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Abstract

Host-associated microbiomes harbor hundreds of bacterial species that co-occur creating the
opportunity for manifold bacteria-bacteria interactions, which in turn contribute to the overall
community structure. The mechanisms that underlie this self-organization among bacteria remain
largely elusive. Here, we studied bacterial interactions in the phyllosphere microbiota. We
screened for microbial interactions /n planta by adding 200 endogenous strains individually

to a 15-member synthetic community and tracking changes in community composition upon
colonization of the model plant Arabidopsis. Ninety percent of the identified interactions /n
planta were negative, and phylogenetically closely related strains elicited consistent effects on

the synthetic community, providing support for trait conservation. Community changes could be
largely explained by binary interactions; however, we also identified a higher order interaction

of more than two interacting strains. We further focused on a prominent interaction between

two members of the Actinobacteria. In presence of Aeromicrobium Leaf245, the population of
Nocardioides Leaf374 was reduced by almost two orders of magnitude. We identified a potent
antimicrobial peptidase in Aeromicrobium Leaf245, which resulted in Nocardiofdes Leaf374
lysis. A respective Leaf245 mutant strain was necessary and sufficient to restore Nocardioides
colonization /n planta, demonstrating that direct bacteria-bacteria interactions were responsible for
the population shift originally observed. Our study highlights the power of synthetic community
screening and uncovers a strong microbial interaction that occurs despite a spatially heterogeneous
environment.
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Introduction

In the environment, bacteria often occur in multi-species communities. These may consist
of few species or comprise hundreds of species as is often found in host-associated
microbiomes!—3. Due to the complexity of these systems, it is particularly challenging

to identify microbes that interact and thereby shape the community. Interactions among
members of the microbiota are often studied /7 vitrd®5, but the observations are difficult
to translate to the host-associated context due to differences in spatial and nutritional
environments’.

The plant microbiome has been described for many species and the different plant
compartments2-8-10. Members of the microbiota can provide beneficial functions to the plant
host, such as growth promotion or increased resistance to biotic and abiotic stresses0-14,
While there is variation in the composition of colonizing bacteria at the species level,

the community is largely conserved at higher phylogenetic level over time and different
locations10:15,

The mechanisms that govern microbial community assembly in the plant host only

have started to be unraveled. Apart from host factors, microbe-microbe interactions also
contribute to community assembly910:16-21 byt little is known about the overall impact and
specific mechanisms that prevail /n planta. In general, interactions can be categorized based
on the outcome for the interaction partners?2.23, Positive interactions include commensalism
and mutualism, in which one or both microbes benefit. Negative interactions include
competition (negative for both microbes), amensalism (negative for one, neutral for the
other microbe) and parasitism (negative for one and positive for the other microbe)24:25,

The genomes of bacterial phyllosphere and rhizosphere colonizers harbor a plethora of
biosynthetic gene clusters. Therefore, the production of antimicrobial compounds to inhibit
competitors is proposed to be one mechanism that shapes microbial communities®:20:26,
Previous studies have also shown that the presence of fungi or oomycetes can alter bacterial
community composition?’~29, To date, most interactions have been described in the context
of pathogen infection in diseased plants. Interactions among bacteria in healthy plants and
hence the fundamental mechanisms driving community assembly are less studied.

Investigating bacteria-bacteria interactions directly in the host is challenging and usually
relies on co-occurrence networks based on natural variation over time or between
individuals2®-31, The development of computational approaches applicable to microbiomes
is a rapidly growing field and current limitations of the methods in interpreting species
interactions in microbiome studies have been highlighted32. An inherent drawback of all co-
occurrence network approaches is that they infer ecological associations based on abundance
correlations and thus fall short in demonstrating direct interactions. Synthetic community
experiments are attractive in this regard because: 1) the complexity of the system under
study can be reduced and 2) individual bacteria can be removed or replaced to examine

the community response to these controlled perturbations2°:33, Over the last years, extensive
culture collections have been established for several plant species, including Arabidopsis34,
allowing synthetic communities to be assembled not only 7 vitro but also in planta®3.
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Here we describe a systematic /n planta screen to identify positive and negative interactions
of 200 Arabidopsis thaliana leaf bacteria with a synthetic 15-member focal community

in a gnotobiotic model system. Mapping interactions of a broad range of bacteria in the
phyllosphere allowed the identification of emerging patterns for groups of microbes as

well as the identification of specific interactions. We then decipher an exemplary specific
microbial interaction /n plantato expand our mechanistic understanding of how these
interactions work at the molecular level.

Selection and characterization of the synthetic community

We aimed to dissect interactions among leaf strains during phyllosphere colonization of the
model plant Arabidopsis thaliana. To this end, we selected 15 strains from the A:LSPHERE
culture collection3* to assemble a focal community against which we probed 200 additional
strains of the A£LSPHERE collection and a few selected model strains13:35:36 individually
in drop-in synthetic communities (Fig. 1a, Supplementary Fig. 1). The use of a focal strain
assembly, as opposed to testing binary interactions, provides a community context that
potentially prevents evasion due to metabolic plasticity or spatial segregation?3 and shifts
the experimental design to a large, but still feasible set-up for testing bacterial interactions
in planta. 1t also allows testing whether phylogenetically related strains exhibit similar
interactions in the focal community and the emergence of higher order interactions.

The focal community strains were selected to span the phylogenetic diversity of the A~
LSPHERE culture collection3* and to include genera that are abundant in the Arabidopsis
phyllosphere and part of the phyla Proteobacteria, Actinobacteria, Bacteroidetes and
Firmicutes'534 (Fig. 1b). Upon mono-association, most isolates colonized the phyllosphere
in the range of 107 - 108 CFU g1 plant fresh weight (FW) in a calcine clay based
gnotobiotic model system (Fig. 1c). We also characterized the composition of the combined
focal community in the phyllosphere by 16S rRNA gene sequencing by combining the
strains in approximately equal ratio in the inoculum (Fig. 1d and Supplementary Fig.

2). The phyllosphere community was dominated by three strains that each contributed

more than 10% relative abundance (Methylobacterium Leaf88, Rhizobium Leaf371 and
Chryseobacterium Leaf405). Nine strains had relative abundances between 1-10% and three
strains less than 0.1%.

Single strain drop-out and replacement experiments showed that the selected focal
community is rather stable against perturbations within the community (see Supplementary
Note), thus providing an ideal starting point to identify interactions directly induced by
additional strains while still capturing potentially emerging higher order interactions.

Systematic mapping of interactions among At-LSPHERE isolates

Next, we mapped interactions of the focal community using a drop-in screen of 200 A~
LSPHERE isolates in planta. We added the strains individually to the focal community,
resulting in N (15 strains) +1 scenarios and used these for inoculation (see methods,
Supplementary Fig. 3a and Supplementary Table 1). After community establishment for
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approximately three weeks, we harvested the plants and recorded relative abundance
changes within the focal community compared to the unperturbed community control to
map interactions (Fig. 2a, Extended Data Fig. 1, Supplementary Fig. 3, 4 and Supplementary
Table 2). We also included conditions in which the focal strains themselves were added

as a drop-in strain in the inoculum. These control conditions had no significant impact on
the composition of the focal community except for the Leaf427 drop-in that affected Leaf

33 (log2FC: -2.52, pagj: 0.0064). Thus, overall this result validated the robustness of the
assembled focal community.

In total, we identified 84 interactions between strains (Wald test, Benjamini-Hochberg
adjusted p < 0.01) upon addition of 57 of the 200 strains tested. For the selected

focal community, 90% of identified interactions were negative, indicating competitive
interactions. We also observed that phylogenetically closely related isolates showed
similar effects on the focal community, indicating trait conservation. The majority of
negative interactions were observed with phylogenetically closely related strains, except
for Pseudomonas Leaf 129, which also frequently interacted with distantly related strains
(Extended Data Fig. 2). For focal strains that showed at least three negative interactions
within the genus, we tested whether within genus interactions were more frequent than
expected by chance (Fisher's exact test, Bonferroni adjusted p < 0.05). This was the case
for Rhizobium Leaf371, Sphingomonas Leaf67 and Methylobacterium Leaf88, suggesting
competition among closely related isolates (Supplementary Table 3). Intriguingly, among
the interactions found were some that have previously been identified in a larger 62 strain
SynCom3’ (e.g. Leaf88-Leaf416, Leaf129-Leaf233 and Leaf220-Leaf262), demonstrating
that these interactions are also observed in even more complex communities.

We also estimated the impact of each added strain on the focal community by calculating
the observed effect size based on PCA analysis (Fig. 2a, Supplementary Table 4). Except
for Aeromicrobium Leaf245, all strains with an effect size larger than 20% interacted with
two or more focal strains. Serratia Leaf50 interacted with four focal community strains

- the maximum observed - and had an effect size of 27%, suggesting strong remodeling

of the community. In fact, this strain and the plant pathogen Pseudomonas syringae pv.
tomato DC3000 were the only strains that induced disease symptoms in some plants when
present in the community (Supplementary Fig. 5). This is in line with the plant pathogenic
behavior of Serratia Leaf5038 and may explain the strong impact on the focal community
composition.

To test whether the identified interactions were binary or higher order interactions, and to
independently validate the screen above using a complementary read-out allowing absolute
quantification, we performed pairwise co-inoculations of Arabidopsis and compared
colonization relative to mono-colonization using CFU counts. Notably, 7 out of 12
interactions tested could be recapitulated upon co-inoculation, indicating that the observed
interactions do not require a community context (Fig. 2b). This complementary approach
also allowed us to study the effect of the interaction on the drop-in strain during co-
inoculation. For Rhizobium Leaf68 and Acidovorax Leaf76 and Leaf160, which all had
negative effects on the interacting focal strains, no significant abundance changes were
observed upon co-colonization compared to mono-association, indicating amensalism.
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For the interaction between Xanthomonas Leaf148 and the focal strain Aeromicrobium
Leaf272, Leaf272 abundance increased when co-inoculated while Leaf148 abundance was
not affected, suggesting commensalism.

Because higher order interactions would not manifest in pairwise inoculations, we also
tested a trio /n planta. We speculated that the addition of Xy/ophilus Leaf220 might be
necessary to recapitulate the interaction of Methylobacterium Leaf88 and Methylophilus
Leaf408, since Leaf408 also interacted with Xy/lophilus Leaf220 (Fig. 2a). Indeed, we
were able to reproducibly measure a decrease of Methylobacterium Leaf88 abundance

in the tripartite bacterial interaction (Fig. 2¢) and the magnitude was comparable to the
initial screen (log2FC: -2.7 and -2.5 in the screen and tripartite interaction, respectively).
Interestingly, Xy/lophilus Leaf220 abundance was increased in binary combination with
Methylophilus Leaf408 or Methylobacterium Leaf88 (Extended Data Fig. 3), suggesting a
similar mechanism to support the growth of Leaf220, possibly linked to the methylotrophic
lifestyle of both strains.

In summary, our screening approach allowed us to map bacterial interactions emerging due
to targeted perturbation of a community by strain addition. These interactions are readily
reproducible with a complementary read-out in minimal synthetic communities of two or
three strains.

Nocardioides Leaf374 - Aeromicrobium Leaf245 interaction

We had previously shown the potential of the leaf isolates to produce novel antimicrobial
compounds®. Out of 18 inhibitory interactions observed /n vitro between the tested strains
two were also identified /n planta (Supplementary Table 5), one of which was between
Nocardioides Leaf374 (Leaf374) and Aeromicrobium Leaf245 (Leaf245). This interaction
was not only conspicuous because of the overlap with previous /n vitro data but, with

a 50-fold reduction of relative abundance of Leaf374, was also particularly prominent

in planta (Fig. 2a). We then further validated this strain pair by sequential phyllosphere
inoculation. The order of inoculation did not matter (Extended Data Fig. 4) and Leaf245
also reduced an already established population of Leaf374 (Fig. 3a, Supplementary Fig.

6). The extent of Leaf374 reduction in the binary validation was two orders of magnitude
(log2FC: -7.6 to -4.1), which is in a similar range to that in the /n planta screen (log2FC:
-5.7). To further characterize this conspicuous interaction, we reproduced it /n vitro and
found that also cell-free supernatant prepared from suspended Leaf245 cells was sufficient
for inhibition of Leaf374 (see methods, Fig. 3b). Further, the supernatant not only inhibited
growth of Leaf374, but also efficiently lysed the bacterial cells (Supplementary Video).
Since the activity was lost upon boiling or addition of organic solvents (Supplementary Fig.
7), we speculated that the active molecule was likely a protein. Next, we fractionated the
culture supernatant of Leaf245 and identified several protein candidates that could cause the
observed inhibition (Fig. 3c,d, Extended Data Fig. 5a) and heterologously expressed these
in E. coli (for details see Supplementary Note). Among these was a putative M23 family
endopeptidase (ASF05_00205) which resulted in inhibition and lysis of the target cells (Fig.
3e, Extended Data Fig. 5b,c).
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To further substantiate that the observed /n planta reduction of Leaf374 colonization was
caused by the proteins found in the Leaf245 supernatant, we aimed to generate loss of
function mutants. All attempts to genetically manipulate Leaf245 were unsuccessful (see
Supplementary Note). We therefore used chemical mutagenesis and searched for mutants
with loss of /n vitro inhibition. We screened more than 107000 clones from an ethyl
methanesulfonate (EMS) treated population and identified 56 mutants with complete or
partial loss of Leaf374 inhibition. We validated these mutants by comparing the activity of
cell free supernatants to the wild type strain (Supplementary Fig. 8) and selected 33 clones
that showed a maximum of 2% residual activity compared with the wild type for genome
resequencing (Fig. 4a). Using this approach, we identified a gene locus, ASF05_00210
that was mutated in 40% of all clones analyzed. The locus encodes a 3 kb annotated
transcriptional activator and is located directly upstream of the previously identified
bacteriolytic protein ASF05_00205 (Fig. 4b). ASF05_00205 was also mutated in one clone
(E_60, S70L mutation) and the corresponding purified mutant protein showed attenuated
inhibition of Leaf374 (about tenfold less) compared to wild type protein. Furthermore,

the altered protein failed to lyse Leaf374 cells grown in an agar pad (Extended Data Fig.
5d), thus identifying the S70L mutation as crucial for protein function. In the remaining
identified clones, including those described above, no mutations in other predicted effector
proteins (see Extended Data Fig. 5a) were found. We also identified two other clones (E_12
and E_48) with potential regulatory mutations and included these for further analyses. The
analysis of supernatant fractions of these and the ASF05_00210 mutants showed that they
no longer secreted the ASF05_00205 endopeptidase (Fig. 4c, for details see Supplementary
Note).

Next, we tested whether Leaf374 colonization /n planta was no longer reduced when co-
inoculated with Leaf245 EMS mutants that do not secrete the ASF05_00205 effector /n vitro
(E_12, E_13, E_34, E_48 and E_61) or secrete effector with attenuated activity (E_60, see
Extended Data Fig. 5d and Supplementary Fig. 8). In mono-association studies, Leaf245
mutants reached similar colonization densities as the wild type indicating that they are not
affected in plant colonization per se (Extended Data Fig. 6). Notably, Leaf374 reached
20-fold higher colonization levels in presence of the Leaf245 ASF05_ 00210 mutants (E_13,
E_34 and E_61) and 10-fold higher levels in combination with clone E_60, carrying the
ASF05_00205 S70G mutation, compared to in presence of wild type Leaf245 (Fig. 4d). This
is in line with the observed supernatant activities /n7 vitro and the partial loss of activity for
the modified ASF05_00205 protein. In contrast, the E_12 and E_48 mutant clones did not
significantly affect Leaf374 populations compared to the wild type, despite their loss of /n
vitro inhibition. This might be due to different regulation /in planta compared to the tested

in vitro conditions. Furthermore, increased Leaf374 levels did not impact colonization by
Leaf245, as we did not detect a significant difference between the wild-type and mutant
strains in combination with Leaf374 (Extended Data Fig. 6).

In summary we show that the reduction of Leaf374 colonization in plantaby Leaf245

is caused by the putative M23 family endopeptidase ASF05_00205 that is regulated by
ASF05_00210. We thus named the proteins Nocardioides lysis-associated peptidase (NlaP)
and regulator (NlaR), respectively.
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NlaP target range and prevalence in other species

Having established the causative effect of NlaP, we wondered whether the protein was
present in other bacterial species. For this purpose we conducted a search on the IMG
database3?, considering also synteny (gene's bidirectional best hits). This search yielded
three other Aeromicrobium species of the A£LSPHERE collection, i.e. Leaf289, Leaf272
and Leaf291, and for one of these (Leaf289) a significant interaction with Leaf374 was also
identified in the /n planta screen above (Fig. 2a). Additionally, a group of 7errabacter spp.
was identified that are part of the AtRSPHERE collection or related soil isolates3*. These
contained n/aPand n/aR, which are located next to each other in the genomes, but with
opposite direction (Fig. 5a).

All Terrabacter spp. we tested showed strong inhibition of Leaf374 /n vitro (Fig. 5b).
Furthermore, we showed that Aeromicrobium spp. that lack n/aP, i.e. Root236, Root344
and Root495, did not inhibit NMocardioides Leaf374 in vitro (Fig. 5b), further supporting our
finding of the relevance of NlaP.

Next, we investigated the target range of Aeromicrobium spp. with endopeptidase activity
by selecting a panel of Actinobacteria from both the A#L- and A£R-SPHERE collections,
which cover isolates from leaves and roots, and tested whether they were inhibited by
living cells or cell-free supernatant of A:LSPHERE Aeromicrobium spp. or AERSPHERE
Terrabacter Root85 (Fig. 5¢). Living cells consistently inhibited Nocardioides spp. from both
the A-RSPHERE and A~LSPHERE collections and few other isolates. These inhibitions
were density dependent as exemplarily shown for four strain pairs, especially if the target
strain densities were high (Extended Data Fig. 7). The activity of cell-free supernatant on
the other hand was restricted to Nocardioides spp. and a closely related Marmoricola sp.
(Leaf446). Notably, the supernatants of Aeromicrobium Leaf245 and Terrabacter L eaf85
were more active than the other supernatants, suggesting that these strains release more
protein or protein with higher activity. This may also explain the observed differences in
interaction strength between Aeromicrobium spp. and Leaf374 in the /n planta interaction
screen.

Lastly, we also analyzed the spectrum of activity of the purified proteins NlaP,
ASF05_05375 and ASF05_12180 that all inhibit Leaf374 (see Fig. 3e). These were also
consistently active against Nocardioides spp. and Marmoricola sp. Leaf446 demonstrating
the specificity of the endopeptidase-based negative interaction for this group of bacteria and
providing a basis for future investigations regarding the target specificity within this so far
poorly studied bacterial group.

Discussion

Identifying the nature of microbial interactions that manifest in complex microbiomes
remains a challenge. Large numbers of colonizing bacteria create the possibility of
numerous interactions, making the discovery of genotype-phenotype relationships difficult.
In contrast to correlation-based interaction mapping, synthetic communities provide the
opportunity to establish causal interactions by adding or removing strains33, and thus to
empirically determine the consequence of inter-strain interactions on the remainder of the
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community. It also allows for the adjustment of community complexity, which is important
because of the inherent complexity of the interaction network in which effects might
superpose. There are, however, also drawbacks to the SynCom approach. While complexity
reduction is favorable to identify individual interactions, fewer species combinations can be
probed at once, and specific metabolic functions associated with only few strains may be
absent in the community. Therefore, the size of the SynCom has to be carefully considered.

Here, we selected a focal community of 15 strains and mapped bacterial interactions
observed when 200 leaf isolates were individually added during colonization of the
Arabidopsis phyllosphere. We found that 90% of the observed interactions were negative
(Fig. 2a). This suggests that interactions are mainly competitive in nature, which is
consistent with previous studies®37:40 and not surprising given the oligotrophic nature

of the phyllosphere!®. The constructed interaction map revealed high consistency of
observed interactions for closely related isolates, suggesting similar functions of these
within the community. This hints towards shared evolutionary history of these strains and
phylogenetic trait conservation*l. However, we also noted within genus interactions, which
were all negative. It has been a longstanding question in ecology whether closely related
species can co-exist in the same niche, due to phenotypic similarity and hence intense
competition#2. This hypothesis, termed "competition-relatedness hypothesis"43, was much
debated in recent years*3-47_ In this study, we found that within genus negative interactions
were more frequent than expected by chance. However, some strains (Methylobacterium
Leaf88, Xylophilus Leaf220 and Pseudomonas Leaf129) also show negative interactions
with distantly related groups (Extended Data Fig. 2).

To assess if the presence of the community is required to observe the identified interactions,
we tested a subset of interactions in a binary inoculation model (Fig. 2b). Notably, we
found, that two thirds of the interactions were reproducible without community background,
meaning that these strains affect each other independently of other microbiota members.
Further studies are necessary for each specific pair to demonstrate whether this is due

to direct bacteria-bacteria interaction or due to indirect effects through host-modulation?8,
given that plants respond to most of its endogenous microbiota leaf members by inducing

a conserved set of defense related genes*®. Interactions between host-associated bacteria in
binary and tertiary combinations have been characterized before>40:50.51 However, most of
the corresponding studies were conducted /n vitro under conditions that are substantially
different compared to the host-associated context. This is particularly pertinent when
studying phyllosphere communities, since the leaf architecture provides a multitude of
microenvironments that are spatially segregated and the oligotrophic nature of leaf surfaces
is difficult to mimic /n vitro®253,

We also identified one higher order interaction®*. A marked reduction of Methylobacterium
Leaf88 was observed in the presence of at least two other strains that did not occur

in the presence of either alone (Fig. 2c). Such higher order interactions are proposed

to be important in stabilizing species coexistence in complex communities®®; however,
there is still little empirical evidence to assess their importance®8. It was found that the
presence of multiple strains can dampen the competition previously observed in a binary
situation, which was attributed to higher order interactions®’. Here, we found the opposite
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scenario, where a higher order interaction led to the emergence of a competitive interaction.
Additional interactions observed in p/anta (Fig. 2a) might be the result of higher order
interactions. /n planta observed interactions that could not be validated using binary strain
inoculations thus provide valuable starting points to test combinatorial permutations to
uncover potentially underlying higher order interactions.

The patchy colonization observed on the leaf surface®2-3:58  could also explain why
higher order interactions in communities in the phyllosphere are indeed difficult to detect
at the overall population level, as more than two strains have to co-localize for direct
bacteria-bacteria interactions to occur. These events are less likely in spatially segregated
environments. Similarly, binary interactions could also be affected as strains do not
necessarily have a chance to encounter each other at the microscale, which mitigates the
observed effect.

Spatial segregation may also explain why antibiotic interactions previously found in vitrc®
were rarely observed /n planta (Supplementary Table 5). Other reasons for the lack

of antibiotic effects /n planta, apart from leaf colonization patterns, include insufficient
amounts or lack of production of the compound under the conditions found 77 sit.P°. While
antibiotic production observed in vitro could not explain most interactions observed /n
planta, we found one prominent interaction based on antimicrobial production.

Intriguingly, the interaction is mediated by a protein, an endopeptidase termed NlaP.

We hypothesize that proteins might be more stable in the phyllosphere compared to

small molecules, which might be subject to rapid degradation due to exposure to UV
irradiation or reactive oxygen species and hence explain the strong effect observed /n planta.
Moreover, proteins may directly impair the target cell. We speculate that NlaP cleaves
Nocardioides peptidoglycan cross-linkages with high specificity, since other members of
this protein family, including lysostaphin from Staphylococcus simulans®®61 and LasA from
Pseudomonas aeruginosd®, have glycine-glycine endopeptidase activity. As observed for
other bacteriolytic enzymes83-65, the target range of NlaP is taxonomically narrow (Fig. 5¢c)
and potentially confined to strains with similar surface structure. Therefore, the production
of NlaP likely provides a strategy to defend favorable niches on the leaf surface.

In summary, this study demonstrates the power of synthetic communities to systematically
identify bacterial interactions in the phyllosphere. Since the microbes involved are all
culturable, the identified interactions can be further characterized to decipher mechanisms
that contribute to community assembly. Here we demonstrate a role that a bacteriolytic
enzyme can play in community assembly. Further mechanistic understanding of how
communities assemble will ultimately be critical to building lasting plant growth-promoting
and disease suppressive microbial communities necessary for sustainable agriculture.

Strains and cultivation

Unless stated otherwise, A-SPHERE isolates were cultivated at room temperature on R-2A
agar (Sigma-Aldrich) or at 28°C in R-2A broth (0.5 g yeast extract (Oxoid), 0.5 g Proteose

Nat Microbiol. Author manuscript; available in PMC 2022 November 30.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Schéfer et al.

Page 10

peptone No. 3 (Becton, Dickinson and Company), 0.5 g Casamino acids (Becton, Dickinson
and Company), 0.5 g D-glucose monohydrate (Sigma-Aldrich), 0.5 g starch (from potato,
Fluka), 0.3 g sodium pyruvate (Sigma-Aldrich), 0.3 g K,HPO, (AppliChem) and 0.05 g
magnesium sulfate heptahydrate (Sigma-Aldrich) dissolved in 1 L deionized water), both
supplemented after sterilization with 0.5% (v/v) methanol (R-2A+M). Minimal medium
was prepared as described previously®6 and supplemented with 5 mM maltose (Fluka). For
Leaf374 cultivation, minimal medium agar was supplemented with vitamins (500 pg L™
D-pantothenic acid hemi calcium salt, 100 pg L1 biotin, 400 ug L™ riboflavin, 400 pg

L-1 thiamine HCI, 200 pg L1 pyridoxal HCI 150 pg L1 p-amino benzoic acid, 200 ug

L1 cobalamin, 50 ug L™ lipoic acid, 150 pg L1 nicotinic acid and 100 pg L1 folic acid).
For selective growth of Leaf272, R-2A+M was supplemented with 50 pg mL™! rifampicin
(Sigma-Aldrich), since this strain has a natural resistance towards this antibiotic.

E. coliBL21 (DE3) gold was cultivated in LB-Lennox at 37°C supplemented with 50 ug
mL-1 kanamycin sulfate (AppliChem).

Plant growth conditions

Plants were cultivated as described previously3’, with some modifications. In brief,
Arabidopsis thaliana Columbia-0 (Col-0) seeds were surface-sterilized®” and stratified

for 4 days at 4°C. Plants were cultivated in six- or twelve-well tissue culture plates
(TechnoPlasticProducts) filled with 5 or 2 ml washed and heat-sterilized calcined clay and
2.5 or 1 ml half-strength Murashige & Skoog medium pH 5.8 including vitamins (Y2 MS,
Duchefa), respectively. Individual seeds were placed in the center of each well. If seeds

did not germinate, a seedling was transplanted to the corresponding well six days after
seeding. Starting at day 6, each well was supplemented twice per week with 200 or 100

UL ¥ MS, respectively. Plates were incubated in a growth chamber (Percival, CU41-L4)

set to 22°C and 54% relative humidity with a 11 h light 13 hours dark regime fitted with
full spectrum lights (Philips Master TL-D 18W/950 Graphica) and lights emitting a higher
fraction of UVA and UVB (Sylvania Reptistar F18W/6500K). Combined light intensity was
set to 200-210 pmol m2 s’ for wavelength 400-700 nm and 4-5 pmol m2 s1 for wavelength
280-400 nm.

Inoculation with bacteria

Bacteria were cultivated at 22 °C on R-2A+M agar plates for four days, re-streaked onto
fresh R-2A+M plates and grown for another three days prior to inoculation. Inoculation
suspensions were prepared by suspending individual strains in 10 mM MgCl, solution.

For the focal community, focal community drop-out and replacement as well as for binary
and tripartite strain inoculations, the optical density at 600 nm (ODgq) of each strain was
adjusted to 0.2 and the strains were mixed at equal ratios. Finally, the strain mixtures were
diluted to a final ODgg of 0.02 for inoculation. For strains added in the drop-in screen,
similar volumes of cell paste were suspended in 10 mM MgCls solution corresponding to an
ODgqg of 0.1-0.3. Strains were diluted 20-fold when added to the premixed focal community
(all strains adjusted to an ODggg of 0.2, mixed at equal ratio and then 10-fold diluted to
ODgqg 0.02), but were present in approximately 10-fold excess compared to individual focal
strains (Supplementary Table 1).
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Unless otherwise indicated, 7 day old seedlings were inoculated with 50 pL final inoculation
suspension by slowly dropping on the whole seedling. Axenic control plants were mock-
treated with 10 mM MgCl,, instead of bacterial suspension. No statistical methods were used
to pre-determine sample sizes for phyllosphere inoculation experiments, but sample sizes are
similar to those previously reported937,

Phyllosphere harvest for 16S amplicon sequencing or CFU enumeration

The entire phyllosphere of 28 or 29 day old plants was harvested with sterilized tweezers
and scalpels. Plants for community profiling by 16S rRNA gene amplicon sequencing were
directly placed into lysis matrix E tubes (FastDNA SPIN Kit for Soil, MP Biomedicals),
frozen in liquid nitrogen and stored at -80°C. For the /n planta screen (Fig. 2a) two plants
grown on separate plates were pooled for one biological replicate. In all other experiments,
individual plants were analyzed.

Plants for colony-forming units (CFU) enumeration were harvested by two different
protocols. The first protocol was performed as described previously!3. The phyllosphere was
placed in tubes containing 1.3 mL 100 mM phosphate buffer pH7 containing 0.2% Silwet-
L77 (Leu+Gygax AG, Switzerland). Plant fresh weight was measured on an analytical
balance (Mettler-Toledo) with an accuracy of 0.1 mg. Bacteria were subsequently washed
off by shaking tubes for 15 min at 25 Hz with a TissueLyser Il (Qiagen) followed by
sonication (ultrasonic bath, Branson) for 5 min. Tubes containing wash-off solution were
vortexed and 100 pL of the solution was transferred to a 96-well plate to prepare a 10-fold
serial dilution in 100 mM phosphate buffer pH7.

The protocol was changed for experiments including Nocardioides Leaf374, since we
observed that survival of the strain was reduced by the presence of Silwet-L77 in the

wash solution. For harvest with the revised protocol, the phyllosphere was placed into tubes
containing a metal bead (5 mm diameter) and 100 mM phosphate buffer pH 7 (200 pL).
Plants were crushed with a TissueLyser Il for 45 s at 30 Hz. Phosphate buffer (600 uL)

was added to the crushed plant material and mixed by vortexing. Samples (100 pL) were
transferred to a 96-well plate to prepare a 10-fold serial dilution in 200 mM phosphate
buffer.

For dilution series prepared with either of the harvest protocols 4 uL of each dilution were
spotted on R-2A+M agar square plates (Greiner) and dried under laminar flow. For samples
inoculated with strain combinations or synthetic communities 50 uL of the appropriate
dilutions were plated on round (9 cm) R-2A+M agar or appropriate selective agar plates to
count individual strains based on morphology. Plates were incubated at room temperature
and CFU were counted after 1-3 days on square plates and after 4-7 days on round plates.
Strains in the combinations had different colony morphology to allow identification and
quantification of each strain in the mix.

Phylogenetic tree construction

The phylogeny of the A£LSPHERE strains was based on full-length 16S rRNA
gene sequences as described previouslyl®. The phylogeny of AtL- and A-R-SPHERE
Actinobacteria was based on AMPHORA genes as described in Bai et al34. The
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phylogenetic tree was divided with the keep.tjp command of the R package ape 5.4-168.
Leaf374 was placed manually in the tree with the command bind.tip in the R package
phytools® based on full-length 16S rRNA gene tree.

16S rRNA gene amplicon library preparation and sequencing

Frozen plant and inoculum samples were lyophilized (Christ Alpha 2-4 LD Plus) for

16-18 h and subsequently homogenized with a TissueLyser Il for 2 min at 25 Hz. DNA
was extracted with the FastDNA SPIN Kit for Soil (MP Biomedicals) according to the
manufacturer's instructions. DNA was quantified (Promega QuantiFluor dsDNA, E2670)
and normalized to a concentration of 1 ng uL"1. The 16S amplicon library was prepared

as described before3”. DNA amplification of the VV5-V7 region of the 16S rRNA gene

was performed in triplicate with primers 799F and 1193R with DFS Taq polymerase
(Bioron) and 12.5 ng template DNA for 25 cycles with the following cycling parameters:
Denaturation for 30 s at 94 °C, annealing for 30 s at 55 °C extension for 60 s at 72

°C. Triplicate samples were pooled and primers were removed by enzymatic digest with
Antarctic phosphatase (NewEnglandBioLabs) and Exonuclease | (NewEnglandBioLabs).
Barcoding PCR (10 cycles) was performed in triplicate with DFS Taq polymerase and plate
specific forward and well specific reverse primers with the same cycling parameters as the
first PCR. Triplicates were pooled and the amplification of each sample was verified by
loading equal amounts (5 pL) on a 1.5% (w/v) agarose gel. Samples were pooled based on
intensity of the obtained agarose gel band. The library was loaded on a 1.5% agarose gel
and the band at a size of approximately 500 bp was cut out and DNA was cleaned up with
the QlAquick gel extraction kit (Qiagen) according to manufacturer's recommendation. The
library was cleaned twice by bead clean-up (AMPure XP, Beckman Coulter) with a ratio of
0.8:1 and finally with a ratio of 0.6:1 bead to sample ratio. The final length of the amplicon
library was checked on a 2200 TapeStation (Agilent Technologies) using High sensitivity
D1000 screen tape. Sequencing was performed on the Illumina MiSeq platform using a v3
cycle kit (2x 300 bp, paired-end) at the Genetic Diversity Center (ETH Zurich). The library
was denatured and diluted to a final concentration of 12 pM with addition of 20% PhiX.
Sequencing was performed with custom sequencing primers as described before34,

Data analysis

The 16S rRNA gene amplicon sequencing data was analyzed as described previously9:37.
Based on V5-V7 16S rRNA gene sequences a list of amplicon sequencing variants (ASVs)
included in the experiments was compiled and used as a reference database. When multiple
strains existed with the same ASV they were assigned to one representative ASV for
analysis, but could still be tracked as strains because they were not present with strains of the
same ASV at the same time (except for few strains belonging to the same ASV as a focal
strain).

Paired-end sequencing raw reads were processed using USEARCH0 v.11.0.667-i86
linux64. First, reads were merged with the -fastq_mergepairs command with minimum
identity of 90% and minimum overlap of 16 bp. Next, the merged reads were filtered
using -fastq_filter with a maximum expected error of 1 and a minimum length of 200
bp. The —otutab command was used to classify and count reads with 100% identity to
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the 16S rDNA reference database and assign them to individual samples, to generate an
ASV table. The total number of sequences with a barcode corresponding to a sample but
no match to the reference database were added as an additional line for sequencing depth
estimation. Unclassified sequences were dereplicated and clustered with -fastx_uniques and
-cluster_otus commands. The minimum cluster size was set to 1 and the identity threshold
was set to 97%. Taxonomy was assigned to the de novo OTU clusters with the SILVA

SSU Ref NR database’? (release132) to detect potential contaminations. Control samples
of mock-inoculated plants and extraction/processing controls were used to detect possible
systematic contaminations and were excluded for further analysis.

Further data analysis was performed in RStudio’2 with R version 4.0.473 as described
before37. The ASV table (Supplementary Data 1) was log-normalized and variance-
stabilized using DESeq2 v.1.14.174 to account for different sequencing depths between
samples. Log2 fold-changes and p-values (Wald test, Benjamini-Hochberg adjusted) were
calculated with DESeq?2 for each comparison between drop-in or drop-out condition
compared to the unperturbed control. For the analysis of the screen, three replicates of

each screening condition were compared to 16 replicates of the focal community. For the
focal community control one sample was lost (S_58) and one sample was removed as an
outlier (S_72), since the community composition was very different compared to other focal
community samples (Supplementary Fig. 4). The drop-in strains Leaf72 and Leaf69 were
excluded, since the former was neither detected in the inoculum nor in any of the plant
samples and the latter was excluded due to contamination. Sample metadata can be found in
Supplementary Data 1.

To assess the overall effect on the communities, PCA was performed with the transformed
ASV table using the prcomp command. For PCA analysis only ASVs were included that
were present in both conditions. The effect size represents the explained variance calculated
on Euclidian distances and statistical significance was based on PERMANOVA with 50’000
permutations using the adonis command of the vegan v.2.5-7 package’®.

Phylogenetic distance of all strains was calculated based on full-length 16S rRNA gene tree
with the command cophenetic.phylo in package ape 5.4-168.

GraphPad Prism V9.2 was used to plot log10 transformed colonization data and to perform
corresponding statistical tests.

Leaf245 supernatant preparation, fractionation and protein identification

Aeromicrobium Leaf245 was grown for three days on R-2A+M agar, re-streaked as a thin
layer onto two square R-2A+M agar plates and grown for 24 h. The complete cell material
was collected with a sterile inoculation loop and suspended in 800 pL sterile 100 mM
ammonium bicarbonate buffer adjusted to pH 7.5 with HCI. Cells were vortex-mixed for 1
min and ODgqq of cell suspension was measured for normalization purposes when different
clones were compared. Cells were pelleted by centrifugation for 2 min at 8000 x g and the
supernatant was passed through a 0.22 um PES filter to remove residual cells. Finally, the
supernatant was concentrated to a final volume of approximately 250 uL using an Amicon
Ultra-4 spin filter tube (3 kDa, Merck).
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A Superdex 75 column (GE Healthcare) fitted to an AKTA Purifier 10 FPLC system (GE
Healthcare) was equilibrated with 200 mM ammonium bicarbonate buffer pH 7.5 before
injecting 150 - 200 uL of concentrated supernatant. For fractionation, the flow rate was set
to 0.2 mL min-1 for the first three mL and then increased to 0.5 mL min-L. Fractions (1 mL)
were collected while the run was monitored by absorption measurement at 280 and 215 nm.

Single or pooled active fractions were concentrated with 3 kDa cutoff Amicon Ultra-4

spin filter tubes. Proteins were separated by SDS-PAGE on precast 10% acrylamide gels
(Merck) and bands of interest were cut out or whole fractions were sent directly for protein
identification by shotgun proteomics at the Functional Genomics Center Zurich.

Heterologous expression of effectors in E. coli

Plasmids for expression of selected candidate proteins were ordered from Twist Bioscience
(USA)). First, secretion signals of candidate proteins were predicted using SignalP-5.076 with
default settings for Gram-positive bacteria. The protein sequences without signal sequence
were subsequently reverse-translated and used to generate codon-optimized nucleotide
sequences for expression in £. coliapplying default settings of Twist. If necessary, spacer
base pairs were added to allow in-frame cloning into the expression plasmid pET28a(+)
(Novagen) using Ncol and Xhol restriction sites.

The nucleotide changes for the ASFO5_00205S70L construct were

introduced by quick-change mutagenesis with the primers 00205_S70L-

F (CAATCGCGTAACGAAGCGGTGAGTGGCCGT CGC) and 00205_S70L-R
(GCGACGGCCACTCACCGCTTCGTTACGCGATTG).

The expression plasmids were transformed into £. co/iBL21 (DE3) Gold by electroporation
and transformants were selected on LB agar supplemented with kanamycin. Pre-cultures in
20 mL LB supplemented with kanamycin were inoculated with cell material from several
transformant colonies and were grown to mid-exponential phase. Bacteria were added to 100
or 200 mL main cultures at a starting ODggg of 0.01 and grown at 37°C. When cell cultures
reached an ODggq of 0.5 they were shifted to 16 °C and expression was induced 30 min later
by addition of isopropyl-p-D-thiogalactopyranosid (IPTG, Biosynth) at a final concentration
of 0.1 mM. Expression was stopped 16 h after induction by placing shake-flasks on ice for
15 min. The cells were harvested by centrifugation (8000 x g, 15 min, 4°C), cell pellets
were washed twice with 20 mM TRIS-HCI pH 7.5 containing 250 mM NaCl and were
resuspended in in the same buffer supplemented with 40 mM imidazole. Cells were lysed

by processing three times with a FrenchPressure cell (SLM AMINCO, SLM instruments
Inc.) at a pressure of 1100 psi and the lysate was cleared by centrifugation for 1 h at 45'000
rpm in a Beckman Coulter LE-80 centrifuge equipped with a Ti50 rotor corresponding to
approximately 130'000 x g. Cleared cell lysate was stored at 4°C.

Protein purification

Affinity purification was carried out on an AKTA Purifier 10 FPLC system (GE
healthcare). Cleared cell lysate (4-6 mL) was passed through a 0.22 um PES filter
(TechnoPlasticProducts) and loaded on a HisTrap™ HP column (1 mL, Cytiva) equilibrated
with 20 mM TRIS-HCI pH 7.5 containing 250 mM NaCl and 40 mM imidazole. The
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column was washed with 10 column volumes of the same buffer and bound proteins were
eluted over a gradient of 10 mL to a final concentration of 500 mM imidazole. Elution of
proteins was monitored by absorption at 215 and 280 nm and 1 mL fractions were collected.
Based on SDS-PAGE gel band pattern, fractions containing purified protein were pooled
and imidazole concentration was reduced by 20-fold dilution in buffer without imidazole
followed by volume reduction with an Amicon Ultra-4 spin filter tube (3 kDa, Merck).

Protein quantification

The purified proteins were quantified by absorption measurement at 280 nm with
a NanoDrop spectrophotometer (ThermoFisher) calibrated with extinction coefficients
calculated for each purified protein with the Expasy ProtParam tool’’.

Inhibition assay with living cells, supernatant and purified proteins

Microscopy

Nocardioides Leaf374 and other target strains were grown on R-2A+M agar plates for 2-4
days. Cells were suspended in 10 mM MgCl, solution. To prepare overlay plates suspended
bacteria were added to 3 mL R-2A top agar (43 °C, 1% agar) at a final ODgqg of 0.01.

The overlay agar was immediately poured on top of a round petri dish prefilled with 20
mL solidified R-2A agar and left to dry for 5 min under laminar flow. Larger square plates
were prepared in the same way with 10 mL top agar and 30 mL prefilled agar. Suspended
cells of producer strains (ODggg adjusted to 1, corresponding to approx. 5x10° CFU mL™1),
cell free supernatants (from ODggg = 5 or 10 adjusted cell suspension) or purified proteins
(adjusted to a concentration of 0.1 mg mL"1 protein) were spotted (2 uL) on top of overlay
plates and dried for 5 min under laminar flow. Plates were incubated at room temperature
and inhibitions that manifested by the appearance of halos were scored after 24 and 48 h.

Leaf245 was grown in R-2A+M broth and the supernatant was concentrated 200-fold with
an Amicon Ultra-4 spin filter tube (100 kDa, Merck). Leaf374 grown on R-2A+M agar
was resuspended in PBS pH7.4 (10 mM NayHPQy, 1.8 MM KH,POy4, 137 mM NaCl, 2.7
mM KCI), spotted on a LB agar pad and dried. The concentrated supernatant of Leaf 245
was added (10 pL) and imaging was started one minute later. Phase contrast images were
acquired on a Zeiss Axio Observer Z1 inverted microscope (Carl Zeiss AG) equipped with
an EC Plan-Neofluar 100x/1.3 objective. Images were taken every 20 seconds over the
course of 20 minutes and combined to a time lapse video using Fiji software’8,

EMS mutagenesis of Leaf245 and identification of loss of function mutations

Aeromicrobium Leaf245 was grown on R-2A+M agar plates for three days and inoculated
into 20 mL R-2A+M broth in a 100 mL baffled shake flask at a starting ODgqq of approx.
0.02 and grown at 28°C to mid-exponential phase. Cells were harvested by centrifugation

(8 min, 3320 x g, RT), washed with 30 mL 100 mM sodium phosphate buffer pH7 and

were resuspended in the same buffer and adjusted to ODggg = 1. Suspended cells (400 pL)
were mixed with 4% (v/v) ethyl methanesulfonate (EMS, Sigma-Aldrich), mixed vigorously
and incubated for 1-5 hours at room temperature. Mutagenesis was stopped by adding 1.1
mL 0.16 M sodium thiosulfate (Sigma-Aldrich). Cells were pelleted by centrifugation (2

Nat Microbiol. Author manuscript; available in PMC 2022 November 30.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Schéfer et al. Page 16

min, 8000 x g) and supernatant was completely removed. Cells were suspended in 1 mL 80
mM sodium phosphate buffer containing 32 mM sodium thiosulfate. Aliquots (200 uL) were
mixed with the same amount of sterile 50% (v/v) glycerol and stored at -80°C. For each
sample a 10-fold dilution series was prepared in 80 mM sodium phosphate buffer containing
32 mM sodium thiosulfate and 50 pL of dilutions 10" and 1076 were plated on R-2A+M
agar plates to estimate survival of cells. The sample with a survival rate of approximately
5% (reached after 3 hour EMS treatment) was chosen for further experiments.

Mutagenized cells were thawed, diluted 103-105-fold in 100 mM sodium phosphate buffer
pH7 and 50 pL aliquots plated on R-2A+M agar and incubated for 5 days. Individual clones
were picked with sterile tooth picks and streaked on top of overlay agar plates containing
Leaf374. Clones that showed complete loss of inhibition, smaller zone of inhibition or
incomplete clearance were re-streaked twice on R-2A+M agar to obtain pure clones. A
single colony was picked and grown in 20 mL R-2A+M broth. From this culture, cryo stocks
were prepared and cell pellets were prepared and stored at -20°C for DNA extraction and
subsequent genome sequencing.

Frozen cell pellets were thawed on ice. Cells were suspended in 50 uL freshly prepared 10
mM sodium phosphate buffer pH7 containing 3 mg mL-1 lysozyme (Carl Roth, Karlsruhe,
Germany) and were incubated at 37°C for 30 min. After the lysozyme pre-treatment DNA
was extracted with the Epicentre® MasterPure™ Complete DNA & RNA Purification

kit (Lucigen, Middleton, WI, USA) according to the manufacturer's recommendation for
bacterial cell cultures. DNA concentration was quantified using the Quantifluor® dsDNA
System (Promega) and adjusted to 50 ng uLL. Library preparation and Illumina sequencing
was performed by Novogene (UK sequencing center). DNA was randomly fragmented by
sonication, end-polished, A-tailed and ligated with the full-length adapters for lllumina
sequencing. Adaptor ligated fragments were PCR amplified with P5 and indexed P7 oligos
and purified with AMPure XP beads. The size distribution of the libraries was checked with
a 2100 Bioanalyzer (Agilent Technologies) and quantified by real-time PCR. The combined
library was sequenced on a NovaSeq 6000 sequencing system (2x 150 bp, paired-end).
Reads containing adaptors, unassigned bases (N > 10%) or low quality bases (Qscore < 5 for
> 50% of bases) were removed from the raw data by the sequencing center.

Illumina short-reads were adapter-trimmed (ktrim=r, k=23, mink=11, hdist=1, tpe, tbo,
ftm=>5), contaminant-filtered (k=31, hdist=1) and quality-filtered (trimg=14, mag=20,
minlength=36, maxns=0, gtrim=r) using BBDuk of BBTools’® (v.38.87, sourceforge.net/
projects/bbmap). Mutations in EMS clones of Leaf245 were identified with Breseq8?
(v.0.35.4). Variations also observed in the wild-type resequenced strain were removed from
the list.

Sequencing of Leaf245 with Nanopore long reads and Illumina read polishing

Leaf245 wild-type DNA was also sequenced using ONT long-read sequencing technology
to close the genome prior to EMS mutant identification. DNA was tagmented and

rapid barcoded (RB03) with the SKT-RBK004 kit (Nanopore) and pooled with other
tagmented DNA samples (not included here) according to the manufacturer's instructions.
The tagmented DNA pool was concentrated with SPEED beads and half of the mixture
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was size selected with a 4 kb high-pass cutoff on a BluePippin (Sage Science) with

a BLF-7510 cassette. The size-selected DNA was cleaned and concentrated using an

equal volume of SPEED beads prior to elution in 10 mM Tris-HCI pH 8 containing 50

mM NaCl. Nanopore sequencing adapters were added according to the SKT-RBK004 kit
instructions prior to sequencing on a MinlON with a FLO-MIN106 flow cell. Base calling
and demultiplexing was done post-sequencing using Guppy (v.3.2.4+d9%ed22f, Nanopore)
and reads from two sequencing runs/flow cells were combined. Adapters were trimmed and
possible chimeras removed using porechop (v.0.2.4, https://github.com/rrwick/Porechop).
The resulting long-reads were assembled with Flye8! (v.2.8-b1674) into a single circular
chromosome, followed by five rounds of Illumina short-read polishing with Pilon82 (v.1.23).
One circular chromosome of 3463989 bp was obtained and annotated using Prokkas3
(v.1.13.3).
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Extended Data
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Extended Data Figure 1. Changesin focal community strain abundances upon strain drop-in.
Heatmap showing log2-transformed fold changes (treatment vs control) for each focal

community strain (top) upon strain drop-in (left). Significant changes (DESeg2-normalized
counts, Wald test, Benjamini-Hochberg corrected, pagj < 0.01, Nfocal community = 16, Ndrop-in =
3) are indicated with a black frame. Drop-in strains are colored by phylum or Proteobacteria
class. Exact p-values are provided in Supplementary Table 2.
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Extended Data Figure 2. Phylogenetic distance of interacting strains.
Focal strains that showed = 1 interaction are shown. The phylogenetic distance of the focal

strain to all added strains is indicated on the x-axis. Log2-fold changes (log2FC) are shown
on the y-axis. Significant fold-changes are highlighted with blue (negative interactions) or
red (positive interactions) fill color. Strains that belong to the same ASV as a focal strain
have a light grey fill color.
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Extended Data Figure 3. Phyllosphere colonization of Leaf220 and L eaf408.
Phyllosphere colonization of a) Leaf220 or b) Leaf408 in mono-association or in
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combination with other strains (indicated below). Shown are the median and individual

data points of log10-transformed CFU per gram fresh weight across two independent
experiments. Colors/shapes refer to experiment. Exact p-values (Krusksal-Wallis test with
post-hoc Dunn test, Bonferroni adjusted p) and log2 fold-changes (log2FC) for comparisons
to the mono-association condition are indicated above or below the graph, respectively. For
corresponding Leaf88 colonization levels see Fig. 2c.

Nat Microbiol. Author manuscript; available in PMC 2022 November 30.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Schéfer et al.

a

Leaf374 log,, CFU g FW

Page 21
b
3.6-10° 0.019
1 3.6-105 9 0.024 0.34
°
81 *_e L g ° PP
4 0.71 & o v
. ° D s
L 7 ]
o @)
6- e o
.. (@)]
° L2 g
— 2
o
5 s
4- g
T g | 4 T |
d7/8 d8 d7 Leaf374 - ds d7
- d7 d8 Leaf245 d7/8 d7 ds
d7/8 - - Mock d7/8 - -
70 76 log2FC 07 11

Extended Data Figure 4. Validation of L eaf374-L eaf245 inter action by sequential inoculation of
A. thaliana.

Phyllosphere colonization of a) NMocardioides Leaf374 and b) Aeromicrobium Leaf245

in mono-association or in combination with the other strain. Shown are the median and
individual data points of log10-transformed CFU per gram fresh weight recovered after
plant colonization (n= 12). CFU were enumerated on MM maltose agar plates and R2A+M
for Nocardioides Leaf374 and Aeromicrobium Leaf245, respectively. The timepoint of
inoculation with Leaf245 or Leaf374 is indicated below the graph as days (d) after planting.
For mono-association controls half of the replicates were inoculated on day7 (black) or day8
(grey) and mock-treated with 10 mM MgCl, on the other day. Exact p-values (two-sided
Wilcoxon rank sum test) and log2 fold changes (log2FC) compared to the mono-association
control are indicated above or below the graph, respectively.
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NCBI Accession band1 | band2 A8 K11-13 | Mass [kDa]

ASF05_09325 1 2 1 2 38
ASF05_00205 3 1 2 1 20
ASF05_05370 2 3 5 31
ASF05_12180 3 4 3 21
ASF05_09775 6 4 20
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Extended Data Figure 5. Characterization of selected proteinsidentified in the supernatant of
L eaf245.

a) List of proteins identified in the supernatant of Leaf245 and selected for heterologous
expression in £. coli. For each gel band in Fig. 3d as well as the most active fractions

from two independent experiments the rank abundance of the proteins based on total ion
count as identified by mass spectrometry are shown. b, ¢, d) Leaf374 inhibition and lysis
by heterologously expressed candidate proteins. b) Activity of cleared cell lysate after
expression of proteins (top label) in £. co/iBL21 DE3 gold. Lysate was applied on Leaf374
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overlay plates directly after preparation (left panel) or on Leaf374 overlay plates that were
pre-incubated for 24 h to assess lysis (right panel). Lysate concentration was normalized to
the final ODgqg that each expression culture reached. Up to 50-fold dilutions in the buffer
used for lysis (see methods) were prepared as indicated on the left. ¢) Activity of purified
proteins against 24 h pre-grown Leaf374. d) Activity of ASFO5_00205 native and mutant
(S70L) protein against Leaf374. Concentrations of both purified proteins were normalized
(0.1 mg mL"1) and a 10- and 100- fold dilution was prepared and assayed on a Leaf374
overlay plate directly after preparation (left panel) or after the overlay was pre-incubated for
24 h (right panel) to test for growth inhibition and cell lysis, respectively. Data shown for
ASF05_00205 native protein is the same as shown in Fig. 3e and panel c¢) of this figure.
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Extended Data Figure 6. Aeromicrobium L eaf245 wild type and EM S mutant colonization level.
Phyllosphere colonization of Leaf245 in mono-association or in combination with Leaf374.

Shown are the median and individual data points of log10-transformed CFU per g fresh
weight across 2-3 independent experiments. Log?2 fold changes and exact p-values (two-
sided Wilcoxon rank sum test) between Leaf245 mono-association and co-colonization
treatments with Leaf374 are shown above the graph. For the corresponding Leaf374
colonization see Fig. 4d.
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Extended Data Figure 7. In vitro inhibition assay with different producer and target cell
densities.

The concentrations of the NlaP producer strains (Leaf245 and Root85) spotted on top (2 pL)
and target strains (Leaf374 and Root122) within the agar are indicated on top and on the

left of the graph, respectively. Pictures were taken 36 hours after overlay preparation and
spotting. The standard concentrations used for all other assays performed in this study are

highlighted in red.
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Fig. 1. A 15-strain focal SynCom to map bacteria-bacteria interactions.
a) Graphical representation of experimental design for interaction screening. b)

Phylogenetic tree representing the selected strains based on full-length 16S rRNA gene
sequences. c) Phyllosphere colonization by each focal strain in mono-association with A.
thaliana Col-0 plants. Seedlings were inoculated with bacterial suspensions 7 days after
planting and bacteria were enumerated 21 days later by CFU counting on R-2A+M agar. The
limit of detection is indicated by a dashed line. The data across two independent experiments
are shown. d) Relative focal community composition in the phyllosphere after 21 days based
on 16S rRNA gene amplicon sequencing (n= 12). The number of replicates in which a
particular strain was not detected (ND) are shown by the size of the circle and the count
above the strain name. Colors throughout the figure correspond to the phylum, and in case of

Proteobacteria, the respective class.
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Fig. 2. Interactions of the At-L SPHERE collection with the focal SynCom in planta.
a) Interaction map showing all interactions identified between A£LSPHERE strains (top)
and the focal community (bottom) based on log2-transformed abundance changes (DESeq2-
normalized counts, Wald test, Benjamini-Hochberg corrected, pagj < 0.01, Nfocal community =
16, Ngrop-in = 3). Positive (red) and negative (blue) interactions are shown as connecting lines
between drop-in strain (outside) and focal strain (center). Line thickness corresponds to fold-
change. Bars in the outermost ring correspond to the overall effect size of the perturbation
on the focal community (principle component analysis, PERMANOVA). Strains are ordered
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by phylogeny based on full-length 16S rRNA gene sequences and dots are colored by
bacterial phyla or Proteobacteria class. Drop-in strains that belong to the same ASV as

a focal strain are labelled in grey as for these no interactions with the focal strain of

the same ASV can be determined. b) Pairwise strain inoculations of selected interacting
strains identified in a). On top, the focal strain log2 fold-change observed in a) is shown

as a reference for each strain pair. Below, the log2 fold-changes (pairwise inoculation

Vs mono-association) for the focal strain and drop-in strain are shown based on absolute
abundances obtained by CFU enumeration for two biological replicates. The color of the
boxes reflects the observed log2 fold-change and the black frames around the boxes indicate
a significant difference compared to the mono-association condition (two-sided Wilcoxon
rank sum test, p < 0.05). Combinations that were not tested in a given experiment are
marked with a grey box. Seedlings were inoculated at day 14 (replicate 1, R1) or day seven
(replicate 2, R2) after planting. Exact p-values and number of replicates are provided in the
source data. c) Phyllosphere colonization by Methylobacterium Leaf88 in mono-association
or in combination with Xy/ophilus Leaf220, Methylophilus Leaf408 or both. Shown are

the median and individual data points of log10-transformed CFU per g plant fresh weight
across two independent experiments. Exact p-values (Kruskal-Wallis and post-hoc Dunn
test, Bonferroni adjusted p) are indicated above and log2 fold changes below the graph. For
the corresponding colonization levels of Leaf220 and Leaf408, see Extended Data Fig. 3.
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Fig. 3. Biochemical characterization of theinteraction between Nocardioides L eaf374 and

Aeromicrobium L eaf245.

a) Nocardioides Leaf374 colonization in mono-association or in combination with Leaf245.
Strains were sequentially inoculated and harvested as indicated below. Leaf374 CFU were
enumerated on MM maltose agar plates. Shown are the median and individual data points of
log10-transformed CFU per gram fresh weight (FW) (n= 12). P-values (two-sided Wilcoxon
rank sum test) and log2 fold-changes compared to mono-association are indicated. For
colonization levels of Aeromicrobium Leaf245 see Supplementary Fig. 6. d: days after
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planting b) /n vitro interaction between Leaf374 (in overlay agar) and Leaf245 live cells and
cell free supernatant (spotted on top). To increase the contrast of the inhibition area, plates
were imaged on top of a checkerboard background. c) Fractionation of Leaf245 supernatant
by size exclusion chromatography. Shown is the absorption trace at 215 nm. Top right box
shows trace of the complete run and marks the section that is enlarged in the main panel.
Solid red lines indicate the collected fractions and the corresponding bioactivity is shown
below. ++: complete-, +: partial- and -: no clearance of Leaf374 overlay agar. Dotted red
lines indicate the fractions selected for SDS-PAGE. d) SDS-PAGE protein bands observed
in the indicated fractions of Leaf245 supernatant (see panel ¢) and a second biological
replicate. Arrows indicate protein bands that were identified by mass-spectrometry. €) /n
vitro activity of purified candidate proteins against Leaf374 in overlay agar. Proteins that
could not be expressed in sufficient amounts are not shown.
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Fig. 4. Leaf374 phyllosphere colonization is |less affected when co-inoculated with Leaf245 EMS
mutantsthat no longer secrete ASF05_00205 compared to the wild type.

a) Graphic representation of mutations found in genome re-sequenced Leaf245 clones that
no longer inhibit Leaf374 jn vitro. Outermost circle indicates position on the Leaf245
genome and each circle with its corresponding number represents one clone. Total number
of non-synonymous mutations and residual activity compared to the wild type strain are
shown for each clone by the corresponding bar plots. Mutations in ASF05_00210 (red) and
ASF05_00205 (yellow) are highlighted. b) Leaf245 genomic region comprising a gene pair
encoding an identified regulator (red, ASFO5_00210) and effector (yellow, ASF05_00205).
¢) SDS-PAGE protein bands observed in the active fraction of Leaf245 wild type and the
corresponding fractions of selected Leaf245 EMS mutants. Protein bands with differing
pattern between wild type and mutant strains are indicated with protein accession. A second
biological replicate showed similar results. d) Leaf374 colonization of A. thaliana in mono
association (mock) or in combination with Leaf245 wild-type or EMS mutants enumerated
on MM maltose agar plates. The data of 2-3 biological replicates are shown. Each treatment
was compared to Leaf374 colonization in combination with Leaf245 wild type, p-values
(Kruskal-Wallis and post-hoc Dunn test, Bonferroni adjusted p) and log2 fold-changes are
shown.
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Fig. 5. Producer and target range of the Nocardioides lysis-associated peptidase NlaP.
a) Genomic region of Leaf245 (query) and exemplary strains containing similar gene

neighborhoods compared to ASF05_00205 (n/aP, red) identified by IMG bidirectional best
hit. The position of nfaPand n/aR are indicated in the genome map b) /n vitro activity of
candidate strains encoding n/aPand nlaR homologs and control Aeromicrobium strains not
encoding a n/aP homolog. ¢) /n vitroinhibition of a panel of A#SPHERE Actinobacteria by
Aeromicrobiumand Terrabacter strains (ODggo= 1), the corresponding cell free supernatants
(ODgog of suspended cells = 5) or by purified proteins (0.1 mg mL-1) indicated on the left
side. Target strains are ordered by phylogeny (top) and were all normalized to an ODggg

of 0.01 within the agar. Filled boxes indicate inhibition of the strain in the given condition,
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dark shade: complete clearance (1), light shade: partial clearance (2) as illustrated by the
examples on the top right of the panel.
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