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Editorial on the Research Topic
 Community series in plants and microbial communities: diversity, pathogens and biological control, volume II




We are grateful for the opportunity to act as the guest editors of this Research Topic, referring to contributions to microbial diversity, plant pathogens, and biocontrol. It was very encouraging to receive a large number of high-quality manuscripts covering microbial diversity, including fungi, bacteria, and viruses. Most of the manuscripts dealt with fungal pathogens causing different diseases in diversified plants. A few articles dealt with bacteria and viruses.

Magnaporthe oryzae is the most important fungal pathogen of rice (Donofrio et al., 2014). In this Research Topic, one article mentioned that mitochondrial carbonic anhydrase had the function for its conidiogenesis and pathogenesis (Dang et al.). Zhang P. et al. proposed that M. oryzae and C. graminicola belonged to the hemibiotrophic pathogens, and their sporulation and necrotrophic pathogenesis were linked with aspartate transaminase. Moreover, the crude lipopeptide of one Streptomyces strain had biocontrol potential against M. oryzae, and complete genome analysis indicated a number of key functional gene clusters that contribute to the biosynthesis of active secondary metabolites (Liu et al.). Additionally, it was reported that the high osmolarity glycerol of Aspergillus cristatus (Achog1) was present in the reaction during the processes of asexual sporulation, stress responses, and pigmentation (Shao et al.).

One article reported the biological control of maize Fusarium stalk rot by Bacillus siamensis isolated from rhizosphere soil under field conditions (Zhang K. et al.). Another reported on the taxonomy and control of Trichoderma hymenopellicola, which was reported as a novel taxon based on morphological comparison and phylogenetic analyses and can cause green mold disease on Hymenopellis raphanipes. A prochloraz-manganese chloride complex and Propiconazole were very effective in inhibiting the pathogen (Zeng et al.). Some authors mentioned the biological characteristics and fungicide sensitivity of Colletotrichum godetiae, which caused fruit rot in sweet cherry in the Southwest of China (Peng et al.). In Serbia, there was a high distribution of Alternaria solani and A. protenta, which revealed a new insight into the occurrence of early blight disease in potatoes (Ivanović et al.).

Phyllosphere microorganisms and potential pathogens of tobacco leaves were detected, which will be important in controlling tobacco diseases (Xiang et al.). Dwarf bunt is an important disease in wheat (Xu et al., 2021). Rhizosphere microbial communities were featured for disease incidence, and the concentration of difenoconazole fungicide was optimized as a control measure, helpful in the management of this disease (Jia et al.). Dong et al. introduced the microbial communities of rhizosphere soils and barks of Eucommia ulmoides, referring to structure, core microbiota, and function.

Innovative and interesting research findings were published in this Research Topic that recommend the best combination of NPK fertilizer, which increased the output and quality of panax ginseng and also influenced the diversity and structure of rhizosphere fungal communities (Sun J. et al.). Another research finding introduced an interactive mechanism to powerfully regulate the impact of plants on soil bacterial diversity (Wang Y. et al.). Under different habitats, the endophytic fungal community of Dendrobium nobile can influence the biosynthesis of dendrobine, which was also a very good piece of information (Li L. et al.).

Four articles referring to bacteria were collected in this Research Topic. By analyzing endophytic bacteria, Sun N. et al. introduced microbial diversity and the ecological actions and interaction mechanisms between white radish and endophyte resources. Under low osmostress, Xanthomonas citri was able to activate a novel β-glucosidase to reverse fitness deficiency (Li K. et al.), and one Bacillus strain obtained from tomato rhizosphere soil showed potential against Meloidogyne incognita (Du et al.). Bacillus velezensis isolated from lily can be used as a potential biofertilizer and biocontrol agent, which was functionally characterized by whole genome sequencing (Li B. et al.).

Subjects about viruses were also mentioned in this Research Topic. A novel partitivirus in the Betapartitivirus genus isolated from Rhizoctonia solani was established by phylogenetic analyses, including two dsRNA fragments encoding an RNA-dependent RNA polymerase and a coat protein (Chen et al.). Reyes et al. revealed new viral species by characterizing causal agents of cocoa pod rot disease and the associated microbiota dynamics of the pathogen Moniliophthora roreri. Physiological and transcriptomic analyses indicated that gene networks of tomato plants treated by SA and JA can heighten resistance against tomato yellow leaf curl virus (TYLCV) during the infecting process (Wang P. et al.). Maize chlorotic mottle virus can produce a coat protein related to tobacco mosaic virus hybrids in terms of symptom development and systemic movement (Zhang C. et al.).

Two other topics were covered in this Research Topic, for example, Ricinus communis seedlings, as a model plant for phloem, were utilized to clarify the uptake and transport mechanisms of the antibiotic fungicide Kasugamycin, which was a very informative article (Zhang H. et al.). The U-box E3 ubiquitin ligase gene family in Sorghum bicolor was identified and characterized by genome-wide analyses, and many sorghum U-box genes might be involved in many stress responses, as determined by multiplex approaches, viz., comprehensive analysis of promoters, expression profiling, and gene co-regulation networks (Fang et al.).

We would like to convey our thanks and gratitude to the authors who have published their valuable research findings in Frontiers in Microbiology.
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The interconversion of CO2 and HCO3− catalyzed by carbonic anhydrases (CAs) is a fundamental biochemical process in organisms. During mammalian–pathogen interaction, both host and pathogen CAs play vital roles in resistance and pathogenesis; during planta–pathogen interaction, however, plant CAs function in host resistance but whether pathogen CAs are involved in pathogenesis is unknown. Here, we biologically characterized the Magnaporthe oryzae CA (MoCA1). Through detecting the DsRED-tagged proteins, we observed the fusion MoCA1 in the mitochondria of M. oryzae. Together with the measurement of CA activity, we confirmed that MoCA1 is a mitochondrial zinc-binding CA. MoCA1 expression, upregulated with H2O2 or NaHCO3 treatment, also showed a drastic upregulation during conidiogenesis and pathogenesis. When MoCA1 was deleted, the mutant ΔMoCA1 was defective in conidiophore development and pathogenicity. 3,3′-Diaminobenzidine (DAB) staining indicated that more H2O2 accumulated in ΔMoCA1; accordingly, ATPase genes were downregulated and ATP content decreased in ΔMoCA1. Summarily, our data proved the involvement of the mitochondrial MoCA1 in conidiogenesis and pathogenesis in the rice blast fungus. Considering the previously reported HCO3− transporter MoAE4, we propose that MoCA1 in cooperation with MoAE4 constitutes a HCO3− homeostasis-mediated disease pathway, in which MoCA1 and MoAE4 can be a drug target for disease control.

Keywords: carbonic anhydrase, mitochondrion, conidiophore, pathogenesis, Magnaporthe oryzae


INTRODUCTION

Carbon dioxide (CO2), a fundamental physiological gas for all the living organisms, is a vital component of carbon cycle. It is not only a waste product of cellular respiration but also a nutrient regulator and a stimulant molecule in different signaling pathways (Jones, 2008). In living organisms, the concentration of CO2 is balanced by a highly diverse class of enzymes known as carbonic anhydrases. The carbonic anhydrases termed CAs belong to the metalloenzymes that catalyze the interconversion of carbon dioxide hydration and bicarbonate ions (CO2 + H2O ↔ HCO3− + H+; Elleuche and Pöggeler, 2009), by which the interconversion reaction can be accelerated at a high rate up to 10,000-fold to ensure adequate level of CO2 or HCO3− as the substrates for other enzymatic reactions (Wistrand, 1981; Cronk et al., 2001).

In terms of the complex classification of the CA enzymes, CA belongs to a large protein family. Members of CA family are structurally unrelated enzymes, sharing low sequence similarity but possessing a quite similar active sites-based architecture (Dostál et al., 2018). To date, the CA family has been divided into eight evolutionary independent classes (α, β, γ, δ, ζ, η, θ, and ι; Dreyer et al., 2020). As a matter of fact, according to the amino acid composition of the metal coordination sphere, all CAs can be simply divided into α-like and β-like CAs (Polishchuk, 2021). The α-like CAs includes α-, γ-, δ-, η-CAs; and the β-like CAs includes β-, ζ-, θ-CAs (Polishchuk, 2021). Base on the studied CAs, the α-class CAs were found in prokaryotes, protozoa, fungi, plants, and mammals (Dostál et al., 2018; Supuran and Capasso, 2020); the β-class CAs were found in all other types of organisms except for mammals (Elleuche and Pöggeler, 2010; Supuran, 2018a; Dreyer et al., 2020). These enzymes display a catalytic zinc ion coordinated by the three highly conserved residues two Cys and one His (Kimber, 2000; Teng et al., 2009) and are mostly localized to the cytosol, plasma membrane, and mitochondria whereas some isoforms in the chloroplast (Dostál et al., 2020). Sometimes, the β-class CAs can be further divided into the plant-like β-CAs, the cab-like β-CAs, and the ε-class β-CAs, all of which are from prokaryotes (Kimber, 2000; Sawaya et al., 2006).

Various isoforms of CAs, reported in different organisms, are involved in a series of fundamental biological processes, pH homeostasis, and even bio-/abio-stresses (Teng et al., 2009; Elleuche and Pöggeler, 2010; Supuran, 2018a; Polishchuk, 2021). In mammals, CAs play critical roles in oxygen transport, pH regulation, and ion exchange (Oosterwijk, 2014). In plants, CAs are involved mainly in photosynthesis and respiration, as well as in stress-related changes, such as drought, high salinity, heat, light, excess bicarbonate, and pathogen responses (Polishchuk, 2021). Thus, CA expression responds to environmental stresses and is related to stress tolerance in plants (Yu et al., 2007). The present findings support the hypothesis that CAs function to facilitate the diffusion of CO2 to the site of inorganic carbon fixation in rice plant (Sasaki et al., 1998; Floryszak-Wieczorek and Arasimowicz-Jelonek, 2017). And in fungal pathogens, CAs generally participate in the CO2-sensing system of fungus and in the regulation of sexual development (Elleuche and Pöggeler, 2010).

The in-depth study of fungal CAs is only in recent years. Both α and β-CAs have been found in fungi (Lehneck and Pöggeler, 2014). Fungal β-CAs play an essential role in growth, differentiation, survival, and virulence by catalyzing the reversible mutual conversion of CO2 and HCO3− (Kim et al., 2020). In hemiascomycetous yeasts, the Nce103 gene encoding a plant-type β-CA is required for fungal growth specifically under CO2 condition but is not essential for pH homeostasis at high CO2 levels (Klengel et al., 2005; Innocenti et al., 2009). In addition to the model fungi yeast, β-class CAs from human pathogenic fungi have been intensively studied. Candida albicans, the β-CA works as a CO2 scavenger essential for pathogenicity in niches where the available CO2 is limited, such as epithelial cell surfaces (Klengel et al., 2005). Studies on fungal β-CAs, CAN1 and CAN2 of Cryptococcus neoformans and Cryptococcus gattii, showed that the two fungal pathogens are involved in CO2 sensing and virulence to human hosts (Bahn et al., 2005; Han et al., 2010; Ren et al., 2014). Similarly, in the human pathogenic filamentous fungi Aspergillus fumigatus and Aspergillus nidulans, CAs disruption could also affect Aspergilli conidiation and virulent infection (Han et al., 2010). Interestingly, in a filamentous fungal model Sordaria macrospora, the four identified β-CAs (CAS1-4) have been characterized, which demonstrated to be related to the vegetative growth, ascospore germination, and sexual development (Elleuche and Pöggeler, 2009). Therefore, fungal CAs are crucial not only for cell survival and proliferation, but also for various CO2-related signaling cascades that are important for virulence and differentiation of pathogenic fungi (Han et al., 2010).

Plant β-CAs have been implicated in plant CO2 metabolism, development, and host resistance (Zhou et al., 2020). When potato CA-silenced lines were inoculated by using the oomycete Phytophthora infestans, potato late blight disease occurred seriously with the rapid growth and reproduction of P. infestans, indicating that suppression of CA increases susceptibility to the pathogen (Restrepo et al., 2005). During planta–pathogen interactions, plant CAs function in host resistance but whether pathogen CAs are involved in pathogenesis is unknown. The pathogen fungus usually undergoes host physiological adversity resistance, such as nitrogen starvation, high HCO3−, and low-oxygen stress during its invasive hyphal growth and infectious development in host plant (Hammond-Kosack and Parker, 2003; Egan et al., 2007). To colonize the host successfully, pathogen fungus must ensure a basic strategy to survive these adverse environmental conditions and sensing CO2 level is one of those strategies. Till now, plant pathogenic fungal CAs have not performed in plant–fungal pathogen system, though the relationship between plant CAs and host resistance is being revealed. In our previous study, we delineated a cytomembrane and tonoplast located HCO3− transporter MoAE4, which is required for development and pathogenicity in Magnaporthe oryzae (Dang et al., 2021b). Based on the MoAE4 research, we assumed that M. oryzae β-CA (MoCA1) gene is involved in pathogenesis of the blast fungus. In this study, we functionally biologically and genetically characterize the MoCA1 in M. oryzae. The relationships between MoAE4 and MoCA1 in the blast fungus development and pathogenesis are also discussed.



MATERIALS AND METHODS


Sequence Alignment Assays

The MoCA1 (MGG_04611) gene and amino acid sequences were acquired from the NCBI database.1 The protein tertiary and subcellular location prediction were predicted using I-TASSER2 and Softberry.3 In addition, the amino acid sequence was aligned using the DNAMAN program, and the phylogenic tree was drawn using MEGA7.0.9 software.



Fungal Strains and Culture Conditions

Magnaporthe oryzae strain JJ88 was used as wild type and was isolated and purified from Oryza sativa cultivar Jijing88, a variety that is widely planted in Jilin Province, China. All the fungal strains were cultured on complete media (CM) agar plates and kept on filter papers at −20°C {CM [10 g/L glucose, 2 g/L peptone, 1 g/L yeast extract, 1 g/L casamino acids, 0.1% (V/V) trace elements, 0.1% (V/V) vitamin supplement, 0.5 g/L MgSO4, 6 g/L NaNO3, 0.5 g/L KCl, and 1.5 g/L KH2PO4, pH 6.5]}. For conidiation, the strains were inoculated on oatmeal–tomato agar medium (OMA) at 24°C for 7 days in the dark (Dang et al., 2021a). The strains were grown continually for 3 days while illuminated under fluorescent lights after the aerial hyphae of the strains had been removed by washing with sterile distilled water.



Prokaryotic Expression and Enzyme Activity Determination

For recombinant protein preparation, the full-length MoCA1 cDNA was amplified by PCR using a pair of primers (MoCA1-C-S/A), comprising BamH I and Sal I restriction sites. The PCR product was subcloned into the pMD-19T vector (TaKaRa, Dalian, China). The BamHI and SalI fragment of pMD-19T, possessing the open reading frame of MoCA1, was cloned into the pET-28a (+) vector (Novagen, Shanghai, China). Escherichia coli cells harboring the pET-28a:: MoCA1 plasmid were transferred in BL21 (DE3) and grown in the LB medium at 37°C. Once the cell density at OD600 reached to 0.6, IPTG was added to a final concentration of 1 mM and continued to culture for another 3–4 h. Recombinant protein was purified using a Ni2+-NTA purification kit according to the product instructions (Novagen, Shanghai, China).

The purified native MoCA1 was normalized to a concentration of 1 mg/ml. For this assay, Tris buffer and BSA were used as a blank and negative control, respectively, carbonic anhydrase from bovine erythrocytes (BCA; Merck, Shanghai, China) was used as a positive control. The improve method from Wilbur and Anderson was used (Sridharan et al., 2021) that involved monitoring of time taken during the pH change of 12 mM Tris Buffer at 0°C from 8.3 to 6.3 in the presence of carbonic anhydrase. CO2 bubbled double distilled water was used as the substrate for this reaction. The experiment was performed with 6 ml of chilled buffer, 4 ml of CO2, and 100 μl of CA enzyme added different 10 mM metal ion as catalytic agents. The activity was calculated using the following formula, Activity in WAU = 2*(T0−T)/T* mg of Enzyme. Where T0 is the duration taken by Blank (Buffer).



Assays for the Subcellular Localization of MoCA1

The localization of MoCA1 was observed by tagging it with the BamH I-Sma I sites of red fluorescent protein (RFP) of vector pKD7-Red. Later, we generated transgenic strains expressing RFP-tagged MoCA1 fusion gene in the knockout mutant of M. oryzae (pKD7-MoCA1:: RFP). Fluorescent microscopic observation was carried out by using hyphae (6 days) and conidia (6 days). To visualize the mitochondria, vegetative hyphae, and conidia were treated with 1 mM Mito-Tracker Green (Beyotime, Shanghai, China) solution for 15–45 min at 37°C before observed under laser scanning confocal microscope (Olympus fluoview FV3000, Olympus, Tokyo, Japan).



Targeted Gene Deletion and Complementation

To generate the MoCA1 replacement construct pXEH2.0, the upstream (1,220 bp) and downstream (1,445 bp) fragments of MoCA1 were amplified using primers MoCA1-L-S/MoCA1-L-A and MoCA1-R-S/MoCA1-R-A, respectively. The resulting PCR products were cloned into the Bgl II-EcoR I and Xba I-Pst I sites of vector pXEH2.0. The knockout vector was introduced into Agrobacterium tumefaciens strain AGL-1 and then transformed into the wild-type M. oryzae using the A. tumefaciens-mediated transformation (ATMT) method as previously described (Dang et al., 2021b). Transformants were selected and cultured in 200 μg/ml hygromycin. The transformants were identified using PCR with primers HYG-S/HYG-A, MoCA1-LHYG-S/MoCA1-LHYG-A, and MoCA1-G-S/MoCA1-G-A.

The entire MoCA1 sequence was amplified using a PCR technique with MoCA1-C-S/MoCA1-C-A and inserted into the hygromycin resistant vector pKD7 for complementation into the mutant strain. The reconstructed pKD7-MoCA1 was transformed into the ΔMoCA1 mutant strain and designated ΔMoCA1/MoCA1. The complemented strain was confirmed by PCR with MoCA1-G-S/MoCA1-G-A.

To further verify the gene deletion and complementation, the expression of the wild-type, ΔMoCA1 mutant, and ΔMoCA1/MoCA1 strains was amplified using qRT-PCR with qRT-MoCA1-S/qRT-MoCA1-A and Actin-S/Actin-A, and the strains were identified. The primers for gene deletion and complementation are listed in Supplementary Table S2.



Quantitative Real-Time PCR

The total RNA was isolated from mycelia that had been harvested from 5-day-old CM media using the TRIzol reagent (Invitrogen, Carlsbad, CA, United States). First-strand cDNA was synthesized using an oligo (dT) primer from total RNA, which had been treated with DNase I. Subsequently, qRT-PCR was performed using an ABI7500 System (Applied Biosystems, Foster City, CA, United States) and SYBR Premix Ex Taq (TaKaRa, Dalian, China). The relative mRNA levels were calculated using the 2−ΔΔCq (Cq = Cqgene−Cqactin) method. The M. oryzae actin gene (MGG_03982.6) was utilized as a reference gene for normalization. Each sample was tested in three replicates in each experiment. The primer sequences used for qRT-PCR are shown in Supplementary Table S2.



Assays for Conidial Production, Growth, and Development

The strains (wild type, ΔMoCA1, and ΔMoCA1/MoCA1) were cultured on OMA media as previously described (Dang et al., 2021b). After 3 days of cultivation at 28°C, sterile water was added to remove the hyphae, and a piece of the culture medium was cut with a blade and placed on a glass slide. It was then placed in a moisturizing box and incubated at 28°C. The prepared sample was then observed under a Nikon Eclipse 80i microscope at 12, 24, 48, and 72 h. The strains were then stained with lactophenol cotton blue to observe the conidiophore stalks and hyphae under a light microscope (Dang et al., 2021b). Additionally, the conidia were collected with 2 ml of sterile water after 3 days of culture on OMA media and counted with a hemocytometer. Each strain was repeated three times, and the experiment was conducted in triplicate.

Conidia of the wild type, ΔMoCA1, and ΔMoCA1/MoCA1 were cultured on OMA media and collected to observe the germination of conidia and formation of appressoria. The conidial suspension was adjusted to 1 × 105/ml and added drop wise to a hydrophobic cover slip under a microscope at 1, 2, 3, 4, and 6 h. Three biological replicates of each strain were used, and the experiment was conducted in triplicate.



Rice Sheath Penetration and Plant Infection Assays

To determine the pathogenicity of MoCA1, the wild-type, ΔMoCA1, and ΔMoCA1/MoCA1 strains were inoculated on OMA media to collect the conidia as previously described. The fourth leaf stage of rice seedlings (O. sativa cv. Lijiangxintuanheigu) was assayed for infection following, spraying of 2 ml of a conidial suspension (5 × 104 conidia/ml in 0.2% gelatin). The inoculated plants were placed in the dark in a dew chamber for 24 h at 28°C and then transferred to a growth chamber with a photoperiod of 16 h for 7 days post-inoculation (dpi).

Conidial suspensions (100 μl, 5 × 104 conidia/ml) were injected into seedling leaf sheaths, and the inoculated plants were placed in a moist chamber as described previously. The formation of lesions and necrosis around the inoculation sites was examined when the injection-wounded leaves unfolded at different time points after the injection. The mean infectious hyphae (IH) growth rates and movement to the adjacent cells were determined from 100 germinated conidia per treatment at 12, 24, and 48 h post-inoculation (hpi) and repeated in triplicate as previously described. The leaf sheaths were trimmed at the time points indicated and observed using a Nikon Eclipse 80i microscope. This experiment was performed with three independent replicates, and the representative results from one of these experiments are presented.



Assays for H2O2 and NaHCO3 Treatment

To illustrate the effect of different concentrations of H2O2 and NaHCO3 on the expression of MoCA1 gene, the concentrations were used in previous study (Dang et al., 2021b), wild-type strains of M. oryzae were cultivated on CM agar that contained 2.5, 5, and 7.5 mM H2O2, and on PDA with 0, 12.5, 25, 37.5, 50, 62.5, and 75 mM NaHCO3 at 28°C for 7 days. And the wild type of mycelium treated under different concentrations of H2O2 and NaHCO3 was collected for expression patterns of MoCA1.



Extraction and Purification of Melanin

The method was used for extracting the pigment from the conidia and appressoria. Collect the conidia and appressoria (1 × 106/ml) and centrifuge (5,000 rpm, 5 min). After the supernatant is removed, the precipitate was dried and weighed 0.05 g of the precipitate was added to 6 ml of 1 M NaOH solution according to 1:120 (w/v). Continue heating at 121°C for 20 min to extract melanin. With 1 M NaOH as a blank control, the absorbance was measured at 405 nm with an ultraviolet spectrophotometer (Implen N50, Germany; Suryanarayanan et al., 2004).



H2O2 Treatment and Endogenous H2O2 Measurements

The H2O2 content was determined as previously described (Dang et al., 2021b). H2O2 was extracted by homogenizing 3 g of mycelia from the wild-type, ΔMoCA1, and ΔMoCA1/MoCA1 strains in 6 ml of cold acetone. The homogenate was then centrifuged at 3,500 rpm for 5 min at room temperature, and the resulting supernatant was designated as the sample extract. Next, 0.1 ml of titanium reagent [5% (w/v) titanic sulfate in concentrated H2SO4] was added to 1 ml of the sample extract, followed by the addition of 0.2 ml of strong aqueous ammonia to precipitate the peroxide–titanium complex. The precipitated sample was centrifuged at 3,000 rpm for 10 min at room temperature; the supernatant was discarded, and the precipitate was then solubilized in 5 ml of 2 M H2SO4. The absorbance of the samples was determined at 415 nm against a blank of 2 M H2SO4. The H2O2 concentration in the samples was determined by comparing the absorbance against a standard curve of a 0–5 mM titanium–H2O2 complex that was prepared according to Cui et al. (2017).

The production of H2O2 was monitored by staining with 3,3′-diaminobenzidine (DAB) as previously described (Dang et al., 2021b). The hyphae of the wild-type, ΔMoCA1, and ΔMoCA1/MoCA1 strains were cultured in CM media for 5 days and then incubated in the dark in a 1 mg/ml solution of DAB at room temperature for 8 h. The samples were washed with sterile water and observed under a Nikon light microscope. This experiment was performed in triplicate and repeated three times for each strain. Similarly, leaf sheath cells of rice infected by wild-type, mutant, and complementation strains were stained DAB at 36 hpi.



Determination of Intracellular ATP at Different Stages of Magnaporthe oryzae

The production of ATP was monitored using an ATP Bioluminescence Assay Kit (Beyotime, Shanghai, China) to define the diversification of content of ATP in mycelia and conidia of M. oryzae.



Statistical Analysis

All the experiments were performed at least three times. The mean ± SD of the strain diameter, germination rate, and relative expression were determined using SPSS Statistics 22 (IBM, Inc., Armonk, NY, United States). Error bars represent the SD. ns indicates no significant difference at p > 0.05. *indicates a statistically significant difference at p < 0.05. **indicates a highly significant difference at p < 0.01. ***indicates a highly significant difference at p < 0.001.




RESULTS


MGG_04611 (MoCA1) Encodes a Zinc-Activated Carbonic Anhydrase in Magnaporthe oryzae

Homologous sequences of β-CA proteins have been reported in a variety of species. Based on the conserved amino acid sequences of several reported β-CA proteins, a putative zinc-activated carbonic anhydrase protein β-CA (MGG_04611) was searched in the M. oryzae genome.4 The M. oryzae β-CA, termed as MoCA1, with a length of 2,594 bp open reading frame, encodes a protein of 232 amino acids.

Additional results from phylogenetic analysis indicated that MoCA1 was closely related to the fungal group (Figure 1A), sharing 67.23% identity with S. macrospora CAS1 gene. The MoCA1 is composed of three sequential components: an N-terminal arm, a conserved zinc-binding core (34–197), and a C-terminal subdomain (Figure 1B). The tertiary (3D) structures of MoCA1 and a zinc ion are coordinated by the three highly conserved amino acid residues Cys46, His102, and Cys104 as predicted with the web-based I-TASSER5 (Figures 1C,D).
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FIGURE 1. Structure of the MoCA1, phylogenetic analysis, and identification of MoCA1. (A) Phylogenetic tree constructed with β-CA proteins homologs from Magnaporthe oryzae, Sordaria macrospora, Aspergillus fumigatus, Aspergillus nidulans, Candida parapsilosis, Candida albicans, Saccharomyces cerevisiae, Escherichia coli, Pisum sativum, Arabidopsis thaliana, and Homo sapiens. (B) Structure of the MoCA1. MoCA1 is a Zn metalloenzyme. (C) Sequence alignment. A Zn ion coordinated by the three highly conserved residues two Cys and one His in M. oryzae, S. cerevisiae, and A. thaliana. (D) Tertiary structure (3-D) of MoCA1. (E) Measurement of MoCA1 activity. Tris buffer was used as a blank, BSA was used as a negative control, BCA was used as a positive control, and each ion with MoCA1 was compared with each other.


As reported previously, β-CA is a Zn metalloenzyme that catalyzes the interconversion of carbon dioxide and water into bicarbonate and hydrogen ions with exceptionally high efficiency (Fabre et al., 2007; Dreyer et al., 2020). To confirm MoCA1 encodes a zinc-activated carbonic anhydrase, recombinant proteins of MoCA1 were expressed in E. coli and purified to homogeneity with a single-step process using a Ni2+-NTA (Supplementary Figure S1A). Enzymatic rates of CO2 hydration reaction catalyzed by recombinant β-CA enzyme with different metal ions, that is, Zn2+, Cu2+, Mg2+, Mn2+, were measured, the result indicated that MoCA1 activity with Zn2+ was significantly higher as compared to other metal ions (Figure 1E), which suggests that MoCA1 encodes a zinc-activated carbonic anhydrase and catalyzes CO2 hydration reaction efficiently.



MoCA1 Subcellular Localization and Expression Patterns Under Different Conditions

Previous studies have shown that β-CAs locate to the cytosol, plasma membrane, or mitochondrion (Dostál et al., 2020). Therefore, to confirm the subcellular localization of MoCA1, we generated transgenic strains expressing RFP-tagged MoCA1 fusion gene in the wild type of M. oryzae (Supplementary Figure S1B). Mito-Tracker Green (Beyotime, Shanghai, China) was used as a mitochondrial tracker. A strong red fluorescence signal of the MoCA1-RFP protein co-localized with green fluorescence of Mito-Tracker in fungal hyphae and conidia (Figure 2A) which indicates that MoCA1 localizes to mitochondria of M. oryzae.
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FIGURE 2. MoAE4 subcellular localization and function in M. oryzae. (A) Subcellular localization in hyphae and conidia (6 days). Red fluorescence signals of the MoCA1-RFP protein of 6-day-old hyphae and conidia were examined by confocal microscopy and co-localized with Mito-Tracker Green on mitochondria. Scale bar = 10 μm. (B) The expression pattern of growth of M. oryzae. M 0–6 days, mycelia 2–6 days; S 0–12 h, conidiophores 0–12 h; Co, conidia; Ge 2–4 h, germination 2–4 h; Ap, appressoria. (C) The expression pattern of infection development of M. oryzae. dpi, days post-inoculation. (D) Transcription abundance of MoCA1 under different concentrations of H2O2. (E) Transcription abundance of MoCA1 under different concentrations of NaHCO3. Data represent the means ± SD from three independent experiments in which triplicate plates were examined for each strain in each experiment. *p < 0.05; **p < 0.01; and ***p < 0.001.


Furthermore, to characterize the role of MoCA1 in fungal growth and pathogenic development, we assess the expression patterns of MoCA1 at different stages of M. oryzae life cycle, that is, during mycelia 2–6 days, conidiophore 0–9 h, conidium, germination 2–4 h, appressorium, and 0–7 days of infection cycle through qPCR. We found that the relative expression was significantly increased at conidiophore stage (Figure 2B) and was gradually increased during the first 3 days of the infection (Figure 2C). Collectively, these results reflect that MoCA1 is involved in the development of conidiophore stalks and plays its role during early stage of infection.



MoCA1 Deletion Causes Defects in Conidiogenesis and Appressorium Development

To ascertain the role of MoCA1 in physiological and pathological development of M. oryzae we generated the MoCA1 Knockout strains using the A. tumefaciens-mediated transformation (ATMT) method (Supplementary Figures S1C–F). Later, conidiation and appressorial formation were analyzed among the ΔMoCA1, ΔMoCA1/MoCA1, and wild-type strains. The sparse conidiophores with less number of conidia were observed in the MoCA1 deleted strain as compared to wild type with almost 40%–60% the total number of conidiophores and conidia as of wild-type and ΔMoCA1/MoCA1 strains (Figures 3A–C). The conidial germination rate of all strains including the wild type was similar at 1–3 h, (Figure 3D; Supplementary Figure S2B). In terms of appressorial formation, ΔMoCA1 had a lower formation rate than that of wild type and ΔMoCA1/MoCA1 (Figure 3E). As the results, MoCA1 is proposed to be involved in the conidiogenesis and appressorial formation.
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FIGURE 3. Conidia and appressoria development analysis of the wild-type and mutant strains. (A) Conidiophore stalks stained with lactophenol cotton blue. The conidiophores of the wild type, the ΔMoCA1, and ΔMoCA1/MoCA1 strains induced for 12, 24, 48, and 72 h; strains were stained with lactophenol cotton blue at 72 h. The hyphae are stained blue, whereas the conidiophore stalks are in gray. Bar = 50 μm. (B) Statistical analysis of the conidiophores number of the wild type, the ΔMoCA1, and ΔMoCA1/MoCA1 mutant strains. (C) Statistical analysis of conidial production in the strains. (D) Conidial germination rate. Conidial germination was calculated under the microscope at 1, 2, and 3 h. (E) Appressorial formation rate. Appressorial formation was calculated under the microscope at 4 and 6 h. (F) The statistics of appressorium morphological types. Scale bar = 10 μm. (G) The melanin content of strains in conidia and appressoria. The analysis was performed using an independent samples t-test. nsp > 0.05; *p < 0.05 and **p < 0.01. Error bars indicate the mean ± SD from three independent experiments.


As appressorium of M. oryzae is the key factor in infecting the host plant (Talbot, 2003), we observed the appressorium morphology to analyze effect of MoCA1 deletion on appressorium morphogenesis, our results showed that ΔMoCA1 mutant displayed incomplete appressorium maturation. Four appressorium morphologies, type I (a septum in the conidium and appressorium formation), type II (two septa in the conidium and appressorium formation or immature), type III (three septa in the conidium and appressorium formation or immature), and type IV (normal morphology) were observed (Figure 3F). However, about 90% wild-type and ΔMoCA1/MoCA1 appressoria were normal and only about 50% in ΔMoCA1 mutant (Figure 3F). More importantly, the melanin of the conidia and appressoria of the three strains were extracted. Our data demonstrated that the melanin content of ΔMoCA1 appressoria was 30% less compared to wild type and ΔMoCA1/MoCA1 (Figure 3G). However, the melanization of mutant was not altered when observed at hyphae stage (Supplementary Figure S2A). Therefore, we infer that MoCA1 is involved in appressorium maturation and morphogenesis.



MoCA1 Is Important for Pathogenicity in Magnaporthe oryzae

In order to identify the influence of appressorium maturation and morphology defects on pathogenic development of MoCA1 mutant, pathogenicity assays were carried out using conidia collected from ΔMoCA1, ΔMoCA1/MoCA1, and the wild-type strains. When intact susceptible rice seedlings were inoculated with conidial suspension, at 7 dpi, some acute expansive disease lesions were observed on rice leaves inoculated with the wild type and ΔMoCA1/MoCA1; however, ΔMoCA1 inoculated rice leaves showed very few disease lesions as shown in Figure 4A.
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FIGURE 4. Pathogenesis analysis of the wild-type and created strains. (A) Spray inoculation assay. (B) Rice leaf sheath infection assay. The conidial suspension of indicated strains was injected into a rice sheath. Representative photographs of infectious hyphae were taken after 12, 24, and 48 h of incubation at 25°C. Scale bar = 10 μm. IH, infectious hyphae and AP, appressoria. (C) The infection rate was calculated according to the number of type I to type III events. The infection status of more than 100 germinated conidia per leaf sheath was scored at 12, 24, and 48 hpi. Type I, conidia with mature appressoria; Type II, primary hyphae formed, infectious hyphae extended and branched in one cell; Type III, infectious hyphae crossing to neighboring cells. Values represent the averages of five measurements ± SD. The statistical analysis was performed using a one-way ANOVA with Tukey’s multiple comparison test. The averages were taken from the quadruplicate analysis. Values are based on three biological samples, and error bars indicate SD, *p < 0.05 and **p < 0.01.


Further, leaf sheath infection assays were performed to examine the infectious development of the MoCA1 deleted strains in host plant, rice (Figure 4B). To decipher the exact action of MoCA1 during pathogenic development, we defined the three types of infection hyphae according to their developmental morphologies (Figure 4B). Later we quantified the proportion of the three types of infection hyphae based on 100 germinated conidia in the inoculated leaf sheaths (Figure 4C). At 12 hpi, we observed that 15% of wild-type and ΔMoCA1/MoCA1 spores formed invasive and primary infectious hyphae whereas less than 10% of ΔMoCA1 spores were able to form primary infectious hyphae. At 24 hpi, about 45% of invasive and primary infectious hyphae were observed in wild-type and ΔMoCA1/MoCA1 stains, whereas ΔMoCA1 strains only had 15% invasive and primary infectious hyphae. Yet, at 48 hpi, ΔMoCA1 strain had less invasive hyphae (types II and III) extended to neighboring cells compared to wild-type and ΔMoCA1/MoCA1 strains (Figure 4B), which shows that the leaf penetration capabilities of MoCA1 deleted strain was compromised. These results suggest the importance of MoCA1 in pathogenesis.



MoCA1 Is Associated With Endogenous Hydrogen Peroxide Suppression and the ATP Supply

As rice plant accumulates more H2O2 during pathogen–rice interaction, and MoCA1 expression increases with pathogenic development of M. oryzae, we speculate that MoCA1 is responsible for the clearance of host-derived H2O2 during infection. So, to address the relationship between MoCA1 and endogenous H2O2, DAB staining was used to identify the endogenous ROS accumulated in M. oryzae infected rice leaf sheath cells at 36 hpi (Figure 5A). Leaf sheaths inoculated with the ΔMoCA1 strains, more than 60% of the investigated infected cells were stained dark brown; in contrast, less than 25% of the infected cells were stained light brown or colorless in wild-type and ΔMoCA1/MoCA1 strains (Figure 5B), displaying loss of H2O2 scavenging function in ΔMoCA1. Also, DAB staining was used to identify the endogenous H2O2 accumulated in the mycelia of three strains. The mycelia of ΔMoCA1 strain were stained darker brown, displaying loss of H2O2 scavenging function in ΔMoCA1. Also, endogenous H2O2 was measured, two times more H2O2 was accumulated in ΔMoCA1 than in the wild type and ΔMoCA1/MoCA1 (Figures 5C,D). These results reveal that MoCA1 is responsible for regulating H2O2 levels exogenous, endogenous, or plant-derived.
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FIGURE 5. Comparison of 3,3′-diaminobenzidine (DAB) staining and endogenous H2O2 among the strains. (A) DAB staining of leaf sheath cells of rice infected by wild-type, mutant, and complementation strains at 36 hpi. Scale bar = 10 μm. (B) Statistical analysis of DAB staining of leaf sheath cells infected by different strains. (C) DAB staining of hyphae of the wild-type, mutant, and complementation strains. Scale bar = 10 μm. (D) Endogenous H2O2 assay. The strains of hyphae of endogenous H2O2 were determined as described in experimental methods. (E) Cellular ATP assay. (F) Differential ATP synthesis genes analysis on transcriptomes of the strains. The above experiments were performed in triplicate and repeated three independent times for each strain. Error bars represent the ±SD of three independently repeated samples, **p < 0.01.


Moreover, in S. cerevisiae, hydrogen peroxide can strongly decrease the ATP level (Osorio et al., 2003), we also tested the content of ATP in mycelia and conidia of three strains. The result showed that the content of ATP in mycelia and conidia of ΔMoCA1 strain was lower than wild-type and ΔMoCA1/MoCA1 strains (Figure 5E), indicating that the loss of MoCA1 affects the energy metabolism in the mutant strain, which, in turn, affects the synthesis of intracellular ATP. Furthermore, when ATP synthesis genes expression level of mtATP6 (GenBank: MGG_21007), mtATP8 (GenBank: MGG_21008), and nATP9 (GenBank: MGG_00892) was checked using qRT-PCR (Liu et al., 2020), the results showed that ATP synthesis genes were significantly downregulated in ΔMoCA1 mutant (Figure 5F). From these results we confer, that MoCA1 is involved as a positive regulator in ATP synthesis and energy metabolism in mitochondria of M. oryzae.




DISCUSSION

Carbonic anhydrase proteins that catalyze hydration of carbon dioxide are involved in a wide range of fundamental biological processes in plants, fungi, and bacteria (Supuran, 2016; Dostál et al., 2018). However, the structural evolution has resulted in classifying these enzymes into distinct classes (Elleuche and Pöggeler, 2009; Supuran, 2018a; Dreyer et al., 2020; Sridharan et al., 2021) and the conservation of each class in different domains of life makes them a potential target for controlling biotic diseases (Nishimori et al., 2007; Innocenti et al., 2009; Syrjänen et al., 2015; Supuran, 2016; Urbański et al., 2020). Despite being well-studied in humans, higher eukaryotes, β-CAs have been analyzed in only few fungal species (Kim et al., 2020; Urbański et al., 2020; Vullo et al., 2020; Supuran and Capasso, 2021). Particularly, little is known about how these enzymes play an important role in fungal pathogenesis (Cronk et al., 2001; Dostál et al., 2018). In addition, reported fungal pathogens encoding CAs belong to animal pathogenic group, whereas no CAs in plant pathogens have been characterized yet. Although the key role of CAs in all entities is to regulate of CO2/HCO3− homeostasis, but this simple looking but complex reaction plays an important role in multiple physiological and biosynthetic process (Supuran, 2018b; Vullo et al., 2020). Some studies on plant and fungal pathogens interaction have only focused on plant CAs and reported that knocking down plant CAs result in susceptibility of plant to fungal pathogens (Restrepo et al., 2005), the function of phytopathogenic fungi CAs still need to be exploited. This is the first study of functional characterization of phytopathogenic fungal CAs in which we have identified single copy of carbonic anhydrase in filamentous fungi M. oryzae named MoCA1, and the structural configuration of MoCA1 revealed it to be a β-class carbonic anhydrase (Figure 1D) while other putative CA genes reported previously in M. oryzae do not belong to Beta class of carbonic anhydrases (Elleuche and Pöggeler, 2009).

In our research, we demonstrated that MoCA1, as a β-class of carbonic anhydrase with a conserved zinc-binding core, plays its role in catalyzing the hydration of carbon dioxide. In addition to the homology in amino acid sequence with other fungal β-CAs orthologues, MoCA1 showed a close phylogenetic lineage with CAs of S. macrospora (Figure 1A), which have already been reported to play a crucial role in fungal development and conidial germination (Elleuche and Pöggeler, 2009). Furthermore, sequence alignment of MoCA1 amino acids with yeast and Arabidopsis and MoCA1 3D structure alignment showed a conserved zinc-binding core coordinated by Cys46, His102, and Cys104 (Figures 1B–D). The structures analysis of β-CAs from plants, bacteria, archaea, and C. neoformans have also revealed the presence of conserved two cysteine’s and one histidine residues at the active site of zinc-binding domain (Kimber, 2000; Cronk et al., 2001; Elleuche and Pöggeler, 2009). Also, MoCA1 with Zn2+ causes differences in the enzyme activity in comparison with no-enzyme, BSA, and MoCA1 with other metal ion (Figure 1E), implying the catalytic activity of MoCA1 in carbon dioxide hydration reaction which indeed verifies that MoCA1 has an active site containing Zn ion and conserves two Cys and one His residue for proper coordination (Nair et al., 1995; Amoroso et al., 2005; Fabre et al., 2007; Dostál et al., 2020).

Spanning from bacteria to humans, different isoforms of CAs identified are known to target different tissues and organelles (Fabre et al., 2007; Temperini et al., 2008), so it is expected that fungal CAs are also unevenly distributed within the fungal cell. In general, β-CAs localize to the cytosol, plasma membrane, mitochondrion, and chloroplast in plant (Dreyer et al., 2020). In different fungi, β-CAs are found to be localized to the cell wall, cytoplasm, and mitochondrion (Dostál et al., 2020). However, a comprehensive bioinformatics study of CAs in the filamentous fungi genomes has revealed that almost all the mycelial ascomycetes encode at least one mitochondrial plant-like β-CA isoform (Klengel et al., 2005; Innocenti et al., 2009). When fused with RFP, MoCA1 localization to mitochondrion in both hyphae and conidia (Figure 2A) was in accordance with our bioinformatics prediction analysis (Supplementary Table S1) and was similar to localization of CAs identified in some animals, plants, algae, and fungi (Nagao et al., 1994; Eriksson et al., 1996; Parisi et al., 2004; Sunderhaus et al., 2006; Fabre et al., 2007; Elleuche and Pöggeler, 2009).

As some proteins are constitutively synthesized by house-keeping genes at all developmental stages for the maintenance of primary cellular function there are some other group of proteins that are selectively expressed in response to the prevailing physiological and cellular need of the organism (Zhang and Li, 2004), for this, we observed the expression pattern of MoCA1 at different developmental stages of M. oryzae and found that MoCA1 expression was specifically higher at the conidiophore stalk development and infectious stage (Figures 2B,C) which shows that MoCA1 is selectively expressed during M. oryzae life cycle especially during conidiation and pathogenic phase. Conidiation plays a key role not only in the survival and propagation of fungi under harsh environmental conditions but also facilitates the efficient disease prolongation (Wyatt et al., 2013; Batool et al., 2021). Here we showed that the disruption of MoCA1 resulted in the impaired conidiophore formation, decreased conidiation and changes in appressorial development and melanization (Figure 3). Similarly, the deletion of CAs in C. neoformans and S. macrospora also showed similar sporulation defects (Bahn et al., 2005; Elleuche and Pöggeler, 2009). We speculate that these results may be related to the excessively accumulated CO2 in the MoCA1 deletion mutant thus destabilizing the acid–base homeostasis of cell as certain concentration of HCO3− is required for efficient conidiation and meiosis (Elleuche and Pöggeler, 2009, 2010).

When pathogen enters into host system, they encounter different host immune responses, for example, production of reactive oxygen species (ROS; Torres, 2010). Extensive ROS production either in pathogen or in host result in the oxidative stress leading to cell death (Torres, 2010). The expression patterns of MoCA1 increased under oxidative stress, that is, H2O2 and NaHCO3 stress (Figures 2D,E) show its potential cellular defense system under oxidative stress. This property was mostly found to be a major function of carbonic anhydrase III (Lii et al., 1996), however, CA Nce103p of yeast S. cerevisiae also showed tolerance to oxidative stress (Götz et al., 1999). Furthermore, the accumulation of internal ROS in hyphae of MoCA1 deleted strains compared to wild type (Figures 5A,C) showed the disruption of CO2/HCO3−/pH sensing mechanism thus modulating the fungal aerobic metabolism that leads to the accumulation of excessive ROS in mutant.

As mitochondrion is a major organelle for ATP production in living cells (Susin et al., 1998) and during host pathogen interaction, there are indications that signaling molecules or pathways initiated by such interactions may directly or indirectly target mitochondrial components of host or pathogen resulting in the mitochondrial dysfunction, membrane potential, increased generation of mitochondrial reactive oxygen species (mROS), and cellular damage (Amirsadeghi et al., 2007). Thus, localization of carbonic anhydrase in mitochondria and its potential role in cellular defense system during oxidative stress led us to measure the ATP content in mutant strains. Compared to wild type, the content of ATP in cells and the synthesis of intracellular ATP genes in ΔMoCA1 strain was decreased (Figures 5E,F), indicating that MoCA1 is involved in ATP synthesis and energy metabolism in M. oryzae. At this point, the reduced pathogenicity in ΔMoCA1 could also be partially explained because ΔMoCA1 was exposed to a high hydrogen peroxide stress in vivo and reduced intracellular ATP.

CO2, an important molecule, is a byproduct of mitochondrial respiration. In animals, the redundant CO2 needs to be released in environment, to maintain the HCO3− + H+ equilibrium. The ability of HCO3− to undergo pH-dependent conversions is central to its physiological role (Cordat and Casey, 2009). CO2 enters the cytoplasm through the membrane and is converted into carbonic acid (H2CO3) through spontaneous reaction. However, this acid needs to be dissociated into H+ and HCO3− by intracellular carbonic anhydrases (Dang et al., 2021b). In previous research, we propose a pathogenic model mediated by MoAE4/MoCA1 system (Dang et al., 2021b), which shows that under normal growth conditions, the metabolic CO2 can be released freely from M. oryzae through spontaneous reaction and does not require the carbonic anhydrase system, and thus, both MoAE4 and MoCA1 genes are expressed at low rate because of the stability of (CO2 + H2O ⇌ HCO3− + H+) reaction (Figure 6A). However, during process of invasive hyphae growth in infected plant cell, the fungal face a stressful environment which results in production of relatively high concentration of CO2 and low concentration of O2 microenvironment; and accordingly, the diffusion of fungal CO2 to the outside (cytosol of plant cell) is hindered. The upregulated MoCA1 will catalyze hydration of carbon dioxide to increase the concentration of HCO3−, which leads to MoAE4 upregulation for HCO3−, transportation− to the vacuole or to plant cells (Figure 6B).

[image: Figure 6]

FIGURE 6. A pathogenic model mediated by MoAE4/MoCA1 system. (A) Magnaporthe oryzae is under cultivation conditions. (B) Magnaporthe oryzae infects the host cells. FM, fungal mitochondrion; PM, plant mitochondrion; V, vacuole; and MoAE4, M. oryzae bicarbonate transporter.


In this model, MoCA1 and MoAE4 are proposes to maintain the homeostasis of intracellular CO2−-HCO3− system, which probably further ensures the intracellular acid–base balance in cells (Parks and Pouyssegur, 2015; Jeong and Hong, 2016). However, the catalysis of MoCA1 is carried out in the mitochondria, the HCO3− transporter MoAE4 is in the cytomembrane and tonoplast. To decipher the regulation mechanism, exploring HCO3− from mitochondria to cytoplasm, much work remains to be done.
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Early blight is an economically important disease of potato worldwide. Understanding which fungal pathogens are the causal agents of early blight and their distribution on the same host is essential to finding the best strategy for the control of this disease. Previous studies have shown that Alternaria solani is the main early blight pathogen parasitizing potato. Here, we analyzed genetic and phenotypic diversity in isolates of Alternaria spp. covering all potato production areas in Serbia. We showed that the four species of Alternaria were found in areas with different distributions of the species. The occurrence of Alternaria spp. was studied by analyzing isolates from symptomatic potato leaves during multiyear sampling. In addition to Alternaria solani, we detected three more large-spored species identified as A. linariae (syn. A. tomatophila), A. protenta, and A. grandis that were involved in early blight disease on naturally infected potato leaves in Serbia. Differentiation of species was supported by phylogeny obtained from the DNA sequences of the GAPDH, calmodulin and Rpb2 genes. Our findings present a new perspective into the population structure of large-spored Alternaria species associated with early blight disease. Within the groups of large-spored Alternaria present in Serbia, evidence of A. protenta at high frequency reveals new insight into the contribution of Alternaria species in early blight disease. This work opens new perspectives for early blight management, while the distribution of different species on the same host suggests that the etiology of disease could depend on crop organization and the presence of other Alternaria hosts in close proximity to potato plants.

Keywords: Alternaria solani, A. protenta, A. linariae, A. grandis, Solanaceae


INTRODUCTION

Early blight is one of the most important fungal diseases of potato and is spread worldwide in all major potato growing areas. Under favorable weather conditions, during warm and wet seasons, it can cause severe yield losses (Rotem, 1994; Batista et al., 2006). The pathogen spreads through infected potato tubers as well as through the various members of the Solanaceae family which may serve as reservoirs of primary inoculum (Rotem, 1994). Wind and periods of rain favor sporulation and could lead to disease outbreaks (Van der Waals et al., 2004). However, potato is severely affected by early blight every year, causing premature defoliation with a significant impact on tuber yield and potato quality loss of up to 50% annually (Shtienberg et al., 1990; Van der Waals et al., 2004; Leiminger et al., 2014; Landschoot et al., 2017). In Serbia, potato is produced as a field crop in several regions of the country. In 2020, potato was grown on 29,676 ha with a production of 664,891 tons (FAOSTAT, 2022). In all potato production areas, weather conditions are conducive to the development of early blight disease, and epidemics can occur at any phase of potato growth and is more severe during the late phase of the growth.

Four Alternaria species with large conidia have been reported as causal agents of early blight on potato: A. solani, A. grandis, A. protenta, and A. linariae (syn. A. tomatophila; Simmons, 2000; Gannibal et al., 2014; Landschoot et al., 2017). A. solani is the primary species causing early blight of potato worldwide, whereas other three species were reported sporadically. A. grandis on potato is reported in several different countries: Algeria (Bessadat et al., 2017), Brazil (Rodrigues et al., 2010), Belgium (Landschoot et al., 2017), and the United States (Simmons, 2000). A. linariae (syn. A. tomatophila) is known as an important pathogen causing early blight of tomato (Gannibal and Orina, 2013), although it has also been detected in potato (Ayad et al., 2018). A. protenta was first described as a pathogen of Helianthus annuus (Simmons, 1997) but has recently been identified as a member of the Alternaria genus that also causes early blight in potatoes (Woudenberg et al., 2014; Landschoot et al., 2017; Ayad et al., 2018), although it is economic impact and significance as a potato pathogen remains to be evaluated.

Identification and characterization of Alternaria spp. populations are essential for understanding the etiology and epidemiology of early blight and for the improvement of disease control strategies. Molecular markers routinely used for the identification and phylogenetic analysis of early blight-causing agents are the ITS region (internal transcribed spacers 1 and 2 and intervening 5.8S rDNA gene; White et al., 1990), glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene (Berbee et al., 1999), RNA polymerase II gene (Rpb2; Liu et al., 1999), translation elongation Factor 1-alpha (TEF 1α; O’Donnell et al., 1998; Carbone and Kohn, 1999), Alternaria major allergen gene Alt a 1 (Hong et al., 2005), and anonymous gene region (OPA10-2; Andrew et al., 2009).

Since there is very little knowledge on early blight disease in Serbia, the aim of this study was to gain insight into the distribution of large-spored Alternaria spp. present on potato leaves. Therefore, the main objectives for the current study were to: (i) study the occurrence and distribution of early blight disease on potato in Serbia, (ii) identify Alternaria spp. causing agents of early blight on potato in the main production areas of Serbia; (iii) to determine the genetic relationship of Serbian Alternaria spp. isolates with strains identified in different parts of the world.



MATERIALS AND METHODS


Survey, Sample Collection, and Fungal Isolation

To identify the presence and distribution of Alternaria spp., a 3-year survey was conducted from 2016 to 2018. Potato plants with early blight symptoms were collected from large commercial fields and from a small farmer’s garden. Samples were collected in nine different districts of Serbia: North Bačka, South Bačka, Pomoravlje, Moravica, Raška, Jablanica, Zlatibor, Rasina, and City of Belgrade district. Sixty-one fields in 20 different localities were surveyed (Table 1). Infected plants were sampled at the production plots in two diagonal transects, and two leaves per plant were collected from 10 plants at equal distances across a diagonal transect of the field during early blight disease epidemics between July and September. Samples with dark and circular lesions with typical concentric rings were collected. For Alternaria isolation, necrotic leaf cuts from a margin of the lesion were surface disinfected in 1% sodium hypochlorite, rinsed with sterile distilled water, transferred to Petri dishes containing potato dextrose agar (PDA, Difco, Detroit, MI), and incubated at 23°C. The morphological characteristics of the isolates were studied by taking a 5 mm mycelial plug from the growing colony margin of a 5-day-old culture and subculturing on V8 medium (200 ml V8 juice Campbell; 3 g CaCO3; 15 g agar; and 800 ml of sterile distilled water). The cultures were placed under cool white fluorescent light with 12 h/12 h periods of light/dark and incubated on 23°C for 5 days (Simmons, 2007).



TABLE 1. Localities and number of fields where Alternaria spp. were collected.
[image: Table1]



Morphological Identification

The growing cultures of all isolates were studied with a protocol described by Simmons (2007). Conidial morphology was examined using a microscope (Olympus BX51TF, Japan) at 400 × magnification. Dimensions are based on the observation of 100 conidia and 50 conidiophores per isolate. The conidia length and sporulation pattern data were analyzed using the analysis of variance (ANOVA; p < 0.05) in the statistical software package SPSS version 20.0 (SPSS Inc., Chicago, IL, United States).



Molecular Identification

For molecular identification, 30 mg of dry weight mycelium was collected from PDA plates and used for DNA extraction according to the manufacturer’s instructions of the DNeasy Plant Mini Kit (Qiagen, Valencia, CA, United States). Polymerase chain reaction (PCR) was used with the specific primers OAsF7/OAsR6 which amplified a 164 bp fragment from the Alt a1 gene to separate the species A. solani and related species (A. grandis and A. protenta) from A. linariae, and with the primer pair OAtF4/OAtR2, which amplified a 483 bp fragment from the calmodulin-encoding gene of A. linariae (Gannibal et al., 2014; Supplementary Table 1). PCR was performed in a Mastercycler Nexus GSX1 (Eppendorf, Hamburg, Germany) with the amplification program as described in Gannibal et al. (2014). The PCR amplicons were separated by electrophoresis on 1% agarose gels run in 1 × TBE buffer at 90 V constant voltages. The gels were stained with ethidium bromide and visualized under UV light. To differentiate between A. grandis and A. solani (including A. protenta), PCR identifications of isolates that amplified a 164 bp fragment with the primer pair OasF7/OasR6 were complemented by RFLP of the calmodulin gene that was amplified using the primer pair CALDF1/CALDR1 (Lawrence et al., 2013). The resulting PCR products were cut using double restriction with enzymes HaeII and RsaI (New England Biolabs) according to Ayad et al., (2017a). RFLP patterns were discriminated by the size of the larger fragment, 420 bp for A. solani and 292 bp for A. grandis. To distinguish between A. solani and A. protenta isolates, sequencing of the Rpb2 locus was performed.

Multilocus sequence analysis was performed for all 230 isolates with amplification of three housekeeping genes by primers RPB2DF/RPB2DR (Lawrence et al., 2013) for the (Rpb2) gene, primer pair CALDF1/CALDR1 for the amplification of Calmodulin gene (Lawrence et al., 2013), and by using GPD1/GPD2 primers for the amplification of (GAPDH; Berbee et al., 1999; Supplementary Table 1). The PCR amplification conditions for RPB2 and calmodulin genes were described in Lawrence et al., (2013), whereas GAPDH gene amplification was conducted using the PCR conditions described in Berbee et al., (1999). The PCRs were conducted in a Mastercycler Nexus GSX1 (Eppendorf, Hamburg, Germany) in a 25 μl reaction mixture using the following final concentrations or total amounts: 5 ng DNA, 1 × PCR buffer (20 mM Tris/HCl pH 8.4 and 50 mM KCl), 1 μM of each primer, 2.5 mM MgCl2, 0.25 mM of each dNTP, and 1 unit of Taq polymerase (Fermentas, Vilnus, Lithuania). The amplified PCR products were separated by electrophoresis and purified (QIAquick PCR Purification Kit, Qiagen, Valencia, CA, United States) for Sanger sequencing in both directions (Macrogene, Seoul, Korea). For final identification, the DNA sequences of all isolates were compared with reference sequences of Alternaria species using the BLAST program of NCBI. From DNA sequences of 230 isolates, 37 were selected based on the species and geographic location and as representative strains these sequences were deposited into NCBI GenBank (Supplementary Table 2).



Construction of Phylogenetic Tree

Partial gene sequences of GAPDH (569 bp), Rpb2 (772 bp), and calmodulin (778 bp) were concatenated (2,119 bp) to conduct a multilocus phylogenetic tree. Analysis is done after the gene sequences are concatenated head to tail to form a gene alignment which is then analyzed to generate the species tree. Manual corrections, alignments, and comparisons of the aligned database were performed using CLUSTALW integrated into MEGA version 11.0 software (Tamura et al., 2021). The gamma distributed Tamura-Nei model determined by ModelTest implemented in MEGA11 was used as the best fitting model of nucleotide substitution. The reliability of the obtained trees was evaluated using 1,000 bootstrap replicates and bootstrap confidence values <50% were omitted. Phylogenetic trees were constructed using the maximum likelihood (ML) method implemented in the same software.

The phylogenetic relationships among Alternaria spp. from potato were confirmed by Bayesian phylogeny. For concatenated data, the Bayesian information criterion (BIC) was conducted using the best fitting substitution model according to jModeltest 2.1.7 (Darriba et al., 2012). The Bayesian analysis was performed in MrBayes 3.1.2 (Huelsenbeck and Ronquist, 2003) for 1 million generations, sampling every 100 trees, using simultaneous Markov chain Monte Carlo (MCMC) runs. The standard deviation of the split frequencies was checked until it reached a value below 0.01 (default burnin = 25%). The convergence of the MCMC chains and their stationarity were confirmed using Tracer 1.5 (Rambaut and Drummond, 2009). The phylogenetic tree was observed and printed using FigTree 1.4 (Rambaut and Drummond, 2012).



Pathogenicity Test

Pathogenicity tests were conducted with all investigated isolates by inoculating leaves of potato plants (Carrera variety) in pot experiments. Potato seed tubers were sown in pots filled with sterilized soil in a glass house at 25°C with an 8 h/16 h photoperiod. One month old plants were used for inoculations. The conidial suspensions prepared from cultures grown on V8 agar at 23°C for 5 days were adjusted to 1 × 106 conidia/ml, and a 20 μl drop was applied to the leaf surface. Control plants were treated at the same time using sterile distilled water. After inoculation, plants were placed in a growing chamber with relative humidity between 95 and 100% for one week at 23°C. The test was repeated three times. Fragments of lesion areas were cut and surface sterilized before being placed into V8 agar. The morphological characteristics of reisolated pathogens were compared with original isolates to confirm Koch’s postulates. Inoculated leaves were cut from the tested potato plants, and the necrotic leaf area was measured using the program ImageJ (Schneider et al., 2012). In the pathogenicity test, the Kruskal–Wallis test was used in the statistical software package SPSS version 20.0 (SPSS Inc., Chicago, IL, United States).




RESULTS


Presence and Distribution

Throughout a three-year survey (2016–2018), the presence of early blight was confirmed in all surveyed localities and four large-spored Alternaria pathogens: A. solani, A. protenta, A. grandis, and A. linariae were detected on potatoes in Serbia (Figures 1, 2). In total, 230 Alternaria spp. isolates were recovered from symptomatic potato leaves collected in 40 different potato fields (Table 1). Most of the isolated pathogens belonged to A. solani, accounting for 60% of the overall isolates. A. solani was not recorded in five localities: Borča (district City of Belgrade), Velika Drenova (district Rasina), Bzovik (district Raška) Navalin, and Pržine (district Jablanica). A. protenta was detected in 33% of the isolates in all major potato production areas, except in the localities Velika Drenova (district Rasina), Rudno (district Raška), Pečenjevce (district Jablanica), Krivača, Zablaće, Katići (district Moravica), Drmanovići, and Blato (district Zlatibor). A. grandis and A. linariae were identified in 4 and 3%, respectively. A. grandis was found in Krivača and Zablaće (district Moravica), while A. linariae was detected in Velika Drenova (district Rasina), Dragocvet (district Pomoravlje), and Borča (district City of Belgrade).
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FIGURE 1. Geographical distribution of large-spored Alternaria spp.: (A) Serbia, (B) South Bačka district (localities: Maglić, Kulpin), (C) Pomoravlje district (localities: Međureč, Dragocvet), (D) Moravica district (localities: Veles, Krivača, Katići, Baluga, Zablaće), (E) Raška district (localities: Bzovik, Rudno), and (F) Jablanica district (localities: Pečenjevce, Brejanovce, Navalin, Bogojevce).


[image: Figure 2]

FIGURE 2. Geographical distribution of large-spored Alternaria spp.: (A) North Bačka district (locality: Zobnatica), (B) Belgrade district (locality: Borča), (C) Zlatibor district (localities: Drmanovići, Kladnica), and (D) Rasina district (locality: Velika Drenova).




Morphological and Molecular Identification of Alternaria Spp.

Morphological preliminary identification of fungi was performed 7 days after incubation on V-8 medium, and large-spored Alternaria isolates revealed slight variability in colony morphology. According to Simmons (2007), isolated species were identified by their spore size, and the isolates could be separated into four species: A. solani, A. protenta, A. grandis, and A. linariae.

A. solani isolates produced colonies with conidia dimensions as follows: 190 ± 24 μm in length and 16 ± 2 μm in width with 5–13 transverse and up to three longitudinal septa and branching conidiophores 187.7 ± 4.8 μm with numerous conidiogenous sites and spores. Isolates of A. protenta developed conidia 225 ± 23 μm in length and 17 ± 2 μm in width with 8–13 transverse septa and one longitudinal septum in a few transverse segments. Conidiophores were solitary, reaching 83 μm in primary growth up to 210 μm in the stage of secondary branching (137.7 ± 6.9 μm). A. linariae isolates had solitary conidiophores up to 142 μm long (133.7 ± 7.5 μm), rising straight from the surface with large conidia. The size of the spores was 255 ± 33 μm in length and 18 ± 2 μm in width with 1–12 transverse septa and most commonly only one longitudinal septum in many transverse segments. Isolates identified as A. grandis produced conidia 262 ± 36 μm in length and 16 ± 3 μm in width with 7–12 transverse septa and one longitudinal septum in a few transverse segments. Conidiophores arose as singly, up to 200 μm in length (157.2 ± 9.3 μm).

Assumptions for conducting statistical analyses were inspected using Shapiro–Wilk’s normality test, Box’s test of equality of covariance matrices and Levene’s test of equality of error variances. Data showed adequate values for conducting parameter statistical test one-way ANOVA for conidiophores and conidial length but not for conidial width so this category was excluded from the further statistical analyses. A significant difference among the identified groups was found only for conidial length p = 0.002. Parameters for conidial length indicated again that A. solani and A. protenta did not show significant differences in conidial size (p = 0.122).

To confirm morphological identification of Alternaria isolates, the primer pair OAsF7/OAsR6 amplified the DNA fragment at position 164 bp for 222 isolates (Supplementary Figure 1A). The second primer pair OAtF4/OAtR2 was used to confirm that A. tomatophila amplified a 483 bp fragment for eight isolates (Supplementary Figure 1B). For species differentiation between A. solani/A.protenta and A. grandis isolates, RFLP was performed with HaeII and RsaI restriction enzyme digestion of PCR products of the calmodulin gene. The restriction pattern of the A. solani/A.protenta isolates exhibited a larger fragment at 420 bp; in contrast, the restriction pattern of the A. grandis isolates exhibited a larger fragment at 292 bp (Supplementary Figure 1C). Additionally, sequencing of the Rpb2 gene was used to differentiate A. solani and A. protenta isolates. BLAST analyses of the Rpb2 gene separated A. protenta from A. solani isolates and showed that A. protenta isolates had 100% nucleotide sequence identity with the corresponding gene regions of A. protenta strain CBS 116696. Molecular identification resulted in 138 A. solani isolates, 74 A. protenta isolates, 10 A. grandis isolates, and 8 A. linariae isolates collected from potato in Serbia. After sequences analysis of all 230 isolates, DNA sequences of the GAPDH, calmodulin, and Rpb2 genes were identical for the same species and we selected 37 isolates based on species and geographic location to be representative for phylogenetic analysis.



Molecular Characterization

Multilocus sequence analysis of each individual sequence of the GAPDH, calmodulin, and Rpb2 genes and comparing all investigated isolates with reference GenBank sequences (A. linariae CBS 109156, A. protenta CBS 116696, A. solani CBS 109157, and A. grandis CBS 109158), identified four different species distributed in four clusters (Figure 3; Supplementary Figures 2–4). Phylogenetic trees constructed for GAPDH and calmodulin genes were similar and grouped isolates into three diverse clusters that identified isolates as A. solani/A. protenta, A. grandis, and A. linariae, while phylogenetic trees constructed for the Rpb2 gene followed the results of previous identification and identified four different species.
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FIGURE 3. Phylogenetic tree based on Bayesian analysis of the concatenated sequences of the GAPDH, Rpb2, and calmodulin genes of Alternaria strains from potato. Bayesian posterior probabilities are shown above branches, and maximum likelihood bootstrap support values are indicated below branches. Bar: the estimated nucleotide substitutions per site are 0.02. The numbers near each branch represent percentages out of 1,000 bootstrap replications.


PCR products of the calmodulin regions revealed two clades for A. grandis and A. linariae. The first cluster, A. linariae, separated as a monophyletic lineage with a bootstrap value of 96%, segregated four isolates into two subclusters along with the reference strains. One clade grouped isolates IZB 136A and IZB 36c-5 with reference strains CBS 109156, MF-P138061, and DA 100 obtained from the NCBI database, and the second clade grouped isolates IZB 24–1 and IZB 24–11 with reference strain DA 119. The cluster that included A. grandis isolates was divided into two subclusters, one with two isolates, IZB 101A and IZB 54–11, and the reference strains NB 251 and DA 009. The second subcluster consisted of isolates IZB 107A, IZB 107-2A, and IZB 107-3A and reference strains DA 052 and CBS 109158.

Concatenated gene sequences of the GAPDH, calmodulin, and Rpb2 genes were used to substantiate the results of separate gene analysis. Phylogenetic analyses by the Bayesian information criterion (BIC) employed in jModelTest confessed a general time reversible model with gamma distribution (TIM3 + IG) as the most suitable substitution model. The distance from the end to the end of the concatenated sequences used in this testing was 2,135 bp. Concatenated sequences of three analyzed gene regions, GAPDH, calmodulin, and Rpb2, in supplementary common phylogeny analysis were recognized as a single multilocus dataset for all isolated species. The parameters for the Bayesian analyses were Lset base = (0.2378 0.3131 0.2471) nst = 2 tratio = 1.3022 rates = equal pinvar = 0. For second phylogenetic analyses of GAPDH, calmodulin, and Rpb2 concatenated sequences, maximum likelihood analysis was employed and the T92 model was selected as the best-fit model.



Pathogenicity Test and Reisolation

After seven days of incubation, typical early blight disease symptoms were observed on inoculated potato plants for all tested isolates with differences in symptom appearance (Figure 4). To confirm Koch’s postulates, the pathogen was reisolated, and based on colonies and the morphology of conidia, recovered isolates were identical as to the original isolates.
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FIGURE 4. (A) Symptoms of early blight on potato; (B) pathogenicity test 7 days after inoculation (C) conidia.


During the first week after inoculation, the development of lesions was slow, and spots were small (≤ to 5 mm in diameter). In the second week after inoculation, symptoms appeared as brown to dark spots on leaves similar to those observed in the potato fields (Figure 4). Although inoculations with A. solani, A. protenta, A. grandis, and A. linariae isolates resulted in disease symptoms visible one week after inoculation, leaf spots differentiated in color and diameter. Concentric rings with dark color and small diameter were characteristic of isolates of A. grandis and A. linariae. A. solani was the most aggressive, with the largest spots and dark color, whereas A. protenta produced leaf spots light brown to dark in color. No symptoms were observed on plants inoculated with sterile distilled water.

A Kruskal–Wallis test was conducted to determine if there were differences in aggressiveness between isolated Alternaria species on potato leaves. The distributions of necrotic leaf area (%) were not similar for all groups, as assessed by visual inspection of a boxplot. The necrotic areas of potato leaves were significantly different between the different species, χ2(3) = 39.142, p = 0.000. Subsequently, pairwise comparisons were performed using Dunn’s (1964) procedure with a Bonferroni correction for multiple comparisons. This post-hoc analysis revealed statistically significant differences in aggressiveness among A. solani, the most pathogenic species (32.1 ± 6.5), and A. linariae, the weakest pathogen (16.8 ± 4.8) compared to other species; however, A. protenta and A. grandis revealed moderate pathogenicity (25.2 ± 6.2 and 23.9 ± 5.3, respectively) with no statistically significant difference in pathogenicity on potato (p = 0.812; Figure 5).
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FIGURE 5. Virulence of Alternaria solani, A. protenta, A. grandis, and A. linariae on potato leaves, under controlled conditions 10 days after inoculation. Multiple-means comparisons were supported by Kruskal–Wallis test.





DISCUSSION

In this study, we described the first results of a three-year survey on the presence and distribution of Alternaria spp. causing agents of early blight disease on potato in Serbia. The survey was conducted throughout nine growing regions of potato and showed the presence of four large-spored Alternaria species: A. solani, A. protenta, A. grandis, and A. linariae, which cause early blight disease of potato in Serbia. To the best of our knowledge, this is the first record of A. protenta, A. grandis, and A. linariae as causal agents of early blight of potato in Serbia. The presence of A. solani was found to be widely distributed in most of the surveyed potato fields but not the only fungus causing early blight. In most countries, A. solani is usually isolated as the main causative agent of early blight, as seen in Algeria (Bessadat et al., 2017; Ayad et al., 2017a), Germany (Hausladen, 2006; Leiminger et al., 2015), Brazil (Lourenco et al., 2009), Cuba (Martinez et al., 2004), China (Zhao et al., 2018), the United States (Ding et al., 2019; Adhikari et al., 2020), Russia (Gannibal et al., 2014), and South Africa (Van der Waals et al., 2004). Our research suggests that a different situation occurs with Alternaria spp. in Serbia, where A. solani was detected with an incidence of 60% in diseased potato plants. A. protenta was recently found to be a pathogen on potato (Landschoot et al., 2017; Ayad et al., 2017b), but overall, study of its presence and contribution to the population structure of Alternaria spp. were not performed thus far in Serbia. A. protenta was found to be distributed in the majority of the surveyed potato fields, and its occurrence indicates that this pathogen has been identified as an important pathogen among other Alternaria species causing early blight of potato in Serbia. A. protenta was recorded on potato in Algeria and Belgium but with a small contribution to the Alternaria population structure (Landschoot et al., 2017; Ayad et al., 2017a). The emergence of A. protenta at a high percent can imply that a shift in distribution species that cause early blight disease may be taking place but also could be that this specie being present in potato growing area for many years but stays undetected. Still we do not know where these species originate from and when they spread. This change could have a significant impact on disease management. A. grandis was detected only in one district with a relatively low frequency. This is in accordance with previous findings where A. grandis was observed on potato fields but was not the main causing agent of the disease (Rodrigues et al., 2010; Landschoot et al., 2017; Ayad et al., 2017a). This pathogen was found to produce black leaf spots smaller than other Alternaria species present on the plant with low severity of the disease. In some cases (Borča and Velika drenova), only A. linariae, as a large-spored Alternaria, was found on potato. A. linariae, the main causal agent of tomato early blight, was found in Serbia as a causative agent of the same disease on potato but only in the fields where tomato was grown next to potato. Interestingly, tomato served as a strong inoculum reservoir of A. linariae, which was able to infect potato when tomato is grown side by side potato. Potato fields in districts Jablanica and North Bačka, which were located only a few kilometers away from the main tomato production areas, were not affected by A. linariae.

BLAST analysis showed that sequences of 230 Serbian Alternaria spp. isolates could be separated into four groups, with all isolates clustered together with the reference isolates from different parts of the world. Sequences of Serbian A. solani isolates were identical to each other as well as to sequences of isolates from NCBI GenBank originating from Russia, Algeria, and the United States. A. protenta isolates from Serbia obtained in this study were grouped with NCBI GenBank sequences of isolates originating from Algeria, Israel, New Zealand, and Australia in phylogenetic analysis. Comparison of calmodulin sequences revealed two haplotypes among A. linariae isolates, and isolates derived from Dragocvet were similar to isolate originating from Algeria. The second haplotype sampled in Velika Drenova and Borča was similar to the sequences of the isolates originating from Russia, the United States, and Algeria. A maximum likelihood tree, constructed using the calmodulin sequences of A. grandis isolates, revealed the presence of two haplotypes grouped into two subclusters: one clade, isolates of A. grandis originating from Algeria and two Serbian A. grandis isolates derived from Zablaće and sampled in Veles. In the second clade, three Serbian isolates from Krivača were grouped together with isolates from Algeria and the United States.

Area of production in Serbia has declined during the last 10 years from 76,675 ha in 2010 to 29,676 ha in 2020 (FAOSTAT, 2022). At the same time, the composition of potato cultivars has changed, and imported cultivars have become prevalent. Domestic potato cultivars are very rare and can be found only in some house garden production. Based on sparse information regarding the status of Alternaria spp., it is impossible to fully conclude the etiology of these pathogens. For instance, if they were native in this area or they were imported via potato seed and established during the years with seed material of uncontrolled and uncertain health status. Additionally, the percentage of distribution of different large-spored Alternaria spp. that causes early blight varies in different potato growing regions; the presence of diverse Alternaria species on potato with the ascendency of A. solani is expected and in accordance with previous findings (Gannibal et al., 2014; Leiminger et al., 2015; Landschoot et al., 2017; Ayad et al., 2017a; Ding et al., 2019; Adhikari et al., 2020). Some fields, especially in South Bački and Zlatibor districts, showed dominancy of A. solani as the main causative agent of early blight disease. The composition of the Alternaria population in some observed fields, particularly in central and southern districts, showed a high percentage and, in some cases, total dominancy of A. protenta. The occurrence of A. protenta as the dominant early blight pathogen was not recorded before. The etiology of this population shift is still unknown and indicates a need for further investigation.

In the pathogenicity test, A. solani isolates represent the most virulent pathogenic species on potato, causing the largest leaf spots with premature defoliation, with a high negative impact on potato plant yield. The presence of other large-spored Alternaria species can be linked with their native host cultivated next to the potato field. In two potato fields surrounded by tomato plants, A. linariae was isolated as a main early blight. High inoculum of A. linariae from tomato that was grown over the years in the same place had prevalence on potato. Thus, A. linariae is highly aggressive on tomato and weakly aggressive on potato but is capable of causing disease when inoculums are present in high amounts (Gannibal et al., 2014). The infection of potato plants with fungi, which are mainly tomato pathogens, during crop rotation increases the inoculum of early blight and can therefore influence disease progression on the tomato crop. Early blight symptoms on the leaves include dark brown to black spots with concentric rings, which may be produced by a variety of large-spored Alternaria organisms. Since the disease is mainly controlled by reducing soil-borne inoculum, it is critical to pay attention to the adjacent crops.

Although A. solani was regarded as the most dominant species liable for potato early blight, other large-spored Alternaria species that showed potential give rise to disease. Different sizes and shapes of leaf spots indicate that different species are present on potato in Serbia. These results indicate that these species cannot be considered residents of potato leaves as saprophytes but take part in the spread of the disease. Alternaria pathogens overwinter in contaminated potato tubers and plant material (Rotem, 1994). In addition to the other members of the Solanaceae family, weed plants may also serve as reservoirs of primary inoculum to start epidemics of the disease (Rotem, 1994; Blagojević et al., 2020). Consequently, the control of early blight will be a substantial challenge in the future.

Diverse studies have investigated the population genetic structure of Alternaria spp. originated from potato worldwide, especially A. solani, which has been described as a main pathogen of this host (Van der Waals et al., 2004; Meng et al., 2015; Adhikari et al., 2020). The presence of cryptic species belonging to the A. solani complex, which are hard to distinguish without molecular tools, indicates that further investigation of the etiology of disease will be needed for the successful improvement of a disease management program.
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Supplementary Table 1 | Primers used in PCR assays.


Supplementary Table 2 | Isolates of Alternaria spp. identified in this study and retrieved from the GenBank database and GenBank accession numbers for GAPDH, RPB2 and Calmodulin genes.


Supplementary Figure 1 | a) PCR-based identification that amplified a 164 bp fragment from the Alt a1 gene with primer pair OAsF7/OAsR6 to separate specie A. solani and related species (A. grandis and A. protenta) from A. linariae; b) PCR-based identification that amplified a 483 pb fragment with primer pair OAtF4/OAtR2 from the calmodulin encoding gene of A. linariae; c) Typical restriction patterns obtained by double digestion of PCR product of the calmodulin gene from A. solani/A. protenta and A. grandis. Size of the larger fragment, 420 bp for A. solani/A. protenta and 292 bp for A. grandis. DNA marker: 100-bp DNA ladder (Solis BioDyne).


Supplementary Figure 2 | Phylogenetic tree based on maximum likelihood analysis of the calmodulin genes of Alternaria strains from potato and Alternaria reference strains from NCBI data base. Bar: the estimated nucleotide substitutions per site are 0.05. The numbers near each branch represent percentages out of 1,000 bootstrap replications.


Supplementary Figure 3 | Phylogenetic tree based on maximum likelihood analysis of the GAPDH genes of Alternaria strains from potato and Alternaria reference strains from NCBI data base. Bar: the estimated nucleotide substitutions per site are 0.01. The numbers near each branch represent percentages out of 1,000 bootstrap replications.


Supplementary Figure 4 | Phylogenetic tree based on maximum likelihood analysis of the Rpb2 genes of Alternaria strains from potato and Alternaria reference strains from NCBI data base. Bar: the estimated nucleotide substitutions per site are 0.1. The numbers near each branch represent percentages out of 1,000 bootstrap replications.
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Meloidogyne incognita is one of the most destructive soil pests, causing serious economic losses in tomato production. Here, in vitro experiments demonstrated that the Bacillus licheniformis strain JF-22 has the potential to prevent M. incognita infection. A pot experiment confirmed that B. licheniformis strain JF-22 isolated from the tomato rhizosphere soil and planted in the tomato root-knot nematode disease area effectively prevented and controlled M. incognita, reducing its negative effect on tomato growth. Additionally, the composition of volatile substances secreted by B. licheniformis strain JF-22 was analyzed using solid-phase microextraction and gas chromatography–mass spectrometry. We detected acetoin, 2,3-Butanediol, [R-(R*,R*) ]-, and hexamethyl cyclotrisiloxane as the main components among these volatiles. Using MiSeq sequencing technology and bioinformatics, we analyzed the influence of B. licheniformis strain JF-22 on the microbial community of the tomato rhizosphere. B. licheniformis strain JF-22 changed the composition of the microbial community; particularly, it significantly reduced the diversity of the fungal community. Furthermore, using the FUNGuild and PICRUSt databases, we predicted the effect of JF-22 on microbial community function. In conclusion, B. licheniformis strain JF-22 may be considered as a potential biocontrol agent against M. incognita.

Keywords: Bacillus licheniformis, microbial community, volatile substances, Meloidogyne incognita, microbial community composition


INTRODUCTION

The tomato root-knot nematode disease caused by Meloidogyne incognita is a devastating disease that affects tomatoes (Siddiqui et al., 2006). M. incognita absorbs key nutrients after infecting plant roots and can easily induce secondary infections by a range of soil pathogens, thereby negatively affecting the plant growth and, ultimately, yield. M. incognita is transmitted via the soil, water sources, and diseased plants (Roberts et al., 1981). Specifically, under greenhouse conditions, the disease may occur continuously because of repeated cropping. Moreover, it has developed into a disaster in some large vegetable-growing areas (Fravel, 2005).

Plant growth-promoting rhizobacteria (PGPR) are an important biological resource (Bhattacharyya and Jha, 2012). Studies have shown that many PGPR, such as Bacillus subtilis, Bacillus megaterium, Bacillus coagulans, and Pseudomonas fluorescens, can control M. incognita (Xiang et al., 2018). Indeed, PGPR can reportedly induce plant resistance to M. incognita (Siddiqui and Shaukat, 2002). For example, rhizobacterial consortia can be used to prevent parasitic nematodes in grapevines (Aballay et al., 2020). Similarly, Phanerochaete chrysosporium can inhibit the growth of J2s (second stage juveniles) of M. incognita (Du et al., 2020). Furthermore, studies have shown that Bacillus was the main genus responsible for the higher mortality of M. incognita (Xiang et al., 2017). Bacillus not only directly stimulates the plant growth by enhancing nutrient acquisition or stimulating the host-plant defense mechanism; but, additionally, it inhibits the growth of pathogenic microorganisms (Kumar et al., 2001). For example, Bacillus halotolerans, Bacillus kochii, Bacillus oceanisediminis, Bacillus pumilus, Bacillus toyonensis, Bacillus cereus, Pseudomonas aeruginosa, and Bacillus pseudomycoides can control the M. incognita (Liu et al., 2020). Further, single or multiple rhizosphere bacteria can control the root-knot nematodes. For example, the combination of Bacillus amyloliquefaciens and B. subtilis strains can reduce the number of M. incognita specimens in the soil (Burkett et al., 2008).

The control strategies for M. incognita mainly include biological and chemical methods. However, currently, chemical control methods are predominantly in use for the control of plant-parasitic nematodes. Chemical agents have been used for a long time because of their rapid and obvious control effects. However, this method can lead to problems such as environmental pollution and drug resistance in M. incognita. Therefore, biological control is now receiving increasing attention (Zhang et al., 2022), particularly because the social awareness of the urgency for environmental protection is increasing. Rhizosphere microorganisms interact with phytopathogens, other indigenous microorganisms, and host plants by competing for nutrients, producing antimicrobial substances, and secreting volatile organic compounds to better adapt to the rhizosphere environment. While doing so, rhizosphere microorganisms perform a disease-suppressing function (Hinsinger et al., 2009). In this study, strain JF-22 of Bacillus licheniformis was isolated from the rhizosphere soil in an area where healthy tomato plants were grown in the presence of tomato root-knot nematode. The effect of B. licheniformis strain JF-22 on M. incognita was studied using in vitro tests and pot experiments. Solid phase microextraction (SPME), gas chromatography–mass spectrometry (GC–MS), MiSeq sequencing technology, and bioinformatics analytical methods were used to analyze the composition of volatile substances produced by strain JF-22 and the influence of strain JF-22 on the structure of the rhizosphere microbial community.



MATERIALS AND METHODS


Isolation and Screening of Bacterial Strains

We followed the method described by Wang et al. (2021) to isolate the soil bacteria. Rhizosphere soil in which healthy tomato (Lycopersicon esculentum) plants grew was collected from areas infested with tomato root-knot nematode disease. Soil samples (5 g) were suspended in 50 ml of sterile distilled water and mixed on a table concentrator for 30 min. These soil samples were serially diluted (up to 10–7-fold), plated on potato dextrose agar (PDA), and incubated at 30 ± 2°C for 2–3 days. Bacterial colonies growing on the plates were isolated according to their morphological characteristics for further study. Subsequently, the isolated strains were screened using in vitro tests, for which purpose, they were transferred to an LB solid medium plate. After activation at 30°C, purified single colonies were picked using a sterile inoculating loop and placed in a 250 ml conical flask containing 50 ml LB liquid medium. After 24 h of cultivation at 30°C, with stirring at 200 rpm, the inoculum was connected to the 50 ml LB culture medium at a ratio of 2% and cultured at 30°C and 200 rpm in a 250 ml conical flask for 48 h to prepare a fermentation broth. This broth was then centrifuged at 13,000 rpm for 10 min and filtered through a 0.22 μm sterile syringe filter. Lastly, 0.8 ml of the filtrates was placed in 1.5 ml centrifuge tubes before adding 100 s-stage juveniles (J2s) of M. incognita to each centrifuge tube. The corrected mortality of the J2s of M. incognita was calculated at 24 h and again at 48 h. Each treatment was repeated six times.



Identification of JF-22

Strain JF-22 of B. licheniformis was preliminarily identified based on its morphological characteristics and then inoculated on PDA medium and observed for colony morphological characteristics after incubation at 32°C for 5 days. The strain was subsequently cultured for 24 h in LB liquid medium prior to Gram staining. Morphology was observed and photographed under a microscope. Further identification of JF-22 was achieved through the analysis of its 16S rDNA and gyrB gene sequences. The DNA of strain JF-22 was extracted with the Tiangen bacterial DNA extraction kit and stored at 4°C. 16S rDNA was amplified by the polymerase chain reaction (PCR) using the bacterial universal primers 27F (5′-AGAGTTTGATCCTGGCTCAG-3′) and 1492R (5′-GGTTACCTTGTTACGACTT-3′). The gyrB gene was amplified by PCR using specific primers G3F (5′-GAAGTCATCATGACCGTTCTGCAYGCNGGNGGNAARTTY GA-3′) and G3L(5′-AGCAGGGTACGGATGTGCGAGCCRTCN ACRTCNGCRTCNGTCAT-3′). The reaction conditions for 16S rDNA amplification were as follows: 95°C for 5 min; 33 cycles at 95°C for 1 min, at 58°C for 30 s, and at 72°C for 2 min, and a final extension at 72°C for 10 min. The reaction conditions of gyrB gene amplification were as follows: 96°C for 5 min, 32 cycles at 96°C for 30 s, at 59°C for 30 s, and at 72°C for 1 min, and a final extension at 72°C for 10 min. Then, the PCR products were purified and sequenced by a commercial sequencing company (Sangon Biotech, Shanghai, China). Nucleotide sequences were analyzed and compared with sequences in the GenBank database using BLAST. A phylogenetic tree of the JF-22 strain was constructed with 16S rDNA and gyrB gene sequences using the neighbor-joining method in Mega 7.0.21.



Pot Test

Meloidogyne incognita was isolated and cultured according to the method described by Jing et al. (2020). Tomato seeds of the tested variety were sown in a nursery tray, and when the seedlings reached the fourth true-leaf stage they were transplanted into a plastic pot 20 cm in diameter and infested with 300 J2s specimens of M. incognita per plant. Two days after transplanting, each tomato plant was watered with 100 ml of JF-22 bacterial suspension at a concentration of 108 CFU/ml, and the same amount of sterile water was used as a control (CK). After inoculation, pots were randomly placed on the operating platform of a greenhouse. Each treatment was repeated 60 times. Tomato plants were uprooted separately to determine plant biomass indices. Disease severity was determined using the method of Lu et al. (2017), and the incidence index was determined. Rhizosphere soil around the tomato roots was collected and stored at −80°C for analysis of microbial community structure.
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Analysis of Volatile Organic Compounds by Gas Chromatography–Mass Spectrometry

The volatile composition of strain JF-22 was determined using SPME–GC–MS as described by Wang et al. (2021). Strain JF-22 was inoculated on PDA slants placed in triangular flasks, which were then sealed with foil and incubated at 30°C. After 3 days, polydimethylsiloxane-divinylbenzene (65 μm) was used to collect volatile organic compounds (VOCs), and an RTX-5MS capillary column (60 × 0⋅25 μm ID × 0⋅25-μm thick film) was used to separate VOCs. Helium was used as the carrier gas at a rate of 1 ml min–1 to analyze VOCs by GC–MS using the following procedure: desorb SPME-DVB fiber at 200°C for 3 min. For VOCs analysis, first, the oven temperature was raised to 40°C for 3 min, and then increased to 160°C at a rate of 8°C min–1; it was maintained at that point for 2 min, and finally increased to 240°C at a rate of 15°C min–1 and maintained at that point for 3 min. The mass spectrometer was set to 70 eV electron ionization mode, with a source temperature of 200°C. Continuous scanning from 45 to 500 m/z was used. VOCs were identified by comparison with data provided in the National Institute of Standards and Technology guidelines (number 14).



DNA Extraction and Illumina MiSeq High-Throughput Sequencing

Total DNA extraction from the soil was performed using the BIO-TEK OMEGA Soil DNA Kit (Omega Bio-tek, Norcross, GA, United States). Concomitantly, the bacterial 16S rDNA V3-V4 region and the fungal rDNA-ITS gene were amplified. PCR amplification was performed as previously described (Sui et al., 2019). After mixing the PCR products of the same sample, they were separated using 2% agarose gels, and the recovered products were purified using AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, United States), and detected by 2% agarose gel electrophoresis. The recovered products were quantified using a Quantus fluorometer (Promega, United States). Furthermore, the NEXTFLEX Rapid DNA-Seq Kit was used for the DNA library construction. The library was constructed following these steps: (1) Adapter linking; (2) Magnetic bead screening to remove adapter self-ligating fragments; (3) PCR amplification to enrich library templates; (4) Magnetic beads recovery of PCR products to produce the final library. Sequencing was performed on the Illumina MiSeq PE300 platform. The raw sequences were quality controlled using the Trimmomatic software and spliced using the FLASH software as follows: (1) the 300 bp reads were truncated at any site receiving an average quality score of < 20 over a 50 bp sliding window, and the truncated reads shorter than 50 bp were discarded, reads containing ambiguous characters were also discarded; (2) according to the overlap relationship between PE reads, paired reads were merged into a sequence, and the minimum overlap length was 10 bp; (3) maximum mismatch ratio allowed in the overlap region of the spliced sequence was 0.2, and the non-conforming sequences were screened; and (4) samples were distinguished according to the barcodes and primers at the beginning and end of the sequence, and the sequence direction was adjusted. The number of mismatches allowed by the barcode was zero, and the maximum number of primer mismatches was 2. All reads were clustered with a 97% similarity cut-off using UPARSE (ver. 7.1)1, and chimeric sequences were identified and removed using UCHIME (Zheng et al., 2015). The taxonomy of each 16S rDNA and ITS rDNA gene sequence was analyzed using the RDP Classifier against the Silva (SSU123) 16S rDNA database (Amato et al., 2013) and the UNITE 7.0/ITS database (Abarenkov et al., 2010), respectively, using a confidence threshold of 70%. Bacterial population functions were analyzed using the PICRUSt 2 database. Fungal ecosystem analyses were performed using the FUNGuild database (Nguyen et al., 2015). Raw reads were deposited in the NCBI Sequence Read Archive database (accession numbers: PRJNA803317 and PRJNA803323).



Statistical Analysis

Data were analyzed using Microsoft Excel and SPSS 22.0 (SPSS Inc., Chicago, IL, United States). Duncan’s multi-range test and Student’s t-test were performed to compare the significance of the differences at p < 0.05.




RESULTS


Isolation and Screening of Bacterial Strains

For the selection of potential biocontrol agents against M. incognita, 15 bacterial strains were isolated, purified, and screened using in vitro assays to test the toxicity of the isolated fermentation supernatant on J2s of M. incognita. The results showed that the fermentation supernatant of four bacterial strains had toxic effects on M. incognita J2s. Among these, specifically, the fermentation supernatant of JF-22 had the strongest toxic effect on M. incognita J2s. When J2s of M. incognita were treated for 24 h with the fermentation supernatant of JF-22, the death rate of the J2s was 77%, and when they were treated for 48 h, mortality reached 89%. This indicated that JF-22 has a strong ability to kill M. incognita at the J2s developmental stage (Table 1).


TABLE 1. Ability of JF-22 to kill Meloidogyne incognita at the J2s stage.
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Identification of B. licheniformis JF-22

The colony of strain JF-22 was round, white, and non-transparent, with a wrinkled surface, irregular edges, and a central bulge. Under the microscope, strain JF-22 was found to be a rod-shaped, gram-positive bacterium. Based on phylogenetic analysis of 16S rDNA and gyrB (Figure 1A), strain JF-22 was identified as B. licheniformis (Figure 1B).
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FIGURE 1. Phylogenetic tree shows relationship between JF-22 and other strains. (A) Phylogenetic tree constructed based on 16S rDNA sequences of strain JF-22 and 7 other Bacillus strains; (B) Phylogenetic tree constructed based on gyrB gene sequences of strain JF-22 and 7 other Bacillus strains. Bootstrap values (%) presented at the branches were calculated from 1,000 replications.




Effects of JF-22 on Plant Growth and Development

The biological functions of B. licheniformis strain JF-22 were verified by a pot test. Compared with the control treatment CK, JF-22 significantly increased tomato biomass by 18.41%. The application of B. licheniformis strain JF-22 significantly reduced the severity of the root-nematode disease, indicating that B. licheniformis effectively controlled M. incognita (Table 2).


TABLE 2. Effects of Bacillus licheniformis strain JF-22 on tomato plant growth and root-nematode disease severity.
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Analysis of Volatile Organic Compounds by Gas Chromatography–Mass Spectrometry

The types and relative contents of VOCs produced by the JF-22 fraction were analyzed using SPME–GC–MS. Figure 2 and Table 3 show SPME–GC–MS results for VOCs produced by JF-22 strain. Volatiles produced by JF-22 were identified using NIST17 and NIST17s (National Institute of Standards and Technology) standard mass spectrometry libraries. Among VOCs produced by JF-22, acetoin and 2,3-Butanediol, [R-(R*,R*)]- were the main components, with the relative peak areas of 64.2 and 7.89%, respectively, followed by cyclotrisiloxane, hexamethyl-; cyclotetrasiloxane, octamethyl-; 3-Hexanol, 2-methyl-; cyclopentasiloxane, decamethyl-; and 3-Pentanol and silanediol, dimethyl-.
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FIGURE 2. Gas chromatography–mass spectrometry (GC–MS) chromatogram of volatile organic compounds (VOCs) produced by JF-22 strain.



TABLE 3. The GC–MS of major components in VOCs produced by JF-22 strain.
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Analysis of Data Characteristic of Soil Samples and Microbial Community Diversity

After sequence optimization, there were 252,803 sequences in the two treatment groups, with an average of 42,134 in each soil sample of bacteria. And there were a total of 234,239 ITS sequences, with an average of 39,040 in each soil sample. The sequence generated by sequencing was clustered and segmented at a similarity level of 97%, and corresponding bacterial and fungal operational taxonomic units (OTUs) were generated, respectively. The bacterial community structure diversity indexes Shannon and Chao in the CK and JF-22 groups didn’t change significantly. However, in the richness index of fungal community, the fungal diversity indexes Shannon and Chao of the JF-22 group decreased significantly compared to CK (Table 4).


TABLE 4. Diversity and richness indices of microbial communities from the CK and JF-22 experimental groups.
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Comparative Analysis of Microbial Community Composition Between JF-22-Treated and Untreated Soils

Using high-throughput sequencing, we analyzed the effects of JF-22 inoculants on the tomato–rhizosphere microbial communities. PCoA analysis based on unweighted UniFrac distance analysis showed that B. licheniformis strain JF-22 changed the composition of the microbial community in the tomato rhizosphere, particularly, that of the fungal communities (Figures 3A,B). Further, the bacterial community in the tomato rhizosphere soil across treatments was mainly composed of 25 families whose members were the same across treatments, although the relative abundance of each member differed. Thus, for example, abundance of Norank_c_Subgroup_6 and Nocardioidaceae differed greatly among treatments. In the CK treatment, the relative abundance of norank_c_Subgroup_6 was 3.6%, but in the JF-22-treated pots, the relative abundance of norank_c_Subgroup_6 was 6.6%, and the relative abundance of Nocardioidaceae was 6.3, and 3.9% in the CK and the JF-22 treatment groups, respectively (Figure 3C).
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FIGURE 3. The effect of JF-22 to tomato rhizosphere soil microbial community. (A) PCoA analysis based on the unweighted unifrac distances of bacterial community. (B) PCoA analysis based on unweighted unifrac distances of fungal community. (C) The relative abundance in family of tomato rhizosphere bacterial. (D) The relative abundance in family of tomato rhizosphere fungi. (E) Venn diagram of OTUs between CK- and JF-22 relate bacterial; (F) Venn diagram of OTUs between CK and JF-22 relate fungi.


The fungal community in the tomato rhizosphere was mainly composed of 14 families across treatments. The overall composition of the rhizosphere fungal communities was similar in all treatments, but the abundance of each member was different. Specifically, Chaetomiaceae showed the largest difference between treatments. In CK pots, the relative abundance of Chaetomiaceae was 12.6%, while it was 39.7% in JF-22-treated pots. Similarly, Mortierellaceae and unclassified _o_Sordariales differed between treatments. In CK, the relative abundance of Mortierellaceae was 25.2%, while it was 13.6% in JF-22-treated pots. Furthermore, the relative abundance of unclassified _o_Sordariales was 4.3 and 18.2% in the CK and JF-22-treated pots, respectively (Figure 3D).

The number of unique and common OTUs in the multiple samples is shown in a Venn diagram. In the case of bacteria, 2,918 OTUs were identified in CK and 2,850 OTUs were found in JF-22, among which, 2,436 were common to both CK and JF-22-treated pots, while 482 were unique to CK and 414 to JF-22-treated pots (Figure 3E). As for fungi, 456 OTUs were identified in CK and 289 in JF-22-treated pots. Among them, 249 were common to both CK and JF-22-treated pots (Figure 3F). These findings indicated that the application of JF-22 can change the composition of the tomato rhizosphere–soil microbial community.



Prediction of Rhizosphere Microbial-Community Function

FUNGuild was used to analyze the functional guild annotation of the fungi present across treatments. In the CK group, the number of plant pathogens was 2,516, and the number of Dung Saprotrophs and Soil Saprotrophs was 1,221; meanwhile, in the JF-22 group, the number of plant pathogens was 739, and the number of Dung Saprotrophs and Soil Saprotrophs was 737, indicating that B. licheniformis strain JF-22 may reduce the number of plant pathogens, pathogenic bacteria, dung saprotrophs, and soil saprotrophs (Figure 4A). Compared to the results of FUNGuild, the results of the CoG function classification did not differ much between the experimental treatment groups (Figure 4B). All samples were rich in energy production and conversion (relative abundance 7.41–7.46%); amino acid transport and metabolism (8.85–8.95%); nucleotide transport and metabolism (2.36–2.40%); carbohydrate transport and metabolism (6.31–6.37%); coenzyme transport and metabolism (4.12–4.13%); lipid transport and metabolism (4.63–4.81%); translation, ribosomal structure, and biogenesis (5.13–5.14%); transcription (6.82–6.96%); replication recombination and repair (5.40–5.46%); cell wall/membrane/envelope biogenesis (5.98–6.14%); post-translational modification, protein turnover, chaperones (3.96–4.00%); inorganic ion transport and metabolism (5.69–5.69%); secondary metabolites biosynthesis, transport, and catabolism (2.69–2.79%); general function prediction only (8.71–8.74%); and signal transduction mechanisms (6.35–6.50%). These COG functional classification results indicate that the microbial communities of tomato rhizosphere–soil bacteria maintained similar biological functions in all treatment groups.
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FIGURE 4. Analysis of the function of the rhizosphere microbial community. (A) COG function classification analysis, and (B) FUNGuide functional classification statistical histogram.





DISCUSSION

Plant growth-promoting rhizobacteria are important and beneficial rhizosphere microorganisms (Babalola, 2010). The volatile substances produced by PGPR can reduce the incidence of root-knot nematode disease by poisoning nematodes and via other mechanisms (Siddiqui and Mahmood, 1999). B. cereus, B. licheniformis, Lactobacillus sphaeroides, P. fluorescens, and P. brassicae were used in a greenhouse test against M. incognita infection, and the results showed that B. licheniformis and P. fluorescens significantly reduced the infection of tomato roots by second-stage juveniles of M. incognita (Colagiero et al., 2017). The endophytic bacterium B. cereus BCM2 can affect the rhizosphere secretions (2,4-di-tert-butylphenol, 3,3-dimethyloctane, and n-tridecane), thereby inhibiting the second-stage juveniles of M. incognita and reducing the number of nematode specimens in the soil (Li et al., 2019). Similarly, Bacillus aryabhattai A08 can reduce the number of M. incognita specimens in the soil (Viljoen et al., 2019). As for the experiments reported herein, our data clearly demonstrated a toxic effect of B. licheniformis JF-22 on M. incognita. Specifically, our pot experiment showed that the JF-22 strain of B. licheniformis effectively prevented infection by M. incognita and alleviated the negative effects of M. incognita infection on tomato growth. Beneficial microorganisms can effectively prevent soil-borne diseases through the secretion of metabolites. For example, Bacillus velezensis FZB42 significantly inhibited the plant pathogen Ralstonia solanacearum by secreting benzaldehyde and 1,3-butadiene (Borriss et al., 2019).

This study analyzed the types of VOCs produced by JF-22 using SPME–GC–MS and found many ingredients, such as cyclotrisiloxane and hexamethyl- which reportedly can be toxic to the root-knot Meloidogyne (Hamouda, 2013). Further, acetoin can produce 2,3-Butanediol via a series of enzymatic reactions (Cui et al., 2021). In turn, 2,3-Butanediol can induce the stomatal closure under stress conditions. Additionally, it induces plant system tolerance; affects salicylic acid, jasmonic acid, and ethylene signaling channels; and promotes plant growth by regulating the expression of genes related to cell wall structure (Yi et al., 2016; Wu et al., 2018). Consistently, the application of Sphingomonas sp. Cra20 changes the rhizosphere native bacterial community and promotes the growth of Arabidopsis thaliana by driving root developmental plasticity, thereby stimulating the growth of lateral roots and root hairs (Luo et al., 2019). Thokchom demonstrated that the inoculation with PGPR and plant age can affect bacterial communities in root tissues and rhizosphere soil (Thokchom et al., 2017).

Rhizosphere microorganisms are important because they can manage nutrient transformation, nutrient acquisition and use, and crop sustainability (Prasad et al., 2017). Rhizosphere microflora enhances the plant growth under abiotic stress through nitrogen fixation, plant hormone production, mineral solubilization, and iron carrier and HCN production. Furthermore, it activates the plant defense mechanisms against different bacterial and fungal pathogens (Mukhtar et al., 2019). Thus, the composition of rhizosphere–soil microbial communities plays an important role in the stability of plant, soil, and rhizosphere microbial communities (Lu et al., 2018). Further, syringic acid reportedly changes the community composition of bacteria and fungi in the cucumber rhizosphere, which may negatively impact the growth of cucumber seedlings by inhibiting the growth of plant-beneficial microorganisms (Wang et al., 2018). In contrast, PGPR can affect the microbial community succession and increase the plant yields (Zhang et al., 2019). Rhizosphere microorganisms play an important role in most ecosystem processes, and different crop management strategies applied to agricultural production can change the soil microbial composition. Further, VOCs produced by the beneficial microorganisms in the rhizosphere soil affect the rhizosphere microbial communities (Netzker et al., 2020). The present study shows that, in addition to inhibiting M. incognita infection, strain JF-22 changed the composition of the microbial community in the tomato rhizosphere and significantly altered the diversity of the fungal community. Such change was likely caused by volatile substances secreted by JF-22. However, the role of volatile organic compounds in the microbial community of strain JF-22 needs to be further studied to reveal the mechanism of strain JF-22-microbial community.



CONCLUSION

This study used high-throughput and bioinformatics technology to study the effect of the JF-22 strain of B. licheniformis on the rhizosphere-soil microbial community and tomato plant growth. Strain JF-22 changed the composition of the microbial community in the tomato rhizosphere and significantly altered the diversity of the fungal community. Such change was likely caused by volatile substances secreted by JF-22. Using the FUNGuild and PICRUSt databases, we predicted the effect of JF-22 on microbial community function. Based on the demonstrated ability of JF-22 to control M. incognita, we believe that strain JF-22 of B. licheniformis can be considered a potential biocontrol agent for M. incognita.
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Aspartate Transaminase AST2 Involved in Sporulation and Necrotrophic Pathogenesis in the Hemibiotrophs Magnaporthe oryzae and Colletotrichum graminicola
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Aspartate family includes five additional amino acids other than aspartate, among which most except aspartate have been reported for their action in pathogenesis by amino acid biosynthesis. However, how aspartate, the initial substrate of this family metabolic pathway, is involved in pathogenesis remains unknown. Here, we focused on aspartate transaminase (AST) that catalyzes transamination reaction between glutamate-aspartate in Magnaporthe oryzae. Three MoAST genes were bioinformatically analyzed, of which MoAST2 was uniquely upregulated when invasive hyphae switched to necrotrophic pathogenesis. MoAST2 deletion (ΔMoast2) caused a drastic reduction in conidiogenesis and appressorium formation. Particularly, ΔMoast2 was observed to be proliferated at the biotrophic phase but inhibited at the necrotrophic stage, and with invisible symptoms detected, suggesting a critical role in necrotrophic phase. Glutamate family restored the ΔMoast2 defects but aspartate family did not, inferring that transamination occurs from aspartate to glutamine. MoAST2 is cytosolic and possessed H2O2 stress tolerance. In parallel, Colletotrichum graminicola AST2, CgAST2 was proven to be a player in necrotrophic anthracnose development. Therefore, conserved AST2 is qualified to be a drug target for disease control.

Keywords: aspartate transaminase (AST2), conidiogenesis, necrotrophic pathogenesis, Magnaporthe oryzae, Colletotrichum graminicola


INTRODUCTION

The hemibiotrophic filamentous fungus, Magnaporthe oryzae, is a devastating pathogen that attacks most crops, involving rice and wheat, thus posing a major challenge to global food security. The rice blast disease cycled in a way of the sequential process, which involves attachment of a conidium to the leaf surface, conidial tube germination, appressorium differentiation and maturation, penetration peg formation, invasive hyphal proliferation, necrotic lesion development, conidiophore stalk differentiation, and sporulation (Wilson and Talbot, 2009). To a typical hemibiotrophic pathogen, the whole pathogenesis can be divided into biotrophic and necrotrophic stages. Rice blast fungus initially adopts a biotrophic infection strategy, which lasts approximately 3–5 days, and the fungus colonizes the living host cells without causing visible damage to the host at this stage. Later it enters into a devastating necrotrophic phase, where the fungus rapidly destroys the infected host tissue (Kankanala et al., 2007).

Like the rice blast fungus, Colletotrichum graminicola is also a hemibiotrophic filamentous fungus that leads to the maize anthracnose disease and poses a threat to global food security (Deising et al., 2000; Münch et al., 2008, 2011; Dean et al., 2012; Ludwig et al., 2014). To establish disease, C. graminicola sequentially differentiates highly specific infection structures. Attached on the cuticle of maize leaves, lunate conidia germinate to form dome-shaped melanized appressoria and penetration pegs, which generate enormous turgor pressure and access to the epidermal host cells (Bechinger et al., 1999; Deising et al., 2000). Subsequently, voluminous infection vesicles and primary hyphae biotrophic infection structures were differentiated in the epidermal host cells. At this biotrophic stage, macroscopically visible symptoms do not happen, but after fungus switches to form highly destructive secondary hyphae, which rapidly colonize and kill the host tissue (Horbach et al., 2011). Due to the economic significance and genetic tractability, both the pathogenic fungi M. oryzae and C. graminicola have been intensively studied as model organisms (Deising et al., 2000; Talbot, 2003).

As important decomposers, most fungi, including M. oryzae or C. graminicola, possess strong metabolic and synthetic abilities. They are capable of synthesizing all amino acids, purines, and pyrimidines de novo and then growing axenically in synthetic minimal media (MM), which contains minimal carbon and nitrogen sources (Pennisi, 2010). However, in the plant–pathogen interaction system, fungal pathogens frequently encounter nitrogen starvation because some plant amino acids are not available for fungal nutrition and some nitrogen resources such as cysteine, methionine, tryptophan, histidine, and arginine are present in trace amounts in the leaf apoplast (Solomon et al., 2003; Donofrio et al., 2006; Fernandez et al., 2014). Glutamate or aspartate, as a basic biological nitrogen donor, is abundant in apoplast space, based on which fungal invasive hyphae are expected to synthesize those important but deficient amino acids for growth and development.

However, to resist host plant innate immunity and maintain energy homeostasis for invasive hyphae growth, pathogenic development, and sporulation, fungal pathogens must initiate all available active processes to require greater nutrient acquisition from the host plant (Wilson et al., 2012; Saint-Macary et al., 2015). Amino acid metabolic pathways have been demonstrated to play an essential role in the process of growth, conidiogenesis, and pathogenesis in pathogenic fungi. Cystathionine β-lyase (Str3), cystathionine γ-synthase (met1), methionine synthase (met6), and methylenetetrahydrofolate reductase (met13) are important enzymes responsible for the catalytic function of different steps in methionine biosynthesis. Deletion of one of these enzyme genes led to a drastic reduction in pathogenicity of M. oryzae (Wilson et al., 2012; Yan et al., 2013; Saint-Macary et al., 2015). Amino acid reductase Lys2 was involved in the lysine biosynthesis of Penicillium chrysogenum but also promoted the production of the secondary metabolite penicillin. In M. oryzae, Lys2 was necessary for lysine biosynthesis that affected growth, conidiogenesis, and pathogenicity of the fungus (Chen et al., 2014). Acetolactate synthase catalyzes the first common step in isoleucine biosynthesis. The catalytic subunit Ilv2 and regulatory subunit Ilv6 playing essential roles in isoleucine biosynthesis are important for conidial morphogenesis, appressorial penetration, and pathogenicity (Du et al., 2013). Similarly, the threonine dehydratase, MoIlv1, involved in isoleucine biosynthesis, is also relevant to morphogenesis, appressorium formation, invasive hyphae growth, and pathogenicity (Du et al., 2014). The asparagine synthetase Asn1 is required for asparagine production from aspartate and glutamine, the sole pathway to de novo asparagine biosynthesis in M. oryzae. Asn1 deletion mutant strains could not grow on minimal media without asparagine supplementation, the biotrophic growth was aborted, and the asn1 deletion strains were non-pathogenic (Marroquin-Guzman et al., 2018). Biosynthetically, all the studied metabolic processes involve biosynthesis of lysine, methionine, threonine, isoleucine, and asparagine, which are all derived from aspartate and belong to the terminal products of aspartate family (Figure 1). Therefore, aspartate metabolic pathway is required for pathogenesis in M. oryzae. However, as an initial nitrogen donor of other amino acid biosynthesis, aspartate and its biosynthesis remain elusive in M. oryzae and other plant fungal pathogens.
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FIGURE 1. Metabolic pathway of aspartate as substrate. In this metabolic pathway, aspartate is the initial substrate, from which different biosynthesis reaction steps occur, yielding terminal products including asparagine, lysine, methionine, threonine, and isoleucine. According to the reversible reaction between aspartate and glutamate, the aspartate transaminase is also indicated in this pathway. The red arrow line represents a biosynthesis reaction marked with the corresponding catalytic enzyme, which has been proved to be associated with pathogenesis; black arrow line represents a biosynthesis reaction not studied or unrelated to pathogenesis.


Most amino acids are synthesized from α-ketoacids and later transaminated from another amino acid, usually glutamate. The enzyme involved in this reaction is an aminotransferase. Glutamate dehydrogenase catalyzes the reductive amination of α-ketoglutarate to glutamate. A transamination reaction takes place in the synthesis of most amino acids. Aspartate family of amino acids involves threonine, lysine, methionine, isoleucine, asparagine, as well as aspartate. The biosynthesis of aspartate is a one-step reversible reaction that is catalyzed by a single enzyme aspartate transaminase (AST) (Figure 1). Aspartate transaminase catalyzes the transfer of an amino group from glutamate onto α-ketoglutarate to yield aspartate and oxaloacetate. In physiological conditions, however, the reaction also runs in the opposite direction from aspartate onto α-ketoglutarate to yield glutamate and oxaloacetate. Aspartate and glutamate, together with oxaloacetate and α-ketoglutarate, link amino acid metabolism to Citric Acid Cycle through catalysis of aspartate transaminase. Recently, cytoplastic MoGln2, the M. oryzae glutamine synthetase that catalyzes the synthesis of glutamine, was shown to be important for vegetative growth, conidiation, appressorium formation, maintenance of cell wall integrity, oxidative stress tolerance, and pathogenesis in M. oryzae (Aron et al., 2021a), further implying the role of aspartate in pathogenesis of M. oryzae. In this study, we focused on the AST2, the upregulated yeast AST2 homolog in rice blast fungus. Through constructing gene deletion mutant strains, we established a series of biological research systems for AST2 analysis. Our research reveals that the MoAST2 is important for aspartate metabolism and glutamate yield, exerting a significant effect on conidiogenesis and necrotrophic pathogenesis in M. oryzae; and that CgAST2 played a similar role in necrotrophic anthracnose development in C. graminicola. Our findings, therefore, suggest that glutamine biosynthesis mediated by AST2 provides a key target for antifungal design against plant fungal pathogens.



RESULTS


Genetic Relationship and Expression Patterns of MoAST1, −2, and −3 and CgAST2

In the Ensembl Fungi release 52 (Dec 2021 ©EMBL-EBI) resource section for M. oryzae,1 the amino acid sequences of both aspartate transaminase AAT1(YKL106W) and AAT2 (YLR027C) from the brewer’s yeast Saccharamycess cerevisiae were used to search the aspartate transaminases (ASTs) of M. oryzae. Three putative amino acid sequences that encode ASTs were found, termed as MoAST1 (MGG_06530), MoAST2 (MGG_04156), and MoAST3 (MGG_05067), respectively. The three obtained MoAST amino acids were used for a blastP search to identify other interested AST amino acid sequences in National Centre of Biotechnology Information.2 The established phylogenetic tree showed two major clades among the selected proteins. All the fungal and yeast ASTs are in one clade, and AST1 proteins and AST2 proteins are in two neighbor-jointing subclades, respectively. MoAST3 together with the so-called CgAST3 is significantly far from AST1 and AST2 in genetic relationship (Figure 2A). Further analysis revealed that MoAST1, MoAST2, and MoAST3 shared a close ancestor with CgAST1, CgAST2, and CgAST3 of C. graminicola (Cg), respectively (Figure 2A). In addition, MoAST2 shares 78% identity and 88% similarity with CgAST2, and shares 71% identity and 82% similarity with FoAST2, and 52% identity and 66% similarity with ScAST2, suggesting a comparatively close genetic relationship with filamentous fungal phytopathogens.
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FIGURE 2. Phylogenetic analysis and expression patterns of ASTs. (A) Phylogenetic tree of the three ASTs of M. oryzae and the corresponding homologs in C. graminicola and other organisms. The phylogenetic tree was constructed using the neighbor-joining algorithm in MEGA7.0.9 with similar sequences from the aspartate transaminase family. The full protein sequences from different organisms analyzed were as follows: these proteins (the accession numbers) include M. oryzae (MoAST1, MGG_06530; MoAST2, MGG_04156; MoAST3, MGG_05067); S. cerevisiae (AAT1, YKL106W; AAT2, YLR027C); C. graminicola (AST1, GLRG_08159; AST2, GLRG_05796; AST3, GLRG_10321); F. oxysporum (ATS1, FOXG_12671; ATS2, FOXG_08326; ATS3, FOXG_02529); P. sojae (PsAAT1, PHYSODRAFT_284595; PsAAT2, PHYSODRAFT_559953; PsAAT3, PHYSODRAFT_500717); N. tetrasperma (AST1, NEUTE1DRAFT_83174; AST2, NEUTE1DRAFT_78242); E. coli (AST1, AN79538; ATS2, ETS29172; ATS3, ABJ01679); A. thaliana (AAT1, AT2G30970; AAT2, AT5G19550; AAT3, AT5G11520); and O. sativa (AAT1, BAA23815; AAT2, ABL74572). Expression patterns of MoAST1, MoAST2, MoAST3, and CgAST2 were performed during growth, development, and pathogenesis. (B) Expression profile of MoAST1. (C) Expression profile of MoAST2. (D) Expression profile of MoAST3. (E) Expression profile of CgAST2. The expression of the four AST genes was quantified by quantitative real-time qPCR after synthesis of cDNA in each developmental stage. The M. oryzae ACTIN gene (MGG_03982) or C. graminicola ACTIN gene (GLRG_03056) was used for internal control for normalization, and the expression level of each gene at the mycelial stage was defined to be one for further comparisons. The qPCR results were obtained from three independent biological replications with three technical replicates. Error bars represent standard deviations. Asterisks indicate statistically significant differences (*p < 0.05; **p < 0.01; ***p < 0.001. Data represent the means ± standard deviation from three independent experiments in which triplicate plates were examined for each strain in each experiment).


To evaluate the biological activities of the three MoAST genes, we analyzed the abundance of MoAST1, MoAST2, and MoAST3 transcripts at different stages of M. oryzae development and pathogenesis. In comparison with that of the mycelia, MoAST1 expression was relatively higher at conidial, and appressorial stages but was downregulated and at low levels during in planta infection from 24 h post-inoculation (hpi) to 144 hpi (Figure 2B). MoAST3 expression remained almost unchanged at cultivate stage prior to infection except for a significant increase at conidial and appressorial stages but downregulated and was in extremely significant low levels at earlier infection stage (Figure 2D). Compared with MoAST1 and MoAST3, MoAST2 was drastically upregulated during appressorial formation and maturation and showed up to a three-fold increase as the appressoria matured (Figure 2C); from 24 to 72 hpi, MoAST2 was sharply downregulated to an almost undetected expression level; however, from 96 to 144 hpi, it returned to higher level in the appressoria (Figure 2C). Interestingly, C. graminicola AST2 possessed a similar expression profile with MoAST2 (Figure 2E). Therefore, MoAST2 together with the CgAST2 was reckoned to be a pathogenic related factor. Thereafter, we bioinformatically identified the MoAST2.

Based on the genomic DNA sequence, the MoAST2 gene is located on the Magnaporthe chromosome 6, with two introns and a length of 1374 bp open reading frame (ORF) encoding a protein of 457 amino acids. MoAST2 contains one predicted aminotransferase catalytic domain (EC Number: 2.6.1.1), together with which 13 of PLP binding sites and 2 of catalytic active sites were predicted (Figure 3A).
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FIGURE 3. Prediction of MoAST2 structure. (A) Schematic representation of domains identified in MoAST2. From 9 to 29nt, Low complexity region: LCRs are very important in phenotypic plasticity, which play an active role of positive and purifying selection in their evolution. Thirteen pyridoxal 5′-phosphate (PLP) binding sites, including 150, 151, 152, 182, 228, 229, 235, 259, 264, 266, 298, 299, and 307, were found. Pyridoxal phosphate is the active form of vitamin B6 (pyridoxine or pyridoxal). PLP is a versatile catalyst, acting as a coenzyme in a multitude of reactions, including the biosynthesis of amino acids and amino acid-derived metabolites. These sites can bind with PLP. Active sites (Trp182, Asp263) and PLP enzymes exist in their resting state as a Schiff base, the aldehyde group of PLP forming a linkage with the epsilon-amino group of an active site lysine residue on the enzyme. The alpha-amino group of the substrate displaces the lysine epsilon-amino group, in the process forming a new aldimine with the substrate. This aldimine is the common central intermediate for all PLP-catalyzed reactions, enzymatic and non-enzymatic. 75-449, Aminotransferase class I/classII: Aspartate aminotransferase (AAT) superfamily (fold type I) of pyridoxal phosphate (PLP)-dependent enzymes. (B) Three-dimensional (3-D) structures of the full length of MoAST2. A homodimer consisting of the two full-length MoAST2 as monomers was viewed in an appropriate direction. Four active sites in the vicinity of subunit interfaces were marked in green and blue.


The tertiary (3D) structure of MoAST2 protein was predicted based on the web-based server I-TASSER.3 Among the studied ASTs, although there are variations in sequence identities, the overall domain folds of ASTs are highly similar. Like the SpAST protein structure (Jeong et al., 2019), the MoAST2 protein forms a very stable homodimer with an unusually extended interface (Figure 3B). The subunits of the homodimer are tightly combined in the exactly opposite direction through the salt bridges and hydrogen bonds present between side chains as well as between the main chain and the side chain, and many hydrophobic residues are aligned at the interface contributing hydrophobic interaction between two molecules of dimer. The MoAST2 homodimer contains four active sites in the vicinity of subunit interfaces (Figure 3B), which are associated with binding to the cofactor PLP and substrate. According to this structure with active and binding site residues, it appears that aspartate and α-ketoglutarate as substrates bound to the MoAST2 at the binding sites cause the catalytic amino acid transaminase reaction.



MoAST2 Is Cytosolic and Required for Conidiation

Aspartate transaminases (ASTs) reported were subcellularly localized in cytoplasm or mitochondria (Jaussi et al., 1982). When MoAST2 protein sequence was input in the Euk-mPLoc 2.0 web system4 performing the prediction of subcellular localization, MoAST2 was specifically localized in cytoplasm. Further confirmation was carried out through fluorescent microscopic observation of the DsRED or GFP tagged MoAST2 proteins.

We constructed a gene deletion vector for targeted gene replacement of the MoAST2 gene (Supplementary Figure 1A). Then, the deletion mutant strains (ΔMoast2) were created by replacing the MoAST2 ORF with the hygromycin phosphotransferase (HPH) gene. Based on the ΔMoast2 strain, we subsequently created the complementary stain with a MoAST2-GFP fusion gene driven by its native promoter (Supplementary Figure 1B). Fluorescent microscopic observation was carried out in the growing hyphae (6d). Green fluorescence signals of the MoAST2-GFP protein were detected with a rather strong green fluorescence signal in growing hyphae (Figure 4A). By comparison, in the wild-type or untransformed strains, the background green fluorescence was too weak to be detected (data not shown). In parallel, we generated the complementary stain of ΔMoast2 harboring DsRED-tagged MoAST2 in the ΔMoast2 background (ΔMoast2/DsRED-MoAST2) (Supplementary Figure 1C). The DsRED fluorescence in the hyphae of ΔMoast2/DsRED-MoAST2 indicated that the DsRED-tagged MoAST2 proteins were distributed in the cytoplasm (Figure 4B), confirming the cytosolic protein of MoAST2.
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FIGURE 4. Cytosolic MoAST2 involved in conidial production and appressorium development. (A) Localization of MoAST2-GFP and (B) DsRED-MoAST2 were examined by Nikon laser confocal. MoAST2-GFP proteins were detected with rather strong green fluorescence signal in cytoplasm of growing hyphae, which was confirmed by DsRED-MoAST2, scale bar = 10 μm. Conidia of the wild-type and the two created strains (ΔMoAST2, ΔMoast2/ΔMoAST2) from 10-day-old tomato oatmeal agar (OTA) were transferred to cover slips, induced for 24, 48, or 48 h. Development of MoAST2 conidia on conidiophores (C) was observed under light microscope. (D) Statistical analysis of conidial productivity. The conidia were harvested from the 10-day-old colonies grown on OTA media, and counted using a hemocytometer for all the five strains. (E) Appressorial formation rate. Appressorial formation was measured on hydrophobic cover slips and Gel-bond films and was calculated under the microscope at 10 h per inoculation. Bar = 50 μm. Asterisks indicate statistically significant differences (***p < 0.001; data represent the means ± standard deviation from three independent experiments in which triplicate plates were examined for each strain in each experiment).


To investigate the contribution of MoAST2 gene to vegetative growth of M. oryzae, we inoculated the ΔMoast2, ΔMoast2/MoAST2, and the wild-type strains on complete medium (CM). After 7 days of cultivation, mycelial growth was analyzed according to the colony diameter among the three strains. As a result, the growth of ΔMoast2 strains was reduced to a certain extent in CM (Supplementary Figures 2A,B); but no colony morphology alterations were observed except that the ΔMoast2 strains appeared to be lower pigmentation on CM solid and liquid media than the wild-type and the complemented strains (Supplementary Figures 2C,D).

To analyze the role of the MoAST2 gene in sporulation in the rice blast fungus, the ΔMoast2, ΔMoast2/MoAST2, and wild-type strains were cultured on OMA plates for 10 days, and then conidiophore stalk and conidia were observed on microscope. The result indicated that the ΔMoast2 strains hardly produced conidia on OMA plates; however, ΔMoast2/MoAST2 produced more conidia like the wild type (Figures 4C,D). To harvest enough conidia for inoculation assays, we had to prepare for 20 times of wild type plates. Although ΔMoast2 strains were impaired in sporulation, their germination was normal. In terms of appressorium formation, ΔMoast2 was severely affected despite being induced by artificial hydrophobic film or by onion epidermis surface (Figure 4E). These data suggest that MoAST2 is involved in fungal growth and development prior to plant infection.



ΔMoast2 Becomes Incompetent When It Switches to Necrotrophic Stage

To understand the effects of the MoAST2 on infection, we inoculated intact rice leaves with spores of the wild type, ΔMoast2/MoAST2, and MoAST2. ΔMoast2 caused restricted lesions on the compatible cultivar at 144 hpi, although the wild type and ΔMoast2/MoAST2 have resulted in enlarged lesions (Figure 5A).
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FIGURE 5. The loss of the MoAST2 gene has a negative effect on infectious growth. (A) Disease symptoms after the inoculation of leaves by spraying with conidia (1 × 105/ml). Diseased leaves were photographed on 7–9 days post-inoculation. (B) Rice leaf sheath infection assay. The conidial suspension of indicated strains was dropped onto a rice sheath. Representative photographs of infectious hyphae growing in the cell invaded first (type I) or extending into neighboring cells (type II) were taken after 24, 48, and 72 h of incubation at 25°C. A bar indicates 50 μm. (C) The infection rate was calculated according to the number of type I and type II events. The infection status of more than 100 appressoria per leaf sheath was scored at 24, 48, and 72 h post-inoculation. Values represent the averages of five measurements ± standard deviation. Asterisks indicate statistically significant differences (***p < 0.001; Data represent the means ± standard deviation from three independent experiments in which triplicate plates were examined for each strain in each experiment).


To observe the infection process during plant–pathogen interaction, we performed rice leaf sheath assays. At 24 hpi, the wild type and ΔMoast2/MoAST2 had invaded more than 70% of rice cells; similarly, nearly 70% of rice cells had been invaded (Figures 5B,C). By 48 h, the three strains, ΔMoast2,ΔMoast2/MoAST2, and wild type were all capable of elaborating invasive hyphae in the first infected cell. By 72 h, the majority of wild type and ΔMoast2/MoAST2 have spread to the adjacent cells around the infection sites, but the invasive hyphae of ΔMoast2 were still restricted to the primary infected rice cells (Figures 5B,C). These data indicated that the ΔMoast2 was unaffected during earlier biotrophic development but switched to be defective at the necrotrophic phase, which may be directly responsible for the reduced lesion size or limited necrotic zones. Therefore, MoAST2 as a player in host–pathogen interactions contributes to the development of rice blast disease.



Sensitivity of MoAST2 to H2O2 but Not to Cell Wall Integrity Stressors

Some pathogenic factors are responsible for regulating resistance to adverse environmental factors that fungal pathogens may encounter during their life cycle. Sensitivity to oxidative stress is associated with metabolic requirements such as purine biosynthesis and glutamine synthesis (Fernandez et al., 2013; Aron et al., 2021a). To investigate the contributions of the MoAST2 gene in oxidative stress tolerance, we performed the fungal hyphal growth under H2O2 stress on CM media supplemented with 2.5-mM and 5-mM concentrations of H2O2. As expected, the hyphal growth of ΔMoast2 was severely affected, but not as much in the wild-type and complementary strains (Figures 6A,B). The ΔMast2 strains were hypersensitive to 5 mM H2O2 concentrations (Figures 6A,B), implying the involvement of MoAST2 in the tolerance of oxidative stress in M. oryzae.
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FIGURE 6. Mycelium growth assay under different stressors. (A) H2O2 sensitivity. The tested strains were cultured on CM supplemented with or without a 2.5 or 5 mM H2O2 for 7 days. (B) The colony diameters of the strain tested were measured, and statistical analysis was performed. (C) The wild-type and MoAST2 mutants were cultured on CM medium supplemented with (200 μg/ml CR and 0.01% SDS) at 28°C for 8 days before being photographed. (D) Inhibition rate of WT and mutant strains. Statistical results for growth inhibition rate were obtained from at least three independent replicates. Error bars represent standard deviations. Asterisks indicate statistically significant differences (*p < 0.005; **p < 0.01).


Also, amino acid metabolisms were reported to be relevant to cell wall integrity. In fact, cell wall defects had been proved to be associated with the MoGLN2 deletion in the rice blast fungus (Aron et al., 2021a). We analyzed the hyphal growth of ΔMoast2 on CM medium supplemented with cell wall stressors Congo Red (CR) and Sodium Dodecyl Sulfate (SDS). However, similar to the ΔMoast2/MoAST2 and wild-type strains, the ΔMoast2 strains were jaded to cell wall stressors (Figures 6C,D), revealing the complicated relationship between amino acid metabolism and biological function.



ΔMoAST2 Is Auxotrophic to Glutamate Family, but Not Aspartate Family

Generally, the double directions of the reversible reaction of glutamate/aspartate are all catalyzed by AST. To evaluate MoAST2 function involved in tolerance to nitrogen starvation, ΔMoast2, ΔMoast2/MoAST2, and the wild type were inoculated onto MM or MM supplemented with the indicated single amino acid as sole nitrogen source. The ΔMoast2 mutant strains, compared to the ΔMoast2/MoAST2 or wild-type strains, were almost unable to grow at Day 7 when applied with 10 mM aspartate or asparagine as the sole nitrogen source (Figure 7A), reflecting metabolism of aspartate or asparagine was blocked. However, when glutamate or glutamine was supplemented to MM, the defect in growth of ΔMoast2 was restored to the level of the wild-type or ΔMoast2/MoAST2 strains (Figure 7A). Meanwhile, we checked other members of aspartate family and glutamate family. As a result, the ΔMoast2 strains could grow in the supplemented MM with individual member of glutamate family, but not grow in aspartate family MM. According to the aspartate metabolic pathway, we proposed that the direction of the AST-catalyzed reaction is from aspartate to glutamine.
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FIGURE 7. Auxotrophic phenotype of ΔMoast2 on MM supplemented with individual amino acids. (A) The ΔMoast2 mutant, wild-type, and complemented strains were inoculated on MM or MM plates supplemented with individual amino acids; 7 days after inoculation at 25°C. (B) H2O2 tolerance recovery of ΔMoast2 on CM supplemented with selected amino acids 7 days after inoculation at 25°C. “C” represents complementary strains, “Δ” represents deletion mutant, “W” represents wild type. (C) ΔMoast2 pathogenicity was recovered when conidial suspensions supplemented with glutamate were sprayed on rice leaves.


To address whether exogenous amino acids could restore the ΔMoast2 in H2O2 tolerance, we inoculated the three strains onto the CM, supplemented, respectively, with 5mM glutamate, glutamine, and proline under treatment of 5mM H2O2. The result indicated that exogenous amino acids of glutamate family could partially restore the growth of ΔMoast2 (Figure 7B). Accordingly, rice seedling disease assays were performed by spraying the ΔMoast2 spore suspension mixed with 5 mM glutamate. The result demonstrated that the replenishment of glutamate partially restored the ability to cause blast disease (Figure 7C).



Similar to MoAST2, CgAST2 Is Involved in Necrotrophic Development of Colletotrichum graminicola

The developmental process of C. graminicola at least involves the vegetative mycelium growth and the conidial and infection stages in one disease cycle. Compared to the mycelial stage and infection stage, CgAST2 exhibited much higher transcriptional activities in the conidial stages. In addition, the expression level of CgAST2 gene was up-regulated within 72 h after infection (Figure 2E). The similar expression patterns of CgAST2 and MoAST2 at different development stages implied their similar roles in development and pathogenesis.

Based on the significance of glutamate biosynthesis to virulence of M. oryzae, another hemibiotrophic fungal pathogen should be selected to check whether the AST2 gene is conserved in pathogenesis. We therefore analyzed the maize anthracnose pathogen C. graminicola and identified CgAST2. We focused on investigating the biological functions of CgAST2. The ΔCgast2 mutant strains were generated (Supplementary Figure 3A). The ΔCgast2 strains were unable to grow on MM supplemented with aspartate (Figure 8A). When the ΔCgast2 strains were cultured on MM supplemented with 10 mM glutamate, like the ΔMoast2, the growth defects of ΔCgast2 could be reversed (Figure 8A). The result indicated that CgAST2 is required for glutamate biosynthesis.
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FIGURE 8. CgAST2, homolog of MoAST2, has a similar role in glutamate metabolism and pathogenesis. (A) The ΔCgast2 mutant could grow on MM-supplemented glutamate but not on MM with aspartate, 7 days after inoculation at 25°C. “C” represents complementary strains, “Δ”represents deletion mutant, “W” represents wild type. (B) Maize leaf infection assay. The conidial suspension of indicated strains was dropped onto a maize leaf. Representative photographs of infectious hyphae growing in the maize cell were taken after 72 h of incubation at 25°C. A bar indicates 30 μm. Red arrow points invasive hyphae. (C) Disease symptoms after the inoculation of leaves by spraying with conidia (1 × 105/ml). Diseased leaves were photographed on 7 days post-inoculation.


In order to further examine the role of CgAST2 in the infection process, we carried out microscopic observation after inoculating leaves. Like ΔMoast2, ΔCgast2, together with ΔCgast2/CgAST2 and the wild type M1.001, all could form in planta invasive hyphae in the first infected cell. However, the ΔCgast2 strains, different from the wild type, were limited in the primary infected maize cells (Figure 8B). Even at 144hpi, ΔCgast2 could not result in typical symptoms on maize leaves (Figure 8C), suggesting AST2 in pathogenesis is conserved.




DISCUSSION

Fungi are heterotrophic organisms. To most fungal saprophytes, nutrients including carbon and nitrogen, required for fungal growth and development, must be assimilated from around environments such as soil, dead plant or animal body, and organic residues. In general, the nature of available nutrition determines whether they can be absorbed and how much they can be absorbed. Take an example, ammonium is just preferred over nitrate (Marzluf, 1997; Wilson and Arst, 1998; Fernandez et al., 2012), and to some fungal pathogens, utilization of amino acids seems to be preferred over inorganic nitrogen uptake (Walters and Bingham, 2007). To the rice blast fungus M. grisea, the accelerated acquisition and utilization of nutrient were required for rapid proliferation of invasive hyphae at earlier infection stage (Parker et al., 2009). However, it appears that specific acquisition and utilization of certain amino acids are required during necrotrophic stage; due to that in Colletotrichum lindemuthianum, the nitrogen regulator (Clnr1) functioned specifically in necrotrophic pathogenesis but not in biotrophic pathogenesis (Pellier et al., 2003). Acquisition and utilization of amino acids are thus complex in different fungal pathogens.

On the other hand, to the fungal pathogens, more challenges are faced up in acquiring nutrients from a living host than in from dead organic matter. Pathogens must encounter nitrogen-starved threats during host plant-fungal pathogen interactions, particularly at biotrophic phase (Pellier et al., 2003; Wilson and Talbot, 2009). Thus, biosynthesis of amino acids is urgent for pathogenic fungi (Tang et al., 2019; Que et al., 2020). Biosynthesis of aspartate family of amino acids is required for pathogenesis in the rice blast fungus M. oryzae; due to that the gene deletion of synthesis enzymes or related regulation factors, required for most aspartate family members, resulted in the loss or reduction of pathogenicity (Divon and Fluhr, 2007; Rawal et al., 2014; Torres et al., 2016). At the necrotrophic phase, particularly to the hemibiotrophic pathogens such as M. oryzae or C. graminicola, what kind of amino acid is more important for the pathogenic in planta living? What metabolic pathways are beneficial to necrotrophic pathogenesis? In order to analyze the role of amino acids in necrotrophic pathogenesis, these questions need to be answered.

In the aspartate metabolic pathway, aspartate is the initial substrate that is very important in the biosynthesis of amino acids in prokaryotes, fungi, and some higher plants. It forms an early branch point in the metabolic pathway forming lysine, methionine, threonine, and isoleucine from aspartate (Van Bochaute et al., 2013). Our lab has focused on this pathway several years ago, and we have created a series of mutants including the disrupted mutant of the aspartate-semialdehyde dehydrogenase gene (ASADH), the downstream synthesis enzyme gene in M. oryzae (Liu, 2015). Indeed, loss of ASADH resulted in the impaired pathogenesis, which is just as the mutants of the other downstream synthesis enzyme genes reported in previous literature (Faehnle et al., 2006). Considering the reversible transfer of an α-amino group between aspartate and glutamate, catalyzed by aspartate aminotransferase (Figure 1), in this study, we provided genetic and biological evidence that the MoAST2 was indeed essential for fungal growth, conidiation, and blast disease development. On minimal media, ΔMoast2 was auxotrophic (Figure 7). In addition, aspartate, asparagine, and other aspartate family members did not restore the auxotrophic phenotype; however, when glutamate or glutamine was complemented in MM, ΔMoast2 was capable of growing (Figure 7), demonstrating the aminotransferase activity from aspartate to glutamate. The leaf sheath inoculation assay indicated that the necrotrophic pathogenesis was impaired in ΔMoast2 (Figure 5A) and ΔCgast2 (Figure 8C), suggesting that AST2-mediated glutamine biosynthesis, involved in necrotrophic pathogenesis, is conserved in plant fungal pathogens.

Starting from the aspartate, there are three majority aspartate metabolic pathways (Figure 1), which appear to be involved in blast disease development, respectively. One is the very complicated pathway from aspartate to four terminal products: lysine, methionine, threonine, and isoleucine, which are, respectively, catalyzed by different enzymes (Du et al., 2013, 2014; Chen et al., 2014; Saint-Macary et al., 2015); another one is the simple one-step pathway from aspartate to asparagine, which is catalyzed by MoASN1; and the third pathway is from aspartate to glutamate, which was just the reported MoAST2 in this study (Figure 9).
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FIGURE 9. MoAST2-mediated pathogenic pathway. MoAST2 catalyzes aspartate transaminase to yield glutamate that then generate glutamine catalyzed by MoGln2, which as substrate enters biosynthesis of other glutamate family members. In this pathway, biosynthesis of glutamate, proline, and arginine have been confirmed to be important for pathogenesis in previous literatures.


Glutamate and glutamine serve as the major nitrogen source for other amino acid biosynthesis in most organisms. The glutamate family includes glutamate and other derived glutamine, proline, and arginine from glutamate; and lysine sometimes is included in this family. The biosynthesis of glutamate and glutamine is a key step in the nitrogen assimilation (Kwan et al., 2015; Dietl et al., 2020). Generally, the enzymes glutamine oxoglutarate aminotransferase and glutamate dehydrogenase catalyze the nitrogen assimilation reactions. However, in this research, the enzyme MoAST2 is able to transfer ammonia of aspartate to yield glutamate, replenishing glutamate. Proline and arginine are all derived from a glutamate through several steps of bioreactions driven by different key enzymes; therefore, glutamate biosynthesis determines the biosynthesis of proline and arginine. Three genes (MoARG1, MoARG5,6, and MoARG7) were involved in arginine biosynthesis of M. oryzae. Importantly, MoARG1, MoARG5,6, andMoARG7 are essential for growth, conidiogenesis, sexual reproduction, and pathogenicity in M. oryzae (Zhang et al., 2015). Recently, the carbamoyl phosphate synthase arginine-specific small chain subunit MoCpa1, which is required for arginine biosynthesis, was confirmed to be also crucial for fungal development, conidiation, appressorium formation, and infection-related morphogenesis in M. oryzae (Aron et al., 2021b). At this point, MoAST2-mediated pathogenesis should involve at least the contribution of arginine biosynthesis.

In terms of the aspartate-mediated pathogenic pathway, the three pathways appeared to be independent but necessary for pathogenesis, respectively, because the destruction of any single pathway would lead to serious pathogenic loss. Similar to the MoASN1-catalyzed reaction, MoAST2-catalyzed reaction is also a one-step reaction, but the MoAST2 is a reversible enzyme, different from the one-direction reaction of MoASN1 (the reverse-direction reaction needs asparaginase ASP1) (Marroquin-Guzman et al., 2018). However, MoAST2, in this report, did not possess the reverse-direction reaction activity. What factor controls the one-direction activity? Further study should focus on this question. Considering the recently reported MoGln2 (Aron et al., 2021a), which catalyzes glutamate to glutamine, we propose a novel pathogenic pathway mediated by MoAST2 and MoGln2 (Figure 9).



MATERIALS AND METHODS


Fungal Strains and Growth Conditions

The wild-type strain M. oryzae JL0910 was previously isolated and purified from the rice cultivar Jijing88, which is widely planted in Jilin Province, China. All strains, including the four strains generated in this study, were cultured on CM agar plates and stored on filter paper at −20°C.

The strains were cultured for 7 days on CM for assessment of their growth rates. Each test was repeated at least three times. Liquid CM was used to prepare the mycelia for DNA and RNA. The mycelia used for nucleic acid or protein extraction were prepared by growing the relevant strains in 100 ml liquid CM for 3 days at 25°C with gentle rocking at 150 rpm under bright light. For conidiation, the strains were inoculated on oatmeal-tomato agar medium (OTA) and incubated at 25°C for 7 days in the dark (Saint-Macary et al., 2015). After the aerial hyphae of the colonies had been washed away using sterilized distilled water, the strains were continually grown for 3 days under a fluorescent light.

The C. graminicola M1.001 strain used as wild type (WT) in this study was a gift from Professor H.B. Deising (Institute of Agricultural and Nutritional Sciences, Martin Luther University Halle-Wittenberg, Halle, Germany). The wild-type, mutant, and complementation strains were cultured at 25°C. PDA was used for the growth and conidia production of the strains. Phenotypic tests were performed on complete minimal media. All the fungal strains used were maintained on paper filters at −20°C. Agrobacterium tumefaciens AGL-1 and Escherichia coli strains DH5α were cultured in lysogeny broth media. The pXEH2.0 vector to construct a recombinant vector, which was transformed into A. tumefaciens (AGL-1) competent cells. The AGL-1 strain was transformed with wild-type M1.001 using an A. tumefaciens-mediated transformation (ATMT) protocol (Münch et al., 2011).



DNA and RNA Manipulations

Total RNA or DNA was extracted using RNA or DNA extraction kits (Sangon, Shanghai, China). The rice or maize leaves inoculated with M. oryzae or C. graminicola were collected at 24, 48, 72, 96, 120, and 144 hpi as samples (100 g) for total RNA extraction. First-strand cDNA was synthesized from 2.0 μg of total RNA using Avian Myeloblastosis Virus reverse transcriptase (Promega, Madison, WI, United States). The cDNA samples were diluted 10-fold and used as templates for PCR.

Quantitative real-time RT-PCR was run on an ABI 7500 Real-Time PCR System (Applied Biosystems, Foster City, CA, United States) following the manufacturer’s instructions. Reactions were performed in a 20-μl volume system. Transcriptions of genes were analyzed and the ACTIN gene was used as an endogenous control. Fold changes were calculated as 2–ΔΔCt to analyze the relative abundance of transcripts. Quantitative real-time RT-PCR was repeated in triplicate with three independent biological experiments, and the primer pairs used in this section are listed in Supplementary Table 1.



Generation Deletion of MoAST2 or CgAST2 Gene and Complementation Strains

To generate the MoAST2 or CgAST2 deletion strain ΔMoast2 or ΔCgast2, the MoAST2 or CgAST2 gene was replaced by the hygromycin resistant cassette (HPH). To construct the replacement vector, the flanking sequences were amplified with their corresponding primer pairs (MoAST-LB F/R and MoAST-RB-F/R) and fused with the HPH cassette in a pXEH knockout vector. The construct was confirmed using RT-PCR with the upstream forward and downstream reverse primers MoAST-F/R and MoAST-QF/R, and the confirmed construct was introduced into wild-type protoplasts. The MoACTIN gene (MGG_03982.6) was amplified with the primers MGG-Actin-Q-F/R to serve as an endogenous reference. The complementation fragments, which contain the entire MoAST2 genes were amplified using PCR and inserted into the pKD7-RED (G418-resistance) vector or pCAMBIA1303 vector to complement ΔMoast2 (Supplementary Figure 1).

To construct the DsRED-tagged MoAST2 vector, MoAST2 gene, a DNA fragment containing the full-length MoAST2 open reading frame sequence was amplified with primers MoAST-PKD7-F/R. pKD7-RED contains the DsRED gene as a subcellular localization tag and the G418 resistance gene as a selection marker. To construct the RFP-tagged MoAST2 vector, MoAST2 gene, a DNA fragment containing the full-length MoAST2 open reading frame sequence was amplified with primers MoAST1303-F/R. pCAMBIA1303-GFP contains the Green fluorescent protein tag genes as a subcellular localization tag and the G418 resistance gene as a selection marker (Supplementary Figure 1).

The same construction strategy was used to generate CgAST2 deletion strains (ΔCgast2). The primer pairs CgAST-LB-F/R and CgAST-RB-F/R were used to amplify the both flanking sequences, and the right DNA fragments were, respectively, fused with the HPH cassette in a pXEH knockout vector, obtained the deletion vector. For construction of the complementary vector of the ΔCgast2 strains, the pKD7-RED (G418-resistance) vector was used (Supplementary Figure 3). The corresponding PCR amplification primer pairs are CgAST-PKD7-F and CgAST-PKD7-R. All the primer sequences are listed in Supplementary Table 1.



Conidiation Quantification, Appressorium Induction, and Rice Infection

After 10 days of cultivation on OTA, conidia were collected with 5 ml of distilled water, filtered through three layers of lens paper, and counted with a hemacytometer under a microscope. Conidial germination and appressorium formation were measured on a hydrophobic surface (plastic cover slips or Gel-bond films). Conidia suspensions of 30 μl (1 × 105 spores/ml) were dropped onto a hydrophobic surface and were placed in a moistened box at 25°C. Appressorium formation rate was then calculated under the microscope at 12 hpi. More than 100 appressoria were counted for each strain and the experiment was repeated three times. Photographs were taken at 24 hpi.



Fluorescence Microscopy

In order to observe the subcellular localization of the MoAST protein, MoAST2-DsRED or MoAST2-GFP was cultured for 7–14 days in the dark in a Potato Dextrose Agar (PDA) plate into which coverslips were obliquely inserted. The samples were observed using fluorescence microscopy until the mycelium extended to the coverslips.



Stress Treatments and Cell Wall Integrity Test

To detect the effect of MoAST2 under exogenous H2O2, the wild-type, mutant, and complementation strains were continuously cultured on CM plates with concentrations of 0, 2.5, and 5.0 mM H2O2 in the dark for 7 days at 25°C, and the fungal colonies were observed and measured. Five-millimeter mycelial plugs were inoculated on CM plates with Congo red (CR) of 100 or 200 μg/mL, and SDS of 0.005% or 0.01% (w/v), respectively, and cultured in the dark at 25°C for 7 days to test the integrity of the cell wall. The growth of the colonies was observed, and the diameters were measured. These experiments were performed in triplicate and repeated three times for each strain.



Amino Acid Assays

To determine the effect of selected amino acid auxotrophy on mycelium growth and pathogenicity, media and conidial suspension liquid were supplemented with 10 or 5 mM individual amino acid, at 28°C. Experiments were performed in triplicate.



Plant Infection Assays

The rice cultivar Jijing88 was used for infection assays in identifying pathogenesis of M. oryzae. For the inoculation of the intact rice leaves, a conidial suspension (1 × 105 conidia/ml) was sprayed onto the leaves using an air sprayer. The inoculated plants were placed in a high humidity chamber at 25°C for 24 h in the dark then transferred to a growth chamber with a 16-h light/8-h dark photoperiod. For microscopic observation of cuticle penetration and infectious hyphae growth, leaf sheaths and inoculation were prepared and inoculated with 100 ml of conidial suspension (1 × 105 conidia/mL) on the inner leaf sheath cuticle cells. After 24, 48, and 72 h and incubation under humid conditions at room temperature, the leaf sheaths were observed under a microscope.

The corn cultivar used in the pathogenicity experiment was “Xianyu 335,” which is a variety that is planted widely in north China. The leaf spot inoculation test utilized 10 μl 5 × 105 conidia/mL (2% gelatin, w/v) droplets from the wild-type, mutant, and complementation strains that were placed separately on the surfaces of third corn leaves. After inoculation, the leaves were placed in an artificial climate box with a relative humidity of 90% at 25°C and incubated in the dark for the first 24 h and then cultivated continuously for 6 days in the dark followed by light for 12 h each before examination. The leaves after spot inoculation were sampled at 24, 48, and 72 h, respectively, to microscopically observe the infection process. The samples were then sliced and observed with an optical microscope for pathogenicity.



Statistical Analysis

All experiments were repeated at least three times. The mean ± standard deviation of the colony diameter, germination rate, and relative expression were determined using the Prism version 7.00 software (GraphPad, San Diego, CA, United States). The data were analyzed using InStat3 (GraphPad). The threshold for statistical significance was p < 0.05.
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In the tobacco phyllosphere, some of the microbes may have detrimental effects on plant health, while many may be neutral or even beneficial. Some cannot be cultivated, so culture-independent methods are needed to explore microbial diversity. In this study, both metagenetic analysis and traditional culture-dependent methods were used on asymptomatic healthy leaves and symptomatic diseased leaves of tobacco plants. In the culture-independent analysis, asymptomatic leaves had higher microbial diversity and richness than symptomatic leaves. Both asymptomatic and symptomatic leaves contained several potentially pathogenic bacterial and fungal genera. The putative bacterial pathogens, such as species of Pseudomonas, Pantoea, or Ralstonia, and putative fungal pathogens, such as species of Phoma, Cladosporium, Alternaria, Fusarium, Corynespora, and Epicoccum, had a higher relative abundance in symptomatic leaves than asymptomatic leaves. FUNGuild analysis indicated that the foliar fungal community also included endophytes, saprotrophs, epiphytes, parasites, and endosymbionts. PICRUSt analysis showed that the dominant functions of the bacterial community in a symptomatic leaf were cellular processes and environmental information processing. In the other five foliar samples, the dominant functions of the bacterial community were genetic information processing, metabolism, and organismal systems. In the traditional culture-dependent method, 47 fungal strains were isolated from 60 symptomatic tobacco leaf fragments bearing leaf spots. Among them, 21 strains of Colletotrichum (29%), Xylariaceae (14%), Corynespora (14%), Pestalotiopsis (10%), Alternaria (10%), Epicoccum (10%), Byssosphaeria (5%), Phoma (5%), and Diaporthe (5%) all fulfilled Koch’s postulates and were found to cause disease on detached tobacco leaves in artificial inoculation tests. Symptoms on detached leaves caused by three strains of Corynespora cassiicola in artificial inoculation tests were similar to the original disease symptoms in the tobacco field. This study showed that the combined application of culture-dependent and independent methods could give comprehensive insights into microbial composition that each method alone did not reveal.

Keywords: tobacco, microbial diversity, pathogen, metagenetic analysis, culture-dependent method


INTRODUCTION

Tobacco (Nicotiana tabacum L.) is an annual, leafy, solanaceous plant, and one of the most widely cultivated non-food crops in the world (Chen et al., 2020). In China, the annual planting area of tobacco is more than 1 million hectares, and the annual output is more than 2 million tons (Yan et al., 2021). Tobacco leaf diseases are one of the main challenges in tobacco cultivation, and these can be divided into physiological, bacterial, fungal, and viral diseases. A typical physiological leaf disease of tobacco is weather fleck caused by high levels of ozone or air pollution (Macdowall et al., 1964). The fungal leaf diseases of tobacco include brown spot (Stavely and Slana, 1975), and powdery mildew (Cai et al., 2017), among others. Important bacterial leaf diseases of tobacco include angular leaf spot disease (Fromme and Murray, 1919) and wildfire disease (Cai et al., 2019). Important viral leaf diseases of tobacco are caused by tobacco mosaic virus (Scholthof, 2004), etch virus (Hari, 1981), and cucumber mosaic virus (Wagih et al., 2021).

The phyllosphere is colonized by specific microorganisms as an essential plant-associated habitat (Vorholt, 2012). However, the environmental conditions of the phyllosphere have great impact on foliar microbial populations. Phyllosphere microorganisms face harsh environmental conditions including nutrient and free water limitations and high ultraviolet radiation (Vorholt, 2012). Even with such poor growth conditions, there are numerous microorganisms that can colonize and exploit the phyllosphere, including bacteria, fungi, yeast, protists, algae, and bacteriophages. According to Vorholt (2012), about 106–107 cells reside on 1 cm2 of leaf surface. Within these communities, some microorganisms may be beneficial or neutral to the host plant, while others may be pathogenic and antagonistic to the host plant. Pathogens can invade plant leaves through wounds, stomates, hydathodes or other openings (Hugouvieux et al., 1998).

In the past few decades, plant pathogens have traditionally been discovered and identified based on culture-dependent methods. Because these are selective methods, the results can be influenced by many factors, including surface sterilization approaches, culture medium, and incubation conditions (Dissanayake et al., 2018). Therefore, the results obtained by traditional culture-dependent method cannot comprehensively reflect the numbers and functions of foliar microorganisms or pathogens. Metagenetic analysis involving high-throughput sequencing as a culture-independent method has also been used to investigate phyllosphere microbial community and diversity (Luo et al., 2019). However, species resolution of this technique is strongly influenced by databases available since it will not identify species that are not represented in the database. Furthermore, because of variability within species and similarity between species especially of the same genus, the taxonomic assignments at the commonly used threshold of 97% similarity are not entirely accurate for species level identification (Nilsson et al., 2008). In other words, the taxonomic results derived from metagenetic analysis may be reasonable only to resolve to the genus level (Dissanayake et al., 2018). Species-level classification may be obtained using species-specific primers or by analyzing specific loci, but these methods are labor-intensive and complex.

The aims of this study included (i) characterizing fungi and bacteria associated with asymptomatic healthy leaves and symptomatic diseased leaves of tobacco plants using the internal transcribed spacer (ITS) region and the partial 16S rRNA gene sequence, (ii) isolating potential fungal pathogens from symptomatic leaves of an unknown leaf spot disease of tobacco, and (iii) comparing the results for fungi from metagenetic analysis vs. culturing and ITS sequencing from the same samples.



MATERIALS AND METHODS


Sampling Strategy and Sites

Samples were collected from Tongren City (27.94N, 108.26E), Guizhou province, China in July 2020. In a field where plants of tobacco cultivar Yunyan K326 were mature, six plants at least 3 m apart were randomly chosen for sampling. Three of these plants had leaves with large yellow-brown irregular spots and lesions covering more than 25% of each leaf (Figure 1), and a leaf from each was randomly selected as representative samples for symptomatic leaves (GB1–GB3). The other three tobacco plants were healthy and used to collect asymptomatic leaves (JK1–JK3). Each leaf was divided into two sets of samples, one for fungal isolation (stored at 4°C) and another for microbial community structure and diversity analysis (stored at −80°C).


[image: image]

FIGURE 1. Field symptoms of diseased tobacco plants (A) and leaves (B).




Culture-Independent Method


DNA Extraction, Polymerase Chain Reaction Amplification and Metagenetic Analysis

Leaf samples were not disinfected so as to obtain both endophytes and epiphytes. To ensure homogeneous sampling, the leaf tissue was cut into pieces and then 0.5 g of tissue was randomly taken for DNA extraction (only necrotic leaf tissues were collected as symptomatic samples). Total genomic DNA was extracted using a FastDNA® Spin Kit (MP Biomedicals, Santa Ana, CA, United States) based on the manufacturer’s protocol. DNA quantity and quality were assessed using agarose gel electrophoresis, and the concentrations estimated using the NanoDrop-2000 (Thermo Fisher Scientific, Waltham, MA, United States). DNA was diluted to 30 ng/μL using sterile water. After DNA extraction, the bacterial V4 region of the 16S rRNA gene was amplified using primers 515F (5′-GTGYCAGCMGCCGCGGTAA-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′) (Caporaso et al., 2011), and the fungal ITS1 region was amplified using primers ITS1 (5′-TCCGTAGGTGAACCTGCGG-3′) and ITS2 (5′-GCTGCGTTCTTCATCGATGC-3′) (Zhang et al., 2010). The polymerase chain reaction (PCR) programs and total reaction volumes for ITS and 16S rRNA regions followed Wei et al. (2018). The PCR products were detected with 2% agarose gel electrophoresis using the DL2000 marker (TaKaRa, Dalian, China) for quantity examination, and purified with the Qiagen Gel Extraction Kit (Qiagen, Düsseldorf, Germany). Sequencing libraries were generated using the TruSeq® DNA PCR-Free Sample Preparation Kit (Illumina, CA, United States) following manufacturer’s recommendations, and index codes were added. The library quality was assessed on the Qubit@ 2.0 Fluorometer (Thermo Fisher Scientific, Waltham, MA, United States) and Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA, United States). Finally, the library was sequenced on an Ion S5 XL platform (Thermo Fisher Scientific, Waltham, MA, United States) at Novogene Bioinformatics Technology Co., Tianjin, China, targeting 250 bp paired-end reads.



Data Processing and Statistical Analyses

Paired-end reads were merged using FLASH V1.2.7 (overlap ≥10 bp, maximum mismatch density of 0.25) (Magoč and Salzberg, 2011). Quality filtering of raw reads was performed with specific criteria to obtain clean reads (Bokulich et al., 2013) based on the QIIME V1.9.1 quality control process (q ≤ 19) (Caporaso et al., 2010). The UCHIME algorithm (Edgar et al., 2011) was used to detect chimeric sequences, which were removed (Haas et al., 2011). After these operations, the sequences were considered clean reads. ITS reads were compared against the UNITE database (ver. 12.01.2017), and 16S rRNA reads were compared against the Silva database (ver. 132).

Sequences with ≥97% similarity were assigned to the same operational taxonomic unit (OTU) using Uparse V7.0.1001 software (Edgar, 2013). Subsequently, for each representative sequence of each OTU, the UNITE and Silva databases were used based on the Mothur algorithm to annotate taxonomic information. Duncan’s multiple range tests were performed in SPSS V23.0 (IBM, Armonk, NY, United States) at p < 0.05 to compare relative abundance between microbial genera of symptomatic versus asymptomatic leaves. The OTU tables of fungal and bacterial communities were normalized by rarefying to 8000 sequences per sample for alpha and beta diversity analyses. Finally, the estimates of alpha and beta diversity of microbial communities were calculated using QIIME V1.7.0 and V1.9.1, respectively, and displayed with R software V2.15.3. The alpha index comparison between symptomatic versus asymptomatic leaves used the Wilcoxon signed rank test at p < 0.1. Principal co-ordinates analysis (PCoA) of unweighted UniFrac distance were calculated based on Bray-Curtis dissimilarity matrix. The FUNGuild database1 was used to analyze fungal trophic mode and guild (Nguyen et al., 2016). PICRUSt2 was used to predict bacterial functionality based on the Greengene database (Langille et al., 2013). The relationship of the different genera was demonstrated using network analysis based on Spearman’s rank analysis. The co-occurrence patterns of tobacco phyllosphere microbial genera were assessed based on strong (r > 0.6) and significant correlations (p < 0.05) (Li and Wu, 2018).




Culture-Dependent Method


Fungal Isolation

Each symptomatic leaf was cut into 20 small pieces (5 mm × 5 mm). All tissue pieces were surface disinfected for 30 s in 75% ethanol, and then sterilized with 1% sodium hypochlorite (NaOCl) for 1 min and washed three times in sterile distilled water (Li et al., 2017). Finally, the tissues were placed onto potato dextrose agar (PDA) and cultured at 25°C. Plates were checked daily for visible hyphal growth up to 1 week, and once the hyphal tips were visible around the leaf tissue, some tips were transferred to fresh PDA for purification via serial hyphal tip transfer. All purified isolates were stored on PDA slants at 4°C.



Molecular Identification of Isolated Strains

Mycelia cultured on PDA for a week were collected, and their genomic DNA was extracted using the DNeasy® PowerLyzer® Microbial Kit (Qiagen, Düsseldorf, Germany). The DNA concentration was assessed using the NanoDrop-2000, and diluted to 30 ng/μL using sterile water. The ITS was amplified with primers ITS1 (5′-TCCGTAGGTGAACCTGCGG-3′) and ITS4 (5′-TCCTCCGCTTATTGATATGC-3′) (White et al., 1990). The total reaction volume was 25.0 μL, including 10.5 μL of Taq PCR Master Mix, 1.0 μL each of primer (10 μM), 1.0 μL of template DNA, and 11.5 μL of double distilled water. The PCR program was used as followed: Denaturation at 94°C for 3 min, denaturation at 94°C for 30 s, annealing at 56°C for 30 s, extension at 72°C for 45 s for 30 cycles, and final extension at 72°C for 5 min. The amplified fragments (500–750 bp) were sequenced in both directions by Sango Biotech Co., Ltd., Shanghai, China and consensus sequences were derived and edited with DNAMAN (version 5.2.2). The sequences were compared to the NCBI nr database using BLASTn and the top matching hits showing >98% identity were chosen to represent the species.



Pathogenicity Testing

Fresh young detached tobacco leaves without visible disease symptoms were obtained. They were surface disinfected with 75% ethanol for 30 s, 1% NaOCl for 1 min, and finally washed three times using distilled water. A sterile piece of cotton was wrapped around the petiole of each detached leaf and moistened to prevent wilt. These leaves were each gently wounded with a sterile needle in a 4 mm2 area by lightly scratching, and a 5-mm-diameter mycelial plug was placed on the wound. Each treatment (isolated strain) was tested on three detached leaves, and fresh PDA plugs without hyphae were used as non-inoculated control. After inoculation, detached leaves were placed in plastic boxes and incubated at 28°C for 10 days in the dark, and then assessed for disease in terms of lesion area and color. Pathogenicity testing was repeated twice.





RESULTS


Sequence Data

A total of 263,626 and 243,453 clean bacterial 250-bp reads were obtained from the asymptomatic and symptomatic samples, respectively. The paired-end reads were merged and then clustered into 304 and 272 OTUs using a cut off of 97% similarity. The OTUs were compared against the Silva database for identity. For fungi, there were 238,329 clean reads from asymptomatic samples, and paired-end reads were merged and clustered into 77 OTUs. The 269,671 clean reads from symptomatic samples were processed and clustered into 149 OTUs (Table 1). The fungal OTUs were compared against the UNITE database. The fungal and bacterial raw sequences of each sample have been deposited in the SRA database under project number PRJNA722239.


TABLE 1. Metagenetic sequence data from different samples of tobacco leaves.
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Microbial Community Composition

The influence of disease on microbial communities of tobacco leaves was assessed in this study. A rich microbial community was observed in both symptomatic and asymptomatic leaves. The “Other” group in Figure 2 contains all microorganisms that were not identified or whose relative abundance was less than 0.1%. Aside from “others,” the dominant identified bacterial phyla in both types of leaves were Proteobacteria, Firmicutes, Fusobacteria, Bacteroidetes, and Actinobacteria, with relative abundances ranging from 0.4 to 36% (Figure 2A). The major fungal phylum found was Ascomycota which for some of the samples exceeded “Others.” Basidiomycota were also present at a much lower levels in each sample. The relative abundance of Ascomycota in asymptomatic or symptomatic leaves was 26 ± 11% or 72 ± 22%, respectively; and for Basidiomycota, it was 2.3 ± 0.7% or 1.2 ± 1.0%, respectively (Figure 2C).


[image: image]

FIGURE 2. Microbial community composition of different samples (asymptomatic leaves JK1, JK2, JK3; symptomatic leaves GB1, GB2, GB3) at the phylum [(A) for bacteria, (C) for fungi] and genus [(B) for bacteria, (D) for fungi] levels. The relative abundance of phyla or genera making up less than 0.01% were classified as “Others.”


The relative abundance of the top 30 identified bacterial or fungal genera are shown in Figures 2B,D, respectively. Among the top 30 bacterial genera, most were non-pathogenic, and only some species from three of these genera have been classified as plant pathogens, namely Pseudomonas, Pantoea, and Ralstonia. The relative abundances of these three genera in symptomatic leaves were 25.67, 7.65, and 0.24%, respectively, and in asymptomatic leaves, they were 7.61, 1.60, and 0.73%, respectively. In addition to these genera, Prevotella, Peptoniphilus, Ezakiella, Corynebacteriaceae (family), Proteus, Anaerococcus, and Campylobacter were exclusively found in asymptomatic leaves, although in lower abundance (<0.7%).

Compared with bacterial genera, the top 30 identified fungal genera had more potential plant pathogens (Table 2). A total of 15 genera containing plant pathogens were detected in asymptomatic or symptomatic leaves. Among them, only the relative abundance of Cercospora, Moesziomyces, Phyllosticta, and Plectosphaerella in asymptomatic leaves was higher than their counterparts in symptomatic leaves. When counts were combined from asymptomatic or symptomatic leaves, the pathogenic genera with relative abundance over 1% included Phoma (6.6%/35.1%), Cladosporium (8.0%/23.9%), Alternaria (3.7%/6.9%), Cercospora (4.1%/1.5%), and Fusarium (0.22%/1.18%). Fungal genera which were found only on asymptomatic leaves included Clitopilus and Phaeosphaeriopsis, and those found only on symptomatic leaves included Gibellulopsis, Meira, Stachybotrys, Aureobasidium, and Cystobasidium.


TABLE 2. The top 30 dominant taxa and their relative abundance (%) of fungal and bacterial community OTUs based on metagenetic analysis.
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Microbial Community Diversity

Estimates of indices of richness and diversity for fungi and bacteria in asymptomatic and symptomatic leaves are shown in Table 3. For bacterial community analysis, the asymptomatic leaves show trends of higher Shannon–Weaver index, Simpson index, Chao1 index, and ACE index compared to the symptomatic leaves, but there were no statistically significant differences. For fungal community analysis, the asymptomatic leaves showed trends of higher Shannon–Weaver index and Simpson index, and a lower Chao1 index and ACE index compared to the symptomatic leaves, but there were no statistically significant differences.


TABLE 3. Alpha diversity indexes of phyllosphere microbial community.
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Principal co-ordinates analysis for bacterial communities did not show separate clustering for symptomatic vs. asymptomatic samples (Figure 3A), which meant that the bacterial community composition was similar between symptomatic and asymptomatic groups. However, for fungal communities, the asymptomatic samples did cluster together in a PCoA quadrant, while the symptomatic samples were more scattered (Figure 3B), which implied that there were fewer differences in fungal community composition of asymptomatic leaves compared to symptomatic leaves.
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FIGURE 3. Principal Co-ordinate Analysis (PCoA) of the bacterial (A) and fungal (B) communities of different samples (asymptomatic leaves JK1, JK2, JK3; symptomatic leaves GB1, GB2, GB3).




Microbial Community Functional Characteristics

FUNGuild was used to predict the ecological functions of fungi in the samples based on their composition (Figure 4). The dominant ecological functions of fungal communities in asymptomatic leaves were classified as endophyte, plant pathogen, and wood saprotroph (JK1); fungal parasite and plant pathogen (JK2); and plant pathogen, endophyte, wood saprotroph, and animal endosymbiont (JK3). The dominant ecological functions of fungal communities in symptomatic leaves were fungal parasite, animal pathogen, endophyte, epiphyte, plant pathogen, and saprotroph (GB1); animal endosymbiont, saprotroph, and plant pathogen (GB2); and fungal parasite, plant pathogen, soil saprotroph, wood saprotroph, and endophyte (GB3).


[image: image]

FIGURE 4. Dendrogram of fungal functional categories in symptomatic (GB1, GB2, GB3) and asymptomatic samples (JK1, JK2, JK3) analyzed using FUNGuild.


PICRUSt was designed to estimate the gene families in metagenetic analysis from bacteria or archaea identified using 16S rRNA sequencing (Figure 5). In this study, genetic information processing, metabolism, and organismal systems were the common bacterial community functions in JK1, JK2, JK3, GB1, and GB3. In addition to the common functions, these were specific bacterial community in symptomatic leaves: unclassified, environment information processing, cellular processes, and human disease.
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FIGURE 5. Dendrogram of bacterial functional categories in symptomatic (GB1, GB2, GB3) and asymptomatic samples (JK1, JK2, JK3) analyzed using PICRUSt.




Co-occurrence Network Analysis

Co-occurrence network analysis is widely used to study the interaction of organisms in complex microbial communities. A total of five strong negative correlations and 124 strong positive correlations were identified from 46 bacterial genera (Figure 6). The co-occurring genera were distributed in Firmicutes (50%, targeted nodes/total nodes), Proteobacteria (30.4%), Actinobacteria (6.5%), Bacteroidetes (6.5%), Fusobacteria (4.4%), and unidentified_Bacteria (2.2%). Dialister, Peptoniphilus, and Prevotella were identified as the top three genera based on high centrality score. The only five strong negative correlations in the bacterial communities were Peptoniphilus-Lactobacillus, Aeromonas-Aureimonas, Lactobacillus-Campylobacter, Lactobacillus-Facklamia, and Aureimonas-Vibrio.
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FIGURE 6. Co-occurrence network of bacteria at genera level. Only p values less than 0.05 and corrections coefficients higher than 0.6 were constructed in the network. The size of each node is proportional to the number of connections, the color of each node is correlates with taxonomy. Blue edges indicate positive correlations, and red edges indicate negative correlations.


In the fungal community, only eight genera had strong and significant correlations (Figure 7) (p < 0.05, r > 0.6). There were significant negative correlations between Cladosporium and Stagonosporopsis, Phoma and Golubevia, Phoma and Sporidiobolus, and Rhodotorula and Fusarium. Only Cladosporium and Alternaria had a strong and significant positive correlation in co-occurrence network analysis.
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FIGURE 7. Co-occurrence network of fungi at genera level. Only p values less than 0.05 and corrections coefficients higher than 0.6 were constructed in the network. The size of each node is proportional to the number of connections, the color of each node is correlates with taxonomy. Blue edges indicate positive correlations, and red edges indicate negative correlations.




Culture-Based Fungal Diversity

A total of 47 fungal isolates belonging to 18 genera were obtained by tissue isolation, and their ITS sequences have been deposited in NCBI GenBank (Table 4). The pathogenicity of all 47 isolates was tested on detached tobacco leaves. Afterward, leaves were wounded, inoculated, and then incubated for 10 days at 28°C. The non-inoculated control and 26 isolates did not yield any symptoms on detached leaves, and the remaining 21 isolates caused varying degrees of symptoms on the detached leaves. Disease symptoms on detached leaves progressed from inoculation sites to surrounding areas and formed yellowish-brown spots with irregular shapes within a week (Figure 8). Among the 21 pathogenic isolates, six (wz16, wz17, wz19, wz45, wz50, and wz52) had strong pathogenicity (lesion area >3.14 cm2); seven (wz20, wz38, wz39, wz40, wz48, wz55, and wz60) had medium pathogenicity; and eight (wz21, wz32, wz35, wz43, wz49, wz51, wz56, and wz65) had weak pathogenicity (noticeable lesions <0.79 cm2). The above 21 strains were classified as Colletotrichum (wz35/49/51/52/55/60), Xylariaceae (wz21/38/40), Corynespora (wz16/17/45), Pestalotiopsis (wz19/56), Alternaria (wz20/39), Epicoccum (wz48/50), Byssosphaeria (wz43), Phoma (wz32), or Diaporthe (wz65). The symptoms caused by three of the six highly virulent isolates (wz16, wz17, and wz45) were consistent with those of originally collected diseased leaves, and these were all identified as Corynespora cassiicola.


TABLE 4. Fungi isolated from symptomatic leaves, and their identity based on ITS sequences, and their GenBank accession numbers.
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FIGURE 8. Symptoms on inoculated tobacco leaves at 10 days after inoculation and incubation at 28°C. These isolates came from symptomatic leaves and their identification based on ITS sequences is shown in Table 4. The white mesh board behind each leaf is the same size (25 cm × 10 cm).





DISCUSSION

In the past, research on plant pathogens and phyllosphere microorganisms was often based on traditional culture-dependent methods, which may have underestimated the number of microbial communities and the functions of non-pathogenic and non-culturable microorganisms (Dissanayake et al., 2018). This study provided new insights into potential phyllosphere pathogens and into the microbial community structure and diversity in asymptomatic and symptomatic tobacco leaves. In the present study, we found a correlation between the health status of tobacco leaves and phyllosphere microbial community structure and composition, but this correlation was not very strong (r < 0.6). This finding implied that foliar disease may affect the phyllosphere by promoting or inhibiting the growth of certain microorganisms.

Among the dominant taxa, we identified a large number of bacterial and fungal genera which have been reported as phytopathogens or plant growth promoters, as well as a several neutral bacteria and fungi. The neutral bacterial genera such as Cetobacterium, Providencia, Faecalibacterium, and Methylobacterium have been reported from leaves of different plants as endophytes or epiphytes. In previous studies, Sphingomonas, Bacillus, and Cyanobacteria were considered to be beneficial to plant growth and to protect plants from pathogens (Innerebner et al., 2011; Han et al., 2016). But in our study, they were not detected from tobacco leaves. This difference may result from differences in climate and geography and in host species (Finkel et al., 2011).

Pseudomonas, Pantoea, and Ralstonia are typical phytopathogenic genera associated with tobacco. Pseudomonas as a pathogenic genus, has a wide host range (Morris et al., 2008). Wildfire disease of tobacco is caused by Pseudomonas syringae pv. tabaci (Ramegowda et al., 2013). Some Pantoea species can cause human diseases, while others can cause plant diseases (Cruz et al., 2007). Species of Ralstonia are pathogens causing bacterial wilt in many plants (Genin and Denny, 2012) including R. solanacearum causing tobacco bacterial wilt. PICRUSt predictions showed that the functions of most bacteria were associated with regular physiological activities, such as metabolism, genetic information processing, cellular processes, and organismal systems. Among bacterial communities, some species of Pseudomonas, Pantoea, and Providencia can cause human diseases, but it is uncommon for human pathogenic bacteria to be found on plant leaves, and we were only able to resolve to genera so the human pathogenic species might not have been present.

In contrast to bacteria, the fungal community contained more phytopathogenic genera. Phoma is an ubiquitous genus among plants, and 110 species are plant pathogens (Deb et al., 2020). They can invade many economically important crops, including wheat, tobacco, oilseed rape, and tea, among others. There were other fungi besides Phoma, including Alternaria species which are known to cause tobacco brown spot (Hou et al., 2016), Cercospora nicotianae which causes tobacco frogeye (Fajola and Alasoadura, 1973), and Fusarium species which cause tobacco wilt (LaMondia, 2015). In addition to these genera, Cladosporium, Stagonosporopsis, Moesziomyces, Gibellulopsis, Phyllosticta, Epicoccum, Plectosphaerella, and Corynespora have been reported to invade plants as phytopathogenic genera. Based on the functional predictions of FUNGuild, most fungal communities were plant pathogens and saprotrophs, and few communities were endophytes, parasites or animal pathogens. The structure of fungal communities on tobacco leaves also supported this conclusion.

Plants with a higher microbial diversity were less prone to pathogen invasion than those with less microbial diversity (Berg et al., 2017). This is likely due to more diverse microbial communities having higher competition for nutrient sources, free water and ecological niches than potential pathogens (Shade, 2017). Therefore, leaves with higher microbial diversity may be associated with reduce chances of disease outbreaks (Yang et al., 2017). Disease severity is one of the many factors that affect phyllosphere microorganisms. Tobacco leaves of different disease index infected by Didymella segeticola have different microbial diversity, and the relative abundance of dominant genera in the phyllosphere increased with increasing disease index (Huang et al., 2021). The abundance of Ascomycota and Podosphaera increased as pumpkin powdery mildew severity increased from L1 to L4, and the diversity and richness of the fungal community increased from L1 to L2, and then declined from L2 to L4 (Zhang et al., 2017). Therefore, if we had tested tobacco leaves with different levels of symptoms or different disease stages, their phyllosphere microbial community diversity may also have been different.

The traditional culture-dependent method yielded community composition results which differed from the metagenetic analysis. Among the 47 strains isolated from culturing, Colletotrichum was the dominant genus, which accounted for 19%, followed as Xylariaceae (13%), Phoma (9%), Diaporthe (9%), and Cladosporium (2%). We only checked for fungi growing up to 1 week, but a longer monitoring period such as up to 4 weeks may have revealed other fungal species. Based on the metagenetic analysis, the dominant fungi in the symptomatic leaves were found to be species of Phoma (35.05%), Cladosporium (23.87%) and Alternaria (6.88%), and the relative abundances of Colletotrichum and Xylariaceae were less than 0.01%. Therefore, the strains with high isolation frequency obtained by culture-dependent methods were not necessarily the dominant fungi in the leaf layer, and the strains with low isolation frequency may also be dominant fungi based on metagenetic analysis. Pathogenicity testing showed that in the same genus, some strains had strong pathogenicity, some strains had weak pathogenicity, and some strains even had no pathogenicity. In this study, we used wounded detached leaves for pathogenicity testing, which may have overestimated pathogenicity for opportunistic fungi, but in previous research in this lab, we have found that there were no significant differences in lesion size on attached leaves vs. wounded detached leaves in tests with a variety of tobacco pathogens (unpublished data). Some fungi isolated by culturing were not detected in metagenetic analysis, which may be because these fungi had low relative abundance or some other property such as prolific sporulation exaggerated their abundance. Therefore, the combination of metagenetic analysis and traditional culture-dependent methods perhaps can more comprehensively reflect the composition of phyllosphere microbial communities. Based on our previous observations of tobacco foliar diseases, we suspected that this was likely a fungal pathogen especially since the lesions were not vein limited, and hence we targeted fungi for isolation and did not attempt to culture bacteria. Future research will focus on confirming the causal agent or agents of this disease whether a bacterium may be involved.



CONCLUSION

This study demonstrated that asymptomatic and symptomatic leaves of tobacco plants may differ in microbial community composition and potential pathogens. Based on isolation of culturable fungi from symptomatic leaves followed by pathogenicity testing, 21 potential pathogenic strains belonging to Colletotrichum, Xylariaceae, Corynespora, Pestalotiopsis, Alternaria, Epicoccum, Byssosphaeria, Phoma, and Diaporthe were found on symptomatic leaves, and the causal agent of this tobacco leaf spot may be Corynespora cassiicola. Metagenetic analysis of symptomatic leaves showed the following pathogen-containing genera on tobacco leaves: Pseudomonas, Prevotella, Peptoniphilus, Gibellulopsis, and Meira, among others. Metagenetic analysis also revealed that asymptomatic leaves harbored pathogenic genera such as Pseudomonas, Pantoea, Cercospora, and Phaeosphaeriopsis among others. Asymptomatic leaves had a higher microbial diversity and richness than symptomatic leaves. The combination of the traditional culture-dependent method and metagenetic analysis provided insights into the composition of microbial communities and potential pathogens on tobacco leaves more comprehensively than either one of these methods alone. These findings are significant for the prevention and control of tobacco diseases.
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Bacteria can withstand various types of environmental osmostress. A sudden rise in osmostress affects bacterial cell growth that is countered by activating special genes. The change of osmostress is generally a slow process under the natural environment. However, the collective response of bacteria to low osmostress remains unknown. This study revealed that the deletion of phoP (ΔphoP) from X. citri significantly compromised the growth and virulence as compared to the wild-type strain. Interestingly, low osmostress reversed physiological deficiencies of X. citri phoP mutant related to bacterial growth and virulence. The results also provided biochemical and genetic evidence that the physiological deficiency of phoP mutant can be reversed by low osmostress induced β-glucosidase (BglS) expression. Based on the data, this study proposes a novel regulatory mechanism of a novel β-glucosidase activation in X. citri through low osmostress to reverse the fitness deficiency.
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INTRODUCTION

Bacteria can grow under various environmental osmostress conditions (Record et al., 1998). The exopolysaccharide component of the matrix such as biofilms increases osmotic pressure, which inhibits the biofilm synthesis related gene expression (Rubinstein et al., 2012; Yan et al., 2017). Sudden hyperosmotic stress causes dynamic changes in the cell growth, subcellular distribution of coiled-coil cytoskeletal proteins for cell wall assembly, nucleoid condensation, and turgor pressure (Fuchino et al., 2017). However, the collective response of bacteria to low osmostress remains unknown.

Xanthomonas citri pv. citri is a Gram-negative bacterium, which causes the canker disease in citrus species, has become a global issue in citrus growing areas by damaging the quality and yield of the citrus (Brunings and Gabriel, 2003; Graham et al., 2004). At present, resistant varieties and effective management methods against this disease are not available.

Two-component system PhoP/PhoQ is one of the main factors regulating the virulence of Gram-negative bacteria (Prost and Miller, 2008). PhoQ is an inner membrane-bound receptor histidine kinase (HK). After detecting environmental signals of Mg2+, Ca2+, low pH or cationic antimicrobial peptides (AMPs), the PhoQ activates its autokinase activity by phosphorylating a conserved histidine residue (His) and then transfers the phosphoryl group to PhoP, a cytosolic response regulator (RR), through transcription factor activity (Choi and Groisman, 2017; Qadi et al., 2017). The activated PhoP modulates the transcription of downstream genes by directly binding to their cis-regulatory elements (CREs) (Supplementary Figure 1A; Garcia Vescovi et al., 1996; Groisman and Mouslim, 2006). Global regulator PhoP is necessary for the motility, biofilm formation, exoenzyme production, and virulence of X. citri (Wei et al., 2019).

This study demonstrates the regulation of PhoP in the two-component system PhoP/PhoQ, which contributes to X. citri growth and virulence. Low osmostress was also found to reverse the physiological deficiencies of X. citri phoP mutant related to growth and virulence. Furthermore, this study also proposed a novel regulatory pathway to show that low osmostress reverses the fitness disadvantage of X. citri phoP mutant strain by activating a novel β-glucosidase (BglS).



RESULTS


XAC4022–XAC4023 of Xanthomonas citri Encode PhoQ-PhoP Orthologs

Phylogenetic analysis and similarity search revealed that XAC4022-XAC4023 of X. citri pv. citri strain 306 are the PhoQ-PhoP orthologs of Gram-negative bacteria (Supplementary Figures 1B,C). XAC4022–XAC4023 proteins of X. citri share the highest similarity with the PhoP-PhoQ sequences of Escherichia coli, X. campestris pv. campestris, or pseudomonas aeruginosa. PhoQ usually contains an N-terminal periplasmic sensor region surrounded by two transmembrane helices. PhoP is an OmpR-family transcription factor (TF) with an N-terminal receiver domain as the phosphoryl acceptor (Response_reg) and a C-terminal helix-turn-helix region (Trans_reg_C) that binds double-stranded DNA (Supplementary Figure 1A). Protein sequence alignments indicated that XAC PhoQ and PhoP shared 77 and 57% identical residues with P. aeruginosa PhoP, respectively (Qadi et al., 2017). X. citri PhoQ and PhoP shared 95% and 100% identity with their close relative X. campestris, respectively (Peng et al., 2017; Supplementary Figure 1C).



Deletion of phoP Affect Xanthomonas citri Growth and Low Osmostress Recover Growth Deficiency of phoP Mutant

Two knockout strains ΔphoQ and ΔphoP with deleted phoQ (XAC4022) and phoP (XAC4023) genes were constructed by a two-step homologous recombination approach to identify the physiological functions of PhoQ and PhoP in X. citri. The growth of ΔphoQ and ΔphoP mutant strains was tested in rich medium YEB and NYG. The growth of the phoP mutant strain was significantly slower than the wild-type strain in rich medium NYG (Figures 1A–C). X. citri growth in rich medium YEB and NYG remained unaffected with the deletion of phoQ (Figures 1A–C). To further determine the importance of two key domains (Response_reg and Trans_reg_C) of phoP, complemented vectors carrying two domains were constructed that complemented phoP mutant strain (named phoP-C). The results showed that two single domains could not complement the phoP mutant growth defect. The phoP mutant strain was only complemented in the presence of both domains (Response_reg and Trans_reg_C) (Figure 1D). These results suggest that PhoP is critical for the growth of X. citri and requires the presence of two domains for its biological function.
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FIGURE 1. Inactivation of phoP reduces the growth of X. citri strains. (A) Growth curves of bacterial strains in rich YEB medium. (B) Growth curves of bacterial strains in rich NYG medium. (C,D) Growth of bacterial strains on rich NYG medium plates. OD600 of cultures was monitored using a Bioscreen-C Automated Growth Curves Analysis System (Oy Growth Curves FP-1100-C, Helsinki, Finland). Trans and Res, respectively, represent the Trans_reg_C and response_reg domains of PhoP. Error bars mean ± standard deviation (n = 3). All experiments were repeated three times with similar results.


X. citri was subjected to various environmental stresses to investigate the effects of PhoP. The growth of phoP mutant strain was also tested on NYG plates under various environmental stresses. Interestingly, low osmostress (0.05 M NaCl or Sorbitol) was noted to promote the growth of phoP mutant on NYG plates (Figures 2A–C). To further confirm this phenomenon, the effects of different concentrations of NaCl and sorbitol on the growth of phoP mutant were studied under liquid conditions. The results depicted that the addition of NaCl and sorbitol promoted the growth of phoP mutant under liquid culture conditions (Figures 2D,E). We further confirmed that the addition of KCl or NH4Cl also promoted the growth of the phoP mutant strain (Supplementary Figure 2). Low osmostress also promoted the growth of phoP mutant strain under acidic (pH 5.0) and alkaline (pH 8.0) conditions (Supplementary Figure 3). Therefore, sodium chloride (NaCl) was used as a single factor to study the mechanism of low osmostress on the physiological characteristics of the phoP mutant strain.
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FIGURE 2. Enhanced growth of phoP mutant under low osmostress. (A) Growth of bacterial strains on rich NYG medium plates. (B) Growth of bacterial strains on rich NYG medium plates supplemented with 0.05 M NaCl. (C) Growth of bacterial strains on rich NYG medium plates supplemented with 0.05 M sorbitol. (D) Growth curves of phoP mutant strain in rich NYG medium supplemented with 0 M NaCl, 0.02 M NaCl, 0.05 M NaCl, or 0.1 M NaCl, respectively. (E) Growth curves of phoP mutant strain in rich NYG medium supplemented with 0 M sorbitol, 0.02 M sorbitol, 0.05 M sorbitol, or 0.1 M sorbitol, respectively. OD600 of cultures was monitored using a Bioscreen-C Automated Growth Curves Analysis System (Oy Growth Curves FP-1100-C, Helsinki, Finland). Error bars, mean ± standard deviation (n = 3). All experiments were repeated three times with similar results.




Sodium Chloride Increases phoP Mutant Strain Virulence

Previous studies have reported the attenuated virulence of phoP defective mutant in E. coli and Salmonella (Coornaert et al., 2013; Ren et al., 2016; Choi and Groisman, 2017). To investigate the role of PhoP in virulence, X. citri wild-type and phoP mutant strain in Nicotiana benthamiana and Citrus leaves infection models were also tested. As expected, the deletion of phoP reduces bacterial virulence. The infection of the host plant sweet orange (Citrus sinensis) with wild-type strain and complemented strain (phoP-C) produced canker disease symptoms whereas phoP mutant strain caused less hypertrophy and hyperplasia, and failed to produce water-soaking and necrosis symptoms in the susceptible Citrus host (Figure 3A). During previous studies, we noted that sodium chloride promoted the growth of the phoP mutant strain (Figure 1). Similarly, to test this possibility of enhanced phoP mutant strain virulence by sodium chloride, phoP mutant strain virulence was evaluated in a sodium chloride environment. Citrus leaves were infiltrated with a bacterial suspension supplemented with 0.05 M NaCl, which significantly increased the virulence of the phoP mutant strain (Figure 3B). The bacterial population in the plant was also measured. After inoculation, the bacterial population of the phoP mutant remarkably decreased as compared to the wild-type strain. However, a significant increase in the population of phoP mutant was found when supplemented with 0.05 M NaCl (Figure 3C).
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FIGURE 3. Increase in phoP mutant virulence under low osmostress. (A) Citrus leaves infiltrated with bacterial suspension [5 × 108 colony-forming units (CFU)/mL]. (B) Citrus leaves infiltrated with bacterial suspension [5 × 108 colony-forming units (CFU)/mL] supplemented with 0.05 M NaCl. (C) Bacterial strains were injected into plant leaves using a 1 ml syringe. Bacterial colonies were isolated from leaf disks and counted by serial dilution after inoculation. Each value represents the average number of three-leaf disks. (D,E) Effects on the hypersensitive response (HR) of Nicotiana benthamiana induced by bacterial suspension. (F,G) Effects on the hypersensitive response (HR) of Nicotiana benthamiana induced by bacterial suspension supplemented with 0.05 M NaCl. Error bars, means ± standard deviations (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001, assessed by one-way ANOVA. All experiments were repeated three times with similar results.


PhoP contribution to hypersensitive response (HR) induction in the non-host tobacco plant (N. benthamiana) was also observed. The wild-type strain produced an average lesion diameter of 1.67 cm on N. benthamiana after 5 days of inoculation (Figures 3D,E). Deletion of phoP significantly reduced the average lesion diameter (0.85 cm) (Figures 3D,E), but complementation with wild-type phoP fully restored the HR of phoP mutant strain against non-host tobacco plant having an average lesion diameter of 1.4 cm (Figures 3D,E). The results indicated that phoP contributes to HR induction in the non-host tobacco plant (N benthamiana). Similarly, sodium chloride also promoted the HR of phoP mutant strain against non-host tobacco plants (Figures 3F,G). These results suggest that low osmostress is critical for increasing the pathogenicity and HR of the phoP mutant strain.



Low Osmostress Facilitates phoP Mutant Strain Fitness Deficiency

The phoP mutant showed severely impaired growth and the low osmostress conditions recovered its growth. To investigate the role of low osmostress in phoP mutant physiology, several pathogenicity-related virulence factors, swimming motility and against the H2O2 of phoP mutant strain and phoP mutant strain supplementing 0.05 M NaCl were evaluated during this study.

Initially, the activity of extracellular enzymes (cellulase, amylase, and protease) was tested. phoP mutant had significantly reduced production of extracellular cellulase and amylase, but exhibited slightly higher protease activity than X. citri wild type strain on NYG medium (Supplementary Figure 4). The role of low osmostress in phoP mutant swimming motility was observed. The results revealed that the deletion of phoP abolished swimming motility in X. citri (Supplementary Figures 5A,B), and that was reversed by supplementing 0.05 M NaCl (Supplementary Figure 5C).

Bacterial pathogens must overcome the antimicrobial oxidative burst of the host to survive, replicate, and disseminate throughout the host (Wan et al., 2017). To investigate the role of PhoP against the oxidative burst of the host, the growth of phoP mutant strain was evaluated on NYG plates under 0.1 mM H2O2 concentrations stress. The results showed similar growth rates of X. citri wild-type strain and complemented strain (phoP-C) under the stress conditions. Nevertheless, the phoP mutant strain was more sensitive to 0.1 mM H2O2 concentrations than the wild-type strain (Supplementary Figures 5D,E). The data suggested that PhoP facilitated X. citri to counter oxidative stress. The role of osmostress in promoting the survivability of phoP mutant strain under oxidative stress was also studied. 0.05 M NaCl significantly enhanced the survivability of phoP mutant against antimicrobial oxidative burst (Supplementary Figures 5F,G). These results suggest that the deletion of phoP significantly compromised fitness, include exoenzymes, virulence, swimming motility, and response to oxidative stress, and the low osmostress rescued these deficiency.



Co-regulation of Genes by PhoP and Low Osmostress

During the above-mentioned studies, we found that low osmostress can restore multiple physiological defects caused by phoP mutant, including cell growth, virulence, swimming motility and against oxidative stress. Transcriptome analyses (RNA-Seq) of wild-type and phoP mutant strain were performed to investigate the role of low osmostress and PhoP in the X. citri gene regulation. The results revealed that in comparison to the wild-type strain, 348 genes of phoP mutant strain were differentially altered at the transcription level. 192 genes were noted to be up-regulated whereas 156 genes were down-regulated (Supplementary Figure 6A and Supplementary Table 3). The transcriptomes of the phoP mutant strain and phoP mutant supplemented with 0.05 M NaCl or 0.05 M sorbitol were also analyzed using RNA-Seq. Differential gene expression analysis showed an increase of 266 and a decrease of 122 genes in phoP mutant supplemented with 0.05 M NaCl as compared to their expression in the phoP mutant strain. In the case of phoP mutant supplemented with 0.05 M sorbitol, an increase in 9 genes and decrease in 3 genes was observed as compared to their expression in phoP mutant strain (Supplementary Figures 6B,C and Supplementary Tables 4, 5). Further bioinformatics analyses showed that the products of these differentially expressed genes belonged to three major functional categories involved in the cellular component, molecular function, and biological process. In addition, each major category further contains diverse sub-functional groups (Supplementary Figures 6A–C). Transcriptome profiles were also compared using Venn diagrams, which showed an overlap of 2 differentially expressed genes in phoP mutant as compared to the wild-type strain and phoP mutant supplemented with sorbitol and NaCl. These two genes were annotated as XAC1448: β-glucosidase (BglS) and XAC2312: membrane protein (Supplementary Figure 6D).



The Role of β-Glucosidase in Recovering phoP Mutant Fitness Under Low Osmostress

To investigate the role of bglS and XAC2312 in reversing the fitness deficiency through low osmostress, bglS and XAC2312 were overexpressed in phoP mutant. The results depicted that plasmid-based overexpression of bglS significantly promoted the growth of phoP mutant strain in NYG plates (Figure 4A) whereas overexpression of XAC 2312 could not significantly reverse the poor growth of phoP mutant (Supplementary Figure 7A).
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FIGURE 4. Critical role of BglS in reversing the growth disadvantage of phoP mutant under low osmostress. (A,B) Growth of bacterial strains on rich NYG medium plates or NYG medium plates supplemented with 0.05 M NaCl or 0.05 M sorbitol.


To identify the physiological functions of BglS and XAC2312 response in X. citri to low osmostress, the double-mutant strains ΔphoP-ΔbglS and ΔphoP-Δ2312 were constructed by a two-step homologous recombination approach, and their growth was tested on plain NYG and modified NYG plates supplemented with 0.05 M NaCl or 0.05 M sorbitol. The deletion of bglS significantly impaired the growth of phoP mutant as compared to the wild-type strain, and the low osmostress cannot individually promote the growth of ΔphoP-ΔbglS mutant on NYG plates (Figure 4B). The growth of the ΔphoP-Δ2312 mutant remained similar to the phoP mutant under a low osmostress environment (Supplementary Figure 7B). The growth defect phenotypes of ΔphoP-ΔbglS mutants were restored to wild-type levels by introducing bglS into ΔphoP-ΔbglS (Figure 4B). However, overexpression of XAC2312 in the ΔphoP-Δ2312 mutants could not produce a substantial difference between the mutant and complemented strains of X. citri in terms of growth (Supplementary Figure 7B). These results suggest that only BglS can reverse the poor growth of the phoP mutant.



The Role of β-Glucosidase in Recovering Swimming Motility of phoP Mutant Under Low Osmostress

The above findings confirmed that BglS can reverse the growth deficiency of the phoP mutant. To investigate the role of BglS in the swimming motility of X. citri, swimming motility growth of ΔphoP-ΔbglS was evaluated on plain NYG and modified NYG plates supplemented with 0.05 M NaCl or 0.05 M sorbitol. The deletion of bglS significantly impaired the swimming motility in phoP mutant and low osmostress could not recover ΔphoP-ΔbglS mutant swimming motility on NYG plates (Figures 5A–C,E). Contrarily, the overexpression of bglS in the ΔphoP-ΔbglS mutants reversed the swimming motility deficiency of phoP-ΔbglS mutant (Figures 5D,E).
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FIGURE 5. Critical role of BglS in reversing the swimming motility disadvantage of phoP mutant. (A) Swimming motility of X. citri wild-type strain on rich NYG medium plates or NYG medium plates supplemented with 0.05 M NaCl or 0.05 M sorbitol. (B) Swimming motility of phoP mutant strain on rich NYG medium plates or NYG medium plates supplemented with 0.05 M NaCl or 0.05 M sorbitol. (C) Swimming motility of phoP and bglS double mutant strain (ΔphoP-ΔbglS) on rich NYG medium plates or NYG medium plates supplemented with 0.05 M NaCl or 0.05 M sorbitol. (D) Swimming motility of bglS overexpression in phoP and bglS double mutant strain (ΔphoP-ΔbglS/bglS) on rich NYG medium plates or NYG medium plates supplemented with 0.05 M NaCl or 0.05 M sorbitol. (E) Statistical analysis BglS role in reversing the swimming motility disadvantage of phoP mutant. Error bars, means standard deviations (n = 3). **P < 0.01, ***P < 0.001, and ****P < 0.0001, assessed by one-way ANOVA. All experiments were repeated three times with similar results.




Global Transcriptional Regulator PhoP Positively Regulated β-Glucosidase Expression

PhoP is a conserved global transcriptional regulator that is essential to produce virulence (Lee et al., 2008; Ren et al., 2016). RNA-Seq and RT-qPCR showed that bglS expression in ΔphoP mutant strain was compromised as compared to wild-type X. citri strain. It indicates that PhoP might regulate bglS expression by directly binding to its promoter region (Figures 6A,B).
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FIGURE 6. X. citri PhoP directly bound bglS promoters. (A) Relative expression of bglS as determined by RNA-Seq. (B) Relative expression of bglS as determined by quantitative reverse transcription PCR. (C) Gel shift assay showing that PhoP directly bound the promoters of bglS. (D) Gel shift assay showing the effect of 0.05 M NaCl on PhoP binding of bglS promoters. PhoP (0, 1, 2, 4, or 8 μM) were added to reaction mixtures containing 50 ng of probe DNA, and the reaction mixtures were separated on polyacrylamide gels. Error bars, means ± standard deviations (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001, assessed by one-way ANOVA. Quantitative reverse transcription PCR and gel shift assay were repeated three times with similar results.


To verify the bglS promoter for in-depth genetic analyses, a series of RT-PCR primers (Supplementary Table 2 and Supplementary Figure 8A) was designed to determine the intergenic transcripts crossing the adjacent genes. As shown in Supplementary Figure 8B, the successful amplification of corresponding intergenic transcripts revealed that bglS and XAC1449 likely constitute a single transcription unit suggesting that the bglS promoter is located upstream of XAC1449. Based on the identified PhoP-binding motif (Allenby et al., 2012), a potential binding site of X. citri PhoP was identified in the upstream region of XAC1449 and bglS operon: 5′-GATCACAGCAGGATCATG-3′ (Supplementary Figure 9).

Electrophoretic mobility gel shift assay (EMSA) was carried out to examine the direct binding of PhoP to bglS promoter. The PhoP protein was expressed in E. coli BL21 (DE3), and N-terminal-His 6-tagged versions of the proteins were purified with nickel chelate chromatography (Supplementary Figure 10). It was followed by the testing of PhoP ability to bind to the bglS promoter. A PCR-amplified 569 bp DNA fragment from the upstream of the XAC1449 translational start site (pXAC bglS) was used as a probe. The addition of purified PhoP protein, ranging from 0 to 8 μM, to the reaction mixtures (20 μL at 28°C for 25 min) caused a shift in the mobility of pXAC bglS DNA fragment. EMSA revealed strong PhoP binding with the pXAC bglS probe in a dose-dependent manner (Figure 6C). These results suggest that PhoP directly binds to the promoter region of bglS to regulate its transcription in X. citri. The effect of low osmostress to promote the expression of bglS was also compared with the phoP mutant strain (Figures 6A,B), but it could not enhance the PhoP ability to bind to the bglS promoter (Figure 6D). These results suggest that low osmostress induced BglS expression is independent of the PhoP regulatory pathway.



Low Osmostress Induced β-Glucosidase Expression in Xanthomonas citri

Our results confirmed that low osmostress could promote the mRNA abundance of bglS as compared to phoP mutant strain (Figures 6A,B). A PbglS-lacZ reporter system was constructed in phoP mutant and wild-type strains to study the regulation by low osmotic stress. Consistent with the RNA-Seq and RT-qPCR results, deletion of phoP reduced bglS expression levels (Figure 7A). Importantly, osmotic pressure (NaCl and Sorbitol) at a low concentration of 0.05 M activated lacZ expression in the wild-type and phoP mutant strains (Figure 7A).
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FIGURE 7. Low osmostress induced BglS expression in X. citri. (A) The effect of low osmostress on bglS gene expression was measured by assessing the β-galactosidase activity of the PbglS-lacZ transcriptional fusions in the X. citri and ΔphoP strains. (B) Expression of BglS-Flag in the X. citri and ΔphoP strains in NYG or NYG supplemented with 0.05 M NaCl or Sorbitol to an OD600 of 1.0. The Western blot was performed by using anti-Flag antibodies. The α subunit of RNA polymerase was used as an internal loading control and detected through a specific antibody (anti-RNAP). (C) Quantification and statistical analysis of BglS protein levels based on three biological replicates of the experiment mentioned in section (B). Error bars, means ± standard deviations (n = 3). *P < 0.05, **P < 0.01, ****P < 0.0001, assessed by one-way ANOVA. All experiments were repeated three times with similar results.


To further detect low osmostress induced bglS expression, a Flag tag-containing strain (XAC: bglS-Flag and ΔphoP: bglS-Flag) was constructed using homologous recombination methods (Supplementary Figure 11). This strain contained a Flag protein-coding sequence before the stop codon of bglS in the X. citri genome (Supplementary Figure 12). XAC: bglS-Flag and ΔphoP: bglS-Flag strains were cultured in NYG or NYG supplemented with 0.05 M NaCl or 0.05 M Sorbitol to OD600 of 1.0, and bacteria were collected for western blotting to detect the level of bglS-Flag. As shown in Figures 7B,C, the accumulation of BglS proteins was significantly decreased in the phoP mutant strain. Furthermore, the BglS protein levels rapidly increased in wild-type and phoP mutant strains treated with 0.05 M NaCl and 0.05 M sorbitol as compared to without osmostress treatment (Figures 7B,C). These results suggest that low osmostress was critical for inducing BglS expression and low osmostress induced BglS expression is probably independent of the PhoP regulatory pathway.




DISCUSSION

The stress response is necessary for the organisms to adapt and survive in adverse environmental conditions (Dessaux et al., 2020). Bacterial cells are highly pressurized and contain a strongly crowded cytoplasm that is hyperosmotic to the environment (Bremer and Kramer, 2019; Schuster et al., 2020). To avoid dehydration in a hyperosmotic environment, most of the microorganisms modulate gene expression in response to specific high-concentration osmostress. However, the collective response of bacteria to low osmostress is still unknown. This study provides biochemical, genetic, and physiology evidence to demonstrate that low osmostress reverses fitness disadvantage by activating a novel β-glucosidase in X. citri. We also found that the deletion of phoP from X. citri significantly compromised the growth and virulence as compared to the wild-type strain. However, the physiological defects of phoP mutant were recovered at low osmostress by inducing BglS expression (Figure 8).
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FIGURE 8. Model of speculation about PhoP and low osmostress regulation mechanism. The proposed regulatory pathways of PhoP and low osmostress based on our observations and previous studies. Two-component system response regulator PhoP is critical for X. citri growth and virulence. In the wild type, PhoP can directly regulate the expression of BglS. The deletion of phoP (ΔphoP) from X. citri significantly compromised the growth and virulence as compared to the wild-type strain. Simultaneously, the expression of bglS gene was significantly down-regulated in phoP mutant. This study revealed that the physiological deficiency of phoP mutant can be reversed by low osmostress induced β-glucosidase (BglS) expression and proposes a novel regulatory mechanism of β-glucosidase activation through low osmostress to reverse the fitness deficiency in X. citri.


The PhoQ/PhoP two-component system is well known to respond to environmental changes including varying levels of magnesium, pH, AMPs, and osmolarity (Dalebroux et al., 2014; Yadavalli et al., 2016; Qadi et al., 2017; Yuan et al., 2017). PhoP, as a major regulator, controls the expression of approximately 2% of the genome including virulence gene and lipopolysaccharides (LPS) modifications (Guo et al., 1998; Dalebroux and Miller, 2014). phoP-phoQ of X. campestris pv. campestris are essential genes and can be genetically complemented by their orthologs from P. aeruginosa (Peng et al., 2017). However, a correct phoPXcc mutant could not be obtained without complementing phoPXcc gene. During this study, phoP mutant was successfully achieved in X. citri by deleting the phoP (XAC4023) gene, which is inconsistent with previous studies on X. campestris PhoP (Peng et al., 2017). phoP mutant was found to possess a significantly slower growth rate than the wild-type strain (Figure 1). We found that growth of phoQ deletion mutant on YEB and NYG medium was not affected compared with X. citri wild type (Figure 1). However, the molecular mechanism that deletion of phoQ do not affect the growth of X. citri still needs to be elucidated in the future.

The phoP deletion resulted in a severe growth reduction, and the low osmostress condition recovered the growth rate of the phoP mutant compared with wild type. To investigate the role of low osmostress in enhancing the growth of phoP mutant strain on NYG plates in X. citri, transcriptome analyses (RNA-Seq) were performed for the wild-type, phoP mutant, and phoP mutant supplemented with 0.05 M NaCl or 0.05 M sorbitol. PhoP and low osmostress co-regulation genes were screened in X. citri. RNA-Seq was performed to compare the transcriptional profiles of the wild-type, phoP mutant strain, and phoP mutant supplemented with 0.05 M NaCl or 0.05 M sorbitol. Two genes were found (Supplementary Figure 6) and annotated as XAC1448: β-glucosidase (BglS) and XAC2312: membrane protein (Supplementary Figure 6D).

Interestingly, plasmid-based overexpression of bglS significantly promoted the growth of phoP mutant strain in NYG plates (Figure 4A). Compared with the wild-type strain, the deletion of bglS damaged the growth of phoP mutant and low osmostress also could not promote the growth of ΔphoP-ΔbglS mutant on NYG plates (Figure 4B). However, the growth defect phenotypes of the ΔphoP-ΔbglS mutants were restored to the level of wild-type strain by introducing bglS into ΔphoP-ΔbglS (Figure 4B). These results suggest that BglS is critical for reversing the fitness disadvantage of phoP mutant. The role of low osmostress in inducing BglS expression to reverse the fitness disadvantage of phoP mutant was further confirmed by determining the protein levels of BglS in X. citri and phoP mutant strains in NYG medium or NYG supplemented with 0.05 M NaCl or 0.05 M sorbitol. The results revealed that the BglS protein levels rapidly increased in wild-type and phoP mutant strains treated with 0.05 M NaCl and 0.05 M sorbitol as compared to without osmostress treatment (Figure 7). However, ΔbglS mutant strain and complemented strains (ΔbglS/bglS) did not impair the growth of X. citri (Supplementary Figure 13) suggesting that BglS may only be used by X. citri for an emergency response to maintain the fitness.

The activation and inhibition of genes are often regulated by specific transcription factors in organisms (Xu et al., 2018; Li et al., 2020a,b). The data showed that although PhoP can positively regulate BglS expression, however, BglS expression can also be induced by low osmostress. The detailed reason for this interesting observation still requires further investigation. Some specific transcription factors might employ additional uncharacterized mechanisms to induce the BglS expression at low osmostress in X. citri. This hypothesis will be focused on during our future studies.

X. citri BglS has been predicted to possess two domains, Glycosyl hydrolase family 3 N terminal domain and Fibronectin type III-like domain, which are associated with enzymatic saccharification. The β-glucosidase are ubiquitous and play various biological roles due to their wide range of substrate specificities (Harnpicharnchai et al., 2009; Monteiro et al., 2020). β-glucosidases catalyze the hydrolysis of β-1,4, β-1,3, and β-1,6 glucosidic linkages from the non-reducing end of short-chain oligosaccharides, alkyl and aryl β-D-glucosides, and disaccharides (Kooloth Valappil et al., 2019; Monteiro et al., 2020). However, BglS role in recovering the phoP mutant growth is unknown. Elucidation of the detailed mechanism requires further investigation.

Based on the results, a schematic model was proposed in this study as shown in Figure 8. In short, these results not only provide novel molecular insights into multiple biological functions of PhoP in X. citri, but also present experimental evidence about the role of low osmostress in inducing BglS expression to reverse the phoP mutant fitness disadvantages including cell growth and virulence.



EXPERIMENTAL PROCEDURES


Bacterial Strains, Plasmids, and Growth Conditions

Strains and plasmids used in this study are listed in Supplementary Table 1. E. coli strains were grown in Luria-Bertani medium (10 g L–1 tryptone, 5 g L–1 yeast extract, 10 g L–1 NaCl, pH 7.0) at 37°C. X. citri strains were grown at 28°C in NYG medium (5 g L–1 peptone, 3 g L–1 yeast extract, 20 g L–1 glycerol, pH 7.0) and YEB medium (10 g L–1 peptone, 5 g L–1 yeast extract, 10 g L–1 NaCl, 5 g L–1 sucrose, 0.5 g L–1 MgSO4 pH 7.5). Tryptone, peptone, beef extract, and yeast extract were purchased from Sangon Biotech (Shanghai, China) to prepare culture medium. Antibiotics such as sodium ampicillin (100 μg/mL), kanamycin sulfate (30 μg/mL), and gentamycin (30 μg/mL) were added for E. coli and X. citri, if required. Bacterial growth in a liquid medium was determined by measuring optical density at 600 nm (OD600) using a Bioscreen-C Automated Growth Curves Analysis System (Oy Growth Curves FP-1100-C, Helsinki, Finland).



Gene Deletion and Complementation

The in-frame deletions in X. citri were generated via double-crossover homologous recombination (Li et al., 2017, 2020b) using the primers listed in Supplementary Table 2. The flanking regions of each gene were PCR-amplified and cloned into the suicide vector pK18mobsacB (Supplementary Table 1). The deletion constructs were transformed into the wild-type strain by electroporation, and kanamycin was used for the integration of the non-replicating plasmid into the recipient chromosome. A single-crossover integrant colony was spread on YEB medium without kanamycin and incubated at 28°C for 3 days. The culture was spread on YEB plates containing 15% sucrose after appropriate dilution. Colonies sensitive to gentamycin were screened by PCR using the primers listed in Supplementary Table 2, and the gene deletion strains were obtained.

DNA fragments containing the full-length genes along with their promoters were PCR amplified and cloned into the versatile plasmid pBBR1MCS5 (Kovach et al., 1995) to prepare gene complementation constructs. The resulting plasmids were transferred into the X. citri strain by electroporation, and the transformants were selected on LB plates containing gentamycin.



Measurement of Extracellular Enzymatic Activity and Swimming Motility

Relative activities of extracellular enzymes were assayed as previously described (Wei et al., 2007; Yu et al., 2016). Two microliter of each X. citri strain culture (OD 600 ≈ 1.0) was spotted onto NYG agar plates containing 1% (w/v) skim milk (for protease), 0.5% (w/v) carboxymethylcellulose (for cellulase), or 0.1% (w/v) starch (for amylase) and incubated at 28°C for 24–48 h. Plates were stained where necessary according to Wei et al. (2007). Zones of clearance formed around the spot due to the degradation of the substrate were photographed. Three plates were inoculated in each experiment, and each experiment was repeated three times. The relative activity of the enzyme was indicated by the diameter of the clear zone.

Swimming motility was determined on semi-solid agar (0.3%). Bacteria were inoculated into the center of NYG plates containing 0.3% agarose. The plates were incubated at 28°C for 24 h before measuring the colony diameter.



Pathogenicity and Hypersensitive Response Assays

HR and pathogenicity assays were performed as previously described (Andrade et al., 2014). Briefly, X. citri wild-type and phoP mutant strains were grown by shaking overnight at 28°C in YEB. The strains were then centrifuged, suspended in sterile water, and adjusted to a concentration of 108 CFU/ml. Pathogenicity assays were conducted by infiltrating bacterial solutions of both strains (108 CFU/ml) into the leaves with needleless syringes. Disease symptoms were photographed at 7 days post-inoculation. The strains were also tested for their ability to elicit an HR on N. benthamiana by infiltrating plant tissue with strains at 108 CFU/ml with a needleless syringe. Plant responses were scored for HR in tobacco 5 days post-inoculation. Tobacco plants were grown in growth chambers at 25°C with a 12 h photoperiod. Experiments were repeated three times.

To detect enhanced phoP mutant virulence after low osmostress, the bacteria grown overnight in YEB medium were washed and re-suspended in sterile water supplemented with 0.05 M NaCl, and the concentrations were adjusted to 108 CFU/ml. Pathogenicity and HR assays were detected as mentioned above.



RNA-Seq

RNA-Seq assay was performed as previously described (Liao et al., 2019; Li et al., 2020b). Briefly, the wild-type, phoP mutant strain and phoP mutant supplemented with 0.05 M NaCl or 0.05 M sorbitol were grown in NYG medium, and their cells were collected when OD600 reached 1.0 based on their growth curve. The collected cells were used for RNA extraction by the TRIzol-based method (Life Technologies, CA, United States), and RNA degradation and contamination were monitored on 1% agarose gels. Then, clustering and sequencing were performed by Novogene (Beijing, China). To analyze the DEGs between the wild-type, phoP mutant strain and phoP mutant supplemented with 0.05 M NaCl or 0.05 M sorbitol, the gene expression levels were further normalized using the fragments per kilobase of transcript per million (FPKM) mapped reads method to eliminate the influence of different gene lengths and amount of sequencing data on the calculation of gene expression. The edgeR package1 was used to determine DEGs across samples with fold changes ≥ 2 and a false discovery rate adjusted P (q-value) < 0.05 whereas the expression of the wild type was set to the value of 1. DEGs were then subjected to enrichment analysis of GO functions and KEGG pathways, and q-values were corrected using < 0.05 as the threshold.



Quantitative Real-Time PCR

Quantitative real-time PCR was carried out according to Li et al. (2020b,2021). Bacterial cells were collected at the cell optical density (OD600) of 1.0 in NYG or NYG supplemented with 0.05 M NaCl or 0.05 M sorbitol. Total RNA was extracted using a TRIzol-based method (Life Technologies, CA, United States). Different steps were carried out to ensure the RNA quality including (1) the degree of RNA degradation and potential contamination were monitored on 1% agarose gels; (2) RNA purity (OD260/OD280, OD260/OD230) was checked using a NanoPhotometer® spectrophotometer (IMPLEN, CA, United States); and (3) RNA integrity was measured using a Bioanalyser 2100 (Agilent, Santa Clara, CA, United States). The primers used in this assay are listed in Supplementary Table 2. Each RNA sample (400 ng) was subjected to cDNA synthesis using TransScript® All-in-One First-Strand cDNA Synthesis SuperMix for qPCR (One-Step gDNA Removal) Kit (TransGen Biotech, Beijing, China) according to the manufacturer’s instructions. qRT-PCR was performed using TransStart Top Green qPCR SuperMix (TransGen Biotech) on a QuatnStudio™ 6 Flex Real-Time PCR System (Applied Biosystems, Foster City, CA, United States) as follows: denaturation at 94°C for 30 s, followed by 40 cycles at 94°C for 5 s and 60°C for 34 s. Gene expression analyses were performed according to the 2–ΔΔCT method with 16S rRNA as the endogenous control, and the expression of the wild type was set to the value of 1. The experiments were performed three times and three replicates were examined in each run.



Protein Expression and Purification

Protein expression and purification were performed according to Li et al. (2017). To clone XAC phoP gene, the genomic DNA extracted from strain X. citri was used for PCR amplification with Pfu DNA polymerase and primers (Supplementary Table 2). PCR products were inserted into pET-28b (+) to produce plasmids pET-phoP. The phoP gene was confirmed through nucleotide sequencing by Genscript (Nanjing, Jiangsu, China). phoP with a vector-encoded His6-tagged N-terminus was expressed in E. coli BL21 (DE3), and purified with Ni-NTA agarose (Qiagen, Chatsworth, CA, United States) using a nickel-ion affinity column (Qiagen). Protein purity was monitored by SDS-PAGE.



Electrophoretic Mobility Gel Shift Assays

Electrophoretic mobility gel shift assays (EMSA) were performed as described by Li et al. (2020b). DNA fragments including XAC bglS (569 bp) promoter region were used as probes in PhoP gel shift assays. The probe DNA (100 ng) was mixed with protein in a 20 μl reaction mixture containing 10 mM Tris (pH 7.5), 50 mM KCl, 1 mM dithiothreitol, and 0.4% glycerol. After incubation for 25 min at 28°C, the samples were electrophoresed on a 5% non-denaturing acrylamide gel in 0.5X TBE buffer at 4°C. The gel was soaked in 10,000-fold-diluted SYBR Green I nucleic acid Dye (Shanghai Sangon Biotech, China), and DNA was visualized at 300 nm.



Western Blot Analysis

Western blot analysis was performed according to a standard laboratory protocol with minor modifications (Wang et al., 2018). The FLAG tag-containing strains (XAC: bglS-Flag and ΔphoP: bglS-Flag) were cultured in NYG or NYG supplemented with 0.05 M NaCl or 0.05 M sorbitol. Bacterial cells were collected at an OD600 of 1.5 to extract the total proteins, which were further separated by SDS-PAGE (12%) and immobilized onto polyvinylidene difluoride (PVDF) membranes using a semi-dry blot machine (Bio-Rad). The membranes were probed with a monoclonal antibody specific for the Flag-tag (1:5,000; Abmart), followed by the detection with horseradish peroxidase (HRP)-conjugated anti-rabbit secondary antibody (Abmart, Shanghai, China). RNA polymerase α subunit was used as a control for sample loading and antibody recognition. RNA polymerase α subunit was provided by Dr. Wei Qian (Chinese Academy of Sciences) (Deng et al., 2014).



Construction of Reporter Strains and β-Galactosidase Measurement Assays

The PbglS-lacZ reporter was introduced into the X. citri wild type and phoP mutant strains by electroporation. The transconjugants were selected on YEB agar plates supplemented with tetracycline, and X-Gal. To measure of β-galactosidase activities, the overnight cultured bacteria were diluted to the same cell densities (OD 600 ≈ 0.01) in NYG medium or NYG supplemented with 0.05 M NaCl or 0.05 M sorbitol. The inoculated cultures were incubated at 28°C and 180 rpm. The cells were harvested to assess β-galactosidase activities according to Wang et al. (2019, 2021).



Statistical Analyses

Experimental datasets were subjected to Analysis of variance using Graphpad prism 7.0. Significant effects of the treatment were determined by F-value (P = 0.05), whereas the separation of means was accomplished by Fisher’s protected least significant difference at P ≤ 0.05.




DATA AVAILABILITY STATEMENT

RNA-sequencing raw data are deposited into the NCBI’s Sequence Read Archive (SRA) and are accessible through BioProject series accession number PRJNA778446. The data that support the findings of this study are available from the corresponding author upon reasonable request.



AUTHOR CONTRIBUTIONS

KL and CC conceived and designed the experiments. KL, JL, MW, SQ, WW, and YZ carried out the experiments. KL, CC, and QL analyzed the data and prepared the figures. KL wrote the manuscript. CC, FL, and HW reviewed and revised the manuscript. All authors reviewed the manuscript.



FUNDING

This work was supported by the grants from the Natural Science Foundation of Guangdong Province (2020A1515011017), the Key Realm R&D Program of Guangdong Province (2020B0202090001), and the Key Projects of Guangzhou Science and Technology plan (201904020010).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2022.887967/full#supplementary-material


FOOTNOTES

1
http://www.r-project.org/


REFERENCES

Allenby, N. E., Laing, E., Bucca, G., Kierzek, A. M., and Smith, C. P. (2012). Diverse control of metabolism and other cellular processes in Streptomyces coelicolor by the PhoP transcription factor: genome-wide identification of in vivo targets. Nucleic Acids Res. 40, 9543–9556. doi: 10.1093/nar/gks766

Andrade, M. O., Farah, C. S., and Wang, N. (2014). The post-transcriptional regulator rsmA/csrA activates T3SS by stabilizing the 5’ UTR of hrpG, the master regulator of hrp/hrc genes, in Xanthomonas. PLoS Pathog. 10:e1003945. doi: 10.1371/journal.ppat.1003945

Bremer, E., and Kramer, R. (2019). Responses of microorganisms to osmotic stress. Annu. Rev. Microbiol. 73, 313–334. doi: 10.1146/annurev-micro-020518-115504

Brunings, A. M., and Gabriel, D. W. (2003). Xanthomonas citri: breaking the surface. Mol. Plant Pathol. 4, 141–157. doi: 10.1046/j.1364-3703.2003.00163.x

Choi, J., and Groisman, E. A. (2017). Activation of master virulence regulator PhoP in acidic pH requires the Salmonella-specific protein UgtL. Sci. Signal. 10:eaan6284. doi: 10.1126/scisignal.aan6284

Coornaert, A., Chiaruttini, C., Springer, M., and Guillier, M. (2013). Post-transcriptional control of the Escherichia coli PhoQ-PhoP two-component system by multiple sRNAs involves a novel pairing region of GcvB. PLoS Genet. 9:e1003156. doi: 10.1371/journal.pgen.1003156

Dalebroux, Z. D., and Miller, S. I. (2014). Salmonellae PhoPQ regulation of the outer membrane to resist innate immunity. Curr. Opin. Microbiol. 17, 106–113. doi: 10.1016/j.mib.2013.12.005

Dalebroux, Z. D., Matamouros, S., Whittington, D., Bishop, R. E., and Miller, S. I. (2014). PhoPQ regulates acidic glycerophospholipid content of the Salmonella Typhimurium outer membrane. Proc. Natl. Acad. Sci. U S A. 111, 1963–1968. doi: 10.1073/pnas.1316901111

Deng, C. Y., Deng, A. H., Sun, S. T., Wang, L., Wu, J., Wu, Y., et al. (2014). The periplasmic PDZ domain-containing protein Prc modulates full virulence, envelops stress responses, and directly interacts with dipeptidyl peptidase of Xanthomonas oryzae pv. oryzae. Mol. Plant Microbe Interact. 27, 101–112. doi: 10.1094/MPMI-08-13-0234-R

Dessaux, C., Guerreiro, D. N., Pucciarelli, M. G., O’Byrne, C. P., and Garcia-Del Portillo, F. (2020). Impact of osmotic stress on the phosphorylation and subcellular location of Listeria monocytogenes stressosome proteins. Sci. Rep. 10:20837. doi: 10.1038/s41598-020-77738-z

Fuchino, K., Flardh, K., Dyson, P., and Ausmees, N. (2017). Cell-biological studies of osmotic shock response in Streptomyces spp. J. Bacteriol. 199:e00465-16. doi: 10.1128/jb.00465-16

Garcia Vescovi, E., Soncini, F. C., and Groisman, E. A. (1996). Mg2 + as an extracellular signal: environmental regulation of Salmonella virulence. Cell 84, 165–174. doi: 10.1016/s0092-8674(00)81003-x

Graham, J. H., Gottwald, T. R., Cubero, J., and Achor, D. S. (2004). Xanthomonas axonopodis pv. citri: factors affecting successful eradication of citrus canker. Mol. Plant Pathol. 5, 1–15. doi: 10.1046/j.1364-3703.2004.00197.x

Groisman, E. A., and Mouslim, C. (2006). Sensing by bacterial regulatory systems in host and non-host environments. Nat. Rev. Microbiol. 4, 705–709. doi: 10.1038/nrmicro1478

Guo, L., Lim, K. B., Poduje, C. M., Daniel, M., Gunn, J. S., Hackett, M., et al. (1998). Lipid a acylation and bacterial resistance against vertebrate antimicrobial peptides. Cell. 95, 189–198. doi: 10.1016/s0092-8674(00)81750-x

Harnpicharnchai, P., Champreda, V., Sornlake, W., and Eurwilaichitr, L. (2009). A thermotolerant beta-glucosidase isolated from an endophytic fungi, Periconia sp., with a possible use for biomass conversion to sugars. Protein Expr. Purif. 67, 61–69. doi: 10.1016/j.pep.2008.05.022

Kooloth Valappil, P., Rajasree, K. P., Abraham, A., Christopher, M., and Sukumaran, R. K. (2019). Characterization of a glucose tolerant β-glucosidase from Aspergillus unguis with high potential as a blend-in for biomass hydrolyzing enzyme cocktails. Biotechnol. Lett. 41, 1201–1211. doi: 10.1007/s10529-019-02724-z

Kovach, M. E., Elzer, P. H., Hill, D. S., Robertson, G. T., Farris, M. A., Roop, R. M., et al. (1995). Four new derivatives of the broad-host-range cloning vector pBBR1MCS, carrying different antibiotic-resistance cassettes. Gene 166, 175–176. doi: 10.1016/0378-1119(95)00584-1

Lee, J. S., Krause, R., Schreiber, J., Mollenkopf, H. J., Kowall, J., Stein, R., et al. (2008). Mutation in the transcriptional regulator PhoP contributes to avirulence of Mycobacterium tuberculosis H37Ra strain. Cell Host Microbe 3, 97–103. doi: 10.1016/j.chom.2008.01.002

Li, K. H., Yu, Y. H., Dong, H. J., Zhang, W. B., Ma, J. C., and Wang, H. H. (2017). Biological functions of ilvC in branched-chain fatty acid synthesis and diffusible signal factor family production in Xanthomonas campestris. Front. Microbiol. 8:2486. doi: 10.3389/fmicb.2017.02486

Li, K., Hou, R., Xu, H., Wu, G., Qian, G., Wang, H., et al. (2020a). Two functional fatty acyl coenzyme a ligases affect free fatty acid metabolism to block biosynthesis of an antifungal antibiotic in Lysobacter enzymogenes. Appl. Environ. Microbiol. 86:e00309-20. doi: 10.1128/aem.00309-20

Li, K., Wu, G., Liao, Y., Zeng, Q., Wang, H., and Liu, F. (2020b). RpoN1 and RpoN2 play different regulatory roles in virulence traits, flagellar biosynthesis, and basal metabolism in Xanthomonas campestris. Mol. Plant Pathol. 21, 907–922. doi: 10.1111/mpp.12938

Li, K., Xu, G., Wang, B., Wu, G., Hou, R., and Liu, F. (2021). The predatory soil bacterium Lysobacter reprograms quorum sensing system to regulate antifungal antibiotic production in a cyclic-di-GMP-independent manner. Commun. Biol. 4:1131. doi: 10.1038/s42003-021-02660-7

Liao, J.-X., Li, K.-H., Wang, J.-P., Deng, J.-R., Liu, Q.-G., and Chang, C.-Q. (2019). RNA-seq analysis provides insights into cold stress responses of Xanthomonas citri pv. citri. BMC Genomics 20:807. doi: 10.1186/s12864-019-6193-0

Monteiro, L. M. O., Vici, A. C., Pinheiro, M. P., Heinen, P. R., de Oliveira, A. H. C., Ward, R. J., et al. (2020). A highly glucose tolerant β-glucosidase from Malbranchea pulchella (MpBg3) enables cellulose saccharification. Sci. Rep. 10:6998. doi: 10.1038/s41598-020-63972-y

Peng, B. Y., Pan, Y., Li, R. J., Wei, J. W., Liang, F., Wang, L., et al. (2017). An essential regulatory system originating from polygenic transcriptional rewiring of PhoP-PhoQ of Xanthomonas campestris. Genetics 206, 2207–2223. doi: 10.1534/genetics.117.200204

Prost, L. R., and Miller, S. I. (2008). The Salmonellae PhoQ sensor: mechanisms of detection of phagosome signals. Cell Microbiol. 10, 576–582. doi: 10.1111/j.1462-5822.2007.01111.x

Qadi, M., Izquierdo-Rabassa, S., Mateu Borras, M., Domenech-Sanchez, A., Juan, C., Goldberg, J. B., et al. (2017). Sensing Mg2 + contributes to the resistance of Pseudomonas aeruginosa to complement-mediated opsonophagocytosis. Environ. Microbiol. 19, 4278–4286. doi: 10.1111/1462-2920.13889

Record, M. T. Jr., Courtenay, E. S., Cayley, D. S., and Guttman, H. J. (1998). Responses of E. coli to osmotic stress: large changes in amounts of cytoplasmic solutes and water. Trends Biochem. Sci. 23, 143–148. doi: 10.1016/s0968-0004(98)01196-7

Ren, J., Sang, Y., Tan, Y., Tao, J., Ni, J., Liu, S., et al. (2016). Acetylation of lysine 201 inhibits the DNA-binding ability of PhoP to regulate Salmonella virulence. PLoS Pathog. 12:e1005458. doi: 10.1371/journal.ppat.1005458

Rubinstein, S. M., Kolodkin-Gal, I., McLoon, A., Chai, L., Kolter, R., Losick, R., et al. (2012). Osmotic pressure can regulate matrix gene expression in Bacillus subtilis. Mol. Microbiol. 86, 426–436. doi: 10.1111/j.1365-2958.2012.08201.x

Schuster, C. F., Wiedemann, D. M., Kirsebom, F. C. M., Santiago, M., Walker, S., and Grundling, A. (2020). High-throughput transposon sequencing highlights the cell wall as an important barrier for osmotic stress in methicillin resistant Staphylococcus aureus and underlines a tailored response to different osmotic stressors. Mol. Microbiol. 113, 699–717. doi: 10.1111/mmi.14433

Wan, B., Zhang, Q., Ni, J., Li, S., Wen, D., Li, J., et al. (2017). Type VI secretion system contributes to Enterohemorrhagic Escherichia coli virulence by secreting catalase against host reactive oxygen species (ROS). PLoS Pathog. 13:e1006246. doi: 10.1371/journal.ppat.1006246

Wang, B., Wu, G., Zhang, Y., Qian, G., and Liu, F. (2018). Dissecting the virulence-related functionality and cellular transcription mechanism of a conserved hypothetical protein in Xanthomonas oryzae pv. oryzae. Mol. Plant Pathol. 19, 1859–1872. doi: 10.1111/mpp.12664

Wang, C., Ye, F., Chang, C., Liu, X., Wang, J., Wang, J., et al. (2019). Agrobacteria reprogram virulence gene expression by controlled release of host-conjugated signals. Proc. Natl. Acad. Sci. U S A. 116, 22331–22340. doi: 10.1073/pnas.1903695116

Wang, K., Li, X., Yang, C., Song, S., Cui, C., Zhou, X., et al. (2021). A LysR family transcriptional regulator modulates Burkholderia cenocepacia biofilm formation and protease production. Appl. Environ. Microbiol. 87:e0020221. doi: 10.1128/AEM.00202-21

Wei, C., Ding, T., Chang, C., Yu, C., Li, X., and Liu, Q. (2019). Global regulator PhoP is necessary for motility, biofilm formation, exoenzyme production and virulence of Xanthomonas citri Subsp. citri on citrus plants. Genes (Basel) 10:340. doi: 10.3390/genes10050340

Wei, K., Tang, D. J., He, Y. Q., Feng, J. X., Jiang, B. L., Lu, G. T., et al. (2007). hpar, a putative marr family transcriptional regulator, is positively controlled by HrpG and HrpX and involved in the pathogenesis, hypersensitive response, and extracellular protease production of Xanthomonas campestris pathovar campestris. J. Bacteriol. 189, 2055–2062. doi: 10.1128/JB.01331-06

Xu, G., Han, S., Huo, C., Chin, K. H., Chou, S. H., Gomelsky, M., et al. (2018). Signaling specificity in the c-di-GMP-dependent network regulating antibiotic synthesis in Lysobacter. Nucleic Acids Res. 46, 9276–9288. doi: 10.1093/nar/gky803

Yadavalli, S. S., Carey, J. N., Leibman, R. S., Chen, A. I., Stern, A. M., Roggiani, M., et al. (2016). Antimicrobial peptides trigger a division block in Escherichia coli through stimulation of a signalling system. Nat. Commun. 7:12340. doi: 10.1038/ncomms12340

Yan, J., Nadell, C. D., Stone, H. A., Wingreen, N. S., and Bassler, B. L. (2017). Extracellular-matrix-mediated osmotic pressure drives Vibrio cholerae biofilm expansion and cheater exclusion. Nat. Commun. 8:327. doi: 10.1038/s41467-017-00401-1

Yu, Y. H., Hu, Z., Dong, H. J., Ma, J. C., and Wang, H. H. (2016). Xanthomonas campestris FabH is required for branched-chain fatty acid and DSF-family quorum sensing signal biosynthesis. Sci. Rep. 6:32811. doi: 10.1038/srep32811

Yuan, J., Jin, F., Glatter, T., and Sourjik, V. (2017). Osmosensing by the bacterial PhoQ/PhoP two-component system. Proc. Natl. Acad. Sci. U S A. 114, E10792–E10798. doi: 10.1073/pnas.1717272114


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 Li, Liao, Wei, Qiu, Wu, Zhao, Wang, Liu, Liu and Chang. 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.











	 
	ORIGINAL RESEARCH
published: 03 May 2022
doi: 10.3389/fmicb.2022.855317





[image: image]

Assembly, Core Microbiota, and Function of the Rhizosphere Soil and Bark Microbiota in Eucommia ulmoides

Chunbo Dong1, Qiuyu Shao1, Yulian Ren1, Wei Ge1, Ting Yao2, Haiyan Hu3, Jianzhong Huang4, Zongqi Liang1 and Yanfeng Han1,5*

1Institute of Fungus Resources, Department of Ecology, College of Life Sciences, Guizhou University, Guiyang, China

2Analysis and Test Center, Huangshan University, Huangshan, China

3State Key Laboratory of Environmental Geochemistry, Institute of Geochemistry, Chinese Academy of Sciences, Guiyang, China

4Engineering Research Centre of Industrial Microbiology, Ministry of Education, Fujian Normal University, Fuzhou, China

5Key Laboratory of Plant Resource Conservation and Germplasm Innovation in Mountainous Region (Ministry of Education), Guizhou University, Guiyang, China

Edited by:
Jesús Navas-Castillo, La Mayora Experimental Station (CSIC), Spain

Reviewed by:
Ziting Wang, Guangxi University, China
Milena Gonzalo, Université Bourgogne Franche-Comté, France

*Correspondence: Yanfeng Han, yfhan@gzu.edu.cn

Specialty section: This article was submitted to Microbe and Virus Interactions with Plants, a section of the journal Frontiers in Microbiology

Received: 15 January 2022
Accepted: 13 April 2022
Published: 03 May 2022

Citation: Dong C, Shao Q, Ren Y, Ge W, Yao T, Hu H, Huang J, Liang Z and Han Y (2022) Assembly, Core Microbiota, and Function of the Rhizosphere Soil and Bark Microbiota in Eucommia ulmoides. Front. Microbiol. 13:855317. doi: 10.3389/fmicb.2022.855317

Medicinal plants are inhabited by diverse microbes in every compartment, and which play an essential role in host growth and development, nutrient absorption, synthesis of secondary metabolites, and resistance to biological and abiotic stress. However, the ecological processes that manage microbiota assembly and the phenotypic and metabolic characteristics of the core microbiota of Eucommia ulmoides remain poorly explored. Here, we systematically evaluated the effects of genotypes, compartment niches, and environmental conditions (climate, soil nutrition, and secondary metabolites) on the assembly of rhizosphere soil and bark associated bacterial communities. In addition, phenotypic and metabolic characteristics of E. ulmoides core microbiota, and their relationship with dominant taxa, rare taxa, and pharmacologically active compounds were deciphered. Results suggested that microbiota assembly along the two compartments were predominantly shaped by the environment (especially pH, relative humidity, and geniposide acid) and not by host genotype or compartment niche. There were 690 shared genera in the rhizosphere soil and bark, and the bark microbiota was mainly derived from rhizosphere soil. Core microbiota of E. ulmoides was a highly interactive “hub” microbes connecting dominant and rare taxa, and its phenotypic characteristics had a selective effect on compartment niches. Metabolic functions of the core microbiota included ammonia oxidation, nitrogen fixation, and polyhydroxybutyrate storage, which are closely related to plant growth or metabolism. Moreover, some core taxa were also significantly correlated with three active compounds. These findings provide an important scientific basis for sustainable agricultural management based on the precise regulation of the rhizosphere soil and bark microbiota of E. ulmoides.
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INTRODUCTION

Under natural conditions, plant growth and behavior are strongly dependent on related microbial communities called microbiome (Agler et al., 2016; Trivedi et al., 2020). These microorganisms inhabit various compartments of plant, including root, stems, leave, flower, and fruit, and influence host physiology and fitness by providing plants with nutrients and improving their resistance to biological and abiotic stresses (Mendes et al., 2013; Agler et al., 2016; Li et al., 2019). The phyllosphere and rhizosphere are vital interfaces for the interaction between host and environment and perform important biological functions in plants (Beckers et al., 2017). The rhizosphere microbiota is regarded as the second genome of plants, controlling the activation, uptake and utilization of nutrients in plants (Shen et al., 2021). Plant rhizosphere microbiota have functions similar to animal gut microbiota, which can not only regulate host performance local space, but also affect the host remotely and across spatial scales (Hou et al., 2021). Bark, an important organ of the plant, is always exposed to the oligotrophic environment with various temperatures and UV radiation (Dong et al., 2021c). It plays many roles in transporting nutrients and preventing the pests and diseases (Pellitier et al., 2019), however, the functions and construction processes of its associated microbiota are poorly understood.

Eucommia ulmoides Oliv., a medicinal and edible plant that produces an abundance of active compounds, is the source of E. ulmoides rubber used in industry and has high economic value. The bark contains pinoresinol diglucoside, geniposide acid, aucubin, chlorogenic acid, and other compounds with important clinical effects (He et al., 2014). Moreover, the gutta percha from E. ulmoides rubber is an excellent polymer material that contributes to the supply of rubber resources and the sustainable development of the rubber industry (Wei et al., 2021). Previous studies revealed that E. ulmoides bark harbored members of the microbial genera Cladosporium, Sphingomonas, Alternaria, Devosia, Marmoricola, Rhodococcus, and Teratosphaeria, which were affected by climatic conditions, altitude, and secondary metabolites (Dong et al., 2020, 2021a,c). However, most of the related studies mainly considered one or a few aspects. We are still working to develop a systematic understanding of how compartment niches, host genotypes, soil factors, and microbial metabolites affect the construction of the E. ulmoides microbiota.

Studies suggested that plant-associated microbiota was predominantly determined by niche and host species/genotypes (Wagner et al., 2016; Cregger et al., 2018; Qian et al., 2019). Host genetic characteristics are an important driving force for the assembly of the microbiota. Composition and structure of the microbiota was affected by vertical transmission of endophytic or seed microbes, especially in the early stages of plant growth (Tkacz et al., 2015; Wagner et al., 2016; Xiong et al., 2021), but conversely, plants can also exert strong selective effects on their microbes through their own immune system, genetic network, and secondary metabolites (Cordovez et al., 2019). In addition, different compartments of plant were confirmed to have strong selectivity for the microbiota (Bai et al., 2015). For example, the phyllosphere community mainly comprises bacteria belonging to Proteobacteria, Bacteroidetes, and Firmicutes, where members of Proteobacteria constitute ∼50% of the community composition (Trivedi et al., 2020). In addition to this biological pressure, assembly of the plant-associated microbiota is also controlled by climate, soil properties, and human disturbance (Carlström et al., 2019).

Not all members of the microbiota are beneficial to plants, and a significant proportion of microbiota members are neutral and even a small number are harmful (Berg, 2009; Mendes et al., 2013). Particular microbes, termed “hub microbes or core microbes” due to their central position in a microbial network, are disproportionally important in shaping microbial communities on plant hosts (Agler et al., 2016). The core microbiota of medicinal plants may be instrumental in determining the quality of medicinal materials (Huang et al., 2018; Dong et al., 2021a; Xu et al., 2021). The core microbiota not only directly play a beneficial role (Chen et al., 2018) but can also influence the wider microbial community through the community cascade effect, thereby driving evolution and function of the microbial community (Agler et al., 2016). The bark of E. ulmoides was reported to be rich in fungal diversity, especially the rare fungal taxa that cannot be ignored (Dong et al., 2021c). Increasing numbers of studies have suggested that the relationship between rare taxa and ecosystem functions may be closer than previously expected (Pascoal et al., 2021; Zhao et al., 2022). Nevertheless, the function of the core microbiota and its relationship with dominant microbiota and rare microbiota has yet to be elucidated.

This study selected 66 E. ulmoides samples (33 rhizosphere soil and 33 bark samples) from 11 regions with obvious geographical distribution. We aimed to assess how host (compartment niches and genotypes) and environmental conditions (longitude and latitude, altitude, climate, soil nutrition, and metabolites) interactively shape assembly of microbiota with different compartments of E. ulmoides; and to explore the composition and function of the core microbiota of E. ulmoides.



MATERIALS AND METHODS


Soil Rhizosphere and Bark Sampling

A total of 66 soil rhizosphere and bark samples from 11 representative regions (Zunyi, Panzhou, Wangcang, Heishui, Cili, Liuyang, Shuanglong, Shiyan, Linbao, Qimen, and Longshi) of E. ulmoides in China were used in the study (Supplementary Figure 1). Three healthy E. ulmoides, approximately 10 m from one another, were selected in each region, and bark samples from 1.5 m above the ground of each tree were collected (Dong et al., 2020). Sub-samples for chemical analysis were transported to the laboratory, dried, and crushed, followed by the measurement of pinoresinol diglucoside, aucubin, and geniposidic acid by tandem liquid chromatography quadrupole time of flight mass spectrometry (LC-QTOF MS/MS). Sub-samples for DNA extraction were frozen in dry ice during transportation and stored at −80°C until further processing. Subsequent chemical analysis and DNA extraction were performed as described previously Dong et al. (2020).

Similarly, three healthy E. ulmoides trees were chosen from each region, and rhizosphere soil sample was collected from each tree. For each tree, rhizosphere soil samples from three vertical directions (approximately 1 m away from the trunk) at a depth of 20 cm were collected, and were uniformly mixed into a sample (Xu et al., 2018). Soil samples were used to extract the total genomic DNA and measure physiochemical factors.



DNA Extraction, PCR Amplification, and Illumina MiSeq Sequencing of Rhizosphere Soil

Total genomic DNA of E. ulmoides rhizosphere soil samples was extracted according to FastDNA Spin Kit for Soil (MP, United States). In this study, DNA concentration between 40 and 60 ng/μL was considered qualified. According to universal primer pair 338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′), the 16S rRNA gene was amplified. The conditions and mixtures for PCR amplification referred to our previous method (Dong et al., 2021b). PCR products were sequenced by Majorbio Bio-Pharm Technology Co. Ltd. (Shanghai, China) based on an Illumina MiSeq PE300 platform (Illumina, San Diego, United States). Most of these analysis were performed on BMK Cloud.1 The raw data was uploaded to the NCBI database (BioProject ID: PRJNA771480; BioSample: SAMN22311478).



Amplicon Data of Bark Samples

The bark sampling method was according to our previous study (Dong et al., 2021b), and the current work is a follow-up study to explore the construction mechanism of the rhizosphere soil and bark microbiota and the function of the core microbiota. The bark sample was corresponding to the rhizosphere soil sample. The diversity of bark bacterial communities was characterized based on universal primer pair 338F and 806R. The sequencing data of E. ulmoides bark (BioProject ID: PRJNA771480; BioSample: SAMN22311479) was collated and compiled based on our previous study (Dong et al., 2021b).



Data of Host Genotype, Active Compounds, and Soil Physicochemical Properties

The approach of genotype characteristics, active compounds, and soil physicochemical properties were described in our previous study (Dong et al., 2021b). The genetic characteristics of E. ulmoides were analyzed based on the chloroplast gene trnH-psbA (forward: 5′-CGCGCATGGTGGATTCACAATCC-3′; Reverse: 5′-GTTATGCATGAACGTAATGCTC-3′) and trnL-F (forward: 5′-ATTTGAACTGGTGACACGAG-3′; Reverse: 5′-CGAAATCGGTAGACGCTACG-3′), and these analyses were performed by the software on BioEdit v7.0.9.0, MAFFT v 7.037, MEGA6, SequenceMatrix1.7.8, and DnaSP version 6. The content of active compounds was determined based on LC-QTOF MS/MS. The determination of soil physicochemical properties mainly refers to “Physical and Chemical Analysis of Soil Properties.” In this study, the data of host genotypes, active compounds, and soil physicochemical properties were placed in Supplementary Tables 1, 2.



Definition of the Core Microbiota, Dominant Microbiota, and Rare Microbiota

Core microbiota was defined with reference to the method of Dong et al. (2021a). The operational taxonomic units (OTUs) with all samples were screened out to construct a co-occurrence network. Highly significant (r > 0.6 or r < −0.6; p < 0.05) spearman correlations between bacterial co-occurrence network were visualized by Gephi, version 0.9.2. Similarly, network topology parameters (e.g., degree, betweenness centrality, closeness centrality, hub, clustering, and modularity) were calculated in the software Gephi, version 0.9.2. In the study, the threshold for core microbiota identification was degree ≥ 20, and closeness centrality ≥ 0.29. In addition, OTUs with relative abundance above 0.1% were placed within the dominant taxa (Xiong et al., 2021), while rare taxa refer to OTUs with relative abundance below 0.01% (Pascoal et al., 2021).



Phenotypic and Functional Analysis of Core Microbiota

The habitat, energy source, and metabolic functions of the core microbiota were annotated based on METAGENassist2 (Arndt et al., 2012). The phenotypic information of 11,000 microorganisms and the full-sequence of approximately 1,800 microorganisms were included in METAGENassist. Moreover, the phenotypic information contains approximately 20 categories for each microorganism, such as metabolism, habitat, energy source(s), oxygen requirements, preferred temperature range.



Data Analysis

The weighted UniFrac distance matrix was calculated to evaluate beta-diversity (β-diversity), and then non-metric multidimensional scaling (NMDS) was used for ranking analysis (Xiong et al., 2021). The significance of different factors on community dissimilarity was tested with permutational multivariate analysis of variance (PERMANOVA) or nested PERMANOVA using the “adonis” function of the VEGAN package in R 3.6.3 (Oksanen et al., 2015). Null model analysis was performed “picante” package (Zhao et al., 2021), Structural equation model was analyzed the “lavaan” package in R 3.6.3 (Rosseel, 2012). Traceability analysis refers to the fast expectation-maximization for microbial source tracking (FEAST), which is a ready-to-use scalable framework that can simultaneously estimate the contribution of thousands of potential source environments in a timely manner, thereby helping unravel the origins of complex microbial communities3 (Shenhav et al., 2019).




RESULTS


Environmental Conditions Determine Assembly of the Rhizosphere Soil and Bark Microbiota of Eucommia ulmoides

Non-metric multidimensional scaling and PERMANOVA showed that variation of bacterial communities in the rhizosphere soil (R2 = 78.84%, p = 0.001) and bark (R2 = 67.14%, p = 0.001) of E. ulmoides was predominantly determined by environmental conditions (Figures 1A,B and Table 1). The compartment niche did not have a significant effect on E. ulmoides-associated bacterial communities (R2 = 1.73%, p = 0.28) (Table 1), but the rhizosphere soil and bark samples clustered clearly and independently (Figure 1C and Supplementary Figure 2). Similarly, different genotypes had no significant effects on the rhizosphere soil and bark bacteria of E. ulmoides (Figures 1D–F and Table 1).
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FIGURE 1. Microbiome assembly was shaped more strongly by environmental conditions than by host niches or genotypes of E. ulmoides. Nonmetric multidimensional scaling (NMDS) ordinations based on weighted UniFrac distances matrices of bacterial communities for: (A) rhizosphere soil (n = 33); (B) bark (n = 33); (C) all samples of different niches (n = 66); (D) soil samples of different genotypes (n = 33); (E) bark samples of different genotypes (n = 33); (F) all samples of different genotypes (n = 33).



TABLE 1. The influences of host niche, genotype, and environmental factors on the bacterial community of E. ulmoides based on PERMANOVA.
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Active Compounds, Soil Physicochemical Properties, and Climate Factors Affect the Microbial Diversity of Rhizosphere Soil and Bark

According to the unweighted β-NTI statistics, the β-NTI values of the rhizosphere soil and bark bacterial communities of E. ulmoides mainly ranged from −1 to 9 (Figures 2A,B), suggesting that the assembly of bacterial community was affected by both stochastic and deterministic factors (β-NTI value > 2, then the deterministic process was dominant; β-NTI value < 2, then the stochastic process was dominant). SEM further suggested that the bacterial α-diversity in the rhizosphere soil and bark of E. ulmoides was affected to varying degrees by host active components, soil physicochemical properties, and climatic factors (Figures 2C,D). For example, pH (with an estimated value of 0.56, p < 0.001), aucubin (0.31, p < 0.001), and relative humidity (0.30, p < 0.001) had significant positive effects on the Shannon diversity index, while geniposide acid had a significant negative effect on the Shannon diversity index (−0.47, p < 0.001). Altitude (0.61, p < 0.001) and relative humidity (0.46, p < 0.001) had significant positive effects on the Chao index, while rainfall had a significant negative effect on the Chao index (Figure 2C).
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FIGURE 2. Null model and structural equation model analysis reveals the bacterial community of assembly process of E. ulmoides. β-NTI values of bark (A) and rhizosphere soil (B) bacterial communities were distributed in 11 producing areas (C), Fitting relationships between active compounds, soil physicochemical factors, and climatic factors, and diversity index of soil bacterial community. (D) Fitting relationships between active compounds, soil physicochemical factors, and climatic factors, and diversity index of bark bacterial community. Active compounds included geniposidic acid (GA), aucubin (AC), and pinoresinol diglucosid (PD). Soil physicochemical factors included available phosphorus (AP), soil organic matter (SOM), pH, total phosphorus (TP), available nitrogen (AN), and total nitrogen (TN). Climatic factors included Rainfall (RF), relative humidity (RH), altitude (ALT), and temperature (TEP). Diversity index includes Shannon diversity index (SHN), Chao diversity index (Chao). Solid lines and arrows show significant and non-significant relationships between different variables (variables with normalized path coefficients > 0.1). Significance levels were **p < 0.01, ***p < 0.001.


The bark and rhizosphere soil microbiota respond similarly to environmental factors. pH (0.57, p < 0.001) and aucubin (0.38, p < 0.001) had significant positive effects on the Shannon diversity index; geniposide acid (−0.49, p < 0.001) and total phosphorus (−0.34, p < 0.001) had significant negative effects on the Shannon diversity index; and pH (−0.72, p < 0.001), altitude (−0.43, p < 0.001), and relative humidity (−0.31, p < 0.001) had significant negative effects on the Chao index (Figure 2D). Overall, the composition and structure of the E. ulmoides microbiota were driven by multiple environmental factors.



Differences and Potential Source Tracking of Rhizosphere Soil and Bark Bacterial Communities

Although compartment niches were not the main factor affecting the microbiota of E. ulmoides, there were still similarities and differences in the composition of the microbial communities of rhizosphere soil and bark. At the genus level, 690 taxa were shared between rhizosphere soil and bark microbial communities, among which the top five in relative abundance were Enterobacter, an unidentified genus of Acidobacteria, an unidentified genus of Muribaculaceae, Sphingomonas, and Lactobacillus. Bark contained five unique taxa, which were all unidentified genera of Verrucomicrobiae, Actinophytocola, Planctomycetacia, Myxococcales, and Armatimonadeles. In contrast, rhizosphere soil contained 43 unique taxa, among which the top five relative abundances comprised unidentified genera of Bacteroidia, Clostridiales, and Saccharibacillus, Spirochaeta, and Erysipelotrichaceae (Figure 3A).
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FIGURE 3. Genus-level differences and potential source tracking of rhizosphere soil and bark bacterial communities. (A) Venn diagrams showing shared and unique bacterial genera in different niches. (B) FEAST showing that the rhizosphere soil bacterial community was a potential source of the bark bacterial community.


Fast expectation-maximization microbial source tracking (FEAST) suggested that 54.92% of the members of the bark bacterial community were derived from rhizosphere soil, and 45.08% of the members were derived from other unknown environments (Figure 3B).



Composition of Core Microbiota and Its Relationship With Dominant Microbiota and Rare Microbiota

Here, we identified dominant taxa, core taxa and rare taxa (Figures 4A,B and Supplementary Figures 3, 4). A total of 201 OTUs (0.1% of total OTU number) were defined as the dominant microbiota, with Enterobacter, Actinobacteria, and Sphingomonas containing the most OTUs. The dominant microbiota accounted for 78.89% of the soil samples, and 70.61% of the bark samples (Supplementary Figure 4a). A total of 185 OTUs (0.01% of total OTU number) were defined as rare microbiota, of which the Proteobacteria Deltaproteobacteria, Burkholderiaceae, and Rhizobiales contained the most OTUs (Supplementary Figure 4b). Based on the network parameters, 18 OTUs were defined as core microbiota (Supplementary Figure 3), and these belonged to the genera Escherichia, Enterococcus, Methylobacterium, and Ramlibacter. The proportion of core microbiota was higher in bark samples and lower in soil samples compared to the dominant microbiota (Figures 4A,B).
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FIGURE 4. The interactions of the core microbiota with the rare microbiota. (A) Composition and classification information of the core microbiota. (B) Distribution of core microbiota in different samples. (C,D) Bacterial co–occurrence networks along the core taxa–dominant microbiota (C) and core taxa–rare microbiota (D).


To further characterize the impact of the core microbiota on other members of the host microbiota, potential interrelationships between the core microbiota and the dominant and rare microbiota were evaluated (Figures 4C,D). There was no significant difference in the complexity of the two microbial networks (average degree representing network complexity). Within co-occurrence networks, we found that correlations were usually positive (core-dominant taxa, 97.35%, n = 1057; core-rare, 99.1%, n = 783) (Figures 4C,D). Core microbiota was a highly interactive “hub” microbes connecting dominant and rare taxa, play an important role in determining microbiome structures.



Phenotypic and Functional Characteristics of Core Microbiota

Phenotypic and functional characteristics of the core microbiota of E. ulmoides were deciphered based on the METAGENassist platform and statistical analysis (Figure 5). The core microbiota with multiple habitat characteristics mostly exists in the soil rhizosphere, while the core microbiota related to the host predominantly exist in the bark of E. ulmoides. Based on energy source utilization, the core microbiota present in the rhizosphere soil were mainly methylotrophs, while the core microbiota existing in the bark were mostly autotrophs (Figure 5).
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FIGURE 5. Phenotypic characteristics and potential metabolic functions of the core microbiota of E. ulmoides. (A) Habitat information of the core microbiota. (B) Energy source of the core microbiota. (C) Potential metabolism of the core microbiota. (D) Heatmap of the correlation between core microbiota and active compounds. The “black asterisk” represents rhizosphere soil samples, “green asterisk” represents bark samples. Significance levels were *p < 0.05, **p < 0.01.


Metabolic functions of the core microbiota of E. ulmoides predominantly comprised ammonia oxidizer, dehalogenation, chitin degradation, sulfate reducer, and sulfide oxidizer. In addition, some metabolic functions closely related to the biological properties of E. ulmoides were worthy of attention, such as xylan degrader, nitrogen fixation, and stores polyhydroxybutyrate (Figure 5C). The correlation heatmap showed that Escherichia, Eubacterium, and an unidentified genus of the family Ruminococcaceae were significantly correlated with pinoresinol diglucoside, Lactococcus exhibited a significant correlation with aucubin, and Enterococcus and Lactococcus were significantly correlated with geniposidic acid (Figure 5).




DISCUSSION

The microbiota of medicinal plants is an important factor affecting the health and productivity of the host (Maggini et al., 2020), and can be directly or indirectly involved in the production of biologically active compounds by the host (Koberl et al., 2013). The medicinal plant-associated microbiota has been gradually characterized with the omics technology (Chen et al., 2018; Ulloa-Muñoz et al., 2020; Dong et al., 2021c; Sauer et al., 2021). However, the mechanism of medicinal plant-associated microbiota construction and the phenotype and function of the core microbiota have yet to be elucidated. Findings from the current study demonstrated that assembly of the rhizosphere soil and bark microbiota was shaped predominantly by environmental factors, rather than by host genotype or compartment niche. Moreover, the core microbiota were key taxonomic units for the construction of microbial networks and were closely related to the growth and the accumulation of secondary metabolites of E. ulmoides.


Multiple Environmental Factors Influence Diversity of the Microbial Community of Eucommia ulmoides

Assembly of plant-associated microbiota is regulated by the host’s metabolism, genotype, soil physicochemical properties, climate, and niche (Wagner et al., 2016; Cregger et al., 2018; Sun et al., 2020; Xiong et al., 2021). In the current study, assembly of the rhizosphere soil and bark microbiota was predominantly shaped by environmental factors and not by genotype or compartment niche (Table 1). Environmental factors are generally accepted to be closely related to the composition of plant-associated microbiota (Breidenbach et al., 2015; Trivedi et al., 2020; Zhang et al., 2020; Bona et al., 2021). Relative humidity was significantly correlated with the diversity index of the soil and bark bacterial communities, which was consistent with previous studies (Dong et al., 2021c). As reported by Cruz-Paredes et al. (2021), environmental humidity within a certain range significantly impacts the respiration and growth of microorganisms. Moreover, pH could also significantly affect assembly of microbial communities in soil and bark (Figure 2). This may be because pH combines multiple soil chemical variables and is the result of many chemical reactions between organic (biological and abiotic) and inorganic soil components (Lopes et al., 2021). The bark microbiota was not directly in contact with soil pH but was still significantly affected by pH in the current study (Figure 2B). It was previously reported that the indirect impact of soil pH on the microbiota in other compartments of the plant is because microbes in the other compartments were derived from rhizosphere soil (Fitzpatrick et al., 2018; Lopes et al., 2021). Similarly, FEAST analysis suggested that 54.92% of the members of the bark bacterial community were derived from rhizosphere soil (Figure 3B).

Venn diagram analysis showed that 690 genera, such as Enterobacter, Sphingomonas, and Lactobacillus (Figure 3A), were shared between soil and bark communities. These genera were also found in previous studies on E. ulmoides (Dong et al., 2020, 2021a) and are beneficial microorganisms with potential ecological functions for medicinal plants (Quijada et al., 2018; Asaf et al., 2020; Webster et al., 2020). Highly abundant unique bacteria of the rhizosphere soil samples included Bacteroidia, Clostridiales, Saccharibacillus, Spirochaeta, and Erysipelotrichaceae, which have specific selective effects on the soil, predominantly exist in the soil, and play an important role in geo-biological-chemical circulation (Wilms et al., 2006; Namirimu et al., 2019). Most of the bacteria unique to the bark are those with relatively older evolutionary status, such as the Planctomycetes, which are important for the nitrogen cycle (Cavalier-Smith, 2002). Myxococcus, which is only detected in the bark of rhododendrons, has broad application potential in agriculture, biomedicine, and environmental protection due to its ability to produce a variety of natural products (Wang et al., 2021).



The Core Microbiota Is a Strain Reservoir Rich in Medicinal Secondary Metabolites of Eucommia ulmoides

Core microbiota, an important subset of the host-associated microbiota, can not only promote the growth of host plants but also recruit functional species and block pathogens/pests (Banerjee et al., 2018; Hassani et al., 2018; Toju et al., 2018). In recent years, the core microbiota of medicinal plants has been accepted as a processing plant or reservoir for secondary metabolites (Koberl et al., 2013; Chen et al., 2018; Xu et al., 2021). Using microbial network analysis, 18 core bacteria of E. ulmoides belonging to the genera Escherichia, Enterococcus, Methylobacterium, Eubacterium, and Lactococcus were identified (Figure 4A). Among them, species of Escherichia, Eubacterium, and Ruminococcaceae were significantly related to pinoresinol diglucoside; a species of Lactococcus had a significant correlation with aucubin; and species of Enterococcus and Lactococcus were significantly correlated with geniposide acid (Figure 4D). Previous studies have shown that Escherichia sp. (Leonard et al., 2008), Enterococcus sp. (Müller et al., 2001), Eubacterium sp. (Newman and Cragg, 2020), and Lactococcus sp. (Golomb and Marco, 2015), Ruminococcaceae sp. (Yin et al., 2020) could promote plant growth or accumulate secondary metabolites. The phenotypic information indicated that the core microbiota mainly contained methylotrophic bacteria in the rhizosphere soil and mostly autotrophic bacteria in the bark (Figure 5B). This indicated that the core microbiota from the rhizosphere soil may play the role of consumers, while the core microbiota from the bark may predominantly play producer roles (Thakur and Geisen, 2019; El-Sayed et al., 2021). The metabolome of the 18 core bacteria was further analyzed, and in addition to some common metabolic functions of the plant microbiota (Xu et al., 2018; Trivedi et al., 2019), the functions of xylan degradation, nitrogen fixation, and polyhydroxybutyrate storage were worthy of additional attention. Xylan-degrading and nitrogen-fixing bacteria were reported to potentially exhibit direct or indirect effects on plant growth and metabolism (Gopalakrishnan et al., 2017; Jung et al., 2018). Polyhydroxybutyrate was a type of polyhydroxyalkanoate (PHA), a polyester polymer (Sirohi et al., 2021) that has similar structure and function to E. ulmoides rubber, such as strong plasticity (He et al., 2014; Sirohi et al., 2021). Therefore, the core taxa with polyhydroxybutyrate metabolism functions may be involved in the synthesis of E. ulmoides rubber. In general, these findings reveal that the core microbiota may participate in soil organic matter decomposition and metabolite synthesis in E. ulmoides.



The Core Microbiota Is the Hub of the Assembly of the Associated-Microbiota of Eucommia ulmoides

Network analysis can be used to identify the core or hub microbiota at the center of the microbial network (Banerjee et al., 2018; Dong et al., 2021a). Core microbiota is composed by important taxonomic units that dominate host microbial community construction, influencing community structure through strong interactions with the host or other microbes rather than simply being present in high abundance (Banerjee et al., 2018; Hamonts et al., 2018; Trivedi et al., 2020; Dong et al., 2021c). A comprehensive investigation of the Arabidopsis phyllosphere microbiota found that the core microorganisms Albugo sp. and Dioszegia sp. regulate the entire microbial community by inhibiting the growth and diversity of other microbes (Agler et al., 2016). The current study found that the core microbiota was highly connected with the dominant microbiota, forming closely related microbial clusters (Figure 4C). Dominant microbiota and core microbiota have vital ecological roles in microbiota assembly and ecosystem functions (Banerjee et al., 2018). Core microbiota can selectively adjust and assist these dominant microbiota (Banerjee et al., 2018), such as by forming a highly specific microbiota with the dominant microbiota for biological nitrogen fixation (Fierer, 2017). In contrast with the dominant microbiota, rare microbiota was often overlooked. Recent studies confirmed that rare microbiota was instrumental in the construction, function, and stability of microbiota (Jousset et al., 2017; Dong et al., 2021c; Pascoal et al., 2021). Similarly, significant interactions between core and rare microbiota of E. ulmoides were detected in the current study (Figure 4D). This is congruent with previous findings that rare microbiota often interacts with other species although they occupy narrow ecological niches (Fierer et al., 2007). Together these data suggest the core microbiota not only has important functions but may also be a keystone species that determines the network structure of the E. ulmoides 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 in the article/Supplementary Material.



AUTHOR CONTRIBUTIONS

YH, TY, and JH: conceptualization and funding acquisition. CD, QS, YR, and WG: data acquisition. CD and HH: formal analysis. QS: writing the first draft. CD, YH, and ZL: writing, review, and editing the manuscript. All authors have read and agreed to the published version of the manuscript.



FUNDING

This work was supported by “Hundred” Talent Projects of Guizhou Province [Qian Ke He (2020)6005]; the Key Areas of Research and Development Program of Guangdong Province (No. 2018B020205003); the Natural Science Foundation of China (No. 32060011); and Construction Program of Biology First-class Discipline in Guizhou [GNYL(2017)009].



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2022.855317/full#supplementary-material

Supplementary Figure 1 | Geographic distribution of 11 regions of E. ulmoides in China.

Supplementary Figure 2 | Hierarchical clustering of rhizosphere soil and bark samples of E. ulmoides based on the unweighted paired average method (UPGMA).

Supplementary Figure 3 | The core microbiota of E. ulmoides was defined based on the network connection method. (a) The topology of the correlation co-occurrence network. (b) Core microbiota were defined based on closeness centrality and degree.

Supplementary Figure 4 | The composition and distribution of dominant (a) and rare taxa (b).


FOOTNOTES

1
https://console.biocloud.net/

2
http://www.metagenassist.ca

3
https://github.com/cozygene/FEAST


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

Arndt, D., Xia, J., Liu, Y., Zhou, Y., Guo, A. C., Cruz, J. A., et al. (2012). METAGENassist: a comprehensive web server for comparative metagenomics. Nucleic Acids Res. 40, W88–W95. doi: 10.1093/nar/gks497

Asaf, S., Numan, M., Khan, A. L., and Al-Harrasi, A. (2020). Sphingomonas: from diversity and genomics to functional role in environmental remediation and plant growth. Crit. Rev. Biotechnol. 40, 138–152. doi: 10.1080/07388551.2019.1709793

Bai, Y., Müller, D. B., Srinivas, G., Garrido-Oter, R., Potthoff, E., and Rott, M. (2015). Functional overlap of the Arabidopsis leaf and root microbiota. Nature 528, 364–369. doi: 10.1038/nature16192

Banerjee, S., Schlaeppi, K., and van der Heijden, M. G. A. (2018). Keystone taxa as drivers of microbiome structure and functioning. Nat. Rev. Microbiol. 16, 567–576. doi: 10.1038/s41579-018-0024-1

Beckers, B., Op De Beeck, M., Weyens, N., Boerjan, W., and Vangronsveld, J. (2017). Structural variability and niche differentiation in the rhizosphere and endosphere bacterial microbiome of field-grown poplar trees. Microbiome 5:25. doi: 10.1186/s40168-017-0241-2

Berg, G. (2009). Plant–microbe interactions promoting plant growth and health: perspectives for controlled use of microorganisms in agriculture. Appl. Microbiol. Biot. 84, 11–18. doi: 10.1007/s00253-009-2092-7

Bona, E., Massa, N., Toumatia, O., Novello, G., Cesaro, P., Todeschini, V., et al. (2021). Climatic zone and soil properties determine the biodiversity of the soil bacterial communities associated to native plants from desert areas of north-central algeria. Microorganisms 9:1359. doi: 10.3390/microorganisms9071359

Breidenbach, B., Pump, J., and Dumont, M. G. (2015). Microbial community structure in the rhizosphere of rice plants. Front. Microbiol. 6:1537. doi: 10.3389/fmicb.2015.01537

Carlström, C. I., Field, C. M., Bortfeld-Miller, M., Müller, B., Sunagawa, S., and Vorholt, J. A. (2019). Synthetic microbiota reveal priority effects and keystone strains in the Arabidopsis phyllosphere. Nat. Ecol. Evol. 3, 1445–1454. doi: 10.1038/s41559-019-0994-z

Cavalier-Smith, T. (2002). The neomuran origin of archaebacteria, the negibacterial root of the universal tree and bacterial megaclassification. Int. J. Syst. Evol. Microbiol. 52, 7–76. doi: 10.1099/00207713-52-1-7

Chen, H., Wu, H., Yan, B., Zhao, H., Liu, F., Zhang, H., et al. (2018). Core microbiome of medicinal plant Salvia miltiorrhiza seed: a rich reservoir of beneficial microbes for secondary metabolism? Int. J. Mol. Sci 19:672. doi: 10.3390/ijms19030672

Cordovez, V., Dini-Andreote, F., Carrión, V. J., and Raaijmakers, J. M. (2019). Ecology and evolution of plant microbiomes. Annu. Rev. Microbiol. 73, 69–88. doi: 10.1146/annurev-micro-090817-062524

Cregger, M. A., Veach, A. M., Yang, Z. K., Crouch, M. J., Vilgalys, R., Tuskan, G. A., et al. (2018). The Populus holobiont: dissecting the effects of plant niches and genotype on the microbiome. Microbiome 6:31. doi: 10.1186/s40168-018-0413-8

Cruz-Paredes, C., Tájmel, D., and Rousk, J. (2021). Can moisture affect temperature dependences of microbial growth and respiration? Soil Biol. Biochem. 156:108223. doi: 10.1016/j.soilbio.2021.108223

Dong, C., Zhang, Z., Shao, Q., Yao, T., Liang, Z., and Han, Y. (2021c). Mycobiota of Eucommia ulmoides bark: diversity, rare biosphere and core taxa. Fungal Ecol. 53:101090. doi: 10.1016/j.funeco.2021.101090

Dong, C., Shao, Q., Zhang, Q., Yao, T., Huang, J., Liang, Z., et al. (2021a). Preferences for core microbiome composition and function by different definition methods: evidence for the core microbiome of Eucommia ulmoides bark. Sci. Total Environ. 790:148091. doi: 10.1016/j.scitotenv.2021.148091

Dong, C., Zhang, Z., Shao, Q., Yao, T., Hu, H., Huang, J., et al. (2021b). Deciphering the effects of genetic characteristics and environmental factors on pharmacological active components of Eucommia ulmoides. Ind. Crop. Prod. 175:114293. doi: 10.1016/j.indcrop.2021.114293

Dong, C., Yao, T., Zhang, Z., Chen, W., Liang, J., Han, Y., et al. (2020). Structure and function of bacterial microbiota in Eucommia ulmoides bark. Curr. Microbiol. 77, 3623–3632. doi: 10.1007/s00284-020-02157-2

El-Sayed, A. S. A., Shindia, A. A., Ali, G. S., Yassin, M. A., Hussein, H., Awad, S. A., et al. (2021). Production and bioprocess optimization of antitumor Epothilone B analogue from Aspergillus fumigatus, endophyte of Catharanthus roseus, with response surface methodology. Enzyme Microb. Tech. 143:109718. doi: 10.1016/j.enzmictec.2020.109718

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

Fierer, N., Bradford, M. A., and Jackson, R. B. (2007). Toward an ecological classification of soil bacteria. Ecology 88, 1354–1364. doi: 10.1890/05-1839

Fitzpatrick, C. R., Copeland, J., Wang, P. W., Guttman, D. S., Kotanen, P. M., and Johnson, M. T. J. (2018). Assembly and ecological function of the root microbiome across angiosperm plant species. P. Natl. Acad. Sci. USA. 115:E1157. doi: 10.1073/pnas.1717617115

Golomb, B. L., and Marco, M. L. (2015). Lactococcus lactis metabolism and gene expression during growth on plant tissues. J. Bacteriol. 197, 371–381. doi: 10.1128/jb.02193-14

Gopalakrishnan, S., Srinivas, V., and Samineni, S. (2017). Nitrogen fixation, plant growth and yield enhancements by diazotrophic growth-promoting bacteria in two cultivars of chickpea (Cicer arietinum L.). Biocatal. Agric. Biotechnol. 11, 116–123. doi: 10.1016/j.bcab.2017.06.012

Hamonts, K., Trivedi, P., Garg, A., Janitz, C., Grinyer, J., Holford, P., et al. (2018). Field study reveals core plant microbiota and relative importance of their drivers. Environ. Microbiol. 20, 124–140. doi: 10.1111/1462-2920.14031

Hassani, M. A., Duran, P., and Hacquard, S. (2018). Microbial interactions within the plant holobiont. Microbiome 6:58. doi: 10.1186/s40168-018-0445-0

He, X., Wang, J., Li, M., Hao, D., Yang, Y., Zhang, C., et al. (2014). Eucommia ulmoides Oliv.: ethnopharmacology, phytochemistry and pharmacology of an important traditional Chinese medicine. J. Ethnopharmacol. 151, 78–92. doi: 10.1016/j.jep.2013.11.023

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

Huang, W., Long, C., and Lam, E. (2018). Roles of plant-associated microbiota in traditional herbal medicine. Trends Plant Sci. 23, 559–562. doi: 10.1016/j.tplants.2018.05.003

Jousset, A., Bienhold, C., Chatzinotas, A., Gallien, L., Gobet, A., Kurm, V., et al. (2017). Where less may be more: how the rare biosphere pulls ecosystems strings. ISME J. 11, 853–862. doi: 10.1038/ismej.2016.174

Jung, B. K., Hong, S.-J., Jo, H. W., Jung, Y., Park, Y.-J., Park, C. E., et al. (2018). Genome sequencing to develop Paenibacillus donghaensis strain JH8T (KCTC 13049T=LMG 23780T) as a microbial fertilizer and correlation to its plant growth-promoting phenotype. Mar. Genom. 37, 39–42. doi: 10.1016/j.margen.2017.11.006

Koberl, M., Schmidt, R., Ramadan, E. M., Bauer, R., and Berg, G. (2013). The microbiome of medicinal plants: diversity and importance for plant growth, quality and health. Front. Microbiol. 4:400. doi: 10.3389/fmicb.2013.00400

Leonard, E., Yan, Y., Fowler, Z. L., Li, Z., Lim, C.-G., Lim, K.-H., et al. (2008). Strain improvement of recombinant Escherichia coli for efficient production of plant flavonoids. Mol. Pharmaceut. 5, 257–265. doi: 10.1021/mp7001472

Li, J., Zhou, L., and Lin, W. (2019). Calla lily intercropping in rubber tree plantations changes the nutrient content, microbial abundance, and enzyme activity of both rhizosphere and non-rhizosphere soil and calla lily growth. Ind. Crop. Prod. 132, 344–351. doi: 10.1016/j.indcrop.2019.02.045

Lopes, L. D., Hao, J., and Schachtman, D. P. (2021). Alkaline soil pH affects bulk soil, rhizosphere and root endosphere microbiomes of plants growing in a Sandhills ecosystem. FEMS Microbiol. Ecol 97:fiab028. doi: 10.1093/femsec/fiab028

Maggini, V., Mengoni, A., Bogani, P., Firenzuoli, F., and Fani, R. (2020). Promoting model systems of microbiota–medicinal plant interactions. Trends Plant Sci. 25, 223–225. doi: 10.1016/j.tplants.2019.12.013

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

Müller, T., Ulrich, A., Ott, E. M., and Müller, M. (2001). Identification of plant-associated enterococci. J. Appl. Microbiol. 91, 268–278. doi: 10.1046/j.1365-2672.2001.01373.x

Namirimu, T., Kim, J., and Zo, Y.-G. (2019). Isolation and identification of alkali-tolerant bacteria from near-shore soils in Dokdo island. Microbiol. Biotech. Lett. 47, 105–115. doi: 10.4014/mbl.1807.07018

Newman, D. J., and Cragg, G. M. (2020). Plant endophytes and epiphytes: burgeoning sources of known and “unknown” cytotoxic and antibiotic agents? Planta Med. 86, 891–905. doi: 10.1055/a-1095-1111

Oksanen, J., Blanchet, F. G., Kindt, R., Legendre, P., Minchin, P. R., O’hara, R. B., et al. (2015). Vegan: Community Ecology Package. R Package Vegan, Vers. 2.2-1. Worl. Agro. Cent. Available online at: https://CRAN.R-project.org/package=vegan

Pascoal, F., Costa, R., and Magalhaes, C. (2021). The microbial rare biosphere: current concepts, methods and ecological principles. FEMS Microbiol. Ecol 97:fiaa227. doi: 10.1093/femsec/fiaa227

Pellitier, P. T., Zak, D. R., and Salley, S. O. (2019). Environmental filtering structures fungal endophyte communities in tree bark. Mol. Ecol. 28, 5188–5198. doi: 10.1111/mec.15237

Qian, X., Li, H., Wang, Y., Wu, B., Wu, M., Chen, L., et al. (2019). Leaf and root endospheres harbor lower fungal diversity and less complex fungal co-occurrence patterns than rhizosphere. Front. Microbiol. 10:1015. doi: 10.3389/fmicb.2019.01015

Quijada, N. M., De Filippis, F., Sanz, J. J., García-Fernández, M.d.C, Rodríguez-Lázaro, D., Ercolini, D., et al. (2018). Different Lactobacillus populations dominate in “Chorizo de León” manufacturing performed in different production plants. Food Microbiol. 70, 94–102. doi: 10.1016/j.fm.2017.09.009

Rosseel, Y. (2012). Lavaan: an R package for structural equation modeling and more. Version 0.5–12 (BETA). J. stat. softw. 48, 1–36. doi: 10.1002/9781119579038.ch1

Sauer, S., Dlugosch, L., Kammerer, D. R., Stintzing, F. C., and Simon, M. (2021). The microbiome of the medicinal plants Achillea millefolium L. and Hamamelis virginiana L. Front. Microbiol. 12:696398–696398. doi: 10.3389/fmicb.2021.696398

Shen, J. B., Bai, Y., Wei, Z., Chu, C. C., Yuan, L. X., and Zhang et al. (2021). Rhizobiont: an interdisciplinary innovation and perspective for harmonizing resources, environment, and food security. Acta Pedologica Sinica 58, 805–813. doi: 10.11766/trxb202012310722

Shenhav, L., Thompson, M., Joseph, T. A., Briscoe, L., Furman, O., Bogumil, D., et al. (2019). FEAST: fast expectation-maximization for microbial source tracking. Nat. Methods 16, 627–632. doi: 10.1038/s41592-019-0431-x

Sirohi, R., Lee, J. S., Yu, B. S., Roh, H., and Sim, S. J. (2021). Sustainable production of polyhydroxybutyrate from autotrophs using CO2 as feedstock: challenges and opportunities. Bioresource Technol. 341:125751. doi: 10.1016/j.biortech.2021.125751

Sun, X., Pei, J., Lin, Y. L., Li, B. L., Zhang, L., Ahmad, B., et al. (2020). Revealing the impact of the environment on Cistanche salsa: from global ecological regionalization to soil microbial community characteristics. J. Agric. Food. Chem. 68, 8720–8731. doi: 10.1021/acs.jafc.0c01568

Thakur, M. P., and Geisen, S. (2019). Trophic regulations of the soil microbiome. Trends Microbiol. 27, 771–780. doi: 10.1016/j.tim.2019.04.008

Tkacz, A., Cheema, J., Chandra, G., Grant, A., and Poole, P. S. (2015). Stability and succession of the rhizosphere microbiota depends upon plant type and soil composition. ISME J. 9, 2349–2359. doi: 10.1038/ismej.2015.41

Toju, H., Peay, K. G., Yamamichi, M., Narisawa, K., Hiruma, K., Naito, K., et al. (2018). Core microbiomes for sustainable agroecosystems. Nat. Plant 4, 247–257. doi: 10.1038/s41477-018-0139-4

Trivedi, C., Reich, P. B., Maestre, F. T., Hu, H.-W., Singh, B. K., and Delgado-Baquerizo, M. (2019). Plant-driven niche differentiation of ammonia-oxidizing bacteria and archaea in global drylands. ISME J. 13, 2727–2736. doi: 10.1038/s41396-019-0465-1

Trivedi, P., Leach, J. E., Tringe, S. G., Sa, T., and Singh, B. K. (2020). Plant-microbiome interactions: from community assembly to plant health. Nat. Rev. Microbiol. 18, 607–621. doi: 10.1038/s41579-020-0412-1

Ulloa-Muñoz, R., Olivera-Gonzales, P., Castañeda-Barreto, A., Villena, G. K., and Tamariz-Angeles, C. (2020). Diversity of endophytic plant-growth microorganisms from Gentianella weberbaueri and Valeriana pycnantha, highland Peruvian medicinal plants. Microbiol. Res. 233:126413. doi: 10.1016/j.micres.2020.126413

Wagner, M. R., Lundberg, D. S., Del Rio, T. G., Tringe, S. G., Dangl, J. L., and Mitchell-Olds, T. (2016). Host genotype and age shape the leaf and root microbiomes of a wild perennial plant. Nat. Commun. 7, 12151. doi: 10.1038/ncomms12151

Wang, J., Wang, J., Wu, S., Zhang, Z., and Li, Y. (2021). Global geographic diversity and distribution of the Myxobacteria. Microbiol. Spectr. 9, e00012–e21. doi: 10.1128/Spectrum.00012-21

Webster, G., Mullins, A. J., Cunningham-Oakes, E., Renganathan, A., Aswathanarayan, J. B., Mahenthiralingam, E., et al. (2020). Culturable diversity of bacterial endophytes associated with medicinal plants of the Western Ghats, India. FEMS Microbiol. Ecol. 96:fiaa147. doi: 10.1093/femsec/fiaa147

Wei, X., Peng, P., Peng, F., and Dong, J. (2021). Natural polymer Eucommia ulmoides Rubber: a novel material. J. Agric. Food Chem. 69, 3797–3821. doi: 10.1021/acs.jafc.0c07560

Wilms, R., Köpke, B., Sass, H., Chang, T. S., Cypionka, H., and Engelen, B. (2006). Deep biosphere-related bacteria within the subsurface of tidal flat sediments. Environ. Microbiol. 8, 709–719. doi: 10.1111/j.1462-2920.2005.00949.x

Xiong, C., Zhu, Y. G., Wang, J. T., Singh, B., Han, L. L., Shen, J. P., et al. (2021). Host selection shapes crop microbiome assembly and network complexity. N. Phytol. 229, 1091–1104. doi: 10.1111/nph.16890

Xu, J., Zhang, Y., Zhang, P., Trivedi, P., Riera, N., Wang, Y., et al. (2018). The structure and function of the global citrus rhizosphere microbiome. Nat. Commun. 9:4894. doi: 10.1038/s41467-018-07343-2

Xu, M., Bai, H. Y., Fu, W. Q., Sun, K., Wang, H. W., Xu, D. L., et al. (2021). Endophytic bacteria promote the quality of Lyophyllum decastes by improving non-volatile taste components of mycelia. Food. Chem. 336:127672. doi: 10.1016/j.foodchem.2020.127672

Yin, J., Ren, W., Wei, B., Huang, H., Li, M., Wu, X., et al. (2020). Characterization of chemical composition and prebiotic effect of a dietary medicinal plant Penthorum chinense Pursh. Food. Chem. 319:126568. doi: 10.1016/j.foodchem.2020.126568

Zhang, Y., Zheng, L., Zheng, Y., Xue, S., Zhang, J., Huang, P., et al. (2020). Insight into the assembly of root-associated microbiome in the medicinal plant Polygonum cuspidatum. Ind. Crop. Prod 145:112163. doi: 10.1016/j.indcrop.2020.112163

Zhao, W., Wang, X. B., Shi, L. Y., Zhu, W. Y., Ma, L., Wang, J. J., et al. (2021). Calculation method for stochastic and deterministic assembly processes of prokaryotic communities. Bio- 101:e2003400. doi: 10.21769/BioProtoc.2003400

Zhao, Z., Ma, Y., Feng, T., Kong, X., Wang, Z., Zheng, W., et al. (2022). Assembly processes of abundant and rare microbial communities in orchard soil under a cover crop at different periods. Geoderma 406:115543. doi: 10.1016/j.geoderma.2021.115543


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 Dong, Shao, Ren, Ge, Yao, Hu, Huang, Liang and Han. 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.











	 
	ORIGINAL RESEARCH
published: 09 May 2022
doi: 10.3389/fmicb.2022.853176





[image: image]

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

Huanyu Jia1, Ghulam Muhae-Ud-Din1, Han Zhang1,2, Qianqian Zong1,3, Sifeng Zhao2, Qingyuan Guo3, Wanquan Chen1 and Li Gao1*

1State Key Laboratory for Biology of Plant Diseases and Insect Pests, Institute of Plant Protection, Chinese Academy of Agricultural Sciences, Beijing, China

2Key Laboratory at Universities of Xinjiang Uygur Autonomous Region for Oasis Agricultural Pest Management and Plant Protection Resource Utilization, Shihezi University, Xinjiang, China

3Department of Agricultural Science, Xinjiang Agricultural University, Ürümqi, China

Edited by:
Jesús Navas-Castillo, Spanish National Research Council (CSIC), Spain

Reviewed by:
Shengkun Li, Guizhou University, China
Yuanhu Xuan, Shenyang Agricultural University, China

*Correspondence: Li Gao, xiaogaosx@hotmail.com

Specialty section: This article was submitted to Microbe and Virus Interactions with Plants, a section of the journal Frontiers in Microbiology

Received: 12 January 2022
Accepted: 28 March 2022
Published: 09 May 2022

Citation: Jia H, Muhae-Ud-Din G, Zhang H, Zong Q, Zhao S, Guo Q, Chen W and Gao L (2022) Characterization of Rhizosphere Microbial Communities for Disease Incidence and Optimized Concentration of Difenoconazole Fungicide for Controlling of Wheat Dwarf Bunt. Front. Microbiol. 13:853176. doi: 10.3389/fmicb.2022.853176

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.
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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.
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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
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Rice blast caused by Magnaporthe oryzae is one of the most destructive plant diseases. The secondary metabolites of Streptomyces have potential as biological control agents against M. oryzae. However, no commercial secondary antimicrobial products of Streptomyces have been found by gene prediction, and, particularly relevant for this study, a biocontrol agent obtained from Streptomyces bikiniensis has yet to be found. In this research, genomic analysis was used to predict the secondary metabolites of Streptomyces, and the ability to develop biocontrol pharmaceuticals rapidly was demonstrated. The complete genome of the S. bikiniensis HD-087 strain was sequenced and revealed a number of key functional gene clusters that contribute to the biosynthesis of active secondary metabolites. The crude extract of lipopeptides (CEL) predicted by NRPS gene clusters was extracted from the fermentation liquid of S. bikiniensis HD-087 by acid precipitation followed by methanol extraction, and surfactins, iturins, and fengycins were identified by liquid chromatography-mass spectrometry (LC–MS). In vitro, the CEL of this strain inhibited spore germination and appressorial formation of M. oryzae by destroying membrane integrity and through the leakage of cellular components. In vivo, this CEL reduced the disease index of rice blast by approximately 76.9% on detached leaves, whereas its control effect on leaf blast during pot experiments was approximately 60%. Thus, the S. bikiniensis CEL appears to be a highly suitable alternative to synthetic chemical fungicides for controlling M. oryzae.

Keywords: biological control, lipopeptide, Magnaporthe oryzae, Streptomyces bikiniensis, whole genome


INTRODUCTION

Rice (Oryza sativa) is an important food crop and the staple diet of over three billion people around the world (Woan-Fei et al., 2017). However, rice blast disease caused by Magnaporthe oryzae is a serious threat to rice production and can cause yield losses of 10%–35% per year (Li et al., 2021). Currently, the main agents used to control rice blast are still chemical fungicides (Zhou et al., 2021). However, the excessive use of such fungicides over the years is not only responsible for the development of resistance in the target fungal strains but also causes disruption of the microbial community, leading to decreased soil health (Meyer et al., 2021) and not favoring the meeting of sustainable agricultural development goals. Thus, the use of biological control agents to replace chemical pesticides has been an important research topic in the field of rice production because these agents possess various suitable properties, such as security, easy degradation, and good environmental compatibility.

Currently, both living organism and metabolite preparations of bacteria, fungi, and actinomycetes against rice blast have been studied, but only a few agents have been applied to rice production (Chakraborty et al., 2021). Among them, the control effects of living organism agents are typically influenced by many unknown factors, such as changeable environmental and ecological factors, and cannot produce ideal results (Ali et al., 2016). Microbial metabolite preparations have some relatively extraordinary advantages, such as a rapid response, stable effect and long shelf life, and have become, therefore, a specific area of focus of biological control in the field. In particular, the metabolites of Streptomyces are so rich and multifarious that they have been regarded as a high-quality resource library for the development of biocontrol agents and can be mined for a variety of compounds to protect plants from pathogens, such as antimicrobial compounds and plant growth-promoting substances (Qi et al., 2019). For example, blasticidin-S produced by the soil actinomycete Streptomyces griseochromogenes (He et al., 2019) and kasugamycin produced by Streptomyces kasugaensis have played an important role as classical commercial biocontrol agents against rice blast (Napolioni et al., 2019).

However, due to more than 70 years of repeated isolation and screening of most actinomycetes and the continual isolation of bioactive natural products, the probability of finding new active compounds has become increasingly difficult (Li et al., 2018). Microorganism genome sequencing provides an opportunity to identify important antimicrobial compounds, discover more new secondary metabolites and extract non-toxic antimicrobial substances in a more targeted manner (Jing et al., 2020). Thus, analyses to predict the gene functions of the actinomycetes genome may be able to maximize the production potential of secondary metabolism through the genetic manipulation of synthetic or regulatory genes. Until now, none of the commercial antimicrobial products have been found by gene prediction; blind screening has typically been used, but this approach generally requires substantial time and human-resource investment.

Streptomyces bikiniensis HD-087 was isolated from agricultural soil in Hulunbuir, in the Inner Mongolia Autonomous Region, China (Zhao et al., 2012). Its fermentation solution has been found to disrupt the cell membrane and significantly inhibit mycelium growth of Fusarium oxysporum HU-M, the pathogen responsible for cucumber wilt (Zhao et al., 2014). However, the effective antifungal components in the metabolites of S. bikiniensis HD-087 have yet to be clarified, and no industrial agent derived from S. bikiniensis for use in agriculture has been developed so far. To exploit the biocontrol potential of S. bikiniensis HD-087, its whole genome was sequenced, and some gene clusters for synthesizing antibiotic metabolites were annotated. Then, based on the gene prediction results, various secondary metabolite substances were extracted and identified by LC–MS. Subsequently, the effectiveness of the extractive matter against M. oryzae was revealed by controlled experiments in vivo and in vitro, laying the foundation for their application in rice blast control. This study highlights that using genomic analysis to predict and develop biocontrol pharmaceutical is a feasible strategy.



MATERIALS AND METHODS


Test Strain, Culture Medium, and Rice Variety

Streptomyces bikiniensis HD-087 was isolated, screened, identified, and preserved by the Microbiology Laboratory of Heilongjiang University. Magnaporthe oryzae Guy11 was donated by Dr. Chong Zhang of Shenyang Agricultural University, Liaoning province, China. It was grown on Gauze’s synthetic broth medium no. 1 (Shi et al., 2021) for activation and then inoculated into DBY medium (glucose 20 g·L−1, soybean flour 5 g·L−1, yeast flour 4 g·L−1, ammonium sulfate 5 g·L−1, NaCl 1 g·L−1, and K2HPO4 0.05 g·L−1) for lipopeptide production. Magnaporthe oryzae Guy11 was routinely cultured on PDA (B; Virna et al., 2010) medium, and oatmeal-tomato juice agar medium (OMTA; Nie et al., 2014) was used for spore production. The rice variety was Long Japonica 46, one of the main cultivars in Heilongjiang Province, China.



Genome Sequencing and Metabolite Prediction

The draft genome sequence of S. bikiniensis HD-087 investigated in the present study was submitted to the National Center for Biotechnology Information NCBI GenBank under accession number PRJNA823498. The whole-genome sequencing and assembly of S. bikiniensis HD-087 was performed by Megabio. Glimmer (version 3.02) software was used for gene predictions of the assembly results and visualized by the CGView Server. The rRNA was predicted with Barrnap (version 0.8) software, and the tRNA region and the secondary structure of tRNA were predicted with tRNA-scan-SE (version 2.0) software. GO (Gene Ontology) was annotated with blast2go, Diamond comparison was used to perform the Clusters of Orthologous Groups of proteins (COG) annotation, and the Kyoto Encyclopedia of Genes and Genomes (KEGG) and annotation databases were used to complete the protein sequence function annotation. The biosynthetic gene clusters of the secondary metabolites were predicted using the online antiSMASH v4.2.0 software (Huang et al., 2019).



Preparation of the Crude Extracts of Lipopeptide and Identification of the Active Ingredient

Streptomyces bikiniensis HD-087 was inoculated in Gauze’s synthetic broth medium no. 1 and cultured in a shaking incubator at 180 r·min−1 and 28°C for 3 days. Then, 2 ml of culture solution was inoculated into a 250 ml flask containing 50 ml of DBY medium and incubated on a shaker at 180 r·min−1 for 4 days at 28°C, and fermentation broth was obtained. Crude extract of lipopeptides (CEL) was extracted from the fermentation broth by acid precipitation and alcohol extraction according to the method of Gong et al. (2014) and then analyzed by LC–MS Q-TOF (LC–MS 6545, Agilent, United States) at 220 nm with a C18 column (150 mm × 4.6 mm, 5 μm). The mobile phase was a mixture of acetonitrile and ultrapure water (4:6, v/v) with a 10 μl injection volume of samples.



Effect of CEL on Spore Germination and Appressorium Formation of Magnaporthe oryzae

Five copies in 50 μl of M. oryzae spore suspension (approximately 20–40 spores per field of vision) were added to sterilized concave slides (Liu et al., 2017), and then equal amounts of CEL solution were added at five different concentrations (i.e., 200, 100, 50, 25, and 0 μg·ml−1), mixed well and cultured at 28°C for 12, 24, 36 and 48 h, then sampled and observed with a microscope according to Lau and Hamer (1998). Each treatment was replicated three times, and 200 spores were examined randomly in each treatment (when the budding tube was larger than the short radius of the spore, germination was considered to have taken place). The spore germination rate, spore germination inhibition rate and appressorium formation inhibition rate were calculated as follows:
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Effect of CEL on the Cell Membrane Integrity of Mycelium and Spores of Magnaporthe oryzae

The mycelium test was conducted as follows: the M. oryzae spore suspension was adjusted to 1 × 105 spores·ml−1, and then 3 ml was inoculated into PDB medium and shaken at 28°C for 48 h with a rotational speed of 180 r·min−1. Then, CEL was added to a final concentration of the EC50 (median effective concentration), whereas the control was free of CEL. After the CEL acted for 6 h, a stock solution of the fluorescent dye propidium iodide (PI) was added to a final concentration of 2.5 μg·ml−1. The samples were stained for 30 min at room temperature while avoiding light and then centrifuged at 5,000 r·min−1 for 3 min, washed with phosphate buffer to suspend the mycelium, and temporary slides were made and observed under the green excitation light of a fluorescence microscope. The spore test was the same as the mycelium test but did not require culture.



Effect of CEL on Magnaporthe oryzae Mycelial Morphology

Two copies of M. oryzae mycelium suspension were prepared as previously mentioned. CEL was added to the experimental group to a final concentration of the EC50, and the control group was treated with the same equivalent of sterile water. A small amount of mycelium was picked at 6, 12 and 24 h after treatment, dehydrated and fixed according to the method of Li et al. (2020) and ultimately observed using scanning electron microscopy (SEM).



Experiments on the Control of Leaf Blast on Rice Leaves in vitro by CEL

Rice seeds of Long Japonica 46 were sowed in pots and incubated at 28°C with a 12 h photoperiod and 80% relative humidity in a light incubator until the seedlings grew to the four-leaf-one-shoot stage. Then, the leaves were picked and sprayed with M. oryzae spore suspension at a concentration of 1 × 105 spores·ml−1 with 0.02% Tween 20 as the spreading agent. Twenty-four hours later, the inoculated leaves were sprayed evenly with CEL at concentrations of 400, 200, 100, 50 and 25 μg·ml−1, with equal amounts of clear water as a control. All the treated leaves were cultured in a bioclimatic chamber at 28°C with 95% humidity and in the dark for the first 24 h, followed by a 12/12 h light/dark cycle. The disease index was assessed at 5 days after spraying fungicide (Tokpah et al., 2016). The incidence of rice blast was scored using a scale of 0–5 as follows: (0) no symptoms; (1) typical blast lesions with elliptical shapes measuring 1–2 cm long and usually confined to the area of the two main veins and infecting <4% of the total leaf area; (2) typical blast lesions infecting 4%–25% of the leaf area; (3) typical blast lesions infecting 26%–50% of the leaf area; (4) typical blast lesions infecting 51%–75% of the leaf area; and (5) all leaves dead (Liu et al., 2021). This experiment was repeated three times.

The disease index and biocontrol efficacy were calculated as follows:
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Experiments on Controlling Leaf Blast on Potted Rice by CEL

The inoculation method with M. oryzae, the application method of the pesticide and the culture conditions of the potted rice were the same as the previous experiments on rice leaves in vitro. Five treatments were established as follows: (1) clear water (incidence control); (2) 2% kasugamycin (Aino Spring Thunder) as a biological agent control; (3) 85% isoprothiolane (North American Nongda); (4) tricyclazole (Mindleader) as chemical agent controls; (5) treatment with CEL at 200 μg·ml−1. Each treatment consisted of three replicates comprising 15 rice plants per replicate, and the disease incidence was observed and recorded at 5 days after spraying fungicide; the disease index was calculated as mentioned above (Tokpah et al., 2016).



Statistics and Data Analysis

All the above experiments were repeated three times, and consistent data were observed. Data from representative samples were analyzed by one-way analysis of variance, and treatment means were then calculated using the least significance difference (LSD) test at a significance level of p < 0.05.




RESULTS


Genome Sequencing and Metabolite Prediction

Following the sequencing and assembly, the genome of S. bikiniensis HD-087 comprised one circular chromosome of 7,086,697 bp with 73.23% GC content, including 6,536 genes, 236 tandem repeats, 64 tRNAs, 21 rRNAs, 235 minisatellite sequences, and 67 microsatellite sequences. The alignment analysis with antiSMASH software in GenBank showed that the genome of S. bikiniensis HD-087 contains 19 biosynthetic gene clusters encoding secondary metabolites (Figure 1), five of which encode non-ribosomal peptide synthases (NRPS), accounting for 26.23% of the total predicted gene clusters of secondary metabolite; others are most likely involved in the synthesis of terpenes, bacteriocins, lantipeptides, siderophores, thiopeptide, lassopeptides, ectoine, bacteriocin-terpenes, and some other unknown metabolites. By alignment of antiSMASH software and GenBank, more than 70% of similar gene clusters producing nine chemicals were annotated in Supplementary Table 1, including seven gene clusters with 100% similarity. In addition, 10 gene clusters cannot match well with lower similariy of 11%, these unique clusters indicate that S. bikiniensis HD-087 has strong potential to produce new antibiotics and is worth investigating in future work. As is well known, the NRPS gene cluster primarily controls and regulates the synthesis of lipopeptides and peptides and is also occasionally involved in the synthesis of polyketones; lipopeptides were selected as the main research object in this experiment.
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FIGURE 1. Circular genome of strain HD-087 with specific features. From the outside to the inside of the circle diagram, the first and second circles are CDS, tRNA, and rRNA on the positive and negative chains, respectively. The third circle is the distribution of gene clusters. The fourth circle is GC content. The fifth circle is the GC-SKEW value. The innermost circle indicates the size of the genome.




Comparative Genomics of Database

A total of 4,249 genes were annotated in the GO database and could be divided into three subcategories according to the function of each gene: biological process (18 branches), cellular component (10 branches), and molecular function (12 branches; Figure 2A). In the biological process subcategories, the three largest branches are metabolic, cell and single-organism processes. In the cellular component subcategories, the branch regarding the cell membrane accounts for the largest proportion. In the molecular function subcategories, the top three are the catalytic activity, binding and transporter activity branches successively. Among a total of 9,767 identified protein-coding genes, 43.5% (4,249) and 23.3% (2,274) were annotated into COG and KEGG functional categories, respectively. For the COG categories, the highest ratio was for biological processes (45%), followed by molecular function (30%) and cellular components (25%; Figure 2B). The abundance of unknown function was found to be the highest, followed by transcription, amino acid transport and metabolism and carbohydrate transport and metabolism, with the abundance of other subcategories being below 300. KEGG enrichment analysis showed that the 2,274 genes that could correspond to the KEGG pathway are concentrated in 39 metabolic pathways (Figure 2C), and the main pathways are listed in descending order of involved genes by quantity as follows: the ATPase transport metabolic pathway (ko02010; 179 genes), carbohydrate metabolic pathway (ko01200; 134 genes), amino acid biosynthetic metabolic pathway (ko01230; 133 genes).
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FIGURE 2. Analysis of genome structure and metabolic pathway of strain HD-087. (A) Go annotation of strain HD-087 genome; (B) COG annotation of strain HD-087 genome; (C) pathway annotation of strain HD-087.




Identification of the Active Ingredient in CEL

The previous analysis demonstrated that S. bikiniensis HD-087 has five types of NRPS gene clusters for synthesizing antimicrobial lipopeptides. Hence, we attempted to extract lipopeptides from the HD-087 culture filtrates by acid precipitation and alcohol extraction and then analyzed these filtrates by LC–MS using the parameters specific for different CLPs (Płaza et al., 2015; Sun et al., 2019). The LC–MS/MS results confirmed that S. bikiniensis HD-087 can produce and secrete at least eight CLPs in three families as follows: three surfactin (1,030 and 1,044 m/z), two fengycin (1,575 and 1,588 m/z) and three iturin (1,045, 1,073 and 1,087 m/z) analogs (Supplementary Figure 1), validating the genome-mining results by antiSMASH prediction. In addition, other lipopeptides in S. bikiniensis CEL need to be analyzed in depth in the future.



Effect of CEL on Spore Germination and Appressorium Formation of Magnaporthe oryzae

Magnaporthe oryzae spores from the control group germinated and formed appressoria at 6 h, and a large number of mycelia grew after 24 h. The spore germination and appressorium formation of those treatments with different concentrations of CEL were clearly inhibited (Table 1; Figure 3). The percentage of spore germination and appressorial formation gradually decreased with increased CEL concentration. The spore germination and appressorial formation was calculated by regression equation of virulence; the EC50 values of CEL for the inhibition of spore germination and appressorium formation were 29.34 μg·ml−1 and 6.95 μg·ml−1, respectively. These results indicate that the S. bikiniensis HD-087 CEL could be a highly suitable inhibitory agent against M. oryzae.



TABLE 1. Effect of CEL on spore germination and appressorium formation of Magnaporthe oryzae.
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FIGURE 3. Morphology of spore germination and appressorium formation of Magnaporthe oryzae after treatment with crude extract of lipopeptides (CEL). (A) Non-CEL-treated (0 h control); (B–F) were CEL treated for 6 h at concentrations of 0, 25, 50, 100, and 200 μg·ml−1, respectively. Red arrowheads in figures A–C show separately the spore, appressorium and germ tube.




Effect of CEL on Magnaporthe oryzae Cell Membrane Integrity

The CEL’s effects on M. oryzae cell membrane integrity are shown in Figure 4. PI cannot pass through the living cell membrane but can pass through a damaged cell membrane and stain the nucleus. The fluorescence microscope observations indicated that the spore and mycelium of M. oryzae treated with CEL emitted red fluorescence, but that of the control did not. These results demonstrated that the CEL of S. bikiniensis can destroy the integrity and permeability of the M. oryzae cell membrane.
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FIGURE 4. Morphology of spores and mycelium of Magnaporthe oryzae under fluorescence microscope. (A) Non-CEL-treated spores under white light; (B) non-CEL-treated spores under fluorescent light; (C) CEL-treated spores under white light; (D) CEL-treated spores under fluorescent light; (E) non-CEL-treated mycelium under white light; (F) non-CEL-treated mycelium under fluorescent light; (G) CEL-treated mycelium under white light; and (H) CEL-treated mycelium under fluorescent light. The red arrowheads indicate spores and hyphae.




Effect of CEL on Magnaporthe oryzae Mycelial Morphology

Observations under SEM (Figure 5) illustrated that S. bikiniensis CEL was able to destroy M. oryzae mycelial cell wall integrity. The mycelium of M. oryzae without CEL treatment was continuous and stout with round and smooth surfaces. However, on the mycelium treated by CEL for 6 h at the EC50 concentration, their surfaces became rough, wrinkled and blistered; after 12 h of treatment, the mycelium was swollen, there was superficial destruction, and some were even fractured; following treatment for 24 h, many reticulated cavities appeared on the mycelium surface and subsequently underwent serious fragmentation. Overall, the cells of M. oryzae Guy11 treated with the CEL of S. bikiniensis HD-087 exhibited abnormal morphology, suggesting that this CEL degrades the cell wall and destroys the cell membrane.
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FIGURE 5. Morphology of Magnaporthe oryzae under SEM. (A) Non-CEL-treated (control); (B–D) CEL treated for 6, 12, and 24 h, respectively. The red arrowheads indicate typical morphology.




Experiments on Controlling Leaf Blast on Rice Leaves in vitro by CEL

Table 2 and Figure 6 show that with an increase of CEL concentration of 25–200 μg·ml−1, the biocontrol efficacy against rice blast was also improved significantly. However, when the concentration was 400 μg·ml−1, the control effect did not rise but decreased, which indicated that an excessive CEL concentration did harm the rice plants. The results showed that 200 μg·ml−1 was the optimum concentration of CEL for controlling rice blast, and the best therapeutic effect was up to 70%. On the basis of the above results, 200 μg·ml−1 CEL was used to compare the therapeutic effect with commercial biological and chemical pesticides. According to Table 3, the control efficacy of 200 μg·ml−1 CEL on leaf blast reached 76.9%; at the same time, the effect of kasugamycin, isoprothiolane, and tricyclazole was far below that of CEL. The results demonstrated that potted rice experiments could be carried out in the next step.



TABLE 2. Disease index and control effect of CEL against Magnaporthe oryzae at different concentrations.
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FIGURE 6. Disease index and control effect of CEL against Magnaporthe oryzae at different concentrations.




TABLE 3. Effect of different agents on the treatment of leaf blast of detached rice leaves.
[image: Table3]



Controlling Leaf Blast on Potted Rice With CEL

The pot trial results are given in Table 4 and Figure 7. The rice blast disease index of the incidence control group reached 75 ± 2.12, and for the trial groups including CEL, kasugamycin, isoprothiolane, and tricyclazole, this value was significantly reduced. In particular, the disease index of the CEL group fell to 30 ± 0.96; the data were significantly lower than for the abovementioned commercial agents, correspondingly, and the control effect of CEL against rice blast was highest at 60%. At the same time, the control effect of kasugamycin appeared to be relatively superior to tricyclazole and isoprothiolane. These results indicated that the CEL of S. bikiniensis HD-087 could inhibit M. oryzae infection and reduce the disease index of leaf blast. In addition, compared to the detached leaf experiment, the effect of three commercial agents increased in potted rice, whereas that of the CEL decreased to some degree. This is an interesting observation worthy of further attention.



TABLE 4. Effect of different agents on the treatment of leaf blast of potted rice.
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FIGURE 7. Effect of different agents on the treatment of leaf blast of potted rice. (A) Healthy control; (B) incidence control; (C) tricyclazole-treated; (D) kasugamycin-treated; (E) isoprothiolane-treated; and (F) CEL-treated.





DISCUSSION

Streptomyces bikiniensis HD-087 is a soil-derived biocontrol strain against plant pathogenic fungi, including F. oxysporum and M. oryzae. The whole-genome analysis revealed it to have 19 gene clusters coding secondary metabolites, such as NRPS and PKS gene clusters. Passari et al. (2015) and Sharma et al. (2016) showed that actinomycetes possessing antifungal activity are positively related to NRPS and PKS biosynthetic pathways. The CEL was extracted from the cell-free fermentation liquid of S. bikiniensis HD-087 according to gene prediction and was identified by LC–MS/MS. The results demonstrated that this CEL contained surfactins, iturins, and fengycins. Genome-wide comparison revealed that genes involved in fatty acid biosynthesis were highly conserved in all strains, including four encoding 3-oxoacyl-[Acyl-carrier-protein] reductase and seven encoding long-chain fatty acid CoA ligase. It is noteworthy that strain HD-087 boasts five different FabGs. FabG is involved in fatty acid elongation (Hu et al., 2019). Bacteria harboring different FabG alleles produce variable fatty acid chains linked to the cyclic lipopeptides and result in chemical analogs with different bioactivities. The diversity of fabG and the CLP synthetase modules enable Streptomyces to synthesize multiple CLP isomers with differential functions in a limited genetic capacity, making them able to survive in diverse environments. HD-087 also has the sfp gene encoding 4′-phosphopantene transferase, which is crucial for the biosynthesis of CLP and PKS by activating the peptidyl carrier protein (PCP) domain in the CLP modules and the acyl carrier protein (ACP) domain in the PKS modules (Fazle Rabbee and Baek, 2020; Morales-Aparicio et al., 2020).

The genome-wide gene cluster results of S. bikiniensis HD-087 also showed that there is a gene cluster for which the sequence is 100% similar to the PTM synthesis gene cluster of Streptomyces griseus, which can encode multiple structural antibiotics, including somatostatin, a growth inhibitor against the plant pathogen F. oxysporum MHKW and Alternaria brassicae BCHB (Hou et al., 2020). There are also iron carrier gene clusters with 100% similarity to the synthetic gene cluster of desferrioxamine B in S. griseus, suggesting that S. bikiniensis HD-087 has the potential to synthesize the secretory type of iron carriers, and secreted siderophores could suppress the pathogen in vitro and protect plants from pathogen infection by changing rhizosphere microbiome members (Gu et al., 2020). Notably, other unmatched gene clusters were also found in the S. bikiniensis HD-087 genome, which might participate in the biosynthesis of some key secondary metabolites.

The results of the spore germination test indicated that the key role of CEL in preventing M. oryzae infection of rice plants is the inhibition of spore germination and appressorium formation. The results of PI staining and SEM observations further clarified the antifungal mechanism of CEL for destroying the integrity of the mycelium cell wall and the semipermeability of M. oryzae spore and mycelial cell membranes. Compared to Bacillus vallismortis R2 and Bacillus megaterium L2, which secrete fengycins against A. alternata by eliciting swollen hyphae (Li et al., 2015; Kaur et al., 2017), CEL showed a better effect regarding fungicidal activity. Wu et al. also recently demonstrated that fengycin B produced by Bacillus subtilis PMB102 had antifungal activity against A. brassicae ABA-31 by activating swollen mycelia (Wu et al., 2021). It is generally accepted that the action mode of lipopeptides relies on cell wall and membrane disruption, causing leakage of the cytoplasm and cell death (Kaspar et al., 2019).

It also appears that lipopeptides’ action on plant pathogenic fungi are rather more complex. The most recent studies have shown that lipopeptides significantly reduce the expression of some genes involved in autophagy in M. oryzae (Zhang et al., 2022). Yin et al. reported that the autophagy pathway directly affects spore germination and appressorium formation, thus influencing M. oryzae pathogenicity (Yin et al., 2019). The CWI (cell wall integrity) maintenance mechanism was found to be a key factor in the pathogenicity of M. oryzae (Feng et al., 2021), and there is crosstalk between CWI and autophagy pathways (Yin et al., 2019). However, how is lipopeptide damage to the cell wall of M. oryzae related to autophagy? How does this damage affect autophagy and CWI maintenance? These questions remain to be explored in depth.

To explore the biocontrol potential of S. bikiniensis HD-087 lipopeptides further, we used experiments on the control of leaf blast on rice leaves in vitro and potted rice by CEL to lay a strong foundation for further field tests on controlling rice blast. A number of other researchers provided similar results; for example, Ma et al. (2020) showed that both 10 and 50 μg·ml−1 lipopeptides produced by Bacillus velezensis 11-5 were effective against the occurrence of leaf blast on detached rice leaves (Ma et al., 2020). However, as found in this experiment, the control effect of CEL against rice leaf blast on potted rice seedlings was much less than that on detached leaves, and we have not yet been able to demonstrate whether CEL can maintain the control efficacy at 60% in plot or field trials. Of course, we will soon investigate this question.

Based on the genome-wide analysis of S. bikiniensis HD-087, two research tasks can be performed in the future: First, to exploit the potential of the antimicrobial gene cluster and obtain new antimicrobial substances through bioinformatics and combinatorial biology studies; second, to deeply analyze the known metabolic synthesis pathways and their influencing factors to ultimately improve their yield through genetic manipulation.



CONCLUSION

In this study, lipopeptides predicted by antiSMASH analysis of the functional genome were successfully extracted from a fermentation broth of S. bikiniensis HD-087. Surfactins, iturins and fengycins were all found to exist in the crude extract of lipopeptides by LC–MS/MS. The control effects of S. bikiniensis HD-087 lipopeptides against M. oryzae were noticeable according to in vivo and in vitro tests and could certainly be applied as biocontrol agents to control rice blast in plot and field experiments. As safe, natural substances, these compounds would be appropriate competitive substitutes for the various highly toxic chemical pesticides in controlling rice blast. Overall, this study highlights the feasibility of using genomic analysis to predict and develop biocontrol pharmaceuticals, and this method could accelerate the research process for new drugs.
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Soil microorganisms affect crop rhizospheres via the transformation and transport of nutrients, which has important influences on soil fertility, carbon sequestration, and plant yield and health in agroecosystems. There are few reports on the effects of fertilizer application on the growth of Panax ginseng (C. A. Mey.) or the structure of its rhizosphere microbial communities. In this study, an orthogonal experimental design was used to explore the effects of nine different combinations of nitrogen (N), phosphorus (P), and potassium (K) fertilizers with different amounts and proportions on ginseng growth and accumulation of ginsenosides and the structure of rhizosphere soil fungal communities. Soil without fertilization was the control. With the combined application of NPK, ginseng growth and development increased. The fertilization scheme N3P1K3, with N fertilizer at 50 g·m−2, P fertilizer at 15 g·m−2, and K fertilizer at 60 g·m−2, had the most comprehensive benefit and significantly increased ginseng rhizome biomass and ginsenoside contents (Rg1, Re, Rf, Rg2, Rb1, Ro, Rc, Rb2, Rb3, and Rd). Amplicon sequencing showed that NPK application increased the diversity of fungal communities in ginseng rhizospheres, whereas richness was bidirectionally regulated by proportions and amounts of NPK. Ascomycota was the dominant fungal phylum in ginseng rhizosphere soil, and relative abundances decreased with combined NPK application. Combined NPK application increased the relative abundance of potential beneficial fungi, such as Mortierella, but decreased that of potentially pathogenic fungi, such as Fusarium. Correlation analysis showed that potential beneficial fungi were significantly positively correlated with ginseng rhizome yield and ginsenoside contents, whereas the opposite relation was observed with potential pathogenic fungi. Thus, in addition to directly increasing crop growth, precise NPK application can also increase crop adaptability to the environment by shaping specific microbial communities. The results of this study suggest that the combined effects of biotic and abiotic processes on agricultural production determine crop yield and quality.

Keywords: Panax ginseng, NPK fertilizers, fungal community structure, high-throughput sequencing, orthogonal experimental design, rhizome biomass, ginsenosides


INTRODUCTION

Panax ginseng (C. A. Mey.) is a perennial herbaceous plant in the family Araliaceae that is primarily distributed in China, South Korea, and Russia (Abid et al., 2021). Ginseng is traditional and precious medicine in East Asia and has important medicinal and economic value (Li et al., 2022). The main active compounds in ginseng include ginsenosides, polysaccharides, and polypeptides, among others (Ratan et al., 2020). Ginsenosides are important saponins, and it is precise because of those compounds that ginseng is highly valued (Qiao et al., 2022). The quality of ginseng medicinal materials is closely related to ginsenoside monomer and total ginsenoside contents in rhizomes. To date, more than 30 ginsenosides have been reported in roots alone (Abid et al., 2021). Ginsenosides have a variety of pharmacological activities, including preventing neurological diseases, increasing immune function, delaying aging, and improving sleep (Kim et al., 2018; Jin et al., 2021). Although the importance and yield of ginsenosides have been widely studied, the yield of ginsenosides remains low (Zhang et al., 2021a; He et al., 2022). Therefore, it is urgent to optimize ginseng cultivation techniques and increase ginsenoside yields to meet medicinal needs.

Panax ginseng has a long cultivation history, and China has the largest cultivated area worldwide. The main area of ginseng production in China is Changbai Mountain in eastern Jilin Province (Xiao et al., 2016). With the rapid development of the ginseng industry, the ginseng cultivation area has increased significantly. The biosynthesis of active compounds in ginseng is affected by the physical, chemical, and microbial properties of soil (Chung et al., 2017). Fertilization is a universal practice to effectively increase soil nutrient supplies (Li et al., 2021a). However, prolonged, excessive, and unscientific fertilization methods have led to a series of ecological problems. The problems include soil pollution and destruction of microbial community structure, especially that of communities involved in nitrogen (N), phosphorus (P), and carbon (C) cycles, which lead to declines in crop growth and yield (Pavlidis et al., 2020; Shen et al., 2022). Fertilization also greatly affects microbial populations associated with potassium (K) and iron (Fe) cycles (Bose et al., 2014). Nitrogen, P, and K are essential elements for plant growth (Bernstein et al., 2019), and precise NPK application can significantly affect crop growth and metabolite accumulation (Sun et al., 2022). However, different crop species require different amounts and proportions of NPK, and the level of each element can affect plant growth and development (Bai et al., 2022). Therefore, the exploration and development of precise NPK fertilization schemes are prerequisites to positively affect soil health and improve crop yield and quality.

Soil microorganisms are the main engines of agroecosystems because they promote nutrient turnover in soils (Nie et al., 2018). In particular, fungi provide favorable conditions for crop growth and development by transforming and transporting nutrients in fertilizers and also by increasing nutrient acquisition from decomposing soil organic matter (Miao et al., 2022; Semenov et al., 2022). Therefore, the abundance and diversity of rhizosphere fungi have important effects on crop yield and quality (Gao et al., 2019). The combined application of NPK changes the structure of fungal communities in crop rhizosphere soil and provides a favorable environment for crop growth and development by increasing the abundance of potential beneficial fungi and decreasing that of potentially pathogenic fungi (Cai et al., 2021). Therefore, an in-depth understanding of how NPK fertilization affects soil microbial communities is essential to achieve a balance between agricultural development and ecological protection.

Although ginseng is planted widely and has important medicinal and economic value, understanding of ginseng rhizosphere soil microbial communities is limited. There remains a lack of systematic understanding of the effects of NPK fertilization on ginseng yield and quality and rhizosphere soil microbial communities. Therefore, in this study, an orthogonal experimental design was used to explore the effects of nine combinations of NPK fertilizers on ginseng growth indexes (plant height, stem, and leaf fresh weight, and rhizome fresh and dry weights), active compounds (ginsenosides Rg1, Re, Rf, Rg2, Rb1, Ro, Rc, Rb2, Rb3, and Rd), and rhizosphere soil fungal community. The main objectives of the study were the following: (i) to reveal changes in ginseng growth indexes and active compounds under nine fertilizer combinations to formulate precise fertilization schemes; (ii) to determine the diversity and community structure characteristics of rhizosphere fungi under each scheme; and (iii) to explore the responses of secondary metabolites in ginseng rhizomes to changes in the structure of soil fungal communities. The results will provide a basis for promoting growth, increasing yield, improving quality, and developing efficient cultivation of ginseng under scientifically validated fertilization management.



MATERIALS AND METHODS


Site Description and Experimental Design

The experimental site was in the Qixing Baicao Garden at the Changchun University of Chinese Medicine in Changchun, Jilin Province, China (43°49′48′′N, 125°24′53′′E; altitude 399m). The region has a continental monsoon climate with an annual average temperature of 4.6°C and annual precipitation of ~600–700mm. In this study, an L9(34) orthogonal experimental design was used to set three factors, namely, N, P, and K, at four levels for a total of 10 fertilization schemes, including an unamended control. Specific fertilization amounts are shown in Table 1. The experiment was conducted in pots (height: 11 cm; upper diameter: 12 cm; lower diameter: 9 cm; bottom with multiple drainage holes), with soil depth maintained at ~9 cm. Whole pots were buried in the soil so that the soil in the pots was in close contact with the ground, and the soil temperature was maintained to reduce the influence of temperature change on ginsenoside synthesis (Cheng et al., 2018; Wang et al., 2019). The test soil was a dark brown soil with a sandy loam texture and the following properties: pH, 6.38; organic matter, 49.02 g·kg−1; available N, 42.08 mg·kg−1; available P, 25.82 mg·kg−1; and available K, 107.50 mg·kg−1. On 17 May 2021, 2-year-old ginseng plants with good growth and relatively uniform size were selected and transplanted into the pots, with one plant per pot and each treatment with 20 replicate pots, for a total of 200 pots. After time for plant adaptation, 60 pots of 6 pots in each group were selected for one-time fertilization on 17 June 2021. Other management (such as protection measures, irrigation, and weeding) during cultivation was consistent with field measures. Fertilizer formulations were the following: urea (N, total N ≥ 46%), calcium superphosphate (P2O5, total P ≥ 46%), and potassium sulfate (K2O, total K ≥ 50%). For fertilization, the nine fertilizer combinations were dissolved in the same volume of water and evenly sprayed on the soil surface of pots.


Table 1. Types and amounts of fertilization in an L9(34) orthogonal experimental design.
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Sample Collection and Determination of Growth Indexes

Ginseng rhizosphere soil was collected 90 days after fertilization. Rhizosphere soil was obtained after root-shaking. After removing surface soil, rhizosphere soil was collected by sterile brush and gentle shaking and then immediately stored at −80°C until analysis of fungi. Plant growth was determined by measuring three parameters: plant height, stem and leaf fresh weight, and rhizome fresh weight. Then, non-medicinal parts were removed, and rhizomes were cleaned, dried, weighed, and ground into a fine powder that passed through a 65-mesh (250μm) sieve. The powder was analyzed for ginsenoside contents.



Determination of Active Compounds

The contents of ginsenosides were determined according to the method described by Bai et al. (2021), with slight modification. Medicinal material sample solutions were prepared according to the China Pharmacopoeia for HPLC-UV analysis (China Pharmacopoeia Committee, 2020). The contents of ginsenosides Rg1, Re, Rf, Rg2, Rb1, Ro, Rc, Rb2, Rb3, and Rd were determined on an Agilent EC-C18 column (4.6mm × 150mm; 2.7μm particle size). The column temperature was 40°C, the flow rate was 1 ml/min, and the mobile phase was acetonitrile (A) and 0.1% phosphoric acid aqueous solution (B). Gradient elution conditions were the following: 0–23min, 18% → 21% A; 23–35min, 21% → 28% A; 35–80min, 28% → 32% A. The UV detection wavelength was 203 nm, and the injection volume was 10 μl.



DNA Extraction, PCR Amplification, and Illumina Sequencing

Rhizosphere soil samples were precisely weighed (0.5 g) and total DNA was extracted using an MN NucleoSpin Soil DNA kit (Macherey-Nagel, Düren, Germany). The concentration and purity of DNA were detected using a Multiskan Sky full-wavelength microplate reader (Thermo Fisher Scientific, Waltham, MA, USA), and then, DNA was stored at −20°C until further use. Fungal internal transcribed spacer (ITS) genes were amplified by PCR using the specific primers ITS1F (5′-CTTGGTTTAGAGGAAGTAA-3′) and ITS2 (5′-GCTGCGTTCTTCATCGATGC-3′) with bar codes. The reaction system included the following: template DNA, 50 ng; 10 μM forward primer, 0.3 μl; 10μM reverse primer, 0.3 μl; KOD FX Neo Buffer (TOYOBO, Osaka, Japan), 5 μl; KOD FX Neo, 0.2 μl; and 2mM dNTP, 2 μl; with ddH2O added to 10 μl. The reaction procedure was the following: 95°C pre-denaturation for 5min, 25 cycles (95°C for 30 s, 50°C for 30 s, and 72°C for 40 s), and final extension at 72°C for 5min. PCR products were quantified by electrophoresis (ImageJ Version 1.51) and mixed according to the mass ratio of 1:1. After mixing, an OMEGA DNA purification column (Omega Bio-Tek, Norcross, Georgia, USA) was used for column purification. Subsequently, paired-end sequencing (2 × 250) was performed on an Illumina HiSeq platform with an Illumina NovaSeq 6000 according to standard protocols. Sequencing of the ITS gene was performed by BioMarker Technologies Co., Ltd. (Beijing, China). All sequence data were submitted to the Sequence Read Archive (accession number: PRJNA828555) and are freely available at the NCBI (https://www.ncbi.nlm.nih.gov/sra/PRJNA828555).



Data Processing and Bioinformatics Approaches

Data were pre-processed according to the following steps, and the species classification information corresponding to each feature was obtained. (i) Raw reads were filtered using Trimmomatic (Version 0.33). Then, Cutadapt (Version 1.9.1) was used to identify and remove primer sequences and obtain clean reads. (ii) Usearch (Version 10.0) was used to splice clean reads in each sample by overlap, and then the length of the spliced data was filtered according to the length range of different regions. (iii) UCHIME (Version 4.2) was used to identify and remove chimera sequences and obtain the final effective reads. (iv) Reads were clustered at 97.0% similarity using Usearch (Version 10.0) to obtain operational taxonomic units (OTUs) (Edgar, 2013). (v) With UNITE as the reference database (Release 7.2, http://unite.ut.ee/index.php), the naive Bayesian classifier was used to classify the feature sequences.



Statistical Analyses

SPSS 21.0 and GraphPad Prism 8.0 were used for statistical analysis and graphic preparation, respectively, of growth indexes and active compound contents. A Student–Newman–Kells (SNK) post-special trial was used for multiple comparisons between different treatments, with a significance of p < 0.05. The principal component analysis (PCA) of Origin 2019 was used to evaluate the 10 fertilization schemes. Community richness and diversity indexes were calculated using QIIME (Version 1.9.1). The dilution curve was drawn by R software (Version 3.6.0), and differences in community composition were tested by Bray–Curtis distance. Principal coordinate analysis (PCoA) was conducted by WGCNA, stat, and ggplot2 packages in R software (Version 3.6.0). The vegan software package in R was used to generate heat maps to analyze the composition of fungal communities. Significant p-values in the LEfSe analysis were calculated using the Wilcoxon rank-sum test, and the LDA was set to 4.0. GraphPad Prism 8.0, Origin 2019, and R software (Version 3.6.0) were used to prepare images.




RESULTS


Effects of NPK Combined Application on Growth Indexes of Ginseng

Growth characteristics reflect the adaptability of plants to the soil environment and are important indexes to evaluate plant vitality (Sun et al., 2022). Compared with CK, plant height increased in the fertilization treatments, except in T9, and the increases of 1.24-fold in T3 and 1.22-fold in T7 were significant (p < 0.05). The results were similar for stem and leaf fresh weight. The greatest stem and leaf biomass were in T3, but there were no significant differences among T3, T4, and T7 treatments (p > 0.05). Notably, rhizome fresh and dry weights were not the highest in T3. Instead, the greatest rhizome biomass was in T7, which did not have the highest aboveground biomass, and compared with CK, rhizome biomass increased by 43.65% (fresh weight) and 37.93% (dry weight).



Effects of NPK Combined Application on Contents of Active Compounds in Ginseng

Contents of 10 primary ginsenosides were determined (Figure 1) by analyzing the concentration of every single ginsenoside (Supplementary Figure S1) and the average rhizome weight (Table 2) under 10 fertilization schemes. Of the nine fertilizer combinations, T3 and T7 significantly increased the Rg1 content in ginseng rhizomes (p < 0.05) by 2.11-fold and 1.94-fold, respectively, compared with that in CK. Results for contents of ginsenoside Rf were similar to those of Rg1, and Rf contents in T3 and T7 were significantly higher than those in other treatments (p < 0.05). In contrast to Rg1, Rf content was highest in T7, with the content 2.33-fold higher than that in CK. Contents of ginsenosides Re and Rg2 were also significantly higher in T7 than in other treatments (p < 0.05), with contents 95.87 and 172.77% higher, respectively, than those in CK. Contents of ginsenosides Rb1 and Ro showed similar patterns among the nine fertilizer combinations, with the highest contents in T4 and T7. Notably, there were striking similarities in the patterns of contents of Rc, Rb2, Rb3, and Rd in the nine fertilizer combinations. Except in T2, contents of the four ginsenosides were significantly higher in other treatments than in CK (p < 0.05), with the highest contents in T4, T5, and T7.
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FIGURE 1. Effects of NPK combined application on contents of ginsenosides Rg1, Re, Rf, Rg2, Rb1, Ro, Rc, Rb2, Rb3, and Rd in ginseng rhizomes (n = 3). Note: (a) Different letters indicate significant differences among treatments at p < 0.05 according to SNK tests. (b) Composition of fertilization treatments: CK, N0P0K0; T1, N1P1K1; T2, N1P2K2; T3, N1P3K3; T4, N2P1K2; T5, N2P2K3; T6, N2P3K1; T7, N3P1K3; T8, N3P2K1; T9, N3P3K2.



Table 2. Effects of NPK combined application on growth indexes of ginseng.
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Effects of NPK Combined Application on the Accumulation of Active Compounds in Ginseng

The proportion and contents of active ingredients are important indicators of daodi medicinal materials (Peng et al., 2021). Under different combinations of NPK, proportions of the 10 ginsenosides changed significantly (Figure 2A, Supplementary Table S1). As an example, compared with CK, proportions of Rb1 and Rb2 increased notably in T7, whereas those of Rg1 and Re decreased slightly. The accumulation of active ingredients directly determines the quality of medicinal materials. Contents of total ginsenosides (Figure 2B) in the nine treatments followed a pattern similar to that of rhizome biomass (Table 2). The total ginsenoside content was significantly higher in T7 than in the other treatments (p < 0.05), and the total ginsenoside content per plant reached 81.55mg, which was 2.38-fold higher than that in CK.


[image: Figure 2]
FIGURE 2. Effects of NPK combined application on (A) proportions (%) of ginsenosides and (B) total content (mg) of ginsenosides in ginseng (n = 3). Note: (a) Different letters indicate significant differences in total amounts at p < 0.05 according to SNK tests. (b) Composition of fertilization treatments: CK, N0P0K0; T1, N1P1K1; T2, N1P2K2; T3, N1P3K3; T4, N2P1K2; T5, N2P2K3; T6, N2P3K1; T7, N3P1K3; T8, N3P2K1; T9, N3P3K2.




Analysis of Optimum Fertilization Scheme for Ginseng

Principal component analysis was used to comprehensively evaluate the biomass and ginsenoside contents of ginseng rhizomes in 10 fertilization treatments at harvest. The PC1 and PC2 scores accounted for 91.8% of the total variance, with PC1 accounting for 80.5% and PC2 accounting for 11.3%. Therefore, differences among treatments were primarily controlled by PC1. Similar to total ginsenoside accumulation, the highest comprehensive score was in T7 (N3P1K3), with that of T4 (N2P1K2) slightly lower. Compared with CK, treatments with NPK applications tended to shift to the right along PC1. The T4 treatment [(N2P1K2): N fertilizer, 30 g·m−2; P fertilizer, 15 g·m−2; K fertilizer, 40 g·m−2] promoted the accumulation of the monomer ginsenosides Rc, Rb2, Rb3, and Rd. The T7 treatment [(N3P1K3): N fertilizer, 50 g·m−2; P fertilizer, 15 g·m−2; K fertilizer, 60 g·m−2] effectively promoted the accumulation of ginseng rhizome biomass, total ginsenosides, and the monomer ginsenosides Rg1, Re, Rf, Rg2, Rb1, and Ro.



NPK Combined Application Affected Fungal Community Diversity

An Illumina Novaseq platform was used for high-throughput sequencing of 30 soil samples. A total of 2,390,934 clean reads were obtained after quality control filtration, with an average of 79,698 reads per sample. A total of 1,846 fungal OTUs were identified with clustering at 97.0% similarity. The sparse curve showed that the number of OTUs was close to saturation, indicating that sequencing was sufficient to reflect the real conditions of samples (Supplementary Figure S2).

The specific sequencing results are shown in Table 3. The range of clean reads of samples was from 79,478 to 79,977, and the range of OTUs was from 1,499 to 1,750. Good's coverage of all samples was >99.80%. Alpha diversity reflects species richness and diversity of samples. The Shannon and Simpson indexes were used to measure species diversity, and the Chao1 and ACE indexes were used to estimate species richness. Compared with CK, the Shannon diversity index of ginseng rhizosphere fungal communities increased in the nine fertilizer treatments. The highest Shannon diversity index was in T9, which was significantly higher than that in CK (p < 0.05). The results indicated that the application of NPK increased the diversity of fungal communities. In contrast to the Shannon index, the Simpson index was not significantly different among the 10 fertilization schemes (p>0.05). The Chao1 and ACE indexes had similar trends in the 10 fertilization treatments. Indexes in T1, T2, and T9 were significantly higher than those in CK, whereas indexes in T3–T8 were significantly lower than those in CK (p < 0.05). The results indicate that a precise fertilization scheme is a key to regulate the structure of fungal communities and create a suitable soil microenvironment.


Table 3. High-throughput sequencing results and α-diversity indexes of fungal communities in ginseng rhizosphere soil samples.
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NPK Combined Application Affected Fungal Community Composition

Fungal communities were classified and identified based on OTUs. The proportions of fungal taxa in ginseng rhizosphere soil were notably different in the nine fertilizer treatments. Ascomycota, Mortierellomycota, Basidiomycota, Glomeromycota, and Chytridiomycota were the main phyla of fungi in ginseng rhizosphere soil (Figure 4A). Relative abundances of the 10 most abundant fungal phyla in each treatment are shown in Supplementary Table S2. The relative abundance of Ascomycota was highest in CK (79.25%). With fertilization, relative abundances of Ascomycota decreased compared with that in CK. In contrast to Ascomycota, relative abundances of Mortierellomycota, Basidiomycota, Glomeromycota, and Chytridiomycota increased after fertilization compared with those in CK. Relative abundances of Mortierellomycota and Glomeromycota in each fertilization treatment were notably different from those in CK, with the highest abundances in T7 of 16.33 and 4.06%, respectively.

The 10 most abundant genera of fungi in ginseng rhizosphere soil were Mortierella, Fusarium, Aspergillus, Chaetomium, Purpureocillium, Cladosporium, Penicillium, Monascus, Botryotrichum, and Metacordyceps (Figure 4B). The relative abundances of dominant fungal genera are listed in Supplementary Table S3. The nine fertilizer combinations changed the relative abundances of genera. Compared with CK, the relative abundances of Mortierella, Chaetomium, Purpureocillium, and Metacordyceps in the fertilization treatments increased. The increases in the relative abundance of those genera indicated that fertilization could increase the richness of potential beneficial fungi in ginseng rhizosphere soil. The potential beneficial genera of fungi increased notably in T3, T4, and T7, with total relative abundances of 26.20, 26.12, and 26.14%, respectively. Notably, ginseng rhizosphere soils contained high relative abundances of Fusarium, which is a common pathogen that can infect plants and cause many diseases, such as plant root rot (Li et al., 2018). Compared with CK, NPK combined applications effectively decreased relative abundances of Fusarium and thus increased the suitability of the soil microenvironment for ginseng growth and development. Similarly, relative abundances of Aspergillus, Cladosporium, Penicillium, Monascus, and Botryotrichum decreased after fertilization compared with those in CK. Cumulative decreases in potential harmful fungi were relatively greater in T3, T4, and T7 than in other treatments, and in those treatments, relative abundances were 12.32, 12.30, and 12.05% lower, respectively, than those in CK.



NPK Combined Application Affected Fungal Community Structure

To compare the fungal community structure in the 10 fertilization treatments, PCA and PCoA analyses were performed. The two-dimensional PCA diagram based on OTUs showed clear differences among different treatments (Figure 5A). The extracted two main coordinates explained 82.21% of the variation, with PC1 explaining 69.71% of the variation and PC2 explaining 12.50% of the variation. Compared with CK, the fertilization treatments were farther to the left on PC1, with T7, T4, and T3 farthest to the left, followed by T5, T6, and T8. Samples in treatments T1, T2, and T9 were not separated from CK.

The PCoA analysis based on independent OTU unweighted binary_jaccard distance also showed notable differences in fungal community structure among different treatments (Figure 5B). The first two main coordinates of the PCoA explained 38.49% (PC1) and 4.98% (PC2) of the total variation in the fungal community structure. Similar to the PCA, CK, T1, T2, and T9 formed a group on the side of the coordinate axis, whereas treatments T3–T8 formed another group. The two analyses showed that the fungal community structure of ginseng rhizosphere soil was affected by differences in the nine fertilizer combinations.

To further explore differences in the fungal community structure among the 10 fertilization schemes, a heat map of the relative abundances of the 50most abundant genera was prepared (Figure 6). There were clear changes in fungal community structure among treatments according to relative proportion values and color changes in the heat map. Fungal community composition was similar in two different groups of treatments: T1, T2, T9, and CK, and treatments T3–T8, which was a result consistent with those of the PCA and PCoA.



Analysis of the Dominant Fungal Community Under the Optimum Fertilization Scheme

To further identify structural differences in fungal communities between CK and the optimal fertilization scheme T7, LEfSe analysis was conducted on the two treatments, and the community differences from phylum to genus were explored (Figure 7). At the phylum level, Ascomycota was abundant in CK, whereas Mortierellomycota and Glomeromycota were abundant in T7. At class, order, and family levels, in T7, the abundant rhizosphere taxa were Mortierellomycetes (class), Agaricomycetes (class), Glomeromycetes (class), Mortierellales (order), Glomerales (order), Mortierellaceae (family), Glomeraceae (family), and Ophiocordycipitaceae (family). Seven genera were identified in CK and T7, among which three were considered biomarkers of the T7 treatment, namely, Mortierella, Chaetomium, and Purpureocillium. In CK, four genera were identified as biomarkers, which included Aspergillus, Botryotrichum, Fusarium, and Penicillium.



Correlation Analysis of Key Rhizosphere Fungal Groups With Ginseng Yield and Ginsenoside Contents

To examine relations between ginseng yield and quality and fungal communities, Spearman correlation analyses were performed on dry and fresh weights of rhizomes; contents of ginsenosides Rg1, Re, Rf, Rg2, Rb1, Ro, Rc, Rb2, Rb3, and Rd; and relative abundances of fungal genera Mortierella, Fusarium, Aspergillus, Chaetomium, Purpureocillium, Cladosporium, Penicillium, Monascus, Botryotrichum, and Metacordyceps (Figure 8).

There were significant positive correlations between the contents of the 10 primary ginsenosides in ginseng rhizomes. There were also significant positive correlations between total ginsenoside content and fresh and dry weights of rhizomes, with correlation coefficients of 0.72 and 0.81, respectively. The 10 main fungal genera in ginseng rhizosphere soil were notably different. Of those genera, Mortierella, Chaetomium, Purpureocillium, and Metacordyceps were positively correlated, with correlation coefficients that were >0.70. Notably, those four genera were significantly negatively correlated with the other six genera of fungi, indicating strong antagonism between the two fungal groups.

Relative abundances of Mortierella, Chaetomium, Purpureocillium, and Metacordyceps were positively correlated with the accumulation of individual ginsenosides. The four genera were also significantly positively correlated with the total ginsenoside content, with correlation coefficients of 0.92, 0.84, 0.67, and 0.89, respectively. They were also positively correlated with fresh and dry weights of rhizomes, indicating the four genera were associated with the growth of ginseng and the synthesis of active compounds. By contrast, relative abundances of Fusarium, Aspergillus, Cladosporium, Penicillium, Monascus, and Botryotrichum were negatively correlated with ginsenoside contents and rhizome biomass, indicating they were associated with decreases in accumulation of ginseng rhizome biomass and ginsenoside biosynthesis.




DISCUSSION


Insights Into Effects of NPK Fertilization on Ginseng Growth and Quality

Scientifically precise NPK fertilization as an advanced technology to improve soil quality and improve agronomic productivity has gradually been seriously considered (Wang et al., 2020). The technology not only improves crop yield but also the quality, which greatly promotes research on nutrients in plant–soil systems (Awan et al., 2022). In this study, precise NPK application rates and proportions were key in increasing ginseng growth and development. First, the growth of ginseng aboveground parts (i.e., plant height and stem and leaf fresh weight) showed high adaptability and responsiveness to the N1P3K3 (T3) treatment, which is consistent with applications of P and K fertilizers as keys to the vigorous growth of leaves on plant stems (Sun et al., 2022). Second, ginseng belowground biomass (i.e., rhizome fresh and dry weights) was also analyzed because rhizome biomass directly determines yields of medicinal materials. Rhizome fresh and dry weights were greater in the N3P1K3 (T7) fertilization scheme than in the other fertilization treatments. Therefore, the combined effects of moderate amounts of N and K in low P soil notably increased the development of ginseng roots.

When planting medicinal materials, the focus should be on both yield and quality (Ostadi et al., 2020). In this study, sufficient amounts of NPK fertilizers increased the accumulation of secondary metabolites in ginseng. However, the level of response of each ginsenoside monomer to the nine fertilizer combinations was different. Five monomer ginsenosides (Re, Rf, Rg2, Rb1, and Ro) responded positively to the N3P1K3 (T7) treatment. In N2P1K2 (T4) and N2P2K3 (T5) treatments, the contents of two monomer ginsenosides increased. The monomer Rg1 specifically responded in the N1P3K3 (T3) scheme. In a comprehensive analysis of the 10 monomer ginsenosides (Figure 2), the accumulation of total ginsenosides increased significantly in the N3P1K3 (T7) treatment. Based on the results, formulating a targeted fertilization scheme can effectively promote the accumulation of one or more components in medicinal plants, which also supports the further development of precision agriculture.

To further examine relations between physiological properties and soil nutrients in the soil–plant system, PCA was performed on ginseng yield and quality indexes in the 10 fertilization schemes (Figure 3). According to the PCA, the N3P1K3 (T7) treatment had the most comprehensive benefits. Therefore, N3P1K3 (T7) was the optimal fertilizer combination to improve ginseng yield and quality. Because the scheme of low P and high N and K amounts of fertilizer obtained the greatest benefits in ginseng cultivation, N fertilizer at 500 kg·ha−1, P fertilizer at 150 kg·ha−1, and K fertilizer at 600 kg·ha−1 are recommended in agricultural production. Optimizing NPK composition to achieve efficient and sustainable agricultural production appears to involve complex processes that are entirely dependent on the harmonious behavior of the plant–soil system (Wei et al., 2018; Sun et al., 2022). However, to balance agricultural development and ecological protection, such optimization is also necessary. In addition, this study provides new insights into optimizing ginseng fertilization regimens for precise addition of NPK in chemical fertilizers with defined ratios/compositions according to fertilization characteristics, which will be reliable and cost-effective.
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FIGURE 3. Multi-index principal component (PC) analysis score map of ginseng in 10 fertilization treatments (n = 10). Note: (a) Composition of fertilization treatments: CK, N0P0K0; T1, N1P1K1; T2, N1P2K2; T3, N1P3K3; T4, N2P1K2; T5, N2P2K3; T6, N2P3K1; T7, N3P1K3; T8, N3P2K1; T9, N3P3K2.




Insights Into Effects of NPK Fertilization on Rhizosphere Fungal Communities of Ginseng

High-throughput sequencing of fungal ITS gene markers has greatly increased understanding of soil nutrient–microorganism relationships by providing comprehensive descriptions of soil fungal community structure and diversity (Cai et al., 2021). In agricultural production, land use and management, such as quality and quantity of soil nutrient inputs, directly affect the composition of root-associated fungal communities (Pan et al., 2020). In this study, α diversity of ginseng rhizosphere fungi increased under NPK combined application, but the richness was bidirectionally regulated by NPK proportion and dose (Table 3).

The diversity and composition of fungal communities are important in maintaining ecosystem balance (Wang et al., 2021). Ascomycota was the dominant phylum of fungi in ginseng rhizosphere soil (Tong et al., 2021), and its relative abundance decreased under NPK combined application (Figure 4). The second most abundant phylum was Mortierellomycota, and its relative abundance increased notably after fertilization. Mortierellomycota was closely associated with soil nutrients, and the phylum was considered to be a marker group in the rhizosphere soil of high-quality ginseng (Fang et al., 2022). Glomeromycota also increased after fertilization, and its relative abundance was the highest in the N3P1K3 (T7) treatment. The phylum contains important root symbiotic fungi, which benefit plants by increasing soil nutrient uptake in exchange for photosynthetically fixed carbon (Malar et al., 2022). In this study, the application of NPK fertilizers reduced the relative abundance of Ascomycota in soil and increased the relative abundance of Mortierellomycota and Glomeromycota. Excitingly, other researchers have also confirmed the similar effects of chemical fertilizers on soil fungi (Zhang et al., 2021b; Su et al., 2022).
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FIGURE 4. Relative abundance of fungal, (A) phyla, and (B) genera in rhizosphere soils of ginseng in 10 fertilization treatments. Note: (a) Composition of fertilization treatments: CK, N0P0K0; T1, N1P1K1; T2, N1P2K2; T3, N1P3K3; T4, N2P1K2; T5, N2P2K3; T6, N2P3K1; T7, N3P1K3; T8, N3P2K1; T9, N3P3K2.


At the genus level, NPK combined application increased relative abundances of Mortierella, Chaetomium, Purpureocillium, and Metacordyceps, which were considered as possible potential beneficial fungi that could coexist in harmony with plants. Mortierella is widely found in the rhizosphere soils of agroforestry systems in the temperate zone. The genus can inhibit the growth of many potential pathogenic microorganisms by producing antibiotics and competing for nutrients and is also important in maintaining the microbial ecological balance (Tagawa et al., 2010). Meanwhile, Mortierella can stimulate the dissolution of insoluble phosphorus in soil by secreting oxalic acid (Osorio and Habte, 2013), which is presumed to be the main reason for its high relative abundance in a low P environment. Chaetomium can improve crop root quality, and because it antagonizes pathogens, the genus can be used for biological control (Ma et al., 2021). Purpureocillium and Metacordyceps are important in insect and nematode control (Elsherbiny et al., 2021). Notably, copiotrophic fungi, such as Mortierella and Chaetomium, as an important link between plants and soil, can affect the material cycle and energy conversion process in the soil environment through fierce competition for carbon sources (Zhao et al., 2019). The change in their relative abundance, as a more intuitive manifestation of changes in soil biochemical components, often also marks the emergence of some soil problems, such as the lack of other microorganisms that are important to the structure and function of soil ecosystems (Zhao et al., 2018). By contrast, relative abundances of the other six major genera of fungi, represented by Fusarium, decreased after fertilization. Fusarium is the main cause of ginseng root rot that causes poor growth and yield loss (Li et al., 2018). In a comprehensive comparison of the 10 fertilization schemes, treatments N1P3K3 (T3), N2P1K2 (T4), and N3P1K3 (T7) effectively increased relative abundances of potential beneficial fungi in rhizosphere soil while also notably decreasing those of potentially harmful fungi.

In analyses of fungal community structure in ginseng rhizosphere soils (Figures 5, 6), treatments N1P3K3 (T3), N2P1K2 (T4), and N3P1K3 (T7) were clustered into one group. In the dimension reduction analysis, a large distance from the control group was always maintained, which was consistent with the changes in yield and quality. However, different fertilization schemes could shape similar fungal communities, and the yield and quality of ginseng under the synergistic effect of fertilizers and fungi was different, indicating that precise NPK application was the main factor for high yield and quality of crops. In combination with the previous comprehensive evaluation of each fertilization scheme (Figure 3), LEfSe analysis was used to further clarify the structural differences between CK and the optimal fertilization scheme N3P1K3 (T7) (Figure 7). The biomarkers in the two groups were an indication of the positive effect of the T7 scheme on shaping the rhizosphere fungal community of ginseng. To summarize, precise NPK application was an important factor in regulating the structure of fungal communities in ginseng rhizosphere soil, and combined NPK also provided a good microenvironment for ginseng growth. Notably, similar effects of NPK combined application on crop rhizosphere fungal communities have also been observed in other studies (Cai et al., 2021).


[image: Figure 5]
FIGURE 5. Fungal community structure in ginseng rhizosphere soil in different NPK fertilization treatments. (A) Principal component analysis (PCA) and (B) principal coordinate analysis (PCoA) of fungal communities based on operational taxonomic units. Note: (a) Composition of fertilization treatments: CK, N0P0K0; T1, N1P1K1; T2, N1P2K2; T3, N1P3K3; T4, N2P1K2; T5, N2P2K3; T6, N2P3K1; T7, N3P1K3; T8, N3P2K1; T9, N3P3K2.
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FIGURE 6. Heat map of relative abundances of genera in ginseng rhizosphere fungal communities in different NPK fertilizer treatments. Note: (a) Composition of fertilization treatments: CK, N0P0K0; T1, N1P1K1; T2, N1P2K2; T3, N1P3K3; T4, N2P1K2; T5, N2P2K3; T6, N2P3K1; T7, N3P1K3; T8, N3P2K1; T9, N3P3K2.
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FIGURE 7. LEfSe comparison of fungal communities between rhizosphere soils of the control (CK) and the optimal fertilization treatment T7. (A) Cladogram of taxonomic levels from phylum to genus and (B) taxa with LDA values > 4. Note: (a) Composition of fertilization treatments: CK, N0P0K0; T7, N3P1K3.




NPK, Yield, Quality, and Fungal Community Interactions

In this study of interactions between plants and soil nutrients and between soil nutrients and soil microorganisms, the fertilization scheme T7 [(N3P1K3): N fertilizer, 50 g·m−2; P fertilizer, 15 g·m−2; K fertilizer, 60 g·m−2] with low P and high N and K significantly increased ginseng yield and ginsenoside contents. The N3P1K3 (T7) treatment also increased relative abundances of potential beneficial flora and decreased those of potential harmful flora. The important plant nutrient element P is a constituent of key molecules, such as nucleic acid and ATP, and participates in physiological processes, such as energy metabolism and photosynthesis (Dissanayaka et al., 2020). Phosphorus limitation leads to strong competition between plants and microorganisms for unstable P resources (Kwatcho et al., 2022). Low P availability suggested that P was the key factor to increase the growth of ginseng fibrous roots and improve root biomass. The addition of N as a necessary element for plant growth and development is an important guarantee to increase income and yield in agricultural production (Khan et al., 2022). At high levels of N, direct effects of N nutrients or indirect changes in soil and plant properties may affect ginseng soil fungal communities. Nitrogen fertilization causes notable changes in N-cycling microbes, especially those in fungal communities (Guo et al., 2018; Du et al., 2019). Potassium is important in carbohydrate and protein metabolism and is recognized as an element that affects the quality (Li et al., 2021b). The application of K fertilizer can increase crop yield and quality, and it is also widely used in preventing and treating plant and soil diseases (Pradip et al., 2016). Those effects could help explain the effect of high K on soil fungi of ginseng roots. The soil used in this study was dark brown soil from the ginseng daodi-producing area and was characterized by weak acidity, high organic matter, and low P and high N and K contents, which were characteristics consistent with the optimal NPK fertilizer combination in this study. In agricultural production, owing to differences in soil environments, textures, and NPK residues, fertilization schemes need to be adjusted and optimized to achieve high ginseng yields and quality.

Notably, there were also relatively high correlations between plants and soil fungi (Figure 8). In this study, soil fungal communities affected ginseng yield, as well as ginsenoside biosynthesis. Relative abundances of Mortierella, Chaetomium, Purpureocillium, and Metacordyceps were significantly positively correlated with ginseng rhizome yield and ginsenoside contents. The results indicated that the four genera stimulated the production of primary and secondary metabolites in ginseng rhizomes. Similarly, in Panax notoginseng, potential beneficial fungi increased the accumulation of saponins (Zhang et al., 2020). Effects of fungal communities on plant metabolism involve dynamic and complex biological processes. For example, rhizosphere fungi affect the accumulation of plant metabolites by regulating the expression of immune system-related genes and the activity of metabolic enzymes (Martínez-Castro et al., 2018; Begum et al., 2020).


[image: Figure 8]
FIGURE 8. Correlation matrix of ginseng yield, ginsenoside contents, and dominant genera of rhizosphere fungi (n = 10).


Fusarium is a common pathogen that in high abundance can infect plants and cause root rot and other diseases (Peng et al., 2022). In this study, potential harmful fungi represented by Fusarium were highly negatively correlated with root biomass and ginsenoside accumulation. Plant–soil fungal interactions should not be considered simply as those with beneficial or harmful fungi. Rather, whether such interactions increase plant adaptability to the environment under specific environmental conditions should be considered (Trivedi et al., 2020). In this study, soil fungi were hypothesized to increase NPK transformations and transport of nutrients (Hu et al., 2020; Ning et al., 2020; Lang et al., 2021) and thereby increase nutrient availability for ginseng growth and also protect ginseng from pathogens by competition, production of antibacterial compounds, and hydrolysis (Naik et al., 2019; Delgado-Ospina et al., 2021).

Overall, exogenous NPK nutrients interacted synergistically with soil fungi in the short term and increased the accumulation of ginseng biomass and secondary metabolites. These results provide a theoretical basis to develop efficient cultivation of ginseng. In future studies, the following should be considered: (i) soil bacterial communities also have important effects on crop growth (Shen et al., 2022), and how they affect ginseng cultivation should be investigated; (ii) mechanisms by which soil fungi stimulate the production of secondary metabolites in ginseng rhizomes need further investigation; and (iii) whether precise NPK combined application can increase long-term benefits and also alleviate problems caused by mineral fertilizers on soil fungi and soil functions needs further in-depth and systematic research.




CONCLUSION

In this study, the effects of soil nutrients (NPK) on ginseng growth indexes (plant height, stem, and leaf fresh weight, rhizome fresh and dry weights), active compounds (ginsenosides Rg1, Re, Rf, Rg2, Rb1, Ro, Rc, Rb2, Rb3, and Rd), and rhizosphere fungal communities were investigated with the goal to optimize an NPK fertilization program. The N3P1K3 (T7) fertilizer treatment (N fertilizer, 50 g·m−2; P fertilizer, 15 g·m−2; K fertilizer, 60 g·m−2) significantly increased ginseng yield and ginsenoside contents. The N3P1K3 (T7) treatment also affected the structure of the ginseng rhizosphere fungal community and provided a favorable environment for ginseng growth by increasing the relative abundances of potential beneficial fungi and decreasing those of potentially pathogenic fungi. In conclusion, the combined effects of biotic and abiotic processes in agricultural production determine crop yields and quality. Precise NPK fertilization can affect both biotic and abiotic processes and directly increase crop yields and quality, as well as increase crop adaptability to the environment by shaping specific microbial communities.
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Endophyte resources have important research value in multiresistance breeding, ecological protection, germicide development, and other fields. In this study, high-throughput sequencing (Illumina-MiSeq) technology was employed to analyse the diversity and community composition of white radish (Raphanus sativus) endophytes and rhizosphere bacteria in different compartments and cultivation conditions, including greenhouse and open field cultivation, at both the phylum and genus levels. Alpha diversity index analysis showed that the bacterial richness and diversity values of rhizosphere bacteria were higher than those of endophytes in different compartments. NMDS analysis and microbial co-occurrence network analysis showed that apart from the similarity in the endophytic bacterial composition of the leaf and root endosphere, the endophytic bacterial composition in flesh and epidermis of radish were also more similar. The dominant endophytic bacteria in white radish were Proteobacteria, Bacteroidetes, and Actinomycetes at the phylum level. We analyzed the effects of different ecological compartments and two cultivation environments on radish microorganisms, and found that ecological compartments played an important role, which was related to the mechanism of microbial assembly in plants. The same facility cultivation can also improve the diversity of radish microorganisms in different ecological compartments, and change the biomarkers that play a major role in rhizosphere microorganisms and endophytes of radish. Bacteria plays an important role in the process of plant growth, and the study of endophytes enriches the understanding of microbial diversity in white radish, which helps to provide insight into the ecological function and interaction mechanisms of plants and microorganisms.

Keywords: ecological compartment, endophyte, phylloplane, rhizosphere, white radish, co-occurrence networks


1. INTRODUCTION

In recent years, research on the interaction between plants and microorganisms has increased gradually, but the understanding of the ecological function of plant microorganisms is still limited, especially from the perspective of crop breeding for disease resistance and cold tolerance. Plant endophytes are ubiquitous in the cells of organs and tissue such as roots, stems, leaves, flowers and fruits and have maintained a certain close relationship with host plants during their long evolutionary process. Most plant endophytes are beneficial to plants and can produce biologically active substances that play an intriguing role in the microbe-host relationship. Different endophytes occupy different compartments, and their interactions reach a dynamic balance.

Studies have shown that the distribution of plant endophytes is affected by many factors, such as plant species, geographic location, growth environment, and climatic conditions. Therefore, endophytes also have rich biodiversity (Long et al., 2015). Wang et al. (2006) found Pantoea, Erwinia, Salmonella, Enterobacter, Citrobacter, Klebsiella, and other endogenous bacteria on legumes in Mexico and Guatemala. The distribution of endophytes depends on the host itself and the type of endophyte, and there are also differences across different organs of the host (Ottesen et al., 2013; Zheng et al., 2014; Wang et al., 2015). Gottel et al. (2011) compared the bacterial (and fungal) microbiota of mature poplar (Populus deltoides) trees using 16S ribosomal RNA (rRNA) gene pyrosequencing and revealed highly different endophytic bacterial communities in the root compared to the rhizosphere soil. Many endophytes can complete their own life cycle without relying on plants, and endophytes are very different across the different growth and developmental environments of plants (Kiers and Heijden, 2006), showing a large degree of environmental dependence. Hu et al. (2009) screened endogenous antagonistic bacteria against Pinellia rot. Cao et al. (2009) isolated a kind of endophytic bacterium from a Solanum plant that can be used to remove Cd2+ from the soil to avoid heavy metal pollution. Bacterial microbiota may improve nutrient bioavailability and transport from the soil, increase host tolerance to biotic stressors, promote stress resistance, and influence crop yield and quality (Beckers et al., 2017). In return, the host plant provides a habitat and a constant supply of energy and carbon sources to the microorganisms (Mendes et al., 2011; Bulgarelli et al., 2012).

Bacterial communities can live in many tissues of a plant, including the soil-root interface (rhizosphere/rhizoplane), the plant inner tissues (root, stem, and leaf endosphere), and the air-plant interface (phyllosphere environment), which provide specific biotic and abiotic conditions for the residing bacterial communities. Research on plant endophytes has become a popular research topic in the fields of botany, plant protection, pesticides, pharmacy, and Chinese medicine, and it has broad exploration and application potential in the fields of agriculture and forestry (Vandenkoornhuyse et al., 2015). Radish, a cruciferous crop, is an important traditional vegetable in China and is also widely planted around the world (Li et al., 2020). Endophytes can inhibit pathogens and improve plant resistance through competition, antibiotics and cross protection. Breeding new varieties with high yield, disease resistance, low-temperature tolerance, and suitability for cultivation in late autumn or greenhouses in winter is an important scientific research direction for endophytes in radish crops.

In this study, the V5–V6 region of the 16S rRNA gene in endophytes and rhizosphere bacteria from white radish was sequenced by Illumina-MiSeq. The bacterial endophyte communities in the rhizosphere and different radish inner compartments in different cultivars and environments were analyzed. The main influencing factors of the endophyte community in the plant were also explored to understand the resource distribution of endogenous bacteria in the different compartments and to provide a research basis for further exploration of the ecological function and interaction mechanism of microorganisms and plants.



2. MATERIALS AND METHODS


2.1. Sampling Method

The study site was located at the Pingdingshan Academy of Agricultural Sciences in Chinese Henan Province (Latitude: 33°34′N; Longitude: 113°03′E). Two varieties of white radish, Pingqing No. 1 and Pingfeng No. 5, which had strong upright growth characteristics after systematic cross breeding, were screened as the research objects. They are also excellent varieties resistant to downy mildew, viral disease and black rot and can be planted in both open fields and greenhouses. Samples of the abovementioned double varieties were collected randomly from four integrated plots, including two open fields and two greenhouses, where unified agronomic management measures were adopted for fertilization and irrigation. In the initial stage, organic fertilizers were mainly used, and then nitrogen, phosphorus, and potassium compound fertilizers were supplemented. According to the soil conditions, the watering frequencies of the four plots were also similar, especially the leaf growth period and underground tuber growth period. The area of each of the abovementioned plots was over 900 m2, and other endangered or protected species were not identified.

On December 23, 2019, a total of 60 microbial samples that represented different cultivation conditions and radish varieties from these five different compartments (radish flesh, leaf, epidermis, root, and rhizosphere soil) were sampled from the abovementioned 4 plots before harvesting the white radish. It needs to be further clarified that the samples corresponding to each compartment of different radish varieties under the specific cultivation conditions had three replicates.

When sampling rhizosphere soil, the radish was directly pulled up to the ground using hands with sterile gloves. After shaking off the loose soil around the fibrous roots, the samples of rhizosphere soil that were thinly attached to the surface of fibrous roots were peeled off with a sterile swab and packed into sterile plastic bags to avoid contamination (Kobayashi et al., 2015). Collection of microorganisms at the phyllosphere: The leaf samples were put into a marked sterile sealed polyethylene bag and brought back to the laboratory in a portable icebox. The impurities on the surface of the vegetation were first cleaned with deionized water and then cut to 0.5 cm with aseptic scissors and placed in a 500 mL conical bottle. Then, 100 mL of PBS solution (10 mmol·L− 1) at pH 7.2 and steel ball particles were added. The solution was oscillated with a constant temperature culture oscillator for 30 min and washed in an ultrasonic cleaner with 40 W power for 10 min so that the microorganisms around the leaf were separated from the plant; the solution was then oscillated for another 30 min. After shock, the bacterial liquid was centrifuged, and the sediment at the bottom of the centrifuge tube was preserved for subsequent sequencing (Zhu et al., 2018).

Undamaged samples of radish leaves, fibrous roots or abnormal fleshy roots were collected and rinsed more than three times with distilled water (Zhu et al., 2020). Plant samples, including three replicates, were collected randomly from radish leaves, fibrous roots, flesh and epidermis with a sterilized scalpel; samples were collected from different varieties and growth conditions. The mass of all samples, including the rhizosphere soil, was more than 5 g (part was used for the measurement of soil physicochemical properties), and the samples were packed into sterile plastic sampling bags and put into containers with ice at −20° immediately after on-site collection. After being sent to the lab, the collected soil samples were sieved through a 4 mm filter, and the radish tissues were ground by an MP FastPrep-24 5G homogenizer. Then, the samples were stored at −80°C before DNA extraction.



2.2. DNA Extraction and Amplicon Selection

Bacterial DNA was extracted from the rhizosphere soil, roots, leaves, epidermis, and radish flesh samples using the FastDNA® SPIN Kit for Soil (Mpbio Bio-tek, USA) according to the manufacturer's instructions. The concentration and purity of DNA samples were determined by a NanoDrop 2000 ultraviolet-visible spectrophotometer (Thermo Scientific, USA). DNA samples were also electrophoresed on a 1% agarose gel to further assess their quality and integrity. In this experimental research, we chose the primers 799F (5′-AACMGGATTAGATACCCKG-3′) and 1193R (5′-ACGTCATCCCCACCTTCC-3′) to amplify the V5-V6 hypervariable region of the bacterial 16S rRNA encoding gene, which can effectively avoid the interference of chloroplasts in plants. The V5–V6 hypervariable regions of the bacterial 16S rRNA gene were amplified with the primers 799F and 1193R with barcodes (AGTCAC) according to a previously reported method (Bram et al., 2016; Sun et al., 2022). The PCR system included 4 μL of 5× FastPfu buffer, 2 μL of 2.5 mM dNTPs, 0.8 μL of forward primer (5 μM), 0.8 μL of reverse primer (5 μM), 0.4 μL of FastPfu DNA Polymerase, 0.2μL of BSA, 10 ng of template DNA, and ddH2O up to 20 μL. The PCR parameters were as follows: initial denaturation at 95°C for 3 min; 27 cycles of denaturing at 95°C for 30 s, annealing at 55°C for 30 s and extension at 72°C for 45 s; and a final extension at 72°C for 10 min. The PCR product was purified using an AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, USA), and the PCR product was detected and quantified with a QuantusTM Fluorometer. According to the sequencing requirements of each sample and the standard protocols from Majorbio Bio-Pharm Technology Co., Ltd. (Shanghai, China), purified PCR products were pooled in equimolar amounts and paired-end sequenced (2 × 300 nt) on an Illumina MiSeq platform (Illumina, San Diego, USA).



2.3. Sequence Quality Control and Analysis

Fastp software was employed to perform quality control on the original sequencing data (https://github.com/OpenGene/fastp), and FLASH (http://www.cbcb.umd.edu/software/flash, version 1.2.7) software (Chen et al., 2018) was used for sequence splicing. The taxonomy assignment of each sequence was obtained by aligning against the Silva 16S rRNA database (release 138) through the RDP classifier (http://rdp.cme.msu.edu/, version 2.2) with a confidence threshold of 70%.



2.4. Statistical Analysis

The rarefaction curve was performed at the operational taxonomic units (OTU) level with normalized OTU abundance data at 97% similarity according to the index calculated by Mothur. The difference in the alpha index value was evaluated using the Wilcoxon rank-sum test. Through ANOSIM analysis based on Bray-Curtis, the differences between groups were tested to determine whether the grouping was meaningful. Qiime calculated beta diversity distance matrix, R “vegan” software package for Non-metric multidimensional scaling analysis (NMDS) and mapping. At the same time, a Venn diagram was used to compare the shared and unique bacterial flora in different compartments at both the phylum and genus levels. The pie chart shows the distribution of bacteria in different compartments at the phylum level. The sample-species relationship diagram visualized the correspondence between samples and species, and the distribution proportion of dominant species in different groups was plotted by LefSe (LDA > 4.0). Microbial source analysis was performed by SourceTracker (Knights et al., 2011) of R software. Cooccurrence network analysis was used to show the distribution between samples and species. Network analysis was performed by Molecular Ecological Network Analysis Pipeline (MENAP) (http://ieg4.rccc.ou.edu/mena/), network diagram was drawn by Gephi.

Depending on the community abundance data in the sample, significant differences at the phylum and genus levels were evaluated by Kruskal-Wallis H-test and Wilcoxon rank-sum test (two groups). P-values were corrected using the false discovery rate (FDR) for multiple comparisons. The data for each group were calculated and analyzed based on the average of the samples within a group, and the figures were plotted by R software (Stat package of R-3.3.1 and vegan package).




3. RESULTS


3.1. Effects of Ecological Compartment and Cultivation Environment on Microbial Diversity

A total of 3,160,716 reads were obtained from 60 white radish and soil samples after denoising. The singletons (OTUs with only one sequence) were removed from the dataset since these singletons could be due to sequencing artifacts (Beckers et al., 2017). All sequences were clustered into 2,598 OTUs with 97% similarity. These samples all almost reached the saturation phase with a Good's coverage index ≥ 98.6%, which showed that the sequencing was reliable (Supplementary Figure 1).

According to the sequencing data, the majority of the root endophyte samples were saturated at ~400–500 OTUs, and while saturation was reached at ~300–400 OTUs for the epidermis samples. The flesh and leaf samples closely saturated at ~100–200 OTUs. The OTUs of rhizosphere soil samples were higher than those of plant samples, reaching ~700–1,100 OTUs (Supplementary Figure 1). Statistical differences in the OTU richness, Shannon diversity index and Simpson even index were inferred from alpha diversity measures (Figure 1). These indices of rhizosphere soil samples were obviously separated from those of the radish endosphere samples (P < 0.01), and the rhizosphere soil samples had higher diversity and richness than the radish endosphere samples (Figures 1A,B). In terms of sample evenness, there were significant differences between rhizosphere soil samples and plant endosphere samples (including roots), and there were no significant differences among the plant tissue samples (Figure 1C).


[image: Figure 1]
FIGURE 1. The Shannon (A), Chao1 (B), and Simpsoneven indices (C) Shannon index of the leaf endosphere, epdermis, radish flesh, root endosphere, and rhizosphere soil in open field and greenhouse. NMDS analysis of different ecological compartments (D) and cultivation environments (F). Redundancy analysis (RDA) of the bacterial community in open field and greenhouse growth conditions (E). The bar represents the median, and whiskers represent the minimum and maximum values. Data were calculated by means of a Kruskal–Wallis test. Significant differences are indicated with different lowercase letters (P < 0.05). The NMDS results were colored using the Bray-Curtis method. Different colors represent different plant compartments. Statistical data were analyzed by ANOSIM.


In order to clarify the effect of grouping on endophytic and rhizosphere bacterial communities in white radish, we used PERMANOVA based on bray-curtis distance matrix to determine the main driving factors of microbial community structure. The ecological compartment was the largest explanation of bacterial distribution difference in white radish (51.8%). Among all ecological compartments of white radish, plant cultivation had the largest explanation of bacterial community differentiation (16.0–43.6%), and the underground ecological compartment had the strongest response to the environment (41.0% in root and 43.6% in rhizosphere soil, Supplementary Table 1). Compared with the higher interpretation of bacterial community distribution in the cultivation environment, the varieties did not have significant differences in the interpretation of bacterial distribution in all ecological compartments. It is worth noting that in bulbs, varieties explained the highest difference in bacterial communities (12.1%) and lowest in roots (6.5%).

At the same time, NMDS analysis also confirmed that the effect of ecological compartment on microbial clustering was greater than that of cultivation environment (Figures 1D,F). When grouping by plant compartment, at the OTU level, the results of NMDS analyses indicated that the separation between the epidermis and flesh groups was not obvious, the relative position of scattered points between the radish root and leaf groups was closer, and the rhizosphere soil group and radish root group were clearly separated from other plant endosphere groups (Figure 1D). When grouping by vertical stratification, there was a clear difference between aboveground and belowground bacterial communities. Redundancy analysis (RDA) of bacterial communities in different growth conditions showed that the samples were divided according to the environmental factors of the planting site (Figure 1E). The results of the Mantel test showed that the bacterial community structure was significantly correlated with TN (total nitrogen) and SOM (soil organic matter) (P < 0.05), and SOM had the highest correlation coefficient. The PERMANOVA analysis based on bray-curtis distance also proved that SOM content was the main factor affecting the underground ecological compartment. SOM had the highest explanatory power (38.4–40.3%, Supplementary Table 3) for the difference between groups of white radish cultivated in facilities and field. For the leaves and epidermis of aboveground ecological compartment, potassium had the highest explanatory power for the difference between the two compartments in different cultivation environments, which was 25.0 and 18.2%, respectively. In the stem, available potassium explained the highest amount of group (23.3%).

Then, we compared the community structure of the five compartments and cultivation environments at the OTU levels. At the OTU level, there were 363 OTUs shared by all groups, but different ecological compartments also featured unique bacterial flora. A total of 594 OTUs existed only in the rhizosphere soil, 110 OTUs existed only in radish epidermis, and the number of unique OTUs in the radish flesh was the lowest at 34. These data indicate that the bacterial flora were more abundant in the belowground environment than in the aboveground ecological compartments (Figure 2A). For both fields and greenhouses, the total number of OTUs is 630, while the field has 119 unique OTUs, far more than the greenhouse has 34 unique OTUs (Figure 2B).


[image: Figure 2]
FIGURE 2. Unique and shared OTUs present in the different ecological compartments (A) and cultivation environments (B). OTUs changes significantly in field cultivation compared to greenhouse cultivation (C). Red represents OTU that is significantly enriched, blue represents OTU that is significantly depleted, and the different blocks represent phylum to which OTU belongs.




3.2. Analysis of Microbial Community Composition in Different Ecological Compartments and Cultivation Environments

There were 28 bacterial phyla, 73 classes, 195 orders, 361 families, 772 genera, and 1,441 species found across all samples. Among them, there were 10 phyla and 48 genera with abundances of more than 1%. The high uniformity within the group indicates (Figure 3A) that the sampling data is accurate and can effectively represent the bacterial differences between groups. Proteobacteria and Bacteroidetes were the two most abundant bacteria in the four different compartments of radish, and both Proteobacteria and Actinomycetes were the two most abundant bacteria in the rhizosphere soil group (Figures 3B,C). In all groups, the total abundance of the dominant phyla, including Proteobacteria, Bacteroidetes, and Actinomycetes, exceeded 90% entirely, similar to previous research (Maida et al., 2016; Sun et al., 2022). In the rhizosphere soil sample, Bacteroidetes showed the least abundance (2.3%), and Actinomycetes (42.2%) showed the highest abundance. The abundances of Actinomycetes in the other groups were ~5.7–18.6% (Figure 3C), and Bdellovibrionota had a higher abundance in the plant endosphere samples. The top five most abundant bacterial phyla all showed significant differences among the radish compartments. Chryseobacterium, Flavobacterium, Cellvibrio, Brevundimonas, and Pseudomonas had higher abundances in radish compartments at the genus level. Nocardioides had higher abundances in the rhizosphere soil groups.


[image: Figure 3]
FIGURE 3. Community composition of different white radish ecological compartments at the phylum level (A). Significant differences in the abundances of the top five phyla (B). The major contributing phyla of rhizosphere soil, root endosphere, radish epidermis, leaf endosphere, and radish flesh are shown in different colors. Pie chart of different compartments. Different colors indicate different phyla (C), and the area of the pie indicates the percentage of the taxa. Significant differences in the different groups were evaluated with the Kruskal–Wallis H-test, n = 12, in each group. LE, leaf endosphere; E, epidermis; RF, radish flesh; RE, root endosphere; RS, rhizosphere soil. ***P < 0.001.


In the shared OTUs, we analyzed the microorganisms that found significant changes in the two environments, and analyzed the bacterial genera that were up-regulated and down-regulated compared with those in the greenhouse (Figure 2C). In the open field, the abundance of Pseudarthrobacter, Flavobacterium, Lechevalieria, Paenarthrobacter, Arenimonas were higher than those in the greenhouse, and the abundance of Chryseobacterium, Granulicella, Asticcacaulis, Lysinimonas, Actinospica were lower (Figures 2C, 3A). In white radish leaves, the abundance of Pseudomonas in the open field was also significantly higher than that in the greenhouse, while the abundances of Chryseobacterium, Variovorax and Sphingomonas in the greenhouse were significantly higher than those in the open field. Among the endophytes of white radish roots, seven genera exhibited significant differences between the greenhouse group and open field group: Variovorax, Brevundimonas, Dyella, Streptomyces, Cellvibrio, Caulobacter and a genus of Comamonadaceae. In the open field group, the abundances of Variovorax, Streptomyces, and Caulobacter were significantly higher than those in the greenhouse group.



3.3. Biomarkers Analysis in Different Ecological Compartments and Cultivation Environments

We analyzed the biomarkers in different ecological compartments in open field and greenhouse cultivation. Biomarkers were found in one ecological compartment, but relatively low in other compartments. There are more biomarkers in underground compartments, which is related to the high community richness and high species diversity in underground compartments. The number of biomarkers in the epidermal core of the aboveground septum was lower, which was more obvious in the greenhouse. In the greenhouse, only one biomarker was Alphaproteobacteria. In the field, there are more biomarkers in the epidermis, including Nocardioides, Bacteroides, and Lactobacillus at the genus level, and Lactobacillales, Bacteroidales, and Propionibacteriales at the Order level. In contrast, the number of biomarkers in leaves in greenhouses is much higher than in fields where only Gardnerella is at the genus level (Figures 4A,B). In addition to the biomarker analysis of ecological compartment, we also carried out biomarkers for the two cultivation environments (Figure 4C). The results showed that there were more biomarkers in the field, and there were biomarkers such as Granulicella, Occallatibacter, Holophaga, Catenulispora, Catenulisporaceae, Leifsonia, Asticcacaulis, Methylobacterium−Methylorubrum in the genus level greenhouse.
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FIGURE 4. Biomarker analysis for each ecological compartment in open field (A) and greenhouse (B), and biomarker analysis for both field and greenhouse environments (C). Different colors indicate different groupings, showing biomarkers from class level to genus level from inside to outside, and light yellow indicates the absence of biomarkers in this classification. Microbial source analysis of ecological compartments in open field (D) and greenhouse (E).


We analyzed the microbial sources of ecological compartments in the fields and facilities (Figures 4D,E). There were significant indigenous differences in the assembly process of microorganisms in the non-cultivated environment, especially in the leaves and stems. 70.8% of the microorganisms in the leaves of the fields came from the stems, while only 26.2% of the microorganisms in the leaves of the greenhouse came from the stems, and most (50.3%) sources were unknown. In the stem of radish in greenhouse, 92.8% of the microorganisms were from the epidermis, while in the field, only 12% of the microorganisms were from the leaves (82%). The composition of microorganisms in roots was also different. The microorganisms in roots in greenhouses were the same source as the outer epidermis of radish, while the main source of microorganisms in roots was unknown in the field.



3.4. Effect of Ecological Compartment on Microbial Interaction Network

In order to further analyze the effect of ecological compartments on the relationship between leek species, OUTs with the number of more than six in each sample were selected for bacterial community co-occurrence network analysis in this study. In addition, we analyzed the interaction of microorganisms in the ecological compartments of radish and the key species that played the main connecting hub in different microbial networks. The cooccurrence network was used to display the cooccurrence relationship of species in different samples at the OTU level. The nodes in the network represent sample nodes or species nodes, and the line represents the interaction between OUTs (Figure 5). The modularity of all microbial networks was more than 90%, and the network hubs which played a key role in the whole network structure were detected in five ecological compartments. The number of module hubs in the underground ecological compartment was the largest, with a total of 12 identified, while only 3, 2, and 3 module hubs were identified in the leaves, epidermis, and stems, respectively. We further analyzed the species information of these 20 module hubs, and it was Proteobacteria that played the role of connecting center in the microbial network of the aboveground ecological compartment, followed by Bacteroidetes and Actinobacteria. In the underground ecological compartment, the main key species are Actinobacteria, followed by Bacteroidetes, Firmicutes, Armatimonadota, Proteobacteria, Acidobacteria, and Chloroflexi. We also analyzed the interaction patterns of the top six genera. The results showed that the active genera in the five ecological compartments were strongly positive interaction.


[image: Figure 5]
FIGURE 5. Microbial co-occurrence network diagram in leaf endosphere, radish epidermis, radish flesh, root endosphere, and rhizosphere soil. The distribution of central nodes in leaf endosphere, radish epidermis, radish flesh, root endosphere, and rhizosphere soil. The edge interaction type of genus with connectivity in the top six in different groups.





4. DISCUSSION


4.1. Effects of Ecological Compartment and Greenhouse on the Community Structure of Endophytic Bacteria, Leaf-Surrounding Microorganisms, and Rhizosphere Microorganisms in Radish

In this study, 16srRNA was used to identify the microorganisms in each sample, and the specific changes of bacteria in different ecological compartments of radish in protected cultivation and field cultivation were analyzed. The results showed that there were significant differences in the diversity and community structure of endophytic bacteria, leaf bacteria, and rhizosphere bacteria in radish between ecological compartments and cultivated environment (Figure 1). There were also significant differences in the co-occurrence network of bacteria between ecological compartments. For the ecological compartment, the underground ecological compartment has high microbial diversity and richness, and because of the complex soil environment (Roesch et al., 2007), the richness and diversity of the rhizosphere soil sample group are the highest. The abundance and diversity of endophytic bacteria in stem ecological compartment were lower than those in other ecological compartments. The stem ecological compartment was located in the interior of radish without direct contact with the outside world, and the formation of radish tuber was later than that of root. Therefore, we believe that the bacterial community follows the gradient distribution from soil to root to stem (Shi et al., 2021), which indicates that root is also involved in the construction of the transmission channel between soil bacterial community and endophytic bacteria in other plant components. Regarding microbial uniformity, there was no significant difference among the endogenous samples corresponding to different radish compartments, but they were all significantly different from the rhizosphere soil samples (Figure 1). The rhizosphere soil-root interface acts as a selective barrier, and the endophytic competence of colonization is limited to specific bacterial species. Microorganisms colonizing plants were significantly different from those colonizing rhizosphere soil; however, these microorganisms were also related to each other because the soil around the root system is also influenced by the physiological activities of plants.

In this study, nitrogen, soil organic matter (SOM) content and potassium content significantly affected endophytic bacteria communities in leeks from different growth conditions (Figure 2B). This conclusion is consistent with previous studies (Ishida et al., 2009; Lauber et al., 2009; Shakya et al., 2013). In particular, studies in forests along a continuous transect 80 m from the coastline show that vegetation and microbial communities along the transect are strongly correlated with soil organic matter content (Merila et al., 2010). Some research has shown that the composition of plant microbes depends more on the type of soil (environment) than on the plant genotype itself (Davide et al., 2012; Mendes et al., 2013; Vandenkoornhuyse et al., 2015). Compared with field cultivation, radish soil planted in greenhouse received more organic and inorganic fertilizers, and the contents of total nitrogen and organic carbon were significantly higher than those in field soil. However, excessive fertilization and the use of pesticides may lead to the decrease of soil diversity in greenhouse. Our study also confirmed this view. Compared with field cultivation, the bacterial evenness, richness, and diversity of rhizosphere soil in greenhouse were lower. However, in the root and epidermis, the results were completely opposite. Greenhouse cultivation not only improved the bacterial alpha diversity index in the root and epidermis, but also changed the bacterial community structure in the root and epidermis, and enriched the bacteria promoting plant growth (Iliev et al., 2021) such as Bradyrhizobium and Dyella in the root.

Niche largely explains the changes in bacterial community structure (Figure 1D), highlighting the importance of niche in driving bacterial community composition and function in soil-plant continuum. It was found that the clustering of endophytic bacteria was different with compartments, and the overground and underground parts were obviously grouped into one group respectively. Plants often distribute many nutrients to the roots during their growth, and release a large number of nutrients and energy substances such as monosaccharides, polysaccharides, organic acids, phenolic compounds, amino acids, and proteins (Reinhold-Hurek et al., 2015) to the surrounding environment through their roots, which attract a large number of microorganisms. This phenomenon is more obvious when host plants are infected by pathogens. It caused changes in the internal and external environment of plants and different ecological compartments, and promoted the colonization and growth of specific endophytes. The rhizosphere microbial community is abundant in soil, and some bacteria can move actively or passively and eventually colonize plants (Hardoim et al., 2008; Stéphane et al., 2010; Sun et al., 2022).



4.2. Ecological Compartment and Greenhouse Affected the Enrichment of Radish Biomarkers

Generally speaking, the recruitment of microorganisms in plant roots is divided into two processes: the first step is to recruit microorganisms near the roots, and the second step is to invade the roots by specific microbial species (Hardoim et al., 2008; Stéphane et al., 2010). Our study found that the microbial groups from rhizosphere in the root endosphere of the open filed decreased, indicating that some microorganisms initially recruited to the rhizosphere were bound to the root surface and selectively filtered by the roots, which significantly affected the microbial community assembly in the roots (Figure 4). Endophytic bacteria also come from microorganisms in the air. We found that 82% of the bacteria in the stems of the field came from the leaves, while the main source of bacteria in the stems of the greenhouse was the epidermis (92.8%). 20.5–50.3% of the leaves were unknown, and we speculated that this part came from the air. There were differences in the proportion of bacteria from soil in rhizosphere between the greenhouse and the field. Compared with 96.3% of bacteria from soil in the greenhouse, 91.7% of bacteria from soil in the field. These results indicated that soil and rhizosphere communities were more sensitive to soil environmental changes, while rhizosphere communities had less response to environmental changes, which might be due to the fact that root fineness provided a more stable environment for microorganisms (Zhong et al., 2022).

There are more independent species in open field cultivation, and some genera of Actinobacteriota, Chloroflexi, and Firmicutes are significantly up-regulated in the open field (Figures 2, 3). Compared with greenhouse, the water content and soil nutrients in field cultivation are gradually reduced, indicating that open field cultivation is facing higher environmental pressure. Soil microbial community composition and function are usually related to SOC, which is mainly limited by soil carbon in field soil. In addition, temperature disturbance has always been considered as an important environmental indicator affecting microbial activity (Zander et al., 2017). The winter temperature in protected cultivation is much higher than that in field, and there is no rapid “regulation ability” in soil. There are high heterogeneity and variability in soil environmental factors, such as seasonal or periodic changes of temperature and soil moisture (López-Mondéjar et al., 2015).

The biomarkers of radish epidermis cultivated in the field were Nocardioides and Bacteroides, which were involved in organic decomposition and polysaccharide metabolism (Qiu et al., 2018; McKee et al., 2021). Biomarkers of the epidermis also include Massilia, which has the functions of dissolving phosphorus, degrading phenanthrene, and improving salt tolerance in crops (Krishnamoorthy et al., 2016; Lou et al., 2016). Massilia grew faster for nutrient-rich bacteria and responded significantly to fertilization, suggesting higher sensitivity to competition and changes in nutritional status (Suding et al., 2005; Barbosa et al., 2014). According to the strong phosphorus solubility characteristics of Massilia (Krishnamoorthy et al., 2016; Lou et al., 2016), and the study found that the abundance of Massilia was positively correlated with the activity of phosphate-solubilizing enzymes (Cardinale et al., 2019). Therefore, we believe that in field cultivation with low nitrogen content and organic matter content, Massilia as a biomarker in the epidermis can provide more effective phosphorus for radish, and the increase in the relative abundance of Massilia may also be a potential biological pathway to improve the aboveground biomass and yield of radish.

Greenhouse cultivation through reasonable management measures can reduce the impact of UV on plants, and the leaf surface is characterized by much harsher conditions, such as oligotrophy, exposure to UV radiation and desiccation (Knie et al., 2010; Atamna-Ismaeel et al., 2012; Vorholt, 2012). In our study, it was found that the number of biomarkers in the field leaves was also significantly decreased (Figures 4A,B). However, the radish leaves cultivated in greenhouse had Microbacterium that promoted the conversion of insoluble potassium to soluble potassium (Zhang and Kong, 2014), Chryseobacterium and Sphingomonas that promoted the decomposition of organic matter (Dahal et al., 2021), and Variovorax that promoted growth (Jing et al., 2015). The endophytes in the radish flesh, leaf and root compartments were significantly different between greenhouse and open field cultivation. For example, the abundances of Pseudomonas and Streptomyces in the open field group were higher than those in the greenhouse group. Plant microbiota can be seen as a component of plant defence (Tan et al., 2017). The difference may be part of their survival mechanism for adapting to different humidities and temperatures.



4.3. Raphanus sativus—Specific Microbial Community Improves Stability of Underground Compartment

The microbial co-occurrence network in the underground compartment has much higher network diameter, node number and connection number than that in the aboveground compartment (Figure 5), and has a larger scale of co-occurrence network and more complex and stable network structure. With the upward movement of the ecological compartment, the node hub role of Actinomycetes in the microbial co-occurrence network decreases, and the hub role of Proteobacteria increases. In addition, in a specific network, higher modularity represents a relatively stable community. In our study, the modularity level of epidermis is the highest (80.7%), while that of leaf is the lowest (50.8%). This trend is proportional to the proportion of negative interactions between ecological compartments. Therefore, we believe that the modularity level is related to the interaction between microbial communities (Herren and McMahon, 2017). Modularization can reduce the impact on its own modules by limiting biological groups, and prevent the disappearance of biological groups from affecting other parts of the network.

The positive and negative correlation between microorganisms is also an important indicator reflecting the microbial network structure. The results showed that most of the interactions among microorganisms in ecological compartments were positively correlated (90.2–99.5%), indicating that most microorganisms were inclined to co-occurrence rather than co-exclusion. The study of microbial interaction network shows that when there is a high proportion of negative and positive correlation between microbial groups, the ecological network is more stable and the ability to cope with environmental changes is stronger, which is related to the negative interaction that reduces the co-oscillation of disturbed communities (Coyte et al., 2015). In this study, it is found that there will be a high proportion of negative interactions between underground ecological compartments, which may be related to the more complex environment in which underground ecological compartments need to respond to environmental changes. Studies have also shown that environmental stress undermines the stability of microbial community networks, as positive correlation communities occur more frequently under higher environmental stress (Stouffer and Bascompte, 2011). It is worth noting that in stems, the top six genera with connectivity have higher negative interactions, which may be related to the competition for niche resources within plants. This competition is generally divided into two types: one is that microorganisms compete with each other due to the lack of sufficient food, resulting in a high proportion of negative correlation (Zhong et al., 2022); second, niche overlap occurs when multiple microorganisms utilize the same resource in the stem of radish. Therefore, microorganisms with similar ecological characteristics or similar survival requirements are more prone to niche overlap in the community. The value of niche overlap is proportional to the strength of competition for resources. If this overlap exists in the case of full saturation of environmental capacity, it will lead to competitive exclusion (Clavel et al., 2011; Duan et al., 2017).

Since they are closely related to other microorganisms, key species in the community may play a unique and critical role in maintaining community structure and stability, which can drive the formation of microbial communities (Banerjee et al., 2016). Therefore, by analyzing the intra-module connectivity and inter-module connectivity of nodes (OTUs) in different ecological compartment ecological networks, the key species in different ecological compartment ecological networks are identified. In the networks with different ecological compartments, the connectivity between modules of most OTUs is <0.62, and the connectivity within modules is <2.5. In other words, the connectivity between modules and within modules of most OTUs is not high, belonging to peripheral nodes, which is similar to the distribution of different species among ecological compartments. The main connection hub between aboveground compartments is Proteobacteria, and the main connection hub between underground compartments is Actinobacteria (Figures 4, 5). It has been pointed out that the microbial network structure needs to rely on some very active OTUs for information exchange or intermediate metabolites to maintain a large and complex modular structure. More modular hubs can improve the exchange efficiency of microbial communities. When encountering environmental disturbance, the lack of key species may damage the stability of the community, and cause great changes in the composition and function of the community (Banerjee et al., 2019). Therefore, microorganisms in underground ecological compartments with more module hubs and connections may be more efficient for material transmission and utilization, and at the same time, they have stronger ability to resist environmental disturbances.

In summary, we analyzed the effects of different ecological compartments and two cultivation environments on microorganisms in radish, and found that ecological compartments played an important role, which was related to the assembly mechanism of microorganisms in plants. The same facility cultivation could also improve the diversity of microorganisms in different ecological compartments of radish, and change the biomarkers that played a major role in rhizosphere microorganisms and endophytic microorganisms of radish. The sources of microorganisms in different ecological compartments of radish indicated that greenhouse changed the assembly mechanism in plants. We also analyzed the interaction network of radish microorganisms in different ecological compartments, and found that different key microorganisms play a connecting hub role in different ecological compartments. These results showed that different ecological compartments and cultivation environments had significant indigenous effects on plants, which provided a theoretical basis for the subsequent isolation and screening of endophytic bacteria.
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Viral coat protein (CP) has numerous critical functions in plant infection, but little is known about p25, the CP of maize chlorotic mottle virus (MCMV; Machlomovirus), which causes severe yield losses in maize worldwide. Here, we investigated the roles of p25 in pathogenicity and systemic movement, as well as potential interactions with host plants, using a hybrid tobacco mosaic virus (TMV)-based expression system. Highly conserved protein p25 is predicted to contain a membrane-anchored nuclear localization signal (NLS) sequence and an extracellular sequence. In transgenic Nicotiana benthamiana plants containing the movement protein (MP) of TMV (TMV-MP), p25 induced severe symptoms, including dwarf and foliar necrosis, and was detected in inoculated and non-inoculated leaves. After the deletion of NLS from nuclear-located p25, the protein was found throughout the host cell, and plant stunting and starch granule deformity were reduced. Systemic movement and pathogenicity were significantly impaired when the C-terminal regions of p25 were absent. Using virus-induced gene silencing (VIGS), the transcript level of heat shock protein HSP90 was distinctly lower in host plants in association with the absence of leaf necrosis induced by TMV-p25. Our results revealed crucial roles for MCMV p25 in viral pathogenicity, long-distance movement, and interactions with N. benthamiana.
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Introduction

Maize chlorotic mottle virus (MCMV; genus Machlomovirus, family Tombusviridae), a positive-sense, single-stranded RNA maize virus (Nutter et al., 1989), is an exclusive pathogen of maize around the world. First reported in Peru in 1974, then in the United States in 1976, this virus is now widespread (Niblett and Claflin, 1978; Lommel et al., 1991; Mahuku et al., 2015). It was first detected in the Yunnan province of China in 2009 (Xie et al., 2011). The only natural host of MCMV is maize, and its host range is limited to several gramineous plants. Transmitted primarily by seed, corn residues, thrips, and leaf beetles, the virus is listed for import inspection and quarantine because of the tremendous threat it poses to maize-based food security worldwide (Bockelman, 1982; Jensen, 1991; Cabanas et al., 2013; Wang et al., 2014).

In general, MCMV infection can cause slight chlorosis and mottling, yellow striping, and dwarfing. It causes severe corn lethal necrosis disease and serious yield losses when present in maize in a mixed infection with various maize-infecting potyviruses and even in single infection (Goldberg and Brakke, 1987; Wamaitha et al., 2018; Mwatuni et al., 2020). Synergistic interactions with wheat streak mosaic virus, maize dwarf mosaic virus, or sugarcane mosaic virus can result in 3.3–11.2-fold higher levels of virions (Scheets, 1998; Adams et al., 2013; Xia et al., 2016). The economic losses for maize in a heavily affected region can reach up to 100% (Rao et al., 2010; Hilker et al., 2017).

The icosahedral virion of MCMV is 30 nm in diameter with 180 copies of chemically identical coat protein (CP). The viral genomic RNA (gRNA, 4,436 or 4,437 nt) produces two sub-genomic RNA (sgRNA) in host cells, has a capped structure at the 5′ end and lacks a poly(A) tail at the 3′ end. It comprises seven open reading frames (ORFs), encoding p7a, p7b, p25, p32, p50, p111, and p31 (Nutter et al., 1989; Scheets, 2000; Stenger and French, 2008). Protein p32 is directly translated from the gRNA, although the start codon sequences are not the optimal sequences for plant ribosomes. P50 is located downstream of p32 in the genome but is only 19 bases away from the start codon of p32. The termination codon of p50 is read through to synthesize p111. Proteins p7a, p7b, p31, and p25 are synthesized by the generated sgRNA (Nutter et al., 1989; Lommel et al., 1991). Among the encoded proteins, p50 and p111 function in MCMV replication in plant protoplasts. The absence of p32 results in a two-thirds decrease of transcriptional capacity compared with the wild type; p31 participates in viral systemic infection of the plant host. Coat protein p25 cooperates with two movement proteins (MPs), p7a and p7b, in the intercellular movement of the virus in the host (Scheets, 2016).

Increasing evidence has demonstrated that the CP of plant viruses has vital multifunctional roles in viral RNA-binding activity, systemic movement, host symptom formation, gene silencing suppression, and induction of the host hypersensitive response (Azevedo et al., 2010; Park et al., 2013; Kang et al., 2015; Rehman et al., 2019). The CP of another member of the family Tombusviridae, olive latent virus 1 (OLV-1), loses the ability to systemically infect if the 49 amino acids (aa) of the C-terminal region are replaced with 39 aa (Pantaleo et al., 2006). The N-terminal region of the CP of the beet black scorch virus is essential for nuclear localization, binding of viral RNA, virion assembly, and systemic infection (Zhang et al., 2011, 2013). The CP of turnip crinkle virus competitively combines with AGO1 in plant cells and reduces the ability of AGO to bind siRNA and miRNA, leading to a decrease in defensive RNA silencing by the host, thus promoting virus infection (Jin and Zhu, 2010).

Although the functions of other MCMV proteins have been studied intensively and significant functional diversity has been shown for MCMV CP, p25 has not been characterized in depth. Thus, our main objectives were to (1) perform bioinformatic analysis of p25; (2) identify the function of p25 in symptom development; (3) analyze the nuclear localization signal (NLS) of p25 and its role in viral pathogenicity; (4) explore the C domain of p25 in viral movement; and (5) study the host factors participated in TMV-p25 infection.



Materials and methods


In silico analysis of the maize chlorotic mottle virus p25 protein

The nucleic acid and aa sequences of MCMV Yunnan2 p25 were downloaded from the NCBI database1 (JQ943666.1; AFM31229.1). The nucleic acid sequences of MCMV p25 isolated in different parts of the world were also obtained from the NCBI non-redundant database. The NLS of the MCMV p25 protein was predicted by PredictNLS2. Transmembrane helices were analyzed with TMHMM-2.03. The putative three-dimensional structure of p25 was analyzed using the SWISS-MODEL tool4. A phylogenetic tree was constructed by MEGA5.22 software with the neighbor-joining method (Su et al., 2018).



Construction of plasmids

The MCMV p25 gene was cloned from an MCMV infectious clone vector using PCR and primer pair tobacco mosaic virus (TMV)-p25F/TMV-p25R. The amplified fragments were digested with restriction enzymes EcoR V and Xho I and inserted into the EcoR V/Xho I-digested vector pTMVcpGFP to generate pTMV-p25 (Lewandowski and Adkins, 2005). Deletion mutant HA tag-infused plasmids pTMV-p25N, pTMV-p25C1, pTMV-p25C2, pTMV-p25-HA, pTMV-p25N-HA, and pTMV-p32 were constructed with the same strategy.

For subcellular localization assays in Nicotiana benthamiana, the coding sequences of P25/P25N were amplified and inserted into Xba I/BamH I sites in pYBA1152, thus forming pP25-GFP and pP25N-GFP, respectively.

To construct TRV-virus-induced gene silencing (VIGS) vectors, the partial coding sequence of NbNPR1, NbCOI1, or NbHSP90 was ligated into EcoR I/Sma I-treated pTRV2 to generate the recombinant plasmids pTRV2-NPR1, pTRV2-COI1, and pTRV2-HSP90, respectively.

The primers are listed in Supplementary Table 1.



Plant growth conditions and inoculation

Wild type and TMV MP-transgenic N. benthamiana plants were grown in growth chambers (25°C day/23°C night, 16 h light/8 h dark). At the 4–6-leaf stage, leaves of the TMV MP-transgenic N. benthamiana plants were rub-inoculated with infectious RNA, as previously described (Dawson et al., 1986). TRV VIGS analysis was performed as described previously (Tang et al., 2010). The brief steps are as follows: The Agrobacterium GV3101 harboring pTRV1, pTRV2, and their derivatives were cultivated overnight and resuspended in agroinfiltration buffer (10 mm MES, 10 mm MgCl2 and 100 μM acetosyringone). After incubation at 28°C for 3–5 h, the Agrobacterium harboring TRV RNA1 and RNA2 (their derivative) were mixed at 1:1 ratio and infiltrated into N. benthamiana leaves. All the experiment was repeated three times, six plants per treatment were used for every experiment. Confocal laser scanning microscopy and transmission electron microscopy analysis.

Agroinfiltrated leaf tissues were imaged using an LSM700 confocal laser scanning microscope (Zeiss, Oberkochen, Germany). GFP was excited at 488 nm, and the emissions were captured between 497 and 510 nm. The dsRed signal was excited at 557 nm, and emissions were captured from 566 to 600 nm. Images were captured digitally and analyzed using ZEN 2010 software (Zeiss, Oberkochen, Germany).

Inoculated leaves were harvested and cut into 1 mm × 1 mm sections and then fixed in 2.5% v/v glutaraldehyde and 1% w/v osmium tetroxide sequentially. The fixed tissues were dehydrated using an ethanol series and embedded in Lowicryl K4M resin as instructed by the manufacturer (Electron Microscopy Sciences, Fort Washington, PA, United States). Ultrathin sections were cut and examined using a Hitachi-7650 TEM (Tokyo, Japan).



RT-polymerase chain reaction and RT-qPCR

Total RNA from N. benthamiana plants was extracted using the RNeasy Plant Mini Kit (Qiagen, Valencia, CA, United States). Immediately, RNA was equalized, and 1 μg was used in each 20 μL reverse transcription reaction using the PrimeScript™ RT Reagent Kit (TaKaRa, Kusatsu, Japan) as instructed by the manufacturer. A total of 500 ng of each cDNA sample served as a template in the polymerase chain reaction (PCR) assay using specific primers. As a control for equal loading, primers specific to the endogenous gene Nbactin were used. qPCR was performed using a 2 × SYBR Premix Ex Taq™ (TaKaRa, Kusatsu, Japan) following the manufacturer’s instructions. Each construct was evaluated in three independent experiments. The primers used in RT-PCR are listed in Supplementary Table 1.



Protein extraction and western blot

Protein extraction and western blotting were carried out as described previously (Zhan et al., 2021). Approximately 0.1 g of leaf tissue from the inoculated plants was ground in 0.3 mL protein extraction buffer (6 M urea, 1 mm EDTA, 50 mm, 124 Tris-HCl, 1% SDS, pH 7.5). The crude extracts were boiled for 5 min, then centrifuged at 12,000 × g for 10 min, and the resulting supernatant (12 μL per sample plus 3 μL 5 × loading buffer) was boiled for 5 min, then chilled on ice for 5 min. Protein samples were separated in 12.5% SDS-PAGE gels and transferred to nitrocellulose membranes. The membranes were then probed with the MCMV-p25, HA or GFP monoclonal antibody, followed by a secondary antibody conjugated to AP (Abcam, Cambridge, MA, United States). The experiment was repeated three times.




Results


Bioinformatic analysis of p25

As shown in Figure 1A, the CP of MCMV, p25, is a 236 aa protein and contains the viral coat domain (20–204). According to the cNLS Mapper prediction analysis, position 6–38 is a putative NLS sequences. In the C-terminal of p25, aa 198–213 and 214–236 were predicted to be the membrane-anchored sequence and the extracellular sequence, respectively. The structural model analysis showed that p25 consists of 8 alpha helices and 11 beta folds (Figure 1B). In the phylogenetic analysis, to better understand the relationships among the nucleotide sequences of MCMV CP worldwide (Figure 1C), MCMV CP clustered into two distinct branches, which was further divided into three sub-branches. In China, where MCMV is mainly distributed in Yunnan Province, the sequences had high identity with that of the Thailand isolate in this study. Thus, MCMV are highly conserved worldwide.
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FIGURE 1
Bioinformatic analysis of the p25 of maize chlorotic mottle virus (MCMV). (A) Domain arrangement of p25. NLS, nuclear localization sequence; MAS, membrane-anchored sequence; ECS, extracellular sequence. Special function domains are represented with different colors. (B) Structural model analysis using SWISS-MODEL software. (C) Phylogenetic tree of CP nucleotide sequences in MCMV. The phylogenetic tree was constructed with MEGA5.22 software using the neighbor-joining method.




P25 contributes to viral pathogenicity and tobacco mosaic virus hybrid systemic movement

The ORF of p25 was introduced into the pTMVcp-GFP plasmid to generate the hybrid virus TMV-p25. Then, the RNA transcripts of TMV-p25 were used to inoculate TMV MP-transgenic N. benthamiana plants, and plants were inoculated with TMVcpGFP as a negative control (Zhang et al., 2012). Thereafter, the symptoms were observed and the transcript and expression level of p25 were further detected (Figure 2). The inoculated plants displayed severe symptoms (Figure 2A). The infected plants were severely stunted to half the height of the TMVcpGFP inoculated plants (Supplementary Figure 1). The inoculated leaves exhibited typical chlorosis and necrosis. Similarly, leaves that were systemically infected (leaves that were not inoculated; hereafter, systemic leaves) also had strong symptoms induced by this chimera virus.
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FIGURE 2
Maize chlorotic mottle virus (MCMV) p25 is required for viral pathogenicity and systemic movement in TMV MP-transgenic plants of Nicotiana benthamiana. (A) Phenotypes of transgenic plants after inoculation with TMV-p25 and TMVcp-GFP (WT) at 15 days post-inoculation. (B) RT-PCR analysis of RNA from leaves of plants after the two treatments. Actin from N. benthamiana was used as an internal standard. (C) Western blot detection of p25 from the leaves of plants in the two treatments. An anti-p25 antibody was used. Coomassie brilliant blue-stained Rubisco protein (CBB) was used as a total protein loading control. WT, TMV MP-transgenic plants inoculated with TMVcp-GFP; p25, TMV MP-transgenic plants inoculated with TMV-p25.1, inoculated leaves (WT or p25); 2, non-inoculated leaves on the same plant.


To confirm that symptoms were induced by the presence of p25, we used RT-PCR and western blot analysis to detect the p25 transcript and protein levels, respectively (Figures 2B,C). Intense bands for p25 appeared for inoculated and systemic leaves but not for the TMVcpGFP-inoculated leaves. These results indicate that p25 is required for viral pathogenicity and systemic movement in N. benthamiana.



Maize chlorotic mottle virus p25 is located in the nucleus

A stretch of basic residues in the N-terminal region of MCMV p25 resembled those of NLS. Leaves of N. benthamiana were examined with confocal laser scanning microscopy after the ORF of p25, and p25 lacking the NLS (p25N) were inserted into vector pYBA1152 to transiently express an eGFP-fused protein, driven by the 35S promoter (Figure 3A). As shown in Figure 3B, RFP-H2B was detected in the nucleus, and eGFP was detected in the nucleus and cytoplasm. As expected, p25-eGFP was uniquely located in the nucleus, whereas p25N-eGFP was found in the nucleus and cytoplasm, which is consistent with free eGFP localization. The use of p25-eGFP and p25N-eGFP with RFP-H2B/eGFP shows that p25 is located in the nucleus, and the NLS of p25 is needed for transport and restriction to the nucleus. Moreover, the western blot result indicates that the expressions of eGFP, p25-eGFP and p25N-eGFP proteins were correct and stabilized in N. benthamiana leaves (Figure 3C).


[image: image]

FIGURE 3
Subcellular location of p25. (A) Schematic sketch of the construction strategies of p25 and p25N. p25, the whole open reading frame (ORF) of p25; p25N, the truncated sequence lacking the nuclear localization signal (NLS) (in green) of p25. (B) Confocal laser scanning micrographs of the location of p25 in Nicotiana benthamiana. The co-localization signal of RFP-H2B is shown as a positive nuclear control, and eGFP was used as a control located in the nucleus and cytoplasm. Scale bars: 50 μm. (C) Western blot of eGFP, p25-eGFP, and p25N-eGFP using anti-GFP antibody. Coomassie brilliant blue-stained Rubisco protein (blue bands) was used as a total protein loading control.




The nuclear localization signal of p25 is required for pathogenicity

To further determine whether the NLS of p25 is involved in pathogenicity, TMV MP-transgenic plants were inoculated with a hybrid virus, TMV-p25 or TMV-p25N, then examined for symptoms and analyzed for p25 transcript and protein levels (Figure 4). In Figure 4A, although the plants inoculated with TMV-p25N had viral symptoms, the plants were distinctly taller than those inoculated with TMV-p25 (Supplementary Figure 1). As viewed by transmission electron microscopy observation, starch grains in the chloroplasts of TMV-p25 inoculated leaves were significantly larger than in those inoculated with TMV-p25N (Figure 4B). However, the transcription and expression levels of p25 and p25N were not affected between TMV-p25 and TMV-p25N in leaves (Figures 4C,D). These results suggest that the NLS of p25 is important for full pathogenicity.
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FIGURE 4
Pathogenicity analysis of the nuclear localization signal (NLS) in p25 using Nicotiana benthamiana plants. p25, plants inoculated with hybrid virus TMV-p25; p25N, plants inoculated with hybrid virus TMV-p25N lacking NLS. (A) Phenotype of plants inoculated with either the hybrid virus TMV-p25 or TMV-p25N. (B) Transmission electron micrographs of infected leaves. Scale bars: 1 μm. (C) Transcripts were detected by RT-PCR using extracted leaf RNA that was reverse transcribed. The actin of N. benthamiana was used as the internal control. (D) Western blot of p25 using an anti-HA antibody. Coomassie brilliant blue-stained Rubisco protein (blue bands) is shown as a total protein loading control.




Deletion of the C-terminal region of p25 impairs viral systemic movement and pathogenicity

To study the relevance of the C-terminal region of p25 in viral systemic movement and pathogenicity, we deleted the key domain and used the resultant constructs to inoculate TMV MP-transgenic N. benthamiana plants (Figure 5). As shown in Figure 5A, we deleted the 198–236 or 214–236 domain in the C-terminal region of p25 and inserted the respective constructs into the pTMVcpGFP plasmid to generate hybrid viruses TMV-p25C1 and TMV-p25C2. Plants inoculated with TMV-p25C1 developed mild symptoms and were taller than those inoculated with TMV-p25 or TMV-p25C2 (Supplementary Figure 1); plants inoculated with TMV-p25 or TMV-p25C2 exhibited very similar symptoms (Figure 5B). Similarly, p25 and p25C2 mRNA transcripts and protein were detected in systemic leaves but not in TMV-p25C1 inoculated leaves, which were defective for system infection (Figures 5C,D). These data demonstrate that the 198–236 residues in the C-terminal of p25 are not only involved in viral systemic movement but are also required for pathogenicity.
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FIGURE 5
Functional analysis of the C-terminal region of p25. (A) The fused protein constructs. p25, plant inoculated with hybrid virus TMV-p25;. p25C1, plant inoculated with hybrid virus TMV-p25C1; p25C2, plant inoculated with hybrid virus TMV-p25C2. (B) Phenotype of Nicotiana benthamiana plants after inoculation with hybrid virus TMV-p25, TMV-p25C1, or TMV-p25C2. (C) The transcriptional level was detected by RT-PCR using extracted leaf RNA after reverse transcription. N. benthamiana actin was used as the internal control. (D) Western blot of p25 using anti-p25 antibody. Coomassie brilliant blue-stained Rubisco protein (blue bands) was used as a total protein loading control.




Nicotiana benthamiana HSP90 involved in p25 mediated viral pathogenicity

Previous studies have shown that host resistance genes participate in the interactions between viruses and their host plants (Liu et al., 2004; Tran et al., 2016; Zhao et al., 2019). Thus, we selected resistance genes COI1, NPR1, and HSP90 as potential candidates interacting with p25 in TMV MP-transgenic N. benthamiana plants after inoculation with hybrid virus TMV-p25 (Figure 6). The leaves with silenced COI1 and NPR1 were similar to the control, whereas silenced HSP90 resulted in tissue chlorosis rather than necrosis (Figure 6A). RT-qPCR analysis revealed that COI1, NPR1, and HSP90 were significantly downregulated by the TRV-VIGS system compared with the levels in the control (Figure 6B). Western blots showed typical p25 levels after all treatments (Figure 6C). These results suggest that host HSP90 is required for the p25 mediated viral pathogenicity and host resistance.
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FIGURE 6
Analysis of plant resistance genes involved in TMV-p25 infection. (A) Leaves were infiltrated with Agrobacterium-containing pTRV1 or pTRV2-NbNPR1/NbCOI1/NbHSP90 plasmids. pTRV2-GFP was used as a control, and then plants were inoculated with hybrid virus TMV-p25. (B) RT-qPCR analysis of Nicotiana benthamiana leaves after VIGS. Error bars represent standard deviations. Different letters above the bars for each treatment indicate a significant difference (Student’s t-test, p < 0.05). (C) Western blot of p25 protein using the anti-p25 antibody. The Rubisco protein was stained with Coomassie brilliant blue (blue bands) as a total protein loading control.





Discussion

Plant viral CP has multiple functions, not only as a structural protein that can encapsidate the viral DNA/RNA to form virions, it also plays an important role in viral infection, proliferation, cell to cell movement, pathogenicity, and vector transmission (Callaway et al., 2001). Here, we found that MCMV CP- p25, consists of 236 aa and is highly conserved in MCMV isolates from around the world. Bioinformatic analysis showed that p25 contains the typical viral CP domain, including the NLS (aa 6–38), membrane-anchored sequence (aa 198–213), and extracellular sequence (aa 214–236). We demonstrated that p25 caused the severe dwarfing and necrosis and was transported systemically in N. benthamiana by a TMV-based expression system. Subcellular localization analysis revealed that the NLS of p25 was exclusively localized in the host nucleus. This domain was also necessary for pathogenicity. Moreover, viral systemic movement in N. benthamiana was significantly weakened due to the deletion of the C-terminal region of p25, especially aa 198–213. Finally, the VIGS results showed that HSP90 may involve in TMV-p25 induced tissue necrosis. However, the mechanism of symptom development is undetermined.

Using chimeric viruses is a common strategy to study gene function in plant viruses, especially in negative-strand RNA viruses and some viruses that are difficult to manipulate (Yu et al., 2019; Mei et al., 2020). Thus, p25 is an important virulence factor in the TMV-p25 chimeric virus, consistent with the role of many viral CPs. The CP of TMV is broken down into monomers when it binds with the antimicrobial agent ningnanmycin, nearly resulting in the loss of pathogenicity (Li et al., 2017). The CP of cucumber mosaic virus (CMV) is also a determinant of chlorotic symptoms in infected hosts using chimeric ICs (Qiu et al., 2018). We also generated an NLS deletion mutant to examine subcellular localization and pathogenicity in plants and found that p25 is exclusively localized in the nucleus. At the N-terminal, the NLS is rich in basic aa that are essential for the nuclear location, consistent with the findings of a previous study (Zhan et al., 2016). However, Zhan et al. (2016) did not find that the p25 NLS was involved in pathogenicity. Here, we found that the deletion mutant protein did not affect viral accumulation but resulted in almost a total loss of pathogenicity. Growing evidence suggests that the location of the viral CP is responsible for symptom expression in the host (Liu et al., 2009). The N-terminal lysine-rich fragment induces the alfalfa mosaic virus CP to localize to the nucleus and accumulate in the nucleolus of infected plant cells (Herranz et al., 2012). The localization of pepper mild mottle virus changes from the chloroplast to the cell periphery when Asp is substituted for Asn at one location in the CP, which induces different symptoms (Han et al., 2020). The C-terminal region in viral CP has also been shown to be involved in viral cell-to-cell transport in plants (Fedorkin et al., 2001). In our current study, p25 mRNA transcripts or proteins were not detected in systemic leaves when the C-terminal was deleted from p25, which agrees with the significant reduction in symptom severity, including dwarfing and necrosis, in the whole plant. Thus, we consider C-terminal p25 to be indispensable for the long-distance movement and pathogenicity of the TMV-p25 chimeric virus. These findings encouraged us to further consider the subcellular localization of p25 and which domain plays a decisive role in pathogenicity.

Heat shock protein 90 (HSP90), a highly conserved protein in eukaryotes, participates in stimulating signal proteins, including protein kinases, hormone receptors, and transcription factors (Pearl and Prodromou, 2006). HSP90 also play an important role in the ubiquitination processes of defense response regulators in plants (Ishii et al., 2008; Chen et al., 2010; Kadota and Shirasu, 2012). HSP90-silenced plants do not develop the hypersensitive response (HR) elicited by INF1 and Pseudomonas cichorii, and the expression levels of pathogenesis-related protein genes decreased (Kanzaki et al., 2003). The activation of kinases NtMEK2, WIPK, and SIPK are also significantly inhibited when HSP90 is suppressed (Takabatake et al., 2007). In our study, necrosis did not develop in HSP90-silenced leaves, and p25 levels were almost the same in the different treatments. These results indicated that HSP90 is important for symptom development in the host plant rather than facilitating infection and replication, providing clues about the molecular mechanism of HSP90 essential in the pathway elicited by TMV-p25.

Other studies have suggested that CP interacts strongly with factors in host plants and other organisms. The long-distance movement of tomato mosaic virus is closely related to the interaction between viral CP and IP-L, which is located in the thylakoid membranes of tobacco (Zhang et al., 2008). Using the mutation of aa residues and a yeast two-hybrid system, soybean mosaic virus (SMV) CP was shown to interact with helper-component proteinase to enable the virus to be transmitted to plants by aphids (Seo et al., 2010). Moreover, the SMV CP interacts with soybean GmCPIP to facilitate viral infection and accumulation in soybean (Zong et al., 2020). Cucumber mosaic virus CP acts as a bridge between viral-encoded suppressors and host RNA silencing to facilitate viral self-attenuation and symptom recovery (Zhang et al., 2017). Resultantly, we considered that CP interactions with a host factor(s) were involved in viral invasion, symptom formation, and systemic movement; future studies will aim to determine more host factors by using a yeast two-hybrid system and bimolecular fluorescence complementation to better understand the involvement of MCMV p25 in symptom development and long-distance transport.
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Kasugamycin (KSM), an aminoglycoside antibiotic, has been widely used for the management of plant diseases, especially for the control of rice blast in Asia. However, its uptake mechanism and transport in plants are still obscure. The castor bean (Ricinus communis L.) seeding, a model plant for phloem transport, was used to study the mechanism of uptake and transport of KSM. Results showed that cotyledon-applied KSM could transport into the phloem and distributed in root and shoot of plant. The temperature, concentration, and pH had significant effects on the uptake of KSM, indicating that the uptake of KSM was mediated by an active carrier system. Compared with the control, competitive inhibitors of sugar transporters D-glucose, D-chiro-inositol, and phloridzin inhibited 71.03%, 67.95%, and 61.73% uptake of KSM, respectively. Energy inhibitor dinitrophenol (DNP) and carbonyl cyanide chlorophenylhydrazone (CCCP) also affected the uptake of KSM, and the inhibition rates were 34.23% and 48.06%. All the results showed that the uptake of KSM was mediated by a sugar transporter, and it could transport from shoot to root in plants via the phloem. The study preliminary elucidated the plant–microbe interactions in the context of the transport of microbial secondary metabolites in plants. It has certain significance for scientific application of antibiotics and biological control of plant diseases and provides theoretical basis for the development of bidirectional transport pesticides.

KEYWORDS
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Introduction

Kasugamycin (KSM), an aminoglycoside antibiotic isolated from Streptomyces kasugaensis (Umezawa et al., 1965), exhibits inhibitory activity on protein biosynthesis with low toxicity to humans, animals, and plants (Duffin and Seifert, 2009). It is widely used in the control of many plant diseases, such as leaf spot, fire blight, and bacterial diseases in various crops, especially in the control of rice blast caused by Piricularia oryzae (Li et al., 2020a; Amoghavarsha et al., 2021).

Ishiyama et al. (1967) have shown that the translocation of KSM in plants is bidirectional. Ishiyama applied 14C-marked KSM on the abaxial surface of rice leaves, and autoradiography showed that the KSM could penetrate and transfer into foliar tissues; eventually, it was distributed in the shoots and roots of rice. Applied to the middle leaf of tobacco, KSM was detected in the upper leaves, lower leaves, and the roots of tobacco (He, 2010). Because the long-distance transport of xenobiotics from shoots to roots in plants must take place in the phloem, these studies suggest that KSM has phloem mobility properties. The above studies only showed that KSM has the property bidirectional translocation in plants, but there is a lack of in-depth research on its uptake mechanism and transport path.

Phloem mobile pesticides can move toward roots and protect tissues that don’t expose to pesticides, such as root or vascular. This mobility can avoid the influence of soil factors on pesticides and allow for reduced environmental pollution and improvements in the management of soil-borne diseases compared with the pesticide application method of root irrigation. To date, the number of pesticides that have demonstrated phloem mobility in plants is very limited, exemplified by current pesticides such as fosetyl-Al (Leconte et al., 1988), metalaxy (Leconte et al., 1988), glyphosate (Gougler and Geiger, 1981), 2,4-dichlorophenoxyacetic acid (Crafts, 1956), and spirotetramat (Nauen et al., 2008).

Many efforts have been made in our understanding of the phloem mobility of pesticides. Phloem mobility of plant can be significantly affected by the physico chemical properties of pesticides and plant parameters (Grayson and Kleier, 1990; Kleier, 1994; Kleier and HSu, 1996). However, this representation cannot explain the phloem mobility of some pesticides that do not conform to it, such as glyphosate and paraquat. Because uptake of most phloem mobile pesticides is carrier mediated. The uptake of the herbicide glyphosate by broad bean was investigated using protoplasts of broad bean leaves, and it was concluded that glyphosate could be absorbed via a phosphate transporter of the plasma membrane (Denis and Delrot, 1993). Phosphate transporters mediate the uptake of phosphite, an active metabolite of fosetyl-Al in plants (Achary et al., 2017). There are two mechanisms for the uptake of 2, 4-dichlorophenoxyacetic acid in maize root protoplasts: an ion-trap mechanism and active transport mediated by an auxin carrier (Kasai and Bayer, 1995). Paraquat is translocated by a diamine carrier (Hart et al., 1992). An amino acid transporter-like protein plays an essential role in thiamethoxam uptake and its systemic distribution in rice (Xiao et al., 2022). The plasma membrane is a barrier for xenobiotics to enter the symplast, but carriers on the plasma membrane can promote uptake, as the above studies show.

4-Chloro-7-nitro-1,2,3-benzoxadiazole (NBD-Cl) is usually used as a fluorescent probe to trace the uptake and translocation of compounds in organisms (Li et al., 2020b; Jiang et al., 2021). Yoshioka et al. (1996) synthesized a fluorescent glucose conjugate 2-NBDG, which has the same uptake and transport mechanism as glucose, so it is widely used in the study of uptake and transport in animal and plant cells. Fluorescent conjugated KSM-NBD was synthesized by our team, and it could be traced in tissue of maize and tobacco under a fluorescence microscope (Zhang et al., 2021).

Energy-requiring and against concentration gradient uptake of aminoglycosides by bacteria indicates a carrier-mediated transport system (Taber et al., 1987). We studied the uptake of KSM by tobacco leaf discs, and the results were consistent with those of bacteria (Hu et al., 2012). These considerations led us to investigate the possibility that KSM uptake into plant cells may in part be mediated via a carrier. Castor bean (Ricinus communis L.) is a classic model plant for phloem transport (Schmidke and Stephan, 1995; Schmidke et al., 1999; Melicherová et al., 2020). Phloem exudate collected from castor bean cotyledons after cutting the hypocotyl was used to analyze the uptake and transport of KSM.

Soil-borne pathogenic organisms can have severe detrimental effects on crop growth and yield production and represent a serious threat to food security (Chen et al., 2020; Witzel and Berger, 2020). When applied directly to soil to control root diseases, most of the pesticides will be absorbed by the soil, resulting in low pesticide activity and environmental pollution. Developing pesticides that can be transported from the upper part of the plant to the roots is an innovative way to solve the problem. The translocation of KSM to the roots of plants gives us some insights. Explore of the uptake mechanism and transport pathway of KSM in plant will lay theoretical basis for research on the development of phloem mobile and root-target pesticides.



Materials and methods


Chemicals

KSM (90%), phloridzin, dinitrophenol (DNP), carbonyl cyanide chlorophenylhydrazone (CCCP), D-glucose, and D-chiro-inositol (DCI) were all purchased from Aladdin Reagent Co. Ltd. (Shanghai, China).



Plant materials

Castor bean seeds (Castor bean No. 9, obtained from the Agricultural Science Academy of Zibo Shandong, China) were kept in humid cotton at 27°C for 24 h and then transferred to an artificial incubator for cultivation. Seedlings were grown at 80% relative humidity and 27°C ± 1°C in light (14 h photoperiod) (Chollet et al., 2004). Seven and 14 day old average-sized seedlings were selected for further experiments.



Long-distance transport and distribution

Fluorescent conjugate KSM-NBD was synthesized by our team (Zhang et al., 2021; Figure 1). Castor beans grown in an artificial incubator for 2 weeks were cultivated in a hydroponic system with Hoagland solution in a conical flask. The cotyledon was incubated in a solution containing 0.1 mM KSM and KSM-NBD, respectively (pH = 5.5, 90% ± 5% RH, 27°C, 14 h photoperiod; Figure 2). The top of the leaf, stems, and roots were collected after 24 and 48 h, respectively. Samples (1 g) were ground in a mortar with 4 ml solution (methanol:water = 9:1 v/v) and then transferred to a centrifuge tube. After centrifugation in a refrigerated centrifuge at 1,500 RPM for 15 min at 5°C (ST16 R, Thermo Fisher Scientific, Braunschweig, Germany), the supernatant was stored in a sample vial after filtration through a 0.22 μm nylon filter for HPLC–MS/MS analysis. Samples which cultivated in KSM-NBD are used for immunofluorescence observation. Observe the slices under a fluorescence microscope (NIKON ECLIPSE C1, Nikon, Tokyo, Japan) and collect images. The experiment was repeated three times with one seedling per replicate.

[image: Figure 1]

FIGURE 1
 Schematic diagram of KSM-NBD synthesis by KSM and NBD-Cl.
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FIGURE 2
 Diagrammatic representation of uptake of KSM by 2-week-old castor beans. Castor beans grown in an artificial incubator for 2 weeks were cultivated in Hoagland solution in a conical flask. One cotyledon was dipped into a solution containing 0.1 mM KSM.




Collection of phloem exudate

The phloem exudate was collected according to previously described methods with slight modifications (Lei et al., 2014). Seven days after sowing, average-sized seedlings with their cotyledons enclosed within the endosperm were used for phloem exudate collection. The endosperm of the seedlings was carefully removed, and the cotyledon was incubated in a buffered solution containing 20 mM 2-(4-morpholino, MES), 0.25 mM MgCl2, 0.5 mM CaCl2, without (control) or with other substances (according to the different experiments described below). After 1 h of incubation, the hypocotyl was cut with a razor blade in the hook region. Subsequently, the exudate was collected with a graduated capillary glass tube (Figure 3), and the collected exudate was stored at −20°C. The phloem exudate was analyzed after dilution with pure water (phloem exudate: pure water =1:4, v/v). All phloem exudate collection treatments were repeated 3 times with 8 seedlings per replicate to obtain sufficient exudate.

[image: Figure 3]

FIGURE 3
 Collection of phloem exudate from castor bean seedlings. Seven-day-old seedlings with their cotyledons enclosed within the endosperm were used for phloem exudate collection (A). The endosperm of the seedlings was carefully removed, and the cotyledon was incubated in a buffered solution. After 1 h of incubation, the hypocotyl was cut with a razor blade in the hook region (B). Subsequently, the exudate was collected with a graduated capillary glass tube.




Time course of uptake

The cotyledon which was grown in an artificial incubator for 1 week was incubated in a buffered solution (pH 5.5) with 0.1 mM KSM, and the phloem exudate was collected at 10, 20, 30, 50, 70, 90, 110, 130, and 150 min. The experiment was carried out in a growth chamber (25°C ± 2°C, RH 90% ± 5%).



Concentration dependence of uptake

The cotyledon which was grown in an artificial incubator for 1 week was incubated in a buffered solution with 2, 1, 0.5, 0.25, 0.125, 0.0625, and 0.03125 mM KSM, and the phloem exudate of castor bean was collected after 1 h of incubation. All phloem exudates were collected for 1 h to calculate the speed of KSM exudate from the phloem of castor bean.



Effect of temperature on uptake

We set temperatures of 14°C and 27°C and collected the phloem exudate at 60, 90, and 120 min after treatment. The cotyledon of castor bean which was grown in an artificial incubator for 1 week was incubated in buffer solution (pH 5.5) as described above in 2.2 with 0.1 mM KSM. Phloem exudate collected after 1 h of incubation was collected and then analyzed by HPLC–MS/MS. The temperature coefficient (Q10, the factor by which the reaction rate increases when the temperature is raised by ten degrees) equation is:

[image: image]

T2, higher temperature; T1, lower temperature; K2, uptake at higher temperature; K1, uptake at lower temperature.



Effect of pH on uptake

The pH of the buffer solution with 0.1 mM KSM was adjusted to 5, 5.5, 6, 7, 8, and 9 with sodium hydroxide and citric acid, and then, the phloem exudate of castor bean was collected as described in section 2.2 after 1 h of incubation.



Effect of energy inhibitor and competitive substrate on uptake

The cotyledon which grown in an artificial incubator for 1 week was incubated in buffer solution and 0.1 mM KSM with energy inhibitors DNP (0.1 mM) and CCCP (0.05 mM), competitive substrate D-glucose (KSM: D-glucose = 1:40, 1:400, 1:4,000, molar ratio), D-chiro-inositol (KSM: D-chiro-inositol =1:3, 1:5, 1:7, molar ratio), and phlorizin (KSM: phloridzin = 1:5, 1:10, 1:20, molar ratio) for 1 h. The phloem exudate of castor bean was collected after an additional 1 h of incubation.



Analysis of KSM

An Agilent 1,260 series HPLC equipped with a binary pump, autoplate sampler, column, and Agilent 6,470 Triple Quadrupole Mass Spectrometer (MS/MS; Agilent Technologies, United States) was used for the analysis of KSM. Chromatographic separations were achieved with a reversed-phase column (ZORBAX Eclipse, 150 mm × 4.6 mm, 5 μm) at 35°C. The mobile phase consisted of methanol and water (70:30, v/v) at a flow rate of 0.15 ml/min, and the injection volume was 5 μl. The mass spectrometer was operated in positive electrospray ionization mode (ESI+) using multiple reaction monitoring (MRM). The MS parameters of the target compound are as follows: spray voltage (IS+): 5,500 V; electrospray ion source temperature (TEM): 300°C; atomizing gas flow rate: 45 psi; collision cell inlet voltage (EP): 16 V; collision cell outlet voltage (CXP): 80 V; quantitative ion pair: m/z 380.3/200.3; and qualitative ion pair: m/z 380.3/112.1.

A series of standard solutions of KSM (2, 1, 0.25, 0.125, and 0.1 μg mL−1) were prepared in water to obtain a calibration curve. The linear equation of KSM was y = 542 × −24,276 (r2 = 0.998). Recovery studies were developed at three spiking levels of 0.1, 0.5, and 1 mg kg−1, and the individual mean recovery rates for KSM were 91%–98%. The lower limit of detection calculated as a signal/noise ratio = 3 for KSM was 0.001 μg L−1.



Data analysis

Data Processing System v.7.05 (DPS, Zhejiang University, China) was used for data analysis, a one-way analysis of variance (ANOVA), followed by Duncan’s multiple range test was carried out to compare the differences among treatments (p < 0.01). The data were presented in the form of mean ± SE and Origin 2020 was used for plotting.




Results


Uptake and long-distance translocation of KSM in castor bean

It was found that KSM and KSM-NBD could be detected in all parts of castor bean after cotyledon dipping in 0.1 mM KSM and KSM-NBD for 24 and 48 h (Figures 4A,B). The contents of KSM and KSM-NBD in the roots were higher than that in the leaves and stems, respectively. Fluorescence microscopic image of castor bean treated with KSM-NBD showed that KSM-NBD was mainly distributed in mesophyll cells and phloem of leaf (Figure 4C), protoplast cell of stem (Figure 4D), and phloem and xylem of root (Figure 4E). It indicated that the epidermal cells of cotyledons could uptake KSM-NBD from the culture medium. KSM-NBD could transport via the apoplast loading process (xylem) and can also reach the stems after being transported by the cotyledon process (phloem).
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FIGURE 4
 Content of KSM detected in 2-week-old castor bean 24 and 48 h post cotyledon dipped in 0.1 mM KSM (A) and KSM-NBD (B; mean ± SE, n = 2). Distribution of KSM-NBD in leaves (C), stems (D), and roots (E) of Castor bean. Green indicates the presence of fluorescent couplings; EC, epidermal cells; CX, cell wall space; MC, mesophyll cells; PH, phloem; X, Xylem. All images were obtained by fluorescence microscopy.




Time course of KSM uptake by castor bean cotyledons

Under our experimental conditions, KSM accumulated in the phloem exudate. Time-course experiments indicated that the KSM concentration in the phloem exudate increased for 60 min and then decreased (Figure 5). The concentration of KSM in the exudate from 0 to 50 min increased linearly over time, while the content of KSM over 60 to 90 min showed a downward trend. The reason for this may be that the vitality of the plants gradually diminished under in vitro conditions, while the concentration of the KSM solution decreased continuously.

[image: Figure 5]

FIGURE 5
 Time course of the KSM concentration in the phloem exudate of castor bean. The cotyledons were incubated in a buffered solution containing 0.1 mM KSM (pH 5.5). The hook was severed at time 1 h, and then the exudate was collected from 10 to 150 min (mean of three sets of 8 plants ± SE).




Concentration dependence uptake of KSM by castor bean cotyledons

To investigate the concentration dependence of KSM uptake, the phloem exudate of castor bean was collected after cotyledon incubation with KSM at concentrations ranging from 0.01625 to 2 mM. The results showed that there were two components involved in KSM uptake, a saturable component at lower concentrations (from 0.01625 to 0.5 mM) and a nonsaturable component at higher concentrations (Figure 6A). The saturable component observed at the lowest concentrations was abolished by 50 mM CCCP. Active uptake represents 49%, 40%, and 42% of the total influx at concentrations of 0.0625, 0.125, and 0.25 mM, respectively (Figure 6B).

[image: Figure 6]

FIGURE 6
 Concentration dependence of KSM in phloem exudate of castor bean seedlings. Phloem exudate was collected for 1 h after cotyledons were preincubated for 1 h in KSM medium (A) concentration range from 0.01625 to 2 mM; (B) complementary set, without (control) or with 50 μM CCCP. Each point is the mean of three sets of 8 seedlings ± SE.


The apparent kinetic parameters for total uptake using Lineweaver–Burk plots were Km = 2.7 mM and Vmax = 0.75 nmol mL−1 h−1 (Figure 7A). After subtracting the passive component from the total amount of KSM uptake, the kinetic parameters were Km = 0.43 mM and Vmax = 0.32 nmol mL−1 h−1 (Figure 7B).

[image: Figure 7]

FIGURE 7
 Lineweaver−Burk plots of KSM uptake. The kinetic data were calculated from the slope and the intercept of the Lineweaver−Burk plot. (A) Data from Figure 6A; the line yields a Km = 2.7 mM and Vmax = 0.75 nmol mL−1 h−1. (B) Data from Figure 5B after subtracting the CCCP-insensitive component; the line yields a Km = 0.43 mM and Vmax = 0.32 nmol mL−1 h−1.




Effect of pH and temperature on the uptake of KSM by castor bean cotyledons

The uptake of xenobiotics by plants is affected by many factors, such as physical and chemical properties xenobiotics and the characteristics of the crop. To study the pH effect on KSM uptake, the cotyledons were soaked in buffer solutions with different pH values (pH ranging from 5.0 to 9.0). The uptake of KSM was sensitive to pH (Figure 8A). Different pH values can affect the dissociation of the compound, thereby affecting the uptake. At pH = 5.5, the uptake was 1.03 μM, and with increasing pH, the uptake of KSM by castor bean gradually decreased. At pH values of 6, 7, and 8, the uptake was 0.72, 0.77, and 0.55 μM, respectively. At pH = 9.0, the uptake was significantly inhibited and was only 36.9% of that at pH = 5.5. The above results confirmed that KSM uptake at lower concentrations is proton motive force-dependent. Conceivably, differences in pH could induce physicochemical changes in the tissue, which might influence its permeability to KSM, but the strong dependence on pH speaks against purely passive entry.
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FIGURE 8
 Effect of pH and temperature on 0.1 mM KSM uptake by cotyledons from the castor bean. (A) Cotyledons were incubated in 0.1 mM KSM for 1 h (pH range from 5 to 9) for 60 min. (B) Cotyledons were incubated in 0.1 mM KSM (pH 5.5) and then placed at 14°C or 27°C for 60, 90, and 150 min. The figure indicates that the data (mean of three sets of 8 plants ± SE) within a column are significantly different by Duncan’s multiple range test (**p < 0.01).


The temperature coefficient (Q10) represents the factor by which the rate of a reaction increases for every 10° rise in the temperature. For many biological processes, particularly those that involve large-scale protein conformational changes, Q10 values are generally between 2 and 3. Thus, Q10 values are used to infer mechanistic insight into the physiological process under investigation (Ruby et al., 1999). To further understand the uptake mechanism, the effect of temperature on KSM uptake was investigated. The uptake of KSM at a low temperature (14°C) was decreased significantly compared with normal incubation conditions (27°C) within 60–90 min, and the Q10 was between 2 and 3 (Figure 8B).



Effect of energy inhibitors on uptake of KSM dinitrophenol

Dinitrophenol (DNP) and CCCP can significantly inhibit the uptake of aminoglycoside antibiotics by bacteria, indicating energy-consuming active uptake (Gomes et al., 2005). Therefore, we used the energy inhibitor 0.05 mM CCCP and 0.1 mM DNP to pretreat cotyledons for 1 h and then collected the phloem exudate. The results showed that after treatment with 0.05 mM CCCP and 0.1 mM DNP, the concentration in the phloem exudate was remarkably decreased to 34.23% and 48.06% of the control (0.78 μM), respectively (Figure 9). This result indicated that the uptake of KSM was an energy-dependent process.
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FIGURE 9
 Effect of DNP and CCCP on 0.1 mM KSM uptake by castor bean. Cotyledons were preincubated in a buffered solution at pH 5.5 for 30 min and then transferred to incubation medium containing 0.1 mM KSM for 1 h without (control) or with 0.1 mM DNP or 0.05 mM CCCP. The figure indicates that the data (mean of three sets of 8 plants ± SE) within a column were significantly different by Duncan’s multiple range test (**p < 0.01).




Effect of competitive substrates on the uptake of KSM

Glucose inhibited the uptake of KSM, but it was not obvious, the inhibition rates were 30.90%, 45.06%, and 61.73% at molar ratios (KSM: glucose) of 1:40, 1:400, and 1:400, respectively (Figure 10A). Phloridzin showed a moderate inhibitory effect, and the inhibition rates were 39.51%, 54.32%, and 61.73% at molar ratios (KSM: phloridzin) of 1:5, 1:10, and 1:20, respectively (Figure 10B). The inhibition effect of DCI was most vigorous, and the inhibition rates were 38.46%, 58.97%, and 67.95% at molar ratios (KSM: DCI) of 1:3, 1:5, and 1:7, respectively (Figure 10C). Previous studies have shown that KPT2 cell uptake of gentamicin, an aminoglycoside antibiotic, was mediated by the sodium-glucose transporter SGLT2 and could be inhibited by phloridzin and D-glucose (Stubbs et al., 2004), which is consistent with the results of this study.
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FIGURE 10
 Effect of D-glucose (A), phloridzin (B), and D-chiro-inositol (C) on 0.1 mM KSM uptake by castor bean. Cotyledons were preincubated in a buffered solution at pH 5.5 for 30 min and then transferred to incubation medium containing 0.1 mM KSM for 1 h without (control) or with different molar ratios of glucose, phloridzin and D-chiro-inositol. The figure indicates that the data (mean of three sets of 8 plants ± SE) within a column were significantly different by Duncan’s multiple range test (**p < 0.01).





Discussion

Castor bean is a symplastic-apoplastic loader, meaning that endogenous molecules from the foliage or exogenous molecules from the incubation solution found in the phloem exudate via the symplastic pathway may originate from the transfer cells of the lower epidermis. Many factors affect the membrane permeability of compounds, including the compound size, water solubility, ionicity (pKa), and lipophilicity (logP). The “Kleier model” has been widely employed to predict the mobility of xenobiotics based on their physicochemical properties (logP and pKa) and this suggests that when pKa is between 3 and 6 and logP is between −0.5 and 4, xenobiotics may have phloem conductivity (Kleier and HSu, 1996; Chollet et al., 2004). Calculated by software ACD/Percepta v2020.1.0, the logP and pKa of KSM are −2.06 and −0.62, respectively, ranging into the nonphloem-mobile area. However, KSM could be detected in the roots of 14-day-old castor bean seedlings. This result is inconsistent with the prediction model, but the target compound can be detected in the root, indicating a carrier-mediated uptake mechanism. Based on this, a study on the uptake mechanism was carried out in the following step. This indicates that the epidermal cells of the cotyledons can uptake KSM from the culture medium, reach the mesophyll cells of the apical leaf after being transported through the apoplast loading process, and can also reach the vascular bundles of the stem after being transported by the symplastic loading process and parenchyma cells, secondary xylem and ring phloem of the root (Rocher et al., 2006). This shows that KSM uses a mixed method of transport, upward through the xylem and downward through the phloem in castor bean.

An extracellular acidic environment can promote the ability of bacteria and mammalian cells to absorb aminoglycosides (Yoshioka et al., 1996). In the present experiment, the uptake of KSM by castor bean was significantly different under different pH treatments, and the content was the highest at pH = 5.5. Most carrier transport is energy-dependent and depends on the proton dynamic potential established by the plasma membrane H+-ATPase (Etxeberria et al., 2005). The external pH causes the proton concentration to change, and the proton concentration change affects the uptake of xenobiotics. Therefore, the uptake of KSM may be a carrier-mediated active process. It can be concluded that an active process is involved in the uptake of KSM by castor bean. Low temperature reduces the activity of mitochondrial ATPase and pyruvate kinase required for the synthesis of ATP so that the level of adenylate, especially ATP, decreases significantly, leading to disturbances in the metabolic process. Studies have shown that low temperature can inhibit the active uptake of silicon by cucumbers and phenanthrene in wheat and ATP-binding protein carriers or a process driven by the H+-ATP pump (Felle et al., 1983; Steyger et al., 2003). An inhibitor of oxidative phosphorylation can inhibit the energy production of cells. Studies have shown that DNP can inhibit the uptake of iodate by plants (Lu et al., 2016). CCCP can affect the uptake of compounds by plants by removing the proton driving force in the transmembrane process and it is an uncoupling agent, which is an important criterion for judging whether the uptake of xenobiotics requires energy and has been widely utilized in the study of transmembrane transport (Xu et al., 2019). Jiang et al. (2018) used CCCP to prove that the uptake of glycine–fipronil conjugate by castor bean is an energy-consuming process. Similar to previous studies, both CCCP and DNP in this study had inhibitory effects on the absorption of KSM in castor beans, indicating that the absorption of KSM requires energy consumption.

Based on the above results, we can confirm that the uptake of KSM is mediated by a certain kind of carrier. There is a D-chiro-inositol (DCI) moiety in the chemical structure of KSM. DCI belongs to a group of monosaccharides in plants. Developing garden pea embryos were able to take up exogenously applied DCI, and the competition for the uptake of DCI by glucose and sucrose and the susceptibility to CCCP suggested that a carrier was involved in its uptake (Lahuta and Dzik, 2011). Phloridzin is an inhibitor of glucose transporters and it is also used as an inhibitor of hexose transporters and DCI (Ehrenkranz et al., 2005). Competitive substrates of glucose, phloridzin, and DCI were used in this study to preliminarily explore the carrier that mediated uptake of KSM by castor bean cotyledons. Based on the strong effect of DCI and phloridzin, we preliminarily concluded that one or some inositol transporters mediate the uptake of KSM. Inositol transporters belong to the sugar transporter superfamily. Sugar transporters in plants are a very large family, and it is complicated to explore the relationship between sugar transporters and substrates. The first plant inositol transporters were identified in Mesembryanthemum crystallinum, but the mechanism was not analyzed in detail (Chauhan et al., 2000). The best characterized transporters to date are those from Arabidopsis thaliana. AtINT2 and AtINT4 were both shown to be H+/inositol symporters with myo-inositol, scyllo-inositol, and DCI transport functions. Many additional genes coding for putative inositol transporters have been identified in a variety of plant species, but the transport characteristics as well as the physiological roles of the encoded proteins are waiting to be discovered (Schneider, 2015).

Based on homology with Arabidopsis thaliana sugar transporters, the castor bean genome was predicted to harbor 53 genes encoding sugar transporters, falling into the eight previously defined subfamilies INT, PMT, VGT, STP, ERD6, pGlucT, TMT, and SUT. INT is responsible for inositol transport, and there are six INTs in castor beans, but their mechanism is still not clear (Mao et al., 2017). We will identify specific transporters using transcriptome, prokaryotic expression, and hyperexpression techniques in future studies. Carrier-mediated pro-pesticides are an innovative strategy for the development of new pesticides in the future. After conjugating a substrate (α-amino acids or sugars) of plant transporters with a nonsystemic pesticide, the resulting conjugate may be actively transported across the plasma membrane by transporters. With this strategy, the conjugates are expected to be delivered to the target organs of the substrate. Many studies have been carried out based on this strategy, especially in the design of phloem-mobile pesticides. Phloem-mobile pro-nematicide, a hydroxymethyloxamyl glucuronide, exhibited root-specific activation in transgenic tobacco (Hsu et al., 1995). The uptake of 2,4 D-Lys by broad bean leaf discs is mediated by an active carrier system (Delétage-Grandon et al., 2001). Ricinus communis monosaccharide transporters, RcSTP1, mediate the uptake of glucose–fipronil conjugate (Mao et al., 2017). Uptake of glutamine–fipronil conjugate is mediated by Arabidopsis thaliana lysine histidine transporter (AtLHT1; Jiang et al., 2018). A series of monosaccharide-fipronil conjugates showed phloem mobility in castor bean (Wu et al., 2019; Wang et al., 2022). Phenazine-1-carboxylic acid-valine conjugate possess good phloem transport in tobacco and promising in vivo antifungal activity against Rhizoctonia solani Kühn (Zhu et al., 2022).

Carrier-mediated pro-pesticide strategies face many challenges, such as little is known about the carriers and the loss of biological activity and stability during long-distance translocation. Clarifying the relationship between the structure of pesticides and conductivity is conducive to the design and development of targeted pesticides. Therefore, it is essential for developing carrier-mediated pro-pesticide strategies to study the uptake and transport characteristics of KSM in this study.
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Dendrobium nobile, an epiphytic plant, is a traditional medicinal herb with abundant endophytes. It is unclear whether the variation in the diversity and abundance of endophytes could stimulate the biosynthesis of medicinal compounds in the plant. In this study, we collected fresh stems of D. nobile from four habitats for investigating the fungal community structure, dendrobine content, and environment factors and their correlations. The results indicated no significant difference in endophytic fungal diversity among the habitats; however, different dominant or special endophytic genera were observed in the hosts from different habitats. The altitude was observed to be positively related to the dendrobine content, as the stems collected from the altitude of 692 m exhibited the highest level of dendrobine. Furthermore, the relative abundance of Toxicocladosporium was found to be positively correlated with the altitude and dendrobine content. The epiphytic matrix exhibited a significant negative correlation with the relative abundance of the endophytic fungus Gibberella but did not exhibit any significant correlation with the dendrobine content. The results indicated that the abundance of endophytes in D. nobile was affected by the altitude and epiphytic matrix and that high Toxicocladosporium abundance and high altitude were conducive to dendrobine production.
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Introduction

Dendrobium nobile Lindl. is a perennial herb from the Orchidaceae family that is mainly distributed in Guizhou, Sichuan, Guangxi, and Yunnan Provinces in Southwest China (Adhikari et al., 2021), the climate of which usually is humid and hot. It is a well-known traditional Chinese herb and has been used for more than 1,500 years as a medicine in Asia (Nie et al., 2020). Pharmacological studies have confirmed its diverse effects including immunomodulatory, antitumor, antidiabetic, neuroprotective, and antioxidative (Teixeira da Silva and Ng, 2017; Li D. D. et al., 2022). Its chemical components such as polysaccharides and alkaloids (Li et al., 2020; Zhang et al., 2021) are the basis of its pharmacological action. However, several studies have reported that the chemical constituents of D. nobile vary across different habitats (Chen et al., 2014; Wang et al., 2021). For example, 3-hydroxy-3-methylglutaryl is present only in the samples from Yunnan (Wang et al., 2021). Moreover, many factors such as light intensity, water content, and microorganisms influence the abundance of chemical constituents in D. nobile (Li et al., 2017; Chen X. Y. et al., 2021). Hence, to better control the quality of D. nobile in planting, elucidating the effect of environmental factors on the synthesis of metabolites is necessary.

Endophytes are the microorganisms that are abundantly present in plant tissues and exert crucial effects on host plant growth, development, and adaptability (Jia et al., 2016; Li Q. et al., 2022). In plant micro-ecosystems, hundreds of endophytes function synergistically to assist the host plant in nutrient uptake and pathogen resistance (Nguyen et al., 2021). However, environmental factors have been reported to shape the endophytic fungal community structure, resulting in differences in plant characteristics (Coleman-Derr et al., 2016; Trivedi et al., 2020). Transplantation of plants from dam areas to mountains can lead to the recombination of endophytic fungi and alter the diversity and richness of endophytic fungi in Ligusticum chuanxiong (Kang et al., 2021). Interestingly, a study indicated that five secondary metabolites, namely aloe-emodin, rhein, emodin, chrysophanol, and physcion, are positively correlated with the diversity and abundance of endophytic fungi of Rheum palmatum from eight different production areas (Chen D. et al., 2021). Therefore, elucidating the community structure of endophytes can help reveal the role of endophytes in the formation of host plant characteristics and the production of key secondary metabolites.

The production and accumulation of dendrobine, an important index component and an active component of D. nobile, have been extensively studied. A study proved that the dominant endophytic fungi are closely related to dendrobine accumulation in D. nobile (Chen X. Y. et al., 2021). Another study reported that the dendrobine content in the seedling supplying with endophytic fungi was significantly increased along with an improved growth state (Yan et al., 2016). The endophytic mycorrhiza fungal strain MF 23 was reported to help in increasing the dendrobine content in Dendrobium (Chen X. Y. et al., 2021). Some endophytic fungi such as Trichoderma longibrachiatum (Sarsaiya et al., 2020) isolated from D. nobile were reported to synthesize dendrobine. Significant differences were observed in the dendrobine content in D. nobile across various habitats (Yang et al., 2020). Thus, analyzing the community structure of endophytic fungi and the correlation between the abundance of endophytic fungi and dendrobine content in D. nobile holds great significance. In this study, we investigated the community structure of endophytic fungi in D. nobile from four habitats and analyzed the correlation between the endophytic fungal community composition and dendrobine content. The purpose of this study was to elucidate the mechanism of formation of dendrobine by different endophytic fungi and facilitate dendrobine production.



Materials and methods


Sample collection

A total of 54 D. nobile stems were collected from four provinces (Figure 1), the number of which sampled from GZ, HN, YN, and FJ were 24, 24, 3, and 3, respectively. The stems of D. nobile that were growing on different substrates such as pine bark and stones were collected from Chishui City, Guizhou Province (GZ, N28°30′2″, E105°55′48″), Haikou city, Hainan Province (HN, N19°48′12″, E110°19′44″), Menglian county, Yunnan Province (YN, N22°20′8″, E99°37′6″), and Zhangzhou city, Fujian Province (FJ, N24°9′33″, E117°35′39″) of China. After removing the roots and leaves, the stems were packed in 50-mL centrifuge tubes, labeled. Then, all stems were disinfected as follows steps. Firstly, 20 ml 75% alcohol was added to 50 ml tube with 45 s. Secondly, after alcohol removed 20 ml 0.1% mercuric chloride was added for deepen disinfection with 5 min. Finally, sterile water was used to rinse the remaining mercuric chloride three times. All sterile stems were immediately stored at −80°C. Each sample was divided into two parts: one part with 200 mg stems of each D. nobile sample was sent to the Lianchuan Biological Company for internal transcribed spacer (ITS) sequencing, and the other part was used for determining the dendrobine content. The information of climate and growth environment factors of D. nobile are shown in Table 1.
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FIGURE 1
The geographical distribution map.



TABLE 1    Information of all Dendrobium nobile samples.
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DNA extraction, amplification, and sequencing

DNA from all stems was extracted using the E.Z.N.A. Stool DNA Kit (D4015, Omega, Inc, United States) according to the manufacturer’s instructions. Fresh stems (approximately 200 mg) were ground and transferred into 2.0-mL microcentrifuge tubes with 540 μL of SLX-Mlus buffer. To completely homogenized samples, 60 μL of DS buffer and 20 μL of proteinase K solution were added, and the mixture was incubated at 70°C for 10 min. Then, SP2 buffer was added, and the supernatant of the mixture was transferred to a collection tube for purification. Finally, the total DNA was eluted in 50 μL of elution buffer and stored at −80°C until performing PCR at LC-Bio Technology Co., Ltd., Hangzhou, Zhejiang Province, China.

The ITS2 region of the fungi was amplified with slightly modified versions of the primers ITS1FI2 (5′-GTGARTCATCGAATCTTTG-3′) and ITS2 (5′-TCCTCCGCTTATTGATATGC-3′) (Karlsson et al., 2014). PCR amplification was performed in a 25-μL reaction mixture containing 25 ng template DNA, 12.5 μL of PCR premix, and 2.5 μL of each primer, and PCR-grade water was used to adjust the volume of reaction mixture. The PCR conditions for amplification were as follows: an initial denaturation at 98°C for 30 s, followed by 32 cycles of denaturation at 98°C for 10 s; annealing at 54°C for 30 s; and extension at 72°C for 45 s, followed by a final extension at 72°C for 10 min. The PCR products were confirmed using 2% agarose gel electrophoresis, purified using AMPure XT beads (Beckman Coulter Genomics, Danvers, MA, United States), and quantified using Qubit (Invitrogen, United States). The amplicon pools were prepared for sequencing, and the size and quantity of the amplicon library were assessed using an Agilent 2100 Bioanalyzer (Agilent, United States) and Library Quantification Kit for Illumina (Kapa Biosciences, Woburn, MA, United States), respectively. The libraries were sequenced on the NovaSeq PE250 platform.



Sequencing data analyses

The samples were sequenced on the Illumina NovaSeq platform according to the manufacture’s recommendations provided by LC-Bio. Paired-end reads were assigned based on their unique barcode and truncated by cutting off the barcode and primer sequence. Paired-end reads were merged using Pear. Quality filtering on the raw reads was performed under specific filtering conditions to obtain high-quality clean tags according to fqtrim software (version 0.94). Chimeric sequences were filtered using Vsearch software (version 2.3.4). After dereplication using DADA2, we obtained the feature table and feature sequences. Alpha diversity [observed operational taxonomic units (OTUs) and Shannon index] and beta diversity [principal coordinate analysis (PCoA) and non-metric multidimensional scaling (NMDS)] were calculated using QIIME2, in which the same number of sequences was randomly extracted by reducing the number of sequences of some samples to the minimum, and the relative abundance (X fungal count/total count) was used in fungus taxonomy. The sequence alignment of species annotation was performed using the QIIME2 plugin feature-classifier, and the alignment databases used were RDP and UNITE.



Determination of the dendrobine content and data analysis

The clean stems were cut into small segments, dried at 60°C, and ground to powder. After sieving through No. 3 sieve, 0.25 mg powder of D. nobile was refluxed and extracted with 0.05% formic acid methanol solution (25 mL) according to the method described in Chinese Pharmacopoeia, 2020 (Chinese Pharmacopoeia Commission, 2020). This mixture was boiled in water at 80°C for 3 h and complemented weightlessness with methanol-0.05% formic acid solution after the mixture was cooled. Overall, 2 mL of filtered extract was transferred to a volumetric bottle containing 1 mL of internal standard stock solution (12.5 mg naphthalene dissolved in 10 mL of methanol), to which 5 mL methanol–0.05% formic acid solution was added for further detection. The dendrobine content was determined through gas chromatography (Lu et al., 2020); the chromatography system (Agilent 7820A, Flame ionization detector, Co., Agilent, United States) was equipped with a DB-1 GC column (column length, 30 m; internal diameter, 2.25 mm; and film thickness, 0.25 μm). The initial temperature was 80°C, which was increased to 250°C at a rate of 10°C/min and maintained for 5 min. The temperature of both sample inlet and detector was 250°C; the flow rate of the carrier gas was 1 mL/min, and the injection volume was 1 μL. The air flow rate was 300 mL/min, the hydrogen flow rate was 30 mL/min, the tail gas blowing rate was 25 mL/min, and the split ratio was 1:1.

Then, a differential analysis among different groups was performed via t-test in R language (version 4.0.5), P-value of < 0.05 was considered statistically significant.



Correlation analysis of endophytic fungal abundance, dendrobine content, and habitat factors

The endophytic fungi in HN and GZ were sorted as per the relative abundance, and the top 5 genera were selected for further analysis. A correlation analysis was performed among endophytic fungal abundance, dendrobine content, and epiphytic matrix in HN. Moreover, the correlation analysis was performed among the endophytic fungal abundance, dendrobine content, and altitude for samples in GZ. The PerformanceAnalytics package in R language (version 4.0.5) and Spearman method were used for the correlation analysis. A P-value of < 0.05 was considered statistically significant.




Results


Sequence data results

After trimming the raw data of ITS2 sequencing, 4,539,878 reads were obtained from the D. nobile samples from four areas (Figure 2A). Most length of these reads was distributed in the 200–400 bp region. A total of 2,429 feature sequences were obtained after read denoising. A petal map analysis was further performed for all feature sequences. The results revealed that 9 feature sequences were shared by the D. nobile samples from four habitats, whereas the number of feature sequences unique to the HN, FJ, GZ, and YN habitats was 802, 131, 1174, and 86, respectively (Figure 2B).
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FIGURE 2
The sequence feature and length distribution of endophytic fungi. (A) Length distribution of sequences; (B) the number of feature sequences in four habitats.




Diversity analysis of endophytic fungi

To assess the community composition of endophytic fungi in D. nobile in various habitats, we analyzed the diversity of endophytic fungi through alpha and beta analyses. The result of alpha analysis revealed no significant difference in the observed OTUs (Figure 3A) and Shannon index (Figure 3B), which indicated that the number and richness of endophytic fungi species in different habitats was similar. Moreover, the result of beta analysis showed that the community structure of endophytic fungi in different habitats could not be distinguished through PCA (Figure 3C) and NMDS (Figure 3D), implied that the community structure of endophytic fungi of D. nobile was similar across different habitats in this study.
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FIGURE 3
Diversity analysis of endophytic fungi of Dendrobium nobile from different habitats. (A) The index of observed OTUs; (B) the Shannon index; (C) the result of PCA; (D) the result of NMDS.




Comparison of the endophytic fungal community composition

The annotation results revealed that all endophytic fungi belonged to four known phyla (Figure 4A), namely Ascomycota, Basidiomycota, Zygomycota, and Chytridiomycota. Among these phyla, Ascomycota was the main fungal flora with an average relative abundance of 82.75%. Notably, Chytridiomycota and Zygomycota were observed only in HN; however, their average relative abundance was extremely low (0.09 and 0.02%, respectively; Supplementary Table 1). At the genus level, all endophytic fungi were found to belonging 273 genera. Figure 4B shows the relative abundance of the top 20 genera. Glomerella (27.49%), Acremonium (20.40%), Massaria (26.03%) and Gibberella (13.78%), were the dominant endophytic fungi in D. nobile from GZ, YN, FJ, and HN, respectively (Supplementary Table 2). Except Glomerella, Gibberella, Cyphellophora, and Basidiomycota–unclassified, the Devriesia and Toxicocladosporium were among the top 5 genera with high relative abundance in HN and GZ, respectively; therefore, the correlation of the relative abundance of these genera with dendrobine content and environment factor was further analyzed.
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FIGURE 4
The endophytic fungal community composition of Dendrobium nobile from different habitats at the phylum (A) and genus (B) levels.




Comparison of the dendrobine content among Dendrobium nobile samples from different habitats

The dendrobine content varied among the D. nobile samples from different habitats. First, we found that among the 24 samples from GZ, the dendrobine content in 16 samples was >0.4%, which was higher than that in the samples from other habitats (Figure 5A). Then, the significant difference analysis between GZ and HN showed that the dendrobine content of D. nobile in GZ was significantly higher than that in HN (Figure 5B). In addition, we analyzed the difference in the dendrobine content according to the altitude in GZ (Figure 5C). The dendrobine content significantly varied between low and high altitudes and between middle and high altitudes. Further, we analyzed the difference in the dendrobine content in D. nobile growing on different substrates in HN; no significant difference in the dendrobine content was observed among D. nobile growing on different substrates at the same altitude (Figure 5D).
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FIGURE 5
Analysis of the dendrobine content in Dendrobium nobile from different habitats. (A) Distribution of the dendrobine content of all samples; (B) comparison of the dendrobine content between HN and GZ; (C) comparison of the dendrobine content at different altitudes in GZ area. L, low altitude (327 m); H, high altitude (692 m); ML, middle-low altitude (484 m); M, middle altitude (528 m). *0.01 < P < 0.05; (D) comparison of dendrobine contents in different epiphytic substrates at the same altitude in HN producing area. A, areca catechu; B, litchi chinensis; C, jackfruit tree; and D, pelelith.




Analysis of correlation among the dendrobine content and different habitat factors

A correlation analysis was performed among the dendrobine content, endophytic fungi, and epiphytic matrix in D. nobile from HN (Figure 6A). The results revealed that the epiphytic matrix was very weakly correlated with the dendrobine content; however, the epiphytic matrix displayed a significant correlation with the relative abundance of Gibberella (r = −0.42, P < 0.05). Interestingly, Basidiomycota_classfied exhibited a significant correlation with the relative abundance of Glomerella (r = 0.54, P < 0.01). In addition, a correlation analysis was performed among the dendrobine content, altitude, and relative abundance of endophytic fungi in D. nobile from GZ (Figure 6B). The results revealed significant correlations between the dendrobine content and altitude (r = 0.80, P < 0.001), altitude and Toxicocladosporium abundance (r = 0.68, P < 0.01), and dendrobine content and Toxicocladosporium abundance (r = 0.49, P < 0.05).
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FIGURE 6
Correlation analysis of habitat factors and dendrobine content in Dendrobium nobile. (A) Correlation analysis among the dendrobine content, epiphytic matrix, and relative abundance of endophytic fungi in HN samples. (B) Correlation analysis among the dendrobine content, altitude, and relative abundance of endophytic fungi in D. nobile from GZ production area. *0.01 < P < 0.05; **0.001 < P < 0.01; and ***P < 0.001.





Discussion

The endophytic fungal community structure is closely related to the host plant genus and growth environment (Singer et al., 2019). In a certain area, the distribution of endophytes is relatively stable and exhibits differences in various plant species. Studies on plants such as sugarcane (De Souza et al., 2016) and citrus (Xu et al., 2018) have reported that a vast diversity of the fungi colonizing the plant tissues mainly belong to the phyla Ascomycota and Basidiomycota (Cregger et al., 2018; Hamonts et al., 2018). A study on five Artemisia argyi varieties in different cultivation areas reported significant differences in the dominant genera among the samples at the genus level (Wu et al., 2021). In this study, 2,429 characteristic sequences of endophytic fungi were obtained and annotated to four phyla, of which Ascomycota (90.41%) and Basidiomycota (9.53%) were found to be the most abundant in the four studied areas. The other two phyla, Chytridiomycota and Zygomycota, were identified only in HN. In addition, the species composition and relative abundance of the dominant genera of endophytic fungi varied across different producing areas. Massaria (26.03%), Gibberella (13.78%), Glomerella (27.49%), and Acremonium (20.40%) were the dominant endophytic fungi of D. nobile from FJ, HN, GZ, and YN habitats, respectively. However, the diversity of endophytic fungi of D. nobile from different habitats exhibited no significant difference, which indicates that the endophyte community of D. nobile cannot be significantly shaped by the habitats. The mechanism of formation of varied endophytic communities may be more closely correlated with other factors including the genetic factor.

Endophytes play a vital role in the regulation of synthesis pathways of chemical compounds (Yan et al., 2019). Fusarium oxysporum in Passiflora incarnata (da Silva et al., 2020), Penicillium chrysogenum in Huperzia serrata (Cao et al., 2021), and Diaporthe sp. in Rhizophora stylosa (Nagarajan et al., 2021) have been identified as the dominant species that promote the synthesis of active ingredients in host plants. Moreover, some endophytic fungi such as Periconia sp. (Ortega et al., 2021) and Phoma sp. (Kim et al., 2019) have been reported to produce new active substances, which has promoted the research on endophytes. In Gentiana, the loganic acid content was reported to be significantly positively correlated with the relative abundance of endophytic fungi (Hou et al., 2022). The liquiritin content of three Glycyrrhiza species was affected by the differences in the diversity of the endophytic fungal community (Dang et al., 2021). The accumulation of seven active components including total sugars, flavonoids, and ursolic acid in Cynomorium songaricum Rupr. was correlated with the change in the assembly of endophytic fungi with different plant developmental stages (Cui et al., 2018). In the present study, the relative abundance of fungi in D. nobile exhibited either a positive correlation or a negative correlation with the dendrobine content. Gibberella abundance in HN and GZ was strongly negatively correlated with the dendrobine content. At the same time, Basidiomycota_classfied and Cyphellophora abundances in HN and Toxicocadosporium abundance in GZ exhibited a positive correlation with the dendrobine content. Moreover, same fungal genera in different areas possibly exhibited different correlations with chemical compound accumulation. Glomerella and Cyphellophora abundances exhibited a negative correlation with the dendrobine content in GZ, but a positive correlation with the dendrobine content in HN.

In other plant species, the altitude factor accounted for the differences in the relative abundance of endophytes. For example, Hypogymnia hypotrypa within lichen-associated fungal species was significantly affected by altitude at the phylum and class levels (Wang et al., 2016). Yuan et al. (2018) reported that the diversity of fungal communities in tobacco tended to decrease with an increase in the altitude. The dendrobine content in D. nobile at a high altitude was significantly higher than that at a low altitude (Lu et al., 2020). In our study, the dendrobine content varied among stems from four habitats with different altitudes. The dendrobine content in the samples from GZ was significantly positively affected by the altitude and relative abundance of Toxicocadosporium. This endophytic fungus was detected only in GZ, and its varied abundance further clarified the positive relationship with the altitude factor. The finding indicated that the relative abundance of the endophytic fungus Toxicocladosporium may be shaped by the altitude and related to the differences in the accumulated dendrobine content at different altitudes. However, the relationship among Toxicocladosporium abundance, altitude, and dendrobine content remains to be further studied.

In summary, the environmental factors related to the D. nobile growth can impact the endophytic fungal community. Through correlation analyses, we report that the interactions between the factors such as abundance of core fungi, altitude, and epiphytic matrix significantly affected the dendrobine production in D. nobile.



Conclusion

In this study, we compared the endophytic fungal community of D. nobile from four habitats through ITS sequencing and analyzed the correlation among the relative abundance of endophytes, several environmental factors, and dendrobine content. The diversity of endophytic fungi did not vary across different habitats; however, the structural composition of endophytes at the phylum and genus levels was found to vary greatly. The change in the altitude and relative abundance of Toxicocladosporium in GZ significantly correlated with the dendrobine content. Moreover, the change in the epiphytic matrix could lead to variations in the relative abundance of endophytic fungi in HN. The study findings enhanced our understanding of the changes in the fungal community and chemicals under the influence of environmental factors. Moreover, our findings be useful in developing a strategy to grow high-quality D. nobile based on the altitude, abundance of endophytic fungi, and epiphytic matrix.



Data availability statement

The data presented in the study are deposited in the NCBI repository, accession number PRJNA862722.



Author contributions

DX, YH, and GQ conceived, supervised, and writing-reviewed the manuscript, designed the experiments, and cofounded and co-administrated the project. LL and CL originally wrote and writing-reviewed the draft. LL, CL, WW, QL, TP, and ZL performed the experiments and carried out the analysis. All authors approved the final version.



Funding

This research was financially supported by the National Natural Science Foundation of China (31560079 and 31960074), the Science and Technology Department Foundation of Guizhou Province of China [Nos. (2017)5733-050, (2019)-027, (2019)5657, and QKHJC-ZK(2022)YB610], the Special Joint Bidding Project of Zunyi Sci & Tech Bureau and Zunyi Medical University (ZSKHHZ-2020-91), and the Postgraduate Research Fund Project of Zunyi Medical University (ZYK029).



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.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2022.981070/full#supplementary-material



References

Adhikari, Y. P., Bhattarai, P., Acharya, K. P., and Kunwar, R. M. (2021). Dendrobium nobile Lindl. Orchidaceae. Cham: Springer.

Cao, D., Sun, P., Bhowmick, S., Wei, Y., Guo, B., Wei, Y., et al. (2021). Secondary metabolites of endophytic fungi isolated from Huperzia serrata. Fitoterapia 155:104970. doi: 10.1016/j.fitote.2021.104970

Chen, D., Jia, L., Hou, Q., Zhao, X., and Sun, K. (2021). Analysis of endophyte diversity of rheum palmatum from different production areas in Gansu Province of China and the association with secondary metabolite. Microorganisms 9:978.

Chen, X. Y., Li, Q., Xu, X. L., Ding, G., Guo, S., and Li, B. (2021). Effects of the endophytic fungus MF23 on Dendrobium nobile Lindl. in an artificial primary environment. ACS Omega 6, 10047–10053. doi: 10.1021/acsomega.0c06325

Chen, Z. H., Luo, M., Wei, G., Shun, Q., Huang, Y., and Yang, M. (2014). Comparative study on the HPLC characteristic spectrum of Dendrobium nobile Lindl. from different regions. J. Guangdong Pharm. Univ. 30, 707–712.

Chinese Pharmacopoeia Commission (2020). Pharmacopoeia of the people’s Republic of China, 2020 Edn. Beijing: China Medical Science and Technology Press, 96.

Coleman-Derr, D., Desgarennes, D., Fonseca-Garcia, C., Gross, S., Clingenpeel, S., Woyke, T., et al. (2016). Plant compartment and biogeography affect microbiome composition in cultivated and native Agave species. New Phytol. 209, 798–811. doi: 10.1111/nph.13697

Cregger, M. A., Veach, A. M., Yang, Z. K., Crouch, M. J., Vilgalys, R., Tuskan, G. A., et al. (2018). The Populus holobiont: dissecting the effects of plant niches and genotype on the microbiome. Microbiome 6:31. doi: 10.1186/s40168-018-0413-8

Cui, J. L., Zhang, Y. Y., Vijayakumar, V., Zhang, G., Wang, M. L., and Wang, J. H. (2018). Secondary metabolite accumulation associates with ecological succession of endophytic fungi in Cynomorium songaricum Rupr. J. Agric. Food Chem. 66, 5499–5509. doi: 10.1021/acs.jafc.8b01737

da Silva, M. H. R., Cueva-Yesquén, L. G., Júnior, S. B., Garcia, V. L., Sartoratto, A., and de Angelis, D. F. (2020). Endophytic fungi from Passiflora incarnata: an antioxidant compound source. Arch. Microbiol. 202, 2779–2789. doi: 10.1007/s00203-020-02001-y

Dang, H., Zhang, T., Wang, Z., Li, G., Zhao, W., Lv, X., et al. (2021). Differences in the endophytic fungal community and effective ingredients in root of three Glycyrrhiza species in Xinjiang, China. PeerJ 9:e11047. doi: 10.7717/peerj.11047

De Souza, R. S., Okura, V. K., Armanhi, J. S., Jorrín, B., Lozano, N., da Silva, M., et al. (2016). Unlocking the bacterial and fungal communities assemblages of sugarcane microbiome. Sci. Rep. 6:28774. doi: 10.1038/srep28774

Hamonts, K., Trivedi, P., Garg, A., Janitz, C., Grinyer, J., Holford, P., et al. (2018). Field study reveals core plant microbiota and relative importance of their drivers. Environ. Microbiol. 20, 124–140. doi: 10.1111/1462-2920.14031

Hou, Q. Z., Chen, D. W., Wang, Y. P., Ehmet, N., Ma, J., and Sun, K. (2022). Analysis of endophyte diversity of two Gentiana plants species and the association with secondary metabolite. BMC Microbiol. 22:90. doi: 10.1186/s12866-022-02510-4

Jia, M., Chen, L., Xin, H. L., Zheng, C. J., Rahman, K., Han, T., et al. (2016). A friendly relationship between endophytic fungi and medicinal plants: a systematic review. Front. Microbiol. 7:906. doi: 10.3389/fmicb.2016.00906

Kang, L., He, D., Wang, H., Han, G., Lv, H., Xiao, W., et al. (2021). Breeding on Mountains” resulted in the reorganization of endophytic fungi in asexually propagated plants (Ligusticum chuanxiong Hort.). Front. Plant Sci. 12:740456. doi: 10.3389/fpls.2021.740456

Karlsson, I., Friberg, H., Steinberg, C., and Persson, P. (2014). Fungicide effects on fungal community composition in the wheat phyllosphere. PLoS One 9:e111786. doi: 10.1371/journal.pone.0111786

Kim, J. W., Choi, H. G., Song, J. H., Kang, K. S., and Shim, S. H. (2019). Bioactive secondary metabolites from an endophytic fungus Phoma sp. PF2 derived from Artemisia princeps Pamp. J. Antibiot. 72, 174–177. doi: 10.1038/s41429-018-0131-2

Li, D. D., Zheng, C. Q., Zhang, F., and Shi, J. S. (2022). Potential neuroprotection by Dendrobium nobile Lindl alkaloid in Alzheimer’s disease models. Neural Regen. Res. 17, 972–977. doi: 10.4103/1673-5374.324824

Li, J. L., Zhao, Z., Liu, H. C., Luo, C. L., and Wang, H. L. (2017). Influence of light intensity and water content of medium on total dendrobine of Dendrobium nobile Lindl. Asian Pac. J. Trop. Med. 10, 1095–1100. doi: 10.1016/j.apjtm.2017.10.015

Li, Q., Liu, C., Huang, C., Wang, M., Long, T., Liu, J., et al. (2022). Transcriptome and metabonomics analysis revealed the molecular mechanism of differential metabolite production of Dendrobium nobile under different epiphytic patterns. Front. Plant Sci. 13:868472. doi: 10.3389/fpls.2022.868472

Li, Z., Xiang, J., Hu, D., and Song, B. (2020). Naturally potential antiviral agent polysaccharide from Dendrobium nobile Lindl. Pestic. Biochem. Physiol. 167, 104598. doi: 10.1016/j.pestbp.2020.104598

Lu, A., Yu, D., He, H., Du, Y., Zhang, Q., Bai C., et al. (2020). Comparison of dendrobine contents in the Dendrobium nobile population. J. Zunyi Med. Univ. 43, 41–46.

Nagarajan, K., Tong, W. Y., Leong, C. R., and Tan, W. N. (2021). Potential of endophytic Diaporthe sp. as a new source of bioactive compounds. J. Microbiol. Biotechnol. 31, 493–500. doi: 10.4014/jmb.2005.05012

Nguyen, M. H., Shin, K. C., and Lee, J. K. (2021). Fungal community analyses of endophytic fungi from two oak species, quercus mongolica and Quercus serrata, in Korea. Mycobiology 49, 385–395. doi: 10.1080/12298093.2021.1948175

Nie, X., Chen, Y., Li, W., and Lu, Y. (2020). Anti-aging properties of Dendrobium nobile Lindl.: From molecular mechanisms to potential treatments. J. Ethnopharmacol. 257:112839. doi: 10.1016/j.jep.2020.112839

Ortega, H. E., Torres-Mendoza, D., Caballero, E. Z., and Cubilla-Rios, L. (2021). Structurally uncommon secondary metabolites derived from endophytic fungi. J. Fungi 7:570.

Sarsaiya, S., Jain, A., Fan, X., Jia, Q., Xu, Q., Shu, F., et al. (2020). New insights into detection of a dendrobine compound from a novel endophytic Trichoderma longibrachiatum strain and its toxicity against phytopathogenic bacteria. Front. Microbiol. 11:337. doi: 10.3389/fmicb.2020.00337

Singer, E., Bonnette, J., Woyke, T., and Juenger, T. E. (2019). Conservation of endophyte bacterial community structure across two Panicum grass species. Front. Microbiol. 10:2181. doi: 10.3389/fmicb.2019.02181

Teixeira da Silva, JA., and Ng, T. B. (2017). The medicinal and pharmaceutical importance of Dendrobium species. Appl. Microbiol. Biotechnol. 101, 2227–2239.

Trivedi, P., Leach, J. E., Tringe, S. G., Sa, T., and Singh, B. K. (2020). Plant–microbiome interactions: from community assembly to plant health. Nat. Rev. Microbiol. 18, 607–621.

Wang, Y., Liao, X., Zhou, C., Hu, L., Wei, G., Huang, Y., et al. (2021). Identification of C-glycosyl flavones and quality assessment in Dendrobium nobile. Rapid Commun. Mass Spect. 35:e9012. doi: 10.1002/rcm.9012

Wang, Y., Zheng, Y., Wang, X., Wei, X., and Wei, J. (2016). Lichen-associated fungal community in Hypogymnia hypotrypa (Parmeliaceae, Ascomycota) affected by geographic distribution and altitude. Front. Microbiol. 7:1231. doi: 10.3389/fmicb.2016.01231

Wu, Q. F., He, L. M., Gao, X. Q., Zhang, M. L., Wang, J. S., Hou, L. J., et al. (2021). Diversity of endophytic fungal community in leaves of Artemisia argyi based on high-throughput amplicon sequencing. Pol. J. Microbiol. 70, 273–281. doi: 10.33073/pjm-2021-025

Xu, J., Zhang, Y., Zhang, P., Trivedi, P., Riera, N., Wang, Y., et al. (2018). The structure and function of the global citrus rhizosphere microbiome. Nat. Commun. 9:4894. doi: 10.1038/s41467-018-07343-2

Yan, H. L., Chen, X. M., Liao, F. H., and Deng, X. F. (2016). Effects of Mycorrhizal fungi on the growth and dendrobine and Polysaccharide accumulation of Dendrobium nobile Lindl seedlings. Chinese Pharm J. 51, 1450–1454.

Yan, L., Zhu, J., Zhao, X., Shi, J., Jiang, C., and Shao, D. (2019). Beneficial effects of endophytic fungi colonization on plants. Appl. Microbiol. Biotechnol. 103, 3327–3340.

Yang, L., Wu, Q., Gao, Y., Chen Q., Wang Y., Niu X., et al. (2020). Analysis of composition of endophytic community of Dendrobium nobile Lindl. Seeds based on high-throughput sequencing. Seeds 39, 94–98.

Yuan, X. L., Cao, M., Liu, X. M., Du, Y. M., Shen, G. M., Zhang, Z. F., et al. (2018). Composition and genetic diversity of the Nicotiana tabacum microbiome in different topographic areas and growth periods. Int. J. Mol. Sci. 19:3421. doi: 10.3390/ijms19113421

Zhang, M. S., Linghu, L., Wang, G., He, Y. Q., Sun, C. X., and Xiao, S. J. (2021). Dendrobine-type alkaloids from Dendrobium nobile. Nat. Prod. Res. 20, 1–7.













	 
	

	TYPE Original Research
PUBLISHED 14 September 2022
DOI 10.3389/fmicb.2022.970139





Physiological and transcriptomic analyses revealed gene networks involved in heightened resistance against tomato yellow leaf curl virus infection in salicylic acid and jasmonic acid treated tomato plants

Peng Wang1, Sheng Sun1*, Kerang Liu2, Rong Peng1, Na Li1, Bo Hu3, Lumei Wang2, Hehe Wang4, Ahmed Jawaad Afzal5 and Xueqing Geng2*

1College of Horticulture, Shanxi Agricultural University, Jinzhong, Shanxi, China

2School of Agriculture and Biology, Shanghai Jiao Tong University, Shanghai, China

3Institute of Quality and Safety Testing Center for Agro-Products, Xining, Qinghai, China

4Edisto Research and Education Center, Clemson University, Blackville, SC, United States

5Division of Science, New York University, Saadiyat Island Campus, Abu Dhabi, United Arab Emirates

[image: image]

OPEN ACCESS

EDITED BY
Yong Wang, Guizhou University, China

REVIEWED BY
Jinxin Gao, New York University, United States
Pengfei Bai, University of Texas at Austin, United States

*CORRESPONDENCE
Sheng Sun, sunsheng_2004@126.com
Xueqing Geng, xqgeng@sjtu.edu.cn

SPECIALTY SECTION
This article was submitted to Microbe and Virus Interactions with Plants, a section of the journal Frontiers in Microbiology

RECEIVED 15 June 2022
ACCEPTED 15 August 2022
PUBLISHED 14 September 2022

CITATION
Wang P, Sun S, Liu K, Peng R, Li N, Hu B, Wang L, Wang H, Afzal AJ and Geng X (2022) Physiological and transcriptomic analyses revealed gene networks involved in heightened resistance against tomato yellow leaf curl virus infection in salicylic acid and jasmonic acid treated tomato plants.
Front. Microbiol. 13:970139.
doi: 10.3389/fmicb.2022.970139

COPYRIGHT
© 2022 Wang, Sun, Liu, Peng, Li, Hu, Wang, Wang, Afzal and Geng. 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.

Tomato yellow leaf curl virus (TYLCV), a member of the genus Begomovirus of the Geminiviridae family, causes leaf curl disease of tomato that significantly affects tomato production worldwide. SA (salicylic acid), JA (jasmonic acid) or the JA mimetic, COR (coronatine) applied exogenously resulted in improved tomato resistance against TYLCV infection. When compared to mock treated tomato leaves, pretreatment with the three compounds followed by TYCLV stem infiltration also caused a greater accumulation of H2O2. We employed RNA-Seq (RNA sequencing) to identify DEGs (differentially expressed genes) induced by SA, JA, COR pre-treatments after Agro-inoculation of TYLCV in tomato. To obtain functional information on these DEGs, we annotated genes using gene ontology (GO) and Kyoto encyclopedia of genes and genomes (KEGG) databases. Based on our comparative analysis, differentially expressed genes related to cell wall metabolism, hormone signaling and secondary metabolism pathways were analyzed in compound treated samples. We also found that TYLCV levels were affected in SlNPR1 and SlCOI1 silenced plants. Interestingly, compared to the mock treated samples, SA signaling was hyper-activated in SlCOI1 silenced plants which resulted in a significant reduction in viral titer, whereas in SINPR1 silencing tomato plants, there was a 19-fold increase in viral load. Our results indicated that SA, JA, and COR had multiple impacts on defense modulation at the early stage of TYLCV infection. These results will help us better understand SA and JA induced defenses against viral invasion and provide a theoretical basis for breeding viral resistance into commercial tomato accessions.

KEYWORDS
TYLCV, SA, JA, coronatine, tomato, RNA-seq


Introduction

Tomato yellow leaf curl virus (TYLCV), belonging to the genus Begomovirus of the Geminiviridae family, contains circular single-stranded DNA (ssDNA) which is 2.7–2.8 kb in length. As a destructive viral pathogen, TYLCV causes a myriad of host disease symptoms ranging from upward curling of leaves and chlorosis to a reduction in leaf size, resulting in significant yield losses (Prasad et al., 2020). In nature, the virus is spread by whiteflies (Huang et al., 2017), and the infection in tomato, as well as cucumber and pepper has been associated with the global spread of the pathogen (Li T. et al., 2019). The spread is further exacerbated due to the high migration rate and reproductive capacity of whiteflies.

Plant hormones play key regulatory roles in defense gene regulation (Du et al., 2017). JA (jasmonic acid) and SA (salicylic acid) are two important defense hormones implicated in the elicitation of plant defenses (Yu et al., 2015). SA plays a key role in resistance against biotrophic pathogens, and induces systemic acquired resistance (SAR) (Glazebrook, 2005; Pieterse et al., 2012, 2014). NPR1 (non-expressor of pathogenesis related genes 1) is one SA receptor that makes essential contributions to SA signaling in Arabidopsis (Wu et al., 2012; Ding et al., 2018). In Arabidopsis, three proteins (NPR1, NPR3, and NPR4) were proposed to function as SA receptors, as they were shown to bind to SA. NPR1 was proposed to function as a transcriptional co-activator, whereas NPR3/NPR4 were suggested to function as transcriptional co-repressors that induce NPR1 degradation. It was further shown that SA inhibits NPR3/NPR4 function to promote the expression of downstream immune regulators (Ding et al., 2018). On the other hand, JA signaling is activated when plants are attacked by necrotrophic pathogens or herbivores and leads to the activation of induced systemic resistance (ISR) (Pieterse et al., 2014). COI1 (CORONATINE INSENSITIVE1) is a key component of the JA signaling pathway. JA-Ile interacts with a complex of COI1 and jasmonate ZIM-domain transcriptional repressors protein to induce proteasome-mediated degradation of the JAZ protein by the SCFCOI1 ubiquitin E3 ligase complex (Thines et al., 2007; Sheard et al., 2010). A previous study showed that the exogenous application of SA could inhibit viral accumulation and enhance the resistance response in susceptible tomato cultivars (Sade et al., 2014). The C4 protein from TYLCV can shift its localization from the plasma membrane to the chloroplast to inhibit SA dependent responses in tomato (Corrales-Gutierrez et al., 2020). Further, the ßC1 protein from the betasatellite of tomato yellow leaf curl China virus suppressed JA dependent plant terpene biosynthesis (Li et al., 2014) and the JA regulated biosynthesis of phytoalexin prevented the virus transmitting from the vector to the plant (Chen et al., 2019). These results show that both SA and JA signaling pathways are involved in plant defense regulation against TYLCV infection. However, the overall mechanism by which SA and JA signaling impact plant resistance to TYLCV are still elusive.

Coronatine (COR) produced by specific strains of Pseudomonas syringae, is a structural and functional mimic of the bioactive jasmonic acid conjugate JA-Ile and targets the JA-receptor COR-insensitive 1 (COI1) in Arabidopsis and tomato (Feys et al., 1994; Katsir et al., 2008; Geng et al., 2014). COR is more active than JA-Ile at stabilizing interactions between JAZ and COI1 protein in tomato (Thilmony et al., 2006; Katsir et al., 2008). COR also acts as a plant growth regulator to elicit the production of secondary metabolites including saponins and phytoalexins (Tamogami and Kodama, 2000; Lee et al., 2018). It has been proposed that the exogenous application COR may promote abiotic resistance in plants (Xie et al., 2015).

In the current study, we discovered that the pre-treatment of tomato plant with SA, JA, and COR followed by Agro-inoculation of TYLCV could decrease TYLCV accumulation at the early stage of infection. DAB staining showed that TYLCV invasion that followed the three treatments resulted in a higher level of H2O2 accumulation when compared to mock treatment. We investigated the transcriptome of tomato plants infected by TYLCV under these three treatments. Gene ontology (GO) terms and Kyoto Encyclopedia of Genes and Genomes (KEGG) databases are routinely used to annotate functions of differentially expressed genes (DEGs) in tomato plants. We focused on analysis of genes involved in cell wall biosynthesis as previous reports had shown that tomato leaves infected with TYLCV induced thickening of cell walls (Montasser et al., 2012). We also sought to identify differentially expressed genes in hormone signaling pathways and secondary metabolite regulation. In addition, we silenced SlNPR1, which is a central component in SA signal transduction, and SlCOI1, which functions as a JA-Ile receptor in order to further determine the roles of SA and JA signaling in TYLCV infection. Our results indicated that SA, JA and COR significantly altered defense signaling during the early stage of TYLCV infection and broaden our understanding of SA and JA signaling pathways involved in mediating resistance to TYLCV in tomato.



Materials and methods


Plant materials

The seeds of Tomato (Solanum lycopersicum var. Moneymaker) (susceptible to TYLCV infection) were germinated at 25°C, and then transferred to flats containing soil. Seedlings at the four-leaf stage were moved into plastic pots with soil and grown in a plant growth chamber under a 12 h light (320 μmol⋅m–2 s–1, 26°C)/12 h dark (18°C) cycle. The relative humidity was maintained between 60 and 70%.



Treatments and tomato yellow leaf curl virus infection

Tomato plants containing five to six leaves after 3 weeks of growth were randomly divided into four groups. Solutions of JA (0.5 mM), SA (0.5 mM), COR (0.1 μM), and deionized water (mock) mixed with 0.04% silwet L-77 separately, were exogenously sprayed onto tomato leaves. The TYLCV infectious clone was provided by Professor Zhou Xueping of Zhejiang University (Zhang et al., 2009). After 24 h, all the seedlings were inoculated with Agrobacterium (OD600 = 1.0) carrying TYLCV (the clone was introduced into Agrobacterium GV3101) as described previously (Zhang et al., 2009). We injected 1 ml of solution into the plant stem, 5 cm above ground at three points by using a 1.0 ml syringe. Virus infection symptoms were determined visually by observing changes in leaf color and viral infection was confirmed through qPCR. Seven days post inoculation, samples from upper leaves were collected from the same nodes from both three compounds and mock treated plants. One hundred milligrams from each sample was taken for RNA-seq (RNA sequencing) and RT-qPCR verification. Each experiment included three biological replicates.



Detection of tomato yellow leaf curl virus content in tomato plants

Quantitative PCR (qPCR) was used to detect relative TYLCV content from leaves of infected tomato plants (Sade et al., 2014, 2020; Li et al., 2017). All leaf samples from the infected plants were collected and subsequently frozen in liquid N2. Total DNA was extracted from the leaves using a DNA extraction kit (DNA secure Plant Kit, Shenggong, China). qPCR was carried out in the presence of SYBR Green (TaKaRa, Shanghai, China) by using a RealTime PCR system (Bio-Rad, CA, United States). The tomato SlACTIN gene (LOC101260631) (Zhang et al., 2021) was used as the normalizing control. The qPCR reaction was carried out as follows: 30 s at 94°C, followed by 40 cycles consisting of 10 s at 94°C, 30 s at 58°C, and 20 s at 72°C. The specificity of the amplified products was based on melting curves that were generated from 65 to 95°C with increments of 0.5°C/cycle. The melting curve data was analyzed by using the CFX Manager™ software (version 3.0, Bio-Rad, CA, United States). The primers used for detecting TYLCV were: F (5′-CACTCAATTCAGGCAGTAAATCC-3′), and R (5′-GACCCACTCTTCAAGTTCATCTG-3′). The primers used for SlACTIN are listed in Table 1. The TYLCV content in the mock treated leaves was set to 1. Shown are the mean and SEM from three independent biological replicates.


TABLE 1    Primers used in this manuscript.
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Detection of H2O2 accumulation in the leaves of tomatoes

24 hours post salicylic acid, jasmonate acid, and coronatine treatments 24, plants were inoculated with Agrobacterium (OD600 = 1.0) carrying TYLCV. After 7 days, leaves were collected to detect H2O2 accumulation by staining with 3,3-diaminobenzidine (DAB). In brief, leaves were immersed in 0.1% DAB solution and incubated at room temperature for 8 h. Leaf tissues were subsequently immersed in 95% ethanol and boiled for 15 min until the leaves were transparent. For every treatment, 3–4 leaves were collected. Each experiment included three biological replicates. A total of nine slides were made for each treatment and one slide was selected to represent the results.



Transcriptome sequencing and library construction

Leaf samples from the four groups (mock treatment, JA treatment, SA treatment, and COR treatment) were collected at 7 days post TYLCV clone infection. The harvested samples were immediately frozen in liquid nitrogen and stored at −80°C. Total RNA was extracted with Trizol reagent (Invitrogen, Carlsbad, CA, United States). The concentration of RNA was determined using a NanoDrop spectrophotometer and the quality of RNA was assessed by resolving RNA on a 1.5% (w/v) agarose gel (Gao et al., 2015).

The mRNA was enriched from a pool of total RNA through Oligo-dT-enriched magnetic beads (Vazyme Biotech, Jiangsu, China). The enriched mRNA was sheared into short pieces by using an RNA fragmentation kit according to manufacturer’s instruction (Illumina, San Diego, CA, United States). The fragments were reverse-transcribed into single stranded cDNA with random N6 primers. The cDNA fragments were subjected to end repair and ligated with adapters, followed by PCR amplification. The amplified PCR products were used to generate the cDNA library. cDNA sequencing was carried out on the Huada Gene Technology BGISEQ-500 platform (Wuhan, Hubei, China).



Read mapping, quality control, and functional annotation

We obtained raw data from the BGISEQ-500 platform. If more than half of the component bases in the reads had a quality score of <15, they were annotated as low quality reads and filtered by using Soapnuk (v1.5.2) software. Other low-quality regions such as adapter sequences and regions with an excessive number of unknown bases (annotated as “Ns”) were also filtered by Soap nuke (Li et al., 2008). The remaining clean reads were mapped onto the reference genome sequence (GCF_000188115.4_SL3.0)1 using the Hierarchical Indexing for Spliced Alignment of Transcripts HISAT2 (v2.0.4) system (Gao et al., 2014; Kim et al., 2015). Bowtie2 was used to align clean reads to the reference coding genomic sequence and the FPKM (fragments per kilobase of transcript per million mapped reads) was calculated by RSEM (v1.2.12) (Li and Dewey, 2011). Differentially expressed genes (DEGs) were identified by DEseq2 (v1.4.5) (Love et al., 2014), with the following set of conditions (| log2 Fold Change| ≥ 1, and a False discovery rate (FDR) <0.001. GO (gene ontology) annotation2 and KEGG (Kyoto Encyclopedia of Genes and Genomes) pathway enrichment3 of DEGs was used to gain insight into the functional classes and pathway information of the DEGs. The RNA-seq data for SA-treated sample (accession no: SRR19591763), JA-treated sample (accession no: SRR19591764), COR-treated sample (accession no: SRR19591765), and mock sample (accession no: SRR19591766) are available at the NCBI gene expression omnibus server.4



Validation of candidate genes with virus induced gene silencing

VIGS (virus induced gene silencing) assays were performed as described (Yu et al., 2019). Briefly, the TRV-mediated VIGS system was used to silence two genes (SlNPR1 and SlCOI1). Fragments of SlNPR1 and SlCOI1 amplified using specific primers were inserted into pTRV2 vectors. The constructs were introduced into Agrobacterium GV3101 by electroporation and injected into fully expanded leaves of 2-week-old tomato plants (Li et al., 2013). pTRV1 plus empty pTRV2 served as the negative control, whereas pTRV1 plus pTRV2-phytoene desaturase (SlPDS) served as the positive control. Independent cultures of Agrobacterium GV3101 carrying pTRV1, pTRV2, pTRV2-SlNPR1, pTRV2-SlCOI1, and pTRV2-SlPDS were liquid-cultured overnight in LB medium separately. Cultures were resuspended in 10 mM MgCl2 to a final OD600 = 1.0. Cultures were mixed with a 1:1 ratio. Approximately 1 ml of this suspension was used to inoculate the leaves of tomato plants. Silencing frequency (%) and silencing efficiency were calculated as described previously (Dinesh-Kumar et al., 2003). The primers used for amplification of SlNPR1 and SlCOI1 are listed in Table 1.



Validation of differentially expressed genes with quantitative real-time RT-PCR

To access the reliability of our transcriptome data, we determined the expression profile of 12 randomly selected genes through quantitative real time PCR. RNA was extracted using the Trizol reagent (Invitrogen, United States) whereas first-stand cDNA synthesis was carried out using the PrimeScript™ RT and the gDNA Eraser (TaKaRa, Shanghai, China) kits. Quantitative real-time RT-PCR (qRT-PCR) was carried out on a RealTime PCR System (Bio-Rad, CA, United States) using the SYBR Premix Ex Taq II kit (Takara, China). The following reaction conditions were used: pre-denaturation at 95°C for 30 s, denaturation at 95°C for 5 s, extension at 60°C for 30 s for a total of 40 cycles. Relative gene expression was monitored in realtime and measured using the 2–ΔΔCT method as previously described (Gao and Chen, 2018; Zhang et al., 2021). The gene LOC101260631, which encodes SlACTIN was used as the internal reference. qRT-PCR primer sequences for the 12 selected genes are shown in Table 1. Each treatment employed three independent biological replicates.




Results


The relative tomato yellow leaf curl virus content reduced in tomato plants under treatments of jasmonate acid, salicylic acid, and coronatine

We treated tomato plants with solutions of COR, SA, JA, or mock through foliar spray. Twenty-four hours post spray, we inoculated plants with the TYLCV infectious clone and detected TYLCV titer 7 days post infection. The TYLCV levels in compound treated leaves were significantly lower than those in mock treated leaves. Compared to the mock treatment, JA treatment caused a 50-fold reduction in TYLCV accumulation. COR treatment resulted in a 10-fold reduction, whereas SA treatment resulted in a 4-fold reduction in virus content (Figure 1). A typical symptom of TYLCV infection is leaf curling, which we observed 7 days post virus inoculation. The extent of curling of leaves for all three treatments was lower when compared with mock treated leaves (data not showed). These results indicated that COR, SA, and JA induced tomato defense responses to inhibit TYLCV accumulation at the early stage of infection.
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FIGURE 1
The relative tomato yellow leaf curl virus (TYLCV) contents in tomato leaves. Pre-treatment of coronatine (COR) (0.1 μM), salicylic acid (SA) (0.5 mM), jasmonate acid (JA) (0.5 mM), or mock was followed by the inoculation of the TYLCV infectious clones. Leaf samples were collected 7 days post infection. TYLCV levels were determined using qPCR and the TYLCV levels in the mock leaves were set to 1. Shown are the mean and SEM from three independent biological replicates.




Reactive oxygen species production of tomato leaves under the exogenous application of jasmonate acid, salicylic acid, and coronatine

ROS (reactive oxygen species) production is an early plant response to biotic and abiotic stress (O’Brien et al., 2012). ROS, especially H2O2, impacts plant tolerance through regulating signal recognition and transduction. In this study, we used 3,3-diaminobenzidine (DAB) staining to detect the accumulation of H2O2 7 days after the Agro-inoculation of the TYLCV infectious clone. JA treatment resulted in robust accumulation of H2O2, whereas SA and COR treatments resulted in the accumulation of hydrogen peroxide, albeit to reduced levels (Figure 2). As a signaling molecule that activates defense responses against virus infection, H2O2 accumulation in JA treated samples showed the greatest reduction in TYLCV (Figure 1).
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FIGURE 2
Detection of H2O2 by 3,3-diaminobenzidine (DAB) staining. Leaf samples were collected 7 days after inoculation with the tomato yellow leaf curl virus (TYLCV) infectious clone that were pre-treated with coronatine (COR), salicylic acid (SA), jasmonate acid (JA), or mock. Brown color in the leaves serves as a proxy for H2O2 production. Shown are representative pictures from three biological repeats.




Overview of the Solanum lycopersicum transcriptome

Next-Generation RNA sequencing (RNA-Seq) is a powerful tool used to study global transcriptional changes under biotic stress. In order to ascertain gene expression changes in tomato plants against TYLCV under the exogenous application of JA, SA, and COR, we performed transcriptome analysis on 12 samples. The transcriptome data was generated using DNBSEQ. After filtering out low-quality reads with SOAP nuke (v1.5.2) (Li et al., 2008), we obtained an average of 23.59 M high-quality reads per sample, accounting for >93% of the raw reads per sample (Table 2). The clean reads with a quality value of Q30 accounted for >94% of the total reads and a quality value of Q20 accounted for >98% of total clean reads (Table 2). The clean data were aligned to the genome sequence of S. lycopersicum (GCF_000188115.3_SL2.50)5 using the Hierarchical Indexing for Spliced Alignment of Transcripts (HISAT) system. More than 96% of reads were successfully mapped to the reference genome and the unique mapping rate for each sample was over 90%, indicating that the RNA-Seq data was of high quality. Based on transcriptome analysis, DEGs (differentially expressed genes) (| log2 Fold Change| ≥ 1, FDR < 0.001) from different comparative groups were identified. Briefly, a total number of 2,574 (958 up-regulated and 1,616 down-regulated), 3,864 (2,170 up-regulated and 1,694 down-regulated) and 1,406 DEGs (993 up-regulated and 413 down-regulated) genes were identified in JA vs. mock, SA vs. mock, and COR vs. mock comparisons. To make the visualization more intuitive, we have drawn a volcanic map to show the distribution of DEGs under three different treatments (Figure 3).


TABLE 2    Data mapped quality of the transcriptome.
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FIGURE 3
Volcano plots for differentially expressed genes (DEGs) including jasmonate acid (JA) treatment vs. mock treatment, salicylic acid (SA) treatment vs. mock treatment and coronatine (COR) treatment vs. mock treatment. The log2 fold change (X-axis) is plotted against the log10FDR (Y-axis). Red dots and green dots represent DEGs that were either up-regulated or down-regulated. Gray dots denote genes that were not significantly different between treatments and mock.




Gene ontology analysis of differentially expressed genes

Gene ontology is a system of standardized scientific classification used to systematically annotate gene function. To determine the potential function of tomato DEGs involved in TYLCV infection under the exogenous application of JA, SA, and COR, we performed GO analysis. Our aim was to decipher potential biological processes and genes regulated under the three treatments. A total of 25, 32, and 30 GO terms were significantly enriched with DEGs regulated by JA, SA and COR respectively (P < 0.01) (Figure 4). Intriguingly, there were commonly enriched GO terms for both up-regulated and down-regulated DEGs among the three treatments. Up-regulated DEGs were commonly enriched in GO terms such as oxylipin biosynthetic process (GO:0031408), defense response (GO:0006952), and oxidation-reduction process (GO:0055114), while down-regulated DEGs were commonly enriched in terms such as auxin-activated signaling pathway (GO:0009734), plant-type cell wall organization (GO:0009664), and DNA replication initiation (GO:0006270). Moreover, DEGs from the three treatments also enriched for the “cell wall” category. This is not surprising as the first physical and defensive barrier against pathogens, the plant cell wall undergoes dynamic structural changes to prevent pathogen ingress (Nafisi et al., 2015).
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FIGURE 4
Gene ontology (GO) annotation of differentially expressed genes (DEGs) for different treatments. Genes are divided into the following three major functional categories: biological process, cellular component, and molecular function. The bars represent the enriched gene numbers in major sub-categories within each GO category. (A) GO classifications of differential genes in the jasmonate acid (JA) vs. mock group. (B) GO classifications of differential genes in the salicylic acid (SA) vs. mock group. (C) GO classifications of differential genes in the coronatine (COR) vs. mock group.




Important Kyoto encyclopedia of genes and genomes pathways influenced by the three treatments

The KEGG database is a very useful resource for understanding high-level function of a biological system. To better understand the systemic roles of the three treatments, we also performed KEGG pathway enrichment analysis on the identified DEGs. There was a significant enrichment in 15, 11, and 19 KEGG pathways (P < 0.05) for DEGs induced by COR, SA and JA, respectively (Tables 3, 4). We identified 213 shared DEGs which were up-regulated in the three treatment groups (Figure 5A and Supplementary Table 1). Three pathways, including “Plant-pathogen interaction” (ko04626), “alpha-Linolenic acid metabolism” (ko00592), and “Phenylpropanoid biosynthesis” (ko00940) were the mostly enriched pathways on the basis of up-regulation. Meanwhile, there were 156 shared DEGs which were all down-regulated by the three treatments (Figure 5B and Supplementary Table 2) and significantly enriched for the “Plant hormone signal transduction” (ko04075) pathway. In particular, up-regulated DEGs induced by JA were enriched in many metabolic pathways such as “Tyrosine metabolism” (ko00350), and “Phenylalanine metabolism” (ko00360), which will be further characterized later. These results indicated that while the three treatments mostly induce different DEGs, they do share some common genes/pathways in response to TYLCV invasion.


TABLE 3    The Kyoto encyclopedia of genes and genomes (KEGG) pathways (top 10) enriched by up-regulated differentially expressed genes (DEGs) under the three treatments.
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TABLE 4    The Kyoto encyclopedia of genes and genomes (KEGG) pathways (top 10) enriched by down-regulated differentially expressed genes (DEGs) under the three treatments.
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FIGURE 5
Venn diagrams displays the distribution of up-regulated and down-regulated differentially expressed genes (DEGs) upon coronatine (COR), salicylic acid (SA), and jasmonate acid (JA) treatments followed by tomato yellow leaf curl virus (TYLCV) invasion. (A) Up-regulated of DEGs by JA, SA, and COR treatments followed by TYLCV invasion. (B) Down-regulated of DEGs by JA, SA, and COR treatments followed by TYLCV invasion.




Differentially expressed genes related to cell wall synthesis regulated by salicylic acid, jasmonate acid, and coronatine

Pathogen attack can result in plant cell wall fortification which prevents further pathogen ingress (O’Brien et al., 2012). Polysaccharides are the main component of plant cell walls. In our study, 25, 28, and 36 DEGs were related to carbohydrate metabolism under JA, SA, and COR treatments. Cellulose, a kind of polysaccharide is the central component in the plant secondary wall. Cellulose synthesis is a highly regulated process involving multi protein complexes including the cellulose synthase (CESA) complex from the glycosyltransferase GT-2 family (Decker et al., 2012). In our analysis, genes related with cellulose biosynthesis were up-regulated in all three compound treated samples (Supplementary Table 3). The gene GALE (LOC101266745) encoding UDP-glucose 4-epimerase (UGE) which catalyzes the conversion of UPD-Galactose to UDP-Glucose was 2-fold up-regulated by JA, whereas genes encoding cellulose degradation enzymes such as LOC101247302, CEl7 (LOC543583), and CELl8 (LOC543583) were all down-regulated by JA and SA (Supplementary Tables 3, 4). This result indicated that SA and JA treatments induced cellulose synthesis to prevent TYLCV invasion. In addition, many genes involved in sugar metabolism that were differentially regulated by the three compounds. For example, Wiv-1 (LOC543502) encoding beta-fructofuranosidase, TPS1 (LOC100135703) encoding trehalose 6-phosphate synthase were up-regulated in all three compound treated samples (Supplementary Table 3). LOC101257623 that encodes raffinose synthase, was up-regulated under JA and SA treatments. Specifically, for COR treatment, XET2 (xyloglucan endotransglycosylase 2), XET4 (xyloglucan endotransglycosylase 4), XTH7 (xyloglucan endotransglucosylase-hydrolase 7), and XTH1 (endo-xyloglucan transferase 1), all of which are involved in the plant cell wall development (Decker et al., 2012) were up-regulated after TYLCV invasion (Supplementary Table 3). Taken together, all three treatments activated plant defense against TYLCV through regulating cell wall related physiological processes.



Impact on plant hormone signal transduction pathways

Plant hormones play key regulatory roles during the activation of specific defense signaling pathways in response to pathogen attack. Pathogens can also manipulate plant hormone signaling pathways to evade host defenses. The exogenous application of SA enhanced the resistance of plants infected with TYLCV by inducing the expression of PR (pathogenesis related) genes (Li T. et al., 2019). Our data also showed that SlPR1b1, which serves as a readout for SA signaling (Li et al., 2017) was strongly up-regulated by SA and down-regulated by JA after TVLCV invasion (Supplementary Tables 5, 6), thereby suggesting that SA and JA might induce tomato resistance against TYLCV through different mechanisms. Brassinosteroids (BRs) can enhance plants resistance by inducing ROS generation in Nicotiana benthamiana (Deng et al., 2016). As the negative regulator in BR signaling pathway, BKI1 (BRI1 kinase inhibitor 1) prevents the activation of BR signaling transduction by interaction with BRI1 (brassinosteroid insensitive 1), the plasma membrane-localized receptor of BRs (Wang and Chory, 2006). In our study, CYCD3 (cyclin D3), the gene encoding a D-type plant cyclin protein, involved in the BR pathway, was down-regulated in all three treatments (Supplementary Table 6), whereas BKI1 (LOC101262109) was strongly up-regulated only by SA treatment (Supplementary Table 5).

Auxin is essential for plant growth and orchestrates many developmental processes (Dharmasiri and Estelle, 2004). In our study, many genes encoding auxin-responsive proteins (IAA), such as IAA2, IAA3, IAA19, IAA21, and LOC101055550, were all down-regulated in the presence of JA, SA and COR (Supplementary Table 6). Meanwhile, SAUR (small auxin-up RNA) genes (LOC101252930, LOC101247499, and LOC101249503), which are involved in tryptophan metabolism, were also down-regulated by JA, SA and COR (Supplementary Table 6). These results indicate that the three compound treatments perturbed auxin and tryptophan signaling, as these negatively regulate defenses against TYLCV invasion.



Secondary metabolism regulated by salicylic acid, jasmonate acid, and coronatine

In tomato plants infected with TYLCV, many secondary metabolites play a key role in response to the virus. 46 DEGs regulated by JA were involved in the Phenylalanine pathway. Among the 46 DEGs involved in phenolic metabolism, genes encoding phenylalanine ammonia-lyase (PAL), 4-coumarate: CoA ligase (4CL), shikimate O-hydroxy cinnamoyl transferase (HCT) and caffeoyl-CoA O-methyltransferase were induced by JA (Supplementary Table 7). Interestingly, the expression of 4CL was up-regulated under all three treatments with the highest induction observed in JA treated samples (Supplementary Table 7). The genes involved in flavonoid biosynthesis such as F3H (flavanone-3-dioxygenase), F3′5′H (flavonoid-3′,5′-hydroxylase), CHI1 (chalcone–flavonone isomerase 1), CHS1 (chalcone synthase 1) and CHS2 (chalcone synthase 2) were all down-regulated in the presence of the compounds (Supplementary Table 8) with the most significant reduction in transcript abundance observed under SA and COR treatments.

Some amino acids, such as serine, proline, and leucine, have been showed as precursors for the synthesis of secondary metabolites, which play pivotal roles in response to pathogens (Hildebrandt et al., 2015). In this study, the expression of three genes (LOC101259064, LOC101261704, and LOC101258774) involved in tyrosine metabolism were up-regulated by JA (Supplementary Table 7). Three genes involved in the linoleic acid metabolism pathway, two genes encoding lipoxygenase (LoxC and LOC101262081) were also up-regulated by JA and down-regulated in the presence of SA and COR (Supplementary Tables 7, 8). The expression of Lox genes under the exogenous application of JA was induced but repressed by the exogenous application of SA and COR. Taken together, the expression of genes involved in phenylpropanoid metabolism and amino acids metabolism was affected by the exogenous application of JA.



The tomato response to tomato yellow leaf curl virus infection in SlNPR1 and SlCOI1 silenced plants

To further investigate the role of JA, COR, and SA induced defense against TYLCV invasion, we silenced SlNPR1, an essential contributor to SA signaling, and SlCOI1, a key component of the JA singling pathway. We proceeded to detect TYLCV levels in the silenced plants, even though our data analysis showed that SlCOI1 expression levels remained largely unaffected and SlNPR1 expression was only weakly up-regulated following compound treatments. The positive control (plant with pTRV1 + pTRV2-SlPDS) showed bleached areas in leaves after 2 weeks of agroinfiltration (Figure 6A). We measured the relative expression level of SlNPR1 and SlCOI1 after silencing the two genes. Compared to the control plants, the expression level of SlNPR1 and SlCOI1 in the silenced plants decreased by approximately 40% and 50%, respectively (Figures 6B,C). Further, we detected TYLCV accumulation 1 week after inoculation of the viral clone in the silenced plants. Our results showed that the amount of TYLCV accumulation in SlNPR1 silencing plants was approximately 19 times greater than in the control plants (Figure 6D). This indicated to us that SlNPR1 is required for SA mediated defense activation in response to TYLCV infection. Surprisingly, a dramatic reduction in the level of TYLCV accumulation was not observed in the SlCOI1 silenced plants (Figure 6E). Based on previous reports, coi1 mutant plants exhibited enhanced resistance and higher SA accumulation at early stages of bacterial infection (Kloek et al., 2001). We therefore speculate that partial SlCOI1 silencing may have led to hyper-activated SA signaling thereby resulting in a reduction in TYLCV accumulation.
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FIGURE 6
Tomato yellow leaf curl virus (TYLCV) levels were affected by silencing essential genes in the salicylic acid (SA) and jasmonate acid (JA) signaling pathways. (A) The first picture (from left to right) shows the negative control plant carrying pTRV1 + empty pTRV2. The second picture shows the positive control plant carrying pTRV1 + pTRV2-SlPDS. The bleached areas in leaves were visible 2 weeks after Agro-inoculation. The third picture shows plants Agro-infiltrated with pTRV1 + pTRV2-SlNPR1 while the forth picture depicts plants Agro-infiltrated with pTRV1 + pTRV2-SlCOI1. (B) The relatively expression levels of SlNPR1 in pTRV1 + pTRV2-SlNPR1 Agro-inoculated plants. (C) The relatively expression levels of SlCOI1 in pTRV1 + pTRV2-SlCOI1 Agro-inoculated plants. The SlNPR1 or SlCOI1 expression profile in the pTRV1 + empty pTRV2 inoculation plants (CK) was set to 1 and served as the baseline. Shown is representative data from three independent biological replicates. (D,E) The relative levels of TYLCV in pTRV1pTRV2-SlNPR1 plants and pTRV1 + pTRV2-SlCOI1 plants 7 days post inoculation of TYLCV. CK represents the baseline TYLCV levels in plants with pTRV1 + empty pTRV2 agroinfiltration. The mean and SEM are derived from pooled data corresponding to three independent biological replicates.




Validation with quantitative real-time RT-PCR of RNA sequencing results

To validate the reliability of the RNA-seq data, 12 differentially expressed genes were randomly selected for qRT-PCR validation (Figure 7). These genes included LOC101264227, LOC101267111, LOC101256271, LOC101 243656, LOC101245298, LOC104648161, LOC101258353, LOC101265701, LOC101265854, LOC109119038, LOC1012 56422, and LOC109120532. Our results showed a linear correlation (R2 > 0.887) between the fold change value from the RNA-seq and qRT-PCR experiments, which suggested that the RNA-seq data was reliable.
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FIGURE 7
RT-PCR verification of RNA-seq results. (A) RT-qPCR and RNA-seq comparison between 12 randomly selected differentially expressed genes (DEGs). The RT-qPCR values represent mean ± SEM from three biological replicates. (B) Regression analysis of gene expression ratios compared by RT-qPCR and RNA-seq analysis.





Discussion

Tomato yellow leaf curl virus is a devastating pathogen that has caused significant reduction in yield worldwide. The initial response to pathogen ingress includes the production of ROS (Lamb and Dixon, 1997). Previous reports suggested that one of the main sources of ROS during the oxidative burst is peroxidase-derived H2O2 (O’Brien et al., 2012). We found that JA, SA, and COR treatments could reduce TYLCV accumulation (Figure 1), and that all three treatments resulted in H2O2 production at the early stage of infection (Figure 2). It is known that H2O2 production is caused by the partial influx of Ca2+ (O’Brien et al., 2012). As expected, the genes (LOC101055527 and LOC101260391) encoding CDPK (calcium-dependent protein kinase) and (LOC109120532) encoding calmodulin (CAM) were highly up-regulated by JA in response to TYLCV infection and weakly upregulated by SA and COR. This suggests that the production of Ca2+ which is dependent on CDPK activation contributes to ROS production. In addition, several genes involved in peroxidase metabolism were upregulated only in the presence of JA. These included FAR (fatty acyl-CoA reductase) and XDH (xanthine dehydrogenase/oxidase). These results might help explain why JA treatment induced higher level of ROS production than either SA or COR.

The cell wall provides rigidity to the cell and serves as a passive barrier that limits the access of pathogens to the cells. It is therefore not surprising that our data analysis showed that many genes in cell wall category were enriched in JA, SA and COR treated samples. Some common genes were shared between the three treatments. These included genes related to the cell wall biosynthesis such as Wiv-1 (LOC543502), TPS1, GALE, and UGE (Rosti et al., 2007). We identified 369 DEGs in common under the three treatments (Figure 5A and Supplementary Tables 1, 2). Interestingly many genes involved in auxin signaling was down-regulated in the presence of the compounds (Supplementary Table 6). Considering the trade-off between plant growth and plant defense, it is not surprising that genes related to auxin signal pathways were suppressed. Viral accumulation shifts the nutrient allocation from plant growth to defense. Thus, the activation of plant defenses affects plant growth and development, resulting in a reduction in overall yield.

In plants, many secondary metabolites with roles in plant defense are derived from the different branches of the phenylpropanoid pathway (Naoumkina et al., 2010; Piasecka et al., 2015). In this study, we identified many genes related to the phenylpropanoid pathway that were induced in the presence of all three compounds. For instance PAL and 4CL, two genes in the PAL pathway were up-regulated, while genes involved in flavonoid biosynthesis such as F3H, F3′5′H, were all down-regulated. These results indicated that while the phenylpropanoid pathway might be induced upon the three treatments, there are multiple downstream branches which might be involved in many intermediated products that function as phytoalexins to defend against the virus. The C2 protein, which is encoded by TYLCV, has been showed to suppress JA responses by interacting with plant ubiquitin, which results in the degradation of JAZ1 protein, thereby leading to a reduction in JA mediated defenses (Li P. et al., 2019). βC1 protein encoded by the betasatellite of tomato yellow leaf curl China virus (TYLCCNB-βC1), suppresses JA dependent terpene biosynthesis in plants (Li et al., 2014). Our analysis showed that COR, as a mimic of JA, induced many genes that overlapped with JA treatment during TYLCV infection. Our results are consistent with many previous reports that showed that COR and JA share similar functions such as the activation of JA responses and the elicitation of secondary metabolism (Thilmony et al., 2006). The identification of secondary compounds is an emergent area of research and will contribute to advancements in agricultural research through the development of effective plant defense strategies.

We report that SlNPR1 silenced plant accumulated more TYLCV than wild type plants after Agro-inoculation of TYLCV. However, in comparison with wild type plants, in SlCOI1 silenced plants, there was a diminution in TYLCV levels. We speculate that SA signaling pathway might by hyper-activated when SlCOI1 is partly silenced, thereby resulting in a reduction in TYLCV levels. To date, several key regulatory proteins involved in SA-JA crosstalk have been identified in Arabidopsis. NPR1, the major positive regulator of SA signaling, is a possible JA-SA crosstalk mediator (Dong, 2004) and requires nuclear localization for efficient function (Spoel et al., 2003). Interestingly coi1 mutant plants display enhanced resistance against biotrophic pathogens, and accumulated a greater amount of SA at early stages of bacterial infection (Kloek et al., 2001). Based on our transcriptomics data, SlPR1b expression was inhibited by JA treatment, which indicated that SA signaling pathway was suppressed by JA treatment. Further, considering there was only 50% reduction in SlCOI1 expression through the VIGS system, JA signaling would still be partially activated upon TYLCV invasion. To conclude, in SICOI1 silenced plants, low levels of JA accumulation combined with a hyper-activated SA response may lead to a robust immune response against TYLCV accumulation. In future, the generation of null SlCOI1 lines would further aid in determining the function of SlCOI1 during TYLCV tomato interactions.



Conclusion

Tomato yellow leaf curl virus infection causes substantial losses in tomato production worldwide. Based on our findings, SA, JA, and COR inhibit TYLCV accumulation at the early stage of TYLCV infection. We carried out RNA-Seq to identify DEGs induced under three different treatments. In addition, we silenced SlNPR1 and SlCOI1 in tomato to investigate the role of SA and JA induced systemic resistance in defense against TYLCV infection. Our findings will serve as a valuable resource for understanding the mechanistic details underlying TYLCV tomato interactions.
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The U-box family is one of the main E3 ubiquitin ligase families in plants. The U-box family has been characterized in several species. However, genome-wide gene identification and expression profiling of the U-box family in response to abiotic stress in Sorghum bicolor remain unclear. In this study, we broadly identified 68 U-box genes in the sorghum genome, including 2 CHIP genes, and 1 typical UFD2 (Ub fusion degradation 2) gene. The U-box gene family was divided into eight subclasses based on homology and conserved domain characteristics. Evolutionary analysis identified 14, 66, and 82 U-box collinear gene pairs in sorghum compared with arabidopsis, rice, and maize, respectively, and a unique tandem repeat pair (SbPUB26/SbPUB27) is present in the sorghum genome. Gene Ontology (GO) enrichment analysis showed that U-box proteins were mainly related to ubiquitination and modification, and various stress responses. Comprehensive analysis of promoters, expression profiling, and gene co-regulation networks also revealed that many sorghum U-box genes may be correlated with multiple stress responses. In summary, our results showed that sorghum contains 68 U-box genes, which may be involved in multiple abiotic stress responses. The findings will support future gene functional studies related to ubiquitination in sorghum.
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Introduction

Sorghum (Sorghum bicolor) is used in winemaking, bioenergy, and feed plant industries worldwide, and is the most important winemaking crop in China (Mace et al., 2013). Since the completion of genome sequencing in 2013 (Mace et al., 2013), sorghum breeding based on genome research has expanded rapidly (Vallabhaneni et al., 2010; Zhao et al., 2011; Yang and Wang, 2016; Ding et al., 2019; Yang et al., 2020). However, biological (Colletotrichum graminicola and Mythimna separata infection, etc.) and non-biological stresses (drought, hormonal, salt stress, etc.) affect the quality and quantity of this important crop (Sharma, 1993; Anaso, 2010; Silva et al., 2013, 2021; Dowd et al., 2016; Cuevas et al., 2018; Das et al., 2019; Moharam and Hassan, 2020). Previous studies have shown that epigenetic modification proteins are related to plant stress resistance, providing a potential resource for plant resistance breeding (Callis, 2014; Yang et al., 2018; Miryeganeh and Saze, 2020; Yu et al., 2021; Puyuan et al., 2022).

Epigenetic regulation involves site-specific modification of nucleic acids and proteins under environmental stress, and it occurs widely in all animals, plants, and microorganisms. The epigenetic modification mechanism mainly includes pre-translational modification (DNA modification, non-coding RNA regulation, and chromatin remodeling) and post-translational modification (histone modification and non-histone modification). Post-translational modification (PTM), an important type of epigenetic regulation, mainly includes protein methylation, acetylation, ubiquitination, phosphorylation, etc. (Miryeganeh and Saze, 2020). Methylation and acetylation are generally considered to regulate protein activity, while phosphorylation initiates kinase activity (Yu et al., 2021). By contrast, ubiquitination mainly mediates protein clearance and recycling process by promoting the stability of active proteins and the repair of misfolded proteins to achieve protein equilibrium (Callis, 2014). Reports showed that ubiquitination plays principal roles in the regulation of plant stress resistance, for example, abscisic acid (ABA)-insensitive RING protein (AIRP) in some maize cultivars is more sensitive to ABA than wild varieties, thus achieving higher drought tolerance (Kong et al., 2015; Yang et al., 2018). The ubiquitin ligase TagW2-6a negatively regulates gibberellin (GA) synthesis and signaling (An et al., 2021). E3 ligase MIEL1 negatively regulates jasmonic acid (JA) signaling and thereby reduces cold resistance in apple (Malus domestica) by mediating ubiquitination and degradation of the novel B-box (BBX) protein BBX37 (You and He, 2016). Besides, studies also have shown that ubiquitination is a potential resource for plant disease resistance.

Ubiquitination modifications include conventional ubiquitination modification (with ubiquitin as the substrate) and SUMO-type ubiquitination modification (with the ubiquitin-like SUMO molecule as the substrate) (Zhou and Zeng, 2017). Conventional ubiquitination typically involves defined steps: (1) first, E1 ubiquitin activase (UBA) activates ubiquitin in the presence of ATP, allowing the cysteine residues of UBA to form the thioester-linked intermediate E1-ubiquitin (E1-Ub) (Mandal et al., 2018); (2) subsequently, the E2 ubiquitin-binding enzyme (UBC) interacts with UAB-Ub and transfers activated Ub to an active cysteine residue of UBC to form a thioester-linked UBC-Ub intermediate (Mandal et al., 2018); (3) finally, the ubiquitin ligase (E3) interacts with the target protein and E2-Ub to create an isopeptide bond between the C-terminal glycine residue and the lysine residue of Ub. The establishment of an isopeptide bond between this glycine residue and the lysine residue of the target protein results in the transfer of Ub to the target protein by ubiquitin ligase (E3) (Mandal et al., 2018). The ubiquitination modification system includes a large protein family, with ∼10 E1 ubiquitin activating enzymes, ∼50 E2 ubiquitin conjugating enzymes, and ∼400 E3 ubiquitin ligases in plants (Richard, 2009). In general, the ubiquitination modification pathway includes three important factors; E1 ubiquitin-activating enzyme (UAE), E2 ubiquitin conjugating enzyme (UBC), and E3 ubiquitin ligases, including RING, U-box, HECT (homologous to the E6-AP carboxy terminus), and CRL (cullin-ring ubiquitin ligase) (Richard, 2009). Among them, E3 ubiquitin ligase is the most abundant, and it also influences ubiquitinated substrate diversity (Rennie et al., 2020). The numerous substrate-selective E3 ubiquitin ligases are mainly classified into RING-finger, HECT, and U-box structural domain classes (Mandal et al., 2018). Due to their specific non-spontaneous ubiquitination activity and their ability to participate in the degradation of unfolded or misfolded proteins upon activation by cofactors, U-box-like proteins are important, but they are complex and more difficult to control than other E3 ubiquitin ligases. Therefore, clarifying the unique contributions of different U-box proteins to different stress processes will help us to understand the onset of plant resistance (Li et al., 2017; Kim et al., 2021; Tang et al., 2021).

Most U-box gene family members contain U-box domains, and these main ligases control the conventional ubiquitination modification process that involves attaching ubiquitin to substrates, thereby altering multiple protein activities (Azevedo et al., 2001; Hu et al., 2018; Tong et al., 2021). Specifically, U-box type E3 obtains ubiquitin from E2 through the conserved U-box domain, through salt bridges, ion chelation, and non-covalent hydrogen bonding interactions, and passes it to target proteins. In previous studies, cotton PUBs and banana U-box genes were found to be widely responsive to abiotic stress (Hu et al., 2018; Lu et al., 2020). Examples include OsPUB67 that can enhance tolerance to drought stress by regulating ABA, thereby enhancing the capacity to scavenge reactive oxygen species (ROS) and stomatal closure capacity (Qin et al., 2020). AtPUB11 degrades AtLRR1 (LEUCINE RICH REPEAT PROTEIN 1) and Atkin7 (KINASE 7), and negatively regulates ABA-mediated drought tolerance in Arabidopsis thaliana (Chen X. X. et al., 2020). However, U-box genes have important value for plant resistance, and they have been identified in rice (Oryza sativa), tomato (Solanum lycopersicum), apple (Malus domestica), banana (Musa nana), soybean (Glycine max), Chinese cabbage (Brassica rapa), cotton (Gossypium hirsutum), and cabbage (Brassica oleracea) (Azevedo et al., 2001; Li et al., 2009; Wang et al., 2015, Wang J. et al., 2020; Wang K. L. et al., 2020; Hu et al., 2018, 2019; Sharma and Taganna, 2020). However, comprehensive genome-wide identification of U-box genes in sorghum has not been performed, and expression characteristics have not been analyzed.

In this study, 68 U-box genes were identified in sorghum, and phylogenetic relationships, conserved structures, gene structures, and collinearity were systematically analyzed by bioinformatics. In addition, tissue-specific and stress-related expression patterns were analyzed by RNA sequencing (RNA-seq) under GA, MeJA (methyl jasmonate), ABA, and PEG (polyethylene glycol) 6000 treatments, and the results were validated by real-time quantitative PCR (RT-qPCR). The findings provide a basis for further functional exploration of U-box genes in sorghum resistance breeding, and shed new light on the molecular evolution of the U-box gene family.



Materials and methods


Plant materials, growth conditions, and stress treatments

Sorghum (BTx623) seeds were obtained from the Key Laboratory of Agricultural Microbiology, College of Agriculture, Guizhou University, Guiyang, China. After surface disinfection, the sorghum BTx623 seeds were soaked in sterilized water for 24 h and then moisturized with gauze for 72 h. The germinated seeds (25°C) were planted in sterilized nutrient soil (PINDSTRUP, Denmark) and cultivated in a greenhouse with a relative humidity of 75% at 25/20°C under a 14 h light/10 h dark cycle. In the three-leaf stage, ABA (200 μM), 20% PEG 6000, GA (100 μM), and MeJA (100 mM) were sprayed onto the whole plants in seedlings separately (Townsley et al., 2013; Chai and Subudhi, 2016; Yimer et al., 2018; Miao et al., 2019; Zeng et al., 2019). Sorghum leaves were collected at 0, 3, 6, 9, and 12 h after treatment. All samples included three biological replicates, with four seedlings treated per replicate. All samples were immediately frozen in liquid nitrogen after sampling and stored at −80°C until RNA extraction (Wu et al., 2019).



Total RNA extraction and real-time quantitative PCR analysis

Total RNA was extracted using TRIzol reagent (Thermo Fisher, United States), and the cDNA was synthesized using HiScript III RT SuperMix (Vazyme Biotech, Beijing, China) (Wu et al., 2019). Real-time fluorescent quantitative PCR (RT-qPCR) was used to determine gene expression patterns. The reaction system was composed of 4.5 μL of cDNA, 7.5 μL of SYBR mix, 0.3 μL of each primer, and 15 μL of ddH2O. Thermal cycling included 40 cycles at 95°C for 5 min, 95°C for 10 s, and 58°C for 30 s, and one cycle at 95°C for 10 s, 58°C for 60 s, and 95°C for 10 s. Three biological replicates were performed, and SbEIF4a was used as an internal reference gene (Yang et al., 2020; Du et al., 2021; Jin et al., 2021). RT-qPCR data were analyzed using the 2–Δ Δ Ct method (Pfaffl, 2001), and Duncan’s new multiple range test (SPSS software) was used for significance analysis.



Identification of the U-box gene family in Sorghum bicolor

To identify members of the sorghum U-box gene family, the basic conserved domain (U-box: PF04564) was searched against EnsemblPlant1 using HMMER 3.6.1 software (E value limited to 0.05, other parameters remained as default values) (Potter et al., 2018), and domain confirmation was carried out using PFAM and SMART (Letunic and Bork, 2018; El-Gebali et al., 2019). Conserved motifs were predicted using MEME2 and 20 motifs were explored (E value limited to 0.05, other parameters remained as default values). Chromosome distribution, conserved motifs, and gene structure visualization were carried out using TBtools 1.0 (Chen C. et al., 2020). Analysis of physicochemical properties was performed by ExPASy3 (Bailey et al., 2009; Artimo et al., 2012; Chen C. et al., 2020). Gene naming uses a combination of homology and sequence naming. The PUB, CHIP, and UFD genes among U-box members were first identified through homology, then genes were named sequentially based on chromosome positioning.



Evolutionary analysis of U-box genes

To explore the evolutionary relationships and subcategories of U-box genes between sorghum and arabidopsis, MEGA 7.0 software (Kumar et al., 2016) was used to construct homologous protein rootless evolutionary trees via the neighbor-joining (NJ) method with 1,000 bootstrap replicates, followed by ITOL.4 Selection of tandem repeat gene pairs in sorghum was carried out with (a) short sequences covering 75% and (b) aligned regions of longer genes with 75% similarity (Gu et al., 2002). Whole-genome replication examination was performed by MCScan X (Wang et al., 2013). OrthoVenn25 was used to query homologous genes in different plants (Xu et al., 2019).



Characteristics of U-box genes’ promoter and gene ontology annotation

AgriGO6 (Tian et al., 2017) and AIpuFu7 were employed to investigate the main functions and Gene Ontology (GO) annotation features of sorghum U-box genes. To explore the promoter and expression characteristics of sorghum U-box genes, putative promoter sequences were extracted (sequences 2 kb before the 5′ end of the sequence) using TBtools1.0 (Chen C. et al., 2020). Cis-acting elements were predicted by PlantCARE8 and plotted by TBtools1.0 (Lescot et al., 2002; Chen et al., 2020).



Expression profiling analysis of U-box gene

To analyze the expression profiling of sorghum U-box genes in different tissues, and under drought stress and osmotic stress, an FPKM (fragments per kilobase of exon per million fragments mapped) expression matrix provided by the Sorghum functional database (Supplementary Table 5) (Tian et al., 2016) and SRA9 (PRJDB1973 and PRJDB1973) was extracted and mapped by TBtools1.0 (Chen C. et al., 2020).



Co-regulatory network analysis of U-box genes

Arabidopsis FPKM data were downloaded from the Expression Atlas website10 for SAMN01041946 and SAMN02440041. Based on the previously obtained expression values in FPKM format for arabidopsis and sorghum U-box genes, Pearson correlation coefficients (PCC) and p-values were calculated to obtain the expression levels of U-box genes by the Pearson method using R software. Correlation heat maps were generated by the corrplot tool in R software (version 0.84). Gene co-regulatory networks were constructed by Cytoscape version 3.7.1 (Shannon et al., 2003) based on the PCCs of U-box gene pairs with a p-value ≤ 0.05 (Zhao et al., 2019).




Results


Genome-wide identification of sorghum U-box family members

In this study, a total of 68 U-box genes with complete U-box domains, including a typical ubiquitin fusion degradation 2 (UFD2) gene, two carboxyl terminus of heat shock protein 70-interacting protein (CHIP) genes, and 65 plant U-box (PUB) genes were identified in sorghum genome by using hidden Markov model (HMMER) method (Table 1; Potter et al., 2018).


TABLE 1    Basic information of sorghum U-box genes.
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Sorghum U-box genes were distributed in all chromosomes except chromosome 5, with CHIP genes on chromosomes 7 and 9, and the UFD2 gene on chromosome 1. The number of amino acids per protein ranges from 400 to 1,500, and the relative molecular weight of Sorghum PUB proteins is 40–160 kDa. Sorghum PUB5, PUB17, PUB33, PUB36, PUB46, and PUB49 are among the largest, with relative molecular weights >100 kDa. By contrast, the Sorghum CHIP proteins are relatively small with the protein weight between 30 and 40 kDa. The isoelectric point (pI) ranges from 4.99 to 9.65, from medium strong acid to medium strong base. SbPUB26 has the highest pI and SbPUB3/7 have the lowest pI. UFD2 and CHIP proteins have pI values in the weakly acidic range (Table 1). These indicated that sorghum U-box proteins are divergent in protein characteristics.

Based on the phylogenetic relationships and domain composition of A. thaliana and sorghum U-box genes, they can be divided into eight categories; U-box only, Kinase + U-box, U-box + WD40-1, U-box + WD40-2, U-box + Armadillo 1 (ARM-1), U-box + ARM-2, U-box + Tetratricopeptide repeat (TPR) or CHIP, and U-box + Domain With No Name (DWNN) or UFD2 (Figure 1 and Supplementary Table 1).
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FIGURE 1
Phylogenetic tree and domain analysis of U-box genes in Sorghum and Arabidopsis. Phylogenetic relationships between U-box genes in Sorghum bicolor and Arabidopsis thaliana were explored. Rootless trees were generated by the neighbor-joining (NJ) method using MEGA7 software. Numbers next to branches indicate 1,000 bootstrap replicates as a percentage. The phylogenetic classification of U-box genes is marked with corresponding colors and different shapes. Colors in the outer ring represent different domains, as shown in the color legend in the upper left corner. U-box, Ub fusion degradation 2 (UFD2) domain; PUB, plant U-box; UFD, Ub fusion degradation; CHIP, carboxyl terminus of heat shock protein 70-interacting protein; At, Arabidopsis thaliana; Sb, Sorghum bicolor.


The sorghum U-box gene family includes an extra CHIP gene and six PUB genes than that in arabidopsis. Most sorghum U-box genes share one ortholog in arabidopsis, as exemplified by AtCHIP/SbCHIP1, SbUFD2/AtUFD2, and SbPUB49/AtPUB9, indicating similar evolutionary pathways (Supplementary Table 2). However, some gene homology branches such as SbPUB16/SbPUB46, SbPUB1/SbPUB12, and AtPUB18/AtPUB19 appear to reflect divergence shortly after the separation in these two species. Within the same category, a large number of structural changes are evident; for example, the Kinase + U-box within the SbPUB61 branch divides into the CHIP branch containing genes with a TPR domain structure, and multiple branches only contain proteins with a U-box domain. Some homologous genes appear to lack intact structural domains, such as U-box + ARM-1 within the SbPUB13 branch that contain only a U-box domain but no ARM structural domain (Figure 1). These indicated that sorghum U-box genes are divergent in structural domains, showing complex evolutionary pathway.



Structures and conserved motifs of U-box genes in sorghum

As shown in Figure 1, the domains of CHIP and UFD2 proteins are clearly distinguished, and the motifs of CHIP and UFD2 are also significantly different (Figures 2A,B). CHIP proteins contain at least two motifs (1/2). The UFD2 protein consists of two motifs (1). For PUBs, the distribution of their motifs is not completely conserved. Specifically, U-box + WD40-1 and U-box + WD40-2 branch proteins share the lowest similarity with PUB branch proteins with core motifs 14. Interestingly, the U-box + WD40-2 branch is classified into two categories: a typical branch SbPUB49/AtPUB9, and the sorghum-specific branch SbPUB16/SbPUB46. The U-box + ARM branch is divided to three groups: U-box + ARM1 (motifs 1/2/5/7), U-box + ARM2a (motifs 1/2/3), and U-box + ARM2b (motifs 1/2/3). Finally, the Kinase + U-box and U-box only branches include one core motifs (1) and four core motifs (1/2/4/10), respectively (Figures 2A,B).
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FIGURE 2
Motif and structural analysis of U-box gene family members in Sorghum and Arabidopsis. (A) Phylogenetic relationships between U-box genes of Sorghum bicolor and Arabidopsis thaliana. Rootless trees were generated by the neighbor-joining (NJ) method in MEGA7 software. Numbers next to branches indicate 1,000 bootstrap replicates as a percentage. Different background colors represent different subfamilies. (B) Motifs in U-box genes. Different colored rectangles represent 30 different motifs, as shown in the color legend in the upper right corner. (C) Structural analysis of U-box genes. Green and yellow indicate coding sequence (CDS) and untranslated region (UTR) features, respectively, and the horizontal line represents gene regions, as shown in the color legend in the upper right corner.


In terms of gene structure, both CHIP and UFD2 genes include a complex gene structure with >6 introns (Figures 1, 2C). Regarding the gene structure of PUB genes, some maintain low complexity, as exemplified by SbPUB6 and SbPUB23 that contain 1–5 introns, while SbPUB1 and SbPUB9 have high complexity (>10 introns). It is worth noting that all gene groups with a single U-box domain have a simple gene structure, mostly with 0 or 1 intron. In the groups containing both U-box and ARM domains, the corresponding gene structure is complex than that of the single U-box groups, and the number of introns varies between 0 and 5. In addition, the groups with multi-domains in the U-box gene (Kinase + U-box, U-box + WD40, U-box + TPR, and U-box + DWNN) have the most complex gene structure (>10 introns; Figures 2A,C).



Chromosome localization and tandem duplication of sorghum U-box genes

In order to understand the chromosomal distribution and replication pattern of sorghum U-box genes, gene mapping and tandem duplication were analyzed to explore the diversification of U-box genes. Ten (containing a typical UFD2 gene), 6, 5, 18, 0, 10, 6, and 3 (with 1 CHIP1), 3 (with 1 CHIP2), and 7 U-box genes were found to be distributed on chromosomes 1–10, respectively. Most PUB genes are distributed in the same cluster, but the two CHIP genes are not adjacent to each other, and are relatively distant from the PUB genes (Figure 3 and Table 1). Interestingly, UFD2 genes are located in the low-density distribution region, and CHIP genes are present in the region with high gene density. The CHIP gene is near the start of the chromosome, while UFD2 is in a region near the end of the chromosome. Most PUB genes also form large gene clusters near the end of chromosomes (Figure 3). Additionally, chromosome 4 includes 18 PUB genes, most of which form gene cluster at the end of this chromosome (Figure 3).
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FIGURE 3
Chromosome location of U-box genes in Sorghum. The different colors of chromosomes represent gene density in this range, and variation is indicated in the upper left corner. Red lines represent tandem repeats.


Based on a cut-off of 75% sequence similarity and coverage (Potter et al., 2018), only one tandem duplicate gene pair was found, the SbPUB26/SbPUB27 gene pair, located in a region of low gene density at the end of chromosome 4 (Figure 3). Gene collinearity results showed that there are 14 collinear relationships between S. bicolor and A. thaliana U-box genes. Among them, chromosome 1 and chromosome 4 contain the largest number of genes, and the highest collinearity (Figure 4A). However, collinearity between rice, maize, and sorghum U-box genes was high, with 66 and 82 showing collinearity, respectively. Among them, in sorghum, chromosomes 4 and 6 include the highest collinearity gene distribution, compared with chromosome 2 in rice and chromosomes 3 and 5 in maize (Figures 4B,C). In particular, neither rice chromosome 11 nor sorghum chromosome 5 showed any collinearity of U-box genes. Furthermore, collinearity was observed for all types of U-box genes (49 sorghum U-box genes), but no collinearity was found for CHIP gene types between S. bicolor and A. thaliana (Figure 4 and Supplementary Table 3).
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FIGURE 4
Collinear block identification of sorghum and Arabidopsis, rice, and maize U-box genes. (A) Collinearity relationships between U-box genes in sorghum and Arabidopsis thaliana; (B) collinear relationships between U-box genes in sorghum and rice; (C) collinearity relationships between U-box genes in sorghum and maize.




Promoter and functional enrichment of sorghum U-box genes

Numerous tissue-specific elements, environmental response elements, and hormone response elements were identified in sorghum U-box gene promoters. The promoter of SbUFD2 contains two light response, three hormone response, and four environment response elements. The SbCHIP promoter contains drought response elements. Most SbPUB gene promoters are rich in light response elements, followed by hormone response elements such as MeJA, GA, ABA, and drought, and they also contain the environmental response or tissue-specific expression elements. Some gene promoters also include injury response elements, such as SbPUB16 and SbPUB62 (Figure 5).
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FIGURE 5
Promoter analysis of sorghum U-box genes. Rootless trees were generated by the neighbor-joining (NJ) method using MEGA7 software. Numbers next to branches indicate 1,000 bootstrap replicates as a percentage. Different promoters are indicated by rectangles of different colors to represent homeopathic elements. Detailed comments are included in the top right panel.


In particular, MeJA or GA response elements occur repeatedly in PUB genes. For example, MeJA response element occurred three times in SbPUB7, SbPUB8, SbPUB9, SbPUB11, SbPUB15, SbPUB18, SbPUB23, SbPUB28, SbPUB29, SbPUB34, SbPUB39, SbPUB41, SbPUB50, SbPUB51, SbPUB53, SbPUB58, and SbPUB61 promoters. Additionally, ABA or drought response elements were also found in SbPUB10, SbPUB11, SbPUB12, SbPUB14, SbPUB19, SbPUB28, SbPUB36, SbPUB52, SbPUB57, SbPUB58, SbPUB65, and SbPUB7 in the sorghum genome when searching the EnsemblPlant database. Collectively, in the promoters of SbPUB11, SbPUB28, SbPUB58, and SbPUB7, three ABA and MeJA response elements were simultaneously detected, indicating that these genes may be involved in responses to stress related to JA and ABA (Figure 5).

In addition, GO enrichment analysis showed that U-box proteins were mainly related to ubiquitination and modification in cells, followed by phosphorylation. Sixty-two genes were enriched in ubiquitination and metabolism (protein metabolic, primary metabolic, macromolecule metabolic, and cellular metabolic processes) and ligase activity, and 13 genes were enriched in phosphorylation. Six genes were enriched in response to stress and stimuli (Figure 6 and Supplementary Table 4).
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FIGURE 6
Gene Ontology enrichment of sorghum U-box members. (A) GO enrichment presented as dot bubbles. (B) Corresponding pathway diagram of enriched GO terms. GO enrichment was conducted by Agrigo, and corrected p-values were calculated by R version 3.6.2.




Expression characteristics of sorghum U-box genes

In order to explore the expression characteristics of U-box genes in sorghum, the expression level data were searched against the sorghum database. As shown in Figure 7, expression levels of SbPUBs in drought and osmotic responses were significantly different. In tissue-specific expression profiling, most SbPUB genes displayed tissue and organ expression specificity, especially in roots, meristems, embryos and other tissues associated with vigorous growth. The expression levels of SbPUBs and SbCHIPs were higher in most tissues, while those of UFD2 genes were slightly increased in roots. The expression patterns of PUB genes could be divided into two categories; one group with low expression in the roots, meristems, embryos and other tissues (including the 24 PUB genes PUB1/6/8/9/17/19/22/33/44/49/50/56/61/63/64), and the other group was highly expressed in the roots, meristems, embryos and other tissues (including 41 PUB genes). The first group of PUB genes could be divided into three categories; Stem-specific expression enrichment (PUB8/57/60), root specific expression enrichment (PUB17/20/44/50/55/59), and flower and meristem specific expression enrichment (PUB1/6/9/22/23/33/40/56/63/64). The second group of PUB genes could also be divided into three categories; Root-specific expression enrichment (PUB3/4/11/37/47/48), floral and meristem specific expression enrichment (PUB5/14/45/53/58/65), and no significant expression (another 29 U-box genes; Figure 7A and Supplementary Table 5).
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FIGURE 7
Heatmap of tissue-specific expression and abiotic stress expression of sorghum U-box genes. (A) Expression of U-box genes in different tissues. (B) Expression of U-box genes under the influence of NaOH, ABA, and PEG. The color bar represents the log2 expression level of each gene (FPKM, fragments per kilobase of exon per million fragments mapped). Color bar annotation is included at the top of the image. The heatmap is colored according to expression values, with blue, yellow, and red representing at low, medium, and high transcription abundance, respectively.


Regarding stress-related expression, SbPUB genes exhibited different expression characteristics when treated with PEG, ABA, and NaOH, distributing into three main types. Type I in which expression was inhibited (ABA response inhibition = PUB2/15/21/27/29/30/34/36/41/44/46/48/50/54/57/60/64/65, PEG response inhibition = PUB15/41/44/65, NaOH response inhibition = PUB65). Type II in which expression was promoted (ABA response upregulation = PUB7/10/12/23/51, PEG response upregulation = PUB2/12/13/17/18/21/24/25/26/34/35/39/46/54/62, NaOH response upregulation = PUB12/51/62), and type III with no significant expression (other U-box genes; Figure 7B and Supplementary Table 5).



Co-regulatory networks involving sorghum U-box genes

Based on the FPKM method (Tian et al., 2016), the PCC of U-box gene expression levels in S. bicolor and A. thaliana was calculated, and a co-regulatory network was constructed (Zhao et al., 2019). The results showed that ∼50% U-box genes were positively correlated. Additionally, the same gene type was mostly correlated, similar to those of A. thaliana (Figure 8A, Supplementary Figure 1, and Supplementary Table 6).
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FIGURE 8
Correlation and co-regulation network of sorghum U-box genes. (A) Correlation analysis of U-box genes conducted by Pearson correlation coefficients (PCCs). Correlations are represented by the size and color of the circles. Heatmap labels indicate PCC values. (B) Co-regulatory network of sorghum U-box genes generated based on gene pairs with significant PCCs (p-value ≤ 0.05). The strength of correlations between gene pairs is marked at the bottom using different colored lines.


All significant PCCs (p-value ≤ 1e−5 and PCC >0.5) of U-box genes were extracted and Cytoscape was used to construct a co-regulation network. The co-regulation network of S. bicolor consists of 65 nodes and 406 edges (not including SbPUB13/SbPUB31/SbPUB39; Figure 8B). The results showed that the U-box genes in S. bicolor and A. thaliana were mainly positively correlated (1 > PCC > 0). Specifically, there were 123 strong positive correlations (0.8 < PCC < 1) and four strong negative correlations (−1 < PCC ≤ 0.8) in sorghum: SbPUB3/SbPUB8, SbPUB4/SbPUB8, SbPUB11/SbPUB8, and SbPUB57/SbPUB8 (Figure 8). Meanwhile, there were 110 strong positive associations but no negative associations in A. thaliana (Supplementary Figure 1). In addition, there were weak negative correlations (−0.8 < PCC < 0.5) between S. bicolor and A. thaliana U-box genes (25.37 and 20.86%, respectively), and a dominant weak positive correlation (0.5 < PCC < 0.8) accounting for 45.4 and 43.35%, respectively (Supplementary Table 6).



Polyethylene glycol and abscisic acid response characteristics of U-box genes determined by real-time quantitative PCR

To explore the key roles of the U-box gene family in the resistance process in sorghum, RT-qPCR was employed to assess the impact of plant in stress conditions. Figure 5 shows that drought response elements and ABA response elements were enriched in some genes, indicating that they may be stress tolerance genes (for those with >3 ABA response elements and drought response elements). Meanwhile, Figure 6 shows that many sorghum U-box genes exhibited obvious responses to ABA and PEG. Overall, these sets of results suggest that these genes may have important function for sorghum drought stress tolerance.

Seven U-box genes (SbPUB7/17/18/21/25/26/62) were characterized by high responses (>1.5-fold variation in expression) and abundant elements (>3 ABA and drought elements). Therefore, we quantitatively assessed these potential drought-regulated U-box genes. The results showed that the expression levels of these PUB genes were also significantly different according to RT-qPCR determination. Specifically, SbPUB7 was significantly downregulated after ABA treatment. Expression of SbPUB17 was significantly upregulated after ABA and PEG treatment, and the highest expression value was reached at 6 h. For SbPUB18, expression was significantly downregulated (6 h) after ABA treatment, but rapidly upregulated under PEG treatment. Similarly, SbPUB21 was significantly downregulated by ABA treatment, but significantly upregulated by PEG treatment. After ABA treatment, expression of SbPUB25 was first significantly upregulated then significantly downregulated to below the initial level, while expression of SbPUB25 was significantly upregulated following PEG treatment at 6 h. Expression of SbPUB26 was significantly downregulated after ABA treatment, and the expression level was significantly decreased with the extension of ABA treatment time, whereas expression of SbPUB26 was significantly upregulated under PEG treatment. SbPUB62 was significantly downregulated following ABA treatment at 6 and 12 h, and following PEG treatment at 3 h (Figure 9). These results indicate that there were differences in the response patterns of U-box genes to drought stress in sorghum, and there were significant differences in the response patterns of U-box genes to physiological drought induced by different conditions in sorghum. Most sorghum U-box genes were sensitive to ABA-induced physiological drought, but they were also linked to resistance to PEG-induced physiological drought. Interestingly, SbPUB17 was upregulated under drought stress, while SbPUB62 was downregulated.
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FIGURE 9
Potential responses of seven sorghum U-box genes to drought. All seven selected sorghum PUB genes (SbPUB7, SbPUB17, SbPUB18, SbPUB21, SbPUB25, SbPUB26, and SbPUB62) showed obvious expression differences under different conditions in heatmaps, and contain numerous drought elements. (A) Expression patterns of these genes in response to ABA-induced physiological drought. (B) Expression patterns of these genes in response to physiological drought induced by PEG 6000. Different lowercase letters indicate a significant difference determined by the Duncans new multiple range test (P-value < 0.05).




Gibberellin and methyl jasmonate response characteristics of U-box genes determined by real-time quantitative PCR

As shown in Figure 5, the promoter regions of these PUB genes were rich in hormone response elements, especially those of JA and GA. In order to explore the response characteristics of sorghum PUBs under JA and GA, we further studied the previously selected seven genes by RT-qPCR. The results showed that all seven genes were upregulated in response to MeJA and GA3 treatment over a period (Figure 10).
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FIGURE 10
Potential responses of the seven sorghum U-box genes to methyl jasmonate (A) and gibberellin (B). All seven selected sorghum PUB genes (SbPUB7, SbPUB17, SbPUB18, SbPUB21, SbPUB25, SbPUB26, and SbPUB62) show obvious expression differences under different conditions in heatmaps, and contain numerous JA/GA3 response elements. Different lowercase letters indicate a significant difference determined by the Duncans new multiple range test (P-value < 0.05).


Under MeJA treatment, expression of all seven sorghum PUBs was upregulated rapidly, and the expression level reached a peak at 3 h. Under longer treatment, expression of these genes dropped to initial levels or below. Specifically, SbPUB7, SbPUB25, and SbPUB26 were significantly upregulated after 3 and 6 h of treatment then fell to the initial level after 9 h of treatment. Both SbPUB17 and SbPUB18 genes were significantly upregulated only after 3 h compared with initial levels, and expression then dropped to the initial level after 6 h of treatment. Both SbPUB21 and SbPUB62 genes were significantly upregulated after 3 h of treatment compared with the initial level, but dropped to below the initial level after 6 h of treatment (Figure 10A).

Under GA3 treatment, the expression patterns of the seven sorghum PUBs were significantly altered. In general, with the extension of treatment time, expression levels were first upregulated then downregulated. Specifically, expression levels of SbPUB7, SbPUB25, SbPUB26, and SbPUB62 were significantly reduced at 6 and 12 h. The highest expression levels for SbPUB17, SbPUB18, and SbPUB21 were obtained after continuous treatment for 6 h. In particular, the initial expression level of SbPUB17 was extremely low, while the expression level was higher after GA3 treatment (Figure 10B).




Discussion

Ubiquitylation, one of the most important modification types in plants, mediates the degradation of plant proteins and the process of protein repair. Most members of the U-box gene family are ligases, mediating the ubiquitination modification of protein, which enables ubiquitin to be combined with substrates to manipulate various protein activities (Azevedo et al., 2001; Monaghan et al., 2009; Wang et al., 2015; You and He, 2016; Qin et al., 2020). It has been reported that the expression of U-box genes can affect their functions both in plant development and stress conditions (Hu et al., 2018, 2019; Lu et al., 2020; Sharma and Taganna, 2020; Wang J. et al., 2020; Wang N. et al., 2020).

In the present study, we identified 68 U-box genes (including 1 UFD2 and 2 CHIP genes) in S. bicolor. Additionally, CHIPs, UFD2, and U-box + WD40 branches were found to differ from other U-box genes in their characteristic sequence regions, at both protein and gene structure levels. U-box only and U-box + ARM branches have a relatively simple structure, consistent with the conclusions of previous studies. Most of the U-box gene families constitute about 50-80 members, such as rice, tomato, citrus, and Arabidopsis. Some plants have nearly 100 U-box genes (bananas = 91, cabbages = 101, and soybeans = 127). There are 93–208 U-box genes in cotton and 99 in cabbage, most within 6–8 in terms of sub-branch classification, such as apple, banana, cotton, and cabbage. Some contain more than 10, such as Chinese cabbage (Azevedo et al., 2001; Li et al., 2017; Hu et al., 2018; Chen X. X. et al., 2020; Lu et al., 2020; Qin et al., 2020; Rennie et al., 2020; Tang et al., 2021).

In this study, we could speculate that in the process of U-box gene cluster expansion, the original cluster contained only U-box genes with a few introns, from which substructures became embedded and shuffled, and mutations led to WD-40, ARM, TPR, and DWNN structures gradually appearing. Furthermore, U-box genes form large gene clusters at specific ends of chromosomes, and this cluster arrangement is also reflected in other plants (Qin et al., 2020; Wang N. et al., 2020). These gene clusters are likely to have occurred in recent years, because CHIP and some PUB genes are not only distributed at the beginning of chromosomes, and the beginning of chromosomes contain no clusters. We speculate that these genes differentiated early, and the beginning of chromosomes was not conducive to the enrichment of U-box genes. In addition, we only found one tandem repeat gene pair, namely SbPUB26/SbPUB27, which indicates that U-box genes only underwent one tandem repeat recently, hence we speculate that differentiation was minimal.

Collinearity analysis demonstrated that 9 arabidopsis U-box genes, 46 rice U-box genes, 59 maize U-box genes and 10, 46, and 45 sorghum U-box genes formed 14, 66, and 82 collinearity gene pairs, respectively. In addition, analysis of homologous U-box genes suggested that a large number of genes were derived from the differentiation of monocotyledons, such as SbCHIP2. We speculated that numerous U-box genes may exist in early sorghum plants, principally on chromosomes 1 and 4. During the course of evolution, a few U-box genes underwent various repetitions (e.g., fragment repetition, transposition, and tandem duplication) (Tan et al., 2016; Jiang et al., 2019; Vicient and Casacuberta, 2020; Wang J. et al., 2020; Wang N. et al., 2020; Xiao et al., 2020), resulting in the characteristic gene distribution (i.e., genes are widely distributed except on chromosome 5).

Furthermore, numerous tissue-specific elements were found in the U-box promoter regions. Analysis of expression characteristics revealed that U-box genes displayed obvious tissue specificity, with highest expression levels in roots, flowers, meristem, and stems. Similarly, obvious tissue expression was evident for U-box genes in bananas, with high expression levels in roots (Hu et al., 2018). In soybean, selective tissue expression was also observed in the roots of young tissues and flowers (Wang N. et al., 2020). Similar expression patterns were also found in cotton, cabbage, and other plants (Wang et al., 2015; Song et al., 2017; Hu et al., 2018; Sharma and Taganna, 2020). In the sorghum U-box promoter regions, we identified numerous abiotic response elements, especially those related to drought, ABA, JA, and GA responses, and this was confirmed by RT-qPCR (Figures 5, 7, 9, 10). Previous studies have shown that many U-box genes mediate drought tolerance in plants through multiple pathways. For example, OsPUB67, AtPUB11, AtPUB18, AtPUB19, AtPUB22, and AtPUB23 are involved in drought tolerance in an ABA-dependent manner (Chen X. X. et al., 2020; Qin et al., 2020). Drought-responsive genes were significantly upregulated in GmPUB6-overexpressing plants, indicating that this gene mediates osmotic stress and ABA signaling pathways to enhance drought tolerance in plants (Wang N. et al., 2020). In response to physiological drought, the SbU-box genes displayed different expression pattern under PEG and ABA treatments, and the responses could be mainly divided into three types: type I (suppressed expression), type II (upregulated expression), and type III (no significant change in expression). In our study, seven genes (PUB7/17/18/21/25/26/62) differentially expressed at different time points following abiotic stress were examined. Most U-box genes in sorghum are physiological drought-sensitive genes induced by ABA, but some are physiological drought resistance genes induced by PEG. Interestingly, SbPUB17 was upregulated following physiological drought caused by two different reagents, while SbPUB62 was downregulated following physiological drought caused by two different reagents. Previous studies have shown that many U-box genes can respond to JA and GA hormones, thereby promoting plant stress resistance. For example, AtPUB10 and StPUB17 are induced by JA, and they promote the stability of the JA hormone pathway, whereas StPHOR1 is induced by GA, and this mediates the GA hormone pathway (Amador et al., 2001). In our study, under MeJA treatment, expression of the seven PUB genes in sorghum was rapidly upregulated, and expression peaked at 3 h. Over a longer period, expression of these genes dropped to initial levels or lower. Under GA3 treatment, the expression patterns of the seven sorghum PUB genes were changed significantly. In general, with the extension of treatment time, expression levels were typically upregulated initially then downregulated. In particular, the initial expression level of SbPUB17 was very low, and this increased following GA3 treatment.

The co-regulatory network and correlations between plant U-box genes were similar to those of most plant gene families. Among the same groups, the co-regulatory network and expression correlations were relatively high and mainly positive (Lv et al., 2017; Zhao et al., 2019; Zhang et al., 2020). However, we only carried out genome-wide identification and structural analysis of sorghum U-box genes, hence the detailed involvement of U-box genes in plant development remains unclear. Previous studies have shown that U-box genes may be associated with cold stress (Hu et al., 2018; Lu et al., 2020). Additionally, functional differentiation and functional responses have been linked to sorghum U-box genes, but the details remain to be verified.



Conclusion

In this study, we identified and characterized 68 sorghum U-box genes, which are distributed across all chromosomes except chromosome 5, and divided into eight subclasses. The gene co-regulation network and expression correlations were relatively high and mainly positive. RNA-seq and RT-qPCR experiments showed that the sorghum U-box genes could be tissue-specific, and are involved in responses to various stresses. The results provide a list of potential genes involved in the sorghum ubiquitination system, and expand our understanding of the evolution of the sorghum genome.
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Plant species and microbial interactions have significant impacts on the diversity of bacterial communities. However, few studies have explored interactions among these factors, such the role of microbial interactions in regulating the effects of plant species on soil bacterial diversity. We assumed that plant species not only affect bacterial community diversity directly, but also influence bacterial community diversity indirectly through changing microbial interactions. Specifically, we collected soil samples associated with three different plant species, one evergreen shrub (Rhododendron simsii) and the other two deciduous shrubs (Dasiphora fruticosa and Salix oritrepha). Soil bacterial community composition and diversity were examined by high-throughput sequencing. Moreover, soil bacterial antagonistic interactions and soil edaphic characteristics were evaluated. We used structural equation modeling (SEM) to disentangle and compare the direct effect of different plant species on soil bacterial community diversity, and their indirect effects through influence on soil edaphic characteristics and microbial antagonistic interactions. The results showed that (1) Plant species effects on soil bacterial diversity were significant; (2) Plant species effects on soil microbial antagonistic interactions were significant; and (3) there was not only a significant direct plant species effect on bacterial diversity, but also a significant indirect effect on bacterial diversity through influence on microbial antagonistic interactions. Our study reveals the difference among plant species in their effects on soil microbial antagonistic interactions and highlights the vital role of microbial interactions on shaping soil microbial community diversity.
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Introduction

The linkages between above-ground and below-ground communities have been widely studied, and much attention has been paid to the effects of plants on soil microbial communities (Garbeva et al., 2004; Badri and Vivanco, 2009; Bakker et al., 2013a; Schlatter et al., 2015a). Plants strongly influence microbial communities both directly and indirectly. For example, plants provide a wide range of compounds, such as allelopathic constituents (e.g., catechin) and secondary metabolites through root exudation to affect soil microbial communities (Pennanen et al., 1999; Fierer et al., 2012). Moreover, plants may induce competition for nutrients, such as carbon compounds through affecting the amount and quality of litter to influence soil microbial communities (Rousk et al., 2010). Microbe-microbe interactions, such as antagonism and competition, play a significant role in microbial community structure and function (Schlatter et al., 2015b). However, a clearer model is required to allow us to better understand the important role of microbial interactions in regulating the effects of plant species on soil microbial structure.

There are many evidences that plants can significantly influence microbial interactions, which are revealed for instance through assessment of antagonistic activity (Bergsma-Vlami et al., 2005; Bakker et al., 2013b). The plant was suggested to provide environmental context for microbial interactions (Schlatter et al., 2015b). Specifically, plant species significantly impact the availability of soil resources, which may have a direct bearing on resource competition and microbial interactions among soil bacteria (Schlatter et al., 2015b). For instance, plant productivity is suggested to influence microbial competition phenotypes (Wiggins and Kinkel, 2005a). Furthermore, the quality of resources is suggested to mediate microbial interactions (Kinkel et al., 2011, 2012). For example, a higher concentration of phenolic compounds in plant humus reduces microbial activities (Wardle et al., 1998; Inderjit and van der Putten, 2010).

Microbial interactions are broadly perceived to affect the composition and diversity of soil bacterial community (Kinkel et al., 2011; Schlatter et al., 2015b), and are essential for the development and maintenance of microbial communities (Ryan and Dow, 2008). Specifically, soil microbial interactions are expected to change the density and dynamics of microbial populations. To be specific, competing microbial groups can coexist steadily under a certain nutrient concentration ratio, but in the case of nutritional restrictions, certain microbial groups may be defeated (Hibbing et al., 2010). Interspecies signaling molecules, such as sub-inhibitory concentrations of antibiotics, are predicted to mediate the steady state of microbial communities (Davies et al., 2006; Seshasayee et al., 2006). Furthermore, competitive bacteria have been shown to increase bacterial diversity (Domin et al., 2018). Similarly, it has been found that the proportion of soil microbes which have antagonistic activity against other microbes is significantly positively correlated with soil bacterial diversity (Bakker et al., 2013b).

Antagonism is a common phenomenon within soil bacterial communities (Kinkel et al., 2012; Schlatter and Kinkel, 2014; Essarioui et al., 2017), in which one organism causes inhibition of the development or growth of other microorganisms. Such antagonism plays an important role in the formation and maintenance of microbial communities, such as suppressing diverse plant diseases (Chou et al., 2009). Streptomyces, a genus of gram-positive bacteria, is ubiquitous in nature (Doumbou et al., 2001) and is well known owing to various metabolic abilities (Bakker et al., 2013b) and producing diverse antibiotics (Kinkel et al., 2012). Streptomyces possess diverse antagonistic activities against a variety of plant pathogens among soil bacteria (Jauri and Kinkel, 2014; Takano et al., 2016). Because of their ubiquitous presence and ability to produce antagonistic compounds (Kinkel et al., 2012; Bakker et al., 2013a), Streptomyces spp. have been considered as a target for evaluating antagonists (Schlatter et al., 2015b). Studies have shown that microbial antagonism driven by Streptomyces is affected by plant species and plant productivity (Wiggins and Kinkel, 2005a; Kinkel et al., 2012; Bakker et al., 2013a). More plant productivity is hypothesized to favor antagonism among soil microbes (Sun et al., 2015).

Although plant species and microbial interactions both have significant impacts on bacterial communities, few studies have explored the role of microbial interactions in regulating the effect of plant species on soil bacterial diversity. In this study, we compared the effects of three dominant shrub species (Rhododendron simsii, Dasiphora fruticosa, and Salix oritrepha) on soil bacterial diversity and microbial interactions in an alpine meadow of north-west China. Shrubs have been shown to positively influence the activity of soil microbial communities (Xu and Coventry, 2003). It has been shown that shrubs support spatial heterogeneity (Grime, 1984), and provide opportunities for a wide variety of interactions, including microbial and plant-microbe interactions (Lopez-Pintor et al., 2006). Rhododendron simsii, a kind of evergreen shrub (Kudo et al., 2001; Myers-Smith et al., 2011), produces recalcitrant and uneasily decomposed plant litter (Cornelissen, 1996; Cornelissen et al., 1999), resulting in lower ecosystem productivity (Pastor et al., 1993). Meanwhile, the higher concentrations of phenolic allelochemicals have been found in Rhododendron plants (Wardle et al., 1998) than under other ground-cover taxa (Ward et al., 2009; Adamczyk et al., 2016). Dasiphora fruticosa and Salix oritrepha are deciduous shrubs (Kudo et al., 2001; Myers-Smith et al., 2011), producing higher quality and more easily decomposed plant litter (DeMarco et al., 2014). Research has shown that dominant plant can modify the diversity of soil microbial communities by impacting soil physicochemical properties through litter inputs (Zhu et al., 2022). The aims of this study were to (1) analyze the bacterial community diversity, microbial antagonistic interaction, and soil properties under different shrub types (i.e., evergreen shrub and deciduous shrubs); and (2) analyze the pathway of deciduous shrubs’ effects on bacterial community diversity compared to evergreen shrub.



Materials and methods


Study site

The experiment was conducted at the Gansu Qilianshan National Reserve in Tianzhu (103°11′E, 37°13′N), Gansu Province, China. The site is located on the northeastern edge of the Tibetan plateau with an average elevation at 2,892 m above sea level. The climate belongs to the alpine arid and semi-arid desert climate. The mean annual temperature ranges from −0.6°C to 2°C, with approximately 240–270 frost days per year, and the annual precipitation ranges from 300 to 500 mm, falling mainly during the cool summer. The experimental site vegetation is mainly dominated by the shrubs R. simsii, D. fruticosa, and S. oritrepha.



Experimental design

In early August 2018, we chose a representative area with more than 100 individuals of each of the shrubs R. simsii, D. fruticosa, and S. oritrepha. Then, we randomly allocated 30 plots (30 cm ∗ 30 cm) that each included one of the target shrub species. Distance between neighboring plots was less than 5 m, to ensure that the same climatic conditions were present across plots. Thus, a total of 10 individuals were selected for each of the three species of shrub.

Around each selected individual host plant, we randomly collected three soil cores, which were well mixed to form a composite sample. Then all the composite soil samples were divided into three equal-sized aliquots. One aliquot was stored at 4°C and used for evaluating the soil microbial antagonistic potential. One aliquot was stored at −80°C for DNA extraction, and the remaining aliquot was used to measure the soil edaphic properties.



Measuring soil properties

To measure soil water content, 10 g fresh soil was left at 105°C for 72 h and the dry weight was determined. The remaining air-dried soil samples were sieved through a 0.15 mm mesh and analyzed for total phosphorus, nitrogen and organic carbon, ammonium, nitrate, and pH. Soil total phosphorus and nitrogen were measured following the semi micro-Kjeldahl protocol and wet oxidation method (Wang et al., 2018). Soil organic carbon was determined based on the wet oxidation method. Both ammonium and nitrate were determined after extracting with 2 M KCl. Soil pH was determined by using a pH meter (PHSJ-3F, Shanghai INESA Scientific Instrument Co., Ltd., China) in a slurry of 1:2.5 (w/v) soil: deionized water (Wang et al., 2018, 2019).



Soil DNA extraction, qPCR, and sequencing

DNA was extracted using the DNeasy® PowerSoil® Kit (Qiagen, Hilden, Germany) from 0.25 g of each soil samples following the manufacturer’s protocol. For bacterial community composition, the polymerase chain reaction (PCR) was used to amplify the 16S rRNA gene within the V4 hypervariable region with the primers: 515F (GTGCCAGCMGCCGCGGTAA) and 806R (GGACTACHVGGGTWTCTAAT) (Caporaso et al., 2011). The PCR products were visualized using a 2% agarose gel and purified using the GeneJET Gel Extraction Kit (Thermo Scientific), according to the manufacturer’s protocol. The purified 16S rRNA amplicons were sequenced with a lon S5™ XL instrument (Thermo Fisher Scientific). Sequencing data were quality-filtered using Cutadapt v1.9.1 (Jiao et al., 2016), and vsearchGITHUB (Qin et al., 2012) was used to conduct chimera detection. Finally, the high-quality sequences were binned and classified into different operational taxonomic units (OTUs; 97% similarity) by Uparse v7.01 (Rognes et al., 2016). After this process, we obtained 31,212 bacterial OTUs, and bacterial diversity was calculated at the OTU level.



Microbial antagonism potential

Soil samples were stored at 4°C and were processed in random order over 6 months. Each soil sample was evaluated for total Streptomyces density, antagonistic Streptomyces density, the intensity of inhibition, and frequency of inhibition as described in Bakker et al. (2013b). Due to the ubiquitous presence of Streptomyces and the ability to produce antagonistic compounds (Davelos et al., 2004a), Streptomyces has been used as a target for evaluating microbial antagonistic interactions (Schlatter et al., 2015b). Briefly, 5 g fresh soil from each sample were dried overnight under sterile cheesecloth, and dispersed in 50 ml H2O on a shaker (175 rpm, 60 min, 4°C). Soil dilutions were spread on 15 ml agar plates and overlaid with 5 ml of cooled starch-casein agar (SCA) (Wiggins and Kinkel, 2005b). The plates were incubated for 3 days at 28°C. After counting the total Streptomyces densities, each plate was overlaid with a second thin layer (10 ml) of SCA. Then plates were spread with spore suspensions of each of three indicator Streptomyces strains (Streptomyces olivochromogenes, Streptomyces mirabilis, and Streptomyces colombiensis) having different antibiotic resistance profiles, similar to the approach of Davelos et al. (2004b), and were incubated for an additional 3 days at 28°C. Zones of inhibition were measured for each plate, and antagonistic Streptomyces densities were counted of each plate. Proportions of antagonistic Streptomyces were averaged across indicator strains for each sample (Bakker et al., 2013b).



Data analysis

The Shapiro-Wilk test and Levene’s Test were used to check the assumptions of normal distribution and variance homogeneity among treatments. All indices used in this article met the assumption of normality and equal variance, except the total Streptomyces density, antagonistic Streptomyces density, soil pH, soil total nitrogen, and soil ammonia nitrogen; for these variables, we assessed impacts of shrub species via one-way permutation test. One-way analysis of variance (ANOVA) was used to test the effects of shrub species on the remaining indices, including bacterial Shannon diversity, size of inhibition zone, proportions of antagonistic Streptomyces, soil water content, organic carbon, total phosphorus, and nitrate nitrogen. Non-metric multidimensional scaling (NMDS) was used to analyze the structural variation of bacterial communities across samples.

We established theoretical structural equation modeling (SEM) to explore, compared to the evergreen shrub (R. simsii), how bacterial diversity and bacterial community composition were impacted by the direct effects of deciduous shrubs (D. fruticosa and S. oritrepha), and by indirect effects of deciduous shrubs (D. fruticosa and S. oritrepha) via changes in soil microbial antagonism interactions and soil physical-chemical properties (Supplementary Figure 3). The evergreen shrub (R. simsii) was used as a control group to explore the ways in which deciduous shrubs (D. fruticosa and S. oritrepha) affect soil bacterial diversity and bacterial community composition. We used the method as described by Veen et al. (2010) and used PC1 scores (i.e., the first axis of principal components analysis) of total Streptomyces density, antagonist density, the intensity of inhibition, and frequency of inhibition to represent microbial antagonistic interactions. Variables were chosen with lower P-value according to ANOVA results.

We applied SEM analyses according to the following premises: we hypothesized that (1) There was a significant difference of plant species on microbial antagonistic interaction of associated with Streptomyces communities (Bakker et al., 2013b); (2) Plant species will trigger changes in soil physicochemical properties (Bakker et al., 2013a; Wang et al., 2018); (3) Microbial antagonistic interactions are related to the soil microbial diversity (Schlatter et al., 2015b); (4) Soil bacterial diversity is related to the soil physicochemical properties (Herold et al., 2014); and (5) Soil bacterial diversity can be shaped by plant species (Bakker et al., 2013a).

There are many indicators to examine the goodness of fit of SEM, yet there is no single index that is generally accepted. Hence, we used both the χ2-test (P > 0.05) and the root mean square error of approximation (RMSEA) test to assess the goodness of fit of SEM (Wang et al., 2019). A smaller RMSEA and χ2 represents a better model fit. When the RMSEA > 0.06, models should be rejected. If two models have similarly RMSEA and χ2, the more parsimonious model is accepted (Danner et al., 2015).

All data analyses were performed in R software, version 4.0.1. The variance homogeneity was tested with the “car” package (Fox et al., 2013). SEMs were conducted using the “lavaan” package (Rosseel, 2012).




Results


Shrub species effects on bacterial diversity and bacterial community composition

Targeting the v4 region of the 16S rRNA gene, we obtained 2,054,980 quality-screened sequences from the 30 soil samples using lon S5™ XL sequencing, ranging from 53,142 to 76,845 reads per sample. At the 97% sequence similarity level, 31,212 bacterial OTUs were obtained in total. Shannon index was used to estimate bacterial richness and evenness. Especially, the average values of Shannon index were 7.62 ± 0.04, 7.52 ± 0.03, and 7.60 ± 0.04 (mean ± SE) for soil bacterial communities associated with R. simsii, D. fruticosa, and S. oritrepha, respectively. The richness of soil bacterial community differed significantly among shrub species (Figure 1A). Soil bacterial Shannon diversity did not vary significantly among shrub species (Figure 1B). However, shrub species had significant effects on the composition of bacterial community (Supplementary Figure 1).
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FIGURE 1
Overview of effects of shrub species on soil bacterial Shannon diversity (mean ± standard error). (A) Bacterial richness. (B) Bacterial Shannon diversity. Symbol: NSP > 0.05; ∗∗P < 0.001 (one-way ANOVA). The same letter means no significant difference (P > 0.1).




Shrub species effects on soil edaphic properties

Several measures of soil edaphic properties were significantly impacted by the shrub species (Figure 2). Soil ammonium differed marginally significantly among shrub species (Figure 2B). S. oritrepha supported higher soil ammonium than R. simsii, and D. fruticosa supported lower soil ammonium than R. simsii. The soil nitrate also differed among shrub species (Figure 2C), with S. oritrepha harboring lower soil nitrate than R. simsii, and D. fruticosa harboring higher soil nitrate than R. simsii. The soil total nitrogen differed among shrub species (Figure 2D), with D. fruticosa and S. oritrepha supporting lower total nitrogen than R. simsii. The soil carbon nitrogen ratio differed significantly among shrub species (Figure 2H), with S. oritrepha supporting higher carbon nitrogen ratio than R. simsii.
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FIGURE 2
Overview of effects of shrub species on soil edaphic properties. (A) Soil water content, (B) ammonium, (C) nitrate, (D) total nitrogen, (E) total phosphorus, (F) soil organic carbon, (G) soil pH, and (H) soil carbon-nitrogen ratio. Symbol: ∗P < 0.05; NSP > 0.1 (one-way ANOVA). The same letter means no significant difference (P > 0.1).




Shrub species effects on Streptomyces’s antagonism potential

Soil total Streptomyces density, soil antagonistic Streptomyces density, and Streptomyces antagonism intensity varied among shrub species. Across all experimental treatments, soil cultivable total Streptomyces densities varied nearly twofold, ranging from 2.3 × 106 to 5.7 × 106 colony forming units (CFU) per gram of soil (mean 4.1 × 106 CFU/g). Antagonistic Streptomyces densities ranged from 0.9 × 105 to 2.4 × 105 CFU per gram of soil, with a mean of 1.6 × 105 CFU/g. The intensity of inhibition, measured as the average diameter of inhibition zones against indicator strains, varied from 0.47 to 0.78 cm, with a mean value of 0.64 cm. The frequency of inhibition did not change much, from 0.038 to 0.044.

Three out of four indices of microbial antagonistic interaction were significantly influenced by shrub species. Specifically, there was a significant difference in soil cultivable total Streptomyces density associated with shrub species, the total Streptomyces density associated with R. simsii was significantly lower than those associated with S. oritrepha (Figure 3A, P < 0.001, ANOVAP with Kruskal-Wallis Test). Moreover, the soil cultivable antagonistic Streptomyces density also differed significantly among shrub species, and antagonistic Streptomyces density associated with R. simsii was significantly lower than those associated with S. oritrepha (Figure 3B, P < 0.01, ANOVA with Tukey HSD test). Similarly, there was a significant difference in the diameter of the inhibition zone (Figure 3C, P < 0.05, ANOVAP with Kruskal-Wallis Test), and intensity of inhibition associated with these three species of R. simsii, D. fruticosa, and S. oritrepha increased in turn. Generally, the soil total Streptomyces density, soil antagonistic Streptomyces density as well as the intensity of inhibition consistently showed the same trend of variation among different shrub species, which is the lowest associated with R. simsii and the highest associated with S. oritrepha. However, there was no significant difference in the proportion of inhibitory Streptomyces among shrub species (Figure 3D).
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FIGURE 3
Overview of the effects of shrub species on soil Streptomyces antagonism potential (mean ± SE), Effects of plant species on (A) the soil total cultivable Streptomyces density, (B) the soil cultivable antagonistic Streptomyces density, (C) the diameter of the inhibition zone, (D) the proportion of inhibitory Streptomyces. Symbol: ***P < 0.001; **P < 0.01; *P < 0.05; NSP > 0.1 (one-way ANOVA). The same letter means no significant difference (P > 0.1).




Direct and indirect shrub species effects on bacterial Shannon diversity

Our SEM model explained 27% of the variation of bacterial diversity among samples (Figure 4). The SEM showed that compared with R. simsii, both D. fruticosa and S. oritrepha had not only significantly negative direct correlations with bacterial diversity, but also positive indirect correlations with bacterial diversity through Streptomyces’s antagonism potential. Specifically, there were significant relationships between D. fruticosa and S. oritrepha compared to R. simsii and Streptomyces’s antagonistic interactions, and Streptomyces’s antagonism potential were marginally significantly positively related to bacterial diversity. Although D. fruticosa and S. oritrepha compared to R. simsii were significantly negatively related to soil water content, and S. oritrepha compared to R. simsii was significantly negatively related to soil total nitrogen, there were no significant relationships of soil water content or soil total nitrogen directly on bacterial diversity.
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FIGURE 4
Results of the SEM analyses indicating direct and indirect effects of shrub species on soil bacterial diversity [P (Chi-square) = 0.84, df = 3, RMSEA = 0]. Square boxes displayed variables included in the model: effect of D. fruticosa compared to R. simsii, effect of S. oritrepha compared to R. simsii, total nitrogen, water content, microbial antagonism potential (PC1 scores of total Streptomyces density, antagonistic Streptomyces density, intensity of inhibition, and frequency of inhibition), and bacterial diversity. Black arrows indicated significant effects (at the level P < 0.05), and gray arrows indicated marginally significant effects (at the level P < 0.1). Solid arrows indicated positive effects, while dashed arrows indicated negative effects. R2 values associated with response variables indicated the proportion of explained variation by relationships with other variables. Values associated with solid arrows represented standardized path coefficients. Symbol: ∗∗∗P < 0.001; ∗∗P < 0.01; ∗P < 0.05.





Discussion

Numerous research results have shown that plant species have significant impacts on the composition and diversity of bacterial communities (Marschner et al., 2004; Costa et al., 2006; De Deyn et al., 2011). Our results showed that there were significant differences in soil bacterial community composition among shrub species (Supplementary Figure 1), and it may be that soil physicochemical properties regulated the effects of shrub species on bacterial community composition. Specifically, compared to R. simsii, S. oritrepha affected the composition of associated bacterial communities through changing soil total nitrogen (Supplementary Figure 2). However, we did not find that plant species had a significant effect on the soil bacterial Shannon community in our studies (Figure 1). The mechanisms that plant impact soil microbial communities are complex (Bever et al., 2012). Sometimes, although the total effect of plant species on microbial diversity is not significant, the direct or indirect effect are significant (Schlatter et al., 2015a; Wang et al., 2018). Similarly, our result showed that the indirect effects of plants species mediated by Streptomyces’s antagonism potential may counteract the direct effects on bacterial diversity (Figure 4).


Direct effects of shrub species on bacterial diversity

Compared to the evergreen shrub species (R. simsii), deciduous shrubs (D. fruticosa and S. oritrepha) had directly negative effects on bacterial diversity (Figure 4). Many studies showed that the impacts of plant species on soil bacterial diversity depend on the resources provided by the plant species (Sanaei et al., 2022). Kinkel et al. (2011) predicted that high nutrient input would decrease the soil microbial community diversity by decreasing the competition between the microbes in a high density initial soil microbial community. The leaf litter produced by deciduous shrubs is generally easier to decompose than that of evergreen shrubs (DeMarco et al., 2014; Vankoughnett and Grogan, 2016), while evergreen shrubs produce more recalcitrant litter (Cornelissen, 1996; Cornelissen et al., 1999). Further, more easily decomposed plant litter produced by deciduous shrubs is thought to increase soil nutrient storage (Cornelissen et al., 2007). Some studies showed that deciduous shrubs maintain higher rates of primary production compared to evergreen shrubs (van Wijk et al., 2004). Our results showed that the soil organic carbon under deciduous shrubs was higher than under evergreen shrubs, although the difference was not significant (Figure 4). Thus, we inferred that deciduous shrubs (D. fruticosa and S. oritrepha) induce a higher-resource environment, which directly reduces soil bacterial diversity, compared to the evergreen shrub (R. simsii).



Indirect effects of shrub species on bacterial diversity

Shrub species had indirect effects on bacterial diversity through influence on the antagonism potential of Streptomyces (Figure 4). Compared to the evergreen shrub species (R. simsii), deciduous shrubs (D. fruticosa and S. oritrepha) significantly increased the soil microbial antagonism potential driven by Streptomyces. It has been demonstrated that resources are an important factor affecting microbial interactions (Kinkel et al., 2012). The majority of the resources obtained by saprotrophic Streptomyces are ultimately from plants (Wiggins and Kinkel, 2005a). More importantly, plant root exudation and litter are suggested to modify the effect of plants on microbial interaction (Bakker et al., 2013b). Thus, we inferred that plant characteristics are very likely to affect the potential of microbial antagonism driven by Streptomyces (Wiggins and Kinkel, 2005a).

High phenolic-allelopathy (Moral and Cates, 1971) and other secondary compounds (Ward et al., 2009) have been found in evergreen shrubs. It is reported that Rhododendron plants possessed various constituents, and presented significant allelopathic potential (Chou et al., 2009). Rhododendron plants release allelopathic constituents (e.g., catechin) to affect surrounding plants and microorganisms through root exudation and litter (An et al., 2003). Allelopathic constituents are concentrated in plant senescent leaves (Wang et al., 2013), and plant litter decomposition is accompanied by the release of nutrients and allelochemicals. Researchers have proposed that catechin acts as the major allelopathic compound in leaves of Rhododendron plants (Wang et al., 2013); it seems to transform rapidly after being injected into the soil, and subsequently reduces the total cultivable numbers of bacterial community and inhibits the growth of some soil bacterial populations (Inderjit and van der Putten, 2010; Wang et al., 2013). There are also some studies showing that catechin can suppress the growth and activity of microorganisms groups that are sensitive to it (Wang et al., 2013). Thus, we inferred that the allelopathy of the evergreen shrub R. simsii may be the key factor to inhibit the growth of the Streptomyces population, as well as inhibiting microbial antagonistic interactions driven by Streptomyces. However, more controlled experiments are needed to explore the mechanistic effect of the allelopathy of R. simsii on the soil antagonism potential of Streptomyces. In addition, compared to the evergreen shrub (R. simsii), deciduous shrubs (D. fruticosa and S. oritrepha) contain lower concentrations of allelopathic constituents (e.g., tannins) and other secondary compounds (Cornelissen et al., 1999; Ward et al., 2009). Therefore, the results showed that D. fruticosa and S. oritrepha promote the amicrobial antagonistic interaction driven by Streptomyces.

Moreover, we found that the diversity of the soil bacterial community was mediated by the antagonism potential of Streptomyces. Microbial antagonism has been shown to significantly increase soil bacterial diversity. Several studies have found a close relationship existed in microbial interactions and the composition and diversity of soil bacterial communities (Czaran et al., 2002; Ryan and Dow, 2008; Hibbing et al., 2010; Becker et al., 2012). Research showed that specific genotypes of Escherichia coli produce antibiotic colicins, and its toxic effect promotes antagonistic genotype diversity. Likewise, based on a spatially theoretical model, antibiotic interactions within microbial communities have been shown to play an important role in maintaining microbial diversity (Czaran et al., 2002). Additionally, ubiquitous antagonism among the bacterial community (Validov et al., 2005) is hypothesized to favor higher community diversity (Kerr et al., 2002). At the same time, research has shown that a higher proportion of antagonism can significantly increase the diversity of soil bacterial communities (Bakker et al., 2013a). Similarly, a higher frequency of antagonistic bacteria is hypothesized to support the more diverse bacterial communities (Czaran et al., 2002). Therefore, our results are consistent with these findings, and more antagonism activities are expected to increase bacterial diversity.




Conclusion

Our research provides a better understanding of how plant species directly and indirectly affect bacterial diversity and emphasizes the importance of Streptomyces’s antagonism potential in regulating the effects of plant species on soil bacterial diversity. Overall, compared with an evergreen shrub (R. simsii), deciduous shrubs (D. fruticosa and S. oritrepha) decreased bacterial community diversity directly, but they increased bacterial community diversity indirectly through enhancing Streptomyces’s antagonistic interactions. Thus, Streptomyces’s antagonism potential can offset the directly negative effects of plant species on microbial diversity. This study provides a theoretical basis for studying the microbial interactions that regulate the effects of plant species on soil microbial community diversity.
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Rhizoctonia solani is a widely distributed plant pathogen that can damage many crops. Here, we identified a novel mycovirus tentatively named Rhizoctonia solani partitivirus 433 (RsPV433) from an R. solani (AG-3) strain which caused tobacco target spot disease on flue-cured tobacco. RsPV433 was consisted of two dsRNA segments with lengths of 2450 and 2273 bp, which encoded an RNA-dependent RNA polymerase and a coat protein, respectively. BLASTP results of RsPV433 showed that the closest relative of RsPV433 was Sarcosphaera coronaria partitivirus (QLC36830.1), with an identity of 60.85% on the RdRp amino sequence. Phylogenetic analysis indicated that RsPV433 belonged to the Betapartitivirus genus in the Partitiviridae family. The virus transmission experiment revealed that RsPV433 can be transmitted horizontally. We further tested the biological effect of RsPV433 on R. solani strains and found that the RsPV433-infected R. solani strain grew slower than the RsPV433-free strain on the PDA medium and RsPV433 seemed to have no obvious impact on the lesion inducing ability of R. solani.

KEYWORDS
  dsRNA (double-stranded RNA), mycovirus, Partitiviridae, Rhizoctonia solani, tobacco target spot disease


Introduction

Rhizoctonia solani is a common soilborne pathogen. R. solani consists of 14 subgroups (AG1–AG14), based on the hyphal anastomosis reaction between R. solani strains (García et al., 2006; Yang et al., 2015). This pathogen can cause some symptoms, such as root rot, stem canker, sheath blight, or foliage blight on different host plants, and often lead to severe economic damage (Gonzalez et al., 2011; MatRazali et al., 2021). Shew (1991) reported the target spot disease on flue-cured tobacco for the first time and identified that this disease is caused by R. solani (AG-3) (Shew, 1991; Gonzalez et al., 2011), however, AG-2.1 and AG-6 were also be reported to be able to cause tobacco target spot disease (Mercado Cárdenas et al., 2012; Sun et al., 2022). The occurrence of tobacco target spot disease in China has been reported since 2012 and it has become a major disease in the production process of flue-cured tobacco in China (Wu et al., 2012; Xu et al., 2018; Sun et al., 2022).

Mycoviruses are microbes that use fungi as their hosts. Most known mycoviruses cryptically infect their hosts, but some mycoviruses can greatly affect their host, either by hypovirulence or hypervirulence. For example, the Sclerotinia sclerotiorum hypovirulence–associated DNA virus 1 can convert its host, Sclerotinia sclerotiorum, from a typical necrotrophic pathogen into a beneficial endophytic fungus (Zhang et al., 2020); infection with Nigrospora non-segmented RNA virus 1 led to hypovirulence of Nigrospora oryzae on cotton leaves (Wang et al., 2022b); the Diaporthe pseudophoenicicola chrysovirus 1 can confer hypovirulence to the fungal host of Diaporthe pseudophoenicicola (Xu et al., 2022); and the virulence of Leptosphaeria biglobosa can be increased by the Leptosphaeria biglobosa quadrivirus 1 (Shah et al., 2020). The role of mycoviruses in the pathogenesis of fungi was well-discussed in previous papers (Abdoulaye et al., 2019; Bian et al., 2020; Kotta-Loizou, 2021). Mycoviruses have been divided into 22 taxa by the International Committee on Taxonomy of Viruses (ICTV) https://talk.ictvonline.org/taxonomy/ (Ghabrial and Suzuki, 2009; Kondo et al., 2013, 2022; Ghabrial et al., 2015; Hillman et al., 2017; Ruiz-Padilla et al., 2021; Myers and James, 2022). Partitiviridae is a branch of these 22 taxa, all the viruses in this family are spherical with a size of 34–42 nm and have double-straned RNA (dsRNA) genomes (Nibert et al., 2014). Viruses of this family are divided into five genera, namely, Alphapartitivirus, Betapartitivirus, Gammapartitivirus, Deltapartitivirus, and Cryspovirus (Nibert et al., 2009; Vainio et al., 2018; Petrzik, 2019). Dozens of partitiviruses have been identified from many types of organisms, such as fungi, nematode, plants, and protists (Shiba et al., 2018; Kamitani et al., 2020; Tang et al., 2021; Wang et al., 2022a). There are many tentative species in this family, such as Botryosphaeria dothidea partitivirus 2 that identified recently (Wang et al., 2022c); Nigrospora sphaerica partitivirus 1 virus infecting Nigrospora sphaerica (Zhong et al., 2021); and Rhizoctonia fumigata partitivirus 1, isolated from Rhizoctonia fumigata AG-Ba strain C-314 Baishi (Li et al., 2022).

Rhizoctonia solani is a host of mycoviruses, so far, there are more than 100 viruses have been found in R. solani (Abdoulaye et al., 2019). In this study, we discovered a novel partitivirus tentatively named Rhizoctonia solani prtitivirus 433 (RsPV433), which was isolated from a TS23 strain of R. solani that caused tobacco target spot disease on flue-cured tobacco in Yunnan province.



Materials and methods


Mediums, fungal strains and plant materials

Potato dextrose agar (PDA) medium (Solarbio, Beijing, China) is the medium we used in most of our experiments. The V8 juice agar (V8A) medium [15% clarified V8 juice (Campbell Soup Co., NJ, USA) with 2.5 g/L CaCO3 and 2% agar] is prepared follow the instructions described previously (Feng et al., 2022).

TS10 and TS23 are R. solani strains that were isolated by Ning Jiang from tobacco target spot leaf samples collected in Yunnan province. According to the former study, we knew that tobacco target spot leaf disease is caused by R. solani (Shew, 1991; Gonzalez et al., 2011; Mercado Cárdenas et al., 2012; Sun et al., 2022). To get more information about these strains, we further amplified the ITS region of TS10 and TS23 by primer sets ITS1/ITS4 (White et al., 1990). NCBI blast results of the amplified fragments of TS10 and TS23, combined with the field symptom and the morphological observation results, we speculated that these two strains belong to the AG-3 group of R. solani. TS10-23 is the offspring of the recipient TS10 strain in the horizontal transmission experiment, it is an R. solani TS10 strain infected by RsPV433. These strains and their subcultures were incubated on PDA plates at 25°C and stored at 4°C on PDA slants.

Nicotiana tobaccum and N. bethamiana were grown in pots with garden soil in a growth chamber under a 10:14 h (L:D) photoperiod at 25°C.



dsRNA extraction

The R. solani strains were cultured on cellophane membranes overlaid on the surfaces of PDA plates at 25°C for 4 days in darkness (Yang et al., 2015). Mycelia of cultured strains were harvested and ground into a fine powder in liquid nitrogen. dsRNAs were extracted using CF-11 cellulose (Sigma-Aldrich, Dorset, England) following previously described procedures (Morris and Dodds, 1979; Zhai et al., 2016). All the extracted dsRNAs were digested with S1 nuclease and DNase I (Takara, Dalian, China) to eliminate DNA and single-stranded RNA (ssRNA) contamination and kept at −80°C.



cDNA cloning and sequence analysis

Cloning and sequencing of the dsRNAs were conducted as previously described (Xie et al., 2011; Wang et al., 2013; Li et al., 2015). First, the purified dsRNAs were reverse-transcribed by a tagged random primer dN6, and then these random cDNA products were amplified using the anchor primer of dN6 and PrimeSTAR® Max DNA Polymerase (Takara, Dalian, China) on a Thermal Cycler (Bio-Rad, CA, USA). The product amplified by PCR using dN6 is not specific band, but a diffuse band. Second, the fragments from about 500 bp to about 1, 000 bp of the diffuse band were purified and ligated to the pClone007 using T-007Vsm Kit (Tsinke, Beijing, China) according to the instructions of the manufacturer and then transformed into competent cells of Escherichia coli DH5α. Fifty DH5α clones containing cDNA fragment of the dsRNA ranging from 500 to 1, 000 bp were sequenced in Tsingke Biotechnology company (Tsingke, Chongqing, China). The DNAMAN program and BLASTP program online version of the NCBI website were used to assemble and analyze these cloned sequences.

In order to obtain the 3′ and 5′ terminal sequence of the purified dsRNAs, a method described previously was carried out (Xie et al., 2006; Wang et al., 2013). Primers used for the 3′, 5′ RACE were listed in Table 1.


TABLE 1 Primers used in this manuscript.
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Multiple sequence alignments were performed on the whole amino acid sequences using MAFFT software (Rozewicki et al., 2019). Phylogenetic trees were constructed by using MEGA7 with maximum likelihood method (Kumar et al., 2016). Bootstrap values were evaluated with 1, 000 replicates. The sequences of partitiviruses used in this study were all downloaded from the NCBI database.



Total RNA extraction and RT-PCR

Total RNAs were extracted with TRIzol following the manufacturer's instructions (Tiangen, Beijing, China). Four sets of primers were designed based on the nucleotide sequence of RsPV433 dsRNA1 and dsRNA2. Using 1, 000 ng total RNA extracted from the R. solani strains as template, reverse transcription was performed with 100 units of M-MLV reverse transcriptase and primed with 10 pM primer that complementary to the RsPV433 genome, the reactions were incubated at 42°C for 60 min followed by 75°C for 10 min to inactivate the reverse transcriptase. The PCR amplification was performed using the reverse transcribed cDNA as template. The primers used for the detection of RsPV433 are listed in Table 1.



Biological testing

The colony diameters of each strain were measured daily for 4 d. The virulence of the TS10 and TS10-23 was determined according to a method previously described with slight modifications (Zhao et al., 2013). Pathogenicity tests were performed on 8-week-old seedlings of Nicotiana tobacum and N. benthamiana. Wounds were made by inserting a needle into every treated and control leaf. Leaves were either inoculated with 5 mm mycelial plugs from the edge of 4 d cultures of TS10 or TS10-23, or with PDA without mycelial plugs for the control. All the inoculated plants were incubated at 25°C for 2 days in a plastic container covered with an opaque cap to maintain high relative humidity and darkness. The cap was then removed and plants were grown under a 12:12 h (L:D) photoperiod for another 2 days. For the evaluation of the size of the R. solani caused lessions, we measured the longest and the shortest diameter of each lesion and then averaged them to get a radius. According to the formula for calculating the area of a circle, π is multiplied by the square of the radius, and finally the size of each lesion is obtained for statistical analysis.



Statistical analysis

Data in this study were analyzed by SPSS soft-ware. One-way analysis of variance was used to compare the data, followed by Duncan's test at 5% level of significance to determine the significance of differences between treatment means.




Results


dsRNAs in R. solani

When screened by a double-straned RNA extraction method, a R. solani strain TS23 was found to be dsRNA positive. After DNase I and S1 nuclease treated, a band with the size of about 2 kb still existed on the agarose gel (Figure 1A). Subsequent experiments revealed that the band actually comprised two dsRNA, which we named as dsRNA1 and dsRNA2.


[image: Figure 1]
FIGURE 1
 Identification of RsPV433 in R. solani. (A) Detection of dsRNA in mycelia of R. solani strain TS23. Lane 1 untreated dsRNA extracted from TS23, lane 2 DNase I and S1 nucleoase treated dsRNA extracted from TS23 strain. (B) Detection of RsPV433, using total RNA of TS23 and primers mentioned in the materials and methods section. (C) Schematic representation of the genome organization of RsPV433. RsPV433 contains two dsRNAs, and encode two proteins RdRp and CP, respectively. The ORF encoding RdRp and CP were marked in the figure.




Nucleotide sequence and genome organization of RsPV433

By dsRNA cloning, the full-length cDNA sequences of dsRNA1 and dsRNA2 were obtained and separately submitted to GenBank (ID numbers ON665758 and ON665759). The lengths of dsRNA1 and dsRNA2 were 2450 and 2273 bp, respectively. dsRNA1 contains an open reading frame (ORF) predicted to encode the RNA-dependent RNA polymerase (RdRp), while dsRNA2 consisted of an ORF that might encode the coat protein (CP). Using BLASTP for the dsRNA1-encoded protein, we found that it was similar to the partitivirus-encoded RdRp, such as Sarcosphaera coronaria partitivirus (QLC36830.1, with 93% query cover and 60.85% identity), Rosellinia necatrix partitivirus 8 (YP_009449449.1, with 93% query cover and 62.13% identity), and Fusarium poae partitivirus 2 (YP_009272947.1, with 93% query cover and 60.51% identity). Thus, we tentatively named this novel virus Rhizoctonia solani prtitivirus 433 (RsPV433). The genome structure of RsPV433 is shown in Figure 1B. To detect the existence of RsPV433 in TS23, we designed four pairs of specific primers. We extracted the total RNA of TS23 and used it for RT-PCR amplification. The specific partial fragments of dsRNA1 and dsRNA2 with expected sizes were amplified from the total RNA of TS23, which confirmed the existence of RsPV433 in TS23 (Figure 1C).



Phylogenetic analysis of RdRp and CP of RsPV433 in Partitiviridae

The amino acid sequences of the RdRp of partitiviruses were used to build a phylogenetic tree through the maximum likelihood method to clarify the evaluation status of RsPV433. Results showed that RsPV433 was grouped in a clade of Betapartitivirus of the Partitiviridae (Figure 2A). To further validate this result, we performed a phylogenetic analysis of the CP amino acid sequence among partitiviruses (Figure 2B). Results also indicated that the RsPV433 clustered in a well-supported clade including Rhizoctonia solani virus 717 and other members of the Betapartitivirus. Overall, based on phylogenetic analysis of RdRp and CP, our results suggest that RsPV433 might be a novel member of Betapatitivirus in Partitiviridae.
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FIGURE 2
 Phylogenetic analysis of RsPV433. Phylogenetic trees were generated based on the amino acid sequences of the RdRp and CP of RsPV433. (A) All viruses listed in NCBI virus taxonomy of Partitiviridae were chosed and their RdRp were selected and clustered in this phylogenetic tree, result suggested that RsPV433 is probably belongs to the Betapartitivirius of Parititiviridae. (B) Phylogenetic tree of viral coat protein encoded by partitiviruses. RsPV433 encoded coat protein was clustered in the Betapartitivirus clade.




Sequence similarity between RsPV433 and related species

Multiple sequence alignment analysis of RdRp encoded by RsPV433 with 15 members of the genus Betapartitivirus showed that RdRp of RsPV433 contains three conserved motifs (motifs A–C) that are well-conserved among dsRNA viruses (Figure 3A) (Te Velthuis, 2014). We also analyzed the similarity of the 5′ UTR region among the viruses that were close to RsPV433. The results showed that the 5′ UTR region of RsPV433 dsRNA2 was similar to its relatives (Figure 3B).
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FIGURE 3
 Sequence similarity analysises of RsPV433 and its relative species. (A) Multiple amino acid sequence alignment of RdRps of RsPV433 and other related mycoviruses in Betapartitivirus. The A-, B-, and C-motif were conserved motifs that exist in all RdRps of dsRNA viruses (Te Velthuis, 2014). (B) Nucleotide sequence alignment of the 5′ UTR of RsPV433 and two relative viruses (Cannabis cryptic virus and Dill cryptic virus).




Horizontal transmission of RsPV433

To investigate the horizontal transmission ability of RsPV433, TS10 and TS23 were inoculated on the same PDA plate. The strain TS23 served as a donor, while TS10, which was RsPV433-free, served as a recipient. After the mycelia of TS10 and TS23 were in contact for 24 h, samples (marked by circles in Figures 4A–C) were taken for RNA extraction. The total RNA of these samples were used for RT-PCR detection with the previously designed primer set (Rs4bF2/Rs4bR2) for detecting dsRNA2 of RsPV433. The RT-PCR result indicated that RsPV433 can be transmitted horizontally (Figure 4D).
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FIGURE 4
 Horizontal transmission assay of RsPV433. (A–C) TS10 is a strain which is not infected by RsPV433, TS23 is a strain that is infected by RsPV433. All fungal were grow on PDA at 25°C in dark. The photos were taken at 72 h when the mycelial of TS10 and TS23 get in contact with each other. The cycled 1, 2, 3 implies the place where we take the mycelial plugs for RT-PCR detection. (D) RT-PCR detection of RsPV433, use the primer sets Rs4bF2/Rs4bR2 for the detection of RsPV433 dsRNA2. Lane 1, 2, 3 represent the sample we marked with cycle in A–C, samples were taken at 96 h when TS10 and TS23 have contacted for 24 h.




Effects of RsPV433 on R. solani

To observe the effect of RsPV433 on the growth phenotype of R. solani, we inoculated TS10 and TS10-23 onto PDA medium and V8A medium, respectively. Results showed that R. solani infected by RsPV433 (TS10-23) grew much more slowly on PDA medium than R. solani that was RsPV433-free (TS10); however, TS10 and TS10-23 on the V8A medium showed almost the same growth pace (Figure 5). Then we tested the pathogenicity of TS10 and TS10-23 by inoculating these two strains on N. tobacum and N. benthamiana. Results showed that there was no significant difference between the area of lesions caused by TS10 and TS10-23 on N. tobacum and N. benthamiana, it implied that RsPV433 does not affect the lesion inducing ability of R. solani (Figure 6).
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FIGURE 5
 Growth phenotype of TS10 (RsPV433 free) and TS10-23 (RsPV433 infected) R. solani strain. (A) Growth phenotype of TS10 and TS10-23 on PDA and V8A medium at 25°C in dark for 4 days. (B) Comparison of the average radial mycelial growth rates between TS10 and TS10-23 on PDA and V8A, respectively.
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FIGURE 6
 Pathogenicity test of R. solani that with and without RsPV433 on N. tobacum and N. benthamiana. The pathogenicity of TS10 and TS10-23 were tested by inoculating the mycelial plugs of these two strains on N. tobacum and N. benthamiana. Symptoms were observed 4 days after inoculation (2 days for dark treated and 2 days for natural day and night at 25°C), PDA refers to the mock treated. Result implied that the tested two strains have no significant difference in inducing lesions on N. tobacum and N. benthamiana.





Discussion

Due to the rapid development of high-throughput viromics, numerous new partitiviruses have been identified, which makes the taxonomy of partitiviruses chaotic. In addition to the five classical genera, some new clade that have not been officially admitted appeared, like the Epsilonpartitivirus and the Zetapartitivirus (Nerva et al., 2017; Gilbert et al., 2019; Jiang et al., 2019; Ahmed et al., 2020). In addition, when we analyzed the nucleotide sequences of viruses in the Partitiviridae family we found that the relative virus of dsRNA1 and dsRNA2 of some partitivirus is not the same virus, this enlarged the uncertainty of the classification of Partitiviridae. Our phylogenetic analysis results suggest that RsPV433 might be a new member of Betapartitivirus (Figure 2). However, Figure 2A shows that the gap between RsPV433 and its relative betapartitivirus is large. Furthermore, the sequence similarity between dsRNA1 and dsRNA2 of RsPV433 on the 5′ and 3′ terminal ends is not as high as we expected, the reason might be that the 5′ and 3′ terminal sequences of these two dsRNAs which we got is not long enough to cover the 5′ and 3′ terminal ends of RsPV433. Hence, the terminal sequences of RsPV433 might need to be further analyzed, the taxonomic status of RsPV433 could also need to be further elucidated in future study.

Vertical transmission through spores and horizontal transmission via hyphal anastomosis and heterokaryosis are the principle transmission pathways of mycoviruses (Brusini and Robin, 2013; Abdoulaye et al., 2019). Partitiviruses, for example, RsPV2, RsPV6, RsPV7, and RsPV8, can be transmitted vertically and horizontally (Jian et al., 1997; Chen et al., 2019). However, Liu et al. (2016) discovered that the SsHADV-1 can be transmitted extracellularly by the mycophagous insect vector Lycoriella ingénue beside the vertical and horizontal transmission pathway (Liu et al., 2016). In this study, we verified that RsPV433 can be transmitted horizontally to the R. solani strain within the same AG group, but it is unclear whether RsPV433 has other routes of transmission.

Mycovirus studies are often focused on viruses that cause hypovirulence to their host fungi, because some of them can be developed into biocontrol agents. The potential capability of mycovirus to be biocontrol agent was well-discussed in the published papers (Ghabrial and Suzuki, 2009; Xie and Jiang, 2014; García-Pedrajas et al., 2019; Rigling et al., 2020). For example, Cryphonectria hypovirus 1 (CHV1), isolated from Cryphonectria parasitica, was successfully used to control chestnut blight in Europe, and Botryosphaeria dothidea partitivirus 2 (BdPV2) isolated from Botryosphaeria dothidea greatly reduced the virulence of its host and has great potential in controlling B. dothidea caused diseases (Feau et al., 2014; Wang et al., 2014). We found that RsPV433 has no significant impact on the lesion expansion of R. solani on N. tobacum and N. benthamiana. However, the size of lesion is only one aspect of evaluating the pathogenicity of fungal pathogens, more experiments are needed to verify the effect of RsPV433 on the pathogenicity of R. solani, because the ability of altering the host of its fungal host or helping other mycoviruses to alter its host could also affect the pathogenicity of mycovirus's host (Aihara et al., 2018; Tran et al., 2019).

The host phenotype on growth medium is a typical alternation mediated by mycoviruses on their hosts, and this implies that mycoviruses may directly interfere with the nutrient absorption and basic metabolism of its host (Kotta-Loizou, 2021). We speculate that the reason RsPV433-infected R. solani grew differently on PDA and V8A might be that in the growth phenotype investigation experiment V8A represented a complete medium, while PDA was equivalent to a deficient medium. Presence of RsPV433 interfered the ability of R. solani to overcome the nutrient deficiency and eventually cause TS10-23 to grow slower than TS10 on the PDA medium. This could help explain why there was no significant difference between TS10 and TS10-23 in inducing lesion on N. tobacum and N. benthamiana, because both N. tobacum and N. benthamiana that we used in the pathogenicity test may represent a complete medium like V8A did (Figure 5). Nevertheless, the mechanism of how RsPV433 affects the growth of R. solani on the PDA medium needs further research.
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Sweet cherry is an important fruit crop with high economic and ornamental value in China. However, cherry fruit anthracnose, caused by Colletotrichum species, greatly impacts cherry yield and quality. Here, we surveyed cherry anthracnose in Guizhou, China from 2019–2020. Necrotic sweet cherry fruits were collected from different areas in Guizhou and examined. A total of 116 Colletotrichum strains were isolated from these symptomatic fruits. Based on the morphological characteristics of the isolates and phylogenetic analyses of concatenate internal transcribed spacer (ITS) region and ACT, CHS-1, GAPDH, TUB2, and HIS3 genes, the pathogen responsible for causing sweet cherry anthracnose was identified as Colletotrichum godetiae. Pathogenicity tests were conducted by inoculating healthy sweet cherry fruits with spore suspensions of the fungal pathogen, and Koch’s postulates were confirmed by pathogen re-isolation and identification. The Q-1 isolate showed different sensitivities to 13 fungicides, exhibiting seven different modes of action, and its EC50 values ranged from 0.04 to 91.26 μg ml−1. According to that, the sensitivity of 20 isolates from different samples to ten fungicides with better performance, were measured. The results showed that 6 of the 10 fungicides (difenoconazole, propiconazole, prochloraz-manganese, pyraclostrobin, trifloxystrobin-tebuconazole, and difenoconazole-azoxystrobin) all showed higher sensitive to the 20\u00B0C. godetiae isolates, and no resistance groups appeared. Its EC50 values ranged from 0.013 to 1.563 μg ml−1. In summary, this is the first report demonstrating that C. godetiae causes sweet cherry anthracnose and the results of this study provide insights into how sweet cherry anthracnose could be effectively controlled in China.

KEYWORDS
 Cerasus pseudocerasus, plant disease, Colletotrichum, multi-gene, sweet cherry fruit anthracnose


Introduction

Chinese sweet cherry (Cerasus pseudocerasus Lindl.; Rosaceae) is an important native fruit crop with high economic and ornamental value (Chen et al., 2012, 2013b). ‘Manaohong’, approved by Guizhou Provincial Variety Approval Committee in 2011, is an unique local sour cherry variety in Guizhou Province, China. Cherry fruits are rich in vitamins, niacin, phenolic compounds, and minerals (Kim et al., 2005; Zhang et al., 2008). Sweet cherry cultivation is one of the 12 most important agricultural sectors that contribute to the development of characteristic agriculture in Guizhou. With the expansion of ‘Manaohong’ cherry cultivation and the increase in temperature and rainfall, the occurrence of fungal disease of cherry fruits has significantly increased in Guizhou.

Anthracnose is a widespread disease that reduces crop yield and quality, resulting in great economic losses. Colletotrichum, the causal agent of anthracnose, is one of the top 10 fungal genera of economic and scientific importance (Dean et al., 2012). Colletotrichum is the only genus in the Glomerellaceae family (order Glomerellales, class Sordariomycetes) (Wijayawardene et al., 2018, 2020). Species of Colletotrichum are known as pathogens (causing anthracnose and postharvest fruit rot in plants), endophytes (producing a range of secondary metabolites), and saprobes (Bhunjun et al., 2021). Anthracnose, caused by Colletotrichum spp., is an important disease that seriously threatens the production of sweet cherry. Although Colletotrichum spp. are known to infect leaves and young shoots of cherry trees, they most frequently infect cherry fruits at various developmental stages (Børve and Stensvand, 2006a, 2013; Børve et al., 2010). For example, on the sweet cherry fruits infected by Colletotrichum acutatum in Norway, the initial symptoms of anthracnose on young fruit include dark brown spots, which later spread to the whole fruit and block fruit development. On mature fruits, the disease lesions are sunken and dark brown, and sticky piles of orange/yellow spores are formed on the lesion. Damage to the fruit reduces the yield and quality of sweet cherry, causing great economic losses (Børve and Stensvand, 2013).

A clear understanding of Colletotrichum species involved in sweet cherry anthracnose is essential for disease management. The genus Colletotrichum is divided into 14 species complexes, which comprise approximately 189 species (Jayawardena et al., 2021). In previous studies, morphological characterization and molecular characterization were used to accurately identify Colletotrichum species (Cai et al., 2011). Most of the Colletotrichum spp. displayed an unique colony color, mycelial growth rate, and size and shape of conidia and appressoria, which were used as key morphological traits for preliminary identification (Damm et al., 2012). The Colletotrichum spp. were further distinguished based on molecular data, including two intergenic regions, internal transcribed spacer (ITS) region and the intergenic region between apn2 and MAT1-2-1 genes (ApMAT), and partial DNA sequences of five genes, namely actin (ACT), chitin synthase (CHS-1), histone 3 (HIS3), glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and β-tubulin (TUB2) (Damm et al., 2012; Sharma et al., 2013). Based on this method, a growing number of Colletotrichum spp. causing cherry anthracnose has been reported. For example, four Colletotrichum species, C. aenigma based on ITS, DAPDH, ACT, TUB2, and CHS-1 genes (Beijing city; Chethana et al., 2019), C. pseudotheobromicola sp. nov. based on ITS, DAPDH, ACT, TUB2 and CHS-1 genes (Beijing city; Chethana et al., 2019), C. liaoningense based on ITS, DAPDH, ACT, TUB2 and CHS-1 genes (Shandong province; Liu et al., 2021) and C. fructicola based on ITS, DAPDH, ACT, TUB2, and CHS-1 genes (Zhejiang province; Tang et al., 2021), causing leaf spot on cherry, have been reported in China. In Brazil, Colletotrichum theobromicola was determined to cause necrotic and sunken spots on Barbados cherry fruit (Bragança et al., 2014). In southwestern Norway, Colletotrichum acutatum was reported to infect sweet cherry leaves (Børve et al., 2010), and overwinter on the buds (Børve and Stensvand, 2006a; Stensvand et al., 2017) and shoots (Stensvand et al., 2017) of sweet cherry, thus serving as the primary source of inoculum for more infections in the growing season. Among the above six pathogens, C. aenigma, C. pseudotheobromicola, C. fructicola, and C. theobromicola, were classified into the C. gloeosporioides species complex; C. acutatum was assigned to the C. acutatum species complex; and C. liaoningense was determined as a singleton species (Jayawardena et al., 2016).

Although the application of fungicides has adverse effects on the environment, chemical control is still the most effective measure for controlling the anthracnose disease. Recently, a number of studies reported the emergence of fungicide resistant strains of Colletotrichum species. In Hainan province, C. gloeosporioides strains highly resistant to carbendazim were isolated from mango, litchi, and longan (Zhang et al., 2014). Moreover, C. gloeosporioides, which causes grape ripe rot, showed a resistance to thiophanate-methyl and diethofencarb (Chen et al., 2013a). In other studies, fungicides were shown to be highly effective in controlling the anthracnose disease. For example, dithianon was effective in controlling anthracnose in sweet and sour cherry in Norway (Børve and Stensvand, 2006b). Methyl benzimidazole carbamate (MBC) and demethylation inhibitor (DMI) fungicides were used against Colletotrichum recently (Chen et al., 2016). In the USA, quinone outside inhibitors (QoIs) are the most common fungicides used in commercial strawberry fields for controlling anthracnose caused by Colletotrichum spp. (Forcelini et al., 2017). Understanding the sensitivity of Colletotrichum spp. to various fungicides may have significant implications on the effective management of this disease. However, the fungicide sensitivities of Colletotrichum isolates causing sweet cherry anthracnose in China remain unknown.

In the present study, we isolated Colletotrichum species associated with sweet cherry anthracnose in Guizhou province, and identified these species based on their morphological traits and multilocus phylogeny. Then, the pathogenicity of Colletotrichum species was determined by the artificial inoculation of sweet cherry fruits. Finally, we determined the sensitivities of the Colletotrichum isolates to different fungicides. The results of these analyses provide important information that could be used to develop an effective strategy for controlling sweet cherry fruit anthracnose.



Materials and methods


Colletotrichum strain isolation

During 2019–2020, anthracnose disease investigations were conducted on sweet cherry orchards in four regions of China’s Guizhou Province, namely Bijie (26°19′N, 106°46′E), Guiyang (26°19′N, 106°46′E), Liupanshui (26°18′N, 104°51′E) and Qianxinanzhou (25°56′N, 107°18′E). Through the statistics of diseased plant rate, we found that its incidence had reached 10 to 20%, hindering cherry fruit industry development. Therefore, to clarify the cause of the disease, we collected about 40 diseased sweet cherry fruits at different developmental stages from diseased orchards in these four regions.

To isolate the disease-causing pathogen, the infected fruits were washed with tap water, dried on absorbent paper, and then surface-sterilized by rubbing the surface of the lesion three times with a 75% ethanol-soaked cotton ball. The diseased tissue was crushed, immersed in sterilized water, and then subjected to gradient dilution, Low-titer spore suspensions were spread on a potato dextrose agar (PDA) plate (Yuan et al., 2021). It was then placed in the dark at 25°C for 4 days, and the single colonies that grew were picked into new PDA plates. The pure colonies were soaked in 20% (v/v) glycerol at −70°C for long-term storage (Kim et al., 2020). The isolated strains were classified according to the sampling location and strains with the same morphology, and 20 isolates were chosen for further study.



Morphological characterization

The colony color of each isolate was recorded after culturing on PDA at 25°C for 6 days. Mycelial plugs (5 mm) excised from the margin of 6-day-old colonies were placed at the center of each PDA plate (total five plates), and cultured in darkness at 25°C. The diameter of each colony was measured by cross direction, and its daily growth rate was calculated. The experiment was repeated three times. A small amount of mycelia was scraped from 10-day-old colonies to observe the mycelial appressorium. Hyphal tips were sampled from the agar, transferred to fresh PDA plates, and incubated at 25°C for 10 days to induce the formation of conidia. Appressoria were induced as described previously (Cai et al., 2009). Using a compound light microscope (Zeiss Scope 5 with camera AxioCam 208 color), the shape and size of mycelial appressorium, conidia, and appressorium were recorded and measured.



DNA extraction and sequencing

Genomic DNA was extracted from the mycelia of 6-day-old colonies cultured on PDA plates using the CWBIOTECH Plant Genomic DNA Kit (Changping, Beijing, China). The ITS region of the rDNA gene cluster, a 200-bp intron of the GAPDH gene, and partial sequences of CHS-1, ACT, TUB2, and HIS3 genes were amplified from the genomic DNA using ITS4/ITS5, GDF1/GDR1, CHS-79F/CHS-354R, ACT-512F/ACT-783R, T1/T2, and CYLH3F/CYLH3R primer pairs, respectively (Crous et al., 2004; Damm et al., 2012; López-Moral et al., 2017). The sequences of primers used in this study are listed in Table 1.



TABLE 1 List of primers used in this study.
[image: Table1]

PCR was performed on the T100™ Thermal Cycler (Bio-Rad Laboratories Inc., CA, USA) in a 25-μL reaction volume containing 1.6 μl of dNTPs (2.5 mM μL−1 each), 0.2 μl of Taq polymerase (5 U μL−1), 2 μl of polymerase buffer (10× μL−1; Takara, Japan), 1 μl of each primer (25 mM μL−1) and 1 μl of genomic DNA (50 ng μL−1). The following conditions were used for the amplification of all genomic regions (except the ITS region): initial denaturation at 95°C for 5 min, followed by 32 cycles of denaturation at 94°C, annealing at 55°C, and extension at 72°C for 30 s each and a final extension at 72°C for 10 min. The ITS region was amplified under the following conditions: 94°C for 5 min, followed by 30 cycles at 94°C, 52°C and 72°C for 30 s each and lastly 72°C for 10 min. PCR products were sequenced by Sangon Biotech Co., Ltd. (Shanghai, China) using the same PCR primers as those used for PCR amplification.



Phylogenetic analyses

Sequences of each gene or genomic region generated using forward and reverse primers were assembled with BioEdit v.7.2.5 (Hall, 1999). Then, consensus sequences were then combined with related sequences downloaded from GenBank, and aligned separately using Mafft v7.187 (Katoh and Standley, 2013) or manually when necessary. The nucleotide substitution model for each gene or genomic region was determined based on the Bayesian information criterion (BIC) using jModelTest v2.1.6 (Darriba et al., 2012). Phylogenetic trees based on ITS, ACT, CHS-1, GAPDH, TUB2, and HIS3 datasets as well as a concatenated dataset were constructed using maximum likelihood (ML) and Bayesian inference (BI) analyses at the CIPRES web portal (Miller et al., 2010). The ML analysis was performed using the RAxML-HPC BlackBox tool (Stamatakis, 2014). The Markov Chain Monte Carlo (MCMC) algorithm for BI with two parallel runs of four chains was performed using MrBayes on XSEDE (Ronquist et al., 2012). Trees were sampled every 100 generations, and runs were stopped automatically when the average standard deviation of split frequencies fell below 0.01. A 50% majority rule consensus tree was summarized after discarding the first 25% samples. The resulting trees were visualized in FigTree v1.4.3 (Rambaut, 2016). In this study, 20 isolates were selected for phylogenetic analysis.



Pathogenicity assays

To conform the Koch’s postulates, three C. godetiae isolates (Q-1, Q-2, and Q-3) were chosen for pathogenicity testing. Healthy sweet cherry fruits were selected in the field and sprayed with conidial suspensions (1 × 106 conidia ml−1) or sterile distilled water (control). Five replicates of fruit were used for each conidial suspension. Disease development on the inoculated fruit was observed daily, and lesions on fruit were photographed at 5 days post-inoculation. The fungus was re-isolated from infected fruit after the appearance of symptoms. The morphological characteristics of these fungal isolates were compared with those originally used as inoculum.



Fungicide sensitivity of isolates

Referring to the fungicides with high efficiency and low intensity used for the control of other plant anthracnose, 13 kinds of fungicides were selected for preliminary screening of Q-1 isolates (Table 2). Thirteen fungicides, including difenoconazole, propiconazole, prochloraz-manganese, azoxystrobin, pyraclostrobin, chlorothalonil, dithianon, polyantimycin, zhongshengmycin, trifloxystrobin-tebuconazole, difenoconazole-azoxystrobin, bromothalonil, and polysaccharide, were dissolved in sterile water to prepare 10 mg/ml stock solutions. Half maximal effective concentration (EC50) values indicating fungicide sensitivity were determined using mycelial growth assays. The PDA medium plates, containing a series of final concentrations of each fungicide (Table 3), were prepared by adding an appropriate volume of the stock solution (in sterile water). The margin of 6-day-old colonies cultured on PDA was used to generate 5-mm mycelial plugs, which were placed at the center of PDA plates containing different concentrations of fungicides. All plates were incubated at 25°C for 6 days. The growth inhibition rate of mycelia was calculated by the following formula: i = (a1 − a2)/a1 × 100, where i is the growth inhibition rate of mycelia, a1 is the hyphae area of untreated pathogen, and a2 is the hyphae area of treated pathogen (Etebarian et al., 2005). The EC50 (concentration for 50% of maximal effect) values of different plant extracts were calculated using IBM SPSS analytics (SPSS Inc., Chicago, IL, United States) (Mo et al., 2021). Each fungicide treatment and control contained three replicate plates, and the experiment was performed twice.



TABLE 2 Information on 13 fungicides.
[image: Table2]



TABLE 3 The sensitivities of Colletotrichum godetiae isolate Q-1 to 13 fungicides.
[image: Table3]

A suitable fungicide was selected based on the preliminary screening of 13 fungicides using the Q-1 isolate. Then, the sensitivity of 20 isolates (5, 5, 2, and 8 isolates from Bijie, Guiyang, Liupanshui, and Qianxinanzhou, respectively) to the suitable fungicide was tested as described above.




Results


Disease symptoms and fungal isolation

A fruit disease emerged in four major ‘Manaohong’ cherry production areas (Bijie, Guiyang, Liupanshui, and Qianxinanzhou) in Guizhou province (Figure 1). Symptomatic sweet cherry fruits displaying lesion collapsed but maintained an intact peel. At the early stage of infection, yellow, caviar-like patches were formed on the fruit surface. With increased disease severity over time, the fruit became rotten, and lesions turned black (Figures 2A–D). Microscopic analysis revealed the presence of brown acervuli (Figure 3A) occasionally branched hyaline conidiophores (Figures 3C–F), black setae (Figure 3B), and aseptate, cylindrical, and slightly curved conidia (Figure 3G) on the surface of diseased fruits, suggesting that the disease was caused by Colletotrichum species. To confirm the identity of the causal agent, a total of 116 Colletotrichum isolates were isolated from diseased sweet cherry fruits using the single-spore separation method. We classified the obtained 116 isolates according to the collection location and colony morphology. We divided these strains into three categories according to the colony morphology, and finally selected 20 strains for the next experiment. In these 20 isolates, 5 (named as B-1 to B-5), 5 (G-1 to G-5), 2 (L-1 to L-2), and 8 (Q-1 to Q-8) Colletotrichum isolates, obtained from Bijie, Guiyang, Liupanshui and Qianxinanzhou, respectively, were chosen for further study.

[image: Figure 1]

FIGURE 1
 Distribution of cherry sample sites in four regions in Guizhou, China.
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FIGURE 2
 The symptoms of cherry anthracnose on fruits. (A) Symptoms on fruits in field. (B) Symptoms on fruits at different development stages. (C) Necrotic spot on mature fruit. (D) Margin of lesions on mature fruit.


[image: Figure 3]

FIGURE 3
 Morphological characteristics of Colletotrichum godetiae were observed on the diseased fruits. (A) Acervuli, bar = 50 μm. (B) Setae, bar = 20 μm. (C–F) Conidiophores, bar = 10 μm. (G) Conidia, bar = 10 μm.




Morphological characteristics

After growth on PDA at 25°C for 6 days, the colonies were light gray at the margin, dark gray at the center and the underside, with dense and cottony aerial mycelium (Figures 4A,B). Its growth rate was 6.6 mm per day, and its growth rate was consistent with each repetition. Setae were dark brown and acicular (Figure 4C). The mycelial appressorium was dark brown or black in color and elliptical or irregular in shape (Figure 4D), and ranged from 6.9–11.1 × 4.2–7.4 μm in size (n = 30). Conidiophores were hyaline, smooth-walled, and crooked with no branches (Figure 4E). Conidia on PDA were transparent with aseptate, cylindrical, and slightly curved (Figure 4F), and ranged in size from 12.5–17.6 × 3.5–5.3 μm (n = 40). The appressoria were dark brown or black and elliptical or irregular (Figures 4G,H), and ranged in size from 7.7–10.8 × 6.2–9.8 μm (n = 30). The color and shape of setae, conidiophores, and conidia formed on PDA plates and on diseased fruit were similar. Overall, the morphological characteristics of the isolates determined in this study were consistent with those of C. godetiae described by Damm et al. (2012).

[image: Figure 4]

FIGURE 4
 Morphological characteristics of Colletotrichum godetiae cultured on PDA plates. (A,B) Colony morphology on upside (A) and underside (B) of C. godetiae on PDA after 7 days at 25°C. (C) Setae, bar = 20 μm. (D) Mycelial appressorium, bar = 10 μm. (E) Conidiophores, bar = 10 μm. (F) Conidia, bar = 10 μm. (G,H) Appressorium, bar = 10 μm.




Phylogenetic analysis

Twenty colletotrichum isolates (B-1 to B-5, G-1 to G-5, L-1 to L-2, and Q-1 to Q-8) obtained from the four cities were selected for further analysis. Six DNA fragments (ITS, ACT, CHS-1, GAPDH, TUB2, and HIS3) combined a gene alignment data matrix was used to perform phylogenetic analysis. The sequences of Six PCR fragments of each isolate were deposited in GenBank, and the accession numbers are listed in Table 4. In Figure 5, the results showed that our new collections (20 isolates) were clustered with C. godetiae. Based on the multilocus phylogenetic analyses of five genomic regions and morphological characteristics of colonies, conidia, appressoria, conidiophores, and setae, the isolates were identified as C. godetiae.



TABLE 4 Information of Colletotrichum spp. used in this study for phylogenetic analyses.
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FIGURE 5
 Maximum-likelihood (ML) and Bayesian inference (BI) phylogenetic tree illustrating the relationships with the godetiae species complex and the Colletotrichum strains isolated from diseased cherry fruits in Guizhou. Bootstrap support values for ML greater than 50% and Bayesian posterior probabilities greater than 0.90 are shown next to topological nodes.




Pathogenicity test

Pathogenicity tests were performed to satisfy Koch’s postulates by artificially inoculating sweet cherry fruits with spore suspensions of three isolates (Q-1, Q-2, and Q-3) of C. godetiae. After 5 days, all C. godetiae inoculated fruits exhibited necrotic lesions with yellowish colonies (Figures 6B–D), similar to the symptoms initially observed on naturally infected fruits. Fruits inoculated with distilled water were asymptomatic (Figure 6A). The morphological characteristics of the fungal pathogen re-isolated from the inoculated fruits were identical to those of the C. godetiae strains originally obtained from sweet cherry fruits. Therefore, C. godetiae was confirmed as the causal agent of anthracnose on sweet cherry fruits.
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FIGURE 6
 Pathogenicity test of Colletotrichum godetiae isolates obtained from Qianxinanzhou. (A) CK was treated with sterilized distilled water. (B–D) Lesions on cherry fruits were inoculated with Q-1, Q-2 and Q-3 isolates, respectively.




Fungicide sensitivity testing

To identify fungicides effective in controlling the anthracnose disease, 13 fungicides were divided into seven classes (DMIs, QoIs, glycolysis inhibitors, antibiotics, compounds of DMI and QoI, bromothalonil, and polysaccharides) were used in this study. First, the Q-1 isolate of C. godetiae was selected to perform the sensitivity assay. The 13 fungicides all had different degrees of inhibitory effect on the growth of C. godetiae, and the inhibitory effect gradually increased with the increase of chemical concentration. The results in Table 3 show that among the different control agents, prochloraz-manganese have the best inhibitory effects, EC50 were 0.04 μg ml−1, respectively, of which the inhibitory effect of trifloxystrobin-tebuconazole and difenoconazole-azoxystrobin followed, with EC50 values of 0.08 and 0.10 μg ml−1, and the worst inhibitory effect was chlorothalonil, whose EC50 was 91.26 μg ml−1.

We selected 10 fungicides with better inhibitory effect among 13 fungicides and carried out extensive inhibition tests, and found that six fungicides in these 10 fungicides showed high sensitivity to the 20 isolates (B-1 to B-5, G-1 to G-5, L-1 to L-2, Q-1 to Q-8) of C. godetiae, and no drug-resistant groups appeared. The six fungicides are DMIS fungicide (difenoconazole, propiconazole, and prochloraz-manganese), QOIS fungicide (pyraclostrobin), and DMI and QoI fungicide compounds (trifloxystrobin-tebuconazole and difenoconazole-azoxystrobin), and their EC50 values ranged from 0.013 to 1.563 μg ml−1 (Table 5). These results suggest that these five fungicides could be used for controlling C. godetiae.



TABLE 5 The sensitivity determination of 20 Colletotrichum godetiae isolates to 10 fungicides.
[image: Table5]




Discussion

Colletotrichum species cause anthracnose disease of the leaf, young shoot, and especially fruit of sweet cherry trees, resulting in great economic losses (Dean et al., 2012). Recently, sweet Cherry fruit anthracnose has occurred in a large area in Guizhou province of China, and the disease has become a major factor restricting the development of this industry. However, the cause of the disease is still unclear, and there is no targeted prevention and treatment method. To determine the cause of this problem, 116 isolates of Colletotrichum species were isolated from four Guizhou cities with high anthracnose incidence. Based on morphological characteristics (colony color, mycelial growth rate, and shape and size of the mycelial appressorium, conidia, and appressorium) and molecular data (sequences of ITS, ACT, CHS-1, GAPDH, TUB2, and HIS3), the causal agent was identified as C. godetiae (belonging to the acutatum species complex) (Damm et al., 2012). This is also the first report showing that C. godetiae (belonging to the acutatum species complex) is responsible for causing sweet cherry anthracnose in China.

C. godetiae was originally isolated from the seeds of Clarkia (syn. Godetia) (Damm et al., 2012). Currently, C. godetiae has a number of hosts worldwide, including plant species belonging to the Adoxaceae, Anacardiaceae, Berberidaceae, Fabaceae, Juglandaceae, Myrtaceae, Oleaceae, Onagraceae, Podocarpaceae, Rosaceae, Rhamnaceae, Rutaceae, Solanaceae, and Vitaceae families, resulting in leaf spots, fruit rot, die back and stem end rot (Afanador-Kafuri et al., 2014; Baroncelli et al., 2014, 2015, 2017; Mosca et al., 2014; Munda, 2014; Talhinhas et al., 2015; Wang et al., 2017, 2019, 2020; Zhang et al., 2020; Shi et al., 2021). Recently, a study on walnut anthracnose identified C. fioriniae and C. godetiae in nuts and buds in the same orchard (Da Lio et al., 2018), suggesting that the pathogen population responsible for walnut anthracnose was complex. Therefore, distinguishing among the different Colletotrichum species is particularly important for accurate pathogen identification. In this study, we obtained 116 Colletotrichum isolates from 40 diseased sweet cherry fruits collected from four regions in Guizhou. The morphological characteristics of these isolates, including colony color, the shape, and size of mycelial appressorium, conidia, and appressorium, were similar to those of C. godetiae (Damm et al., 2012). To fulfill Koch’s postulates, spore suspensions of three isolates of C. godetiae (Q-1, Q-2, and Q-3) were sprayed on sweet cherry fruits in this study. The inoculation results showed that all isolates could infect sweet cherry fruits, causing yellow and sunken lesions, which was consistent with the naturally infected sweet cherry fruit samples. The morphological and molecular data of the re-isolated isolates confirmed that C. godetiae is associated with sweet cherry anthracnose in Guizhou province.

No crop completely immune to the various isolates of Colletotrichum species has been reported to date (Dean et al., 2012). As a result, chemical control is still considered as the most effective and important management strategy for controlling the anthracnose disease. At present, QoIs and DMIs are the major groups of fungicides used to control anthracnose in agricultural crops worldwide (Li et al., 2005; Ji et al., 2014; Hu et al., 2015; Forcelini et al., 2016; Yokosawa et al., 2017; Baggio et al., 2018; Wang et al., 2019; Kongtragoul et al., 2020; Shi et al., 2020). However, several reports have described a few QoI (azoxystrobin) resistant isolates belonging to the C. gloeosporioides species complex, such as C. gloeosporioides (Inada et al., 2008; Kim et al., 2016), C. siamense (Hu et al., 2015; Zhang et al., 2020) and C. fructicola (Yokosawa et al., 2017; Zhang et al., 2020), indicating that these fungicides may not be effective in controlling the anthracnose disease in some areas. Therefore, to identify suitable fungicides for controlling sweet cherry anthracnose-causing C. godetiae, 13 fungicides with different modes of action were evaluated in this study. Our results showed that the EC50 values of antibiotics (polyantimycin and zhongshengmycin), glycolysis inhibitors (chlorothalonil and dithianon), bromothalonil, and polysaccharide fungicides effective against the Q-1 isolate ranged from 4.07 to 91.26 μg ml−1, while those of DMIs (prochloraz-manganese, difenoconazole, and propiconazole), QoIs (azoxystrobin and pyraclostrobin), compounds of DMI and QoI (trifloxystrobin-tebuconazole and difenoconazole-azoxystrobin) ranged from 0.04 to 1.18 μg ml−1. These results indicated that the Q-1 isolate is quite sensitive to DMI, QoI and compound of DMI and QoI fungicides. At the same time, we selected 10 fungicides with better inhibitory effects for extensive inhibition tests on C. godetiae isolates, and found that these 20\u00B0C. godetiae isolates (B-1 to B-5, G-1 to G-5, L-1 to L-2, Q-1 to Q-8) showed strong sensitivity to 5 fungicides (difenoconazole, propiconazole, prochloraz-manganese, pyraclostrobin, trifloxystrobin-tebuconazole, and difenoconazole-azoxystrobin), and their EC50 values ranged from is 0.013 to 1.563 μg ml−1, suggesting that these fungicides would be ideal for controlling sweet cherry anthracnose in Guizhou, China. However, the effect of 6 fungicides on C. godetiae remains unknown under field conditions and needs further study.

In this study, we showed for the first time that C. godetiae causes anthracnose in sweet cherry in Guizhou province, China. C. godetiae was identified as the causal agent of sweet cherry anthracnose based on morphological characterization, phylogenetic analyses, and pathogenicity assays. Additionally, fungicide sensitivity assays showed that the isolates were highly sensitive to difenoconazole, propiconazole, prochloraz-manganese, pyraclostrobin, trifloxystrobin-tebuconazole, and difenoconazole-azoxystrobin. Overall, this study provides crucial information for the effective control of sweet cherry anthracnose in China.
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Trichoderma spp. are a group of widespread fungi with important applications in many aspects of human life, but they are also pathogens that cause green mold disease on mushrooms. During a survey of mushroom cultivation in Guizhou, China, five strains of Trichoderma from three different localities were isolated from soil in mushroom bags of Hymenopellis raphanipes. The typical morphology of having gregarious, reddish stromata and gregarious phialides and the results of phylogenetic analyses based on a combined dataset of RPB2, TEF, and ITS gene sequences demonstrated that these green-spored Trichoderma belong to a new taxon, Trichoderma hymenopellicola. Pathogenicity tests by covering fungal mycelial blocks or soil mixed with spore suspension in mushroom bags showed similar symptoms to those in the field, and the same fungal pathogen had been observed and re-isolated from these symptoms, which fulfill Koch’s postulates. A primary screening test of nine common fungicides indicated that prochloraz-manganese chloride complex and propiconazole are the top two effective fungicides inhibiting the pathogen, whereas the former was further indicated as a suitable fungicide to control Trichoderma hymenopellicola, with a high inhibition ratio to the pathogen and low toxicity to the mushroom.
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Introduction

Hymenopellis raphanipes (≡ Oudemansiella raphanipes) is a widely cultivated mushroom with edible and medicinal properties. With the increasing scale of cultivation, the annual yield of Hymenopellis raphanipes in China has exceeded 20,000 tons per year, with a corresponding output value of over 350 billion CNY. Meanwhile, various diseases began to appear during the cultivation, whereas researchers have paid more attention on optimizing its growth condition. It has been reported that cobweb disease caused by species of Cladobotryum on Hymenopellis raphanipes is a major problem during mushroom cultivation and can cause great yield losses (Liu et al., 2020; Qin et al., 2021). During our investigation of mushroom cultivation, the green mold disease was found on the soil surface and fruiting bodies of Hymenopellis raphanipes bags from three different localities. This disease has a 30–50% incidence and can cause mushroom bag rot and a decline in yield and quality.

Green mold disease is a common disease that often occurs during mushroom cultivation, with symptom of having green, villiform mycelium on the surface. Trichoderma spp. are the causal agent of green mold disease, which comprises a group of mostly saprobic fungi that are widespread in soil, healthy plants, wood, or other fungi. They are widely used to control fungal pathogens (Hasan et al., 2012; Liu et al., 2012; Abo-Elyousr et al., 2014; Poveda et al., 2019), produce antibiotics, enzymes, and biofuel (Degenkolb et al., 2008; Jun et al., 2011), and bioremediation xenobiotic compounds in water and soil (Katayama and Matsumura, 1993; Harman et al., 2004; Ezzi and Lynch, 2005). On the contrary, some species can cause economic losses in mushroom growing (Samuels et al., 2002; Kim et al., 2012) or infect humans (Kredics et al., 2003; Kuhls et al., 2010). To avoid the negative effects of Trichoderma on humans, fungicides like carbendazim, hexaconazole, metrafenone, prochloraz, tebuconazole, and thiophanate-methyl, can be used to prevent the occurrence and spreading of Trichoderma spp. (Madhavi et al., 2011; Kosanoviæ et al., 2015; Lukoviæ et al., 2021).

Trichoderma includes two groups of species with different colors of ascospores, i.e., hyaline and green ascospores. Green-spored Trichoderma species were first intensively studied by Chaverri and Samuels (2004). Afterward, Jaklitsch and Voglmayr (2015) divided them into six subclades, viz. Ceramicum, Chlorosporum, Harzianum, Helium, Spinulosum, and Strictipile, but this treatment has not been fully accepted by other researchers (Chen and Zhuang, 2017). Recently, Bustamante et al. (2021) conducted multilocus phylogenetic analyses and four DNA-based methods to delimit the Trichoderma species of the Harzianum lineage that comprises most green-spored species.

Morphologically, the new pathogen is characterized by green ascospores and colonies with reddish or yellowish stromata. Phylogenetically, it forms a distinct clade sister to Trichoderma epimyces, T. priscilae, T. purpureum, T. rufobrunneum, and T. tenue. To find a way of controlling the disease, the compatibility of the new pathogen with nine fungicide candidates was tested, and the top two most sensitive fungicides were further applied to strains from all three localities, as well as the mushroom strain. A fungicide that can inhibit the growth of the pathogen and is less toxic to the mushroom would be a suitable agent to prevent the occurrence and spreading of the disease.



Materials and methods


Fungal isolation

Mushroom bags with diseased Hymenopellis raphanipes were collected from mushroom cultivation bases at Jianhe (JH), Shuicheng (SC), and Zhenfeng (ZF) counties in Guizhou, China, during 2019 to 2021. Pathogens were isolated using the spread plate and tissue isolation method resulting in a total of five fungal isolates. Purified cultures were incubated on cornmeal dextrose agar (CMD), potato dextrose agar (PDA), and synthetic low nutrient agar (SNA) plates at 25, 30, and 35°C. Ex-type strains were deposited at the Culture Collection, Department of Plant Pathology, Guizhou University (GUCC). MycoBank number was registered for the new taxon (Crous et al., 2004).



Morphological studies

Photographs of fresh stromata were taken using an ultra-depth of field stereomicroscope (digital microscope system Keyence VHX-7000) to illustrate the macrostructures. Sections were made using a stereomicroscope (Leica S9i) and mounted in water or a rehydrated 5% KOH solution. Photomicrographs of perithecia, asci, ascospores, conidiophores, conidia, and phialides were taken with a compound light microscope (Zeiss Scope 5 with color camera AxioCam 208) to observe the morphological characteristics. All measurements of the observed structures were made with ZEN2 (blue edition) software.



Pathogenicity assays

A pathogenicity test was conducted by inoculating fungal mycelial blocks and spore suspensions of fungal strains isolated from JH, SC, and ZF on the soil surface of 90-day-old mushroom bags and fruiting bodies of Hymenopellis raphanipes all groups were further incubated at room temperature. PDA blocks and distilled water were used in the control check (CK) to replace the mycelial blocks and spore suspensions. Photographs of bags were taken after 1, 7, and 14 days, respectively, to check if any green mycelium occurred. Then, the fungal pathogen was re-examined and re-isolated from the diseased area to fulfill Koch’s postulates.

An antagonistic experiment was also conducted by inoculating mycelial blocks of the pathogen and mushroom on PDA plates and incubating at room temperature. When the colony of pathogen and mushroom overlapped, photographs of the petri dishes and photomicrographs of the overlapping hyphae were taken to see if there was any interaction between the two species.



DNA extraction and sequencing

Total genomic fungal DNA was extracted by a CwBiotech Plant Genomic DNA Kit (Changping, Beijing, China) following the manufacturer’s protocol. The internal transcribed spacer (ITS) along with the 5.8S ribosomal rDNA, partial translation elongation factor 1-α (TEF), and RNA polymerase II second largest subunit (RPB2) were amplified with the primer pairs ITS5/ITS4, EF1-728F/TEF1LLErev, and fRPB2-5F/fRPB2-7cR, respectively (White et al., 1990; Carbone and Kohn, 1999; Liu et al., 1999; Jaklitsch et al., 2005).

Polymerase chain reaction (PCR) reactions were employed in a 25 μl reaction mixture containing 1.6 μl dNTP mix (2.5 mM/μl), 0.2 μl of Taq polymerase (5 U/μl), 2 μL polymerase buffer (10 × /μl), 1 μl forward and reward primers (10 μM/μl), and 1 μl DNA template. Amplifications were performed in a T100™ Thermal Cycler (BIO-RAD), which was programmed for an initial denaturation at 95°C for 3 min followed by 34 cycles of 1 min at 95°C, 30 s at 55°C and extension at 72°C for 1 min, and a final extension at 72°C for 10 min. PCR products were sequenced by using the same PCR primers used in amplification reactions by Sangon Biotech (Shanghai) Co., Ltd.



Phylogenetic analyses

Sequences of each gene generated from forward and reverse primers were assembled with BioEdit v.7.2.5 (Hall, 1999), and consensus sequences were then combined with related sequences downloaded from GenBank (Supplementary Table 1). Each gene dataset was aligned separately by Mafft v7.187 (Katoh and Standley, 2013), and manually aligned where necessary. The nucleotide substitution model for each gene was determined by the Bayesian information criterion (BIC) using jModelTest v2.1.6 (Darriba et al., 2012). Phylogenetic trees based on a concatenated dataset of RPB2, TEF, and ITS, generated by SequenceMatrix v1.7.8 (Vaidya et al., 2011), were constructed using maximum likelihood (ML) and Bayesian inference (BI) analyses at the CIPRES Web Portal (Miller et al., 2010). ML was performed using the “RAxML-HPC BlackBox” tool (Stamatakis, 2014). The Markov Chain Monte Carlo (MCMC) algorithm for BI with two parallel runs of four chains was performed using the “MrBayes on XSEDE” tool (Ronquist et al., 2012). Trees were sampled every 100 generations, and runs were stopped automatically when the average standard deviation of split frequencies fell below 0.01. A 50% majority rule consensus tree was summarized after discarding the first 25% of samples. The resulting trees were visualized in FigTree v1.4.3 (Rambaut, 2016).



Fungicide sensitivity assays

The type strain of the new collection was first used to conduct primary fungicide sensitivity tests in vitro against four biological fungicides and five chemical fungicides with five different gradient concentrations based on the instructions and our preliminary tests (Table 1). Each fungicide was applied to PDA plates with three replicates, and the same amount of distillation water was applied in CK. Mycelial blocks of 5 mm in diameter from 6-day-old cultures were placed in the center of the plates and incubated at 25°C. Afterward, the diameters of colony (D) were measured after 6-day incubation, and the inhibition ratio (IR = 1–D/DCK) was calculated. Linear regression analysis and the half maximal effective concentration (EC50) were calculated using DPS V18.10, and the significance of the difference was calculated by Duncan’s new multiple range test.


TABLE 1    Fungicide candidates and their concentration used for primary fungicide sensitivity assay.
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After the primary test, representative strains from the other two collection sites were replicated three times, as well as the mushroom strain, to further test their sensitivity to the top two most effective fungicides.




Results


Pathogenicity tests

Both soil inoculating groups of covering mycelial blocks and soil mixed with spore suspension of Trichoderma hymenopellicola exhibited similar symptoms of green mold disease in the field after 7 days (Figures 1D–L), while the control group do not have (Figures 1A–C). The white mycelium can be observed on the surface of mushroom bags after 3–5 days and spread fast, which covered the whole surface of substrate and turned green within 10 days. The rate of Trichoderma hymenopellicola infecting mushroom bags is about 50%, which is similar to its incidence in the field. The same fungal pathogen had been observed and re-isolated from these symptoms, which fulfils Koch’s postulates.


[image: image]

FIGURE 1
Pathogenicity test of Trichoderma hymenopellicola by covering its mycelial blocks (upper) and soil mixed with spore suspension (lower). (A–C) CK group after 1, 7, and 14 days. (D–F) JH group after 1, 7, and 14 days. (G–I) SC group after 1, 7, and 14 days. (J–L) ZF group after 1, 7, and 14 days.


The result of an antagonistic experiment demonstrated that hyphae of Trichoderma hymenopellicola can cause hyphae of Hymenopellis raphanipes to grow abnormally (Figures 2E,F), and the overlapping part of two colonies does not form a clear boundary (Figures 2A–D). On the contrary, infections were not observed in the fruiting body inoculating group.


[image: image]

FIGURE 2
Antagonistic experiment between strains of Trichoderma hymenopellicola and Hymenopellis raphanipes on PDA. (A) Mushroom colony (CK). (B) Mushroom colony with pathogen from JH. (C) Mushroom colony with pathogen from SC. (D) Mushroom colony with pathogen from ZF. (E,F) Hyphae of Trichoderma hymenopellicola (green arrow) and abnormal mushroom hyphae (red arrow).




Phylogenetic analyses

The concatenated dataset (Supplementary Table 1) consists of 129 strains and 2,922 unambiguously aligned sites (ITS, 609; RPB2, 1024; and TEF, 1289). The best-fit substitution model of each gene is TPM1uf + I + G (RPB2 and TEF) and ITS (TPM2uf + I + G). The RAxML analysis of the combined dataset yielded a best-scoring tree with a final ML optimization likelihood value of –35239.670452. Estimated base frequencies are as follows: A = 0.233134, C = 0.285526, G = 0.253003, and T = 0.228336; substitution rates AC = 1.134637, AG = 4.477934, AT = 1.149518, CG = 1.048786, CT = 6.335323, and GT = 1.000000; proportion of invariable sites I = 0.544721; and gamma distribution shape parameter α = 0.951765. The Bayesian analysis ran 29,64,000 generations before the average standard deviation for split frequencies reached 0.00998. The analysis generated 59,282 trees in total, from which 44,462 were sampled after burn-in, and the 99% credible set contains 35,309 trees. Our new strains belong to a distinct clade that is genetically distant from Trichoderma epimyces, T. priscilae, T. purpureum, T. rufobrunneum, and T. tenue, and is divided into three subclades represented by strains from the three localities (Figure 3).


[image: image]

FIGURE 3
Phylogram generated from Bayesian inference based on combined ITS, RPB2, and TEF sequence data of green-spored Trichoderma species with T. longibrachiatum as the outgroup. Maximum likelihood bootstrap support (BS) above 50% and Bayesian posterior probabilities (PP) above 0.9 are shown at nodes. Clades with strong support (BS ≥ 70, PP ≥ 0.95) are indicate in bold. New sequences obtained from this study are in bold. ‘T’ represents ex-type strains.




Fungal taxonomy

Trichoderma hymenopellicola X.Y. Zeng, X.X. Yuan and F.H. Tian, sp. nov. Figure 4.
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FIGURE 4
Trichoderma hymenopellicola (HGUP 202007, GUCC 202010). (A–C) Disease in the field. (D) Fresh stromata. (E) Ostiolar dots on stromata surface. (F) Cortical and subcortical tissue. (G) Cortical and subcortical tissue in section. (H) Ostiole. (I,J) Asci with ascospores. (K) Conidiophores and phialides. (L) Conidia. (M) Cultures on CMD (5 days). (N) Cultures on PDA (5 days). (O) Cultures on SNA (4 days). Scale bars: (D) 1,000 μm, (E,F) 100 μm, (G) 50 μm, (H–K) 20 μm, (L) 10 μm.


MycoBank number: 840876.

Etymology: In reference to its occurrence in Hymenopellis raphanipes bags (Figures 4A–C).

Stromata 1–15 mm in diameter, 1–10 mm thick (n = 10), mostly gregarious, discoid or undulate, with yellowish margin and pale red, depressed center when young, becoming reddish with rugose surface when mature (Figure 4D). Ostiolar dots are umbilicate brown. Rehydrated stromata are larger than dry ones, the surface is smooth, and they become purple in 5% KOH (Figure 4E). Cortical layer comprising thick-walled, brown cells with textura angularis (Figure 4F). Perithecia 185–208 × 124–179 μm (n = 20), flask-shaped or subglobose, crowded (Figure 4G). Peridium 9–14 μm thick at sides, 13–22 μm thick at base (n = 30), light brown. Ostioles 87–102 × 33–44 μm (n = 30) (Figure 4H). Asci 87–98 × 5–6 μm (n = 30), including a 9–19 μm long stipe, 16-spored, cylindrical, hyaline (Figures 4I,J). Ascospores 5–7 × 3–5 μm (n = 50), 1-seriate, ellipsoid to globose, green, and verrucose.


Culture characteristics

Growth optimum at 25°C and no growth at 35°C on all media. On CMD after 72 h 49–50 mm, mycelium covering the plate after 4 days (Figure 4M). On PDA after 72 h 45–49 mm, mycelium covering the plate after 5 days (Figure 4N). Colony hyaline, greenish, yellowish, or pink when old, dense, circular, margin well defined and stellate due to parallel, aggregated surface hyphae. Aerial hyphae numerous, thin, and complexly branched, forming radial and circular strands. Conidiophores 1–3 level are branched and tapered at the tips (Figure 4K). Phialides are mostly gregarious, subfusiform, or cylindrical. Conidia are subglobose, smooth, hyaline, and scar indistinct, with no or few minute guttules (Figure 4L). On SNA, mycelium had covered the plate for 72 h (Figure 4O). Colonies are hyaline, thin, and circular. Aerial hyphae are scant and thin.



Material examined

China, Guizhou, Liupanshui, Shuicheng district, on soil surfaces of Hymenopellis raphanipes bags, March 2021, X-XY (holotype HGUP20071; ex-type culture GUCC202010; culture GUCCTB626). China, Guizhou, Southeast Guizhou Autonomous prefecture, Jianhe County, on the soil surface of Hymenopellis raphanipes bags, July 2021, X-XY (GUCCTB625). China, Guizhou, Southwest Guizhou Autonomous prefecture, Zhenfeng County, on the soil surface of Hymenopellis raphanipes bags, January 2020, X-XY (cultures GUCC202008 and GUCC202009).



Notes

Phylogenetically, our new collections cluster with Trichoderma aggressivum, T. epimyces, T. priscilae, T. purpureum, T. rufobrunneum, and T. tenue in the Harzianum lineage with high posterior probability (Figure 3), but with at least 2% (8/607 nucleotides, 5 gaps) difference in ITS, 4% (32/903 nucleotides, no gaps) difference in RPB2, and 5% (27/575 nucleotides, 5 gaps) difference in TEF. Morphologically, our new collections are most similar to T. epimyces in the size of stromata, perithecia, asci, and ascospores but have deeper color of stromata and ascospores, less pigment on media, and faster growth rate on media (Jaklitsch, 2009). The difference in our collections with T. epimyces is more than 2% (11/574 nucleotides, 3 gaps) in ITS, 4% (33/933 nucleotides, no gaps) in RPB2, and 6% (32/571 nucleotides, 6 gaps) in TEF.




Fungicide sensitivity in vitro

The compatibility of Trichoderma hymenopellicola GUCC202010 to the nine fungicide candidates with regression equations is listed in Table 2, among which prochloraz-manganese chloride complex and propiconazole are the top two effective fungicides inhibiting the mycelium of Trichoderma hymenopellicola with EC50 less than 0.05 mg/L, while Osthole is found to be the best biological fungicide (Table 2).


TABLE 2    Results of fungicide sensitivity assay of strain GUCC202010.
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The compatibility from high to low of strains from all three localities to the prochloraz-manganese chloride complex and propiconazole is SC, ZF, and JH, respectively (Table 3). The toxicity of these two chemicals to Hymenopellis raphanipes strains is also listed in Table 3. The results showed that the prochloraz-manganese chloride complex is a suitable chemical agent to control Trichoderma hymenopellicola, with a high inhibition ratio for the pathogen and low toxicity to the mushroom.


TABLE 3    Sensitivity of mushroom strain and Trichoderma strains to prochloraz-manganese chloride complex and propiconazole.
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Discussion

Hymenopellis raphanipes was first described by Berkeley (1850) in India and is widely distributed in China (Hao et al., 2016). It had been previously misidentified as H. furfuracea, H. radicata, Termitomyces fuliginosus, or T. badius, until Hao et al. (2016) clarified its taxonomic placement based on both morphology and phylogeny. In recent years, cultivation scales of Hymenopellis raphanipes in China have increased rapidly, accompanying a series of diseases resulting in great yield losses, such as cobweb disease (Liu et al., 2020; Qin et al., 2021). Green mold disease is also a very common disease in mushroom cultivation, typical of superficial, green, and villiform mycelium. It can be either a competitive disease that antagonizes the normal growth of mushrooms or an infectious disease that causes the fruiting bodies or mycelium of mushrooms to grow abnormally, or both (Bian, 2013). In our study, only inoculations of soil showed the typical symptoms of green mold disease, while infections were not observed in the fruiting body inoculating experiment. However, the hyphae of the pathogen can affect the growth of mushroom mycelium, indicating that the infection is susceptible at the early stages of mushroom cultivation. In addition, the color of Trichoderma hymenopellicola colonies on PDA plates can also be yellow or pink, besides green in the field, which may be the result of environmental changes.

Trichoderma hymenopellicola is the first report that Trichoderma spp. cause green mold disease on Hymenopellis raphanipes. The new species has gregarious, larger, reddish stromata, gregarious phialides, and a fast-growing rate on media, with a preference of growing on SNA. The current classification system of Trichoderma relies on the phylogeny, as most species were isolated from environments, such as soil, and lack sexual morphs (Chen and Zhuang, 2017; Zheng et al., 2021). However, the recognition of subclades is empirical and does not have a compatible standard, and the TEF sequence data are not all from the same region. In this study, we included 128 Trichoderma species of the Harzianum lineage and green-spored species according to previous studies to better interpret their phylogenetic relationship (Zhu and Zhuang, 2015; Chen and Zhuang, 2017; Bustamante et al., 2021; Zheng et al., 2021). The topology of phylogenetic trees based on single gene and concatenated genes is similar, except that Trichoderma aggressivum does not cluster in our new collection in the tree generated from the RPB2 dataset. In the future, more studies with full morphological illustration and description are needed for further clarifying the interspecific relationship and fast identification of Trichoderma species.

Fungicides, such as carbendazim, hexaconazole, metrafenone, prochloraz, tebuconazole, and thiophanate-methyl, have been used to prevent the occurrence and spreading of Trichoderma spp., whereas prochloraz is the most effective one with an EC50 less than 0.4 mg/L (Madhavi et al., 2011; Kosanoviæ et al., 2015; Lukoviæ et al., 2021). In our study, we tested its manganese chloride complex, which is much more effective than prochloraz itself with an EC50 less than 0.005 mg/L and is non-toxic to the mushroom. As both an infectious and competitive disease, species of Trichoderma grow much faster than mushrooms, and infection at the early stage will cause no fruiting in mushroom bags. As a result, control of the green-mold disease should be done as early as possible during cultivation.

In this study, we reported the first green mold disease on Hymenopellis raphanipes. Its causal agent was further confirmed as a new species, Trichoderma hymenopellicola sp. nov., based on morphology and phylogeny. The new pathogen can infect the mycelium of Hymenopellis raphanipes at an early stage and be competitive in the field. However, it can be controlled by applying prochloraz-manganese chloride complex, and this fungicide has no effect on the growth of Hymenopellis raphanipes. The results of this study provide essential information for future prevention and control of green mold diseases on Hymenopellis raphanipes.
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Maize stalk rot caused by Fusarium graminearum can reduce the yield of maize and efficiency of mechanized harvesting. Besides, deoxynivalenol and zearalenone toxins produced by F. graminearum can also affect domestic animals and human health. As chemical fungicides are expensive and exert negative effects on the environment, the use of biological control agents has become attractive in recent years. In the present study, we collected rhizosphere soil with severe stalk rot disease (ZDD), the rhizosphere soil with disease-free near by the ZDD (ZDH), and measured rhizosphere microbial diversity and microbial taxonomic composition by amplicon sequencing targeting either bacteria or fungi. The results showed that Fusarium stalk rot caused by the Fusarium species among which F. graminearum is frequent and can reduce the abundance and alpha diversity of rhizosphere microbial community, and shift the beta diversity of microorganisms. Furthermore, a bacterial strain, Bacillus siamensis GL-02, isolated from ZDD, was found to significantly affect growth of F. graminearum. In vitro and in vivo assays demonstrated that B. siamensis GL-02 had good capability to inhibit F. graminearum. These results revealed that B. siamensis GL-02 could be a potential biocontrol agent for the control of maize stalk rot.
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Introduction

Maize (Zea mays) is an important grain crop for human food security, fodder, and biofuel production. However, its annual yield is significantly decreased due to the plant disease of stalk rot caused by the Fusarium spp., which can produce deoxynivalenol (DON) and zearalenone (ZEN) toxins (Quesada-Ocampo et al., 2016; Jedidi et al., 2021; Sumarah, 2022) that are harmful to humans and animals (Trail, 2009; Pestka, 2010; Wang et al., 2020). F. graminearum initially grows between living maize cells and later penetrates into the host cells while killing nearby plant cells (Zhang et al., 2016). The initial stage of maize stalk rot occurs in the maize filling stage, and the peak period of the disease ensues from the end of the milk to waxy stage. The roots and stem bases of susceptible maize plants get browned, and irregular brown spots appear between the stem bases. In addition, the stem tissues rot and get browned, soft, and watery, and the stems become empty and loosened. In severe cases, the first and third quarters of the plant begin to rot, and white hyphae or red mildew can be seen in the stalk of the plant. Microscopic observation of the white hyphae can reveal the presence of a large number of oospores of the pathogen. In the late stage of the disease, the ear of the plant droops, and the plant may easily fall and die prematurely. To overcome obnoxious effect of the plant disease, several resistant cultivars and agrochemical pesticides were applied (Shin, 2014). However, producing resistant cultivars is time consuming (Cheng et al., 2019), and the input of the agrochemicals is proved to be harmful to beneficial microbiomes and considerably change the human attitude (Werf, 1996). In this regard, it is obligatory to search for an alternative eco-friendly microbial source to prevent the plant disease.

The inhibitory effect of rhizobacteria plays a role in the growth of plant pathogens. Antagonistic Bacillus strains have been frequently isolated and used as biocontrol agents. B. subtilis has been reported to inhibit the growth of F. verticillioides and accumulation of fumonisin B1 in vitro (Cavaglieri et al., 2005). In addition, F. verticillioides has been inhibited by spraying Pseudomonas fluorescens, thereby controlling maize ear rot and reducing accumulation of fumonisin (Nayaka et al., 2009). B. siamensis KCTC 13613T has been found to significantly inhibit the mycelial growth of the plant pathogenic fungi Rhizoctonia solani and Botrytis cinerea (Jeong et al., 2012). B. methylotrophicus TA-1 isolated from rhizosphere has also been reported as a biocontrol agent against maize stalk rot (Cheng et al., 2019). Moreover, Bacillus, Pseudomonas, Serratia, and Arthrobacter have been proven to be effective in controlling fungal diseases (Ashwini and Srividya, 2014). These bacteria are able to cleave chitin of the fungal cell wall and degrade mycotoxin for biological control purposes (Mabuchi et al., 2000; Someya et al., 2001; Wen et al., 2002; Huang et al., 2005; Cheng et al., 2019; Xu et al., 2021). In particular, Bacillus spp. are also capable of producing spores that are particularly resistant to adverse conditions, and hence, are more beneficial than other microorganisms in the biocontrol of plant pathogens. As the effect of conventional chemical fungicides on controlling stem rot is lower and the ecological problems resulting from their applications are more prominent, prevention and control of stalk rot by biocontrol agents can effectively reduce the impact on environment (Alori and Babalola, 2018).

In the present study, we investigated microbial composition of two rhizosphere soil types by analyzing bacterial 16s rRNA and fungal ITS sequences. To find the inhibitory effect of rhizobacteria, the maize rhizosphere bacteria were separated by dilution coating plate method (Castellano-Hinojosa et al., 2018), and B. siamensis was isolated from the rhizosphere soil of the maize affected with severe stalk rot in the field.



Materials and methods


Sampling location and samples collection

All rhizosphere soil samples were collected from the field of Dongling county, Shenyang City, Liaoning province, one of the major maize planting areas in China, at the R6 stage of maize. The five-point sampling method was used, and three plants were selected from each sample point. Soil samples were collected from rhizosphere of severe stalk rot diseased plant (ZDD), and rhizosphere soil of the nearest healthy plant from the sampling severe stalk rot diseased plant (ZDH). Litter and soil around the root were removed with a shovel. At a depth of 20–30 cm from the surface, the soil attached to the root was collected and placed in a 50 mL sterilized centrifuge tube. Samples from different sample points were mixed and numbered and brought back to the laboratory in an ice box. All rhizosphere soils were divided into two parts, one part was stored at –80°C for DNA extraction and high-throughput sequencing, and the other was saved in 4°C for bacterial isolation and determination of soil chemical properties.



Rhizosphere soil chemical properties

The chemical properties of rhizosphere soils were measured, and the effects of soil chemical properties on microbial communities were evaluated using canonical correspondence analysis (CCA). pH was determined by potentiometry. Soil organic matter (SOM) was measured by alkaline hydrolysis diffusion method. Soil available Nitrogen (AN) and available potassium (AK) were measured by Kjeldah method and flame photometry, respectively. Total phosphate (TP) was measured by NaOH-Mo-Sb colorimetry, and available phosphate (AP) were determined by NaHCO3 extraction-Mo-Sb colorimetry.



DNA extraction and polymerase chain reaction amplification

Total soil DNA were extracted from 0.1 g of soil sample using the E.N.Z.A.™ Soil DNA Kit (Omega, USA) according to the manufacturer’s instructions, and DNA quantity and quality were determined using a NanoDrop 2000 spectrophotometer (Thermo Scientific, USA). DNA was stored at −80°C until further analysis. For each sample, the bacterial 16S rRNA gene was amplified 16S rRNA gene universal primers 338F (5′-ACTCCTACGGGAGGCAGCA-3′) and 806R (5′- GGACTACHVGGGTWTCTAAT-3′) (Lane, 1991), and the ITS region of the fungal rRNA gene was amplified using the fungal-specific primer pair ITS5F (5′- GGAAGTAAAAGTCGTAACAAGG-3′)/ITS2R (5′-GCTGCGTTCTTCATCGATGC-3′). Polymerase chain reaction (PCR) amplification and purification were performed as previously described. The purified PCR products were quantified using a QuantiFluor™-ST system (Promega, USA), and the amplicons were pooled in equimolar ratios for sequencing.



Illumina MiSeq sequencing and analysis

Amplicon libraries were constructed using the TruSeq Nano DNA LT Library Prep Kit for Illumina (Illumina, USA) following the manufacturer’s recommendations, and index codes were added. The amplicon libraries were sequenced on a MiSeq PE250 sequencer (Illumina, USA), and 300-bp paired-end reads were generated. The resulting paired sequence reads were then merged, trimmed, filtered, aligned, and clustered by operational taxonomic unit (OTU) using USEARCH v. 5.2.236 software. Sequences with ≥ 97% similarity were assigned to the same OTU by the UPARSE-OTU algorithm in QIIME.

Bacterial and fungi community alpha diversity indices, including Good’s coverage, ACE, Chao1, Shannon index and Simpson index were generated using QIIME. The defined OTUs were used to calculate rarefaction curve. For beta diversity, bacterial community composition was analyzed using principal component analysis (PCA). Metabolic functions of bacterial communities were predicted using the PICRUSt (Phylogenetic Investigation of Communities by Reconstruction of Unobserved States) software based on the KEGG database.1 Means were compared between samples by the Tukey’s honestly significant difference (HSD) test using IBM SPSS 22. Differences were considered statistically significant at p < 0.05.



Bacterial isolation and screening

After removing the impurities, 5 g of the rhizosphere soil sample from ZDD were weighed and mixed with 45 mL of sterilized water to obtain mother liquor with a concentration of 0.1 g/mL. Following gradient dilution of the mother liquor, 100 μL of the samples were inoculated into nutrient broth (NB) at a concentration of 1 × 10–7∼1 × 10–8 g/mL and incubated at 28°C. After 24 h, single colonies of different shapes were picked and purified, and the procedure was repeated thrice (Chan et al., 2003). Subsequently, the isolated rhizosphere bacteria were inoculated 3 cm from the center of the potato dextrose agar (PDA) plate containing F. graminearum disk. Each treatment was repeated thrice. After being cultured for 6 days at a constant temperature of 28°C, the strain showing the strongest antagonistic effect against F. graminearum was named as GL-02 and selected for follow-up study.

The genomic DNA of strain GL-02 was extracted by using bacterial genome extraction kit (Sigma, NA2110). The 16S rRNA gene was amplified by 16S rRNA gene universal primers 27F (5′-AGAGTTTGATCCTGGCTCAG-3′) and 1492R (5′-TACGGYTACCTTGTTACGA-3′) (Lane, 1991). The PCR product was sequenced by the Beijing Genomics Institute, China. The sequences obtained were submitted to the NCBI, and similarity sequences were compared with known sequences in the NCBI database using BLAST (Kim et al., 2012). The evolutionary relationship between the 16S rRNA gene of strain GL-02 and similar species was analyzed by maximum likelihood method using MEGA7.0 software (Kumar et al., 2016), with bootstrap value set to 1,000. Combined with colony morphology, physiological and biochemical indicators (Xue et al., 2006), and alignment results, strain GL-02 was determined to be B. siamensis, and was registered and preserved at China General Microbiological Culture Collection Center (CGMCC, No. 16068).



Antagonism of strain GL-02 against Fusarium graminearum

The dual culture assay was used to assess the antagonistic activity of B. siamensis GL-02 against F. graminearum (Zhou et al., 2011). In simultaneous plating group, an 8-mm-diameter F. graminearum disk was placed in the middle of the PDA plate and 10 μL of B. siamensis GL-02 culture supernatant were inoculated at two equidistant positions (3 cm) from the fungal disk and incubated at 28°C. Prior to inoculation, B. siamensis GL-02 was cultured in Luria–Bertani (LB) medium at 37°C and 220 r/min for 24 h. In staggered plating group, an 8-mm-diameter F. graminearum disk was placed in the middle of the PDA plate and incubated at 28°C for 2 days. Then, 10 μL of B. siamensis GL-02 strain were inoculated at two equidistant positions (3 cm) from the fungal disk and incubated at 28°C. Prior to inoculation, B. siamensis GL-02 was cultured in LB medium at 37°C and 220 r/min for 24 h. The control was prepared by placing an 8-mm-diameter F. graminearum disk in the middle of the PDA plate and incubating the plate at 28°C. All the experiments were repeated five times. After incubating the plates at 28°C for 5 days, the diameter of F. graminearum colony was observed and measured. The bacteriostatic rate was calculated as follows (Hameeda et al., 2010): [(Control fungal colony diameter-Experimental group fungal colony diameter)/Control fungal colony diameter × 100%].

The biocontrol function gene of B. siamensis GL-02 was amplified using specific primers for the five biocontrol function genes (srfAA, bacA, fenD, spaS, ituC, and bmyB) (Mora et al., 2011). The PCR amplification system comprised 25 μL of 1 × EcoTaq PCR SuperMix, 0.4 μM sense and anti-sense primers, and 2 μL of genomic DNA, with a total volume of 50 μL. The PCR conditions were as follows: pre-denaturation at 95°C for 4 min, denaturation at 94°C for 1 min, annealing for 1 min, extension at 70°C for 1 min, and final extension at 70°C for 10 min. The annealing temperature for the genes fenD, ituC, spaS, srfAA, and bacA was 58°C, whereas that for the gene bmyB was 55°C. A total of 20 μL of each amplification product were subjected to electrophoresis (1% agarose gel).

Subsequently, the culture medium and liquid fermentation conditions for B. siamensis GL-02 were optimized with respect to inhibition of F. graminearum growth. The optimized medium composition was as follows: beef extract, 0.3%; peptone, 1.0%; glucose, 2.25%; magnesium sulfate heptahydrate, 0.01%; and ammonium sulfate, 0.05%. The optimal fermentation conditions were as follows: liquid volume, 50 L (39.6%); inoculum volume, 5%; pH, 8.0; fermentation time, 48 h; rotation speed, 180 r/min; and fermentation temperature, 40°C. The B. siamensis GL-02 fermentation broth was mixed with ash (fertilizer) and applied during maize sowing, and maize hybrid Zhengdan 958 seeds were used. The maize seeds were sown in two groups, experimental and control groups. In the experimental group, the B. siamensis GL-02 mixture was applied at the time of sowing, whereas the maize grown in the control group were not exposed to the B. siamensis GL-02 mixture. The experimental and control groups were strictly separated from each other.

F. graminearum spores solution was inoculated into one row of maize at the level of second and third stems before the maize V12 stage. Subsequently, five maize stalks subjected to each treatment were randomly collected at 7, 14, and 21 days to observe F. graminearum infection, and the length of the lesion was measured and recorded. The lesion inhibition rate was calculated as follows: [(Control lesion length − Experimental group lesion length)/Control lesion length × 100%].




Results


Sequencing results and microbial alpha diversity

In total, Illumina Miseq sequencing generated 1,080,915 quality bacterial 16S rRNA gene sequences and 1,205,999 classifiable fungal ITS gene sequences with range of read length from 133 to 526. The Good’s coverage of each sample, which reflects the captured diversity, was higher than 97.59% for all samples. Rarefaction curves of OTUs at 97% sequence similarity of all samples tended to approach the saturation plateau (Supplementary Figure 1). Therefore, the sequencing depth was adequate for assessing the diversity of bacterial and fungal communities of our samples.

The alpha diversity indices of bacteria and fungi were represented by the ACE, Chao1, and Shannon indices (Figure 1). The results show the bacterial ACE and Chao1 indices of ZDH were significantly higher than ZDD (p < 0.05), while the Shannon index was not significantly different between ZDH and ZDD (p > 0.05). Among the fungal communities, ACE, Chao1, and Shannon indices of ZDH were significantly higher than ZDD. In sum, maize stalk rot had significant effects on soil microbial alpha diversity.
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FIGURE 1
Differences in bacterial (A–C) and fungi (D–F) alpha diversity indices in maize rhizosphere soil. Panels (A,D) were ACE diversity indices, panels (B,E) were Chao diversity indices, and panels (C,F) were Shannon diversity indices. ZDD refers to rhizosphere soil with severe stalk rot disease, and ZDH refers to the rhizosphere soil with disease-free near by the ZDD.




The composition of rhizosphere microbial communities

Based on the analysis of the top 20 most abundant bacterial phyla, the dominant phyla in samples included Proteobacteria, Actinobacteria, Chloroflexi, Acidobacteria, Gemmatimonadetes, Firmicutes (Figure 2A). Proteobacteria was the most dominant phylum, accounting for more than 30% of the total number of phyla present, followed by Actinobacteria and Chloroflexi. In the same habitat, the proportion of each phylum varied between disease soil samples and disease-free soil samples. In the diseased rhizosphere, Chloroflexi and Acidobacteria accounted for a higher proportion when compared to the disease-free rhizosphere. At the genus level, the dominant bacteria genera of samples included Sphingomonas, Gemmatimonas, Burkholderia-Paraburkholderia, Jatrophihabitans, Nitrobacter, Roseiflexus and Streptomyces (Figure 2B). Sphingomonas, Gemmatimonas, Burkholderia-Paraburkholderia and Jatrophihabitans were the most dominant genera. The top nine most abundant fungi phyla were Ascomycota, Basidiomycota, Zygomycota, Chytridiomycota, Cercozoa, Ciliophora, Glomeromycota, Neocallimastigomy, and Rozellomycota (Figure 2C). Ascomycota was the most dominant phylum. Guehomyces, Humicola, Penicillium, and Trichoderma were the most dominant fungal genera (Figure 2D).
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FIGURE 2
Relative abundances of dominant microbial taxonomic groups in maize rhizosphere soil. (A) Dominant bacterial phyla. (B) Dominant bacterial genus. (C) Dominant fungal phyla. (D) Dominant fungal genus. Others represent taxonomic groups with low content or those that are unclassified. ZDD refers to rhizosphere soil with severe stalk rot disease, and ZDH refers to the rhizosphere soil with disease-free near by the ZDD.


Venn diagram analysis was conducted to detect exclusive and shared OTUs across samples (Supplementary Figure 2). 1,310 bacterial OTUs were shared in all samples, and there were 887 and 1,386 unique bacterial species which were present in the ZDD and ZDH, respectively. Furthermore, the results showed that the number of fungal OTUs found in the two samples were up to 269. The number of fungal OTUs exclusively found in ZDD and ZDH were 93 and 241, respectively. These indicate that disease decreased the community diversity of bacteria and fungi in rhizospheric soil. Moreover, We can see that the distribution of sequences also demonstrated that each type of soil had its own microbial population.



Beta diversity of rhizosphere microbial communities

The dendrogram and heatmap showed the differences of the top 30 genera from six samples (Figures 3A,B). The relative abundance of bacillus in healthy samples were significantly higher than diseased samples. A principal component analysis (PCA) clearly revealed that the soil microbial community structures varied among samples in both bacterial and fungal community (Figures 3C,D). ZDD and ZDH were clearly separated from each other. Of the total variance in the bacterial dataset, the first two principal components together explained 82.76% of the total bacterial communities. In addition, the first principal component (PC1) was the most important, accounting for 63.11% of the total variation of the bacterial communities. For fungal dataset, 66.13% of the total fungal communities were explained by the first two principal components. A hierarchical clustering tree was constructed to describe and compare the similarities of samples (Figures 3E,F). Based on the similarities between the community compositions, the 6 soil samples were divided into two groups. ZDD and ZDH were separated in the cluster.
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FIGURE 3
Differences in bacterial (left panel) and fungal (right panel) community structure of different maize rhizosphere soil samples. Dendrogram and heatmap of soil bacteria (A) and fungi (B) communities for the top 30 abundant genera. Principal component analyses of soil bacteria (C) and fungi (D) communities. The cluster tree of soil bacteria (E) and fungi (F) communities from different rhizosphere soil samples on Bray-Curtis index. ZDD refers to rhizosphere soil with severe stalk rot disease, and ZDH refers to the rhizosphere soil with disease-free near by the ZDD.


Bacterial taxa with significantly different abundances were detected by using LEfSe among two samples (Figure 4). In total, 2 phyla (Acidobacteria and Actinobacteria), 2 classes (Acidobacteria and Actinobacteria), 4 orders (Acidobacteriales, Catenulisporales, Corynebacteriales, Frankiales), 5 families (Acidobacteriaceae_, Catenulisporaceae, Nocardiaceae, Actinospicaceae, Acidothermaceae), and 6 genera (Granulicella, Catenulispora, Nocardia, Acidothermus, Acidobacterium, Actinospica) showed significant differences among different rhizospheric samples. Specifically, the bacterium and fungus with the highest LDA value in ZDD was Actinobacteria (logarithmic LDA score = 5.77) and Ascomycota (logarithmic LDA score = 5.02), respectively (Supplementary Tables 1, 2). The bacteria with the highest LDA value in ZDH was Acidobacteriaceae_ (logarithmic LDA score = 4.66), and the fungi with the highest LDA value was Chaetomiaceae (logarithmic LDA score = 5.80) (Supplementary Tables 1, 2).
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FIGURE 4
Linear discriminant analysis effect size (LEfSe) for bacterial taxa between soils of healthy and disease.




Function prediction of bacterial communities

A total of 12 level two KEGG Orthology (KO) groups were identified in the bacterial communities that were involved in metabolism pathways (Figure 5). The result showed that functional gene belonging to carbohydrate metabolism and amino acid metabolism were markedly abundant in the dataset. Among these gene, the relative abundances of genes predicted to be associated with amino acid metabolism, carbohydrate metabolism, and xenobiotics biodegradation and metabolism was significantly higher in disease-free soil than disease soil, while the relative abundances of genes predicted to be associated with Glycan biosynthesis and metabolism was significantly higher in disease soil.
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FIGURE 5
Predicted metabolism functions of the bacterial communities found in maize rhizosphere soil samples. ZDD refers to rhizosphere soil with severe stalk rot disease, and ZDH refers to the rhizosphere soil with disease-free near by the ZDD.




Correlation between soil physicochemical properties and the bacterial communities

The physicochemical properties of soil samples were analyzed by Shanghai Personalbio Technology Co., Ltd., China, and the results were showed in Supplementary Table 3. Canonical correspondence analysis (CCA) was conducted to analyze the association between bacterial community and physicochemical factors (Figure 6). Soil physicochemical factors SOM, PH, available K, and available N positively correlated with each other, while P (available P and total P) negatively correlated with other measured factors. Moreover, these physicochemical factors were significant correlation with bacterial community structure (MCPP, P = 0.001).
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FIGURE 6
Canonical correspondence analysis (CCA) between the soil and bacterial community in maize rhizosphere soil. ZDD refers to rhizosphere soil with severe stalk rot disease, and ZDH refers to the rhizosphere soil with disease-free near by the ZDD.




Biocontrol function analysis

After incubating the plates at 28°C for 5 days, the diameter of F. graminearum colony was observed and measured (Figures 7A–C). The calculated bacteriostatic rate was shown in the Table 1. The rates of inhibition of F. graminearum by B. siamensis GL-02 in the simultaneous and staggered plating groups were determined to be 77.20 and 43.24%, respectively.
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FIGURE 7
In vitro competition assays with F. graminearum and B. siamensis GL-2 after 5 days of growth. F. graminearum control (A), B. siamensis GL-02 and F. graminearum plated simultaneously (B), B. siamensis GL-02 plate 2 days after F. graminearum inoculation (C). Pathogenicity of F. graminearum after application of a B. siamensis GL-2 (D). Left half of panel (D) depicts the maize stem that was not inoculated with F. graminearum, and the right half indicates the maize stem inoculated with F. graminearum.



TABLE 1    Fusarium graminearum growth evaluations showing average, standard deviation, percent inhibition by B. siamensis GL-02, and p-value (unpaired t-test).
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The concentration of conidia was quantified using a hemocytometer and diluted to 1 × 106 spores/ml for inoculation. Maize stem was inoculated at the second or third internode using a sterile micropipet tip above the soil line, followed by injection of 20 μl macroconidia suspension. F. graminearum spores solution was inoculated into one row of maize at the level of second and third stems before the maize V12 stage. Subsequently, five maize stalks subjected to each treatment were randomly collected at 7, 14, and 21 days to observe F. graminearum infection, and the length of the lesion was measured and recorded (Figure 7D). The lesion inhibition rate was calculated as follows: [(Control lesion length − Experimental group lesion length)/Control lesion length × 100%] (Table 2). The results obtained showed that the lesion inhibition rate was 5.35, 43.75, and 37.21% at 7, 14, and 21 days, respectively.


TABLE 2    Lesion length evaluations showing average, standard deviation, percent inhibition by B. siamensis GL-02, and p-value (unpaired t-test).
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Discussion

The pathogen-infected host plants would attract beneficial microbes to protect themselves (Gao et al., 2021). This so-called “cry for help” strategy of host plants was proved across in different species (Bakker et al., 2018; Liu et al., 2019, 2020; Gao et al., 2021). For example, based on the evidence of the wheat rhizosphere, an infection with a soil-borne pathogen Fusarium pseudograminearum has driven the recruitment of beneficial microbes Stenotrophomonas rhizophila to boost host plant defense (Liu et al., 2021). Therefore, we selected severe diseased rhizosphere soil but not healthy rhizosphere soil to isolate biocontrol agents.

Plants have to endure abiotic and biotic stresses since they cannot move (Zhang et al., 2022). Rhizosphere microbial interactions are complex and are important to plant health and growth (Liu et al., 2019). Soil microorganisms play critical roles in soil fertility, plant productivity, and plant immunity (Saleem et al., 2019; Pascale et al., 2020). In particular, rhizosphere microorganisms are essential for uptake of nutrients, suppression of pathogen colonization, and maintain root-associated microecological balance (Bakker et al., 2018; Liang et al., 2019), and it is increasingly recognized that some rhizosphere microbiomes can offer new opportunities to be used as biological control factors to control plant disease (Del Barrio-Duque et al., 2019; Li et al., 2020). The analysis of microbial diversity in the rhizosphere used high-throughput sequencing has been effective in pilot studies (Liang et al., 2019; Veach et al., 2019; Ju et al., 2020; Zhou et al., 2020). In this study, we characterized the rhizosphere microbial community composition across disease and disease-free soil samples. The bacterial ACE and Chao1 indices of disease-free soil were significantly higher than disease soil (p < 0.05). All three fungal alpha diversity indices of health soil samples were significantly higher than disease samples (Figure 1). Proteobacteria, Actinobacteria, Chloroflexi, Acidobacteria, Gemmatimonadetes, Firmicutes comprised the largest components of each rhizosphere community. Proteobacteria were the dominant phylum of rhizosphere community, which is consistent with researches of rhizosphere communities of other crops. For example, Proteobacteria were the primary bacterial taxa observed in the rhizosphere of Saccharum officenarum L. (Gao et al., 2019), Cucumis sativus L. (Jin et al., 2019), Triticum aestivum (Jochum et al., 2019), which suggested that Proteobacteria was the most common phylum in soils globally because they generally grow fast like weedy species and are well known to respond to unstable carbon sources (Liang et al., 2019). Among Bacillus spp., B. subtilis, B. laterosporus, B. cereus, B. licheniformis, B. thuringiensis, Paenibacillus polymyxa, B. pumilus, etc., have been mainly employed for plant disease control (Leelasuphakul et al., 2008; Swain and Ray, 2009).

It is well known that information on the functional analysis is important for understanding the role of bacterial diversity (Huang et al., 2015; Lee et al., 2019; Liang et al., 2019). The relative abundances of genes predicted to be associated with amino acid metabolism, carbohydrate metabolism, and xenobiotics biodegradation and metabolism was significantly higher in disease-free soil than disease soil. Our results highlighted that functional trait on metabolism pathway were different between disease and disease-free rhizosphere soil samples. The disease maize selected microbes with specific functional genes related with “Glycan biosynthesis and metabolism.”

B. siamensis GL-02 was isolated from corn rhizosphere. In our study, the maize rhizosphere bacteria were separated by dilution coating plate method. B. siamensis GL-02 was isolated and confirmed to be effective in inhibiting the growth of F. graminearum. It has been demonstrated to have significant prospective application in many fields (Yang et al., 2015). What’s more, it also exhibits strong in vitro fungi toxicity as well as induces defense response in plants to reduce plant disease severity (Gu et al., 2017). Our research has shown that GL-02 can directly inhibit the growth of F. graminearum and can be potentially used as a biocontral agent in plant protection. It is well known that Bacillus spp. produce a wide array of antagonistic compounds, which can direct inhibit pathogens (Fira et al., 2018). Previous studies indicated that Bacillus spp. could produce lipopeptide antibiotics to inhibit pathogen infection (Zhu et al., 2019). According to chemical structure, iturins, fengycins, and surfactins are the three major families of lipopeptides (Bonmatin et al., 2003; Ongena and Jacques, 2008). These lipopeptides can inhibit phytopathogen growth and also can stimulate host defense (Ongena and Jacques, 2008). The next step will be try to highlight the biological control mechanism of GL-02 and find the active compounds involved.
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Aspergillus cristatus is the dominant fungus during the fermentation of Fuzhuan brick tea; hypotonic conditions only induce its sexual development to produce ascospores, while hypertonic conditions only induce its asexual development to produce conidia, indicating that osmotic stress can regulate spore production in A. cristatus. However, the underlying regulatory mechanism is unclear. In this study, the role of Achog1, which is homologous to hog1 from Saccharomyces cerevisiae, in sporulation, different kinds of stress responses and pigment production was investigated. Deletion mutants of Achog1 were obtained by homologous recombination. Phenotypic observations showed that the time required to produce conidia was delayed, and the number of conidia produced was significantly reduced in the deletion mutants of Achog1 in hypertonic media, indicating that Achog1 plays a positive role in asexual development. Stress sensitivity tests showed that ΔAchog1 strains were sensitive to hyperosmolarity, and the order of the sensitivity of ΔAchog1 to different osmotic regulators was 3 M sucrose >3 M NaCl >3 M sorbitol. Moreover, the deletion mutants were sensitive to high oxidative stress. pH sensitivity tests indicated that Achog1 inhibited the growth of A. cristatus under alkaline stress. Additionally, pigmentation was decreased in the Achog1 deletion mutants compared with the WT. All the above developmental defects were reversed by the reintroduction of the Achog1 gene in ΔAchog1. Pull-down and LC–MS/MS analysis showed that the expression levels of proteins interacting with Achog1 were significantly different under low and high osmotic stress, and proteins related to conidial development were present only in the cultures treated with hyperosmotic stress. Transcription profiling data showed that Achog1 suppressed the expression of several genes related to asexual development, osmotic and oxidative stress resistance. On the basis of gene knockout, pull-down mass spectrometry and RNA-seq analyses, a regulatory pathway for Achog1 was roughly identified in A. cristatus.

KEYWORDS
 pull down, LC–MS/MS, asexual sporulation, stress response, RNA-seq


Introduction

Aspergillus cristatus is the dominant fungus during the fermentation of Fuzhuan brick tea and is known as the “Golden Flower Fungus” because of its golden yellow cleistothecia (Mo et al., 2008; Tan et al., 2017). Studies have shown that A. cristatus has antitumor activity (Deng et al., 2007), bacteriostatic effects (Li et al., 2011), antioxidant activity (Ouyang et al., 2011) and digestive enzyme activity (Yang, 2005; Ding, 2012). A. cristatus is a homothallic filamentous fungus and performs both sexual and asexual reproduction. Unlike Aspergillus nidulans, light does not significantly affect the development of A. cristatus (Tan et al., 2018). Interestingly, hypotonic conditions can only induce sexual development, while hypertonic conditions can only induce asexual development. Thus, A. cristatus provides an excellent genetic system for studying the mechanism of sporulation of filamentous fungi.

The sexual development of other fungi in Aspergillus is mainly affected by light, temperature, nutrition, and pH. For example, a complex protein, VeA/VelB/LaeA, called “Velvet,” plays a central role in the regulation of sexual development under light and dark conditions (Bayram et al., 2008). The regulation of asexual development is mainly regulated by the core regulatory network composed of brlA, abaA, and wetA, and other genes are directly or indirectly regulated by this network (Han and Adams, 2001; Tao and Yu, 2011; Alkhayyat et al., 2015). brlA was mainly found in vesicle and pedicel but not in mycelia and conidia. brlA is located upstream of the central regulatory pathway, and the expression of several genes related to asexual development, such as rodA, is regulated by brlA (Twumasi et al., 2009). We have been trying to explore the functions of genes related to sporulation in A. cristatus since 2013. Many genes associated with sexual and asexual spore production have been reported, such as flbA, preA, and AcndtA (Wang et al., 2014; Xiang et al., 2020; Wang et al., 2021). Nevertheless, it is not clear that why A. cristatus can produce ascospores under hypotonic conditions and conidia under hypertonic conditions. We speculate that there is a certain association between osmotic stress and spore production in A. cristatus.

It is well known that the high osmolarity glycerol mitogen-activated protein kinase signal transduction pathway (HOG-MAPK, HOG) is the main way to adapt to changes in osmolarity in the environment. Hog1 (MAPK) is the core protein kinase in this pathway (Krantz et al., 2006). It was first reported in S. cerevisiae. Cells respond to increases in osmolarity in the extracellular environment by activating hog1 (Wurgler-Murphy et al., 1997). hog1 was also reported to be involved in osmotic stress regulation in other fungi. osm1 is a functional homolog of hog1, the hyphal growth of Δosm1 is very sensitive to osmotic stress, and the hyphal morphology changes under hypertonic conditions in Magnaporthe grisea (Dixon et al., 1999; Xu, 2000). Thhog1 regulates the hypertonic stress response in Trichoderma harzianum (Delgado-Jarana et al., 2006). In A. fumigatus, sakA, the homolog of hog1, could regulate conidial germination (Du et al., 2006). A similar phenomenon was found in Botrytis. cinerea (Segmüller et al., 2007; Heller et al., 2012). hog1 also plays a role in the oxidative stress response (Calmes et al., 2015). Cpmk1, a homolog of hog1, can regulate the production of pigment in Cryphonectria parasitica (Park et al., 2004). The effect of hog1 on PH stress has also been reported. The deletion mutant of hog1 slowed down significantly in the medium with alkaline pH in A. fumigatus (Ma et al., 2012). In summary, hog1 plays an important role in the stress response, asexual sporulation and pigment production in fungi.

Sequence alignment revealed a gene homologous to hog1, SI65_07698, in the A. cristatus genome database. In this study, SI65_07698 was named Achog1 based on the results of a phylogenetic analysis. Achog1 deletion and complementation strains were generated to verify the role of Achog1. Under different osmotic stress conditions, pull-down mass spectrometry was carried out, and RNA sequencing (RNA-seq) was performed on the ΔAchog1 and WT strains to explore the connection between the HOG pathway and spore production of A. cristatus.



Materials and methods


Strains, culture conditions and morphological analyses

The WT strains of A. cristatus (CGMCC 7.193) used in this study were isolated from Fuzhuan brick tea produced by the Yiyang Tea Factory in Yiyang, China. The strains were grown on low-concentration sodium chloride solid MYA media (20 g of malt extract, 5 g of yeast extract, 30 g of sucrose, 50 g of sodium chloride, and 1,000 mL of water) at 28°C to induce sexual development and high-concentration sodium chloride solid media (20 g of malt extract, 5 g of yeast extract, 30 g of sucrose, 170 g of sodium chloride, and 1,000 mL of water) at 37°C to induce asexual development. SD/−Trp, SD/−Leu, SD/−Trp/−Leu, SD/−Trp/− Leu/-His and SD/−Trp/−Leu/-His/−Ade (purchased from Beijing Cool Lab Technology, China). The colonies were imaged using a Canon EOS 7D Mark II camera (Canon, Tokyo, Japan).



Identification of proteins interacting with AcHog1

The Achog1 gene fragment was ligated into the expression vector pGEX-6p-1, and GST fusion protein expression and transformation were performed. Then, the total proteins of A. cristatus cultivated under normal osmotic stress and hypertonic stress were extracted, and pull-down assays were carried out. The proteins were subsequently detected via LC–MS/MS. Proteins were verified by yeast two-hybrid assays. To facilitate subsequent analysis, the samples of A. cristatus cultivated under normal stress and hypertonic stress were named WT-D and WT-H, respectively.



Phylogenetic analysis

Phylogenetic analysis was performed using MEGA 6.06 software with the conserved domains of homologous AcHog1 proteins (Tamura et al., 2013). ClustalW was employed for multiple sequence alignment with the default values. A maximum likelihood with a bootstrap value of 1,000 was used to generate a phylogenetic tree.



Construction of the Achog1 deletion strain (ΔAchog1) and complementation strain (ΔAchog1-C)

Homologous recombination was employed to delete the whole open reading frame (ORF) of Achog1. An Achog1 deletion cassette containing hph as a selective marker was constructed via the fusion of the 5′-untranslated region (5’-UTR) and the 3′-untranslated region (3’-UTR). Briefly, the 5’-BamHI-XhoI UTR and 3’-SpeI-XbaI UTR were amplified using specific primer pairs (Supplementary Table S1) from genomic DNA of the WT strain and cloned into the pDHt/sk-hyg cloning sites to generate the final Achog1-L-pDHt/sk-hyg-Achog1-R knockout vector. To complement the Achog1-null mutant, the Achog1 gene with its own promoter was amplified from the genomic DNA with the primer pair qc-hog1-F/R (Supplementary Table S1) and then inserted into pDHt/sknt at the enzyme sites HindIII/KpnI.

The plasmids were confirmed via PCR, restriction enzyme digestion and sequencing. The knockout plasmids were transformed into the WT strains, and complementary plasmids were transformed into the ΔAchog1 knockout strains by Agrobacterium tumefaciens-mediated transformation (ATMT), as previously described (Tan et al., 2018). The transformants were selected on MYA media that included 50 ug/mL hygromycin B or 80 ug/mL geneticin (G418) and were confirmed via PCR (the primers used are listed in Supplementary Table S1).



Estimating transgene copy numbers via RT-PCR

The transgene copy number in ΔAchog1 was estimated by using RT-PCR based on the methods of Song et al. (2002). Using the genomic DNA of ΔveA, a standard curve was established, in which the copy number was determined by Southern blot analysis (Tan et al., 2018). The genes encoding glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and HYG were selected from the A. cristatus genome as candidate reference genes (the primers used are listed in Supplementary Table S1).



Sample preparation for mRNA sequencing

RNA-seq was performed on the ΔAchog1 and WT strains. A conidial suspension (concentration 1 × 106 conidia/mL) was used for inoculation. Three biological replicates were grown on MYA media comprising 17% NaCl at 37°C. The WT strain produced a large number of conidial heads, but the ΔAchog1 knockout strain did not after 39 h of culture. Based on these observations, all the samples were collected from the cellulose membrane, flash frozen in liquid nitrogen and stored at-80°C.



Library preparation and sequencing

Total RNA was extracted as described previously using TRIzol (Gilbert et al., 2016). An Agilent Bioanalyzer 2,100 was subsequently used to assess the concentration and quality of the total RNA. mRNA libraries were prepared as described previously (Parkhomchuk et al., 2009). The quality of the final cDNA libraries was verified using an Agilent Bioanalyzer 2,100. The libraries were sequenced using an Illumina NovaSeq 6,000 (Illumina, United States). After filtering the raw data and checking the sequencing error rate and GC content distribution, the clean reads used for the subsequent analysis were obtained. HISAT2 software was used to quickly and accurately align the clean reads with the reference genome to obtain the positioning information. Differentially expressed genes were analysed using DESeq2 (Love et al., 2014); gene ontology (GO) functional enrichment and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment of the differentially expressed genes were performed by using ClusterProfiler software (Kanehisa and Goto, 2000; Young et al., 2010).



RT-qPCR detection

Total RNA was extracted at the tested time point. Then, 2 mg of RNA was utilized to synthesize cDNA using a RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher Scientific, catalogue#K1622). RT-qPCR was performed using a CFX96 Real-Time PCR Detection System (Bio-Rad Laboratories, Hercules CA, United States) in a total volume of 10 μL, which consisted of 5 μL of SsoFast EvaGreen SuperMix (Bio-Rad, catalogue# 172–5,201), 1 μL of each primer (10 pmol/ml) and 1 μL of template. GAPDH was selected as a candidate reference gene. The primers employed in the RT-qPCR experiments were designed using the Primer 3 online program,1 and the resulting RT-qPCR products were tested via agarose gel electrophoresis. Each primer pair was tested with serial dilutions of cDNA to determine the linear range of the RT-qPCR assays. Three biological replicates were analysed. All the RT-qPCR primers used are listed in Supplementary Table S1.




Results


Phylogenetic analysis of Achog1 homologs and identification of the deletion strain ΔAchog1 and complementation strain ΔAchog1-C

The homolog of hog1, SI65-07698, was identified based on the genome of A. cristatus (accession number [JXNT01000000]) (Ge et al., 2016). SI65_07698 is 1,689 bp in length, includes six introns and encodes a predicted protein of 366 amino acids showing 98% identity to S. cerevisiae Hog1 and the stress-activating kinase SakA of A. nidulans. The results of multisequence alignment revealed that Hog1 was very conserved across Aspergillus species (Supplementary Figure S1A). The predicted SI65_07698 protein was found to contain a Pkc-like superfamily domain (Supplementary Figure S1C), which was consistent with the conserved domain of hogA in A. nidulans. SI65_07698 was named Achog1 based on these analysises. It is worth noting that halophilic Aspergillus contains 3 Hog1 homologs, which are differentially regulated during different salinity conditions (Rodríguez-Pupo et al., 2021). A. cristatus does not contain a second Hog1 homolog, as it occurs in most aspergilli (Kawasaki et al., 2002; Garrido-Bazán et al., 2018). Achog1 deletion mutants were obtained by gene replacement with the hygromycin B phosphotransferase gene (hph) as a selective marker to verify the function of Achog1 in A. cristatus. Six ΔAchog1 transformants were ultimately obtained (Supplementary Figure S2B shows five of the transformants). The expression of Achog1 in ΔAchog1 strain was detected and the results showed that Achog1 was not expressed in ΔAchog1 strain, which further indicated that Achog1 had been successfully knocked out (Supplementary Figure S2D, the last column). Real-time fluorescent PCR showed that the numbers of hph in ΔAchog1 were single copies (Supplementary Figure S3 and Supplementary Table S2). Eighteen ΔAchog1-C strains with the WT-like phenotype were verified by PCR. The results are shown in Supplementary Figure S2C.



Achog1 promoted conidial germination and increased conidial number under hypertonic stress

Aspergillus cristatus could produce pure sexual/asexual spores under hypotonic and hypertonic stress. It was speculated that there was an association between osmotic stress and sporulation. Therefore, the sexual and asexual development of WT and ΔAchog1 was observed under different osmotic stresses by inoculating an equal amount of conidia (concentration: 1 × 106 conidia/mL). When hyphae of the WT strain formed conidiophores, most hyphae of ΔAchog1 only formed vesicles at 39 h on MYA media containing 3 M NaCl (Figures 1A,B, indicating that deleting Achog1 delays the germination of conidia. A large number of grey-green conidia were produced by WT, while only a small number of conidia was produced by ΔAchog1 in the center of the colony as the incubation time increased (Figure 1C). The conidial number produced by WT was nearly 2 times that produced by the ΔAchog1 strain (Figure 1D). No significant difference was found in sexual development between WT and ΔAchog1 on hypotonic media (Figure 1C: the first column). However, hyphal curling appeared in ΔAchog1 after culture with 3 M NaCl for 7 days, and a small amount of golden yellow cleistothecia appeared in the ΔAchog1 strain after culturing for 14 days (Figure 2), which was an interesting phenomenon. These results indicated that Achog1 positively regulated asexual sprouting and might inhibit sexual development under hypertonic stress in A. cristatus.
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FIGURE 1
 The effect of Achog1 on asexual sporulation. (A) The morphology of WT and ΔAchog1. All strains were cultivated on MYA medium containing 3 M NaCl at 37°C for 39 h. (B) Incubation time of asexual development. (C) The morphology of WT and ΔAchog1. All strains were cultivated on MYA medium containing 1 M and 3 M NaCl at 37°C for 7 days. (D) Conidia of WT and ΔAchog1 under stereoscopic microscopy. Statistics of the number of conidia produced by the WT, ΔAchog1 and ΔAchog1-C strains cultivated on MYA medium containing 3 M NaCl at 37°C for 7 days. The total number of conidia per fixed area was counted with a haematocytometer under a microscope, and the data were used to calculate the number of conidia per cm2. Error bars represent the standard deviation of at least three replicates. Values that differed significantly from the value for the WT strain according to a t test are indicated with asterisks (***p < 0.001).


[image: Figure 2]

FIGURE 2
 Microscopic observation of WT and ΔAchog1. WT and ΔAchog1 strains cultivated on MYA medium containing 3 M NaCl at 37°C for 14 days. The red arrows refer to cleistothecia, and the white arrows refer to conidia.




Role of Achog1 in the response to hypertonic stress

It is well known that one of the main functions of hog1 is to respond to hyperosmolarity in other fungi. The conidia of WT and ΔAchog1 (concentration: 1 × 106 conidia/mL) were cultivated on MYA media with 3 M sorbitol and sucrose to confirm whether Achog1 is involved in hypertonic stress. The growth of ΔAchog1 was significantly slower than that of WT on MAY media with 3 M sucrose, and ΔAchog1 also grew slowly on media with 3 M NaCl and sorbitol (Figures 3A,B). Furthermore, the expression of genes related to hypertonic stress was detected. The results showed that the expression of genes related to hypertonic stress in ΔAchog1 was lower than that of in WT under hypertonic stress (Figure 3D). Fewer conidia were produced by ΔAchog1 (Figure 3C). The results of sensitivity tests showed that Achog1 could positively regulate the response to hypertonic stress, and the sensitivity of ΔAchog1 to different osmotic stress regulators was in descending order: 3 M sucrose >3 M NaCl >3 M sorbitol.
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FIGURE 3
 Effect of Achog1 on the osmotic stress response. (A) Colony morphology of WT, ΔAchog1 and ΔAchog1-C strains grown in medium with 1 M，3 M sucrose，sorbitol and NaCl at 37°C for 7 days; (B) Statistics of the number of conidia produced by WT, ΔAchog1 and ΔAchog1-C strains grown in medium with 1 M，3 M sucrose, sorbitol and NaCl at 37°C for 7 days; (C) Statistics of the colony diameters in medium with 1 M, 3 M sucrose, sorbitol and NaCl at 37°C for 7 days; (D) Expression of genes related to the response of high osmotic stress. Error bars indicate the standard deviation of at least three replicates. Values that differed significantly from the value for the WT strain according to a t test are indicated with asterisks (**p < 0.01, ***p < 0.001).




Achog1 positively regulates oxidative stress tolerance

A study showed that hog1 mediated the oxidative stress pathway in C. albicans (Thomas et al., 2013). The conidia of WT and ΔAchog1 (concentration: 1 × 106/mL) were cultivated in MYA with different concentrations of H2O2 (0 mM, 10 mM, 30 mM, and 50 mM) to verify whether Achog1 was involved in oxidative stress. The colony diameter of ΔAchog1 decreased, and its edges were irregular (Figures 4A,B), suggesting that the tolerance of ΔAchog1 to oxidative stress was significantly reduced. We detected the expression of genes related to oxidative stress. The results showed that the expression of genes related to oxidative stress in ΔAchog1 was lower than that of in WT under oxidative stress (Figure 4C). When the Achog1 gene was complemented, the sensitivity to H2O2 was essentially restored. These results indicated that Achog1 positively regulated the response to oxidative stress.
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FIGURE 4
 Effect of Achog1 on the oxidative stress response. (A) Colony morphology of WT and ΔAchog1 under MYA medium with different concentrations of H2O2 at 28°C for 3 days. (B) Colony diameters of WT and ΔAchog1. (C) Expression of genes related to the response of oxidative stress. Error bars indicate the standard deviation of at least three replicates. Values that differed significantly from the value for the WT strain according to a t test are indicated with asterisks (***p < 0.001).




Achog1 positively regulates the response to alkali stress

It was shown that the ΔAfhog1 deletion mutant strain grew slower than the wild type strain in medium containing high PH in A. fumigatus (Ma et al., 2012). To test whether Achog1 was involved in PH stress, equal amounts of conidia (1.0 × 106 conidia/mL) of WT, ΔAchog1, and ΔAchog1-C were inoculated on MYA media containing 5% NaCl with different pH values (pH 3, pH 4, pH 5, pH 8, and pH 11). ΔAchog1 grew normally in media at pH 3–5, its growth was just slower than that of the WT and ΔAchog1-C strains after culturing for 6 days at 28°C. However, the growth of ΔAchog1 significantly slowed down in the media at pH 8, and ΔAchog1 could not grow at pH 11 (Figures 5A,B). Hyphae samples cultured in the medium with pH 8 were collected to detect the expression of genes related to pH stress. The results showed that the expression of genes related to pH stress in ΔAchog1 was lower than that of in WT (Figure 5C); indicating that Achog1 is mainly involved in alkali stress.
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FIGURE 5
 Effect of AChog1 on the pH stress response. (A) Colony morphology of the WT, ΔAchog1 and ΔAchog1-C strains on MYA containing 5% NaCl with different pH values at 28°C for 6 days. (B) Colony diameter. (C) Expression of genes related to the response of pH stress. Error bars indicate the standard deviation of at least three replicates. Values that differed significantly from the value for the WT strain according to a t test are indicated with asterisks (***p < 0.001).




Deletion of Achog1 reduces pigment formation

The colonies of the WT strain were brown-black in the center and yellow at the edge on MYA media. However, the colonies of the ΔAchog1 strain were brown, and their edges were pale yellow. The pigments produced by the ΔAchog1-C strains were similar to those produced by the WT (Figure 6A). Genes involved in pigment synthesis, such as SI65_05588 (ayg1), SI65_05589 (arp2), SI65_05591 (abr1) and SI65_05592 (abr2), were downregulated according to RNA-seq data (Figure 6B). Furthermore, we detected the expression of four genes related to pigment synthesis. The results showed that the expression of these genes in ΔAchog1 strain was lower than that of in WT (Figure 6C). These results suggested that the Achog1 gene played a role in regulating pigment synthesis in A. cristatus.
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FIGURE 6
 Pigmentation of the WT, ΔAchog1, ΔAchog1-C strains. (A) Pigmentation of the WT, ΔAchog1, and ΔAchog1-C strains on MYA medium at 28°C for 7 days. (B) Genes related to pigmentation according to the results of RNA-seq. (C) Expression of genes related to pigment synthesis.




Analysis of proteins interacting with AcHog1

A pull-down mass spectrometry experiment was performed to determine the proteins in WT-D and WT-H (Figure 7A). The total ion chromatogram and evaluation chart of the identified proteins showed that the mass spectrometry data were normal, indicating that the identified proteins were accurate (Supplementary Figure S4). A total of 940 proteins and 2,980 peptides were identified (Supplementary Tables S8, S9). A total of 530 proteins were upregulated, and 291 proteins were downregulated (proteins with a fold change (FC) ≥ 2 were upregulated, and those with an FC ≤ 1/2 were downregulated; Figure 7B). Comparing WT-H with WT-D, 483 were present only in WT-H, and 251 were present only in WT-D, demonstrating that there were significant differences in the proteins interacting with AcHog1 between the normal stress and hypertonic stress conditions.
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FIGURE 7
 Analysis of differentially expressed proteins. (A) Proteins were pulled down in WT-D and WT-H. (B) Differential proteins (FC ≥ 2 were considered up-regulatregulated, and FC ≤ 0.5 proteins were considered down-regulreglated). (C) GO enrichment analysis. (D) KEGG enrichment analysis. The X-axis shows the number of proteins. The Y-axis shows the pathway names.


The top 20 proteins with the highest scores are listed in Supplementary Table S3. Among them, 5 proteins are uncharacterized, and the remaining 15 proteins are known functions. For example, the protein A0A1E3B957 is 6-phosphogluconate dehydrogenase. It has been reported that 6-phosphogluconate dehydrogenase is mainly involved in the salt stress response in plants (Nemoto and Sasakuma, 2000; Huang et al., 2003). AcHog1 interacted with 6-phosphogluconate dehydrogenase in samples incubated in MYA containing 3 M NaCl, suggesting that AcHog1 could regulate 6-phosphogluconate dehydrogenase to participate in the salt stress response in A. cristatus. RodA/RodB-related conidia (Pedersen et al., 2011), Ste20 and Cla4 located upstream of the HOG1 pathway were also found in WT-H (Dan et al., 2001; Joshua and Höfken, 2019). The data proved AcHog1 could interact with 6-phosphogluconate dehydrogenase and might be involved in the salt stress response. In addition, Achog1 could interact with RodA/RodB, Ste20 and Cla4 and Achog1 might be also involved in the production of conidia and the response of HOG pathway.

GO enrichment analysis showed that the differentially expressed proteins were mainly involved in various metabolic processes, asexual development processes and stress responses (Figure 7C). Nine proteins (Supplementary Table S4) related to asexual sporulation and stress responses were randomly selected for yeast two-hybrid validation. PGBKT7-AcHog1 and PGADT7 plasmids containing 9 proteins were co-transformed into yeast AH109 receptive cells. After 5 days of culturing in SD/−Leu/−Trp, a single colony was cultured on SD/−Trp/−Leu/-His and SD/−Trp/−Leu/-His/−Ade medium containing X-α-Gal and AbA for 5 days. PGBKT7-53 + PGADT7-T was chosen as a positive control (Figure 8A), and PGBKT7-lam + PGADT7-T was a negative control (Figure 8G). Both the colonies in the positive control and in the experimental groups (Figures 8B–F,H–K) were blue, indicating that all the selected proteins could interact with AcHog1 (Figure 8). These results showed that AcHog1 might regulate asexual sporulation and the response to osmotic stress and oxidative stress in A. cristatus. KEGG enrichment analysis showed that 14 differentially expressed proteins were enriched in the MAPK pathway and were significantly upregulated (Figure 7D). The AA1E3BER4 (AcSko1) protein is located downstream of AcHog1 in the HOG pathway in WT-H, and its interaction with AcHog1 was verified by using yeast two-hybrid assays (Figures 8B,K). Therefore, we speculated that Sko1 was the target protein of AcHog1, which will be a focus of our future studies.
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FIGURE 8
 Differential protein yeast two-hybrid validation. (A–K) correspond to positive control (PGBKT7-53 + PGADT7-T), SI65_07477 (AcRodB), SI65_06242 (AcSte7), SI65_05510 (AcBmh1), SI65_09934 (AcCsp), SI65-06799 (AcPhnA), negative control (PGBKT7-lam + PGADT7-T), SI65_10255 (AcRodA), SI65_03085 (AcCla4), SI65_07597 (AcSte20), SI65_05898 (AcSko1), respectively.




Summary of RNA-seq data and RT-qPCR detection of selected genes

To investigate the roles of Achog1 in A. cristatus, RNA-seq of ΔAchog1 and WT was performed at selected time points. Conidiophores and chain-like conidia appeared on the WT strain; however, only some vesicles were formed in ΔAchog1, when the ΔAchog1 and WT strains were cultivated on MYA media containing 3 M NaCl for 39 h (Figure 1A). Therefore, mycelial samples of the cultures at 39 h were collected for RNA-seq. All sequences obtained by sequencing were uploaded to the NCBI database: Sequence Read Archive,2 and get the accession number: PRJNA877470. A summary of the RNA-seq data is reported in Supplementary Table S5. In this study, a total of 1,074 differentially expressed genes (Supplementary Table S10) were obtained from the Achog1 transcriptome data (|log2(FC)| > = 1 and padj < = 0.05). Among these differentially expressed genes, 480 were upregulated, and 594 were downregulated. The top 20 genes upregulated and downregulated in ΔAchog1 are listed in Supplementary Tables S6, S7, respectively. Among them, SI65_00200 (phiA) is a cell wall protein (Schachtschabel et al., 2012); SI65_01919 encodes a low-affinity glucose transporter, and a study showed that low-affinity glucose required the coordinated activities of the HOG and glucose signaling pathways in S. cerevisiae (Tomás-Cobos et al., 2004). The protein kinases Dsk1 (SI65_03917) contributed to cell cycle and pre-mRNA splicing (Tang et al., 2012). In addition, genes responding to the HOG pathway and related to sporulation were screened from the RNA-seq data by referring to the relevant literature reports and the genome database of Aspergillus. The results were shown in Table 1. It was noted that genes related to asexual development were downregulated, such as brlA (SI65_02778) and wetA (SI65_00383) (Tsai et al., 1999), were involved in asexual sporulation and downregulated in the ΔAchog1 mutant. We speculated that Achog1 could affect the conidia production of A. cristatus by down-regulating the expression of these genes.



TABLE 1 Expression level detection of sporulation genes in ΔAchog1 strain.
[image: Table1]

GO enrichment analysis showed that the differentially expressed genes were mainly enriched in carbohydrate metabolism, transmembrane transport, hydrolase activity, binding and other processes. Carbohydrate metabolic process (GO: 0005975), hydrolase activity (GO: 0016798, GO: 0016798) and oxidoreductase activity (GO: 0016614) were significantly upregulated. Transmembrane transport (GO: 0055085) was significantly downregulated (Figure 9A). The differentially expressed genes were mainly enriched in various metabolic pathways and MAPK pathways by KEGG enrichment analysis. Galactose metabolism (ani00052) and amino sugar and nucleotide sugar metabolism (ani00520) were significantly upregulated, glycerophospholipid metabolism (ani00564) and glyoxylate and dicarboxylate metabolism (ani00564) were significantly downregulated (Figure 9B). In addition, all the genes enriched in the MAPK pathway were downregulated. We speculated that Achog1 also played an important role in hydrolase activity, various metabolic processes and MAPK pathways in A. cristatus.
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FIGURE 9
 Transcriptional analysis of ΔAchog1 and WT strains. (A) GO analysis of differentially significant enrichment. (B) KEGG analysis of differentially significant enrichment. The X-axis shows the number of differentially expressed genes. The Y-axis shows the pathway names. Red indicates significant upregulation; blue indicates significant downregulation. (C) RT-qPCR verification of selected genes.


To verify the reliability of the expression changes in the transcriptome, 6 genes were selected for RT-qPCR detection (Figure 9C). The gene expression patterns of the gene analysis were similar in the RT-qPCR and RNA-seq, indicating that the transcriptome sequencing results obtained in this study were reliable.




Discussion

Aspergillus cristatus is a homothallic filamentous fungus that produces sexual or asexual spores under different osmotic conditions. However, the mechanism that controls reproduction in spores is currently unknown. We speculated that osmotic stress was involved in regulating this process based on the fact that A. cristatus can only produce ascospores in medium containing 1 M NaCl, while it can only produce conidia in medium containing 3 M NaCl. It is well known that the HOG pathway is one of the main pathways in response to osmotic stress (Gustin et al., 1998; Estruch, 2000; Welsh, 2000; Sean et al., 2004). The key gene of the HOG pathway is hog1, which belongs to PKc kinase. A PKc-like gene, SI65_07698, was found in the A. cristatus genome database by sequence alignment. The conserved domain of the gene was consistent with that of hog1 in S. cerevisiae, so it was named Achog1. In this study, we constructed the ΔAchog1 and ΔAchog1-C strains to further investigate the function of Achog1. The results indicate that Achog1 plays important roles in asexual development, osmotic stress, oxidative stress, PH stress and pigmentation in A. cristatus. Moreover, we roughly describe the regulatory pathway (Figure 10) of Achog1 in A. cristatus combined with Pull-down mass spectrometry and RNA-Seq.
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FIGURE 10
 Regulation map of Achog1. The black solid lines represented genes from pull-down assays. The gray dotted lines represented genes from the RNA-seq.


PKc kinase plays an important role in the growth, development and conidial formation of filamentous fungi (Dickman and Yarden, 1999). When osm1, a functional homolog of the yeast hog1, was deleted, the number of conidia increased exponentially in mutants under hypertonic conditions (Xu, 2000); In A. nidulans, the sakA mutation showed no apparent effect on asexual development (Kawasaki et al., 2002). In contrast to these studies, ΔAchog1 produced 2 times fewer conidia under hypertonic stress compared with the WT in our study. The deletion of hog1 homologs affects the germination of spores in A. fumigatus (Xue et al., 2004; Du et al., 2006). And ΔsakA conidiospores lost viability more rapidly than those from the wild-type strain in A. nidulans (Kawasaki et al., 2002; Garrido-Bazán et al., 2018). Similarly, a large number of conidiophores were produced in WT strains in media with 3 M NaCl at 39 h, while ΔAchog1 could produce only vesicles, indicating that conidial germination was delayed. In addition, it was found that a total of 16 genes related to sporulation were significant difference in the expression according to the RNA-seq data. Among them, SI65_10255, SI65_02778, SI65_07477 and SI65_00383 were genes involved in the development of phialides and conidiophores, and their expression levels were significantly down-regulated in ΔAchog1 strains. Four proteins (A0A1E3B4I1, A0A1E3B9P1, A0A1E3BK58 and A0A1E3BGW2) enriched in the glucose 6-phosphate metabolic process (GO: 0051156) were identified in LC–MS/MS differential protein analysis. The glucose 6-phosphate metabolic process is known to be a key branch of the HMP pathway, which is important in conidial formation of A. nidulans (Broek, 1997). The HMP pathway is also very active during the conidial formation of Aspergillus niger (Ruijter and Visser, 1999). Because the samples selected for Pull-down experiment were A. cristatus cultured for 7 days under hypertonic stress. Under this culture condition, A. crsitatus could only produce a large number of conidia. We speculated that the HMP pathway existed in A. cristatus according to the LC/MS–MS data. And Achog1 might negatively regulate the four proteins to affect the formation of conidia. hogA plays an important role in the regulation of sexual development in A. nidulans. The progression of cleistothecia formation in ΔhogA strains was somewhat precocious (Kawasaki et al., 2002). However, the sexual development between WT and ΔAchog1 was not significant on hypotonic medium. Interestingly, hyphal curling appeared in ΔAchog1 at 7 days. ΔAchog1 strains produced cleistothecia on MYA medium containing 3 M NaCl after 14 days. This phenomenon was rarely observed in the Δhog1 strains of other fungi. These results suggested that Achog1 played a positive role in the asexual development of A. cristatus and that Achog1 may regulate the transition between sexual and asexual development, but the specific regulatory mechanism still needs to be further studied.

Osmotic stress is an important factor regulating the growth and development of filamentous fungi (Bahn, 2008; Duran et al., 2010). In this study, the Achog1 deletion mutant grew significantly slower than the wild type in medium containing a high concentration of NaCl (2 M/3 M), indicating that the deletion of Achog1 reduces the resistance of A. cristatus to hyperosmolarity. The same results were obtained when we replaced the osmotic pressure regulators with sucrose and sorbitol. We demonstrate that Achog1 plays a positive role in osmotic stress according to these results. However, the role of Achog1 in the osmotic response of A. cristatus contrasts sharply with that of sakA in A. nidulans and hog1 in other fungi. In A. nidulans, sakA is even dispensable for osmotic stress resistance (Kawasaki et al., 2002; Garrido-Bazán et al., 2018). In other fungi, the resistance of hog1 to hyperosmolarity is much lower than that in A. cristatus. For example, 0.4 M NaCl can greatly inhibit colony growth, although it has been shown to be not completely lethal to deletion mutants of hog1 in M. oryzae (Montemurro, 1992). After hog1 is deleted from F. graminearum, the mutants cannot grow in media with 0.7 M NaCl (Morawetz et al., 1996). In Botrytis cinerea, hog1 mutant strains cannot grow on media containing 1.5 M NaCl (Morawetz et al., 1996). Although the functions of hog1-type MAPKs are relatively conserved, they might play diverse roles in different fungi. In addition, the Achog1 deletion mutant exhibited a significant decrease in conidiation compared with the WT strain in the presence of 3 M NaCl, indicating that Achog1 can promote conidia production under hyperosmotic stress.

hog1 responds not only to osmotic stress but also to oxidative stress (Alonso-Monge et al., 2003). An oxidative stress sensitivity test was performed on Achog1 deletion mutants. It was found that ΔAchog1 grew slowly in media containing different concentrations of H2O2, especially at high concentrations of H2O2. Our experiments indicate that Achog1 plays a positive role in the regulation of the oxidative stress response. This finding was similar to that observed in A. fumigatus and F. graminearum. In A. fumigatus, H2O2, as a mimic of oxidative stress, significantly inhibited the growth of hog1 mutant strains (Du et al., 2006). The growth of deletion mutants of each individual gene involved in the HOG pathway was suppressed under oxidative stress in F. graminearum (Montemurro, 1992). Moreover, the hyphae of ΔAchog1 were extremely irregular at the edge, suggesting that the polar growth of hyphae was affected under oxidative stress. In the hypertonic sample (WT-H), many proteins interacting with AcHog1 were enriched in the stress response pathway. Moreover, some differentially expressed genes related to the stress response were also identified among the ΔAchog1 transcriptome data. Sixty-five genes were enriched in oxidoreductase activity molecular function, and 30 genes were downregulated. We speculate that Achog1 can maintain the balance of intracellular and extracellular stress by downregulating the expression of these proteins and genes so that ΔAchog1 can grow normally under hypertonic stress and oxidative stress when high-concentration stress stimulates A. cristatus.

Achog1 is also involved in pH stress. In our study, both acid and alkali stress tests were carried out and found that ΔAchog1 grew slower in the media at pH 8 than WT. ΔAchog1 could not even grow in media at pH 11, which was similar to the results of a study in A. fumigatus (Ma et al., 2012). However, acid stress has not been studied in A. fumigatus. Studies showed that low pH-induced structural changes were dependent on hog1 when yeast cells were cultivated in media in which the pH was shifted from 5.5 to 3.5 in yeast (Bilsland et al., 2004; Lawrence et al., 2004; Sotelo and Rodriguez-Gabriel, 2006; Kapteyn et al., 2010). However, our acid stress test showed that ΔAchog1 could grow normally. These results showed that Achog1 mainly participates in the response to alkaline stress.

Pigment is a type of secondary metabolite produced by fungi during their growth and development. On MYA media, compared with the WT strain, the Achog1 deletion mutant produced less pigment. Fifty-seven genes were annotated to secondary metabolite synthesis according to the RNA-seq data. Among these genes, SI65_05588 (ayg1), SI65_05589 (arp2), SI65_05591 (abr1) and SI65_05592 (abr2) were involved in the regulation of pigment synthesis, and they all were downregulated in ΔAchog1, indicating that Achog1 participates in the regulation of secondary metabolism and may be involved in the regulation of pigment synthesis. hog1 plays an important role in regulating fungicide resistance. Os-2 is a gene with high homology to hog1 in N. ceassa. The deletion mutant of Os-2 was found to be resistant to N-moncootyl dicycloheptene dimethylphthalide and phenylpyrroliac fungicides (Kojima et al., 2004). However, A. cristatus is a beneficial fungus, we did not performed the fungicide sensitivity test.

The pull-down mass spectrometry and RNA-seq data were consistent with the phenotypic changes observed in the Achog1 deletion mutant. In this study, pull-down combined mass spectrometry under normal and hypertonic conditions was performed. The proteins interacting with AcHog1 were quite different under normal stress and hypertonic stress conditions. Proteins associated with conidial development could interact with AcHog1 under hypertonic stress. Among them, AcRodB and AcRodA were verified by yeast two-hybrid assays. We speculate that AcHog1 can regulate them to promote conidia production. We also found proteins Ste20 and Cla4 located upstream of Hog1 and protein Sko1 located downstream of Hog1, and yeast two-hybrid assays showed that all three proteins could interact with AcHog1. The interactions between AcHog1 and them are represented by using solid lines in Figure 10. RNA-seq results showed that the expression of genes related to conidial formation, such as SI65_02778 (AcbrlA), SI65_07477 (AcrodB), SI65_10255 (AcrodA) and other genes, was significantly reduced, indicating that Achog1 could regulate these genes to control the conidial development of A. cristatus. Consequently, Achog1 could respond to H2O2 stress by regulating the gene SI65_02778 (Acmsn4), which regulates the H2O2 stress response (Hasan et al., 2010). ypd1 and ssk1 were located upstream of hog1, and ptp2 and ptp3 were located downstream of hog1. When the Achog1 gene was deleted, the expression of ypd1, ssk1, and ptp2,3 was downregulated. We speculate that Achog1 can regulate the expression of these genes to affect conidia production and stress responses in A. cristatus, which requires further study. Therefore, it is represented by gray dotted lines in Figure 10. The results of GO enrichment analysis and KEGG analysis showed that both differentially expressed genes and differentially expressed proteins were significantly enriched in secondary metabolic pathways, and four genes were related to pigment synthesis, indicating that Achog1 also participates in secondary metabolism.



Conclusion

In conclusion, this report is the first to present a functional analysis of Achog1 encoding a Pkc-like superfamily in A. cristatus. Our data suggest that Achog1 plays a key role in positively regulating asexual sporulation, stress response, pH response and pigmentation. Pull-down combined mass spectrometry and RNA-seq data provide a foundation for future genetic and biochemical analyses, which will be required for regulatory mechanisms and links between the control of asexual development, stress sensing and secondary metabolism in A. cristatus.
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Lily (Lilium spp.) is one of the most famous ornamental flowers globally. Lily basal rot (also known as root rot or stem rot) and lily gray mold have seriously affected the yield and quality of lily, resulting in huge economic losses. In this study, bacterial strain E was isolated from a continuous lily cropping field. Strain E displayed high control efficiency against lily basal rot and gray mold, caused by Fusarium oxysporum and Botrytis cinerea respectively, and promoted the occurrence of scale bulblets. Strain E displayed strong inhibitory effects against several other plant pathogenic fungi and two pathogenic bacteria in dual culture and disc diffusion assays, respectively. Whole genome sequencing revealed that strain E contained a 3,929,247 bp circular chromosome with 4,056 protein-coding genes and an average GC content of 47.32%. Strain E was classified as Bacillus velezensis using genome-based phylogenetic analysis and average nucleotide identity and digital DNA–DNA hybridization analyses. A total of 86 genes and 13 secondary metabolite biosynthetic gene clusters involved in antifungal and antibacterial activity, plant growth promotion, colonization, nutrient uptake and availability were identified in the genome of strain E. In vitro biochemical assays showed that strain E produced siderophores, proteases, cellulases, biofilms, antifungal and antibacterial substances, and exhibited organic phosphate solubilization and swimming and swarming motility, which were consistent with the results of the genome analysis. Colonization analysis showed that strain E could colonize the root of the lily, but not the leaf. Overall, these results demonstrate that B. velezensis strain E can be used as a potential biofertilizer and biocontrol agent for lily production.

KEYWORDS
 lily basal rot, lily gray mold, Bacillus velezensis, genome analysis, plant growth promotion, biocontrol


Introduction

Lily (Lilium spp.) is a perennial bulbous flower belonging to the Liliaceae family. Owing to its large and colorful flowers, lily is one of the most famous ornamental flowers worldwide. China is one of the world’s largest producers of lily cut flowers. In recent years, diseases affecting lily have become increasingly serious because of continuous cropping. Lily basal rot (also known as root rot or stem rot) and lily gray mold have seriously affected the yield and quality of lily, and resulting in huge economic losses (Cui et al., 2018; He et al., 2019). Lily basal rot is a soil-borne disease that mainly affects the underground parts of plants and results in wilting, yellowing, and rotting of the bulbs. Fusarium oxysporum f. sp. lilii is the main pathogen that causes lily basal rot (Straathof and Löffler, 1994). Gray mold, caused by the fungus Botrytis cinerea, is a common fungal disease in flowers and one of the most serious diseases in Lilium (de Cáceres et al., 2015). Lily flowers infected by B. cinerea display white, brown, or light brown hygrophanous lesions, and even decay severely (Ma et al., 2018). Currently, chemical control methods are employed to control lily basal rot and lily gray mold. However, chemical control has shown dwindling effects because the pathogens are seed-borne or soil-borne, and pathogens develop resistance to the chemicals used (Harold et al., 1997; He et al., 2019). Simultaneously, the long-term, large-scale and repeated use of chemical pesticides has caused environmental pollution and safety problems in edible and medicinal lily. Therefore, pollution-free biological control is the preferred choice for controlling lily diseases.

Biocontrol has become a promising strategy for controlling various plant diseases (Zhang et al., 2017; Fan et al., 2018; Mao et al., 2020; Ding et al., 2021). To date, several biological control agents (BCAs) have been reported. However, only a limited number of strains can be commercialized, because storing and transporting BCAs as stable products is a difficult process (Fan et al., 2018; Ding et al., 2021). The Gram-positive Bacillus is one of the most important commercial BCAs because it can form long-lived, heat- and desiccation-resistant endospores (de Benito Armas et al., 2008; Fan et al., 2018). Some strains of Bacillus exhibit biological activity against plant pathogens, including bacteria, fungi, and nematodes, by secreting extracellular metabolites and enzymes (Rabbee et al., 2019; Miljakovi et al., 2020). Additionally, Bacillus strains can trigger induced systemic resistance (ISR) in plants to protect them from attacks by various plant pathogens (Fan et al., 2018; Miljakovi et al., 2020). In addition to being biocontrol agents, Bacillus strains can promote plant growth through diverse mechanisms, such as the production of 1-Aminocyclopropane-1-caroxylate deaminase (ACC), siderophores and phytohormones, and processes such as phosphate solubilization and nitrogen fixation (Bhattacharyya and Jha, 2012; Fan et al., 2018).

Bacillus velezensis is one of the most valuable BCAs in the genus Bacillus. B. velezensis was first isolated from environmental samples in 2005 (Ruiz-García et al., 2005). Based on the results of recent phylogenetic analyses, several Bacillus species, including all strains previously classified as B. velezensis, B. methylotrophicus, and B. amyloliquefaciens subsp. plantarum, have been reclassified as B. velezensis (Dunlap et al., 2016; Rabbee et al., 2019).

So far, many strains of B. velezensis have been reported to promote plant growth and control diseases in various plants, including shallot, soybean, lotus, walnut, Quercus, Japanese cypress, strawberry, sesame, apple, ginger, pepper, poplar, tomato, grape, tobacco, watermelon, wheat, maize, and cotton (Cai et al., 2017; Jiang et al., 2019; Aulia Rahma et al., 2020; Bayisa, 2020; Wang et al., 2020; Choub et al., 2021; Ding et al., 2021; Hamaoka et al., 2021; Han et al., 2021; Liang et al., 2021; Liu et al., 2021; Masmoudi et al., 2021; Moon et al., 2021; Sachin et al., 2021; Shin et al., 2021; Won et al., 2021; Adeniji and Babalola, 2022; Hong et al., 2022; Yuan et al., 2022). Although B. velezensis has attracted increasing attention as a beneficial microorganism, its application in the control of ornamental flower diseases has not yet been reported.

In this study, antagonistic bacteria against a wide range of fungal pathogens, including F. oxysporum and B. cinerea, were isolated from the soil. Among these, B. velezensis E had the widest spectrum of antifungal activity and exhibited the best control on lily basal rot and gray mold. B. velezensis E promoted plant growth and produced active substance, as was detected using plant growth and biochemical assays. Whole-genome analysis of strain E revealed the presence of genes involved in pathogens biocontrol and plant growth promotion. Overall, this research showed that B. velezensis E can potentially be used to control lily basal rot and gray mold and promote lily bulblet morphogenesis in scale propagation.



Materials and methods


Isolation and purification of bacteria from soil samples

Soil samples for bacterial isolation were obtained from approximately 5 cm below the soil surface in the continuous lily cropping field of Yanqing District, Beijing, China. Five grams of soil sample were suspended in 50 ml of sterile water and were incubated for 30 min at 28°C with shaking (150 rpm). After 10-fold serial dilutions, 0.5 ml of suspension was placed on Luria-Bertani (LB) plate and incubated at 28°C. Bacteria from the single colonies were further purified by streaking onto LB agar plates. Bacterial isolates were inoculated in LB broth medium and incubated overnight at 28°C and 180 rpm. After incubation, the isolates were mixed with an equal volume of 40% glycerol and stored at –80°C for further experimentation.



Antagonism assay against phytopathogenic fungi and bacteria

Bacterial isolates were assessed for antifungal activities against Fusarium oxysporum, Fusarium equiseti, Botrytis cinerea, Rizoctonia solani, Alternaria solani, and Phytophthora capsica using dual culture assay. A mycelium plug (0.5 cm diameter) of actively growing fungi was placed at the center of a Potato Dextrose Agar (PDA) plate. The suspension of bacterial isolates (OD600 = 1, 5 μl for each point) was then inoculated onto the PDA plate at three points at a distance of 2 cm from the mycelium plug, followed by growth at 28°C in the dark. Antifungal activity was evaluated using Singh’s method (Singh et al., 2013) until the mycelia of fungal pathogens grew to the edge of the Petri dish in the control. Three replicates were used for each treatment.

The antagonistic activities of the bacterial isolates against Xanthomonas arboricola and Pantoea agglomerans were determined using a disc diffusion assay with minor modifications (Durairaj et al., 2018). A total of 200 μl of overnight pathogenic bacterial culture grown in LB broth was evenly coated on the surface of the LB solid medium. Then, 5 μl of the fermentation suspension of bacterial isolates (OD600 = 1) was added to sterile filter paper with a diameter of 6 mm and placed on the culture medium with pathogenic bacteria. Sterile water was used as a negative control.



Inhibitory effect of bacterial culture filtrate (BCF) on spore germination, germ tube elongation, and mycelial growth of fungal pathogens

To prepare spore suspensions of fungal pathogens, 0.5 cm mycelial plugs of B. cinerea and F. oxysporum were placed on PDA medium and incubated at 28°C for 10 days. The fully sporulated fungal plate was washed with sterile distilled water containing 0.03% Tween 80 and gently scratched with sterile spatula. The spore suspension was filtered using sterile gauze and adjusted to 1 × 105 spores/ml by diluting with Potato Dextrose Broth (PDB).

To prepare BCF, a single colony of B. velezensis E was pre-inoculated in LB broth medium and incubated overnight at 28°C in a shaking incubator set at 180 rpm. Then, 100 μl of broth culture was inoculated into LB broth medium (100 ml) and incubated at 28°C and 180 rpm for 2 days. The bacterial suspension was then centrifuged at 12,000 rpm for 10 min. The bacterial supernatant was passed through 0.22 μm pore-size filter membranes to obtain a BCF without bacterial cells.

To estimate the inhibitory effect of BCF on fungal pathogens, the obtained BCF was added to the spore suspension of the fungal pathogens to obtain final concentration of 10% BCF. LB broth was added to the spore suspension of the fungal pathogen as a control. A mixture of fungal spores and BCF was incubated at 28°C and 180 rpm. Germination of 100 spores and germ tube lengths of 20 spores from each treatment were observed and recorded after 10 h. Morphological changes in the fungal hyphae were observed and photographed after incubation for 3 days. The fungal hyphae were harvested using Whatman No.1 filter paper after the mixture of fungal spores and BCF was incubated for 2 days and then dried at 60°C for 2 days, followed by the measurement of dry weight of hyphae.



Identification of bacterial isolate by 16S rDNA sequence analysis

Genomic DNA was extracted from the isolate using the Bacteria Genomic DNA Extraction Kit (Tiangen Corporation Ltd., Beijing, China) according to the manufacturer’s instructions. For 16S rRNA gene amplification, genomic DNA was amplified using the universal bacterial primers F27 (5′-AGAGTTTGATCCTGGCTGGCTCAG-3′) and R1492 (5′ -TACGGCTACCTTGTTACGACTT-3′). The PCR mix contained 2 μl of DNA template (100 ng/μl), 2 μl each of F27 and R1492 (10 μm), 25 μl of 2 × Taq PCR Green Mix (Ding-guo Changsheng Corporation Ltd., Beijing, China), and topped to a final volume of 50 μl using RNase-free water. The PCR reaction mix was incubated at 94°C for 5 min, and then 94°C for 1 min, 55°C for 1 min, 72°C for 2 min for 30 cycles, followed by a final extension at 72°C for 10 min. The PCR product was verified by agarose gel electrophoresis and purified using a TIANgel Midi Purification Kit (Tiangen Corporation Ltd., Beijing, China) according to the manufacturer’s instructions. The purified product was cloned into the pTOPO-TA simple vector (Aidlab Corporation Ltd., Beijing, China) and sequenced at BGI (Shenzhen, China). The obtained sequence (about 1,500 bp) was aligned to the GenBank database using NCBI BLAST.



Evaluation of biocontrol activities and plant growth-promoting traits of bacterial strain in vitro

Siderophore production: The Chrome Azurol S (CAS) assay was used to detect siderophore production (Pérez-Miranda et al., 2007). All glassware used for the detection of siderophores was washed with 6 M HCl (Esmaeel et al., 2016). Ten microliters of freshly grown bacterial culture was inoculated on CAS agar plates, followed by incubation at 28°C for 4 days. The formation of a yellow-orange halo around the bacterial colony indicated siderophore production. Fresh LB broth without bacteria was used as a negative control.

Phosphate solubilization: Inorganic phosphorus (IP medium) and organic phosphorus solid medium (OP medium) were used to determine inorganic and organic phosphate solubilization, respectively (Teng et al., 2019). Ten microliters of freshly grown bacterial culture was inoculated on IP or OP medium, followed by incubation at 28°C for 4 days. The formation of a halo zone around the bacterial colony in IP or OP medium indicated inorganic or organic phosphate solubilization.

Proteolytic activity: Skim milk agar plates were used to test the ability of antagonistic bacteria to produce protease. This experiment was performed using a previous described procedure with minor modifications (Adhikari et al., 2017). The bacteria were dipped from freshly grown single colonies with sterile toothpicks and inoculated onto skim milk agar plates, followed by incubation at 28°C for 2 days. The development of a clear halo around the bacterial colony indicated protease production.

Cellulase production: Carboxymethyl cellulose (CMC) agar was used to determine the ability of antagonistic bacteria to produce cellulase; this experiment was performed using a previously described method with minor modifications (Syed-Ab-Rahman et al., 2018). The bacteria were dipped from freshly grown single colonies with sterile toothpicks and inoculated onto CMC agar plates, followed by incubation at 28°C for 4 days. The Congo red solution (1 g/l) was poured onto the surface of the plate for 60 min. Finally, unbound Congo red was removed by rinsing the plate with NaCl solution (1 M). The formation of a clear halo around the bacterial colony confirmed cellulase production.

Motility assay: The swarming and swimming motility of antagonistic bacteria were analyzed using previously reported methods (Ding et al., 2021; Thomloudi et al., 2021). A total of 10 ml of bacteria were grown to mid-log phase at 28°C in LB broth, centrifuged at 4,000 rpm, and resuspended in 100 μl of PBS. Subsequently, a 5 μl drop of bacterial suspension was inoculated at the center of freshly prepared LB plates containing 0.7 or 0.3% agar for swarming and swimming assays. After incubation at 30°C for 8 h, the appearance of a bacterial zone was observed.

Biofilm production: The ability of antagonistic bacteria to form biofilms was determined according to Rondeau’s method (Rondeau et al., 2019) with slight modifications. The antagonistic bacteria were inoculated into 5 ml of LB broth and incubated overnight at 28°C. The bacterial culture was diluted to an OD 600 of 0.2 with LB broth and added to a sterile polypropylene tube (300 μl per tube). After incubation at 28°C for 1 day without agitation, the medium was removed and washed with distilled water thrice. Subsequently, 600 μl of 1% (w/v) crystal violet was added to each tube and incubated at room temperature for 30 min. The crystal violet was removed from the tube by rigorous washing with distilled water thrice. Following this, 1.2 ml of 100% methanol was added to each tube. After incubation for 30 min, the biofilm formation was quantified by measuring the absorbance at 540 nm. Five replicates were used for each treatment.



Genome sequencing, assembly, annotation, and analysis

The genomic DNA of strain E was extracted using the cetyltrimethylammonium bromide (CTAB) method (Wilson, 2001). The concentration of genomic DNA was determined using a Qubit fluorometer (Invitrogen, United States). Sample integrity and purity were detected using electrophoresis on 1% agarose gel and NanoDrop 2000 Spectrophotometer (Thermo Scientific, United States). The genome of strain E was sequenced using the PacBio sequel II and DNBSEQ platforms at the Beijing Genomics Institute (BGI, Shenzhen, China). After removing low-quality raw reads using SOAPnuke (v1.5.6; Chen et al., 2018), high-quality reads were assembled into a corrected circular consensus sequence using Canu (v1.5; Koren et al., 2017), Proovread (Hackl et al., 2014), and GATK.1 Gene prediction was performed on the assembled genome sequence of strain E using glimmer32 with Hidden Markov. tRNAscan-SE (Lowe and Eddy, 1997), RNAmmer (Lagesen et al., 2007), and the Rfam database3 were used to identify tRNA, rRNA, and sRNAs. Tandem repeat annotation was performed using the Tandem Repeat Finder,4 and minisatellite DNA and microsatellite DNA were selected based on the number and length of repeat units. Functional annotation was accomplished by analysis of protein sequences. To obtain their corresponding annotations, all genes from strain E were aligned with different databases, including the Kyoto Encyclopedia of Genes and Genomes (KEGG), Clusters of Orthologous Groups (COG), Non-Redundant Protein Database databases (NR), Swiss-Prot, Gene Ontology (GO), and InterPro using Diamond software.

The phylogenetic identity of strain E was established by calculating digital DNA–DNA hybridization (dDDH) using the genome-to-genome distance calculator website service (GGDC 2.1; Meier-Kolthoff et al., 2013)5 and orthologous average nucleotide identity (OrthoANI) using the web service EzBioCloud (Yoon et al., 2017).6 The OrthoANI values 95–96% and dDDH values 70% were considered as species delineation threshold values (Meier-Kolthoff et al., 2013; Yoon et al., 2017). Phylogenomic analysis of strain E was carried out using the Type (strain) Genome Server7 and the tree was generated using FastME 2.1.6.1 (Lefort et al., 2015) from GBDP distances calculated from genome sequences.

Biosynthetic gene clusters (BGCs) of potential antimicrobial compounds were identified by antiSMASH 6.08 and BAGEL 4 (van Heel et al., 2018; Blin et al., 2021).9 BGCs that shared less than 70% amino acid identity with known clusters were considered as novel (Petrillo et al., 2021).



Biocontrol evaluation of strain E against basal rot and gray mold of lily

The seedlings of Lilium ‘siberia’ from scale cutting propagation were used to evaluate the control effect of strain E on lily base rot. The seedlings were planted in plastic pots (15 cm diameter, 15 cm height) containing peat moss at 25°C/20°C over a 16/8 h light/dark period. The pathogen F. oxysporum (accession number: OP216527) was isolated from lily plants with typical symptoms of lily basal rot and was conserved in the Lily Breeding Laboratory, College of Landscape Architecture, Beijing University of Agriculture (Li et al., 2016). Fusarium oxysporum spores were prepared according to the aforementioned method, and the spore suspension was adjusted to 1 × 106 spores/ml by diluting with sterile water. The seedlings of Lilium ‘siberia’ with a bulb diameter of about 1.5 cm were used for F. oxysporum and isolated strains inoculation. For each treatment, nine pots with one seedling in each pot were used for inoculation. After adding 40 ml of bacteria suspension (OD600 = 1) of strain E to the plant root for 3 days, each seedling was inoculated with 40 ml of suspension of F. oxysporum spore. The seedlings were inoculated with sterile water as control group. The symptoms of lily basal rot were recorded 6 weeks after inoculation. Disease severity was scored on a scale of 0–5 according to Shahin’s method (Shahin et al., 2011) with slight modifications: 0, health; 1, slight decay; 2, moderate decay; 3, severe decay; 4, very severe decay; 5, completely rotten. Disease incidence was calculated according to Ding’s method (Ding et al., 2021). Disease index (DI) was calculated using the following formula:
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where N is the number of plants at each scale, DS is the disease scale, and T is the total number of plants. The relative biocontrol efficacy of the bacterial strains was calculated according to the following equation (Purkayastha et al., 2018):

[image: image]

To evaluate the ability of strain E to control gray mold in lily, leaves were excised from Lilium ‘siberia’ at the mature flowering stage and disinfected for 30 s in 75% (v/v) alcohol, followed by rinsing with sterile water thrice. Sterilized leaf segments were placed in Petri dishes with sterile gauze for moisturization. Five microliters of suspension of strain E (OD600 = 1) containing 0.03% Tween 80 were dropped to near the center of the leaf segment. Sterile water containing 0.03% Tween 80 was used as a negative control. The pathogen Botrytis cinerea (accession number: OP216528) was isolated from lily plants with typical symptoms of gray mold and conserved in the Lily Breeding Laboratory. Mycelium plugs (0.5 cm in diameter) of Botrytis cinerea excised from the actively growing edge of the colonies were inoculated onto the center of the leaf segments. Each treatment consisted of three replicates, and each replicate consisted of three leaf segments per plate. Inoculated leaf segments were incubated at 25°C/20°C (16 h/8 h, light/dark). Lesion diameter (LD) at the site of inoculation was measured using the average X and Y lengths after 4 days of incubation. The relative biocontrol efficacy of strain E was calculated using the following equation:
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Promoting effect of strain E on the occurrence of scale bulblets

Suspensions of strain E were prepared according to the above method and adjusted to 1 × 106 CFU/ml, 1 × 107 CFU/ml, and 1 × 108 CFU/ml using sterile water. Lily scales were disinfected in 2% sodium hypochlorite solution for 5 min, followed by rinsing with sterile water thrice. Sterilized lily scales were planted in sterilized peat, which was inoculated with 200 ml bacterial suspension per kg of peat. Sterile water was used as a negative control. After 7 weeks of growth at 22°C in the dark, the diameter, root length, and weight of scale bulblets were recorded. Each treatment consisted of three replicates, and each replicate consisted of three lily scales in one pot.



Construction of GFP-labeled strain E and colonization assay

The plasmid pGFP78, an Escherichia coli–Bacillus subtilis shuttle vector containing the GFP gene controlled by the GFP78 promoter, was electroporated into B. velezensis strain E, according to a previously reported method (Zhang et al., 2017; Ding et al., 2021). GFP-labeled B. velezensis strain E was selected on LB agar medium supplemented with tetracycline (10 μg/ml) and examined using a fluorescence microscope (Zeiss Axio Scope.A1, Carl Zeiss, Jena, Germany).

Suspensions of GFP-labeled strain E (1 × 10 9 CFU/ml) were prepared according to the aforementioned method. The Lilium ‘Siberia’ bulbs were soaked in the suspension of GFP-labeled strain E for 60 min. Sterile water was used as control. Each treatment consisted of three replicates, and each replicate consisted of three plantlets. The root colonization of strain E was detected using previously reported methods with minor modifications (Thomas, 2004; Valdameri et al., 2015; Zhang et al., 2022). To evaluate the epiphytic colonization ability of strain E, 1 g of the lily root from plantlets was collected, cleaned with sterilized water to remove the peat on the root surface, and then agitated in a vortex for 1 min in 5 ml of sterilized water containing 0.03% Tween 80 seven days after inoculation. To evaluate the endophytic colonization ability of strain E on lily root, 1 g of root was disinfected by washing for 30 s in 75% ethanol solution and 3 min in 5% NaClO solution, rinsed three times with sterilized water, and then ground in a sterile mortar and suspended in 9 ml of sterile water. The bacterial suspension obtained was serially diluted and plated on LB agar plates containing tetracycline (10 μg/ml). After incubation overnight at 28°C, the number of bacteria (CFUs) was counted and recorded.

Lilium ‘siberia’ seedling planted for 2 months were used to evaluate the ability of leaf colonization of strains E. The leaves of lily seedlings were sprayed with bacterial suspension (1 × 10 9 CFU/ml) of GFP-labeled strain E with 0.03% Tween 80. Sterile water was used as control. Each treatment consisted of three replicates, and each replicate consisted of three seedlings. The leaves were surface washed with sterilized water and dried on sterilized filter paper 7 days after inoculation. Then, 1 g of leaf from each seedling was ground in a sterile mortar and suspended in 9 ml of sterile water. The suspension was diluted tenfold with sterile water and plated on LB agar plates with tetracycline (10 μg/ml), followed by overnight incubation at 28°C for colony count (CFUs).



Statistical analysis

The data obtained in the study were analyzed using the statistical software SPSS 19.0 (SPSS Inc., Chicago, IL, United States). Duncan’s multiple range test was performed to determine significant differences among the mean values (p < 0.05).




Results


Isolation and identification of antagonistic bacteria against Fusarium oxysporum

Seven bacterial isolates with antagonistic activity against F. oxysporum were obtained. The mycelial growth inhibition rate of these bacterial isolates ranged from 42.7 to 86.0% using dual culture assay. Among these, strain E exhibited the highest antifungal activity against F. oxysporum (Table 1). The cell-free supernatants of strain E inhibited spore germination, germ tube length and hyphal dry weight of F. oxysporum (Figures 1A–C), and caused swelling of hyphae (Figure 2). Strain E was classified as Bacillus verezensis based on the BLASTn analysis of the 16S rRNA gene sequence. It shared more than 99% identity with several Bacillus verezensis strains.



TABLE 1 In vitro antagonistic activity of bacterial strains isolated from soil against Fusarium oxysporum.
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FIGURE 1
 Growth inhibition of Fusarium oxysporum and Botrytis cinerea by cell-free supernatants of B. verezensis strain E. (A–C) Fusarium oxysporum. (D–F) Botrytis cinerea. (A,D) Rate of spore germination. (C,E) Germ tube length. (D,F) Hyphae dry weight. LB broth was added to the spore suspension of the fungal pathogen as a control. Asterisks indicate significant difference according to Duncan’s multiple range test. (**p < 0.05).
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FIGURE 2
 Morphological changes observed in hyphae of fungal pathogens after treatment with strain E. LB broth was used as a control.




Antagonistic activity of isolated bacteria against other plant pathogenic fungi and bacteria

Using a dual culture assay, all seven bacterial strains tested against F. oxysporum were found to display antifungal activity against five economically important fungal pathogens of landscape plants. Among them, B. verezensis E had the widest spectrum of antifungal activity and exhibited a good inhibitory effect on Fusarium equiseti, Botrytis cinerea, Rizoctonia solani, Alternaria solani, and Phytophthora capsica, with percentage of growth inhibition ranging from 86.1 to 97.7% (Figure 3A). The phenomena of death, winding, curling, knotting or swelling of the hyphe of F. equiseti, B. cinerea and A. solani were observed after treatment with cell-free supernatants of strain E (Figure 2). The cell-free supernatants of strain E inhibited spore germination, germ tube length, and hyphal dry weight of B. cinerea (Figures 1D–F). The disc diffusion method was used to investigate the in vitro antagonistic effects of strain E on two economically important bacterial pathogens, Xanthomonas arboricola, and Pantoea agglomerans (Yang et al., 2011; Lamichhane, 2014; Fan et al., 2022). After 24 h of incubation, clear inhibition zones around the colonies of strain E were observed on LB plates coated with Xanthomonas arboricola and Pantoea agglomerans (Figure 3B).
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FIGURE 3
 Antagonistic activities of isolated bacterial strains against economically important fungal and bacterial pathogens. (A) Antagonistic activity of seven bacterial strains against five fungal pathogens using dual culture assay. Three replicates of each treatment were used. Fungal pathogens cultured on PDA plates was used as control. Bars labeled with different letters indicate significant difference (p < 0.05) according to Duncan’s multiple range test. (B) Antagonistic activity of strain E against two bacterial pathogens using disc diffusion assay. Sterile water was used as a control.




Effects of Bacillus verezensis E on controlling lily basal rot and gray mold

Three bacterial strains (E, 11, and Z1) with the highest antagonistic activity against F. oxysporum were selected to evaluate their ability to control lily basal rot in greenhouses. Strain E exhibited the highest disease control efficacy (80.2%). The disease control efficacies of strains 11 and Z1 were only 54.2 and 64.0%, respectively (Figures 4A–C). The biocontrol activities of B. verezensis E against lily gray mold were further evaluated using in vitro detached leaf assays. Lily leaves from the control group showed spot symptoms 24 h after inoculation with B. cinerea. However, the lily leaves treated with strain E did not show disease symptoms until 48 h after inoculation. The diameter of disease spots in leaves treated with strain E was significantly smaller than that of the control 4 days after inoculation with B. cinerea. Therefore, the disease control efficacy of B. verezensis strain E could reach 83.0% (Figures 4D,E).
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FIGURE 4
 Efficacy of isolated bacterial strains in controlling lily basal rot and gray mold caused by F. oxysporum and B. cinerea, respectively. (A) Lily basal rot. (B) Lily gray mold. (C) Disease index and (D) control efficacy of bacterial strains against lily basal rot. Bars labeled with different letters are significantly different (p < 0.05) according to Duncan’s multiple range test. (E) Lesion diameter of lily leaf after treatment with ddH2O and strain E. Asterisks indicate statistically significant difference according to Duncan’s multiple range test. (**p < 0.05).




Bacillus verezensis E promotes the occurrence of scale Bulblets

After the lily scales were treated with a bacterial solution of strain E for 6 weeks, the diameter, root length, and fresh weight of scale bulblets in the treatment groups were larger than those in the control group (Figures 5A–D). Among the scales treated with 1 × 107 CFU/ml bacterial suspension product, the scale bulblets had the heaviest fresh weight, largest diameter, and longest root (Figures 5B–D).
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FIGURE 5
 Strain E promotes the occurrence of scale bulblets. (A) The occurrence of scale bulblets after treatment with 1 × 106 CFU/ml, 1 × 107 CFU/ml, and 1 × 108 CFU/ml bacterial suspension. (B) Diameter of scale bulblets. (C) Root length of scale bulblets. (D) Fresh weight of scale bulblets. Sterile water was used as a control. Bars labeled with different letters are significantly different (p < 0.05) according to Duncan’s multiple range test.




Evaluation of biocontrol activities and plant growth stimulating traits of Bacillus verezensis E in vitro

Some traits related to biocontrol and plant growth were also detected in strain E. It produced siderophores, proteases and cellulases (Figures 6A,C,D). A very slight halo zone around the bacterial colony in the organic phosphorus solid medium showed that strain E could slightly solubilize organic phosphate (Figure 6B), but not inorganic phosphate (data not shown). The strain E displayed excellent swimming motility, and the plate was almost fully covered by the swimming cells after incubation at 30°C for 11 h (Figure 6E). It also exhibited swarming motility, showing a swarming zone of 3.5 cm diameter after incubation at 30°C for 11 h (Figure 6F), and could completely cover the plate in 33 h. In addition, the crystal violet staining assay showed that strain E formed biofilms in polypropylene tube (Figure 7A).
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FIGURE 6
 Plant growth promoting and environmental fitting traits of strain E. (A) Siderophore production. (B) Organic phosphate solubilization. (C) Protease production. (D) Cellulase production. (E) Swimming motility. (F) Swarming motility. All assays were performed in three or five repetitions in three independent experiments.
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FIGURE 7
 Assays of colonization and biofilm formation of strain E (A) Evaluation of the biofilm-forming capacity by crystal violet staining. LB broth was used as a control. Epiphytic (B) and endophytic (C) colonization of GFP-labeled strain E on the lily root. Sterile water was used as a control. Asterisks indicate statistically significant differences according to Duncan’s multiple range test. (**p < 0.05).




Colonization of Bacillus verezensis E on lily root and leaf

To investigate root and leaf colonization of B. velezensis strain E, a GFP-labeled strain E was constructed. GFP-labeled strain E exhibited strong colonization activity on the lily root. For epiphytic colonization, the GFP-labeled strain E (1.8 × 106 CFU per gram root) was isolated on the root surface at 7 days after inoculation (Figure 7B). For endophytic colonization, the density of GFP-labeled strain E was 0.5 × 106 CFU per gram of surface-disinfected root (Figure 7C). However, no colonies of GFP-labeled strain E were detected from the lily leaves using our method (data not shown). Therefore, the density of GFP-labeled strain E was less than 100 CFU per gram of leaf after inoculation for 7 days.



Sequencing and analysis of Bacillus verezensis E genome

To investigate the biocontrol mechanisms of B. velezensis strain E, its complete genome was sequenced and analyzed. The genome sequence of strain E consisted of a complete circular chromosome (Figure 8), which was 3,929,247 bp in size, and had a GC content of 47.32%. No plasmid was detected in strain E. The whole genome of strain E contained 4,056 protein-coding genes (88.76% of the genome length), 27 tRNA, 86 rRNA genes, and 272 repeat elements. The total length of protein-coding genes was 3,487,731 bp with an average length of 859.89 bp (Table 2).
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FIGURE 8
 Genomic completion map of strain E. The size and scale of genome is shown in the outermost circle. Outer to inner rings represent forward and reverse strand genes annotated according to COG, forward and reverse strand ncRNA, repeat, GC content and GC-SKEW.




TABLE 2 Statistics of strain E genome assembly.
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Previously, strain E was identified as B. velezensis based on 16S rDNA gene sequences. To further verify this classification, the whole genome sequence of strain E was compared with those of other Bacillus strains using the Type (strain) Genome Server. Strain E was found to belong to B. velezensis (Figure 9). Strain E was further compared with other closely related Bacillus strains at the genome level using ANI and dDDH analyses. The OrthoANI (98.73, 98.22, 98.56, and 98.20%) and dDDH (89.0, 84.7, 84.6, and 84.3%) values between strain E and four Bacillus velezensis strains were higher than the published species thresholds (95–96% for OrthoANI, 70% for dDDH; Table 3; Meier-Kolthoff et al., 2013; Yoon et al., 2017). Because the analysis results from the ANI and dDDH methods were consistent with those from the genome-based phylogenetic analysis, strain E was classified as B. velezensis.
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FIGURE 9
 Sequence-based phylogenomic tree of strain E constructed on TYGS. Type strains are indicated by T. Reference sequences were obtained from the GenBank database. Bootstrapping was performed using 1,000 replicates.




TABLE 3 Pairwise dDDH and orthoANI values between strain E and other Bacillus strains.
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Analysis of biosynthetic gene clusters of secondary metabolites in Bacillus verezensis E

To better understand this antagonistic activity, BGCs of secondary metabolites were predicted and located in the genome of strain E using antiSMASH. Twelve putative BGCs with potential antimicrobial activities were identified. Among them, seven BGCs encoding synthetases of surfactin, macrolactin H, bacillaene, fengycin, difficidin, bacillibactin and bacilysin were highly homologous to those of known compounds in the MiBIG database and had similar gene structures to other B. velezensis strains (Table 4; Supplementary Figure 1). The remaining five BGCs involved in the biosynthesis of terpenes, PKS-like, T3PKS, and lanthipeptide-class-ii did not match the clusters of known compounds in the MiBIG database (Table 4). However, they were common in other B. velezensis strains based on ClusterBlast analysis of antiSMASH, with more than 95% gene similarity (Supplementary Figure 1).



TABLE 4 Analysis of secondary metabolite biosynthetic gene clusters (BGCs) in strain E.
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To detect potential novel bacteriocin BGCs, the genome sequence of B. velezensis strain E was mined using the BAGEL4. Three areas of interest (AOI) were predicted to produce potential bacteriocins (Supplementary Figure 2). Among them, bacteriocin BGCs from AOI_01 and AOI_03 corresponded to those of regions11 and region 4 from antiSMASH analysis, respectively. AOI_02, encoding LCI, was identified using BAGEL4 instead of antiSMASH. One product of AOI_03, which shared ≤ 70% of similarity with known sequences in BAGEL4 database, were classified as novel bacteriocin (Supplementary Figure 2).



Analysis of Bacillus verezensis E genes involved in colonization, plant growth, and biological control

The genes involved in biocontrol, plant growth, and colonization were identified in strain E (Supplementary Table 1). To exert beneficial effects on plants, bacteria must colonize the plants. Many studies have demonstrated that bacterial colonization depends on their motility, chemotaxis, and biofilm formation abilities (Beauregard et al., 2013; Allard-Massicotte et al., 2016; Xu et al., 2019). A set of genes involved in biofilm matrix formation (epsA-O, tapA-sipW-tasA, and bslA) and regulation (spo0A, sinI, sinR, ylbF, ymcA, and yaaT) were identified from the genome of strain E. Bacteria must adhere to plant surfaces before biofilm formation (Xu et al., 2019). The genome of strain E contained a complete set of genes implicated in chemotaxis and motility, including cheR, cheV, hfq, motA, motB, swrA, and swrB, six genes encoding methyl-accepting chemotaxis proteins, and 30 genes in the fla/che operon (EGL001674-EGL001705). Beneficial bacteria can promote plant growth and development by improving the solubilization of mineral nutrients and synthesizing specific compounds to promote plant growth (Bhattacharyya and Jha, 2012; Aeron et al., 2020; Samaras et al., 2021). Multiple genes associated with plant growth-promoting activity in strain E were predicted, including the production of indole-3-acetic acid (IAA)(trpABFCDE operon, dhaS, and ysnE), siderophores (dhbF, dhbB, dhbE, entC, and entA), organic phosphorus mineralization (phoA, phoB, phoD, phoR, phoP, and pstB), and nitrogen metabolism (nos, narGHJI operon, nasA, nirD, nirB, and nirK).




Discussion

Lily basal rot and lily gray mold are important diseases that endanger lily production (Cui et al., 2018; He et al., 2019). Although biological control has been widely used to control many plant diseases, the biological control of lily diseases has not been extensively studied. Previously, one endophytic fungus, Acremonium sp., and three endophytic bacteria, Bacillus velezensis Lle-9, Bacillus stratosphericus LW-03, and Paenibacillus polymyxa SK1, were isolated from Lilium davidii, Lilium leucanthum, Lilium wardii, and Lilium lancifolium, respectively, all of which showed antifungal effects against Fusarium oxysporum, Botrytis cinerea, Botryosphaeria dothidea, and Fusarium fujikuroi in vitro (Khan et al., 2020a,b,c, 2021). These four microorganisms promoted lily growth, including increases in plant height, leaf length, and root length, which were significantly higher than those of the non-inoculated control plants. However, the effects of these four antagonistic microorganisms on diseases affecting lily have not been studied. In the present study, a new biocontrol, B. velezensis strain E, with broad-spectrum antimicrobial activity against filamentous fungi and Gram-negative bacteria, was isolated from a continuous lily cropping field. Strain E could effectively control gray mold and basal rot of lily in greenhouse experiments and in vitro detached leaf assays, respectively. The scale cutting propagation of lily is a low-cost and easy operation; however, it has a low propagation coefficient and bulblet formation is slow (Sun et al., 2009). In this study, B. velezensis strain E could effectively promote in vitro regeneration of bulblets by scale cutting, which is an important way to produce lily bulbs. Hence, B. velezensis strain E could potentially be used not only as a BCA for lily to control basal rot and gray mold disease, but also as a microbial fertilizer in lily production.

Bacillus species, which are widely distributed in the environment, have been extensively studied, because they can produce biologically active secondary metabolites that inhibit pathogen growth and promote plant growth (Zahir et al., 2003; Rabbee et al., 2019). Bacillus velezensis, a latetype isoform of B. amyloliquefaciens, is a new type of biocontrol bacterium (Dunlap et al., 2016; Yan et al., 2021). Bacillus velezensis has wide-spectrum biological activities against various plant pathogens, such as Phytophthora infestans, Pectobacterium carotovorum, Glomerella glycines, Rhizoctonia solani, Alternaria alternate, and Blumeria graminis (Cai et al., 2017; Saravanan et al., 2021; Yan et al., 2021; Htwe Maung et al., 2022). However, there is no report of the antagonistic effect of B. velezensis on Fusarium equiseti, Xanthomonas arboricola, and Pantoea agglomerans. Among them, Pantoea agglomerans can cause bacterial shot-hole disease of plum, bacterial soft rot of Dioscorea opposita, blight disease on Solanum muricatum and oat, necrotic disease on Ziziphus jujuba, brown apical necrosis of walnut, and bacterial shot-hole disease of plum (Yang et al., 2011; She et al., 2019; Moloto et al., 2020; She et al., 2021; Fan et al., 2022; Wang et al., 2022). Xanthomonas arboricola can cause bacterial canker and spot and bacterial blight diseases of stone fruit, almond, and walnut trees, respectively (Lamichhane, 2014). Both of them are economically important bacterial pathogens and cause huge economic losses. In this study, B. velezensis strain E could effectively antagonize these pathogens. Our results provide a potentially microbial resource for the biocontrol of diseases caused by these pathogens.

To exert beneficial effects on plants, bacteria must colonize the plant. The GFP-labeled B. velezensis E could not be clearly distinguished from the roots and leaves of lily using confocal microscopy because of the autofluorescence of lily roots and leaves. Therefore, antibiotics were added to the plates to determine the colonization density of GFP-labeled strain E in the lily roots and leaves. In this study, lily roots could be colonized epiphytically and endophytically by strain E after 7 days of inoculation. This result was consistent with the previous report (Synek et al., 2021). In that study endophytic colonization of Arabidopsis root was found to occur by the passive and active entry of a beneficial endophyte Enterobacter sp. SA187. And the endophyte SA187 could be attracted to the meristematic zone of growing roots and colonized epiphytically in the elongation zone. Therefore, we believe that strain E is an endophytic bacterium. Although the fermentation suspension of strain E had a good control effect against Botrytis cinerea in in vitro detached leaf assays, it could not be detected on lily leaves in the colonization experiment. However, the BCF of strain E has a strong destructive effect on Botrytis cinerea; therefore, the practical application effect of strain E on controlling lily gray mold must be studied further.
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Introduction: Theobroma cacao, the cocoa tree, is a target for pathogens, such as fungi from the genera Phytophthora, Moniliophthora, Colletotrichum, Ceratocystis, among others. Some cacao pathogens are restricted to specific regions of the world, such as the Cacao swollen shoot virus (CSSV) in West African countries, while others are expanding geographically, such as Moniliophthora roreri in the Americas. M. roreri is one of the most threatening cacao pathogens since it directly attacks the cacao pods driving a significant reduction in production, and therefore economic losses. Despite its importance, the knowledge about the microenvironment of this pathogen and the cocoa pods is still poorly characterized.

Methods: Herein we performed RNA sequencing of spores in differential stages of culture in a medium supplemented with cacao pod extract and mycelium collected of the susceptible variety ICT 7121 naturally infected by the pathogen to evaluate the diversity and transcriptional activity of microorganisms associated with the in vitro sporulation of M. roreri.

Results: Our data revealed a great variety of fungi and bacteria associated with M. roreri, with an exceptional diversity of individuals from the genus Trichoderma sp. Interestingly, the dynamics of microorganisms from different kingdoms varied proportionally, suggesting they are somehow affected by M. roreri culture time. We also identified three sequences similar to viral genomes from the Narnaviridae family, posteriorly confirmed by phylogenetic analysis as members of the genus Narnavirus. Screening of M. roreri public datasets indicated the virus sequences circulating in samples from Ecuador, suggesting a wide spread of these elements. Of note, we did not identify traces of the viral sequences in the M. roreri genome or DNA sequencing, restricting the possibility of these sequences representing endogenized elements.

Discussion: To the best of our knowledge, this is the first report of viruses infecting the fungus of the genus Moniliophthora and only the third description of viruses that are able to parasite elements from the Marasmiaceae family.

KEYWORDS
 Theobroma cacao, microbiota, metatranscriptomics, frosty pod rot disease, virus, narnavirus, fungi


1. Introduction

Theobroma cacao L. (Malvaceae) is a tropical plant native to the Amazon, which grows naturally in the shade of tropical forests (Motamayor et al., 2002; Garcia et al., 2018). The genus Theobroma is constituted of 22 species, of which, the ones of economic importance are Theobroma cacao L. and Theobroma grandiflorum as they provide the raw material for chocolate production and other food industries (Bartley, 2005). In addition to many health benefits (Franco et al., 2013), the flavonoids in cocoa enter and build up in the parts of the brain responsible for memory and learning (Shahanas et al., 2019), consuming cocoa-derived products may also activate modifications in redox-sensitive signaling pathways that control gene expression and immunological response (Katz et al., 2011). For this reason, cocoa is classified as one of the most important commodities worldwide responsible for improving the economic livelihoods of farmers (Osorio-Guarín et al., 2020).

Chocolate has great demand and acceptance globally, however, its supply depends on the cultivation of cacao in favorable climatic conditions and low incidence of pests and diseases (Dantas Neto et al., 2005; Evans et al., 2013). Phytopathogenic fungi are one of the primary disease agents that attack cocoa plantations in tropical countries (Dos Santos et al., 2017). One example is frost pod rot (FPR), caused by Moniliophthora roreri, a hemibiotrophic basidiomycete belonging to the Marasmiaceae family (Aime and Phillips-Mora, 2005). This species is usually found infecting fruits of the plant genera Herrania and Theobroma (Bailey et al., 2018), impacting especially cocoa beans that can lead to yield losses of up to 80% (Hidalgo et al., 2003; Sánchez et al., 2012). In South American countries, the witches’ broom disease of cacao (WBD) caused by the fungi Moniliophthora perniciosa figure as one of the major threats to cocoa production that results in significant yield and economic losses (Marelli et al., 2009; Teixeira et al., 2015), ranging from 50 to 90% in affected regions (Meinhardt et al., 2008). Indeed, WBD has caused significant crop losses, especially in Brazil, where the yield of cacao dropped by more than 70% in the 10 years after the disease first appeared (Teixeira et al., 2014).

The origin of M. roreri occurred in Colombia, and then migrated to Ecuador and spread to other regions, such as Venezuela, Peru, and Central American countries (Phillips-Mora et al., 2007). The last report of the presence of the disease in an invasive profile had been in Jamaica (Johnson et al., 2017). Of note, the first outbreak of the disease in Brazil was recently described in the city of Cruzeiro do Sul (Acre state), with symptomatic plants identified, and, posteriorly, the presence of the fungi pathogen validated by the Federal Laboratory for Agricultural Defense – Goiânia (AGROLINK, 2021).

Other fungal pathogens also cause losses in cocoa. For example, the species Phytophthora megakarya in West Africa presents a threat to the crop in other regions due to its high virulence (Marelli et al., 2019). The fungus Ceratocystis cacaofunesta is one of the most aggressive pathogens impacting cocoa production in different countries, leading to the destruction of large numbers of Theobroma crops (Mora-Ocampo et al., 2021). Anthracnose, a disease caused by Colletotrichum spp., is a limiting factor in production and the causal agent of this disease has been reported in different countries, as in Ghana an anthracnose outbreak covered a cultivated area of 248.47 hectares, leading to losses (Asare et al., 2021), or in Brazil, in which Colletotrichum aeschynomenes was identified in October 2016 colonizing cocoa plants (Nascimento et al., 2019). Moreover, many cocoa-producing countries in West Africa, have been infected by viral diseases such as cocoa swollen stem disease (CSSD) caused by the Cocoa swollen shoot virus (CSSV; Abrokwah et al., 2016).

Due to the number of pathogens described infecting T. cacao, many studies have proposed to investigate the microbiota associated with the infected plant as well as to assess the potential of endophytes as agents for biological control of these pathogenic agents. A previous study in the Equatorial Amazon characterized the microbiota of cacao plants based on morphological criteria identifying several species from the genera Cyliindrocladium, Dichobotrys, Moniliophthora, Colletotrichum, and Phytophthora (Carrera-Sánchez et al., 2016). In addition, a study using morphological characteristics and ribosomal DNA sequencing focused on the branch part of cacao plants also revealed a great diversity of endophytic fungi by including the presence of species from the genera Acremonium, Blastomyces, Botryosphaeria, Cladosporium, Colletotrichum, Cordyceps, Diaporthe, Fusarium, Geotrichum, Gibberella, Gliocladium, Lasiodiplodia, Monilochoetes, Nectria, Pestalotiopsis, Phomopsis, Pleurotus, Pseudofusarium, Rhizopycnis, Syncephalastrum, Trichoderma, Verticillium, and Xylaria (Rubini et al., 2005). Several endophyte organisms were recorded directly in the field of healthy tree trunks and pods, and more than 40 genera were identified and recorded mainly representing anamorphs of Hypocreales in the genera Acremonium, Clonostachys, and Trichoderma (Evans et al., 2003).

The advent of High-Throughput Sequencing (HTS) and RNA sequencing (RNA-seq) technologies have revolutionized the study of transcriptionally active elements and enabled the assessment of hidden microbial diversity in terms of different environmental parameters (Colgan et al., 2017; Saminathan et al., 2018). Omics sciences have provided a more detailed view of microbial interactions (Aguiar-Pulido et al., 2016). For instance, metatranscriptomics allows access to both transcriptional active community members and the mapping of metabolic pathways (Urich et al., 2008). Moreover, the Omics studies have revealed important information about microbial diversity, and interpreting these interactions is fundamental for developing sustainable agricultural practices (Priya et al., 2021).

In our study, RNA deep sequencing was applied to identify and characterize the microbiota dynamics associated with spores of M. roreri in differential culture times and mycelium using medium supplemented with cacao extract collected from plants naturally infected by the pathogen. Our metagenomics approach revealed higher diversity of species related to fungal and bacterial kingdoms, in special to Trichoderma fungi that have been described with potential for biological control of the different diseases affecting the crop. Unexpectedly, we also identified viral species belonging to the Narnaviridae family likely infecting M. roreri. This is the first report of viral infection in this species. Altogether, our results provided important data on the understanding of microorganism dynamics during frosty pod rot infection in T. cacao and revealed new species that can play a role in fungi-plant interactions.



2. Materials and methods


2.1. Spore and mycelium production

The spores and vegetative mycelium of Moniliophthora roreri were obtained from naturally infected cocoa fruits of the susceptible cocoa variety ICT 7121 at the Instituto de Cultivos Tropicales (ICT) located in Tarapoto City, Peru in May 2015 through a partnership between Brazilian and Peruvian institutions. Four-month-old diseased cocoa pods affected by frosty pod rot disease, showing necrotic spots and white pseudostroma were harvested, washed with running water using a brush to eliminate the mycelium, and then immersed in a 2% sodium hypochlorite solution for 5 min. Then, they were dried with a paper towel, cut into two-cm thick slices, transversal to the longitudinal axis of the fruit, placed on the surface of Petri dishes, and kept in a humid chamber for three to 4 days at 21–25°C for growth of the vegetative mycelium (Supplementary Figures 1A, B). After cultivation, the mycelium was carefully removed by scraping the surface of the slices with the aid of a sterile scalpel (Supplementary Figure 1C). The mycelial mass was washed twice with 10% Trichloroacetic Acid (TCA) in Acetone. Two milliliters of RNAlater were then added to the dried pellet for further extraction of total RNA. An aliquot of this material was inoculated into a medium, as well as a positive control, in order to show that the chemical treatments performed made the spores non-viable. The fresh spores were inoculated on a medium containing cocoa broth after incubating the cocoa fruit slices for 5–8 days (Supplementary Figure 1D). For the preparation of the culture medium, 250 g of healthy susceptible variety ICT 7121 cocoa fruit were used, autoclaved in 1 L of distilled water. Then, the broth was strained, and 0.15% agar was added. After cooling, the cocoa agar medium was plated on Petri dishes. A total of 20 Petri dishes were used to inoculate 1 ml of M. roreri spore suspension at a concentration of 4.2 × 106 spores/ML for the times 8, 16, 24, and 48 h after inoculation (hai). The ungerminated dry spores were collected using a fine brush and a beaker with 100 ml of autoclaved water containing streptomycin at a concentration of 0.01%. This solution was homogenized with 0.01% Tween 80, then filtered through sterile gauze. The spores were counted in a Neubauer chamber. Then, the suspension was centrifuged to obtain the spore mass, which was washed in (TCA) 10% in Acetone twice, added 2 ml of RNAlater (Fisher Scientific, United States) to the dried pellet for further extraction of total RNA.



2.2. Total RNA extraction and quantification

After removal of the RNAlater, the dried inactive mycelium and spore pellets at inoculated times 0 (uninoculated), 8, 16, 24, and 48 hai were macerated using liquid nitrogen. For each sample, dry weights were obtained, and the samples were stored at -80°C. Total RNA was extracted with the ZR Plant RNA MiniPrepTM kit (Zymo Research, United States) following the manufacturer’s instructions. Total RNA was quantified by Qubit fluorimeter (Invitrogen, United States) using Qubit® dsRNA HS/BR kits and Nanodrop 2000c (Thermo Scientific, United States; Supplementary Table 1).



2.3. Library construction and sequencing

The messenger RNA (mRNA) libraries were constructed using the TruSeq RNA® v2 Low Sample (LS) kit (Illumina, United States) according to the manufacturer’s instructions. The purity level and the size of the fragments obtained from the mRNA libraries of the spores at different germination times (0, 8, 16, and 48 hai) and of the mycelium were checked on agarose gel 3%, using DNA markers of 50 bp (New England/Biolabs, United States), 100 bp (Gene Ruler/Fermentas, United States). Absolute quantification of the libraries was performed using the Kapa Library Quantification ABI Prism® qPCR Mix kit (Kapa Biosystems, United States) according to the manufacturer’s instructions. A pool of the samples at a concentration of 15 pM and 5% of the PhiX control at the same concentration was used for each sequencing run. The sequencing was outlined as follows: (i) sequencing only spores time 0 h after inoculation; (ii) sequencing mycelium and spore pool 48 hai; (iii) sequencing spore pool with 8 hai and spores with 16 hai, only one sequencing kit for each one of these outlines. The sequencing was performed in the MiSeq System equipment (Illumina, United States) located in the Center of Biotechnology and Genetics/UESC (CBG) using the MiSeq® Reagent Kit v3 (Illumina, United States) of 150 cycles. The libraries produced in our study were deposited in the NCBI SRA database under Project accession number: PRJNA854689.



2.4. Library processing

The obtained raw reads (reads size ranging from 35 to 76 bp) were subjected to a pre-processing step. Initially, reads with quality equal to or greater than Phred 30 and size greater than 20 bp were selected with the Trimmomatic 0.33 tool (Bolger et al., 2014). The remaining reads were used in a quality analysis with the FASTQC tool (Andrews, 2017). The filtered sequences were then mapped against the reference genomes of the plant T. cacao and the fungus M. roreri using the Bowtie2 tool (Langmead and Salzberg, 2012) to remove sequences from these organisms. The unmapped reads were used for the subsequent analyses. The reference genomes of Theobroma cacao and Moniliophthora roreri were downloaded from the NCBI GenBank database using the accession numbers GCA_000403535 and GCA_000488995.1, respectively. All analyses were performed using the Galaxy Bioinformatics platform (Afgan et al., 2018).1 The pre-processed reads were used in the subsequent analyses.



2.5. Metagenomics analysis

The pre-processed reads were used for contig assembly with the Trinity tool [Trinity de novo assembly of RNA-Seq data (Galaxy version 2.9.1)] using default parameters (Grabherr et al., 2011). The assembled contigs were evaluated on the Kaiju web server2 with the parameters (e-value <0.001) by searching the NCBI BLAST nr + euk − non-redundant protein database. Libraries that showed viral hits were subjected to sequence similarity analysis with Diamond (Buchfink et al., 2015) which returned multiple fragments for each library per condition that were subsequently reassembled with the CAP3 tool (Huang and Madan, 1999). The analysis of abundance at kingdom, genera, and species level was based on taxonomical classification by Kaiju which only elements showing abundance equal or greater than five were considered. Transcripts assigned to the species M. roreri and M. perniciosa were also removed from these analyzes. Species and genera with less than five transcripts are listed in Supplementary Data 1. The viral sequences identified in our study were deposited in NCBI GenBank database under the accession numbers: ON210269, ON210270, and ON210271.



2.6. Temporal analyses of beta diversity

In order to analyze changes in the assemblage composition between different times we calculated temporal beta diversity (Baselga et al., 2015) using the function “beta.temp” from “betapart” R package (Baselga et al., 2021) in program R (R Core Team, 2021). Temporal beta diversity uses a similar concept of spatial beta diversity, allowing the partitioning of beta diversity into turnover and nestedness components. However, instead of assessing how composition changes across a set of sites, it assesses changes on each site between different times (Baselga, 2010; Baselga et al., 2015). Because we have five time points (spores 0, 8, 16, 48 hai, and Mycelium), we calculated beta-diversity between each time and its subsequent time, which allowed us to compare the composition of assemblages across all pairs of successive times of infection. Beta diversity was calculated using Jaccard dissimilarity.



2.7. Phylogenetic analysis

A dataset containing the viral contigs assembled in our study and public protein sequences related to Mitovirus, Narnavirus, and Ourmiavirus was constructed and aligned using the MAFFT program (Katoh et al., 2019). The best evolutionary protein model was selected using ModelTest, considering Akaike’s information criterion (Akaike, 1998). Maximum likelihood inference was built in IqTree using 1,000 bootstrap replicates (Nguyen et al., 2015). The tree was rooted considering Escherichia virus as an external group (accession number: NP_040755) and edited in Figtree.3



2.8. Analyses of RNA and DNA sequencing public data from Moniliophthora roreri

Three publicly available deep sequencing libraries from M. roreri were downloaded from the SRA database. Two RNA-seq libraries (SRR1036616 and SRR1034656) contained mixed pathogen-infected plant material (M. roreri and T. cacao), derived from an M. roreri clone (MCA2977) isolated from the state of Los Rios, Ecuador (Meinhardt et al., 2014). The third library (SRR8453395), prepared from genomic DNA, was derived from M. roreri CPMRT01 isolate identified in T. cacao plants in Tabasco, Mexico (Hipólito-Romero et al., 2020). All three libraries were used to investigate the presence and abundance of viral sequences detected in our library using the Kallisto tool (Bray et al., 2016).




3. Results


3.1. De novo transcriptome assembly

The total RNA sequencing produced over 85 million reads distributed among the five libraries (conditions). The number of raw reads ranged from 12,384,924 in the mycelium condition to 25,840,512 in spores 0 hai (uninoculated; Supplementary Table 1). After pre-processing, more than 99% of the sequences were kept, supporting the quality of our RNA deep sequencing. Pre-processed sequences were submitted to de novo assembly with Trinity, producing a total of 169,074 transcripts. The number of transcripts assembled ranged from 20,879 in Mycelium to 65,605 in spores 48 hai, with mean varying from 508 to 780 nt and N50 between 604 to 1,088 nt (Supplementary Table 1).



3.2. Diversity of bacteria and fungi associated with Moniliophthora roreri infection in cocoa pods

The assembled transcripts were classified using sequence-similarity searches according to their closest relative in public databases. From the total 169,074 (100%) transcripts, 149,975 (88.17%) were classified at least at Kingdom level while 19,099 (11.24%) were unassigned. We observed the highest percentage of classified transcripts in the library of spores 8 hai. Library derived from Spores 48 hai showed the highest number of transcripts without taxonomic assignment (Figure 1A).
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FIGURE 1
 Metagenomics analysis of Theobroma cacao pods infected by Moniliophthora roreri. (A) Overview of taxonomic assignment of assembled transcripts by condition. (B) Abundance of fungi, bacteria and virus in the samples. Diversity of bacteria (C) and fungi (D) by genera. (E) Temporal changes in microbiota of T. cacao fruits along M. roreri infection time points. beta.jtu, beta.jne and beta.jac, represents the partitioning of beta diversity into turnover, nestedness and jackniffe, respectively. hai: hours after inoculation.



3.2.1. Bacterial diversity

From the 169,074 transcripts that did not match Moniliophthora species, 15,365 sequences could be assigned to bacterial species distributed in the libraries: spores 0 hai (121 transcripts), spores 8 hai (4,270 transcripts), spores 16 hai (1,255 transcripts), spores 48 hai (9,661 transcripts), and mycelium (58 transcripts; Figure 1B). The genus Pseudomonas had the highest number of elements assigned in all sequenced libraries with a median of 1933.8 transcripts per library (Figure 1C). Pseudomonas is one of the most ubiquitous bacterial genera and has been isolated worldwide from different environments, such as clinical, plants, fungi, and animal samples (Peix et al., 2009). Within Pseudomonas genera, the most abundant species were Pseudomonas parafulva (2,531 transcripts), Pseudomonas sp. Bc-h (1,188 transcripts), Pseudomonas sp. NFR16 (1,019 transcripts), Pseudomonas putida (928 transcripts), and Pseudomonas abietaniphila (878 transcripts). Other species that ranked in the top 10 were Pantoea dispersa (1,761 transcripts), Stenotrophomonas maltophilia (671 transcripts), Enterobacter cancerogenus (627 transcripts), Escherichia coli (456 transcripts), and Type-E symbiont of Plautia stali (431 transcripts).

Other genera also showed a large number of transcripts, such as Pantoea (2,453 transcripts), Enterobacter (663 transcripts), Acinetobacter (100 transcripts), Stenotrophomonas (745 transcripts), Escherichia (456 transcripts), Erwinia (250 transcripts), Klebsiella (86 transcripts), Xanthomonas (63 transcripts), and Salmonella (54 transcripts). The genus Escherichia was present in all five libraries. The Pantoea and Xanthomonas are present in four libraries, and Pseudomonas are present in three of the Spore conditions (Figure 1C). We noticed a clear change in the bacterial community between Spores and Mycelium, with some genera being condition-specific while others showed high prevalence among all conditions. Four different strains of the bacteria Pantoea dispersa, which had 1,761 transcripts assigned, have been described as inhibiting the mycelium growth of the fungus Ceratocytis fimbriata causing black rot in sweet potato, spore germination, as well as altering the morphology of fungal hyphae thus having biological control potential (Jiang et al., 2019).



3.2.2. Fungal diversity

Fungi was the most represented kingdom identified in cocoa pod microbiota. A total of 22,444 (68.05%) transcripts distributed between spores 0 hai (20), spores 8 hai (137), spores 16 hai (83), spores 48 hai (22,184), and mycelium (20) conditions were identified (Figure 1D). Analyzing the diversity at the genera level, we can highlight Colletotrichum (1924 transcripts), Fusarium (699 transcripts), Acremonium (440 transcripts), Neonectria (229 transcripts), Purpureocillium (129 transcripts), Trichoderma (129 transcripts), Metarhizium (102 transcripts), Hirsutella (89 transcripts), Cordyceps (88 transcripts), and Torrubiella (86 transcripts). Regarding fungi abundance, we note an unexpected abundance of transcripts derived from Colletotrichum elements in the library from Spores 48 hai. Some other genera, such as Rhizoctonia, were identified in three libraries (pores 0, 8, and 16 hai). On the other hand, many genera were represented only in specific conditions, such as Scleroderma (spores 0 hai), and Yamadazyma (spores 8 hai; Figure 1D).

At the species level, the most abundant fungal species was Colletotrichum gloeosporioides with 18,116 transcripts, followed by Acremonium chrysogenum with 440. We also noticed the presence of many species from the genus Trichoderma. Indeed, the species Trichoderma virens was present in all libraries while the library constructed from spores 48 hai showed the highest diversity of members from this genus, presenting transcripts from T. reesei, T. parareesei, T. harzianum, T. guizhouense, T. gamsii, and T. atrovirie species. In the same libraries, we also identified sequences related to the species Beauveria bassiana (11 assigned transcripts), another species from the Hypocreales order that is also considered endophytic.




3.3. Temporal changes in fungal and bacterial diversity

In order to assess the changes in microbiota composition in T. cacao pods according to M. roreri time of inoculation, we calculated the changes of beta diversity along the different times of infection. We observed higher changes in spores 0 hai compared to spores 8 hai and spores 48 hai compared to Mycelium (Figure 1E). This difference is mainly driven by richness observed in spores 8 hai and spores 48 hai which is at least two times higher than the other conditions (Supplementary Table 2). Interestingly, in most cases, with few exceptions (bacterial species from spores 0 hai to spores 8 hai and spores 48 hai to mycelium and fungal species from spores 48 hai to mycelium) the changes in the community structure were dominated by species turnover (i.e., species replacement were larger than the loss/gain of species; Supplementary Tables 3, 4 and Supplementary Data 1). This profile is highlighted in the comparison between spores 0 hai and mycelium, where the ratio of beta-diversity (turnover/nestedness) is 0.79 and 0.89 for bacterial and fungal species, respectively. Of note, we observed that the changes observed were very similar for fungi and bacteria, showing a strong Pearson correlation (r: 0.95 p: 0.00003). This result suggests these species are somehow similarly affected by M. roreri time of infection.



3.4. Characterization of viral sequences associated to Moniliophthora roreri

Our metagenomics analyses using Kaiju’s webserver identified four contigs showing similarity to viral sequences in the library constructed from spores 48 hai. Two contigs were closely related to the viral species Ophiostoma mitovirus 5, that according to the International Committee on Taxonomy of Viruses (ICTV) belongs to the genus Mitovirus – Mitoviridae (Lefkowitz et al., 2018). We also identified one contig related to the Sanxia narna-like virus 1, which is an unclassified RNA virus (Schoch et al., 2020). Finally, one contig presented similarity to Pseudomonas phage PPpW-3, a DNA virus associated with bacteria from the family Myoviridae.

Since we had indicative signs of viral presence in the samples, we performed an extra step of virus identification using sequence similarity searches against the NR database using the Diamond tool. Using this strategy, we detected 30 transcripts showing similarity to viral sequences related to species from the Narnaviridae family, genus Narnavirus (Supplementary Table 5). After redundancy removal and contig extension step, three viral sequences were kept, Contig 1 (2,460 nt), Contig 2 (2,332 nt) and Contig 3 (3,606 nt). These sequences were further validated by BLASTx searches at NCBI website to guarantee the most updated version of sequence databases (Supplementary Tables 6–8; Altschul et al., 1997). Contigs 1, 2 and 3 showed similarity to Erysiphe necator associated narnavirus 4 (QHD64827.1), Magnaporthe oryzae narnavirus 1 (BCH36655.1), and Monilinia narnavirus H (QED42934.1), respectively. Structural annotation revealed that Contig 1 encodes to an open reading frame of 788 amino acids, Contig 2 (754 amino acids), and Contig 3 (1,085 amino acids; Figure 2A). Of note, the search for domains did not reveal any conserved region for any of the three putative viral genomes, which is common for elements from Narnavirus genus.
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FIGURE 2
 Characterizations of Moniliophthora roreri-associated viral sequences. (A) Genomic structure of M. roreri associated viruses. Gray square represents the whole viral segment while orange region indicates the large Open Read Frame. (B) Maximum likelihood tree constructed based on large viral ORF translated into protein. Viral sequences identified in the work are highlighted in bold. Bootstrap values larger than 60 are indicated in the tree.




3.5. Phylogenetic characterization of Moniliophthora roreri-associated viral sequences

In order to further characterize the putative viral sequences identified in our study, we performed phylogenetic analyses with closely related sequences present in public databases and related families indicated by ICTV, Mitoviridae and Botoumiaviridae. As observed in sequence similarity searches, the three viral transcripts clustered with different species of the Narnaviridae family. Contig 1 clustered with the species Erysiphe necator narnavirus 4 (QHD64827), while Contig 2 grouped with the species Oidiodendron maius splipalmivirus 1 (QNN89180), both showing 100 bootstrap replicates. Contig 3 formed a cluster with the species Erysiphe necator narnavirus 22 (QJT93754) and Monilinia narnavirus H (QED42934). According to our phylogenetic analysis, the contigs identified in our study represent new viral genomes related to the Narnaviridae family, specifically from Narnavirus genus. They were named Moniliophthora roreri-associated narnavirus 1 (Contig 2), Moniliophthora roreri-associated narnavirus 2 (Contig 1) and Moniliophthora roreri-associated narnavirus 3 (Contig 3) to reflect host origin (Figure 2B).



3.6. Presence of Moniliophthora roreri-associated viruses in public data

To evaluate the presence of the viral sequences found in the cocoa pods affected by frosty pod rot disease sequenced in our study, we investigated publicly available RNA deep-sequenced libraries derived from M. roreri. We were able to identify the presence of the Moniliophthora roreri-associated narnavirus 2 and Moniliophthora roreri-associated narnavirus 1 in two libraries from Los Rios, Ecuador submitted by the USDA, containing mixed material from 30 days and 60 days after inoculation of T. cacao pods with the M. roreri (Figure 3).
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FIGURE 3
 Presence of Moniliophthora roreri-associated viral sequences in public datasets. RNA and DNA deep sequencing libraries deposited at NCBI SRA databases from samples originated in different countries were investigated regarding the presence of reads derived from M. roreri-associated viral sequences.


To rule out the possibility of these sequences representing viral elements integrated into the genome of M. roreri we also searched fragments of M. roreri-associated viruses in the fungi genome and DNA sequencing libraries. As expected for RNA viruses that do not produce DNA intermediates in their replication cycle, we were not able to find signals of the viral sequences in the M. roreri genome or genomic libraries (Figure 3).

Since M. roreri and M. perniciosa are related and often occur in the same region, we also assessed the possible presence of the M. roreri-associated viruses in public RNA deep-sequenced libraries derived from the sister taxon. Therefore, we searched for the viruses in 10 samples of healthy seedlings and seedlings 30 days after M. perniciosa infection (Teixeira et al., 2014). However, we were not able to identify positive hits for the M. roreri-associated viruses identified in our study.




4. Discussion

The cacao tree (Theobroma cacao L.) is a crop of economic importance to many countries in the world. Nevertheless, its production and supply of almonds, which is the main source for chocolate manufacturing, has been hampered by unfavorable weather conditions (Wessel and Quist-Wessel, 2015) and pathogen attacks leading to economic losses and plantation abandonment. Therefore, an effort is necessary to address the problems associated with the control and management of different diseases that affect cocoa production to ensure the economic sustainability of producers (Adeniyi, 2019). Fungal diseases, and Moniliophthora species, in particular, remain a major constraint on cocoa production in the Americas and, if they exceed their current range, threaten to seriously damage the chocolate industry worldwide (McElroy et al., 2018), as in Panama, attacks by M. roreri and Phytophthora sp. cause losses of up to 80% of pods, affecting production (Krauss et al., 2006).

In our study, we performed an exploratory study to investigate the microbiota of spores at different times after inoculation and the mycelium of M. roreri using a RNA-seq approach. Our data revealed abundance and diversity of many fungal genera, such as Fusarium, Acremonium, Neonectria, Purpureocillium, Trichoderma, Metarhizium, Hirsutella, Cordyceps, Torrubiella, among others. Moreover, the bacterial genera with higher abundance in our study were Pseudomonas, Pantoea, Stenotrophomonas, Enterobacter, Escherichia, Erwinia, Acenitobacter, Klebsiella, Xanthomonas, Salmonella and others. A close look at the taxonomic profile of cocoa pods community also revealed the presence of important species such as those of the genus Colletotrichum, a genus that is composed of elements with an economic impact on crops, in addition to its importance as a model for the study the evolution of host specificity, speciation and reproductive behaviors (Baroncelli et al., 2016). The results found in our study were similar to other metagenomic studies published in the literature, for example, the study conducted by (Carrera-Sánchez et al., 2016), in which plant material infected by M. roreri was collected to analyze the microbiota associated with the disease. The results showed the presence of the genera Cylindrocladium, Dichobotrys, Moniliophthora, Colletotrichum, and Phytophthora. Another study focused on the assessment of cacao rhizosphere through metatranscriptomics revealed rhizobacteria being plant-growth promoters under drought conditions (Tamchek et al., 2019). Metagenomic analysis of the cocoa bean fermentation microbiome also identified a high percentage of bacteria, yeasts, and bacteriophages from the cocoa beans microbiome. The species Lactobacillus, Gluconacetobacter, Acetobacter, and Gluconobacter presented a greater dominance (Agyirifo et al., 2019). Another metagenomic sequencing in fermenting cacao pods revealed 97 genera, with Acetobacter, Komagataeibacter, Limosilactobacillus, Liquorilactobacillus, Lactiplantibacillus, Leuconostoc, Paucilactobacillus, Hanseniaspora, and Saccharomyces dominating (Verce et al., 2021). Endophytic bacterial species such as Pseudomonas aeruginosa, Chryseobacterium proteolyticum were isolated from healthy cocoa tissues, such as leaves and fruits, and both species showed a reduction of pod injury in disease caused by the fungal pathogen Phytophthora palmivora (Alsultan et al., 2019).

Cocoa pods harbor a diversity of microorganisms, some of them involved in the fermentation process such as species of the genus acetobacter, Komagataeibacter, Erwinia, Pantoea, Tatumella (Garcia-Armisen et al., 2010; Verce et al., 2021) and lactic acid bacteria such as Lactobacillus present in the cocoa fermentation microbiome with diverse functions (Serra et al., 2019). Other bacterial species can act as biological controllers of plant pathogens such as Pseudomonas spp., although the ecology of these populations is not fully understood (McSpadden Gardener, 2007), species of the genus Streptomyces are known to live endophytically in cocoa pods and seeds, promoting growth and favoring plant health (Tchinda et al., 2016).

A plentiful source of microorganisms that can, both directly and indirectly, support plant growth, defense, and development is found in the endophytic niches of plants (Hanada et al., 2010). Endophytic bacteria colonize the roots of cocoa trees efficiently and these species have promising results in inhibiting fungal growth (Alves-Júnior et al., 2021). Endophytic fungi develop most or all of their life cycle colonizing the host plant tissues, without causing evident damage, and some have benefits against the attack of phytopathogens (Sánchez-Fernández et al., 2013). Endophytic fungi with their wide range of biodiversity have provided useful insights for better knowledge of plant-fungi interaction and their role in host-associated microbiomes (Christian et al., 2015). Indeed, plants interact with a wide variety of fungal endophytes that reside in different tissues, sometimes contributing to plant growth and/or defense against biotic and abiotic stress (Gange et al., 2019). In healthy cocoa pods, 25 endophytic fungi were isolated and characterized morphologically with their reproductive structures. Furthermore, tests in vitro and in vivo using the endophytic fungi Aspergillus, Fusarium, and Ramichloridium, presented activity against P. palmivora in double culture, pod and seedling assays (Simamora et al., 2021). In our study the genera Fusarium were among the 10 most abundant, presenting many species that could play a role as biological controllers in T. cacao.

Necrotrophic, hemibiotrophic, latent or quiescent, and endophytic are general descriptions of the life modes of Colletotrichum species, with hemibiotrophic being the most prevalent (De Silva et al., 2017). The specie C. gloeosporioides can be considered endophytic and phytopathogenic. This specie mainly attacks young and soft cocoa leaves causing brown lesions surrounded by a characteristic light-yellow halo (Maximova et al., 2006). Anthracnose is a disease caused by Colletotrichum sp. that leads to yield reduction in many crops worldwide (da Silva et al., 2020). The genus is considered the eighth most important group of phytopathogenic fungi in the world, based on scientific and economic insights (Dean et al., 2012). Recently, there was a detection of C. gloeosporioides in native cashew species in Brazil (dos Santos et al., 2019). Two new species have been described by (Rojas et al., 2010) C. tropicale and C. ignotum and they are considered frequently asymptomatic in cocoa crops. In our study, we identified 14 species associated with the cocoa fruits: Colletotrichum chlorophyti, Colletotrichum fioriniae, Colletotrichum gloeosporioides, Colletotrichum graminicola, Colletotrichum higginsianum, Colletotrichum incanum, Colletotrichum nymphaeae, Colletotrichum orbiculare, Colletotrichum orchidophilum, Colletotrichum salicis, Colletotrichum siamense, Colletotrichum simmondsii, Colletotrichum sublineola, and Colletotrichum tofieldiae.

The second species with the highest number of transcripts assigned (440) was the filamentous fungus Acremonium chrysogenum (Ascomycota), a specie with industrial importance due to its ability to produce cephalosporin C (CPC), the main source for the production of different antibiotics in the industry (Hu and Zhu, 2016). The necrotrophic phytopathogen Neonectria ditíssima (Ascomycota) responsible for the European canker disease (EC) has 229 transcripts in our libraries, it is one of the most damaging apple diseases worldwide and has been recorded to be present in North and South American apple crops resulting in tree loss (Florez et al., 2020).

One of the 10 most abundant fungal genera in the microbiota was Trichoderma. Species such as T. theobromicola and T. paucisporum have been isolated from cocoa in South America, both inhibited the in vitro development of M. roreri (Samuels et al., 2006). Trichoderma species are common in soil and root ecosystems and are widely studied due to their great ability to produce metabolites with the potential to inhibit other microorganisms, parasitize other fungi, and compete with other microorganisms (Harman, 2006). Isolates of Trichoderma sp. species T. virens and T. harzianum have shown promise for the control of M. roreri (Reyes-Figueroa et al., 2016). Several isolates have been described as potential biological controls of moniliasis, such as Trichoderma isolates from different regions of Colombia, which have demonstrated mycelial growth antagonistic potential against strains of the fungus M. roreri (Suárez and Cabrales, 2008). A biocontrol strain using the fungus T. reesei (C2A) exhibited, in vitro, mycoparasitic activity, reducing 62% of the mycelial growth in Fusarium oxysporum (Gonzalez et al., 2020). These results reinforce the potential of strains of Trichoderma for the biological formulations to control the Moniliase disease (Leiva et al., 2020). Trichoderma harzianum Rifai from an infected cocoa pod is able to produce nonanoic (pelargonic) acid, which significantly reduces the spore germination of M. roreri in vitro (Aneja et al., 2005). The species T. viride can produce secondary metabolites (viridin and gliovirin) that have a synergistic effect for inhibiting the mycelial growth and conidium germination of fungal species Phythopthora, P. palmivora, and P. megakaria (Pakora et al., 2018). In our study, the following species were identified, T. virens, T. reesei, T. parareesei, T. harzianum, T. guizhouense, T. gamsii, and T. atroviride. According to the literature, some species found in our study have the potential for biological control (Ferreira and Musumeci, 2021; Chochocca et al., 2022), and others can test the effects they will produce on the fungus M. roreri in vitro. We also identified in the 48-h spore library, transcripts related to the species Beauveria bassiana (11 assigned transcripts). Beauveria bassiana is considered endophytic in nature (Amobonye et al., 2020). In addition to having a detrimental impact on insect survival, inoculation of B. bassiana into cowpea plants increased plant height, leaf count and dry mass (Pachoute et al., 2021).

In our study, we also evaluated viral diversity. There were three viral contigs assigned to the Narnaviridae by similarity search and phylogenetic analysis. All three contigs assembled in our study represented novel genomes. According to the ICTV, two species are described for this family: the Saccharomyces 20S RNA narnavirus and Saccharomyces 23S RNA narnavirus, which have genomic compositions of positive-sense single-stranded RNAs (ssRNA viruses (+); Lefkowitz et al., 2018). A characteristic of the members of this family is that they contain simpler genomes than any RNA virus, ranging from 2.3 to 3.6 kb coding only a single polypeptide that has an RNA-dependent RNA polymerase domain (Hillman and Cai, 2013). Members of this family have been reported as fungal viruses or mycoviruses, being found in a variety of fungal species associated with asymptomatic infections (Ghabrial and Suzuki, 2008). Additionally, they have been found in pathogenic fungi, such as Rhizoctonia solani, Magnaporthe oryzae, Cercospora beticola (Abdoulaye et al., 2019; Liu et al., 2020; Li et al., 2021) and the ectomycorrhizal fungus Geopora sumneriana (Sahin and Akata, 2019).

Metagenomic approaches can be useful for detecting and identifying new mycoviruses (Son et al., 2015). These methods are rapidly increasing viral identification and providing evidence of their high abundance and taxonomic complexity (García-Pedrajas et al., 2019). Mycovirus infections are usually cryptic (asymptomatic), but investigations focus on the potential hypovirulence they can cause in the host fungus, a process that can be researched in the context of providing sustainable biological control of fungal diseases (Abdoulaye et al., 2019). For example, the fungus Colletotrichum sp. is one of the most economically important phytopathogens and can be infected by many different species of viruses presenting modifications in its development (Casas et al., 2021).

The three contigs assembled in our study can be new viral genomes with similarities to the Narnaviridae. In our phylogenetic tree, Contig 1 was next to the species Magnaporthe Oryzae Narnavirus 1, and was described in the rice blast fungus Magnaporthe oryzae (Lin et al., 2020). Contig 2 grouped with the species Oidiodendron maius splipalmivirus 1 (Sutela et al., 2020). Contig 3 formed a cluster with the species Erysiphe necator-associated narnavirus 22 and Monilinia narnavirus H. Our results demonstrate that viral diversity is unexplored, and many viral species can be detected and identified infecting fungal species. These viruses may also present function as biological control agents since they can reduce fungal growth. However, although we have considerable amount of data that indicated M. roreri as host, since we were not able to perform further experiments, we still uncertain if the viruses are specifically infecting M. roreri, other fungal species or multiple species within that microenvironment assessed. Therefore, they were named with the prefix “M. roreri-associated” viruses.

Each plant can present a unique microbiome. The associated microorganisms might colonize different plant tissues and their abundance will depend on the nutrient availability, the planting immune-response system, the competence, the associations between other microorganisms, among others. In our study, we explored the microbiota associated with the infection caused by M. roreri in cocoa and found a wide variety of fungal, bacterial, and viral species. Moreover, we describe the presence of three new viral genomes infecting M. roreri. Our results can help other studies investigate the role of microorganisms during infection of M. roreri in cocoa fruits.
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Regression
equation

Not sensitive
Y =6.1680 + 0.3570X
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Y =6.6722 + 0.6437X

Y =5.1979 +0.7385X
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Y =8.8438 +2.7073X
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Correlation
coefficient
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Bark samples

Variable All samples Soil samples

F value df R? (%) Pr (>F) F value df R? (%) Pr (>F) F value df R? (%) Pr (>F)
Niches 1.13 1 1.73 0.28 na na na na na na na na
Environments na na na 0.77 8.2 10 78.84 0.001 4.5 10 67.14 0.001
Genotypes 0.68 6 6.49 0.961 0.73 6 14.4 0.931 117 6 21.29 0.156
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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
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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/fmicb-13-888645/crossmark.jpg
©

2

i

|





OPS/images/fmicb-13-888645/fmicb-13-888645-g001.jpg
Streptomyces
bikininensis HD-087

7,086,697 bp

= torpencvps
Hipisrps
torpone
Wbactariocn
Wianipepice

i sidrcphoro
tiopeptde
iassopeptide
s

ectine

* bactariocntorpane
ks lantpepide 19k ps
mcos

AN

AN

GG cortent

B GG skows

W GCsiow.





OPS/images/fmicb-13-853176/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.
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21 Days

Group

Experiment
Control
Experiment
Control
Experiment

Control

Lesionlength  Lesion length  Lesionlength Lesionlength Lesionlength Lesion length

1 (cm)

1.6
3.5
2
4.5
3
5.6

2 (cm)

2.6
4.1
3.9
6.4

3 (cm)

22
211
22
42
45
55

4 (cm)

2.5
2
35
4.6
43
8.1

5 (cm)

2.5
2.1
4.5

6.4

6 (cm)

2:5
2.5
2.2
4
45
6.7

Average
(cm)

2.3
2.43
243
4.32
4.05
6.45

Standard
deviation

0.4396969
0.5217492
0.5120764
0.2266912
0.4821825
0.8578073

Inhibition%

5.35%

43.75%

37.21%

P-value

0.6714278

2.02E-05

0.0002794
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Dual culture (simultaneous plating)
Dual culture (staggered plating)

Control

Lesion length
1 (cm)

1.648
4.65
8.17

Lesion length
2 (cm)

2.044
4.752
8.362

Lesion length
3 (cm)

2.494
4.706
8.484

Lesion length
4 (cm)

153
4.58
7.61

Lesion length
5 (cm)

1.608
4.52
8.268

Average
(cm)

1.865
4.642
8.179

Standard
deviation

0.361399
0.083651
0.302746

Inhibition%

77.20%
43.24%

P-value

4.06E-09
1.60E-08
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Items Results

Total length (bp) 3929247
GC content (%) 4732
Total number of protein-coding genes 4056
Total length of protein-coding genes 3487.731
(bp)

Average length of protein-coding 859.89
genes (bp)

Number of rRNA genes 86
Number of tRNA genes 27
Number of SRNA 31

Repeats 22
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Strains Average colony  Inhibition rate (%)
diameter (mm)*

CK! 838062 -

c 49.705b 427 206f
D 483+08c 4445 10¢
E 152405 86.0£0.60
G 180+ 041 824+05b
8 19502¢ 805+0.3¢
1 27+08d 766+ 1.0d
z1 487+0.1c 43950.1e

“Different letters indicate significant differences (p<0.05) according to Duncan's
multiple range test
‘Fusarium oxysporum cultured on PDA plates was used as control,
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- Bacillus subtilis BEST7613T (AP012495)
Bacillus rugosus SPBTT (NZ_JABUX0000000000.1)
Bacillus tequilensis EA-CB0015T (CP048852)

- Bacillus mojavensis KCTC 3706T (NZ_AYTL00000000.1)
Bacillus halotolerans MEC_B334 (CP100651)

Bacillus cereus ATCC 145797 (NZ_CP034551)

Bacillus thuringiensis ATCC 107927 (CM000753.1)

Bacillus toyonensis P18 (CP064875)

Bacillus anthracis Ames Ancestor (NC_007530)

Bacillus paralicheniformis GSFET (NZ_CP023665.1)

- Bacillus cytotoxicus NVH 391-987 (CP000764.1)

Bacillus nakamirai NRRL B-41091T (NZ_LSAZ00000000.1)
Bacillus velezensis PEBA20 (CPO46145.1)

Bacillus velezensis SQR9 (NZ_CP006890.1)

- strain E

Bacillus velezensis FZB42T (NC_009725.2)

Bacillus velezensis UCMBS113 (HG328254.1)

Bacillus siamensis KCTC 136137 (NZ_ATVF00000000.1)
Bacillus amyloliquefaciens ATCC 23350T (NC_014551.1)

Pseudomonas fluorescens ATCC 135257 (LT907842)
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Treatments Clean reads

CK 79478 + 398
™ 79745 £ 62
-} 79547 + 184
T3 79728 £ 82
T4 79604 + 149
T 79838 + 132
T6 79977 + 265
T 79577 £33
T8 79760 + 90
T 79723 £ 78

OTUs

1666 + 79
1662 + 35
1663 + 13
1507 £ 15
1509 + 20
1499 + 20
1512+ 19
1502 £ 8
1626 + 37
1750 + 46

Good’s_ coverage

0.998
0.998
0.998
0.999
0.999
0.999
0.999
0.999
0.999
0.999

Shannon

8.06 + 0.24c
8.39 £ 0.06ab
8.3+ 0.21bc
8.32 £ 0.03bc
8.34 £ 0.04ab
8.2 + 0.04bc
8.43 £ 0.03ab
8.28 £ 0.02bc
8.47 £ 0.05ab
8.6+ 0.03a

Simpson

0.9881 + 0.003%a
0.9913 + 0.0006a
0.9889 + 0.0037a
0.9872 + 0.0006a
0.9872 + 0.0006a
0.9872 + 0.0004a
0.9889 + 0.0003a
0.9867 + 0.0005a
0.9893 + 0.0003a
0.9915 + 0.0007a

Chaol

1657.17 + 63.42¢
1742.47 £ 37.58b
1717.91 £ 1121
1548.76 £ 15.36d
1546.62 £ 27.79d
1654.47 + 26.2d
1539.69 + 24.19d
153947 £ 4.17d
1669.89 + 42d
1801.87 £ 17.2%a

ACE

1634.02 + 70.05b
1722.19 +38.87a
1708.32 + 16.03a
1530.03 + 16.58¢c
1530.64 + 21.84c
1532.58 + 20.54c
1530.81 + 22.75¢
1524.59 £ 7.47¢c

1549.64 + 38.1c

1775.52 & 32.46a

Note: (a) Different letters in a column indicate significant differences at p < 0.05 according to SNK tests (n = 3). (b) Composition of fertiization treatments: CK, NoPoKo; T1, NyP1K1;
T2, N1P2Ko; T3, N1P3Ka; T4, NoP1Ka; T5, NoP,Ks;

6, NoPaKs; T7, NsPyKa; T8, NaP2Ks; T9, NaPaKo.





OPS/images/fmicb-13-976918/fmicb-13-976918-g007.jpg
o

|

<

9 T 99 -
S s & & o

S
3001 1.8 (140 o1 X

e

CK

strain E

CK

strain E

strain B





OPS/images/fmicb-13-919434/fmicb-13-919434-t002.jpg
Treatments

Plant height (cm)

67.67 & 2.23b
58.93 & 6.50b
68.67 + 1.60b
7133 + 451a
64.13 & 3.68ab
60.83 + 3.62b
58.67 & 5.86b
70.33 + 2.52a
64.17 + 2.57ab
54.33 £ 3.79b

Stem and leaf fresh weight (g)

4.40 £ 0.46¢
5.13 £ 0.55bc
5.64 £ 0.76b
7.47 £0.49
6.95 + 0.43a
5.70 £ 0.45b
5.30 £ 0.41bc
7.00 £0.28a
6.06 + 0.52b
4.93 £ 0.41bc

Rhizome fresh weight (g)

7.17 £0.99¢c
7.74 £ 1.00bc
7.93 £ 0.46bc
9.70 £ 0.74ab
10.17 £ 0.82a
8.28 + 0.86abc
7.21 £0.55¢
10.30 £ 0.67a
8.79 + 1.20abc
7.41 £ 1.28¢

Rhizome dry weight (g)

2.0 % 0.18bc
1.61 & 0.18cd
1.35 + 0.52d

261 % 0.13ab
2.38 & 0.10ab
2.02 & 0.19bc
1.96 & 0.40bc
2.80 & 0.26a

2.29 + 0.22ab
221+ 0.13ab

Note: () Different letters in  column indicate significant differences at p < 0.05, according to SNK tests (n = 6). (o) Initial growth indexes of ginseng seedings: no aboveground indexes;
rhizome fresh weight, 2.75  0.80. (¢) Composition of fertization treetments: CK, NoPoKo; T1, NyP1Ky; T2, NyPoKa; T3, NiP3Ks; T4, NoPyKa: T6, NaPoKs; T6, NoPsKi; 7, NaPiKs;

T8, N3P2Ky; T9, N3P3Ka.
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Gene ID

Gene name

Genes related to sporalution

S165_10255
S165_05592
S165_02778
S165_05589
S165_05588
S165_08417
S165_03945
5165_05591
S165_07477
S165_02949
S165_05213
SI65_00414
S165_00383
S165_10210
S165_04931
S165_05022

rodA
abr2
briA
aygl
arp2
dewA
albi
abrl
rodB
ppoC
silG
treB
wetA
memA
mutA

ppoB

Genes related to HOG pathway

S165_09147
S165_00763
S165_02778.

sk
pdi

msnd

Log.FC (AAchogl/WT)

-5.57
—6.41
~4.08
~5.59
~4.36
-418
-2.84
-6.15
~161
-157
-223
-L14
-L02
105
106
113

-127
-6.78
~4.09

Function

Formation rodlet layer during conidiophore development

Laccase involved in conidial pigment biosynthesis

Regulation of stalk development

Conidial pigment biosynthesis protein

Involved in conidial pigment biosynthesis

Coating of conidia

Polyketide synthase involved in biosynthesis of the conidial pigment
Involved in conidial pigment biosynthesis

Formation rodlet layer during conidiophore development

Balance sexual and asexual development

Light response regulator

Degradation intracellular trehalose during germination

Regulation conidiophore maturation and formation

MADS-box family transcription factor

Highly expressed during sexual development, specifically expressed in Hulle cells

Balance sexual and asexual development

Regulated an osmosensing MAPK kinase cascades
“Two-component histidine phosphotransfer protein

Controlled the
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Region Synthetase type Predicted size (bp) Most similar known Similarity (%)  MIBIG accession

cluster

! NRPS 63,975 Surfactin NRP:Lipopeptide 82 BGC0000433
2 PKS-like 41,045 - - -
3 terpene 17,405 - e -
1 lanthipeptide-clas 28,889 - - -
5 transAT-PKS 87,825 Macrolactin H Polyketide 100 BGCO000181
6 transAT-PKS,T3PKS,NRPS 100,552 Bacillaene Polyketide +NRP 100 BGC0001089
7 NRPS,transAT- 134285 Fengycin NRP 100 BGCO001095

PKS betalactone
3 terpene 20549 - - -

T3PKS 41101 - - -
10 transAT-PKS 93,781 Difficidin Polyketide+NRP 100 BGCO000176
1 NRPS RiPP- 51,79 Bacillibactin NRP 100 BGC0000309
12 other 41419 Bacilysin Other 100 BGCO001184

Genome analysis was performed using antibiotic and secondary metabolite analysis shell (antiSMASH) and the MIBIG database. PKS, polyketide synthetase; NRPS, non-ribosomal
peptide synthetase; RiPP, post-translationally modified peptide.
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Bacterial strains OrthoANI (%) dDDH (%)

Bacillus velezensis SQRY 98.73 890
Bacillus velezensis FZBA2" 98.22 847
Bacillus velezensis 9856 846
UCMB5113

Bacillus velezensis PEBA20 9820 843
Bacillus siamensis KCTC 9437 563
13613"

Bacillus amyloliquefaciens 9401 55.1
ATCC23350"

Bacillus nakamurai NRRL 8630 307
B-41091"

Type strains are indicated by |





OPS/images/fmicb-13-863341/fmicb-13-863341-e000.jpg
Disease severity index

% rank x no.of plants in rank
= O X100%
Total no.of plants x Maximum rank





OPS/images/fmicb-13-863341/fmicb-13-863341-g001.jpg
38

68

98

98

99

91
39
100
89
39

JF-22
KP686132.1:9-1454 Bacillus licheniformis

MT634508.1:4-1452 Bacillus paralicheniformis

KU877642.1:4-1446 Bacillus oryzaecorticis
GQ375243.1:11-1453 Bacillus licheniformis
MW380593.1:8-1450 Bacillus licheniformis
GU191906.1:33-1485 Bacillus licheniformis
LC588613.1:10-1462 Bacillus licheniformis
JF-22

MT949534.1 Bacillus licheniformis
JX513909.1 Bacillus licheniformis
MW295645.1 Bacillus paralicheniformis
DQ309325.1 Bacillus licheniformis
MT949530.1 Bacillus paralicheniformis
MT949533.1 Bacillus paralicheniformis
AB307804.1 Bacillus licheniformis





OPS/images/fmicb-13-863341/fmicb-13-863341-g002.jpg
= o = o = o = o = o L)

o

P i L Wi mar v T 0 ) PRV A L ar Vil vl LM (R F VAT S IS0 T G/ Tk Al I Tt DN e Al 1 G2 v 0 o I Dt M 1) T SR RO 6 oot

%1, 000, D0OD)

T1C (1. 00

Nyt

o
C ot o] ey Topoh Gt
0 4,

1.0

[re)
—ehCa [, @ - o o £ w
A & J%E% Pl i& Eéﬁ;ngT & oy Qt? 3 2 o = - s
R T R T A o R R S R P RS PO T T B T P T T I L T 7 L B T O R T R e N P S
B, 0 7.0 8.0 8.0 10,0 11.0 12.0 13.0 140 15.0 16.0 17.0 18,0 15,0 20,0 2L 22,0 23.0 24.0 28,0 26.0 27,0






OPS/images/fmicb-13-856898/fmicb-13-856898-g004.jpg





OPS/images/fmicb-13-856898/fmicb-13-856898-g005.jpg





OPS/images/fmicb-13-856898/fmicb-13-856898-t001.jpg
Districts

North Backa

South Batka
Pomoravie

Moravica

Raska

Jablanica

Zatibor

Rasina

Localities

Magi¢
Kulpin
Zobnatica
Dragocvet
Medurec
Zablate
Baluga

Veles

Krivata

Katici

Rudno

Bzovik
Bogojevce
Navalin
Brejanovce
Pedenjevce
Kladnica
Drmanovici
Velika Drenova

City of Belgrade Borca

Number

of fields of isolates

MR ANNRN GO GNG =0 BNG®SS ~

Number

58

10
8
16
16
4
10
26
6
6
2
4
32

[SESESPNERY

Potato cultivars

Lady Claire, VRE08

Lady Claire
VRB08, Pirol

Marabel

Liseta

Avizona, Bellarosa
Opal, Sinora

Avizona, Rudof, Agria
Aladin

Agria

Agria

Carrera, Memphis
Avizona

Arizona

Avrizona

Avizona

Agia

Agria

Agria

Kenebek.





OPS/images/fmicb-13-863341/cross.jpg
3,

i





OPS/images/fmicb-13-856898/fmicb-13-856898-g001.jpg
50% A, solai
33% 4 A protenta
3% A grondis
3% . tomataphil

= A solani
= 4. protenta
Atomataphilo

= A.protenta
= A grandis

<A, solani
=A. protents

. A. solani
=A. protenta






OPS/images/fmicb-13-856898/fmicb-13-856898-g002.jpg
=A. tomatophila

= A. solani

= A. protenta

=
z
5
£
H
E
2
.

g
S
S
8
3






OPS/images/fmicb-13-856898/fmicb-13-856898-g003.jpg
[A soloni|ZB1+-2
Ep—

[ A soloniiz811k-1
E
A ——

(A soloni ze2sk.
(A soloni z838-1
|4 solon 1z845-2

%

[_A sofom 284713
A S0loni 128547

[ A soloni zes0-1
[~A soloni 12851

[ A soloniizes2

[—A soloni1zagsar
A soloniz8 1288

[ soroni zes3aprs

A protento Z81R
A protento 128155
A protento Z81k-1
Aprotento 12843
A protento [2810k-1
A protento 2819

A protento 1282221
A protento 1284514
A protento 1284714
A protento 128543
A protento 128834
A protento 1281244

035 — A tomatophilaiz8241
i A tomatoohila 1z824.11

o7

055 —Agrondisizass-a1
A grondis 781014
A grandis 781074

A grandis 28107-24
A grondis 17810723

0.02

03 A tomotoohiolze 36c5
L mcsommatzsires

Exserohilun pedicellatuss BMP 0384





OPS/images/fmicb-13-942302/fmicb-13-942302-g002.jpg
A

' U-box only

13

AtPUB23

AtPUB22

SbPUB48

SbPUB18

AtPUB24

SbPUBS54

SbPUB47

SbPUB34

AtPUB20

AtPUB21

SbPUB2

SbPUB30

SbPUB7

SbPUB62

AtPUB30

AtPUB31

SbPUB8

SbPUB42

SbPUB28

AtPUB29

SbPUB43

AtPUB26

AtPUB25

SbPUB13

SbPUBS52

16
ny

-AtPUB39

AtPUB41

AtPUB40

AtPUB38

SbPUB17

SbPUBS8

AtPUB16

SbPUB22

AtPUB17
SbPUB23

AtPUB11

AtPUB10

AtPUB14

SbPUBS59

SbPUBG5

AtPUB15

SbPUBS3

AtPUB4

SbPUB49
SbPUB19

AtPUB3

AtPUB2

SbPUBG3

SbPUB33

SbPUB45

SbPUB20

AtPUB6

SbPUBSS5

AtPUB44

SbPUB38

AtPUB42

SbPUB15

SbPUB32

SbPUB39

SbPUB1

SbPUB16

SbPUB46

AtPUBS

SbPUBS0

SbPUB25

SbPUB24

SbPUB40

HIP

At
ALCHIF

SbCHIP1

HIP>

ah
obCHIFZ

AtUFD2

SbUFD2

SbPUB44

AtPUB35

AtPUBS3
AtPUBS2

SbPUB14

AtPUB34

SbPUB6G4

SbPUB21

SbPUB3

AtPUBS6

AtPUBS4

Motif 1
Motif 3
Motif 2
Motif 11
Motif 10
Motif 7
Motif 15
Motif 18
Motif S
Motif 8
Motif 19
Motif 12
Motif 17
Motif 20
- Motif 13
Motif 4
Motif 6
Motif 9
Motif 14

Motif 16

DI

LI
o

E%ﬁ%rii;;;EiiiﬁggéiﬁizgggIE;"gzlgg:IT;ii;i||||iiii§;%|iiixiii§iiiiri%iiiiiilnu|nnn-|-u||--||m|.......i.,.. o

n

o DS
- UTR

5000 10000 15000 20000 25000

o

30C





OPS/images/fmicb-13-942302/fmicb-13-942302-g001.jpg
Tree scale: 0.1 —

sub-family

. U-box+WD40-2

. U-box+ARM-2 x

. Ubox-+ARM-1

I U-box only
|| Kinaset+U-box
|| Usbox+wDa0-1
] TPR+U-box
B uboxovn
SMART domains
@ arv

® o

[ ] mer

@ voox

P woao

@ r conc
® s xe

O pxinase

v

@ uvier core

7§
Q %%
"{:’:"» AR L AAEA, n"'





OPS/images/fmicb-13-942302/cross.jpg
@ Check for updates.





OPS/images/fmicb-13-970139/fmicb-13-970139-t004.jpg
Treatment Pathway ID KEGG pathway Gene number P-value

JA 04075 Plant hormone signal transduction 36 3.18E-06
00860 Porphyrin and chlorophyll metabolism 10 2.25E-04
03030 DNA replication 10 3.19E-04
00500 Starch and sucrose metabolism 19 3.65E-04
04141 Protein processing in endoplasmic reticulum 24 0.001211
00906 Carotenoid biosynthesis 6 0.015049
00944 Flavone and flavonol biosynthesis 2 0.016211
00591 Linoleic acid metabolism 4 0.016937
00904 Diterpenoid biosynthesis 5 0.034046
00920 Sulfur metabolism 5 0.042292
SA 03010 Ribosome 103 2.08E-40
03030 DNA replication 12 3.67E-04
00100 Steroid biosynthesis 10 4.34E-04
00941 Flavonoid biosynthesis 11 0.006102
00860 Porphyrin and chlorophyll metabolism 8 0.031731
00944 Flavone and flavonol biosynthesis 2 0.031943
00780 Biotin metabolism 4 0.06257
00904 Diterpenoid biosynthesis 5 0.116215
00920 Sulfur metabolism 5 0.139336
00942 Anthocyanin biosynthesis 1 0.148024
COR 04075 Plant hormone signal transduction 23 8.96E-10
00280 Valine, leucine and isoleucine degradation 6 9.85E-04
00073 Cutin, suberine, and wax biosynthesis 4 0.002791
00640 Propanoate metabolism 4 0.010436
00904 Diterpenoid biosynthesis 3 0.021341
04146 Peroxisome 5 0.024415
00100 Steroid biosynthesis 3 0.028613
00591 Linoleic acid metabolism 2 0.043216
00900 Terpenoid backbone biosynthesis 3 0.081637
00565 Ether lipid metabolism 2 0.09718
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Treatment Pathway ID KEGG pathway Gene number P-value

JA 00940 Phenylpropanoid biosynthesis 28 4.52E-08
04626 Plant-pathogen interaction 24 5.42E-06
00945 Stilbenoid, diarylheptanoid, and gingerol biosynthesis 10 1.18E-05
00941 Flavonoid biosynthesis 10 1.05E-04
00592 alpha-Linolenic acid metabolism 9 1.76E-04
00350 Tyrosine metabolism 7 0.003754
00280 Valine, leucine, and isoleucine degradation 8 0.003862
00591 Linoleic acid metabolism 4 0.005518
00480 Glutathione metabolism 11 0.00604
00071 Fatty acid degradation 7 0.008333
SA 04626 Plant-pathogen interaction 45 1.84E-08
04016 MAPK signaling pathway-plant 35 4.98E-06
00592 alpha-Linolenic acid metabolism 12 0.001178
00562 Inositol phosphate metabolism 15 0.002055
00565 Ether lipid metabolism 8 0.002609
04075 Plant hormone signal transduction 39 0.003307
04070 Phosphatidylinositol signaling system 14 0.005498
00280 Valine, leucine, and isoleucine degradation 12 0.008001
00564 Glycerophospholipid metabolism 16 0.013576
00591 Linoleic acid metabolism 5 0.017725
COR 00500 Starch and sucrose metabolism 16 2.00E-04
04016 MAPK signaling pathway-plant 17 0.001028
04626 Plant-pathogen interaction 19 0.001129
00908 Zeatin biosynthesis 8 0.005088
00591 Linoleic acid metabolism 4 0.005518
00950 Isoquinoline alkaloid biosynthesis 5 0.005555
00053 Ascorbate and aldarate metabolism 7 0.006927
00360 Phenylalanine metabolism 7 0.007606
00562 Inositol phosphate metabolism 8 0.011395
00350 Tyrosine metabolism 6 0.015016
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Bacteria Fungi

Taxonomy JK GB Taxonomy JK GB
Pseudomonas 7.61 25.67  Phoma 6.56 35.05
Pantoea 1.60 7.65 Cladosporium 7.96 23.87
Cetobacterium 395 0.43 Alternaria 3.66 6.88
Providencia 0.00 0.83 Cercospora 4.09 151
Faecalibacterium 0.82 0.41 Fusarium 0.22 1.18
Ralstonia 0.73 0.24 Stagonosporopsis 0.22 0.86
Methylobacterium 0.35 0.45 Moesziomyces Q.97 0.22
Prevotella 0.68 - Gibellulopsis - 0.54
Agathobacter 0.46 0.12 Phyllosticta* 1.08 0.11
Ruminococcaceae 0.46 0.30 Golubevia 0.75 0.22
Peptoniphilus 0.48 - Epicoccum 0.32 0.54
Bifidobacterium 0.39 0.26 Plectosphaerella 0.54 0.43
Alistipes 0.31 0.25 Rhodotorula 0.32 0.32
Bacteroides 0.51 0.31 Meira - 0.22
Subdoligranulum 0.42 0.21 Corynespora 0.22 0.32
Dialister 0.42 0.04 Stachybotrys - 0.1
Aeromonas 0.33 0.05 Aureobasidium - 0.11
Ezakiella 0.37 - Sporidiobolus 0.1 0.11
Lactobacillus 0.15 0.04 Cystobasidium - 0.1
Corynebacteriaceae  0.19 - Clitopilus 0.1 -
Finegoldia* 0.28 0.00 Phaeosphaeriopsis 0.11 -
Enterobacteriaceae 0.18 0.03 Lophiostoma <0.01 <0.01
Lachnospiraceae 0.21 0.12 Diaporthe <0.01 <0.01
Lachnospira 0.19 0.07 Coniothyrium <0.01 <0.01
Aureimonas 0.13 0.15 Pilidiella <0.01 <0.01
Proteus 0.11 - Paraphaeosphaeria <0.01 <0.01
Anaerococcus 0.13 - Pestalotiopsis <0.01 <0.01
Fusobacterium 0.14 0.02 Colletotrichum <0.01 <0.01
Campylobacter 0.1 - Peyronellaea <0.01 <0.01
Haemophilus 0.07 0.02 Sampaiozyma <0.01 <0.01
*Significantly different at p = 0.05 based on three replicates for each mean. “=,” “the

genus was not detected in the leaves.” JK, asymptomatic leaf, GB, symptomatic

leaf.
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Kingdom

Bacteria
Bacteria
Bacteria
Bacteria
Bacteria
Bacteria
Fungi
Fungi
Fungi
Fungi
Fungi
Fungi

Sample name!

JK1

JK2
JK3
GB1
GB2
GB3
JK1

JK2
JK3
GB1
GB2
GB3

Shannon

2.011
2.089
1.327
1.225
1.218
0.477
3.23
3.131
3.224
2.815
0.698
3.054

Simpson

0.504
0.450
0.275
0.249
0.41
0.094
0.806
0.826
0.851
0.762
0.165
0.795

Chao1

95.5
106.4
93.7
124.2
97.1
69.2
28.6
25.5
26.3
60.5
13.5
35.1

ACE

101.2
108.3
94.5
121.5
99.3
76.1
30.1
27.4
29.2
82.5
16.1
43.5

Goods_coverage

0.998
0.999
0.998
0.996
0.997
0.998
0.987
0.981
0.977
0.939
0.987
0.965

UK, asymptomatic leaf; GB, symptomatic leaf.
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Cercophora coronata
Cladosporium sp.
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Colletotrichum sp.
Colletotrichum sp.
Colletotrichum sp.
Colletotrichum sp.
Colletotrichum gloeosporioides
C. gloeosporioides
C. gloeosporioides
C. gloeosporioides
Corynespora cassiicola
C. cassiicola

C. cassiicola
Diaporthe sp.
Diaporthe sp.
Diaporthe sp.
Diaporthe sp.

Strain name

wz20
wz39
wzb
wz33
wz43
wz27
wz53
wz47
wz34
wz35
wz49
wz60
wz63
wz51
wz52
wz55
wz64
wz16
wz17
wz45
wz4
wz23
wz25
wz65

Accession number

MwW220839
Mz093624
MwW220860
MW220851
MW220856
MwW220845
MwW220864
MwW220859
MwW220852
MWwW220853
Mz093628
MwW220870
MwW220872
MwW220862
MWwW220863
MW220866
MwW220873
Mz093622
MW220836
MZz093626
MW220855
MwW220842
MwW220844
MwW220874

Species

Epicoccum sorghinum
E. sorghinum
Marasmiellus sp.
Nigrospora sp.
Nigrospora sp.
Nigrospora sp.
Pestalotiopsis sp.
Pestalotiopsis sp.
Pestalotiopsis sp.
Phaeosphaeriopsis sp.
Phoma sp.

Phoma sp.

Phoma sp.

Phoma sp.
Phytophthora nicotianae
Xylariaceae sp.
Xylariaceae sp.
Xylariaceae sp.
Xylariaceae sp.
Xylariaceae sp.
Xylariaceae sp.
Xylariales sp.
Xylariales sp.

Strain name

wz48
wz50
wz3
wz1
wz37
wzb4
wz10
wz19
wz56
wz18
wz22
wz30
wz32
wz46
wz59
wz21
wz31
wz38
wz40
wz44
wz57
wz24
wz28

Accession number

Mz093627
MW220861
MwW220847
MwW220834
MwW220854
MW220865
MW220835
MWwW220838
MW220867
MwW220837
MW220841
MWwW220848
MW220850
MWwW220858
MW220869
MWwW220840
MWwW220849
Mz093623
MZz093625
MW220857
MWwW220868
MW220843
MW220846
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Kingdom

Bacteria
Bacteria
Bacteria
Bacteria
Bacteria
Bacteria
Fungi
Fungi
Fungi
Fungi
Fungi
Fungi

Sample name!

JK1

JK2
JK3
GB1
GB2
GB3
JK1

JK2
JK3
GB1
GB2
GB3

Raw reads

96,717
90,456
91,273
83,895
88,806
84,731
62,893
98,602
81,344
90,234
85,798
99,549

Clean reads

91,435
85,5632
86,659
79,231
83,456
80,766
61,822
96,874
79,633
88,237
85,388
96,046

Bases (nt)

26,484,462
26,878,593
24,974,300
25,489,125
26,754,105
26,637,397
18,501,997
18,344,049
20,840,030
17,955,023
13,777,273
18,698,034

Average length (nt)

406
406
406
406
424
406
300
300
299
294
204
291

Number of OTUs

93
108
98
110
96
66
29
24
24
59
4
49

UK, asymptomatic leaf; GB, symptomatic leaf.
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Gene name Gene ID Chromosome Start End  CDSlength  Protein Molecule pI (protein

length weight (Da) isoelectric
point)

SbPUBI SORBI_3001G226000 1 21,606,961 21,616,792 1,581 526 57,608.9 6.51
SbPUB2 SORBI_3001G272900 1 52,754,506 52,755,990 1,485 494 51,909.8 5.96
SbPUB3 SORBI_3001G305800 1 58,991,748 58,995,101 1,296 431 48,599.6 4.99
SbPUB4 SORBI_3001G306000 1 59,003,709 59,006,974 1,779 592 67,199.1 6.19
SbUFD2 SORBI_3001G306300 1 62,162,915 62,172,033 1,500 499 55,776.9 5.96
SbPUB5 SORBI_3001G333100 1 62,300,389 62,308,556 3,093 1,030 115,815.5 5.1

SbPUB6 SORBI_3001G334400 1 70,150,749 70,155,949 2,004 667 76,061.8 6.15
SbPUB7 SORBI_3001G420500 1 71,899,741 71,901,707 2,250 749 81,188 499
SbPUBS SORBI_3001G441100 1 72,598,605 72,601,731 1,365 454 48,019 8.16
SbPUB9 SORBI_3001G448700 1 74,000,494 74,004,078 1,380 459 49,388.1 7.57
SbPUBI0 SORBI_3001G466700 2 20,708,312 20,713,727 1,776 591 65,030.1 7.84
SbPUBII SORBI_3002G136800 2 20,854,345 20,857,919 2,178 725 81,104.2 6.4
SbPUBI2 SORBI_3002G137000 2 57,447,925 57,451,045 1,857 618 70,360.5 6.98
SbPUBI3 SORBI_3002G188700 2 57,860,760 57,862,523 2,151 716 75,503.6 Vi
SbPUB14 SORBI_3002G192101 2 58,593,486 58,602,167 1,764 587 60,276.4 6.77
SbPUBI5 SORBI_3002G196800 2 66,883,033 66,891,707 2,592 863 94,918.3 7.07
SbPUBI6 SORBI_3002G290500 3 709,579 717,183 2,466 821 90,627.1 6.35
SbPUBIL7 SORBI_3003G008100 3 66,235,870 66,239,678 4,215 1,404 150,368.3 6.15
SbPUBIS SORBI_3003G339500 3 68,325,094 68,326,611 2,109 702 74,999.2 6.05
SbPUBI9 SORBI_3003G367000 3 69,362,960 69,366,951 1,227 408 43,422.6 8.58
SbPUB20 SORBI_3003G379800 3 70,246,609 70,251,164 2,418 805 87,934.2 5.38
SbPUB2I SORBI_3003G391300 4 7,929,697 7,934,215 2,409 802 87,816.7 6.22
SbPUB22 SORBI_3004G093100 4 9,697,392 9,699,581 1,845 614 69,105.6 6.28
SbPUB23 SORBI_3004G103000 4 45,719,715 45,724,433 2,190 729 78,826.8 8.32
SbPUB24 SORBI_3004G146800 4 46,354,343 46,359,187 1,395 464 50,761.2 6.3

SbPUB25 SORBI_3004G147600 4 46,930,572 46,935,381 1,827 608 66,991.5 6.37
SbPUB26 SORBI_3004G149466 4 52,003,635 52,005,512 1,908 635 71,346.2 9.65
SbPUB27 SORBI_3004G169200 4 52,042,173 52,045,045 1,284 427 46,070.6 8.55
SbPUB28 SORBI_3004G169300 4 52,146,188 52,147,549 1,275 424 45,759.2 8.43
SbPUB29 SORBI_3004G169900 4 52,422,097 52,423,320 1,362 453 46,729.8 7.99
SbPUB30 SORBI_3004G171700 4 59,301,645 59,303,033 1,224 407 42,044.9 8.3

SbPUB3I SORBI_3004G245100 4 59,600,610 59,606,637 1,389 462 48,910 8.36
SbPUB32 SORBI_3004G249100 4 59,895,818 59,901,343 1,917 638 68,895.1 6.37
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=1 1; longifialidicum LESF 552
T. propepolypori YMF 1.06224
T. achlamydosporum YMF 1.06226
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s T. simplex HMAS 248842 T
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T. silvae virgineae CBS 120922
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Isolates EC50 (jig mL-1)

Difenoconazole Propiconazole Prochloraz- Pyraclostrobin Azoxystrobin Trifloxystrobin- Difenoconazole- dithianon Zhongshengmycin  Bromothalonil
manganese tebuconazole  azoxystrobin
C. godetiae Q-1 0.14 026 0.04 0.14 1.08 0.15 0.10 1027 407 15.29
C. godetiae Q-2 0.12 0.67 0.09 0.12 091 0.15 0.10 50.41 642 2932
C. godetiae Q-3 0.14 0.83 0.13 0.14 047 0.28 045 3364 752 45.17
C. godetiae Q-4 0.20 0.70 0.08 0.20 0.20 0.20 023 3437 10.13 46.16
C. godetiae Q-5 0.11 095 035 o.11 5.12 0.13 0.79 1852 8.63 50.16
C. godetiae Q-6 0.14 101 0.11 0.14 1.66 0.11 023 23.50 729 52,67
C. godetiae Q-7 0.15 0.71 0.13 0.15 17.25 0.12 048 1530 1038 53.98
C. godetiae Q-8 0.13 097 0.13 0.13 10.16 0.18 0.55 20.56 1095 60.47
C. godetiae G-1 0.17 0.99 0.12 0.17 215 0.24 133 1949 7.83 61.56
C. godetiae G-2 0.14 041 0.10 044 7231 0.13 1.00 53.02 6.28 66.96
C. godetiae G-3 0.12 058 0.12 0.12 155 0.15 0.85 2140 1031 67.90
C. godetiae G-4 011 073 0.07 o1 7.24 028 143 1559 457 68.08
C. godetiae G-5 006 106 015 0.06 314 019 Lot 11.80 1565 99.02
C. godetiae B-1 002 022 0.07 002 341 022 156 1629 579 7289
C. godetiae B-2 003 048 014 003 204 013 067 289 9.49 7374
C. godetiae B-3 002 042 0.06 002 2435 019 036 54.62 1353 83.18
C. godetiae B-4 005 046 011 005 142 014 011 1891 285 10.87
C. godetiae B-5 001 102 0.7 001 070 0.8 038 122 510 1379
C. godetiae L-1 004 119 o 004 an 0.3 100 2762 734 67.90

C. godetiae L-2 014 103 017 014 014 025 054 2352 3339 66.96
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GenBank accession number

Taxon Strains
ITS GAPDH CHS-1 ACT TUB2 HIS3

C. abscissum CDA9IS KP§43126 KP§43129 KP§43132 KP§43141 KP843135 KP843138
C. acerbum CBS 128530 JQ948459 JQ948790 JQ49120 Q949780 JQVs0110 Q949450
C. acutatum CBS 112996 1QU05776 1Qo48677 1Q05797 1Q005839 1QU05860 1QU0s818.
C. arboricola SAG 53350-12 MHS817944 MH817950 - MH817956 MHS817962 -

C. australe CBS 116478 1Qo48455 1Qo48786 1Qo49116 1Qo49776 1Q950106. 1QU49446.
C. brisbanense CBS 29267 1Qo48291 1Quis621 1Qo48952 1Qo49612 Q049942 1Qo49282
C. cairnsense BRIP 63642 KU923672 KU923704 KU923710 KU923716 KU923688 KU923722
C. carthami SAPA100011 AB696998. - - - AB696992 -

C. chrysanthemi IMI 364540 Q948273 Q948603 Q948934 Q949594 Q949924 Q949264
C. citri CBS 134233 KC293581 KC293741 KY856138 KY855973 KC293661 KY856309
C. cosmi CBS 85373 JQo48274 JQU48604 JQ948935 1Q949595 1Q949925 1Q949265
C. costaricense CBS 33075 JQU48180 JQ948510 JQo4ss41 JQ949501 1QU49831 JQU49171
C. cuscutae IMI 304802 1Q48195 1Qo48525 1Q48856 1QU49516 1Q49846. 1QU49516.
C. eriobotryae Cer 001 MF772487 MF795423 MN191653 MN191648 MF795428 MN191658
C. fioriniae CBS 128517 1Qo48292 1Qo48622 1Qo48953 1Qo49613, 1Q949943 1Qo49283
C. godetiae Q1 OK336098 ON241073 ON241053 ON241033 ON241113 ON241093
C. godetiae Q2 OK336099 ON241074 ON241054 ON241034 ON241114 ON241094
C. godetiae Q3 OK336100 ON241075 ON241055 ON241035 ON241115 ON241095
C. godetiae Q4 OK336101 ON241076 ON241056 ON241036 ON241116 ON241096
C. godetiae Qs OK336102 ON241077 ON241057 ON241037 ON241117 ON241097
C. godetiae Q6 OK336103 ON241078 ON241058 ON241038 ON241118 ON241098
C. godetiae Q7 OK336104 ON241079 ON241059 ON241039 ON241119 ON241099
C. godetiae Qs OK336105 ON241080 ON241060 ON241040 ON241120 ON241100
C. godetiae G1 OK336106 ON241081 ON241061 ON241041 ON241121 ON241101
C. godetiae G2 OK336107 ON241082 ON241062 ON241042 ON241122 ON241102
C. godetiae G3 OK336108 ON241083 ON241063 ON241043 ON241123 ON241103
C. godetiae G4 OK336109 ON241084 ON241064 ON241044 ON241124 ON241104
C. godetiae G5 OK336110 ON241085 ON241065 ON241045 ON241125 ON241105
C. godetiae B OK336111 ON241086 ON241066 ON241046 ON241126 ON241106
C. godetiae B2 OK336112 ON241087 ON241067 ON241047 ON241127 ON241107
C. godetiae B3 OK336113 ON241088 ON241068 ON241048 ON241128 ON241108
C. godetiae B4 OK336114 ON241089 ON241069 ON241049 ON241129 ON241109
C. godetiae B5 OK336115 ON241090 ON241070 ON241050 ON241130 ON241110
C. godetiae L1 OK336116 ON241091 ON241071 ON241051 ON241131 ON241111
C. godetiae L2 OK336117 ON241092 ON241072 ON241052 ON241132 ON241112
C. godetiae CBS 133.44 JQo4s102 JQ94§733 JQ949063 Q949723 1Q950053 1Q949393
C. godetiae CPO27.921 MN744275 MN737334 MN746542 MN746509 MN848358 MN848382
C. guajavae IMI 350839 JQV48270 JQV48600 JQ948931 1Q949591 1Q949921 1Qo49261
C. indonesiense CBS 127551 1Qo48288 1Qo48618, 1Qo48949 1Q949609 1Q949939 1Qo49279
C. javanense CBS 144963 MHS846576 MHS846572 MH846573 MH846575 MH846574 MH846571
C. johmstonii CBS 128532 JQ4s44 1Qo48775 1QU49105 1Qo49765 1Q950095 1Qo49435
C. kinghornii CBS 19835 1Qu4s454 1Qo48785 1Qo49115 1Qo49775 1Q950105 1Q950105
C. laticiphilum CBS 112989 JQ948289 JQo48619 JQ948950 JQ949610 1Q949940 1Q949280
C. lauri 1T2505-1a KY514347 KY514344 KY514341 KY514338 KY514350 -

C. limetticola CBS 114.14 Q948193 Q948523 Q948854 Q949514 Q949844 Q949184
C. lupini CBS 109225 1Q48155 JQ48485 JQ48816 Q949476 1Q949806 Q949146
C. melonis CBS 159.84 Q948194 Q948524 Q948855 Q949515 Q949845 JQ949185
C. nymphacae CBS 51578 JQ948197 JQo48527 JQ948858 Q949518 1QU49848 1QU49188.
C. paranaense CPC 20901 KC204992 KC205026 KC205043 KC205077 KC205060 KC205004
C. paxtonii IMI 165753 JQ948285 JQU48615 JQ948946 Q949606 Q949936 Q949276
C. phormii CBS 118194 JQo48446 1Q948777 JQ49107 1QU49767 1Q930097 Q949437
C. pyricola CBS 128531 JQo48445 JQ948776 JQ49106 1QU49766 1Q930096 1QU49436
C. rhombiforme CBS 129953 JQ948457 JQ948788 JQUa91I8 Q949778 1QV30108 1QU49448.
C. roseum RGM 2685 MK903611 MK903603 - MK903604 MK903607 -

C. salicis CBS 607.94 JQ948460 JQ948791 JQo49121 1QU49781 JQUs0111 1QU49451
C. scovillei CBS 126529 JQ948267 JQ948597 JQ948928 Q949588 1QU49918 1QU49258
C. simmondsii CBS 122122 JQ948276 JQ948606 JQ948937 Q949597 1Qu49927 Q949267
C. sloanei IMI 364297 Q948287 Q948617 Q948948 Q949608 Q949938 Q949278
C. tamarilloi CBS 129814 Q948184 Q948514 Q948845 Q949505 Q949835 1Q949175
C. walleri CBS 125472 Q948275 Q948605 Q948936 Q949596 Q949926 Q949266
C. wanningense Hainanl4 MG830462 MG830318 MG830302 MG830270 MG830286 -

C. orchidophilum ~ CBS 632.80 JQoas151 JQoas4s1 JQo4ss12 1Qo49472 1Q949802 JQUa9L42

The C. godetiae solates obtained in this study are in bold.
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Clades

DMIs

Qols
Compounds of DMI
and Qol

Glycolysis inhibitors

Antibiotics

Bromothalonil

Polysaccharides

Fungicides

Difenoconazole
Propiconazole
Prochloraz-manganese
Pyraclostrobin

Azoxystrobin
Trifloxystrobin-tebuconazole
Difenoconazole-azoxystrobin
Chlorothalonil

dithianon

Polyantimycin
Zhongshengmycin
Bromothalonil

Polysaccharides

c1

0.001
015
0.001
016
005
0.005
0.002
062
012
125
019
044
391

Concentration (g mL

2
0.01
0.44
0
031
05
0.022
0.007
1.85
12
5
0.96
133
15.63

c3
01
133
0.01
0.63

0.087
002
556

Cc4

1
4
0.03
125
50
035
0.07
1667
120
80
e
12
250

Cs
10
12

01

25

500

139

02
50

1200

320

120
36

1,000

ECs
(ngmL™")

015
026
0.04
014
108
0.08
01
91.26
1027
2149
407
1529
2254

Correlation
coefficient

0.9948
09935
0.9612
0.9912
0.9768
09923
0.9948
09927
0.9855
0.9463
09812
0.9869
09555
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Name

Difenoconazole
Propiconazole
Prochloraz-manganese
Pyraclostrobin

Azoxystrobin
Trifloxystrobin-tebuconazole
Difenoconazole-azoxystrobin

Chlorothalonil

ianon
Polyantimycin
Zhongshengmycin
Bromothalonil

Polysaccharides

Registration code
PD20121392
PD20093418,
PD20151437
PD20180392
PD20142114
PD20180677
PD20150707
PD86180-5
PD20096835
PD20182377
PD20182317
PD20094687
PD20142390

Holder of registration certificate

Shanxi Yitianfeng Crop Technology Co, Ltd.
Shandong Biannong Sida Biotechnology Co., Ltd.
Jiangsu Suzhou Fumishi Plant Protection Agent Co, Ltd
Shijiazhuang Huasing Pesticide Co, Lid

Syngenta Nantong Crop Protection Co., Ld.
Jiangsu Jiannong Plant Protection Co., Lid
Syngenta Nantong Crop Protection Co., Ltd.
Limin Chemical Co, Ltd.

Jiangxi Heyi Chemical Co., Ltd.

Shandong Rushan Hanwei Biotechnology Co. Ltd.
Hebei Zhongbaolv Crop Technology Co., Lid.
Jiangsu Tuogiu Agrochemical Co., Ld.

Liaoning Weike Biological Engineering o, Ltd.
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Components Rt (min) Area (%)

Silanediol, dimethyl- 2.565 1.04
Acetoin 2.813 64.2
2,3-Butanediol, [R-(R*,R*)]- 4.461 7.89
3-Pentanol 4.667 T2
Cyclotrisiloxane, hexamethyl- 5.15 1.89
3-Hexanol, 2-methyl- 6.05 1.41
Cyclotetrasiloxane, octamethyl- 9.223 1.73
Cyclopentasiloxane, decamethyl- 12.392 1.34

The 2,3-Butanediol, [R-(R*,R*)]- is [R RJ-2,3-butanediol; (2)-2,3-butanediol; (R,R)-
(-)-butane-2,3-diol (CAS Registry Number: 24347-58-8).
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Fungicide

Berberine
Carvacrol
Eugenol
Osthole

Phenazine-1-
carboxylic
acid

Prochloraz-
manganese chloride
complex

Propiconazole
Thiophanate-methyl

Trifloxystrobin +
Tebuconazole

Regression
equation

Y =4.001 +0.697X
Y =0.816 +2.700X
Y =4.531 +0.435X
Y =4.017 +0.993X
Y =5.029 +0.347X

Y =6.672 + 0.644X

Y =8.844 +2.707X
Y =3.429 +1.051X
Y =3.978 +1.051X

ECs¢
(mg/L)

27.066
35.446
11.98
9.78
0.824

0.003

0.038
31.289
9.387

Correlation
coefficient

0.982
0.986
0.961
0.914
0.976

0.954

0.962
0.994
0.994
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Index Bacteria Fungi

CK JF-22 CK JF-22

Shannon  6.19 £0.12 6.24 +0.09 3.194+0.25 2.32 £+ 0.30"
Chao 2770.27 £+ 95.25 2754.36 4 33.29 387.87 £ 38.52 229.83 £ 25.34*

*, significant difference (p < 0.05); **, highly significant difference (p < 0.001); Chao,
Chao1 richness estimator; Shannon, Shannon-Wiener diversity index.
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Fungicide

Berberine

Carvacrol

Eugenol

Metalaxyl

Osthole

Trifloxystrobin + Tebuconazole
Phenazine-1-carboxylic acid
Prochloraz-manganese chloride complex
Propiconazole

Thiophanate-methyl

Group 1 (mg/L)

125
500
30
30
50
150
100
0.2
4
500

Group 2 (mg/L)

25
100
6
6
10
30
20
0.04

100

Group 3 (mg/L)

20
12
12

0.008
0.25
20

Group 4 (mg/L)

0.24
0.24
0.4
12
0.8
0.0016
0.0625

Group 5 (mg/L)

0.2
0.8
0.048
0.048
0.08
0.24
0.16
0.00032
0.01563
0.8
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Relative abundance

Variations in composition of fungal functional groups inferred by FUNGuild

JF_22

B Endophyte-Litter Saprotroph-Soil Saprotroph-Undefined Saprotroph

B Undefined Saprotroph

B unknown

B Animal Pathogen-Dung Saprotroph-Endophyte-Epiphyte-Plant Saprotroph-Wood
W Plant Pathogen

W Dung Saprotroph-Soil Saprotroph

' Animal Pathogen-Endophyte-Lichen Parasite-Plant Pathogen-Soil Saprotroph-Wc¢
B Animal Pathogen-Endophyte-Lichen Parasite-Plant Pathogen-Wood Saprotroph
B Animal Pathogen-Endophyte-Fungal Parasite-Plant Pathogen-Wood Saprotroph
W Dung Saprotroph-Ectomycorrhizal-Soil Saprotroph-Wood Saprotroph

M others

Relative Abundance

COG function classification

CK JF_22
Samples

I A : RNA processing and modification
[ B : Chromatin structure and dynamics
M C : Energy production and conversion
D : Cell cycle control, cell division, chromosome partitioning
E : Amino acid transport and metabolis
M F : Nucleotide transport and metabohsm
" G: Carbohydrate transport and metabolism
HH: Coenzyme transport and metabolism
M | : Lipid transport and metabolism
[ J : Translation, ribosomal structure and biogenesis
M K : Transcription
L : Replication, recombination and repair
M : Cell walll/membrane/envelope biogenesis
[0 N : Cell motility
M O : Posttranslational modification, protem turnover, chaperones
I P : Inorganic ion transport and metabo
I Q: Secondary metabolites blosynthe5|s transport and catabolism
I R : General function prediction only
M S : Function unknow
M T : Signal transductron mechanis
I U : Intracellular trafficking, secretlon and vesicular transport
I V : Defense mechanisms
I W : Extracellular structures
M z : Cytoskeleton
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Project JF-22 JF-17 JF-21 JF-26

24 hour 77% +1.2a 26% + 1.6a 42% + 0.4a 40% + 1.9a
48 hour 89% + 0.6b 36% £ 2.0b 44% £ 0.3b 43% £ 0.8b

24 and 48 h represent corrected mortality of J2s of Meloidogyne incognita at
24 and 48 h after treatment initiation. Different lowercase letters within columns
indicate significant differences (p < 0.05) according to Duncan’s multiple range test.
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Treatment CK JF-22

The disease index:% 0.87 £0.02a 0.63 £ 0.04b
Biomass (g) 11.19 £ 0.37b 13.25 £ 0.66a

Different lowercase letters within columns indicate significant difference (p < 0.05).





OPS/images/fmicb-13-923181/fmicb-13-923181-g006.jpg





OPS/images/fmicb-13-923181/fmicb-13-923181-g005.jpg
e Cloions C0S 12552

C_pyricola CBS 128531
C phormif CBS 118194
G aroicale 3G 533012
120053

 hombiforme CBS.
e C oo B3 128530
b 195.35
" C.ausiale CBS 116475
C saliis CBS 60794
€ roscum RGM 2685
. scovllei CBS 126529
s G001

S

s 63230

L ¢ atscisuum CDOA9IS
C. foriniae CBS 128517
C.acutanum CBS 11299






OPS/images/fmicb-13-923181/fmicb-13-923181-g004.jpg





OPS/images/fmicb-13-923181/fmicb-13-923181-g003.jpg





OPS/images/fmicb-13-923181/fmicb-13-923181-g002.jpg





OPS/images/fmicb-13-923181/fmicb-13-923181-g001.jpg





OPS/images/fmicb-13-843389/fmicb-13-843389-g003.jpg
PCoA-PC1 vs PC2

A PCoA-PC1 vs PC2
0.3 . .
GB3 GB1
0.2 0.21
1
0.1 .
S $ 0.1
a GBl| ©
S 0.0 ® - GB2
c < . GB3
(@\| (@\|
@) m o 0.0
o 0.1.GB2 JK3 A JK1
®
0.1 32
JK2 JK3
-0.4 -0.2 0.2 -0.4 -0.2 0.0

0.0
PC1 (35.39%) PC1 (56.29%)





OPS/images/fmicb-13-923181/crossmark.jpg
(®) Check for updates






OPS/images/fmicb-13-978075/fmicb-13-978075-t001.jpg
dsRNA2
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Primer name

RsdbF1
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RsdaR2
6985-L1

6985-R1
9860-L1
9860-R1

Nucleotide sequence

AGTGTTTCGAACCGCATTGC
CGTCACCTGAGTTGTCGTCA
TCATTCAATGGCCCCTTCCC
GCAATGCGGTTCGAAACACT
GCCACAGGATGCAAAAGCAA
ACAATCATGCGTCGCACATG
ATGTGCGACGCATGATTGTG
ATGATGAACAGCGACCCCAG
TCAACAACTT TATCATGTTG TTCGATAGTG

CAAAGCACTG TTTTCATCCT TCCAACCATG
TCGAAATAGA TATTTCGGAT AGGGTATCGC
AACTTCCTGA GTTCGATATT CAGACCCCTG

Position

1117-1823 bp

427-1136 bp

380-1142bp

1124-1881 bp

Sequence-specific primers used to obtain the

- and ¥'-terminal sequences of the dsRNAs
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arginine and certain amino acids required for
pathogenicity of the rice blast fungus
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Primer

ITS4
ITS5

GDF

GDR
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i

kel
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CYLH3R

DNA sequence (5'-3')
TCCTCCGCTTATTGATATGC
GGAAGTAAAAGTCGTAACAAGG
GCCGTCAACGACCCCTTCATTGA
GGGTGGAGTCGTACTTGAGCATG
TGGGGCAAGGATGCTTGGAAGAA
TGGAAGAACCATCTGTGAGAGTTG
AACATGCGTGAGATTGTAAGT
TAGTGACCCTTGGCCCAGTTG
ATGTGCAAGGCCGGTTTCG
TACGAGTCCTTCTGGCCCAT
AGGTCCACTGGTGGCAAG
AGCTGGATGTCCTTGGACTG

Reference

White et al. (1990)

Templeton etal. (1992)

Carbone et al. (1999)

O'Donnell etal. (1997)

Carbone etal. (1999)

Crous etal. (2004)
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