −0.5569, p< 0.01) (Ahmad et al., 2022), etc.




Figure 3 | Top 50 rhizospheric genera correlations with relative lesion area. (A) Positive correlation and (B) negative correlation.




3.3
Metagenomic analysis of rhizosphere microorganism functions

To understand the gene functions of rhizosphere microorganisms in resistance to different diseases, the CAZy and KEGG databases were used for annotation. Further exploration of the metagenomic data revealed a higher abundance of sequences associated with chitinase (GH19, EC 3.2.1.14) and β-1,3-glucanase (GH128, EC 3.2.1.39). These were usually considered defense enzymes against pathogens in Rs_QC or Rs_JD. In particular, chitinase was significantly higher in Rs_QC than in other groups (p< 0.05), even 2.43 times as high as in RsD_CC (Figure 4A). Although the levels of β-1,3-glucanase in Rs_QC and Rs_JD were excellent, they were lower in Rs_XZ with good disease resistance (Figure 4B). Moreover, a higher abundance of sequences was associated with the spermidine/putrescine transport system substrate-binding protein (K02055) in Rs_QC, Rs_JD, and Rs_XZ, which were significantly higher than RsD_CC and RsD_CM (Figure 4C). Meanwhile, a higher abundance of sequences focused on aldehyde dehydrogenase (K00128, EC 1.2.1.3) in Rs_JD (Figure 4D), which was significantly higher than in RsD_CM and RsD_CC (p< 0.05). These functions were related to quorum sensing and biosynthesis of polyketides, which might increase competition to hinder pathogen invasion (Table S7, S8).




Figure 4 | Boxplot of functional gene sequences proportion. (A) chitinase; (B) β-1,3-glucanase; (C) spermidine/putrescine transport system substrate-binding protein; and (D) aldehyde dehydrogenase (group significance is indicated by letters; non-identical letters indicate p< 0.05).




3.4
Biocontrol activity evaluation of microbial antagonists

A total of 65 bacteria and 41 fungi were isolated from C. sativus rhizosphere soils. By the functional prediction of microorganisms (Table S6), 13 bacteria and 19 fungi were selected as potential microbial antagonists for biocontrol activity experiments. Of these, 26 (81.25%) showed inhibitory effects on F. oxysporum on PDA plates (Table S2; Figure 5). The top two fungi and bacteria, T. yunnanense SR38, Talaromyces sp. SR55, B. gladioli SR379, and Enterobacter sp. SR343, were chosen to test in vivo C. sativus corm (Figure 6A). SR379 had the best defense effect against pathogenic F. oxysporum, and its RLA was 30.10%. The group with only F. oxysporum was seriously diseased, and RLA was 1.77 times higher than SR379, even reaching 53.41% (Table S9). The disease index was evaluated after inoculating microbial antagonists, which showed that treating SR38, SR55, SR343, and SR379 had good biocontrol effect, with biocontrol efficiency of 20.26%, 31.37%, 14.38%, and 39.22%, respectively. Biocontrol activities of all antagonistic groups were higher than those of the pesticide group (Figure 6B).




Figure 5 | Antagonistic activity against F. oxysporum. (A) control F. oxysporum; (B) SR379 vs. F. oxysporum; (C) SR38 vs. F. oxysporum; (D) SR343 vs. F. oxysporum; (E) SR55 vs. F. oxysporum.






Figure 6 | Evaluation of corm rot disease resistance of rhizosphere microorganisms in vivo. (A) Photographs of lesions on corm. (B) Histogram of disease index (SR38: Trichoderma yunnanense SR38 + Fusarium oxysporum; SR55: Talaromyces sp. SR55 + F. oxysporum; SR343: Enterobacter sp. SR343 + F. oxysporum; SR379: Burkholderia gladioli SR379 + F. oxysporum; F. ox: Sterile medium + F. oxysporum; and Carbendazim: 0.125% carbendazim solution + F. oxysporum) (group significance is indicated by * or #: ∗p< 0.05, ∗∗p< 0.01, ∗∗∗p< 0.001, ##p< 0.01).





4
Discussion

The plant rhizosphere is an essential environment, which is affected by root exudates (Sasse et al., 2018); therefore, microorganisms in the rhizosphere, including bacteria and fungi, are more closely related to plant life activities compared with field soil. In particular, the relationship between rhizosphere microorganisms and plant health has been a research hotspot. A previous study investigated the relationship between key rhizosphere microorganisms and traits of Arabidopsis, and found that plants could regulate the rhizosphere microbiome composition and that different rhizosphere microbial composition has different effects on plant traits, such as growth and disease resistance (Hou et al., 2021). Few studies have also investigated the relationship between rhizosphere microbes and C. sativus or other medicinal plants. Some rhizosphere microbes, including Pseudomonas aeruginosa, Brevibacterium frigoritolerans, Alcaligenes faecalis subsp. phenolicus, and Bacillus aryabhattai, were found to have plant growth properties and effectively control the growth of pathogenic fungi of C. sativus (Hu et al., 2021; Rasool et al., 2021). In this study, the microbial structure related to rot disease resistance in the rhizosphere of C. sativus was preliminarily revealed by metagenomic sequencing.

Microbial diversity and composition were different in C. sativus from different habitats, but those in the same habitat tended to be the same. Rhizosphere microorganisms of Pseudostellaria heterophylla were analyzed using phospholipid fatty acid analysis, and great differences were found in the microbial composition and structure of P. heterophylla from different habitats (Zou et al., 2018). This is related to the weather and planting methods in different places, and it is also regulated by the host (Gu et al., 2022; Silva et al., 2022; Zhong et al., 2022). In this study, Hypocreales and Burkholderiales were enriched in the microbial communities in the groups with high disease resistance. Among these, the common biocontrol fungi Talaromyces and Trichoderma belong to Hypocreales (Sood et al., 2020; Thambugala et al., 2020). Also, Proteobacteria was enriched in the high resistance groups, which was similar to the findings of Trivedi et al. (2012), who analyzed the citrus rhizosphere and found that it was enriched in Proteobacteria when plants were healthy. In addition, the abundance of F. oxysporum in different samples was compared, and the groups with high disease resistance had higher F. oxysporum abundance, which might be because of the higher tolerance of the microbial communities in these groups to F. oxysporum. This is similar to an analysis of ginseng in which the abundance of Fusarium in healthy ginseng was higher, suggesting nutritional competition between Fusarium and another pathogen Ilyonectria (Liu et al., 2019). Pseudomonadales, Corynebacteriales, and Propionibacteriales had higher abundance in the group with high disease resistance. A previous study analyzed the rhizosphere soil of common bean with F. oxysporum-resistant microorganisms and found that it had a higher abundance of Pseudomonadaceae than the rhizosphere soil of susceptible varieties (Mendes et al., 2018). Corynebacteriales and Propionibacteriales, belonging to Actinobacteria, are common groups that produce antibiotics, cellulase, and other antibacterial substances (Palaniyandi et al., 2013). In addition, there was a high abundance of Oidiodendron in Rs_JD, suggesting that Rs_JD has high disease resistance because Oidiodendron was found to produce biocontrol substances including polyketides and antibiotics (Andersen et al., 1983; Navarri et al., 2017). However, studies of Oidiodendron and its biocontrol activity in plant disease are few, and it may be a highly underestimated biocontrol strain.

Correlation analysis between rhizosphere microbes and rot disease resistance revealed that Asanoa and Moniliophthora were the most likely genera to enhance host rot resistance. Asanoa is a rare bacterial genus within Micromonosporaceae. Asanoa was previously isolated as a rhizosphere microbe of the alpine medicinal plant Leontopodium nivale subsp. alpinum, but its activity was not investigated (Oberhofer et al., 2019). Using 16s rDNA sequencing technology, Asanoa was found as an endophyte of L. nivale subsp. alpinum, suggesting that it plays a role in resisting rot disease as a colonizing endophyte. However, this bacterial species was not isolated from C. sativus, and its biocontrol activity against corm rot disease of C. sativus needs to be further studied. In addition, no studies discuss the relationship between Moniliophthora and C. sativus, but because Moniliophthora is a pathogen of Theobroma cacao (Ali et al., 2021), its specific activity in C. sativus requires further experimental investigation. In the range of isolated microbes, the genera most closely related to disease resistance were Enterobacter (bacteria) and Talaromyces (fungi). Enterobacter can improve host disease resistance, promote plant growth, and enhance abiotic stress resistance (Ajmal et al., 2022; Mukherjee et al., 2022; Panebianco et al., 2022). Talaromyces is ubiquitously used as biocontrol agents worldwide (Thambugala et al., 2020). In addition, RDA showed that Burkholderia abundance had a high positive correlation with AK and a high negative correlation with RLA, indicating a correlation among disease resistance, soil physicochemical properties, and microbial composition. Lower pH and higher AK may be beneficial to the health of C. sativus. Both environment and rhizosphere microbiome may directly affect the health of C. sativus corms, or they may play a role by affecting each other (Ren et al., 2020; Tian et al., 2021b).

The possible mechanism of the resistance of rhizosphere microorganisms to plant disease is synthesizing pathogen-antagonizing compounds (Jiao et al., 2021). The production of antibiotics, polyketides, chitinases, etc. is a sign that microorganisms can help host disease resistance. Bacillus thuringiensis has become the main microorganism used in biological control because it produces chitinases (Melo et al., 2016). Rs_QC, a group with high disease resistance, had a higher abundance of chitinase-related genes, whereas the other high disease resistance groups Rs_QC and Rs_JD had a high abundance of β-1,3-glucanase-related genes, which might be the reason for their high disease resistance. In addition, Rs_XZ with high disease resistance had a high abundance of polyketide synthesis genes (Figure S4). k00128 and k00626 (acetyl CoA C-acetyltransferase, EC: 2.3.1.9) are pathways related to polyketide synthesis. There was a high abundance of k00128 in all high resistance groups, whereas Rs_XZ had a high k00626 pathway abundance, which was significantly higher than that in the other groups (Figure S5). In addition, several groups were compared in the KEGG pathways (level 2), and the gene abundance of cell motility was higher in the high resistance groups (Figure S6). B. seminalis in which the antagonistic effect against pathogens was reduced by mutation had low cell motility, indicating that cell motility plays an important role in microbial antagonism (Zhang et al., 2020).

Fungicides and host resistance cannot often offer adequate and sustainable control of soil-borne diseases (Weller et al., 2002). Therefore, four antagonists with antifungal activity against pathogenic F. oxysporum were isolated and screened. T. yunnanense SR38 and Talaromyces sp. SR55 belonging to Hypocreales, B. gladioli SR379 from Burkholderiales, and Enterobacter sp. SR343 belonging to Proteobacteria were microbial taxa enriched in all high resistance groups, and their related disease resistance activities have already been reported in other studies (Sharma et al., 2015; Luo et al., 2021; Ahmad et al., 2022; Zhao et al., 2022). A new Talaromyces strain DYM25 was isolated from the Yap Trench and identified as a biocontrol agent against Fusarium wilt of cucumber (Luo et al., 2021). However, Enterobacter, an occasional pathogen, has not been reported in C. sativus (Zhang et al., 2022). Enterobacter cloacae isolated from C. sativus could produce cellulase and indole acetic acid, which usually have the potential for disease resistance and growth promotion (Sharma et al., 2015). In addition, it has been found that B. gladioli E39CS3 isolated from C. sativus corms can significantly improve the disease resistance of C. sativus, and verified that B. gladioli can produce chitinase and β-1,3-glucanase (Ahmad et al., 2022). In addition, because of the complexity of practical application, single biocontrol antagonists are usually considered to have the disadvantages of inadequate colonization and inefficient inhibition (Niu et al., 2020). They may have the problems of poor colonization rate and stability, including poor survival rate in soil, poor compatibility with host, and influence of original host microorganisms (Martínez-Viveros et al., 2010; Sarma et al., 2015; Vejan et al., 2016). Multi-strain biological control agents may have unique advantages in dealing with these problems (Niu et al., 2020). Therefore, correlation network analysis was used to analyze the relationships among genera based on metagenomic data, and Trichoderma (at the center of the network) and Paenibacillus (at the edge of the network) were combined (T. yunnanense SR38 + Paenibacillus peoriae SR235), which showed a 1.5-fold biocontrol effect compared with SR379 (unpublished data). Similarly, T. virens Gl006 and Bacillus velezensis Bs006 in combination can control Fusarium wilt of Cape gooseberry better (Izquierdo-García et al., 2020). Therefore, studies on multi-strain antagonists, one of the development directions of biocontrol, should be increased in follow-up research. More investigation is needed to understand the interactions between rhizosphere microorganisms and C. sativus to improve C. sativus yields and increase its resilience to biotic and abiotic stresses. To more comprehensively reveal the effective mechanism of rhizosphere microorganisms, the relationship between rhizospheric and endophytic microorganisms will be considered in follow-up research.
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Conclusion

Soil chemical properties and corm susceptibility influenced rhizosphere microbiome of C. sativus. pH was the closest environmental factor related to microbial communities, followed by Cr and AN. The order Burkholderiales was a vital taxon that kept C. sativus corms healthy. Other bacterial and fungal taxa were also differentially distributed in high and low disease resistance groups. Such differences played an important role in improving C. sativus corm rot disease resistance. Four rhizosphere isolates displayed biocontrol effects against C. sativus corm rot disease. These antagonists are promising isolates to be developed as biological agents to control corm rot disease of C. sativus. This study can serve as a reference for the exploration of the relationship between rhizosphere microorganisms and the host. However, further experiments are required to gain insight into the molecular mechanisms of these antagonists and explore the impact of microbial inoculation on biological activities of soil under natural conditions.



Data availability statement

The original contributions presented in the study are publicly available. This data can be found here: NCBI, PRJNA888150.



Author contributions

LQ and BZ designed the research. JZ, YZ, and QH performed the experiments and analyzed the data. JZ and JL wrote the manuscript. All authors critically revised the manuscript and approved the final version.



Funding

This study was supported by the National Natural Science Foundation of China (82003896, 81673528), Natural Science Foundation of Zhejiang Province (LQ21H280003), Young Innovative Talents Project of Zhejiang Medical Health Science and Technology (2022RC052), and Talent Projects of Zhejiang Chinese Medical University (2021ZR09).



Acknowledgments

We thank Peng Li and Shaowen Liu in Shanghai Majorbio Bio-pharm Technology Co., Ltd. for help in sequencing.



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.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2022.1045147/full#supplementary-material



References

 Ahmad, T., Bashir, A., Farooq, S., and Riyaz-Ul-Hassan, S. (2022). Burkholderia gladioli E39CS3, an endophyte of Crocus sativus linn., induces host resistance against corm-rot caused by Fusarium oxysporum. J. Appl. Microbiol. 132 (1), 495–508. doi: 10.1111/jam.15190

 Ajmal, A. W., Yasmin, H., Hassan, M. N., Khan, N., Jan, B. L., and Mumtaz, S. (2022). Heavy metal-resistant plant growth-promoting Citrobacter werkmanii strain WWN1 and Enterobacter cloacae strain JWM6 enhance wheat (Triticum aestivum l.) growth by modulating physiological attributes and some key antioxidants under multi-metal stress. Front. Microbiol. 13. doi: 10.3389/fmicb.2022.815704

 Ali, S. S., Amoako-Attah, I., Shao, J., Kumi-Asare, E., Meinhardt, L. W., and Bailey, B. A. (2021). Mitochondrial genomics of six cacao pathogens from the basidiomycete family marasmiaceae. Front. Microbiol. 12. doi: 10.3389/fmicb.2021.752094

 Ambardar, S., Singh, H. R., Gowda, M., and Vakhlu, J. (2016). Comparative metagenomics eeveal phylum level temporal and spatial changes in mycobiome of belowground parts of Crocus sativus. PloS One 11 (9), e0163300. doi: 10.1371/journal.pone.0163300

 Andersen, N. R., Lorck, H. O., and Rasmussen, P. R. (1983). Fermentation, isolation and characterization of antibiotic PR-1350. J. Antibiot. 36 (7), 753–760. doi: 10.7164/antibiotics.36.753

 Anderson, M. J. (2001). A new method for non-parametric multivariate analysis of variance. Aust. J. Ecol. 26 (1), 32–46. doi: 10.1111/j.1442-9993.2001.01070.pp.x

 Ben, H., Huo, J., Yao, Y., Gao, W., Wang, W., Hao, Y., et al. (2021). Stemphylium lycopersici causing leaf spot of watermelon (Citrullus lanatus) in China. Plant Dis 105(12), 4157. doi: 10.1094/PDIS-05-21-0990-PDN

 Buchfink, B., Reuter, K., and Drost, H.-G. (2021). Sensitive protein alignments at tree-of-life scale using DIAMOND. Nat. Methods 18 (4), 366–368. doi: 10.1038/s41592-021-01101-x

 Buchfink, B., Xie, C., and Huson, D. H. (2015). Fast and sensitive protein alignment using DIAMOND. Nat. Methods 12 (1), 59–60. doi: 10.1038/nmeth.3176

 Dai, L., Chen, L., and Wang, W. (2020). Safety and efficacy of saffron (Crocus sativus l.) for treating mild to moderate depression: a systematic review and meta-analysis. J. Nerv. Ment. Dis. 208 (4), 269–276. doi: 10.1097/NMD.0000000000001118

 Di Primo, P., Cappelli, C., and Katan, T. (2002). Vegetative compatibility grouping of Fusarium oxysporum f.sp. gladioli from saffron. Eur. J. Plant Pathol. 108 (9), 869–875. doi: 10.1023/a:1021204022787

 Dong, F., Chen, X., Lei, X., Wu, D., Zhang, Y., Lee, Y. W., et al. (2022). Effect of crop rotation on Fusarium mycotoxins and Fusarium species in cereals in sichuan province (China). Plant Dis. doi: 10.1094/pdis-01-22-0024-re

 Eshel, D., Gamliel, A., Grinstein, A., Di Primo, P., and Katan, J. (2000). Combined soil treatments and sequence of application in improving the control of soilborne pathogens. Phytopathology 90 (7), 751–757. doi: 10.1094/phyto.2000.90.7.751

 Ezrari, S., Mhidra, O., Radouane, N., Tahiri, A., Polizzi, G., Lazraq, A., et al. (2021). Potential role of rhizobacteria isolated from citrus rhizosphere for biological control of citrus dry root rot. Plants (Basel) 10 (5), 872. doi: 10.3390/plants10050872

 Fu, L., Niu, B., Zhu, Z., Wu, S., and Li, W. (2012). CD-HIT: accelerated for clustering the next-generation sequencing data. Bioinformatics 28 (23), 3150–3152. doi: 10.1093/bioinformatics/bts565

 Gao, M., Xiong, C., Gao, C., Tsui, C. K. M., Wang, M. M., Zhou, X., et al. (2021). Disease-induced changes in plant microbiome assembly and functional adaptation. Microbiome 9 (1), 187. doi: 10.1186/s40168-021-01138-2

 Gao, H., Yin, X., Jiang, X., Shi, H., Yang, Y., Wang, C., et al. (2020). Diversity and spoilage potential of microbial communities associated with grape sour rot in eastern coastal areas of China. PeerJ 8, e9376. doi: 10.7717/peerj.9376

 Gordon, T. R. (2017). Fusarium oxysporum and the Fusarium wilt syndrome. Annu. Rev. Phytopathol. 55, 23–39. doi: 10.1146/annurev-phyto-080615-095919

 Gu, S., Wei, Z., Shao, Z., Friman, V. P., Cao, K., Yang, T., et al. (2020). Competition for iron drives phytopathogen control by natural rhizosphere microbiomes. Nat. Microbiol. 5 (8), 1002–1010. doi: 10.1038/s41564-020-0719-8

 Gu, X., Yang, N., Zhao, Y., Liu, W., and Li, T. (2022). Long-term watermelon continuous cropping leads to drastic shifts in soil bacterial and fungal community composition across gravel mulch fields. BMC Microbiol. 22 (1), 189. doi: 10.1186/s12866-022-02601-2

 Hideki, N., Jungho, P., and Toshihisa, T. (2006). MetaGene: prokaryotic gene finding from environmental genome shotgun sequences. Nucleic Acids Res. 34 (19), 5623–5630. doi: 10.1093/nar/gkl723

 Hou, S., Thiergart, T., Vannier, N., Mesny, F., Ziegler, J., Pickel, B., et al. (2021). A microbiota-root-shoot circuit favours Arabidopsis growth over defence under suboptimal light. Nat. Plants 7 (8), 1078–1092. doi: 10.1038/s41477-021-00956-4

 Hu, S., Wang, X., Sun, W., Wang, L., and Li, W. (2021). In vitro study of biocontrol potential of rhizospheric Pseudomonas aeruginosa against pathogenic fungi of saffron (Crocus sativus l.). Pathogens 10 (11)1423. doi: 10.3390/pathogens10111423

 Hu, J., Wei, Z., Kowalchuk, G. A., Xu, Y., Shen, Q., and Jousset, A. (2020). Rhizosphere microbiome functional diversity and pathogen invasion resistance build up during plant development. Environ. Microbiol. 22 (12), 5005–5018. doi: 10.1111/1462-2920.15097

 Izquierdo-García, L. F., González-Almario, A., Cotes, A. M., and Moreno-Velandia, C. A. (2020). Trichoderma virens Gl006 and Bacillus velezensis Bs006: a compatible interaction controlling Fusarium wilt of cape gooseberry. Sci. Rep. 10 (1)6857. doi: 10.1038/s41598-020-63689-y

 Jiao, X., Takishita, Y., Zhou, G., and Smith, D. L. (2021). Plant associated rhizobacteria for biocontrol and plant growth enhancement. Front. Plant Sci. 12. doi: 10.3389/fpls.2021.634796

 Jogaiah, S., Abdelrahman, M., Tran, L. S. P., and Shin-ichi, I. (2013). Characterization of rhizosphere fungi that mediate resistance in tomato against bacterial wilt disease. J. Exp. Bot. 64 (12), 3829–3842. doi: 10.1093/jxb/ert212

 Khorasanchi, Z., Shafiee, M., Kermanshahi, F., Khazaei, M., Ryzhikov, M., Parizadeh, M. R., et al. (2018). Crocus sativus a natural food coloring and flavoring has potent anti-tumor properties. Phytomedicine 43, 21–27. doi: 10.1016/j.phymed.2018.03.041

 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

 Legein, M., Smets, W., Vandenheuvel, D., Eilers, T., Muyshondt, B., Prinsen, E., et al. (2020). Modes of action of microbial biocontrol in the phyllosphere. Front. Microbiol. 11. doi: 10.3389/fmicb.2020.01619

 Li, C. X., Cao, P., Du, C. A. J., Zhang, X., Bing, H., Li, L., et al. (2021a). Massilia rhizosphaerae sp. nov., a rice- associated rhizobacterium with antibacterial activity against Ralstonia solanacearum. Int. J. Syst. Evol. Microbiol. 71 (9), 005009. doi: 10.1099/ijsem.0.005009

 Li, E., de Jonge, R., Liu, C., Jiang, H., Friman, V. P., Pieterse, C. M. J., et al. (2021b). Rapid evolution of bacterial mutualism in the plant rhizosphere. Nat. Commun. 12 (1), 3829. doi: 10.1038/s41467-021-24005-y

 Li, S., Fang, X., Han, S., Zhu, T., and Zhu, H. (2019). Differential proteome analysis of hybrid bamboo (Bambusa pervariabilis × Dendrocalamopsis grandis) under fungal stress (Arthrinium phaeospermum). Sci. Rep. 9 (1), 18681. doi: 10.1038/s41598-019-55229-0

 Liu, J., Ma, Z., ShenTu, X., Yu, B., and Yu, X. (2012). Isolation and identification of antagonistic actinomycetes and their application in the biocontrol of Fusarium oxysporum f. sp. cucumerinum. Acta Hortic. Sin. 39 (06), 1123–1130. doi: 10.16420/j.issn.0513-353x.2012.06.002

 Liu, D., Sun, H., and Ma, H. (2019). Deciphering microbiome related to rusty roots of Panax ginseng and evaluation of antagonists against pathogenic Ilyonectria. Front. Microbiol. 10. doi: 10.3389/fmicb.2019.01350

 Lombard, V., Golaconda Ramulu, H., Drula, E., Coutinho, P. M., and Henrissat, B. (2014). The carbohydrate-active enzymes database (CAZy) in2012, 013. Nucleic Acids Res. 42 (Database issue), D490–D495. doi: 10.1093/nar/gkt1178

 Luo, M., Chen, Y., He, J., Tang, X., Wu, X., and Xu, C. (2021). Identification of a new Talaromyces strain DYM25 isolated from the yap trench as a biocontrol agent against Fusarium wilt of cucumber. Microbiol. Res. 251, 126841. doi: 10.1016/j.micres.2021.126841

 Mahoney, A. K., Yin, C., and Hulbert, S. H. (2017). Community structure, species variation, and potential functions of rhizosphere-associated bacteria of different winter wheat (Triticum aestivum) cultivars. Front. Plant Sci. 8. doi: 10.3389/fpls.2017.00132

 Martínez-Viveros, O., Jorquera, M. A., Crowley, D. E., Gajardo, G., and Mora, M. L. (2010). Mechanisms and practical considerations involved in plant growth promotion by rhizobacteria. J. Soil Sci. Plant Nutr. 10, 293–319. doi: 10.4067/S0718-95162010000100006

 Melo, A. L., Soccol, V. T., and Soccol, C. R. (2016). Bacillus thuringiensis: mechanism of action, resistance, and new applications: a review. Crit. Rev. Biotechnol. 36 (2), 317–326. doi: 10.3109/07388551.2014.960793

 Mendes, R., Kruijt, M., de Bruijn, I., Dekkers, E., van der Voort, M., Schneider, J. H., et al. (2011). Deciphering the rhizosphere microbiome for disease-suppressive bacteria. Science 332 (6033), 1097–1100. doi: 10.1126/science.1203980

 Mendes, L. W., Raaijmakers, J. M., de Hollander, M., Mendes, R., and Tsai, S. M. (2018). Influence of resistance breeding in common bean on rhizosphere microbiome composition and function. ISME J. 12 (1), 212–224. doi: 10.1038/ismej.2017.158

 Mukherjee, A., Singh, S., Gaurav, A. K., Chouhan, G. K., Jaiswal, D. K., de Araujo Pereira, A. P., et al. (2022). Harnessing of phytomicrobiome for developing potential biostimulant consortium for enhancing the productivity of chickpea and soil health under sustainable agriculture. Sci. Total Environ. 836, 155550. doi: 10.1016/j.scitotenv.2022.155550

 Navarri, M., Jégou, C., Bondon, A., Pottier, S., Bach, S., Baratte, B., et al. (2017). Bioactive metabolites from the deep subseafloor fungus Oidiodendron griseum UBOCC-A-114129. Mar. Drugs 15 (4), 111. doi: 10.3390/md15040111

 Niu, B., Wang, W., Yuan, Z., Sederoff, R. R., Sederoff, H., Chiang, V. L., et al. (2020). Microbial interactions within multiple-strain biological control agents impact soil-borne plant disease. Front. Microbiol. 11. doi: 10.3389/fmicb.2020.585404

 Oberhofer, M., Hess, J., Leutgeb, M., Gössnitzer, F., Rattei, T., Wawrosch, C., et al. (2019). Exploring actinobacteria associated with rhizosphere and endosphere of the native alpine medicinal plant Leontopodium nivale subspecies alpinum. Front. Microbiol. 10. doi: 10.3389/fmicb.2019.02531

 Ogata, H., Goto, S., Sato, K., Fujibuchi, W., and Kanehisa, M. (1999). KEGG: kyoto encyclopedia of genes and genomes. Nucleic Acids Res. 27 (1), 29–34. doi: 10.1093/nar/27.1.29

 Palaniyandi, S. A., Yang, S. H., Zhang, L., and Suh, J. W. (2013). Effects of actinobacteria on plant disease suppression and growth promotion. Appl. Microbiol. Biotechnol. 97 (22), 9621–9636. doi: 10.1007/s00253-013-5206-1

 Panebianco, S., Lombardo, M. F., Anzalone, A., Musumarra, A., Pellegriti, M. G., Catara, V., et al. (2022). Epiphytic and endophytic microorganisms associated to different cultivar of tomato fruits in greenhouse environment and characterization of beneficial bacterial strains for the control of post-harvest tomato pathogens. Int. J. Food Microbiol. 379, 109861. doi: 10.1016/j.ijfoodmicro.2022.109861

 Rasool, A., Imran Mir, M., Zulfajri, M., Hanafiah, M. M., Azeem Unnisa, S., and Mahboob, M. (2021). Plant growth promoting and antifungal asset of indigenous rhizobacteria secluded from saffron (Crocus sativus l.) rhizosphere. Microb. Pathog. 150, 104734. doi: 10.1016/j.micpath.2021.104734

 Ren, H., Huang, B., Fernández-García, V., Miesel, J., Yan, L., and Lv, C. (2020). Biochar and rhizobacteria amendments improve several soil properties and bacterial diversity. Microorganisms 8 (4), 502. doi: 10.3390/microorganisms8040502

 Sarma, B. K., Yadav, S. K., Singh, S., and Singh, H. B. (2015). Microbial consortium-mediated plant defense against phytopathogens: Readdressing for enhancing efficacy. Soil Biol. Biochem. 87, 25–33. doi: 10.1016/j.soilbio.2015.04.001

 Sasse, J., Martinoia, E., and Northen, T. (2018). Feed your friends: Do plant exudates shape the root microbiome? Trends Plant Sci. 23 (1), 25–41. doi: 10.1016/j.tplants.2017.09.003

 Saudner, D. H. (1956). Determination of available phosphorus in tropical soil by extraction with sodium hydroxide. Soil Sci. 82 (6), 457–464. doi: 10.1097/00010694-195612000-00002

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

 Shang, H., Ma, C., Li, C., Zhao, J., Elmer, W., White, J. C., et al. (2021). Copper oxide nanoparticle-embedded hydrogels enhance nutrient supply and growth of lettuce (Lactuca sativa) infected with Fusarium oxysporum f. sp. lactucae. Environ. Sci. Technol. 55 (20), 13432–13442. doi: 10.1021/acs.est.1c00777

 Sharma, T., Kaul, S., and Dhar, M. K. (2015). Diversity of culturable bacterial endophytes of saffron in Kashmir, India. Springerplus 4, 661. doi: 10.1186/s40064-015-1435-3

 Shu, X., Zhang, K., Zhang, Q., and Wang, W. (2017). Response of soil physico-chemical properties to restoration approaches and submergence in the water level fluctuation zone of the danjiangkou reservoir, China. Ecotoxicol. Environ. Saf. 145, 119–125. doi: 10.1016/j.ecoenv.2017.07.023

 Silva, I., Alves, M., Malheiro, C., Silva, A. R. R., Loureiro, S., Henriques, I., et al. (2022). Short-term responses of soil microbial communities to changes in air temperature, soil moisture and UV radiation. Genes 13 (5), 850. doi: 10.3390/genes13050850

 Song, Q., Deng, X., Song, R. Q., and Song, X. S. (2022). Plant growth-promoting rhizobacteria promote growth of seedlings, regulate soil microbial community, and alleviate damping-off disease caused by Rhizoctonia solani on Pinus sylvestris var. mongolica. Plant Dis. 106 (10), 2730–2740. doi: 10.1094/PDIS-11-21-2562-RE

 Sood, M., Kapoor, D., Kumar, V., Sheteiwy, M. S., Ramakrishnan, M., Landi, M., et al. (2020). Trichoderma: the "secrets" of a multitalented biocontrol agent. Plants (Basel) 9 (6), 762. doi: 10.3390/plants9060762

 Thambugala, K. M., Daranagama, D. A., Phillips, A. J. L., Kannangara, S. D., and Promputtha, I. (2020). Fungi vs. fungi in biocontrol: an overview of fungal antagonists applied against fungal plant pathogens. Front. Cell. Infect. Microbiol. 10. doi: 10.3389/fcimb.2020.604923

 Tian, G.-L., Bi, Y.-M., Jiao, X.-L., Zhang, X.-M., Li, J.-F., Niu, F.-B., et al. (2021a). Application of vermicompost and biochar suppresses Fusarium root rot of replanted American ginseng. Appl. Microbiol. Biotechnol. 105 (18), 6977–6991. doi: 10.1007/s00253-021-11464-y

 Tian, L., Ou, J., Sun, X., Miao, Y., Pei, J., Zhao, L., et al. (2021b). The discovery of pivotal fungus and major determinant factor shaping soil microbial community composition associated with rot root of American ginseng. Plant Signaling Behav. 16 (11), 1952372. doi: 10.1080/15592324.2021.1952372

 Tian, Y., Zhao, Y., Fu, X., Yu, C., Gao, K., and Liu, H. (2021c). Isolation and identification of Talaromyces sp. strain Q2 and its biocontrol mechanisms involved in the control of Fusarium wilt. Front. Microbiol. 12. doi: 10.3389/fmicb.2021.724842

 Torsvik, V., Øvreås, L., and Thingstad, T. F. (2002). Prokaryotic diversity–magnitude, dynamics, and controlling factors. Science 296 (5570), 1064–1066. doi: 10.1126/science.1071698

 Trivedi, P., He, Z., Van Nostrand, J. D., Albrigo, G., Zhou, J., and Wang, N. (2012). Huanglongbing alters the structure and functional diversity of microbial communities associated with citrus rhizosphere. ISME J. 6 (2), 363–383. doi: 10.1038/ismej.2011.100

 Vejan, P., Abdullah, R., Khadiran, T., Ismail, S., and Nasrulhaq Boyce, A. (2016). Role of plant growth promoting rhizobacteria in agricultural sustainability-a review. Molecules 21 (5), 573. doi: 10.3390/molecules21050573

 Vurukonda, S., Giovanardi, D., and Stefani, E. (2018). Plant growth promoting and biocontrol activity of Streptomyces spp. as endophytes. Int. J. Mol. Sci. 19 (4), 952. doi: 10.3390/ijms19040952

 Walkley, A. J., and Black, I. A. (1934). An examination of the degtjareff method for determining soil organic matter, and a proposed modification of the chromic acid titration method. Soil Sci. 37 (1), 29–38. doi: 10.1097/00010694-193401000-00003

 Wang, C., Cai, X., Hu, W., Li, Z., Kong, F., Chen, X., et al. (2019). Investigation of the neuroprotective effects of crocin via antioxidant activities in HT22 cells and in mice with alzheimer's disease. Int. J. Mol. Med. 43 (2), 956–966. doi: 10.3892/ijmm.2018.4032

 Wang, H., Liu, R., You, M. P., Barbetti, M. J., and Chen, Y. (2021). Pathogen biocontrol using plant growth-promoting bacteria (PGPR): role of bacterial diversity. Microorganisms 9 (9), 1988. doi: 10.3390/microorganisms9091988

 Weller, D. M., Raaijmakers, J. M., Gardener, B. B., and Thomashow, L. S. (2002). Microbial populations responsible for specific soil suppressiveness to plant pathogens. Annu. Rev. Phytopathol. 40, 309–348. doi: 10.1146/annurev.phyto.40.030402.110010

 Wohor, O. Z., Rispail, N., Ojiewo, C. O., and Rubiales, D. (2022). Pea breeding for resistance to rhizospheric pathogens. Plants (Basel) 11 (19), 2664. doi: 10.3390/plants11192664

 Yang, Y., Xi-xi, L., Ou-feng, T., Meng-di, W., Jiao, L., Bo, Z., et al. (2020). Diversity and community structure of endophytic fungi in Corydalis yanhusuo tuber and their correlations with tetrahydropalmatine content. Chin. Traditional Herbal Drugs 51 (07), 1901–1908. doi: 10.7501/j.issn.0253-2670.2020.07.027

 Zhalnina, K., Louie, K. B., Hao, Z., Mansoori, N., da Rocha, U. N., Shi, S., et al. (2018). Dynamic root exudate chemistry and microbial substrate preferences drive patterns in rhizosphere microbial community assembly. Nat. Microbiol. 3 (4), 470–480. doi: 10.1038/s41564-018-0129-3

 Zhang, K., Adams, J. M., Shi, Y., Yang, T., Sun, R., He, D., et al. (2017). Environment and geographic distance differ in relative importance for determining fungal community of rhizosphere and bulk soil. Environ. Microbiol. 19 (9), 3649–3659. doi: 10.1111/1462-2920.13865

 Zhang, L., Huang, X., Hu, H., and Xue, Y. B. (2022). First report of leaf spot disease caused by Enterobacter mori on Canna indica in China. Plant Dis. doi: 10.1094/pdis-05-22-1223-pdn

 Zhang, M., Wang, X., Ahmed, T., Liu, M., Wu, Z., Luo, J., et al. (2020). Identification of genes involved in antifungal activity of Burkholderia seminalis against Rhizoctonia solani using Tn5 transposon mutation method. Pathogens 9 (10), 797. doi: 10.3390/pathogens9100797

 Zhao, J., Zou, X., He, X., Zhang, Q., and Yang, J. (2022). Control effects of two siderophore - producing fungi aginst tomato bacterial wilt. Plant Prot. 48 (4), 123–130. doi: 10.16688/j.zwbh.2021269

 Zhong, Y., Xun, W., Wang, X., Tian, S., Zhang, Y., Li, D., et al. (2022). Root-secreted bitter triterpene modulates the rhizosphere microbiota to improve plant fitness. Nat. Plants 8 (8), 887–896. doi: 10.1038/s41477-022-01201-2

 Zhou, D., Jing, T., Chen, Y., Wang, F., Qi, D., Feng, R., et al. (2019). Deciphering microbial diversity associated with Fusarium wilt-diseased and disease-free banana rhizosphere soil. BMC Microbiol. 19 (1), 161. doi: 10.1186/s12866-019-1531-6

 Zou, L., Ma, Y., Hou, Y., and Liu, X. (2018). Analysis of diversity of microbial community in rhizosphere soil of Pseudostellaria heterophylla in different habitats based on phospholipid fatty acid (PLFA). J. Chin. Med. Mater. 41 (5), 1054–1060. doi: 10.13863/j.issn1001-4454.2018.05.009

 Zu, X., Zhou, H., Zhu, H., Ren, Z., and Liu, E. (2022). Isolation and identification of Bacillus subtilis K-268 and its biological control effect on rice blast. Biotechnol. Bull. 38 (6), 136–146. doi: 10.13560/j.cnki.biotech.bull.1985.2021-1124





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 Zhang, Lu, Zhu, Huang, Qin and Zhu. 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.


OEBPS/Images/fpls-13-1045147-g001.jpg
Rs,oc:hl- FOTTIAENTE NIRRT 0 T B —

0.0050 Rs XZ
oooasd [ woo [INTINNENIRDININD O DI T I -
= L3 iy INEE N B
RsD_ID
£ 0.0040 ) il
E d gsovt 1NN | TRINTHAR SN 0 DR IH PRI T I
£ 0.0035 c —_ i
£ £ &£ b rsp_oxt [T DINIMNINENE § VP IE I T I
Z 0.0030 b -
a - 5 ws.co [ IAMTFINMENE || ETAREE N S PEECEE
0.0025 - —— §
OSNUIRII I EEE IR R & [ |
T T T T T T T T T 1
0.0020 0.2 04 05 06 07 08 0.9 1

11500

11000

Chaol index

10500

10000

D w«

W Microbacterium
1 Burd
W variovorax

W Paraburkholderia
W /cifsonia

B Riodococcus

W0 Sphingobium

W Agrobacterium

0 0.1 03

I Mycobacterium
W solirubrobacter
W Mesorhizobium
W Devosia

W eromicrobium
I Caulobacter

W Nocardioides
W Rhizobium

0 Novosphingobium
W Phycicoccus

W Flavobacterium
W Sphingopyxis

W Siepromyces

W Bradyrhizobium
W Caballeronia

M Bosea

I uncl_Actinobacteria
W Meihylobacterium

W Sphingomonas
W Agromyces
W Arihrobacter
W Conexibacter
W Pseudomonas
I uncl_Bacteria
M Frankia W Phenylobacterium I uncl_Acidobacteria Ml Myxococcus
I uncl_Betaproteobacteria MMl uncl_Solirubrobacterales B Marmoricola M others

W .

holderia

B Otiodendron B Marssonina B Penicittom W Phiclocephata [ Prewdogymmoascus W8 Glarea W pergities W Fusarion W Talaromyees
Fonsecaea Alternaria Pochonia Pipolaris Pyrenachaeia “onlasporkum achyborrys B8 Rhizocionia B Macrophoming
W Mortierella W vervicittinm W Stemphylin W Clavispora W Orbitia W Ascochyta W others

RID_ID . Betaproicobuctera
Reo o Bukholderiles
Reow O Acdobacienales
RaD_CM

Re Xz Protcobicteria
Reac < Alphaprotcobucteia
= o Rhizobisles
RDCC Spmingomonadales
Rs.CC ¢ Deluproicobuctria

o Mynococales
o_Corynebucteiales
©_Gammaproteobacieria
<. Thermoleophilia

o Sphingobacterales
< Sphingobacieriia
o Strepromycetales

. Actinobacteria
b Actinobuctria
o Micrococcales
o Propionibactersles

F

o_Euotakes
& _Eurtiomycets

T Asperiacese

& Peniciliom
o_nclasified ¢_Leotiomycels
T ysotichacese
Ondodenion

& Lenomcetes

o Hypocrales

£ Aspeills

o Helouaes
©_Demescesc

& Marssonins
©_unclassifed o_Hebtles
& Phaloceiela

< Sonariomyestes

[ —

& Pewdogymassscus

" Trchocomceae

< Dothideomycets

& Glaea

& _Taiomyces

T Helousesae
©_Seotmnceac

7. Assomycon

<QUID
//'

LDA SCORE(og10)

30 40 so

LDASCORE(ogi0)

0 Baceroidies o ho_Rhimbiks  mmo:c_Acdobaciia ey :o_Conynebaceises
= b Sphingobacteria = 10 _Sphingomonadales == - o_Acidobacteries m < Thermolcophiia N . .
= j ¢ Dellapoiobacterin = 4 p_Actinobacerin 1 - _Solrbrobacterses o it : -
o Protcamacera Ko Myxococcales ¢ Actnobscieria  mm v ¢__Rubrobacera o e =1t umamiane: = = i PSR
¢ Gummsprowoboctera mm 1 ¢ _Betaproteobactcria = o~ Micococcales = Gt m Pl = VMoo
= o Xamhomonsdaics  wm m o_Burkhoklrakes == o Propionibacteiaes = i Tuonamycees k5 Awopilus = 4 et o_Hickoinls = w ¢ Odiodendon
40 Alvaibedais’ 0k Achbaiy b G Buscnscie Rt B e fondidig srmmac )






OEBPS/Images/fpls-13-1045147-g006.jpg
Day 12 Day 18 Day 24 B

~
-

N\
gt

Disease index (%)






OEBPS/Images/M2.jpg
Discase e — - (Nomber ofexchleve disease commValses of exchlewel)
ex el areber of cormaiTop v vilae lows





OEBPS/Images/fpls-13-1045147-g004.jpg
>

B &
0.0035+ 0.00175 ? [

" . —
5 00034 5 00015
g g b
: : 3 é
£ 00025 == . £ 00025
H b H
£ 000 é £ 0001
a
00015 é 0.00075
0001 v T T T 3 00005 T T T r
Rs QC Rs 1D Rs XZ RsD_CM RsD_CC Rs.QC Rs.ID Rs XZ RsD_CC

C . D

0.0012 0.002

2 000114 H
g g 00018
: g
s b s b
£ oo e £
H - —
£ a £ 00016
= 0.0009-] # g
a
oums =l
00008

0.0007 T T T T 1 0.0012+ T T T T

Rs QC Rs ID Rs X7 RsD CM RsD CC Rs QC Rs JD Rs XZ RsD CM RsD CC





OEBPS/Images/fpls-13-1045147-g003.jpg
A

Bacteriovorax
Lewinella
Mariniradius
Terrimonas

Elusimicrobium

I

Shimia

Microscilla
Rhodovulum
Opitutus
Colwellia

Coxiellaceae genus -

Intestinibacter |

Desulfurella~

Ottowi

Sandaracinus
Rhodoferax
Verrucomicrobiales genus
Verrucomicrobia genus

Pilimelia

Hydrocarboniphaga
Bellovibrio

Aquamicrobium

Mesoftavibacter

Verrucomicrobiaceae genus
Curvibacter
Marinimicrobium
Terrimicrobium
Wenzhouxiangella
Blastopirellula
Spongiibacteraceae genus
Pelagibacterium
Lachnoanaerobaculum -
Roseibium

Bacteroidaceae genus -

H

Devriesea-|

Prosthecobacter |

Gemmobacter
Octadecabacter
Hylemonella

Aliiroseovarius -

|
|

Cytophagales genus I

Fluoribacter

Lentisphaera

L

Congregibacter |

Fibrobacter

Marinagarivorans |

Holdemania

Puniceibacterium -
T

correlation

0.8906
0.8881
0.8872
0.8669
0.8649
0.8590
0.8382
0.8380
0.8249
0.8224
0.8136
0.8116
0.8065
0.8057
0.8034
0.7817
0.7802
0.7791
0.7750
0.7723
0.7723
0.7618
0.7592
0.7556
0.7549
0.7487
0.7461
0.7461
0.7461
0.7385
0.7382
0.7344
0.7329
0.7178
0.7172
0.7122
0.7096
0.7095
0.7040
0.7040
0.7040
0.7022
0.7003
0.6971
0.6938
0.6935
0.6923
0.6909
0.6906
0.6883

p-value

5.5559E-09
6.9945E-09
7.6256E-09
4.2617E-08
4.9953E-08
7.7229E-08
3.1768E-07
3.2135E-07
7.1007E-07
8.1726E-07
1.3349E-06
1.4836E-06
1.9437E-06
2.0246E-06
2.2756E-06
6.4622E-06
6.9101E-06
7.2741E-06
8.7258E-06
9.7829E-06
9.7963E-06
1.5235E-05
1.6960E-05
1.9613E-05
2.0133E-05
2.5712E-05
2.8442E-05
2.8442E-05
2.8442E-05
3.7777E-05
3.8227E-05
4.3894E-05
4.6294E-05
7.8405E-05
8.0164E-05
9.4763E-05

0.0001

0.0001

0.0001

0.0001

0.0001

0.0001

0.0001

0.0002

0.0002

0.0002

0.0002

0.0002

0.0002

0.0002

210000

2000

Asanoa
Rhodanobacteraceae genus
Massitia

Moniliophthora~
Janthinobacterium
Bacteroidetes genus

Agaricus

IL

Bavariicoceus
Oxalobacteraceae genus
Pectobacterium -
Intrasporangium
Enterobacter -

Phiebia

Talaromyces |

Glomus

Actinosynnema |

Schizosaccharomyces -
Mucilaginibacter

Annulohypoxylon

Klebsiella -
Belnapia
Paxillus |

|

Asaia

Granulibacter -

Arcticibacter -
Actinopolyspora -
Mucor

Peltigera—|

Trametes -

Hypsizygus -

Thanatephorus

Tachikawaea
Acidocella

Actinobaculum |

Cronobacter-|
Burkholderiaceae genus
Obesumbacterium
Acidiphilium
Acidomonas |

|

Salmonella~

Thermobrachium -
Conexibacter
Trichococeus
Burkholderia

Serratia

Avibacterium

Sharpea

Rhizophagus -

Hirsutella—

correlation

-0.7934
-0.7280
0.7277
0.7047
-0.6962
-0.6935
-0.6927
0.6723
-0.6648
-0.6516
-0.6515
-0.6490
0.6488
0.6398
-0.6375
-0.6319
0.6307
-0.6305
-0.6260
-0.6252
-0.6147
0.6113
0.6020
-0.5940
-0.5937
0.5832
0.5826
-0.5825
-0.5823
-0.5812
0.5795
-0.5758
-0.5753
-0.5729
-0.5703
0.5701
0.5652
0.5648
-0.5648
0.5622
-0.5597
-0.5596
0.5571
0.5569
-0.5569
-0.5562
-0.5517
0.5487
-0.5480
-0.5465

p-value

3.7482E-06
5.5291E-05
5.5821E-05
0.0001
0.0002
0.0002
0.0002
0.0003
0.0004
0.0006
0.0006
0.0006
0.0006
0.0008
0.0008
0.0009
0.0010
0.0010
0.0011
0.0011
0.0014
0.0015
0.0019
0.0022
0.0022
0.0028
0.0028
0.0028
0.0028
0.0029
0.0030
0.0032
0.0033
0.0034
0.0036
0.0036
0.0040
0.0040
0.0040
0.0042
0.0045
0.0045
0.0047
0.0047
0.0047
0.0048
0.0052
0.0055
0.0056
0.0057

> 350000

300000

200000

100000





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Rhizosphere microorganisms of Crocus sativus as antagonists against pathogenic Fusarium oxysporum

      

        		

          Introduction

        



        		

          Methods

        



        		

          Results

        



        		

          Discussion

        



        		

          Introduction

        



        		

          Materials and methods

        

          		

            Sample collection and processing

          



          		

            Sequencing and metagenomic analysis

          

            		

              Metagenomic sequencing and gene prediction

            



            		

              Species and functional analyses

            



            		

              Statistical analysis

            



          



          



          		

            Isolation and identification of rhizosphere microorganisms

          



          		

            Disease resistance test of C. sativus corm

          



          		

            In vitro inhibition of F. oxysporum

          



          		

            In vivo evaluation of antagonistic microbes

          



        



        



        		

          Results

        

          		

            Microbial species composition and differential analysis

          



          		

            Correlations among taxonomic levels, soil physicochemical properties, and disease resistance

          



          		

            Metagenomic analysis of rhizosphere microorganism functions

          



          		

            Biocontrol activity evaluation of microbial antagonists

          



        



        



        		

          Discussion

        



        		

          Conclusion

        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fpls-13-1045147-g002.jpg
RDA2(19.95%)

500

Microbacterium

-1,500

Relative rotten area

Nocardioides

-1,000

Agromyces

Solirubrobacter

Streptomyces
NN\

Available P Mycobacterium

-500

0

RDA1(66.94%)

Rhizobium

Organic matter

Burkholderia

Caballeronia

Sphingomonas

Available N

500

Available K






OEBPS/Images/fpls-13-1045147-g005.jpg





OEBPS/Images/logo.jpg
, frontiers
in Plant Science





OEBPS/Images/fpls.2022.1045147_cover.jpg
’ frontiers
in Plant Science

Rhizosphere microorganisms
of Crocus sativus as antagonists
against pathogenic
Fusarium oxysporum





OEBPS/Images/M1.jpg





