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Abstract

Abstract

In nature, roots of Arabidopsis thaliana are colonized by taxonomically diverse, soil-derived
communities mainly comprising bacteria and fungi. Collectively, these root-associated
microbial communities are termed root microbiota and are characterized by reduced microbial
diversity and robust community structures compared to soil-associated communities. While
plant secondary metabolism and the innate immune system have been demonstrated to influence
root microbiota establishment, the role of microbial interactions and the underlying
mechanisms for root microbiota establishment remain largely elusive. Using combinatorial
approaches of binary interaction screens, forward and reverse genetics, targeted metabolomics,
microbiota reconstitution, and marker gene amplicon sequencing-based community profiling,
we provide genetic evidence for a root-specific functioning of bacterial secreted exometabolites
in root microbiota establishment. We further demonstrate that a sole antimicrobial bacterial
secondary metabolite is sufficient to cause plant disease under hyperosmotic conditions,
illustrating the versatile role of these inhibitory molecules for microbe-microbe and host
microbe interactions. Finally, we provide evidence for the modulation of microbial interactions
by the availability of easily accessible carbon, collectively, suggesting that root exudates drive
microbial interactions in the rhizosphere, likely contributing to the observed reduction of
microbial diversity across the soil-root continuum. Collectively, our data demonstrate the

relevance of bacterial exometabolites for root microbiota establishment and host health.
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General introduction

General introduction

Plant tissues are colonized by diverse microbial communities comprising mainly bacteria and
fungi (Agler et al., 2016; Bulgarelli ef al., 2012; Thiergart et al., 2019). While detrimental and
beneficial associations of plants with mutualistic or pathogenic microorganisms, respectively,
have been studied extensively, the diversity of presumably neutral — i.e., commensal —
microorganisms has only been unrevealed recently (Bulgarelli et al., 2012; Teixeira et al., 2019;
Trivedi et al., 2020). Microbial assemblages associated with plant organs are collectively
referred to as plant microbiota and have been demonstrated to fulfil a variety of functions for
the host plant. This includes nutrient solubilisation in the rhizosphere —i.e., the soil that is under
the influence of plant exudates — and alleviation of abiotic stresses (Harbort et al., 2020; Hiruma
etal.,2016; Hou et al., 2021; Naylor et al., 2017; L. Xu et al., 2021). For instance, it has been
shown that taxonomically diverse commensal fungi associating with roots of the non-
mycorrhizal plant species Arabidopsis thaliana and Arabis alpina can facilitate plant growth
under phosphate limiting conditions by provisioning phosphate to the host (Almario et al.,
2017; Bakshi et al., 2015; Hiruma et al., 2016). Root-secreted coumarins modulate the bacterial
root microbiota of A4. thaliana resulting in solubilisation of iron in the rhizosphere thereby
enhancing plant growth (Harbort et al., 2020). Furthermore, phytohormone production or
degradation by commensal microorganisms can modulate plant development under favourable
or stressed conditions (Conway et al., 2022; Finkel et al., 2020; Glick, 2014; F. Xu et al., 2021).
Collectively, this illustrates the involvement of the root microbiota in modulating diverse
interactions of plants with their abiotic environment. Similarly, root-associated microorganisms
can affect interactions of plants with their biotic environment. A. thaliana and Zea maize root
exudation has been demonstrated to modulate the root microbiota across plant generations,
resulting in increased protection towards leaf pathogenic Pseudomonas syringae and the
herbivorous insect Spodoptera frugiperda, respectively (Hu et al., 2018; Yuan et al., 2018).
Furthermore, the occurrence of sudden wilt disease caused by members of the fungal genus
Fusarium has been linked to different soil types and soil microbiota composition (Schroth &
Hancock, 1982). Microbiota transplants from disease suppressive soils to non-suppressive soils
are sufficient to abolish disease symptoms (Santhanam et al., 2015). A. thaliana, furthermore,
relies on the bacterial fraction of its root microbiota for protection against root-colonizing fungi
and for promoting fungal-host homeostasis (Duran et al, 2018; Wolinska et al., 2021).
Collectively, this illustrates that the root microbiota is required for direct or indirect suppression

of diverse biotic diseases in various plant species (Carrion et al., 2019; Mendes et al., 2011;
1



General introduction

Raaijmakers & Weller, 1998; Tracanna et al., 2021). As the plant microbiota fulfils various
functions that are essential for the survival of the host, plant-associated microbial communities
have become promising targets to improve plant survival and productivity in agricultural

settings.

Informed and predictable application of individual microorganisms or microbial communities
(i.e., biologics) in agricultural settings, however, requires a molecular and ecological
understanding of microbiota establishments and functions. In natural soils, edaphic factors
—such as soil pH or iron availability — shape the soil microbiota that serve as inoculum for plant
roots and shoots. Environmental and climatic factors further affect microbial — specifically
fungal — community compositions (Bahram et al., 2018; Thiergart ef al., 2019). The microbial
diversity decreases from bulk soil towards plant surfaces and endospheric compartments,
resulting in a clear separation of soil- and plant-associated microbial community structures
(Bulgarelli et al., 2012; Lundberg et al., 2012; Thiergart et al., 2019). This indicates that host
induced factors are involved in shaping the plant microbiota and selecting for putatively
beneficial microorganisms. Here, root secreted photoassimilates and secondary metabolites
modulate the microbial composition at the root. For example, A. thaliana produces linage-
specific B-thioglucosides — i.e., glucosinolates — that are required for suppressing excessive
proliferation of commensal fungi and modulating beneficial effects to the host (Hiruma et al.,
2016; Koprivova & Kopriva, 2022; Lahrmann et al., 2015; Wolinska et al., 2021). Root secreted
secondary metabolites can also modulate bacterial activity. As indicated above, coumarins are
essential for bacterial rescue of plant growth under iron limiting conditions (Harbort et al.,
2020). Similarly, the phytoalexin camalexin is required for beneficial associations of
A. thaliana with two Pseudomonas spp. isolates (Root9 and CH267; Koprivova et al., 2019).
Collectively, this demonstrates that root exudates can restrict or enhance root association with

diverse microbiota members with cascading consequences for host health.

The initial layer of the plant innate immune system detects both pathogenic and commensal
microorganisms due to a large overlap in immunogenic microbial-associated molecular patterns
(MAMPs) irrespective of microbial lifestyle (Ma et al., 2021; Teixeira et al., 2019; Teixeira et
al., 2021). Root commensals have developed molecular tools to suppress MAMP-triggered
immunity (Garrido-Oter et al., 2018; Ma et al., 2021; Teixeira et al., 2021; Yu et al., 2019).
The widespread occurrence of this immune-suppressive trait in approx. 40% of all tested A.
thaliana root-derived bacterial isolates supports an involvement of the plant immune system in

root microbiota establishment (Ma et al., 2021; Teixeira et al., 2021; Yu et al., 2019).

2



General introduction

Furthermore, the production of reactive oxygen species (ROS) restricts bacterial colonisation
in the A. thaliana rhizosphere (Song et al., 2021). Similarly, in aerial tissues ROS production
via the NADPH-dependent respiratory burst oxidase RBOHD is required for microbiota
homeostasis and suppression of microbiota-induced disease symptoms (Pfeilmeier ez al., 2021).
Furthermore, the immunocompromised A. thaliana quadruple mutants atmin7 fls2 efr cerkl
(mfec) and atmin7 bakl-5 bkki-1 cerkl (mbbc) showed extensive proliferation of commensal
bacteria and development of chlorotic lesions, indicative of disease (Xin et al., 2016).
Collectively, this demonstrates that the plant innate immune system and its interplay with
microbiota members is required in the establishment and homeostasis of plant-associated

microbial communities.

It is further believed that interactions between microbial organisms are involved in the
establishment of the plant-associated microbial communities. Microbial mechanisms that lead
to both cooperative and competitive interactions between individual microbiota members have
been extensively studied in the past. While cooperative interactions via metabolic
interdependencies have been described in microorganisms from nutrient poor environments
(Harcombe, 2010; Hassani et al., 2018; Mataigne et al., 2022; Wintermute & Silver, 2010),
evidence for the occurrence of nutrient interdependencies in e.g., the carbon-rich rhizosphere is
still lacking. Fungi have been proposed to facilitate bacterial root colonisation through bacterial
migration along fungal hyphae — so called ‘fungal highways’ (Kohlmeier et al., 2005; Worrich
etal.,2016;Y. Zhang et al., 2018). Competitive intermicrobial interactions have been described
primarily in the context of pathogen suppression. The production of bacterial or fungal
exometabolites with cytotoxic or cytostatic activity have been intensively studied, resulting in
the descriptions of antimicrobials with various modes of actions (Crits-Christoph et al., 2018;
Dimkic et al., 2017; Dimki¢ et al., 2022; Falardeau et al., 2013; Keel et al., 1992; Rajniak et
al., 2018). Furthermore, secreted enzymes, such as chitinases or lysozymes can contribute to
pathogen suppression via contact independent mechanisms (Eitzen et al., n.d.; Hjort et al.,
2009; Kobayashi et al., 2002; Z. Zhang & Yuen, 2007). Furthermore, bacteria engage in
contact-depending killing of competitors via type IV or type VI secretion system-mediated
effector translocation (de Maayer et al., 2011; Haapalainen et al., 2012; Ho et al., 2014;
Purtschert-Montenegro et al., 2022; Records, 2011; Russell et al., 2014). Collectively, diverse
mechanisms utilized by microorganisms to engage in primarily competitive interactions have
been well characterised, however, the contribution of these mechanisms to plant microbiota

establishment remains elusive.



General introduction

Here, we aim at shedding light on the impact of microbe-microbe interactions on A. thaliana
root microbiota establishment and the impact thereof on host health. In Chapter I, we
systematically assess interbacterial interactions mediated by bacterial secondary
exometabolites. Using metabolomics, genetics, and microbiota reconstitution experiments, we
provide evidence for a contribution of bacterial exometabolites in shaping the root-associated
microbiota and the reduction in bacterial diversity along the soil-root continuum.
In Chapter II, we identify a bacterial secondary metabolite with antifungal and antibacterial
activity to be causal for plant disease caused by an opportunistic root pathogen. We demonstrate
a root-specific virulence mechanism caused by physicochemical interaction of the produced
metabolite with hyperosmotic conditions in the rhizosphere. In Chapter I1I, we establish a
minimal synthetic community comprising bacteria and fungi based on continental-scale
ecological data. Using systematic assessment of all competitive and cooperative pairwise
interactions under two nutritional regimes, we provide evidence for easily accessible carbon-
dependent modulation of interkingdom interactions that is likely explaining the protectiveness
of bacterial root commensals towards detrimental fungal communities. Collectively, we
demonstrate the involvement of microbe-microbe interactions and inhibitory bacterial

secondary metabolites in root microbiota establishment and plant health.
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Chapter I

1.1 Summary

Soil-dwelling microbes are the principal inoculum for the root microbiota, but the role of
microbe-microbe interactions in microbiota establishment remains fragmentary. We tested
39,006 binary interbacterial interactions for inhibitory activities in vitro, allowing us to identify
taxonomic signatures in bacterial inhibition profiles. Using genetic and metabolomic
approaches, we identified the antimicrobial 2,4-diacetylphloroglucinol and the iron-chelator
pyoverdine as exometabolites whose combined functions explain most of the inhibitory activity
of the strongly antagonistic Pseudomonas brassicacearum R401. Microbiota reconstitution
with a core of Arabidopsis thaliana root commensals in the presence of wild-type or mutant
strains revealed a root niche-specific co-function of these exometabolites as root competence
determinants and drivers of predictable changes in the root-associated community. In natural
environments, both corresponding biosynthetic operons are enriched in roots, a pattern likely
linked to their role as iron sinks, indicating that these co-functioning exometabolites are

adaptive traits contributing to pseudomonad pervasiveness throughout the root microbiota.

Keywords
root microbiome, microbe-microbe interactions, synthetic ecology, competition, niche
competition, antimicrobials, iron nutrition, secondary metabolites, microbiota
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Chapter I

1.3 Introduction

The establishment of the plant root microbiota from the soil biome is a multi-step process
involving an interplay between edaphic/climatic factors, the host, and its microbiota, as well as
an additional layer of complexity in the form of microbe-microbe interactions (Duran et al.,
2018; Naylor et al., 2017; Song et al., 2021; Thiergart et al., 2020; Wippel et al., 2021). These
bacterial communities — collectively referred to as the root microbiota — assist the host in
mobilizing mineral nutrients for plant nutrition, provide tolerance to abiotic stresses (Castrillo
etal.,2017; Harbort et al., 2020; Hou et al., 2021; Santos-Medellin et al., 2021; Xu et al., 2021)
and furnish plants with indirect protection against soil-borne fungal pathogens or modulate the
host’s innate immune response (Carrion et al., 2019; Duran et al., 2018; Ma et al., 2021;
Teixeira et al., 2021). Reduced taxonomic diversity and class-level dominance of Alpha-,
Beta-, and Gammaproteobacteria, Actinobacteria, Flavobacteriia, and Bacilli are hallmarks of

the root microbiota (Bai et al., 2015; Bulgarelli et al., 2012; Lundberg et al., 2012).

Host genetic determinants underlying root microbiota establishment have been extensively
studied (Pascale et al., 2020) and include carbon-rich photoassimilates (i.e., primary
metabolites) that are continuously released by plants in the rhizosphere, acting as key mediators
of root microbiota assembly and activity (Eilers et al., 2010a; Ling et al., 2022; Wippel et al.,
2021). Apart from host-derived metabolites, it is conceivable that specialised metabolites
produced by root commensals also contribute to the establishment of the microbiota, as these
molecules may be responsible for cooperative or competitive relationships with other bacterial
taxa. In particular, specialised inhibitory metabolites (Clough et al., 2022; Dimki¢ et al., 2022;
Fira et al,, 2018) are often produced by complex and energetically costly enzymatic
mechanisms encoded by biosynthetic gene clusters (BGCs; Charlop-Powers et al., 2014; Crits-
Christoph et al., 2018). These molecules have been primarily described in the context of
antimicrobial discovery and pathogen suppression and display diverse antagonistic activities,
including inhibition of prokaryotic cell wall biosynthesis, pore formation in the cell envelope,
or inhibition of ATP biosynthesis (Dimkic et al., 2017; Falardeau et al., 2013; Jasim et al.,
2016; Kwak et al., 2011; Makovitzki et al., 2006). For example, the antimicrobial 2,4-
diacetylphloroglucinol (DAPG) from fluorescent Pseudomonas strains plays a dominant role in
suppressing the fungal-elicited take-all disease that affects the roots of grass and cereal plants
in temperate climates and has been demonstrated to inhibit bacteria as well (Isnansetyo et al.,
2003; Julian et al., 2020; Keel et al., 1992; Lanteigne et al., 2012; Raaijmakers & Weller, 1998;
H. Zhou et al., 2005; T. T. Zhou et al., 2014). Furthermore, suppression of tomato infections

7
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with pathogenic Ralstonia solanacearum can be achieved by chelating inorganic iron with
bacterial siderophores that cannot be taken up by the pathogen, including pyoverdines, while
growth-promoting siderophores facilitate infections of this bacterial root pathogen (Gu, Wei, et
al., 2020; Gu, Yang, et al., 2020). In vitro, pyoverdine from P. chlororaphis YL-1 inhibits
Gram-positive and -negative bacteria in an iron concentration dependent manner and is required
for the suppression of the leaf pathogen Xanthomonas oryzae pv. oryzae in rice (Liu et al.,
2021). However, it remains unknown whether such specialised exometabolites contribute to

root microbiota differentiation from the surrounding soil-biome.

Here, we assessed the prevalence of antagonistic binary interactions within the root microbiota
using a collection of 4. thaliana root-derived commensals comprising all six core classes of
root-associated bacteria (Bai et al., 2015). Applying genetic, genomic and metabolomic
approaches, we identify the antimicrobial DAPG and the high-affinity iron-chelator pyoverdine
as exometabolites underpinning the activities of the highly antagonistic Pseudomonas
brassicacearum R401. Although the two exometabolites employ different modes of action, they
co-function as R401 root competence determinants and influence key ecological indices of the
synthetic root microbiota based on their inhibitory activities in vitro. Surveys of the genomes
of bacterial culture collections from plants grown in natural environments suggest that these
specialized exometabolites might act as adaptive traits that contribute to the pervasiveness of

the genus Pseudomonas in the root microbiota.
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1.4 Results

1.4.1 Widespread production of specialised exometabolites among root-associated

bacteria

To investigate the prevalence of interbacterial competition mediated by secreted metabolites
(hereafter referred to as exometabolites), we used a modified Burkholder plate-based assay
(mBA; Burkholder et al., 1966; Fig. S1A) and tested 39,006 binary interbacterial interactions,
i.e., 198 producer versus 198 target isolates. We detected an inhibition halo in 1,011 interactions
(i.e., 2.6% of tested pairwise interactions involving 66% of the isolates, Fig. S1B, Table S1),
suggesting antibiosis due to specialised exometabolites. Antagonistic interactions were detected
between all bacterial classes tested, indicating that the production of exometabolites is common
in the A7-RSphere culture collection of commensals (Bai et al. 2015). Actinobacteria isolates
were most sensitive to all other classes, especially to Gammaproteobacteria, which showed the
highest aggregated frequency and average intensity of inhibitory activities (Fig. 1A). Since we
observed taxonomic signals at the class level, we calculated the average halo of inhibition size
for all target and producer isolates across all bacterial classes tested (see sensitivity scores in
Fig. 1B and inhibition scores in Fig. 1C, see also Fig. S1B). This revealed that only a few
bacteria — mainly belonging to Pseudomonadaceae (R9, R68, R71, R329, R401, R562, and
R569) — exhibited broad inhibition of phylogenetically diverse isolates (Fig. 1C). Extensive
strain-specific variation in inhibition scores across closely related bacteria was observed,
suggesting large standing genetic variation for the production of bacterial exometabolites
among root-derived isolates (Fig. 1C). Finally, we observed a 2.7x higher inhibitory activity
for root-derived bacteria compared to those originating from soil (p=0.011; Kruskal-Wallis
followed by Dunn's post-hoc test and Benjamini-Hochberg correction, Fig. 1D), suggesting that

the production of exometabolites might be advantageous for bacterial root colonisation.

Ralstonia spp. are core members of the root microbiota of healthy Arabidopsis plants in nature
(Thiergart et al. 2021). We hypothesized that the bacterial root microbiota of A. thaliana
contributes to preventing disease in natural environments and tested the inhibitory activities of
167 of the aforementioned bacteria against pathogenic Ralstonia solanacearum GMI1000
(hereafter referred to as Rs; Boucher ef al., 1985; Fig. 1C). A subset of root- and soil-derived
bacteria inhibited the growth of Rs in mBA experiments (10.9% and 10.3%, respectively).
These inhibitory activities were mainly manifested by bacteria from three genera:

Pseudomonas, Streptomyces, and Bacillus (Fig. 1C).



Chapter I

Bacilli O

Flavobacteriia

Actinobacteria .

Loo0o~o®°

Tree scale: 0.1

_—

@ Aphaproteo-
bacteria

Betaproteo-
bacteria

bacteria

Gammaproteo-

Sensitivity

(¢}

Inhibition

score

score

.n sensitive
interactions
Actinobacteria
Flavobacteriia
Bacilli

eta
Gamma

bacterial

.n inhibiton

interaction:
Actinobacterial
Flavobacteriia
Bacilli

eta

Gamma bacterial

R. solanacearum|

Actinobacteria
Bacilli
Flavobacteriia

@,

S

S

RS 83

RS8R0y
ltgk

N 5

Proteo-
bacteria

198 Root- and Hol
-derived bacteria

NIRRT
R e N
R RS
TS

I,

83 . 3

o¥coowrw, =~
~
AN

(17777

2

R3BR52SE!

St
=B _oono o3

DR

a6

]

©
NSacaws

2

167 Root-derived bacteria

Figure 1 Widespread production of specialised exometabolites among root- and soil-derived bacteria.
(A) Inhibitory interaction network computed based on binary interaction data from a modified Burkholder

assay (mBA; n = 198 strains, 39,006 pairwise combinations tested, 1-2 biological replicates). Edge width and

colour depicts the aggregated frequency of inhibitions at the class level while node size indicates the mean
halo size, measured at 4 days post-inoculation (dpi). Arrows reflect inhibition directionality and intensity.

For the complete list of interactions see Table S1. (B—C) Phylogenetic tree showing inhibition and sensitivity

scores for each strain. The tree was built based on the full-length 16S rRNA gene sequences of 167 root-

(dark grey) and 31 soil-derived (light grey) bacteria. All bacteria were reciprocally screened against each

other and against Ralstonia solanacearum GMI1000. For each strain, sensitivity scores (average sensitivity

of a strain to exometabolites produced by a given bacterial class (B) and inhibition scores (average

exometabolites-dependent inhibition of a given strain to a bacterial class (C) are shown in the outer and inner
heatmap, respectively. These scores represent the average halo size for a given strain at the class level as

determined by a mBA. The number (‘n”) of sensitivities per strain and the number of inhibitory interactions

is indicated by black bars. (D) Network showing the aggregated frequency of inhibitions measured for root-

and soil-derived bacteria. Node size indicates the mean magnitude of inhibitions from mBA experiments.

Arrows reflect inhibition directionality and intensity.
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1.4.2 Genomic capacity for specialised metabolite production explains pronounced

inhibitory activity

We hypothesized that the ability to produce halos of inhibitions might be correlated with the
genome-encoded potential for the biosynthesis of specialized metabolites. We predicted BGCs
for all strains tested in mBA experiments (Table S2) and tested whether halo-producer strains
encode more BGCs than non-producers. The total number of BGCs was significantly increased
in the antagonistic isolates (p = 0.0166). Furthermore, BGCs with putative involvement in the
biosynthesis of non-ribosomal-peptides (NRPS), aryl polyene and redox-cofactors were
significantly enriched in halo-producing isolates compared to nonproducers (Fig.2A),

suggesting that these compounds may be important for interbacterial competition.

Using liquid chromatography-tandem mass spectrometry (UPLC-MS/MS), we investigated the
diversity of bacterial metabolites that could explain the observed interaction profiles. Network
analysis of the resulting mass spectra revealed 247 families of molecules with similar
fragmentation patterns, each representing at least two structurally related analogues (Fig. S2).
While 2,220 nodes were shared between multiple classes, the remaining 1,094 nodes were
found to be produced only by individual bacterial classes. Here, Gammaproteobacteria showed
the greatest diversity of class-specific metabolites, indicating that their pronounced inhibitory
activity (Fig. 1C) can be explained by the production of an enormous diversity of specialised

metabolites.

To determine whether bacteria secrete an increased diversity of specialised metabolites upon
interactions with competitors (Cornforth & Foster, 2013), we analysed metabolite mass spectra
of 16 inhibitory zones from 10 producer isolates (R63, R71, R68, R342, R401, R562, R569,
R690, R920 and R1310) with broad inhibitory activity against three target isolates (R472D3,
R480 and R553) using the same workflow and compared them with the data of the individually
cultured strains in a separate network. This revealed 224 new nodes secreted exclusively upon
interaction with competing isolates (Fig. 2B). Dereplication of the interaction metabolome
revealed that the biosynthesis of polyketides, such as two additional congeners of the nactin
antibiotics and peptidic compounds, such as cyclo(Trp-Pro) and congeners of a novel
lipopeptide family, was specifically triggered by interactions with other bacterial strains,

pointing to a possible role of these molecules in interbacterial competition.
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Figure 2 Genomic capacity for specialised metabolite production explains inhibitory activity.
(A) Balloon plot depicting the genetic potential for specialized metabolite production. Using antiSMASH 6.0,
we predicted BGCs for the genomes of all analysed bacteria. On the x-axis the 20 most abundant BGC
families across all tested bacterial taxa are depicted. Size of pie charts depicts the number of a given BGC
averaged across all halo producers or non-producer strains (‘n BGCs’; Fig. 1C and Table S1). Sections of
pie charts represent the distribution of BGCs across the bacterial classes. Sections are coloured by bacterial
classes. The total number of BGCs and BGC families is depicted with black outlines. The full data set can
be found in Table S2. Statistical significance was determined by Kruskal-Wallis followed by Dunn’s post-
hoc test and Benjamini-Hochberg adjustment. Significance between halo producer and non-producers is
indicated by black asterisks (, **, indicate p < 0.05, and 0.01, respectively). (B) Molecular network of
extracts from 10 producer strains with broad antagonistic activity, including extracts from inhibition halos
with sensitive strains. Nodes found to be produced by sensitive strains were removed. 298 nodes (29.5% of
the network) are exclusively produced in the interaction zones and highlighted in red.
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1.4.3 2.,4-diacetylphloroglucinol (DAPG) contributes to the inhibitory activity of

Pseudomonas brassicacearum R401

Among all tested isolates, Pseudomonas brassicacearum R401 showed the greatest number of
inhibitory interactions (>17x greater than average) and the largest average halo size (>10x
greater than average; Fig. 3A). Except for Bacilli and Flavobacteria, 50 isolates belonging to
all other tested bacterial classes were sensitive to the inhibitory activity of R401, particularly
Actinobacteria (Fig. 3B), indicating the production of exometabolites with a broad spectrum of
inhibitory activity. The antiSMASH-based analysis of a re-sequenced, circular R401 genome
identified 16 predicted BGCs (Fig. S3; Table S2). One of these BGCs exactly matches the phl-
operon of Pseudomonas protegens Pf-5, which has been shown to encode the enzymatic
machinery  for  the  production of the  Pseudomonas-specific  polyketide
2,4-diacetylphloroglucinol (DAPG; Fig. 3C; Keel ef al., 1996). Since no other genome of our
culture collection isolates harbours the phl operon (see Fig. S3), this points to DAPG as a
candidate molecule causing the pronounced inhibitory activity of R401. We generated a
marker-free deletion mutant of the key biosynthetic gene ph/D in R401 (Fig. 3C). UPLC-
MS/MS-based analysis of culture supernatants validated the production of DAPG in wild-type
R401 and its absence in the Aphld mutant (Fig. 3D). In mBA experiments, the R401 Aphld
mutant was significantly — yet only partly — impaired in its antagonistic activity (Fig. 3E),
retaining 71% of its inhibitory activity towards Rs. This result suggests that DAPG alone is
insufficient to explain the full inhibitory activity of R401 towards Rs.

13
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Figure 3 2,4-diacetylphloroglucinol (DAPG) contributes to the inhibitory activity of Pseudomonas
brassicacearum R401. (A) Projection of the number of observed inhibitory activities (out of 198) as a
function of the mean halo size for each producer strain as measured in mBA experiments. The most
antagonistic strain (Pseudomonas brassicacearum R401) is highlighted. (B) Mean halo size of R401 against
target bacterial classes or R. solanacearum (Rs) are indicated by bar height. Numbers indicate the number of
observed inhibitory interactions of R401 per target bacterial class as measured in mBA. (C) Schematic
overview of the phl-operon that encodes all 2,4-diacetylphloroglucinol (DAPG) biosynthetic genes in
Pseudomonas protegens Pf-5 and R401. Genes within the BGC are coloured in grey, the gene encoding the
initial anabolic enzyme phlD is highlighted in yellow. (D) Extracted ion chromatograms for R401 DAPG
(EICs: 211.0601 m/z + 0.01 [M+H]") of the WT and mutant extracts, confirming complete lack of DAPG
production in the tested mutant. (E) Halo production of R401 WT and Aphld using Rs as target bacterium as
measured in mBA. Statistical significance was determined by Kruskal-Wallis followed by Dunn’s post-hoc
test and Benjamini-Hochberg adjustment. Significance compared to WT is indicated by black asterisks
(** indicate p < 0.01; n=5).

1.4.4 DAPG and pyoverdine act additively to inhibit taxonomically distinct root

microbiota members

We performed a forward genetic screen to reveal additional determinants mediating the residual
inhibitory activity of R401 Aphld. First, we generated a R401 mini-7n5 transposon library

with >6,000 insertion mutants. We adopted a fluorescence-based bacterial co-culture system in
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liquid medium to test all R401 insertion mutants individually for their ability to suppress growth
of a GFP-expressing Rs GMI1000 strain (Rs GMI1600; Aldon et al., 2000). Of the 230
candidates identified in the primary screen, 38 R401 7n5 mutants were robustly impaired in Rs
suppression after two independent rounds of validation (Fig. 4A and B; Table S3). One of these
candidate R401 mutants was also significantly impaired (on average 26.6%) in its inhibitory
activity against Rs in mBA experiments on solid agar, suggesting that this mutant is impaired
in the production of an inhibitory exometabolite (Table S3). This R401 mutant carries a 7n5
transposon insertion within the gene of a putative acyltransferase (pvdY) involved in the
biosynthesis of the siderophore pyoverdine in Pseudomonas aeruginosa (Lamont et al., 2000).
We validated the contribution of R401 pvdY to pyoverdine biosynthesis and Rs inhibition by
generating an independent pvdY deletion mutant, Apvdy, and a R401 deletion mutant of the gene
encoding NRP synthetase pvdL, located downstream of pvdY (Apvdl, Fig. 4C). In mBA
experiments with Rs GMI1000, the R401 Apvdy strain phenocopied the R401 tn5::pvdy mutant
and the mutant phenotype was complemented by expression of pvdY under its native promoter
in the R401 Apvdy background (Apvdy::pvdY). R401 Apvdl exhibited a slightly weaker
impairment of halo production compared to R401 Apvdy, suggesting that pvdY may be involved
in the biosynthesis of an additional exometabolite. We also generated a R401 double deletion
strain, Apvdy Apvdl, which is impaired in its inhibitory activity against pathogenic Rs to a
similar extent as the R401 Apvdy single mutant (Fig. 4D). Using mass spectrometry, we
confirmed that all generated R401 pyoverdine mutants had lost their ability to produce
pyoverdine (measured as dihydropyoverdine with the sequence: Glu-Q-Lys-AcOHOrn-Ala-
Gly-Ser-Ser-OHAsp-Thr, with Q being the fluorophore dihydroxyquinoline; Fig. 4E). This is
consistent with the assumption that both pvdY and pvdL in R401 are needed for pyoverdine

biosynthesis.

All tested Pseudomonas isolates in At-RSphere contain pyoverdine biosynthetic genes;
however, for R9 no characteristic pyoverdine fluorescence was detected (Fig. S3), potentially
explaining its low inhibitory activity in mBAs (Fig. 1C). Therefore, we hypothesized that
pyoverdines contribute more broadly to explaining the unusually high inhibitory activity of the
Pseudomonadaceae detected in the mBA experiments and isolated pyoverdine mutants in
another Pseudomonas root commensal in our collection. We generated a mini-7n75 mutant
library of approx. 6,000 insertion mutants of pyoverdine-producing Pseudomonas fluorescens
R569 and assayed about 2,000 mutants for loss of pyoverdine-mediated fluorescence of

individual mutants grown in axenic liquid cultures by fluorimetry (Fig. S4A). Characterization
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of the 7Tn5 integration sites revealed one mutant in each of the R401 pvdY and pvdL homologues
(Table S3, Fig. S4B). Unlike the partial loss of inhibitory activity of the R401 Apvdy and Apvd!
single and Apvdy Apvdl double mutants against Rs, the R569 Apvdy and Apvd! single mutants
both showed a complete loss of inhibitory activity to Rs in mBA experiments (Fig. S4D).
Although the genomes of root commensals R401 and R569 are assigned to different
Pseudomonas sublineages (Fig. 1B) and the arrangement of genes in the pvd-operon is different
(Fig. 4C and Fig. S4C), it is likely that the corresponding pyoverdines are directly responsible
for the observed inhibitory activity. Our findings indicate that pyoverdine might either be the
sole or one of several exometabolites produced by root commensals that limit the growth of Rs.
Since pyoverdines function as iron-chelators, we tested whether their inhibitory activity can be
explained by interbacterial competition for iron by supplementing mBA agar medium with
excess ferric iron (100 uM FeCls), which resulted in significantly impaired inhibitory activity
to Rs when confronted with wild-type R401 or undetectable Rs growth inhibition when
confronted with wild-type R569, thus phenocopying results obtained with the corresponding
strain-specific pyoverdine mutants (Fig. 4D and Fig. S4D). Given that the isolated pyoverdine
mutants of both Pseudomonas isolates also exhibit drastically reduced iron mobilisation
capacity compared with the corresponding wild-type isolates (Fig. 4F and Fig. S4E), we
conclude that their inhibitory activities against root commensals and pathogenic Rs are likely
mediated through their iron chelator function. However, we cannot exclude a possible

additional pyoverdine activity under limited iron conditions.

To test whether these two classes of compounds are sufficient to account for the full inhibitory
activity of R401, we generated two R401 double pyoverdine and DAPG mutants, Apvdy Aphld
and Apvdl Aphld, and conducted mBA assays using Rs and a representative set of the
aforementioned commensals previously shown to be sensitive to R401 in our pairwise
interaction screen as target isolates (Table S1). Remarkably, the double pyoverdine and DAPG
mutants showed severely reduced inhibitory activity against Rs, and all other tested isolates
compared to the single mutants, suggesting a cumulative impact of the two metabolites.
Although the general sensitivity patterns were again isolate-specific, Actinobacteria were
typically inhibited by DAPG alone. DAPG and pyoverdine collectively explained >70% of
R401 inhibitory activity, but a residual halo of inhibition was still observed, pointing to at least
a third — yet to be defined — exometabolite (Fig. 4G). The results collectively confirm that

DAPG and pyoverdine likely have broad relevance for shaping the root microbiota.
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Figure 4 DAPG and pyoverdine act additively to inhibit taxonomically distinct root microbiota
members. (A) Schematic overview of the mini-Tn5 transposon mutant screen workflow in R401. (B) Effect

of >6000 R401 transposon mutants on the growth of GFP-expressing R. solanacearum (Rs GMI1600) as a
function of the absorption at 600 nm of axenically grown mutants. Rs-alone indicates reaction vessels without
R401 mutants. All other points correspond to individual R401 mutants that have been coloured based on their
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phenotype in this screen. (C) Schematic overview of the genomic context of the fragmented pvd-operon
which encodes a fraction of pyoverdine biosynthetic genes of R401. Genes within the BGC are coloured in
grey, pvdY and pvdL are highlighted in red and blue, respectively. Transposon integration sites are highlighted
by vertical black bars. (D) Halo production of R401 WT and four different mutants that are impaired in the
production of pyoverdine (tn5::pvdy, Apvdy, Apvdl, ApvdyApvdl) as measured in mBA. Mutant names and
colours are depicted as in panel (C). Apvdy::pvdY is a complementation line of Apvdy. Halo production of
R401 WT strains after medium supplementation with 100 uM FeCls. Rs was used as a target strain. Halo size
measurements were taken after 3 days of interaction. Letters indicate statistically significant differences as
determined by Kruskal-Wallis followed by Dunn’s post-hoc test and Benjamini-Hochberg adjustment with
p < 005 (©=15). (E) Extracted ion chromatograms for the R401 Dihydropyoverdine
(EICs: 6222764 m/z+ 0.1 [M+2H]*") of the WT and mutant extracts, confirming complete lack of
production in all tested mutants. (F) Ferric iron mobilizing activity of R401 WT and Apvdl. Letters indicate
statistically significant differences as determined by Kruskal-Wallis followed by Dunn’s post-hoc test and
Benjamini-Hochberg adjustment with p < 0.05 (n=3). (G) Heatmap depicting a halo of mBA screen of R401
WT and single and double mutants that are impaired in DAPG (Aphld) and/or pyoverdine (Apvdl or Apvdy)
production. Apvdy.:pvdY is a Apvdy complementation line. A taxonomically diverse set of root- and soil-
derived bacteria (comprising Rs) has been used as target bacteria. All target bacteria are sensitive to R401
(Table S1). Halo sizes have been normalized to the respective WT-halo sizes. Average, relative halo sizes
are depicted in (I). (II) shows the average thereof across all tested strains, while (III) shows the average
absolute halo size of R401 WT on a given target strain; n=5. (IV) is a phylogenetic tree based on v5v7 16S
rRNA genes, depicting strain taxonomy at the class level.

1.4.5 DAPG and pyoverdine modulate root microbiota assembly and restrict bacterial

diversity

We conducted root microbiota reconstitution experiments with germ-free 4. thaliana Col-0 in
Flowpots to study the contribution of DAPG and pyoverdine to root microbiota structure and
to limit the growth of Rs (Kremer et al., 2021). We tested the influence of heat-killed or live
wild-type R401, R401 Apvdy and Apvdl single as well as Apvdy Aphld and Apvdl Aphld double
mutants on a phylogenetically diverse community (also referred to as a synthetic community;
SynCom) that comprises 18 bacterial isolates (Fig. SSA; Table S1), in both ‘soil’ (peat matrix)
and root compartments. After three weeks of plant-microbe co-cultivation, DNA was extracted
from all soil and root samples and was subjected to /6S rRNA amplicon sequencing at isolate-
specific resolution. Shoot fresh weight did not differ between conditions, and no wilting was
observed (Fig. S5 B and C), indicating that Rs was unable to cause disease on A. thaliana,
possibly due to the presence of the SynCom. This is consistent with very low Rs relative
abundances found in root samples (Fig. S5D) and a previous report that direct immersion of
A. thaliana roots with a very high Rs inoculum of 10® cells/ml was needed to induce wilting

symptoms in the crucifer (Deslandes et al., 2007).
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The addition of live, wild-type R401 to the SynCom significantly reduced bacterial alpha-
diversity (Shannon index) compared to the heat-killed (HK) R401 condition in the root
compartment (p < 0.001). This major impact on the community is gradually lost when R401
exometabolite mutants were co-inoculated with the SynCom (Fig. SA). Importantly, no such
effects were observed in the soil compartment (Fig. 5B). Bacterial beta-diversity (Bray-Curtis
dissimilarity) was also drastically affected by wild-type R401 inoculation, explaining most of
the variation and resulting in a clear separation along axis 1 (HK versus WT, p <0.001;
R2=0.63). All mutant samples fall in between these extremes and follow a clear trajectory,
WT > single mutants > double mutants > HK, suggesting that DAPG and pyoverdine have a
cumulative influence on bacterial community structure in the root compartment (Fig. SD). This
is likely due to direct exometabolite activities, as the production of either metabolite did not
affect plant phenotypes (Fig. S5C). Furthermore, in silico depletion of R401 /6S rRNA
sequence reads leads to similar changes in beta-diversity with even higher significance levels
in some cases (Apvdl versus WT; p = 0.002; R2 = 0.14; Fig. S5E), indicating that, irrespective
of R401 abundance, the bacterial community is altered by DAPG and pyoverdine production.
While in the soil compartment, inoculation of wild-type R401 leads to a similar shift as in the
root compartment (HK versus WT, p <0.001; R2 = 0.66), genetic depletion of either DAPG or
pyoverdine biosynthetic abilities alone or both together does not alter community structure
(Fig. SE), which indicates niche-specific production of these exometabolites in the root
compartment. /n silico depletion of R401 /6S rRNA sequence reads still results in significant
effects of R401 on community structure (HK versus WT, p < 0.001; R2 = 0.35; Fig. S5F),

indicating that R401 uses other, unknown mechanisms to influence community structure in soil.

To determine if the mBA results obtained in vitro have physiological relevance in planta, we
inspected relative isolate abundances across conditions, reasoning that isolates insensitive to at
least one of the R401 exometabolites in vitro would not benefit from genetic disruption of either
BGC in a community context in the root compartment. This analysis revealed that only DAPG-
and/or pyoverdine-sensitive isolates benefited from disruption of the corresponding BGCs
present in R401 (Fig. 5G), suggesting that binary interaction data in vitro can predict the impact
on individual commensal isolates in a community context in the root compartment. This
observation prompted us to test whether mBA data could predict community-scale effects as
well as effects on single isolates. We computed the average reduction in inhibitory activity for
each R401 mutant (see Fig. 4G) and tested whether the lack of competitiveness could predict

changes in alpha- and beta-diversity in planta. Linear regression analyses revealed that binary
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interaction data largely explained the observed effect size in the root compartment for both
alpha- and beta-diversity indices but had no predictive power in the soil compartment (Fig. 5C
and F, respectively). In conclusion, two exometabolites produced by a single isolate have large
effects on key ecological indices of a root-associated SynCom and can be predicted based on

pairwise in vitro interaction experiments.
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Figure 5 DAPG and pyoverdine modulate root microbiota assembly and restrict bacterial diversity.
(A-G) Community profiling of an 18-member bacterial SynCom comprising either heat-killed R401 (HK,
wild-type (WT) background), live R401 WT, or corresponding mutants that are impaired in the production
of DAPG (dphld), pyoverdine (Apvdy, Apvdl) or both (Apvdy Aphld, Apvdl Aphid). SynComs and A. thaliana
Col-0 seeds were co-inoculated into the peat-based gnotobiotic Flowpot system. At 21 dpi roots and soil
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samples were taken. Data from three full-factorial experiments with 6 biological replicates each.
(A, B) Alpha diversity (Shannon index) of root (A) and soil (B) samples in response to R401 or its mutants.
Statistical significance was determined by Kruskal-Wallis followed by Dunn’s post-hoc test and Benjamini-
Hochberg adjustment. Significance compared to WT is indicated by black asterisks (*#*, ***, indicate
p <0.01, and 0.001, respectively; ‘ns’: not significant; n=18). (D, E) unconstrained PCoA based on Bray-
Curtis community dissimilarities between samples in root (D) and soil (E) in response to R401 or its mutants.
PERMANOVA-derived p-values are represented as asterisks (#**, indicate p < 0.001; n=18), coloured by
the respective condition. PERMANOVA analysis on the full data set before (All data) or after (No HK) in
silico depletion of HK samples are indicated in black; R represents the variance explained by R401 genotype.
(C, F) Regression analysis of loss of inhibitory activity of R401 mutants in a mBA (Fig. 4G) and Shannon
indices (C; data from A and B) or variance explained by R401 (F; data from D and E). p-values and R’ derive
from a linear model and have been computed for soil and root samples separately; ns, not significant.
Confidence intervals are depicted in light grey. (G) Balloon plot depicting the increase in relative abundance
of SynCom members at the root relative to the condition in which R401 WT has been inoculated. Statistical
significance was determined by Kruskal-Wallis followed by Dunn’s post-hoc test and Benjamini-Hochberg
adjustment. Significance compared to WT in non-normalized dataset is indicated by black circles, indicating
p <0.05 (n=18). Susceptibility towards R401 wild type in the halo assay is depicted as black spheres. Black
spheres indicate sensitivity towards R401 while coloured spheres represent the respective bacterial class.

1.4.6 DAPG and pyoverdine act as root competence determinants in a community context

To examine whether R401-induced modulation of bacterial assembly and diversity
(i.e., through co-production of DAPG and pyoverdine) promoted R401 competitiveness, we
determined the relative abundance of R401 in SynCom samples collected from root and soil
compartments. In both root and soil samples, the /65 ¥rRNA sequence reads of live R401 by far
exceeded the barely detectable HK R401 reads, indicating that live R401 inoculum proliferates
in both compartments under all conditions (Fig. 6A and B). However, R401 accumulated in
association with roots at >2-fold higher abundance than in the soil compartment. R401
accumulation in the root compartment was gradually reduced in the SynCom context: Single or
double mutations of DAPG and pyoverdine biosynthetic genes were sufficient to reduce the
R401 abundance up to approx. 39% compared to wild-type R401 (Fig. 6A). Importantly, the
capacity of these deletion mutants to colonise the soil compartment remained unaffected
(Fig. 6B). We also investigated the root colonisation capacity of wild-type and all five R401
deletion strains in mono-associations on axenic 4. thaliana plants in an agar-based system
(Ma et al., 2021) and found no significant differences in R401 root load as quantified by live
R401 cell counts (colony forming units, CFUs; Fig. 6C). Neither the growth of R401 DAPG or
pyoverdine mutants was impaired in axenic culture media (Fig. S6B and C). Similarly,
colonization experiments with wild-type R401 or the Apvdy Aphld double mutant in the
Flowpot system revealed no difference in root colonization capacity in the absence of bacterial
competitors (Fig. S6A). Thus, DAPG and pyoverdine co-function as R401 root competence
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determinants specifically in competition with other members of this SynCom in the root

compartment.

Cross-referencing of several commensal culture collections of isolates from roots or leaves of
A. thaliana or roots of the legume Lotus japonicus, isolated from plants grown in the same or
different natural soils on different continents (Bai et al., 2015; Karasov et al., 2018; Levy et al.,
2017; Wippel et al., 2021), revealed an increased abundance of DAPG and pyoverdine BGCs
in root-derived Pseudomonas isolates (Fig. S6D and E). These results not only support our
conclusions obtained with a defined core commensal community and gnotobiotic 4. thaliana,
but also indicate a broader yet root-specific role of these two exometabolites in natural

environments beyond the model crucifer.
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Figure 6 DAPG and pyoverdine act as root competence determinants in a community context.
(A, B) Relative abundance of R401 WT or mutants in root (A) and soil (B) samples in competition with
18-member SynCom, as in Fig. 5; n=18. Statistical significance was determined by Kruskal-Wallis followed
by Dunn’s post-hoc test and Benjamini-Hochberg adjustment. Significance compared to WT is indicated by
black asterisks (¥, **, *#* indicate p < 0.05, 0.01, and 0.001, respectively; ns, not significant).
(C) Colonization capability of R401 or its mutants in mono-associations on axenically grown 4. thaliana
Col-0 roots. Plants were grown on ¥2 MS-agar plates for 14 days. Colony forming units have been determined
and normalized to root fresh weight; n=12. Statistical significance was determined by ANOVA followed by
Tukey’s HSD test. No significant differences were detected as indicated by ‘ns’.
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1.5 Discussion

Many specialised metabolite BGCs of microbes are expressed poorly or not at all under
laboratory growth conditions, due to tight control of their expression in response to
environmental or host-derived signals (Brakhage, 2013; Ogran et al., 2019; Rutledge & Challis,
2015). Nevertheless, our in vitro results with wild-type R401 and its exometabolite mutants can
predict the changes in alpha- and beta-diversity indices of an 18-member SynCom in planta
(Fig. 5C and F). Together with the identification of a subset of specialised metabolites,
primarily polyketides and non-ribosomal peptides, that are specifically produced upon
competition sensing, these results suggest that interbacterial competition can activate cryptic
BGCs in the A. thaliana root microbiota. A related study using an 4. thaliana phyllosphere
bacterial culture collection also demonstrated widespread production of specialised metabolites
and identified 725 binary inhibitory interactions in vitro with only 3.6% of 224 strains
mediating the majority of these interactions (Helfrich et al., 2018). The 4. thaliana leaf and
root microbiota overlap extensively at higher taxonomic ranks and Pseudomonas species are
core members of both communities (Bai et al., 2015). However, the comparison between root-
and leaf-derived Pseudomonas genomes collected from natural environments reveals complete
or partial niche specificity, respectively, for the capacity of Pseudomonas to produce DAPG
and pyoverdine in the root compartment (Fig. S6D). Furthermore, the total number of BGCs is
significantly higher (approx. 1.6x) in root-derived Pseudomonas isolates (Fig. S6E). Likewise,
the number of antagonistic interbacterial interactions within the root microbiota significantly
exceeds those between abundant soil-derived bacteria (Fig. 1D). These findings could be
explained by the fact that natural, unplanted soils and leaves represent oligotrophic habitats
(Eilers et al., 2010b; Vorholt, 2012), whereas the rhizoplane is a microenvironment with a
continuous supply of root exudation-derived non-structural carbohydrates to support bacterial
proliferation (Haichar et al., 2016). It is likely that the large number of antagonistic interactions
we found between root microbiota members in vitro is also influenced by the agar medium,
which is rich in non-structural organic carbon to mimic the nutrient-rich rhizoplane and thereby

induces the costly biosynthesis of exometabolites.

We have provided genetic evidence for a root niche-specific co-function of the exometabolites
DAPG and pyoverdine as root competence determinants of commensal R401 that scale at the
community level by influencing alpha- and beta-diversity indices. R401 also proliferates in the
soil compartment, but its growth there and its influence on the structure of the bacterial soil

community are independent of these exometabolites (Fig. 5; Fig. 6A and B). These
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observations, together with the fact that plant roots are a major sink for the uptake of
rhizospheric mineral iron (Harbort et al., 2020; Kobayashi & Nishizawa, 2012; Loper &
Lindow, 1994), imply that the public good iron becomes rate-limiting in the root compartment.
This could explain why the high-affinity iron chelator pyoverdine and antimicrobial DAPG co-
function and maximize R401 growth at the expense of its commensal competitors in the root
niche, despite their different modes of action. Consistent with this model, the expression of core
biosynthetic genes involved in the production of both DAPG and pyoverdine are induced under
iron-limiting conditions in rhizospheric P. fluorescens and human pathogenic P. aeruginosa
PAO1 (Lim et al., 2012; Palma et al., 2003). The indistinguishable root colonization capacity
of wild-type R401, pyoverdine or DAPG single, or double mutants in mono-associations with
A. thaliana is also consistent with our model and further supports the specific role of these
exometabolites in inter-species competition during root microbiota establishment. Likewise,
Pseudomonas fluorescens CTR12 pyoverdine mutants were unaffected in rhizosphere
competence under axenic conditions (Mirleau et al., 2000). All seven 4. thaliana root-derived
Pseudomonas spp. strains in the Az-RSphere culture collection have the genetic capacity to
produce pyoverdines (Fig. S3). Together with the essential function of pyoverdines produced
by multiple Pseudomonas root commensals in limiting growth of pathogenic Rs (Fig. 4D;
Fig. S4D; Gu, Wei, et al., 2020), this suggests a widespread role for these siderophores in
determining Pseudomonas competitiveness in the root microbiota, even in soils that contain
replete bioavailable inorganic iron for plant growth (Bai et al., 2015; Gu, Wei, et al., 2020; Gu,
Yang, et al., 2020; Harbort et al., 2020). Thus, it is possible that in natural soils, regulated
secretion of pyoverdines is an adaptive trait of the genus Pseudomonas to simultaneously
compete against the root iron sink and enable pervasiveness of the Pseudomonadaceae lineage
via interbacterial competition (Bulgarelli et al., 2012; Hacquard et al., 2015; Lundberg et al.,
2012). Two of the seven leaf-derived Pseudomonas strains present in the Az-LSphere culture
collection do not have a predicted capacity for pyoverdine biosynthesis (Table S2). However,
we found that only three strains (L15, L58 and L434) are capable of producing pyoverdine
under laboratory conditions, and these strains exactly match the reported inhibitory patterns of
leaf-derived Pseudomonas isolates in mBA experiments (Helfrich ef al., 2018). This suggests
that during colonization of aerial plant organs from soil through migration via the root surface
or by direct contact of leaves near the soil (Bai et al., 2015; Massoni ef al., 2021), pyoverdine
production costs likely exceed their benefit. This is supported by our observation that R401
pyoverdine mutants have growth benefits compared with wild-type R401 in a liquid medium
lacking inorganic iron, which partially mimics the available iron-deprived surface of healthy
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leaves (Fig. S6C; Loper and Lindow, 1994; Wensing et al., 2010). Nevertheless, siderophores
of Pseudomonas can play a role in competition with other pseudomonads in the absence of a
eukaryotic host. Pyoverdine of the opportunistic human pathogen P. aeruginosa PAO1, which
is commonly isolated from soil and water, promotes invasion into standing communities of
environmental pseudomonads under iron-limiting conditions when the invader can use its

siderophores to inhibit, rather than stimulate, resident growth (Figueiredo ef al., 2022).

Our genetic data show that a sequential reduction in the diversity of specialised exometabolites
in one species is sufficient to increase alpha-diversity indices and significantly alter the beta-
diversity of a synthetic root microbiota, thereby establishing a causal link between within-
species genetic diversity and interspecies diversity changes. This suggests that in the root
microenvironment, DAPG and pyoverdine produced by wild-type R401 co-function to locally
inhibit the growth of multiple SynCom members, which in turn increases the abundance of the
producer R401. Our results obtained with the SynCom in co-culture with gnotobiotic
A. thaliana grown in peat matrix bear striking similarity to the changes in alpha-diversity
reported for this plant when grown in natural soils, where bacterial alpha-diversity in bulk soil,
rhizosphere and root compartments gradually decreases towards the root (Bulgarelli et al.,
2012; Lundberg et al., 2012; Thiergart et al., 2020). This suggests that exometabolite-mediated
antagonistic interactions of commensals underpin at least part of the reduction of alpha-

diversity consistently observed in natural environments at the soil-root interface.

Given the prevalence of operons predicted to encode pyoverdines among root-derived
Pseudomonas spp. isolates in the A-RSphere culture collection (Bai et al., 2015; Fig. S3), we
consider the moderately complex 18-member SynCom employed here as necessary to
overcome the genetic redundancy, at least for pyoverdine production and probably also for the
DAPG exometabolite in the root microbiota, when A. thaliana plants are grown in natural soils
(Table S2; Keel et al., 1996; Tracanna et al., 2021). It remains to be tested, whether the genetic
depletion of individual bacterial exometabolites can cause similarly striking effect on highly
complex natural microbial communities, as the assessment of microbial antagonism in vitro
does often not translate towards field conditions (Knudsen et al., 1997; Shtienberg & Elad,
2007; Whitaker & Bakker, 2019). However, DAPG- and phenazine overproducing mutants of
Pseudomonas putida WCS358r have been demonstrated to differentially shape the root-
associated fungal communities of field-grown wheat over experimental durations of up to
139 dpi compared to the WCS358r wild type strain (Bakker et al., 2002; Glandorf et al., 2001).

This suggests that bacterial exometabolites — such as DAPG — can have long lasting effects on
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the structure of complex microbial communities in natural conditions. The approach described
here to remove genetic redundancy by using annotated genomes of cultured microbiota
members may be more generally applicable to explore community functions of other microbial
genetic determinants with SynComs in gnotobiotic plant growth systems. Taken together, our
study suggests that high-throughput binary interaction experiments, combined with genome
mining for BGCs of root microbiota culture collections, can be applied to identify strains with
broad-spectrum antagonistic activities that are candidates for robust root colonizers. This might
have relevance for future interventions in the root microbiota with rational biologicals that

confer beneficial traits to the host, including indirect pathogen protection and mineral nutrition.
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1.6 Material and methods
1.6.1 Material availability

All generated bacterial mutant strains have been deposited in the bacterial culture collection of
the Department of Plant Microbe Interactions at the Max Planck Institute for Plant Breeding
Research in Cologne, Germany, and are available upon request from Stéphane Hacquard

(hacquard@mpipz.mpg.de).

1.6.2 Data and code availability

Raw sequencing data from SynCom reconstitution experiments (MiSeq /6S rRNA reads) has
been deposited in the European Nucleotide Archive ENA at Accession: PRJEB56224. The
circular PacBio-sequenced genome of R401 has been submitted to NCBI (BioProject:
SUB12090952). The MS data are deposited and publicly available at GNPS as a MassIVE
dataset at ftp://massive.ucsd.edu/MSV000081381. BGC predictions using antiSMASH can be
found in Table S2. All supplementary tables have been deposited at EDMOND:
https://doi.org/10.17617/3.11ABIM. All code and data files to reproduce the figures of this
chapter were deposited to https://github.com/scriptsFG/Getzke-Hassani-et-al.-2023.git.

1.6.3 Biological material and culture conditions
Bacterial strains

The bacterial strains used in this study have been initially isolated from unplanted soil,
A. thaliana roots or shoots (Bai et al., 2015) and are summarized in Table S1. Ralstonia
solanacearum GMI1000 and GMI1600 have also been reported previously (Boucher et al.,
1985 and Aldon et al., 2000, respectively). All mutants that were generated in the R401 or R569
backgrounds in this study have been deposited at the Max Planck Institute for Plant Breeding
Research and are listed in Table S3.

Plant growth conditions

Arabidopsis thaliana Col-0 wild-type (N60000) was obtained from the Nottingham
Arabidopsis Stock Centre (NASC). A. thaliana seeds were sterilized using 70% ethanol and
bleach. Seeds were submerged in 70% ethanol and left shaking at 40 rpm for 14 minutes.
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Ethanol was removed before the seeds were submerged in 8.3% sodium hypochlorite (Roth)
containing 1 pl of Tween 20 (Sigma-Aldrich) and left shaking at 40 rpm for 4 minutes. Under
sterile conditions, the seeds were washed 7x times and finally taken up with sterile 10 mM
MgCl». Seeds were left for stratification at 4 °C for 3 days. Seed sterility was confirmed by
plating approx. 100 seeds on a 50% TSA plate.

Flowpot

Flowpots were assembled and inoculated as described below. Each Flowpot was first flushed
with 50 ml sterile Milli-Q water and then 50 ml half strength Murashige and Skoog medium
with vitamins (/2 MS; 2.2 g/l, Duchefa Biochemie, 0.5 g/l MES, pH 5.7) containing the bacterial
inoculum. Per Flowpot, five surface-sterilized and stratified 4. thaliana Col-0 seeds were
pipetted. Microboxes were then incubated in a light cabinet under short day conditions (10 h

light at 21 °C, 14 h dark at 19 °C) for 14 days and randomized every 2-3 days.

Agar-media

Surface-sterilized and stratified A. thaliana Col-0 seeds were sown on plates containing 1%
agar (Bacto Agar, Difco) in 2 MS medium supplemented with 0.5% sucrose and placed
vertically in a climate chamber (Panasonic, MLR-352) and grown for six days (10 h light,
21 °C; 14 h dark, 19 °C). Using a forceps, uniform seedlings were then transferred to freshly

prepared 2 MS plates without sucrose.

Bacterial culture conditions

Bacteria were streaked from glycerol stocks (25% glycerol) on TSA plates (15 g/l Tryptic Soy
Broth, Sigma Aldrich; with 10g/l Bacto Agar, Duchefa Biochemie) and grown at 25 °C. Single
colonies were inoculated into liquid 50% TSB (15 g/l Tryptic Soy broth, Sigma Aldrich) and
grown until dense at 25 °C with 180 rpm agitation. Dense cultures were then stored at 4 °C and
diluted 1 to 10 in TSB the day before the experiment and cultured at 25 °C with 180 rpm
agitation overnight to ensure sufficient cell densities for slow- and rapidly growing bacteria.

Glycerol stocks were stored at -80 °C and kept on dry ice when transported.
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1.6.4 Screen for antagonistic interbacterial interactions

For the initial mBA experiment (Fig. 1), bacterial strains were cultured for seven days in 25%
TSB (7.5 g/l Tryptic Soy Broth, Sigma-Aldrich). Briefly, 100 pul of a bacterial solution were re-
suspended in 50 ml cooled (~38 °C), but still molten, 25% TSA (15 g/l Bacto-Agar, Duchefa
Biochemie) and poured into a square petri dish (120x120 mm). After medium solidification, 24
bacterial isolates were spotted on top of the medium using a multi-stamp replicator. The
replicator was sterilized by dipping in 70% EtOH (v/v) followed by flaming and cooling. The
screen comprising 39,006 binary interactions was conducted once and validated by randomly
re-screening 7,470 interaction pairs as described above. All bacterial strains that showed
antagonistic activity were re-screened two more times. For the Ralstonia inhibition screen,
R. solanacearum GMI1000 was pre-cultured for two days in CPG medium (1% peptone, 0.5%
glucose and 0.1% casamino acids; pH7.0). Before spotting the bacterial cultures, each CPG
agar plate (1% Peptone, 0.5% D-glucose, 0.1% casamino acids and 1.5% agar; pH 7.0) was
overlaid with 5 ml of R. solanacearum suspension (50 pl of pre-cultured R. solanacearum in
pure sterile water). Excess R. solanacearum suspension was removed and the plates were
briefly dried, then 5 pl of the bacterial culture were spotted onto the R. solanacearum-overlaid
plates. All isolates were tested three times. For all subsequent halo assays, strains were
cultivated in 50% TSB until turbidity, stored at 4 °C and diluted 1:10 in 50% TSB one day
before the experiment. Bacterial cultures were pelleted at 4,000 rpm for 15 min. The resulting
bacterial pellets were subsequently washed 3 times and resuspended in 1 ml 10 mM MgCl.
ODeoo were measured and set depending on the strain. One hundred microliters bacterial culture
were inoculated per 50 ml 25% TSA. After drying, up to nine different 3 pul droplets of bacterial
suspensions with 0.4 ODsoo were applied with equal distances. For all experiments, plates were
incubated at 25 °C for up to 96 hours and photographs were taken thereafter for quantitative
image analysis. The size of the halo of inhibition was measured using ImageJ with up to five
separate measurements, which were subsequently averaged to reduce variation. Raw data of

Fig. 1 are indicated in Table 2.

1.6.5 Metabolomic analyses

Metabolites were extracted from individual isolates (n = 198) grown on the same agar medium
used in mBA experiments with two organic solvents with different polarity, ethyl acetate and
methanol, to capture greater small molecule diversity. Each bacterial strain was grown

separately on 25% TSA plates (25% BBL™ Trypticase™ Soy, BD with 1.8% Bacto-Agar; BD,
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Germany). After seven days of incubation at 25 °C, three to four agar plugs were taken from
the periphery and inside of the bacterial colony. Agar plugs were crushed and washed with 500
ul water followed by extraction in 500 pl ethyl acetate and methanol. Between each extraction
step, samples were vortexed for 3045 s. After each extraction, the solvents were evaporated,
and the residue was redissolved in 500 ul LC-MS-grade methanol and filtered through a 0.2-
pm membrane into HPLC vials. Solvents for blanks (uninoculated medium) were extracted
according to the same protocol. The extraction protocol was also used to analyse the inhibition
zones upon inter-bacterial interactions. To this end, a bacterial lawn of a sensitive target strain,
either R472D3, R480 or R553, was prepared as top agar and the antibiotic producer strains
(R63, R68, R71, R342, R401, R562, R569, R690, R920 and R1310, respectively) were
inoculated on top. The agar plugs were taken from the zone of inhibition and inside of the
antibiotic-producing colony. In total, 20 interactions were analysed. All samples were analysed
by HPLC-MS/MS on a micrOTOF-Q mass spectrometer (Bruker) with ESI-source coupled
with a HPLC Dionex Ultimate 3000 (Thermo Scientific, Germany) using a Zorbax Eclipse Plus
C18 1.8 um column, 2.1x50 mm (Agilent). The column temperature was 45 °C. MS data were
acquired over a range 100-3000 m/z in positive mode. Auto MS/MS fragmentation was
achieved with rising collision energy (35-50 keV over a gradient from 500-2000 m/z) with a
frequency of 4 Hz for all ions over a threshold of 100. uHPLC began with 90% H>O containing
0.1% acetic acid. The gradient started after 0.5 min to 100% acetonitrile (0.1% acetic acid) in
4 min. Two microliters sample solution were injected to a flow of 0.8 ml/min. All MS/MS data
were converted to ‘.mzxml’ format and transferred to the GNPS server (gnps.ucsd.edu; Wang
et al., 2016). Molecular networking was performed based on the GNPS data analysis workflow
using the spectral clustering algorithm (Aron et al., 2020). The data was filtered by removing
all MS/MS peaks within +/- 17 Da of the precursor m/z. MS/MS spectra were window-filtered
by choosing only the top 6 peaks in the +/- 50 Da window throughout the spectrum. The data
was then clustered with MS-Cluster with a parent mass tolerance of 0.02 Da and a MS/MS
fragment ion tolerance of 0.02 Da to create consensus spectra. Consensus spectra that contained
less than two spectra were discarded. Networks were then created from the single cultivation
and from the competition experiments. Edges were filtered to have a cosine score above 0.5
(0.6 for interaction network) and more than four matched peaks. Further edges between two
nodes were kept in the network only if each of the nodes appeared in each other's respective top
ten most similar nodes. Sample attributes were assigned to the data files (strain, genus, family,
order, class phylum extraction solvent). For the network analysis, all nodes that contained ions

from the blank medium were removed. The network was visualized using Cytoscape 3.5.1.
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1.6.5 Detection of R401 DAPG and pyoverdine

For the detection of iron-chelating compounds, a R401 preculture was grown over night in 5
ml LB medium at 30 °C and 200 rpm. Before inoculation of the main culture, cells were washed
twice with the main culture medium to remove potential traces of iron from the medium.
Erlenmeyer flasks containing 20 ml of modified MM63 (KH>PO4 13.61 g/LL KOH 4.21 g/L,
(NH4)SO4 1.98 g/L, MgSO04*7 H,0 0.25 g/L, NaCl 0.5g/L, Glucose*H>O 5,00 g/L, pH 7.1
KOH/HCI) with or without addition of 0.0011 g/L FeSO4+*7 H>O were inoculated with 100 pl
of preculture and cultivated for 6 days at 30 °C and 200 rpm. Every second day, 0.5 ml sample
were taken, cells were removed by centrifugation and 5 pl of supernatant were analysed on a
Bruker microTOFq-II high-resolution mass spectrometer coupled to an Agilent 1290 UPLC
system with an Acquity UPLC BEH C-18 reverse phase column, run in a gradient of
MeCN/H20 + 0.1% formic acid. Higher accuracy measurements were performed on a maXis-

I qTOF, coupled to an identical LC setup as described earlier.

1.6.6 PacBio sequencing and assembly

PacBio-sequenced reads were obtained from Max Planck Genome Centre
(https://mpgc.mpipz.mpg.de). PacBio 2kb sequence control reads were removed with blasr
(Chaisson & Tesler, 2012). Reads were assembled using Flye v2.8-b1673 (Kolmogorov et al.,
2019) and polished four times using the internal function. Then, assembly went through a final
polishing step with Medaka v1.0.3 (Oxford Nanopore Technologies Ltd, 2018). Annotation was
conducted using Prokka 1.12-beta (Seemann, 2014), and output files (.ffn, .faa, .gff) were
parsed with a custom Python script. Then, we examined; (I) statistics of assemblies and
visualisation of assemblies with Bandage v0.8.1 (Wick et al., 2015); (II) integrity of assemblies
using BUSCO v4.0.6 (Seppey et al, 2019) with bacteria odbl0 (https://busco-
data.ezlab.org/v4/data/lineages/); and (III) potential contamination with other species with
Blobtools2 v2.2 (Challis et al., 2020). Phylogenetic assignment of R401 as Pseudomonas

brassicacearum is based whole genome phylogeny.

1.6.7 BGC prediction using antiSMASH

Bacterial genomes were downloaded from “www.at-sphere.com” (Bai et al., 2015) or NCBI

and submitted to https://antismash.secondarymetabolites.org/ version 6.0 (Blin et al., 2021).
31



http://www.at-sphere.com/

Chapter I

Output data from antiSMASH analysis are listed as BGC classes and predicted BGCs for each
genome in Table S2. Only high-quality genomes, as assessed by CheckM with >90%
completeness and <5% contamination ratio were used for the analysis. For R401, the PacBio-

sequenced high-quality genome was used for BGC prediction using antiSMASH.

1.6.8 Mutant generation

Marker-free knockouts in R401 were generated through homologous recombination using the
cloning vector pK18mobsacB (GenBank accession: FJ437239), which encodes the kanR and
sacB genes conferring resistance to kanamycin and susceptibility to sucrose, respectively. In
this method, upstream and downstream sequences of the gene to be deleted are integrated into
the pKI8mobsacB suicide plasmid by Gibson assembly (Gibson et al., 2009). The resulting
plasmid is transformed into BW29427 E. coli cells and subsequently conjugated into R401. The
plasmid is then integrated into the chromosome by homologous recombination and deletion
mutants are generated by a second sucrose counter-selection-mediated homologous

recombination event. The protocol is adapted from (Kvitko & Collmer, 2011).

Generation of pK18mobsaB-derived plasmid containing flanking regions of the gene of

interest.

Primers were designed to amplify a 750-bp DNA sequence (i.e., flanking region) directly
upstream and downstream of the target region, sharing terminal sequence overlaps to the
linearized pK18mobsacB vector and the other respective flanking region using Geneious Prime.
R401 genomic DNA was isolated from 6 pl dense R401 culture in 10 pl of buffer I (pH 12)
containing 25 mM NaOH, 0.2 mM EDTA at 95 °C for 30 min, before the pH was readjusted
using 10 pl of buffer II (pH 7.5) containing 40 mM Tris-HCI. The R401 genomic DNA was
used for amplification of the flanking regions through PCR using the respective flanking region-
specific primer combinations (Table S4). PCR was conducted with 0.2 pl Phusion Hot Start
High-Fidelity DNA polymerase (New England Biolabs) in 20-pl reactions containing 4 pl 5x
Phusion HF buffer (New England Biolabs), 0.4 ul 10 mM dNTPs, 1 pl of 10 uM forward
primer, 1 pl of 10 uM reverse primer, 2 pl of R401 genomic DNA as template, filled up to 20
pl with nuclease-free water. The tubes were placed into a preheated (98 °C) thermal cycler set
at the following program: 98 °C for 30 s, 35 cycles of 98 °C for 7 s, 60 °C for 20 s, 72 °C for

15 s, then a final extension at 72 °C for 7 min. Five microliters of the PCR product were

32



Chapter I

combined with 1 pl Orange DNA Loading Dye (6x; New England Biolabs), loaded on 1%
agarose gels containing 0.05% EtBr, and run at 110 mV. After confirmation of successful
amplification, the PCR product was purified using AMPure XP (Beckman-Coulter) and
subsequently quantified using Nanodrop (Thermo Fisher Scientific). Plasmid purification was
performed on an E. coli culture containing plasmid pK18mobsacB using the QIAprep Spin
Miniprep Kit for plasmid DNA purification (QIAGEN) following the manufacturer's
instructions. The pkl8mobsacB vector was then amplified and linearized through PCR using
the PKSF and PKSR primers (Table S4). PCR was conducted with 0.2 pl Phusion Hot Start
High-Fidelity DNA polymerase (New England Biolabs) in 20-ul reactions, largely as described
above with 1 ul 0.1 ng/ul pkl8mobsac as a template. Annealing temperature was decreased to
55 °C and extension time increased to 150 s for each cycle. Template DNA was digested by
Dpnl (New England Biolabs) in 50-ul reactions containing 1 pl Dpnl, 1 pg DNA, 5 pl Cutsmart
buffer (New England Biolabs) and filled up to 50 pl with nuclease-free water. The tubes were
then incubated at 37 °C for 15 min followed by heat inactivation at 80 °C for 20 min. Five
microliters of the Dpnl-digested plasmid were combined with 1 ul Orange DNA Loading Dye
and analysed by DNA agarose electrophoresis. Upon successful verification of amplification
and digestion, the remaining sample was purified using AMPure XP and subsequently
quantified using Nanodrop. Linearized pK18mobsacB and both flanking regions were mixed in
a molar ratio of 1:3:3 into a 10-pl total volume, added to 10 pl 2X Gibson Assembly® Master
Mix (New England Biolabs) and incubated at 50 °C for 1 h.

Transformation into chemically competent E. coli BW29427 cells

The vector was transformed into 50 pl chemically competent BW29427 E. coli cells according
to the following heat shock protocol: 2 pl of the vector were gently mixed with 50 pl of
competent cells, and the resulting mixture was incubated on ice for 30 min. The mixture was
transferred to a water bath at 42 °C for 1 min and put back on ice for 2 min. Then, 1 ml of 50%
TSB with 50 pg/ml diaminopimelic acid (DAP; Sigma-Aldrich) was added to the heat-shocked
cells, the mixture was left to regenerate at 37 °C for 1 h and then plated on 50% TSA containing
25 pg/ml Kanamycin (Kan) and 50 pg/ml DAP. The plates were incubated at 37 °C overnight.
Resulting colonies were validated by colony PCR using the M13F and M13R primers. Colony
PCR was performed on at least four separate colonies with 0.4 ul DFS-Taq polymerase
(BIORON) in 25 pl reactions containing 2.5 pl 10x incomplete buffer (BIORON), 0.5 10 mM
MgC12, 0.5 ul 10 mM dNTPs, 0.75 pl 10 uM forward primer, 0.75 pl 10 uM reverse primer,
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a small fraction of a colony and filled up to 25 pl with nuclease-free water. The tubes were
placed in a thermocycler set at the following program: 94 °C for 2 min, 35 cycles of 94 °C for
30 s, 55 °C for 30 s, 72 °C for 2 min, then a final extension at 72 °C for 10 min. Five microliters
of the PCR product were combined with 1 ul Orange DNA Loading Dye and analysed by DNA
agarose electrophoresis. Positive colonies were purified by streaking on new 50% TSA plates
containing 25 pg/ml Kan and 50 pg/ml DAP and further verified by Sanger sequencing

(Eurofins Scientific) following the manufacturer's protocol.

Conjugation of E. coli and R401 and selection for first homologous recombination event

E. coli BW29427 cells containing the plasmid and R401 were inoculated into 4 ml of 50% TSB
containing 25 pg/ml Kan and 50 pg/ml DAP or 50% TSB and incubated overnight at 37 °C
with 180 rpm agitation or 25 °C with 180 rpm agitation, respectively. Cells were harvested by
centrifugation at 8,000 rpm for 2 min at room temperature, then washed 3x and subsequently
resuspended in 1 ml of 50% TSB followed by centrifugation, after which the supernatant was
discarded. After quantifying ODsoo, both cultures were mixed to equal parts and approx. 10x
concentrated by centrifugation. The bacterial suspension was plated on 50% TSA plates
containing 50 ng/ml DAP and incubated at 25 °C overnight to allow for conjugation events.
The mating patches were scraped of the plate and resuspended in 1 ml 50% TSB. Then, 100 pul
were spread on 50% TSA plates containing 25 ng/ml Kan and 50 pg/ml Nitrofurantoin (Nitro;
Sigma-Aldrich; to counter-select E. coli) and incubated at 25 °C. Colonies were validated for
successful genomic insertion of the plasmid via colony PCR using a primer specific to the
genomic DNA approx. 150 bp upstream of the upward flanking region (upup) and the plasmid
specific M13F primer. Colony PCR was performed on at least 15 separate colonies and a WT
control with 0.4 pl DFS-Taq polymerase in 25-ul reactions as described previously, but with
an annealing temperature of 60 °C. Five microliters of the PCR product were combined with
I ml Orange DNA Loading Dye and analysed by DNA agarose electrophoresis followed by

Sanger sequencing following the manufacturer's protocol.

Sucrose counter-selection to induce the second homologous recombination event

A R401 colony with a successful genomic insertion of the plasmid was resuspended from a
plate into 1 ml of 50% TSB. The cell density in the medium was then measured using the

Multisizer 4e Coulter Counter (Beckman Coulter) following the manufacturer's protocol. One
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hundred microliters of 500 cells/ul, 5,000 cells/pul and 50,000 cells/pl dilutions were spread on
three separate 50% TSA plates containing 300 mM sucrose. The plates were incubated at 25 °C
for approx. 48 h. At least 30 colonies were examined by colony PCR using the respective upup
and dwdw primers. Colony PCR was performed with 0.4 pl DFS-Taq polymerase in 25-ul
reactions as described previously with an annealing temperature of 60 °C. Five microliters of
the PCR product were combined with 1 pul Orange DNA Loading Dye and analysed by DNA
agarose electrophoresis. Positive colonies were purified by streaking on new 50% TSA plates
and further verified by Sanger sequencing (Eurofins Scientific) following the manufacturer's
protocol. They were also streaked on 50% TSA containing 25 png/ml Kan to verify loss of the
plasmid. A second colony PCR was performed on positive colonies and a WT control to validate
the absence of the GOI, using a forward (inF) and reverse (inR) primer inside the GOI. Colony
PCR was performed with 0.4 ul DFS-Taq polymerase in 25 pl reactions as described
previously. Five microliters of the PCR product were combined with 1 ml Orange DNA
Loading Dye and analysed by DNA agarose electrophoresis. Upon successful verification, 4 ml
of 50% TSB were inoculated with a positive colony and grown overnight at 25 °C at 180 rpm.
Finally, 750 pl of the overnight culture were added to 750 pl of 50% glycerol in an internally
threaded 1.8 ml Nunc CryoTube, gently mixed, and stored at -80 °C.

1.6.9 Establishment of mini-Tn5 transposon mutant collections in R401 and R569

Mini Tn5-mutant collections of R401 and R569 were established similarly with only minor
changes as described below. Liquid cultures of R401 or R569 and E. coli strain BW29427
carrying plasmid pUTmTn5Km?2 (Merrell et al., 2002) were grown overnight in no antibiotics
or 25 pg/ml Kan and 50 pg/ml DAP at 25 °C or 37 °C, respectively. Conjugation was carried
out as described above in “Conjugation of E. coli and R401 and selection for first homologous
recombination event”. For R401, the mating patch was taken up in 1 ml 50% TSB liquid
medium and subsequently plated on 50% TSA plates containing 25 pg/ml Kan and 50 pg/ml
Zeocin in four different dilutions (undiluted, 1:3, 1:4, and 1:5) and left to grow at 25 °C for
48 h. Individual colonies were picked in 100 pl sterile 50% TSB in 96-well culture plates, sealed
and left to grow at 25 °C and 180 rpm for 24 h. Subsequently, 100 pl 50% glycerol were added
to each well and plates were frozen until further processing. The outer rows and columns were
left uninoculated as to avoid positional effects in the subsequent forward genetic screen. For
R569, resuspended mating patches were stocked at -80 °C in 700-ul aliquots using a final
concentration of 25% Glycerol. 1:4 dilutions were plated onto 50% TSA plates supplemented
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with 120 pg/ml Kan, 50 pg/ml Rifampicin and 50 pg/ml Zeocin and incubated at 25 °C for 48h.
Individual colonies were inoculated in 100 pl 50% TSB supplemented with the same antibiotics
at the same concentrations in 96-well plates and incubated at 25 °C and 180 rpm for 48 h. Then,
100 pl 50% glycerol were added to each culture and plates were frozen at -80 °C.

1.6.10 Mini-Tn5 transposon mutant screen for loss of R401s growth inhibition of

Rs GMI1600

Each R401 mini-Tn5 transposon mutant was screened individually for loss of inhibitory activity
against GFP-expressing Rs GMI1600 and for wild type-like growth, as we observed in first
trials that mutants that are impaired in growth are also more likely to have reduced inhibitory
activity against Rs GMI1600. This screen was conducted in a 96-well plate format with GFP
expression of Rs GMI1600 in response to individual R401 mutants and Abssoo of axenically
grown, individual R401 mutants as readouts. Therefore, for each mutant, two wells were
inoculated in parallel, one in the presence of Rs GMI1600 and one grown axenically. Rs
GMI1600 was streaked on 50% TSA plates and left to grow at 25 °C for 96 h. The same day,
R401 mutants were each inoculated into 150 pl Artificial Root Exudates (ARE; Table S5) in
96-well culture plates (‘R401 preculture plates’) from glycerol stocks using a multi-stamp
replicator and left to grow at 25 °C and 150 rpm for 96 h until saturation. Then, a Rs GMI1600
preculture was inoculated into 10 ml ARE and grown overnight at 25 °C and 150 rpm.
Approximately 24 h later, the preculture was 1:10 diluted with 90 ml ARE and left to grow
under the same conditions. Approximately 24 h later, the 100 ml Rs GMI1600 culture was
concentrated by centrifugation at 4,000 rpm for 15 min, washed 3x and resuspended in ARE.
Subsequently, ODsoo was quantified and set to 0.2 in ARE. Then, 75 ul of this Rs GMI1600
suspension were transferred to each well of a sterile 96-well bacterial culture plate (Greiner-
CELLSTAR-96-Well plate, transparent, flatbottom; Sigma-Aldrich) per ‘R401 preculture
plate’, referred to as the ‘R401-Rs interaction plate’. Per ‘R401 preculture plate’ one sterile 96-
well bacterial culture plate (Greiner-CELLSTAR-96-Well plate, transparent, flatbottom;
Sigma-Aldrich) was filled with 150 ul ARE per well and R401 mutants were inoculated from
the ‘R401 preculture plate’ using a multi-stamp replicator; this plate is referred to as the ‘axenic
R401 plate’. After mixing by pipetting, 75 ul R401 mutant suspension were transferred from
the ‘axenic R401 plate’ to the ‘R401-Rs interaction plate’. Finally, 75 ul ARE were added to
each well of the ‘axenic R401 plate’. The ‘axenic R401 plate’ and ‘R401-Rs interaction plate’

thereby contain the same volume and concentration of R401 mutants, while the latter also
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contains a final concentration of ODgoo 0.1 Rs GMI1600 per well. Both plates were closed with
a lid and incubated at 25 °C and 150 rpm for 48 h. Subsequently, Abssoo was measured for the
‘axenic R401 plate’ and GFP fluorescence was quantified at Aexcitation=475 nm and
Aemission=510 nm for the ‘R401-Rs interaction plate’. Both measurements were taken using a
microplate reader (Infinite M200 PRO, Tecan). Subsequently, candidate R401 mutants were
selected based on two criteria: (I) loss of Rs GMI1600 inhibition; a mutant was considered a
candidate if the GFP fluorescence in the ‘R401-Rs interaction plate’ was lower than 3-fold the
absolute deviation around the median (MAD; Leys et al., 2013) compared to the respective
plates median, and (IT) wild-type-like growth; a mutant was considered a candidate if the Abseoo
in the ‘axenic R401 plate’ was not lower than 3x MAD compared to the respective plate’s
median. Candidate R401 mutants were freshly picked from glycerol stocks and validated twice
more independently using the same assay. Finally, 38 mutants that showed wild-type-like
growth and robustly reduced inhibitory activity against Rs GMI1600 were subsequently tested

in an orthogonal mBA experiment with Rs as target bacterium, as described before.

1.6.11 Mini-TnS5 transposon mutant screen for lack of pyoverdine fluorescence of R569

R569 mini-Tn5 mutants were cultured in 96 well plates at 25 °C and 180 rpm for five days in
50% TSB medium. For the initial mutant screen, fluorescence was acquired at Aexcitation=395 nm
and Aemission=470 nm in a microplate reader (Infinite M200 PRO, Tecan). Out of ~2,000 mutants
analysed, the fluorescence-based screening identified twelve R569 mutants that showed
severely reduced pyoverdine-specific fluorescence but retained median-like growth behaviour
(Thresholds: -6x MAD fluorescence, >-1x MAD Abseoo). For validation, cultures were pre-
grown for five days in 50% TSB before sub-culturing into fresh siderophore medium
(see Table S5) and growth for five additional days. Finally, bacterial culture density (Abssoo)
was determined, and pyoverdine-specific fluorescence of bacterial culture supernatants was
captured at Aexcitation=410 nm and Aemission=500 nm. For comparison between genotypes,
fluorescence capacity was calculated by dividing the pyoverdine-specific fluorescence by

culture density.

Identification of mini-TnS transposon integration sites in the genomes of R401 and R569

The chromosomal mini-Tn5 transposon integration sites in the R401 or R569 genomes were

determined similarly as described before (Merrell ef al., 2002). Briefly, a colony from each
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strain was resuspended in 20 pl of sterile deionized water. Subsequently, a two-step PCR
(TAIL-PCR) was performed starting with an arbitrarily primed PCR (PCR1), followed by a
nested PCR (PCR2) on the generated product using the primers as described (Table S4). PCR
reactions were conducted using the BIORON DFS-Taq polymerase reaction kit according to
the manufacturer’s instructions. One microliter of a resuspended bacterial colony was used as
template for PCR1 in a total PCR reaction volume of 25 pl. PCR1 was conducted using primers
JO4 and JO28 and the following steps were applied: 95 °C for 5 min, six cycles of 95 °C for 15
sec, 30 °C for 30 sec and 1 min elongation at 72 °C, followed by 30 cycles with 95 °C for 15
seconds, 45 °C for 30 seconds and 1 min elongation at 72 °C. Final elongation was for 5 min at
72°C. PCR2 was conducted using 0.3 pl of the PCR1 product and the primers JO1 and JOS.
The following steps were applied: 95 °C for 5 min followed by 30 cycles of 95 °C for 15 sec,
57 °C for 30 sec and 1 min elongation at 72 °C. Final elongation was for 5 min at 72°C. R401
or R569 wild type was included to account for unspecific amplifications. PCR products were
separated by agarose gel electrophoresis. One of the most prominent bands from each sample
was extracted using the Nucleospin Gel and PCR clean-up kit (Macherey-Nagel). The PCR
product was eluted into a final buffer volume of 20 pl; DNA concentration was determined with
a spectrophotometer (NanoDrop One, Thermo Scientific), and 75 ng of each product were sent
for Sanger sequencing (Eurofins genomics). Finally, chromosomal Tn5 integration sites were
assessed by alignment of the obtained sequences flanked by the integrated Tn5 transposon in
the R401 or R569 genome using the Geneious Prime or CLC Genomics Workbench software,
respectively (Qiagen Digital Insights). Matching open reading frames (ORFs) were further
aligned to the NCBI BLAST (Altschul et al., 1990) nucleotide and protein data base (using
BLASTn and BLASTp algorithm).

1.6.12 Complementation of R401 Apvdy

Complementation of R401 Apvdy was conducted by expressing the coding region of R401 pvdY
under its putative native promoter from a low-copy plasmid in the Apvdy mutant background.
Plasmid construction was conducted using Gibson assembly as described before. In brief, the
coding region of R401 pvdY was co amplified with a 1.5 kb region upstream of the gene and
ligated into a linearized pSEV A221 (Martinez-Garcia ef al., 2020) vector backbone. This vector
was integrated into E. coli BW29427 cells and subsequently integrated into R401 Apvdy via bi-

parental conjugation.
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1.6.13 In vitro iron mobilization assay

The capability of R401 and R569 mutants of solubilizing inaccessible ferric iron was tested
using a previously described photometric assay (Arora & Verma, 2017). Bacteria were cultured
at 25 °C and 180 rpm for five days in 50% TSB and subsequently subcultured and 1:50 diluted
in siderophore medium (Table S5). Diluted cultures were grown for an additional five days
under the same conditions. At five days post inoculation (dpi), bacterial load was quantified by
ODsoo determination. Subsequently, cells were pelleted by centrifugation for 15 min at
4,000 rpm. The cell-free supernatant was diluted 5-fold with 10 mM MgCl> and 25 pl were
mixed with 100 pl of CAS assay solution (Schwyn & Neilands, 1987) in three technical
replicates and incubated for approx. 40 min at room temperature in the dark. Using an Infinite
200 PRO plate reader (TECAN), Abse3zs was measured as an indication for the transition from
complexed iron (blue complex) to solubilized or siderophore-bound iron (yellow). Finally,

bacterial iron mobilizing capacity was computed according to the following formula:

uM Fe ) *x 2 nmol

0D600

(Absgze(Medium)
(Volume(Supernatant) * ODgq()

((Ab5636(Medium) —Absgze(Sample))

Fe-mobilizing capacity [

1.6.14 Validation of bacterial growth rates

The growth of individual R401 mutants and wild type was assessed by continuously measuring
ODsoo of actively growing bacterial cultures in an Infinite 200 PRO plate reader (TECAN) over
48 h at 25 °C and approx. 300 rpm. Overnight cultures in 50% TSB were pelleted and washed
as described before. Subsequently, ODsoo was measured and set to 0.02 in either artificial root
exudates (ARE) or ARE lacking FeCls. Composition of ARE was adopted from Baudoin et al.
(2003) and can be found in Table SS.

1.6.15 Microbiota reconstitution in the gnotobiotic Flowpot system

Flowpot assembly was performed according to Kremer ef al. (2021) with minor adjustments. A
2:1 mixture of peat potting mix and vermiculite was used as a matrix. The matrix was sterilized
two times (25 min liquid cycle (121 °C) and 45 min solid cycle (134 °C)) and stored at 60 °C
until completely dry. Prior to Flowpot assembly, the matrix was rehydrated with sterile Milli-
Q water. Flowpots were assembled by adding a layer of glass beads to the conical end of a

truncated syringe, followed by a layer of the rehydrated, sterile substrate, subsequently covered
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with a sterile mesh secured by a cable tie. Assembled Flowpots were sterilized on a 25 min
liquid cycle, stored at 60 °C overnight and sterilized twice on a 45 min solid cycle. Bacterial
strains, cultivated as described before, were harvested, 3x washed and pooled in equal ratios.
Then, 1.25 ml bacterial pool (ODeoo 1.0) were added to 500 ml of 2 MS medium for a final
bacterial ODsoo of 0.0025. Flowpots were first flushed with sterile Milli-Q water, then
inoculated with 50 ml of 2 MS. Eight inoculated Flowpots were placed into each sterile
microbox (TP1200, Sac O2) and stored at room temperature overnight. Exactly five sterilized
seeds were sown per Flowpot and left to grow under the previously described conditions. At 21
dpi, shoot fresh weight was measured individually for each plant. Roots from a single Flowpot
were thoroughly cleaned from soil particles in sterile water using tweezers. Six representative
Flowpots were selected for harvesting root and matrix samples. Cleaned roots from each
Flowpot were pooled in 2 ml lysing matrix E tubes (MP Biomedicals), snap-frozen and stored
at -80 °C until further use. Additionally, <100 mg of soil was taken from each Flowpot, snap-
frozen and stored in weighed 2 ml lysing matrix E tube (MP Biomedicals) at -80 °C until further

use.

1.6.16 Mono-association experiment of R401 on A. thaliana seedlings in agar plates

This protocol is adapted from Ma et al. (2021). In brief, A. thaliana seeds were sterilized,
germinated, and transferred to /2 MS agar plates without sucrose, as described before. After
transfer of seedlings, plants were grown for another 14 days under the same conditions. R401
wild-type and mutants were grown in 50% TSB overnight as described before. Bacterial cells
were pelleted by centrifugation, washed 3x in 10 mM MgCl> and ODsoo was measured and
adjusted to 0.0001. Agar plates were flushed with 15 ml of bacterial suspension for 5 min. The
bacterial suspension was removed, and plants were carefully transferred to new 2 MS agar
plates. After 24 h, roots were cut using a sterile scalpel and collected in pre-weighed, sterile
2 ml tubes containing 1 steel bead (3 mm diameter). Tubes were weighed again to assess the
root fresh weight. Subsequently, roots were ground in a Precellys 24 TissueLyser (Bertin
Technologies) for 2 x 30 s at 6,200 rpm at 15 s intervals. Then, 250 pl of sterile 10 mM MgCl»
were added to each tube and roots were ground again under the same conditions. Each sample
was subsequently 5x 1:10 diluted in sterile 10 mM MgCl.. Undiluted samples and each dilution
were plated on 50% TSA square plates, dried and left to grow at 25 °C until single colonies

appeared. Pictures were taken and single colonies were counted blinded.
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1.6.17 Mono-association experiment of R401 on A. thaliana seedlings in Flowpots

Flowpots were assembled, autoclaved, and flushed with sterile Milli-Q water, as described
before. R401 wild-type and the ApvdIAphld double mutant were grown in 50% TSB overnight
as described previously. Bacterial cells were pelleted by centrifugation, washed three times in
10 mM MgCl, and ODsoo was measured and adjusted. Finally, 600 pl of ODgoo 1 were
inoculated into 300 ml /2 MS medium resulting in a final bacterial concentration of ODggo 0.002.
Each Flowpot was flushed with 50 ml of /2 MS containing the bacterial inoculum. Per condition,
six Flowpots were placed in a sterile microbox (Sac O2) and stored overnight. The next
morning, exactly five seeds were inoculated per Flowpot and left to grow under the previously
described conditions. After 21 days, roots were carefully cleaned as described above, dried and
collected in pre-weighed, sterile 2 ml tubes containing 1 steel bead (3 mm diameter). Tubes
were weighed again to assess the root fresh weight. Subsequently, roots were ground in a
Precellys 24 TissueLyser (Bertin Technologies) for 2 x 30 s at 6,200 rpm with 15 s intervals.
Then, 150 pl of sterile 10 mM MgCl> were added to each tube and roots were ground again
under the same conditions. Each sample was subsequently dilute five times 1:10 in sterile 10
mM MgCl,. Undiluted samples and each dilution were plated on 50% TSA square plates, dried
and left to grow at 25 °C until single colonies appeared. Pictures were taken and single colonies

were counted blinded.

1.6.18 DNA isolation

For DNA extractions, root and soil samples were homogenized in a Precellys 24 TissueLyser
(Bertin Technologies) for 2 x 30 s at 6,200 rpm with 15 s intervals. DNA was extracted with a
modified, high-throughput version of the FastDNA SPIN kit for Soil (MP Biomedicals). In
brief, samples were taken up in sodium phosphate buffer (MP Biomedicals) and MT buffer (MP
Biomedicals), then homogenized as described before. After centrifugation for 15 min at 13,000
rpm, 150 pl of the supernatant were transferred to a 96-well Acroprep Advance filter plate (with
0.2 um Supor filter; Pall). Once full, the filter plate was positioned on a PCR plate filled with
50 ul Binding Matrix (MP Biomedicals) per well and centrifuged for 15 min to remove residual
soil particles. This and all subsequent centrifugation steps were carried out in a swing out
centrifuge at 1,500 rpm. The PCR plate was sealed and shaken for 3 min to allow binding of
the DNA to the Binding Matrix. The suspension was pipetted onto a second filter plate of the
same kind, positioned on a collection plate, and centrifuged for 15 min. The flowthrough was

discarded. Then, 200 ul SEWS-M washing buffer (MP Biomedicals) were pipetted into each
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well of the filter plate and centrifuged for 5 min. This washing step was carried out a second
time. The flowthrough was discarded and followed by centrifugation for 5 min to remove
residual SEWS-M buffer. Finally, 30 pl nuclease-free water were added to each well and left
to incubate at room temperature for 3 min. Subsequent centrifugation for 5 min eluted the DNA
into a clean PCR plate. The resulting DNA was used for v5v7 /65 rRNA region amplification

without prior adjustment of DNA concentrations.

1.6.19 Library preparation for bacterial /6S rRNA gene profiling

The v5v7 variable regions of the bacterial /6S rRNA gene were amplified in 96-wells plates
through PCR using 799F and 1192R primers (PCR I; Table S4). PCR I was performed with 0.4
ul DFS-Taq polymerase (BIORON) in 25-ul reactions containing 2.5 pl 10x incomplete buffer
(BIORON), 0.5 pl 10 mM MgCl>, 2.5 ul 3% BSA, 0.5 pl 10 mM dNTPs, 0.75 pl 10 uM 799F,
0.75 pl 10 uM 1192R, 1 pl of isolated DNA and adjusted to 25 pl with nuclease-free water.
Samples were placed in a thermocycler set at the following program: 94 °C for 2 min, 25 cycles
of 94 °C for 30 s, 55 °C for 30 s, 72 °C for 1 min, then a final extension at 72 °C for 10 min.
Remaining primers and dNTPs were digested by Antarctic phosphatase and Exonuclease 1. To
each 25 pl PCR reaction, 1 pl of Antarctic phosphatase (New-England BioLabs), 1 pl of
Exonuclease I (New-England BioLabs) and 3 pl of Antarctic phosphatase buffer (New-England
BioLabs) were added; the resulting mixture was incubated at 37 °C for 30 min followed by heat
inactivation of the enzymes at 85 °C for 15 min. The digested PCR I product was centrifuged
at 3,000 rpm and 4 °C for 10 minutes. Then, 3 pl of the supernatant were used as a template in
a second PCR, using a unique combination of uniquely barcoded 799F- and 1192-based primers
containing Illumina adaptors for each sample (PCR 1I; Table S4). PCR II was performed with
0.4 ul DFS-Taq polymerase in 25-pl reactions containing 2.5 pl 10x incomplete buffer, 0.5 pl
10 mM MgCly, 2.5 ul 3% BSA, 0.5 pl 10 mM dNTPs, 0.75 ul 10 uM unique forward primer,
0.75 pl 10 uM unique reverse primer, 3 ul cleaned PCR I-product and adjusted to 25 pul with
nuclease-free water. Samples were placed in a thermocycler set at the following program: 94
°C for 2 min, 10 cycles of 94 °C for 30 s, 55 °C for 30 s, 72 °C for 1 min, then a final extension
at 72 °C for 10 min. Subsequently, 5 pl of the PCR product were combined with 1 ml Orange
DNA Loading Dye, loaded on a 1% agarose gel containing 0.05% EtBr, and run at 110 mV.
The expected PCR-product was an approx. 500 bp band containing the variable v5v7 regions,
barcodes, and Illumina adaptors. After verification of successful amplification, samples were
purified by AMPure XP (Beckman-Coulter) according to the manufacturer’s protocol.
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The DNA concentrations of each sample were quantified using the Quant-iT dsDNA Assay-Kit
(Invitrogen) and pooled per full factorial replicate in equimolar values. All pools were purified
twice using AMPure XP and fluorescently quantified using the Quant-iT dsDNA Assay-Kit.
All pooled samples were combined into a single pool based on equimolarity and subsequently
purified three times using AMPure XP and fluorescently quantified using the Qubit dsSDNA HS
Assay Kit (Invitrogen). The final concentration was set to 10 ng/ul. Paired-end Illumina
sequencing was performed in-house using the MiSeq sequencer and custom sequencing primers

(Table S4).

1.6.20 Analysis of 16S profiling data
ASYV table generation

Amplicon sequencing reads from A. thaliana roots and Flowpot soil were quality filtered and
demultiplexed according to their barcode sequence using QIIME (Caporaso et al., 2010) and
unique amplicon sequencing variants (ASVs) were inferred from error-corrected reads,

followed by chimera filtering. ASVs were mapped to the reference 16S rRNA sequences

(downloaded from “www.at-sphere.com”) to generate an ASV count table. All steps were
carried out using the Rbec R package (Zhang et al., 2021). Analysis was performed on samples

with a sequencing depth of at least 500 high-quality reads.

Alpha- and beta-diversity

Analyses and visualization were performed in the R statistical environment (Version 4.1.2).
Alpha and beta diversity were calculated on non-rarefied ASV count tables (McMurdie &
Holmes, 2014). Alpha-diversity (Shannon index) was calculated with the “plot richness”
function in phyloseq package (McMurdie & Holmes, 2013).

Beta-diversity (Bray-Curtis dissimilarities) was calculated using the “ordinate” function in
phyloseq package and used for unconstrained ordination by Principal Coordinate Analysis
(PCoA). Statistical significances were assessed using permutational multi-variate analysis of

variance (PERMANOVA) using the adonis function in the vegan package (Dixon, 2003).

43


http://www.at-sphere.com/

Chapter I

1.6.21 Data analysis and statistics

All statistical analyses were conducted in R 4.1.2. Data visualisation was conducted using the
ggplot2 package (as part of the Tidyverse) or the ggpubr package. Data normality was tested
using the Shapiro-Wilk test. For normally distributed data, ANOVA and Tukey’s HSD with
correction for multiple comparisons were used. As nonparametric tests, Kruskal-Wallis
followed by Dunn’s post-hoc test and Benjamini-Hochberg (BH) adjustment for multiple
comparisons were used. The respective statistical tests are indicated in each figure description.
Significance was indicated by asterisks (*, **, and ***, indicate p.adj < 0.05, 0.01, and 0.001,
respectively) or by significance group (p < 0.05). No statistical methods were used to pre-
determine sample sizes. Phylogenetic trees were computed using Clustal Omega and
subsequently visualised using iTol. Metabolomics and /65 rRNA gene profiling data were
analysed and visualized as described above. Halo size quantification in mBA experiments were
performed blinded using the Fiji package of ImageJ. Colony counts of R401 were performed

blinded. Figures were assembled in Adobe Illustrator.
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1.8 Supplementary figures
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Figure S1, related to Figure 1. Flowchart and output example of the modified Burkholder assay (mBA)
screen. (A) Schematic illustration of the screen for interbacterial interactions in a mBA. First, 100 ul of a
bacterial solution from one strain are re-suspended in 50 ml of cooled, but molten 25% tryptic soy agar
(25% TSA) and poured into a petri dish. Then, 24 bacterial strains are spotted on top of the solidified medium.
The plates are incubated for 96 h at 25 °C. Pictures are taken and the size of the halo of inhibition is measured.
(B) An example agar plate depicting a halo of inhibition produced by a producer strain on the bacterial lawn
of a target strain, grown in 25% TSA. Explanation of nomenclature used in Fig. 1.
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Figure S2, related to Figure 2. Identification of class-specific exometabolites. The metabolomes of all
198 individual strains were assessed using liquid chromatography tandem mass spectrometry (UPLC-
MS/MS). Molecular networking of bacterial metabolites obtained from organic extracts of the 198 strains,
grown separately on 25% TSA for 96 h, was determined based on the Global Natural Products Social (GNPS)
molecular networking workflow. The network consists of 3,314 nodes and 247 clusters (i.e., molecular
families) with at least two nodes and 1,046 singletons. Node sizes correspond to number of obtained spectra.
Shared metabolites between at least two strains belonging to different classes are coloured in grey.
Metabolites that are unique to one class are coloured according to the respective class colour code.
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Figure S3, related to Figure 3 and 4. Genetic potential for the biosynthesis of specialized metabolites
by all tested Pseudomonas spp. strains. Using antiSMASH, we predicted BGCs for all genomes of the
herein-included bacteria. All predicted BGCs within the seven tested Pseudomonas spp. strains are depicted
in grey and are named according to the putatively produced metabolite. In light green, the presence or absence
of pyoverdine-specific fluorescence, which is indicative of pyoverdine production, is highlighted.
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Figure S4, related to Figure 4. Pyoverdine produced by Pseudomonas fluorescence R569 acts as a sole
inhibitory exometabolite. (A) Initial screen for the lack of pyoverdine-specific fluorescence of approx.
2,000 R569 mutants with single random mini-Tn5 integration sites in the genome. Using a plate reader,
pyoverdine-specific fluorescence (excitation at 395 nm and emission at 470 nm) and ODgoo of individual
R569 mutants were quantified. Twelve mutants with WT-like growth (> -1x MAD) and reduced pyoverdine-
specific fluorescence (< -6x MAD) are highlighted in blue, red or light grey. (B) Eleven out of the previously
identified twelve putative pyoverdine mutants were independently confirmed for their lack of pyoverdine-
specific fluorescence normalized to the mutants Abseoo. Statistical significance was determined by Kruskal-
Wallis followed by Fisher’s LSD post-hoc test and Benjamini-Hochberg adjustment. Significance compared
to WT is indicated by black asterisks (* indicate p < 0.05; n=3). (C) Schematic overview of the genomic
context of the fragmented pvd-operon which encodes a fraction of all pyoverdine biosynthetic genes of
P. fluorescence R569. Genes within the BGC are coloured in grey, pvdY and pvdL are highlighted in red and
blue, respectively. Transposon integration sites are highlighted by vertical black bars.
(D) Halo production of R569 WT and two transposon-insertion mutants that are impaired in the production
of pyoverdine (tn5::pvdy, tn5::pvdl). Mutant names and colours are depicted as in (C). Rs was used as a
target strain. Halo size measurements were taken after three days of interaction. Letters indicate statistically
significant differences as determined by Kruskal-Wallis followed by Dunn’s post-hoc test and Benjamini-
Hochberg adjustment with p < 0.05 (n=9). (E) Ferric iron mobilizing activity of R569 WT and mutants that
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are impaired in the production of pyoverdine. Letters indicate statistically significant differences as
determined by Kruskal-Wallis followed by Dunn’s post-hoc test and Benjamini-Hochberg adjustment with
p <0.05 (n=3).

| - Isolation source

]
A RAO1 I Soil
— ied |
R627 | At roots
I ol
_‘ Rs | Il - Class
R335 | Actinobacteria
R131
R105 | [ | Flavobacteriia
R483D2 ] ] .
R483D1 l . Alphaproteobacteria
R935 [ Betaproteobacteria
R2 i
65 [ ] Gammaproteobacteria
R4 I L1
S736 | | ]
728 | [ ] 11l - Mean antagonistic activity
__Treescale:0.1 | R930 . _
R918 | IV - Susceptibilty towards Root401
Se ns P s
g ®
= € 0.15]
E 1 ©
o)) ©
-g -§ * kK
= 2 8 0.10
2 2
5 0 8
S o 0.05+1
L2 I\
{2
o 0.004 —

+ S & & Sy O R I
N\ N\ N N\ N N\ N\ N\
Ty © W NI »Q»Q&\%Q\«@
W W
E Root samples F Soil samples
*k All data All data )
p=0.001 p=<0.001 vong”
0.2 R=0.30 R=0.29 o 8 } .
g 7 0.0 L M
: 0.1 )O © ® g > °
~ oo . R o Q] ° °
2} R @ °,
200 3% 3 2 .
s, .%o -0.1
0 00 9% | No HK No HK
0.1 o . p=0.001 psns
‘ RP=0.20 RP=0.05
-0.2 0.0 0.2 0.4 -0.2 -0.1 . 0.0 0.1
AXxis.1[43.7%] Axis.1[35.3%)]

Figure S5, related to Figure 5. R. solanacearum does not cause disease symptoms in the tested
conditions. (A) Phylogenetic tree of SynCom members based on v5v7 16S rRNA genes. The tree depicts the
mean inhibitory activity (III) shown in Fig. 1 as well as the mean sensitivity to R401 WT (IV) also derived
from Fig. 1. For more precise taxonomic assignments of SynCom members please see Table S1.
(B) Exemplary image of a Flowpot with HK treatment at 21 dpi. (C) log2-transformed shoot fresh weight of
A. thaliana plants grown in the gnotobiotic Flowpot system for 21 dpi. No statistical difference (‘ns”) could
be determined by Kruskal-Wallis followed by Dunn’s post-hoc test and Benjamini-Hochberg adjustment
(n=18). (D) Relative abundance of R. solanacearum on the A. thaliana roots at 21 dpi. Statistical significance
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was determined by Kruskal-Wallis followed by Dunn’s post-hoc test and Benjamini-Hochberg adjustment.
Significance compared to WT is indicated by black asterisks (*** indicates p <0.001; ns, not significant;
n=18). (E-F) Unconstrained PCoA of bacterial beta diversity (Bray-Curtis dissimilarity) of root (E) and soil
samples (F) in response to R401 or its mutants. Prior to computing relative abundances, R401 reads have
been in silico-depleted to visualize solely the effect on the other SynCom members. PERMANOVA analysis-
derived p-values are represented as asterisks (*#, ***, indicate p < 0.001 or 0.001, respectively; n=18),
coloured by the respective condition. PERMANOVA analysis on the full data set before (All data) or after
(No HK) in silico depletion of HK samples are indicated in black; R’ represents the variance explained by
R401 genotype.
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Figure S6, related to Figure 6. R401 DAPG and pyoverdine BGCs are predominantly detected in the
genomes of root-derived Pseudomonas sp. isolates. (A) Colonization efficiency as measured by colony
forming units of R401 WT and the ApvdiAphld double mutant on A. thaliana roots in mono-associations in
the Flowpot system at 21 dpi. No statistical difference (‘ns’) could be determined by Kruskal-Wallis followed
by Dunn’s post-hoc test and Benjamini-Hochberg adjustment (n=12). (B—C) Growth curves of R401 WT and
mutants in artificial root exudate (ARE) liquid medium (B) and ARE without any addition of iron (C); n=6.
Artificial root exudates are used to recapitulate the nutritional status in the vicinity of the root. (D-E) Using
antiSMASH, we predicted BGCs for the genomes of Pseudomonas sp. isolates from different root and leaf
derived culture collections. For each culture collection, the number of DAPG and pyoverdine BGCs (D) and
the number of detected BGC families and total BGCs (E) is depicted. Dot size indicates number of detected
BGCs normalized by the number of tested strains (‘n”). Asterisks highlight statistical significance between
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root and leaf culture collections as measured by Chi-Square test (*, ***, indicate p < 0.05, and 0.001,
respectively).
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1.9 Supplementary tables

Table S1, mBA binary interaction data and SynCom selection.
Table S2, antiSMASH-based BGC predictions.
Table S3, Generated R401 and R569 mutants.

Table S4, Primers used in this study for amplification of the bacterial vSv7 165 rRNA

region and for generation and validation of bacterial mutants.

Table S5, Artificial root exudates and siderophore assay media.

All supplementary tables have been deposited at EDMOND and can be accessed via the
following link: https://doi.org/10.17617/3.11ABIM
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I1.1 Summary

In nature, plants are colonized by diverse microbial communities that mainly comprise bacteria.
Isolation of bacteria from roots and shoots of asymptomatic Arabidopsis thaliana plants has
identified few isolates that can cause disease on A. thaliana under laboratory conditions,
indicating the existence of molecular mechanisms that prevent disease in nature. Here, we
demonstrate that the application of hyperosmotic NaCl concentrations is required for the
virulence of the root-derived isolate Pseudomonas brassicacearum Root401 (R401) in a natural
soil and for root-specific transcriptional reprogramming induced by R401. Our data suggests
little involvement of root immunity to R401 disease emergence under salt stress. Instead, we
identify the bacterial non-ribosomal peptide Brassicapeptin A as necessary and sufficient for
the detrimental impact of R401 on salt-stressed A. thaliana. Brassicapeptin A increases host
plasma membrane permeability, explaining its detrimental activity under hyperosmotic stress.
Collectively, we delineate a salt stress-dependent mechanism that facilitates disease caused by

an opportunistic root pathogen.

Keywords
plant disease, root microbiome, opportunistic pathogens, non-ribosomal peptide, abiotic stress,
biotic stress, immunity, microbiota
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R401 structure elucidation.
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11.3 Introduction

Subterranean and aerial plant tissues are colonized by microbial communities that primarily
comprise bacteria but also filamentous eukaryotes such as fungi. Collectively, these microbial
assemblages of subterranean and aerial plant tissues are referred to as the root and shoot
microbiota, respectively (Agler et al., 2016; Bai et al., 2015; Duran et al., 2018; Thiergart et
al., 2019). Recent efforts to systematically isolate and characterise the root and shoot microbiota
of A. thaliana plants grown in natural soils has revealed that taxonomically diverse root- and
leaf-associated microorganisms isolated from asymptomatic plants can cause disease under
laboratory conditions (Durén et al., 2018; Karasov et al., 2018; Ma et al., 2021; Pfeilmeier et
al.,2021). Namely, Pseudomonas brassicacearum Root401 (R401), Streptomyces sp. Root107
(R107) and Xanthomonas sp. Leaf131 (L131) were isolated from A. thaliana roots and leaves,
respectively, and can cause disease in mono-associations (Bai et al., 2015). The identification
of these putatively dormant opportunistic pathogens suggests the existence of molecular
mechanisms that suppress detrimental phenotypes in nature while facilitating virulence under

laboratory conditions.

Stevens (1960) advanced the concept of the ‘disease triangle’, by which environmental factors
contribute to the establishment of plant diseases. In this triangle, abiotic conditions can
influence the host, the pathogen, or the interaction of the two, facilitating or inhibiting disease
progression (Francl, 2001). Similar to pathogen perception, the sensing of salt stress for
example results in signalling cascades involving cytoplasmic Ca®" influx, reactive oxygen
species (ROS) production via respiratory burst oxidases (RBOs), including RBO homologue D
(RBOHD) and the systemic accumulation of plant hormones, primarily abscisic acid (ABA;
Hua et al., 2012; Zhang et al., 2009; Zhu, 2002, 2016). ABA mediates rapid responses to salt
stress such as the closure of stomata to restrict transpirational water loss. Furthermore, ABA
elicits profound transcriptional reprogramming and induction of stress-related genes (J. K. Zhu,
2002, 2016). Hormonal pathways in plants are heavily interconnected and often antagonistic.
For example, ABA inhibits the expression of the salicylic acid (SA) biosynthetic gene
ISOCHORISMATE SYNTHASEI (ICS1/SID2) in Arabidopsis thaliana, thereby suppressing
SA-dependent immunity (Pieterse et al., 2012; Yasuda et al., 2008). As a result, ABA facilitates
disease caused by biotrophic plant pathogens, including the fungal pathogen Magnaporthe
grisea and Pseudomonas syringae in Oryza sativa and A. thaliana, respectively (Fan et al.,
2009; Jiang et al., 2010). The necrotrophic fungal pathogen Botrytis cinerea produces ABA

resulting in increased virulence on Solanum lycopersicum, through immunity modulation via
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the second messenger nitric oxide (NO; Sivakumaran et al., 2016). Collectively, therefore,
abiotic stress signalling can influence different sectors of the plant innate immune system

resulting in increased susceptibility to both biotrophic and necrotrophic pathogens.

Here, we dissect the molecular and ecological mechanisms that explain R401 virulence. We
demonstrate that NaCl treatment facilitates R401 virulence in non-sterile natural soils and in
peat-based gnotobiotic growth systems, providing evidence for environmental factors that can
facilitate R401 virulence under natural conditions. Sequencing of the A. thaliana shoot and root
transcriptome reveals a root-specific response to combinatorial treatments of R401 and NaCl
treatment, indicating a root-specific virulence phenotype. In R401, we identify a homologous
BGC to the syp-syr BGC that is responsible for Syringopeptin biosynthesis in P. syringae
B728a. Using targeted mutagenesis, we demonstrate that R401 Syringopeptin (termed
Brassicapeptin) is required for virulence in salt-stressed plants. Subsequently, we isolate and
structurally characterise R401 Brassicapeptin. Finally, we provide evidence that R401
Brassicapeptin directly interacts with high salt concentrations and is sufficient to explain the
detrimental activity of R401 in an agar-based system. Collectively, our data proposes a disease

mechanism through the interaction of a bacterial virulence factor and abiotic conditions.
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11.4 Results

I1.4.1 Detrimental activity of Pseudomonas brassicacearum R401 is facilitated by salt

stress in soil

Inoculation of Pseudomonas brassicearum R401 on Arabidopsis thaliana plants grown on
2 Murashige-Skoog (2 MS) agar plates causes extensive root and shoot growth inhibition and
anthocyanin accumulation in shoots (Ma et al., 2021). We could reproduce similar phenotypes
in 2 MS agar plates that also included partial leaf chlorosis (Fig. 1A). However, in the sterile
peat matrix of the gnotobiotic Flowpot system (Kremer et al., 2021) or natural, non-sterile
Cologne agricultural soil (CAS), R401 inoculation did not result in any changes to pigmentation
and shoot fresh weight (Fig. 1B & C). Salt stress has been shown to facilitate the detrimental
effects of Pseudomonas strains on tomato (Solanum lycopersicum, Solanaceae) and cucumber
(Cucumis sativus, Cucurbitaceae) plants (Chojak-Kozniewska et al., 2017; Dimartino, 2011).
We therefore speculated that salt stress may also facilitate the detrimental effects of
Pseudomonas brassicacearum R401 on A. thaliana (Brassicaceae). In axenic conditions
(Fig. 1B) and in the presence of a complex, natural microbiota (Fig. 1C), the application of
100 mM NaCl negatively affected plant growth (HK 0 mM NaCl vs. HK 100 mM NaCl;
p <0.001 for both Fig. 1B & C; Kruskal-Wallis followed by Dunn’s post-hoc test). Co-
inoculation of R401 and 100 mM NaCl further aggravated this effect, leading to highly stunted
plants and leaf chlorosis in shoots of seedlings grown in either soil matrix, reminiscent of R401s
effects in /2 MS agar plates (Fig. 1A—C). While root phenotypes cannot be robustly quantified
from soil isolated roots, it is very likely that root growth was also severely altered under these
conditions. Collectively, this indicates that in natural systems, the opportunistic pathogen R401

requires favourable environmental conditions to cause disease symptoms on A. thaliana.
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Figure 1, Detrimental activity of Pseudomonas brassicacearum R401 is facilitated by salt stress in soil.
(A) log2-transformed shoot fresh weight of A. thaliana plants grown axenically on 2 MS agar plates for 19 dpi.
At 14 dpi plants were flushed with either heat-killed (HK) or live wild-type (WT) R401 cells. Five minutes after
flushing plants were transferred to new sterile plates and grown for five days (n=5). (B) log2-transformed shoot
fresh weight of 4. thaliana plants grown in the gnotobiotic Flowpot system for 28 dpi in the presence or absence
of 100 mM NaCl and either heat-killed (HK) or live wild-type (WT) R401 cells (n=30). (C) log2-transformed
shoot fresh weight of 4. thaliana plants grown in the non-sterile Cologne agricultural soil (CAS) in the greenhouse
for 28 dpi in the presence or absence of 100 mM NaCl and either heat-killed (HK) or live wild-type (WT) R401
cells (n=16). (A — C) Representative images illustrating the respective plant phenotypes are shown below each
plot. Within each figure panel, all images are to scale. Statistical significance was determined by Kruskal-Wallis
followed by Dunn’s post-hoc test and Benjamini-Hochberg adjustment. Significance compared to HK is indicated
by black asterisks (** and *** indicate p < 0.01, and 0.001, respectively; ns, not significant). Statistical
comparisons were conducted between WT and HK samples for each NaCl treatment separately.

I1.4.2 R401 inoculation results in root- and salt stress-specific transcriptional

reprogramming

We hypothesized that the salt stress response of 4. thaliana may come at the cost of dampening
immunity sectors which may in turn facilitate R401 virulence. We therefore sequenced the
shoot and root transcriptome of 28-day-old A. thaliana seedlings grown in the Flowpot system
and inoculated with either heat-killed (HK) or live R401 wild-type (WT) cells and either
0 or 100 mM NaCl (plants from Fig. 1B). Inoculation of live R401 cells in the absence of salt
stress exerted only minor effects on both root and shoot transcriptomes, with only 2 and 14
significantly differentially enriched genes (DEGs), respectively. Salt stress caused differential
expression of 85 and 1,162 genes in roots and shoots, respectively, indicating only minor
transcriptional reprogramming in roots (Fig. 2A and Fig. S1A & B). Based on PANTHER
functional annotation analyses, all upregulated genes in roots can be categorized into the three
GO-terms ‘response to abscisic acid’, ‘response to osmotic stress’, and ‘response to water
deprivation’, while in shoots the among the most enriched GO-terms were ‘anthocyanin-

containing compound biosynthetic process’, ‘hyperosmotic salinity response’ and ‘abscisic
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acid-activated signalling pathway’ (Carbon et al., 2017; Mi, Muruganujan, Ebert, et al., 2019;
Mi, Muruganujan, Huang, et al., 2019). Furthermore, gene clusters 8§ and 7 were primarily
expressed in shoots and involved in photosynthesis and starch metabolism, respectively. Gene
clusters 8 and 7 were severely down- and upregulated by salt stress, respectively (Fig. 2A).
Collectively, these data confirm that salt stress as applied in our experimental setup indeed
activates the salt stress response and interferes with plant photosynthesis as reported before
(Chaves et al., 2009; Eynard et al., 2008; Geng et al., 2013; Hanin et al., 2016). Co-inoculating
live R401 and 100 mM NaCl had the most severe effects on the transcriptomic response in
shoots and roots with 2,611 and 2,069 DEGs in roots and shoots, respectively (Fig. 2A and Fig.
S1A & B). However, only in roots did R401 cause major additive transcriptional
reprogramming compared to NaCl alone, with 1,922 DEGs (Fig. 2A). Here, gene clusters 3 and
5 were specifically downregulated in response to R401 in roots. The genes in these clusters are
implicated in ‘cellular response to hypoxia’ and ‘regulation of multicellular organismal
development’, indicating an activated response to oxidative stress and decreased root
development, respectively (Fig. 2A). Surprisingly, R401 does not proliferate to higher bacterial
titres in the presence of salt stress in either shoots or roots and does not show increased
proliferation in roots (Fig. S1C). This indicates that bacterial abundance does not explain the
striking difference in the salt stress-dependent, R401-induced transcriptional reprogramming
between shoots and roots. Collectively, R401 only causes transcriptomic responses in
A. thaliana roots in the presence of hyperosmotic NaCl concentrations, while shoot
transcriptomes are barely affected by the combinatorial treatment, indicating a root-specific

virulence phenotype of R401.

Functional annotation analysis of all genes that were significantly up- or down-regulated by salt
stress or combinatorial treatment of salt stress and R401 revealed 14 GO-term clusters with
involvement in primary metabolism (e.g., ‘photosynthesis’ and ‘response to carbohydrate’) or
biotic (e.g., ‘immune system process’ and ‘regulation of response to biotic stimulus’) and
abiotic stress (e.g., ‘response to abiotic stimulus’ and ‘cellular response to abscisic acid
stimulus’; Fig. 2B). While primary metabolism and the response to abiotic stress was
dynamically regulated, the biggest cluster, with involvement in the biotic stress response, was
solely downregulated. Decreased expression of immunity genes, however, was shoot-specific.
Namely, genes with involvement in the functional categories ‘systemic acquired resistance’,
‘response to molecule of bacterial origin’ and ‘regulation of jasmonic acid mediated signalling
pathway’ were downregulated, indicating a shoot-specific suppression of the two major

immunity sectors.
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Next, we tested whether salt stress-mediated suppression of immune system functions in shoots
may facilitate virulence of other opportunistic pathogens, such as Streptomyces sp. R107 and
Xanthomonas sp. L131 (Ma et al., 2021; Pfeilmeier et al., 2021). L131 virulence on A. thaliana
leaves depends on the NADPH-dependent respiratory burst oxidase homologue D (RBOHD),
which was approx. 51-fold downregulated by salt stress in shoots (p.adj <0.05, Table S6);
therefore, it is plausible that salt stress enhances L131 virulence (Pfeilmeier et al., 2021). In the
absence of salt stress, R401 and L131 did not show any effect on 4. thaliana shoot fresh weight,
while R107 already significantly impaired plant growth. As described above, R401 only became
detrimental upon salt stress treatment. Similarly, however, to a lesser extent, R107 became more
detrimental in salt-stressed plants. By contrast, L131 inoculation did not affect shoot fresh
weight, even in salt stress conditions (Fig. S2A). In a rbohD mutant, however, L131 was able
to cause disease, while the effect of R401 on shoot fresh weight in this mutant was the same as
for the Col-0 wild type. Collectively, this does not provide evidence for immune system-

dependent virulence facilitation of opportunistic pathogens by salt stress per se.
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Figure 2, R401 inoculation results in root- and salt stress-specific transcriptional reprogramming.
(A) Transcriptomic analysis of A. thaliana shoots and roots grown in the gnotobiotic Flowpot system for 28 dpi in
the presence or absence of 100 mM NaCl and either heat-killed (HK) or live wild-type (WT) R401 cells (n=3; one
sample was removed from the analysis due to extensive contamination with Salmo trutta). Heat map (centre) of
scaled normalized read counts, clustered by k-means (k=10, left) and differentially enriched genes (DEGs, right)
obtained by pairwise comparison. The three most significantly enriched GO terms, as computed by PANTHER
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GO term enrichment analysis (Mi, Muruganujan, Ebert, et al., 2019), are depicted for selected clusters (right) that
showed R401- and/or NaCl-specific patterns. DEGs were considered significantly up- or downregulated if
p-adj <0.05 and logx(foldchange) > 1 or < -1, respectively. (B) Network of significantly enriched GO terms with
NaCl or NaCl + R401-treated shoots and roots. All significantly up- and downregulated genes as compared to
control conditions (0 mM NaCl + HK R401) were selected for the analysis. GO term enrichment analysis and
clustering was performed by Metascape (Zhou et al., 2019). Unfilled circles indicate subclusters.

I1.4.3 Brassicapeptin production is required for detrimental activity of R401

Pseudomonas strains employ diverse effector proteins that are often directly injected into plant
cells via the bacterial type III secretion system (T3SS), thereby promoting bacterial infection
through suppression of immune signalling and defence responses (Cunnac et al., 2009; Guo et
al., 2009; Wagner et al., 2018). Using nucleotide BLAST, we aimed to determine whether the
R401 genome encodes a T3SS that could explain the virulence mechanism of R401. However,
we did not identify a single T3SS component (Altschul et al, 1990). Therefore, we
hypothesized that R401 might use secondary metabolites as virulence factors. antiSMASH-
based prediction of BGCs revealed a >140 kb BGC with high similarity to the syp-syr BGC of
Pseudomonas syringae B728a involved in Syringopeptin and Syringomycin biosynthesis
(Fig. 3A; Blin et al., 2021; Feil et al., 2005). Syringopeptin and Syringomycin have been
demonstrated to be required for virulence of syp-syr-encoding Pseudomonas syringae strains
(Scholz-Schroeder et al., 2001). R401 has been phylogenetically assigned to the Pseudomonas
brassicacearum species (Chapter I); therefore, we termed the putatively produced secondary
metabolites ‘Brassicapeptin’ and ‘Brassicamycin’. To test whether the syp-syr BGC contributes
to R401 virulence on A. thaliana under salt stress, we generated a marker-free knockout mutant
(Asypc) lacking sypC, one of the core biosynthetic genes putatively involved in Brassicapeptin
biosynthesis. We then tested whether this mutant retained its detrimental activity in the context
of salt stress and assessed whether salt stress quantitively facilitates R401 virulence. Therefore,
we inoculated heat-killed (HK) or live R401 wild type (WT) or Asypc mutant cells into the
gnotobiotic Flowpot system across a gradient of NaCl concentrations (0—150 mM NaCl). R401
WT was again able to cause disease on NaCl-treated plants and the effect was NaCl-
concentration dependent (Fig. 3B). Indeed, the detrimental effect of R401 WT was exacerbated
by increasing NaCl concentrations, indicating a dose-dependent relationship between NaCl
concentrations and R401 virulence (Fig. 3C). Remarkably, the detrimental effect of R401 on
salt-treated plants was fully abolished in the Asypc mutant, which was even able to partly rescue
the salt stress-induced negative effects on plant growth (Fig. 3B). Therefore, mutation of a

single bacterial gene involved in the production of a secondary metabolite was sufficient to turn
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a pathogen into a beneficial plant growth promoting isolate under salt stress. This also confirms

that Brassicapeptin is a key virulence factor of R401.

These results prompted us to test whether the detrimental activity of R401 may also be
observable with other abiotic stresses, such as drought stress or low photosynthetically active
radiation (low PAR; Hou et al., 2021 ). While low PAR treatment, as induced by shading, had
more severe effects on shoot fresh weight compared to drought treatment, this treatment was
not observed to facilitate R401-induced detrimental activity. In contrast, drought stress
mimicked by the application of 5% polyethylene glycol (PEG8000) promotes R401 virulence,
demonstrating that the detrimental activity of R401 is potentiated by hyperosmotic stress
(Fig. S3A). Next, we assessed whether R401 salt stress-dependent virulence is limited to
A. thaliana. R401 and salt stress treatment of Solanum lycopersicum cv. Micro-Tom (Micro-
Tom) revealed virulence of R401 WT only in salt-stressed seedlings, which was also abolished
in the Asypc mutant. For Lotus japonicus Gifu (Gifu), no detrimental activity of R401 WT could
be observed either in the presence or absence of NaCl treatment; however, Gifu also showed
no sensitivity to the salt stress per se (Fig. S3B and C). We harvested shoots and roots from
both Micro-Tom and Gifu seedlings to quantify the colonisation capability of R401 WT and
the Asypc mutant in the presence or absence of salt treatment. While colonisation of the WT
was in general comparable between all tested conditions, Asypc colonized Micro-Tom roots
significantly less efficiently only upon salt stress treatment, which was not observed in salt-
resistant Gifu plants (Fig. S3D and E). In axenic liquid medium, growth of R401 WT and Asypc
was identical irrespective of the NaCl concentration (Fig. 3D), demonstrating that R401 per se
is not sensitive to 100 mM NacCl, that mutation of sypc does not affect bacterial growth in vitro,

and that the reduced proliferation of Asypc on tomato roots is root specific.

Collectively, these data demonstrate the requirement of Brassicapeptin for R401 virulence on
both Arabidopsis and Micro-Tom, irrespective of the 112 million years of reproductive isolation
between these plants and suggests a compartment- and environment-specific functioning of

Brassicapeptin in R401 root competence in salt-stressed plants.
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Figure 3, Brassicapeptin production is required for R401 detrimental activity. (A) Schematic overview of the
genomic context of the syp-syr-operon which encodes genes for Syringopeptin and Syringomycin biosynthesis in
Pseudomonas syringae B728a and likely for related secondary metabolites in Pseudomonas brassicacearum R401,
thereby termed ‘Brassicapeptin’ and ‘Brassicamycin’. Genes within the biosynthetic gene cluster (BGC) are
coloured in grey, R401 sypc is highlighted in green. sypc is likely involved in Brassicapeptin biosynthesis in R401.
A Asypc knockout mutant has been generated in R401, lacking the full-length sypc coding region.
(B) log2-transformed shoot fresh weight of 4. thaliana plants grown in the gnotobiotic Flowpot system for 28 dpi
in the presence of increasing concentrations of NaCl (0, 50, 100, or 150 mM NacCl) and either heat-killed (HK),
live wild-type (WT) or live Asypc R401 cells. Letters indicate statistically significant differences as determined by
Kruskal-Wallis followed by Dunn’s post-hoc test and Benjamini-Hochberg adjustment with p <0.05 (n=30).
Statistical comparisons were conducted for each salt treatment separately. (C) Correlation analysis of the mean
effect of either R401 WT or Asypc on A. thaliana shoot fresh weight, normalized by the respective HK control and
the applied salt concentrations. Data derives from (B). p-values and R’ derive from a linear model; ns, not
significant. (D) Growth curves of R401 WT and Asypc mutant in artificial root exudate (ARE) liquid medium or
ARE medium supplemented with 100 mM NaCl; n=10.

11.4.4 Isolation and structural characterization of R401 Brassicapeptin

Next, we aimed at isolating and structurally characterising R401 Brassicapeptin and cultivated
70 1 of axenically grown R401, which yielded 16.24 g of crude extract after EtOAc extraction.
The crude extract was subjected to chromatographic purification, using reversed phase flash,
followed by semipreparative high-performance liquid chromatography (HPLC) to yield

Brassicapeptin A and B. Both molecules were obtained as white amorphous powders and
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subjected to mass spectrometric (MS) analysis. Using HR-ESI-MS we characterised the partial
amino acid sequences for Brassicapeptin A and B. The HR-ESI-MS spectrum of
Brassicapeptin A showed a double-charged base peak ion [M+2H]*" at m/z 1027.1080, in
agreement with the molecular weight of 2052.2004, which was supported by the tribble-charged
base peak ion [M+3H]** at m/z 685.0747, suggesting a molecular formula of CocHi61N23026
(Fig. 4A). For Brassicapeptin B, the HR-ESI-MS spectrum showed a double-charged base peak
ion [M+2H]*" at m/z 1005.1033 together with a tribble-charged base peak ion [M+3H]*" at m/z
683.0612, suggesting a molecular formula of Co4H157N23026 (Fig. 4B). Comparison of the HR-
ESI-MS/MS fragments of Brassicapeptin A and B revealed the high similarity from b, to b; and
from yi-y10 except for the differences from b to bio and from y11-yi3. The partial sequences of
Brassicapeptin A and B were identified from the HR-ESI-MS/MS fragments as -Ala-Leu/Ile-
Ala-Val-Leu/lle-Dhb-Hse-Val-Leu/lle-Dha-Ala-Ala-Ala-Thr-Dhb- and -Ala-Leu/Ile-Ala-Val-
Leu/Ile-Dhb-Gly-Val-Leu/Ile-Dha-Ala-Ala-Ala-Thr-Dhb-, respectively. Next, we performed
nuclear magnetic resonance (NMR)-based analysis of the purified compounds to resolve the
stereochemistry of Leu/lle in Brassicapeptin A and B and fully resolve their structure. The
"H NMR and HSQC spectrum displayed 24 amide protons resonated from Jy 7.38 to du 9.37
and 18 a protons resonated from Jn 7.38 to du 9.37. A correlation from a methylene group at
on 2.85 and 2.77 to amide protons at du 7.68 (4H, overlapped) from the 'H-'H Correlated
Spectroscopy (COSY) spectrum indicated a terminal amide group (Dab-y) belongs to a
diaminobutyric acid (Dab) residue, which can also be confirmed by Total Correlation
Spectroscopy (TOCSY) correlation from Dab-NH (du 9.19) to Dab-a (du 3.82), Dab-f3 (on 2.32
and 2.02), Dab-y, and Dab-NH,. A dehydroalanine (Dha) residue was assigned based on the
Heteronuclear Multiple Bond Correlation (HMBC) correlations from Dha-f (du 5.97 and 5.52)
to Dha-a (dc 135.32) and Dha carbonyl (dc 163.75). Three 2,3-dehydroaminobutyric acid (Dhb)
residues were assigned based on COSY correlations between Dhb-3 (du 6.35)/Dhb-y (0n 1.61),
Dhb-B (ou 6.25)/Dhb-y (ou 1.67), and Dhb-B (du 6.07)/Dhb-y (du 1.66), as well as HMBC
correlations from Dhb-B (du 6.35) to Dhb-a (dc 130.47) and Dhb carbonyl (oc 164.11), from
Dhb-y (du 1.61) to Dhb-p (dc 127.82) and Dhb-a (dc 130.47), from Dhb-f (du 6.25) to Dhb-a
(dc 130.89) and Dhb carbonyl (dc 164.15), from Dhb-y (du 1.67) to Dhb-f (dc 127.02) and Dhb-
a (oc 130.89), from Dhb-f (du 6.07) to Dhb-a (dc 131.51) and Dhb carbonyl (dc 165.193), and
from Dhb-y (J0u 1.66) to Dhb-f (dc 124.14) and Dhb-a (dc 131.51; Fig. S4). These spectroscopic
features suggested that Brassicapeptin A contains 22 amino acid residues. The structure of a
fatty acid chain was determined by COSY, Heteronuclear Single Quantum Coherence (HSQC)
and HMBC NMR correlations, which is six carbons in length including a carbonyl group, it
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was assigned to be linked with a Dhb residue (Dhb;) based on COSY and TOCSY, HMBC and
Rotating-frame Nuclear Overhauser Effect Spectroscopy (ROESY) correlations (Fig. S4). Dhb,
residue was further supported to be linked with an Ala residue (Alaz) from the 2D NMR data.
Thus, a FA-Dhbi-Alay- part was elucidated, which can also be supported by the MS/MS
fragment b1 ([Ci13H21N203]" detected at m/z 253.1547, calculated 253.1552). The four Leu or
Ile residues were assigned to be one Leu residue (Leus) and three Ile residues (Iles, Ile1: and
IIez2) from the 2D NMR data. Another partial amino acid sequence (Thrig-Alajo-Dabao-Serzi-
Ile22) was also determined based on 2D NMR data. The above data indicated that the amino
acid sequence of Brassicapeptin A was Dhb;-Alay-Alaz-Leus-Alas-Vale-1le7-Dhbg-Hseo-Valio-
Ile11-Dhaiz-Alaiz-Alais-Alas-Thrie-Dhbi7-Thris-Alaio-Daboo-Ser21-Ilezs. . The  cyclization
between Thri; and Ilex; was determined based on HMBC and ROESY data (Fig. S4).
Brassicapeptin A and B differ only based on a substitution of Hsey to Glys, in Brassicapeptin A
and B, respectively. Collectively, the complete planar structure of R401 Brassicapeptin was

elucidated using a combinatorial approach of MS and NMR (Fig. 4C).
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Figure 4, Structure elucidation of R401 Brassicapeptin A and B. (A, B) HR-ESI-MS/MS fragments of
Brassicapeptin A (A) and B (B). (C) Chemical structures of Brassicapeptin A and B detected from ESI-MS/MS
fragmentations and nuclear magnetic resonance (NMR) analysis. The sidechain at position 9 of Brassicapeptin A
and B is indicated in red in (A) and (B), respectively.
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I1.4.5 Interaction of Brassicapeptin A with NaCl is sufficient for R401 detrimental activity

Syringopeptins have been demonstrated to have antagonistic activity against species in different
kingdoms of life, and R401 has previously been described to be highly antagonistic towards
bacteria (Chapter I). Therefore, we first tested whether Brassicapeptin also contributes to the
antibacterial activity of R401. We generated higher-order mutants lacking pyoverdine and
2,4-Diacetylphlorogucinol (DAPG) BGCs, as these have been described to contribute most to
R401 inhibitory activity (Chapter I, Fig. S5A). We tested a taxonomically diverse set of
bacteria, including Actinobacteria, Flavobacteriia, Bacilli and Alpha-, Beta-, and
Gammaproteobacteria. We furthermore included plant-pathogenic Fusarium oxysporum F212
to assess putative antifungal activity of Brassicapeptin (Bai et al., 2015; Duran et al., 2018).
While most of the R401 inhibitory activity towards bacteria was explained by pyoverdine and
DAPG production, Brassicapeptin showed activity against Streptomyces venezuelae R431.
Furthermore, R401 DAPG, pyoverdine and Brassicapeptin also act additively to inhibit
F. oxysporum F212 (Fig. S5B). We could further confirm the antibacterial activity of
Brassicapeptin A in a minimum inhibitory concentration assay. Here, of all tested strains, only
Listeria monocytogenes DSM20600 (class: Bacilli) was inhibited by R401 Brassicapeptin
(Table S7). Collectively, these data demonstrate direct inhibitory activity of R401

Brassicapeptin against taxonomically unrelated Gram-positive bacteria and F. oxysporum F212.

Next, we assessed the putative phytotoxic activity of Brassicapeptin on Arabidopsis plants.
Brassicapeptin A was approx. 10x more abundant compared to Brassicapeptin B, therefore, we
focused on Brassicapeptin A for all subsequent experiments. We transplanted seven-day-old
Arabidopsis seedlings to 2 MS agar plates containing increasing concentrations of purified
Brassicapeptin A solubilized in dimethyl sulfoxide (DMSO), in the presence or absence of 100
mM NaCl. After 14 days, Brassicapeptin A showed a dosage-dependent effect on root and shoot
growth, demonstrating that Brassicapeptin A is sufficient to reproduce phenotypes on both plant
organs that are reminiscent of the effect of R401 WT in agar plates (Fig. 5 A—C). The addition
of 100 mM NaCl further aggravated this phenotype. Plants grown in the presence of 1 ng/ml
Brassicapeptin A and 100 mM NaCl died immediately as seen by bleaching of the leaves and
severely inhibited root growth (Fig. SB—D). This indicates a direct interaction of Brassicapeptin
A and NaCl. Furthermore, Brassicapeptin A was sufficient to induce ion leakage in 4. thaliana
leaf discs after 16 h of incubation. At this timepoint, no cell death was observable, suggesting
that Brassicapeptin A might insert into plasma membranes, thereby resulting in uncontrolled

ion fluxes (Fig. SE).
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Collectively, this indicates that Brassicapeptin A-induced disruption of ion homeostasis, in
combination with osmotic pressure in the root environment, are sufficient to explain the
detrimental activity of R401 in salt-stressed plants. Given that R401 WT is detrimental on
Arabidopsis in an 2 MS agar-based system in the absence of salt stress, we hypothesized that
Brassicapeptin A-induced disruption of ion homeostasis would be reduced in a diluted MS
medium. Consistent with this hypothesis, inoculation of R401 WT onto 1/10 MS agar plates
completely abolished the detrimental effect of R401 that was observed in /2 MS (Fig. SSC-E).
Taken together, our data support the idea that disruption of host membrane integrity is key for

R401 proliferation at roots.
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Figure 5, Brassicapeptin A interaction with NaCl is sufficient for R401 detrimental activity. (A—C) Shoot
fresh weight (A), root length (B) and images of representative phenotypes (C) of A. thaliana plants grown
axenically on 2 MS agar plates supplemented with increasing concentration of Brassicapeptin A and either
0 or 100 mM NaCl (n=72). Sterile 4. thaliana seeds were pre-germinated on %2 MS agar plates for seven days and
then transferred to new plates containing NaCl and/or Brassicapeptin A for another 14 days; black, blue, and green
markings in (C) indicate root length after seedling transfer or 7 and 14 days of growth, respectively.
(D) Ion leakage assay of A. thaliana leaf discs, 16 h after treatment with increasing concentrations of
Brassicapeptin A. Circular images depict exemplary phenotypes, indicating the lack of cell death (n=8). DMSO or
Brassicapeptin A was taken up in sterile Milli-Q water. All solutions were measured before the experiment
resulting in measurements of 2 uS/cm. (A-D) Brassicapeptin was solubilized in DMSO. Concentrations in red
indicate final Brassicapeptin A concentrations in the agar or Milli-Q water. (A, B, D) Letters indicate statistically
significant differences as determined by Kruskal-Wallis followed by Dunn’s post-hoc test and Benjamini-
Hochberg adjustment with p < 0.05. Statistical comparisons were conducted for each salt treatment separately.
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11.5 Discussion

After 28 days of chronic salt treatment, the response of A. thaliana to salt stress was largely
shoot-specific with photosynthesis-related genes being heavily downregulated, likely due to
accumulation of Cl- and Na’ ions in leaves, causing imbalances in ion homeostasis and
disruption of the photosynthetic machinery (Acosta-Motos et al., 2017; Ashraf & Harris, 2004;
Chaves et al., 2009). The induction of genes involved in starch catabolism is likely to be a
mechanism employed by plants to compensate for the disruptions to photosynthesis (Fig. 2A).
In roots, transcriptomic responses are activated immediately after salt stress sensing before
gradually declining in intensity, explaining the only minor transcriptomic differences after 28
days of continuous salt stress (Fig. 2A and Fig. S1A; Geng et al., 2013). The effect of R401 in
the absence of salt stress was minor in both shoots and roots, while in the presence of
hyperosmotic NaCl concentrations live R401 cells induced highly plastic root-specific
transcriptional changes (Fig. 2A), indicating that R401s detrimental effect occurs primarily via
roots. However, only in shoots, genes involved in different sectors of the plant innate immune
system were significantly down regulated due to NaCl treatment (Fig. 2A and B). Low PAR
treatment dampens salicylic- and jasmonic acid-dependent immunity sectors in A. thaliana
roots and shoots and has been shown to facilitate virulence of Botrytis cinerea and
Pseudomonas syringae pv. tomato DC3000 (Hou et al., 2021). However, R401 did not cause
disease under such conditions (Fig. S3A). Collectively, this indicates a minor involvement of
plant immunity in potentiating R401 virulence, which is corroborated by the absence of disease
symptoms of R401 in an immunocompromised rbohD mutant (Fig. S2B). To fully rule out a
contribution of NaCl-mediated suppression of immunity in facilitating R401 virulence, we
propose testing R401 virulence in mutants impaired in root-specific immunity sectors, such as
mutants lacking the transcription factor MYB15, which has been shown before to facilitate
R401 virulence in agar-based systems (Ma et al., 2021). Furthermore, the application of ABA
should mimic salt stress-induced transcriptional reprogramming, without inducing NaCl or
osmotic stress directly. This could further help to characterize the contribution of immune

functions in R401-mediated disease under salt stress.

R401 encodes a 140 kb BGC that is responsible for the production of the non-ribosomal
peptides Brassicapeptin A and B (Fig. 3A and 4). A R401 mutant lacking sypC, one of the core
biosynthetic genes, lost its ability to cause disease in planta, demonstrating a requirement of
Brassicapeptin production for the detrimental activity of R401s in salt-stressed plants (Fig. 3B).

Various structurally related compounds have been previously demonstrated to possess toxic
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activity against various forms of life including bacteria, fungi, and plants (Bensaci & Takemoto,
2007; Grgurina et al., 2005; Hutchison & Gross, 1997; Melnyk et al., 2019; Scholz-Schroeder
et al., 2001; Weeraratne et al., 2020). R401 Brassicapeptin seems to fulfil dual functions in
plant disease and competitive microbe-microbe interactions (Fig. 3B, Fig. SB-D and Fig. S5B).
Structurally related compounds have been demonstrated to intercalate plasma membranes
thereby destabilizing them and causing pore formation that disrupts cell integrity, eventually
leading to uncontrolled diffusion of cell solutes and the surrounding medium (Dalla Serra ef al.,
1999; Grgurina et al., 2005; Hutchison & Gross, 1997). We observed leakage of cellular solutes
from A. thaliana leaf discs that have been treated with Brassicapeptin A (Fig. SE),
corroborating the assumption that Brassicapeptin inserts into plant plasma membranes. R401
showed sypC-dependent virulence only under salt and drought stress, confirming that
hyperosmotic conditions and Brassicapeptin are required for R401 virulence (Fig. 3B and Fig.
S3A). This is supported by a linear dose-response relationship between applied NaCl
concentrations and the virulence of R401 (Fig. 3C). In 2 MS agar plates, R401
Brassicapeptin A was sufficient to negatively impact shoot and root phenotypes in the absence
of salt stress, while this was aggravated by the addition of 100 mM NacCl to the culture medium
(Fig. SB-D). This suggests that the nutrient concentrations in 2 MS agar medium are sufficient
to impose hyperosmotic stress on plants. A 5-fold reduction in MS medium concentrations was
likewise able to abolish the detrimental activity of R401 (Fig. SSC-E). Collectively, this
demonstrates that the direct interaction of a bacterial secondary metabolite with pore-forming
capabilities and favourable environmental conditions is sufficient to explain R401 detrimental
activity on A. thaliana and likely other salt- and osmotic stress-sensitive plants. The lack of a
plant transcriptomic response in the presence of Brassicapeptin A-producing R401 wild type in
control conditions further supports the conditional bioactivity of Brassicapeptin in the
rhizosphere. Root-specific transcriptional reprogramming to R401 and NaCl treatment and root
(Fig. 2A) and NaCl-specific benefits of Brassicapeptin production on R401 proliferation, likely
via nutrient leaching from the root endosphere due to hyperosmotic pressure (Fig. S3D), further
indicate a root-specific interaction of NaCl and Brassicapeptin. While R401 likely fulfils
extensive biocontrol activities due to its diverse repertoire of antibacterial and antifungal
secondary exometabolites (Chapter I and Fig. S5B), favourable abiotic conditions allow for

disease development by Brassicapeptin-producing R401.

R401, R131 and R107 have been isolated from healthy A4. thaliana plants; however, under
favourable conditions they can become detrimental to plant health — in the case of R401 even

in the context of natural microbial communities (Fig. 1C; Bai et al., 2015). Groundwater-
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derived Pseudomonas sp. N2C3 (N2C3) also contains the syp-syr BGC and has been
demonstrated to cause syp-dependent stunting of 4. thaliana root and shoot growth in /2 MS
agar medium (Melnyk et al., 2019). In natural soil, N2C3 does not cause any detrimental
phenotypes, even after inoculation of high bacterial titres (1 x 10° cells per gram soil; Song et
al., 2021), a phenotype that is reminiscent of the herein described effects of R401. Using
computational analyses, convergent gain, and loss of the syp-syr BGC has been demonstrated
for the Pseudomonas fluorescence-clade, which comprises P. brassicacearum (Melnyk et al.,
2019). Loss of sypC in R401 was sufficient to turn the detrimental strain into a growth-
promoting strain (Fig. 3B), while the mechanisms of growth promotion of Asypc R401 remain
elusive. Collectively, this corroborates regular transfer of genomic elements and suggests that
the acquisition of the syp-syr BGC can overwrite the growth-promoting activities of R401

Asypc under salt stress.

High soil salinity is one of the main constraints for agricultural performance worldwide and
arises through frequent irrigation and fertilisation, which results in the accumulation of nutrient
salts in agricultural soils. This accumulation will become more problematic due to an increasing
demand for field irrigation owing to climate change (Corwin, 2021; Eswar et al., 2021; Eynard
et al., 2008; Hanin et al., 2016; Mukhopadhyay et al, 2021). Our data show disease
susceptibility in the model plant 4. thaliana and the crop plant Solanum lycopersicum; however,
salt-insensitive Lotus japonicus was unaffected by Brassicapeptin. This demonstrates the
necessity for salt-resistant cultivars to not only overcome salt stress per se but also facilitation
of opportunistic pathogens, as demonstrated herein. It is plausible that membrane-intercalating
exometabolites outside of the genus Pseudomonas, such as Surfractin produced by Bacillus spp.
may cause similar detrimental activity to R401 Brassicapeptin A (Bionda ef al., 2013; Kuiper
et al., 2004; Neu et al., 1990; Nielsen et al., 2000; Peypoux et al., 1999; Raaijmakers et al.,
2010). Taken together, our data provides a mechanistic explanation for the emergence of
bacterial plant disease under abiotic conditions and define an ecological framework for the

detrimental activity of R401 and likely other Pseudomonas spp. isolates.
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I1.6 Material and methods

I1.6.1 Data and script availability

All data and code generated for this study will be deposited on public databases upon
publication of this chapter in a scientific journal. All primers used in this study can be found in

Table S8.

I1.6.2 Biological material and culture conditions
Microorganisms

The bacterial and fungal strains used in this study have been initially isolated from unplanted
soil, A. thaliana roots or shoots (Bai et al., 2015; Duran et al., 2018) and are summarized in
Table S9. The R401 Asypc mutant has been deposited in the bacterial culture collection of the
Department of Plant Microbe Interactions at the Max Planck Institute for Plant Breeding
Research in Cologne, Germany, and are available upon request from Stéphane Hacquard

(hacquard@mpipz.mpg.de).

Plant species

Arabidopsis thaliana ecotype Columbia-0 (Col-0), Lotus japonicus ecotype Gifu B-129, and
Solanum lycopersicum cv. Micro-Tom were used as wild-types. 4. thaliana rbohd contains a

dSpm transposon in the fifth exon of AtrbohD (AT5G47910; Torres et al., 2002).

Microbial culture conditions

Bacteria were streaked from glycerol stocks (25% glycerol) on TSA plates (15 g/l Tryptic Soy
Broth, Sigma Aldrich; with 10g/l Bacto Agar, Duchefa Biochemie) and grown at 25 °C. Single
colonies were inoculated into liquid 50% TSB (15 g/l Tryptic Soy broth, Sigma Aldrich) and
grown until dense at 25 °C with 180 rpm agitation. Dense cultures were then stored at 4 °C and
diluted 1 to 10 in TSB the day before the experiment and cultured at 25 °C with 180 rpm
agitation overnight to ensure sufficient cell densities for slow- and rapidly growing bacteria.
Glycerol stocks were stored at -80 °C and kept on dry ice when transported. Individual pieces

of fungal mycelium were transferred to potato dextrose agar (PDA; Sigma-Aldrich) Petri dishes
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from glycerol stocks (approx. 30 pieces of fungal mycelium in 25% sterile glycerol, stored at

-80 °C). F. oxysporum F212 was grown at 25 °C in the dark for 14 days.

11.6.3 Seed sterilisation

Arabidopsis thaliana and S. lycopersicum Micro-Tom seeds were sterilized using 70% ethanol
and bleach. Seeds were submerged in 70% ethanol and left shaking at 40 rpm for 14 minutes.
Ethanol was removed before the seeds were submerged in 8.3% sodium hypochlorite (Roth)
containing 1 pl of Tween 20 (Sigma-Aldrich) and left shaking at 40 rpm for 4 minutes. Under
sterile conditions, the seeds were washed 7x times and finally taken up with sterile 10 mM
MgCl». Seeds were left for stratification at 4 °C for 3 days. Seed sterility was confirmed by
plating approx. 100 seeds on a 50% TSA plate. The seed coat of L. japonicus Gifu seeds was
first abraded using sanding paper, then seeds were incubated for 20 min in diluted bleach,
followed by five-times washing in sterile water. Sterilized Gifu seeds were pregerminated on

sterile, water-soaked whatman paper for 7 days.

11.6.4 Gnotobiotic Flowpot experiments

Peat sterilisation and Flowpot assembly were performed as described before (Chapter I). For
Micro-Tom and Gifu, big Flowpots fitting 50 ml soil were used, as described before (Wippel et
al., 2021). Microbes were grown and inocula were prepared as described above. Each Flowpot
was inoculated with 50 ml half strength Murashige and Skoog medium with vitamins (2 MS;
2.2 g/l, Duchefa Biochemie, 0.5 g/l MES, pH 5.7). For bacteria, a final ODsoo of 0.0025 in
50 ml 2 MS were inoculated per Flowpot. For salt stress treatment 2 MS contained 50, 100 or
150 mM NaCl. For drought treatment, 2 MS contained 5% polyethylene glycol (PEG8000;
Sigma-Aldrich). Per Flowpot, five or three surface-sterilized and stratified 4. thaliana or Micro-
Tom seeds were inoculated, respectively. For Gifu, 7 days old, pregerminated seedlings with
similar developmental stages were carefully transferred to the Flowpots. Microboxes were then
incubated in a light cabinet under short day conditions (10 h light at 21 °C, 14 h dark at 19 °C)
for 14 days and randomized every 2—-3 days. For low PAR treatments, microboxes were partly

covered in cardboard boxes, as described in (Hou ez al., 2021).
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I1.6.5 Natural soil experiments

Cologne agricultural soil (CAS) was obtained from the Max Planck Institute for Plant Breeding
Research in Cologne, Germany. R401 WT was cultured as described above. CAS was placed
in squared pots with an edge length of 9 cm and flush inoculated with 100 ml sterile water or
100 mM NacCl containing either live or heat-killed R401 WT cells at an ODgoo of 0.0025. Four
surface-sterilized and stratified Col-0 seeds were placed per pot. Pots where then placed in trays
in the greenhouse for 28 days. The temperature was set at 22 °C during day and 18 °C during
night, with a relative humidity at 65% and 16 h of light.

I1.6.6 Agar plate experiments

For the experiment depicted in Fig. 1A, 24 surface-sterilized and stratified A. thaliana seeds
were placed in two rows per 12 cm square plate containing 2 MS medium with 10 g/l Bacto-
Agar (Duchefa Biochemie). Plants were grown for 14 days and then flushed with 15 ml 10 mM
MgCl containing either live or heat-killed R401 WT cells at an ODsoo of 0.0005 for 5 mins.
Plants were transferred to new plates and grown for another 5 days. For the experiment depicted
in Fig. SSC-E, 24 surface-sterilized and stratified 4. thaliana seeds were placed in two rows
per 12 cm square plate containing 2 MS or 1/10 MS plates with or without live R401 WT cells
at an ODgoo of 0.0005. Agar plates were sealed and incubated in a light cabinet under short day
conditions (10 h light at 21 °C, 14 h dark at 19 °C) for 14 days and randomized every 2—3 days.

I1.6.7 RNA sequencing experiments

Total RNA was extracted from A. thaliana roots and shoots by RNeasy Plant Mini Kit (Qiagen).
RNA-Seq libraries were prepared by the Max Planck Genome-centre Cologne with NEBNext®
Ultra™ II Directional RNA Library Prep Kit for [llumina® and then sequenced on a NextSeq
2000 in 2 x 150 paired-end read mode. RNA-Seq read quality was observed with
FastQC v0.11.9, then reads were trimmed with Trimmomatic PE v0.38 (Bolger et al., 2014)
using parameters TRAILING:20 AVGQUAL:20 MINLEN:100. Trimmed reads were then
mapped on the reference A. thaliana genome TAIR10 using Hisat2 v2.2.1 (Kim et al., 2019),
taking into consideration exon and splicing sites locations (according to annotation
file TAIR10_GFF3 genes.gff downloaded from arabidopsis.org in October 2022). The number
of fragments (pair of reads) mapped on each gene was then quantified using featureCounts

v2.0.0 (parameter -p, default settings; (Liao et al., 2014). Resulting data were used to calculate
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FPKM (fragments per kilobase of transcript per million fragments mapped) values for each
gene in each sample: (1) Scaling factor: SF=Total number of mapped reads / 1e6;
(2) Fragments per million: FPM=Number of reads mapped on one gene / SF ; (3) FPKM= FPM
/ (Gene length / 1000). Numbers of mapped reads on each gene were also used to perform
differential gene expression analysis with DESeq2 v1.24.0 (Love et al, 2014) and
functions estimateSizeFactor, estimateDispersions and nbinomWaldTest. log2FoldChanges
values were then corrected with shrinkage algorithm apeglm v1.6.0 (A. Zhu ef al., 2019). One
R401 WT and 100 mM NaCl-treated shoot sample (sample ID: 5642.W) was highly
contaminated with brown trout (Salmo trutta) reads, likely arising during library preparation.

This sample was therefore excluded from the analysis.

11.6.8 BGC prediction using antiSMASH

antiSMASH (Blin et al, 2021) predictions and data from modified Burkholder assay

experiments are derived from Chapter 1.

11.6.9 Asypc mutant generation

R401 Asypc mutant generation was conducted as described in Chapter I. All utilized primers

can be found in Table S8.

11.6.10 Quantification of R401 load on plant roots and shoots

Col-0, Gifu and Micro-Tom roots and shoots were carefully cleaned, dried, and collected in
pre-weighed, sterile 2 ml tubes containing 1 steel bead (3 mm diameter). Tubes were weighed
again to assess the root or shoot fresh weight. Subsequently, samples were ground in a Precellys
24 TissueLyser (Bertin Technologies) for 2 x 30 s at 6,200 rpm with 15 s intervals. Then, 150 pl
of sterile 10 mM MgCl, were added to each tube and roots were ground again under the same
conditions. Each sample was subsequently dilute five times 1:10 in sterile 10 mM MgCl..
Undiluted samples and each dilution were plated on 50% TSA square plates, dried and left to
grow at 25 °C until single colonies appeared. Pictures were taken and single colonies were

counted blinded.
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11.6.11 Microbial growth rate validation

Assessment of microbial growth rates was conducted as described before (Chapter I). Either
artificial root exudates (ARE) or ARE supplemented with 100 mM NaCl were inoculated with
R401 WT or Asypc cells to a final ODggo 0.01.

11.6.12 Isolation of R401 Brassicapeptin

R401 was precultured in 300 ml flasks containing 100 ml TSB medium for 2 days at 30 °C and
160 rpm. 80 ml preculture were added to 1 I M19 medium (casein peptone 20 g/, D-mannitol
20 g/1) in 5 1 flasks. This procedure was carried out 70-times. All flasks were incubated at 30 °C
and 160 rpm for 24 hours, followed by an extraction using EtOAc (volume ratio 1:1) for three
times, yielding 16.24 g crude extract. Twenty-one fractions were collected from reversed phase
flash chromatography (Interchim Puriflash 4125 chromatography system with Puriflash C18-
AQ30 pum F0120 column) with an elution gradient starting from 10% MeOH/H20 to 100%
MeOH over 4 h. Fraction 19 (143.8 mg) was further subjected to semi-preparative HPLC
(semipreparative purification column: VP 250/10 Nucleodur C18 Gravity-SB, 5 um; Macherey-
Nagel, Flow: 3 ml/min; Gradient: 0—20 min, gradient increased from 40% to 100% MeOH; 20—
32 min, 100% MeOH) to give two subfractions (fractions 19.1 and 19.2). Fraction 20 (96.7 mg)
was also subjected to semi-preparative HPLC (semipreparative purification column: VP 250/10
Nucleodur C18 Gravity-SB, 5 um; Macherey-Nagel; Flow: 3 ml/min; Gradient: 0—20 min,
gradient increased from 40% to 100% MeOH; 20-32 min, 100% MeOH) to give two
subfractions (fractions 20.1 and 20.2). Subfraction 19.2 (6.7 mg) and 20.2 (6.7 mg) were further
purified by semi-preparative HPLC (analysis column: EC 250/4.6 Nucleodur C18 Gravity-SB,
5 um; Macherey-Nagel; Flow: 1 ml/min; Gradient: 0 — 40 min, gradient increased from 40% to
100% MeOH; 40-50 min, 100% MeOH) to yield Brassicapeptin A (6.1 mg, tr = 38.4 min).
Fraction 18 (108.6 mg) was subjected to semi-preparative HPLC (semipreparative purification
column: VP 250/10 Nucleodur C18 Gravity-SB, 5 um; Macherey-Nagel; Flow: 3 ml/min;
Gradient: 0—20 min, gradient increased from 40% to 100% MeOH; 20-32 min, 100% MeOH)
to give three subfractions (fractions 18.1-18.3). Subfraction 18.3 (8 mg) was further purified
by semi-preparative HPLC (analysis column: EC 250/4.6 Nucleodur C18 Gravity-SB, 5 um;
Macherey-Nagel; Flow: 1 ml/min; Gradient: 0 — 3 min, 10% MeCN; 3—-58 min, gradient
increased from 10% to 92.5% MeCN; 58—65 min, 100% MeCN) to yield Brassicapeptin A (3
mg, tr = 56.4 min) and B (0.9 mg, tr = 52.3 min).
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I1.6.13 Structure elucidation of R401 Brassicapeptin

The planar structure of the isolated compounds was elucidated by analysis of NMR data, LC-
HR-MS, and LC-HR-MS/MS data. The 1D and 2D NMR spectra were recorded in CD30D or
DMSO-ds using Bruker Avance I1 600 MHz spectrometers equipped with a Prodigy cryoprobe
(Bruker, Ettlingen, Germany) and Bruker Avance Neo 700 MHz spectrometer equipped with a
5 mm CryoProbe Prodigy TCI (‘H,"°N,!3*C Z-GRD) (Bruker). The LC-HR-MS and MS/MS data
were recorded on a quadrupole time-of-flight spectrometer (LC-QTOF maXis II, Bruker
Daltonik) equipped with an electrospray ionization source in line with an Agilent 1290 infinity
LC system (Agilent). C18 RP-UHPLC (ACQUITY UPLC BEH C18 column; 130 A, 1.7 um,
2.1 x 100 mm) was performed at 45°C with the following linear gradient: 0 min: 95% A;
0.30 min: 95% A; 18.00 min: 4.75% A; 18.10 min: 0% A; 22.50 min: 0% A; 22.60 min: 95%
A; 25.00min: 95% A (A: H20, 0.1% HCOOH; B: CH3CN, 0.1% HCOOH; flow rate:
0.6 ml/min). Mass spectral data were acquired using a 50 to 2,000 m/z scan range at 1 Hz scan
rate. MS/MS experiments were performed with 6 Hz and the top five most intense ions in each
full MS spectrum were targeted for fragmentation by higher-energy collisional dissociation at
25eV or 55eV using N2 at 10-2 mbar. Precursors were excluded after two spectra, released
after 0.5 min, and reconsidered if the intensity of an excluded precursor increased by factor 1.5
or more. The absolute configuration of isolated compounds was elucidated by Marfey assay. A
5 mM stock solution in H2O was prepared from the reference amino acids. 20 pl 1 M NaHCOs3
and 50 ul 7 mM L FDVA (Sigma Aldrich) in acetone was added to 50 pl stock solution of the
reference amino acids. The mixture was stirred at 40 °C for 3 h and then quenched by adding
20 ul of 1 M HCI. After evaporation, the residue was dissolved in 40 ul DMSO and analysed
by UPLC HRMS (maXis II). Brassicapeptin A (0.5 mg) and B (0.3 mg) were dissolved in 200
ul of 6 M DCI in D20 and stirred at 160 °C for 7 h. After concentrating the solution under
reduced pressure, the residue was dissolved in 200 pul H>O and 100 pl of 1 M NaHCO3 and 200
ul of 7 mM L FDVA in acetone were added. After stirring for 3 h at 40 °C, the solution was
quenched by adding 100 ul of 1 M HCI. After evaporation to dryness, the residue was dissolved
in 50 ul DMSO and analysed by UPLC HRMS (maXis II).

11.6.14 In planta activity test of R401 Brassicapeptin A

Surface sterilized and stratified 4. thaliana seeds were pregerminated on 2 MS agar plates.
After seven days, seedlings were transferred to /2 MS agar plates supplemented with either

1 ng/ul, 1 pg/pl Brassicapeptin A solubilized in DMSO or DMSO as negative control and either
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0 mM or 100 mM NaCl. After 14 days agar plates for seven days and then transferred to new
plates containing NaCl and/or Brassicapeptin A. Agar plates were incubated in a light cabinet
under short day conditions (10 h light at 21 °C, 14 h dark at 19 °C) for additional 14 days and

randomized every 2-3 days.

I1.6.15 Ion leakage assay

Five discs with 3 mm diameter of approx. 28 days old A. thaliana Col-0 leaves were transferred
to wells of a 24-well plate, filled with sterile Milli-Q water supplemented with either 1 ng/ul,
1 png/ul Brassicapeptin A solubilized in DMSO or DMSO as negative control. Before the
transfer of leaf discs and after 16 h, ion leakage measurements were taken using the Twin Cond

conductivity meter B-173 (HORIBA).

I1.6.16 Modified Burkholder assays (mBA)

Modified Burkholder assays to determine the antagonistic potential of R401 and its mutants
was carried out as described in Chapter 1. For F. oxysporum F212, pieces of 14 days old
mycelium were transferred to pre-weighed sterile 2 ml screw cap tubes containing one and
approx. 15 steel beads of 3 mm and 1 mm diameter, respectively. Per 50 mg harvested fungal
mycelium, 500 pl of sterile 10 mM MgCl> were added. The mycelium was subsequently
grinded in a paint shaker at approx. 600 rpm for at least 10 min until homogeneous. The

resulting slurry was used to inoculate 25% TSA medium to a final concentration of 100 pg/ml.

11.6.17 Minimal inhibitory concentration assay

Determination of the minimum inhibitory concentration (MIC) of Brassicapeptin A was carried
out by micro broth dilution assays in 96 well plates as literature (Wang et al., 2022).
Brassicapeptin A was dissolved in dimethyl sulfoxide (DMSO, Carl Roth GmbH + Co.) with a
concentration of 6.4 mg/ml and tested in triplicate. Dilution series (64—0.03 pg/ml) of
rifampicin, tetracycline, and gentamicin (all Sigma -Aldrich) were prepared as positive controls
for Escherichia coli ATCC25922, Staphylococcus aureus ATCC25923 and Listeria
monocytogenes DSM20600. Same dilution series of rifampicin, tetracycline, and isoniazid for
Mycobacterium smegmatis ATCC607. For Zymoseptoria tritici MUCLOS, Botrytis cinerea
HAGO001286 and Colletotrichum coccodes DSM62126, tebuconazole (Cayman Chemical
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Company), amphotericin B (Sigma-Aldrich) and nystatin (Sigma Aldrich) were used as the

positive control with same dilution series.

I1.6.18 Statistical analyses

All statistical analyses were conducted in R 4.1.2. Data visualisation was conducted using the
ggplot2 package (as part of the Tidyverse) or the ComplexHeatmap package. As nonparametric
tests, Kruskal-Wallis followed by Dunn’s post-hoc test and Benjamini-Hochberg (BH)
adjustment for multiple comparisons from the PMCMRplus package (Pohlert, 2022) were used.
The respective statistical tests are indicated in each figure description. Significance was
indicated by significance group (p < 0.05). No statistical methods were used to pre-determine
sample sizes. Halo size quantification in modified Burkholder experiments, and root length
measurements were performed blinded using the Fiji package of Imagel. Colony counts of
R401 were performed blinded. RNA sequencing data processed as described above and further
analysed and visualized as described in (Ma et al., 2021). GO Term enrichment was conducted
as indicted in the respective figure description or results section. Figures were assembled in

Adobe Illustrator.
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I1.8 Supplementary figures
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Figure S1 related to Figure 2, R401 colonisation and transcriptome modulation are not linked. (A, B) Venn
diagrams of DEGs (from Figure 2A) in roots (A) and shoots (B) of A. thaliana plants co-inoculated with R401,
100 mM NaCl or both in the gnotobiotic Flowpot system. DEGs derive from a pairwise comparison to control
(HK and 0 mM NaCl)-treated plants. Percentages indicate the total number of DEGs of all three comparisons.
(C) Colonization capability of R401 WT on roots and shoots of 4. thaliana seedlings grown in the gnotobiotic
Flowpot system for 28 dpi in the presence or absence of 100 mM NaCl. Colony forming units have been normalized
to tissue fresh weight; n=12. No statistically significant differences were determined by Kruskal-Wallis followed
by Dunn’s post-hoc test and Benjamini-Hochberg adjustment as indicated by ‘ns’, not significant.
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Figure S2 related to Figure 2, R401 does not become detrimental in an immunocompromised rbohD mutant.
(A) log2-transformed shoot fresh weight of A. thaliana plants grown in the gnotobiotic Flowpot system for 28 dpi
in the presence or absence of 100 mM NaCl and either heat-killed (HK) R401 cells or live R401, Streptomyces sp.
R107 or Xanthomonas sp. L131 cells. (B) log2-transformed shoot fresh weight of A. thaliana wild type (Col-0) or
rbohD mutant plants grown in the gnotobiotic Flowpot system for 28 dpi in the presence of either live R401 or
Xanthomonas sp. L131 cells. Col-0 data are identical with (A). (A, B) Letters indicate statistically significant
differences as determined by Kruskal-Wallis followed by Dunn’s post-hoc test and Benjamini-Hochberg
adjustment with p < 0.05 (n=30).
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Figure S3 related to Figure 3, Brassicapeptin A production is a salt stress-specific root competence
determinant. (A) log2-transformed shoot fresh weight of 4. thaliana plants grown in the gnotobiotic Flowpot
system for 28 dpi in the presence or absence of drought stress (5% PEG8000) or low photosynthetically active
radiation (low PAR, induced by shading; Hou ef al., 2021) and either heat-killed (HK), live wild-type (WT) or live
Asypc R401 cells (n=30). (B, C) log2-transformed shoot fresh weight of Solanum lycopersicum cv. Micro-Tom
(A; n=15) and Lotus japonicus Gifu (B; n=45) plants grown in the gnotobiotic Flowpot system for 28 dpi in the
presence or absence of 100 mM NaCl and either heat-killed (HK), live wild-type (WT) or live Asypc R401 cells.
(A-C) Letters indicate statistically significant differences as determined by Kruskal-Wallis followed by Dunn’s
post-hoc test and Benjamini-Hochberg adjustment with p < 0.05. Statistical comparisons were conducted for each
abiotic stress treatment separately. (D, E) Colonization capability of R401 on roots and shoots of Solanum
lycopersicum cv. Micro-Tom (D) and Lotus japonicus Gifu (E) plants grown in the gnotobiotic Flowpot system
for 28 dpi in the presence or absence of 100 mM NaCl. Colony forming units (CFU) have been normalized to
tissue fresh weight; n=15. Statistical significance was determined by Kruskal-Wallis followed by Dunn’s post-hoc
test and Benjamini-Hochberg adjustment. Significance between WT and Asypc is indicated by black asterisks
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(** indicates p < 0.01; ns, not significant). Statistical comparisons were conducted for each NaCl treatment and

compartment separately.
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>

Figure S4, related to Figure 4, 2D-NMR-based structure elucidation of R401 Brassicapeptin.
'H-'H Correlated Spectroscopy (COSY; blue), Total Correlation Spectroscopy (TOCSY; blue), Heteronuclear
Multiple Bond Correlation (HMBC; red) and Rotating-frame Nuclear Overhauser Effect Spectroscopy (ROESY;
pink) revealed the complete structure of Brassicapeptin.
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Figure S5 related to Figure S5, R401 detrimental activity in agar plates depends on nutrient salt
concentrations. (A) Genomic map of the main chromosome of R401, illustrating the locations of three
biosynthetic gene clusters (BGC) involved in Brassicapeptin A (green), 2,4-Diacetylphloroglucinol (DAPG,
yellow) and pyoverdine (red) production in R401. Further indicated are respective mutants for each BGC (Asypc,
Aphld, Apvdy, respectively). R401 Aphld and Apvdy have been characterized previously (Chapter I). (B) Balloon
plot depicting the inhibitory activity of R401 WT and single, double, or triple mutants, with targeted mutations in
one of the three BGCs depicted in (A) against a taxonomically diverse set of bacteria and one fungus. Inhibitory
activity was measured as halo of inhibition size by a modified Burkholder assay as described before (Chapter I).
Statistical significance was determined by Kruskal-Wallis followed by Dunn’s post-hoc test and Benjamini-
Hochberg adjustment in comparison to the respective lower-order mutant or the wild-type in the case of single
mutants. Black circles indicate p < 0.05 (n=5). ‘x’ indicates no detectable halo formation while ‘NA’ shows that
no data was acquired for the respective comparison. Target strains are coloured based on the bacterial or fungal
classes. (C—E) Shoot fresh weight (C) and root length (D) and images of representative phenotypes (E) of
A. thaliana plants grown on %2 MS or 1/10 MS agar plates in the presence (R401) or absence (cntrl) of R401 wild
type for 14 dpi. Statistical significance was determined by Kruskal-Wallis followed by Dunn’s post-hoc test and
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Benjamini-Hochberg adjustment. Significance compared to ctrl conditions is indicated by black asterisks
(*** indicate p < 0.001; ns, not significant). Statistical comparisons were conducted for each MS separately.
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I1.9 Supplementary tables

Table S6, A. thaliana DEGs in roots and shoots in response to R401 and/or NaCl stress
Table S7, Minimal inhibitory concentrations of R401 Brassicapeptin A
Table S8, Primers used in this study

Table S9, Microorganisms used in this study

All supplementary tables have been deposited at EDMOND and can be accessed via the
following link: https://doi.org/10.17617/3.11ABIM
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dissecting competitive and cooperative interactions in the root microbiota
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ITI.1 Summary

In nature, plant roots are colonized by diverse soil-derived bacterial and fungal communities,
collectively termed the root microbiota. Studying the functions and rules driving the
establishment of these communities is hindered by their complexity. Here, we describe a
minimal synthetic community (MiniSynCom) comprised of eleven bacteria and four fungi,
representing highly prevalent strains of each core microbial class stably associating with
Arabidopsis thaliana roots across a European transect. This MiniSynCom recapitulates
functions of highly complex microbial consortia, suggesting that a low diversity core
microbiota is largely sufficient for fulfilling key microbiota functions. By assessing 225
pairwise microbe-microbe interaction phenotypes in sterile peat and artificial root exudates, we
observed that the growth media extensively modulates inter- but not intra-kingdom interactions.
In particular, antagonistic interactions prevailed in root exudate-mimicking growth media,
whereas cooperative interactions dominated in a soil-like peat matrix, suggesting a key role of

the host in driving microbial antagonism.

Keywords
Root microbiota, SynCom, bacteria, fungi, soil, root, rhizosphere, binary interactions,
microbiota, competition
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1I1.3 Introduction

Natural soils represent an important reservoir of biological diversity at microscopic ranges,
primarily in the form of bacteria and fungi that constitute the primary inoculum for microbial
communities associating with subterranean plant organs (Bahram et al., 2018; Bulgarelli et al.,
2012; Tringe et al., 2005). While the soil biota is heavily influenced by edaphic and climatic
factors, resulting in soil type-specific microbiota structures, bacterial and fungal communities
structurally converge towards plant roots along the soil-root continuum (Fierer & Jackson,
2006; Getzke et al., 2019; Tedersoo et al., 2014; Thiergart et al., 2019). This process is
accompanied by a gradual reduction in microbial alpha-diversity across the soil-root continuum
(Bulgarelli et al., 2012; Edwards et al., 2015; Lundberg et al., 2012), indicating that selective

forces restrict root colonisation to highly adapted and competitive microbial strains.

Bacterial and fungal marker gene amplicon sequencing approaches have allowed for a
descriptive assessment of microbial community structures in natural settings and cataloguing
of root-enriched microorganisms. Subsequent efforts to isolate bacterial and fungal strains from
plant roots of the model plant Arabidopsis thaliana demonstrated that significant fractions of
bacterial and fungal communities (54—64% and 37-50%, respectively) were cultivatable (Bai
et al., 2015; Duran et al., 2018). Microorganisms belonging to the bacterial Phyla
Proteobacteria, Actinobacteria, Bacteroidetes and Firmicutes and the fungal Phylum
Ascomycota, respectively, constitute >92% and >63% of the amplicon sequence variants
(ASVs) found associated with Arabidopsis roots in nature and are widely culturable in
laboratory conditions (Bai et al., 2015; Duran et al., 2018; Thiergart et al., 2019). This
cultivability and conservation of species allows for microbiota reconstruction approaches using
synthetic communities (SynComs) of reduced complexity. SynComs approximate microbial
communities in nature and can allow for strain-specific monitoring of, e.g., microbial
abundances. Furthermore, they enable manipulation of properties of ecological communities or
genetics of individual strains (e.g., Carlstrom et al., 2019 and Chapter I) and, thereby, allow

for the identification of causal links in highly complex multipartite systems.

Characterizing microbiota functions (i.e., host immunomodulation, promotion of abiotic stress
tolerance or inorganic nutrient uptake) with beneficial impacts on the host are also greatly
facilitated by the use of SynComs and germ-free plants in microbiota reconstitution experiments
(Harbort et al., 2020; Ma et al., 2021; Wippel et al., 2021). However, most studies are solely
centred on the bacterial fraction of the root microbiota, meaning that the vast fungal diversity

associating with plant roots remains understudied and underappreciated (Marin ef al., 2021).
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By reconstituting multikingdom synthetic communities, Duran et al. (2018) were able to
establish a direct link between community-level interkingdom interactions and plant health, as
co-inoculation of bacteria and filamentous eukaryotes results in enhanced survival rate and
shoot fresh weight compared to the germ-free control plants. These data provided first evidence
for the relevance of co-assessing bacterial and fungal fractions of the root microbiota. The
complexity of the utilized SynCom, however, which comprises 148 bacteria and 34 fungi,
results in high genetic redundancy between isolates, rendering mechanistic assessment of

microbial genetic determinants underlying the observed phenotypes difficult.

Here, we utilize bacterial and fungal amplicon sequencing data from microbial communities
sampled across a European transect and stably associating with Arabidopsis roots over three
consecutive years to design a minimal 15-member multikingdom synthetic community
comprising highly prevalent strains from all core bacterial and fungal classes. Further, we
provide ecological and physiological evidence that this SynCom recapitulates the main
functions of the core root microbiota and characterise pairwise intra- and interkingdom
interactions between all strain combinations under two nutrient regimes, resembling the
transition at the soil-root continuum. We establish an ex planta quantitative abundance protocol,
and score interaction outcomes of 225 strain combinations by profiling 3,072 samples using
bacterial /65 rRNA v5v7 and fungal internal transcribed spacer 1 (ITS1) region-specific
primers in two growth systems. This reveals high plasticity of in inter- but not intrakingdom

interactions due to the availability of easily accessible carbon.
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1I1.4 Results

I11.4.1 Rational design of a minimal synthetic community resembling the naturally

occurring core microbiota of Arabidopsis roots

Mechanistic understanding of microbiota functions is often limited by genetic and functional
redundancy within complex microbial communities. To overcome these limitations for the
A. thaliana root microbiota, we established a minimal synthetic community (MiniSynCom,
MSC) composed of bacterial and fungal isolates that represent the most prevalent amplicon
sequence variants (ASVs) stably associating with Arabidopsis roots across a European transect
over three consecutive years (Thiergart et al., 2019). With reference to previous design of
highly complex synthetic communities (Duran et al., 2018), we selected bacteria and fungi that,
at higher taxonomic ranks (class-level), collectively represent the intra- and inter-kingdom
community partitioning found in nature (Figl. A-B). A total community size of 15 members
(11 bacteria and 4 fungi) was defined as the minimal size that allowed incorporation of all major
microbial classes without causing over- or underrepresentation of microbial classes
(Figl. A-B). For community selection, we could capitalize on established bacterial and fungal
culture collections (4z-RSphere; Bai et al, 2015 and Durdn et al., 2018, respectively).
We focused on isolates that were originally isolated from A. thaliana roots grown in Cologne
agricultural soil (CAS) and for which whole-genome sequences are available (Fig. 1C-F).
Furthermore, the isolates /65 TRNA v5v7 or ITS1 regions should show 100% sequence identity
with the respective ASV sequence, while, as a community, all strains must be distinguishable
by the respective marker gene regions, based on a minimum of four mismatches. The identity
of each microbial isolate was re-validated using /6S rRNA v5v7 or ITS1 region amplicon
sequencing and all draft genomes are currently being finalized using long-read sequencing
approaches (Table S10). Our SynCom of minimal size recapitulates the phylogenetic diversity
and likely core genomic functions of more complex communities. To validate genome-encoded
functions of the MSC, we randomly selected 11-member bacterial communities from the
At-RSphere culture collection in silico and retrieved their genomes for comparative genomic
analyses of the randomly selected SynComs in comparison to the MSC. Computing the mean
whole genome phylogenetic distance within each community corroborated the exceptionally
high phylogenetic distance for the MSC members, which was our aim during SynCom selection
(Fig. S1A). Using a computational approach, we assessed genomic capacities for the production
of microbial metabolites, such as vitamins, amino-acids, and phytohormones — metabolites that

likely fulfil important functions in microbial interactions with the host (Duca & Glick, 2020;
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Eichmann et al., 2021; Moormann et al., 2022; Ramirez-puebla et al., 2013). The comparison
of the bacterial MSC with randomly selected 11-member communities showed below-average
overlap in metabolic pathways (Intersect of interactions, Fig. S1B), confirming low genetic
redundancy within the MSC. Thus, the MSC possesses an above-average collective potential
for metabolite production (Union of interactions, Fig. S1C), indicating a high potential for

metabolic exchange and cross-feeding between SynCom members.
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Figure 1, Ecology-inferred design of a minimal synthetic community (MiniSynCom). (A) Arabidopsis root-
associated bacterial and fungal community profiles across a European transect in a two-dimensional stacked bar
plot based on Thiergart et al., (2019). (B) Taxonomic distribution at class-level of bacteria and fungi within the
MiniSynCom as inferred from (A). (C-D), Clustal Omega-computed (Madeira et al., 2022) phylogenetic trees of
all bacterial (C) and fungal (D) ASVs that were detected across a European transect (Thiergart et al., 2019) based
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on /6S rRNA v5v7 and fungal internally transcribed spacer 1 (ITS1) regions, respectively. Blue bars represent
log-transformed relative abundances averaged across all samples, green bars represent the corresponding
prevalence and red triangles mark isolates that constitute the MiniSynCom. (E) and (F), log>-transformed average
relative abundance plotted against the respective site prevalence with each dot representing one bacterial (E) or
fungal (F) ASV from (C) and (D), respectively. Filled dots, represent ASVs within the MiniSynCom.
(A-E), ASVs are coloured based on their taxonomy and clustered based on either bacterial rRNA 765 v5v7 or
fungal ITS1 sequences.

I11.4.2 MSC recapitulates the community functions of complex synthetic communities

To assess the functional capabilities of the MSC, we assessed whether inoculation with this
SynCom could recapitulate plant phenotypes that have so far only been described for highly
complex synthetic communities (approx. 190 members, Duran et al., 2018; Hou et al., 2021;
Wolinska et al., 2021). First, we assessed community-scale interkingdom interactions and their
effect on the host. Using the gnotobiotic Flowpot system (Kremer et al., 2021), we co-
inoculated sterile 4. thaliana seeds and either the bacterial (B), the fungal (F) or the full MSC
(BF); inoculation of axenic medium served as microbe-free control (MF). As for complex
synthetic communities (Duran et al., 2018; Wolinska et al., 2021), fungi had detrimental effects
on the host. Bacteria alone did not show any effect on the host phenotypes but were able to
rescue plant growth when co-inoculated with the fungal MSC (Fig. 2A). Previously, it was
demonstrated that individual bacteria — including Pseudomonas aeruginosa R9, as member of
the MSC — are sufficient to rescue plant growth upon co-inoculation with a fungal community
(Duran et al., 2018). To test whether the rescuing activity observed for the MSC depends solely
on R9, we performed microbial dropouts (i.e., sequential removal of every strain from the MSC
in order to generate 15 SynComs each composed of 14 strains; see Carlstrom et al., 2019). This
revealed functional redundancy in the detrimental and protective activity of the fungal and
bacterial MSC, respectively (Fig. 2B). Coupled with the high genetic diversity of MSC
members, this suggests that multiple independent and functionally redundant mechanisms
contribute to robust protective activities. Next, we assessed the MSC’s capacity for abiotic
stress alleviation. Namely, we tested whether the MSC is sufficient to rescue plant growth under
low photosynthetically active radiation (low PAR) or salt stress (100 mM NaCl). Again, no
significant effects of MSC inoculation under unstressed conditions were observed. Consistent
with previous work, both low PAR and salt stress significantly reduced plant shoot fresh weight
(Hou et al., 2021), while MSC inoculation partially rescued plant growth under these same

stress conditions (Fig. 2C). Collectively, these data confirm that a minimal synthetic
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community can recapitulate community functions of highly complex root-associated microbial

communities.
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Figure 2, MiniSynCom recapitulates community functions of complex synthetic communities.
(A-C) logx-transformed shoot fresh weights of 28-day-old A. thaliana seedlings grown in the gnotobiotic Flowpot
system. Images depict representative phenotypes. (A) 4. thaliana was grown axenically (‘MF’) or in the presence
of bacterial (‘B’), fungal (‘F’) or combined (‘BF’) communities derived from the MiniSynCom; n=30.
(B) Plants were grown with the full, 15-member MiniSynCom (‘BF’) or in different 14-member SynComs, lacking
the respective strain as indicated on the x-axis; n=90. (C) Plants were grown axenically (‘MF’) or with the full
MiniSynCom (‘BF’) in low photosynthetically active radiation- (‘Low PAR”) and salt- (‘100 mM NaCl’) stressed
or unstressed (‘No stress’) conditions; n=90. (A—C) Letters indicate statistically significant differences as

determined by the Kruskal-Wallis followed by Dunn’s post-hoc test and Benjamini-Hochberg adjustment with
p <0.05; ns, not significant.
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I11.4.3 Binary interactions in artificial root exudates predict microbial prevalence at the

root

Our results demonstrate that while bacterial protection against detrimental fungal activity is
functionally redundant, the mechanisms at play are unlikely to be conserved at the genetic level
(Fig. 2B). To gain more information on the specific inter- and intrakingdom interactions that
putatively occur in the root vicinity we performed a binary interaction assay between all MSC
members. To this end, we established an in vitro assay that allows for high-throughput
assessment of hundreds of different pairwise microbial combinations by monitoring microbial
abundances of both interaction partners. In brief, we inoculated individual microbes or
microbial pairs in a 96-well plate system into artificial root exudates (ARE), a liquid medium
that recapitulates the nutritional conditions in the root vicinity (Baudoin et al., 2003).
Subsequently, we isolated DNA and performed /65 rRNA v5v7 and ITS1 amplicon sequencing
to assess bacterial and fungal abundances, respectively. In conditions where only one or two
microbes are present, relative abundances are not informative. Therefore, we established a
spike-in plasmid (hereafter referred to as spike)-based method to assess spike-normalized
quantitative abundances (QA) for bacteria and fungi in the absence of the host plant, as such
protocols have only been used to assess QA of root-associated microbes (Guo et al., 2020).
To assess the feasibility of the proposed spike-based normalisation, we profiled MSC-
inoculated soil samples from Flowpot experiments after adding increasing concentrations of
spike. The utilized spike (BI-124, Guo ef al., 2020) comprises both /65 rRNA v5v7 and ITS1
region-specific primer binding sites, resulting in co-amplification with bacterial and fungal
marker gene amplicons. For both bacterial and fungal marker gene regions, we find a linear
association of spike input concentration and resulting spike abundances (Fig. S2A and B),
indicating that this method is suitable for assessing bacterial and fungal quantitative abundances
irrespective of the ratio of spike to microbial reads. To validate that changes in microbial load
do not skew quantitative abundance community profiles, we furthermore added DNA of one
axenically grown bacterium and one fungus, whose marker gene sequences can be
differentiated from all MSC strains, to half of the samples prior to marker gene amplification.
When computing spike-normalized QA, it becomes evident that an increase in total quantitative
abundance by artificially adding microbial DNA does not alter the community composition,
further validating the robustness of this method and confirming the feasibility of the spike-

based marker gene read count normalisation in the absence of a plant (Fig. S2 C and D).
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We then applied this normalisation method to all 1,536 samples from the binary interaction
screen in ARE (see Fig. S2E for a schematic representation of the conducted normalisation
steps). For each sample, amplicon sequencing libraries for bacterial and fungal marker genes
were constructed, out of which only 34 samples (~1%) were contaminated and excluded from
the subsequent analyses. Computation of interaction scores for effector and target microbes
(i.e., target and effector scores, respectively) revealed strain-specific interaction profiles. Here,
antagonistic interactions prevail over binary interactions in the presence of easily accessible
carbon (Fig. 3A). We then calculated a cumulative effector and target score for each MSC
member, which revealed quantitative differences in sensitivity and antagonistic capacity for all
tested strains; however, this analysis also highlighted a few highly susceptible (R16D2, R695
and F243) and one highly antagonistic strain (R9; Fig. 3B), making the latter a potentially
interesting strain for subsequent assessment of the underlying mechanisms. We previously
demonstrated that interbacterial inhibition functions as a root competence determinant
(Chapter I). Therefore, we assessed whether microbial prevalence across a European transect
can be explained by microbial effector or target scores. While target scores (i.e., sensitivity)
were not significantly predictive of microbial prevalence, effector scores (i.e., antagonism)
could explain prevalence based on regression analysis (Fig. 3 D and E). This became even more
apparent when performing the same analysis for bacterial and fungal effector scores separately
(bacteria: p=0.013, R’=0.46; fungi: p=0.005, R’=0.99). This data corroborates the previously
described (Chapter I) relevance of microbe-microbe interactions for root microbiota
establishment. To gain insights into potential mechanisms that explain the observed
phenotypes, we first tested whether exometabolites may be of relevance, as observed before
(Chapter I). When comparing the number of predicted biosynthetic gene clusters, a proxy for
inhibitory activity and the mean capacity for halo production, a proxy for exometabolite-
mediated antagonism, with the observed effector scores, no association of the data was to be
observed, indicating that, while exometabolites are likely involved in the outcome of some
binary interactions, they are not the key driver thereof (Fig. S3A and B). Microbial interactions
involve competition for resources; we therefore hypothesized that rapid microbial growth could
be advantageous in direct competition. We assessed microbial growth rates by continuously
measuring Abseoo of axenically grown bacteria and fungi grown in ARE. Indeed, microbial
growth rate was a good predictor of interaction outcome and could significantly explain
differences in effector and target scores (Fig. S3C and D). Taken together, our data suggests

that microbial competitiveness involves direct competition for nutrients through microbial
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outgrowth, which is likely also involved in root competence, as our data can explain microbial

prevalence at A. thaliana roots in nature.
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Figure 3, Binary interactions in artificial root exudates predict microbial prevalence at the root.
(A—C) Individual bacteria or fungi were either co-inoculated in pairs or grown axenically in liquid artificial root
exudates medium for 24 h. Based on spike-normalized community profiling of the bacterial /65 rRNA v5v7 and
fungal ITS1 regions, microbe-microbe interaction (MMI) profiles were computed for all tested binary
combinations of strains. Further details can be found in Fig. S1E and the Method section. (A) Heatmap of all
binary MMI within the MiniSynCom in ARE, with each tile reflecting the logz-transformed fold change of the
respective target’s quantitative abundance in the presence of an effector microbe normalized by the microbe’s
quantitative abundance in axenic conditions. Averages thereof are represented as effector and target scores, while
the relative microbial load refers to a microbe's relative load in axenic conditions. Microbes are coloured at class-
level and clustered by Clustal Omega-computed (Madeira ef al., 2022) phylogeny of the bacterial /6S rRNA v5v7
or the fungal ITS1 regions. (B) Cumulative effector and target scores for each tested bacterium (circle) and fungus
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(triangle). (C—D) Regression analysis of microbial effector (C) and target (D) scores with microbial prevalence at
Arabidopsis toots across a European transect (Thiergart et al., 2019). p-values and R? derive from linear models;
ns, not significant.

I11.4.4 Interkingdom interactions modulate bacterial proliferation in peat

In ARE, we primarily identified antagonistic interactions between all tested microbes. We
hypothesized that microbial interactions are modulated by the nutritional status — as occurs
along the soil-root continuum in nature. To mimic these contrasting nutritional regimes in vitro,
we repeated the binary interaction assay in peat, using a comparable spike- and marker gene
amplicon sequencing-based approach. Alteration of the nutritional regime quantitatively altered
the interaction profiles of most binary combinations. Nonetheless, antagonistic interactions
prevailed over cooperativity, while the magnitude of antagonistic interactions was generally
reduced (Fig. 4A). A comparison of effector and target scores for each binary interaction in
ARE and peat confirms that, qualitatively, 63% of all binary combinations remain unchanged
in both systems (Fig. S3A and B, quadrants II and III). This suggests that while interaction
amplitude might be altered by the nutritional regime, the general type of interaction remains
stable even in strongly differing systems. Next, we computed interaction networks, depicting
all substantial binary interactions (Fig. 4B and D) and aggregated the outgoing and incoming
nodes by microbial kingdom (Fig. 4C and E) for binary interaction data from ARE and peat.
While intrakingdom interactions remained antagonistic irrespective of nutritional regime,
interkingdom interactions are bidirectionally modulated. i.e., in peat, the presence of bacteria
negatively affects fungal abundance to a lesser extent compared to ARE. Reciprocally, the
presence of fungal isolates is more beneficial for bacterial performance in peat (Fig. 4B-E).
This suggests that in environments comprising primarily complex carbon as nutritional sources,

bacteria rely on the presence of fungi for improved growth.

Taken together, we established an ecologically and functionally relevant minimal synthetic
community with reduced genetic redundancy for the assessment of microbiota functions in a
community context. As proof of principle, we assessed binary interactions between all SynCom
members and could reveal nutrient regime-driven modulation of microbial interkingdom
interactions, pointing towards bacterial growth facilitation by fungal isolates in the absence of

easily accessible carbon.
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Figure 4, Interkingdom interactions modulate bacterial proliferation in soil. (A) Heatmap of all binary MMI
within the MiniSynCom in peat, with each tile reflecting the logz-transformed fold change of the respective target’s
quantitative abundance in the presence of an effector microbe normalized by the microbe’s quantitative abundance
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in axenic conditions. Averages thereof are represented as effector and target scores, while the relative microbial
load refers to a microbe's relative load in axenic cultures. Microbes are coloured by class and clustered by Clustal
Omega-computed (Madeira et al., 2022) phylogeny based on either the bacterial /6S rRNA v5v7 region of the
fungal ITS1 region, similarly to Fig. 3A. (B and D) Interaction networks of all members of the MiniSynCom,
based on Fig. 3A and (A) for (B) and (D), respectively. Node colours represent microbial phylogeny and edge
colour represents log: transformed fold changes. While node size represents a nodes outdegree (i.e., a measure for
connectedness), node position does not reflect biological data. (C and E) represents the number of outgoing edges
of (B) and (D), respectively, aggregated by microbial kingdom and type of interaction outcome.
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II1.5 Discussion

Synthetic microbial communities constitute an important tool for dissecting microbiota
functions (e.g., Castrillo et al., 2017; Finkel et al., 2019; Harbort et al., 2020; Hou et al., 2021;
Wolinska et al., 2021) and allow bridging of the gap between descriptive observations made in
natural microbial communities and simplistic mono-association experiments of individual
microbial isolates and their hosts in laboratory conditions (Marin et al., 2021). For the
A. thaliana root microbiota, prior studies incorporating both bacteria and fungi primarily relied
on complex SynComs constituting approx. 190 members, thereby incorporating a vast diversity
of strains with high genetic and thereby functional redundancy (Durén et al., 2018; Hou et al.,
2021; Wolinska et al., 2021). Here, we used ecological data from natural communities to
establish a MiniSynCom composed of some of the most prevalent bacterial and fungal strains
associated with Arabidopsis roots across a European transect (Thiergart et al., 2019), that partly
constitutes a core microbiota. Genomics-based metabolic modelling suggested little functional
overlap between selected strains (Fig. S3B). Inoculation of the MSC on axenic 4. thaliana
reconstituted functions of complex SynComs (Fig. 2; Duran et al., 2018; Hou et al., 2021;
Wolinska et al., 2021). Microbial diversity has been considered a key predictor of a functional
microbiome that provides benefits to the plant (Hu et al., 2016; Wei et al., 2015, 2019). Our
data indicates that beneficial microbiota functions may primarily be driven by the core
microbiota, while the accessory microbiota appears to be potentially dispensable for the

amelioration of the herein-tested abiotic stresses.

With our MiniSynCom, we have established an ecologically relevant toolbox that allows for
mechanistic assessment of bacterial and fungal microbiota functions in a community context.
As a proof of principle, we characterized binary interactions between all SynCom members in
two differing nutrient regimes, an experimental approach that would not be feasible with more
complex SynComs. This approach revealed extensive antagonistic interactions between
microbial kingdoms under nutrient-rich, i.e., root exudate-mimicking conditions, thereby
confirming co-occurrence network analyses of the bacterial and fungal root microbiota, which
revealed strong negative associations between the kingdoms on Arabidopsis roots (Duran et al.,
2018). In our data, every tested bacterial isolate was able to strongly antagonise at least one
fungus, namely, Dendryphion nanum F243, in ARE. This fungus belongs to the
Dothideomycetes, a fungal class that, in contrast to the other herein-tested fungi was especially
negatively correlated with many bacterial operational taxonomic units at natural sites (Duran et

al., 2018), indicating a high overall sensitivity towards bacteria. Similarly, a marked overlap
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between highly antagonistic bacterial taxa identified here and in prior experiments can be
observed. Namely, Pseudomonas aeruginosa R9 was exceptionally antagonistic towards all
tested fungi in our experiments and could, alone, protect A. thaliana seedlings from a
34-member fungal community in a gnotobiotic system (Duran et al., 2018), suggesting that it
either uses multiple mechanisms to antagonise phylogenetically diverse fungi or a single
mechanism that targets highly conserved fungal structures or pathways. Based on field studies
of disease-suppressive soils, bacterial exometabolites could constitute a likely explanation for
the observed antagonistic phenotype of pseudomonads and R9 in particular (Cartwright et al.,
1995; Chin-A-Woeng et al., 2003; Raaijmakers & Weller, 2007). However, among all
At-RSphere Pseudomonas spp. isolates, exometabolite-mediated antagonism is least
pronounced in R9 (Chapter I), indicating that this strain used alternative modes of action to
supress fungi in vitro and in planta. Taken together, our binary interaction data corroborated
prior findings from complex SynCom-inoculated 4. thaliana seedlings and identified R9 as a
highly antagonistic strain, making it an attractive target for identification of putatively novel

phytoprotective mechanisms.

In natural soils, diverse bacteria, mainly belonging to the Phylum of Proteobacteria, associate
with fungal mycelia (i.e., the hyphosphere), forming bacterial communities that are structurally
distinct from bulk soil (Emmett et al., 2021; Hervé et al., 2014; Warmink et al., 2009). For
example, the hyphosphere of the basidiomycete Laccaria proxima enriches for Proteobacteria
that proliferate to higher bacterial titres than in the bulk soil (Nazir et al., 2010). Similarly, our
data demonstrates higher bacterial proliferation — mainly of Proteobacteria — in soil, when co-
inoculated with either of the four tested fungal species. Collectively, this suggests that
taxonomically diverse fungi can sustain and support bacterial growth in soils, where easily
accessible carbon is limited. Whether or how this interaction benefits the fungi remains unclear.
Our data shows that the presence of individual bacterial taxa has neutral-to-negative effects on
fungal proliferation in soil, indicating a unidirectionally beneficial relationship. This suggests
a multi-layered trophic network involving a primary layer of saprophytic fungi as degraders of
complex soil detritus and mycoparasitic bacteria as a secondary layer proliferating on either
fungal exudates or hyphal components in unplanted soil. At the soil-root interface, microbes
are facing altered nutritional regimes as plants invest significant amounts of the
photosynthetically acquired carbon into the rhizosphere (Eilers et al., 2010; Ling et al., 2022;
Wippel et al, 2021). While such exudates have microbiota-independent functions in,
e.g., nutrient mobilisation (Chen et al., 2017; Dakora & Phillips, 2002; McKay Fletcher et al.,

2020), our data suggests that root exudates modulate intra- and interkingdom competition,
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putatively resulting in reducing diversity and suppressing bacterial and fungal pathogens at
roots (as for Ralstonia solanacearum, Chapter I). In this way, root exudates likely constitute a

metabolic currency that fosters root microbiota-mediated host protection in the rhizosphere.

In conclusion, we have generated a framework for future mechanistic studies on the Arabidopsis
core microbiome by establishing an ecologically relevant and functional minimal synthetic
community. We validated correlative microbial interaction networks by establishing a
comprehensive binary interaction assay that allows simultaneous quantification of both
interaction partners. We could demonstrate that cooperative and competitive interactions
between bacteria and fungi are highly modulated by the nutritional status, thereby suggesting
that carbon-rich conditions encountered at the root vicinity likely promote competitive

interactions, which were not observed in the soil-like peat matrix.
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II1.6 Material and methods

I11.6.1 Data and script availability

All data and code generated for this study will be deposited on public databases upon
publication of this chapter in a scientific journal. All primers used in this study can be found in

Table S11.

I11.6.2 Selection of minimal synthetic community (MiniSynCom)

MiniSynCom establishment followed predefined criteria. First, we aimed to establish a
SynCom that recapitulates the taxonomic distribution at class-level as found associated with
Arabidopsis roots across a European transect (Thiergart et al., 2019). For each bacterial or
fungal class, we identified the most prevalent ASV that has a representative isolate present in
the respective bacterial or fungal culture collections (Bai et al., 2015; Duran et al., 2018)
matching at a 100% 165 v5v7 or ITS1 region sequence identity, respectively. We only selected
isolates that were initially isolated from Arabidopsis thaliana roots grown in Cologne
agricultural soil and had been whole genome sequenced. We ensured that all strains of the
MiniSynCom can be differentiated based on their /6S v5v7 or ITS1 regions by at least four
mismatches. To increase taxonomic and presumably functional diversity, we selected only one
isolate per microbial family, except for Pseudomonadaceae, due to their high prevalence at

Arabidopsis roots.

I11.6.3 PacBio sequencing and assembly of bacterial genomes

Long-read sequencing and assembly of bacterial genomes was conducted as described in

Chapter I of this thesis.

I11.6.4 In silico assessment of phylogenetic and genomic SynCom traits

All bacterial genomes were retrieved from the A#-Sphere “www.at-sphere.com” (Bai et al.,

2015). Genomes from random 11-member SynComs and from the MiniSynCom were
compiled. These SynComs were compared regarding phylogenetic distance and overlap in

predicted metabolic pathways, as described in (Mataigne et al., 2022). In brief, phylogenetic
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distances were computed using the ete toolkit based on the species tree on the A#-Sphere website
(Huerta-Cepas et al., 2016). Union and intersect of interactions were computed based on the
genomes for predicting capabilities for producing defined vitamins, amino-acids, and

phytohormones (Mataigne et al., 2022).

1I1.6.5 Microbial culture conditions

The bacterial and fungal strains used in this study were initially isolated from 4. thaliana roots
grown in Cologne agricultural soil (Bai et al., 2015; Durén et al., 2018, respectively) and are
summarized in Table S10. Bacteria were cultured as described before (Chapter I). Individual
pieces of fungal mycelium were transferred to potato dextrose agar (PDA; Sigma-Aldrich) Petri
dishes from glycerol stocks (approx. 30 pieces of fungal mycelium in 25% sterile glycerol,
stored at -80 °C). Fungi were grown at 25 °C in the dark for 14 days. For the inoculation of any
experimental system, fungal mycelium was carefully harvested from PDA Petri dishes using
sterile scalpels and the agar was fully removed. Pieces of mycelium were transferred to pre-
weighed sterile 2 ml screw cap tubes containing one and approx. 15 steel beads of 3 mm and
I mm diameter, respectively. Per 50 mg harvested fungal mycelium, 500 pl of sterile
10 mM MgCl, were added. The mycelium was subsequently grinded in a paint shaker at approx.
600 rpm for at least 10 min until homogeneous. The resulting slurry was diluted and used as
fungal inoculum. Viability of ground mycelium was assessed by plating a few microlitres on

PDA plates.

I11.6.6 Gnotobiotic Flowpot experiments

Peat sterilisation and Flowpot assembly were performed as described before (Chapter I).
Arabidopsis thaliana Col-0 (N60000, the Nottingham Arabidopsis Stock Centre) seeds were
sterilized using 70% ethanol and bleach. Seeds were submerged in 70% ethanol and left shaking
at 40 rpm for 14 minutes. Ethanol was removed before the seeds were submerged in 8.3%
sodium hypochlorite (Roth) containing 1 pl of Tween 20 (Sigma-Aldrich) and left shaking at
40 rpm for 4 minutes. Under sterile conditions, the seeds were washed 7x times and finally
taken up with sterile 10 mM MgCl1,. Seeds were left for stratification at 4 °C for 3 days. Seed
sterility was confirmed by plating approx. 100 seeds on a 50% TSA plate. Microbes were grown
and inocula were prepared as described above. Each Flowpot was inoculated with 50 ml half

strength Murashige and Skoog medium with vitamins (2 MS; 2.2 g/l, Duchefa Biochemie,
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0.5 g/l MES, pH 5.7). For bacteria, a final ODgoo of 0.0025 and for fungi 0.16 mg/ml in
50 ml 2 MS were inoculated per Flowpot. For salt stress treatment, %2 MS contained
100 mM NaCl. Per Flowpot, five surface-sterilized and stratified A. thaliana Col-0 seeds were
pipetted. Microboxes were then incubated in a light cabinet under short day conditions
(10 h light at 21 °C, 14 h dark at 19 °C) for 14 days and randomized every 2—3 days. For low
PAR treatments, microboxes were partly covered in cardboard boxes, as described in Hou et

al., (2021).

I11.6.7 Ex planta quantitative abundance workflow establishment

Full MSC (bacteria and fungi) inoculated peat was harvested from 4-week-old Flowpots,
followed by DNA isolation, as described below. All utilized samples stem from the same
condition. Prior to DNA isolation, increasing concentrations of spike (BI-124, Guo et al., 2020)
were added to the samples. We applied five different concentrations of spike, 2x102, 2x10°,
2x10%, 2x10°, 2x10° copies of spike per 3.5 ng/ul sample DNA, to the DNA samples. For the
lowest two spike concentrations, barely any spike reads were detectable after amplicon
sequencing; these were therefore excluded from further analyses. Additionally, we added
0.35 ng of Root401 (Bai et al., 2015) and 0.175 ng of F100 (Duran et al., 2018) genomic DNA
per ul of sample DNA to some of the samples.

I11.6.8 Preparation of 96-well plates containing peat

Peat (Profi Substrat, Einheitserde) was dried at 80 °C for 5 d and sieved until a final particle
size of 400 pum was obtained. Then, 100 mg of peat were distributed to each well of a riplate
low profile 0.6 ml 96-deep well microtiterplate (Ritter). The peat was moistened using 100 pl
of Milli-Q water per well. After centrifuging the plate for 1 min at 1500 rpm, excessive soil
particles were removed from the top of the plate using compressed air. The lid of a pipette tip
box (200 pl tips, TipOne) was placed on top of the plate and the construction was sealed in a
sun bag (Sigma-Aldrich). Subsequently, the plate was autoclaved in a liquid autoclaving
program for 20 min, left at room temperature for 24 h to ensure germination of surviving
microbial spores (Kremer ef al., 2021) and autoclaved again in a dry autoclaving program.
Subsequently, the plates were dried at 80 °C for approx. 5 d. Dried plates were stored at room

temperature until further use.
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I11.6.9 Binary interaction screen in ARE and peat

ARE medium and peat plates were prepared as described before (Chapter I and see above,
respectively). Bacteria and fungi were cultured, washed, and harvested as described above.
Subsequently, bacteria and fungi were taken up in both ARE and /2 MS, as ARE and peat plates
were inoculated in parallel. For both media, pairs of microbes were distributed into a
predefined, randomized setup into 96-well plates with a final ODgoo of 0.02 per bacterium or
0.001 mg/ul per of fungus with a total final volume of 100 pul per well. Either two microbes or
a single microbe, as reference condition, were inoculated per well. After the inoculation, all
plates were spun down in a swingout centrifuge at 1,500 rpm for 1 min and sealed with breath-
easy foil that ensures gas exchange during the experimental duration. All plates were cultured
at 25 °C for 2 or 14 days, for ARE and peat plates, respectively. The experimental duration for
each medium was predetermined in preliminary experiments. At the end of the experiment,

plates were frozen at -80 °C until further processing.

I11.6.10 DNA isolation from ARE and peat

Bacterial and fungal DNA was isolated from Flowpot peat as described before (Chapter I).
Similarly, DNA from 96-well plates containing peat was isolated; however, the initial lysis step
was not conducted in individual tubes. In brief, four and one steel beads of a diameter of 1 mm
or 3 mm, respectively, and 200 pl extraction buffer (176 ul sodium-phosphate buffer and
22 ul MT buffer; MP Biomedicals and 0.3 ng of BI-124 spike; Guo et al., 2020) were added to
each well. Then, the plate was sealed and crushed at 1800 rpm for 10 min in a bead beater
(Retsch). The soil debris was pelleted by centrifugation at 4000 rpm for 10 min. 150 pl of the
supernatant were taken into a 96-well filter plate (Acroprep Advance, 0.2 um Supor filter, Pall)
to filter the SN from remaining soil particles. The remaining protocol was carried out as
described in Chapter 1. For ARE, four steel-beads of 1 mm diameter were added to each well,
the plate was sealed and crushed at 1800 rpm for 10 min in a bead beater (Retsch). Then, DNA
was isolated two times per plate with two 0.22 pg or 0.05 pg circular BI-124 spike (Guo et al.,
2020) per well for subsequent amplification of bacterial and fungal amplicons, respectively.
The spike was directly added to extraction buffer I (containing 25 mM NaOH, 0.2 mM EDTA;
pH 12). For DNA extraction, 15 pl buffer I containing the spike were added to 9 pul bacterial
and fungal lysate and heated at 95 °C for 30 min, before the pH was readjusted using 30 pl of
buffer II (pH 7.5) containing 40 mM Tris-HCI. This crude DNA extract served as PCR template

for amplification of bacterial and fungal marker gene regions.
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I11.6.11 Amplicon sequencing library preparation

Bacterial /6S v5v7 and fungal ITS1 regions were amplified as described before (Chapter I)
using 1 pl of DNA as template. All utilized primers can be found in Table S11. Amplicons
were purified using AMPure XP (Beckman-Coulter) magnetic beads and then equimolarly and
sequentially pooled by PCR plate, marker gene and library. Paired-end Illumina sequencing
was performed in-house using the MiSeq sequencer and custom sequencing primers

(Table S11).

I11.6.12 Amplicon sequencing - data analysis

Paired rRNA amplicon sequencing reads were analysed as described before (Hou ef al., 2021).
In brief, paired amplicon sequencing reads were joined, demultiplexed and quality-filtered
using Qiime (Caporaso et al., 2010) and subsequently trimmed to equal length. Reference
sequences for all used strains were retrieved and trimmed from the respective genomes.
Mapping of trimmed sequencing reads to the trimmed reference sequences was conducted using
usearch (Edgar & Bateman, 2010), allowing for two mismatches. Unmapped reads were
discarded. Count tables were generated from these mapping results. BI-124 spike (Guo et al.,
2020) read counts were initially used to normalize microbial read counts and then depleted from
any further analyses. To obtain foldchanges of microbial abundances (i.e., effector and target
scores), abundances of strains grown in strain pairs were normalized by the abundance of the
respective strain growing in axenic, reference conditions (see Fig. S2E). These fold changes

were subsequently logx-transformed.

I11.6.13 antiSMASH predictions and modified Burkholder assay data

antiSMASH (Blin et al, 2021) predictions and data from modified Burkholder assay

experiments are derived from Chapter 1.

I11.6.14 Microbial growth rate validation

Assessment of microbial growth rates was conducted as described before (Chapter I). For

bacteria and fungi, the starting inocula were ODsoo 0.02 and 0.001 mg/ul ARE, respectively.
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Growth rates were determined using the Growthcurver R package (Sprouffske & Wagner,

2016).

I11.6.15 Statistical analyses

All statistical analyses were conducted in R 4.1.2. Data visualisation was conducted using the
ggplot2 package (as part of the Tidyverse). Data normality was tested using the Shapiro-Wilk
test. As nonparametric tests, Kruskal-Wallis followed by Dunn’s post-hoc test and Benjamini-
Hochberg (BH) adjustment for multiple comparisons from the PMCMRplus package (Pohlert,
2022) were used. The respective statistical tests are indicated in each figure description.
Significance was indicated by significance group (p < 0.05). No statistical methods were used
to pre-determine sample sizes. Phylogenetic trees were computed using Clustal Omega
(Madeira et al., 2022) and subsequently visualised using iTol (Letunic & Bork, 2021).
165 rRNA gene profiling data were analysed and visualized as described above. Networks were

generated using Cytoscape (Shannon et al., 2003). Figures were assembled in Adobe Illustrator.
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Figure S1 related to Figure 1, Bacteria within the MiniSynCom are highly phylogenetically and genetically
diverse. (A—C) Genome-based comparisons of the 1l-member bacterial fraction of the MiniSynCom and
randomly generated 11-member SynComs, based on Az-RSphere genomes. The upper and lower panels represent
the same data as density curves and boxplots, respectively. The 11-member bacterial fraction of the MiniSynCom
is indicated by a dashed line or green dot, in the upper and lower panels, respectively. (A) Mean of whole genome
phylogenetic distance between each member of randomly generated 11-member SynComs. (B) Intersect of
interactions, i.e., overlap between metabolic reactions between the genomes within randomly generated
11-member SynComs. (C) Union of interactions, i.e., number of total existing metabolic reactions, within all

genomes of randomly generated 11-member SynComs.
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Figure S2 related to Figure 3 and 4, Spike-based assessment of quantitative microbial abundance ex planta.
(A-B) Regression analysis between spike input and spike relative abundance in soil samples when amplifying the
bacterial 165 rRNA v5v7 (A) or the fungal ITS1 region (B). p-values and R’ derive from linear models.
(C-D) Spike-normalized quantitative abundance of bacterial (C) and fungal (D) soil communities remains stable
upon artificial introduction of bacterial or fungal DNA (light grey) prior to amplicon sequencing library
establishment. Sub-bars represent the quantitative abundance of individual bacteria (C) or fungi (D) and are
coloured by taxonomy. (E) Schematic representation of the spike-based normalisation of microbial relative
abundances ex planta that has been deployed for the binary interaction screen.
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Figure S3 related to Figure 3, Microbial growth speed explains observed interaction profiles.
(A-B) Regression analysis of number of antiSMASH predicted biosynthetic gene clusters (A) and average halo
size as producer strain in binary interaction Burkholder assay experiment (B) with bacterial effector scores in ARE,
as in Fig. 3. Using linear models, no significant association was found, as indicated by ‘ns’. Biosynthetic gene
cluster and Burkholder assay data derived from Chapter 1. (C-D) Regression analysis of microbial growth rates
under axenic conditions with effector (C) and target (D) scores. Growth rates, effector and target scores have all
been determined in ARE. p-values and R’ derive from linear models.
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Figure S4 related to Figure 3 and 4, Effector scores of ARE and peat substantially overlap qualitatively.
(A-B) Mean effector (A) or target (B) scores for each microbial combination have been computed for ARE and
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effect in peat; (II) and (III), similar qualitative effector score in ARE and Peat; (IV), negative effect in ARE and
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I11.9 Supplementary tables

Table S10, Microorganisms used in this study

Table S11, Primers used in this study

All supplementary tables have been deposited at EDMOND and can be accessed via the
following link: https://doi.org/10.17617/3.11ABIM
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General discussion

General discussion:

Immense efforts to characterise the microbiota composition of aerial and subterranean organs
of diverse plant species and the associated rhizospheres and bulk soils in various natural and
agricultural environments have unrevealed the diversity of microbial species that robustly
associate with plant tissues all over the world (Agler et al., 2016; Bulgarelli et al., 2015;
Coleman-Derr et al., 2016; Cregger et al., 2018; Lundberg et al., 2012; Thiergart et al., 2019;
Zgadzaj et al., 2016). Such approaches however remain largely descriptive and rarely allow for
the establishment of cause-consequence relationships in such highly complex systems.
Subsequent efforts to isolate pure microbial cultures from roots of the model plant Arabidopsis
thaliana revealed cultivability of especially highly abundant bacterial and fungal species that
collectively constitute most of the root-associated microbial diversity (Bai et al., 2015; Duran
et al., 2018; Karasov et al., 2018; Levy et al., 2017, Wippel et al., 2021). Microbiota
reconstitution experiments with defined — yet complex — synthetic microbial communities
(SynComs) allowed for direct manipulation of ecological properties enabling the establishment
of causal relationships between the presence of microbial taxa with community function and

host health (Bai et al., 2015; Duran et al., 2018; Hou et al., 2021; Wolinska et al., 2021).

During my PhD, I intended to extend this knowledge with a focus on microbial interactions in
the 4. thaliana root microbiota and particularly with the aim of unrevealing microbial genetic
determinants that affect root microbiota establishment and host health. I reasoned that the
mechanistic assessment of microbe-microbe interactions in planta, requires tractable systems
with defined, minimal microbial consortia that reduce functional redundancy and allow for
genetic manipulation of individual microbiota members. Therefore, I established and utilized
various genetic tools, including random transposon-mediated mutagenesis allowing for forward
genetic screens, targeted mutagenesis, and genetic complementation approaches. Coupled, with
microbiota reconstitution experiments in gnotobiotic systems, these approaches enabled us to
experimentally test the involvement of secreted bacterial secondary metabolites
(exometabolites) for microbiota establishment. Although, the involvement of bacterial
exometabolites in pathogen protection and thereby microbe-microbe interactions has been
described before (e.g., Dimkic et al., 2017; Dimki¢ et al., 2022; Gu, Wei, et al., 2020; Gu,
Yang, et al., 2020; Osbourn, 1996; Raaijmakers & Weller, 1998), we provide first evidence for
their root-specific functioning in microbial communities. We demonstrate that the antimicrobial

2,4-Diacetylphloroglucinol (DAPG) and the siderophore pyoverdine have cumulative functions
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as community-specific root competence determinants for the producer strain Pseudomonas
brassicacearum Root401 (R401) by directly inhibiting sensitive community members and
thereby affecting microbial diversity and community structure. The enrichment of the
biosynthetic gene clusters (BGCs) encoding DAPG and pyoverdine biosynthetic genes in root-
derived compared to leaf-derived Pseudomonas spp. isolates across different culture
collections, further reinforces a root-specific functioning, and indicates modulation of microbe-
microbe interactions by the host. The isolation of DAPG- and pyoverdine-producing
pseudomonads from diverse host plants suggests a general principle beyond the model plant

A. thaliana.

Furthermore, we identified the non-ribosomal peptide Brassicapeptin A produced by
P. brassicacearum R401 as causal for the detrimental activity of R401 towards A. thaliana
(Ma et al., 2021). We demonstrate that Brassicapeptin A in combination with hyperosmotic
conditions in the rhizosphere is required and sufficient to cause plant disease. Application of
purified Brassicapeptin A resulted in ion leakage from A. thaliana tissues, suggesting that it
caused imbalances in host ion homeostasis when challenged with an osmotic stress. In the
absence of microbial competitors, Brassicapeptin production provided a root-specific benefit
for R401 under hyperosmotic conditions, indicating that it functions as a root competence
determinant by potentially allowing for increased leaking of carbon rich root solutes.
Brassicapeptin A furthermore contributes to the remarkable antimicrobial activity we described
for R401. Isolation of Brassicapeptin A from axenic R401 liquid cultures, demonstrates
production in the absence of hyperosmotic stress. Therefore, it is likely Brassicapeptin,
similarly to DAPG and pyoverdine, would provide a competitive advantage to R401 in the
presence of competitors, even in the absence of hyperosmotic stress. This suggests a putative
dual function of bacterial exometabolites in competition with other host-associated

microorganisms and in host health.

Finally, I established multiple tools that facilitate synthetic ecology, including a minimal
SynCom (MiniSynCom) that comprises some of the most prevalent bacterial and fungal strains
found associated with A. thaliana roots across a European transect thereby likely constituting
the A. thaliana core microbiota. This MiniSynCom is sufficient to reproduce microbiota
functions of complex communities, suggesting that the core microbiota is sufficient for the
protective activity of the root microbiota towards biotic and abiotic stresses. I also established
a quantitative abundance-based binary interaction screen workflow, enabling simultaneous

assessment of all interaction partners. This allowed for systematic characterisation of all
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competitive and cooperative binary intra- and interkingdom interactions within the
MiniSynCom, primarily revealing competition between root microbiota members. We
demonstrate nutrient competition as predominant mechanism driving binary interactions
between members of the A. thaliana core root microbiota. Collectively, this suggests that

competition for nutrients drives competition between root microbiota members.

In conclusion, our data demonstrates that microbial interactions — as mediated by bacterial
exometabolites — frequently occur between root-derived bacterial isolates. We provide genetic
evidence that multiple exometabolites produced by Pseudomonas brassicacearum R401
cumulatively influence ecological properties of the root microbiota and function as root
competence determinants in a community context. Given favourable environmental conditions,
a single bacterial exometabolite is sufficient to modulate plant ion homeostasis with cascading
consequences for host health. Collectively, this illustrates the functional diversity of bacterial
exometabolites with involvement in microbe-microbe and plant-microbe interactions and
demonstrates the fine line between a suitable biocontrol strain and an opportunistic pathogen,

depending on environmental conditions.
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