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Abstract

Bacteria and other microbes produce a variety of secondary metabolites, which are highly specialized
natural products predominantly known for their antimicrobial properties. However, natural
concentrations of secondary metabolites in the nutrient-limited environments of soil are thought to
rarely exceed the levels required for their antimicrobial functions demonstrated in vitro. Additionally,
an increasing amount of research has shown that subinhibitory concentrations of toxic secondary
metabolites can elicit responses in neighboring microorganisms. Thus, the role of these chemicals in

natural environments might expand much beyond microbial antagonism.

The focus of this thesis has been on soil-dwelling Pseudomonas spp. of the P. fluorescens group, as
they hold an immense potential for secondary metabolite production and are known as key
determinants of plant protection towards phytopathogenic microorganisms associated with certain
soils. Specifically, we have focused on the metabolites DAPG, pyoluteorin, and orfamide A produced
by strains of the biocontrol species, P. protegens. The work presented here describes their role in

microbial interactions and vice versa the effects of interactions on their biosynthesis and fate.

We developed two methodologies for accurate and high-throughput differentiation of Pseudomonas
spp. in environmental samples. The former, a Pseudomonas-specific amplicon sequencing method,
allows for taxonomic identification and relative quantification of Pseudomonas spp., while clearly
outperforming the 16S rRNA-based gold standard. Secondly, we engineered a whole-cell biosensor,
which enables rapid and effortless screening of isolates for producers of DAPG, compared to PCR-
based techniques and analytical chemical methods. These methods allow for detailed investigations

of Pseudomonas population dynamics across ecosystems (e.g. different soils and crops).

Additionally, we employed both dual- and multispecies communities in combination with analytical
chemistry to investigate the role of Pseudomonas-produced secondary metabolites in microbial
interactions. The first study led to the discovery of a dynamic, genus-specific interaction sequentially
affecting the production of antimicrobial secondary metabolites (DAPG and pyoluteorin) in P.
protegens. This study sheds light on the underlying mechanisms of Pseudomonas-specific interactions
affecting the biosynthesis of metabolites relevant for biological control of phytopathogenic
microorganisms. In the second study, we utilized a four-species synthetic microbial community as a

reproducible framework to investigate compositional perturbations caused by secondary metabolites
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produced by the invading P. protegens. The results from this study revealed a community-level
interaction affecting the fate of orfamide A, as the metabolite was enzymatically inactivated and
subsequently degraded by separate community members. The outcome of these two studies
demonstrates the significance of combining in vitro lab-scale systems and analytical chemistry to
reveal and characterize the types of metabolite interactions occurring within dual- and multispecies

communities.

The work presented in this thesis provide novel insight into the potential roles of Pseudomonas-
produced secondary metabolites, as well as tools for detailed investigations of Pseudomonas-ecology.
From a biotechnological perspective, the results from this thesis may assist in discovery and isolation
of Pseudomonas strains with agricultural application (e.g. biocontrol), while also contributing to a
deeper understanding of metabolite signaling to potentiate the design and assembly of efficient

biocontrol consortia with desirable functionality.
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Resumé

Bakterier og andre mikrober producerer et bredt udvalg af sakaldte sekundaere metabolitter, hvilket
er molekyler bedst kendt for deres antimikrobielle aktivitet. Koncentrationerne af disse metabolitter
i naerings-begraensede miljger, sasom jord, er dog sjeeldent vist at nd de niveauer, der kreeves for deres
antimikrobielle funktion pavist in vitro. Det er ydermere blevet dokumenteret, at subinhibitoriske
koncentrationer af ellers toksiske metabolitter kan fremkalde et respons i omkringliggende
mikroorganismer. Derfor forventes det, at rollen af disse kemiske stoffer formegentlig ekspanderer til

langt mere end blot antimikrobiel aktivitet i deres naturlige miljger.

Fokus for denne PhD har varet pa jord-Pseudomonader, iseer arter fra Pseudomonas fluorescens-
gruppen, eftersom de har et enormt potentiale med hensyn til produktion af diverse sekundaere
metabolliter, samt at visse arter i denne gruppe er knyttet til beskyttelse af planter mod patogene
mikroorganismer, grundet deres produktion af netop sekundaere metabolitter. Vi har specifikt
fokuseret pa tre metabolitter (DAPG, pyoluteorin og orfamid A), der alle produceres af stammer inden
for arten, P. protegens, kendt for dens biokontrol-kapacitet. Det arbejde, vi preesenterer her, beskriver
rollen af disse metabolitter i forbindelse med mikrobielle interaktioner, samt effekterne af netop

interaktioner pa biosyntesen og skaebnen af metabolitterne.

Vi har udviklet to metoder til at kunne skelne praecist og effektivt mellem Pseudomonas arter i
jordprgver. Den f@rste er en Pseudomonas-specifik amplikon sekventerings metode, som kan benyttes
til taksonomisk identificering og relativ kvantificering af Pseudomonas arter. Vores metode
udkonkurrerer klart den ellers velkendte og vidt benyttede 16S rRNA-baserede metode il
differentiering mellem nzert beslaegtede Pseudomonas arter. Derudover, har vi genetisk konstrueret
en levende biosensor, hvilket er en bakterie-celle udviklet til at respondere pa tilstedeveerelsen af
DAPG. Det abner muligheden for at screene jord-isolater for producenter af DAPG pa en effektiv og
gkonomisk made, hvilket er en klar fordel sammenlignet med ellers arbejdskraevende PCR-baserede
teknikker og dyre analytisk kemiske metoder. Disse to vaerktgjer (Pseudomonas-specifik amplikon
sekventering og DAPG-biosensor) muligggr detaljerede undersggelser af populations-dynamikker

blandt Pseudomonas arter pa tveaers af gkosystemer (f.eks. forskellige afgrgder eller jordtyper).

Vi har ydermere studeret rollen af Pseudomonas-producerede sekundzere metabolitter i forbindelse

med mikrobielle interaktioner ved brug af en kombination af analytisk kemi og enten to- eller flerarts
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mikrobielle systemer. | det fgrste af disse studier opdagede vi en dynamisk interaktion mellem to
Pseudomonas arter, der sekventielt pavirkede produktionen af de antimikrobielle metabolitter, DAPG
og pyoluteorin, i P. protegens. | dette studie demonstrerede vi den underliggende mekanisme bag en
Pseudomonas-specifik interaktion, der pavirker biosyntesen af metabolitter med relevans for
biokontrol af plantepatogene mikroorganismer. | det sidste studie benyttede vi et syntetisk,
reproducerbart mikrobielt system bestdende af fire forskellige bakterier til at undersgge, hvorvidt
sekundaere metabolitter produceret af den invaderende P. protegens havde udtalte effekter pa
systemets bakterie-maessige sammensaetning. Resultater fra dette studie paviste en interaktion
involverende forskellige bakterie-arter, der pavirkede skabnen af den Pseudomonas-producerede
metabolit, orfamid A. Vi opdagede at metabolitten fgrst blev enzymatisk inaktiveret af én bakterie,
hvorefter en eller flere andre bakterier var i stand til at nedbryde den. Totalt set, har vi demonstreret
vigtigheden af at kombinere bade to- og flerarts systemer in vitro pa laboratorie-skala og analytisk
kemi for at undersgge og karakterisere de forskellige typer af interaktioner, der pavirker eller

forarsages af sekundaere metabolitter.

Arbejdet praesenteret i denne afhandling tilfgjer ny viden omkring de potentielle roller af
Pseudomonas-producerede sekundaere metabolitter, samt vaerktgjer til detaljerede undersggelser af
Pseudomonas-baseret gkologi. Set fra et bioteknologisk perspektiv, kan vores resultater bidrage til
opdagelse og isolering af nye Pseudomonas-arter til brug inden for landbrug i form af biokontrol.
Derudover bidrager resultaterne ogsa til en dybere forstaelse af metabolit-baseret signalering mellem
bakterier, hvilket i sidste ende kan hjelpe til at designe og sammensatte konsortier af

mikroorganismer med gnsket funktionalitet til mere effektiv biokontrol.
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Chapter 1

Introduction

IVI icrobial secondary metabolites (SMs) have historically been acknowledged for their antibiotic
properties, and have thus been exploited by mankind for the treatment of infectious diseases
in both humans and plants. However, despite their high impact in medicinal fields, the scope of these
chemicals in natural environments is extremely vast, having functions and roles that expand much
beyond microbial antagonism. Research has already demonstrated additional traits of SMs, including
their involvement in microbial signaling (1, 2), bacterial motility (3), acquisition of trace metals (4), and
even serving as food source for other microbes (5). Technological advances within the field of DNA
sequencing and genome mining have greatly improved our ability to elucidate microbial community
structures and their SM potential. Yet, our knowledge of microbial interactions mediated by SMs

remains limited.

Soil and rhizosphere environments have been predicted to encompass the highest diversity of
microorganisms (6). Particularly, the genus of Pseudomonas and more specifically the group of
Pseudomonas fluorescens have received a great deal of attention due to their omnipresence in natural
soil environments (7), as well as their vast repertoire of SMs with relevance to plant growth promotion
and biological control of pathogenic microorganisms (8, 9). While previous research has surveyed the
secondary metabolome of Pseudomonas spp., the functions, role, and fate of these Pseudomonas-

produced SMs has yet to be elucidated in the context of microbial interactions.
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Aim of the project

The PhD project was carried out in collaboration with the Center for Microbial Secondary Metabolites,
which represents an interdisciplinary research center with a joint goal of unravelling the natural role

of SMis. Thus, the purpose of this project has been:

Purpose | Provide novel insight into the natural role(s) of Pseudomonas-produced SMs

The experimental investigations of this project focused primarily on SMs produced by known
Pseudomonas biocontrol agents. The overall aims of the research presented in this thesis were as

follows:

Aim | Investigate the ecological dynamics of soil Pseudomonas and their SM-production

To this end, we developed a Pseudomonas-specific amplicon sequencing approach for
characterization of natural environments with respect to taxonomic differentiation and relative
bacterial enumeration (Paper 1). Secondly, we engineered a whole-cell biosensor for detection of an

industrially important Pseudomonas-produced SM (Paper 2).

Aim | Characterize the role of Pseudomonas-produced SMs in microbial interactions

To address this aim, we investigated the interspecies interactions between two Pseudomonas strains
and their effects on SM-production (Paper 3). Secondly, we applied a synthetic community approach
to address the contribution of Pseudomonas-produced SMs on the ability of P. protegens to invade a
microbial community, which further revealed the effect of a microbial resistance mechanism on the

fate of a Pseudomonas-produced SM (Paper 4).
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Outline of this thesis

The thesis is structured in 7 chapters, where the opening Chapter 1 introduced the background for the
PhD thesis along with the overall research aims. Chapter 2 introduces the Pseudomonas diversity and
the complex Pseudomonas fluorescens group. Chapter 3 provides an overview of the relevant
Pseudomonas-produced SMs examined in the present investigations. Chapter 4 presents current
knowledge of the role of Pseudomonas-produced SMs in microbial interactions and a promising,
alternative approach to investigate the effects of SM-mediated interactions. Background information
for the individual research papers is presented in Chapter 5 along with a representation and discussion
of the main findings, while conclusions and perspectives of the research papers and the project as a

whole are provided in Chapter 6. The final Chapter 7 includes the four full-length research papers.
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Chapter 2

The Pseudomonas fluorescens group and their
astonishing diversity

Peudomonas is a genus comprised of Gram-negative, rod-shaped, y-Proteobacteria known for
their metabolic versatility and natural presence in various niches. These bacteria have been
studied extensively and have proven to be excellent model organisms. Pseudomonas are associated
with different environments and properties. For instance, P. aeruginosa is a well-characterized
opportunistic pathogen playing a detrimental role in chronic infections of cystic fibrosis patients (10).
The species P. putida has been exploited in biodegradation of natural products and transformation of
industrially relevant chemicals (11). Some species of Pseudomonas (P. tolaasii and P. syringae) are
known for their plant pathogenicity (12, 13), while other species within the Pseudomonadaceae family
have been associated with the suppression of plant diseases caused by phytopathogens (7).
Particularly the latter case has received a great deal of attention over the past two decades, as the
utilization of plant-beneficial bacteria offers a much-needed alternative to the use of hazardous
chemical pesticides in the control of phytopathogenic microorganisms. A tremendous amount of
research has been conducted to demonstrate the capabilities of various Pseudomonas spp. in relation
to plant growth-promotion and biocontrol mediated by SMs (8, 14). However, due to the challenge of
studying multispecies interactions, knowledge of the natural ecological role of Pseudomonas-

produced SMs has remained relatively sparse.
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The diversity of the Pseudomonas genus

Bacterial diversity represents one of the central topics of microbial ecology. Understanding the
microbial diversity is a key factor in the study of natural environments and their microbial inhabitants.
Taxonomy, which encompasses the characterization and nomenclature of microbial species, is
perhaps the most fundamental scientific discipline within the field of microbial ecology and is essential
for accurate identification and differentiation of strains, as well as communication and collaboration
across research groups. The Pseudomonas genus is among one of the most diverse bacterial genera
currently comprising 270 validly published species (15). The advent of gene sequencing technologies
enabled the comparison of divergent microorganisms by assessing similarities in universally
distributed genes, such as the 16S rRNA gene encoding the small subunit ribosomal RNA in bacteria
(16, 17). While this approach has provided extensive insight into the taxonomic characterization of
the bacterial kingdom, it has proven inadequate for distinguishing closely related entities at the
species and strain level (18). In the case of Pseudomonas spp., it has been shown that the nucleotide
similarity of the 16S rRNA gene across distantly related species in many cases exceeds 99% (19), which
underlines the inadequacy of this universal marker for proper taxonomic description of the

Pseudomonas genus.

Since sequencing of the 16S rRNA gene has been the gold standard for taxonomic identification for
several decades, it has led to multiple cases of misclassification within the Pseudomonas genus (20).
Thus, researchers alluded to housekeeping genes as alternative phylogenetic markers, including rpoD
(encoding the sigma 70 subunit of RNA polymerase), gyrB (encoding the beta-subunit of gyrase), and
rpoB (encoding the beta-subunit of RNA polymerase) (19, 21-23). These genes display a much greater
nucleotide dissimilarity — even among closely related species (21). Mulet et al. demonstrated that
considering several phylogenetic markers simultaneously with the Multilocus Sequence Analysis
(MLSA) method, the taxonomic identification of novel Pseudomonas isolates could be reliably inferred
(21). This approach greatly enhanced our understanding of the Pseudomonas taxonomy and led to the

identification of groups and subgroups within the genus (21, 23).

The technological advances within the field of genome sequencing and phylogenomics have enabled
more sophisticated analyses of bacterial taxonomy. The housekeeping genes utilized in MLSA are part

of the core genome, whereas certain phylogenomic approaches, such as the Average Nucleotide
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Identity (ANI), estimate similarities across entire genomes (24). This has the potential to reveal
significant differences between closely related species, which may have phenotypical characteristics
represented outside the core genome. As the number of available genome sequences has increased
rapidly over the past decade, efforts have been made to fully capture the diversity of the Pseudomonas
genus by analyzing a large set of known type strains. This would in turn create a robust framework for
identification of novel species isolates. Hesse et al. compared the phylogeny of 166 type strains of
Pseudomonas spp. by constructing a maximum likelihood tree based on the protein sequence of 100
single-copy orthologous genes (25). This analysis confirmed the remarkable diversity of the
Pseudomonas genus as shown previously using smaller datasets and less advanced methods (21, 23).
Furthermore, the 165 type strains (excluding the unusual species, P. caeni) have been utilized for

taxonomic characterization throughout this PhD project.

Secondly, Hesse et al. sought to evaluate how well the 166 type strains represented the genomic
diversity of the Pseudomonas genus among the publicly available genomes (25). This approach
revealed 350 clusters, where 189 of them lacked the presence of a type strain, thus potentially
representing novel species of Pseudomonas (Figure 1). The P. fluorescens group has long been
recognized for its vast diversity (21, 22), which has led to the classification of several subgroups.
However, as shown in Figure 1, the analysis of publicly available Pseudomonas genomes further
identified 105 clusters within the P. fluorescens group without association to a known type strain
(depicted in Figure 1 as branches without a black box in the outer ring) (25). Most novel clusters fell
within existing subgroups, except for four located between the P. protegens and P. corrugata
subgroups, suggesting the potential for a new P. fluorescens subgroup. This does however indicates
that the 166 type strains analyzed by Hesse et al. (25) represent an adequate framework for taxonomic
identification of novel Pseudomonas entities, but continuous efforts are required to uncover the

complete genomic diversity of the genus.
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Figure 1 | Maximum likelihood phylogeny of Pseudomonas spp. based on protein sequences of 100 single-
copy orthologous genes. The phylogenetic tree includes 355 strains of Pseudomonas spp., where 166 of
them represent known type strains. Phylogenetically distant groups are highlighted in separate colors. The
diverse group of P. fluorescens is further divided into ten subgroups. Type strains are highlighted by a black
box in the outer ring. Three genomes of Cellvibrio spp. were included as outgroup. The figure has been
adapted and modified from Hesse et al. (25).

The genetic potential of the P. fluorescens group

Several species of the P. fluorescens group have previously been associated with plant growth-
promoting properties and production of SMs relevant for biocontrol (14, 26). Previously, efforts have
been made to further characterize the heterogeneity within the P. fluorescens group utilizing
phylogenomic approaches (22, 27). Hesse et al. showed that species belonging to the P. fluorescens
group have some of the largest genomes within the Pseudomonas genus (Figure 2A) (25). The vast
genomic diversity of Pseudomonas spp. is reflected by the relatively small size of the core genome

shared among the various species (8, 25). The core genome comprises genes essential for bacterial
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proliferation, such as housekeeping genes and those encoding RNAs. The accessory pangenome
comprises group-, subgroup-, and species-specific genes, including biosynthetic gene clusters (BGCs)

encoding enzymes required to produce SMs.

Figure 2 | Comparing total genome, core, and pangenome size of the 166 Pseudomonas type strains. A)
Relationship between genomic G+C content and genome size. Each phylogenetic group is highlighted by
color, as depicted in the figure. B) Identification and enumeration of orthologous proteins constituting the
core and pangenome across the 13 phylogenetic groups comprising the Pseudomonas genus. The figure
has been adapted and modified from Hesse et al. (25).

It was demonstrated that the pangenome size of the P. fluorescens group greatly exceeded that of the
remaining groups (25). Although biased by the number of genomes analyzed per group, this suggests
an immense and diverse genetic potential of this particular phylogenetic group (Figure 2B). It was
demonstrated that specific traits, such as production of biocontrol-relevant SMs, siderophores, toxins,
and SMs related to plant-microbe interactions, were phylogenetically distributed and in many cases
specific to individual subgroups (22, 27). Surprisingly, Garrido-Sanz et al. further identified striking
correlations between the topology derived from MLSA and phylogenomic analyses of the diverse P.
fluorescens group (22). Additionally, the phylogeny based on genetic loci for two SMs involved in
biological control was shown to be reminiscent of that based on housekeeping genes (28). Taken
together, these findings suggest that ecological characteristics represented by the accessory
pangenome evolved alongside the core genome of Pseudomonas (22, 28). This further underlines that
accurate taxonomic identification is a good proxy for prediction of species-associated, ecological traits
within the Pseudomonas genus. More recently, Stefanato et al. genetically and phenotypically

analyzed a large population of isolates belonging to the P. fluorescens group, identifying strong
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correlations between phylogeny, production of SMs, and antagonism towards specific
phytopathogenic microorganisms (9). Collectively, these studies underline the importance of
systematically considering bacterial taxonomy to accurately describe the Pseudomonas diversity in

natural environments and elucidate their ecological role.

Detecting Pseudomonas-diversity in natural environments

An important aspect of microbial ecology is the investigation of microbial community composition and
species abundance. With the advent of next-generation sequencing technologies, exploiting the
universal presence and high nucleotide variability of the 16S rRNA gene has been the gold standard
for detection and identification of bacteria (17, 29). Amplicon sequencing, which is the combination
of environmental DNA extraction, amplification via polymerase chain reaction (PCR), next-generation
Illumina sequencing, and alignment to an ever-expanding public database of 16S rRNA genes (30), has
significantly improved our understanding of natural environments. Aside from gaining insight into the
relative abundance of microbes in situ, this technique has pushed the boundaries of microbial
detection by allowing for the identification of yet unculturable microorganisms (17). However, as
alluded to above, the 16S rRNA gene has proven insufficient for accurate taxonomic characterization

at the species level of Pseudomonas.

Mulet et al. suggested the single housekeeping gene, rpoD, as an excellent phylogenetic marker for
the identification of Pseudomonas species in environmental samples (31). Additionally, by comparing
the phylogenetic distances across 107 Pseudomonas type strains, the rpoD gene displayed the highest
discriminatory power compared to the other housekeeping genes (gyrB and rpoB), as well as 16S rRNA
(21). These early studies led to the development of an rpoD-based amplicon sequencing approach for
the 454/Roche GS-FLX platform, which allowed for Pseudomonas-specific, culture-independent
characterization of environmental samples (32). However, this sequencing platform was later
discontinued. Thus, with the increasing appreciation for group-, subgroup-, and even species-specific
traits associated with Pseudomonas spp. (9, 22), there is a need for developing a culture-independent,
amplicon-based methodology. We developed such an approach utilizing the modern lllumina
sequencing platform for detection and differentiation of Pseudomonas species in natural

environments (Chapter 7 | Paper 1).
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Chapter 3

Pseudomonas-produced secondary metabolites

he flexibility of the Pseudomonas spp. pangenome (Figure 2B) indicates that individual strains
Thave evolved to specific life-styles (8). This suggests that accessory functions, such as SM
production, could play essential roles in the ability of Pseudomonas species to adapt to specific
environments. The secondary metabolism of the P. fluorescens group has been studied extensively,
due to the associations between members of this diverse group of bacteria, plant growth-promotion
and biological control of phytopathogens mediated by SMs (14, 26). These SMs include diffusible
metabolites and volatiles. The first group of diffusible SMs are the siderophores, such as the
pyoverdines and pyochelin, which are capable of scavenging metal ions from the limited pool of trace
metals available in soil (4, 14). Members of the P. fluorescens group have furthermore been shown to
produce a plethora of small, diffusible, and antimicrobial SMs, including 2,4-diacetylphloroglucinol
(DAPG), pyoluteorin, pyrrolnitrin, and phenazines (14, 26). Another group of metabolites often found
in Pseudomonas species are the cyclic lipopeptides with surfactant and antimicrobial properties (3,
33). Lastly, certain Pseudomonas spp., including members of the P. fluorescens group, produce the
volatile compound, hydrogen cyanide, which is a potent inhibitor of the cytochrome c oxidase, as well
as other metalloproteins, and is therefore poisonous to most organisms (8, 14, 28).
Over the past three decades, a particular focus has been devoted to characterizing strains of the
species P. protegens, as these bacteria have been directly correlated with natural suppressiveness to
disease caused by phytopathogens in various crops. This protective capacity has been attributed to
their diverse secondary metabolome (26, 34, 35). Most of these SMs were detected and analyzed
chemically. However, the increased accessibility of whole-genome sequences, as well as software for
prediction of SM production via conserved domains of biosynthetic genes, such as antiSMASH (36),
has revolutionized the field of genome mining for characterization of species isolates and

identification of novel SMs. The strain P. fluorescens Pf-5 (later P. protegens Pf-5) was the first member
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of the P. fluorescens group to have its genome fully sequenced (37). This led to the identification of
three hitherto uncharacterized BGCs, where the SM production of two of them has been deciphered,
including the biosynthesis of rhizoxin (38) and the cyclic lipopeptide, orfamide A (39). In the following
subsections, the biosynthesis, regulation, and function of DAPG, pyoluteorin, and orfamide A (Figure

3) will be highlighted, as these three SMs have been the focus of our investigations.

Figure 3 | The functions of Pseudomonas-produced SMs. The SMs (DAPG, pyoluteorin, and orfamide A) are
involved in defense against competitors, intra- and intercellular signaling, motility, and biofilm formation.
The image was adapted and modified from Raaijmakers and Mazzola (40).
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2,4-diacetylphloroglucinol (DAPG)

The antimicrobial SM, DAPG, is primarily produced by a subset of species within the P. fluorescens
group, which includes many, but not all members of the P. corrugata and P. protegens subgroups (41).
Though, its BGC has also been identified in distantly related Pseudomonas species and even outside
the y-proteobacteria class (41). DAPG has been recognized for its antifungal and antibacterial
properties (42, 43). Moreover, this metabolite was shown to be a key determinant in natural
biocontrol associated with disease-suppressive soils (34, 44). Furthermore, Phillips et al.
demonstrated that DAPG triggered a significantly increased exudation of amino acids from certain
plant roots, thus providing the DAPG-producing, root-colonizing Pseudomonas with additional growth

substrates (45).

DAPG is a polyketide antibiotic, whose biosynthesis, regulation, and transport is governed by proteins
encoded by a conserved BGC consisting of eight genes (ph/[HGFACBDE — Figure 4). The biosynthesis of
DAPG is initiated by the type Ill polyketide synthase (PKS), PhID, which catalyzes the condensation of
three molecules of malonyl-CoA into the phenolic precursor, phloroglucinol (PG) (46). PG is then
acetylated by the enzyme complex, PhIACB, first into monoacetylphloroglucinol (MAPG) and
subsequently DAPG (Figure 4) (47). Bottiglieri et al. characterized the hydrolase, PhIG, which
specifically degrades DAPG to MAPG, suggesting a mechanism for fine-tuning the concentration of

DAPG (48).

Figure 4 | DAPG biosynthesis. (Top part) Schematic overview of the DAPG biosynthetic gene cluster. Genes
are depicted as colored arrows (Biosynthetic genes, blue; Regulation, green; Efflux, orange). The bottom
part of the figure shows the biosynthesis of DAPG. The figure has been adapted and modified from Gross
and Loper (8).

The gene, phlE, encodes a putative transmembrane permease that provides resistance towards the
antimicrobial metabolite in the producing cell (49). The DAPG gene cluster of Pseudomonas also
possesses two genes encoding TetR family regulators, ph/F and phlH. PhIF has been shown to repress

transcription of the phIACBDE operon by binding to an operator site located upstream of phlA, thus
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negatively controlling the production of DAPG (50). However, DAPG biosynthesis is auto-inductive as
it can bind to the PhIF repressor, thereby relieving transcriptional repression (51). PhlH, on the other
hand, negatively controls the transcription of phl/G, and the repression is similarly relieved in the
presence of DAPG (52). Thus, DAPG-producing Pseudomonas possess intricate and complex ways of
fine-tuning the levels of this metabolite. Additionally, studies with the strain P. protegens Pf-5 have
revealed cross-talk between the DAPG and pyoluteorin biosynthetic pathways further regulating the

production of DAPG (53, 54), which will be elaborated below.

Pyoluteorin

Pyoluteorin is an antimicrobial SM produced by species of P. protegens and certain strains of soil-
dwelling P. aeruginosa. It was historically identified as an anti-oomycete compound against the plant
pathogen, Pythium ultimum (55, 56). However, it has also been recognized for its antibacterial
properties (54). This metabolite differs from conventional polyketide SMs in that it is biosynthesized
as a hybrid molecule consisting of a modified amino acid moiety and a polyketide group (8). The
biosynthetic gene cluster associated with the production of pyoluteorin is comprised of 17 genes
(Figure 5), where the operon consisting of pltLABCDEFG encodes enzymes responsible for
biosynthesis. The genes, p/tM, pltR, and pltZ, are involved in transcriptional regulation (54, 57), while
the operon, pltHIJKNO, encodes a putative ABC transport system controlling the efflux of pyoluteorin
(58). As shown in Figure 5, the biosynthesis of pyoluteorin initiates with the activation of L-proline by
PItF at the expense of adenosine triphosphate (ATP), and subsequent attachment to the peptide-
carrier protein (PCP), PItL (59). The flavoprotein, PItE, then desaturates the prolyl moiety, yielding the

intermediate, pyrrolyl-S-PltL (60).

Dorrestein et al. further confirmed the subsequent dichlorination by the PItA halogenase, resulting in
the final modified amino acid moiety, dichloropyrrolyl-S-PltL (60). Gross and Loper suggested that the
dichloropyrrolyl residue is then transferred to the type | PKS, PItB and PItC, where three molecules of
malonyl-CoA are added (8). As opposed to the type Il PKS, many type | PKS’s are categorized as
modular enzymes containing sequences of separate elongation modules, each with a number of
domains (61). In the case of PItB and PItC, the dichloropyrrolyl residue is transferred to the

ketosynthase domain (KS) of module 1 (Figure 5).
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Figure 5 | Pyoluteorin biosynthesis. (Top part) Schematic overview of the pyoluteorin biosynthetic gene
cluster. Genes are depicted as colored arrows (Biosynthetic genes, blue; Regulation, green; Efflux, orange;
PItM halogenase, yellow). The bottom part of the figure shows the proposed biosynthesis of pyoluteorin.
Asterisks denote predicted inactive domains in PItB and PItC from P. protegens Pf-5. The figure has been
adapted and modified from Gross and Loper (8).

Next, a molecule of malonyl-CoA is loaded onto the acyl-carrier protein (ACP), catalyzed by the
acyltransferase domain (AT). The dichloropyrrolyl residue located at the KS domain reacts with the
malonyl-group in a Claisen condensation reaction, resulting in an elongated polyketide chain. Then,
the elongated chain is moved to the next ketosynthase domain (KS) of module 2, where a similar
reaction occurs. Module 3, on the other hand, contains an active ketoreductase (KR) domain,
catalyzing the reduction of a keto group into a hydroxy group. Finally, the polyketide chain is released
and circularized to form a resorcinol ring by the thioesterase, PItG (8), yielding the final product,
pyoluteorin. However, as alluded to by Gross and Loper (8) and shown by an asterisk at the respective
domain in Figure 5, analysis of the gene sequences in P. protegens Pf-5 revealed that PItB contains an
inactive KR domain. Likewise, PItC has an inactive dehydratase (DH) domain — a domain, which is
capable of catalyzing the dehydration of a hydroxyl-group to form a double bond in the polyketide
chain (61). This could suggest that the polyketide originally had a different molecular structure, and
mutations occurring through evolution and adaptation have resulted in specific domain inactivation
yielding the resorcinol ring and in turn giving rise to the biosynthesis of pyoluteorin. Alternatively, the
proposed biosynthetic pathway is incorrect and the domains perceived as inactive are in fact active

and catalyzing yet uncharacterized reactions.
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Similar to the biosynthesis of DAPG, expression of the pyoluteorin BGC is tightly controlled by the two
transcriptional regulators, PItR and PItZ. PItR acts as a LysR family transcriptional activator by binding
to the PpltL promoter and recruiting the RNA polymerase (54). PItZ, on the other hand, is another
transcriptional repressor of the TetR family, which controls the transcription of both the biosynthetic
operon (pltLABCDEFG, (62)) and the efflux-associated operon (p/tl/KNOP, (57)). Similar to the DAPG
biosynthetic pathway, pyoluteorin acts as an auto-inducer of its own expression by binding to the PItZ
repressor (62). However, Yan et al. (54) identified a novel mechanism catalyzed by the halogenase,

PItM, mediating cross-talk between the DAPG and pyoluteorin biosynthetic pathways (Figure 6).

Figure 6 | Biosynthesis of DAPG and pyoluteorin is interlinked. PG from the DAPG pathway is converted to
PG-Cl and/or PG-Cl; by PItM, which in turn activates transcription of the pyoluteorin BGC. PG, DAPG,
pyoluteorin, PG-Cl and PG-Clz can be released and function in cell-cell communication. Thick black lines
from regulatory genes indicate their transcriptional control (arrow = activation, T-line = repression). The
figure has been adapted and modified from Yan et al. (54).

Initially, Kidarsa et al. observed that a Aph/D knockout mutant in P. protegens Pf-5 unable to produce
PG was incapable of producing DAPG and pyoluteorin (53). This suggested that PG could be involved
in the biosynthesis of both metabolites. To rule out the possibility of PG being a substrate in the

biosynthesis of pyoluteorin (as it resembles the polyketide group), Kidarsa et al. added purified
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resorcinol to cultures of a Aph/D knockout mutant. However, no pyoluteorin production was observed
(53). Subsequently, Yan et al. found that PG is converted by PItM to either PG-Cl and/or PG-Cl,, which
in turn binds to the PItR activator, presumably altering its confirmation and allowing for transcriptional

activation of the plt biosynthetic operon, as shown in Figure 6 (54).

As indicated in Figure 6, both DAPG and pyoluteorin in P. protegens Pf-5 function in intercellular
communication, acting as signaling molecules inducing their own biosynthesis (51, 63). Additionally,
through clever construction of knockout mutants and cocultivation experiments, it was shown that
PG, PG-Cl, and PG-Cl; function in cell-cell communication (54, 64), thus acting as intra- and intercellular
signaling molecules further governing the fine-tuned expression of DAPG and pyoluteorin. On the
other hand, Raaijmakers et al. reported that DAPG-production in the biocontrol agent, P. fluorescens
Q2-87 (member of the P. corrugata subgroup) depended on population-density in the rhizosphere of
wheat roots rather than intercellular induction (65). This could indicate an evolutionary distinction
between the P. protegens and P. corrugata subgroups in their ability to modulate SM-production.
Taken together, these findings suggest that certain SMs have multiple functions, and increased

knowledge of those functions may improve our understanding of their roles in natural environments.
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Orfamide A

Another class of SMs produced by many species of Pseudomonas and Bacillus, as well as other bacteria
are the cyclic lipopeptides (CLPs). This class of metabolites consists of a varied-length oligopeptide
chain (8-25 amino acids) and a fatty acid tail, thus representing amphiphilic molecules with a
hydrophobic and a hydrophilic moiety (3, 66). As opposed to conventional proteins and enzymes,
these metabolites are synthesized by non-ribosomal peptide synthases (NRPSs), which comprise a
group of megaenzymes with modular structures similar to the modular type | PKSs reminiscent of an

assembly line (67).

Each module normally consists of three domains: A peptide-carrier protein domain (PCP), which holds
the activated substrate to be elongated. An adenylation domain (A) responsible for selection of the
amino acid utilized for elongation. And lastly, a condensation domain (C), which catalyzes the
formation of the peptide bond between the substrate and the amino acid selected by the A domain
(67). The amino acid specificity of each adenylation domain is linked to a conserved stretch of residues
within the protein domain (68), which has enabled the bioinformatic deduction of CLP structure based
on DNA sequence with software such as antiSMASH (36). The lipid moiety of the CLP molecule is
believed to be introduced via N-acylation to the first amino acid comprising the oligopeptide chain
catalyzed by the first condensation domain (3, 66). As the elongated lipopeptide reaches the end of
the assembly line at the PCP domain of the final module, it is released and cyclized by one or in some
cases a tandem of thioesterase (TE) domains (66). The TE domain catalyzes the cyclization of the
oligopeptide chain resulting in the formation of a macrocyclic ring. Raaijmakers et al. ascribed the
diversity in peptide ring size associated with CLPs from various Pseudomonas spp. to the high degree
of specificity of the TE domain, as it selectively catalyzes cyclization between specific amino acid

residues (69).

In the case of P. protegens, a new class of Pseudomonas-produced CLPs, the orfamides, were isolated
and characterized by Gross et al. utilizing a genomisotopic approach with **N-labeled leucine (39),
following the identification of a BGC in P. protegens Pf-5 predicted to synthesize the novel lipopeptide
(37). The BGCis comprised of three genes, ofaABC, encoding an NRPS assembly line with ten modules,
each containing the classic C-A-PCP domain structure (Figure 7). In silico analysis of the adenylation

domains allowed for prediction of the amino acid sequence of orfamide A (37), which was
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subsequently confirmed by nuclear magnetic resonance (NMR) analysis of the isolated CLP (39). The
macrocyclic peptide ring of orfamide A was shown to form via an esterification between the hydroxyl-
group of threonine and the carboxylic group of the C-terminal valine (Figure 7). Additionally, the
biosynthetic genes involved in orfamide production are flanked by LuxR-type regulators, controlling
the expression of the BGC (70), as well as genes encoding efflux proteins (71). These features have

been omitted from the BGC displayed in Figure 7.

Figure 7 | Biosynthesis of orfamide A. (Top part) Schematic overview of the orfamide A biosynthetic gene
cluster. Biosynthetic genes are depicted as blue arrows. Each gene encodes an NRPS with several modules,
each containing the C-A-PCP architecture. /n silico analysis has allowed the prediction of selected amino
acids by the A domains. (Bottom part) The molecular structure of orfamide A along with the stereoisomeric
designation of each amino acid. The figure design was inspired by Gross and Loper (8) and Ma et al. (71).

The Pseudomonas-produced CLPs have been shown to be involved in several biological functions.
Most notably, CLPs reduce the surface tension of water, thus acting as biosurfactants (3, 33, 66). This,
in turn, plays an essential role in bacterial swarming motility, as the lipopeptides reduce the tension
between bacterial cells and the surface, which allows for the spread of Pseudomonas spp. when
combined with their flagella-based motility (3, 66). Moreover, the CLPs affect the formation of

microbial biofilms, which are dense aggregates of bacterial cells stabilized by secreted polymers and
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polysaccharides. However, depending on the type of CLP, the outcome of biofilm formation may differ
(3). The CLP, viscosin, was shown to be crucial in the ability of P. fluorescens SBW25 to form biofilm
on a polypropylene surface (72). On the other hand, Kruijt et al. demonstrated that wildtype P. putida
267 was unable to form biofilm, whereas a knockout mutant incapable of producing the CLP,
putisolvin, gained the ability to form a substantial biofilm (73). Interestingly, addition of purified
viscosin significantly reduced biofilm formation of the non-viscosin producer, P. aeruginosa PAQ1, in
the early stages of microcolony formation (3), suggesting that Pseudomonas-produced CLPs may

adversely affect biofilm formation in foreign species.

Lastly, the Pseudomonas-produced CLPs (including orfamide A) have antimicrobial properties towards
many Gram-positive bacteria and a few Gram-negative ones (33), as well as certain fungi and
oomycetes (33, 39). CLPs are thought to incorporate into the cellular plasma membrane, due to their
amphiphilic nature, causing perturbations that eventually lead to cell lysis (66). The Pseudomonas-
produced CLPs, including orfamide A, thus represent intriguing SMs with several biologically relevant

functions that could prove essential for the producing bacterium.

Detecting secondary metabolites and their producers

An essential aspect of investigating the ecological dynamics of SM-producers in natural environments
is the detection of the metabolite in question or the associated biosynthetic genes. This process can
occur either in the laboratory, while testing isolated species, or directly in situ. While phylogenetic
approaches, as described in Chapter 2, can aid in the prediction of SM-production, they are limited to
groupings of species and phenotypic traits based on known type strains and their well-characterized
secondary metabolome. Thus, in order to surpass this limitation, researchers have relied on PCR-based
or DNA-hybridization techniques for confirming the presence of biosynthetic genes and on analytical-
chemical methods for detection of the desired SM. Raaijmakers et al. employed a DNA-hybridization
method to enumerate DAPG-producing fluorescent Pseudomonas in different soils, showing a clear
correlation between the presence of DAPG producers and disease-suppressiveness (74). However, the
primers designed in this study did not discriminate between genotypes of Pseudomonas. To
circumvent that issue, Mavrodi et al. developed a quantitative, culture-independent PCR-based

identification technique using multiple genotype-specific primer pairs (75). This allowed for the
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detection of two genotypic populations of indigenous DAPG-producing Pseudomonas in the
rhizosphere of wheat grown in disease-suppressive soil (75). Nevertheless, DNA-based identification
techniques are biased towards a collection of known sequences to facilitate appropriate primer

design, which could in turn lead to false negative results.

As opposed to DNA-based methods described above, there are also methodologies involving direct
detection of a specific metabolite. Certain SMs have unique biochemical properties, such as the high
affinity for Fe® ions of siderophores or the presence of a reactive cyanide ion in hydrogen cyanide.
These properties have been exploited in the development of chemical detection assays, including the
Chrome Azurol S (CAS)-agar plate (76) and the Feigl-Anger paper (77) for detection of siderophore and
hydrogen cyanide production, respectively. The presence of the specific metabolite results in a
chemical reaction, leading to a visible color change, thus allowing for rapid, cost-efficient, and high-
throughput screening of bacterial isolates. However, such biochemical properties are usually rare.

Another approach for direct detection of specific SMs involves the exploitation of the regulatory
systems associated with transcriptional control of biosynthetic genes in a concept known as whole-
cell biosensors (78, 79). In general, the simplest biosensor consists of two elements heterologously
expressed in a suitable host (79, 80): a constitutively expressed regulatory gene cloned from the SM-
producing organism and a reporter gene (such as gfp or lacZ) cloned downstream of the respective

promoter (Pssc) controlled by the regulatory protein (Figure 8).

Figure 8 | The concept of whole-cell biosensors. Schematic design of a whole-cell biosensor. The biosensor
responds to the presence of an SM by relieving the regulator-mediated repression on Psec, which in turn
leads to reporter expression and a detectable output.

The regulatory protein is commonly a transcriptional repressor blocking expression of the reporter

gene in the absence of the specific SM. On the other hand, if the whole-cell biosensor experiences
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sufficient levels of the SM, the repression is relieved, leading to expression of the reporter gene and a
visible, quantifiable output (e.g. fluorescent or colorimetric). Lautenschlager et al. recently engineered
a Bacillus whole-cell biosensor for the detection of B-lactam antibiotics and successfully demonstrated
the production of B-lactams by a collection of Streptomyces soil isolates (81). Sun et al. proposed a
more general use of the biosensor concept combined with genome mining for detection of novel SMs
(82). Whole-cell biosensors thus represent a promising, genetically engineered, and highly adaptable
alternative to chemical assays that enable high-throughput screenings of large collections of species
isolates for producers of specific SMs. In the case of Pseudomonas-produced SMs, both DAPG (51) and
pyoluteorin (63) act as autoinducing metabolites as they interact with the PhIF (50) and PItZ (62)
repressor proteins, thus positively regulating the transcription of their respective BGCs. Currently, no
efficient screening methods exist for detection of either DAPG or pyoluteorin production. Thus, we
engineered a PhlF-based whole-cell biosensor for detection of DAPG to efficiently screen
Pseudomonas isolates and gain insight into the ecological dynamics of DAPG-producers in natural

environments (Chapter 7 | Paper 2).

The last set of methods for directly detecting SMs rely on analytical chemistry. These are powerful
techniques allowing for identification and quantification of metabolites. The most common method
for analysis of SMs is high-pressure liquid chromatography (HPLC). Metabolites are initially extracted
from a biological sample (e.g. bacterial culture or soil) and subsequently run through a column
containing an adsorbent. The metabolites interact differently with the adsorbent due to
physicochemical properties (e.g. size or polarity) and are thus separated as the extract is processed
through the column. This technique can further be combined with mass-spectrometry (MS) for

simultaneous separation and structural identification of metabolites.

HPLC-MS was utilized to detect production of DAPG by indigenous bacteria in situ in the rhizosphere
of wheat grown in a disease-suppressive soil and could further show a correlation between population
density and quantity of DAPG (65). Likewise, pyoluteorin production was observed in the rhizosphere
of wheat roots grown in gnotobiotic artificial soil inoculated with P. protegens CHAO (83).
Furthermore, by utilizing a combination of PCR-based and HPLC-MS detection, it was shown that
DAPG-producing Pseudomonas species accumulated to similar population levels in the rhizospheres
of different plant species, whereas the production of DAPG was significantly affected by plant species

(84). Combined, these studies provided evidence for in situ production of DAPG and pyoluteorin in the
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rhizosphere of different crops with concentrations ranging from 20-250 ng/g fresh root (65, 83, 84).
Detection and quantification of SMs in situ is a key feature for investigating the role of SMs in natural

environments.

While HPLC-MS indeed is a powerful technique, it has several drawbacks. It utilizes expensive and
extremely sensitive equipment, and thus also requires trained personnel to operate. Secondly, the
outcome of using HPLC-MS is restricted by a limit of detection controlled by technical advances within
the field. Bonsall et al. reported that DAPG was undetectable in non-rhizosphere environments (85),
therefore questioning if the metabolite is even produced under these scarce conditions. Thus, the
approach of using engineered whole-cell biosensors for the detection and quantification of SMs offers
an alternative solution to analytical chemistry. Since biosensors rely on genetic circuits, they are
readily optimized through genetic engineering via the introduction of additional modules to reduce
transcriptional leakiness, increase sensitivity, and amplify the output signal (79). This in turn has the

potential to surpass the existing detection limits of analytical chemistry.

Finally, development of the technique called matrix-assisted laser desorption/ionization-time-of-flight
(MALDI-TOF) MS imaging (referred to as MSI) has allowed the analysis of spatial distribution of SMs
(86, 87). Initially, a sample (e.g. bacterial colony or tissue section) is covered by a crystalline matrix,
which allows for molecular ionization and desorption (87). Subsequently, a laser operating within a
predefined 2D-grid irradiates the matrix-covered sample. For each spot hit by the laser, a mass-
spectrum is recorded along with its respective x and y coordinates. This provides a 2D image of a given
sample with recordings of each detected molecule, including SMs (87). Thus, MSI represents an
exciting technique for addressing fundamental questions regarding metabolite production, spatial
distribution, and importantly, chemical communication and interaction between organisms. Geier et
al. recently demonstrated a culture-independent combination of MSI with fluorescence in situ
hybridization to visualize spatial bacterial and metabolite distribution (88). As will be described below,
bacteria live surrounded by a multitude of other organisms in natural environments with whom they
continuously interact. Therefore, another significant advantage of MSl is the ability to chemically and

visually analyze microbial interactions mediated by SMs (89).
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Chapter 4

Microbial interactions and the role of Pseudomonas-
produced secondary metabolites

etecting the production of SMs, as well as unraveling the bacterial diversity and community
Dcomposition in natural environments, is only part of understanding the microbial ecology.
Bacteria are not solitary organisms, in fact, they exist in complex and diverse microbial communities,
where soil and rhizosphere environments have been shown to exhibit the largest bacterial diversity
(6). This gives rise to a myriad of interspecies interactions affecting microbial composition and
behavior. As microbes exist in these complex and diverse, yet stable and functional communities, two

ecological questions have been and still are the subject of immense research:

i) What types of interactions occur between microbes?

ii) What are the effects of such microbial interactions?

It was previously shown that competition between culturable bacteria was more commonly observed
than cooperation, measured as the ratio of bacterial productivity (CO, emission) between
monocultures and bacterial mixtures (90). Contrarily, by utilizing a novel high-throughput kChip
approach (91), it was recently demonstrated that positive interactions occurred frequently among
distantly related, culturable soil bacteria grown on 40 different carbon sources across 180,408
pairwise interactions (92). These contradicting findings thus indicate that we still lack knowledge of
the types of interactions occurring between microbes, and hence also of the mediators of microbial

interactions.

Bioactive SMs are thought to play an essential role in microbial interactions, as they have historically
been viewed as weapons employed by microbes to combat competitors and proliferate in complex

microbial habitats, such as the soil and rhizosphere (93). However, the actual concentration of SMs in
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the nutrient-limited, natural environments is thought to rarely exceed the levels required for their
antimicrobial functions demonstrated in vitro. It has been shown that subinhibitory concentrations of
antibiotics stimulate alterations to the transcriptome of the target organism (94). Thus, it was
postulated that the concept of hormesis applies to these bioactive SMs — that is, at subinhibitory
concentrations they stimulate a stress response in the target organism, whereas at elevated, inhibitory
concentrations they function antagonistically (95). This has in turn spurred the conceptualization of
bacterial competition sensing, in which bacteria are hypothesized to have evolved mechanisms of

sensing and responding to the presence of toxic SMs (1, 96, 97).

Thus, microbial interactions may be mediated by antimicrobial SMs, but more importantly, the
interactions may also affect the production of SMs (89, 98-101). Lozano et al. identified a two-
component antibiotic-induced response (Air) system in Chromobacterium violaceum capable of
detecting hygromycin A produced by Streptomyces spp. and antibiotics with similar function, resulting
in increased biosynthesis of violacein (102). A recent study by Bujis et al. similarly indicated a
stimulatory function of the SMs andrimid and holomycin produced by Vibrio coralliilyticus and
Photobacterium galathea, respectively (103). Cocultivation of the two marine bacteria resulted in a
significantly induced production of both metabolites, suggesting a potential arms-race induced by
ecological competition mediated by SM-secretion (103). Pairwise cocultures are thus an excellent
approach to investigate the effects of microbial interactions. Along those lines, Tyc et al. investigated
the effects of pairwise cocultures of 146 soil bacteria on the antimicrobial activity, which is correlated
with SM-production (104). Approximately 28% of the pairwise interactions led to an altered
antibacterial activity compared to monocultures. Interestingly, in almost half of the interactions, the
coculture exhibited antimicrobial activity against at least one target pathogen, while the monocultures
did not (104). This suggests that investigations of microbial interactions are key to unraveling their
effects and thereby elucidating the potential roles of SMs in natural microbial habitats, whether that

be as signals acting in a complex microbial language or as antibiotics representing microbial weapons.
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Microbial interactions and their ecological effects

One of the most well-studied examples of naturally occurring biocontrol is the phenomenon of
disease-suppressive soils. Disease-suppression has been identified in multiple soils across the world
(105-107). An important characteristic of suppressive soils is the fact that pasteurization leads to loss
of disease-suppressiveness (14), indicating that the suppressiveness is of microbial origin. Thus, to
identify key microorganisms associated with disease-suppression, Mendes et al. compared the
diversity and bacterial composition between suppressive and conducive soils (7). No significant
differences in the taxonomic diversity were observed, but a clear distinction in abundance of the
different bacterial taxa was found (7), which is in agreement with a previous study analyzing the
microbial composition of rhizosphere soil suppressive to black-root rot (108). This suggests that
disease-suppressiveness is correlated to population-density of specific bacteria, such as Pseudomonas

spp. (44, 74, 109).

Accordingly, Mendes et al. found that Pseudomonas spp. isolated from disease-suppressive soil were
predominantly antagonistic towards the fungal pathogen Rhizoctonia solani (7). These isolates
represented 10 phylogenetically distinct haplotypes (7), which aligns with previous findings showing
the presence of several Pseudomonas genotypes in disease-suppressive soil, suggesting a potential
link between increased species richness and ecosystem functioning with respect to disease
suppression (110, 111). While the species richness of the disease-suppressive soil analyzed by Mendes
et al. displayed exclusively haplotypes of Pseudomonas spp. related to DAPG-producers of the P.
corrugata subgroup, examining the species abundance revealed a dominating presence of only three
haplotypes (7). Closer investigation of representatives from each of these three haplotypes led to the
identification of Pseudomonas sp. SH-C52 — a non-DAPG-producing species, capable of producing six
non-ribosomal peptides, one of which, Thanamycin, was shown to attribute the antifungal activity (7,
112, 113). This suggests that DAPG produced by some of the dominating haplotypes might play an
essential role in the rhizosphere of plants growing in disease-suppressive soil, but it is not necessarily

the sole contributor to pathogen-antagonism.

It has previously been shown that high species richness positively affects the community productivity
measured as bacterial respiration (114). More recent studies have examined whether increasing

Pseudomonas biodiversity affects functionality in terms of SM-production and antimicrobial activity
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(115-118). One research group investigated the effect of genotypic richness on functionality by
establishing communities with up to 8 genotypes of DAPG-producing Pseudomonas spp. (115-117).
Utilizing in vitro agar-based experiments, a positive correlation between increasing genotypic richness
and DAPG-production was observed (115). Secondly, as shown in Figure 9, Hu et al. demonstrated that
an increasing biodiversity of DAPG-producing Pseudomonas significantly reduced the disease
incidence in tomato plants, likely due to the antagonistic effects on the fungal pathogen, Ralstonia
solanacearum (117). Additionally, the increased genotypic richness led to an elevated presence of the
DAPG-producing Pseudomonas species (117), which correlates with increased DAPG-production, since

DAPG the biosynthesis is population-dependent (65).

Figure 9 | Pseudomonas spp. richness stimulates antifungal response /in vivo. Increasing the Pseudomonas
genotypic richness reduced the incidence of tomato wilt disease caused by the phytopathogenic
bacterium, Ralstonia solanacearum, and lead to a greater growth inhibition of the pathogen 35 days post
inoculation. Simultaneously, genotypic richness positively affected the Pseudomonas population density.
Adapted and modified from Hu et al. (117).

However, the opposite effect was observed in the rhizosphere of Alfalfa roots when testing the same
set of 8 DAPG-producing Pseudomonas, resulting in antagonistic interspecies interactions and reduced
plant protection against phytopathogenic invasion (116). This could suggest that plant species have a
major impact on the functionality of their respective root microbiomes, which is in accordance with
the results obtained previously, demonstrating that certain plants (wheat, sugar beet, and potato)
accumulated significantly higher densities of DAPG-producing Pseudomonas (84). Another research
group investigated the effects of species richness in communities with up to 8 phylogenetically distant
species, where only a single species exhibited antifungal activity in vitro due to production of DAPG
(118). It was demonstrated that increased Pseudomonas spp. richness reduced the suppression of
take-all disease of wheat, because of bacterial antagonism among the different Pseudomonas species

(118). While Kehe et al. reported a high frequency of positive interactions among culturable soil
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bacteria, they also identified predominantly negative interactions (competition or amensalism)
occurring among closely related species, such as Pseudomonas-Pseudomonas interactions (92). Thus,
there is a confounding discrepancy in the types of interspecies interactions occurring between
Pseudomonas spp. affecting their functionality in terms of SM-production and plant protection.
However, only limited efforts have been devoted to address the underlying molecular mechanisms.
We investigated the interspecies interactions between two distantly related soil Pseudomonas
(species from the P. putida group and the P. protegens subgroup) and discovered a remarkable
sequential interaction involving bacterial competition sensing, antagonistic interactions, and modified

SM-production (Chapter 7 | Paper 3).
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Biotransformation of secondary metabolites

Extending beyond Pseudomonas-specific interactions, a high-throughput analysis of microbial
interactions showed that 22% of pairwise interactions among soil bacteria suppressed antimicrobial
activity, despite isolates displaying such activity in monoculture (104). As mentioned above, one type
of microbial interaction involves the alteration of SM-production. However, bacteria have evolved
intricate resistance mechanisms to circumvent the toxic properties of certain SMs — one of which
includes enzymatic inactivation, thereby changing the molecular structure and thus the fate of the
metabolite (119, 120). Notably, it was reported that the CLP, daptomycin, was exceptionally
susceptible to inactivation by several soil isolates of Actinobacteria (119), and the most common
inactivation mechanism was hydrolysis of the thermodynamically sensitive ester bond connecting the
macrocyclic peptide ring (120). The suppression of antibiotic production and degradation is thought
to be a crucial aspect of microbial community stability, as the suppressors/degraders protect not only
themselves, but also neighboring species (121). For example, Hermenau et al. identified that the
presence of the Actinobacteria, Mycetocola spp., protected the mushroom, Agaricus bisporus, from
infection by Pseudomonas tolaasii (Figure 10) (122). Specifically, it was shown that Mycetocola spp.
secreted esterases capable of cleaving the ester bond of two CLPs (pseudodesmin A and tolaasin 1)
produced by P. tolaasii, rendering them inactive and unable to carry out their function as swarming

agent and toxin, respectively (122).

Figure 10 | The helper bacteria, Mycetocola spp., halt and disarm mushroom pathogen by enzymatic
inactivation of cyclic lipopeptides. The mushroom pathogen, P. tolaasii, produces the CLPs pseudodesmin
A as swarming agent and tolaasin | as toxins against the mushroom, A. bisporus. The presence of
Mpycetocola spp. leads to enzymatic inactivation of both CLPs via hydrolysis of the ester bond connecting
the macrocyclic peptide ring (displayed as red nodes). Amino acid sequence of the CLPs is depicted in one-
letter code. Adapted from Hermenau et al. (122).
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Contrarily, Zhang et al. identified a cooperative defensive interaction between two soil bacteria
(Pseudomonas and Paenibacillus) involving the Pseudomonas-produced CLP, syringafactin (123).
Syringafactin induced the expression of peptidases in Paenibacillus, resulting in enzyme-release and
subsequent enzymatic alteration of the syringafactin structure (123). This in turn yielded an
amoebicidal byproduct, thus representing a cooperative defensive strategy to avoid protozoan
predation resulting from a bacterial interaction (123). Taken together, these studies demonstrate the
vast diversity of microbial interactions and their effects, thus clearly underlining the importance of

studying the underlying molecular mechanisms.

The SynCom approach

Studies of multispecies ecosystems are inherently challenging due to the increasing complexity
resulting from microbial interactions. Thus, the majority of research within the field of microbial
ecology has focused on one of two contrasting approaches. The reductionists sacrifice ecological
context by designing simple and predictable ecosystems of one or few species to allow for detailed
investigations of biotic interactions (92, 104, 124, 125). The holistic approach, on the other hand,
attempts to preserve the ecological complexity of natural environments using technologies for direct
in situ detection and characterization (7, 126, 127). Over the past decade, significant effort has been
devoted to bridge the gap between these two approaches. Microbial synthetic communities
(SynComs) represent a promising intermediate to investigate the effects of multispecies interactions
and improve our understanding of community-level properties emerging as a consequence of
microbial interactions (124, 125, 128, 129). The rational engineering principle behind construction of

SynComs can be described as either a bottom-up or a top-down approach (129).

The bottom-up approach resembles the concept of synthetic biology, as it relies solely on
predetermined properties of individual species to achieve a microbial assembly with a desired
functionality, similar to the construction of genetic circuits based on individual and well-characterized
genetic parts (129, 130). As mentioned above, Jousset and co-workers employed a bottom-up
approach to define SynComs of DAPG-producing Pseudomonas spp. in order to explore the ecological

effects (e.g. antimicrobial activity and plant protection) of increasing genotypic richness (115-117).

Page | 29



Contrarily, the engineering of SynComs based on the top-down approach relies on ecological context,
as members are selected from a defined set of microbes present in a given environment (e.g.
rhizosphere), in order to achieve a synthetic microbial assembly representative of the ecological
diversity (90, 114, 129, 131, 132). The top-down approach has been a common choice for designing
simplified, yet representative communities of environmentally associated bacteria in order to
investigate community-level properties (131-134). Construction and analysis of a seven-membered
SynCom with representative, culturable bacteria from the maize rhizosphere revealed a keystone
species responsible for maintaining microbial community composition (131). Lozano et al. similarly
used a top-down approach to demonstrate bacterial co-dependence in a simple, three-membered
SynCom, as Bacillus cereus inhibited the production of a toxic Pseudomonas-produced SM, allowing
the co-existence of Flavobacterium johnsoniae (81). While these studies utilized SynComs to
investigate microbial interactions among its members, SynComs can be further employed to examine
compositional perturbations caused by introduced external factors (e.g. plants or SM-producing
bacterial invaders). It was shown that plant genotype and exudation of plant-derived SMs significantly
affect the root-associated microbiota of Arabidopsis thaliana (132, 133). Collectively, this indicates
that SynComs, despite their genotypic simplicity compared to natural environments (6), are a useful
tool for investigating complex multispecies assemblages and achieving a deeper understanding of
community-level interactions. Similar to Voges et al. (132) and Bodenhausen et al. (133), we utilized a
SynCom consisting of naturally co-occurring and morphologically distinguishable soil bacteria (135) as
a reproducible microcosm to investigate the impact of Pseudomonas-SMs on microbial community
composition. This led to the discovery of a community-level inactivation and subsequent degradation

of the Pseudomonas-produced CLP, orfamide A (Chapter 7 | Paper 4).

In addition to the vast microbial diversity of rhizosphere and soil environments and the plethora of
interactions occurring between microbes, an obvious factor affecting the majority of these microbes
is spatial organization. While traditional liquid culture experiments provide a good basis for classical
microbiology, they neglect the possibility of spatial distribution. As demonstrated empirically by Kerr
et al., local dispersal promoted biodiversity in a non-transitive system of three competing species,
whereas continuous mixing destabilized the community composition (136). Technological advances
have led to the development of artificial soils, such as the hydrogel-based system (137), providing a

laboratory-scale approach to establish microbial communities, while allowing for spatial distribution.
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The hydrogel-based system was recently utilized to introduce spatial structure for the validation of
observed microbial interactions in an artificial soil environment (123). Considering the diffusional
gradient of antimicrobial SMs (1, 96, 97) and their hypothesized hormetic properties (e.g. stimulatory
or inhibitory, (95)), the combined use of an artificial soil system and a defined microbial SynCom could
represent a suitable approach to investigate the role of SMs in microbial interactions, while permitting

ecologically relevant spatial organization.
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Chapter 5

Present investigations — results and discussion

The research presented in this PhD thesis addresses the two overall aims presented in Chapter 1
as an investigation of the ecological dynamics of soil Pseudomonas and their SM-production,
followed by studying the role of Pseudomonas-produced SMs in specific microbial interactions. The
present investigations follow the chronological order of the PhD project, as the initial endeavor into
the vast diversity of soil Pseudomonas naturally revealed the necessity for developing methods to
differentiate the closely related species more accurately (Paper 1) and detect producers of specific
metabolites in a cost-efficient and high-throughput fashion (Paper 2). As described in Chapter 4,
previous research has clearly demonstrated the ecological effects of microbial interactions. The
second part of the thesis encompassed a more focused approach to unravel the underlying molecular
mechanisms of such microbial interactions involving and affecting Pseudomonas-produced SMs — both
Pseudomonas-specific (Paper 3) and across higher taxonomic levels (Paper 4). Thus, the outcome of
the present investigations provides novel insight into the potential roles of specific Pseudomonas-

produced SMs.
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Paper 1 | Identification and Differentiation of Pseudomonas Species in Field
Samples Using an rpoD Amplicon Sequencing Methodology

Amplicon sequencing is a powerful, culture-independent approach to characterize the diversity and
relative microbial abundance in natural environments. While the standard 16S rRNA approach has
yielded invaluable insight into the relative abundance of bacteria in situ (17), it has proven insufficient
for accurate taxonomic characterization at the species level of Pseudomonas. There is a clear
advantage of enabling accurate differentiation of Pseudomonas spp., due to the appreciation for
group-, subgroup-, and even species-specific traits associated with the various species (9, 22). The
single housekeeping gene, rpoD, is an excellent phylogenetic marker for the differentiation of
Pseudomonas species (31) and thus represents a prime candidate as target gene for a Pseudomonas-

specific amplicon sequencing approach.

Aim | Develop an rpoD-based amplicon sequencing approach to accurately differentiate
Pseudomonas spp. in environmental samples

In this study we developed an rpoD-based amplicon sequencing approach for the Illumina MiSeq
300PE platform using the Pseudomonas-specific primers described previously (31). The primers target
a 760-nucleotide region of the rpoD gene, thus leaving a 160-nucleotide gap using the 300PE platform.
This issue was circumvented by incorporating a new bioinformatic pipeline involving bowtie2 inspired
from annotation of transcriptome sequencing data. We tested the ability of our novel approach to
distinguish between genomic DNA from 16 different Pseudomonas species by comparing the
performance to that of the standard amplicon sequencing targeting the V3-V4 of the 16S rRNA gene
(Figure 11). The rpoD-based approach enabled the identification of all 16 strains, albeit with relative
abundances differing slightly from theoretical values. However, our approach clearly outperformed
the standard 16S rRNA sequencing method, as the sample composition was classified incorrectly

throughout the five replicates.
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Figure 11 | Comparing the rpoD-based and the standard 16S rRNA amplicon sequencing approach. A
predefined mixture of DNA from 16 Pseudomonas spp. was analyzed with the standard 16S rRNA and the
novel rooD-based amplicon sequencing approach. The left column indicates theoretical abundance of DNA
from each species. The rpoD-based approach clearly distinguishes between both closely and distantly
related species.

We demonstrated the applicability of our method by classifying the Pseudomonas diversity in 13
different environmental soil samples. Firstly, we determined the total bacterial diversity in each
sample by 16S rRNA amplicon sequencing, revealing a low abundance of Pseudomonas (0.008% to
0.73%). Regardless of the low relative abundance, the rpoD-based method enabled taxonomic
differentiation of Pseudomonas at the species level. However, the number of reads mapping to rpoD
varied from 133.4 to 4,022.2 per sample, despite starting with a total of 10,446,888 reads before
filtration. This indicates a large number of false positive reads, potentially arising as a result of using a
Pseudomonas-specific amplification method on a large pool of DNA, where Pseudomonas only
constitutes a minor fraction. Rarefaction curves additionally confirmed an uneven saturation in
samples with fewer reads. Further optimization of primers against a larger set of negative controls
could potentially decrease the amount of randomly amplified DNA, while increasing the

Pseudomonas-specificity.

Lastly, we compared the use of our culture-independent rpoD-based method to a cultivation-based
characterization of the 13 environmental samples. We isolated colonies from Pseudomonas-selective
% King’s B agar plates supplemented with ampicillin, chloramphenicol and cycloheximide (138).
Cultivation-based methods are commonly used to describe the diversity and abundance of

Pseudomonas spp. in environmental samples (7, 108). Additionally, Mehrabi et al. utilized a
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Pseudomonas-selective isolation to rationally design mixed species communities covering the diversity
of the most abundant species in the endo- and rhizosphere of wheat roots (118). While Pseudomonas
spp. are readily cultured in vitro, the choice of isolation media has been shown to affect the observed
diversity (139). The rpoD-based approach developed in this study allowed for the identification of
several species not observed from cultivation, including members of the P. lutea group, as well as
species of the P. mandelii and P. gessardii subgroups of P. fluorescens. This indicates that our method
increases the chances of capturing “rare” or uncultivable species and may thus represent a valuable

tool for more accurate determination of Pseudomonas-specific ecology.

As mentioned in Chapter 4, there is conflicting evidence for the ecological effects of increased
Pseudomonas diversity (117, 118). However, neither of these studies address the community
composition. As shown by Niu et al., community surveillance is a powerful tool to monitor population
dynamics and enable the identification of potential species responsible for maintaining or destabilizing
community structure (131), thus affecting the ecosystem functionality. Aside from improved in situ
differentiation of Pseudomonas spp., the rpoD-based method could provide significant impact to

SynCom-studies by enabling accurate community surveillance of closely related Pseudomonas.
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Paper 2 | A Whole-Cell Biosensor for Detection of 2,4-Diacetylphloroglucinol
(DAPG)-Producing Bacteria from Grassland Soil

DAPG is a metabolite of particular interest, known for its antifungal and antibacterial properties (42,
43), and recognized as a key determinant of natural biocontrol associated with disease-suppressive
soils (34, 44). However, detection of DAPG and its producers relies on either laborious, potentially
error-prone DNA-based techniques or expensive, low-throughput analytical chemical methods.
Whole-cell biosensors are genetically engineered alternatives relying on natural regulatory systems

that enable cost-efficient, high-throughput screenings for specific SMs.

Aim | Engineer and demonstrate the use of a whole-cell biosensor for detection of DAPG and

its producers

In this paper, we engineered a whole-cell biosensor for detection of DAPG and DAPG-producing
microorganisms. The design utilized genetic parts characterized previously (140, 141) assembled in
two modules; a response module and an output module, separated by a strong transcriptional
terminator (Figure 12A). In the presence of DAPG, PhIF-mediated repression of the respective Ppnia
promoter is relieved, leading to expression of lacZ, which encodes a B-galactosidase capable of
producing a colorimetric output on plates supplemented with X-gal. The sensitivity of the biosensor
was assayed with purified DAPG, yielding a measurable response at nanomolar concentrations, which

correlate with the observed levels of DAPG in the rhizosphere of wheat roots (65, 85).

We sampled 30 Pseudomonas spp. from a grassland soil site annually for two consecutive years and
utilized the biosensor to screening for DAPG-producing species (Figure 12B). The biosensor accurately
identified three DAPG-producing isolates observed as Pseudomonas colonies surrounded by a blue

halo, which was confirmed by LC-MS.
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Figure 12 | Utilizing an engineered whole-cell DAPG biosensor for detection of DAPG-producing bacteria. A)
The biosensor consisting of two modules responds to the presence of DAPG by relieving the PhlF-mediated
repression on the Ppna promoter controlling lacZ expression. B) The whole-cell biosensor was employed to
identify DAPG-producing Pseudomonas spp. in grassland soil samples.

In the final part of the study, we demonstrated the applicability of the whole-cell biosensor for high-
throughput screening of environmental samples to explore the ecological dynamics of DAPG-
producing Pseudomonas spp. in bulk soil. We observed frequencies of DAPG-producers ranging from
0.35% - 17% of the isolated Pseudomonas (equivalent of 10'-10% CFU/g soil), which is consistent with
previously estimated values for non-rhizosphere soil (85). However, as the production of DAPG is
population-dependent (65), it raises the question if the metabolite is even produced in non-
rhizosphere environments. Whole-cell biosensors are highly tunable genetic devices. The addition of
extra modules for signal amplification (142) or noise propagation (143) can increase sensitivity and
output dynamics, thus lowering the limit of detection. Even simple nucleotide substitutions, such as
tuning the translational efficiency of the PhIF repressor by changing ribosome binding site (141), have
been shown to improve the signal-to-noise ratio without compromising output levels (144). Thus,
further genetic optimization of biosensors could have the potential to surpass the detection limit of
analytical chemistry and potentially even allow for in situ detection in areas of low population

densities of DAPG-producers.

In our study we opted for a coculture-based approach to facilitate biosensor-guided detection of
DAPG-producers. However, whole-cell biosensors are biological devices and are thus prone to
microbial interactions, which could affect either the viability of the biosensor or the SM-production
by the target species. Though, potential interactions between the Pseudomonas-isolates and the E.

coli biosensor did not appear to affect the detection of DAPG-producers. In future assays, this concern
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could be circumvented entirely by incorporating an overlay technique, in which the cultivation of SM-
producing Pseudomonas spp. and the biosensor is separated (81, 104). A second caveat to whole-cell
biosensors and genetic circuits in general is the specificity towards the input molecule (i.e. the
specificity of the repressor protein controlling output expression). Here, we demonstrated the
specificity towards DAPG by comparing the dose-response relationship to the structurally similar
precursors of DAPG (PG and MAPG). The biosensor exhibited excellent specificity towards DAPG with
only a minor response at high concentrations of MAPG. Although in hindsight, we could have tested
additional natural products of diverse origin related to DAPG, similar to Yan et al. (52). Thus, we
successfully engineered a whole-cell biosensor for detection of DAPG-producing microorganisms,

providing a cost-efficient, high-throughput approach for screening of environmental samples.

Finally, high-throughput screening of the three soil environments revealed nine Pseudomonas isolates
unable to produce DAPG, yet able to elicit a biosensor response. As the PhIF repressor, incorporated
in our biosensor, naturally controls expression of the DAPG biosynthetic genes, we hypothesized that
these nine isolates could modulate DAPG production in Pseudomonas species known to produce
DAPG (such as P. protegens) through microbial interactions. This hypothesis was further investigated

in Paper 3.
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Paper 3 | Communication is key: Sequential interspecies interactions affect
production of antimicrobial secondary metabolites in Pseudomonas protegens
DTUS.1

Previous studies have shown contradicting results related to correlations between Pseudomonas
species richness and antagonistic activity towards plant pathogens (7, 115-118). Improving our
knowledge of the processes that affect this antagonism is crucial for understanding microbe-based
disease-suppressiveness and potentially designing functional biocontrol consortia. Due to the
confounding discrepancy in the types of interspecies interactions occurring between Pseudomonas
spp. and their effects on SM-production and plant protection, there is a need to investigate the

underlying molecular mechanisms.

Aim | Investigate the effect(s) of genus-specific interactions between two distantly related
Pseudomonas spp. on SM-production in P. protegens DTU9.1

In this study, we describe a sequential interspecies interaction affecting the SM-production in P.
protegens DTU9.1 (referred to as DTU9.1). We pursued the hypothesis arising from Paper 2, stating
that the nine isolates capable of eliciting a response in our DAPG-responsive biosensor, yet unable to
produce DAPG themselves, could affect the production of DAPG in DTU9.1 and potentially other
DAPG-producers via unknown cell-cell interactions. We narrowed down the number of isolates to one,
P. capeferrum F8 (referred to as F8), as cocultures between F8 and DTU9.1 resulted in inhibited DAPG-

production and induced pyoluteorin biosynthesis.

We demonstrated that those opposing effects on SM-production in DTU9.1 were caused by separate
mechanisms. A distance assay revealed that pyoluteorin biosynthesis was increased in a distance-
dependent manner, whereas DAPG production was unaffected. Antibiotic production is costly (145),
thus bacteria have evolved mechanisms of strictly regulating the expression of BGCs and often require
elicitors to induce their expression, such as toxic SMs or other cues from competing strains. This
suggests that induced production of pyoluteorin could be a response in DTU9.1 to bacterial
competition sensing (1, 96, 146). We further demonstrate that distance-dependent induction of
pyoluteorin biosynthesis is a commonly observed response in DTU9.1 to distantly related species of
Pseudomonas. Secondly, we found that DAPG production was inhibited by the release of an

intracellular molecule upon lysis of F8. Intracellular molecules released upon lysis have previously

Page | 39



been shown to affect SM-production in another species of Pseudomonas (146). In our study we
discovered that lysis of F8 occurred as a result of induced pyoluteorin in DTU9.1, which in turn led to
the release of an intracellular molecule from F8 capable of inhibiting DAPG production in DTU9.1
(Figure 13). Lastly, we showed that cocultivation of F8 and DTU9.1 resulted in a greatly increased
antibacterial activity towards the phytopathogenic bacteria, Pectobacterium carotovorum and
Dickeya solani, resulting from induced pyoluteorin production. A similar phenomenon was observed
previously, resulting from interspecies interactions between P. protegens CHAO and three
environmental isolates of Pseudomonas spp., increasing the antibacterial activity towards B. subtilis

(147).

Figure 13 | Sequential interspecies interaction affect SM-production in A. protegens DTU9.1. P. protegens
DTU9.1 responds to a secreted cue (grey pentagons) from P. capeferrum F8 by inducing biosynthesis of
pyoluteorin. The increased concentration of pyoluteorin exceeds tolerable levels for F8, leading to cell lysis
and release of an intracellular metabolite (cyan diamonds), which in turn inhibits production of DAPG in
DTU9.1.

While the research presented in this study supports the model proposed in Figure 13, we did,
however, not manage to identify the secreted molecules from F8 either inducing pyoluteorin
biosynthesis or inhibiting DAPG production, despite extensive hypothesis-testing (not mentioned in
the paper). To identify the molecule inducing biosynthesis of pyoluteorin we constructed knockout
mutants in F8 of the most prominent BGCs responsible for producing SMs that could act as danger
signals due to their inherent antimicrobial nature. These included the CLP, putisolvin, and an unknown
polyketide. Additionally, we knocked out the ppul-rsal-ppuR quorum-sensing system, as quorum-
sensing has been shown to potentially mediate cross-talk between different bacterial species (148).
We also surveyed the acidity surrounding the F8 colony using two-dimensional pH microsensor

measurements (149), as certain species of Pseudomonas have been shown to acidify their
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surroundings by secretion of gluconic acid, thus affecting the SM-production in neighboring bacteria
(150). However, neither of these attempts affected the distance-dependent induction of pyoluteorin

biosynthesis in DTU9.1.

Thus, future experiments could involve transposon mutagenesis in F8, followed by high-throughput
screenings for potential candidates incapable of inducing transcription of the pyoluteorin BGC.
Furthermore, we limited our scope to the investigation of DAPG and pyoluteorin, as their biosynthesis
is interlinked (54). Though, as shown by Dubuis et al., interspecies interactions among distantly related
Pseudomonas spp. may affect the Gac/Rsm global regulatory pathway (147, 151), which is known to
control the expression of other BGCs, including orfamide A (70). Thus, construction of either a gacA
mutant or Pysmy/Prsmz reporter fusions could provide valuable information to whether the distance-
dependent induction of pyoluteorin biosynthesis is related to the Gac/Rsm regulatory pathway. Lastly,
future efforts could include analytical chemistry for fractionation and bioassay-guided detection of
the molecules from F8 capable of either inhibiting DAPG production or inducing pyoluteorin

biosynthesis.

In conclusion, this paper has provided further insight into the molecular mechanisms underlying
Pseudomonas-specific interactions. Knowledge of the mechanisms underlying microbial interactions
can prove valuable in understanding the ecology associated with disease-suppressive and conducive

soils, as well as aiding in designing optimized consortia for improved biocontrol.
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Paper 4 | Counter-acting Pseudomonas invasion: Community-level resistance
towards Pseudomonas-produced secondary metabolites

Antagonistic SMs are well-described for their influence on suppression of soil-borne phytopathogens.
However, limited research has been devoted to investigate their impact on indigenous soil bacteria
and the contribution of these SMs to the ability of biocontrol agents to invade natural soil and
rhizosphere microbiomes. Here, we use a SynCom approach, as demonstrated previously (132, 133),
cultivated in an artificial soil to determine the role and effects of SM-production in P. protegens

DTU9.1 in relation to community invasion in an environment allowing for spatial distribution.

Aim | Investigate the contribution of Pseudomonas-produced SMs to the ability of ~.
protegens DTU9.1 to invade a microbial community

In this paper, we employed a recently developed, four-species SynCom consisting of naturally co-
occurring soil bacteria (135) for investigating microbial interactions mediated by and affecting
Pseudomonas-produced SMs in a multispecies community. We initially constructed knockout mutants
in DTU9.1 incapable of producing DAPG (AphlACB), pyoluteorin (ApltA), or orfamide A (AofaA) to
investigate the contribution of these SMs on the ability of DTU9.1 to invade the microbial community.
We observed that each variant of DTU9.1 (WT or mutants) caused similar perturbations to the
microbial composition and that the sampling time was the main driver of community composition,
suggesting that bacterial growth rates could be a key predictor of population dynamics in our system.
However, pyoluteorin and orfamide A affected the bacterial composition to a lesser, but significant
degree during the early stages of community assembly (Day 1 and Day 4), as evidenced by a

PERMANOVA.

This finding prompted us to investigate the tolerance of the SynCom members towards these two
SMs. This revealed a minimal inhibitory concentration (MIC) of pyoluteorin at 8 ug/ml of three SynCom
members, which was lower than the mean concentration of pyoluteorin in the artificial soil system
quantified by High-resolution liquid chromatography-mass spectrometry (HR-LCMS) after 7 days of
cultivation. This could suggest that the naturally co-occurring SynCom members have evolved
mechanisms of cooperative defense, e.g. multispecies biofilm formation, which has been shown to
decrease antibiotic susceptibility (152, 153). Alternatively, it could indicate that prolonged incubation

(> 7 days) would allow for increased pyoluteorin production and reveal a more pronounced

Page | 42



antagonistic effect. Additionally, we observed an increased production of pyoluteorin when DTU9.1
was cultivated with the SynCom compared to axenic cultivation. This could suggest that the danger
response leading to induced pyoluteorin biosynthesis (Paper 3) extends beyond a genus-specific

interaction, thus representing a more general response in P. protegens to bacterial competition.

Secondly, we found that the Actinobacterium, Rhodococcus globerulus D757 (referred to as D757),
exhibited susceptibility towards orfamide A with an MIC of 8 pg/ml. During axenic cultivation of
DTU9.1 in the artificial soil, orfamide A reached a mean concentration of 25.58 ug/ml. However,
metabolite-quantification by HR-LCMS showed a mean concentration of 3.87 pg/ml after 7 days of
cocultivation with the SynCom. Subsequent chemical analysis, including molecular network analysis
(154), tandem MS, and MSI (Figure 14), revealed a dire fate of orfamide A resulting from multiple
microbial interactions. In this paper, we found that D757 was able to inactivate orfamide A by
hydrolyzing the ester bond connecting the macrocyclic ring (Figure 14). This phenomenon has been
commonly observed among Actinobacteria as a resistance mechanism against toxic Pseudomonas-

CLPs (120, 122).

Figure 14 | Microbial interaction between R. globerulus and P. protegens resulting in enzymatic inactivation
of orfamide A. MS imaging of colonies of DTU9.1 (left) and D757 (right) revealed the effect of a microbial
interaction. D757 secretes an enzyme capable of hydrolyzing the ester bond of orfamide A, resulting in the
accumulation of linearized and inactive orfamide A at the interface between the two bacteria.

Aside from being a resistance mechanism, we found that hydrolysis of orfamide A also inhibited the
swarming motility of DTU9.1. This suggests that D757 confers a spatial restriction to the invasive
spread of DTU9.1, which is consistent with the model stating that antibiotic degradation stabilizes
microbial communities (121). Thus, a future experiment should include an artificial soil system
inoculated with DTU9.1 and all SynCom members except D757 to investigate the effect of unaffected
orfamide A on community composition. However, this neglects any positive interactions associated

with the presence of D757. Therefore, another option is to first identify the gene encoding the
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secreted hydrolase/esterase in D757 capable of catalyzing the hydrolytic inactivation of orfamide A,
and secondly construct a knockout mutant in D757. Including this knockout mutant would represent
the ideal SynCom to study the effect of orfamide A on community composition, although it would

include a significant amount of protein chemistry (120, 122).

Furthermore, inactivation of orfamide A could have an indirect benefit to the entire SynCom. It was
previously demonstrated that certain Pseudomonas-produced CLPs negatively affects biofilm
formation (3, 73). One could hypothesize that orfamide A can negatively affect the formation of a
protective, multispecies biofilm, thereby exposing the pyoluteorin-sensitive SynCom members. Thus,
in the absence of D757, the collective efforts of orfamide A and pyoluteorin leads to invasive spread
of DTU9.1, community destabilization, and antibiosis, resulting in Pseudomonas-dominance. The
enzymatic inactivation of orfamide A by D757 may therefore serve not only as a resistance mechanism,

but also as a community-level protective mechanism.

Lastly, the molecular network analysis of metabolites extracted from the artificial soil systems further
showed degradation products of orfamide A during cocultivation with the SynCom. However, pairwise
cocultivation experiments between DTU9.1 and each SynCom member only resulted in hydrolysis in
the culture with D757 and absence of degradation products. This could indicate that linearization
caused by D757 is a prerequisite for subsequent degradation by one or several of the remaining
SynCom members. Preliminary results with chemically linearized orfamide A indicate that
Stenotrophomonas indicatrix D763 can degrade the metabolite post-hydrolysis. Microbial catabolism
of antibiotics has been demonstrated previously among a diverse collection of soil bacteria (5, 155).
Crofts et al. further identified a conserved sequential strategy among three distantly related genera
for degradation of penicillin: first the B-lactam ring is hydrolyzed, then the inactivated antibiotic is
degraded, allowing the bacteria to grow on penicillin as sole carbon source (5). In this study, we
discovered a potential community-level microbial interaction, resulting in microbial inactivation and
catabolism of a Pseudomonas-produced SM. Thus, the presence of D757 and enzymatic inactivation
of orfamide A might serve as a protective mechanism and provide a growth benefit to the SynCom, as

the linearized version becomes digestible.
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Chapter 6

Conclusions and perspectives

econdary metabolites have predominantly been viewed as antibiotics and thus served as
Stherapeutics for treating infectious diseases in humans and plants. However, these SMs are
natural products of microbial origin and the concentrations required to achieve their therapeutic
effects often greatly exceed those reported in their natural settings. This has in turn raised questions
regarding the natural role of microbial SMs (e.g. if they are in fact weapons in microbial warfare). Due
to the antimicrobial properties of most SMs, research has suggested that they might serve as signals
in microbial communication. The diffusional gradient of SMs in the soil thus represents a way of
sensing immediate danger, as microbes experience tolerable, subinhibitory levels of antimicrobial
SMs, resulting in a response of their own. Soil and rhizosphere environments are home to a
magnificent diversity of microorganisms, including bacteria of the genus Pseudomonas. Particularly,
the group P. fluorescens has been the topic of intensive research, as its members are inherently known
for their vast repertoire of SMs functioning in microbial competition, motility, and trace metal
acquisition — all of which have been shown to positively affect the inhibition of phytopathogens.
However, the role and fate of these Pseudomonas-produced SMs in the context of microbial

interactions is less well-characterized.

First, the work presented in this thesis provides novel insight into the ecological dynamics of soil-
dwelling Pseudomonas species. We developed two methodologies for accurate, cost-efficient, and
high-throughput differentiation of Pseudomonas spp. and detection of producers of the important
SM, DAPG. The rpoD-based amplicon sequencing method led to the discovery of Pseudomonas spp. in
different soil environments not detected by standard Pseudomonas-selective isolation. While the
method may need further improvement to circumvent the accumulation of random reads, likely owing
to the limited pool of Pseudomonas DNA template in soil, it clearly outshines the existing 16S rRNA

amplicon methodology for differentiation of species in the Pseudomonas genus. The results from this
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study additionally open up for detailed investigations of Pseudomonas population dynamics across

different ecosystems (e.g. lab-scale systems or different crops).

Secondly, we developed a whole-cell biosensor for detection of DAPG and DAPG-producing
microorganisms. This biological device allows for rapid and effortless screening of isolates, compared
to laborious PCR-based techniques or expensive and cumbersome analytical chemical methods.
Furthermore, whole-cell biosensors hold the potential for genetic optimization to surpass the current
limits of detection associated with analytical chemistry to enable in situ detection of SMs — even in
non-rhizosphere environments. Additionally, the work presented here provides a framework for
construction of novel biosensors for detection of other SMs. Recently, Yan et al. characterized the
transcriptional regulation of the pyoluteorin BGC controlled by the pyoluteorin-responsive PItZ
repressor (62). Thus, a PltZ-based whole-cell biosensor for detection of pyoluteorin would be an

obvious addition.

Previous research has demonstrated contradicting effects arising as a result of Pseudomonas-diversity,
which supports the potential for genus-specific interactions affecting SM-production and thus
antimicrobial activity of Pseudomonas species. We discovered a sequential interspecies interaction
involving bacterial competition sensing, resulting in an induced antibacterial response in P. protegens
and subsequent lysis of P. capeferrum, which in turn released an intracellular molecule inhibiting
DAPG production in P. protegens. Our work sheds light on the underlying mechanisms of
Pseudomonas-specific interactions affecting the biosynthesis of SMs relevant for biological control of
phytopathogenic microorganisms. Alongside similar studies of dual-species interactions (101-104),
this investigation clearly demonstrates the complexity and dynamics of microbial interactions. This
underlines the importance of considering the molecular mechanisms of microbial interactions to
improve our understanding of Pseudomonas-ecology and aid in the design of optimized biocontrol
consortia to achieve desirable functions. Overall, the results from this study point towards an
unexplored area of dynamic microbial interactions among Pseudomonas spp., which should now be

systematically investigated.

Lastly, we have demonstrated the significance of considering multispecies communities to unravel the
complex, community-level interactions mediated by and affecting Pseudomonas-produced SMs. We

opted for a laboratory-scale artificial soil as cultivation system, allowing for spatial distribution of

Page | 46



microbes. Additionally, we utilized a SynCom consisting of morphologically distinguishable, naturally
co-occurring soil bacteria to enable temporal community surveillance. This approach allowed us to
track perturbations in community composition caused by Pseudomonas-produced SMs, as well as
fluctuations in SM-levels quantified by analytical chemistry. This in turn revealed a community-level
interaction affecting the fate of orfamide A. Taken together, our work has demonstrated the powerful
use of SynComs to increase genotypic and environmental complexity to gain insight into ecologically

relevant microbial interactions.

Taken together, the outcome of this project clearly demonstrates that the combination of analytical
chemistry and in vitro lab-scale systems are instrumental for unraveling the types of metabolite
interactions occurring within dual- and multispecies communities. Our results show that this approach
is undoubtedly beneficial to achieve a deeper understanding of the chemical interactions among
microbes. While the interactions and their effects presented in this thesis has primarily focused on in
vitro systems, we still lack evidence of their effects or occurrence in situ. In relation to metabolite
production and metabolite-mediated interactions, the results from this thesis show that in vitro dual-
and multispecies communities can serve to build testable hypotheses for potential in situ
investigations. In addition, a combination of molecular tools (such as tools developed in this thesis
and other studies) and recent advances in in situ analytical chemistry (88), will likely advance our
understanding of SMs and their role(s) in natural settings. From a biotechnological perspective, the
results from this thesis may assist in discovery and isolation of Pseudomonas strains with agricultural
application (e.g. biocontrol) and potentially also new approaches based on metabolite signalling and

elicitation to design and assemble efficient biocontrol consortia.
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RESEARCH ARTICLE

Identification and Differentiation of Pseudomonas Species in
Field Samples Using an rpoD Amplicon Sequencing
Methodology

Jonas Greve Lauritsen,? 2’ Morten Lindqvist Hansen,? (>’ Pernille Kjersgaard Bech,? ‘"’ Lars Jelsbak,? {*’Lone Gram,?
Mikael Lenz Strube?

aDepartment of Biotechnology and Biomedicine, Technical University of Denmark, Kongens Lyngby, Denmark

ABSTRACT Species of the genus Pseudomonas are used for several biotechnological
purposes, including plant biocontrol and bioremediation. To exploit the Pseudomonas
genus in environmental, agricultural, or industrial settings, the organisms must be pro-
filed at the species level as their bioactivity potential differs markedly between species.
Standard 16S rRNA gene amplicon profiling does not allow for accurate species differ-
entiation. Thus, the purpose of this study was to develop an amplicon-based high-reso-
lution method targeting a 760-nucleotide (nt) region of the rpoD gene enabling taxo-
nomic differentiation of Pseudomonas species in soil samples. The method was
benchmarked on a 16-member Pseudomonas species mock community. All 16 species
were correctly and semiquantitatively identified using rpoD gene amplicons, whereas
16S rRNA V3-V4 amplicon sequencing only correctly identified one species. We ana-
lyzed the Pseudomonas profiles in 13 soil samples in northern Zealand, Denmark, where
samples were collected from grassland (3 samples) and agriculture soil (10 samples).
Pseudomonas species represented up to 0.7% of the 16S rRNA gene abundance, of
which each sampling site contained a unique Pseudomonas composition. Thirty cultur-
able Pseudomonas strains were isolated from each grassland site and 10 from each
agriculture site and identified by Sanger sequencing of the rpoD gene. In all cases,
the rpoD amplicon approach identified more species than were found by cultiva-
tion, including hard-to-culture nonfluorescent pseudomonads, as well as more than
were found by 16S rRNA V3-V4 amplicon sequencing. Thus, rpoD profiling can be
used for species profiling of Pseudomonas, and large-scale prospecting of bioactive
Pseudomonas may be guided by initial screening using this method.

IMPORTANCE A high-throughput sequencing-based method for profiling of Pseudomonas
species in soil microbiomes was developed and identified more species than 16S rRNA

gene sequencing or cultivation. Pseudomonas species are used as biocontrol organisms Citation Lauritsen JG, Hansen ML, Bech PK,

and plant growth-promoting agents, and the method will allow tracing of specific spe- fiﬁ?;czt%sr:nz th:eki:n'\g;éonz;

cies of Pseudomonas as well as enable screening of environmental samples for further Pseudomonas species in field samples using an

isolation and exploitation. rpoD amplicon sequencing methodology.
mSystems 6:600704-21. https://doi.org/10
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(DAPG) and pyoverdine siderophores (5, 9-11). Also, some strains promote growth of
plants by solubilizing inorganic nutrients, such as phosphate and iron, or by producing
plant hormones (11-14). Members of the Pseudomonas fluorescens group, in particular,
are a major source of bioactivity since they have markedly larger genomes than other
pseudomonads (15) and a high number of biosynthetic gene clusters, as determined
by genomic analysis (16). In addition to strains expressing these and other beneficial
traits, it is also becoming clear that the structure and diversity of the Pseudomonas
community in bulk and rhizosphere soils per se can be associated with suppression of
crop fungal pathogens (17, 18). Studies on the distribution, abundance, and diversity
of Pseudomonas spp. in soil and rhizosphere often rely on cultivation-dependent analy-
ses. However, Aagot et al. and others have demonstrated that cultivation of individual
species of Pseudomonas is dependent on the specific conditions used (e.g., level of
nutrients), and the decision to use a specific cultivation medium is thus a source of
bias (19). Given these biases, linking specific Pseudomonas species and/or community
structures to certain ecosystem performance metrics (including suppression of crop
fungal pathogens) remains a challenge.

Amplicon sequencing of the 16S rRNA gene has become the standard for culture-in-
dependent, taxonomic profiling of environmental microbial communities. However,
the 16S rRNA genes are very similar across closely related Pseudomonas species, with
less than 1% nucleotide dissimilarity between many of the species (20). For example, in
the subgroup of P. putida, the dissimilarities are between 0.16 and 2.31% (20).
Therefore, 16S rRNA gene profiling only provides taxonomic resolution at the genus
level, and studies of Pseudomonas community structures and dynamics at the species
level require sequencing and analyses of other housekeeping genes. The rpoD gene,
which encodes the sigma 70 factor of RNA polymerase, is an excellent target gene for
phylogenetic and taxonomic analyses of Pseudomonas species (21). Using a highly
selective pair of Pseudomonas rpoD primers, PSEG30F and PsEG790R (21), an rpoD
amplicon sequencing method was used to analyze environmental DNA obtained from
a single water sample (22). The method was developed for the 454/Roche GS-FLX plat-
form and used an in-house rpoD database for sequence analysis. Given the discontinu-
ation of the 454/Roche GS-FLX platform and the understanding of Pseudomonas phy-
logeny, there is a need for development of an amplicon-based method for reliable
identification and differentiation of Pseudomonas species from environmental samples.

The purpose of the present study was to develop an amplicon sequencing protocol
compatible with the lllumina MiSeq 300PE platform and to establish a new and improved
bioinformatic pipeline with an updated database built upon the Pseudomonas type strain
collection and taxonomic framework from Hesse et al. (15). The rpoD amplicon method
allowed Pseudomonas species differentiation in environmental soil samples and can guide
future bioprospecting endeavors.

RESULTS

In silico target gene evaluation. We evaluated nine genes and their accompanying
primer sets (14 in total) for their phylogenetic discriminatory power using in silico PCR
against two sets of genomes. The first was a library of the 166 type strain genomes of
Hesse et al. (15) acting as a well-curated collection of all known Pseudomonas species and
their phylogeny, although with most genomes being in contig form. The second was a
library of 465 genomes of Pseudomonas species available from NCBI, all of which are com-
plete but with high redundancy and incomplete taxonomy (Table 1). The rpoD primer
pair PSEG30F and PsEG790R (21) resulted in the best phylogenetic resolution along with
the highest total number of individual Pseudomonas genomes amplified and the lowest
total non-Pseudomonas amplifications. This pair amplified 160/166 (96.39%) of type
strains and 460/465 (98.92%) of the complete genomes (see Table S3 in the supplemental
material), with no amplification of the negative controls. The gyrB gene primers UP-1E
and APrU showed 100% amplification of the type strains, but unfortunately also amplified
25% of the negative controls and had multiple instances of amplicons much longer than
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TABLE 1 Overview of genes and primers selected as primary targets for evaluation of 465
Pseudomonas strains with the in_silico_PCR algorithm

Target gene Primer name Sequence (5'—3’) Length (nt) Reference

16S rRNA 16S-341F CCTACGGGNGGCWGCAG 464 42
16S-805R GACTACHVGGGTATCTAATCC 42
16sF-LYP-3 GCGTAGAGTTTGATCCTGGCTCAG 1,253 26
16sR-LYP-3 GACGGGCGGTGTGTRCA 26
16S-rRNA-F AGCGGCGGACGGGTGAGTAATG 1,300 27
16S-rRNA-R AAGGAGGGGATCCAGCCGCA 27

atpD atpD-F CTGGGCCGSATCATGGACG 900 27
atpD-F GTCCATGCCCAGGATSGCG 27

carA carA-F TTCAACACCGCCATGACCGG 700 27
carA-R TGATGRCCSAGGCAGATRCC 27

gapA gapA-Fps CGCCATYCGCAACCCG 690 28
gapA-Rps CCCAYTCGTTGTCGTACCA 28

gltA gltA-F GGTGACAATGGCATTCTGC 294 26
gltA-R GTGCTGCGGRTTATTGATGT 26

gyrB gyrBBAUP2 GCGGAAGCGGCCNGSNATGTA 29
APru GCNGGRTCYTTYTCYTGRCA 30
UP-1E AYGSNGGNGGNARTTYRA 888-891 30
APrU GCNGGRTCYTTYTCYTGRCA 30

recA recA-F TCSGGYAARACCACSCTGAC 600 27
recA-R RTACCAGGCRCCGGACTTCT 27

rpoB LAPS TGGCCGAGAACCAGTTCCGCGT 1,247 31
LAPS27 CGGCTTCGTCCAGCTTGTTCAG 31

rpoD PsEG30F ATYGAAATCGCCAARCG 437 21
PsJL490R AGYTTGATYGGGATGAA This study
PsEG30F ATYGAAATCGCCAARCG 575 21
PsJL628R GGGAACWKGCGCAGGAARTC This study
PsSEG30F® ATYGAAATCGCCAARCG 736 21
PsEG790R? CGGTTGATKTCCTTGA 21

aPrimers used for this study.

the expected length. To further evaluate the phylogenetic resolution of the primers, a
multiple-sequence alignment of the amplicons and the resulting phylogeny was com-
pared to the study by Hesse et al. (15), in which the 166 distinct Pseudomonas type strains
were phylogenetically resolved based on multiple-locus sequencing typing of 100 genes.
Here, the rpoD primers PsEG30F and PSEG790R from Mulet et al. (21) produced amplicons
with the closest similarity to the phylogenetic map of Hesse et al. (15) and separated all
species in the phylogenetic tree. The primers generated an ~760-nucleotide (nt)-long
amplicon of the rpoD gene, which unfortunately led to a sequencing gap of 160 nt using
the 300PE platform. Therefore, two new reverse primers were designed, PsJL490R and
PsJL628R: however, both had lower amplification of the type strain genomes, at 89.16
and 83.73%, respectively. Moreover, the PsJL490R primer had poor in vitro amplification
for the species of the synthetic community, while the PsJL628R primer showed unspecific
amplification of the negative controls Stenotrophomonas maltophilia, Achromobacter xylo-
soxidans, and Azospirillum brasilense (see Fig. S1 in the supplemental material).
Phylogenetic trees generated from these amplicons had comparable resolving power to
the PsEG30F and PsEG790R pair, albeit with fewer nodes overall. As a consequence, we
chose the PsEG30F and PsEG790R primer pair for Pseudomonas profiling. The universal
16S rRNA V3-V4 primers amplified 100% of the whole genomes and 87.95% of the type
strains (owing to 16S genes often being the breakpoint in contigs). As noted previously
(20), many of the amplicons are identical across Pseudomonas species and hence cannot
be used for species resolution (see Fig. S2 in the supplemental material).

Synthetic community primer testing. To benchmark the amplicon protocol, a mix-
ture of DNAs from 16 Pseudomonas strains was used to test the performance of the
candidate rpoD primers in comparison with the standard V3-V4 16S rRNA gene ampli-
con sequencing approach. The 16 strains were selected to challenge the method
across the genus by including five groups of Pseudomonas species (P. aeruginosa, P.
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FIG 1 Composition of a defined mixture of DNAs from 16 Pseudomonas species as analyzed by rpoD gene
amplicon sequencing and V3-V4 16S rRNA gene sequencing in comparison to the theoretical composition. The
leftmost bar shows the assumed theoretical abundances in the defined Pseudomonas DNA mixture. Each

sample has been normalized to 100,000 reads.

fluorescens, P. putida, P. stutzeri, and P. syringae) and on fine resolution by selecting
closely related species especially within subgroups (P. fluorescens, P. mandelii, and P.
jessenii). In contrast to the V3-V4 amplicons, PE300 Illumina reads of the rpoD ampli-
cons do not overlap and hence cannot be analyzed by standard operational taxonomic
unit (OTU)-based methods. To overcome this challenge, each read pair was instead
aligned to a custom database of rpoD genes using bowtie2 (23).

The rpoD amplicon method was able to identify all 16 strains, with abundances close
to expected values (Fig. 1) and with a very low level of variation across the five technical
replicates (Table 2). Of note, two species were underestimated: P. putida somewhat (~4%
of expected value) and P. libanensis severely so (~1% of expected value). In contrast, the
V3-V4 method erroneously classified the sample composition as being mainly P. fluores-
cens or P. extremorientalis, where the latter was not a part of the mixture. Also, small num-
bers of P. stutzeri and P. aeruginosa were detected by the V3-V4 approach. The beta dis-
persions—a measure of multivariate variation within groups—of the V3-V4 replicates
were 4 times higher than those of the rpoD replicates, although this difference was not
significant. The negative controls for both primer sets had low numbers of reads, later
revealed to be common contaminants and adaptors.

The microbial and Pseudomonas species composition in soil. Soil was sampled
from different sites, ranging from grassland to agricultural field soil. A total of 13 soil sam-
ples with 5 replicates each (65 samples in total) were analyzed, and after demultiplexing
according to barcodes and primers, a total of 10,446,888 reads were available. Following
this, 100,814 rpoD read pairs (201,628 reads) were annotated at the species level for the
genus of Pseudomonas with sufficiently high confidence (minimum bit score of 10).
According to the general purpose metagenomics classification tool Centrifuge (24), the
non-Pseudomonas reads were approximately 50% PCR/adaptor artifacts (“Synthetic con-
structs”), along with the commonly found contaminant Bradyrhizobium, which was also
found in the negative control. The overall mean and median values observed for the
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TABLE 2 List of Pseudomonas species used in the artificial DNA mixture for positive control

Pseudomonas species  Strain Group? Type strain rpoD relative ratio (%)®
P. aeruginosa PAO1 P. aeruginosa  Yes 140.38 £ 5.59
P. cedrina May11.4 P. fluorescens No 69.38 = 45.31
P. frederiksbergensis Nina6.10 P. mandelii No 85.08 + 4.04

P. helmanticensis Ninal.7 P. koreensis No 114.60 = 7.36
P. jessenii Mays3.1 P. jessenii No 161.69 * 34.83
P. libanensis Nina5.10 P. fluorescens No 1.82+=1.00

P. lini Ninal.6 P. mandelii No 66.73 = 4.50

P. lurida Nina3.4 P. fluorescens ~ No 45.56 = 8.51

P. migulae DSM 17966  P. mandelii Yes 67.20 =5.35

P. monteil DSM 14164  P. putida Yes 192.34 +23.44
P. moorei DSM 12647 P. jessenii Yes 47.53 = 3.51

P. protegens DTU9.1 P. protegens No 58.01 =6.16

P. proteolytica May3.3 P. gessardii No 194.56 = 20.10
P. putida KT2440 P. putida Yes 412+ 271

P. stutzeri DSM 5190 P. stutzeri Yes 151.88 £24.48
P. syringae DSM 10604  P. syringae Yes 164.45 £ 9.25

aThe groups and subgroups of Pseudomonas according to Hesse et al. (15).
bQObserved values for rpoD relative abundance versus theoretical abundance are given as mean = standard
deviation, where 100% is the expected value.

annotated rpoD reads across all samples were 1,558 and 598, respectively. The average
number of Pseudomonas rpoD reads per sampling site varied between 133.4 (P8) and
4,022.2 (S7). Rarefaction curves revealed uneven saturation in some samples with low
read depth (see Fig. S3 in the supplemental material), Moreover, we observed that quite a
few read pairs were concordantly mapped, at 5.52%, likely owing to the high level of PCR
artifact nonpseudomonal reads. In addition, less than 0.01% were discordantly mapped.
Using the relative abundances (Fig. 2), the performance of the method on the natu-
ral samples was investigated across biological replicates. The most abundant species

FIG 2 Relative abundances of the 20 most abundant Pseudomonas species in 13 soil samples as analyzed by
rpoD amplicon sequencing. Each sample has been normalized to 100,000 reads. Fluorescent species are marked
by *. S1, corn; S2, fallow (grass); S3, S7, and S9, wheat; S4, rye; S5, barley; S6, rapeseed; S8, grass seed; S10,

Lucerne; P5 and P9, pristine short grass; P8, pristine long grass.
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FIG 3 Multivariate analysis by NMDS using Bray-Curtis distances of 13 soil sample sites using amplicon sequencing of (A) the rpoD gene (stress 0.1883) and
(B) the V3-V4 region of the rRNA gene (stress 0.1039). S1, corn; S2, fallow (grass); S3, S7, and S9, wheat; S4, rye; S5, barley; S6, rapeseed; S8, grass seed; S10,

Lucerne; P5 and P9, pristine short grass; P8, pristine long grass.

represented the four groups P. syringae, P. lutea (P. graminis), P. putida (P. coleopterorum),
and P. fluorescens (marked by stars in Fig. 2). Within the group P. fluorescens, the five sub-
groups P. jessenii (P. jessenii, P. moorei, and P. umsongensis), P. gessardii (P. gessardii and P.
proteolytica), P. koreensis (P. baetica, P. helmanticentis, and P. moraviensis), P. mandelii (P.
frederiksbergensis, P. lini, and P. migulae), and P. corrugata (P. brassicacearum, and P. kilo-
nensis) were identified. Overall, similar abundances were found in replicate samples. This
was confirmed by non-metric multidimensional scaling (NMDS) analysis (Fig. 3), in which
biological replicates clustered together, although with different degrees of varia-
tion. The beta dispersions of the sites were negatively correlated (r = —0.455) to
estimated Pseudomonas load through quantitative PCR (qPCR), suggesting that the
variation increased as Pseudomonas abundance decreased. The two sample sites P8
and P9 had the highest internal variation, likely owing to the low read count in
these samples.

The individual sites in the rpoD amplicon analysis differed in species composition, de-
spite being sampled from similar ecological environments (Fig. 2). For instance, the wheat
soil samples S3, S7, and S9 had different Pseudomonas composition. P. moraviensis, P. lini,
P. helmanticensis, and P. frederiksbergensis were common in most or all sampled soils;
however, their relative abundances varied between sites.

The standard V3-V4 amplicon methodology resulted in a total of 6,947,525 mapped
reads with an average of 106,885 per sample. A total of 378 families were identified, with
the dominant families being Xanthomonadaceae, Sphingomonadaceae, Planctomycetaceae,

July/August 2021 Volume 6 Issue4 e00704-21

msystems.asm.org 6


https://msystems.asm.org

High-Throughput Identification of Pseudomonas Species

FIG 4 Relative abundances of the 20 most abundant bacterial families in 13 soil samples as analyzed by
amplicon sequencing of the V3-V4 region of the rRNA gene. Each sample has been normalized to 100,000
reads. S1, corn; S2, fallow (grass); S3, S7, and S9, wheat; S4, rye; S5, barley; S6, rapeseed; S8, grass seed; S10,

Lucerne; P5 and P9, pristine short grass; P8, pristine long grass.

Chitinophagaceae, and Acidobacteria (group 6) (Fig. 4). At the family level, only smaller var-
iations within sample sites were observed, as visually evident in the NMDS (Fig. 3), such as
the unique presence of Acidobacteria (group 1) in the P8 and P9 sites. The average relative
abundances of Pseudomonas varied from 0.008% (P8) to 0.73% (S8) in the different com-
munities (Table 3). At the species level, V3-V4 typically only identified one or two species
in higher relative abundances, and similar to the synthetic communities, these species
were assigned to be P. fluorescens and P. aeruginosa. Each site had, on average, a 70% (P =
0.00004) larger beta dispersion when profiled for Pseudomonas with the V3-V4 method
compared to the rpoD method, and all had at least one sample with a species not found
in the other replicates.

A standard curve comparing threshold cycle (C;) values from gqPCR and cell num-
bers was generated using pure cultures of P. moorei and Bacillus subtilis and used to
estimate total rather than relative abundance. The average total CFU/g soil per sample
site (Table 3) ranged from 2.1 x 107 (S7) to 1.1 x 108 (S1 and P5). The average number
of Pseudomonas CFU/g soil was calculated by multiplication by the relative abundance
of Pseudomonas found in the V3-V4 amplicons (Table 3) and ranged from 6.5 x 103
(P8) to 4.2 x 10° (P5) CFU/g sail.

Isolation and identification of presumptive Pseudomonas. The rpoD amplicon cul-
ture-independent method for Pseudomonas species profiling was compared to cultiva-
tion-based profiling. Colonies were isolated from each of the sites on King's agar B***,
which is commonly used for Pseudomonas isolation (25): 10 from each of the S1 to S10
sites and 30 for the grassland samples P5, P8, and P9. The isolates were taxonomically
classified by Sanger sequencing of part of the rpoD gene amplified with primers
PsEG30F and PsEG790R and alignment to the rpoD database used for the amplicon
analysis. In the grassland samples, 88 of the 90 isolates were classified at the species
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TABLE 3 Average total CFU per site estimated by qPCR and estimated relative and absolute
abundance of Pseudomonas species based on V3-V4 amplicon sequencing

Total bacteria Relative level of Total Pseudomonas
Site (CFU/g soil) Pseudomonas (%) (CFU/g soil)
P5 1.10 x 108 0.381 4.19 x 10°
P8 8.13 x 107 0.008 6.50 x 103
P9 5.30 x 107 0.027 1.43 x 10*
S1 1.10 x 108 0.288 3.17 x 10°
S2 3.37 x 107 0.053 1.79 x 10*
S3 3.56 x 107 0.021 7.48 x 10°
S4 4.81 x 107 0.290 1.39 x 10°
S5 2.21 x 107 0.065 1.44 x 10*
S6 2.78 x 107 0.649 1.80 x 10°
S7 2.13 x 107 0.209 4.45 x 10*
S8 4.29 x 107 0.731 3.14 x 10°
S9 4.27 x 107 0.126 538 x 10*
S10 2.73 x 107 0.276 7.53 x 10*

level. Of particular interest were the species belonging to the P. fluorescens group,
which encompassed 94% (83/88) of the isolates. This agrees with culture-independent
profiling of P5 and P8, in which 97% (P5) and 93% (P8) of the rpoD reads were assigned
to species in the P. fluorescens group. In P9, the fraction of species in the P. fluorescens
group was lower (52%), which was predominantly due to a high fraction of P. abietani-
phila species (39.5%), which was not observed by cultivation (Fig. 5; see Fig. S4 in the
supplemental material).

The rpoD amplicon method identified more unique species than the cultivation
method (Fig. 5), and species belonging to particular groups (i.e., the P. lutea group)

FIG 5 Heat map of the presence (red) and absence (blue) of Pseudomonas species identified across sites by the
rpoD amplicon method and the cultivation approach for each of the sampled sites. Thirty isolates were
sampled from each of the sites P5, P8, and P9 and 10 from the sites S1 to S10 (leftmost color annotation).
Fluorescent species are highlighted by green in the upper color annotation. The row labels “rpoD” and “cult”
denote analysis by rpoD sequencing and culture, respectively.
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and subgroups (i.e., the P. mandelii and P. gessardii subgroups of P. fluorescens) were
almost exclusively identified by the amplicon method but not by the cultivation-based
method. The same pattern emerged in the lesser-studied sites, ST to $10, where rpoD
profiling identified between 12 and 19 species compared to the cultivation approach,
which found between 0 and 5.

DISCUSSION

Global food demand is growing, and since petrochemical-based industrial farming is
unlikely to be sustainable for future generations, there is an urgent need for novel and
sustainable biocontrol agents. Species of the Pseudomonas genus are promising as plant
biocontrol agents and since beneficial traits are typically linked to particular species, we
developed a high-throughput method for metataxonomic assignment of these species in
natural microbiomes. The method correctly identified all species of a Pseudomonas mock
community. In soil samples, rpoD amplicon sequencing allowed a much higher degree of
Pseudomonas species differentiation than both traditional 16S rRNA V3-V4 sequencing
and culturing. The rpoD profiling enables quick identification and prioritization of soils
with specific Pseudomonas communities for further analysis and culturing.

A total of 14 primer pairs targeting the genus Pseudomonas (26-31) were examined
using in silico PCR. The primer pair PSEG30F and PsEG790R (21) outperformed all other
pairs, and in further analysis of the rpoD genes from 465 Pseudomonas species, two al-
ternative forward primers were identified. However, the PSEG30F and PsEG790R pri-
mers had superior performance and were ultimately selected for further testing.
Multiple studies (20, 21, 26, 32, 33) have shown that the rpoD gene is a good candidate
for identification at the species and strain levels for the genus of Pseudomonas, espe-
cially compared to the 16S rRNA gene (20). The second-best candidate was identified
as the gap primers of Sarkar and Guttman (28). However, these primers also amplified
non-Pseudomonas species in vitro (data not shown) and were therefore not further con-
sidered. The PsEG30F and PsEG790R amplicons were adapted to an lllumina system,
which unfortunately has too short of a read length to overlap, necessitating a new bio-
informatic pipeline drawing inspiration from annotation of transcriptome sequencing
(RNA-seq) data, as well as a database based on the genomes from Hesse et al. (15).

When testing the method on a known mixture of pseudomonads, P. libanensis and P.
putida were underestimated. Through in silico investigation, P. libanensis was poorly tar-
geted by the primers, implying poor amplification efficiency (data not shown). The rpoD
genes of P. putida KT2440 (in the mixture), P. putida NBRC14164 (in the database), and P.
monteilii DSM14164 (in the database) were compared in a phylogenetic tree (see Fig. S5
in the supplemental material), and although the three species are extremely closely
related, KT2440 and DSM14164 are nearly identical and likely to overlap in the investiga-
tion. In the future, the rpoD database could be expanded to contain more strains for each
species to give a wider coverage for such fringe cases. Such an addition could also lead
to a strain-level differentiation in future studies. Alternatively, this occurrence could also
indicate that P. putida and P. monteilii generally are very closely related and difficult to
separate. According to Hesse et al. (15), the two species are also extremely closely related
based on the protein phylogeny of 100 gene orthologues.

The V3-V4 amplicon data for the in vitro DNA sample predominantly identified one
species in the sample—P. extremorientalis or P. fluorescens—both of which belong to
the subgroup P. fluorescens (15). This was also seen in the study by Mulet et al. (20),
where species of the Pseudomonas genus at most had 2% dissimilarity in the 16S rRNA
gene, and hence this gene does not allow a species-level resolution.

The rpoD amplicon methodology was used to profile the Pseudomonas population
in soil samples. The relative abundances across replicates were very similar, yet some
variation was observed, which could be caused by spatial differences within the soil
sampled (34). Replicate variance was associated with low Pseudomonas load, as a nega-
tive correlation (r = —0.455) was observed between the multivariate variance of the
replicates (e.g., the beta dispersion) and the observed Pseudomonas CFU/g soil. To our
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knowledge the closest non-16S rRNA gene-based amplicon study of Pseudomonas is
by Sénchez et al. (22), where an rpoD amplicon methodology was used to identify
Pseudomonas species in a water sample. However, a direct comparison is difficult, since
Sénchez et al. (22) analyzed a single river sample with no replicates and used 454
sequencing and a blastn similarity search followed by OTU clustering rather than
lllumina sequencing and bowtie mapping as in our study. The use of the 454 system,
discontinued in 2016, results in longer (300 to 600 bp) single-end reads, thus avoiding
the issues with nonoverlapping reads, although they are also too short to cover the
entire amplicon. Use of single-end reads allows for analytically simpler OTU-based
pipelines, but discards the phylogenetically import paired-end information of our
approach, and hence has lower sensitivity. Sdnchez et al. (22) assigned 10.8% (716
sequences) of the rpoD gene sequences to one of 26 species in their database. Using
the genomes of Hesse et al. (15), the database now includes 166 Pseudomonas species,
three of which are subspecies. Many of the rpoD reads were not mapped to our
Pseudomonas database, which is likely due to the high stringency in our alignment
approach and artifacts stemming from the low-template PCR: e.g., when Pseudomonas
is in low abundance compared to other bacteria. Optimization of the PCR protocol
may alleviate this.

The microbial composition as determined by V3-V4 16S rRNA amplicon sequencing
was highly similar across biological replicates, with small differences between the sam-
ple sites. The three wheat-associated sites (S3, S7, and S9) clustered together, but had
less overlap than a cluster with sites S3, S6, and S9, which all had different vegetation.
Microbial communities in agricultural soils are influenced by physiochemical properties
of the soil, the growth condition of the crops, the individual plant genotype, and/or
the evolution of the microbial communities over a multitude of seasons, and the pres-
ent study did not have access to such metadata that potentially could explain differen-
ces. The major outlier of the sites was the P8 site, mainly due to the high content of
Acidobacteria (group 1), suggested to correlate with Cu and Mn concentrations (35),
coinciding with a high relative abundance of P. frederiksbergensis.

The resolution at the species level was compared between the rpoD and the V3-V4
amplicon sequencing methods. The Pseudomonas species resolution based on the lat-
ter was lower than that found by the rpoD amplicon sequencing, which was consistent
with the control experiment using 16 known species of pseudomonads. This is most
likely a combination of the low dissimilarity in the 16S rRNA gene, the annotation
method, and the database. It is important to note the usefulness of V3-V4 rRNA gene
amplicon sequencing as a tool to determine the overall composition of the prokaryotic
community. Of note, we observed different microbial communities across the different
soils, even in soils having the same plant host. The rpoD amplicon methodology did
not achieve a community-level resolution and is therefore best used in combination
with standard 16S profiling to achieve full profiling of soil.

The rpoD profiling was compared to cultivation of Pseudomonas species from three
soil samples and provided the same groups or subgroups; however, the rpoD amplicon
sequencing method was able to identify more unique species than were found by cultiva-
tion. In particular, species belonging to the P. lutea group and the P. mandelii and P. ges-
sardii subgroups of P. fluorescens were captured by the rpoD amplicon method but not
by cultivation. The nutrient content of the isolation medium can influence the recovery of
the Pseudomonas diversity from environmental samples (19). King”s B agar medium (36)
is a nutrient-rich medium for Pseudomonas isolation, and while this is an effective and
commonly used cultivation method, it is possible that a larger number of Pseudomonas
species could have been cultivated using a wider range of cultivation media. Overall, the
rpoD amplicon methods can be used to find soil rich in Pseudomonas species and identify
samples rich in potential beneficial or useful pseudomonads.

A few species were exclusively found by the culture-independent approach, and
some of these are promising as bioinoculants for plant protection (Fig. 5). For example,
strains of Pseudomonas frederiksbergensis (from the P. mandelii subgroup), which were
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found in all rpoD profiles, but only once by cultivation (in sample S9), are effective bioi-
noculants for enhancing cold stress tolerance in plants (37). In addition, Pseudomonas
abietaniphila (from the P. lutea group), which was found in three rpoD profiles (P8, P9,
and S10) but not in any cultivations, can suppress plant diseases caused by Botrytis cin-
erea by degradation of oxalate produced by the fungi (38). Also, we have recently
shown that the genes for biosynthesis of the antifungal compound thioquinolobactin
are rarely found, but are tightly linked to biocontrol strains within the P. gessardii sub-
group of P. fluorescens (39). Here, we find such species in P9 only with the cultivation-
independent method.

With the rpoD amplicon approach, it is possible to profile and prioritize samples for
intensive cultivation of strains that produce specific bioactive metabolites for biocon-
trol or exhibit other plant beneficial traits.

Conclusion. In this study, an rpoD gene amplicon-based technique to differentiate
species within the genus Pseudomonas was developed. The method can differentiate
individual species far beyond what traditional 16S rRNA gene amplicon sequencing
can and is proposed as a new standard for high-throughput profiling of Pseudomonas
in environmental microbial communities.

MATERIALS AND METHODS

In silico investigations of Pseudomonas species. A Pseudomonas genome collection consisting of
the 165 genomes from Hesse et al. (15) as well as 465 complete genome sequences of Pseudomonas was
downloaded from NCBI (downloaded 18 February 2019). Using an in silico PCR algorithm (in_silico_PCR;
https://github.com/egonozer/in_silico_pcr) (one mismatch, one deletion/insertion), 14 primer sets targeting
nine different genes from previous studies (Table 1) were evaluated based on (i) the proportion of
Pseudomonas genomes amplified, (ii) how well the amplicons followed their given phylogenetic classifica-
tion, and (iii) the proportion of non-Pseudomonas genomes amplified (see Table S1 in the supplemental ma-
terial). The in silico PCR products were aligned with MUSCLE v3.8.1551 (40), and a phylogenetic tree was
generated with FastTree v2.1.10 (41) from the alignment. For phylogenetic evaluation, the output tree was
qualitatively compared to the whole-genome-based tree of Hesse et al. (15). A custom database was built
by using the PSEG30F/PsEG790R primers on the rpoD genes of the type strains included in the study by
Hesse et al. (15). An issue encountered in the in silico analysis was the poor annotations of uploaded
genomes, where we found multiple instances of incorrectly annotated genomes, which we corrected by
selecting the rpoD genes of outliers and reidentifying them according to the type strain genomes of Hesse
et al. (15).

Pseudomonas strains. Sixteen different Pseudomonas species were used in the in vitro testing of the
rpoD amplicon (Table 2). Seven were type culture collection strains, and nine were isolates obtained
from ongoing projects in our laboratory. They were identified to the species level by Sanger sequencing
of the rpoD gene as described above. The strains were grown in 10 m| Luria-Bertani (LB) broth (Lennox;
Carl Roth GmbH & Co. KG, Karlsruhe, Germany) overnight at 30°C with aeration (shaking, 200 rpm).

Soil samples. Bulk soil samples were collected from 13 sites in mid-August 2019 close to harvest
season. The samples were collected by scooping root-associated soil into a sterile Falcon tube. The sites
were distributed across Zealand, Denmark, and included different types of vegetation and produce; 10
samples of field soil were collected, including corn (S1), fallow (grass [S2]), wheat (S3, S7, and S9), rye
(S4), barley (S5), rapeseed (S6), grass seed (S8), and Lucerne (S10). In addition, three samples of pristine
grassland were collected, including short (P5 and P9) and tall (P8) grass. The soil samples were stored at
5°C for a maximum of 2 weeks prior to analyses.

Isolation of Pseudomonas from soil samples. Soil was sieved (4.75- by 4.75-mm grid) and mixed
with 0.9% NaCl in a ratio of 1 g to 9 ml and 10-fold serially diluted. Dilutions were plated on 1/4-diluted
King’s B*** agar plates (Sigma-Aldrich) supplemented with 13 mg/liter chloramphenicol, 40 mg/liter
ampicillin, and 100 mg/liter cycloheximide (25). The plates were incubated at 30°C for 5 days. The plates
were examined under UV light after 2 and 5days to reveal fluorescent colonies. LB agar plates were
streaked with up to 30 colonies from the P5, P8, and P9 sites as well as 10 from the S1 to S10 sites and
incubated at 30°C for 2days. The colonies were selected based on fluorescence and distinct colony
morphology.

DNA extraction from pure cultured Pseudomonas and soil samples. For identification of
Pseudomonas isolated from soil, DNA from each bacterial colony was extracted by boiling in demine-
ralized H,0 (dH,0) at 99°C for 15 min. For soil samples and selected Pseudomonas strains, genomic
DNA (gDNA) was extracted with a DNAeasy Powersoil kit (Qiagen, Hilden, Germany) according to the
manufacturer's instructions. The extractions of gDNA from soil were done in five biological replicates
for each site. As a negative control, 250 ul sterile dH,O was extracted for gDNA using the same meth-
odology. The gDNA was stored at —20°C. The DNA extraction of soil was done at the latest 2 days af-
ter cultivation of soil Pseudomonas.

Identification of Pseudomonas isolates from soil samples. Pseudomonas species isolated from soil
were identified by full-length sequencing of the rpoD gene. The 25-ul PCR mixture contained 10.6 ul Sigma
Water, 12.5 ul 2x TEMPase, 0.8 ul forward primer (10 uM PsEG30F [5'-ATYGAAATCGCCAARCG-3']), 0.8 ul
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reverse primer (10 M PSEG790R [5'-CGGTTGATKTCCTTGA-3']), and 0.3 ul template DNA. The PCR program
was (i) 1 cycle of 95°C for 15 min, (i) 30 cycles of 95°C for 30's, 51°C for 30 s, and 72°C for 30's, and (iii) 1 cycle
of 72°C for 5min (21). PCR products were sequenced at Macrogen Europe (Amsterdam, The Netherlands).
The rpoD sequences were classified using blastn against the custom-built rpoD gene database.

Defined in vitro DNA mixture for Pseudomonas profiling. As a positive control, a defined
Pseudomonas DNA mixture was made as an equimolar mixture of individual extractions of the strains
in Table 2, as measured by Nanodrop (Denovix DS-11; Saveen & Werner AB, Linhansvagen, Sweden).
The equimolar mixture was based on DNA concentrations.

Amplicon preparation, purification, and sequencing. Amplicons were prepared by amplifying
DNA using barcoded primers (see Table S2 in the supplemental material). The five biological replicates
of each soil site, five technical replicates of the in vitro DNA mixture (positive control), and the negative
control all were amplified using both the rpoD-specific primers and primers targeting the V3-V4 region
of the 16S rRNA gene. Each sample used identical barcodes across both primer sets (Table S2) and
Illumina adaptors for the two setups. For the amplification of rpoD genes, a 25-ul PCR mixture contain-
ing 10.15 ul Sigma Water, 12.5 ul 2x TEMPase, 0.8 ul forward primer (10 uM barcoded PsEG30), 0.8 ul
reverse primer (10 uM barcoded PsEG790), 0.25 ul MgCl, (25 mM), and 0.5 ul template DNA was used.
The PCR program was as follows: (i) 15 min at 95°C, (i) 40 cycles of 30 s at 95°C, 30 s at 51°C, and 30 s at
72°C, and (iii) 5 min at 72°C. The amplicons were stored at —20°C until purification.

For the amplification of V3-V4 regions, a 25-ul PCR mixture containing 10.6 ul Sigma Water, 12.5 ul
2x TEMPase, 0.8 wl forward primer (10 uM barcoded 341F [5'-CCTACGGGNGGCWGCAG-3']), 0.8 ul
reverse primer (10 uM barcoded 805R [5'-GACTACHVGGGTATCTAATCC-3]), and 0.3 ul template DNA
was used (42). The PCR program was as follows: (i) 15 min at 95°C, (ii) 30 cycles of 30 s at 95°C, 30 s at
60°C, and 30 s at 72°C, and (i) 5 min at 72°C. The amplicons were stored at —20°C until purification.

The amplicons were purified using an Agencourt AMPure XP kit (Beckman Coulter, Brea, CA, USA)
following the manufacturer's instructions. The products were eluted in Tris (10 mM, pH 8.5) buffer. After
purification, the PCR products were pooled in equimolar concentrations.

The amplicon pools were delivered to the CfB NGS Lab (Novo Nordisk Foundation Center for
Biosustainability, DTU, Kongens Lyngby, Denmark) for sequencing on an Illlumina MiSeq 300PE platform
(MiSeq reagent kit v3; PE300).

Enumeration of soil bacteria. The number of cells in each soil site was quantified using quantitative
PCR (gPCR). The gPCR targeted the V3 region of the 16S rRNA gene using the primers 338F and 518R
(43). A 20-ul PCR mixture containing 5.2 ul Sigma Water, 10 ul Luna Universal qPCR master mix (New
England Biolabs, Inc., Bionordika Denmark A/S, Denmark), 1.4 ul of each primer (10 uM), and 2 ul tem-
plate DNA was used. The accompanying instructions for the qPCR program were followed. A standard
curve relating cycle thresholds (C;) to CFU/g soil was prepared by combining CFU/g versus C; for Bacillus
subtilis ATCC 6051 and Pseudomonas moorei DSM 12647 (R?> = 0.86, E=174.5%). ATCC 6051 and DSM
12647 were incubated overnight in 5ml LB broth at 30°C with aeration. At an optical density at 600 nm
(ODgy,) of approximately 1 (circa 24h of growth), DNA was extracted from the cultures and further
diluted. The standard curves were prepared in biological duplicates.

Processing the V3-V4 and rpoD amplicons. The V3-V4 amplicons were cleaned, merged, quality fil-
tered, and chimera checked before quality-aware clustering at 99% similarity and mapping against the
RDP-II SSU database (v11.5) (46) using the BION-meta software (Danish Genome Institute, Aarhus,
Denmark). For the rpoD amplicons (PsEG30F and PsEG790R), the BION-meta software (Danish Genome
Institute, Aarhus, Denmark) was used to demultiplex the amplicons. The fastp function (44) was used for
quality filtering. Since the paired reads do not overlap, clustering was avoided, and instead, each read
pair was aligned to the custom database of rpoD genes using bowtie2 (23). The resulting SAM-file was
then filtered for only concordant pairs mapped with a quality of >10 using samtools (45). Data for both
sets of amplicons were normalized to 100,000 reads for each sample before further analysis. Centrifuge
was used for profiling of non-Pseudomonas reads using the p+h+v database (24).

Statistics. The amplicon sequencing data for both rpoD and V3-V4 were analyzed by non-metric
multidimensional scaling (NMDS) to compare the diversities between the replicates and sample sites. To
determine the multivariable variation within groups, the beta dispersion was calculated using R v3.6.2
package vegan with default settings and tested using a Mann-Whitney U test. Multiple distances were
evaluated for robustness, and the Bray-Curtis distance was chosen since this distance metric had the
best trade-off in terms of separation of sites and stress of the NMDS.

Data availability. The raw amplicon sequencing data from the lllumina sequencing are available at
the Sequencing Read Archive (SRA) as BioProject PRINA613913. Code for both in silico primer analysis and
the bioinformatic classification pipeline is available at https://github.com/mikaells/PseudomonasRPOD.
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Figure S1: Gel electrophoresis of PCR products generated from members of the synthetic
community using A) PSEG30F / PSEG790R, B) PSEG30F / PsJL490R, and C) PSEG30F /
PsJL628R. Contrast have been enhanced. Ladders are 50 bp GeneRuler (ThermoFisher

Scientic, Vilnius, Lithuania).
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Figure S2. Phylogenetic tree of the in sillico PCR amplicons generated from the 16S rRNA
gene using V3V4 primers. The PCR products were clustered at 97% similarity and aligned with
MUSCLE v3.8.1551 (39) and a phylogenetic tree was generated with FastTree v2.1.10 (40)
from the alignment. Tips are coloured as clades generated by TreeCluster with similar colors

denoting highly similar or identical amplicons.
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Figure S3: Alpha diversity of the Pseudomonas population as described using the rpoD-

methodology. A) rarefaction curves and B) Chaol diversity.
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Figure S4. Number and identity of Pseudomonas species isolated by cultivation from the 13

soil sample sites.
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Figure S5. Phylogenetic tree of the in sillico PCR amplicons generated from the rpoD gene of
P. putida KT2440 and four closely related species. The PCR products were aligned with
MUSCLE v3.8.1551 (39) and a phylogenetic tree was calculated with FastTree v2.1.10 (40)

from the alignment.
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Table S1: Genomes of non-Pseudomonas used to test Pseudomonas gene primer specificity

profiling.

Phyla/Division Species Strain RefSeq accession

Actinobacteria Mycobacterium tuberculosis HN-506 GCF_002357975.1
Actinobacteria Streptomyces coelicolor A3(2) GCF_000203835.1
Actinobacteria Bifidobacterium bifidum S6 GCF_003390735.1
Firmicutes Bacillus subtilis 3610 GCF_002055965.1
Firmicutes Clostridium acetobutylicum ATCC 824 GCF_000008765.1
Firmicutes Staphylococcus aureus NCTC 8325 GCF_000013425.1
Sphingobacteria Sphingobacterium sp. 21 GCF_000192845.1
Sphingobacteria Sphingobacterium sp. B29 GCF_001952815.1
Alphaproteobacteria Azospirillum brasilense Az39 GCF_000632475.1
Alphaproteobacteria Agrobacterium tumefaciens S33 GCF_001551895.1
Alphaproteobacteria Agrobacterium tumefaciens Ach5 GCF_000971565.1
Betaproteobacteria Achromobacter xylosoxidans MNO001 GCF_001051055.1
Betaproteobacteria Bordetella pertussis Tohama | GCF_000195715.1
Betaproteobacteria Azospira oryzae PS GCF_000236665.1
Gammaproteobacteria Stenotrophomonas maltophilia K279a GCF_000072485.1
Gammaproteobacteria Pectobacterium carotovorum 14A GCF_003932035.1
Gammaproteobacteria Salmonella enterica SL1344 GCF_000210855.2
Gammaproteobacteria Xanthomonas axonopodis LMG26789 GCF_003698225.1
Ascomycota Botrytis cinerea B05.10 GCF_000143535.2
Ascomycota Aspergillus niger CBS 513.88 GCF_000002855.3
Ascomycota Fusarium oxysporum 4287 GCF_000149955.1
Ascomycota Penicillium expansum MD-8 GCF_000769745.1
Ascomycota Saccharomyces cerevisiae S288C GCF_000146045.2
Nematoda Caenorhabditis elegans Bristol N2 GCF_000002985.6
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Table S2: List of barcodes tagged on primers for Illuminia sequencing of amplicons of the

Pseudomonas rpoD gene.

Number Barcode

1 TTTTAATC
2 ATAATTAG
3 ACCAAATT
4 CTTATCAA
5 TGATCATT
6 AGAATCTA
7 TCAAGAAA
8 ATCGAAAT
9 ACATTTAC
10 TAGAAAAC
11 TTATCACC
12 AATAGGGT
13 ATTGCTGA
14 TGAGTTCT
15 GGCTATTT
16 CAAGAGAT
17 GGAATACA
18 AAGGCAAT
19 ACAAAACG
20 TTGAGTGA
21 GCTTCTGA
22 GGCAAGAT
23 GTGCTTTC
24 ACACACTG
25 CGATTCTG
26 GCAGAGTT
27 CGTCCTAT
28 GCTTGGTT
29 ACAGGCTT
30 TGACGCTT
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Table S3. In silico PCR amplification of 165 genomes derived from Hesse et al. (15), 465
complete Pseudomonas genomes derived from NCBI and 24 non-Pseudomonas genomes using

14 different primer pairs.

Number of in silico PCR products (%)

Hesse et al®®. NCBI complete Non-
Primer pair Pseudomonas Pseudomonas Pseudomonas
16S-341F / 16S-805R 146/166 (87.95) 465/465 (100.00) 18/24 (75.00)
16sF-LYP-3/ 16sR-LYP-3 0/166  (0.00) 0/465  (0.00) 0/24 (0.00)
16S-rRNA-F / 16S-rRNA-R 132/166 (79.52) 465/465 (100.00) 0/24 (0.00)
atpD-F / atpD-F 66/166 (39.76) 286/465 (61.51) 4/24 (16.67)
carA-F / carA-R 70/166 (42.17) 291/465 (62.58) 4/24 (16.67)
gapA-Fps / gapA-Rps 90/166 (54.22) 369/465 (79.35) 0/24 (0.00)
glt-F / glt-R 14/166  (8.43) 40/465 (8.60) 0/24 (0.00)
gyrBBAUP2 / APrU 0/166  (0.00) 1/465 (0.22) 0/24 (0.00)
UP-1E / APrU 166/166 (100.00) 465/465 (100.00) 6/24 (25.00)
recA-F / recA-R 409 109/166 (65.66) 416/465 (89.46) 2/24 (8.33)
LAPS / LAPS27 118/166 (71.08) 426/465 (91.61) 0/24 (0.00)
PSEG30F / PsJL490R 148/166 (89.16) 455/465 (97.85) 0/24 (0.00)
PSEG30F / PsJL628R 139/166 (83.73) 456/465 (98.06) 0/24 (0.00)
PSEG30F / PSEG790R 160/166 (96.39) 460/465 (98.92) 0/24 (0.00)
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ABSTRACT Fluorescent Pseudomonas spp. producing the antibiotic 2,4-diacetylphlor-
oglucinol (DAPG) are ecologically important in the rhizosphere, as they can control
phytopathogens and contribute to disease suppression. DAPG can also trigger a sys-
temic resistance response in plants and stimulate root exudation and branching as
well as induce plant-beneficial activities in other rhizobacteria. While studies of DAPG-
producing Pseudomonas have predominantly focused on rhizosphere niches, the eco-
logical role of DAPG as well as the distribution and dynamics of DAPG-producing
bacteria remains less well understood for other environments, such as bulk soil and
grassland, where the level of DAPG producers are predicted to be low. In this study,
we constructed a whole-cell biosensor for detection of DAPG and DAPG-producing
bacteria from environmental samples. The constructed biosensor contains a phlF
response module and either lacZ or lux genes as output modules assembled on a
pSEVA plasmid backbone for easy transfer to different host species and to enable easy
future genetic modifications. We show that the sensor is highly specific toward DAPG,
with a sensitivity in the low nanomolar range (>20nM). This sensitivity is comparable
to the DAPG levels identified in rhizosphere samples by chemical analysis. The biosen-
sor enables guided isolation of DAPG-producing Pseudomonas. Using the biosensor,
we probed the same grassland soil sampling site to isolate genetically related DAPG-
producing Pseudomonas kilonensis strains over a period of 12months. Next, we
used the biosensor to determine the frequency of DAPG-producing pseudomonads
within three different grassland soil sites and showed that DAPG producers can
constitute part of the Pseudomonas population in the range of 0.35 to 17% at
these sites. Finally, we showed that the biosensor enables detection of DAPG pro-
duced by non-Pseudomonas species. Our study shows that a whole-cell biosensor
for DAPG detection can facilitate isolation of bacteria that produce this important
secondary metabolite and provide insight into the population dynamics of DAPG
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econdary metabolites are well known for their potential as drugs in the medical

industry. They were initially defined as dispensable compounds, nonvital to their re-
spective producers. However, recent advances in genome mining and microbial ecology
are beginning to shed light on the prevalence, role, and importance of these metabolites
in natural environments. In soil ecology, species of fluorescent Pseudomonas isolated
from naturally suppressive soils have received a great deal of attention due to their pro-
duction of antimicrobial secondary metabolites, such as 24-diacetylphloroglucinol
(DAPG). Suppression of wheat take-all disease caused by Gaeumannomyces graminis var.
tritici was shown to be induced by years of crop monoculture and was associated with
the root colonization of DAPG-producing fluorescent Pseudomonas (1). Moreover, pro-
duction of DAPG was shown to be involved in disease control against the causative
agent of tobacco black root rot, Thielaviopsis basicola (2). It has also been demonstrated
that DAPG has antibacterial properties against the pathogen Erwinia carotovora subsp.
atroseptica causing soft rot of potatoes (3).

The biosynthetic gene cluster related to DAPG production in Pseudomonas com-
prises eight genes, phI/ACBDEFGH (4, 5). Proteins encoded by the operon phlACBD are
responsible for the synthesis of DAPG (4). The type Ill polyketide synthase PhID initially
condenses three malonyl coenzyme A molecules into phloroglucinol (PG), which is fur-
ther acetylated by the enzyme complex PhIACB into monoacetylphloroglucinol (MAPG)
and DAPG (6). PhIE was identified as a putative membrane transporter with similarities
to a known efflux pump in Staphylococcus aureus (4). The protein product of phlG
has been described as a hydrolase that catalyzes the degradation of DAPG to
MAPG, thus controlling the intracellular levels of DAPG (5, 7). Both phlF and phlH
encode tetR-like repressors that inhibit transcription of phIACBD and phlG, respec-
tively (5, 8). PhIF and PhIH bind to operator sites located in promoters upstream of
the genes they regulate, thereby sterically blocking transcription. DAPG serves as
the ligand for both repressors. Thus, in the presence of DAPG repression is relieved,
leading to expression of phlACBD and phlG, which, in turn, leads to induced DAPG
biosynthesis and posttranslational regulation (5, 8).

The complex of species belonging to the group Pseudomonas fluorescens has
been well characterized over the past 3 decades, due to the potential of several
species to act as biocontrol agents in agriculture. A recent study surveyed the phy-
logenetic relationship between 166 type strains of Pseudomonas (among which 66
belonged to the P. fluorescens group) based on amino acid sequences of 100 gene
orthologues, which further proposed the existence of 10 subgroups within the P.
fluorescens clade (9). However, despite the vast diversity among P. fluorescens group
members, only a few species belonging to two subgroups, Pseudomonas protegens
and Pseudomonas corrugata, are known to produce DAPG (1, 8). With the advances
in genome mining and the increased availability of complete genomes, the biosyn-
thetic gene cluster phlACBDE was recently identified in Pseudomonas species out-
side the P. fluorescens group, as well as in two genera of Betaproteobacteria (10).
However, in these cases production of DAPG has not yet been demonstrated.

Identification and enumeration of DAPG-producing microorganisms have, to our
knowledge, exclusively relied on DNA probe hybridization and PCR-based techniques.
One of the most commonly employed techniques uses colony hybridization combined
with a confirmatory PCR to verify the presence of phID (11). A more recent method
involves culture-independent real-time PCR to quantify populations of DAPG-produc-
ing Pseudomonas in the plant rhizosphere (12). A different approach is to quantify the
amount of DAPG produced in situ by chemical analysis. Bonsall et al. demonstrated
that an optimized extraction protocol enabled quantification of DAPG isolated directly
from the plant rhizosphere (13). While these techniques have clear advantages, there
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are several drawbacks that also exist. PCR-based methods are limited by DNA binding
of specific primers, and measures have to be taken to address the quantity of diverse
genotypes of DAPG producers. Chemical identification, on the other hand, is re-
stricted by detection limits, which are directly correlated with the size of the bacte-
rial population.

In recent years, the synthetic biology toolbox has expanded rapidly and the use of
genetically engineered molecular circuits to sense molecules and conditions of interest
has gained increased attention. These developments have given rise to whole-cell
biosensors that utilize natural regulatory systems engineered to detect metabolites
and small molecules (14, 15). Whole-cell biosensors rely on molecule recognition to ei-
ther activate transcription or lift repression of a reporter gene and are thus often
highly sensitive, with detection limits in the nano- to micromolar range (16-18).
Furthermore, whole-cell biosensors are tunable by addition or alteration of genetic
parts, which allows for higher sensitivity and increased specificity (15, 19). Lastly,
biosensors may also be implemented as biological detectors for uncovering meta-
bolic activities in situ (20, 21).

Studies of DAPG-producing Pseudomonas species have predominantly focused on
rhizosphere niches, whereas the ecological role of DAPG as well as the distribution and
dynamics of DAPG-producing bacteria is not well understood for other environments,
such as bulk soil and grassland. In this study, we constructed a whole-cell biosensor as
an alternative and efficient approach for detection of DAPG and directed isolation of
DAPG-producing bacteria from environmental samples.

RESULTS

Construction of whole-cell DAPG biosensors with high sensitivity and specificity.
Two whole-cell biosensors were constructed to enable specific detection of DAPG and
identification of DAPG-producing bacteria. The two sensors contain identical modules
for DAPG sensing in combination with either the lux operon or the lacZ gene as a re-
porter (Fig. 1A). The biosensor plasmids were constructed as repressor-mediated mod-
ules in an Escherichia coli K-12 AlaclZYA host. In the absence of DAPG, the TetR-like
repressor protein PhIF binds as a dimer to the phlO operator site (8) in the promoter
upstream of the reporter gene. As bioavailable DAPG diffuses into the cytoplasm and
binds to PhlF, the repression on the target P, promoter is relieved. Two reporter
modules were chosen. The lux operon was used as the output reporter to obtain a
highly sensitive response measured in bioluminescence units. To enable agar plate
screenings for investigating the distribution and dynamics of DAPG-producing bacteria
in natural microbial communities, the lacZ gene was used as the second output re-
porter. To ensure stable inhibition of the P, promoter under noninduced conditions,
the phlF gene is constitutively expressed from the P\, promoter. Both genetic circuits
were introduced into a pSEVA plasmid background (Fig. 1B) to allow for rapid and sim-
ple cloning, as well as efficient mobilization into distinct hosts by triparental mating.

To address the sensitivity and specificity of the whole-cell biosensors, microtiter bio-
assays were conducted. For characterization of the lux version (Fig. 1C), the E. coli host
with pSEVA226-DAPG,,, was grown in Luria-Bertani (LB) broth containing various con-
centrations of PG, MAPG, or DAPG with continuous measurements of luminescence
and cell density. PG and MAPG are both precursors of DAPG and thus similar com-
pounds, allowing determination of biosensor specificity toward DAPG. For each con-
centration of inducer, the average luminescence was normalized to cell density over a
period of 35 min (8 data points, time [t] =172 to 207 min). This corresponds to late ex-
ponential growth phase (see Fig. S1 in the supplemental material). The whole-cell bio-
sensor exhibited excellent sensitivity toward DAPG, with a response to 20nM being
statistically significantly higher than the negative control without added DAPG
(Student’s t test, P=0.01). The biosensor did not respond to the concentrations of PG
tested, but a minor response to MAPG at >1.25 uM was observed. For characterization
of the lacZ version (Fig. 1D), the E. coli host with pSEVA225::DAPG,,., was grown in LB
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FIG 1 Design of highly specific and sensitive whole-cell biosensors for DAPG detection. (A) Schematic illustration of the genetic circuit representing the
DAPG biosensors with various reporter modules. (B) Map of the biosensor present on a pSEVA plasmid background with an RK2 replicon, origin of transfer
(oriT), and a kanamycin resistance gene. Terminators (TO, T1, and 10T) are also indicated. (C) The response of the whole-cell biosensor harboring pSEVA226-

DAPG,,,,
pSEVA225-DAPG,,, to DAPG and similar molecules (PG and MAPG) measured in Miller units.

broth containing various concentrations of either PG, MAPG, or DAPG to allow for en-
zymatic expression. Subsequently, the biosensor response was determined in a 3-ga-
lactosidase microtiter assay. Enzymatic activity of transcribed lacZ was estimated by
continuously measuring the increase in o-nitrophenol concentration over time (Fig.
S2). The output is displayed in Miller units [MU; determined by the equation MU =
(5,000 x OD,,,/min)/ODgq,, Where OD,,, is optical density at 420 nm]. Exposing the
biosensor to 0.625 wM DAPG vyielded a statistically significantly higher response than
for the negative control without added DAPG (Student’s t test, P=0.0032).

Detection of DAPG production from bacterial colonies during growth on agar
surfaces. After addressing the sensitivity and specificity of the biosensor, we pro-
ceeded to utilize it in the identification of DAPG-producing bacteria. We investigated
the response of the whole-cell biosensor when coinoculated with known DAPG-pro-
ducing bacteria commonly found in soil (Fig. 2). The biosensor harboring pSEVA225::
DAPG,,., was grown as a lawn on KBmalt agar (22) supplemented with 5-bromo-4-
chloro-3-indolyl- B-p-galactopyranoside (X-Gal). Inoculation of DAPG-producing cul-
tures of P. protegens CHAO and P. protegens DTU9.1 on these agar plates resulted in
induction of the biosensor and production of clear blue halos surrounding the colonies
after 24h (Fig. 2A). We also constructed a AphlACBD mutant strain of P. protegens
DTU9.1 by allelic replacement, in which the DAPG biosynthesis genes were deleted
(Materials and Methods). As expected, the mutant strain did not elicit a response from
the biosensor (Fig. 2A) and did not produce DAPG detectable by liquid chromatogra-
phy-mass spectrometry (LC-MS) analysis (Fig. 2B). We note that DAPG production in
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FIG 2 Detection of DAPG produced by bacterial colonies grown on agar surfaces. (A) Four fluorescent Pseudomonas isolates were grown on a lawn of the
biosensor with pSEVA225:DAPG,, ., on KBmalt medium supplemented with X-Gal. Wild-type P. protegens CHAO and DTU9.1, known to produce DAPG,
elicited a biosensor response after 24 h, whereas the negative controls, P. putida KT2440 and a AphlACBD mutant of P. protegens, DTU9.1, did not. (B)
Extracted ion chromatograms (EIC) for DAPG (m/z 211.0601 = 5 ppm) of the four Pseudomonas extracts confirmed the production of DAPG after 24 h by P.

protegens CHAO and DTU9.1.

Pseudomonas species has been shown to be high under growth conditions including
maltose, such as the conditions used in this study (8, 23). In concordance with these
findings, we did not observe clear blue halos when LB agar was used (data not shown).
We also tested Pseudomonas putida KT2440, which does not contain the DAPG biosyn-
thetic gene cluster. Similar to the P. protegens DTU9.1 AphlACBD mutant, P. putida did
not elicit a response in the biosensor after 24 h of growth. However, after prolonged
incubation (>72h) of P. putida KT2440, a slight blue coloring was detected surround-
ing the bacterial colony (Fig. S3).

Finally, we also explored if our setup can be used to identify DAPG production in
species other than Pseudomonas. Recently, the genome of Chromobacterium vaccinii
MWU328 was shown to contain genes with high similarity to the essential genes
required for DAPG biosynthesis (phlACBDE) (10). We found that C. vaccinii MWU328
produced molecules that induced a response in the biosensor, resulting in a blue halo
around the colony. A small amount of DAPG was subsequently confirmed by LC-MS
(Fig. S4).

Biosensor-guided identification of DAPG-producing Pseudomonas. Next, we
used our biosensor to guide the identification of DAPG-producing pseudomonads
from environmental samples. To this end, we collected soil samples from the same
grassland soil site (labeled P5) in both August 2018 and August 2019 and randomly iso-
lated 30 fluorescent Pseudomonas strains at both time points. This site is located in
Dyrehaven, which is a Danish natural reserve, thus representing a relatively unaffected,
natural soil niche. Using the approach described above, all 60 isolates were screened
on KBmalt agar plates supplemented with X-Gal and a lawn of the biosensor harboring
pSEVA225:DAPG,,,. A blue halo indicative of DAPG production was observed for one
isolate from 2018 (isolate P5.21) and two isolates from 2019 (isolates P5.52 and P5.53)
(Fig. 3A). Subsequent LC-MS analysis confirmed DAPG production in all three isolates
(Fig. S5). For taxonomic identification of the 60 isolates, part of the housekeeping gene
rpoD was sequenced for each isolate. The rpoD sequences were aligned to a database
of 165 Pseudomonas type strains (9). Species identification of each isolate was deter-
mined based on the highest match to the type strains using nucleotide BLAST on the
NCBI website. The diversity of cultivable fluorescent Pseudomonas remained similar, as
species of P. jessenii, P. koreensis, and P. corrugata subgroups (as well as species of P.
putida) were identified in the two samplings (Fig. 3B). However, isolates belonging to
the P. fluorescens subgroup were found only in 2018.

The three DAPG-producing Pseudomonas isolates were identified as P. kilonensis.
This species is part of the P. corrugata subgroup of fluorescent Pseudomonas (Fig. 3C,
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FIG 3 Examination of fluorescent Pseudomonas from grassland soil for DAPG production. (A) Thirty
fluorescent Pseudomonas isolates from grassland soil in 2018/2019 were grown on a lawn of the
biosensor with pSEVA225:DAPG,,., on KBmalt medium supplemented with X-Gal. The biosensor
responded to one isolate from 2018 and two from 2019. (B) Part of the rpoD gene was sequenced
and aligned to a database of 165 type strains of Pseudomonas. The three isolates eliciting a response

(Continued on next page)
FIG 3 Legend (Continued)
from the biosensor were identified as P. kilonensis, which is part of the P. corrugata subgroup (9). (C)
An rpoD-based neighbor-joining tree representing the phylogenetic relationship of the three P.
kilonensis isolates to the P. corrugata subgroup. P. protegens CHAO was included as an outlier. A
bootstrap consensus tree (500 replicates) of the rpoD PCR products was constructed via the
neighbor-joining method. The bootstrap percentage values are depicted next to each branching
point. The P. corrugata subgroup is shown in a green area, whereas the species of this subgroup
known to produce DAPG are in a blue box, along with the three soil isolates.
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TABLE 1 Frequencies of DAPG producers in natural soil microbiomes

Blue halo phiID PCR verified
Site  Total CFU/g of soil’  Count (no./total)  %® Count (no./total)  CFU/g of soil®
P5’ 1.7 x 10* 6/288 2.08 1/6 60
P8 5.7 x 103 5/288 1.74 1/5 20
P9 6.9 x 10° 49/288 17.01 49/49 1.2 x 103

aTotal CFU of bacteria cultivable on %4 KB*** medium, which is predominantly Pseudomonas.

bProportion of isolates displaying a blue halo in relation to the 288 colonies tested.

¢CFU per gram of soil of potential DAPG producers was calculated using the ratio of PCR-confirmed isolates
compared to the total number of tested isolates times CFU per gram of soil of cultivable Pseudomonas.

green area). Members of this subgroup are known to harbor the biosynthetic gene
cluster required for DAPG production (10). To determine the phylogenetic relationship
of the three P. kilonensis isolates compared to the P. corrugata subgroup, we con-
structed an rpoD-based bootstrap consensus tree (500 replicates) with the neighbor-
joining method (Fig. 3C). As expected, the three P. kilonensis isolates cluster together
with the members of the P. corrugata subgroup known to produce DAPG (marked with
a blue box). Taken together, these results show that genetically highly related DAPG-
producing Pseudomonas organisms can be isolated from the same grassland soil site
over a 12-month period.

Measuring the frequency of DAPG-producing pseudomonads in grassland soils.
To further explore the populations and frequencies of DAPG-producing pseudomo-
nads in grassland soils, we sampled soil from three additional grassland sites (an area
close to P5 labeled P5’, P8, and P9) (see Materials and Methods). In total, we isolated
288 Pseudomonas strains as libraries in 96-well microplates from each of the three sites
(n=2864). The three libraries were then screened for potential DAPG producers by rep-
lica plating them onto KBmalt agar supplemented with X-Gal and a lawn of the whole-
cell biosensor harboring pSEVA225:DAPG,,.,. Simultaneously, the libraries were screened
on separate plates for production of natural B-galactosidases, and isolates displaying a
response were discarded from further analyses. Note that in this experimental setup
(using replica plating), the development of blue halos around DAPG-producing colonies
took longer than when larger aliquots of cultures were spotted onto the agar plates.
After 48 h of incubation, the biosensor elicited a response to six isolates from P5’, five
isolates from P8, and 49 isolates from P9 (Table 1). Subsequently, we analyzed the colo-
nies displaying a blue halo for the presence of phID, as well as their taxonomy by
sequencing part of rpoD and aligning it to the database of Pseudomonas type strains (9).
For P5’ and P8, one isolate from each site was confirmed to encode the polyketide syn-
thase responsible for DAPG biosynthesis (Table 1), and both isolates were identified as P.
protegens (Fig. 4). For P9, the 49 isolates with a surrounding blue halo were confirmed to
have phID, where 38 of those isolates belonged to P. kilonensis and the remaining 11
were identified as P. protegens (Fig. 4). The false positives from P5’ and P8 were subse-
quently analyzed with LC-MS (see Materials and Methods) to confirm the absence of
DAPG production. DAPG was not detected in any of the nine isolates.

DISCUSSION
In this study, we constructed a highly sensitive whole-cell biosensor for detection
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FIG 4 Taxonomic identification of isolates with a surrounding blue halo in the high-throughput screening
assay. For each isolate, part of the rpoD gene was sequenced and aligned to a database of 165 type strains of
Pseudomonas. For both P5’ and P8, one isolate was identified as P. protegens, whereas the remaining isolates
belonged to either the P. putida group or the P. koreensis and P. mandelii subgroups of P. fluorescens,
according to Hesse et al. (9). For P9, the rpoD gene of 49 isolates displaying a blue halo was sequenced. Only
species of P. kilonensis and P. protegens were identified.

and guided isolation of DAPG-producing microorganisms. Utilization of genetic circuits
to detect and report on the presence of small molecules is associated with advantages
and disadvantages. Two apparent caveats associated with the in vitro agar-based bio-
sensor-guided identification used in this study are that it is viable only for cultivable
organisms and it requires conditions that allow cocultivation of the isolate of interest
with the biosensor. One advantage of the biosensor is that it is not restricted to a nar-
row range of genotypes of DAPG producers, which is a limiting factor of PCR-based
approaches. Additionally, with a detection limit of >20nM in vitro (Fig. 1C), the biosen-
sor may have potential for use in situ to identify DAPG production in specific soil niches
and thus serve as a promising alternative to chemical identification of DAPG, where
the detection limit is in the low micromolar range (13).

We show that the biosensor is specific toward detection of DAPG. The biosensor
did not respond to PG and elicited a minor response toward MAPG. This minor
response was absent from its lacZ counterpart, which further demonstrates the sensi-
tivity of the Jux variant. We realize that we have used only two molecules (PG and
MAPG) to represent natural DAPG analogues in our specificity assessment. It remains a
possibility that other molecules can elicit a biosensor response. In a study by Yan et al.
on the PhIH transcriptional regulator, it was demonstrated that multiple molecules
with structural similarities to DAPG could bind to PhIH and induce a response, albeit
significantly lower than the response induced by DAPG (5). Likewise, it was found that
MAPG induced a minor response in the same study (5).

In order to demonstrate the biosensor response to bioavailable DAPG on agar surfa-
ces, we inoculated DAPG producers and nonproducers on top of the whole-cell biosen-
sor on agar plates. As expected, a blue halo was observed around the DAPG producers.
Additionally, a blue coloring was absent around the nonproducers after 24 h. These
findings also correlated with the LC-MS analysis. However, a slight blue halo was
observed surrounding P. putida after prolonged incubation (>72h), suggesting that
one or more compounds are secreted by this strain during late stationary phase which
interact with PhIF, thus relieving repression of the reporter gene.

Subsequently, the biosensor was utilized for guided identification of DAPG-produc-
ing fluorescent Pseudomonas. The isolates were selected on % KB*** medium (see
Materials and Methods), which has been shown to be optimal for isolation of fluores-
cent Pseudomonas, including DAPG producers (24). We screened 30 pseudomonads
randomly isolated from the P5 site in both 2018 and 2019. DAPG producers were
detected in both samplings based on a clear blue halo surrounding their colonies and
were identified as P. kilonensis species, which are known to produce DAPG (10). Part of
the rpoD gene was sequenced for all isolates and aligned to a database of Pseudomonas
type strains (9), which revealed a remarkably similar diversity over a 12-month period
(i.e, the same Pseudomonas subgroups were sampled at both time points). However,
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despite the low sampling depth, the species abundance appeared to shift from P. jessenii
to P. koreensis. From an ecological point of view, it is of interest that the DAPG producers
seem to persist over time in relatively similar quantities.

Lastly, we sought to optimize the screening assay to a high-throughput 96-well
microplate format. We isolated 288 Pseudomonas species from each of three soil sites
(P5’, P8, and P9). The sites are located in a Danish natural reserve (Dyrehaven); thus,
we argued that they represent pristine grassland soil niches. It is worth noting that
bulk soil is an extremely harsh environment with low nutrient availability, which might
explain the small amount of CFU per gram of Pseudomonas compared to rhizosphere
environments (11-13). We identified 6 and 5 isolates with blue halos around their colo-
nies in P5’ and P8, respectively. Yet only one isolate from each site was confirmed to
encode the polyketide synthase responsible for DAPG production. Picard et al. isolated
156 Pseudomonas strains from bulk soil, but no DAPG producers were identified,
although DAPG producers were isolated at a later stage from roots of maize plants
grown in the same soil (25). It was speculated that DAPG-producing Pseudomonas
organisms are present in bulk soil in quantities of <2.6 x 102 CFU g, which is compa-
rable to the findings obtained in our study of grassland soil at P5" (6 x 10" g~') and P8
(2 x 10" g7") (Table 1). In P9, on the other hand, 17% of the isolates displayed a blue
halo around their colonies, and the presence of phID was confirmed for all isolates.
However, during the course of our study, it became apparent that a deer-feeding site
was located near the sampling site, with wheat being the main feed. This could poten-
tially explain the high frequency of DAPG producers in P9, as DAPG-producing
Pseudomonas bacteria, which are known to be associated with the roots of wheat (1),
might have translocated into the soil surrounding the feeding site due to animal activities.

The false-positive isolates from the high-throughput screening (i.e., isolates that
resulted in a biosensor response without the presence of DAPG biosynthesis genes)
could potentially produce compounds similar to those made by P. putida (as described
above), which interfere with PhIF. The phlF gene in the biosensor was cloned from P.
protegens CHAO (26), where it naturally functions as a transcriptional repressor of
phlIACBD (8). The false positives identified in our screen may secrete yet-unknown sec-
ondary metabolites that interact with the PhIF repressor, thus inducing biosynthesis of
DAPG. This finding highlights the possibility for microbe-microbe interactions in situ
leading to induced DAPG production by adjacent nonproducers. Interestingly, we found
two isolates belonging to the P. putida group in the high-throughput screening, which
may indicate that certain species of this group produce molecules that can induce
expression of DAPG. Surprisingly, we also identified isolates of P. koreensis and P. mande-
lii that elicit a response from the biosensor, which further enhances the potential of yet-
unexplored microbe-microbe interactions that could be addressed in future studies.

In conclusion, this study demonstrates the use of an engineered whole-cell biosen-
sor for guided identification of DAPG-producing microorganisms. This approach sur-
passes the limits of previous PCR-based and chemical identification methods, although
future optimization to further increase sensitivity and reduce unexpected response to
false positives might be required.

MATERIALS AND METHODS

Strains, media, and growth conditions. Plasmid cloning and genetic circuit characterization were
performed in Escherichia coli K-12 AlaclZYA or E. coli CC118-Apir. Cells were cultured in Luria-Bertani (LB)
broth (Lennox; Merck, St. Louis, MO) with appropriate antibiotics. The antibiotic concentrations used
were 25 g ml~" for kanamycin, 10 g ml~" for chloramphenicol, and 8 ug ml~" for tetracycline. The
engineered whole-cell biosensor was cultured by inoculating a single colony in 5 ml of LB broth supple-
mented with kanamycin and incubating it overnight at 37°C with shaking (200 rpm). For characterization
of the biosensor response to DAPG producers, control strains were routinely cultured by inoculating a
single colony in 5ml of LB broth and incubating it overnight at 30°C with shaking (200 rpm). Control
strains included Pseudomonas putida KT2440, Pseudomonas protegens DTU9.1 (previously isolated by our
group), Pseudomonas protegens DTU9.1 AphIACBD (see below), and Chromobacterium vaccinii MWU328.

Plasmid circuit construction. Plasmid construction and DNA manipulation were performed follow-
ing standard molecular biology techniques. The strain E. coli K-12 AlaclZYA was transformed with all
plasmid constructs by chemical transformation. The plasmid pAJM847 (GenBank accession number
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MH101727.1), comprising the P, promoter, phif, the induction operon terminator (I0T), and the P,
promoter, was a kind gift from Christopher Voigt (26). The genetic circuit from pAJM847 was reorgan-
ized into pSEVA225T (GenBank accession number KC847299.1) (27) to obtain the DAPG biosensor. To
this end, the fragment containing the P, promoter, phlF, and the induction operon terminator was
PCR amplified with Avrll and EcoRI overhangs (Placl_Avrll_fw, 5'-TAAGCACCTAGGCGTTTTGGTCCAATGG;
Term847_EcoRI_rev, 5'-TGCTTAGAATTCAGCGAGGAAGCACC). The purified PCR product was digested
with appropriate restriction enzymes and inserted in pSEVA225T to yield pSEVA225:P, q-phiF.
Subsequently, the fragment containing the P, promoter was PCR amplified with EcoRI and Hindlll
overhangs (PphlF_EcoRI_fw, 5'-TAAGCAGAATTCCGACGTACGGTGG; PphlF_Hindlll_rev, 5'-TGCTTAAAG
CTTTATTTCCCCTCTTTCTCTAG). Purified PCR product was restriction digested and inserted in pSEVA225::
P.aq-PhlF to yield the lacZ version of the DAPG biosensor (pSEVA225:DAPG,,,). The lux operon
(luxCDABE from Photorhabdus luminescens) was PCR amplified from pUC18-mini-TN7T-Gm-lux with
Hindlll and Spel overhangs (Lux_Hindlll_fw, 5'-GAATTCAAGCTTATGACTAAAAAAATTTCATTC; Lux_Spel_
rev, 5'-GAATTCACTAGTAGGATATCAACTATCAAAC). The purified PCR product was restriction digested
and inserted in pSEVA225::DAPG,,, to yield the lux version (pSEVA226::DAPG,,,).

Deletion of phIACBD by allelic replacement. To abolish DAPG production in P. protegens DTU9.1,
the biosynthesis genes, phlACBD, were deleted by allelic replacement according to the method of
Hmelo et al. (28). In short, DNA fragments directly upstream of phlA (Up_F, 5'-ATCCCGTCTAGACA
GAGATTTCGCAGTAAAAAG; Up_R, 5'-GGCGGGACAGGCACAGGCAGTCACATTTCCTCTTGATTCCATTCT
TTTC) and directly downstream of ph/D (Down_F, 5'-TGTGACTGCCTGTGCCTG; Down_R, 5'-ATCCGGG
AGCTCTTGAAAGCCGCCAGCC) were PCR amplified. The fragments were joined by splicing-by-overlap
extension PCR with Xbal and Sacl overhangs using primers Up_F and Down_R. The purified PCR product
was restriction digested and inserted into pNJ1 (29). The resulting plasmid was mobilized into P. prote-
gens DTU9.1 via triparental mating with E. coli HB101 harboring the helper plasmid pRK600. Merodiploid
transconjugants were initially selected on Pseudomonas isolation agar (PIA; Merck, St. Louis, MO) supple-
mented with 50 ug ml~" of tetracycline. A second selection was performed on NSLB agar (10 g liter ' of
tryptone, 5 g liter~" of yeast extract, 15 g liter" of Bacto agar) with 15% sucrose. Candidates for success-
ful deletion were confirmed by PCR and verified by Sanger sequencing at Eurofins Genomics.

Luminescence dose/response microplate assay. Overnight cultures of the whole-cell biosensor
harboring pSEVA226-DAPG,,, were prepared in six biological replicates as described above. Ninety-six-
well black, clear-bottom microplates (In Vitro, Denmark) were prepared with LB broth supplemented
with kanamycin and various concentrations of PG, MAPG, or DAPG (0, 0.005, 0.01, 0.02, 0.039, 0.078,
0.156, 0.3125, 0.625, 1.25, 2.5, 5, 7.5, 10, and 15 uM). The overnight cultures were diluted to inoculate
the microplates to an initial ODg,, of 0.01. The plates were sealed with a semipermeable membrane
(Breathe-Easy; Merck, St. Louis, MO) and incubated in a Cytation 5 microplate reader for 5 h at 37°C with
shaking (600 rpm), with continuous measurements of luminescence and absorbance at ODy,,. These
data and any other microplate assay data were collected with Gen5 2.07 software and exported to Excel
2016 and GraphPad for data analysis.

p-Galactosidase dose/response microplate assay. Overnight cultures of the whole-cell biosensor
harboring pSEVA225-DAPG,,., were prepared in triplicate as described above. Transparent 96-well
microplates (TPP; Merck, St. Louis, MO) were prepared with LB broth supplemented with kanamycin and
various concentrations of PG, MAPG, or DAPG (0, 0.625, 1.25, 2.5, 5, 7.5, 10, and 15 uM). The overnight
cultures were diluted to inoculate the microplates to an initial ODy,, of 0.01. Cultures were grown for 3 h
at 37°C with shaking (600 rpm), followed by measurement of the endpoint ODy,,. Subsequently, 20 ul
from each well was transferred to new transparent 96-well microplates and mixed with 80 ul of perme-
abilization buffer (0.1 M Na,HPO,, 0.02 M KCl, 0.002 M MgSO,, 0.8 mg m|~" of hexadecyltrimethylammo-
nium bromide, 0.4 mg ml~" of sodium deoxycholate, 5.4 ul mI~" of B-mercaptoethanol) (30). The plates
were incubated at 30°C with shaking (600 rpm) for 30 min to facilitate cell lysis. Next, 28 ul of lysed cell
culture from each well was transferred to 96-well black microplates and mixed with 172 ul of substrate
solution (0.06 M Na,HPO,, 0.04 M NaH,PO,, 1mg ml~" of o-nitrophenyl-B-p-galactopyranoside, 2.7 ul
ml~" of B-mercaptoethanol) (30). The plates were sealed with a semipermeable membrane (Breathe-Easy;
Merck, St. Louis, MO) and incubated in a Cytation 5 microplate reader for 16 h at 37°C with shaking
(600 rpm), with continuous measurements of OD,,,. Data were collected and analyzed as described above.

Detecting DAPG from bacterial cultures grown on agar surfaces. Overnight cultures of the
whole-cell biosensor harboring pSEVA225-DAPG,,_, and the control strains P. putida KT2440, P. protegens
DTU9.1, P. protegens DTU9.1 AphlACBD, and C. vaccinii MWU328 were prepared as described above. The
biosensor was normalized to an ODy,, of 1.0 and spread on King's agar B supplemented with malt
extract (KBmalt) (20 g liter ' of Proteose peptone no. 3, 1.5 g liter ' of K,HPO,, 1.5 g liter ' of MgSO,,
7.5 g liter " of malt extract, 10 ml liter " of glycerol, and 20 g liter ' of Bacto agar) supplemented with
25ug ml~" of 5-bromo-4-chloro-3-indolyl- 3-p-galactopyranoside (X-Gal; Thermo Fisher Scientific).
Overnight cultures of the control strains were normalized to an ODy,, of 1.0 and inoculated as 20-ul
spots on the agar plates containing the biosensor. Agar plates were incubated at 30°C for 24 to 96 h.
Plates were inspected for blue halos surrounding the bacterial spots every 24 h.

Detection of DAPG by LC-MS. Overnight cultures of the control strains P. putida KT2440, P. prote-
gens DTU9.1, P. protegens DTU9.1 AphlACBD, and C. vaccinii MWU328 were prepared as described above.
The cultures were normalized to an OD,, of 1.0, inoculated as 20-ul spots on KBmalt and malt agar
plates, and incubated at 30°C for 24 h. An agar plug (6-mm diameter) of the bacterial culture was trans-
ferred to a vial and extracted with 1 ml of isopropanol-ethyl acetate (1:3, vol/vol), containing 1% formic
acid, under ultrasonication for 60 min. The extracts were then transferred to new vials, evaporated under
N,, and redissolved in 200 ul of methanol for further sonication over 15min. After centrifugation at
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13,400 rpm for 3 min, the supernatants were transferred to high-performance liquid chromatography
(HPLC) vials and subjected to ultrahigh-performance liquid chromatography-high resolution electro-
spray ionization mass spectrometry (UHPLC-HRESIMS) analysis. UHPLC-HRESIMS was performed on an
Agilent Infinity 1290 UHPLC system equipped with a diode array detector (DAD). UV-visible spectra were
recorded from 190 to 640 nm. Liquid chromatography of 1 ul of extract was carried out using an Agilent
Poroshell 120 phenyl-hexyl column (2.1 by 150 mm, 1.9 um) at 60°C using acetonitrile and H,O, both
containing 0.02 M formic acid, as mobile phases. Initially, a linear gradient of 10% acetonitrile/H,0O to
100% acetonitrile over 10 min was employed, followed by an isocratic wash of 100% acetonitrile for 2
min. The gradient was returned to 10% acetonitrile/H,O in 0.1 min and, finally, an isocratic condition of
10% acetonitrile/H,O for 1.9 min, all at a flow rate of 0.35ml min~". Mass spectrometry detection was
performed in positive ionization on an Agilent 6545 quadrupole time of flight (QTOF) MS equipped with
an Agilent dual-jet stream electrospray ion source with a drying gas temperature of 250°C, drying gas
flow of 8 liters min~", sheath gas temperature of 300°C, and sheath gas flow of 12 liters min~". The capil-
lary voltage was set to 4,000 V and nozzle voltage to 500 V. Mass spectrometry data analysis and proc-
essing were performed using Agilent MassHunter Qualitative Analysis B.07.00.

Isolation of fluorescent Pseudomonas from grassland soil. Three sites of undisturbed grassland
were chosen (P5, 55°78'88"N, 12°55'83"E; P8, 55°79'52"N, 12°58'06"E; and P9, 55°79'12"N, 12°57'51"E).
Soil was collected approximately 10 centimeters below the grass surface. Five grams of soil was suspended
in 30ml of sterile water and shaken vigorously for 1 min on a Vortex mixer. In order to isolate fluorescent
Pseudomonas, the samples were serially diluted and plated onto % KB*** (7.5 g liter ' of King's agar B,
10ml liter™" of glycerol, 7.5 g liter" of Bacto agar) supplemented with 100 g ml~" of cycloheximide, 13 g
ml~" of chloramphenicol, and 40 g ml~" of ampicillin, as previously described (24). Agar plates were incu-
bated at 30°C for 48 h. Fluorescent colonies were identified under UV light and restreaked on LB agar plates.
Species identification of the soil isolates was performed by PCR, amplifying part of the rpoD gene with pri-
mers (PSEG30F, 5'-ATYGAAATCGCCAARCG; PsEG790R, 5'-CGGTTGATKTCCTTGA) (31). PCR products were
purified, sequenced, and aligned to a database of 166 known type strains of Pseudomonas (9).

Biosensor-guided identification of DAPG producers from grassland soil. Thirty fluorescent
Pseudomonas isolates were randomly selected from sample site P5 both in 2018 and in 2019 as
described above. Isolates were cultured overnight in LB broth at 30°C with shaking (200 rpm). An over-
night culture of the biosensor harboring pSEVA225-DAPG,,., was normalized to an ODg,, of 1.0 and
spread onto KBmalt plates supplemented with 25ug ml~" of X-Gal. Overnight cultures of the
Pseudomonas isolates were inoculated onto the agar plates as 20-ul spots. Plates were incubated at
30°C for 24 to 48 h. Plates were inspected for blue halos surrounding the bacterial spots every 24 h. The
DAPG-producing isolates were identified by PCR-based species identification, as described above. The
phylogenetic relationship between the DAPG-producing isolates was determined by analyzing a phylo-
genetic tree with representatives of each P. fluorescens subgroup (9). In short, the PCR-amplified parts of
the rpoD genes were Sanger sequenced and aligned using the MUSCLE algorithm, followed by construc-
tion of a bootstrap consensus tree (500 replicates) by the neighbor-joining method in MEGA X (32).

High-throughput screening for DAPG producers in grassland soil. In 2019, 288 fluorescent
Pseudomonas isolates were randomly selected from three sample sites (P5’, 55°78'78"N, 12°56'07"E; P8
and P9, see coordinates above). Fluorescent colonies were streaked on LB agar OmniTray (Nunc; Nalge
Nunc International, Rochester, NY) and incubated for 24 h at 30°C. Isolates were cultured in transparent
96-well microplates in terrific broth (TB; 12 g liter™" of tryptone, 24 g liter™' of yeast extract, 0.17 M
KH,PO,, 0.72 M K,HPO,, and 5ml liter™" of glycerol). An overnight culture of the biosensor harboring
pSEVA225-DAPG,,., was normalized to an ODg,, of 0.5 and spread onto KBmalt OmniTrays supple-
mented with 50 ug ml~" of X-Gal. The Pseudomonas isolates were inoculated on the OmniTrays with
sterile replicators. The OmniTrays were incubated at 30°C for 48 h and inspected for blue halos surround-
ing the Pseudomonas colonies. Candidate isolates exhibiting a blue halo were screened by PCR for the
presence of phlD with primers (B2BF, 5'-ACCCACCGCAGCATCGTTTATGAGC; BPR4, 5'-CCGCCGGTA
TGGAAGATGAAAAAGTC) (33). Moreover, rpoD was amplified from candidate colonies for species identifi-
cation with primers PSEG30F and PsEG790R.

Data availability. All data are included here and in the supplemental material. Plasmid constructs
and bacterial strains, including Pseudomonas isolates, will be made available by the corresponding
author upon request.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 1.3 MB.
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SUPPLEMENTARY

S1 Growth curves (ODsoo) and Luminescence curves for the whole-cell biosensor harbouring

pSEVA225-DAPGux grown in media supplemented with DAPG, MAPG and PG.

The whole-cell biosensor was grown in LB media supplemented with either PG, MAPG or
DAPG at varying concentrations. Optical density at ODsoo and luminescence was measured
continuously over 5 hours. The light pink field indicates the area of data used to calculate an
average value of luminescence normalized to ODeggo (t = 172-207 min). This corresponds to

late exponential growth phase.



S2 Graphs showing B-galactosidase activity measured as ODazo for the whole-cell biosensor

harbouring pSEVA225-DAPGiacz grown in media supplemented with DAPG, MAPG and PG.

The whole-cell biosensor was grown in LB media supplemented with either PG, MAPG or
DAPG at varying concentrations followed by measurement of B-galactosidase activity.
Optical density at OD.yo was measured continuously over 16 hours. The light pink field
indicates the phase of linear increase enzymatic activity, as shown on the graphs on the right.
Linear regressions were used to estimate the ODa4z0/min and calculate the biosensor response

to varying concentrations of substrate in terms of Miller Units.



S3 Picture series of DAPG-producing bacteria and controls growing on KBmalt agar surfaces

Four strains of Pseudomonas were grown on KBmalt agar supplemented with X-gal and a
lawn of the whole-cell biosensor harbouring pSEVA225-DAPGjycz. The two DAPG-
producing strains, P. protegens CHAO and DTU9.1 exhibited a response after 24-48 hours
seen as a blue halo surrounding the colony. Two controls were included, P. putida KT2440
and a AphlACBD mutant of P. protegens DTU9.1 incapable of synthesizing DAPG. No
DAPG was detected from these controls by LCMS, but a slight blue colouring around P.

putida was observed >72 hours.

S4 Production of DAPG in Chromobacterium vaccinii MWU328.

x104

I

1 2 3 4 5 6 7 8 9 10 11 12 13

Time (min)

DAPG production was confirmed for C. vaccinii MWU328 by growth on KBmalt agar
supplemented with X-gal and a lawn of the whole-cell biosensor harbouring pSEVA225-

DAPGiacz. Moreover, DAPG was detected by LCMS.



S5 Picture series of DAPG-producing soil isolates from P5, along with corresponding LCMS

profiles.

The three isolates from P5, which were identified as P. kilonensis, were grown on KBmalt
agar supplemented with X-gal and a lawn of the whole-cell biosensor harbouring
pSEVA225-DAPG|cz. A clear blue halo indicates the production of DAPG, which was

further confirmed by LCMS.
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Abstract

Soil- and rhizosphere microbiomes play important roles in suppression of plant pathogens through
production of antagonistic secondary metabolites, yet mechanisms that determine the strength of
pathogen control are not well understood. Many Pseudomonas species are associated with soil- and
rhizosphere microbiomes, and their ability to suppress pathogens is well documented. Here, we
investigate how interactions within the Pseudomonas genus affect their production of antimicrobial
metabolites. From a biosensor-based screen, we identify P. capeferrum species as capable of
modulating secondary metabolite production in P. protegens. We show that P. capeferrum alters
production of pyoluteorin and 2,4-Diacetylphloroglucinol (DAPG) in P. protegens via two distinct and
sequential mechanisms that depends on spatial proximity of the two species. Specifically, P.
capeferrum secretes a diffusible signal that induce pyoluteorin production up to 100-fold in
neighboring P. protegens colonies. In contrast, the interaction results in reduced DAPG production,
but only within mixed-species colonies. Importantly, we found that increased pyoluteorin production
and cell lysis of P. capeferrum is required for inhibition of DAPG production, suggesting that
pyoluteorin-facilitated antibiosis of P. protegens on P. capeferrum leads to release of cell-associated
metabolites and subsequent inhibition of DAPG production in P. protegens. As the interaction
modulates in vitro bioactivity of the species, genus-specific interactions may assist in improving

efficacy of biocontrol strains and consortia.
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Importance

Microbial inoculants utilized as biocontrol agents to combat and control plant pathogenic
microorganisms, such as P. protegens, have gained increasing attention as sustainable alternatives to
chemical pesticides over the past decades. However, the in situ efficacy of these biocontrol inoculants
is often severely reduced or absent compared to the observed in vitro efficacy. The effect of biocontrol
agents is usually linked to their ability to produce antimicrobial secondary metabolites with activity
against specific pathogenic microorganisms. Investigating the effects of microbial interactions from
natural soil Pseudomonas on the production of antimicrobial secondary metabolites by the biocontrol
inoculant will further our understanding of the natural biosynthesis of these metabolites and aid in

bridging the anticipated and actual efficacy of biocontrol agents.
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Introduction

Soil- and rhizosphere-associated microbiomes play critical roles in plant development and health, for
example by production of antimicrobial metabolites that suppress plant diseases by antagonizing
growth of phytopathogens (1-3). Understanding the processes that either potentiate or reduce this
antagonism is essential for predicting the role and function of bacterial communities in controlling
plant—pathogen interactions, and for enabling biological control applications in agriculture. Several
studies have shown that antagonistic activity towards plant pathogens is related to bacterial diversity
in ways that are not well understood (4-8). For example, using defined consortia of Pseudomonas
species it has been shown that increasing genotypic richness (i.e. increasing number of genotypically
similar consortia members) correlate with increased disease suppressiveness and antagonistic activity
towards phytopathogens (5, 7). In contrast, another study has demonstrated that an increasing
richness of distantly related Pseudomonas spp. is correlated with reduced pathogen inhibition (8).
These and other examples suggest that genus-specific interactions among Pseudomonas species can
affect the strengths of their antagonistic activities and highlights the importance in understanding the

underlying microbial interaction processes.

Pseudomonas spp. are a group of soil bacteria that play key roles in plant growth promotion and
control of crop pathogens due to production of various antimicrobial metabolites (2, 4). Among the
fluorescent pseudomonads, Pseudomonas protegens has been studied intensively due to its potential
as biocontrol agent and its array of antimicrobial secondary metabolites, including 2,4-
diacetylphloroglucinol (DAPG), pyoluteorin, pyrrolnitrin, orfamide A and pyoverdine (9, 10). This
bacterium has been shown to exhibit antimicrobial activity against pathogenic bacteria, fungi and
oomycetes (11-13). At the mechanistic level, the biosynthesis and regulation of these metabolites has
been well characterized in P. protegens, including that of DAPG and pyoluteorin. For the biosynthesis
of DAPG, three molecules of malonyl-CoA are initially converted to phloroglucinol (PG) by the

polyketide synthase, PhID. PG is subsequently acetylated by the PhIACB enzyme complex once to
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mono-acetylphloroglucinol (MAPG) and twice to DAPG (14, 15). The biosynthetic operon, phlACBDE,
is under transcriptional control by the PhIF repressor. Additionally, Bottiglieri et al. found that a gene
located upstream, phlG, encodes the PhlG enzyme, which degrades intracellular DAPG to MAPG (16).
The transcription of phlG is under control of the PhIH repressor (17). The biosynthesis of pyoluteorin
starts with L-proline, which is converted to a dichloro-pyrrole by a three-step enzymatic process by
PItF, PItE and PItA. Pyoluteorin is formed by the addition of a resorcinol ring to the dichloro-pyrrole
moiety catalyzed by the enzyme complex, PItBCG (18, 19). Transcription of the biosynthetic operon,
pltLABCDEFG, is activated by PItR. Recently, Yan et al. reported that the biosynthesis of DAPG and
pyoluteorin is connected in P. protegens Pf-5, where the halogenase, PItM, converts the precursor,
PG, from the DAPG pathway to PG-Cl and PG-Cl; (10). These molecules bind to the PItR activator, which

in turn activates transcription of the pyoluteorin biosynthetic gene cluster.

The regulation of DAPG and pyoluteorin biosynthesis has been studied extensively in strains of P.
protegens. It was demonstrated that these antimicrobial metabolites function in intra- and
intercellular signaling circuits, as both molecules induced their own biosynthesis (20-22). Auto-
induction of DAPG was demonstrated in situ on wheat roots, as expression from the Pph/A promoter
was induced in two distinct Pseudomonas spp. by co-inoculation with a DAPG-producing strain (22).
Similarly, Brodhagen et al. reported that pyoluteorin functioned in positive autoregulation in P.
protegens Pf-5 by inducing transcription of its respective biosynthetic gene cluster during growth on
cucumber seedlings (21). Recently, it was further reported that the intermediate PG in the
biosynthesis of DAPG contributes to the regulation of production of both DAPG and pyoluteorin in a
concentration-dependent manner (23, 24). Additionally, production of both metabolites requires
activation from the global regulatory system, Gac/Rsm (25). Overall, previous work in the field has
illuminated the complex regulatory intra- and intercellular mechanisms involved in fine-tuning the
production of DAPG and pyoluteorin in strains of P. protegens. Additionally, Dubuis et al.
demonstrated that interspecies interactions between distantly related Pseudomonas spp. stimulated

antimicrobial activity of P. protegens CHAO against Bacillus subtilis presumably via Gac/Rsm-induced
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production of DAPG (26). However, the effects of microbial interactions and their underlying
molecular mechanisms affecting the biosynthesis of DAPG and pyoluteorin has remained less

characterized.

In this study we investigate the effects of interspecies interactions between the soil isolate, P.
capeferrum F8, and a potential biocontrol agent, P. protegens DTU9.1, on the production of the two
antimicrobial metabolites, DAPG and pyoluteorin. Our results show that cocultivation of the two
bacteria in a biofilm on agar surfaces inhibits the production of DAPG, while significantly inducing the
biosynthesis of pyoluteorin in P. protegens. We reveal that the two regulatory mechanisms occur from
two independent signals — a cell-associated signal and an extracellular metabolite from P. capeferrum
F8. Moreover, we demonstrate that the cocultivation of the two Pseudomonas species enhances the
antimicrobial efficiency against two known bacterial phytopathogens. Lastly, we show that the
antibiosis of P. protegens DTU9.1 on P. capeferrum F8 due to pyoluteorin production leads to cell lysis
of F8 and release of an unknown metabolite inhibiting DAPG production. Our work sheds light on
interspecies interactions between soil Pseudomonas that affect the biosynthesis of antimicrobial
secondary metabolites. This further emphasizes the necessity of studying microbial interactions to
broaden our current understanding of the natural role and biosynthesis of secondary metabolites,

while bridging the anticipated in vitro and actual in situ efficacy of biocontrol agents.
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Results

P. protegens alters its secondary metabolism in coculture with a P. capeferrum soil isolate

In a previous screen for DAPG-producing Pseudomonas species from grassland soil samples, we
identified a small fraction of isolates (9/864) unable to produce DAPG themselves, due to lack of the
phIACBDE biosynthetic gene cluster (verified by PCR targeting ph/ID and chemical analysis). Yet the
nine isolates were capable of eliciting a response in an engineered DAPG-responsive, PhlF-based
whole-cell biosensor (27). We hypothesized that these isolates had the potential to modulate DAPG
production in Pseudomonas species known to produce DAPG (such as P. protegens) and to affect
secondary metabolite production through unknown cell-cell interactions. Indeed, preliminary
cocultivation experiments between the nine isolates and a DAPG producer, P. protegens DTU9.1,
suggested that two isolates could affect DAGP production. Based on their rpoD sequences, these two
isolates are P. capeferrum spp. and we selected one of them, P. capeferrum F8, for further studies of

its ability to modulate secondary metabolite production in P. protegens DTU9.1.

To investigate further if P. capeferrum F8 could interfere with the secondary metabolism in P.
protegens DTU9.1, the isolate was cocultivated in a mixed-species colony on a KBmalt agar surface.
Quantitative analysis of DAPG and pyoluteorin was carried out using liquid chromatography-high
resolution mass spectrometry (LC-HRMS) on agar plugs covering the entire microbial colony. The
concentrations of DAPG and pyoluteorin were normalized to colony forming units (CFU) of the
producing bacterium (Figure 1A). As shown in Figure 1A, production of DAPG was inhibited below the
limit of detection (LOD) in coculture with P. capeferrum F8. Contrarily, the soil isolate significantly
induced a 10-100 fold increase in pyoluteorin production in P. protegens DTU9.1 after 24 hours (P =
4.8 - 10?) and 48 hours (P = 7.8 - 103). To examine the coculture dynamics, P. capeferrum F8 and P.
protegens DTU9.1 were tagged with the Tn7 transposon from pBG42-mKate and pBG42-gfp,
respectively. After 24 hours of growth, P. capeferrum F8 constituted most of the bacterial colony

(Figure 1B). On the second day of incubation, the ratio of the two bacteria had shifted towards a



155  dominating presence of P. protegens DTU9.1. However, despite this shift in bacterial dominance in

156  the coculture, DAPG production remained below the LOD (Figure 1A).

158 Figure 1 | P. protegens alters its secondary metabolism in coculture with P. capeferrum F8 on solid surface.
159 A) Concentration of DAPG and pyoluteorin after 24 and 48 hours of growth on KBmalt agar normalized to
160 108 CFU of P. protegens DTU9.1. BD = Below detection (* equals P < 0.05). B) Coculture dynamics of P.
161 capeferrum F8 (red — mKate) and P. protegens DTU9.1 (green — gfp) on KBmalt. Top left: Bright-field image.
162 Top right: gfp channel. Bottom left: mKate channel. Bottom right: Both channels. Fluorescence images
163 were obtained with 500 ms exposure time.

164

165  P. capeferrum F8 affects metabolite production in P. protegens with two independent

166  signals

167 Based on the coculture interaction results above, we attempted to attribute the altered secondary
168 metabolism in P. protegens DTU9.1 to secretion of a metabolite or signal from P. capeferrum using a
169  distance assay on KBmalt agar. First, P. capeferrum F8 was grown for 48 hours in bacterial colonies
170  (Figure 2A), followed by inoculating P. protegens DTU9.1 at a distance of 5, 12.5 and 20 mm from the
171  edge of the F8 colony. Agar plugs were extracted as indicated on Figure 2A after an additional 24 hours
172  of incubation. The concentrations of DAPG and pyoluteorin on Figure 2B and 2C show that DAPG

173 production is unaffected by diffusible signals from P. capeferrum F8, whereas pyoluteorin production
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is induced in a distance-dependent manner. P. protegens DTU9.1 was grown under axenic conditions
as a control. To fit an overall non-linear regression model to the data, the control was assigned a 100
mm distance equivalent of the diameter of an entire petri dish. The fitted models are depicted as black
lines in Figure 2B and 2C with the 95% confidence intervals shown as dotted lines. The induction of
pyoluteorin as a function of distance is well described by a one phase decay function (R?> = 0.9966)
having a decay rate of -0.2162 (P = 8.1 - 10). Closer inspection of the individual data points revealed
that pyoluteorin production in the two closest colonies (5 and 12.5 mm) was induced significantly
compared to the control as evidenced by ANOVA followed by Dunnett’s test (P=2.1-10°and P=3.2

- 103, respectively), whilst the 20 mm colony was not significantly induced.

Figure 2 | P. capeferrum F8 interferes with DAPG and pyoluteorin biosynthesis with two independent
molecular mechanisms. A) Schematic drawing of the distance assay setup. Dashed lines around P.
protegens DTU9.1 colonies indicate the size of the agar plug from which metabolites were extracted for
LCMS. B) and C) Concentration of DAPG and pyoluteorin from two independent experiments measured
with HR-LCMS. The control represents P. protegens DTU9.1 grown in isolation on KBmalt agar (set to
100mm distance to fit the model). Dotted lines represent the 95% confidence intervals of the
mathematical model. D) Distance assay with P. protegens DTU9.1 harboring pSEVA237::PpltL-gfp showing
that increased pyoluteorin production was due to induced transcription of the pyoluteorin biosynthetic
gene cluster in a distance-dependent manner. Fluorescence images were obtained with 500 ms exposure
time.

In Figure 2D, the secreted signal from P. capeferrum F8 induces the transcription of the pyoluteorin

biosynthetic gene cluster from the PpltL promoter, and this effect is decreased with increasing
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distance between the bacterial colonies. Additionally, exposing P. protegens DTU9.1 to the
supernatant from a stationary phase culture of P. capeferrum F8 induced pyoluteorin production 10-
fold (P=2.9 - 103). This indicates that P. capeferrum F8 secretes a signal during planktonic and biofilm
growth, which induces transcription of the pyoluteorin biosynthetic gene cluster in P. protegens
DTU9.1. In contrast, inhibition of DAPG production may require direct cell-to-cell contact between P.
protegens DTU9.1 and P. capeferrum F8 as achieved within the mixed-species colonies (Figure 1).
Overall, these findings suggests that DAPG inhibition and induction of pyoluteorin biosynthesis are

affected by two independent molecular mechanisms.

Distance-dependent induction of pyoluteorin biosynthesis is observed among distantly

related Pseudomonas species

To explore the breadth of distance-dependent signaling from related species, we tested six additional
isolates of Pseudomonas for their ability to induce pyoluteorin biosynthesis in P. protegens DTU9.1.
We selected isolates from various Pseudomonas subgroups to view the larger context of the
interaction within the Pseudomonas genera and test whether the distance related signal was specific
to strains of P. capeferrum. Two species, P. capeferrum 5.43 and 9.30, were isolated from pristine soil
environments at two different sampling sites in Dyrehaven independently from P. capeferrum F8. The
three strains of P. capeferrum, as well as P. putida F1 represented isolates from the P. putida group.
To investigate if the signaling extended beyond the P. putida group, the three soil isolates, P. jessenii
DTU3.1, P. proteolytica DTU12.1, and P. helmanticensis DTU12.3 were included. They belong to three
different subgroups in the P. fluorescens group: P. jessenii, P. gessardii, and P. koreensis, respectively.
To compare the diversity of the tested strains, a phylogenetic tree was constructed based on
sequencing of the rpoD gene. The bootstrap consensus tree (500 replicates) was generated with
MEGA-X using the neighbor-joining method (Figure 3A). The four isolates belonging to the P. putida

group (bottom branch in Figure 3A) expectedly cluster separately from the three remaining isolates.



222 However, as shown in Figure 3B, all tested isolates secreted a signal capable of inducing transcription
223 from the PpltL promoter in P. protegens DTU9.1 harboring pSEVA237::PpltL in a distance-dependent
224  manner. This indicates that the secreted signal is broadly distributed among distantly related species

225 of Pseudomonas.

227 Figure 3 | Distantly related species of the Pseudomonas induce pyoluteorin biosynthesis in P. protegens
228 DTUS.1. A) An rpoD-based neighbor-joining tree representing the phylogenetic relationship of the tested
229 isolates. The bootstrap consensus tree (500 replicates) was constructed with the neighbor-joining method.
230 The bootstrap percentage values are displayed next to each branching point. B) Distance assay with P.
231 protegens DTU9.1 harboring pSEVA237::PpltL-gfp. Fluorescence images were obtained with 500 ms
232 exposure time.

233

234

235 The antimicrobial activity of P. protegens DTU9.1 against bacterial phytopathogens is

236  increased in coculture with P. capeferrum F8

237 It has previously been shown that utilizing a diverse consortium of Pseudomonas species as biocontrol
238  inoculum can increase disease suppressiveness (7). The elevated pyoluteorin production in cocultures
239 between P. protegens DTU9.1 and P. capeferrum F8 suggest that such cocultures would exhibit
240 increased the suppression of growth of pyoluteorin-sensitive microorganisms compared to
241 monoculture. To test this, Pseudomonas species were cultivated in mono- and coculture colonies on
242 KBmalt agar for 48 hours to allow for metabolite production prior to chloroform-mediated cell
243 inactivation to avoid undesirable swarming. Subsequently, the plates were covered with a soft agar

244 layer inoculated with two known phytopathogenic bacteria, Pectobacterium carotovorum and Dickeya
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solani. Inhibition was evaluated based on the size and turbidity of the clearing zone arising after an
additional 24-48 hours of incubation. As shown in Figure 4, cocultivation leads to a substantial increase
in antimicrobial effectiveness against both plant pathogens compared to both monocultures of
Pseudomonas. To examine if the induced production of pyoluteorin was the cause of increased
bioactivity, the p/tM gene was knocked out in P. protegens DTU9.1 resulting in absence of pyoluteorin
biosynthesis (10). As shown in Figure 4, bioactivity against both plant pathogens was lost in the Ap/tM

mutant in mono- and coculture with P. capeferrum F8.

Figure 4 | The antimicrobial effectiveness of P. protegensDTUS.1 against bacterial phytopathogens increases
in coculture with P. capeferrumF8. The antimicrobial activity of P. protegens DTU9.1 towards two bacterial
phytopathogens, P. carotovorum and D. solani, was enhanced in coculture with P. capeferrum F8. The
ApltM mutant of P. protegens DTU9.1 was unable to produce pyoluteorin. Pictures are representative of
three biological replicates with similar results.

Cell-associated metabolite(s) of P. capeferrum F8 inhibits DAPG production in P. protegens

To elucidate the origin of the signal capable of inhibiting DAPG production in P. protegens, we
examined the effect of cell-associated metabolites from P. capeferrum F8 on the secondary
metabolism of P. protegens. A culture of P. capeferrum F8 was incubated in liquid KBmalt broth for 24
hours followed by lysis of the cell pellet to release the cell-associated metabolites, followed by
extraction using ethyl acetate to yield a crude extract. Finally, P. protegens DTU9.1 was cultivated in
three independent biological replicates in KBmalt supplemented with methanol as control or crude

lysate extract. The supernatants were collected after 24 hours and analyzed for the presence of DAPG
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and pyoluteorin with LC-HRMS (Figure 5). The crude cell-lysate extract significantly inhibited DAPG
production 38-fold (P = 3.3 - 10%), where the DAPG concentration in two out of the three replicates
was below the LOD. The production of pyoluteorin was induced 4-fold (P = 2.2 - 10%). This suggests
that cell lysis of P. capeferrum F8 leads to release of cell-associated metabolites inhibiting the
production of DAPG. The minor induction of pyoluteorin biosynthesis is most likely due to small
amounts of extracellular signaling molecules associated with P. capeferrum F8 cells during washing

pre-lysis or that the inducing molecule is present intracellularly in low concentrations.

Figure 5 | Cell-associated metabolites of P. capeferrum F8 inhibits DAPG production in A. protegens.
Concentration of DAPG and pyoluteorin from three independent biological replicates of P. protegens
DTU9.1 cultured in KBmalt supplemented with methanol as control or crude cell-lysate extract.
Significance levels were calculated with the Student’s t-test (** equals P < 0.005, * equals P < 0.05).

The antibiosis of P. protegens on P. capeferrum F8 leads to inhibition of DAPG production

Based on these results, we hypothesized that antibiosis of P. protegens DTU9.1 on P. capeferrum F8
in mixed-species cocultures could facilitate the release of cell-associated metabolites from P.
capeferrum leading to inhibition of DAPG production. We further hypothesized that the antimicrobial
metabolite, pyoluteorin, was responsible for the antibiosis. To test this hypothesis, we cultivated P.
protegens DTU9.1 WT and the Ap/tM mutant in mono- and coculture colonies with P. capeferrum F8
on a KBmalt agar surface. The Ap/tM deletion mutant of P. protegens DTU9.1 was incapable of
converting phloroglucinol (PG) to PG-Cl and PG-Cl; (10), which in turn rendered the bacterium unable

to initiate transcription of the pyoluteorin biosynthetic gene cluster. Cocultivation of P. capeferrum F8
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and the Apl/tM deletion mutant of P. protegens DTU9.1 restored production of DAPG to levels
comparable to monocultures of P. protegens DTU9.1 WT and Ap/tM mutant (Figure 6A and 6D),
demonstrating that pyoluteorin production is required for the observed suppression of DAPG
production. Interestingly, induction of pyoluteorin production in P. protegens DTU9.1 caused by
cocultivation with P. capeferrum F8 was absent in the coculture with Ap/tM. PItM converts PG to PG-
Cl and PG-Cly, which in turn binds to the PItR activator, thus activating transcription of the pyoluteorin
biosynthetic gene cluster (10). The absence of pyoluteorin production in the coculture of the ApltM
mutant and P. capeferrum F8 suggests that induced production of pyoluteorin by the signaling
molecule from P. capeferrum F8 requires transcriptional initiation caused by halogenation of PG to

PG-Cl and PG-Cl; (by PItM) (Figure 6A and 6D).

Cell counts of the bacteria residing in the mixed colonies further revealed that the absence of
pyoluteorin in the Ap/tM mutant improved the ability of the two Pseudomonas to co-exist (Figure 6B
and 6E). The abundance of P. capeferrum F8 after 24 hours was increased 10-fold in coculture with
the ApltM mutant compared to wildtype P. protegens DTU9.1. This difference was further enlarged to
30-fold after 48 hours, which suggests a much reduced antibiosis of P. protegens DTU9.1 on P.
capeferrum F8 in the absence of pyoluteorin (Figure 6B and 6E). Importantly, this finding indicates that
the cell-associated, DAPG-inhibiting signal from P. capeferrum F8 is located intracellularly requiring
cell lysis for its release. Additionally, the absence of pyoluteorin production in the Ap/tM mutant did
not affect the ability of P. protegens DTU9.1 to dominate the mixed species coculture. Lastly,
restoration of DAPG production in the cocultivation of P. capeferrum F8 and the Apl/tM deletion
mutant of P. protegens DTU9.1 was visualized utilizing the whole-cell DAPG biosensor harboring
PSEVA225::DAPGa; (Figure 6C and 6F). Monocultures of P. protegens DTU9.1 WT and Ap/tM mutant
yielded a strong response as evidenced by a clear blue halo surrounding the colony of Pseudomonas.
Cocultivation of P. capeferrum F8 and the Apl/tM deletion mutant generated a similar response after
48 hours of incubation but only a slight induction was observed after 24 hours. This suggests that the

biosensor response had an unexpected delay, since the LC-HRMS data showed restoration of DAPG



315 production after 24 hours (Figure 6A). Taken together, these findings suggest that pyoluteorin
316  facilitates lysis of P. capeferrum F8 leading to the release of one or more metabolites capable of

317 inhibiting DAPG production in P. protegens DTUS.1.

319 Figure 6 | Deletion of p/tM restores DAPG production in coculture between P. protegens DTUS.1 and P.
320 capeferrumF8. A,D) Concentration of DAPG and pyoluteorin normalized to CFU of P. protegens DTU9.1 and
321 ApltM mutant in mono- and coculture with P. capeferrum F8 after 24 hours (A) and 48 hours (D). BD =
322 Below detection limit. B,E) Abundance of P. protegens DTU9.1 or Ap/tM mutant and P. capeferrum F8 in
323 mixed colonies on KBmalt agar after 24 hours (B) and 48 hours (E). Values represent means of two
324 independent experiments. C,F) P. protegens DTU9.1 and Ap/tM mutant in mono- and coculture with P.
325 capeferrum F8 in bacterial colonies on top of a lawn of the biosensor harboring pSEVA225::DAPGacz on

326 KBmalt + Xgal65 agar after 24 hours (C) and 48 hours (F).
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Discussion

The biosynthesis of secondary metabolites has been extensively studied in strains of P. protegens,
which has led to the characterization of complex intra- and intercellular regulatory mechanisms
governing the fine-tuned production of specific metabolites (20-22, 24). However, bacteria most often
reside in microbial communities in which communication mediated through chemical signaling adds
another layer of regulatory complexity. Additionally, previous studies have demonstrated conflicting
results correlating Pseudomonas spp. richness and the effects on ecologically relevant mechanisms
mediated by secondary metabolites (e.g. antimicrobial activity and plant protection) (5-8). This
supports the potential for uncharacterized, genus-specific interactions affecting secondary
metabolism in Pseudomonas spp.. Here we report on the effects of interspecies interactions between
two fluorescent Pseudomonas on the production of DAPG and pyoluteorin in P. protegens DTU9.1.
Our work sheds light on interspecies interactions between soil Pseudomonas that affect the
biosynthesis of antimicrobial secondary metabolites. This further emphasizes the necessity of studying
microbial interactions to broaden our current understanding of the natural role and biosynthesis of
secondary metabolites, while bridging the anticipated in vitro and actual in situ efficacy of biocontrol

agents.

In this study, the cocultivation of P. capeferrum F8 and a potential biocontrol agent, P. protegens
DTU9.1, led to induced expression of the pyoluteorin biosynthetic gene cluster, while production of
DAPG was inhibited (below LOD). We propose the sequential signaling model (Figure 7) in which P.
protegens initially responds to an extracellular, diffusible signal from P. capeferrum by inducing the
biosynthesis of the antibacterial metabolite, pyoluteorin. The increased local concentration of
pyoluteorin exceeds tolerable levels for P. capeferrum, leading to cell disruption. As a result of lysis
within the P. capeferrum population, an intracellular signal (from P. capeferrum) is released, which
subsequently inhibits production of DAPG in P. protegens DTU9.1. We speculate that the inhibition of

DAPG production could be related to a yet uncharacterized ecological function, as the absence of



352 DAPG has no apparent benefit to either organism in this dual species interaction. Previously, it was
353 reported that P. aeruginosa releases an intracellular signal upon cell lysis, which in turn induces the
354  biosynthesis of antibacterial metabolites in neighboring kin cells (28). In the present study, however,
355 we describe a dynamic, sequential interaction between two unrelated species of Pseudomonas

356  affecting the biosynthesis of multiple secondary metabolites.

358 Figure 7 | Schematic overview of the altered secondary metabolism in £. protegens DTU9.1 in response to
359 cocultivation with P. capeferrum F8. P. capeferrum F8 secretes a metabolite (grey pentagons), which
360 induces biosynthesis of pyoluteorin in P. protegens DTU9.1. The increased concentration of pyoluteorin is
361 toxic towards P. capeferrum F8 leading to cell lysis and release of an intracellular metabolite (cyan
362 diamonds), which in turn inhibits production of DAPG in P. protegens.

363

364 Bacterial communication mediated via chemical signaling is a concept that has been extensively
365  studied. An explanation for the distance-dependent induction of pyoluteorin observed in this study
366 could be related to an interaction arising from bacterial competition sensing (29-31). Such
367 interactions often involve secretion of toxic metabolites proposed to have hormetic properties (e.g.
368  stimulatory at subinhibitory concentrations and antagonistic at intolerable concentrations) (32). At
369  subinhibitory concentrations the toxic metabolites may act as cues of nearby microbial danger,
370 inducing responses in the sensing bacterium, such as modifications to its own secondary metabolome
371 (31-34). As demonstrated recently, competitive interactions are commonly observed in interspecies

372 interactions among closely related species, likely owing to similar nutrient preferences (35). Dubuis et
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al. showed a Gac/Rsm-mediated induction of antimicrobial activity in P. protegens CHAO resulting from
interspecies interactions (26). In this study we have shown that P. protegens DTU9.1 induces
biosynthesis of pyoluteorin in response to a secreted signal from P. capeferrum F8 (Figure 2), as well
as related species of the P. putida group and distantly related Pseudomonas species (Figure 3). This
could suggest that P. protegens DTU9.1 responds to a more general bacterial cue, indicating the
presence of a competing species. For instance, Korgaonkar et al. demonstrated that P. aeruginosa
induces production of phenazine in response to N-acetylglucosamine (GIcNAc) and peptidoglycan,
which are common elements shed from bacterial cell walls into the surroundings during cell growth
(36). However, preliminary results of exposing P. protegens DTU9.1 to purified GlcNAc did not show
an induction of pyoluteorin biosynthesis. Thus, further investigations are necessary to identify the
secreted metabolite from P. capeferrum F8 capable of inducing pyoluteorin production in P.

protegens.

The biosynthesis of DAPG in Pseudomonas is under tight intra- and intercellular regulation and studies
have shown that metabolites from interacting microbes can affect its production (20, 37). Schnider-
Keel et al. showed that salicylate, a molecule with structural similarities to DAPG, could also inhibit
biosynthesis of DAPG (20). Interestingly, Li et al. found that P. putida RW10S1 produced promysalin,
which is a salicylate-containing antibiotic selectively targeting other Pseudomonas species (38). Since
species of P. putida are closely related to P. capeferrum (39), we speculated if our soil isolate, P.
capeferrum F8, possessed the genes required for salicylate and promysalin production. However, a
tBLASTn analysis revealed the absence of this biosynthetic gene cluster. As displayed in Figure 5, the
signal inhibiting DAPG production in P. protegens DTU9.1 could be either intracellular or membrane-
associated in P. capeferrum F8. However, as shown in Figure 6B and 6E, the abundance of the signaling
bacterium (P. capeferrum F8) was stably maintained at approximately 108 CFU/ml in the coculture
with the Ap/tM mutant compared to coculture with WT P. protegens DTU9.1, where the abundance
of F8 declined 10-30 fold over the course of 48 hours. Nevertheless, biosynthesis of DAPG was restored

to monoculture levels when the Ap/tM mutant was cultured with P. capeferrum F8, thus indicating
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that cell lysis of P. capeferrum F8 caused by the elevated pyoluteorin concentration in coculture with
WT P. protegens DTU9.1 is necessary for the release of an intracellular signal and inhibition of DAPG
production. Therefore, further analyses are needed to identify the intracellular chemical signal from
P. capeferrum F8 capable of inhibiting DAPG production. Overall, our work and previous studies
underline the importance of investigating microbial interactions to further elucidate the role of

secondary metabolites in natural communities.

In the recent decades, employing specific species of isolated bacteria as microbial biocontrol agents
has gained increased attention for the suppression of phytopathogenic fungi and bacteria as a
sustainable alternative to potentially harmful pesticides. The effectiveness of such biocontrol
inoculants relies in part on antimicrobial activity against plant pathogens, which can typically be
attributed to the production of antimicrobial secondary metabolites. However, despite the
improvements in in vitro screening for novel candidate biocontrol microbes, less than 1% end up as
commercial products (40). The lack of efficacy in situ may in part be due to yet uncharacterized
interactions between members of the natural soil microbiome and the introduced biocontrol agent.
The bacterium, P. protegens, has been studied for decades for its biocontrol properties (2), and we
show here that chemical interactions with another Pseudomonas species commonly found in soil and
rhizosphere microbiomes (41) can radically alter its production of antimicrobial secondary metabolites
(Figure 1) and its activity towards bacterial phytopathogens (Figure 4). We speculate that such
phenotype-altering chemical interactions play an important role in determining the efficiency of
biocontrol. Indeed, there are several recent demonstrations of improved plant growth promoting
properties, as well as the overall bioactivity against plant-pathogenic microorganisms, by use of mixed
species inoculants. For example, Niu et al. demonstrated that a synthetic microbial community
consisting of seven species greatly reduced the severity of blight disease on maize seedling caused by
the phytopathogen, Fusarium verticillioides (42). Additionally, Zhuang et al. reported that a synthetic
consortium consisting of six Pseudomonas spp. significantly affected plant growth promotion of radish

seedlings (43). Our results support that co-inoculation of two Pseudomonas strains; P. protegens
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DTU9.1 and P. capeferrum F8, augments the in vitro bioactivity against two known phytopathogens,
P. carotovorum and D. solani (Figure 4). Even though we also demonstrate a secondary microbial
interaction leading to the inhibition of DAPG production, we suggest that natural conditions such as
soils and plant roots might facilitate a flux in community members resulting in a distance-dependent
induction of pyoluteorin of those in closer proximity and production of DAPG from those further apart.
This study therefore represents a defined mode of action for bacterial consortia applied as biocontrol
inoculum in a natural setting and provides a stepping-stone into the much-needed mode of action
studies in closer-to-field studies. An improved understanding of the underlying signalling events
affecting microbial secondary metabolism may enable designs of signal-optimized microbial
biocontrol consortia that potentiates production of relevant secondary metabolites to show improved

efficiency in plant protection compared to single-species biocontrol.
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Methods

Microorganisms and cultivation

Bacteria were routinely cultured in Luria-Bertani broth (LB, Merck) with appropriate antibiotics. E. coli
was cultured by inoculating a single colony in 5 ml LB broth and incubating overnight at 37° C with
shaking (200 rpm). Pseudomonas were cultured by inoculating a single colony in 5 ml LB broth and
incubating overnight at 30° C with shaking (200 rpm). Plasmid cloning was performed in Escherichia
coli CC118-Apir. Microorganisms used in this study are summarized in the Supplementary Table 1.

Primers used for cloning and verification are found in the Supplementary Table 2.

Tagging Pseudomonas with fluorescent transposons for visualization of coculture dynamics

To visualize the development of bacterial cocultivation on solid agar surfaces, P. protegens DTU9.1
and P. capeferrum F8 were chromosomally tagged with Tn7 transposons carrying a constitutively
expressed gfp or mKate gene, respectively. The plasmid, pBG42-gfp, was a kind gift from Victor de
Lorenzo (44). The mKate-version was cloned by replacing gfp with a PCR-amplified mKate gene from
phymKate (45) with Bcil/Hindlll overhangs. The cloned plasmid, pBG42-mKate, was verified by Sanger

sequencing at Eurofins Genomics.

The plasmids were mobilized into Pseudomonas by quad-parental mating and the Tn7 transposon was
subsequently integrated chromosomally downstream of gImS in a transposase-dependent manner.
For the quad-parental mating the optical density at ODgoo Was normalized to 1.0 for E. coli HB101
harboring pRK600, E. coli CC118 Apir harboring pTNS2, E. coli CC118 Apir harboring pBG42-gfp/-mKate
and the recipient Pseudomonas. Then, the bacterial suspensions were mixed in a 1:1:1:1 ratio,
concentrated 50 times and finally spotted on an LB agar plate incubated at 30°C O/N. Transconjugants
were selected on Pseudomonas Isolation Agar (PIA, Merck) supplemented with 50 pg ml™ gentamycin
and confirmed to be expressing gfp or mKate constitutively by examination under a fluorescence

microscope.
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Cocultivation of P. protegens DTU9.1 and P. capeferrum F8 on solid surface

For bacterial cocultivations, 1 ml samples of Pseudomonas O/N cultures were washed twice in 0.9%
NaCl by centrifuging at 10,000 rpm for 1 minute, followed by discarding the supernatant and
resuspending the pellet in fresh liquid. Subsequently, the optical density at ODgoo Was normalized to
1.0. For cocultivations on agar surfaces, the bacterial suspensions of P. protegens DTU9.1 and P.
capeferrum F8 were mixed in a 1:1 ratio, followed by spotting on KBmalt agar (20 g I"* Proteose
peptone No. 3, 1.5 g It K;HPOy, 1.5 g I MgS04, 7.5 g I'* malt extract, 10 ml I'* glycerol and 20 g I

Bacto agar).

Distance assay

A distance assay was carried out to determine if P. capeferrum F8 produced a single molecule affecting
both DAPG and pyoluteorin production in P. protegens DTU9.1. Initially, P. capeferrum F8 was
normalized to ODggo = 1.0 and spotted in 20 pl on KBmalt agar plates. The plates were incubated at
30°C for 48 hours. Then, a culture of P. protegens DTU9.1 was normalized to ODgoo = 1.0 and spotted
in 5 ul with varying distance to the edge of the P. capeferrum F8 colony (5, 12.5 and 20 mm). As a
control, P. protegens DTU9.1 was spotted in isolation on a separate plate. The plates were incubated
at 30°C for 24 hours, followed by agar plug extraction for LC-MS. The decay of pyoluteorin production
as a function of distance to the edge of the P. capeferrum F8 colony was modelled with a one phase
decay function in GraphPad Prism v8.3.0, where Y, represents the intercept and K represents the

decay rate.

Y = (Y, — Plateau) - e ¥* + Plateau

Induction of pyoluteorin production in a distance-dependent manner was further analyzed for related
species of the P. putida group. The phylogenetic relationship between the six tested isolates and the
17 type strains of the P. putida group (39) was determined by analyzing a phylogenetic tree. Part of

the rpoD genes amplified with primers, PSEG30F and PsEG790R (see Supplementary Table 2), were
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Sanger sequenced and aligned using the MUSCLE algorithm, followed by construction of a bootstrap

consensus tree (500 replicates) by the neighbor-joining method in MEGA X (46).

Construction of pSEVA237::PpltL reporter fusions

To investigate the effect of the secreted signal from P. capeferrum F8 on the transcription of the
pyoluteorin biosynthetic gene cluster, a PpltL reporter fusion was constructed in pSEVA237ggs30 With
a strong ribosomal binding site (RBS30). The promoter region was PCR-amplified with BamHI/HindllI
overhangs and ligated with pSEVA237rss30. The cloned reporter fusion was verified by Sanger

sequencing at Eurofins Genomics.

The plasmid was subsequently mobilized into P. protegens DTU9.1 by tri-parental mating. Initially, the
optical density at ODgoo Was normalized to 1.0 for E. coli HB101 harboring pRK600, E. coli CC118 Apir
harboring pSEVA237::PpltL and the recipient Pseudomonas. Then, the bacterial suspensions were
mixed in a 1:1:1 ratio, concentrated 50 times and finally spotted on an LB agar plate incubated at 30°C
O/N. A transconjugant was selected on PIA supplemented with 50 ug ml™* kanamycin and confirmed

to be expressing gfp by examination under a fluorescence microscope.

Cell-lysate assay

To investigate the effect of cell-associated metabolites from P. capeferrum F8 on the metabolite
production in P. protegens DTU9.1 a cell-lysate assay was performed. Firstly, the cell-lysate was
prepared by lysis of cell pellet from 4 ml O/N culture of P. capeferrum F8 with NEB gDNA Tissue Lysis
Buffer (New England Biolabs) and lysozyme from chicken egg-white (Sigma-Aldrich). Cell-associated
metabolites were extracted with ethyl:acetate (EtOAc) extraction and resuspended in methanol
(MetOH) to a concentration of 1 mg/ml. Then, P. protegens DTU9.1 was inoculated to an initial ODgoo
=0.001 in 10 ml KBmalt broth supplemented with 50 ul MetOH (control) or 50 pl cell-lysate extract.
Tubes were incubated at 30° C with shaking (200 rpm) for 24 hours, followed by sterile filtration of the

supernatant. Levels of DAPG and pyoluteorin were analyzed with HR-LCMS.
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Deletion of p/tM in P. protegens DTU9.1

To obtain a strain of P. protegens DTU9.1 incapable of synthesizing pyoluteorin, p/tM was deleted by
allelic replacement according to Hmelo et al. (47). In short, DNA fragments directly upstream and
directly downstream of the gene of interest were PCR amplified. The fragments were joined by
splicing-by-overlap extension PCR with Xbal/Sacl overhangs. The purified PCR product was restriction-
digested and inserted in pNJ1 (48). The resulting plasmid, pNJ1-p/tM-del, was mobilized into P.
protegens DTU9.1 via triparental mating with E. coli HB101 harboring the helper plasmid pRK600.
Merodiploid transconjugants were initially selected on PIA supplemented with 50 pg ml™ tetracycline.
A second selection was performed on NSLB agar (10 g I tryptone, 5 g I'! yeast extract, 15 g I"? Bacto
agar) with 15% v/v sucrose. Candidates for successful deletion were confirmed by PCR and verified by

Sanger sequencing at Eurofins Genomics.

Detection of DAPG with a whole-cell biosensor

For biosensor-guided detection of DAPG production, 1 ml O/N culture of E. coli CC118 Apir harboring
pPSEVA225::DAPGj,.; was washed twice in 0.9% NaCl and its optical density at ODgoo set to 0.5. Then,
100 pl of the biosensor suspension was spread on KBmalt plates supplemented with 65 pg ml?! 5-
bromo-4-chloro-3-indolyl-B-D-galactopyranoside (Xgal, Thermo Fisher Scientific). Pseudomonas
mono- and cocultures normalized to ODggo = 1.0 were spotted on top as 20 pl colonies. All agar plates

were incubated at 30°C.

Detection of secondary metabolites with HR-LCMS

To extract secondary metabolites of mono- and cocultivated Pseudomonas, an agar plug covering the
bacterial colony (6 mm diameter) was transferred to a vial and extracted with 1 ml of isopropanol:ethyl
acetate (1:3, v/v), containing 1% formic acid, under ultrasonication for 60 min. Extracts were
subsequently evaporated under N; and re-dissolved in 200 pl of methanol for further sonication for

15 min. Lastly, the samples were centrifuged at 13400 rpm for 3 minutes and supernatants transferred
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to HPLC vials and subjected to ultra high-performance liquid chromatography-high resolution

electrospray ionization mass spectrometry (UHPLC-HRESIMS) analysis.

HR-LCMS was performed on an Agilent Infinity 1290 UHPLC system. Liquid chromatography of 1 uL or
5 plL extract was performed using an Agilent Poroshell 120 phenyl-Cscolumn (2.1 x 150 mm, 1.9 um)
at 60 °C using CHsCN and H0, both containing 20 mM FA. Initially, a linear gradient of 10% CHsCN/H,0
to 100% CHsCN over 10 min was employed, followed by isocratic elution of 100% CH3CN for 2 min.
Then, the gradient was returned to 10% CHsCN/H;0 in 0.1 min and finally isocratic condition of 10%
CH3CN/H,0 for 1.9 min, all at a flow rate of 0.35 min mlt. HRMS data was recorded in positive
ionization on an Agilent 6545 QTOF MS equipped with an Agilent Dual Jet Stream electrospray ion
(ESI) source with a drying gas temperature of 250 °C, drying gas flow of 8 min I, sheath gas
temperature of 300 °C and sheath gas flow of 12 min I’ Capillary voltage was 4000 V and nozzle
voltage was set to 500 V. HRMS data was processed and analyzed using Agilent MassHunter
Qualitative Analysis B.07.00. HPLC grade solvents (VWR Chemicals) were used for extractions while

LCMS grade solvents (VWR Chemicals) were used for LCMS.
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Supplementary Table 1

Strains and plasmids Genotype Source
Strains
P. protegens DTU9.1 Wild-type In-house
collection
P. capeferrum F8 Wild-type soil isolate (27)
P. capeferrum 5.43 Wild-type soil isolate (27)
P. capeferrum 9.30 Wild-type soil isolate (27)
P. putida F1 Wild-type (49)
P. jessenii DTU3.1 Wild-type soil isolate In-house
collection
P. proteolytica DTU12.1 Wild-type soil isolate (50)
P. helmanticensis DTU12.3 Wild-type soil isolate (51)
E. coli CC118 Aara-leu), araD, AlacX74, galE, galK, phoA20, thi- (52)
1, rpsE, rpoB, argE(Am), recAl(Apir)
E. coli HB101 F, araC14, leuB6(Am), A(gpt-proA)62, lacY1,
glnX44(AS), galk2(Oc), X, recA13, rpsL20, xylA5, mit?, (53)
thik1, [hsdS20]
P. protegens DTU9.1 ApltM This study
P. protegens DTU9.1 Chromosomally integrated Tn7 element of pBG42-gfp This study
P. capeferrum F8 Chromosomally integrated Tn7 element of pBG42- This study
mKate
Plasmids
pRK600 Helper plasmid for plasmid conjugation (54)
pPTNS2 Helper plasmid carrying the transposase (55)
pSEVA231 SEVA database
PSEVA237ras30 pSEVA231 with a promoterless gfpmut3 gene and a This study
strong RBS30
pPSEVA237::PpltL pSEVA237rss30 With the PpltL promoter This study
pBG42-gfp Tn7 element with the strong p14g promoter upstream (44)
of msfgfp
pBG42-mKate Tn7 element with the strong pl4g promoter upstream This study
of mKate
pPSEVA225::DAPG/ecz (27)
pNJ1 (48)
pNJ1-p/tM-del pNJ1 with the homology regions required for p/tM This study

deletion by allelic replacement




686

687

688

689

690

691

Supplementary Table 2

Name

Sequence®?

Note

pBG42-mKate cloning

mKate_Bcil_fw

5’- tatattgatcaTGTCAGAACTTATCAAGGA
AAATATG

Amplification of mKate

mKate_Hindlll_rev

5’- aagcttTTAACGGTGTCCCAATTTAC

Amplification of mKate

pBG42_Hindlll_fw

5’- tatataagcttGAAAACCCTGGCGACTAG

Amplification of pBG42 backbone

pBG42_Bcll_rev

5’- atcgatgatcaTTAGAAAACCTCCTTAG

Amplification of pBG42 backbone

pTn7_rep-seq_fw

5’- CCGAACAGGCTTATGTCAAG

Verification of pBG42-mKate

PSEVA237 reporter cloning

gfpmut3_BamHI_RBS30_Xbal

5’- tatatggatccaaagaggagaaatctagaATGCGT
AAAGGAGAAGAAC

Amplification of gfp with strong
RBS30

gfpmut3_Hindlll_rev

5’- aagcttTTATTTGTATAGTTCATCCATGCC

Amplification of gfp with strong
RBS30

PS1

5’- AGGGCGGCGGATTTGTCC

Verification of pSEVA237 variants

pltL-pro_Sacl_fw

5’- tatatgagctcTCCTAAATCCTTTTAG
AATTTTTAG

Amplification of PpltL

pltL-pro_BamHI_rev

5’- actgaggatccAGACGTACGCTCCTG

Amplification of PpltL

pltM deletion

Up_Fpitm 5’- atccegtctagaCACGATATTGCGCCACGAAG  Amplification of homology region
upstream of p/tMV

Up-Rpitm 5’- cagcgctttccagagcegaccaccttCGCCGA Amplification of homology region

AAACCACAACACTTC upstream of pltM

Down_Fpitm 5'- AAGGTGGTCGCTCTGGAAAG Amplification of homology region
downstream of p/tM

Down_Rpitm 5’- atccgggagctcCATCGACCCTAGGCGTTCTC Amplification of homology region
downstream of p/tM

pltM-del_fw 5’- TTGGGTAGCTCATCCTTGCG Verification of p/tM deletion

pltM-del_rev 5’- GCGCAGAATCAATAGCCTCG Verification of p/tM deletion

rpoD sequencing

PsEG30F 5’- ATYGAAATCGCCAARCG Amplification of part of the rpoD
gene

PSEG790R 5- CGGTTGATKTCCTTGA Amplification of part of the rpoD

gene

a. CAPITAL letters represent the priming part

b. Underlined characters represent restriction sites attached as primer overhang

c. Bold characters represent the first 25 nucleotides downstream of the region targeted for

deletion to achieve successful overlap-extension PCR attached as primer overhang
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Abstract

The model biocontrol species, Pseudomonas protegens, produces multiple antimicrobial compounds
that are toxic to a range of different soil microorganisms, including plant pathogens. The role of
antagonistic secondary metabolites in suppression of soil-borne phytopathogens has been clearly
documented, whereas their contribution to the ability of P. protegens to invade natural soil and
rhizosphere microbiomes remains less clear. Here, we use a four-species synthetic community
cultivated in vitro in an artificial soil to determine the effects of antibiotic production in relation to P.
protegens community invasion. Secondly, we use the system to identify community traits that affect
the secondary metabolism of P. protegens. We show that P. protegens readily invades and alters the
community composition, and that invasion into the community led to altered production of key
antimicrobial metabolites (DAPG, pyoluteorin and orfamide A) in P. protegens. Surprisingly, mutants
unable to produce these antibiotics invade the community as efficiently as wildtype producers do, and
wildtype and non-producers cause similar perturbations in the composition of the synthetic
community. The absence of a clear antibiotic-mediated impact on the otherwise antibiotic-sensitive
microbes of the community was not a result of low, non-toxic levels of antibiotics. Specifically, we find
that antibiotics pyoluteorin and orfamide A can reach levels that are toxic to individual community
members, suggesting the existence of community-level resistance mechanisms towards the toxic
metabolites. For the cyclic lipopeptide, orfamide A, we identify the underlying resistance mechanism
by which the Gram-positive Rhodococcus globerulus D757 enzymatically inactivates the antibiotic.
Furthermore, we observe degradation of the inactivated orfamide A, which could indicate a novel
community-level catabolism of an antimicrobial secondary metabolite. The ability of P. protegens to
invade the community despite these resistance mechanisms is best explained by nutrient competition
and the faster growth rate of the invader. Altogether, the demonstration that the synthetic
community have mechanisms for constraining or dampening invasion by means of detoxifying

antibiotics may provide a mechanistic explanation to inconsistencies in biocontrol effectiveness in situ.
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Introduction

Natural niches such as soil and rhizosphere surrounding plant roots are inhabited by complex and
diverse, yet stable microbial communities (1-6). Despite the vast diversity of indigenous soil
microorganisms, the presence of bacteria belonging to key phyla have been linked to the
suppressiveness of certain soils towards diseases caused by phytopathogens. One of these phyla is the
Proteobacteria and more specifically members of the Pseudomonadaceae family (7). Pioneering
studies demonstrated that transplantation of disease-suppressive soil containing fluorescent
Pseudomonas into a field comprised of soil conducive to phytopathogenic invasion successfully
rendered the soil suppressive to subsequent pathogen outbreaks (8, 9). These findings, among others,
have encouraged extensive research into the concept of biocontrol and utilization of beneficial
microbes, such as Pseudomonas protegens, in the control of pathogenic microorganisms via
production of antimicrobial secondary metabolites (10, 11). However, the contribution of these
secondary metabolites to the ability of the Pseudomonas biocontrol agent to invade natural soil and
rhizosphere microbiomes remains less clear. Likewise, knowledge is currently limited on the effect of
microbial interactions occurring between the invading biocontrol agent and the indigenous
microorganisms on the production of antimicrobial secondary metabolites, and thus the efficacy of
the biocontrol agent. One approach to address these topics is to incorporate synthetic microbial
communities of naturally co-occurring microorganisms as a representative in vitro model to

investigate the effects of Pseudomonas invasion.

In a broad sense, microbiologists have employed two contrasting methods to investigate the
ecological complexity of natural environments (12). The reductionists strive to control as many
experimental factors as possible by defining simplistic and predictable ecosystems consisting of one
or few species to allow for detailed hypothesis testing, while sacrificing true ecological context (12,
13). In contrast, holistic approaches apply meta-omics (14) and in situ detection methods (7, 15) to

deduce microbiome functions and diversity, while seeking to preserve the genotypic, environmental,
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and functional complexity of natural environments (13). An intermediate method to bridge the gap
between these two approaches and overcome the challenges in analyzing the features of communities
is to establish a simpler, synthetic microbial community (SynCom) under controlled laboratory
conditions (16, 17). SynComs represent a useful tool for investigating the outcomes of multiple biotic
interactions that would not be achievable by a single microbe, while reducing the complexity of the
inherently diverse natural microbial community (12, 18). Niu et al. utilized a seven-membered
bacterial SynCom to identify a keystone species dictating the development of community composition
(17). Another study incorporated a bacterial SynCom comprised of representatives of the seven most
abundant phyla in the phyllosphere to elucidate the effects of plant genotypes on microbiota
composition (19). Thus, the engineering of SynComs has greatly enhanced our ability to investigate
the effects of genotypic complexity within microbial communities. Simultaneously, advances in
laboratory systems, such as the development of artificial soils (20), provide a novel and useful option
for studying the effects of environmental complexity and spatial distribution (13). Artificial hydrogel-
based soil was recently utilized to demonstrate microbial interactions in a soil-like environment (21).
Thus, combining the use of an artificial soil system and a defined microbial SynCom represents a
compelling approach to investigate microbial interactions, while maintaining genotypic and

environmental complexity.

Fluorescent Pseudomonas are renowned for their antibiotic production (10, 11), role in disease-
suppressiveness (8, 9), and plant growth promotion (22, 23). Several studies have shown the
biocontrol effects of different fluorescent Pseudomonas towards important phytopathogenic
microorganisms, such as Gaeumannomyces graminis var. tritici (24), Rhizoctonia solani (25), and
Pythium ultimum (26). Particularly, the species P. protegens has been studied extensively for its vast
repertoire of antimicrobial secondary metabolites, including 2,4-diacetylphloroglucinol (DAPG) (24),
pyoluteorin (26), orfamide A (27), pyrrolnitrin (28), and pyoverdine (29). Research has clearly
demonstrated the effect of antimicrobial secondary metabolites and inhibition of targeted

phytopathogenic microorganisms. However, knowledge remains limited on the contribution and
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impacts of these Pseudomonas-produced metabolites in the ability of the bacteria to invade
indigenous soil and rhizosphere microbiomes. Previous studies have indicated that inoculation with
various species of fluorescent Pseudomonas had only temporary, spatially limited, and transient
effects on the natural rhizosphere microbiomes utilizing both culture-dependent (30, 31) and culture-
independent (32, 33) approaches. Contrarily, the integration of fluorescent Pseudomonas has also
been shown to cause significant perturbations within indigenous microbiomes (34, 35). As alluded to
by Castro-Sowinski et al., the impact of Pseudomonas invasion depends on the indigenous
microorganisms and the potential microbial interactions occurring between them (36). Thus, there is
a clear need to systematically investigate the interactions between indigenous microorganisms and
the invading Pseudomonas affecting the success of invasion, microbial community composition and

secondary metabolism of the invader.

In this study we chose the hydrogel-based bead system (20) as in vitro model system, as it has been
shown to mimic soil characteristics allowing for spatial distribution of microbes, as well as surface
colonization. We utilized the system to explore the contribution of the secondary metabolites, DAPG,
pyoluteorin, and orfamide A, to the ability of P. protegens DTU9.1 to invade a four-membered SynCom
(37) within a soil-like environment. We showed that P. protegens readily invaded and altered the
community composition. Surprisingly, mutants of P. protegens DTU9.1 unable to produce the
antimicrobial metabolites invaded the community as efficiently as the wildtype strain did, and
wildtype and non-producers caused similar perturbations in the composition of the synthetic
community. Additionally, we investigated the effect of cultivating P. protegens DTU9.1 alongside the
SynCom on the production and the fate of Pseudomonas-produced secondary metabolites. We
observed an induced production of DAPG and pyoluteorin when P. protegens DTU9.1 was cocultivated
with the SynCom. Interestingly, we discovered that the Gram-positive Rhodococcus globerulus D757
was able to reduce the level of orfamide A below the minimal inhibitory concentration by hydrolyzing
the ester-bond of the macrocyclic ring, thus linearizing and inactivating the cyclic lipopeptide. This

study emphasizes the vast and complex microbial interactions potentially occurring in situ among
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indigenous soil bacteria affecting the secondary metabolism of invading biocontrol agents, such as P.

protegens.

Results

P. protegens DTU9.1 invades a four-membered synthetic microbial community in a soil-like

environment

To explore the microbial interactions and their effects on community composition over time, a porous
hydrogel bead system was chosen as cultivation system (20), as it has been shown to mimic soil
characteristics (20, 21). Initially, it was determined if P. protegens DTU9.1 could colonize and maintain
itself in the artificial soil-like environment when cultivated axenically (Figure S1A). After four days of
cultivation, the system reached a plateau of approximately 1 - 108 CFU/ml, which was maintained at
the seventh and final day of the experiment. Furthermore, knock-out mutants incapable of producing
DAPG (AphIACB), pyoluteorin (ApltA), or orfamide A (AofaA) were constructed and tested for their
cultivation ability within the hydrogel bead system. The secondary metabolites played an insignificant
role in the ability of P. protegens DTU9.1 to colonize the soil-like environment axenically (Figure S1A).
Additionally, it was verified that P. protegens DTU9.1 produced detectable amounts of DAPG,
pyoluteorin, and orfamide A after seven days of cultivation in the bead system using HR-LCMS (Figure
S1B). However, using our experimental setup, we were unable to detect other biologically relevant
secondary metabolites known to be produced by P. protegens, such as pyrrolnitrin, pyoverdine and

hydrogen cyanide.

Next, we investigated the effect of the three metabolites DAPG, pyoluteorin, and orfamide A on the
ability of P. protegens DTU9.1 to invade a soil-like environment inhabited by a SynCom of four soil
bacteria (Pedobacter sp. D749, Rhodococcus globerulus D757, Stenotrophomonas indicatrix sp. D763,

and Chryseobacterium sp. D764). After 24 hours of cultivation, presence of all SynCom members was
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observed (Figure 1A), while P. protegens DTU9.1 had very low abundance likely owing to the low
concentration of Pseudomonas in the initial inoculum compared to the SynCom members. However,
on the fourth day and onwards, Pedobacter sp. D749 was no longer detectable in the systems
inoculated with the variants of P. protegens DTU9.1 (Figure 1B and 1C). On the other hand, the control
system without Pseudomonas allowed the survival of Pedobacter throughout the experiment, albeit
with cell counts close to the detection limit at the seventh day sampling (Figure 1C). Moreover, on the
fourth day, P. protegens DTU9.1 had reached cell numbers (= 1 - 108 CFU/ml), which were maintained
throughout the experiment comparable to axenic cultivation. On the seventh day of incubation P.

protegens DTU9.1 constituted the majority of the bacterial biomass regardless of variant (Figure 1C).

Figure 1 | P. protegens DTU9.1 invades a four-membered synthetic microbial community in a soil-like
environment. Abundance was determined as colony forming units in the hydrogel bead system of each
SynCom member and the introduced P. protegens DTU9.1 variant; WT, AphIACB, Ap/tA and AofaA on Day
1 (A), Day 4 (B) and Day 7 (C). The dotted line indicates the separation of data (right) used for the Principal
Coordinate Analysis. Data was derived from three biological replicates. D) A Principal Coordinate Analysis
(PCoA) was performed on CFU data of the systems inoculated with variants of P. protegens DTU9.1 to
compare the effects of sampling time (symbols) and the variant of P. protegens DTU9.1 (color) on the
bacterial composition in a soil-like environment.
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The overall effect of DAPG, pyoluteorin and orfamide A on community composition over time was
evaluated with a Principal Coordinate Analysis (PCoA) using Bray-Curtis distances (Figure 1D). The
analysis was performed on of non-logarithmic transformed CFU data of the bacterial abundance in the
systems inoculated with variants of P. protegens DTU9.1 (WT, AphlACB, ApltA, and AofaA) to allow
visualization of more subtle changes. The analysis suggested that the major factor affecting abundance
was the sampling time, as three separate clusters representing the three sampling times appeared
across the first principal component, which explained most of the variance in the data (35.15%). An
overall PERMANOVA using sampling time, genotypic variant of invading P. protegens DTU9.1, and their
interaction as fixed effects further confirmed the significance of sampling time on the community
composition (P =9.99 - 10°, R? = 0.75). Measuring the growth rates of each SynCom member and the
four variants of P. protegens DTU9.1 in liquid broth revealed that Pseudomonas grew significantly
faster than each SynCom member (Figure S2), whereas Pedobacter sp. D749 had the slowest growth
rate. This could explain the observed significant effect of sampling time on community composition,
which was dominated by P. protegens DTU9.1 on the seventh day regardless of variant. However, from
the overall PERMANOVA analysis the genotypic variant of P. protegens DTU9.1 also appeared to have
a minor, but significant effect on the bacterial composition (P = 0.029), whereas the interaction
between sampling time and genotypic variant was not significant (P = 0.063). The significant effect of
genotypic variant on the community composition was further investigated by individual day-wise
PERMANOVA analyses, revealing that the Pseudomonas-produced secondary metabolites primarily
affected the microbial composition in the early and middle stages of community establishment (Day
1: P=0.035,R2=0.52; Day 4: P=5.00 - 10 R?=0.71; Day 7: n.s., R2 = 0.36). As indicated by the PCoA
(Figure 1D), the bacterial composition in the systems with the Ap/tA and AofaA mutants differed
noticeably on Day 4 compared to the systems inoculated with P. protegens DTU9.1 WT and the
AphIACB mutant. This could suggest that the metabolites, pyoluteorin and orfamide A, play an
important role during early and middle stages of community assembly as P. protegens establishes a

suitable growth niche.
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Based on this finding we evaluated the tolerance of each SynCom member towards pyoluteorin and
orfamide A by estimating the minimal inhibitory concentration (MIC) during liquid cultivation. As
summarized in Table 1, three members (Pedobacter sp. D749, R. globerulus D757 and
Chryseobacterium sp. D764) were equally susceptible to pyoluteorin with an MIC = 8 pug/ml, while the
MIC of pyoluteorin towards S. indicatrix D763 was 16 pg/ml. Orfamide A, on the other hand, only
exhibited antimicrobial activity against the Gram-positive R. globerulus D757 with an MIC = 8 ug/ml.
The three other SynCom members survived cultivation in the highest tested concentration of orfamide
A. We were thus unable to accurately estimate the MIC, though it appeared larger than 64 pg/ml
(Table 1). Additionally, we tested the susceptibility of each SynCom member towards DAPG,
pyoluteorin, and orfamide A utilizing an in vitro inhibition assay on agar surfaces (Figure S3). The
antibiotic activity of pyoluteorin towards all members was confirmed, whereas antibiosis of R.
globerulus D757 caused by orfamide A was not observed in this experimental setup.

Table 1 | Minimal inhibitory concentrations of pyoluteorin and orfamide A against the four SynCom members

Minimal Inhibitory Concentration

(ng ml?)
Pyoluteorin Orfamide A
Pedobacter sp. D749 8 > 64
R. globerulus D757 8 8
S. indicatrix D763 16 > 64
Chryseobacterium sp. D764 8 > 64

The secondary metabolome of P. protegens DTU9.1 is altered during cocultivation with a

four-membered SynCom

Motivated by the results of the MIC assays, we calculated the concentrations of DAPG, pyoluteorin,
and orfamide A, with HR-LCMS after seven days of axenic cultivation of P. protegens DTU9.1 within
the hydrogel bead system (Table 2). The levels of pyoluteorin were below the MIC towards all four

SynCom members at 5.85 + 0.56 pug/ml. On the other hand, the concentration of orfamide A during
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axenic cultivation of P. protegens DTU9.1 exceeded the levels necessary to inhibit the growth of R.
globerulus D757. Next, we investigated if cultivation within a soil-like environment alongside a semi-
synthetic microbial community affected the production of DAPG, pyoluteorin, and orfamide A.
Secondary metabolites were extracted from the bead system inoculated with P. protegens DTU9.1 WT
and SynCom on the seventh and final day of the experiment and analyzed with HR-LCMS (Table 2).
The production of DAPG and pyoluteorin was induced when P. protegens was cultivated with the
SynCom, whereas only the concentration of DAPG was significantly increased (P = 0.0087). This could
suggest that P. protegens senses ecological competition from the SynCom members, which in turn
leads to induced production of antimicrobial secondary metabolites as a mode of counter-attack (38).
Interestingly, the concentration of orfamide A was significantly reduced when P. protegens was
cultivated with the SynCom compared to axenic growth (P = 0.0002). Thus, it could indicate that one
or multiple SynCom members either inhibit production of orfamide A or secrete enzymes capable of

inactivating orfamide A.

Table 2 | Concentration of secondary metabolites from P. protegens DTU9.1 after 7 days of growth in a soil-like

environment

Log CFU/ml? Secondary metabolite (ng/ml)
Pseudomonas DAPG Pyoluteorin Orfamide A
P. protegens DTU9.1 8.07+0.11 3.96 £ 0.82 5.85+0.56 25,58 £2.11
P. protegens DTUS.1+ | ¢ oy 0450 | 9.16+130 | 10.12+2.19 | 3.87+0.75
SynCom
Statistical significance® n.s. P =0.0087 P =0.0556 P =0.0002

@ CFU/ml of P. protegens DTU9.1 either grown alone or with the SynCom for seven days in the bead system.

5 p. protegens DTU9.1 constituted approximately 75% of the total bacterial abundance in the microbial
community.

¢ Significance of the difference in secondary metabolite concentration was analyzed by Student’s t-test.
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Orfamide A is degraded during coculture of P. protegens DTU9.1 and SynCom in a soil-like

environment

To further investigate the fate of orfamide A (1) during coculture of P. protegens DTU9.1 and the
SynCom, the MS data from the HR-LCMS analyses of metabolites was subjected to Global Natural
Product Social (GNPS) molecular network analysis (39) to identify potential chemical relationships
between metabolites across the three systems (Figure S4). This revealed a separate molecular family
displaying the presence of orfamide A (m/z 1295.85) during both axenic cultivation of P. protegens
DTU9.1 and cocultivation with the SynCom (Figure 2A). Interestingly, the molecular family also
contained metabolites with related fragmentation patterns to orfamide A that only appeared during
cocultivation of P. protegens DTU9.1 and the SynCom. One feature, m/z-value of 1313.8542,
corresponded to the mass of orfamide A with the addition of 18 Da (Figure 2A). This could indicate
either hydrolysis of an amide bond or hydrolysis of the ester bond connecting the macrocyclic ring of
orfamide A. From the fragmentation analysis it was determined that hydrolysis of the ester bond
occurred (Figure 2B). Hydrolysis of the ester bond resulted in the linearized congener of orfamide A
(2) when P. protegens DTU9.1 was cultivated alongside the SynCom in the bead system (Figure 2D).
Furthermore, potential degradation products of orfamide A were also present in the same molecular
family (Figure 2A). Initially, degradation was verified by analyzing the extracted ion chromatograms
(EICs) for each of the degradation products, confirming their presence in the extract and not the
possibility of in-source fragmentation (Figure S5). Subsequently, fragmentation patterns were further
analyzed, confirming degradation products emanating from the hydrolyzed ester bond (Figure S6). A
similar phenomenon was observed for orfamide B through the presence of degradation products (m/z
1113.7369, m/z 1000.65, and m/z 887.5683 in Figure 2A). The remaining degradation products of
orfamide B were present in concentrations too low for the cut-off used for the GNPS analysis, but
were observed in the raw data (data not shown). Taken together, these results could indicate that
one or multiple SynCom members are able to hydrolyze orfamide A (and orfamide B) from P.

protegens DTU9.1 and degrade the linearized lipopeptide.
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Figure 2 | Orfamide A is degraded during coculture of P. protegens DTU9.1 and SynCom in a soil-like
environment. A) Molecular family of metabolites related to orfamide A derived from the molecular
network (GNPS). Values next to nodes represent m/z-values and node size is scaled to metabolite mass.
Colors inside nodes represent relative abundance in the system with axenically grown P. protegens DTU9.1
(Cyan) or the coculture between P. protegens DTU9.1 and the SynCom (Red). Edges between nodes
represent molecular similarity based on cosine scores. B) Observed fragmentation patterns of 1 and 2
revealed by tandem mass spectrometry (MS/MS). C) Structure of orfamide A (1). D) Structure of hydrolyzed
orfamide A (2) and the calculated masses of each degradation product.

R. globerulus D757 linearizes orfamide A as a resistance mechanism and prevents

Pseudomonas swarming

In order to explore the degradation of orfamide A, we turned to dual-species interactions on agar
surfaces to investigate if a single community member was responsible for linearization by hydrolysis
and degradation. First, P. protegens DTU9.1 was cocultivated with each of the four SynCom members
individually in mixed species colonies on 0.1x TSA. MS data of the metabolites extracted from an agar
plug covering the entire bacterial colony revealed that the Gram-positive R. globerulus D757 was able
to hydrolyze the ester bond of 1 yielding the linearized product, 2 (Figure 5A). Additionally, we

monitored the interaction between P. protegens DTU9.1 and R. globerulus D757 by MALDI Mass
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Spectrometry Imaging (MALDI-IMS) to validate that the linearization of orfamide A indeed occurs
extracellularly in the interface between the two bacteria. The two species were cultivated for 4 days
on 0.1x TSA plate prior to matrix application and imaging. As displayed in Figure 5C, orfamide A (1)
was secreted evenly around the P. protegens DTU9.1 colony, while the linearized product (2) was

observed only in the interface between the two bacteria.

Figure 3 | Rhodococcus linearizes Orfamide A as a defensive anti-swarming mechanism. A) Extracted ion
chromatograms (EIC) for 1 (black, m/z 1295.8436 + 5 ppm) and 2 (red, m/z 1313.8542 + 5 ppm) detected
in agar plugs from co-cultures of P. protegens DTU9.1 and the respective SynCom member on 0.1x TSA
plates. B) Swarming assay of P. protegens DTU9.1 and R. globerulus D757 on soft 0.1x TSA plates. C) MALDI
imaging of colonies of P. protegens DTU9.1 and R. globerulus D757 showing hydrolysis of Orfamide A after
4 days of incubation.

Lastly, we investigated the impact of linearizing orfamide A on the swarming motility of P. protegens
DTU9.1. Initially, R. globerulus D757 was cultivated for 24 hours on soft 0.1x TSA prior to adding P.
protegens DTU9.1 to allow for production and secretion of esterases capable of hydrolyzing the ester

bond of orfamide A. Subsequently, P. protegens DTU9.1 was added at a distance of 15mm to the edge
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of the Rhodococcus colony and plates incubated for another 48 hours. As observed in Figure 5B,
orfamide A is essential to the swarming motility of P. protegens DTU9.1, since the AofaA mutant had
completely lost the ability to swarm. Interestingly, a clearing zone appeared in the interface between
Rhodococcus and Pseudomonas, suggesting that linearization of orfamide A is sufficient to inhibit the
swarming motility (Figure 5B). This could further indicate that R. globerulus D757 hydrolyses orfamide
A as a defensive mechanism to inhibit the invasive spread of P. protegens DTU9.1. Finally, we also note
that neither of the degradation products observed in Figure 2A could be detected in either of the dual-
species interactions. Thus, degradation of orfamide A might be a sequential event following hydrolysis

involving one or more of the remaining three SynCom members.
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Discussion

In this study we utilized a four-membered bacterial SynCom cultivated in an artificial hydrogel soil
environment to evaluate the contribution of secondary metabolites from a P. protegens strain on the
ability of the Pseudomonas to invade and establish within the simplified microcosm. This experimental
approach has several appealing advantages, including simple monitoring of community perturbations
and extraction of secondary metabolites for chemical analysis. Similarly, Bodenhausen et al.
demonstrated the use of a defined synthetic community approach to investigate the effect of plant
genotypes on community composition (19). Although the genotypic complexity of our four-membered
SynCom is far from a representation of the natural soil microbial diversity (1, 6), the simplified system
applied in this study has allowed for the systematic analysis of community-level interactions affecting
secondary metabolism in P. protegens DTU9.1. We demonstrated that P. protegens readily invaded
and altered the community composition. Unexpectedly, mutants unable to produce these antibiotics
invaded the community as efficiently as wildtype producers did and caused similar perturbations in
the composition of the synthetic community (Figure 1). The absence of a clear antibiotic-mediated
impact on the otherwise antibiotic-sensitive SynCom members (Table 1 and Figure S3) was not a result
of low, non-toxic levels of antibiotics (Table 2). Similarly, previous studies reported the lack of advert
effects on indigenous microorganisms in situ upon introduction of the biocontrol strain, P. protegens
CHAQ, despite large fractions of subsequently isolated rhizobacteria displaying sensitivity towards
antimicrobial metabolites produced by the biocontrol strain in vitro (41, 42). This could suggest that
sensitive bacteria either colonize distinct niches separated from the antibiotic-producing biocontrol
strain in situ or that naturally co-occurring microorganisms sustain toxic levels of antimicrobial
metabolites via community-level resistance mechanisms, such as multi-species biofilm formation (43)

or enzymatic inactivation of antimicrobial metabolites (44).

Microbial interactions among co-existing microorganisms have been studied extensively over the past

decade to identify and understand the diverse means by which these microbes communicate and
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compete. Foster and Bell reported that interspecies competition among bacteria isolated from the
same site was the far most dominant type of interaction (45). This could suggest that bacteria have
evolved intricate sensing mechanisms to respond to danger cues secreted by competing organisms
(38, 46). In our study we found that the invading P. protegens DTU9.1 significantly increased its
production of the antimicrobial metabolites, DAPG and pyoluteorin, during cocultivation with the
four-membered SynCom (Table 2). This could suggest that the biosynthesis of these metabolites is
induced in P. protegens as a response to cues secreted by one or more competing members of the
SynCom. However, as shown in Figure 1, the perturbations in community composition were affected
mostly by the invasion of Pseudomonas and only slightly by the production of secondary metabolites.
Simultaneously, the concentration of pyoluteorin exceeded the minimal inhibitory concentration
towards Pedobacter sp. D749, R. globerulus D757, and Chryseobacterium sp. D764 on the seventh day
of the experiment. Robleto et al. found that introduction of a trifolitoxin-producing Rhizobium etli
strain into the rhizosphere of bean plants dramatically reduced the diversity of trifolitoxin-sensitive
bacteria, while sparing the remaining microbiome (47). Thus, an extended incubation time of our
hydrogel bead systems could reveal the effects of induced pyoluteorin production leading to a

reduction or extinction of pyoluteorin-sensitive SynCom members.

Additionally, we observed a significant reduction in the concentration of the nonribosomal cyclic
lipopeptide, orfamide A, during cocultivation of P. protegens DTU9.1 and the four-membered SynCom.
Lipopeptides from fluorescent Pseudomonas are versatile metabolites most notably known for their
antimicrobial properties and involvement in bacterial motility (48, 49). Particularly, Gram-positive
bacteria have been associated with increased susceptibility towards lipopeptides, due to the lack of a
protective cell wall (50). On the other hand, it has been reported that many Gram-positive
Actinobacteria possess resistance mechanisms towards lipopeptides mediated by enzymatic
inactivation (51, 52). In our study, secondary metabolites were extracted from the hydrogel bead
systems and analyzed by HR-LCMS on the seventh and final day of the experiment. By incorporating

Global Natural Products Social networking on the MS data, we identified a molecular family related to
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orfamide A upon invasion of P. protegens DTU9.1 into the microbial SynCom (Figure 2A). The m/z-
value of one molecule, 2 (m/z 1313.8542), corresponded to the exact mass of orfamide A with the
addition of a water molecule. This could suggest enzyme-catalyzed hydrolysis of one of seven amide
linkages or hydrolysis of the thermodynamically more sensitive ester bond connecting the macrocyclic
ring. Tandem mass-spectrometry confirmed the latter case (Figure 2B). By performing pairwise dual-
species cocultivations between P. protegens DTU9.1 and each of the SynCom members on an agar
surface, we subsequently identified the Gram-positive R. globerulus D757 as responsible for the
hydrolysis of orfamide A (Figure 3). According to D’Costa et al., hydrolysis of the ester bond was the
most common resistance mechanism by which Actinobacteria enzymatically inactivated cyclic
lipopeptides (52). MALDI imaging further revealed the hydrolysis to be caused by a secreted enzyme
(Figure 3C). This prompted us to search the genome of R. globerulus D757 for annotated extracellular
esterases, as D’Costa et al. could demonstrate that ring-opening by hydrolysis was caused by a single
esterase in Streptomyces sp. WAC4713 (52). Three candidate genes were identified in R. globerulus
D757, while none of the other SynCom members possessed genes encoding extracellular esterases.
Thus, a future study may involve either heterologous expression of these genes followed by protein
purification or construction of knock-out mutants in R. globerulus D757 to identify the enzyme capable

of hydrolyzing orfamide A.

While enzymatic inactivation of orfamide A is a resistance mechanism in R. globerulus D757, this
biotransformation could also be a prerequisite for subsequent degradation by one or more of the
other SynCom members (Figure 2A). Therefore, the linearization of orfamide A may alter its natural
role. The biotransformation of Pseudomonas-produced cyclic lipopeptides has been reported recently
(21, 53). Zhang et al. found that coculture between a Pseudomonas and a Paenibacillus strain led to
the enzymatic modification of syringafactin, thus changing the chemical structure of the lipopeptide
giving it amoebicidal properties (21). Likewise, Hermenau et al. demonstrated that Gram-positive
Mycetocola strains could disarm the activity of the mushroom pathogen, P. tolaasii, by hydrolysis of

the ester bonds in both Pseudomonas-produced cyclic lipopeptides, tolaasin | and pseudodesmin A,
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thus preventing pathogenesis (53). In our study, we identified multiple degradation products of
orfamide A (Figure 2A). The dual-species cocultures only revealed hydrolysis of orfamide A by R.
globerulus D757, while none of the degradation products were observed (Figure 3A). This could
suggest that the linearized product of orfamide A, 2, represents a potential food-source to be
catabolized by one or more of the remaining SynCom members. A pioneering study has previously
demonstrated the ability of isolated soil bacteria to utilize penicillin as sole carbon source to support
growth by enzymatically catabolizing the antibiotic (54). Here, we utilized a synthetic community
approach to discover a novel potential community-level inactivation and degradation of an
antimicrobial metabolite. Further investigation of the impact of orfamide A catabolism will be the

subject for future studies.

Conclusion

In summary, by utilizing a synthetic community approach we found that antimicrobial secondary
metabolites from a P. protegens strain contribute marginally to the ability of the Pseudomonas to
invade and establish within a four-membered SynCom, despite the concentration of pyoluteorin and
orfamide A reaching toxic levels. Secondly, we demonstrated that cocultivation of P. protegens DTU9.1
and the SynCom significantly altered the production and presence of the Pseudomonas-produced
metabolites. Most notably, we observed the enzymatic inactivation of orfamide A caused by the
antibiotic-sensitive strain, R. globerulus D757. Interestingly, the hydrolysis-mediated linearization of
orfamide A might serve as a prerequisite for subsequent degradation, thus representing a novel,
community-level catabolism of an antimicrobial secondary metabolite. Altogether, our study
emphasizes the value of synthetic community approaches to investigate the impact of secondary
metabolites on indigenous microorganisms, as well as the effects of microbial interactions affecting

the biosynthesis and fate of those secondary metabolites.
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Methods

Microorganisms and cultivation

Plasmid cloning was performed in Escherichia coli CC118-Apir. Cells were cultured in Luria-Bertani (LB)
broth (Lennox, Merck, St. Louis, MO, USA) with appropriate antibiotics. The antibiotic concentration
used was 10 pg ml™ for chloramphenicol, and 8 ug miI™* and 50 pug mli™ for tetracycline for E. coli and
P. protegens, respectively. E. coli CC118 Apir was cultured by inoculating a single colony in 5 ml LB
broth and incubating overnight at 37° C with shaking (200 rpm). P. protegens DTU9.1 and members of
the semi-synthetic community were cultured by inoculating a single colony in 5 ml LB broth and
incubating overnight at 30° C with shaking (200 rpm). The community members include Pedobacter
sp. D749 (Accession: CP079218), R. globerulus D757 (Accession: CP079698), S. indicatrix D763
(Accession: CP079106), and Chryseobacterium sp. D764 (Accession: CP079219).

Generation of secondary metabolite deficient mutants

To generate mutants in P. protegens DTU9.1 incapable of synthesizing DAPG, pyoluteorin and
orfamide A, genes required for biosynthesis were deleted by allelic replacement according to Hmelo
et al. (55). Primers used for cloning and verification are summarized in Supplementary Table 1. In
short, DNA fragments directly upstream and directly downstream of the gene of interest were PCR
amplified. The fragments were joined by splicing-by-overlap extension PCR with Xbal and Sacl
overhangs. The purified PCR product was restriction-digested and inserted in pNJ1 (56). The resulting
plasmid was mobilized into P. protegens DTU9.1 via triparental mating with E. coli HB101 harboring
the helper plasmid pRK600. Merodiploid transconjugants were initially selected on Pseudomonas
Isolation Agar (PIA, Merck) supplemented with 50 pg ml™ tetracycline. A second selection was
performed on NSLB agar (10 g I tryptone, 5 g I yeast extract, 15 g I"* Bacto agar) with 15% v/v
sucrose. Candidates for successful deletion were confirmed by PCR and verified by Sanger sequencing

at Eurofins Genomics.
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Inhibition assays

The in vitro inhibitory effect of P. protegens DTU9.1 and the secondary metabolite deficient mutants
was examined with agar plate inhibition assays. The members of the synthetic microbial community
were the target bacteria. For the antibacterial inhibition assay, cultures of P. protegens DTU9.1 WT,
AphIACB, ApltA and AofaA were grown O/N. The cultures were washed twice in 0.9% (w/v) NaCl at
10,000 rpm for 1 minute followed by measuring the optical density at ODgoo. The optical density was
set to 1.0 and 10ul bacterial suspension was spotted on 0.1x Tryptic Soy Agar (TSA, Sigma). The plates
were incubated at RT for 24 hours to allow for secondary metabolite production. O/N cultures of the
target bacteria were prepared in LB media. After 24 hours of incubation, the Pseudomonas on the 0.1x
TSA plates were killed with chloroform vapors for 30 minutes, followed by evaporation of residual
chloroform in a fume hood for another 30 minutes. The optical density at ODego of the target bacteria
was set to 2.0 and 500l was added to 6ml 0.1x Tryptic Soy Broth (TSB, Sigma) containing 0.3% agar
pre-heated to 42°C. The soft agar was spread evenly on top of the 0.1x TSA plates with killed
Pseudomonas and incubated at RT for 48 hours followed by examining the inhibition zones.
Integration of P. protegens DTU9.1 in a semi-synthetic microbial community

The effect of introducing P. protegens DTU9.1 and the above-mentioned secondary metabolite-
deficient mutants into a semi-synthetic bacterial community was investigated in an artificial soil
medium composed of spherical hydrogel beads. The beads were prepared according to Ma et al. (20).
In short, a polymer solution was prepared as a 4:1 mixture of 9.6 g I'* gellan gum (Phytagel™, Sigma)
and 2.4 g I'* sodium alginate (Sigma) dissolved in distilled water. Spherical beads with a diameter of
approximately 3-4 mm were formed by dropping polymer solution into a cross-linker solution
containing 20 g I'* CaCl, with a 10 ml syringe. Then, the beads were soaked in 0.1x TSB (Sigma) for 1
hour followed by sieving the beads to remove residual TSB medium. Finally, 20 ml beads were
transferred to a 50 ml Falcon tubes. Cultures of the four community members and P. protegens WT
AphIACB, ApltA and AofaA were grown O/N. The optical density at ODeoo of Pedobacter and

Rhodococcus was set to 2.0, for Stenotrophomonas and Chryseobacterium it was set to 0.1 and for P.



467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

protegens DTU9.1 and mutants it was set to 0.001. Bacterial inoculation suspensions were prepared
by mixing equal volumes in a total volume of 2 ml. Lastly, the prepared beads were inoculated with
the 2 ml bacterial suspension. Inoculated bead systems were incubated static at RT and samples
collected after 1, 4 and 7 days. Sampling was performed by briefly shaking the bead systems followed
by extracting approximately 1 ml beads into new 15 ml Falcon tubes. Extracted beads were
subsequently diluted in 0.9% (w/v) NaCl according to their weight to normalize the amount of bacterial
cells. The tubes were shaken on a vortex for 10 minutes at maximum speed to disrupt the hydrogel
beads. After vortexing, dilutions were spread on 0.1x TSA plates and incubated at RT for 48 hours
before counting CFU/ml. The remaining liquid (approx. 5 ml) of the processed samples were saved for
chemical detection of secondary metabolites.

Detection of secondary metabolites with LC-MS

To extract secondary metabolites in the hydrogel bead samples, 5 ml isopropanol:ethyl acetate (1:3,
v/v), containing 1% formic acid was added to the samples followed by shaking the tubes briefly. The
tubes were centrifuged for 3 minutes at 4650 x g. Extracts were then evaporated under N, O/N. The
dried extracts were re-suspended in 200 pl methanol (MeOH) and centrifuged for 3 minutes at 4650
x g. The supernatant was transferred to HPLC vials and subjected to ultra high-performance liquid
chromatography-high resolution electrospray ionization mass spectrometry (UHPLC-HRESIMS)
analysis.

HR-LCMS was performed on an Agilent Infinity 1290 UHPLC system. Liquid chromatography of 1 ul or
5 ul extract was performed using an Agilent Poroshell 120 phenyl-Cscolumn (2.1 x 150 mm, 1.9 um) at
60 °C using CH3CN and H,0, both containing 20 mM FA. Initially, a linear gradient of 10% CH3CN/H,0
to 100% CHsCN over 10 min was employed, followed by isocratic elution of 100% CHsCN for 2 min.
Then, the gradient was returned to 10% CHsCN/H,0 in 0.1 min and finally isocratic condition of 10%
CH3CN/H,0 for 1.9 min, all at a flow rate of 0.35 min mlt. HRMS data was recorded in positive
ionization on an Agilent 6545 QTOF MS equipped with an Agilent Dual Jet Stream electrospray ion

(ESI) source with a drying gas temperature of 250°C, drying gas flow of 8 min |, sheath gas
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temperature of 300°C and sheath gas flow of 12 min IX. Capillary voltage was 4000 V and nozzle
voltage was set to 500 V. The HRMS data was processed and analyzed using Agilent MassHunter
Qualitative Analysis B.07.00. HPLC grade solvents (VWR Chemicals) were used for extractions while
LCMS grade solvents (VWR Chemicals) were used for LCMS.

GNPS molecular networking

A molecular network was created using the Feature-Based Molecular Networking (57) workflow on

GNPS (https://gnps.ucsd.edu, (39)). The workflow run can be found at this link:

https://gnps.ucsd.edu/ProteoSAFe/status.jsp?task=1ad207802221433ca5431d22f2638d0e. Raw

data was processed using MZmine2.53 (58). Data was filtered by removing all MS/MS fragment ions
within +/- 17 Da of the precursor m/z. MS/MS spectra were window filtered by choosing only the top
6 fragment ions in the +/- 50 Da window throughout the spectrum. Additional settings include:
precursor ion mass tolerance was set to 0.05 Da, MS/MS fragment ion tolerance to 0.05 Da, and edges
were filtered to have a cosine score above 0.7 and more than 10 matched peaks. The spectra in the
network were then searched against GNPS spectral libraries (39, 59). The library spectra were filtered
in the same manner as the input data. All matches kept between network spectra and library spectra
were required to have a score above 0.7 and at least 6 matched peaks. The DEREPLICATOR was used
to annotate MS/MS spectra (60). The molecular networks were visualized using Cytoscape 3.8.2 (61).
Swarming assay

SynCom members were cultured O/N and cell pellets washed twice with 0.9% NaCl followed by
adjusting ODggo to 1.0. Bacterial suspensions (5 ul) were spotted on soft 0.1x TSA (0.6% agar) and
incubated for 24 hours at RT. Simultaneously, P. protegens DTU9.1 was grown O/N. Cells were washed
twice with 0.9% NaCl and ODego adjusted to 1.0. The bacterial suspension (5 ul) was spotted 15 mm
from the edge of each SynCom member. Plates were incubated for another 48 hours at RT before

pictures were taken.
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MALDI Sample preparation

Bacterial strains were cultured on 10 ml 0.1x TSA plates at 22°C. After 4 days of incubation, the
microbial colony and surrounding agar was sectioned and mounted on an IntelliSlides conductive tin
oxide glass slide (Bruker). The sample was covered with matrix by spraying 1.75 ml of a matrix solution
in a nitrogen atmosphere. The matrix solution was 2,5-dihydrobenzoic acid (DHB) of 20 mg ml?
concentration in ACN/MeOH/H,0 (70:25:5, v/v/v) according to (62).

MALDI Imaging Mass Spectrometry (IMS)

Sample was dried in a desiccator overnight prior to IMS measurement. The sample was then subjected
to timsTOF flex mass spectrometer (Bruker) for MALDI-IMS acquisition. Calibration was done using
red phosphorus. The sample was run in positive MS scan mode with 100 um raster width and a mass
range of 100-2000 Da. Briefly, a photograph of the colonies was loaded onto Fleximaging software,
three teach points were selected to align the background image with the sample slide, measurement
regions were defined, and the automatic run mode was then employed. The settings in the
timsControl were as follow: Laser: imaging 100 um, Power Boost 3.0%, scan range 26 um in the XY
interval, and laser power 90%; Tune: Funnel 1 RF 300 Vpp, Funnel 2 RF 300 Vpp, Multipole RF 300 Vpp,
isCID 0 eV, Deflection Delta 70 V, MALDI plate offset 100 V, quadrupole ion energy 5 eV, quadrupole
los mass 100 m/z, collision energy 10 eV, focus pre TOF transfer time 75 us, pre-pulse storage 8 ps.
After data acquisition, the data was analyzed using SCilLS software.

Statistics

Multivariate analysis of community composition was performed using PERMANOVA on Bray-Curtis
distances and the model formulation Y ~ Time + Variant + Time:Variant . Follow-up PERMANQOVAs
were performed on each time point with only Variant as the dependent variable. Univariate
comparison of CFU counts and metabolite concentrations in SynCom versus axenic culture of P.

protegens DTU9.1 was carried out using Student’s t-tests assuming equal variance.
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Supplementary Table 1

Name Sequence®?¢ Note

phIACB deletion

Up_Fphia 5'- Amplification of homology region
atcccgtctagaCAGAGATTTCGCAGTAAAAAG upstream of phlA

Up-Rphia 5’- catcgacgatttccgaagegatcacTTTCCTCTTGA  Amplification of homology region
TTCCATTCTTTTC upstream of phlA

Down_Fphis 5’- GTGATCGCTTCGGAAATCG Amplification of homology region

downstream of ph/B
Down_Rphis 5’- atccgggagctcACAACGAGGAGAATTCCAG Amplification of homology region

downstream of ph/B

phIACB-del_fw

5’- GTGCGAGTTCAATCATCTGG

Verification of phIACB deletion

phIACB-del_rev

5’- CTCTCGTAGTTGAGCCGTTC

Verification of phIACB deletion

pltA deletion

Up_Fpita 5’-atcccgtctagaAGCGCCTTCATTCCTAAATC Amplification of homology region
upstream of p/tA
Up-Ropita 5’- gatgccaaagtaatgcegcatcgaagTGCCCACT Amplification of homology region
CCCTGTTAGGC upstream of pltA
Down_Fpita 5’- CTTCGATGCGCATTACTTTG Amplification of homology region
downstream of p/tA
Down_Rpita 5’- atccgggagctcCTGTCCAGCGAAGAGAGTT Amplification of homology region
downstream of pltA
pltA-del_fw 5’- GTTCTTTGCATGTTCGAGAAAGAGCAG Verification of p/tA deletion
pltA-del_rev 5’- GGGAACGCTTCCAGTCCACC Verification of p/tA deletion
ofaA deletion
Up_Fofaa 5’- atccegtctagaCTGCGACAGGCTCTTGAG Amplification of homology region
AAAC upstream of ofaA
Up-Rofaa 5’- ccggegeggggaaaagceacttgecageggccTTCA Amplification of homology region
TGCGCGCCCCC upstream of ofaA
Down_Fofaa 5- GGCCGCTGCAAGTGCTTTTC Amplification of homology region
downstream of ofaA
Down_Rofaa 5’- atccgggagctcCCAGATGGTTGCGAA Amplification of homology region
ACGGTAC downstream of ofaA
ofaA-del_fw 5’- CGCATTGATCAGCCTCGTGAC Verification of ofaA deletion

ofaA-del_rev

5’- GTAGTTGAGCATGGCGCTGAAC

Verification of ofaA deletion

a. CAPITAL letters represent the priming part

b. Underlined characters represent restriction sites attached as primer overhang

c. Bold characters represent the first 25 nucleotides downstream of the region targeted for

deletion to achieve successful overlap-extension PCR
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Figure S1 | P. protegens DTU9.1 thrives in a soil-like environment. A) Growth curves of P. protegens DTU9.1 WT,
AphlACB, ApltA and AofaA in the hydrogel bead system. Samples were collected after 1, 4 and 7 days from three
biological replicates. B) Extracted ion chromatograms (EIC) for DAPG (m/z 211.0601 + 5 ppm), Pyoluteorin (m/z
271.9876 + 5 ppm) and orfamide A (m/z 1295.8436 + 5 ppm) confirm the production of these secondary
metabolites after 7 days of growth of P. protegens DTU9.1 WT in the hydrogel bead system.

Figure S2 | P. protegens DTU9.1 grows significantly faster than the four SynCom members. Growth rates of
Pedobacter sp. D749, R. globerulus sp. D757, S. indicatrix D763, and Chryseobacterium sp. D764., as well as P.
protegens DTU9.1 WT, AphlACB, ApltA, and AofaA in 0.1x TSB liquid broth. Data was derived from 4 biological
replicates. Letters above indicate treatments significantly different from one another, as determined by a Tukey-
test (P < 0.05).
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Figure S3 | Pyoluteorin from P. protegens DTU9.1 is bactericidal towards all members of a synthetic microbial
community. Inhibition assay analyzing the in vitro bactericidal effect of DAPG, pyoluteorin and orfamide A on the
four SynCom members: Pedobacter sp. D749, R. globerulus sp. D757, S. indicatrix D763, and Chryseobacterium
sp. D764.
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Figure S4 | Global Natural Products Social network analysis of secondary metabolites extracted from bead
systems. Complete GNPS network on the MS data of the extracts from bead systems grown with monoculture of
P. protegens DTU9.1 (Cyan), coculture between P. protegens DTU9.1 and SynCom (Red), or SynCom by itself
(Yellow). White-colored nodes represent instrument blank noise. Nodes represent individual metabolites and the
internal pie diagrams display relative abundance. The size of the nodes is scaled to metabolite mass. Edges
between nodes represent the similarities between metabolites based on cosine score. The highlighted molecular
family contain orfamide A and its respective degradation products identified during coculture.
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721 Figure S5 | Extracted ion chromatograms confirmed the presence of degradation products. Extracted ion
722 chromatograms (EIC) of orfamide A and the observed degradation products after 7 days of cocultivation between
723 P. protegens DTU9.1 and the SynCom in the hydrogel bead system. Each degradation product has a different
724 retention time, thus denying the possibility of them being products of in-source fragmentation.



725

726
727
728
729

1295.8442

100
= ]
Z i
a i
o ]
< 50 m/z 1295.85
2 -
= i
] 552.3631 744.4863
o 3402845 4696530 570.375500 474 7964863 883.2752 9966579 11097385 .
o : ! AN .
300 350 400 450 500 550 600 650 700 750 800 850 900 950 1000 1050 1100 1150 1200 1250 1300
miz
100— 665.4480
2z ]
w
2 i
k) .
E 50— m/z 1127.76
2 B 523629 796.5419
] i :
T - 3402840 o0 (5703743 883.5669
o H - | 996.6450  1127.76
FoS P 1PN ST WP B cau 1 al L :
300 350 400 450 500 550 600 650 700 750 800 850 900 950 1000 1050 1100 1150 1200 1250 1300
miz
100— 796.5440
> ]
2 ] 1014.6702
g i 683.4592 883.5759
E 50—] 665.4487 m/z 101467
2 i
E -
] i
= ~ 3402828 4693266 570.3732 || . 996‘61551\3
0— 300 350 400 450 500 550 600 650 700 750 800 850 900 950 1000 1050 1100 1150 1200 1250 1300
miz
100 901.5842
N ]
= i
2 i
L a
= 50— 683.4571 m/z 901.587
2 ]
s - 796.5392
° B 665.444
| 340.2845 469,3237552.3638 | 723.7334[ N
0= 300 350 400 450 500 550 800 650 700 750 800 850 BC‘ID 950 1000 1050 1100 1150 1200 1250 1300
miz
100—  340.2844
z
[}
2 i
2 .
< 50 m/z 814.554
2 -
] i
3 i 552.3625 814.5439
o . . 469.3243 | 665.4459752 5156
0 300 350 400 450 500 550 600 650 700 750 800 850 900 950 1000 1050 1100 1150 1200 1250 1300
miz
100— 3402848
= ]
3 i
5 ] 469.3275
< 50 miz 701.47
] i 570.3731
e ] 701.4695
T i 665.4486
e |
P 1l L
300 350 400 450 500 550 600 650 700 750 800 850 800 850 1000 1050 1100 1150 1200 1250 1300
m/z
100
Z n 469.3273
2 i
2 .
c
= 50 m/z 588.386
.g | 340.2836 588.3840
z B 570.3748)
7 —
14 -
0— 300 350 400 450 500 550 600 650 700 750 800 850 900 950 1000 1050 1100 1150 1200 1250 1300
m/z
100—  340.2840
= ]
2 i
a i
3 ]
.E 50—] m/z 487.339
2 -
5 -
e B 487.3381
o] 469.3657)
300 350 400 450 500 550 600 650 700 750 800 B50 900 950 1000 1050 1100 1150 1200 1250 1300
miz

Figure S6 | Tandem mass spectrometry revealed the relatedness of degradation products to orfamide A.
Observed fragmentation patterns of orfamide A (m/z 1295.85) and the degradation products. Similarities
between the patterns confirmed the relatedness of each degradation product to orfamide A, representing the
loss of amino acids from the C-terminal end of the linearized lipopeptide.
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