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Abstract 

A diverse set of bacteria live on the above ground parts of plants, composing the phyllosphere, and 

play important roles for plant health. Phyllosphere microbial communities assemble in a predictable 

manner and diverge from communities colonizing other plant organs or the soil. However, how these 

communities differ functionally remains obscure. We assembled a collection of 258 bacterial isolates 

representative of the most abundant taxa of the phyllosphere of Arabidopsis and a shared soil 

inoculum. We screened the collection for the production of metabolites that inhibit the growth of 

gram-positive and gram-negative bacteria either in isolation or in co-culture. We found that isolates 

capable of constitutive antibiotic production in monoculture were significantly enriched in the soil 

fraction. In contrast, the proportion of binary cultures resulting in the production of growth 

inhibitory compounds differed only marginally between the phyllosphere and soil fractions. This 

shows that the phyllosphere may be a rich resource for potentially novel molecules with antibiotic 

activity, but that production or activity is dependent upon induction by external signals or cues. 

Finally, we describe the isolation of antimicrobial acyloin metabolites from a binary culture of 

Arabidopsis phyllosphere isolates, which inhibit the growth of clinically relevant Acinetobacter 

baumannii. 

 

Introduction 

Microbes mostly live in complex communities, whose assembly and structure is dependent on 

available nutrients, environmental conditions and habitat structure (Cordero and Datta, 2016). In 

addition, competitive interactions and  production of antimicrobial compounds are increasingly 

recognized as key strategies driving competition and community assembly in microbial habitats 

(Hibbing et al, 2010; Cornforth & Foster, 2013; Granato et al, 2019). Production of inhibitory 

specialized metabolites is thought to play an important role in heterogeneous habitats such as soil, 

where spatial segregation and high taxonomic diversity create conditions where co-existence of 

antagonistic genotypes is possible (Cordero and Datta, 2016). Diverse, granular habitats thus hold 

great promise for the discovery of novel metabolites with medical and biotechnological potential. 

Indeed, soil has been a historical source of microbes with biotechnological potential and continues to 

yield novel metabolites of high interest (Ling et al., 2015; Newman and Cragg, 2020). However, the 

emergence of pathogens resistant to multiple or all antibiotics available in the clinic in the last 

decades is a cause for urgent concern, with an estimated 700 000 lives lost globally every year to 

drug-resistant diseases (O’Neill, 2014). Among multi-drug resistant pathogens, a group of 13 taxa 



   
 

 
 

(Mycobacterium tuberculosis, Enterococcus faecium, Staphylococcus aureus, Acinetobacter 

baumannii, Pseudomonas aeruginosa, Helicobacter pylori, Streptococcus pneumoniae, Haemophilus 

influenzae, Campylobacter spp., Salmonella spp, Neisseria gonorrhoeae  and carbapenem- & 

cephalosporin-resistant Enterobacteriacea species, fluoroquinolone-resistant Shigella spp) causes the 

majority of drug-resistant hospital infections (Pendleton et al., 2013; Tacconelli et al., 2018). Of 

these, carbapenem-resistant A. baumannii was listed by the US Center for Disease Control as an 

urgent antibiotic/antimicrobial resistance threat in 2019 and as a “critical priority” target for research 

and development of new antibiotics by the WHO (Tacconelli et al., 2018). Carbapenem-resistant 

Acinetobacter cause serious infections in immunocompromised patients and patients in intensive-

care units, with some strains being resistant to nearly all antibiotics used in the clinic (CDC, 2019). 

Along with strategies to limit the spread of antimicrobial resistance, development of novel 

antimicrobial therapies is critical to mitigate the risks posed by multi-drug resistant infections. The 

genomes of soil bacteria, for example, contain a wealth of uncharacterized biosynthetic gene clusters 

(BGCs), harboring great potential  for new natural products (Crits-Christoph et al, 2018). However, 

access to this metabolic diversity is hindered by the fact that specialized metabolism is rarely 

constitutively expressed. Instead, specialized metabolism is mostly induced by species and 

sometimes strain-specific cues and signals (Scherlach and Hertweck, 2009). A most promising way to 

induce the expression of cryptic BGCs is to co-culture microorganisms isolated from the same habitat 

(Firn and Jones, 2003; Schroeckh et al., 2009). Indeed, several recent studies have highlighted the 

fact that antibiotic production is more often induced in co-culture than under classical laboratory 

conditions (Seyedsayamdost et al., 2012; Tyc et al., 2014; Helfrich et al., 2018).  

The above-ground parts of plants, composing the phyllosphere, are colonized by a phylogenetically 

diverse set of bacteria, with fungi a variable and often minor component of microbial communities 

(Lindow & Brandl, 2003; Vorholt, 2012; Bai et al, 2015). Bacteria colonizing the phyllosphere tend to 

live in weakly connected micro-habitats that are characterized by a low and uneven concentration of 

nutrients (Leveau and Lindow, 2001; Miller et al., 2001; Remus-Emsermann et al., 2012, 2014; 

Schlechter et al., 2019). The phyllosphere is generally understood to act as an ecological filter that 

selects members of soil and rhizosphere microbiota with some functional traits which are required 

for life in this environment including the biosynthesis of osmoprotectants, utilization of leaf-specific 

carbon sources and oligotrophic adaptations (Whipps et al., 2008; Yadav et al., 2008; Hunter et al., 

2010; Knief et al., 2012; Bulgarelli et al., 2013; Bai et al., 2015; Levy et al., 2018). In addition, 

microbe-microbe interactions contribute to shaping phyllosphere communities, but the mechanisms 

by which they act is poorly understood (Agler et al., 2016; Chen et al., 2020). In particular, microbe-

microbe interactions have been linked to community structuring in the phyllosphere, as well as 



   
 

 
 

disease suppression, but the ecological mechanisms leading to selection or enrichment of certain 

functions in the plant microbiome remain largely uncharacterized (Hunter et al., 2010; Levy et al., 

2018; Carrión et al., 2019). This lack of understanding of ecological factors contributes to making the 

leaf an underexplored environment for the production of specialized metabolites (Helfrich et al., 

2018).  

To gain insight into the potential of the phyllosphere for the mining of novel specialized metabolites, 

we assembled a collection of 258 taxonomically diverse isolates from artificially inoculated leaves of 

Arabidopsis and surrounding soil. We screened the isolates for the production of metabolites which 

inhibited bacterial growth in mono- and co-culture and showed that constitutive production in axenic 

condition was rare, with most antibiotic synthesis induced exclusively in co-culture. Phyllosphere 

isolates were significantly less likely to produce inhibitory compounds compared to soil isolates in 

monoculture, whereas induction in response to sympatric isolates was only marginally affected by 

isolation source. Similarly, suppression of antibiotic production upon co-culturing was equally 

common for both soil and phyllosphere isolates, but rarer in co-cultures of strains of different 

isolation sources. The high taxonomic diversity, relative ease of culturing and the finding that co-

culturing is an effective way to screen for antibiotic production in the phyllosphere provide new 

opportunities for the development of novel natural scaffolds. To illustrate this, we report the 

isolation of 5 sattabacin and xenocyloin-type antibiotic compounds from a co-culture of Paenibacillus 

and Sphingomonas strains, which display toxicity against the gram-negative pathogen A. baumannii.  

 

MATERIALS AND METHODS 

Source of microbial inoculum 

A top soil sample (pH 3.5) was collected in 2015 at 10 cm depth in the Almoeseneie forest (N 

50°58’30.1” E003°48’11.2”, Gontrode, Belgium). The soil was homogenized, frozen in liquid nitrogen 

and stored at -80 °C in 250 mL sterile plastic containers (Nalgene, USA).  

Plant accessions and culture conditions 

Seeds of Arabidopsis thaliana Col-0 were surface-sterilized with 1% sodium hypochlorite for 1 min, 

rinsed and treated by 70% ethanol for 10 min, followed by washing five times with sterile water. In 

an effort to increase reproducibility of the experiments, we maintained the plants in a closed system 

to minimize environmental contamination (e.g. through aerial deposits).  Sterile Microbox containers 

(reference OS140+ODS140, SacO2, Belgium) were filled with 90 g of pumice stone substrate (IKEA 

Vaxer) which had been washed twice in distilled water, twice autoclaved at 121 °C for 20 min and 

finally dehydrated at 95 °C in the oven for 2-3 days). The pumice stones were hydrated with 60 mL of 



   
 

 
 

0.5x Murashige-Skoog basal medium (Sigma-Aldrich, cat. Number M5519).  As a source of inoculum, 

10 g of a top soil sample was mixed with 100 mL of autoclaved 0.5x PBS (NaCl 8.0 g/L, KCl 0.2 g/L, 

Na2HPO4 1.44 g/L, KH2PO4 0.24 g/L) and vortexed for 20 minutes. The suspension was decanted at 

room temperature for twenty minutes to obtain the soil suspension. 10 mL of this suspension (or 10 

mL of 0.5% PBS) was added to each microbox container. Seven seeds per box were sown on top of 

the substrate and incubated for about 4 weeks in an incubator fitted with LED lights (IKEA L1518) at 

21 °C with 50% humidity and a day/night cycle of 12 h.  Average light intensity at seed level was 

approximately 230 μmol·m-2·s-1 In addition, three control experiments were performed: 1) same as 

above but without seeds. 2) same as above (seeds added) but microbial inoculum was omitted and 3) 

microbial inoculum and seeds were omitted. All experiments were incubated simultaneously, and the 

pots were shuffled regularly. 

Isolation of plant-associated bacteria   

Plants were harvested before bolting, 4 weeks after emergence. Shoot-associated bacteria were 

isolated by collecting above-ground tissue taking care of detaching and discarding leaves that had 

been in contact with the substrate. Soil samples were collected directly from the growing substrates, 

taking care not to contaminate the samples with detached plant debris. All samples were transferred 

in 10 mL 0.5x PBS and sonicated for 20 min. The supernatants were used directly for the isolation of 

microorganisms. Five mL aliquots were collected, transferred to sterile microfuge tubes and 

centrifuged for 6 min at 5000 rpm in a benchtop centrifuge. The pellets were immediately frozen and 

stored at -80 °C until needed for culture-independent analysis.  

Microbial suspensions were plated directly without enrichment on a range of general and selective 

isolation media to maximize recovery of taxa known to colonize plants. The general isolation media 

used were 10% tryptic soy agar (TSA) (10% tryptic soy broth, Oxoid, Thermo Scientific, 18 g/L agar), 

Luria Bertani agar (LB) agar (tryptone 10 g/L, yeast extract 5 g/L, NaCl 10 g/L, agar 20 g/L, pH 7), 

water yeast extract agar (Cuesta et al., 2012) (WYE agar; yeast extract 0.25 g/L, 18 g/L agar, pH 7.2) 

and ISP2 agar (yeast extract 4 g/L, malt extract 10 g/L, dextrose 4 g/L, agar 20 g/L pH 7.2). Selective 

isolation media were: Pseudomonas isolation agar (Sigma-Aldrich) and 10% PCAT (Pseudomonas 

cepacia, azelaic acid, tryptamine) medium (Peeters et al., 2016) to target pseudomonads and 

Burkholderia sp. For the isolation of sporulating Bacillales, aliquots of cell suspensions were treated 

at 80 °C for 30 min before plating on 10% TSA and LB agar.  30 to 50 µl of decimal serial dilutions 

(from 10-1-10-9) for each cell suspension were spread on standard Petri dishes filled with 15 ml-20 ml 

of media and incubated aerobically at room temperature for 3-7 days. Colonies were picked as they 



   
 

 
 

appeared, streaked out on (TSA) and incubated at room temperature. Strains were passaged 3 times 

on TSA prior to preservation at -80 °C in tryptic soy broth supplemented with 20% glycerol.     

Taxonomic classification of isolates and dereplication 

We isolated a total of 3372 colonies. Cell extracts for MALDI-TOF MS profiling were done as described 

by Dumolin et al. (Dumolin et al., 2019). Briefly, a 1-μl loopful of bacterial cells was suspended in 300 

μl of Milli-Q water and vortexed to a homogeneous suspension. Next, 900 μl of absolute ethanol (EtOH) 

was added, the components were mixed by inversion, and the mixture was centrifuged for 3 min at 4 

°C (14,000 rpm). Samples were stored at −20 °C. At the time of analysis, samples were centrifuged as 

described above, supernatants were discarded, and centrifugation was repeated to remove the 

residual EtOH, followed by air drying for 5 min at room temperature. The pellet was suspended in 40 

μl of 70% formic acid in water and mixed by vortexing. Finally, 40 μl of acetonitrile was added and the 

mixture was vortexed. The extract was centrifuged for 3 min at 4 °C (14,000 rpm) to remove the cell 

debris, and the supernatant was transferred to a new tube. All liquid handling steps were performed 

with a Viaflo 96 electronic pipette (Integra Biosystems, Switzerland). Bacterial cell extracts (1 µl) were 

spotted on a target plate (Bruker Daltonik, Bremen, Germany) in duplicate and dried in air at room 

temperature. The sample spot was overlaid with 1 µL of matrix solution (10 mg/mL α-cyano-4-

hydroxycinnamic acid in acetonitrile:water:TFA 50:47.5:2.5). Each target plate comprised one spot of 

pure matrix solution used as a negative control and one spot of Bacterial Test Standard (Bruker 

Daltonik, Bremen, Germany) used for calibration. The target plate was measured automatically on the 

Bruker MicroflexTM LT platform (Bruker Daltonik, Bremen, Germany). Spectra were obtained in linear, 

positive ion mode using FlexControl 3.4 according to manufacturer’s recommended settings (Bruker 

Daltonik, Bremen, Germany). Each final spectrum resulted from the sum of spectra generated at 

random positions to a maximum of 240 shots per spectrum.  The mass spectra were retrieved as t2d 

files from the 4800 PlusMALDI TOF/TOF™Analyzer via the 4000 Series Explorer software. Data Explorer 

4.0-software (Applied Biosystems, USA) was used to convert the t2d files into text files. Dereplication 

of mass spectra was done using the SPeDE software with default settings (Dumolin et al., 2019), 

resulting in 292 clusters of indistinguishable spectra. Representative isolates from each cluster were 

selected to build a final collection of 258 MALDI-TOF-defined independent strains. Wherever isolates 

from multiple isolation sources were present in a cluster, care was taken to select a representative of 

each source. The difference between the number of clusters and the final makeup of the collection 

was due to our inability to recover some strains from storage. 

The final collection of 258 strains was further characterized by 16S rRNA gene sequencing. DNA 

extraction was performed by using the alkaline lysis method (Niemann et al., 1997).  PCR was 



   
 

 
 

performed using primers pA (5’-AGA GTT TGA TCC TGG CTC AG) and pH (5’-AAG GAG GTG ATC CAG 

CCG CA) and sequencing done at Eurofins Genomics (Ebersberg, Germany) for the 16S rRNA gene 

sequencing using primer BLK1 (5’-GTATTACCGCGGCTGCTGGCA) and *Gamma (5’-

CTCCTACGGGAGGCAGCAGT). Overlapping forward and reverse sequences were assembled in CLC 

Main Workbench v 8.0 (Qiagen, Aarhus, Denmark) to yield sequences of 1200 bp on average. Final 

taxonomic identification was done using release 138 of the SILVA database (Table S1) (Quast et al., 

2013). The 16S gene sequences have been deposited in the Zenodo database 

(http://doi.org/10.5281/zenodo.3978296). 

Culture-independent bacterial 16S rRNA gene profiling  

Parts of A. thaliana shoots (hereafter phyllosphere samples), substrates (planted soil) and 

corresponding unplanted substrate (unplanted soil) samples used for bacterial isolation were also 

processed for bacterial 16S rRNA gene community profiling using Illumina sequencing. Entire shoots 

cut above the crown were submerged in sterile 10 mL of 0.5 x PBS buffer and sonicated for 30 min at 

room temperature in a Branson 3200 ultrasonic bath. Soil samples were processed in an identical 

fashion. Homogenized soil or plant material was resuspended in lysis buffer of the MO BIO PowerSoil 

DNA isolation Kit (MO BIO Laboratories Inc., Carlsbad, CA, USA), transferred into lysis matrix tubes 

provided with the kit, and DNA extraction was performed following the manufacturer’s protocol and 

using a Retsch MM400 mill. DNA concentrations were measured using a Quantus fluorimeter and a 

QuantiFluor One double-stranded DNA kit (Promega), and subsequently diluted to 30 ng/μl when 

appropriate. Bacterial 16S rRNA genes were subsequently amplified using PCR primers 341F (5′-

CCTAYGGGRBGCASCAG-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′) targeting the V3-V4 region 

of the bacterial 16S rRNA gene (Table S1). Each sample was amplified in triplicate by two 

independent PCR mixtures (a total of 6 replicates per sample plus respective no template controls). 

PCR products of triplicate were pooled and purified. 250 bp paired-end sequencing libraries were 

prepared using NEBNext® Ultra™ II DNA Library Prep Kit according to the manufacturer’s 

recommendations. Illumina paired-end sequencing was performed on Illumina HiSeq 2500 at 

Novogene (Co., Ltd, China). Sequencing reads were filtered and trimmed using Trimmomatic 0.33 

(Bolger et al., 2014) in paired-end mode to remove leftover sequencing adapters and clipping reads 

below Q20. Sequencing reads were imported in QIIME 2 (Bolyen et al., 2018), denoised and merged 

using DADA2 (Callahan et al., 2016) as implemented in QIIME 2. Primer sequences were removed by 

calling DADA2 with the following parameters: --p-trim-left-f = 23, --p-trim-left-r = 26. After filtering, 

the most rarefied sample contained >14 000 non-chimeric merged read pairs. Amplicon sequence 

variants (ASV) were collected in a table following the DADA2 pipeline instructions. Taxonomy was 

assigned based on the SILVA reference database v.132 using the naïve Bayes classifier routine 



   
 

 
 

implemented in QIIME 2. ASVs representing chloroplasts and mitochondria were removed from 

downstream analyses. Additionally, ASVs occurring in the “no template” control at frequencies >0.1% 

and found in less than 8 samples were removed from downstream analyses. 576 ASVs across all 

samples remained after filtering. Data analyses were done in R using the phyloseq package 

(McMurdie and Holmes, 2013; R Core Team, 2014). ASV table and sequences are deposited on 

Zenodo (http://doi.org/10.5281/zenodo.3978296).   

Whole genome shotgun sequencing and annotation 

Genomic DNA was extracted using a CTAB/phenol-chloroform method (Wilson, 2001) or using a 

Maxwell 16 tissue DNA purification kit (Promega, Madison, WI, USA). Gram-positive bacterial 

cultures were incubated with 5 mg of lysozyme (Serva, Germany) and 40 µl mutanolysin (5,000 U/ml; 

Sigma) dissolved in 110 ml of TE buffer (10 mM Tris Cl, 1 mM EDTA). DNA integrity and purity were 

evaluated on a 1.0% (wt/vol) agarose gel and by spectrophotometric measurements at 234, 260, and 

280 nm. A Quantus fluorimeter and a QuantiFluor One double-stranded DNA system (Promega) were 

used to measure the DNA concentration. Paired-end 2x150 bp libraries were prepared at the 

Wellcome Trust Human Genome Center (Oxford, UK) using the NEBNext DNA library kit for Illumina 

(New England Biolabs, Ipswich, MA, USA) and sequenced on an Illumina HiSeq 4000 instrument. 

Sequencing reads were prepared for assembly by adapter trimming and read filtering using 

Trimmomatic (Bolger et al., 2014). Reads with phred scores below 30 were removed and non-paired 

reads were discarded. Genome size and average base coverage was estimated by k-mer counting 

using Jellyfish (Marçais and Kingsford, 2011). Reads were subset to give an approximate coverage of 

100x and assembled using SPAdes v3.10.1 (Bankevich et al., 2012) with kmer-lengths of 21, 33, 55, 

77, 99 and 121 or with Skesa (Souvorov et al., 2018) using default settings. Short contigs (< 500 bp) or 

with < 50% of average genome coverage were removed. To rule out possible contamination or 

mislabelling of samples, 16S rRNA gene sequences were extracted from the assembled genomes 

using Barrnap v0.6 (https://github.com/tseemann/barrnap) and compared to available sequences for 

the strain. Biosynthetic gene clusters were predicted using the AntiSMASH web service (Blin et al., 

2019). Genomes were compared to the reference genomes of type strains using the TYGS web server 

(Mukherjee et al., 2017). Genome assemblies and annotations can be downloaded from NCBI 

Genbank with accession numbers NZ_WHOB00000000 (strain P3_m116_1, also deposited in the 

BBCM/LMG Bacteria Collection as Paenibacillus sp. LMG 31459) and JACCFG000000000 for 

Sphingomonas sp. P2_m126_1 (syn. R-74633). 

 

Sequence and phylogenetic analyses 

http://doi.org/10.5281/zenodo.3978296


   
 

 
 

16S rRNA sequences or ASV sequences were aligned using MAFFT in “auto” mode (Katoh and 

Standley, 2013). Alignments were edited and trimmed with Trimal (Capella-Gutiérrez et al., 2009). 

Alignments were used to create approximate maximum likelihood phylogenetic trees using FastTree 

2 software with the GTR model (Price et al., 2010). To match ASV sequences to isolates, the 

sequences of the 100 most abundant ASVs per condition and plant site were extracted and searched 

using BLASTn (Altschul et al., 1990) against a database of partial 16S rRNA sequences of our isolates 

(including the V3-V4 region). Alignments resulting in identity over a threshold value (either 99% or 

97%) over the entire length of the alignment were considered as evidence of similarity between an 

ASV and a 16S rRNA gene sequence. 

Bipartite growth inhibition screen 

We screened  our collection of isolates for the production of antimicrobial compounds in mono- and 

co-cultures against two model organisms commonly used in drug discovery: S. aureus LMG 10147 

(syn. ATCC 29213) (Soni et al, 2015) and A. baumannii LMG 10520 (syn. RUH 112) (Janssen et al., 

1997). We applied an antimicrobial antagonism overlay assay because it is specific for the detection 

of diffusible metabolites (Abrudan et al., 2015). The method was adapted from (Mahenthiralingam et 

al., 2011). Briefly, individual strains were grown overnight, 3 µL of cultures were spotted on the 

surface of a Petri dish containing 15 mL of 100% TSA medium and incubated for 4 days at 21 °C 

(Figure S1). For tests in co-culture, a drop of 3 µL of each culture was spotted sequentially on the 

surface of the agar. Some isolates grew poorly in these conditions and were left out of the 

experiment, resulting in data collected from 224 isolates only. After initial incubation for 4 days, a 

soft agar layer was poured over the cultures, using 10 mL of soft agar (ISB supplemented with 10 g/L 

agar) containing an inoculum of either A. baumannii LMG 10520 or S. aureus  LMG 10147 (100 µL of 

overnight culture per 100 mL of broth), and supplemented with 2,3,5-tryphenyl tetrazolium chloride 

(0.1 g/L final concentration). Because testing all combinations of isolates in inhibition assays against 2 

test organisms would have resulted in an unmanageable number of assays, we focused on a random 

sampling strategy and tested about 10 000 strain combinations per test strain (out of the nearly 

50 000 possible combinations). Most strain combinations were tested against both test strains 

(8984/9358 combinations tested with A. baumannii were also tested with S. aureus; and 9042/10285 

combinations tested against S. aureus were also tested against A. baumannii). Each strain appeared 

on average 164 times in the screen, with a maximum of 301 times.  After air-drying the plates for 5 

min under a laminar flow, a 15 mL overlay consisting of soft agar containing the test organism was 

poured over the culture. The overlay consisted of soft Iso-Sensitest agar (Oxoid Iso-Sensitest broth 

23.4g/L, Oxoid agar no.1 10 g/L, pH 7), autoclaved for 20 min at 121 °C and cooled to ca. 37 °C. The 

overlay medium was supplemented with filter-sterilized 2,3,5-tryphenyl tetrazolium chloride (TTC, 



   
 

 
 

0.1 g/L) and an overnight culture of the test organism in ISB medium to a final dilution of 

approximately OD590nm = 0.002 for A. baumannii LMG 10520 and 0.01 for S. aureus LMG 10147. 

Cultures were incubated at 37 °C and the inhibition zones were scored after 24 h. We used scoring 

schemes adapted to the different phenotypes of the test organisms. For S. aureus LMG 10147, a 

score of 0 indicated no visible clearing or only a light discoloration around the colony; a score of 1 

indicated strong discoloration with a halo of > 2 mm around the colony or total clearing > 1 mm. A 

score of 2 indicated compete clearing > 2 mm around the colony. For A. baumannii LMG 10520, a 

score of 0 indicated no clearing, a score of 1 indicated clearing wider than 1 mm around the colony 

and a score of 2 indicated complete clearing > 2 mm around the colony (Figure S2). Combinations 

which resulted in a clearing zone or halo formation were checked in duplicate. 

 

  

Isolation of antimicrobial compounds and chemical characterization 

After 7 days of incubation at room temperature, agar with bacterial colonies (P3_m116_1 and 

P2_m126_1) was transferred from the standard plastic petri dishes (162 in total) to 2 L glass beakers, 

crushed, submerged with dichloromethane, and sonicated for around 40 minutes in a Branson 3200 

ultrasonic bath. The liquid was filtered through a funnel plugged with glass wool and evaporated 

under reduced pressure to yield crude extract. The extraction procedure was repeated three times. 

Dry extracts were then preserved at -20 oC for further analyses. Afterwards, the crude extract (534.5 

mg) was re-suspended in 20:80 MeOH:H2O and fractionated with vacuum liquid chromatography 

(VLC) over a Polygoprep 60-50 reversed phase C18 stationary phase using a stepwise gradient (20:80, 

40:60, 60:40, 80:20, 100:0 MeOH:H2O v/v, 100 mL each) to obtain six fractions. Final fraction 7 was 

eluted with 100 mL 90:10 MeOH: acetone. VLC fractions were submitted to antibacterial testing, 

which was performed at 2 mg (0.1 mg/ul). The most active fraction VLC5 (55 mg) was further 

separated on HPLC using a Nucleodur C18 5 µm Pyramid 250 mm x 10 mm column and isocratic 70:30 

MeOH/H2O mobile phase at 2.5 mL/min flow to yield 5 pure compounds 1 (7.3 mg), 2 (4.3 mg), 3 (1.3 

mg), 4 (3.5 mg) and 5 (2.0 mg). NMR spectra were recorded in MeOH-d4 using a Bruker Avance 300 

DPX spectrometer. Spectra were referenced to residual solvent signals with resonances at δH/C 

3.35/49.0. Mass spectra were recorded on a micrOTOF-QIII mass spectrometer (Bruker) with ESI-

source coupled with a HPLC Dionex Ultimate 3000 (Thermo Scientific) using an EC10/2 Nucleoshell 

C18 2.7 µm column (Macherey-Nagel). The column temperature was 25 °C. MS data were acquired 

over a range from 100-3000 m/z in positive mode. Auto MS/MS fragmentation was achieved with 

rising collision energy (35-50 keV over a gradient from 500-2000 m/z) with a frequency of 4 Hz for all 



   
 

 
 

ions over a threshold of 100. HPLC begins with 90 % H2O containing 0.1% acetic acid. The gradient 

starts after 1 min to 100% acetonitrile (0.1% acetic acid) in 10 min. A 5 µL amount of a 1 mg/ml 

sample solution (MeOH) was injected at a flow of 0.3 mL/min. All solvents were LCMS grade. 

Preparative HPLC was performed on a Merck Hitachi HPLC system equipped with a L-6200A pump, a 

L-4500A PDA detector, a D-6000A interface with D-7000A HSM software, a Rheodyne 7725i injection 

system. A Nucleodur C18 5 µm Pyramid 250 mm x 10 mm (Macherey-Nagel) column was used. 

 

Determination of minimum inhibitory concentrations (MIC) 

Determination of the MIC of the isolated acyloin compounds was based on the method described by 

Alderman and Smith (Alderman and Smith, 2001). Briefly, overnight cultures of clinical isolates of A. 

baumannii in ISB were diluted with fresh ISB liquid medium to a final OD590=0.001 (approximately 

1.0x106 cfu/ml as determined with A. baumannii RUH 0134, data not shown). Two-fold dilution series 

of the test compounds were made in ISB medium. Fifty µL of these solutions were added to 96-well 

plates, to which 50 µL of the test strain suspension were added. The cultures were incubated at 37 oC 

for 24 h and wells where no growth occurred were determined by eye. The concentrations of 

compounds tested ranged from 1 µg/ml to 128 µg/mL in 2-fold stepwise increments. The strains 

tested included: A. baumannii 70pus (OXA-24 like carbapenem-resistant, received from H. Goossens, 

Department of Medical Microbiology, University of Antwerp, Belgium), A. baumannii RUH 0134 

(Janssen et al., 1997), multidrug resistant A. baumannii NCTC 13423 (Turton et al., 2006), A. 

baumannii RUH 3247(Dijkshoorn et al., 1996), A. baumannii LUH 3788 (Nemec et al., 2004), and A. 

baumannii A1392 (deposited in the BCCM/LMG collection as strain LMG 22461, (Huys et al., 2005)).  

Statistical analyses 

All statistical analyses were done in the R environment (R Core Team, 2014). Scripts and data are 

available from https://github.com/CarlierLab/bipartite-interactions-phyllopshere-arabidopsis 

RESULTS 

Assembly of a collection of bacteria associated with the phyllosphere of Arabidopsis 

To gain insight into the metabolic potential of plant-associated communities, and the phyllosphere in 

particular, we designed an experiment in which an inert, sterile substrate (pumice stone) was 

inoculated with a soil suspension and planted with Arabidopsis thaliana. Arabidopsis seedlings grown 

in that medium under otherwise gnotobiotic conditions were harvested before the bolting stage 

after 4 weeks of incubation. We isolated bacteria on a range of selective and non-selective media 

and growth conditions to target taxa known to be prolific specialized metabolite producers: 



   
 

 
 

Bacillales, Actinomycetes, pseudomonads and Burkholderiales in addition to general 

chemoheterotrophic bacteria. We isolated epiphytic bacteria from whole shoots cut above the soil 

line (hereafter phyllosphere samples) (Figure 1). We also isolated bacteria from the pumice substrate 

which was inoculated with the soil suspension but in which no plants had been sown (soil samples), 

as well as from uninoculated, unplanted pumice substrate (pumice samples). In total, we isolated 

about 3300 colonies from the various samples and culture conditions (1481 from phyllosphere 

samples, 1844 from soil and 47 from pumice). Isolates were dereplicated using MALDI-TOF MS 

profiles and the SPeDE software to yield 292 unique profiles. To build the culture collection, we 

picked one representative isolate per cluster. If a cluster contained isolates with multiple isolation 

sources (e.g. both phyllosphere and soil), we picked one representative per isolation source. Of the 

isolates which survived passaging and storage at -80 °C, 161 were isolated from phyllosphere 

samples, 91 from soil and 6 from pumice. We obtained partial 16S rRNA sequences for 244 of these 

isolates (Table S1). Our collection is composed of 59% Proteobacteria, 21% Actinobacteria, 12% 

Firmicutes and 7% Bacteroidetes (Figure S3). The most abundant families are Pseudomonadaceae 

(22.1%) followed by Paenibacillaceae (11.1%), Microbacteriaceae (8.1%), Sphingobacteriaceae 

(6.1%), Burkholderiaceae (6.1%), Xanthomonadaceae (6.1%) and Rhizobiaceae (5.7%).  

In parallel, we performed cultivation-independent 16S rRNA gene profiling to cross-reference taxa 

from the microbiota with individual isolates. Communities from the phyllosphere were distinct from 

those in unplanted soil and planted soil, while communities from planted and unplanted soil 

overlapped (Figure S4). We also observed a richness gradient between the different compartments, 

with the unplanted soil samples having on average higher alpha diversity values than planted soil and 

the phyllosphere. This difference in richness was significant between the phyllosphere and the other 

samples, but not between planted and unplanted soil (Figure S4). Despite these differences, we 

found significant overlap between bacterial communities of the phyllosphere and unplanted soil, 

with 51 of the top 100 most abundant ASVs shared between the two compartments (Figure 2).  

To assess the degree of representation and recovery of our isolate collection, we compared 244 near 

full-length 16S rRNA gene sequences of our collection to the most abundant ASVs from the 

phyllosphere, soil and pumice samples.  With a sequence similarity cut-off of 99%, we recovered 

49/152 of the top 100 most abundant ASVs across all three habitats in our collection. Recovery of top 

100 ASVs was 38% for the phyllosphere samples, 39% for the soil and 36% for pumice (Figure 3). At 

97% identity, we recovered 52% and 48% of the top 100 ASVs from the phyllosphere and soil 

communities, respectively.  

  



   
 

 
 

Estimating the biosynthetic potential of Arabidopsis shoot microbiota 

Plant microbiota are a potential source of novel antimicrobial specialized metabolism (Bangera, 

1996; Lu and Shen, 2003; Dandurishvili et al, 2011; Helfrich et al, 2018). To determine if the bacteria 

colonizing the different plant compartments are enriched in antimicrobial metabolism and if their 

antagonistic strategies differ, we screened our collection for inhibitory activity in an overlay assay 

against two test organisms: S. aureus LMG 10147 and A. baumannii LMG 10520. We reasoned that 

these test strains, which were isolated from environments other than soil and plants, would be less 

likely to have evolved resistance mechanisms to antibiotics produced by organisms in our collection 

therefore mitigating potential biases in the detection. Both test organisms are nosocomial pathogens 

that exhibit varying levels of multidrug resistance and virulence. We first tested single isolates against 

both test organisms. Because some isolates grew poorly or slowly on TSA medium, we tested only 

224 strains of our collection. Of these, 27 inhibited growth of S. aureus in monoculture and one that 

of A. baumannii, albeit weakly (Table 1). We named these strains monoculture-producers. 

Monoculture-producers belonged to only 4 genera: Pseudomonas (24 strains), Streptomyces (2 

strains), Paenibacillus (1 strain) and Staphylococcus (1 strain). Of these, 8 strains had been isolated 

from the phyllosphere and 20 from soil. The soil compartment is thus significantly enriched in strains 

which constitutively produce antibiotics compared to the phyllosphere compartment (21.9% vs 4.9%, 

Chi-square test p < 0.001). 

Selective induction of antibiotic production as a response to co-culture only marginally differs 

between phyllosphere and soil isolates of the collection 

Because only a fraction of natural product BGCs are expressed in axenic cultures (Tyc et al, 2014; 

Helfrich et al, 2018), we tested randomly selected, pairwise combinations of strains for growth 

inhibition of S. aureus LMG 10147 and A. baumannii LMG 10520 to get a more representative view of 

the biosynthetic potential of our collection. In total, we tested 9358 and 10221 unique combinations 

for inhibitory activity against A. baumannii and S. aureus, respectively (Table S2).  

First, we considered only co-cultures between strains which did not display constitutive inhibitory 

activity in monoculture. Inhibitory interactions are rare, with only 121 unique combinations resulting 

in inhibitory activities against A. baumannii LMG 10520 and 107 against S. aureus LMG 10147, or 

1.29% and 1.05% of all interactions tested, respectively (Table 2, Table S2). Moreover, the 

distribution is skewed: the top 5 strains are involved in 48.5% and 40.2% of inhibitory interactions 

against S. aureus and A. baumannii, respectively. Taken together, 1.20% (78/6492) of interactions 

with growth inhibitory activity involved pairs of phyllosphere isolates, 2.20% (33/1496) involved pairs 

of soil isolates and 1.72% (115/6671) were between a phyllosphere and a soil isolate. The proportion 



   
 

 
 

of interactions resulting in growth inhibition was 1.83x higher between strains sharing a soil habitat 

than for strains of the phyllosphere (Pearson Chi-squared test with Yates’ continuity correction p-

value = 0.004). This trend was preserved when we considered the inhibitory activity against A. 

baumannii LMG 10520 separately: phyllosphere-phyllosphere co-cultures resulted in 0.89% and soil-

soil co-cultures in 2.85% of inhibitory interactions (Chi-squared test p < 0.001). However, the number 

of co-cultures with inhibitory activity against S. aureus LMG 10147 was not significantly different 

when both isolates came from the phyllosphere or when both came from soil (1.52% vs. 1.63%, 

respectively; Pearson Chi-squared test p-value = 0.94).  We did not observe any significant 

correlation between the phylogenetic distance between isolates and the capacity to produce 

antibiotics in co-culture (Figure S5). Together, these data show that activation of specialized 

metabolism by microbe-microbe interactions is only marginally more common in the soil than in the 

phyllosphere and that activation is independent of the broad taxonomic makeup of plant-associated 

microbial communities. Furthermore, the node degree distributions between the interaction 

networks of phyllosphere vs. soil isolates are not significantly different once monoculture-producers 

are removed from the network (Figure 4, Kolmogorov-Smirnov test p = 0.26). This indicates that 

there is no difference in the type of response to co-culturing between phyllosphere or soil isolates.  

Few taxa are responsible for most growth inhibition in co-culture 

Similar to what we observed in monocultures, a few taxa dominated the network of binary 

interactions resulting in antibiotic production (Figure 3, Figure S6). Members of the 

Pseudomonadaceae were involved in more than 91% of co-cultures which produced antibiotics active 

against S. aureus LMG 10147. Conversely, pairs of strains active against A. baumannii LMG 10520 

comprised at least one member of the Paenibacillaceae in 62% of cases or a Micrococcaceae in 49% 

of cases. Interestingly, a few taxa, while not harboring probable antibiotic producers (i.e. strains 

involved in more than 1 inhibitory interaction), contained strains capable of inducing antibiotic 

production in all major groups (Figure S6). For example, the 4th node with the highest degree in the 

interaction network (Figure S6) represented strains of the family Sphingobacteriaceae (phylum 

Bacteroidetes). These strains were nearly exclusively isolated from the phyllosphere (Figure 3) and 

were capable of inducing antibiotic production with all the major producing taxa 

Pseudomonadaceae, Paenibacillaceae and Micrococcaceae.  

Widespread suppression of growth inhibition upon co-culturing 

In addition to the two behaviors described above (antibiotic production induced in monoculture vs. 

co-culture), some monoculture producers did not display inhibition against S. aureus LMG 10147 in 

co-culture with other isolates. We tested a total of 2269 pairwise interactions (a subset of the 6244 



   
 

 
 

possible combinations) involving a monoculture producer (Figure S7). The frequency of this 

suppressive behavior did not significantly differ between phyllosphere-phyllosphere isolates in co-

culture (180/600 or 30.0% of interactions) or soil-soil co-cultures (119/420 or 28.3%; Chi-squared test 

p = 0.6). Soil-phyllosphere combinations displayed significantly lower suppression rates compared to 

soil-soil or phyllosphere-phyllosphere co-cultures, with 22.5% of interactions showing suppression 

(Chi-squared test p < 0.05). Again, suppression did not correlate with phylogenetic distance between 

strains in co-culture (Mann-Whitney test p-value > 0.05, not shown).  

Suppression of S. aureus growth inhibition displayed limited strain-specificity, with monoculture 

producers suppressed by 21.5 strains on average (Figure S7). Similarly, strains which suppressed 

antibiotic production often did so with multiple monoculture producers (median = 2, average = 3.6). 

Co-cultures between 2 monoculture producers also sometimes resulted in a loss of inhibitory activity. 

The number of co-cultures of a given strain with another monoculture producer resulting in loss of 

antibiotic activity ranged from 0 to 9, but the number of suppressive interactions scaled with the 

number of interactions tested (Figure S7), indicating that suppression of antibiotic production 

between producers is widespread. No clear pattern emerged regarding taxonomic distribution of 

suppressive interactions (Figure S8). Only Pseudomonadaceae were displayed as a highly connected 

node on a network of suppressive interactions, but this was also the taxon with the most constitutive 

antibiotic producers in our assay.  

Isolation of antibiotic metabolites from co-cultures of phyllosphere isolates 

This complex interplay between induction and suppression of antibiotic production highlights the 

potential of the phyllosphere as an underexplored and potentially rich environment for new 

antibiotic leads, especially for metabolites that are not expressed in monoculture on standard 

microbiological media. We selected a combination of two strains (P3_m116_1 and P2_m126_1) 

which were able to inhibit the growth of A. baumannii LMG 10520. In addition, we tested this 

combination against a panel of 6 strains representative of multidrug-resistant pathogens:  E. faecium 

LMG 16003, S. aureus ATCC 700699, A. baumannii 70pus (a carbapenem-resistant nosocomial 

isolate), Enterobacter cloacae MI13035761-2, K. pneumoniae LMG 29428 and P. aeruginosa LMG 

6395). Extracts of the P3_m116_1 & P2_m126_1 co-cultures did not show activity against any of the 

six strains except A. baumannii 70pus, indicating the potential for compounds produced by the co-

culture for specific activity against A. baumannii. With genome-wide average nucleotide identity 

values are below 95% with other type species of the genus Paenibacillus, strain P3_m116_1 (LMG 

31459) may represent a novel species which we tentatively named Paenibacillus  phytohabitans (Qi 

et al., in press). Strain P2_m126_1 belongs to the genus Sphingomonas and is closely related to the 



   
 

 
 

species Sphingomonas kyeonggiensis (with 98.5% similarity at the 16S rRNA level and genome-wide 

sequence identity dDDH = 30.2%). Both strains are involved in multiple inhibitory interactions in our 

co-culture screening assays (Figure 4), however co-cultures with strain Paenibacillus sp. P3_m116_1 

exclusively produce inhibitory compounds against A. baumanii LMG 10520 (26 interactions in total), 

while strain Sphingomonas sp. P2_m126_1 is involved in inhibitory activity against both S. aureus 

LMG 10147 (3 interactions) and A. baumannii LMG 10520 (3 interactions). Paenibacillus sp. 

P3_m116_1 is thus the most likely source of the inhibitory metabolite(s) detected in co-culture with 

Sphingomonas sp. P2_m126_1.  

In addition, the genome of Sphingomonas sp. P2_m126_1 does not encode enzymes commonly 

involved in antibiotic biosynthesis such as non-ribosomal peptide synthetases (NRPS) or polyketide 

synthases (PKS) and only one putative lasso peptide locus (data not shown). Conversely, the genome 

of Paenibacillus sp.  P3_m116_1 encodes multiple, uncharacterized BGCs: three NRPS or NRPS-like 

gene clusters, two putative trans-AT PKS clusters, in addition to a cluster with high homology to the 

recently described non-antimicrobial lassopeptide paeninodin biosynthetic genes (Zhu et al, 2016). 

To identify the metabolites responsible for the antibiosis against A. baumannii LMG 10520, strains 

Paenibacillus sp. P3_m116_1 and Sphingomonas sp. P2_m126_1 were grown in co-culture in a large 

scale on a solid medium (162 petri-dishes) and extracted with dichloromethane. Bioassay-guided 

fractionation using vacuum liquid chromatography (VLC) and reversed phase HPLC of the active 

fraction VLC5 yielded five candidate metabolites responsible for the antibiotic activity, i.e. sattabacin 

derivatives (2S,4S)-2-hydroxy-4-methyl-1-phenylhexan-3-one (1), (2S,3S)-4-methyl-1-phenylpentane-

2,3-diol (2) and indole derivatives xenocyloins A, B and D (3–5) (Figure 5, Figure S9).The structures of 

known natural products 2–5 were established by analysis and comparison of the 1H, 13C NMR and MS 

spectra with literature data (Aronoff et al., 2010; Jiang et al., 2019; see Supplementary Information). 

However, the NMR shifts of compound 1 differed from any of the previously published molecules. 

Overlapped resonances of protons (δH 7.30 and 7.24) and six deshielded carbon resonances 

indicated a phenyl ring bearing one aliphatic substituent similar as found in sattabacin-type 

compound 2. The remaining carbon resonances included one carbonyl, two methines, two 

methylenes and two magnetically unequal methyls. These signals were assigned to the acyloin side 

chain and were almost identical to those of xenocyloin B (4) except the 13C resonance of the 

methylene adjacent to the ring moiety is shifted downfield (40.8 ppm in 1, 30.7 ppm in 4). We report 

(2S,4S)-2-hydroxy-4-methyl-1-phenylhexan-3-one (1) as a natural product for the first time. Due to 

similar biosynthetic pathways, the absolute configuration of isolated compounds is assumed to be 

the same as reported in the literature (Aronoff et al., 2010; Jiang et al., 2019). 



   
 

 
 

Both sattabacin and xenocyloin molecules are assembled by thiamine diphosphate (TPP)-dependent 

enzymes, termed acyloin synthases (Proschak et al, 2014; Park et al, 2014; Schieferdecker et al, 

2019). Sattabacins are formed by a ligation of phenylpyruvate precursors with 2-oxo valeric acid 

derivatives, while xenocyloins are synthesized by employing indole pyruvate precursors instead. We 

therefore searched for homologues of the known acyloin synthases Thzk0150 and XclA in the 

genome of Paenibacillus sp. P3_m116_1. The CDS with locus tag GC101_RS07275 lies within a 

putative operon with a gene encoding a carboxymuconolactone decarboxylase homologue 

(GC101_RS07280) and a 3-oxoacyl ACP synthase III homologue (GC101_RS07290). These functions 

are also encoded in the xenocyloin BGC (MIBIG accession number BGC0000189) and are 

hypothesized to catalyze the decarboxylation of the biosynthetic intermediate and O-acylation, 

respectively (Proschak et al, 2014; Schieferdecker et al, 2019) (Figure 5). Therefore, we postulate that 

this BGC is responsible for the production of 1-5. 

We tested antimicrobial activity of 1-5 towards A. baumannii LMG 10520 in a disk diffusion assay 

using 0.2 mg of compound per disk. Of the five compounds, only compound 1 resulted in a clearing, 

while no growth inhibition was observed for 2-5 (data not shown).  We also evaluated the MIC of the 

compounds 1, 2 and 4 against a panel of clinical A. baumannii strains (Table 3). For nearly all strains 

the MIC values were below 32 µg/ml  for 2 and 4 (sattabacin-like and xenocyloin B, respectively). 

Surprisingly, 1 inhibited growth of A. baumannii LMG 10520 only at concentrations > 128 µg/mL, and 

did not show activity in liquid broth against the other A. baumannii strains (highest concentration 

tested 128 µg/mL, not shown). This contrasts with the results of the disk diffusion assay and may be 

due to instability of the compound in aqueous solvent, or to a different sensitivity of A. baumannii to 

the compound on solid vs. liquid medium.  

 

DISCUSSION 

Biological interactions, among them competition, are one of the main drivers of microbial community 

assembly and structure in natural ecosystems (Chaffron et al, 2010; Barberán et al , 2012; Faust et al, 

2012; Faust & Raes, 2012; Kurtz et al, 2015; Guidi et al, 2016; Cordero & Datta, 2016; Ma et al, 2016). 

This realization, combined with a dire need for new antibiotic scaffolds, has led to a renewed interest 

for natural product discovery in understudied or under-sampled taxa or microbial habitats.  Recent 

studies using in silico and taxonomy-guided approaches have revealed the diversity of BGCs or 

specialized metabolites in plant-associated communities which may mediate biocontrol activities 

(Grubbs et al., 2017; Blair et al., 2018; Carrión et al., 2019). The sampling of previously underexplored 

ecosystems has in turn led to the discovery of novel lipodepsipeptides and darobactin from insect 



   
 

 
 

microbiomes (Ganley et al., 2018; Imai et al., 2019), lobatamides from a plant symbiont (Ueoka et al., 

2020), or lugdunin from the human gut microbiota (Zipperer et al., 2016). Inspired by these studies, 

and our own realization that specialized metabolism forms the basis of several obligate bacterial leaf 

symbioses (Sieber et al., 2015; Carlier et al., 2016; Pinto-Carbó et al., 2016, 2018; De Meyer et al., 

2019; Hsiao et al., 2019), we hypothesized that the above-ground surfaces of plants could provide 

rich and underexplored opportunities for the discovery of novel bioactive metabolites. The 

phyllosphere in particular hosts taxonomically diverse communities and harbors a majority of 

culturable taxa (Kinkel, 1997; Whipps et al., 2008; Bai et al., 2015; Massoni et al., 2019). In addition, 

habitat fragmentation and the weakly connected communities, which characterize the phyllosphere, 

are ideal conditions for the stabilization of taxonomic or functional diversity.  

Similar to other studies (Bodenhausen et al, 2013; Maignien et al, 2014; Bai et al, 2015; Tkacz et al, 

2020), we also found that communities from the phyllosphere were distinct from those in unplanted 

soil and planted soil, while communities from planted and unplanted soil overlapped (Figure S4). 

Despite these differences, we found significant overlap between bacterial communities of the 

phyllosphere and unplanted soil, with 51 of the top 100 most abundant ASVs shared between the 

two compartments (Figure 2). These results recapitulate findings from studies of natural plant-

associated communities (Bodenhausen et al, 2013; Bulgarelli et al, 2013; Maignien et al, 2014; Bai et 

al, 2015; Copeland et al, 2015). Our experimental design, combined with MALDI-TOF MS-guided 

isolate dereplication, allowed us to compare directly large representative sets of strains isolated from 

the phyllosphere of Arabidopsis and planted substrate. The taxonomy of the recovered isolates is 

consistent with previous studies (Bai et al., 2015), even if the relative proportions at the phylum and 

family levels differ slightly. For example, the phyllosphere bacteria collection of Bai et al. contained 

60.6% of Proteobacteria, 28.7% of Actinobacteria, 7.1% of Bacteroidetes and 3.5% of Firmicutes. 

Their rhizosphere collection contained 66.0% of Proteobacteria, 27.2% of Actinobacteria, 1.9% of 

Bacteroidetes and 4.8% of Firmicutes. In comparison, our collection is enriched in members of the 

Firmicutes and Bacteroidetes. These 2 phyla were particularly enriched in our phyllosphere isolate 

collection (19.0% and 11.2% of the total phyllosphere isolates, respectively, versus 3.4% and 1.1% of 

the soil isolates). 

We could recover isolates corresponding to 52% and 48% of the top 100 ASVs from the phyllosphere 

and soil communities, respectively. These levels are comparable to those reported by Bai et al., who 

recovered 54%  of leaf communities and 52-64% for root communities (Bai et al, 2015). For 

comparison, 190/244 of our isolates shared similar 16S rRNA sequences (>97% identity) with isolates 

of the At-Sphere collections assembled by Bai et al. The overlap is highest with the At-L-Sphere 

collection, which regroups isolates of Arabidopsis phyllosphere collection, with 146/244 isolates with 



   
 

 
 

similar 16S rRNA gene sequence in our collection. Of the 53 isolates that were unique to our 

collection, 10 belonged to the family Sphingobacteriaceae, 9 to the Paenibacillaceae and 14 to the 

Actinobacteria families Microbacteriaceae, Micrococcaceae and Nocardiaceae. These differences in 

recovery of specific taxa may reflect a difference in the isolation strategies adopted in the two 

studies rather than differences in microbiota composition. Overall, the significant overlap between 

our collection and the At-Sphere collections highlights both the degree of conservation of 

Arabidopsis microbiota and the selectiveness of the leaf as a habitat. While the recovery rate of top 

100 most abundant ASVs is high overall, it is taxonomically biased. For example, we failed to isolate 

any representative of the ASVs associated with the order Clostridiales (Figure 2). Clostridia are often 

obligate anaerobes and their isolation requires specific methods not used here or in the Bai et al. 

study (Rainey, 2015). Because the phyllosphere and rhizosphere are oxic environments, it is however 

unclear if Clostridia are active contributors of the plant microbiota or if the corresponding ASVs 

correspond to dormant spores carried over from soil. Moreover, some taxa are difficult to resolve 

with MALDI-TOF MS profiling (e.g. some Burkholderia or Bacillus species) or with 16S rRNA gene 

sequencing (Dumolin et al., 2019). As with all strain dereplication strategies, some bias in sub-species 

diversity is inevitable. Since the representative strains for each dereplication cluster were selected at 

random, representation biases should not affect the overall conclusions of this study.   

We screened our collection of isolates in a tri-partite overlay assay against S. aureus and A. 

baumannii strains. We reasoned that clinical isolates would be less likely to have evolved resistance 

mechanisms to antibiotics produced in soil or plant-associated niches, mitigating potential biases in 

detection. In our phylogenetically diverse collection of plant-associated bacteria, only 11.8% 

displayed any ability to inhibit the growth in pure culture of S. aureus or A. baumannii strains used in 

our screen. These isolates belonged to taxa well known for the production of specialized metabolites, 

such as Pseudomonas, Paenibacillus and Streptomyces.  A significant majority of these constitutive 

antibiotic producers were isolated from soil, suggesting that antibiotic production may not 

contribute to fitness in the phyllosphere. However, constitutive antibiotic producers do not represent 

the full metabolic capacity of either the phyllosphere or soil microbial communities. A large 

complement of strains either induce or produce inhibitory metabolites against S. aureus or A. 

baumannii only when co-cultured with another isolate. Co-cultures of phyllosphere isolates were 

significantly less likely than co-cultures of soil isolates to inhibit the growth of A. baumannii (Table 2). 

Because only one isolate inhibited the growth of A. baumannii in single culture, it is difficult to draw 

robust conclusions about the strategies of phyllosphere vs. soil isolates regarding antibiotic 

production against this organism. However, there was no difference in the proportion of interactions 

resulting in growth inhibition of S. aureus when comparing sympatric phyllosphere to soil co-cultures 



   
 

 
 

(Table 2). This is in contrast with the fact that soil isolates showed a clear edge for the production of 

inhibitory metabolites over phyllosphere isolates in monoculture. Together, these results suggest 

that strategies governing antibiotic production differ in phyllosphere vs. soil communities. This is 

further supported by the observation that some taxa which were almost exclusively isolated from the 

phyllosphere (e.g. Sphingobacteriaceae, including Pedobacter species), induced inhibitory compound 

production in co-cultures with all the major taxa responsible for antibiotic production (e.g. 

Pseudomonas, Paenibacillus and Micrococcaceae) (Figure 3 and figure S6). These results highlight the 

potential of phyllosphere isolates for selectively inducing antibiotic production, as well as the role of 

Pedobacter species in antagonistic interactions in plant-associated communities (Garbeva and de 

Boer, 2009; Garbeva, Silby, et al., 2011; Tyc et al., 2014). Because production of antibiotics may come 

at high metabolic cost (Aguirre-von-Wobeser et al, 2015; Granato et al, 2019), it is tempting to 

speculate that under oligotrophic conditions such as in the phyllosphere, facultative antibiotic 

production may be a favored strategy to maintain competitiveness (Garbeva, Tyc, et al., 2011). The 

possible scenarios known to induce cryptic specialized metabolism in response to co-culturing 

include specific signals produced by an inducing strain to the antibiotic producer, synergistic effects 

of metabolites or complex metabolic interactions outside of binary chemical warfare  (Zhang and 

Straight, 2019). Because our assay used a third strain as a read-out for antibiotic activity, we cannot 

reliably estimate which strain in a pair is responsible for the production of the inhibitory molecules, 

or which is responsible for the induction of the metabolism.  We can only speculate as to the 

mechanisms underlying the specific induction of inhibitory activities in phyllosphere or soil isolates of 

our collection. Similarly, growth medium and especially carbon source, or the supplementation with 

sub-inhibitory concentration of antibiotics influence the production of specialized metabolites in a 

wide array of bacterial strains and species (Sánchez et al., 2010; Seyedsayamdost, 2014). Because our 

screen used a single combination of growth medium and conditions, it is possible that only a small 

part of the potential metabolic diversity of our collection was uncovered.  Understanding if, and how, 

the ecology of bacteria governs the mechanisms responsible for the induction of BGCs in co-cultures 

would undoubtedly be very valuable for guiding metabolite-mining strategies.  

Intriguingly, co-culturing also often suppressed antibiotic production in strains otherwise capable of 

inhibiting the growth of S. aureus in single culture. In contrast to interactions resulting in the 

induction of antibiotic production, suppressive interactions were neither rare, nor specific: bacteria 

lost their ability to inhibit the growth of S. aureus while in co-culture with multiple, unrelated strains 

(Figure S7). Several reasons may explain this observation. Mutual growth inhibition may prevent the 

accumulation of metabolites in the medium to a level sufficient to inhibit the growth of S. aureus. 

Alternatively, enzymatic degradation or modification could also result in inactivation of specialized 



   
 

 
 

metabolites (Wright, 2005). The apparent prevalence of this suppressive or “masking” effect in co-

culture has the potential to hamper the discovery of novel molecules in screens based on bi- or 

multi-partite interactions. Interestingly, our data show that co-cultures of isolates from different 

sources (e.g. phyllosphere-soil) are significantly less likely to suppress antibiotic production than 

isolates from the same source (e.g. soil-soil). This indicates a degree of specificity of 

countermeasures to antibiosis within bacterial communities. Whether this affects the assembly and 

structure of plant-associated microbial communities is an open question, but this observation 

suggests that co-culturing of bacteria from distinct sources may be an efficient strategy to increase 

the likelihood of specialized metabolism induction.  

Isolates which produce inhibitory metabolites in monoculture belong to taxa traditionally associated 

with antibiotic production such as Pseudomonas and Streptomyces (Cragg & Newman, 2013; 

Depoorter et al, 2016). However, because antibiotic production is mostly contingent on specific 

signals and cues in the phyllosphere, these communities may still contain significant underexplored 

metabolic diversity involving taxa less commonly associated with specialized metabolite biosynthesis. 

We selected a pair of isolates from the phyllosphere, which produced inhibitory metabolites against 

the gram-negative pathogen A. baumannii only when cultured together. Both of these isolates 

represented potential novel species of Paenibacillus and Sphingomonas, which are less commonly 

associated with antibiotic production. We isolated acyloin metabolites from a co-culture, which show 

specific growth inhibitory activity against strains of the nosocomial pathogen A. baumannii. Indole 

containing xenocyloins and the phenyl containing sattabacins have been shown to be bioactive in the 

laboratory. For example, xenocyloins were active against the fungi Cryptococcus neoformans, Botrytis 

cinerea and Phytophthora infestans (Paul et al., 1981; Li et al., 1995) and sattazolins isolated from 

Clostridium were active against S. aureus or Mycobacterium vaccae (Schieferdecker et al., 2019). 

Interestingly, sattabacins showed antiviral activity against Herpes simplex virus (Lampis et al., 1995). 

However, activity against A. baumannii is here reported for the first time for a molecule from this 

compound class, validating the mining of microbe-microbe interactions in under-represented 

environments for the discovery of natural products of clinical relevance. We also isolated the phenyl-

containing acyloin compound 1 (2S,4S)-2-hydroxy-4-methyl-1-phenylhexan-3-one from a natural 

source for the first time and show promising antimicrobial activity against A. baumannii grown on 

solid media. Interestingly, the 2R,4R and 2R,4S isomers have recently been identified as aggregation 

pheromones of the velvet longhorned beetle (Ray et al., 2019). It is unclear if the 2S,4S isomer, 

produced synthetically in the latter study, also acted as an insect pheromone. The activities reported 

here are above the MICs of commonly used antibiotics, with MIC breakpoints for a majority of 

treatment options for A. baumannii infections <32 mg/L (Andrews and Howe, 2011). We cannot rule 



   
 

 
 

out that part or all of the antimicrobial activity of the acyloin compounds isolated here is due to the 

presence of undetected metabolites in our extracts. However, the specificity against A. baumannii 

and the previously described antimicrobial activity of compounds of the sattabacin and xenocyloin 

families against clinically-relevant pathogens highlights the potential of this chemical family for novel 

ways to treat recalcitrant infections. Our observations confirm that microbe co-culturing is a valuable 

strategy to widen the discovery space for novel metabolites and activities in underexplored microbial 

habitats. 
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Legends: 

Figure 1: Experimental design. This experiment was carried out in closed, autoclaved tissue culture 

containers, filled with twice-autoclaved pumice stones and half-strength MS-medium. Containers were 

sown with surface-sterilized seeds of Arabidopsis thaliana and inoculated with a soil suspension or a 

mock solution (A and C, respectively). Other pots contained pumice stones inoculated with a soil 

suspension or a mock solution, but were left unplanted (B and D, respectively). Plants were incubated 

in a standard incubator for about one month, after which the samples from each of the four group 

were collected for the culture-independent and culture-dependent downstream analyses.  

Figure 2. Most abundant taxa in the different plant compartments. The Top 100 most abundant 

amplicon sequencing variants (ASVs) are considered from planted soil (orange squares), unplanted soil 

(brown squares) and the phyllosphere (green squares). Each ASV represents a distinct variant of a V3-

V4 16S rRNA gene marker sequence (see materials and methods for details). Pink circles denote ASV 

sequences matching near-full length 16S rRNA sequences from the isolate collection with > 99% 

identity. Colored ranges denote the taxonomic assignments (phylum) of the ASVs. Branches colored in 

red denote the Order Clostridiales, for which no representative was obtained in the isolation campaign. 

The phylogenetic tree was built using the maximum likelihood method on an alignment of ASVs. 

 



   
 

 
 

Figure 3. Taxonomic composition and phenotypes of the culture collection. The maximum-likelihood 

phylogeny was constructed based on nearly full-length 16S rRNA sequences (see materials and 

methods). Symbols on the centermost ring denote the isolation origin of the strain: phyllosphere 

(green triangle), soil (brown triangle) or pumice (grey triangle). Square symbols on the outer rings show 

matches between partial 16S rRNA gene sequence of an isolate to a top 100 most abundant ASV 

obtained in culture-independent analysis of the different plant compartments (>99% sequence 

identity). Yellow connecting lines between each two isolates represent the active antimicrobial activity 

towards S. aureus LMG 10147, red lines indicate the active antibiotic activity against A. baumannii LMG 

10520. Isolates capable of antibiotic production in monoculture are denoted with a blue star.  

Figure 4. Network of pairwise co-cultures resulting in growth inhibitory activity. Green nodes 

represent isolates from the phyllosphere, brown nodes represent bacterial isolates from soil, grey 

nodes represent isolates from uninoculated pumice. Red lines represent interactions resulting in 

growth inhibition of A. baumannii LMG 10520, yellow lines show the inhibitory activity towards S. 

aureus LMG 10147.  

Figure 5. Isolation of compounds from a co-culture of Paenibacillus sp. P3_m116_1 and 

Sphingomonas sp. P2_m126_1 inhibiting the growth of A. baumannii. A. Extracts of a co-culture were 

separated by vaccum liquid chromatography to yield 7 fractions, and 2 mg of each fraction were tested 

for growth inhibition of A. baumannii in an overlay assay, with fraction  VLC5 displaying the clearest 

inhibition zones. B. Compounds 1-5 were isolated after further fractionation and activity testing. 

Compounds 2,3,4 and 5 have been discovered and isolated from Xenorhabdus spp (Proschak et al., 

2014), and biosynthesised recently (Park et al., 2014; Schieferdecker et al., 2019). Compound 1 is a 

new natural product active on A. baumannii LMG 10520. C. Putative gene cluster involved in acyloin 

production by Paenibacillus sp. P3_m116_1 (C). Genes GC101_RS07275 and show significant similarity 

to TPP-dependent acyloin synthases Thzk0150 of Thermosporothrix hazakensis and Cbei2730 of 

Clostridium beijerinckii (25% and 31% identity, respectively). Note: the picture in panel A was edited 

to remove markings on the Petri dish. The original is shown in Figure S9.  

 

 

  



   
 

 
 

 

 

Table 1: List of strains producing inhibition zones in monoculture 

Strain Taxonomy  Isolation source Test organism 

P3_m158_1 Pseudomonas sp. Phyllosphere S. aureus LMG 10147 

P2_m50_1 Pseudomonas sp. Phyllosphere S. aureus LMG 10147 

P3_m166_1 Pseudomonas sp. Phyllosphere S. aureus LMG 10147 

P2_m24_1 Pseudomonas sp. Phyllosphere S. aureus LMG 10147 

P2_m30_1 Pseudomonas sp. Phyllosphere S. aureus LMG 10147 

S2_m61_1 Pseudomonas sp. Soil S. aureus LMG 10147 

S3_m132_1 Pseudomonas sp. Soil S. aureus LMG 10147 

S3_m138_1 Pseudomonas sp. Soil S. aureus LMG 10147 

S3_m201_1 Pseudomonas sp. Soil S. aureus LMG 10147 

S3_m206_1 Pseudomonas sp. Soil S. aureus LMG 10147 

S2_m234_1 Pseudomonas sp. Soil S. aureus LMG 10147 

S3_m202_1 Pseudomonas sp. Soil S. aureus LMG 10147 

S3_m207_1 Streptomyces. sp Soil S. aureus LMG 10147 

S3_m208_1 Streptomyces. sp Soil S. aureus LMG 10147 

P2_m90_1 Pseudomonas sp. Phyllosphere S. aureus LMG 10147 

P2_m8_1 Pseudomonas sp. Soil S. aureus LMG 10147 

S2_m13_1 Pseudomonas sp. Soil S. aureus LMG 10147 

S2_m5_1 Pseudomonas sp. Soil S. aureus LMG 10147 

S2_m9_2 Pseudomonas sp. Soil S. aureus LMG 10147 

S2_m3_1 Pseudomonas sp. Soil S. aureus LMG 10147 

S2_m230_1 Pseudomonas sp. Soil S. aureus LMG 10147 

S2_m10_3 Pseudomonas sp. Soil S. aureus LMG 10147 

P3_m182_1 Paenibacillus sp Phyllosphere S. aureus LMG 10147 

S2_m100_1 Pseudomonas sp. Soil S. aureus LMG 10147 

S2_m52_1 Pseudomonas sp. Soil S. aureus LMG 10147 

S2_m61_2 Pseudomonas sp. Soil S. aureus LMG 10147 

P3_m122_1 Staphylococcus sp Phyllosphere A. baumannii LMG 10520 

S2_m11_1 Pseudomonas sp. Soil S. aureus LMG 10147 
 

 

 

 

 



   
 

 
 

 

 

Table 2. Summary of the results of the bipartite interaction screen. 

Co-culture Isolate 
source 

Overall 
inhibitory  

interactions 

Inhibitory vs. A. 
baumannii 

LMG 10520 

Inhibitory vs. S. aureus LMG 
10147 

Inhibition during bipartite 
interactions only 

 

S-S 33/1496 (2.21%) 20/700 (2.85%) 13/796 (1.63%) 
P-P 78/6492 (1.20%) 28/3150 (0.89%) 50/3342 (1.96%) 
P-S 115/6671 (1.72%) 73/3216 (2.26%) 42/3455 (1.22%) 

Suppressive interactionsa S-S - nd 119/420 (28.33%) 
P-P - nd 180/600 (30.00%) 
P-S - nd 268/1189 (22.53%) 

S, Soil; P, Phyllosphere; nd, not determined. Number of inhibitory interactions in the overlay assay are given in the numerator, total number of 
combinations tested in the denominator. Percentages are given in parenthesis. a Suppressive interactions denote interactions involving at least 1 strain 
which produces inhibitory metabolites constitutively, but do not result in inhibition zones in the overlay assay. For clarity, interactions between isolates 
of sources other than P and S are not represented here: only 2 interactions between unplanted soil and soil isolates resulted in S. aureus growth 
inhibition. 

 

 

 

 

Table 3. Minimum inhibitory concentrations (MIC) of compounds sattabacin (2) and xenocyloin B (4) 

against A. baumannii.   

Strain  Compound 2  MIC (µg/ml ) Compound 4  MIC (µg/ml ) 
Acinetobacter baumannii 70PUS 32 32 
Acinetobacter baumannii RUH 0134 32 32 
Acinetobacter baumannii NCTC 13423  32 32 
Acinetobacter baumannii RUH 3247 64 32 
Acinetobacter baumannii LUH 3788 32 32 
Acinetobacter baumannii A1392 64 32 
Acinetobacter baumannii  LMG 10520 64 64 

 

 

Table S1. Taxonomic classification of individual strains of the collection based on near full-length 16S 

rRNA gene sequence. 

Table S2. Growth inhibition of co-cultures of pairs of isolates against Acinetobacter baumannii and 

Staphylococcus aureus in an overlay assay. 
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