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Abstract

Plants synthesize and release specialized metabolites into their environment that can serve as
chemical cues for other organisms. Metabolites that are released from the roots are important
factors in determining which microorganisms will colonize the root and become part of the plant
rhizosphere microbiota. Root exudates are often further converted by soil microorganisms,
which can result in the formation of toxic compounds. How individual members of the plant
rhizosphere respond to individual compounds and how the differential response of individual
microorganisms contributes to the response of a microbial community remains unclear. Here,
we investigated the impact of derivatives of one class of plant root exudates, benzoxazinoids,
which are released by important crops such as wheat and maize, on a collection of 180 root-
associated bacteria. We show that phenoxazine, derived from benzoxazinoids, inhibits the
growth of root-associated bacteria in vitro in a strain-specific manner, with sensitive and
resistant isolates in most of the studied clades. Synthetic bacterial communities that were
assembled from only resistant isolates were more resilient to chemical perturbations than
communities comprised of only sensitive members. Isolates that were shared between different
communities showed stable interactions, independent of the overall community composition. On
the other hand, we could attribute differential community development to differences in
interactions formed by closely related representatives of the same bacterial genus. Our findings
highlight the fact that profiling isolate collections can aid the rational design of synthetic
communities. Moreover, our data show that simplified in vitro community systems are able to
recapitulate observations on the influence of metabolite exudation on the structure of root-
associated communities, thus providing an avenue for reductionist explorations of the
rhizosphere biology in defined, host-free settings.

Introduction

In the rhizosphere, the space directly surrounding the roots, plants recruit and maintain a
diverse community of microorganisms that differs from the surrounding bulk soil [1-4]. These
rhizospheric microbiota, in particular bacteria and fungi, contribute to plant nutrition, growth, and
defense [1].

While it is clear that there are biochemical interactions at play in the establishment and the
qualitative and quantitative modulation of the microbiota, the chemical ecology of the
rhizosphere is not well understood, in part owing to the biological, chemical, and physical
complexity of the soil environment. Recent studies have shown, however, that some plant
specialized metabolites contribute to plant species-specific community profiles in the
rhizosphere. For example, salicylic acid, camalexin, coumarins, and glucosinolates play an
important role in shaping the Arabidopsis thaliana rhizosphere [4-9].

Members of the Poaceae family (grasses), including wheat and maize, produce a particular
class of specialized metabolites, the benzoxazinoids (BX) [10, 11]. Chemically, BX and some of
their breakdown products chelate trivalent ions and have been suggested to act as
phytosiderophores in iron uptake or as protective ion scavengers [12]. BX and their derivatives
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affect different branches of the tree of life: they act as herbivore repellents when stored in plant
leaves, can be hijacked by nematodes to deter predators, or interfere with the growth of nearby
plants [13—16]. Beyond acting on these larger-sized eukaryotes, BX exert a major influence on
root-associated fungal and bacterial microbiota. For example, BX exudation by maize plants into
the surrounding soil leads to conditioning of the microbiome, which in turn results in soil-memory
effects that affect plants of the following sowing [17]. Another study showed that BX exudation
specifically recruits beneficial pseudomonads to the rhizosphere [18-22].

Conversely, the presence and composition of the microbiota can alter BX chemistry. Post-
release breakdown and metabolism of benzoxazinoid compounds by soil microbiota leads to the
sequential formation of 1,4-benzoxazin-3-one (BOA) and 2-amino-3-phenoxazinone (APO),
among other compounds, in non-sterile soils [23—25]. APO in return exhibits antibiotic activity
similar to other phenoxazines and limits plant root growth at concentrations corresponding to
those detected in soil [14, 15, 26-28].

To date, the selectivity and antimicrobial activity of BX and their non-benzoxazinoid derivatives
such as APO on soil-dwelling and root-associated bacteria has not been systematically
addressed, and it remains elusive how bacterial communities respond to these compounds.
Given the long-term microbiome-conditioning capacity of BX exudation described above [17], it
is tempting to speculate that some of the plant-growth-inhibitory effects of BX compounds could
be mediated by selective effects on the plant-associated microbiota [29]. However, quantitative
analyses of the degree to which microbial isolates differ in their response to root exudates are
extremely difficult to perform in soil, because (i) plant-associated microbiota are highly diverse,
and (ii) plant exudates are typically complex mixtures, making it difficult to attribute effects to a
particular chemical. In contrast, such studies can be easily carried out in vitro using clonal
bacterial populations (strains) and pure compounds at defined concentrations.

Collections of culturable bacterial isolates from diverse habitats are an important resource to
investigate how diverse microorganisms respond to biotic and abiotic environmental cues or to
chemical exposure (e.g. antibiotics, toxins, or pollutants). Such collections can moreover form
the basis for rationally designed synthetic microbial communities (syncoms) [30, 31]. Syncoms
have been proposed and used as reduced complexity systems to study how various
microbiomes assemble and develop over time [7, 32-35]. In these studies, the function of
individual members has emerged as a key predictor of community function, whereas taxonomic
composition appears to be less crucial. Syncoms have gained traction as simplified models for
naturally occurring communities and are an emerging tool for the targeted modulation of plant
health, through holobiont (the organism formed by host and microbiome) design [36]. Bacterial
syncoms in particular have been adopted in plant sciences to study various aspects of plant
biology, including plant phenotypes under limiting phosphate conditions [31], assembly of the
phyllosphere microbiome [37, 38], or assembly cues of the root microbiome [7, 34, 39].
Syncoms assembled from plant-associated bacteria have not yet been studied for their ability to
assemble stable communities in vitro in the absence of a host, although such a system would
significantly reduce the experimental complexity. Such in vitro systems have already been
adopted in other systems, for example for gut microbiota research [40].

The assembly of a community from individual strains is a complex process involving basic
metabolic (competitive or mutualistic) and chemical interactions between the different members
that form the community. In addition, environmental perturbations may destabilize a community,
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shift its composition, or affect which individuals can establish themselves. The stability of
rhizospheric communities towards environmental perturbations is an important aspect of
rhizosphere biology. With the advent of precision agriculture and highly controlled growth
environments, engineering of the rhizosphere is an emerging topic that encompasses plant
biology, microbiology, microbial ecology, as well as genetic and biochemical biological
disciplines [41, 42].

Here, we investigated the impact of BX and their derivatives on bacterial members of the plant
root and rhizosphere. We used the AtRSphere collection, derived from the root and rhizosphere
of the model plant species Arabidopsis thaliana that includes around 180 culturable isolates
distributed across four bacterial phyla [39] for dose-dependent in vitro responses to the BX APO
and BOA, which can be found in soil surrounding BX-releasing plants.

A. thaliana is not a BX producer, therefore the ability of a strain to colonize A. thaliana roots
should be independent of its BX tolerance. In line with this assumption, our study revealed a
wide range of growth responses, particularly to APO, among the A. thaliana derived Af{RSphere
collection. This occurred both within and across genera, ranging from complete insensitivity to
strongly impacted growth. Information on the individual strains' response guided our design of
syncoms to investigate how BX and BX derivatives shape community assembly in vitro. We
made use of the strain-level diversity we observed in the collection with regards to BX exposure,
to explore their potential to form communities differing in resilience to BX-mediated community
perturbations. We found that the ability of a strain to establish as a community member is often
uncorrelated to growth in pure culture, and that sensitivity of a strain to BX may change
unpredictably when embedded in a community. Nevertheless, we also found that syncoms
underwent compositional changes in vitro that reflected those previously observed in soil. Since
the included isolates partially overlapped between generated syncoms, we conducted a
comparative analysis to understand how chemical treatment and identity of member strains
shape the composition of in vitro communities.

Results

BX derivatives selectively inhibit the growth of root associated
bacteria in vitro

To gain an overview of how benzoxazinoids and their derivatives affect individual plant-
associated bacteria, we screened the AtRSphere collection comprising 180 isolates of A.
thaliana rhizospheric bacteria [39] (Figure 1). We monitored the growth of each strain over 70 h
in half-strength TSB medium after supplementation with either BOA (Figure 1A, inner heatmap)
or APO (Figure 1A, outer heatmap), two plant-BX-derived compounds commonly found in soil,
and under control conditions (equivalent concentration of solvent only). By determining cell
density at regular intervals, we assessed each isolate’s response to different compound
concentrations.

The growth of most isolates was not inhibited by BOA, even at high concentrations of 100 uM.
Some isolates even seemed to benefit (darker color in Figure 1) from the presence of BOA
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compared with control conditions; this was most consistent for isolates within the Rhizobium and
Paenibacillus genera (Figure 1B, C). However, such growth promotion was rare overall. This
might be attributable to the use of a nutrient-rich medium in this study, which would make BOA
superfluous as a potential energy source.

In stark contrast to the overall weak impact of BOA, exposure to APO severely inhibited growth
of 43% of the isolates (77/180 isolates grew to less than 50% of control levels in 50 yM APO)
(Figure 1A). Some isolates were insensitive to low APO concentrations but showed growth
inhibition at concentrations 210 uM, while others showed inhibition already at 5 yM APO (Figure
1). Generally, the impact of APO on growth was dose dependent. Overall, sensitivity to APO
appeared to be isolate-specific, as sensitivities varied as widely within as they did across
families and genera. APO-sensitive strains (defined as showing <50% relative growth at 50 yM
APO) were present in all families covered by the AtRSphere collection (Figure 1A), with the
exception of the Pseudomonadaceae and Alcaligenaceae (Figure 1D, E). Within those clades
that contained APO-sensitive isolates, the response pattern did not follow an obvious
phylogenetic structure (16S rRNA-based phylogeny), indicating that sensitivity to APO is
species- or even strain-specific within one genus.
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Figure 1. Isolate sensitivity to BX compounds and derivatives.

Syncom Class
. Random A Alphaproteobacteria
Tolerant X Betaproteobacteria
. Mixed % Gammaproteobacteria
Sensitive ® Actinomycetia
~+ Bacteroidia
Family m  Bacilli
® Alcaligenaceae Moraxellaceae
® Bacillaceae Mycobacteriaceae
@® Bradyrhizobiaceae ® Nocardiaceae
® Burkholderiales Nocardioidaceae
® Caulobacteraceae ® Oxalobacteraceae
® Cellulomonadaceae Paenibacillaceae
® Comamonadaceae ® Phyllobacteriaceae
Flavobacteriaceae Pseudomonadaceae
® Hyphomicrobiaceae Rhizobiaceae

Sphingomonadaceae
Streptomycetaceae

Xanthomonadaceae

@ Paenibacillus

A) Heatmap arranged around a circular phylogenetic tree computed from 16S rRNA sequences. Nodes represent
isolates from the collection, node shape indicates taxonomic class, node color indicates taxonomic family. The inner
heatmap displays average relative growth when treated with BOA (from inner to outer: 10 uM, 50 uM and 100 uM
BOA, rings 1-3). The central heatmap displays relative growth upon APO treatment (inner to outer: 1 uM, 5 uM, 10
MM and 50 pM, rings 4-7). The outer heatmap indicates whether or not the isolate was selected as a member of one
of the 4 synthetic communities (see main text for details).

B-E) Sub-tree of isolates from the Rhizobiaceae family (B), Bacillales order (C), Pseudomonadaceae family (D), and
Alcaligenaceae family (E); the heatmap displays relative growth in BOA (Orange, from top to bottom: 10 uM, 50 uM,
100 pM) and APO (Blue, from top to bottom: 1 uM, 5 uM, 10 uM and 50 uM). Node color represents taxonomic
assignment at the genus level (legend below the heatmap).
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Synthetic bacterial communities are structured by BX treatment

Since we were interested in the effect of BX on communities, we designed four different
syncoms based on the responses of the individual isolates: one that fully represented the isolate
collection at the genus level by randomly choosing one isolate per genus (referred to hereafter
as random) and three reduced-complexity syncoms (Table S1). Of these, the tolerant syncom
only contained isolates (max. one per genus) that had grown to at least 75% of the control level
in 50 uM APO. As can be seen in Figure 1A, several isolates that were part of folerant were also
included in random (Figure 1A). The sensitive syncom consisted only of isolates that had grown
to less than 25% of control levels in 50 uM APO. Finally, the mixed syncom contained both
APO-sensitive and APO-tolerant strains (Figure 1A). To understand the temporal and treatment-
specific community dynamics, we grew each syncom in three different environments: control
(supplemented with DMSO, the solvent used in the other two treatments), 100 uM BOA, and 50
MM APO. We monitored syncom composition in 24 h intervals over 4 d via 16S rRNA
sequencing. Amplicon sequence variants (ASVs) were reconstructed from the short reads and
assigned to isolates using syncom-specific lookup files.

As all bacteria analyzed here had originally been isolated from complex plant root microbiomes,
we first assessed to which degree they could reassemble into communities in vitro in the
absence of a host. Principal coordinate analysis (PCoA) of Jaccard distances calculated from
relative abundances revealed that syncoms assembled reproducibly (Figure 2A-D)

We next assessed if communities containing only APO-sensitive isolates would be more
strongly restructured by the addition of APO than one assembled only from APO-tolerant
isolates. We again used the Jaccard distance to measure within-community beta diversity and
performed an unconstrained PCoA for each syncom (Figure 2 A-D). Generally, we observed
treatment-specific changes in all syncoms. Overall, BOA-treated samples were similar to the
control in all syncoms, with the exception of the sensitive one. APO-treated samples clustered
separately from both control and BOA (Figure 2 A-D). The separation between APO and the
remaining samples in the ordination was most obvious for the mixed and random and less
striking for the tolerant syncom; it decreased over time in the sensitive one (Figure 2A-D).

We performed permutational multivariate analysis of variance (PERMANOVA) to see if we could
corroborate these observations. Treatment explained a significant proportion of variance in all
syncoms: 40% in random, 22% in tolerant, 75% in mixed, and 41% in sensitive. This means that
the proportion of between-sample variance explained by BX treatment was lowest in the
community assembled from APO-tolerant isolates. In other words, the syncom composed of
only the most APO-tolerant individual strains showed the highest resilience to APO. Time point
explained a significant proportion of variance in random and tolerant (31% and 33%,
respectively) but not in mixed or sensitive (Supplemental Table 2).
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Figure 2. Community analysis.

0 0
A Area under the curve (Treatment - Control)

Principal coordinate analysis (PCoA) of the Jaccard distances computed on relative genus abundances for all
samples. A-D) PCoA per syncom; faceted by time point (columns) and colored by treatment. E) Relationship between
change in bacterial growth in the presence of BX compounds in pure culture (x-axis) plotted against the change in
relative abundance when embedded in a community (y-axis) for APO and BOA. Each dot shows the average change
in relative abundance for one isolate across all timepoints.

Having confirmed that the different strain mixtures reliably assembled into reproducible
communities, we asked if within-sample species diversity (alpha-diversity) was affected by time
or treatment. Overall, there was no clear relationship between the growth of an isolate in vitro
and the ability of an isolate to establish itself as a syncom member. In fact, some isolates that
barely grew when cultured individually reached relative abundances of >90% when grown in a
community (Figure 2E).

In the random, tolerant, and mixed syncoms, APO (but not BOA) treatment significantly reduced
the total number of taxa at one or more time points, while in the sensitive syncom, the taxon
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number remained constant across treatments and time points (Figure S1, Supplemental tables
S3 and S4). However, while the total number of taxa remained the same, different taxa were
driven to extinction (ratio of O on the relative abundance scale axis, Figure 2E) by the individual
treatments, while the presence of other taxa was specific for one of the compounds (appearing
at the very top of each panel in Figure 2E). Time alone, however, did not significantly influence
the species number in any of the syncoms. The Shannon measure of alpha diversity, which in
addition to the number of species also incorporates the evenness of species abundances, was
significantly influenced by both time and treatment (Figure S2, Supplemental Table S5). While
APO treatment significantly increased Shannon diversity of the mixed and tolerant communities,
it decreased Shannon diversity of the sensitive one. In contrast, BOA significantly increased
Shannon diversity of the sensitive syncom after 48 h (Supplemental Table S6).

Response of community-embedded isolates to BX treatment

Since previous studies reported a substantial impact of plant-derived BX on soil microbiota [17-
20, 22], we were interested in assessing if the reported effects could be recapitulated using
reduced complexity communities in vitro. To understand which taxa drove the observed
differences between treatments, and if similar changes occurred upon APO treatment in the
different communities, we estimated the fold-change in taxon abundance per syncom and time
point between APO- and BOA-treated samples as well as between APO and control, and
between BOA and control (Figure 3). In this first approach, we focused on those taxa that
showed a significant fold-change between two treatments for at least one time point.

Overall, we observed APO-dependent shifts in relative abundance of different genera in all
syncoms, the comparison of relative abundances between BOA and control conditions only
yielded significant differences in the sensitive community.

Some genera were consistently reduced in APO-treated communities. These were Bacillus in
random (Figure 3A), tolerant (Figure 3B) and sensitive (Figure 3D), Flavobacterium in random
(Figure 3A) and mixed (Figure 3C) and Acidovorax in every syncom, irrespective of the
particular strain used (Fig 3A-D). Other genera thrived in APO-treated samples: Lysobacter (in
mixed and sensitive) and Hoeflea (identical isolate Root268 in random and sensitive). Only the
genus Microbacterium displayed opposing behavior between syncoms: abundance was
increased when treated with APO in mixed and sensitive, while abundance in the tolerant
community was significant reduced in APO-treated samples at 48h. While Microbacterium was
significantly reduced in tolerant after 48h (see confidence intervals in Fig 3B), it is possible that
this is attributable to measurement error, considering that this isolate was only lowly abundant in
this community.
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Figure 3. Treatment-specific and temporal strain abundances in syncoms.

Fold-changes between treatments and relative abundances of strains that were significantly different for at least one
time point, estimated by DESeq2. Plots are divided by syncom: random (A), tolerant (B), mixed (C), and sensitive (D).
In fold-change plots (top) only significant changes are shown for each time point. Line graphs (below) show relative
abundance for all time points for isolates with significant fold-changes. Dots mark the mean across replicates, error
bars indicate the 95% confidence interval.
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Interactions between isolates are modulated by community members and
chemical treatment

In the next approach, we wanted to move beyond comparing only treatment-specific effects and
investigate whether interactions between community members were influenced by community
context and chemical treatment. The assignment of isolates to the random community had been
done blindly. However, the PCoA in Figure 2A already indicated that the random and tolerant
syncoms were the most similar. We attributed this to the fact that the Acinetobacter, Acidovorax,
Bordetella, Massilia, and Noviherbaspirillum isolates were shared between the random and
tolerant syncoms and established themselves in both communities. We also observed that the
BOA and APO treatments had community-specific effects on some of those shared isolates
(Figure 4A). We therefore reasoned that differences in the relative abundance of these isolates
between the two syncoms likely resulted from interactions with other, non-shared syncom
members. To test this hypothesis, we calculated Pearson's correlation between sequence
counts assigned to isolates in each syncom at 24 h and 96 h. We then constructed correlation
networks per treatment and time point, including all correlations with an absolute r > 0.5. The
networks for BOA and APO at the 24 h and 96 h time points are shown in Figure 4B, the
remaining networks in Figure S3.

The random and tolerant communities became more similar over time when treated with APO,
overlapping in 5 genera (out of a total 8) included in the network, confirming the observation in
Figure 2A. Hoeflea and Rhodanobacter were detectable only in the random syncom, Rhizobium
only in the tolerant syncom. Some of the shared isolates were not detectable in APO but only in
BOA and control conditions: Massilia Root133 was detected in the early time point, Acidovorax
Root217 established itself at the late time point (Figure 4B).

When looking at the interactions between isolates, we observed that after treatment with APO,
Bordetella Root565, Noviherbaspirillum Root189, and Acinetobacter Root1280 displayed strong,
positive correlations after 96 h in both tolerant and random syncoms. This suggested that this
group of strains engaged in similar interactions, irrespective of the other strains in the
community. However, the relative abundance Acinetobacter Root1280 appeared to be more
affected by APO treatment in the tolerant than in the random community (Figure 4A). Based on
the correlation networks, we propose that this differential behavior is related to the presence of
different Pseudomonas strains in those syncoms. Pseudomonas Root9 negatively correlated
with Acinetobacter Root1280 in the APO- but not in the BOA-treated tolerant syncom at 96 h. In
fact, in the BOA-treated samples, this correlation was positive. In the APO-treated random
syncom, Pseudomonas Root329 was positively correlated with Acinetobacter Root1280 at 96 h.
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Figure 4. Differential strain interactions in the random and tolerant syncoms are driven by isolate identity and
chemical treatment.

A) Relative abundance of isolates present in both syncoms, over time and by treatment.
B) Pearson's correlations of strain abundances in the tolerant and random syncoms. Each node represents one
isolate; node size reflects relative abundance. Color of the node label indicates if an isolate was a member of both or

only one of the syncoms. Each edge indicates a correlation >0.5 between two isolates; edge color indicates the
correlation value.

Discussion

Diversity of BX sensitivity in culturable rhizosphere bacteria

In our screen of the AtRSphere collection for sensitivity to BX derivatives (Figure 1), we
observed broad diversity of growth responses to BX exposure. While some clades were non-
responsive to BOA and APO, we observed diverse responses in most clades. APO exerted a
strong negative influence on the growth of some isolates. These findings are in line with
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previous results showing the antibiotic activity of APO on anaerobic microorganisms [43]. In our
study, BOA influenced bacterial growth only marginally compared to APO, similar to what has
been described for their effects on fungi and plants. In general, this corroborates the previously
suggested relevance of APO, which is more stable than BOA in soil, in BX-mediated plant-
environment interactions [14, 16, 21, 23, 44, 45].

However, our data showed that bacterial response to APO was largely isolate-specific and not
dictated by phylogenetic relationship. This indicates that even within genera, natural genetic
diversity can result in substantial differences in BX sensitivity. Indeed, previous studies reported
functional overlap related to responses to plant-derived compounds between isolates from
different clades, while not all strains of the same clade shared these functionalities [9, 39]. The
broad phylogenetic spectrum of the AtRSphere collection prevented the identification of genetic
components underlying bacterial response to BOA and APO. However, the strongly differential
responses we observed among closely related isolates warrant a more comprehensive analysis
of the respective clades in future experiments.

One major advantage of the AtRSphere collection is that it was isolated from a non-BX-
producing host plant. The soil from which this collection was originally derived (Cologne soil)
was collected from an agricultural site, and in absence of a complete record of the field’s history,
we cannot exclude that there might have been an input of BX in the past. Our findings on the
standing diversity of BX tolerance further imply that this diversity is maintained in plant-
associated bacteria, also in the absence of a BX-releasing host.

Evaluation of bottom-up design strategy

Others have previously proposed that synthetic communities should be built with a focus on
functional features instead of on phylogenetic coverage [30, 46]. We employed a simple,
function-guided strategy, compiling syncoms by binning individual isolates based on a specific
phenotype and contrasting these binned assemblies to a randomly assembled syncom. The
decisive phenotype measured at the level of individual isolates and used for binning them into
syncoms was growth upon exposure to APO. The phenotype measured at the community level,
variance explained by treatment, was lowest (22%) in the syncom assembled solely from APO-
tolerant isolates, indicating that resistance of syncom members leads to overall community
resilience. While this approach worked well to create an overall resilient community, the amount
of variance explained by treatment was similar in random and sensitive (~40%) and highest in
the mixed syncom (75%), indicating that mixing tolerant and sensitive isolates does not
necessarily result in a community with intermediate resilience.

Stability of communities in vitro

Bacterial communities that assemble in vitro are less complex, with respect to the genera they
comprise, than those found on and around plant roots yet still contain a considerable number of
different isolates in coexistence. One might expect that in an in vitro system containing a
mixture of isolates, one isolate outgrows the others and reaches very high abundance. This
would mean that there are no interactions between the individual isolates and that growth rate is
a strong predictor of final abundance. We observed dominance of an isolate in the sensitive
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community, where Lysobacter reached >90% relative abundance. However, upon the addition
of BOA we observed that Flavobacterium was able to establish itself at >10% relative
abundance (corresponding to an eight-fold increase over control). In the mixed community,
Bacillus reached >90% abundance in the BOA and control conditions; however, in the APO
treatment, Bacillus was strongly reduced in relative abundance, while Hoeflea and Lysobacter
proliferated. In all other syncoms, several isolates reproducibly formed a community, with
relative abundances staying within a narrow range across replicates but varying by orders of
magnitude between genera.

The growth of an isolate by itself was only poorly correlated with its ability to establish itself as a
syncom member or with its relative abundance in a community (Figure 2E). In fact, several
isolates that grew poorly on their own reached high relative abundance when grown in
communities, possibly indicating facilitation by other members. However, it should be noted that
we confirmed a maximum of 15 isolates per syncom by 16S rRNA sequencing.

Chemical stability of isolate interactions

Partial overlap in the communities that arose from the random and tolerant syncom mixtures
allowed us to investigate to which degree the identity of community members influences the
interactions between isolates. The random and tolerant syncoms shared five isolates, three of
which were detectable in all treatments and time points. After 96 h, the random and tolerant
communities overlapped in 5 genera, including 3 identical isolates and differing representatives
of Pseudomonas and Bacillus. The identical isolates Bordetella, Acinetobacter, and
Noviherbaspirillum positively correlated in both syncoms, indicating that these isolates may form
a rather stable network in vitro. However, the influence of Pseudomonas on this network was
negative in the tolerant syncom, while the Pseudomonas isolate in the random syncom was
positively correlated with the network formed by Acinetobacter, Bordetella, and
Noviherbasprillium. This indicates that the exchange of a single isolate for a closely related
isolate from the same genus can have a broad influence on the overall community composition.
This supports the view that some community members can facilitate or compete with a larger
group of interacting members, i.e., acting as keystones [47], although this ability seems to be
variable within a clade.

BX dependent community alterations in vitro mimic those
described in soil

Our work complements recent research efforts to understand the effect of benzoxazinoids on
plant-associated microbiota in soil [17—-20, 22]. Ultimately, for in vitro syncom systems to be a
useful model for plant microbiota research, they should behave similarly to microbiota in soil. BX
constitute a prime system to assess this, as the influence of BX release on the root and
rhizosphere microbiome has been investigated via mutant studies in different soils [17, 19, 20,
22]. Among the bacterial taxa that were found in different studies, Flavobacteriales were
observed as depleted in multiple studies. Hu et al [17] found Flavobacterium depleted on the
roots of BX-exuding plants and the surrounding soils when comparing wildtype and bx7 mutant
plants. Extending these observations, Cadot et al [22] reported that Flavobacteriaceae were
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consistently depleted on roots of BX-producing plants, independent of soil type and location.
Similarly, members of the Flavobacteriales family were more abundant on the roots of maize
BX-synthesis mutants than on wildtype in another, independent study [20]. In all of the afore-
mentioned studies, Comamonadaceae were also reported to be depleted on roots of BX-
releasing plants when compared to BX-deficient mutants [17, 19, 20, 22].

Our data show that the growth of Flavobacterium isolates was only slightly reduced across APO
levels, with some isolates displaying mild sensitivity to BOA. However, Flavobacterium was
significantly depleted from the random and tolerant syncoms once the community was exposed
to APO. Flavobacterium was not found in the other two communities. Similarly, Acidovorax
(Comamonadaceae) was found to be reduced in the APO treatment in all syncoms. Thus, even
though in vitro cultivation strongly differs from soils in physical and chemical parameters and in
overall complexity, our study suggests that plant-exudate-mediated effects on soil communities
can be recapitulated in vitro, highlighting the applicability of such reduced-complexity systems
for future studies. In addition, such simplified systems may aid in the identification of microbial
isolates that act as community keystones, or hubs, under specific chemical challenges in a short
experimental time frame [38]. These data can then be used as basis for the design of host-
associated communities that are able to remain stable even in the presence of toxic
metabolites, which may increase plant productivity in mixed-cultivation settings.

Methods

Material

Isolate profiling

Individual isolates were pre-cultured in %2 strength TSB medium in 96-Well 2 ml deep-well plates
(Semadeni) covered with a Breathe-Easy (Diversified Biotech) membrane until stationary phase
for 6 d at 28°C and 180 rpm. Cultures were then resuspended by pipetting up and down 10
times and inoculated into 96-well flat-bottom, transparent cell culture plates (Nunc), containing
either solvent control (DMSO), 1 uM APO, 5 uM APO, 10 uM APO, 50 uM APO, 10 uM BOA, 50
MM BOA or 100 uM BOA in Y2-strength TSB. Different media were prepared by mixing a stock
containing the highest concentration of the respective chemical, with medium containing the
solvent at the same concentration (DMSO; 1:20.000). Pipetting was carried out using an Agilent
Bravo pipetting robot equipped with a 96-tip head. Plates were stacked without lids, with one
empty plate at the top and the bottom of the stack and placed into a BioTek plate stacker
connected to a BioTek Synergy2 plate reader. Plates were shaken for 120 s before reading, and
absorption (600 nm) was measured in each well. Plates were continuously shaken, measured,
and stacked over the course of at least 48 h per replicate. For each replicate, the relative growth
per isolate and condition was calculated by dividing the area under the growth curve (x = time in
minutes; y = increase in OD600) in the respective condition by the area under the growth curve
of the control condition. The experiment was carried out in eight replicates per condition.
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Synthetic bacterial communities

Design

To investigate to which degree the overall resilience of a bacterial community to chemical
changes is determined by the properties of its individual members, we followed two separate
design strategies. In the first strategy, we aimed at creating a diverse community spanning all
genera of the strain collection. The random community was created by picking one random
isolate per genus.

In the second approach, we built communities based on the growth profiles of the individual
strains. These communities span a limited number of genera, but the member growth profile is
more strictly defined than in the “full” community. One of the reduced representation
communities was created from isolates that grew to 75% to 100% of control conditions in 50uM
APO (folerant). The other reduced community was assembled from isolates that grew to 0 to
25% of control in 50uM APO (sensitive). If there was more than one isolate per genus that
fulfilled the condition, we selected one at random. In addition, we compiled one limited
representation syncom containing a mix of sensitive and tolerant strains (mixed).

Cultivation and sequencing

Individual isolates were pre-cultured in 72-strength TSB medium in 96-Well 2ml deep-well plates
covered with a Breathe-Easy membrane (Diversified Biotech) with shaking at 28°C for 6 days
until stationary phase, as described previously [39]. Individual cultures were resuspended by
pipetting up and down 10 times, and then 100 L of each culture were mixed with 10 mL %2-
strength TSB medium containing solvent at the same concentration as the treatment cultures
(1:20.000 DMSO). 100 pL of the mixed culture were used to inoculate 20 mL cultures containing
either a solvent control (DMSO), 100 uM BOA, or 50 yM APO in 100 mL Erlenmayer flasks.
Flasks were cultured at 28°C, 180 rpm; 1 ml culture was sampled every 24 h. Sampled cultures
were centrifuged at 12.000 rpm, the supernatant was discarded and the pellet was stored at -70
°C until further use. DNA was extracted using the DNA PowerSoil kit (Qiagen) following the
standard protocol. 16S amplicons were generated according to the lllumina 16S protocol,
indexed using Nextera XT dual indexing (lllumina), and pooled per time point for sequencing on
a MiSeq (Paired end 300bp, lllumina).

Data analysis

RStudio with R version 4.0.2 was used for data analysis. Reads processed and ASVs were
inferred using the dada2 pipeline [48]. Taxonomic assignment of ASVs was done using syncom
specific 16SrRNA databases and agglomerated at the genus level. ASVs that could not be
assigned were discarded. Scripts used for data analysis are available at
https://github.com/nschan/BxSyncomMs. Reads were deposited to ENA, accession number
PRJEB42439. The following packages were used:

Tidyverse [49], Broom [50], dada2 [51], DECIPHER [52], DESeq2 [53], emmeans [54], ggforce
[55], ggthemes [56], ggtree [57-59], gt [60], igraph [61], MESS [62], multcomp [63], patchwork
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[64], phangorn [65, 66], phyloseq [67], vegan [68], wesanderson [69] in combination with some
custom functions.
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Figure S1. Observed alpha diversity.

The number of observed bacterial genera of the samples belonging to the four different syncoms (A-D) is shown for
each time point (facet) and treatment (color). Each sample is plotted as a dot, and box-and-whisker plots show the
summary statistics for each treatment / time point combination.
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Figure S2: Shannon diversity indices of the synthetic communities.

The Shannon indices of the samples belonging to the four different syncoms (A-D) is shown for each time point
(facet) and treatment (color). Each sample is plotted as a dot, and box-and-whisker plots show the summary statistics
for each treatment / time point combination.
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Figure S3: Network correlations.

Networks of isolate Pearson correlations in the random (A) and tolerant (B) syncom. Each individual plot shows
correlations between isolates for one time point and treatment combination. The color of each edge indicates the
strength, and sign of the correlation (blue: negative correlation; yellow: positive) and each node represents one
isolate. The background color of the node label indicates whether an isolate was part of both communities (white) or
only included in one (gray). Only correlations that had an absolute r > 0.5 were included.
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