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Myxobacterial Response to Methyljasmonate Exposure Indicates Contribution to Plant Recruitment of Micropredators
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Chemical exchanges between plants and microbes within rhizobiomes are critical to the development of community structure. Volatile root exudates such as the phytohormone methyljasmonate (MeJA) contribute to various plant stress responses and have been implicated to play a role in the maintenance of microbial communities. Myxobacteria are competent predators of plant pathogens and are generally considered beneficial to rhizobiomes. While plant recruitment of myxobacteria to stave off pathogens has been suggested, no involved chemical signaling processes are known. Herein we expose predatory myxobacteria to MeJA and employ untargeted mass spectrometry, motility assays, and RNA sequencing to monitor changes in features associated with predation such as specialized metabolism, swarm expansion, and production of lytic enzymes. From a panel of four myxobacteria, we observe the most robust metabolic response from plant-associated Archangium sp. strain Cb G35 with 10 μM MeJA impacting the production of at least 300 metabolites and inducing a ≥ fourfold change in transcription for 56 genes. We also observe that MeJA induces A. sp. motility supporting plant recruitment of a subset of the investigated micropredators. Provided the varying responses to MeJA exposure, our observations indicate that MeJA contributes to the recruitment of select predatory myxobacteria suggesting further efforts are required to explore the microbial impact of plant exudates associated with biotic stress.

Keywords: myxobacteria, methyljasmonate, rhizobiome, micropredator, phytohormones


INTRODUCTION

Complex communities of microbes within rhizobiomes significantly benefit plant health (Berendsen et al., 2012; Bulgarelli et al., 2013; Muller et al., 2016; Richter-Heitmann et al., 2016; Sasse et al., 2018; Olanrewaju et al., 2019; Poudel et al., 2019). The role that plants might play in curating these microbial populations remains mostly theoretical (Lundberg et al., 2012; Bulgarelli et al., 2013; Chaparro et al., 2014; Schreiter et al., 2014; Reinhold-Hurek et al., 2015; Muller et al., 2016; Zgadzaj et al., 2016; Berendsen et al., 2018; Sasse et al., 2018). However, metagenomic studies have indicated numerous plant species maintain distinct rhizobiomes (Bulgarelli et al., 2012; Peiffer et al., 2013; Schlaeppi et al., 2014; Shi et al., 2015; Coleman-Derr et al., 2016; Kawasaki et al., 2016; Zgadzaj et al., 2016; Sasse et al., 2018). While a variety of factors contribute to these organized communities, volatile exudates or volatile organic compounds such as the phytohormone methyljasmonate (MeJA) are associated with defense responses utilized by plants to combat pathogenic microorganisms and herbivorous insects (Junker and Tholl, 2013; Carvalhais et al., 2015; Lugtenberg et al., 2017; Massalha et al., 2017; Sasse et al., 2018; Liu and Brettell, 2019). Considering the requirement of these exudates to be produced at titers sufficient for communication throughout soils, exudates might also facilitate recruitment or maintenance of beneficial microbial populations of the root microbiome (Sasse et al., 2018). Microbes belonging to one such group of bacteria considered beneficial, the Myxococcales, more colloquially referred to as myxobacteria, are micropredators that are ubiquitous in soils and capably predate microbes from genera that include plant pathogens (Dawid, 2000; Lueders et al., 2006; Perez et al., 2014; Zhou et al., 2014; Li et al., 2017; Livingstone et al., 2017; Cui et al., 2018; Petters et al., 2018; Lin et al., 2019). Predatory myxobacteria demonstrate complicated social features, contribute to carbon turnover, produce a variety of antimicrobial specialized metabolites, and significantly impact the microbial food web within soils (Bretl and Kirby, 2016; Findlay, 2016; Landwehr et al., 2016; Munoz-Dorado et al., 2016; Herrmann et al., 2017; Schumacher and Sogaard-Andersen, 2017; Mohr, 2018; Petters et al., 2018). Myxobacteria have also been observed to activate predatory features when exposed to exogenous, quorum signaling molecules typically produced by prey bacteria; this precedent for community signal perception and response makes myxobacteria excellent candidates for MeJA exposure experiments (Lloyd and Whitworth, 2017). Given their potential as pathogen-suppressing bacteria beneficial to root microbiomes, we sought to investigate how myxobacteria respond when exposed to ecologically equivalent titers of the phytohormone MeJA (Mueller et al., 1993; Blechert et al., 1995; Vijayan et al., 1998).

We suggest the following responses to MeJA exposure would support plant recruitment of myxobacteria: (1) global changes in metabolism, (2) increased motility to support recruitment, and (3) impacted production of predation-associated lytic enzymes. Myxobacteria are broadly referenced as beneficial to rhizobiomes without distinction between phylogenetically dissimilar members. For these experiments, the myxobacteria Archangium sp. strain Cb G35, Corallococcus coralloides strain M2, Cystobacter ferrugineus strain Cbfe23, and Nannocystis pusilla strain Na p2 were exposed to MeJA and induced metabolic responses were determined using untargeted mass spectrometry-based profiling (Zander et al., 2011; Adaikpoh et al., 2017; Livingstone et al., 2018b). The MeJA-impacted motilities of A. sp., C. coralloides, and C. ferrugineus and transcriptomic responses from the plant-associated myxobacterium A. sp. strain Cb G35, originally isolated from tree bark in India, were also determined using swarming assays and RNA sequencing (Zander et al., 2011; Adaikpoh et al., 2017).



RESULTS


MeJA Exposure Impacts Myxobacterial Metabolism

Myxobacteria utilize a combination of antimicrobial specialized metabolites and lytic enzymes to facilitate consumption of prey (Findlay, 2016; Herrmann et al., 2017). If the plant phytohormone MeJA is involved in recruitment of myxobacteria to stave off pathogens, a shift in metabolism to produce predation-associated metabolites during exposure experiments might be observable. Utilizing XCMS-MRM to compare untargeted mass spectrometry datasets from MeJA exposed extracts against unexposed extracts, each investigated myxobacteria demonstrated a significant, albeit varied, metabolic shift (Figure 1) (Domingo-Almenara et al., 2018; Forsberg et al., 2018). From these datasets, we observe various changes in detected intensities ranging from 54–349 total metabolites with C. coralloides extracts being the least impacted and A. sp. being the most (Figure 1). Extracts from A. sp. had the most features with a ≥ fivefold increase in detection with a total of 245, and N. pusilla had the most features with a ≥ fivefold decrease in detection with a total of 224. Subsequent molecular networking of the datasets using the Global Natural Products Social Molecular Networking (GNPS) platform, suggested each myxobacteria capably metabolized MeJA to afford observable oxidized analogs (Wang et al., 2016). LC-MS/MS data from A. sp. extracts are available in a MassIVE Public GNPS dataset (MSV000083921). Considering the plant pathogen Magnaporthe oryzae oxidizes jasmonic acid to 12-hydroxy-jasmonic acid (colloquially referred to as tuberonic acid) to subvert jasmonate-associated immune response, we utilized the GNPS-affiliated, theoretical/in silico tool, Network Annotation Propagation (NAP) to explore the identity of the putative MeJA-associated metabolites (Wang et al., 2016; Patkar and Naqvi, 2017; da Silva et al., 2018). Structural predictions provided by NAP suggested all four investigated myxobacteria might produce any one of the following known jasmonic acid analogs 12-hydroxy-jasmonic acid, 11-hydroxy-jasmonic acid, or 8-hydroxy-jasmonic acid (227.127 m/z) as well as the known metabolite 4,5-didehydrojasmonate (223.133 m/z) previously isolated from Jasminum grandiflorum (Figure 2A) (Kaiser and Lamparsky, 1974; Kiyota et al., 1997). However, dissimilar retention times and fragmentation patterns of the oxidized MeJA metabolites when compared to a purchased standard confirmed that none of the investigated myxobacteria produce the pathogen-associated analog 12-hydroxy-jasmonic acid.
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FIGURE 1. MeJA-impacted features provided by XCMS analysis of LC-MS/MS data after filtering feature tables for those with a ≥ fivefold change and p ≤ 0.05 with (A) depicting increased metabolites and (B) depicting decreased metabolites.
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FIGURE 2. (A) Molecular network of MeJA and associated metabolites including nodes labeled with detected parent ions and edges labeled with cosine values. Predicted metabolites provided by NAP analysis of the GNPS-rendered cluster. *Multiple fatty acids and prenol lipids with identical exact masses predicted by NAP analysis. (B) Metabolites identified by GNPS analysis (cosine > 0.8) impacted by MeJA exposure.


Of the features within A. sp. extracts identified by GNPS with high fragmentation similarities (cosine > 0.8) to databases entries, a total of two demonstrated a significant change in detected quantities when exposed to MeJA. The identified metabolites included α-bisabolol (205.195 m/z; [M + H-H2O]) and 4-(3-hydroxybutyl)-3,5,5-trimethylcyclohex-3-en-1-ol (213.185 m/z; [M + H]). Detected quantities of both metabolites were decreased in A. sp. extracts exposed to MeJA (Figure 2B). While A. sp. demonstrated the most robust metabolic response to MeJA exposure, the previously reported antimicrobial metabolite roimatacene was conspicuously absent from all generated extracts (Zander et al., 2011). However, this absence can reasonably be attributed to the difference in A. sp. cultivation conditions and medias combined with the reported instability of roimatacene (Zander et al., 2011).



MeJA Exposure Influences A. sp. Motility

Any increased motility induced by MeJA exposure would also support plant recruitment of myxobacteria. Growth of myxobacteria in cooperative swarms affords the ability to observe growth as a function of swarm expansion rate (McBride et al., 1992; Zhou and Nan, 2017). The impact of MeJA exposure on swarm expansion rates was observed by measuring swarm diameters daily for MeJA exposed and unexposed myxobacteria. N. pusilla was excluded from motility assays due to the agarolytic growth and atypical swarming patterns. Each myxobacterium was also exposed to 10 μM decanoic acid due its previously reported impact on myxobacterial motility (McBride et al., 1992). A significant increase in A. sp. swarm diameters was observed in MeJA-exposed samples when compared to unexposed samples after 4 days of growth with the most significant increase in swarm diameter occurring after the first day of exposure (Figure 3). Interestingly, both decanoic acid and MeJA induced significant changes in A. sp. swarming. Of the three myxobacteria subjected to motility assays, only A. sp. demonstrated a response (Figure 3). Decanoic acid induced activation of the frizzy (frz) signal transduction pathway associated with chemotaxis has been reported from in the model myxobacterium Myxococcus xanthus (McBride et al., 1992). The similar responses between decanoic acid and MeJA exposures combined with the observed MeJA-induced metabolite from A. sp. predicted to be decanoic acid (Figure 2) suggests overlap between metabolic and motility responses.
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FIGURE 3. Motility assays depicting cumulative change in swarm diameter post MeJA exposure. The symbol “∗” indicates P < 0.05.




MeJA Exposure Induces Changes in A. sp. Transcriptome and Activates Transcription of Lytic Enzymes

Increased transcription of lytic enzymes induced by MeJA exposure would support exudate-associated predation and correlate with previously observed MeJA-induced metabolic shifts. Provided the robust metabolic response and MeJA impacting motility from A. sp., RNA sequencing was employed to provide transcriptomes for MeJA exposed and unexposed cultures of A. sp. Using the sequenced genome for A. sp. strain Cb G35 (NZ_MPOI00000000.1) as a reference, a total of 56 genes were determined to experience a statistically significant, > fourfold difference in expression (Tables 1, 2 and Figure 4) (Adaikpoh et al., 2017). A total of 15 overexpressed genes during MeJA exposure increased four to 147-fold including a 73-fold change for a predicted lytic amidase with an identified CHAP domain (Bateman and Rawlings, 2003; Becker et al., 2009). Other genes demonstrating increased transcription are associated with proteins that include a histidine kinase, a bifunctional hydroxymethyl pyrimidine kinase homologous to ThiD from thiamine biosynthesis, an ATP-binding ABC exporter with homology to CcmA, a radical S-adenosylmethionine (SAM) pyruvate-formate lyase activating enzyme, an α/β-hydrolase with homology to MhpC, and a NodB-like xylan/chitin deacetylase (Table 1) (John et al., 1993; Begley et al., 1999; Schulz et al., 1999; Leonardi and Roach, 2004; Dunn et al., 2005; Shisler and Broderick, 2014). A total of 41 genes were observed to be downregulated between four and 182-fold under MeJA exposure conditions (Table 2 and Figure 4). Interestingly, none of the upregulated genes induced by MeJA exposure obviously correspond to the observed shifts in metabolism, and genes impacted by MeJA with predicted roles in specialized metabolism were downregulated upon exposure.


TABLE 1. Associated gene products and fold change for genes with increased transcription during MeJA exposure conditionsa.
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TABLE 2. Associated gene products and fold change for genes with decreased transcription during MeJA exposure conditionsa.

[image: Table 2]
[image: image]

FIGURE 4. (A) Fold change data observed from A. sp. MeJA exposure experiments with increased transcription indicated with red and positive fold change values and decreased transcription indicated with blue and negative fold change values. Data represented for all genes with ≥ fourfold change (P < 0.05; n = 3 per condition). (B) General categories and classes associated with A. sp. genes with observed ≥ fourfold increases in transcription during MeJA exposure. (C) General categories associated with A. sp. genes with observed ≥ fourfold decreases in transcription during MeJA exposure.




DISCUSSION

Analysis of extracts from four soil-associated myxobacteria using untargeted mass spectrometry demonstrated the varying metabolic shifts experienced by each myxobacterium upon exposure to MeJA. Our original assertion that this metabolic shift might be attributed to increased production of predation-associated specialized metabolites is not necessarily supported by our subsequent transcriptomic analysis of MeJA exposed A. sp. samples. This is perhaps best explained by the observation that myxobacteria constitutively produce predation-associated features and instead regulate subsequent feeding when exposed to lysed prey (Livingstone et al., 2018a). We suspect that continued exploration of this MeJA-impacted metabolic space utilizing the nutrient rich medias and increased cultivation volumes previously attributed to A. sp. antimicrobial production will facilitate natural product discovery and provide insight into this discrepancy (Zander et al., 2011). Interestingly, all of the library hits provided by GNPS analysis were mono- or sesquiterpene metabolites that have previously been considered plant metabolites (Schneider et al., 2001; Zhang et al., 2018; Muangphrom et al., 2019). Although production of α-bisabolol and characterization of the corresponding synthase (AB621339.1) from Streptomyces citricolor have been reported, no homology to this synthase was observed when comparing the six putative terpene synthases from A. sp. identified by antiSMASH (Nakano et al., 2011; Blin et al., 2019). While the previously referenced constitutive toxicity observed from myxobacteria and our observation of MeJA-impacted production of biologically active terpene metabolites is certainly intriguing, subsequent efforts are required for confirmation and characterization of the associated biosynthetic gene clusters.

This analysis also provided insight into myxobacterial metabolism of MeJA, and a variety of known jasmonate-associated metabolites were predicted using the GNPS-affiliated NAP platform (Wang et al., 2016; da Silva et al., 2018). The 111-fold increase in transcription of a predicted FAD-dependent oxidoreductase during MeJA exposure provides a likely candidate involved in the oxidation of MeJA to provide either of the oxidized MeJA analogs predicted to be either 8-hydroxy-jasmonic acid or 10-hydroxy-jasmonic acid and determined not to be the pathogen-associated metabolite 12-hydroxy-jasmonic acid (Patkar and Naqvi, 2017).

The MeJA-dependent presence of a metabolite predicted to be either a saturated fatty acid, including decanoic acid, or a prenol lipid (Figure 2A) is also intriguing as a variety of saturated fatty acids activate the frizzy (frz) signal transduction pathway associated with chemotaxis in the myxobacterium M. xanthus (McBride et al., 1992). This result also provides insight into the increased motility observed when exposing A. sp. to MeJA. While the transcription of the FrzCD homolog from A. sp., WP_073562522.1, was not impacted by MeJA exposure (Supplementary Material), FrzCD is a methyl-accepting chemotaxis protein (MCP) with elicitor-induced activation attributed to covalent modification via demethylation and not transcriptional activation (McBride et al., 1992). While FrzCD homologs from myxobacteria possess highly conserved MCP signaling domains, modest sequence variability about the N-termini seem to correlate with taxonomic structure of myxobacterial genera (Supplementary Figures S8, S9) (McBride et al., 1992; Bustamante et al., 2004). Interestingly, deletion of the N-terminal region of FrzCD M. xanthus was found to only minimally impact swarming (Bustamante et al., 2004). From these preliminary observations, we suggest that further investigation on the effect of MeJA on the frz signaling pathway of A. sp. will provide insight into this unique response and any contributions of the frz signaling pathway in the potential plant recruitment of micropredators.

We were also excited to see increased transcription of a putative lytic CHAP amidase during MeJA exposure conditions. Combined with previous induced changes in metabolism and motility, we consider increased production of a lytic enzyme to round out the support for the predatory response of A. sp. when exposed to MeJA. Of the other genes upregulated when exposed to MeJA, both the xylan/chitin deacetylase (12-fold increase) and the bifunctional hydroxymethyl pyrimidine kinase (63-fold increase) also stand out due to their previously known association with phytohormone responses (Goyer, 2010; Nagae et al., 2016a, b; Buhian and Bensmihen, 2018). The plant pathogen Rhizobium radiobacter demonstrated a 4.6-fold increase in functional xylanase production when exposed to 250 μM MeJA (Jung et al., 2014). To date, cellulose degradation has been exclusively demonstrated by myxobacteria from the suborder Sorangiineae, and not observed from myxobacterium within the suborder Cystobacterineae, which includes A. sp. (Sharma et al., 2016; Adaikpoh et al., 2017; Sharma and Subramanian, 2017; Mohr et al., 2018). While increased expression of a xylan degrading enzyme might simply be an opportunistic switch to consume plant cellulose when exposed to MeJA, high homology to chitin deacetylase, NodB, and its role in the biosynthesis of lipo-chitinoligosaccharides (LCOs), or synonymously Nod-factors, suggests a more nuanced impact on symbiosis, as LCOs are chemical entities known to facilitate plant–microbe symbiosis (Buhian and Bensmihen, 2018). Fungal pathogen-induced enrichment of carbohydrate-active enzymes within root microbiomes by members of the genera Chitinophaga and Flavobacterium has also been associated with disease suppression (Carrion et al., 2019). The only prior association between myxobacteria and LCO biosynthesis, the identification of a homolog for the LCO biosynthetic enzyme NodC from the myxobacterium Stigmatella aurantiaca, does not provide additional insight as A. sp. does not possess a NodC homolog (Silakowski et al., 1996). Chitin deacetylation has also been associated with accumulation of N-glucosamines and a stimulated increase in plant systemic resistance (De Tender et al., 2019).

Also associated with nodule growth and root nodule symbiosis, thiamine biosynthesis is critical to both plant and prokaryote growth (Nagae et al., 2016a, b). Interestingly, MeJA exposure significantly increased expression of a bifunctional hydroxymethyl pyrimidine kinase ThiD homolog involved in two, sequential phosphorylations of 4-amino-5-hydroxymethyl-2-methylpyrimidine (HMP) to generate 4-amino-5-hydroxymethyl-2-methylpyrimidine pyrophosphate (HMP-PP) and decreased transcription of an identified ThiE homolog (threefold, Supplementary Material) responsible for coupling HMP-PP with 4-methyl-5-(β-hydroxyethyl) thiazole (HET-P) to afford thiamine monophosphate (THP) (Begley et al., 1999; Leonardi and Roach, 2004). This change in thiamine-associated features suggests that A. sp. accumulates HMP-PP when exposed to MeJA. Interestingly, root nodule symbiosis induces expression of the HET-P biosynthetic gene THI1 and slightly downregulates expression of thiD and thiE homologs in the plant Lotus japonicus (Zgadzaj et al., 2016). Combined these results provide further evidence implying thiamine biosynthesis as a component of plant–microbe symbiosis and suggest accumulation of HMP-PP by beneficial bacteria and HET-P by plants might benefit precursor pools required for thiamine biosynthesis within the rhizobiome (Nagae et al., 2016a, b). Also of note, a bacterial riboswitch that employs an HMP-PP-binding aptamer has been recently identified and implicated in bacterial regulation of thiamine biosynthesis (Atilho et al., 2019). The regulatory impact of HMP-PP accumulation and its potential to modulate bacterial riboswitches could also contribute to the broad transcriptional impact of MeJA exposure. Provided these results, we are enthusiastic to investigate the symbiotic potential of predatory myxobacteria within the rhizobiome and the roles of LCO and thiamine metabolites.

While the majority of genes downregulated during MeJA exposure were hypothetical, significant repression of genes associated with membrane features and signaling such as a chain-length determining protein responsible for exopolysaccharide biosynthesis, a cyclopropane fatty-acyl-phospholipid synthase, a GntR family transcriptional regulator, and a histidine kinase-like ATPase suggest the broad scope of phytohormone-impacted features (Table 2 and Figure 4). Downregulated specialized metabolite features that might be associated with observed MeJA-induced metabolic shifts included a thiazole/oxazole modified microcin (TOMM) kinase/cyclase fusion protein potentially involved in the biosynthesis of bacteriocin-like metabolites, a SAM-dependent methyltransferase, and a cytochrome p450 (Melby et al., 2011).

Our data demonstrate that myxobacteria demonstrate varying metabolic responses to MeJA exposure and are capable of metabolic modification of MeJA. Interestingly, only one of the four investigated myxobacteria satisfied all three of our suggested criteria supporting plant recruitment of micropredators via the phytohormone MeJA. We suspect subsequent investigations that also include better studied myxobacteria such as the model myxobacterium M. xanthus as well as additional signaling metabolites associated with biotic stress responses from plants will provide more insight into associated myxobacterial responses as well as the physiological systems involved. Detection of a potential fatty acid metabolite known to induce myxobacterial motility exclusively within our MeJA exposed samples and MeJA-impacted motility of A. sp. provides the first metabolic insight into plant recruitment and maintenance of beneficial micropredators within the rhizobiome. Overall, the combination of impacted motility, metabolism, and lytic enzyme production from our MeJA exposure experiments demonstrate a significant response from the predatory myxobacterium A. sp. strain Cb G35. Considering the ≥ fourfold change in transcription for 56 genes and significant impact on metabolism, we conclude that the plant phytohormone MeJA might contribute to recruitment and maintenance of other myxobacteria within rhizobiomes and suggest that the impact of plant exudates on microbial community structure and maintenance requires further investigation.



MATERIALS AND METHODS


Medias and Strains

For all assays, A. sp. strain Cb G35 (DSM 52696), C. coralloides strain M2 (DSM 2259), C. ferrugineus strain Cb fe23 (DSM 52764), and N. pusilla strain Na p20 (DSM 53165) initially obtained from the German Collection of Microorganisms (DSMZ) in Braunschweig were used. Myxobacteria were grown on VY/2 agar (5 g/L baker’s yeast, 1.36 g/L CaCl2, 0.5 mg/L vitamin B12, 15 g/L agar, pH 7.2).



MeJA Exposure Experiments

For MeJA exposure conditions, required volumes of filter sterilized, (±)-MeJA (Cayman Chemical) from a 150 mM stock prepared in DMSO were added to autoclaved medium at 55°C. For RNA-seq and LC-MS/MS analysis, A. sp. was cultivated on VY/2 media supplemented with 10 μM MeJA where appropriate and grown at 30°C for 7 days. While similar MeJA exposure experiments conducted with the plant pathogen R. radiobacter utilized MeJA concentrations as high as 250 μM, a more conservative MeJA concentration of 10 μM informed by literature investigating plant responses to exogenous MeJA exposure as well as stress induced production of jasmonates was utilized throughout (Mueller et al., 1993; Blechert et al., 1995; Vijayan et al., 1998; Jung et al., 2014).



Metabolite Extraction and Analysis

After 5–7 days of cultivation, myxobacterial plates were manually diced and extracted with excess EtOAc. Pooled EtOAc was filtered and dried in vacuo to provide crude extracts for LC-MS/MS analysis. LC-MS/MS analysis of the extracted samples was performed on an Orbitrap Fusion instrument (Thermo Scientific, San Jose, CA, United States) controlled with Xcalibur version 2.0.7 and coupled to a Dionex Ultimate 3000 nanoUHPLC system. Samples were loaded onto a PepMap 100 C18 column (0.3 mm × 150 mm, 2 μm, Thermo Fisher Scientific). Separation of the samples was performed using mobile phase A (0.1% formic acid in water) and mobile phase B (0.1% formic acid in acetonitrile) at a rate of 6 μL/min. The samples were eluted with a gradient consisting of 5–60% solvent B over 15 min, ramped to 95% B over 2 min, held for 3 min, and then returned to 5% B over 3 min and held for 8 min. All data were acquired in positive ion mode. Collision-induced dissociation (CID) was used to fragment molecules, with an isolation width of 3 m/z units. The spray voltage was set to 3600 V, and the temperature of the heated capillary was set to 300°C. In CID mode, full MS scans were acquired from m/z 150 to 1200 followed by eight subsequent MS2 scans on the top eight most abundant peaks. The orbitrap resolution for both the MS1 and MS2 scans was 120,000. The expected mass accuracy was < 3 ppm.



GNPS, NAP, and XCMS-MRM Analysis

Generated data were converted to. mzXML files using MS-Convert and mass spectrometry molecular networks were generated using the GNPS platform1 (Wang et al., 2016). A figure of the corresponding Cytoscape-rendered molecular network is provided as Supplementary Material (Shannon et al., 2003). LC-MS/MS data for this analysis were also deposited in the MassIVE Public GNPS dataset2. For subsequent NAP analysis, the cluster index (127) that included 225.148 m/z identified as MeJA and confirmed via standard was submitted to the NAP_CCMS2 (version 1.2.5) workflow. Control experiments with MeJA supplemented media and no myxobacteria were run for 7 days, extracted, and analyzed to confirm the absence of any oxidized MeJA analogs; only saponification of MeJA to jasmonic acid was observed after 7 days. Pairwise analysis of converted. mzXML files was done using XCMS-MRM and the default HPLC/Orbitrap (136) parameters. Within the XCMS-MRM result tables, determination of MeJA-impacted detected features was afforded by filtering results for those with a ≥ fivefold change and p ≤ 0.05.



Motility Assays

To monitor swarm expansion rates, the bacteria were cultured on their respective media as described above. After 24 h of incubation, 5 mM stock solutions of MeJA and decanoic acid were spotted onto the solid media, to a concentration of 0.17% v/v, around cells and swarm diameters were recorded daily for 4 days. DMSO was used as vehicle control for comparison. A minimum of six replicates were included in all motility assays. PRISM v7.0d was used to measure the statistical significance of changes in swarm expansion rates across the strains using two-way ANOVA and the Dunnett’s multiple comparisons test to compare simple effects within rows.



RNAseq Analysis

Total RNA was isolated from the samples using the RNeasy PowerSoil Total RNA Kit (Qiagen) following the manufacturer’s instructions; 500 mg sample was used for extractions. The concentration of total RNA was determined (Supplementary Table S1) using the Qubit® RNA Assay Kit (Life Technologies). For rRNA depletion, first, 1000 ng of total RNA was used to remove the DNA contamination using Baseline-ZEROTM DNase (Epicentre) following the manufacturer’s instructions followed by purification using the RNA Clean and Concentrator-5 columns (Zymo Research). DNA free RNA samples were used for rRNA removal by using RiboMinusTM rRNA Removal Kit (Bacteria; Thermo Fisher Scientific) and final purification was performed using the RNA Clean and Concentrator-5 columns (Zymo Research). rRNA depleted samples were used for library preparation using the KAPA mRNA HyperPrep Kits (Roche) by following the manufacturer’s instructions. Following the library preparation, the final concentration of each library (Supplementary Table S1) was measured using the Qubit® dsDNA HS Assay Kit (Life Technologies), and average library size for each was determined using the Agilent 2100 Bioanalyzer (Agilent Technologies). The libraries were then pooled in equimolar ratios of 0.75 nM, and sequenced paired end for 300 cycles using the NovaSeq 6000 system (Illumina). RNAseq analysis was performed using ArrayStar V15. All sequencing services were provided by MR DNA, Molecular Research LP (Shallowater, TX, United States) Raw data fastq files from these experiments are deposited in the Sequence Read Archive at the National Center for Biotechnology Information and are publicly available (PRJNA555342). All A. sp. genes with MeJA-impacted transcription ≥ fourfold change at 99% confidence are provided as a Supplementary Material that also provides linear total RPKM values, DNA sequences, and protein IDs for all replicates.



DATA AVAILABILITY STATEMENT

The datasets generated for this study can be found in the Sequence Read Archive at the National Center for Biotechnology Information PRJNA555342.



AUTHOR CONTRIBUTIONS

BA, SA, and HA performed the experiments. SM and JS conducted and advised all mass spectrometry. BA and DS designed the experiments, and wrote the manuscript. DS conceived and supervised the project.



FUNDING

Funding for this work was provided by the University of Mississippi School of Pharmacy startup funding, the National Institute of Allergy and Infectious Diseases (R15AI137996), the National Cancer Institute for salary support for DS and SA (1R03CA219320), and Fulbright support for HA.


ACKNOWLEDGMENTS

The authors appreciate Scot E. Dowd at MR DNA, Molecular Research LP for assistance throughout sequencing services provided.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2020.00034/full#supplementary-material


FOOTNOTES

1
http://gnps.ucsd.edu

2
ftp://massive.ucsd.edu/MSV000083118

REFERENCES

Adaikpoh, B. I., Dowd, S. E., and Stevens, D. C. (2017). Draft Genome sequence of Archangium sp. strain Cb G35. Genome Announc. 5:e01678-16. doi: 10.1128/genomeA.01678-16

Atilho, R. M., Mirihana Arachchilage, G., Greenlee, E. B., Knecht, K. M., and Breaker, R. R. (2019). A bacterial riboswitch class for the thiamin precursor HMP-PP employs a terminator-embedded aptamer. eLife 8:e45210. doi: 10.7554/eLife.45210

Bateman, A., and Rawlings, N. D. (2003). The CHAP domain: a large family of amidases including GSP amidase and peptidoglycan hydrolases. Trends Biochem. Sci. 28, 234–237. doi: 10.1016/S0968-0004(03)00061-6

Becker, S. C., Dong, S., Baker, J. R., Foster-Frey, J., Pritchard, D. G., and Donovan, D. M. (2009). LysK CHAP endopeptidase domain is required for lysis of live staphylococcal cells. FEMS Microbiol. Lett. 294, 52–60. doi: 10.1111/j.1574-6968.2009.01541.x

Begley, T. P., Downs, D. M., Ealick, S. E., McLafferty, F. W., Van Loon, A. P., Taylor, S., et al. (1999). Thiamin biosynthesis in prokaryotes. Arch. Microbiol. 171, 293–300. doi: 10.1007/s002030050713

Berendsen, R. L., Pieterse, C. M., and Bakker, P. A. (2012). The rhizosphere microbiome and plant health. Trends Plant Sci. 17, 478–486. doi: 10.1016/j.tplants.2012.04.001

Berendsen, R. L., Vismans, G., Yu, K., Song, Y., de Jonge, R., Burgman, W. P., et al. (2018). Disease-induced assemblage of a plant-beneficial bacterial consortium. ISME J. 12, 1496–1507. doi: 10.1038/s41396-018-0093-91

Blechert, S., Brodschelm, W., Holder, S., Kammerer, L., Kutchan, T. M., Mueller, M. J., et al. (1995). The octadecanoic pathway: signal molecules for the regulation of secondary pathways. Proc. Natl. Acad. Sci. U.S.A. 92, 4099–4105. doi: 10.1073/pnas.92.10.4099

Blin, K., Shaw, S., Steinke, K., Villebro, R., Ziemert, N., Lee, S. Y., et al. (2019). antiSMASH 5.0: updates to the secondary metabolite genome mining pipeline. Nucleic Acids Res. 47, W81–W87. doi: 10.1093/nar/gkz310

Bretl, D. J., and Kirby, J. R. (2016). Molecular mechanisms of signaling in Myxococcus xanthus development. J. Mol. Biol. 428, 3805–3830. doi: 10.1016/j.jmb.2016.07.008

Buhian, W. P., and Bensmihen, S. (2018). Mini-review: nod factor regulation of phytohormone signaling and homeostasis during rhizobia-legume symbiosis. Front. Plant Sci. 9:1247. doi: 10.3389/fpls.2018.01247

Bulgarelli, D., Rott, M., Schlaeppi, K., Ver Loren van Themaat, E., Ahmadinejad, N., Assenza, F., et al. (2012). Revealing structure and assembly cues for Arabidopsis root-inhabiting bacterial microbiota. Nature 488, 91–95. doi: 10.1038/nature11336

Bulgarelli, D., Schlaeppi, K., Spaepen, S., Ver Loren van Themaat, E., and Schulze-Lefert, P. (2013). Structure and functions of the bacterial microbiota of plants. Annu. Rev. Plant Biol. 64, 807–838. doi: 10.1146/annurev-arplant-050312-120106

Bustamante, V. H., Martinez-Flores, I., Vlamakis, H. C., and Zusman, D. R. (2004). Analysis of the Frz signal transduction system of Myxococcus xanthus shows the importance of the conserved C-terminal region of the cytoplasmic chemoreceptor FrzCD in sensing signals. Mol. Microbiol. 53, 1501–1513. doi: 10.1111/j.1365-2958.2004.04221.x

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

Carvalhais, L. C., Dennis, P. G., Badri, D. V., Kidd, B. N., Vivanco, J. M., and Schenk, P. M. (2015). Linking jasmonic acid signaling, root exudates, and rhizosphere microbiomes. Mol. Plant Microbe Interact. 28, 1049–1058. doi: 10.1094/MPMI-01-15-0016-R

Chaparro, J. M., Badri, D. V., and Vivanco, J. M. (2014). Rhizosphere microbiome assemblage is affected by plant development. ISME J. 8, 790–803. doi: 10.1038/ismej.2013.196

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

Cui, X., Zhang, Y., Gao, J., Peng, F., and Gao, P. (2018). Long-term combined application of manure and chemical fertilizer sustained higher nutrient status and rhizospheric bacterial diversity in reddish paddy soil of Central South China. Sci. Rep. 8:16554. doi: 10.1038/s41598-018-34685-34680

da Silva, R. R., Wang, M., Nothias, L. F., van der Hooft, J. J. J., Caraballo-Rodriguez, A. M., Fox, E., et al. (2018). Propagating annotations of molecular networks using in silico fragmentation. PLoS Comput. Biol. 14:e1006089. doi: 10.1371/journal.pcbi.1006089

Dawid, W. (2000). Biology and global distribution of myxobacteria in soils. FEMS Microbiol. Rev. 24, 403–427. doi: 10.1111/j.1574-6976.2000.tb00548.x

De Tender, C., Mesuere, B., Van der Jeugt, F., Haegeman, A., Ruttink, T., Vandecasteele, B., et al. (2019). Peat substrate amended with chitin modulates the N-cycle, siderophore and chitinase responses in the lettuce rhizobiome. Sci. Rep. 9:9890. doi: 10.1038/s41598-019-46106-x

Domingo-Almenara, X., Montenegro-Burke, J. R., Ivanisevic, J., Thomas, A., Sidibe, J., Teav, T., et al. (2018). XCMS-MRM and METLIN-MRM: a cloud library and public resource for targeted analysis of small molecules. Nat. Methods 15, 681–684. doi: 10.1038/s41592-018-0110-113

Dunn, G., Montgomery, M. G., Mohammed, F., Coker, A., Cooper, J. B., Robertson, T., et al. (2005). The structure of the C-C bond hydrolase MhpC provides insights into its catalytic mechanism. J. Mol. Biol. 346, 253–265. doi: 10.1016/j.jmb.2004.11.033

Findlay, B. L. (2016). The chemical ecology of predatory soil bacteria. ACS Chem. Biol. 11, 1502–1510. doi: 10.1021/acschembio.6b00176

Forsberg, E. M., Huan, T., Rinehart, D., Benton, H. P., Warth, B., Hilmers, B., et al. (2018). Data processing, multi-omic pathway mapping, and metabolite activity analysis using XCMS Online. Nat. Protoc. 13, 633–651. doi: 10.1038/nprot.2017.151

Goyer, A. (2010). Thiamine in plants: aspects of its metabolism and functions. Phytochemistry 71, 1615–1624. doi: 10.1016/j.phytochem.2010.06.022

Herrmann, J., Fayad, A. A., and Muller, R. (2017). Natural products from myxobacteria: novel metabolites and bioactivities. Nat. Prod. Rep. 34, 135–160. doi: 10.1039/c6np00106h

John, M., Rohrig, H., Schmidt, J., Wieneke, U., and Schell, J. (1993). Rhizobium NodB protein involved in nodulation signal synthesis is a chitooligosaccharide deacetylase. Proc. Natl. Acad. Sci. U.S.A. 90, 625–629. doi: 10.1073/pnas.90.2.625

Jung, S. K., Lindenmuth, B. E., McDonald, K. A., Hwang, H., Bui, M. Q., Falk, B. W., et al. (2014). Agrobacterium tumefaciens mediated transient expression of plant cell wall-degrading enzymes in detached sunflower leaves. Biotechnol. Prog. 30, 905–915. doi: 10.1002/btpr.1888

Junker, R. R., and Tholl, D. (2013). Volatile organic compound mediated interactions at the plant-microbe interface. J. Chem. Ecol. 39, 810–825. doi: 10.1007/s10886-013-0325-329

Kaiser, R., and Lamparsky, D. (1974). Neue inhaltsstoffe des jasminbluetenabsolues mit cyclopentangeruest. Tetrahedron Lett. 15, 3413–3416. doi: 10.1016/s0040-4039(01)91921-5

Kawasaki, A., Donn, S., Ryan, P. R., Mathesius, U., Devilla, R., Jones, A., et al. (2016). Microbiome and exudates of the root and rhizosphere of Brachypodium distachyon, a model for wheat. PLoS One 11:e0164533. doi: 10.1371/journal.pone.0164533

Kiyota, H., Yoneta, Y., and Oritani, T. (1997). Synthesis and biological activities of methyl 3,7- and 4,5-didehydrojamonates. Phytochemistry 46, 983–986. doi: 10.1016/s0031-9422(97)00374-9

Landwehr, W., Wolf, C., and Wink, J. (2016). Actinobacteria and Myxobacteria-two of the most important bacterial resources for novel antibiotics. Curr. Top. Microbiol. Immunol. 398, 273–302. doi: 10.1007/82_2016_503

Leonardi, R., and Roach, P. L. (2004). Thiamine biosynthesis in Escherichia coli: in vitro reconstitution of the thiazole synthase activity. J. Biol. Chem. 279, 17054–17062. doi: 10.1074/jbc.M312714200

Li, F., Chen, L., Zhang, J., Yin, J., and Huang, S. (2017). Bacterial community structure after long-term organic and inorganic fertilization reveals important associations between soil nutrients and specific taxa involved in nutrient transformations. Front. Microbiol. 8:187. doi: 10.3389/fmicb.2017.00187

Lin, W., Lin, M., Zhou, H., Wu, H., Li, Z., and Lin, W. (2019). The effects of chemical and organic fertilizer usage on rhizosphere soil in tea orchards. PLoS One 14:e0217018. doi: 10.1371/journal.pone.0217018

Liu, H., and Brettell, L. E. (2019). Plant defense by VOC-induced microbial priming. Trends Plant Sci. 24, 187–189. doi: 10.1016/j.tplants.2019.01.008

Livingstone, P. G., Millard, A. D., Swain, M. T., and Whitworth, D. E. (2018a). Transcriptional changes when Myxococcus xanthus preys on Escherichia coli suggest myxobacterial predators are constitutively toxic but regulate their feeding. Microb. Genom. 4. doi: 10.1099/mgen.0.000152

Livingstone, P. G., Morphew, R. M., and Whitworth, D. E. (2018b). Genome sequencing and pan-genome analysis of 23 Corallococcus spp. strains reveal unexpected diversity, with particular plasticity of predatory gene sets. Front. Microbiol. 9:3187. doi: 10.3389/fmicb.2018.03187

Livingstone, P. G., Morphew, R. M., and Whitworth, D. E. (2017). Myxobacteria are able to prey broadly upon clinically-relevant pathogens, exhibiting a prey range which cannot be explained by phylogeny. Front. Microbiol. 8:1593. doi: 10.3389/fmicb.2017.01593

Lloyd, D. G., and Whitworth, D. E. (2017). The Myxobacterium Myxococcus xanthus can sense and respond to the quorum signals secreted by potential prey organisms. Front. Microbiol. 8:439. doi: 10.3389/fmicb.2017.00439

Lueders, T., Kindler, R., Miltner, A., Friedrich, M. W., and Kaestner, M. (2006). Identification of bacterial micropredators distinctively active in a soil microbial food web. Appl. Environ. Microbiol. 72, 5342–5348. doi: 10.1128/AEM.00400-406

Lugtenberg, B., Rozen, D. E., and Kamilova, F. (2017). Wars between microbes on roots and fruits. F1000Res 6:343. doi: 10.12688/f1000research.10696.1

Lundberg, D. S., Lebeis, S. L., Paredes, S. H., Yourstone, S., Gehring, J., Malfatti, S., et al. (2012). Defining the core Arabidopsis thaliana root microbiome. Nature 488, 86–90. doi: 10.1038/nature11237

Massalha, H., Korenblum, E., Tholl, D., and Aharoni, A. (2017). Small molecules below-ground: the role of specialized metabolites in the rhizosphere. Plant J. 90, 788–807. doi: 10.1111/tpj.13543

McBride, M. J., Kohler, T., and Zusman, D. R. (1992). Methylation of FrzCD, a methyl-accepting taxis protein of Myxococcus xanthus, is correlated with factors affecting cell behavior. J. Bacteriol. 174, 4246–4257. doi: 10.1128/jb.174.13.4246-4257.1992

Melby, J. O., Nard, N. J., and Mitchell, D. A. (2011). Thiazole/oxazole-modified microcins: complex natural products from ribosomal templates. Curr. Opin. Chem. Biol 15, 369–378. doi: 10.1016/j.cbpa.2011.02.027

Mohr, K. I. (2018). Diversity of myxobacteria-we only see the tip of the iceberg. Microorganisms 6:E84. doi: 10.3390/microorganisms6030084

Mohr, K. I., Wolf, C., Nubel, U., Szafranska, A. K., Steglich, M., Hennessen, F., et al. (2018). A polyphasic approach leads to seven new species of the cellulose-decomposing genus Sorangium, Sorangium ambruticinum sp. nov., Sorangium arenae sp. nov., Sorangium bulgaricum sp. nov., Sorangium dawidii sp. nov., Sorangium kenyense sp. nov., Sorangium orientale sp. nov. and Sorangium reichenbachii sp. nov. Int. J. Syst. Evol. Microbiol. 68, 3576–3586. doi: 10.1099/ijsem.0.003034

Muangphrom, P., Misaki, M., Suzuki, M., Shimomura, M., Suzuki, H., Seki, H., et al. (2019). Identification and characterization of (+)-alpha-bisabolol and 7-epi-silphiperfol-5-ene synthases from Artemisia abrotanum. Phytochemistry 164, 144–153. doi: 10.1016/j.phytochem.2019.05.010

Mueller, M. J., Brodschelm, W., Spannagl, E., and Zenk, M. H. (1993). Signaling in the elicitation process is mediated through the octadecanoid pathway leading to jasmonic acid. Proc. Natl. Acad. Sci. U.S.A. 90, 7490–7494. doi: 10.1073/pnas.90.16.7490

Muller, D. B., Vogel, C., Bai, Y., and Vorholt, J. A. (2016). The plant microbiota: systems-level insights and perspectives. Annu. Rev. Genet. 50, 211–234. doi: 10.1146/annurev-genet-120215-134952

Munoz-Dorado, J., Marcos-Torres, F. J., Garcia-Bravo, E., Moraleda-Munoz, A., and Perez, J. (2016). Myxobacteria: moving, killing, feeding, and surviving together. Front Microbiol 7:781. doi: 10.3389/fmicb.2016.00781

Nagae, M., Parniske, M., Kawaguchi, M., and Takeda, N. (2016a). The relationship between thiamine and two symbioses: root nodule symbiosis and arbuscular mycorrhiza. Plant Signal. Behav. 11:e1265723. doi: 10.1080/15592324.2016.1265723

Nagae, M., Parniske, M., Kawaguchi, M., and Takeda, N. (2016b). The thiamine biosynthesis gene THI1 promotes nodule growth and seed maturation. Plant Physiol. 172, 2033–2043. doi: 10.1104/pp.16.01254

Nakano, C., Kudo, F., Eguchi, T., and Ohnishi, Y. (2011). Genome mining reveals two novel bacterial sesquiterpene cyclases: (−)-germacradien-4-ol and (−)-epi-alpha-bisabolol synthases from Streptomyces citricolor. Chembiochem 12, 2271–2275. doi: 10.1002/cbic.201100418

Olanrewaju, O. S., Ayangbenro, A. S., Glick, B. R., and Babalola, O. O. (2019). Plant health: feedback effect of root exudates-rhizobiome interactions. Appl. Microbiol. Biotechnol. 103, 1155–1166. doi: 10.1007/s00253-018-9556-9556

Patkar, R. N., and Naqvi, N. I. (2017). Fungal manipulation of hormone-regulated plant defense. PLoS Pathog. 13:e1006334. doi: 10.1371/journal.ppat.1006334

Peiffer, J. A., Spor, A., Koren, O., Jin, Z., Tringe, S. G., Dangl, J. L., et al. (2013). Diversity and heritability of the maize rhizosphere microbiome under field conditions. Proc. Natl. Acad. Sci. U.S.A. 110, 6548–6553. doi: 10.1073/pnas.1302837110

Perez, J., Jimenez-Zurdo, J. I., Martinez-Abarca, F., Millan, V., Shimkets, L. J., and Munoz-Dorado, J. (2014). Rhizobial galactoglucan determines the predatory pattern of Myxococcus xanthus and protects Sinorhizobium meliloti from predation. Environ. Microbiol. 16, 2341–2350. doi: 10.1111/1462-2920.12477

Petters, S., Söllinger, A., Bengtsson, M. M., and Urich, T. (2018). The soil microbial food web revisited with metatranscriptomics - predatory Myxobacteria as keystone taxon? bioRxiv [Preprint]

Poudel, R., Jumpponen, A., Kennelly, M. M., Rivard, C. L., Gomez-Montano, L., and Garrett, K. A. (2019). Rootstocks shape the Rhizobiome: Rhizosphere and Endosphere bacterial communities in the grafted tomato system. Appl. Environ. Microbiol. 85:e01765-18. doi: 10.1128/AEM.01765-1718

Reinhold-Hurek, B., Bunger, W., Burbano, C. S., Sabale, M., and Hurek, T. (2015). Roots shaping their microbiome: global hotspots for microbial activity. Annu. Rev. Phytopathol. 53, 403–424. doi: 10.1146/annurev-phyto-082712-102342

Richter-Heitmann, T., Eickhorst, T., Knauth, S., Friedrich, M. W., and Schmidt, H. (2016). Evaluation of strategies to separate root-associated microbial communities: a crucial choice in rhizobiome research. Front. Microbiol. 7:773. doi: 10.3389/fmicb.2016.00773

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

Schlaeppi, K., Dombrowski, N., Oter, R. G., Ver Loren van Themaat, E., and Schulze-Lefert, P. (2014). Quantitative divergence of the bacterial root microbiota in Arabidopsis thaliana relatives. Proc. Natl. Acad. Sci. U.S.A. 111, 585–592. doi: 10.1073/pnas.1321597111

Schneider, R., Razungles, A., Augier, C., and Baumes, R. (2001). Monoterpenic and norisoprenoidic glycoconjugates of Vitis vinifera L. cv. Melon B. as precursors of odorants in Muscadet wines. J. Chromatogr. A 936, 145–157. doi: 10.1016/s0021-9673(01)01150-1155

Schreiter, S., Ding, G. C., Heuer, H., Neumann, G., Sandmann, M., Grosch, R., et al. (2014). Effect of the soil type on the microbiome in the rhizosphere of field-grown lettuce. Front. Microbiol. 5:144. doi: 10.3389/fmicb.2014.00144

Schulz, H., Fabianek, R. A., Pellicioli, E. C., Hennecke, H., and Thony-Meyer, L. (1999). Heme transfer to the heme chaperone CcmE during cytochrome c maturation requires the CcmC protein, which may function independently of the ABC-transporter CcmAB. Proc. Natl. Acad. Sci. U.S.A. 96, 6462–6467. doi: 10.1073/pnas.96.11.6462

Schumacher, D., and Sogaard-Andersen, L. (2017). Regulation of cell polarity in motility and cell division in Myxococcus xanthus. Annu. Rev. Microbiol. 71, 61–78. doi: 10.1146/annurev-micro-102215-195415

Shannon, P., Markiel, A., Ozier, O., Baliga, N. S., Wang, J. T., Ramage, D., et al. (2003). Cytoscape: a software environment for integrated models of biomolecular interaction networks. Genome Res. 13, 2498–2504. doi: 10.1101/gr.1239303

Sharma, G., Khatri, I., and Subramanian, S. (2016). Complete genome of the starch-degrading Myxobacteria Sandaracinus amylolyticus DSM 53668T. Genome Biol. Evol. 8, 2520–2529. doi: 10.1093/gbe/evw151

Sharma, G., and Subramanian, S. (2017). Unravelling the complete genome of Archangium gephyra DSM 2261T and evolutionary insights into Myxobacterial Chitinases. Genome Biol. Evol. 9, 1304–1311. doi: 10.1093/gbe/evx066

Shi, S., Nuccio, E., Herman, D. J., Rijkers, R., Estera, K., Li, J., et al. (2015). Successional trajectories of rhizosphere bacterial communities over consecutive seasons. mBio 6:e00746. doi: 10.1128/mBio.00746-715

Shisler, K. A., and Broderick, J. B. (2014). Glycyl radical activating enzymes: structure, mechanism, and substrate interactions. Arch. Biochem. Biophys. 546, 64–71. doi: 10.1016/j.abb.2014.01.020

Silakowski, B., Pospiech, A., Neumann, B., and Schairer, H. U. (1996). Stigmatella aurantiaca fruiting body formation is dependent on the fbfA gene encoding a polypeptide homologous to chitin synthases. J. Bacteriol. 178, 6706–6713. doi: 10.1128/jb.178.23.6706-6713.1996

Vijayan, P., Shockey, J., Levesque, C. A., Cook, R. J., and Browse, J. (1998). A role for jasmonate in pathogen defense of Arabidopsis. Proc. Natl. Acad. Sci. U.S.A. 95, 7209–7214. doi: 10.1073/pnas.95.12.7209

Wang, M., Carver, J. J., Phelan, V. V., Sanchez, L. M., Garg, N., Peng, Y., et al. (2016). Sharing and community curation of mass spectrometry data with Global Natural Products Social Molecular Networking. Nat. Biotechnol. 34, 828–837. doi: 10.1038/nbt.3597

Zander, W., Gerth, K., Mohr, K. I., Kessler, W., Jansen, R., and Muller, R. (2011). Roimatacene: an antibiotic against Gram-negative bacteria isolated from Cystobacter ferrugineus Cb G35 (Myxobacteria). Chemistry 17, 7875–7881. doi: 10.1002/chem.201003677

Zgadzaj, R., Garrido-Oter, R., Jensen, D. B., Koprivova, A., Schulze-Lefert, P., and Radutoiu, S. (2016). Root nodule symbiosis in Lotus japonicus drives the establishment of distinctive rhizosphere, root, and nodule bacterial communities. Proc. Natl. Acad. Sci. U.S.A. 113, E7996–E8005. doi: 10.1073/pnas.1616564113

Zhang, M., Liu, M., Pan, S., Pan, C., Li, Y., and Tian, J. (2018). Perillaldehyde controls postharvest black rot caused by Ceratocystis fimbriata in sweet potatoes. Front. Microbiol. 9:1102. doi: 10.3389/fmicb.2018.01102

Zhou, T., and Nan, B. (2017). Exopolysaccharides promote Myxococcus xanthus social motility by inhibiting cellular reversals. Mol. Microbiol. 103, 729–743. doi: 10.1111/mmi.13585

Zhou, X. W., Li, S. G., Li, W., Jiang, D. M., Han, K., Wu, Z. H., et al. (2014). Myxobacterial community is a predominant and highly diverse bacterial group in soil niches. Environ. Microbiol. Rep. 6, 45–56. doi: 10.1111/1758-2229.12107


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.

Copyright © 2020 Adaikpoh, Akbar, Albataineh, Misra, Sharp and Stevens. 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-11-00034-g004.jpg
3
8

fold change
°

~100:

200

G

Il 6 hypothetical

membrane associated

[l 1 thiamine biosynthesis

signaling

xylan/chitin deacetylase

1 FAD-dependent oxidoreductase

a/B-hydrolase

M 1 transport

B 1 amidase

W 1 primary metabolism
Total=15

[l 16 hypothetical

[l 6 primary metabolism

[l 6 membrane associated
[l 3 specialized metabolism
[ 5 signaling

1l 2 anion transport

2 catechol metabolism
1 transposase

Total=41






OPS/images/fmicb-11-00034-g002.jpg





OPS/images/fmicb-11-00034-g003.jpg
: g 0 control (no metabolite added)
g = decanolc acid
jhg ==

5

3
H

o

E
H

J
o
T
e
i
L5 R
5 1 decanolc acid
g8 g
P lee
i la
N
e

@ control (no metabolto added)
© docanoic acid

o 8 Bib s
A

T 3
time ()






OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Myxobacterial Response to Methyljasmonate Exposure Indicates Contribution to Plant Recruitment of Micropredators



		INTRODUCTION



		RESULTS



		MeJA Exposure Impacts Myxobacterial Metabolism



		MeJA Exposure Influences A. sp. Motility



		MeJA Exposure Induces Changes in A. sp. Transcriptome and Activates Transcription of Lytic Enzymes







		DISCUSSION



		MATERIALS AND METHODS



		Medias and Strains



		MeJA Exposure Experiments



		Metabolite Extraction and Analysis



		GNPS, NAP, and XCMS-MRM Analysis



		Motility Assays



		RNAseq Analysis







		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		FOOTNOTES



		REFERENCES

















OPS/images/fmicb-11-00034-g001.jpg
N. pusilla

C. coralloides

C. ferrugineus

A.sp.Cb G35

N. pusilla

C. coralloides

C. ferrugineus

A.sp.Cb G35

°

S

P S P P
S S S S S

# of metabolites with =5-fold increase
when exposed to MeJA

S & & S
# of metabolites with 25-fold decrease
when exposed to MeJA





OPS/images/fmicb-11-00034-t001.jpg
Gene product

WP_073560412.1
WP_073565080.1
WP_143195895.1
WP_073564464.1

WP_073560372.1
WP_073559495.1
WP_073566151.1

WP_1431956831.1
WP_073563387.1

Description

FAD-dependent oxidoreductase
DUF2085 containing membrane protein
CHAP domain amidase

Bifunctional hydroxymethyl pyrimidine
kinase

ABC transporter
a/p hydrolase

Radical SAM pyruvate-formate lyase
activating enzyme

Xylan/chitin deacetylase
Histidine kinase

Fold change

111
79
73
63

25
23
14

12
5

2Gene products annotated as hypothetical proteins omitted.





OPS/images/fmicb-11-00034-t002.jpg
Gene product

WP_083681520.1
WP_073566534.1
WP_143105956.1
WP_143105341.1
WP_083680826.1
WP_073560908.1
WP_143195863.1
WP_073567567.1
WP_073562695.1
WP_083681843.1
WP_073565898.1
WP_073565697.1
WP_073560900.1
WP_073558654.1

WP_073550864.1
WP_073550966.1
WP_073550400.1
WP_083680758.1

WP_073562546.1
WP_073558548.1
WP_073566525.1
WP_073567786.1
WP_083680900.1
WP_073565950.1
WP_083680891.1

9Gene products annotated as hypothetical proteins omitted.

Description

TOMM kinase cyciase
Seine protease

PAP family protein

DUF 2254 domain-containing protein
Membrane chioride channel

Histiino kinase.

Sufate transporter

FAD-dependent oxidoreductase
Chain-length etermining protein
1521 famy transposase.

‘Galactose oxdase

Tyrosinase

Protocatechuate 3,4-doxygenase
‘Giutathione-dependent formaldenyde.
dehycrogenase

‘SAM-dependent methylransierase
‘Cholesterol acyliransierase
DUF3616 domain-contairing protein
‘Cyclopropane fatty-acyk-phosphoipid
synthase

ATP-dependent endonuiease
Cytoctrome P4S0.

‘Osmotic shock protein

Uma2 family endonuciease

Histiine kinase-fke ATPase
Acyh-CoA trivesterase

‘GtR family transcriptional regulator
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