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Streptomyces lydicus was used as biopesticide for crop protection in agriculture, however, the antimicrobial mechanism remains unclear and no systematic research on the secondary metabolites of S. lydicus has been reported. In this study, the extract of S. lydicus M01 culture was used to treat plant pathogen Alternaria alternata and morphological changes in the plasma membrane and cell wall of hyphae and conidia were observed. Fluorescence microscopy combined with different dyes showed that the accumulation of reactive oxygen species and cell death were also induced. To investigate the secondary metabolites in the culture filtrate, an online detection strategy of ultra-high-performance liquid chromatography connected to a quadrupole time-of-flight mass spectrometer (UPLC-Q-TOF-MS) was used for identification. The results revealed an excess of 120 metabolites, mainly consisted of fungicides, antibacterial agents, herbicides, insecticides, and plant growth regulators, such as IAA. Among which the five dominant components were oxadixyl, chloreturon, S-metolachlor, fentrazamide, and bucarpolate. On the other hand, the complete genome of S. lydicus M01 was sequenced and a number of key function gene clusters that contribute to the biosynthesis of active secondary metabolites were revealed. This is the first systematic characterization of S. lydicus secondary metabolites, and these results offer novel and valuable evidence for a comprehensive understanding of the biocontrol agent S. lydicus and its application in agriculture.
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INTRODUCTION

Sustainable agriculture attracts a growing demand of bio-based fertilizers composed of living microorganisms alternative to agro-chemicals (Kumawat et al., 2022). Biocontrol agents are microorganisms that suppress soilborne plant pathogens and promote plant growth. Many strains that have antagonistic activities were developed as commercial biocontrol agents to control plant diseases (Palaniyandi et al., 2013). Species from the Streptomyces genus exhibit marked biological activities against a wide range of phytopathogenic fungi and are considered as typical representatives of efficient biocontrol agents. They protect plants in direct and indirect ways; the direct effects might rely on the production of bioactive compounds that antagonize plant pathogen while indirect effects rely on induced systemic resistance (ISR) of plants (Raupach et al., 1996; Pieterse et al., 2014).

Streptomyces produce diverse natural products that accounts for approximately 10,000 compounds (Liu et al., 2012). The majority of antibiotics used in medicine and agriculture originated from Streptomyces bacteria. Their ability to produce various bioactive compounds by the biocontrol agents is desirable as it leads to suppression of diverse plant pathogens. For example, Streptomyces aureofaciens CMUAc130 has been reported to produce 5,7-dimethoxy-4-p-methoxylphenylcoumarin and 5,7-dimethoxy-4-phenylcoumarin, which can inhibit Colletotrichum musae and Fusarium oxysporum, the causative agents of anthracnose of banana and wilt of wheat (Taechowisan et al., 2005). Streptomyces cavourensis SY224 was found to produce a heat-stable antifungal compound, 2-furancarboxaldehyde that is antagonistic to Colletotrichum gloeosporioides which infects pepper plants (So Youn et al., 2012). Streptomyces malaysiensis produced a novel perhydrofuropyran C-nucleoside malayamycin that exhibited promising antifungal activity against Stagonospora nodorum (Berk) Castell & Germano, the cause of wheat glume blotch disease (Li et al., 2008), and an antifungal cyclic thiopeptide cyclothiazomycin B1 was isolated from the culture broth of Streptomyces sp. HA 125-40 that inhibited the growth of several plant pathogens (Mizuhara et al., 2011).

Another strain is the well-known Streptomyces lydicus WYEC108, which was found to antagonize against various fungal plant pathogens, including Pythium ultimum and Rhizoctonia solani, and promote the growth of pea plants (Crawford Don et al., 1993; Yuan and Crawford, 1995; Tokala Ranjeet et al., 2002). S. lydicus WYEC108 was developed and commercialized into biocontrol products Actinovate® and Actino-Iron® (Crawford et al., 2005). The antifungal ability of S. lydicus might be related to antibiosis, nutrient competition, and biosynthesis of degradative enzyme, although lytic enzymes, such as chitinases, were reported (Mahadevan and Crawford, 1997), its antimicrobial mechanism remains unclear and no detailed secondary metabolite profiles of S. lydicus was reported.

Recently, we isolated a new stain S. lydicus M01 that both strongly inhibit the leaf spot pathogen Alternaria alternata and significantly promoted the growth of cucumber. In pot experiments, pretreatment with S. lydicus M01 significantly reduced the disease incidence of foliar disease caused by A. alternata on cucumbers and the shoot length, root length, and fresh weight of the cucumber seedling were increased. In addition, S. lydicus M01 also exhibited growth promoting characteristics, such as phosphate solubilization, IAA secretion, siderophore, and ACC deaminase production (Wang et al., 2020). Thus, these beneficial activities, including regulation of soil microbial community, fight against pathogens and plant promotion effects make it a promising biological control agent. To further investigate its biological control and antimicrobial mechanism, in this study, the secondary metabolite profiles of S. lydicus M01 were analyzed using liquid chromatography connected to a quadrupole time-of-flight mass spectrometer (UPLC-Q-TOF-MS). On the other hand, the complete genome sequencing of S. lydicus M01 also revealed a number of key gene clusters that may contribute to the biosynthesis of active secondary metabolites.



MATERIALS AND METHODS


Strains and Growth Conditions

Streptomyces lydicus M01 was isolated from a rhizosphere soil in Nanjing Laoshan Forest (Wang et al., 2020). The plant pathogen A. alternata (ACCC 36970) was purchased from the Agricultural Culture Collection of China. S. lydicus M01 was cultured on ISP-2 plate at 28°C for 14 days and was fermented in ptato dextrose broth (PDB) on a rotary shaker (200 rpm) for 4 days at 28°C. The plant pathogen A. alternata was cultured on potato dextrose agar (PDA) plates at 28°C for 4 days.



Extraction of Streptomyces lydicus M01 Secondary Metabolites

Approximately 2 L of the S. lydicus M01 culture filtrate was collected from the PDB fermentation. The culture filtrate was extracted with an equal volume of ethyl acetate at 37°C with shaking at 120 rpm. The organic phase was separated from the liquid media using a separatory funnel. Then the organic layer was evaporated slowly under reduced pressure at 37°C to obtain an ointment crude extract. The concentrated extract was re-dissolved in 2 mL methanol. After filtration through a 0.22-mm sterile filter (Millipore, Bedford, MA, United States), the extracts were subjected to antifungal activity assay and UPLC-MS analysis.



Effects of Streptomyces lydicus M01 Extracts on the Ultrastructure of Alternaria alternata

The hyphae and conidia of A. alternata were treated with the S. lydicus M01 extracts for 12 h. Scanning electron microscopy and transmission electron microscopy were used to determine the effects of S. lydicus M01 extracts on the hyphae and conidia at the ultrastructural level.

For scanning electron microscopy, after centrifugation, the hyphae and conidia were pre-fixed with 2.5% glutaraldehyde. The fixed cells were rinsed with 100 mM phosphate buffer for 10 min and post-fixed for 3 h in 1% osmium tetroxide solution, and then dehydrated using gradient ethanol. The samples were coated with gold and observed with a scanning electron microscope (SEM, S-3000N, Hitachi, Japan). For transmission electron microscopy, samples were embedded in Epon 812 resin and the embedded materials were sectioned using an ultramicrotome and examined with a transmission electron microscope (TEM, H-600, Hitachi, Japan).



Viability Staining of Streptomyces lydicus M01 Extracts Treated Alternaria alternata

The fluorescein diacetate (FDA) stain and propidium iodide (PI) stain were used for cell viability assay (Jones and Senft, 1985), live cells with intact membranes show green fluorescence and cells with damaged membranes show red fluorescence. The hyphae and conidia of A. alternata were treated with S. lydicus M01 extracts for 12 h. After centrifugation, cells were resuspended in 20 mM phosphate buffer (pH 7.5) and stained with prepared FDA and PI, and incubated for 10 min in the dark at room temperature. Images were viewed using Olympus CX43 (Tokyo, Japan) microscope taken randomly from three independent experiments.



Reactive Oxygen Species Detection

The intracellular reactive oxygen species (ROS) production was examined with dichlorodihydrofluorescein diacetate (DCFH-DA) (Sigma-Aldrich, Burlington, MA, United States) and fluorescence microscopy (Liu et al., 2010). The A. alternata hyphae and conidia were treated with S. lydicus M01 extracts for 6 h, centrifuged, and resuspended in 20 mM phosphate buffer (pH 7.5). The samples were then incubated with 20 μM DCFH-DA for 20 min at room temperature and viewed using Olympus CX43 microscope.



UPLC-MS Analysis

The UPLC-MS analysis was performed on Acquity I-Class UPLC coupled with Xevo G2-XS QTof system equipped with electron spray ionization (ESI) ion source and UNIFI software (Waters, Milford, MA, United States). The extracts from S. lydicus M01 were separated on a Waters Acquity UPLC BEH C18 column (100 mm × 2.1 mm, 1.7 μm) maintained at 30°C. The mobile phase consisted of water (A) and acetonitrile (B) with an initial condition of 95% of mobile phase A and 5% of mobile phase B. The linear gradient elution was performed as follows: 0–10 min, 5% B; 10–15 min, 5–15% B; 15–45 min, 15% B. The flow rate was 0.4 ml/min. The column temperature was 30°C. Mass spectrometry was recorded using Xevo G2-XS QTOF equipped with an ESI source. The ionization mode was set in positive mode for identification of the S. lydicus M01 metabolites. The full MS scan was performed in the range m/z 100–1200 Da in-sensitivity mode with a scan time of 0.2 s. The capillary voltage was set to 2 kV, the cone voltage was 40 V. The cone gas flow rates and desolvation flow rates were 50 and 800 L/h, respectively. The collision energy was set at 35 eV and ramp high energy from 10 to 40 eV.



Genome Sequencing and Metabolite Prediction of Streptomyces lydicus M01

Streptomyces lydicus M01 were cultured in the ISP-2 medium at 28°C for 48 h. The genomic DNA extraction was performed using Wizard® Genomic DNA Purification Kit (Promega, Madison, MI, United States) according to manufacturer’s protocol. The complete genome sequencing and assembly were performed by the Majorbio Bio-Pharm Technology Co. Ltd., Shanghai, China. Genomic DNA was sequenced using a combination of PacBio RS II Single Molecule Real Time (SMRT) and Illumina sequencing platforms. The data generated from PacBio and Illumina platform were used for bioinformatics analysis using the online platform of Majorbio Cloud Platform.1 Glimmer (Delcher et al., 2007) was used for CDS prediction, tRNA-scan-SE (Borodovsky and McIninch, 1993) was used for tRNA prediction, and Barrnap was used for rRNA prediction. The predicted CDSs were annotated from NR, Swiss-Prot, Pfam, GO, COG, and KEGG databases. The biosynthetic gene clusters of secondary metabolites of S. lydicus M01 were predicted using the online antiSMASH v6.0.1 software (Blin et al., 2021).




RESULTS


Microscopic and Ultrastructural Changes to Alternaria alternata Hyphae and Conidia Caused by Streptomyces lydicus M01 Extracts

To investigate the antimicrobial mechanism of S. lydicus M01, the leaf spot pathogen A. alternata was treated with S. lydicus M01 extracts. The morphological changes of fungal mycelia and spores were observed by light microscopy. In the control experiments, the untreated hyphae displayed regular morphology with smooth external surface and round apexes (Figure 1A). In the treatment group, deformed and wrinkled surface, melanization and curling of the hyphae were observed. The conidia treated with S. lydicus M01 extracts also appeared abnormal and shriveled. To further study the effects of S. lydicus M01 extracts on the ultrastructure of A. alternata, scanning electron microscopy and transmission electron microscopy analysis was conducted. The results of scanning electron microscopy showed that the untreated hyphae and conidia were intact, continuous, and plump. When treated with the S. lydicus M01 extracts, significant exterior damage of hyphae and conidia was observed, including irregular surface, fracture of hyphae, and shriveled conidial spores, indicating a leakage of cytoplasm out of the cells (Figure 1B). Under transmission electron microscopy, intact cell wall and well-defined plasma membrane with septum were observed. And vesicles were clearly visible in the cytoplasm of cells. After treatment with the S. lydicus M01 extracts, the cell walls of hyphae were found to be rough and uneven, whereas the plasma membrane became blurred and disappeared especially in the conidial spores observed (Figure 1C). Furthermore, cytoplasmic heterogeneity and disintegrated organelles were observed in the treated cells. These results revealed that the extracts of S. lydicus M01 may cause defects in cell wall integrity, cytoplasm extravasation, and cell lysis of A. alternata.
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FIGURE 1. Effect of Streptomyces lydicus M01 extracts on the morphology of Alternaria alternata hyphae and conidia. (A) Effect of M01 extracts on the morphology of A. alternata hyphae and conidia observed with a light microscope. Ultrastructural effects of S. lydicus M01 extracts on A. alternata determined by scanning electron microscopy (B) and transmission electron microscopy (C). CW, cell wall; pm, plasma membrane; S, septum; cy, cytoplasm. In control experiments (CK), A. alternata hyphae and conidia was treated with methanol.




Accumulation of Reactive Oxygen Species and Cell Death of Alternaria alternata Caused by Streptomyces lydicus M01 Extracts

In both eukaryotic and prokaryotic organisms, ROS are byproducts of normal metabolism. Low concentrations of ROS play important roles in physiological events, but large amounts of ROS have many damaging effects and contribute to cell death (Aguirre et al., 2005). To investigate whether the accumulation of ROS participate in the cell damage of A. alternata treated with S. lydicus M01 extracts, the oxidant-sensitive probe DCFH-DA and fluorescence microscopy were used. The staining results showed that nearly entire M01 extracts-treated mycelium showed green fluorescence and the intensity was stronger compared with control hyphae (Figure 2). And the treated conidia also had stronger fluorescence than the controls, indicating a higher ROS concentration in S. lydicus M01 extracts-treated hyphae and conidia.
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FIGURE 2. Effect of S. lydicus M01 extracts on ROS production by A. alternata.


To further detect whether cell death occurred, a rapid, simultaneous double-staining procedure using FDA and PI was used to analyze live and dead cells (Jones and Senft, 1985). FDA is cleaved by esterase within viable cells and liberated by the fluorescent compound fluorescein, thus viable cells retain the dye and fluoresce whereas non-viable cells do not. PI is a nucleic acid intercalating dye but excluded from live cells with intact membranes, thus viable cells show bright green fluorescence, while non-viable cells are bright red. As shown in Figure 3, untreated A. alternata hyphae exhibited little red fluorescence and the entire mycelium was outlined by green fluorescence. In contrast, the S. lydicus M01 extracts-treated mycelium had few live cells (green fluorescence) and the proportion of red fluorescence in the hyphae was significantly increased, indicating that cell death occurred when treated with S. lydicus M01 extracts. Combined with the microscopic and ultrastructural changes in S. lydicus M01 extracts-treated cells, these results indicated that the extracts of S. lydicus M01 could at least destroy the cell wall and membranes, thus inhibiting the growth of A. alternata.
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FIGURE 3. Detection of A. alternata viability based on fluorescein diacetate and propidium iodide staining after treatment with S. lydicus M01 extracts for 12 h.




Liquid Chromatography Connected to a Quadrupole Time-of-Flight Mass Spectrometer/MS Analysis of Streptomyces lydicus M01 Metabolites

To characterize the antimicrobial compounds in the extracts of S. lydicus M01, UPLC-Q-TOF-MS was performed. A total of 123 chemical compounds were identified in the UNIFI Platform (Waters, Milford, MA, United States) based on retention time, molecular mass, and MS fragmentation (Table 1 and Supplementary Table 1). These compounds mainly consisted of fungicides, antibacterial agents, herbicides, insecticides, and plant growth regulators, such as IAA. The top 15 dominant compounds that had detector response strength above 10,000 were listed in Table 1, the remaining 108 compounds were provided in Supplementary Table 1. The response of compounds represented the relative proportion to their quantities in extracts. The listed compounds include fungicides oxadixyl, benzamorf, and coumethoxystrobin, herbicides chloreturon, S-metolachlor, fentrazamide, credazine, and paraquat, insecticide bucarpolate, isoprocarb, xylylcarb, pyraclofos, and antibacterial agent sulfamethazine. Their chemical structures were illustrated in Supplementary Figure 1. Analysis showed that the proportion of oxadixyl accounted for 35.89% in all the identified compounds, indicating that it was the dominant compound in the extracts of S. lydicus M01.


TABLE 1. Compounds identified from the extracts of S. lydicus M01 by UPLC-Q-TOF-MS.
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Genome Sequencing and Metabolites Prediction of Streptomyces lydicus M01

Genome sequencing and analysis showed that the whole genome of S. lydicus M01 consists of a linear chromosome of 7,832,127 bp with a high G + C content of 72.04%, including 6,868 protein-coding sequences, 65 tRNA, and 21 (seven 5S, seven 16S, and seven 23S) rRNA (Figure 4A). Among a total of identified 6,868 protein-coding genes, 5,571 and 2,494 of them were annotated into COG and KEGG functional categories, respectively (Figures 4B,C). In the COG annotation, the highest ratio was the transcription, followed by amino acid transport and metabolism and carbohydrate transport and metabolism. The number of genes annotated for secondary metabolites biosynthesis, transport, and catabolism was 165. Notably, protein functions of 1,944 genes which accounted a large proportion in the genome were not annotated based on existing protein database. Based on antiSMASH software analysis of the S. lydicus M01 genome, 24 biosynthetic gene clusters coding for secondary metabolites were detected, mainly included five NRPS gene clusters, one type I PKS gene cluster, one type II PKS gene cluster, one type III PKS gene cluster, two lasso peptide gene clusters, one lanthipeptide gene cluster, one bacteriocin gene cluster, four terpene gene clusters, two siderophore gene clusters, one ectoine gene cluster, two butyrolactone gene clusters, and other gene clusters (Supplementary Table 2). By alignment of GenBank, the eight gene clusters that showed a similarity above 69% were annotated in Table 2, including four gene clusters with 100% similarity. The structures of these predicted chemicals were demonstrated in Supplementary Figure 2. Function predictions revealed that five gene clusters were involved in the biosynthesis of antimicrobial-associated metabolites, including citrulassin D, streptolydigin, mannopeptimycin, desferrioxamine E, and SapB (Table 2). In addition, other unmatched gene clusters, including NRPS, type I PKS, type III PKS, RiPP-like, and lasso peptide gene cluster, were also found in the genome, which might be involved in the biosynthesis of other antimicrobial metabolites.
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FIGURE 4. Analysis of genome structure and metabolic pathway of S. lydicus M01. (A) CGView of S. lydicus M01 chromosome. From outside to center, rings 1 and 4 show protein-coding genes colored by COG categories on forward/reverse strand. Rings 2 and 3 show CDS, tRNA, and rRNA on forward/reverse strand. Ring 5 represents the G + C content. Ring 6 represents GC-Skew value. (B) COG annotation of S. lydicus M01 genome. (C) Pathway annotation of S. lydicus M01 genome according to the KEGG database. The vertical axis represents the level two classification of KEGG pathway. The horizontal axis represents the number of genes annotated in this classification. Different colors of the columns represent different level one classifications of KEGG pathway.



TABLE 2. Prediction and functional annotation of secondary metabolites from S. lydicus M01 genome.
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DISCUSSION

Excessive use of chemical fertilizers had adverse effects on the environment, causing pollution of soil, water, and air. The development of sustainable agriculture requires biological based fertilizers composed of living microorganisms. The plant-associated microbes that were beneficial for plant growth and disease suppression were used in the bio-based fertilizers or as biocontrol agents. Species from the Streptomyces genus are typical representatives of plant growth-promoting rhizobacteria, they colonize plant roots, fight against pathogens, synthesize extracellular proteins, and produce a wide range of bioactive compounds. For example, an endophytic actinomycete, Streptomyces sp. MBR-52 was found to accelerate the emergence and elongation of plant adventitious roots (Meguro et al., 2006). Three endophytic actinomycetes strains recovered from the root tissues of Azadirachta indica A. Juss. (Meliaceae) prolifically produce IAA and siderophores that play vital roles in the promotion of plant growth (Verma et al., 2011). Streptomyces sp. MTN14 was reported to enhance the biomass yield of Withania somnifera (Singh et al., 2016). Importantly, the metabolites of Streptomyces are diversified in biological activities and functions, such as antifungal, insecticidal, and antibacterial activities, makes them the promising candidates to be developed as efficient biocontrol agents (Rey and Dumas, 2017). In recent studies, we isolated a new stain S. lydicus M01 that exhibited outstanding plant disease suppression and growth promotion properties on cucumber plants (Wang et al., 2020). To further investigate its antimicrobial mechanism, physiological changes of plant pathogen A. alternata, secondary metabolite profiles, and genome sequencing of S. lydicus M01 were analyzed.

The morphological changes observed using scanning electron microscopy and transmission electron microscopy showed that the S. lydicus M01 extracts disrupted the plasma membranes of A. alternata hyphae and conidia and caused cytoplasmic heterogeneity and organelles disintegration. These results were similar to that observed in lipopeptides, for example, lipopeptide surfactin induced lysis of lipid membranes and leakage (Heerklotz and Seelig, 2007). Iturin and bacillomycin D cause cytoplasm extravasation of Verticillium dahliae and Aspergillus flavus, respectively (Gong et al., 2014; Han et al., 2015). However, cell swelling and breakage of A. alternata cell walls were not observed in our study. This result differed from findings observed in bacterial lipopeptide iturins, possibly due to the different antifungal components in the extracts of S. lydicus M01. The organelles disintegration observed may suggest that the antifungal components in the S. lydicus M01 extract could enter the cells and affect organelles and intracellular proteins in the cytoplasm.

Increased accumulation of ROS is harmful to fungal cells (Mesa-Arango Ana et al., 2014; Thangamani et al., 2017). Recent studies showed that lipopeptide induced cell death in part by generating ROS (Qi et al., 2010; Cao et al., 2011). In our experiments, high concentrations of ROS were also detected in S. lydicus M01 extracts-treated hyphae and conidia, suggesting that ROS generation may contribute to the antifungal effects of the S. lydicus M01 extracts. In the double-staining of S. lydicus M01 extracts-treated hyphae and conidia, significant cell death was observed. This result also demonstrated that the plasma membranes were disrupted since PI was not membrane-permeable (Lecoeur, 2002). Taken together, our results and previous results suggested that the extracts of S. lydicus M01 caused severe damage to the plasma membranes and organelles disintegration of hyphae and conidia, resulting in cell death of A. alternata.

Streptomyces are known to be rich in secondary metabolites; they produce over two-thirds of the clinically useful antibiotics of natural origin (Watve et al., 2001; Bibb, 2013). To further investigate the antimicrobial mechanism of S. lydicus M01, UPLC-Q-TOF-MS was used to analyze the components in the extracts of S. lydicus M01. An excess of 120 chemical compounds were identified, mainly consisted of fungicides, antibacterial agents, herbicides, insecticides, and plant growth regulators, such as IAA. The dominant compound which account for 35.89% in all the identified components was oxadixyl. Oxadixyl [2-methoxy-N-(2-oxo-1,3-oxazolidin-3-yl)-acet-2′,6′-xylidide] is a systemic fungicide used to treat seeds of a variety of food crops, including control of downy mildew, damping-off (Phytophthora and Pythium), and seed rot (Pythium) (Jiang and Grossmann, 1991; Samoucha et al., 1993; Heiberg, 1998). Benzamorf is also a fungicide and coumethoxystrobin is a novel Chinese strobilurin fungicide used in agriculture (Lewis et al., 2016). Chloreturon, S-metolachlor, fentrazamide, credazine, and paraquat are selective and systemic herbicides used on corn, soybeans, potatoes, tomatoes, and rice (Forouzesh et al., 2015). The remaining bucarpolate, isoprocarb, xylylcarb, and pyraclofos are insecticide or insecticide synergists (Sun et al., 2012). In addition, sulfamethazine is an antibacterial agent that are widely used in human and veterinary medicine (Haller et al., 2002). These metabolites detected were all small molecules with low molecular weight, their antimicrobial mechanisms are probably different from large biomacromolecule, such as lipopeptides. These small molecules could inhibit enzymes that are involved in cell metabolism or they can disrupt protein synthesis and membrane structure, thus explaining the morphological changes of pathogen cells observed in this study. However, it was reported that lytic enzymes, such as chitinase, may participate in the antifungal activities of S. lydicus and other Streptomyces; the detailed mechanism of antifungal enzymes were not investigated (Mahadevan and Crawford, 1997; Mukherjee and Sen, 2006).

Genome sequencing provides the potential to discover secondary metabolites produced by Streptomyces (Bachmann et al., 2014; Kjærbølling et al., 2018; Skinnider et al., 2020). In this study, genome sequencing of S. lydicus M01 revealed 6,868 protein-coding sequences and 24 potential biosynthetic gene clusters coding for secondary metabolites. The NRPS gene clusters, PKS gene clusters, lasso peptide gene clusters, lanthipeptide gene cluster, and terpene gene clusters discovered in S. lydicus M01 genome are putatively involved in biosynthesis of antimicrobial-associated metabolites. Based on alignment with repository of known biosynthetic gene clusters, the predicted products were citrulassin D, streptolydigin, mannopeptimycin, and SapB. Citrulassin D belongs to lasso peptides that exhibited antibacterial activity against a panel of bacteria, including pathogen Listeria monocytogenes and Klebsiella pneumoniae (Tietz et al., 2017). The streptolydigin gene cluster showed 97% similarity with the corresponding genes in other strains of S. lydicus (Table 2). Streptolydigin is an antibiotic that inhibits nucleic acid chain elongation by binding to RNA polymerase, thus inhibiting RNA synthesis (Tuske et al., 2005). It has antibacterial activity against a number of bacteria but not eukaryotic microbes. Mannopeptimycin which is produced by Streptomyces is a new class of lipoglycopeptide antibiotics that acts by affecting cell wall biosynthesis (Magarvey et al., 2006). SapB is a lantibiotic-like peptide but belongs to class III lanthipeptides and lacks antimicrobial activity (Dischinger et al., 2014). It performed morphogenetic and signaling functions for the filamentous bacterium Streptomyces (Kodani et al., 2004). In addition, the siderophore cluster shared 100% similarities with desferrioxamine E which is widely produced by Streptomyces and related bacteria. Desferrioxamine E was reported to inhibit biofilm formation of Mycobacterium species and thus exhibited antimicrobial activity (Ishida et al., 2011).

Interestingly, these four predicted antibacterial compounds were not detected by UPLC-Q-TOF-MS in the analysis of S. lydicus M01 extracts. This might be explained by the different extraction and identification methods. It was reported that many of these bio-informatically discovered secondary metabolism gene clusters were silent or expressed at low levels under standard laboratory conditions (Brakhage and Schroeckh, 2011). The expression of these gene clusters is controlled by biological signals and regulatory networks governed by stresses found in the bacteria’s natural habitat (Craney et al., 2013). Therefore, the secondary metabolites detected could only be a small fraction of the whole repository. Taken together, we propose that the compounds detected in the extracts of S. lydicus M01 and bio-informatically predicted secondary metabolites could altogether contribute to the antifungal activity of S. lydicus M01. Further investigation of the secondary metabolites and genome mining of S. lydicus M01 should help in understanding its antimicrobial mechanism.



CONCLUSION

In conclusion, the antimicrobial mechanism of biocontrol agent S. lydicus M01 against leaf spot pathogen A. alternata was investigated. The results revealed that the extracts of S. lydicus M01 caused damage of plasma membranes and cytoplasm extravasation of A. alternata. The accumulation of ROS contributed to the antifungal effects of the S. lydicus M01 extracts. Analysis of secondary metabolite profiles using ultra-high-performance liquid chromatography connected to a quadrupole time-of-flight mass spectrometer (UPLC-Q-TOF-MS) revealed an excess of 120 metabolites, mainly consisting of fungicides, antibacterial agents, herbicides, insecticides, and plant growth regulators, such as IAA. On the other hand, the complete genome sequencing revealed a number of key function gene clusters that contribute to the biosynthesis of active secondary metabolites. These results provided insights for a comprehensive understanding of the biocontrol agent S. lydicus and may pave the way to the use of their metabolites in agriculture.



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 at: https://www.ncbi.nlm.nih.gov/, PRJNA774437.



AUTHOR CONTRIBUTIONS

MW contributed to conceptualization, methodology, investigation, validation, formal analysis, visualization, writing—original draft, and funding acquisition. JL and WC contributed to conceptualization, methodology, and investigation. JZ contributed to conceptualization, supervision, and writing, reviewing, and editing the manuscript. All authors contributed to the article and approved the submitted version.



FUNDING

This work was supported by the National Natural Science Foundation of China (31900030).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2022.908879/full#supplementary-material


FOOTNOTES

1 www.majorbio.com


REFERENCES

Aguirre, J., Ríos-Momberg, M., Hewitt, D., and Hansberg, W. (2005). Reactive oxygen species and development in microbial eukaryotes. Trends Microbiol. 13, 111–118. doi: 10.1016/j.tim.2005.01.007

Bachmann, B. O., Van Lanen, S. G., and Baltz, R. H. (2014). Microbial genome mining for accelerated natural products discovery: is a renaissance in the making? J. Ind. Microbiol. Biotechnol. 41, 175–184. doi: 10.1007/s10295-013-1389-9

Bentley, S. D., Chater, K. F., Cerdeño-Tárraga, A. M., Challis, G. L., Thomson, N. R., and James, K. D. (2002). Complete genome sequence of the model actinomycete Streptomyces coelicolor A3(2). Nature 417, 141–147.

Bibb, Mervyn J (2013). Understanding and manipulating antibiotic production in actinomycetes. Biochem. Soc. Trans. 41, 1355–1364. doi: 10.1042/BST20130214

Blin, K., Shaw, S., Kloosterman, A. M., Charlop-Powers, Z., Van wezel, G. P., Medema Marnix, H, et al. (2021). antiSMASH 6.0: improving cluster detection and comparison capabilities. Nucl. Acids Res. 49, W29–W35. doi: 10.1093/nar/gkab335

Borodovsky, M., and McIninch, J. (1993). GENMARK: parallel gene recognition for both DNA strands. Comput. Chem. 17, 123–133.

Brakhage, A. A., and Schroeckh, V. (2011). Fungal secondary metabolites – Strategies to activate silent gene clusters. Fungal Genet. Biol. 48, 15–22. doi: 10.1016/j.fgb.2010.04.004

Cao, X.-H., Zhao, S.-S., Liu, D.-Y., Wang, Z., Niu, L.-L., Hou, L.-H., et al. (2011). ROS-Ca2+ is associated with mitochondria permeability transition pore involved in surfactin-induced MCF-7 cells apoptosis. Chem. Biol. Interact. 190, 16–27. doi: 10.1016/j.cbi.2011.01.010

Craney, A., Ahmed, S., and Nodwell, J. (2013). Towards a new science of secondary metabolism. J. Antibiot. 66, 387–400. doi: 10.1038/ja.2013.25

Crawford, D., Kowalski, M., Roberts, M., Merrell, G., and Deobald, L. (2005). Discovery, development, and commercialization of a microbial antifungal biocontrol agent, Streptomyces lydicus WYEC108: history of a decade long endeavor. Soc. Ind. Microbiol. News 55, 88–95.

Crawford Don, L., Lynch James, M., Whipps John, M., and Ousley Margaret, A. (1993). Isolation and characterization of actinomycete antagonists of a fungal root pathogen. Appl. Environ. Microbiol. 59, 3899–3905. doi: 10.1128/aem.59.11.3899-3905.1993

Delcher, A. L., Bratke, K. A., Powers, E. C., and Salzberg, S. L. (2007). Identifying bacterial genes and endosymbiont DNA with Glimmer. Bioinformatics 23, 673–679. doi: 10.1093/bioinformatics/btm009

Dischinger, J., Basi Chipalu, S., and Bierbaum, G. (2014). Lantibiotics: promising candidates for future applications in health care. Int. J. Med. Microbiol. Suppl. 304, 51–62. doi: 10.1016/j.ijmm.2013.09.003

Forouzesh, A., Zand, E., Soufizadeh, S., and Samadi Foroushani, S. (2015). Classification of herbicides according to chemical family for weed resistance management strategies – an update. Weed Res. 55, 334–358.

Gong, Q., Zhang, C., Lu, F., Zhao, H., Bie, X., and Lu, Z. (2014). Identification of bacillomycin D from Bacillus subtilis fmbJ and its inhibition effects against Aspergillus flavus. Food Control 36, 8–14.

Haller, M. Y., Müller, S. R., Mcardell, C. S., Alder, A. C., and Suter, M. J. F. (2002). Quantification of veterinary antibiotics (sulfonamides and trimethoprim) in animal manure by liquid chromatography–mass spectrometry. J. Chromatogr. A 952, 111–120. doi: 10.1016/s0021-9673(02)00083-3

Han, Q., Wu, F., Wang, X., Qi, H., Shi, L., Ren, A., et al. (2015). The bacterial lipopeptide iturins induce Verticillium dahliae cell death by affecting fungal signalling pathways and mediate plant defence responses involved in pathogen-associated molecular pattern-triggered immunity. Environ. Microbiol. 17, 1166–1188. doi: 10.1111/1462-2920.12538

Heerklotz, H., and Seelig, J. (2007). Leakage and lysis of lipid membranes induced by the lipopeptide surfactin. Eur. Biophys. J. 36, 305–314. doi: 10.1007/s00249-006-0091-5

Heiberg, N. (1998). Effects of raised beds, black soil mulch and oxadixyl on root rot (Phytophthora fragariae var. rubi) in red raspberry. Acta Hortic. 505, 249–258.

Ishida, S., Arai, M., Niikawa, H., and Kobayashi, M. (2011). Inhibitory effect of cyclic trihydroxamate siderophore, desferrioxamine E, on the biofilm formation of Mycobacterium species. Biol. Pharm. Bull. 34, 917–920. doi: 10.1248/bpb.34.917

Jiang, Y., and Grossmann, F. (1991). Cellular damage to phytophthora infestans in tomato leaves treated with oxadixyl: an ultrastructural investigation. J. Phytopathol. 132, 116–128.

Jones, K. H., and Senft, J. A. (1985). An improved method to determine cell viability by simultaneous staining with fluorescein diacetate-propidium iodide. J. Histochem. Cytochem. 33, 77–79. doi: 10.1177/33.1.2578146

Kjærbølling, I., Vesth Tammi, C., Frisvad Jens, C., Nybo Jane, L., Theobald, S., and Kuo, A. (2018). Linking secondary metabolites to gene clusters through genome sequencing of six diverse Aspergillus species. Proc. Natl. Acad. Sci. U. S. A. 115, E753–E761. doi: 10.1073/pnas.1715954115

Kodani, S., Hudson, M. E., Durrant, M. C., Buttner, M. J., Nodwell, J. R., and Willey, J. M. (2004). The SapB morphogen is a lantibiotic-like peptide derived from the product of the developmental gene ramS in Streptomyces coelicolor. Proc. Natl. Acad. Sci. U. S. A. 101, 11448–11453. doi: 10.1073/pnas.0404220101

Kumawat, K. C., Razdan, N., and Saharan, K. (2022). Rhizospheric microbiome: bio-based emerging strategies for sustainable agriculture development and future perspectives. Microbiol. Res. 254:126901. doi: 10.1016/j.micres.2021.126901

Lecoeur, H. (2002). Nuclear apoptosis detection by flow cytometry: influence of endogenous endonucleases. Exp. Cell Res. 277, 1–14. doi: 10.1006/excr.2002.5537

Lewis, K. A., Tzilivakis, J., Warner, D. J., and Green, A. (2016). An international database for pesticide risk assessments and management. Human and Ecological Risk Assessment. Int. J. 22, 1050–1064.

Li, W., Csukai, M., Corran, A., Crowley, P., Solomon, P. S., and Oliver, R. P. (2008). Malayamycin, a new streptomycete antifungal compound, specifically inhibits sporulation of Stagonospora nodorum (Berk) Castell and Germano, the cause of wheat glume blotch disease. Pest Manag. Sci. 64, 1294–1302. doi: 10.1002/ps.1632

Liu, P., Luo, L., Guo, J., Liu, H., Wang, B., Deng, B., et al. (2010). Farnesol induces apoptosis and oxidative stress in the fungal pathogen Penicillium expansum. Mycologia 102, 311–318. doi: 10.3852/09-176

Liu, X., Bolla, K., Ashforth, E. J., Zhuo, Y., Gao, H., Huang, P., et al. (2012). Systematics-guided bioprospecting for bioactive microbial natural products. Antonie Van Leeuwenhoek 101, 55–66. doi: 10.1007/s10482-011-9671-1

Magarvey, N. A., Haltli, B., He, M., Greenstein, M., and Hucul, J. A. (2006). Biosynthetic pathway for mannopeptimycins, lipoglycopeptide antibiotics active against drug-resistant gram-positive pathogens. Antimicrob Agents Chemother 50, 2167–2177. doi: 10.1128/AAC.01545-05

Mahadevan, B., and Crawford, D. L. (1997). Properties of the chitinase of the antifungal biocontrol agent Streptomyces lydicus WYEC108. Enzyme Microb. Technol. 20, 489–493.

Meguro, A., Ohmura, Y., Hasegawa, S., Shimizu, M., Nishimura, T., and Kunoh, H. (2006). An endophytic actinomycete, Streptomyces sp. MBR-52, that accelerates emergence and elongation of plant adventitious roots. Actinomycetologica 20, 1–9.

Mesa-Arango Ana, C., Trevijano-Contador, N., Román, E., Sánchez-Fresneda, R., Casas, C., Herrero, E., et al. (2014). The production of reactive oxygen species is a universal action mechanism of amphotericin B against pathogenic yeasts and contributes to the fungicidal effect of this drug. Antimicrob Agents Chemother 58, 6627–6638. doi: 10.1128/AAC.03570-14

Mizuhara, N., Kuroda, M., Ogita, A., Tanaka, T., Usuki, Y., and Fujita, K.-I. (2011). Antifungal thiopeptide cyclothiazomycin B1 exhibits growth inhibition accompanying morphological changes via binding to fungal cell wall chitin. Bioorg. Med. Chem. 19, 5300–5310. doi: 10.1016/j.bmc.2011.08.010

Mukherjee, G., and Sen, S. K. (2006). Purification, Characterization, and Antifungal Activity of chitinase from Streptomyces venezuelae P10. Curr. Microbiol. 53, 265–269. doi: 10.1007/s00284-005-0412-4

Omura, S., Ikeda, H., Ishikawa, J., Hanamoto, A., Takahashi, C., Shinose, M., et al. (2001). Genome sequence of an industrial microorganism Streptomyces avermitilis: deducing the ability of producing secondary metabolites. Proc. Natl. Acad. Sci. U. S. A. 98, 12215–12220. doi: 10.1073/pnas.211433198

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

Pieterse, C. M. J., Zamioudis, C., Berendsen, R. L., Weller, D. M., Wees, S. C. M. V., and Bakker, P. A. H. M. (2014). Induced systemic resistance by beneficial microbes. Annu. Rev. Phytopathol. 52, 347–375.

Prabhu, J., Schauwecker, F., Grammel, N., Keller, U., and Bernhard, M. (2004). Functional expression of the ectoine hydroxylase gene (thpD) from Streptomyces chrysomallus in Halomonas elongata. Appl. Environ. Microbiol. 70, 3130–3132. doi: 10.1128/AEM.70.5.3130-3132.2004

Qi, G., Zhu, F., Du, P., Yang, X., Qiu, D., Yu, Z., et al. (2010). Lipopeptide induces apoptosis in fungal cells by a mitochondria-dependent pathway. Peptides 31, 1978–1986. doi: 10.1016/j.peptides.2010.08.003

Raupach, G. S., Liu, L., Murphy, J. F., Tuzun, S., and Kloepper, J. W. (1996). Induced systemic resistance in cucumber and tomato against cucumber mosaic cucumovirus using plant growth-promoting rhizobacteria (PGPR). Plant Disease 80:891.

Rey, T., and Dumas, B. (2017). Plenty Is No Plague: streptomyces symbiosis with crops. Trends Plant Sci. 22, 30–37. doi: 10.1016/j.tplants.2016.10.008

Samoucha, Y., Baider, A., Cohen, Y., and Gisi, U. (1993). Control of late blight in potato by full and reduced rates of oxadixyl mixtures. Phytoparasitica 21, 69.

Singh, A., Gupta, R., Srivastava, M., Gupta, M. M., and Pandey, R. (2016). Microbial secondary metabolites ameliorate growth, in planta contents and lignification in Withania somnifera (L.) Dunal. Physiol. Mol. Biol. Plants 22, 253–260. doi: 10.1007/s12298-016-0359-x

Skinnider, M. A., Johnston, C. W., Gunabalasingam, M., Merwin, N. J., Kieliszek, A. M., Maclellan, R. J., et al. (2020). Comprehensive prediction of secondary metabolite structure and biological activity from microbial genome sequences. Nat. Commun. 11:6058. doi: 10.1038/s41467-020-19986-1

So Youn, L., Hamisi, T., Yong Seong, L., Kyaw Wai, N., Seong Hyun, H., and Yi, N. (2012). Biocontrol of anthracnose in pepper using chitinase, β-1,3 glucanase, and 2-furancarboxaldehyde produced by Streptomyces cavourensis SY224. J. Microbiol. Biotechnol. 22, 1359–1366. doi: 10.4014/jmb.1203.02056

Sun, C., Zhang, H., Tang, T., Qian, M., Yuan, Y., and Zhang, Z. (2012). Comparison of greenhouse and field degradation behaviour of isoprocarb, hexaflumuron and difenoconazole in Perilla frutescens. Bull. Environ. Contam. Toxicol. 89, 868–872. doi: 10.1007/s00128-012-0765-x

Taechowisan, T., Lu, C., Shen, Y., and Lumyong, S. (2005). Secondary metabolites from endophytic Streptomyces aureofaciens CMUAc130 and their antifungal activity. Microbiology 151, 1691–1695.

Thangamani, S., Eldesouky, H. E., Mohammad, H., Pascuzzi, P. E., Avramova, L., Hazbun, T. R., et al. (2017). Ebselen exerts antifungal activity by regulating glutathione (GSH) and reactive oxygen species (ROS) production in fungal cells. Biochim. Biophys. Acta Gen. SUBJ. 1861, 3002–3010. doi: 10.1016/j.bbagen.2016.09.029

Tietz, J. I., Schwalen, C. J., Patel, P. S., Maxson, T., Blair, P. M., Tai, H.-C., et al. (2017). A new genome-mining tool redefines the lasso peptide biosynthetic landscape. Nat. Chem. Biol. 13, 470–478. doi: 10.1038/nchembio.2319

Tokala Ranjeet, K., Strap Janice, L., Jung Carina, M., Crawford Don, L., Salove Michelle, H., Deobald Lee, A., et al. (2002). Novel plant-microbe rhizosphere interaction involving Streptomyces lydicus WYEC108 and the pea plant (Pisum sativum). Appl. Environ. Microbiol. 68, 2161–2171. doi: 10.1128/AEM.68.5.2161-2171.2002

Tuske, S., Sarafianos, S. G., Wang, X., Hudson, B., Sineva, E., Mukhopadhyay, J., et al. (2005). Inhibition of bacterial RNA polymerase by Streptolydigin: stabilization of a straight-bridge-helix active-center conformation. Cell 122, 541–552. doi: 10.1016/j.cell.2005.07.017

Verma, V. C., Singh, S. K., and Prakash, S. (2011). Bio-control and plant growth promotion potential of siderophore producing endophytic Streptomyces from Azadirachta indica A. Juss. J. Basic Microbiol. 51, 550–556. doi: 10.1002/jobm.201000155

Wang, M., Xue, J., Ma, J., Feng, X., Ying, H., and Xu, H. (2020). Streptomyces lydicus M01 regulates soil microbial community and alleviates foliar disease caused by Alternaria alternata on cucumbers. Front. Microbiol. 11:942. doi: 10.3389/fmicb.2020.00942

Watve, M. G., Tickoo, R., Jog, M. M., and Bhole, B. D. (2001). How many antibiotics are produced by the genus Streptomyces? Arch. Microbiol. 176, 386–390. doi: 10.1007/s002030100345

Yuan, W. M., and Crawford, D. L. (1995). Characterization of streptomyces lydicus WYEC108 as a potential biocontrol agent against fungal root and seed rots. Appl. Environ. Microbiol. 61, 3119–3128. doi: 10.1128/aem.61.8.3119-3128.1995


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 Wang, Li, Cong and Zhang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/fmicb-13-908879-t002.jpg
Cluster ID Type Gene position Predicted Similarity (%) Functions References
(bp) compounds
Cluster1 Lasso peptide 214,129- Citrulassin D 100 Antimicrobial activity Tietz et al., 2017
234,237
Cluster4 Lanthipeptide- 718,718~ SapB 100 Spore-associated peptide Dischinger et al.,
class-ii 741,331 2014
Cluster6 T2PKS 1,107,620- Spore pigment 83 spore pigment Omura et al., 2001
1,180,136
Cluster7 NRPS, T1PKS, 1,491,890- Streptolydigin 97 Antibiotic, antiviral, antifungal Tuske et al., 2005
terpene 1,602,667
Cluster8 Siderophore 2,057,190~ Desferrioxamine E 100 Chelating agent, antibacterial Ishida et al., 2011
2,065,916
Cluster9 Ectoine 2,144,362- Ectoine 100 Osmotic stress compatible solute Prabhu et al., 2004
2,154,779
Cluster14 NRPS 4,721,858- Mannopeptimycin 81 Antibiotics Magarvey et al.,
4,780,039 2006
Cluster20 Terpene 7,124,194~ Hopene 69 Cell membrane associated Bentley et al., 2002

7,149,633






OPS/images/fmicb-13-908879-t001.jpg
Number

© N o~ Db~

©

Predicted compounds

Oxadixyl
Chloreturon
S-metolachlor
Fentrazamide
Bucarpolate
Isoprocarb
Benzamorf
Coumethoxystrobin
Xylylcarb
Naphthylindane-1,3-diones
Sulfamethazine
Credazine
Paraquat
Pyraclofos
Propargite

tg (min)

4.78
7.32
6.02
5.85
4.77
3.86
3.1
517
3.13
517
4.67
7.35
8.96
2.86
5.85

Formula

C14H1gN20O4
C11H15CIN2O2
C15H20CINO»
C16H20CIN5O2
C1H2206
C11H15NO2
C1gH3003S
Co3H2206
C10H13NO2
C19H1202
C12H14N4O28
C11H10N20
C12H1aN2
C14H1gCIN2O3PS
C1gH2604S

m/z

279.1334
243.0873
284.1389
350.1379
311.1489
194117
327.1999
395.1487
180.1016
273.0883
279.092
187.0862
187.1258
361.0538
351.1607

Mass error (mDa)

—0.6
2.2
2.2
0.1
0
—0.6
1
-0.2
-0.3
2.7
0.9
—0.4
2.9
0.1
-1.7

Response

522,441
267,954
206,076
45,308
18,015
14,860
14,160
13,974
13,883
13,610
13,675
12,467
12,199
11,530
10,821

Proportion (%)

35.89
18.41
14.16
3.1
1.24
1.02
0.97
0.96
0.95
0.93
0.93
0.86
0.84
0.79
0.74






OPS/images/cross.jpg
3,

i





OPS/xhtml/nav.xhtml




Contents





		Cover



		Antimicrobial Mechanism and Secondary Metabolite Profiles of Biocontrol Agent Streptomyces lydicus M01 Based on Ultra-High-Performance Liquid Chromatography Connected to a Quadrupole Time-of-Flight Mass Spectrometer Analysis and Genome Sequencing



		INTRODUCTION



		MATERIALS AND METHODS



		Strains and Growth Conditions



		Extraction of Streptomyces lydicus M01 Secondary Metabolites



		Effects of Streptomyces lydicus M01 Extracts on the Ultrastructure of Alternaria alternata



		Viability Staining of Streptomyces lydicus M01 Extracts Treated Alternaria alternata



		Reactive Oxygen Species Detection



		UPLC-MS Analysis



		Genome Sequencing and Metabolite Prediction of Streptomyces lydicus M01









		RESULTS



		Microscopic and Ultrastructural Changes to Alternaria alternata Hyphae and Conidia Caused by Streptomyces lydicus M01 Extracts



		Accumulation of Reactive Oxygen Species and Cell Death of Alternaria alternata Caused by Streptomyces lydicus M01 Extracts



		Liquid Chromatography Connected to a Quadrupole Time-of-Flight Mass Spectrometer/MS Analysis of Streptomyces lydicus M01 Metabolites



		Genome Sequencing and Metabolites Prediction of Streptomyces lydicus M01









		DISCUSSION



		CONCLUSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		SUPPLEMENTARY MATERIAL



		FOOTNOTES



		REFERENCES

















OPS/images/fmicb-13-908879-g003.jpg
L)

2 F
L

é':'h' ,:"’ ‘ "

o',_;'

J






OPS/images/fmicb-13-908879-g002.jpg
___MO1 extracts
Wb

Light microscopy

>
a
8
@
O
L
=
()
3]
c
@
B
L
o)
=
o

conidia





OPS/images/fmicb-13-908879-g004.jpg
Abundance

2250

2000

1750

1250

1000

r UE

= 7,832,127 bp
|
V Defense mechanisms
W W Extracellular structures
"M Y Nuclear structure
W Z Cytoskeleton

N'“m"'lﬂmm M“ﬂt’"

A0 Y
; h

[
i s

e
T T
01 (L

574
- 432
374
310 290
- 197 197 228
108 I I I 143' 106
33 33

11 03] l : I I 0 I I 0 “PJoooo

T I 1 1 A i L . i} L3 1 T T

A € E @ 1 K M 0 @ S Tt " T

COG Type

A RNA processing and modification
B Chromatin structure and dynamics
M C Energy production and conversion
W D Cell cycle control, cell division, chromosome partitioning
B E Amino acid transport and metabolism
B F Nucleotide tfransport and metabolism
W G Carbohydrate transport and metabolism
1 H Coenzyme transport and metabolism
B | Lipid transport and metabolism
1 J Translation, ribosomal structure and biogenesis
~ K Transcription
- L Replication, recombination and repair
" M Cell wallmembrane/envelope biogenesis
2 N Cell motility
1 O Postiranslational modification, protein turnover, chaperones
B P Inorganic ion fransport and metabolism
Secondary metabolites biosynthesis, transport and catabolism
R General function prediction only
1 S Function unknown
[ T Signal transduction mechanisms
10 U Intracellular trafficking, secretion, and vesicular transport
M V Detense mechanisms
B W Exitracellular structures
B Y Nuclear structure
[l Z Cytoskeleton
W CDS
B tRNA
B rRNA
B Other
B GC content
B GC skew+
B GC skew-

A:RNA processing and modification

B:Chromatin structure and dynamics

C:Energy production and conversion

D:Cell cycle control, cell division, chromosome partitioning
E:Amino acid transport and metabolism

F:Nucleotide transport and metabolism

I:Lipid transport and metabolism

J:Translation, ribosomal structure and biogenesis
K:Transcription

L:Replication, recombination and repair

M:Cell wall/membrane/envelope biogenesis

N:Cell motility

0:Posttranslational modification, protein turnover, chaperones
P:Inorganic ion transport and metabolism

R:General function prediction only

S:Function unknown

T:Signal transduction mechanisms

U:Intracellular trafficking, secretion, and vesicular transport
:Defense mechanisms

W:Extracellular structures

Y:Nuclear structure

Z:Cytoskeleton

X:Mobilome: prophages, transposons

EEEEET HEHEEDT @SEPEEEEDT
<

Q:Secondary metabolites biosynthesis, transport and catabolism

C Biosynthesis of other secondary metabolites

Lipid metabolism
Global and overview maps

Xenobiofics biodegradation and metabolism
Metabolism of terpenoids and polyketides
Glycan biosynthesis and metabolism
Carbohydrate metabolism

Metabolism of other amino acids

Amino acid metabolism

Metabolism of cofactors and vitamins
Energy metabolism

MNucleotide metabolism

Cell motility

Cellular community - prokaryotes |

Cell growth and death
Transport and catabolism

Cancer: overview

Substance dependence

Neurodegenerafive disease
Cancer: specific types
Cardiovascular disease
Endocrine and metabolic disease
Drug resistance: antineoplastic

KEGG pathways

Drug resistance: antimicrobial |

Immune disease

Infectious disease: viral
Infectious disease: parasitic
Translation

Replication and repair 3
Folding, sorting and degradation |

Transcription

Signal transduction |

Membrane transport

Endocrine system

Aging
Excretory system

Nervous system H

Development and regeneration

Environmental adaptation 3
Digestive system |

Immune system

Infectious disease: bactenal fl

N 79

— 115

. o7

T T T
0 200 400 600

Number of gene

300

T
1000

1
1200





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

Antimicrobial Mechanism
and Secondary Metabolite
Profiles of Biocontrol Agent
Streptomyces lydicus MO1

Based on
Ultra-High-Performance Liquid
Chromatography Connected
to a Quadrupole Time-of-Flight
Mass Spectrometer Analysis
and Genome Sequencing





OPS/images/fmicb-13-908879-g001.jpg
-~

”H
N NS

) )

Reguius 5.0kV 8 Smm x1.00x SE(UL)

MO1 extracts










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





