

[image: image1]
Evaluation of Apple Root-Associated Endophytic Streptomyces pulveraceus Strain ES16 by an OSMAC-Assisted Metabolomics Approach
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The One Strain Many Compounds approach (OSMAC) is a powerful and comprehensive method that enables the chemo-diversity evaluation of microorganisms. This is achieved by variations of physicochemical cultivation parameters and by providing biotic and abiotic triggers to mimic microorganisms' natural environment in the lab. This approach can reactivate the silent biosynthetic routes of specific metabolites typically not biosynthesized under standard laboratory conditions. In the present study, we combined the OSMAC approach with static headspace solid-phase microextraction-gas chromatography-mass spectrometry (SPME-GC-MS), high-performance liquid chromatography-high-resolution tandem mass spectrometry (HPLC-HRMSn), and matrix-assisted laser desorption/ionization high-resolution mass spectrometry imaging (MALDI-HRMSI) to evaluate the chemoecological significance of an apple root-associated endophytic Streptomyces pulveraceus strain ES16. We employed the OSMAC approach by cultivating the endophyte in six different media conditions and performed temporal studies over 14 days. Analysis of the volatilome revealed that only under stressful conditions associated with sporulation, endophytic S. pulveraceus ES16 produces geosmin, a volatile semiochemical known to attract the soil arthropods Collembola (springtails) specifically. Subsequently, targeted metabolic profiling revealed polycyclic tetramate macrolactams (PTMs) production by the endophyte under stress, which are bioactive against various pathogens. Additionally, the endophyte produced the iron-chelating siderophore, mirubactin, under the same conditions. The structures of the compounds were evaluated using HRMSn and by comparison with literature data. Finally, MALDI-HRMSI revealed the produced compounds' spatial-temporal distribution over 14 days. The compounds were profusely secreted into the medium after production. Our results indicate that endophytic S. pulveraceus ES16 can release the signal molecule geosmin, chemical defense compounds such as the PTMs, as well as the siderophore mirubactin into the host plant apoplast or the soil for ecologically meaningful purposes, which are discussed.
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GRAPHICAL ABSTRACT.


INTRODUCTION

Plant-associated mutualistic microorganisms such as endophytic microorganisms, commonly known as endophytes, which colonize plants' internal tissues, frequently contribute to host metabolic function and protect plants against pests and diseases by producing biocontrol traits such as bioactive secondary metabolites (Carrión et al., 2019; White et al., 2019; Morales-Cedeño et al., 2020; Newman and Cragg, 2020). For example, endophytes are known to produce natural products that possess a plethora of biological activities ranging fromantibacterial, antifungal, cytotoxic, anticancer, insecticidal to communication molecules (Kusari et al., 2017; Ancheeva et al., 2020; Joo et al., 2020). These biocontrol traits might be amenable to utilization by genetic, epigenetic, and metabolic fine-tuning of endophytes that can then be used as biologics (or biological control agents) to protect host plants in the field conditions without the negative environmental impacts of conventional pesticides. However, to date, biologics or endophytic microbial biocontrol agents have mostly failed to work in field conditions. This is frequently attributed to insufficient expression of biocontrol traits in planta or the introduced organism's failure to be competitive in the host environment. Whole-genome sequencing data shows that only a minor portion of endophytes' biosynthetic potential is expressed under standard in vitro culture conditions (Khare et al., 2018). Current evidence indicates that the synthesis of these “cryptic” compounds is induced in planta in the presence of other interacting micro- and macro-organisms through transcriptional and epigenetic regulatory mechanisms (Mhlongo et al., 2018; Cheng et al., 2019; Jones et al., 2019; Babalola et al., 2020). Chemical interactions among endophytes or between endophytes and interacting partners such as associated endophytes, host plant, invading pathogens, insects, and soil arthropods lead to sustained production of physiologically relevant metabolites, and interspecies crosstalk is often necessary for triggering the production of natural products that are not produced without a suitable trigger (Mhlongo et al., 2018; Cheng et al., 2019; Jones et al., 2019; Babalola et al., 2020). Only suitable interactions lead to the continuous and sustained production of one or more metabolites in an ecological niche.

Hence, it is necessary to understand the chemical-ecological interactions of endophytes on a case-by-case basis to fully exploit the potential of natural product biosynthesis and sustainable production for agriculture and industrial production of desired pharmaceutically relevant compounds, as well as to elucidate the intricate mesh of endophytic microbial chemoecological networks with coexisting organisms. A comprehensive and robust methodological approach employed to achieve this is called the One Strain Many Compounds (OSMAC) approach (Bode et al., 2002; Maghembe et al., 2020). The OSMAC approach enables establishing a comprehensive metabolic profile for each microorganism, revealing the compounds produced by the organism in its natural ecological niche (Romano et al., 2018; Pan et al., 2019; Maghembe et al., 2020). In vitro, culture-based OSMAC approach includes modulation of the physiochemical culture parameters, the addition of ecological niche-mimetic biotic and abiotic stress factors and triggers, and bioprocess optimization in a bid to selectively express cryptic gene clusters that are only expressed under particular conditions in the original natural habitat of the microorganism under study (Pan et al., 2019; Maghembe et al., 2020).

Numerous studies have substantiated the biosynthetic capacity of Streptomyces species, many of which exhibit an endophytic lifestyle, synthesize various bioactive metabolites, and communication molecules that are not only important from a biochemical and molecular standpoint but also from an ecological perspective (van der Meij et al., 2017; Spasic et al., 2018; Law et al., 2020; Quinn et al., 2020). Over the past few decades, Streptomyces have received a significant amount of attention due to their vast production of secondary metabolites and their contribution to modern medicine, agriculture, and veterinary practice, among others. These species also play a significant role in ecology by processing and breaking down enzymes, as well as plants and fungi cell walls. For example, Streptomyces reticuli can degrade complex carbohydrates and cellulose (Wibberg et al., 2016), whereas Streptomyces sp. TH-11 has shown chitinolytic activities (Hoang et al., 2010). Bafilomycins produced by an endophytic Streptomyces species demonstrate antifungal, antitumor, and ionophore properties (Yu et al., 2011). In another study, endophytic Streptomyces spp. have successfully reduced the disease severity of Fusarium spp. on wheat (Colombo et al., 2019). Apart from inhibiting phytopathogens, they also promote plant growth through phytohormones and facilitate the uptake of nutrients by producing compounds such as siderophores (Terra et al., 2020).

The replant disease of apple orchards is a major recurring problem in different regions of the world, the etiology of which is agreed to be a combination of various biotic factors, including multiple pathogenic fungal complexes and is influenced by abiotic factors (Mazzola and Manici, 2012; Winkelmann et al., 2019). Apple Replant Disease (ARD) typically presents a stressful environment for apple plants, endophytes, and associated microbiome (Mazzola and Manici, 2012; Yim et al., 2015; Radl et al., 2019; Winkelmann et al., 2019). The plant roots show signs of browning and blackening, tip necrosis, and reduced root hairs to exemplify this (Grunewaldt-Stöcker et al., 2019). Above the soil, stunted growth and reduced plant biomass are observed, as shown in several studies (Yim et al., 2013, 2015; Weiß et al., 2017). There is a decrease in the fruit yield, and the fruit size and taste are negatively influenced. Building upon an earlier study (Nicola et al., 2018), we recently found an increased abundance of actinobacteria (particularly Streptomyces species) in roots grown in ARD soils compared to healthy roots grown in non-ARD soils using molecular barcoding (Mahnkopp-Dirks et al., 2020). Interestingly, we found that the increased abundance of Streptomyces in apple roots grown in ARD soils negatively correlated with increased shoot length and fresh mass. Furthermore, gene sequencing revealed that Streptomyces taxa are selectively enriched in the rhizosphere in ARD soils in split-root experiments (Balbín-Suárez et al., 2020). However, whether these observations are causal or correlated remains unclear. Further, the involvement and the precise role of yet-unexplored “ecological links” in the form of interacting micro- or macro-organisms such as associated endophytes, rhizosphere microbes, or soil arthropods, among others, is not fully known. Notably, the chemical basis of these observations, particularly the role of natural products such as signal or communication molecules and compounds with niche-relevant biological activities that mediate the underlying chemical ecology, has not been studied.

Therefore, we investigated a cultivable endophytic Streptomyces pulveraceus strain ES16 that we isolated from apple plant roots (Malus domestica) within the Central Experiment 1 setup (CE1; Ellerhoop, Spring 2018) of the BMBF BonaRes program ORDIAmur (Mahnkopp et al., 2018). In particular, we wanted to answer the following three questions about the endophytic S. pulveraceus strain ES16:

1. What are the secreted volatile semiochemicals or signal molecules?

2. What are the bioactive, chemical defense compounds produced?

3. What are the spatial-temporal dynamics of the produced compounds?

To answer the above questions, we employed an OSMAC approach by cultivating endophytic S. pulveraceus ES16 in six different media compositions ranging from nutrient-rich to minimal conditions, including media to stress the organism under submerged conditions (broth) as well as on agar (Figure 1). Under the influence of different OSMAC conditions, we investigated the volatilome produced by the strain by static headspace solid-phase microextraction-gas chromatography-mass spectrometry (SPME-GC-MS) focusing on volatile semiochemicals or signal compounds. After that, we established the selectively expressed metabolic profiles under the different OSMAC conditions, typically focusing on bioactive compounds such as antimicrobial, antiprotozoal, and cytotoxic activities using high-performance liquid chromatography-high resolution tandem mass spectrometry (HPLC-HRMSn). Finally, we employed matrix-assisted laser desorption/ionization high-resolution mass spectrometry imaging (MALDI-HRMSI) to visualize the production, distribution, and release of target compounds in high spatial resolution and temporally for 14 days. We discuss the results obtained concerning the possible chemoecological significance of apple root-associated endophytic S. pulveraceus strain ES16.
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FIGURE 1. Schematic representation of the overview of workflow employed in the present study. GYM, glucose yeast malt medium; LB, lysogeny medium; NA, nutrient agar; SM, streptomyces medium; PDA, potato dextrose agar.




MATERIALS AND METHODS


Isolation, Identification, and Establishment of an Axenic Culture of Endophytic Streptomyces pulveraceus ES16

Endophytic Streptomyces pulveraceus strain ES16 (“Ellerhoop Spring Isolate No. 16”) was isolated from surface-disinfected apple roots (Malus domestica) grown in grass control (ARD-unaffected) soil within the Central Experiment setup 1 (CE1; Ellerhoop, Spring 2018) of the BMBF BonaRes ORDIAmur program (Mahnkopp et al., 2018). For isolation, 1 cm pieces of surface-disinfected fine roots (Ø < 2 mm) were placed in Petri dishes containing 523 medium (Viss et al., 1991) and stored for ~7 days at room temperature. After this, emerging colonies were picked and incubated for 1–7 days in liquid 523 medium until growth was visible. 1 mL of suspension was used for DNA extraction based on Quambusch et al. (2014). The 16S rRNA gene was amplified using the primers 27f (AGAGTTTGATCCTGGCTCAG) and 1492r (GGYTACCTTGTTACGACTT) (Weisburg et al., 1991). 16S rDNA fragments were sequenced with the Sanger method (Sanger et al., 1977) by Microsynth Seqlab (Göttingen, Germany), the obtained sequence (Supplementary Table 1) was blasted (Blastn) (Zhang et al., 2000) against the NCBI database (https://www.ncbi.nlm.nih.gov/), and submitted (accession no. MW580619).



OSMAC-Assisted Cultivation and Fermentation

We optimized our OSMAC approach established for endophytic bacteria (Eckelmann et al., 2018) to cultivate endophytic Streptomyces pulveraceus strain ES16. Thus, the endophyte was cultivated in six different attuned media conditions, ranging from nutrient-rich to minimal conditions, for selecting different phenotypes (e.g., sporulation under stress) and metabolic expression patterns for this particular strain, both under submerged conditions (broth) as well as on agar. These included the enriched media viz. modified 523 medium and streptomyces medium (SM), the moderately nutrient-rich lysogeny medium (LB) and basal nutrient medium (agar, NA; broth, NB), as well as glucose yeast malt medium (GYM) and potato dextrose medium (agar, PDA; broth, PDB) that served as minimal media for this strain by selectively limiting phosphate and/or nitrogen, thereby inducing moderate to high-stress and sporulation. The components of the media and related references are detailed in Supplementary Table 2. The cultures were incubated at 28°C (Memmert Incubator, Schwabach, Germany), and the bacterial growth, morphology, and OSMAC-relevant phenotypic characteristics were monitored and documented regularly over 14 days. For submerged cultivation and fermentation, 500 mL broth of each of the six media was prepared in 1,000 mL Erlenmeyer flasks and autoclaved at 121°C for 15 min (Autoclave VB-55, Systec, Wettenberg, Germany). One loop of the bacteria was added to the broth under sterile conditions, and the flask was sealed. The inoculated broths were placed in a shaker incubator (Lab-Rotation Incubator Multitron 2, INFORS HT, Einsbach, Germany) and shaken at 125 rpm at 28°C for 3, 7, and 14 days, respectively. As negative controls, 100 mL of all six sterile, uninoculated media broths were incubated simultaneously. All setups and experiments were performed in biological triplicates.



Extraction of Agar Plates

The 3-, 7- and 14-day old bacterial agar plates and negative control plates were crushed to small pieces using a spatula. Each plate was covered with 20 mL HPLC-grade MeOH (J. T. Baker, Deventer, The Netherlands) and was mixed well. The mixture was transferred to a beaker and was extracted in an ultrasonic bath (Sonorex Longlife, Bandelin, Berlin, Germany). After 15 min, the mixture was filtered. This step was repeated thrice (i.e., extraction with 3 × 20 mL fresh MeOH). The filtrate was concentrated to dryness under reduced pressure in a rotary evaporator (Laborota 4001 Efficient, Heidolph, Schwabach, Germany) and resuspended in 4 mL HPLC-grade MeOH (J. T. Baker, Deventer, The Netherlands) for further analyses.



Extraction of Fermented Cultures (Broths)

On the 3rd, 7th, and 14th day of cultivation and under sterile conditions, 100 mL of each inoculated broth was transferred to a 250 mL Erlenmeyer flask. Each flask was placed in an ice bath and ultrasonicated thrice for 15 min in the Sonoplus ultrasonic device (Bandelin, Berlin, Germany) equipped with ultrasonic lance UW 3200 (Bandelin, Berlin, Germany). The flasks' content was transferred to Eppendorf centrifuge tubes and was centrifuged at 10,000 rpm for 10 min to separate the biomass (Centrifuge Allegra™ IR, Beckman Coulter GmbH, Krefeld, Germany). The supernatant was decantated, frozen, and was freeze-dried overnight in a Vaco 5 freeze dryer (ZIRBUS technology GmbH, Bad Grund, Germany). The residue was extracted thrice with 20 mL HPLC-grade MeOH (J. T. Baker, Deventer, The Netherlands) in an ultrasonic bath (Sonorex Longlife, Bandelin, Berlin, Germany) for 15 min, and filtered. The filtrate was concentrated to dryness under reduced pressure in a rotary evaporator (Laborota 4001 Efficient, Heidolph, Schwabach, Germany), and was resuspended in 4 mL HPLC-grade MeOH (J. T. Baker, Deventer, The Netherlands). The uninoculated negative control blanks were extracted following the same procedure.



Static Headspace Solid-Phase Microextraction-Gas Chromatography-Mass Spectrometry (SPME-GC-MS)

Static headspace SPME-GC-MS was performed according to the published procedure (Yalage Don et al., 2020), suitably modified. Agar plates seeded with S. pulveraceus ES16 were incubated for 5 days at 28°C, and ca. one gram (small pieces) of each bacterial agar plate was cut under sterile conditions and transferred to a headspace vial. The vial was then incubated for another 2 days so that the vial atmosphere was enriched with the volatilome secreted by the bacterium cultivated in a specific agar medium. After that, the vial septum was punctured with a solid-phase microextraction (SPME) needle coating, and the fiber (PDME, 75 μm) was exposed to absorb the bacterial volatilome. After 15 min, the fiber was retracted, and the SPME was inserted directly into the GC-MS, where the bacterial volatilome was thermally desorbed. The analysis of volatile organic compounds (VOCs) was performed with a Trace GC Ultra system (Thermo Fisher Scientific, Waltham, USA), coupled to an ISQ mass spectrometer (Thermo Fisher Scientific, Waltham, USA). The separation of the compounds was achieved via an Optima 5 MS (30 m, 0.25 mm ID, 1 μm, Macherey-Nagel, Düren, Germany) GC column. The initial oven temperature was set to 60°C for the first 2 min and was ramped to 175°C at a rate of 20°C/min. The temperature was again increased to 260°C with the second ramp of 4°C/min and held for 2 min resulting in a total run time of 30 min. The mass spectrometer equipped with an electron impact source (IE) was operated at 70 eV with an ion source temperature of 200°C and a scan range of m/z 50–550.



High-Performance Liquid Chromatography-High Resolution Tandem Mass Spectrometry (HPLC-HRMSn)

100 μL of each extract was transferred to an HPLC vial and was concentrated to dryness in a concentrator (Savant SDP1010 SpeedVac, Thermo Fisher Scientific, Waltham, USA). 100 μL of a 2:1 H2O and MeOH mixture was added to the vial, and the residue was reconstituted by vortexing (Vortex mixer VF2, IKA-Werke GmbH, Staufen, Germany). The sample was centrifuged at 6,600 rpm for 5 min (Mini Centrifuge, MCF-2360, LMS CO., LTD., Tokyo, Japan), and the supernatant was transferred to an inlet and measured. The measurements were either carried out with an Agilent 1200 system HPLC (Waldbronn, Germany) coupled to an LTQ-Orbitrap XL mass spectrometer (Thermo Fisher Scientific, Waltham, USA) or a Nexera X2 HPLC (Shimadzu Scientific Instruments, Maryland, USA) coupled with an LTQ-Orbitrap mass spectrometer (Thermo Fisher Scientific, Waltham, USA). A Nucleoshell C18 reverse-phase column (2.7 μm, 150 × 4.6 mm, Macherey-Nagel, Düren, Germany) was used for chromatographic separation at 30°C with H2O (+ 0.1% HCOOH) (A) and MeOH (+ 0.1% HCOOH) (B) gradient (flow rate 300 μL min−1). The gradient program was as follows: 95% A isocratic for 2 min, linear gradient to 100% B over 26 min, 100% B isocratic for 6 min, the system returned within 0.5 min to initial conditions of 95% A and was equilibrated for 2.5 min. The LTQ-Orbitrap XL and the LTQ-Orbitrap were equipped with a HESI ion source with 5 kV voltage at 350°C. The ion source was operated with He as collision gas, and N2 as sheath- (40 arbitrary units), and auxiliary gas (8 arbitrary units). The spectrometers were operated in positive modes with a mass range of m/z 100–1,600 with a nominal mass resolving power of 60,000 at m/z 400 with a scan rate of 1 Hz, with the internal lock masses N-butylbenzenesulfonamide ([M+H]+ m/z 214.0896) and dibutyl phthalate ([M+H]+ m/z 279.1591). The analyses were performed using Xcalibur software v. 2.2 SP1.48 (Thermo Scientific, Bremen, Germany). The acquired masses were sorted by intensity (I > 1.00E3). A maximum mass tolerance of 2 ppm was accepted. For structure elucidation, tandem HRMS experiments were performed with the LTQ-Orbitrap mass spectrometer with collision-induced dissociation (CID) energies of 15, 25, and 35 eV. Background subtraction was performed as required using Xcalibur software v. 2.2 SP1.48 (Thermo Scientific, Bremen, Germany). Scifinder, Knapsack, and PubChem were used as reference databases.



Matrix-Assisted Laser Desorption/Ionization-High-Resolution Mass Spectrometry Imaging (MALDI-HRMSI)

MALDI-HRMSI experiments were performed using our previously established procedure (Eckelmann et al., 2018), suitably modified. Areas of interest of the respective agar plates with the seeded or cultivated microorganisms were cut to square pieces with a razor blade, transferred, fixed onto a 4 × 1 cm microscopical glass slide, and dried for 24 h. A photographic image was taken for each sample using a specialized digital microscope (VHX-5000, Keyence Deutschland GmbH, Neu-Isenburg, Germany) to evaluate the measured area and record the optical image. A SMALDI Prep spray device (TransMIT GmbH, Giessen, Germany) was utilized for matrix spraying. The samples were sprayed uniformly with matrix MBT (2-mercaptobenzothiazole; 5 mg/mL) prepared in H2O:acetone 1:4 (v/v). The spray application was performed using the Matrix Sprayer Control [v. 1.9.2890] (TransMIT GmbH, Giessen, Germany) employing the following parameters: matrix flow 16 μL/min; gas flow 3 L/min; 27 min under the Area Mode. The measurements were carried out at a resolution of 30 μm with an AP-SMALDI5 ionization source (TransMIT GmbH, Giessen, Germany) coupled to a Thermo Q-Exactive mass spectrometer (Thermo Scientific Inc., Bremen, Germany). Data processing and mapping of mass pixels corresponding to the target compounds were done using the software package Mirion V3.36.4.13 (TransMIT GmbH, Giessen, Germany). Ion images were generated with a bin width of ±5.0 ppm. Mass pixels are shown as false colors.




RESULTS


OSMAC-Based Microbiological and Phenotypic Observations

Endophytic S. pulveraceus ES16 colonies' growth on modified 523 agar started within the first 24 h of incubation. After 3 days, the colonies were visible to the naked eye and continued to increase in size until the 7th day of incubation. However, the colonies' growth stopped after the 1st week, as the colonies did not continue to grow in diameter until 14 days. The size of each colony did not exceed 1 mm and therefore could be characterized as punctiform. On this medium, S. pulveraceus ES16 formed circular colonies with a minor convex elevation. They showed a smooth texture with an opaque light beige/white color during the first few incubation days. The color altered slightly after a week to a light pink color. There were no visible changes in the medium's color, i.e., no visible microbial exudates were observed. No sporulation was observed (Figure 2A). This bacterium demonstrated a soft colony consistency when touched with the loop on the 3rd day of incubation, which gradually hardened over the 14-day experimental period.
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FIGURE 2. OSMAC-assisted phenotypic characteristics of endophytic S. pulveraceus ES16 grown on six different agar media for 14 days. (A) Modified 523 medium. (B) Glucose Yeast Malt medium (GYM). (C) Lysogeny medium (LB). (D) Nutrient agar (NA). (E) Streptomyces medium (SM). (F) Potato dextrose agar (PDA).


However, the endophyte demonstrated markedly different morphology on GYM agar than that on modified 523 agar (Figure 2B). The colonies started forming after just 12 h of incubation and were completely visible at 48 h. The size of the colonies had a relatively considerable increase with time. On day 3, a single colony's diameter was measured around 1 mm, and it increased to 4 mm and 6 mm on days 7 and 14, respectively. Apart from growth in size, a drastic change in the bacterium's color and shape was observed with incubation time. The initial colony shape of S. pulveraceus ES16 on GYM agar was an irregular convex form with a wrinkled surface. The colonies were firstly small and had a light beige color. On day 7, it was noticeable that some parts of the colonies had started to sporulate while other parts had a darker brown color and no longer had an elevated convex colony character. After 14 days of incubation, the bacterium's color altered almost entirely to dark brown, which indicated that the bacteria could be in the stationary or decline phase. On day 7, a potting soil odor was detected as the plate was opened. The change in the medium color around the colonies to a darker shade over time was indicative of visual exudates secreted by the endophyte. On day 3, the bacterial colony consistency was soft and smooth, whereas it was brittle on day 7. On day 14, the bacterium had developed a hard and dry texture.

The growth of S. pulveraceus ES16 on LB agar was typically similar to that on modified 523 agar (Figure 2C). The colonies' formation started 24–36 h after the incubation, and after 3 days, the colonies were visible to the naked eye. The single colonies showed a minimal increase in size from day 3 to day 7, and the overall diameter of a single colony did not exceed 1 mm. The endophytic colonies were light beige/white with a smooth texture. The colonies were circular and raised. The color of the bacteria remained the same for the first 7 days. After 14 days of incubation, the color altered to light yellow. There were no visible changes in the agar's texture and shade, and no sporulation was observed. When touched with the inoculation loop, S. pulveraceus ES16 showed a viscid consistency throughout the 14 days of observation.

In the case of NA, the colonies of S. pulveraceus ES16 were not visible on agar until 48 h after incubation. Like that of modified 523 and LB agar, the colonies were relatively small (1 mm) and fully grown by day 7. They maintained the same light beige/white color throughout the 14-day incubation time. The colonies had a circular shape with a smooth texture. No alterations in the color of the medium, and no sporulation were observed (Figure 2D).

The colonies of S. pulveraceus were visible within the first 6 h after cultivation on SM agar. On day 3 of incubation, tiny punctiform colonies (<1 mm) could be observed (Figure 2E). From day 3 till day 7, a drastic increase in colony size was observed. The colony color was initially opaque white/light beige, similar to the other tested media. On day 7, the observed color had transformed into pink/beige. The endophyte formed irregular curled colonies with a pulvinate elevation and demonstrated a rough, brittle surface. No sporulation was observed.

Entirely different morphology of S. pulveraceus ES16 was observed on PDA (Figure 2F). The first colonies appeared after 24 h. The colony size increased with time while remaining ca. 1 mm on day 3, 3 mm on day 7, and 5 mm on day 14. At 48 h of incubation, the colonies had a similar morphology to that of modified 523 agar, NA, and LB agar with light beige color and circular shapes. However, by day 3, the bacterium began to sporulate vigorously, revealing a high-stress environment. The colony color changed rapidly to light gray and darkened after 7 and 14 days, respectively. By day 7, extensive sporulation of the colonies was noted. Despite sporulation, the colonies remained circular and convex in shape. Strikingly, from around day 7 of the incubation, the bacterial plate emitted a potting soil scent, which intensified by day 14. Another significant observation on the PDA plates was the pigmentation of the medium. Already by day 3, the color of the medium changed from yellow to dark brown, which intensified during the 14 days of incubation time, revealing secretion of visible exudates. S. pulveraceus ES16 had a texture similar to that of a fungal mycelium on PDA. Once in contact with the loop, it was viscid and soft.



Analysis of the Expressed Volatilome Using SPME-GC-MS With a Focus on Volatile Signaling Compounds

SPME-GC-MS was employed to evaluate the production of volatile organic compounds (VOCs) (Tholl et al., 2006; Iijima, 2014; Yalage Don et al., 2020) by endophytic S. pulveraceus ES16 in different media conditions. Notably, the strong earthy odor released by the endophyte, when growing on PDA plates, coupled with extensive sporulation, provided a scientific handle to focus on stress-induced compounds and semiochemicals (signal molecules). Extensive analyses of the samples compared to the NIST EI-MS spectral library revealed the endophytic production of the volatile sesquiterpene, geosmin (trans-1,10-dimethyl-trans-9-decalol; compound 1; Figure 3) specifically on PDA but not in other media conditions. The fragmentation pattern of the geosmin (Figure 4) matched with the reference NIST EI-MS spectral library, confirming its identity. Geosmin (1) production was only observed when the endophyte was subjected to stressful conditions, concomitant with extensive sporulation and a strong earthy smell. We also searched for other known signal molecules that might be produced along with geosmin, including 2-methylisoborneol (2-MIB), germacerene D, germacradienol (Becher et al., 2020), among others. However, these compounds were not detected (< LOD) while analyzing the expressed volatilome of endophytic S. pulveraceus ES16.
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FIGURE 3. Chemical structures of the compounds detected in the present study.



[image: Figure 4]
FIGURE 4. GC-MS spectrum of the volatile semiochemical geosmin (1) produced by endophytic S. pulveraceus ES16 on PDA under stress and during sporulation. Insert shows the GC chromatogram (RT 8.82 min) of geosmin (1).




HPLC-HRMSn Based Selective Metabolic Profiling and Structural Dereplication of Target Bioactive Compounds

Guided by the OSMAC approach, the chemo-diversity of endophytic S. pulveraceus ES16 cultivated in different media conditions was investigated using HPLC-HRMS. The extracts of plates and broths were analyzed in parallel to examine the compounds produced by the bacterium both under submerged cultivation conditions and agar (solid media). Moreover, HPLC-HRMS based temporal analyses were performed after cultivation for 3-, 7- and 14 days, respectively, to unravel the production pattern of the compounds and set up the basis of further MALDI-HRMSI experiments. Furthermore, a bioactivity-guided selection of the produced compounds was carried out to target the “hits,” focusing on antibacterial, antifungal, antiprotozoal, and relevant plant beneficial compounds, and the targeted metabolic profile of the endophyte was established. Finally, the target compounds were identified by extensive HRMSn experiments and by comparison with the literature. Endophytic S. pulveraceus ES16 demonstrated the production of two classes of compounds with relevant bioactivities: polycyclic tetramate macrolactams (PTMs) and siderophores.



Polycyclic Tetramate Macrolactams (PTMs)

While examining the secondary metabolites of endophytic S. pulveraceus ES16 using the OSMAC approach, a family of polycyclic tetramate macrolactams (PTMs) was detected (Figure 3, compounds 2–7). Interestingly, the PTMs were only produced in two specific media conditions that induced stress in the organism, exemplified by sporulation and visible exudation into the media, namely GYM agar, and PDA. The production of these compounds (2–7) was first detected by the 7th day of incubation, which increased till day-14 of observation. Overall, six different compounds/masses belonging to this family were detected. Apart from m/z 525.2601 (2), which was only detected on GYM agar, all five other compounds (3–7) were produced in both media conditions.

Although various PTMs are known in the literature, their analysis was restricted to NMR techniques such as NOESY and COSY. However, as expected, in our study, endophytic S. pulveraceus ES16 produced the PTMs (2–7) in low, physiologically-relevant amounts, which did not allow the isolation and purification of PTMs (2–7) using preparative HPLC. Therefore, the structures of compounds 2–7 were dereplicated using HRMSn. Due to similarities in the structures of the compounds, we performed HRMS2 and HRMS3 to evaluate their structures based on typical fragmentation patterns and by comparison with the literature (HRMS2 could not be done for compound 2 due to low production). The HRMSn spectra of compounds 2–7 are presented in Supplementary Figures 1–10. Yu et al. (2017) and Qi et al. (2018) have reported the MSn fragmentation of some PTMs, which enabled us to compare the fragmentation patterns of compounds 2–7 and assign their plausible structures.



Mirubactin

In addition to the bioactive PTMs (2–7), endophytic S. pulveraceus ES16 also produces an unusual siderophore called mirubactin (compound 8, Figure 3). This siderophore contains an O-acyl hydroxamic acid ester group with a high affinity to the valuable ferric ions in iron-depleted environments. It also consists of one D-arginine and one d-hfOrn unit in addition to two DHB units. Our OSMAC approach revealed that this compound's production critically depends on the medium on which the bacterium is cultivated. Mirubactin (8) was detected only on GYM agar and on PDA ([M+H]+, m/z 605.2192, ± 2 ppm, RT 15.02 min). Interestingly, the endophyte produces this siderophore 10-fold more pronounced on PDA than on GYM agar (PDAintensity 4.2E5; GYMintensity 1.9E4) concomitant with the strain's higher stress and extensive sporulation on PDA.

HRMSn experiments confirmed the structure of mirubactin (8) (Figure 5). The HRMS2 measurement yielded the primary fragment ion with an m/z of 469.2042 after one DHB unit's cleavage. Consecutive HRMS3 of the fragment m/z 469.2042 yielded in three additional fragments: m/z 333.1877 is the result of the loss of the two dehydrated DHB groups from each side, while m/z 293.1242 arises from the cleavage of one DHB moiety together with the fhOrn; the fragment m/z 311.1349 follows the same fragmentation pattern as m/z 293.1242 after a rearrangement (Giessen et al., 2012). Strikingly, the mirubactin-iron complex (C26H30FeN6O11, [M+H]+, m/z 658.1316, ± 2 ppm) was also produced by the endophyte on both GYM agar and PDA.


[image: Figure 5]
FIGURE 5. HPLC-HRMSn analysis of mirubactin (8). (A) Extracted ion chromatograms ([M+H]+, m/z 605.2192, ±2 ppm] shows the selective production of mirubactin (8) only on GYM agar and on PDA. (B) HRMS2 of mirubactin (8). (C) HRMS3 of mirubactin (8). The proposed mass spectral fragmentation pathway is annotated on the compound structure.




Spatial-Temporal Dynamics of the Endophytic Metabolites Visualized by MALDI-HRMSI

In order to visualize the production, distribution, and secretion of the above compounds produced by endophytic S. pulveraceus ES16 in high spatial resolution, we performed MALDI-HRMSI to monitor the target compounds over 14 days. Figure 6 depicts the ion intensity images of the PTMs 3–7 on day 14 ([M+H]+ and [M+K]+ adducts). Compound 2 was below the limit of detection (< LOD) and could not be mapped. MALDI-HRMSI revealed that compounds 5–7 were secreted more profusely compared to the other PTMs. These results are consistent with the data obtained from inoculated agar extractions and HPLC-HRMS analyses. The spatial-temporal distribution of the produced PTMs showed that the compounds were readily secreted into the medium after production. The catecholate siderophore, mirubactin (8), produced on PDA and GYM agar, was also subjected to visualization by MALDI-HRMSI (Supplementary Figure 11). Similar to the PTMs, the endophyte also secretes mirubactin (8) into the media over 14 days.


[image: Figure 6]
FIGURE 6. MALDI-HRMSI of PTMs (compounds 3–7) produced by endophytic S. pulveraceus ES16. Selected ion images depict the localization and distribution of the PTMs ([M+H]+ and [M+K]+; ±5 ppm; spatial resolution = 30 μm; matrix used = MBT) after cultivation on PDA for 14 days. The assigned scale bar represents 1,000 μm. The black insert depicts the scanned area in each case.





DISCUSSION


Phenotypic Differentiation of Endophytic S. pulveraceus ES16 in Six Different Cultivation Conditions (OSMAC Approach) Directing the Targeted Evaluation of Its Volatilome and Metabolome

The stressful and dysbiotic environment characteristically associated with ARD, not only for apple plants but also for associated microbiota, is well-established (Mazzola and Manici, 2012; Yim et al., 2013, 2015; Weiß et al., 2017; Grunewaldt-Stöcker et al., 2019; Radl et al., 2019; Winkelmann et al., 2019; Balbín-Suárez et al., 2020). For example, an increased abundance of environmental stress sensing genes, particularly in the rhizosphere microbiome of ARD soils compared to ARD-unaffected soils, was recently unraveled by a metagenomics approach (Radl et al., 2019). Against this background, in the present study, we aimed to study apple root-associated endophytic S. pulveraceus ES16 by employing a chemical OSMAC approach (Romano et al., 2018; Pan et al., 2019; Maghembe et al., 2020) to induce high stress and sporulation in the organism. Earlier studies have substantiated that Streptomyces species are stressed and forced to sporulate by regulation of the pleiotropic transcriptional factors such as GlnR, MtrA, and PhoP, which can be achieved by manipulating the nature of carbon and nitrogen sources, their quantity (specifically the carbon/nitrogen ratio as well as their depletion), and phosphate availability in the medium (Karandikar et al., 1996; Martín and Liras, 2020). In particular, by limiting the nitrogen availability, Streptomyces species can be starved of essential amino acids leading to a stringent response that restricts transcription of numerous genes involved in vegetative growth (i.e., induces sporulation) and stimulates the expression of stress response genes (Bibb, 2005; Tiffert et al., 2008, 2011; Dalebroux and Swanson, 2012; Martín and Liras, 2020). Additionally, phosphate starvation influences the two-component phosphate control of the metabolism system, PhoR-PhoP (Hutchings et al., 2004; Martín et al., 2012), slows down primary metabolism and triggers the production of secondary metabolites (Sola-Landa et al., 2003, 2005; Martínez-Castro et al., 2018). Therefore, we successfully employed PDA limited in both nitrogen and phosphate (Supplementary Table 2) as a high stress-inducing and sporulating medium for endophytic S. pulveraceus ES16. Earlier studies have also demonstrated how PDA can induce sporulation and production of antimicrobial compounds by different marine Streptomyces species (Vijayakumar et al., 2012; English et al., 2017). Furthermore, we used the GYM medium following the recommendation of Shirling and Gottlieb (1966) in the International Streptomyces Project (ISP), which is limited in phosphate but not in nitrogen and has been used earlier to induce sporulation in some Streptomyces strains (Arasu et al., 2009). Endophytic S. pulveraceus ES16 sporulated mildly on GYM agar. We also used a modified 523 medium that does not limit nitrogen or phosphate and provides the disaccharide saccharose as the carbon source. Along with the basal medium NA that does not induce sporulation and nutrient-rich LB and SM media (favorable growing conditions), this medium is used for optimal cultivation of Streptomyces species (Atlas, 2010; Vijayakumar et al., 2012; English et al., 2017). Taken together, we evaluated the phenotypic differentiation of endophytic S. pulveraceus ES16 under stress compared to unstressed as well as optimal growth conditions, which laid a scientific handle to study the concomitant effects on its secreted volatilome and expressed metabolome.



Endophytic S. pulveraceus ES16 Produces the Volatile Semiochemical, Geosmin, Only Under Stressful Conditions and During Sporulation

Several reports have documented the production of geosmin (1) by a plethora of microorganisms inhabiting a variety of ecological niches, including filamentous fungi, actinomycetes, cyanobacteria, and proteobacteria, to name a few (Yamada et al., 2015; Vurukonda et al., 2018; Churro et al., 2020; Melo et al., 2020). Becher et al. (2020) recently unraveled this compound's central role in Streptomyces species' lifecycle since it plays a specific role as the volatile signal molecule attracting the soil arthropods Collembola (springtails) to the producer strains. Several studies have demonstrated that Collembola illustrates biocontrol potential by feeding on pathogenic fungi. Curl (1979) examined the biocontrol potential of Collembolan species for the first time by observing their interactions with pathogenic fungi. He suggested that the Collembola species Proisotoma minuta and Thalassaphorura encarpata decreased pathogenic fungal growth rate such as Rhizoctonia solani and Fusarium oxysporum, which are associated with root disease. Shiraishi et al. (2003) showed the suppression of the damping-off disease in cabbage and Chinese cabbage by the Collembola Folsomia hidakana. Recently, Innocenti and Sabatini (2018) reported that Collembola prefers feeding on pathogenic fungi such as Fusarium culmorum rather than biocontrol fungi such as Trichoderma harzianum. In the present study, the phenotypic observations of endophytic S. pulveraceus ES16 under specific OSMAC parameters revealed an earthy soil odor release during this bacterium's prolific sporulation on PDA plates that induced stress to the organism. One important reason why we employed the six different defined media conditions to cultivate the organism was to study its secreted volatilome and metabolome expressed under the influence of stressful media conditions compared to nutrient-rich and optimum conditions (Romano et al., 2018; Pan et al., 2019; Maghembe et al., 2020). OSMAC-guided SPME-GC-MS analyses further revealed that the organism produces the volatile signal compound geosmin (compound 1, Figure 3; γεω-“geo”: earth, o[image: image]- “osmi”: smell) only under stressful conditions and during sporulation, and it is responsible for this scent. The endophyte did not emit this signal compound in the other tested media conditions. As expected, endophytic S. pulveraceus ES16 mildly sporulated on GYM agar. However, we could not detect the compound's production, possibly because its production is only associated with high stress and extensive sporulation or produced in meager amounts (< LOD). Moreover, the volatile terpenoid 2-methylisoborneol (2-MIB), which is also responsible for the earthy smell similar to geosmin (1) and found to be secreted by some Streptomyces species (Rabe et al., 2013; Yamada et al., 2015), was also not detected (< LOD) on PDA or GYM agar.



Production of Bioactive PTMs and the Siderophore Mirubactin Is Also Associated With Similar Stressful Media Conditions

PTMs are natural products containing one tetramic acid and a polycyclic system fused to a macrolactam. Their polycyclic system is categorized into three main groups: the PTMs containing a 5/5, those with a 5/6/5, or PTMs with a 5/5/6 ring system in their structure (Luo et al., 2013; Liu et al., 2019). PTMs are well-known for possessing various biological activities such as antibacterial, antifungal, antiprotozoal, and antiviral (Luo et al., 2013; Liu et al., 2019; Jiang et al., 2020). For example, capsimycin B was discovered from Streptomyces sp. Tü 6239 and showed antibiotic activities against Gram-positive bacteria (Bertasso et al., 2003). In another study, Lysobacter enzymogenes and Streptomyces spp. both produced dihydromaltophilin (also known as HSAF) (Li et al., 2008). HSAF is an antifungal agent capable of harming fungal biosynthetic pathways and is therefore suitable against phytopathogens. Recently, marine sponge-associated Streptomyces zhaozhouensis strain MCCB267 was shown to produce clifednamide A that demonstrated remarkable antiproliferative activities by inducing apoptosis in lung carcinoma cells (Dhaneesha et al., 2019). A detailed examination of endophytic S. pulveraceus ES16 metabolome guided by the OSMAC approach revealed the production of several bioactive PTMs (compounds 2–7, Figure 3), a series of antibiotic agents. MALDI-HRMSI experiments further revealed that the produced PTMs are part of the endophytic S. pulveraceus ES16 strain's secretome and are released into the media. Accordingly, the compounds can be considered to be released by the endophyte into the host plant, leading to an impact on the plant itself. Further experiments are required to elucidate the positive (e.g., warding off pathogens or associated endophytes) or negative (e.g., phytotoxic) effects of the endophytic PTMs (2–7) on its host plant.

Siderophores play an essential role in host-pathogen interactions (Kramer et al., 2020). For instance, van Loon et al. (2008) showed that the production of siderophores by endophytes contributes to protecting the host plant through induced systemic resistance (ISR), a mechanism in the plant activated by an infection. Furthermore, siderophores are considered potential biocontrol agents; endophytic siderophore production reduces the amount of ferric ions available for uptake by pathogens, contributing to the plant defense (Ghosh et al., 2020; Kramer et al., 2020). Endophytic S. pulveraceus ES16 can produce the rare iron-chelating siderophore mirubactin (compound 8, Figure 3), which it also secretes out as revealed by MALDI-HRMSI. The isolation, structure elucidation, and biosynthesis of this compound have been reported by Giessen et al. (2012). This siderophore's production has only been reported from Actinosynnema mirum (Giessen et al., 2012), and gene sequencing has been employed to predict the possibility of its production by Streptomyces species (Jackson et al., 2018; Almeida et al., 2019). To the best of our knowledge, we report for the first time the in vitro production of mirubactin (8) by a Streptomyces species using targeted metabolic profiling.



Insights Gained From the Chemical Evaluation of Endophytic S. pulveraceus ES16

In the present study, we employed a targeted metabolomics approach on endophytic S. pulveraceus ES16 comprising of three different methodologies, namely SPME-GC-MS to evaluate the secreted volatilome, HPLC-HRMSn to evaluate the expressed metabolome, and MALDI-HRMSI to visualize the spatial dynamics of target compounds, all guided by the OSMAC approach. We used the cultivable apple root-associated endophytic S. pulveraceus strain ES16 as a representative working model to investigate its chemoecological relevance.

Firstly, the results of our volatilome analyses led us to propose that S. pulveraceus ES16 succumbs to high stress during the onset of ARD (concomitant to its host plant), starts sporulating, and synthesizes and secretes geosmin (1). The precise function of this semiochemical inside apple plants, whether roots further secrete it into the soil along with plant exudates, and its function in ARD soil remains to be tested in future experiments. Given the recently-established ecological function of geosmin (1) for Streptomyces (Becher et al., 2020), it can be hypothesized that if the compound is released into the soil, it can signal selected soil arthropod species. This further opens up a conceivable chemoecological “link” between the endophyte, its host plant, and associated organisms in soil that can receive and respond to the endophytic signaling cues. Secondly, it is plausible that production and secretion of the bioactive PTMs (2–7) by endophytic S. pulveraceus ES16 can provide a competitive advantage to the bacterium in the host plant apoplast because it can ward off a plethora of pathogens or associated endophytes, thereby enabling better colonization and increased abundance of the endophyte in the host. However, some of the endophytic PTMs possess cytotoxic activities in addition to having antimicrobial efficacies (Luo et al., 2013; Liu et al., 2019; Jiang et al., 2020). Whether these compounds also negatively affect the host plant by exerting phytotoxic effects should be studied in the future. Thirdly, mirubactin (8) was also secreted by the endophyte, as evidenced by the MALDI-HRMSI, similar to the PTMs (2–7). Therefore, it can be anticipated that this siderophore is also released into the plant apoplast by endophytic S. pulveraceus ES16 and can add to the PTMs-mediated “warfare” against various microorganisms residing in the immediate environment by chelating ferric ions available for uptake by associated or invading microorganisms (Ghosh et al., 2020; Kramer et al., 2020).

Future studies, for instance, by combining phytotoxicity assays, plant inoculation experiments, and MALDI-HRMSI, can precisely unravel the production, release, and effect of the compounds in planta. Noteworthy, apple roots in ARD soil are often highly disturbed so that endophytic S. pulveraceus ES16, as well as the chemicals produced by the organism, can also be assumed to enter the rhizosphere soil, whose precise function in the soil remains to be explored. Furthermore, our results provide a basis for employing a similar approach to other Streptomyces strains and species or other apple root-associated organisms to comprehend the chemical basis of their ecological functions and interactions. It would also be useful to investigate the phenotypic and metabolic effect of ARD biomarkers such as phytoalexins (Reim et al., 2020; Rohr et al., 2020) and apple root exudates or compounds therein (e.g., phlorizin) on apple root-associated microorganisms and vice versa. Further investigations on the etiology of ARD as well as designing effective and sustainable biocontrol remedies must take into account both the molecular and the chemical networks between associated ecological partners in order to gain a holistic view.
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