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Abstract

The aerial parts of plants are host to taxonomically structured bacterial communities. Members

of the core phyllosphere microbiota can protect Arabidopsis thaliana against foliar pathogens.
However, whether plant protection is widespread and to what extent the modes of protection

differ among phyllosphere microorganisms is not clear. Here, we present a systematic analysis

of plant protection capabilities of the A+LSPHERE, which is a collection of >200 bacterial
isolates from Arabidopsis thaliana, against the bacterial pathogen Pseudomonas syringae pv.
tomato DC3000. In total 224 bacterial leaf isolates were individually assessed for plant protection
in a gnotobiotic system. Protection against the pathogen varied with approximately 10% of leaf
microbiota strains providing full protection, 10% showing intermediate levels of protection and
the remaining 80% not markedly reducing disease phenotypes upon infection. The most protective
strains were distributed across different taxonomic groups. Synthetic community experiments
revealed additive effects of strains but also that a single strain can confer full protection in a
community context. We also identify different mechanisms that contribute to plant protection.
Although pattern-triggered immunity co-receptor signaling is involved in protection by a subset of
strains, other strains protected in the absence of functional plant immunity receptors BAK1 and
BKKZ1. Using a comparative genomics approach combined with mutagenesis, we reveal that direct
bacteria-pathogen interactions contribute to plant protection by RhAizobium Leaf202. This shows
that a computational approach based on the data provided can be used to identify genes of the
microbiota that are important for plant protection.

Introduction

Plants do not grow as solitary organisms in nature but are host to a plethora of
microorganisms, the plant microbiotal. In particular, the bacterial microbiota has been
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intensively studied across plant species, geographical locations, and years. It shows
remarkable convergence at genus level and higher taxonomic rank with apparent differences
among plant species at finer taxonomic resolution. The microbiota contributes to the

plant phenotype and affects processes such as development and resistance to abiotic and
biotic stresses. Plant-associated microorganisms can increase the availability of limiting
nutrients2—#, influence flowering time>, improve resistance to drought and salinity stress®
and mitigate disease progression upon pathogen challenge’-10, making the plant microbiota
a target of interest for agricultural applications!l. However, successful application of
microbiome-mediated phenotypes requires an understanding of the mechanisms underlying
the beneficial functions of the microbiota and how these emerge from the properties of its
members, host genotypes and environmental conditions2: 13,

Regarding plant protection specifically, the importance of the microbiota is evident from

the addition of individual strains that lead to pathogen attenuationl?. It is also apparent

from suppressive soils, where the resident soil microbiota prevents pathogens from
becoming established and/or causing disease® 15-17_ |nsights into protective mechanisms
have been obtained for individual bacterial® 19, These include direct microbe-microbe
interactions such as the production of antimicrobial compounds directed against the
pathogen, competition for the niche (e.g. nutrient competition) or interference with pathogen
virulence (e.g. via quorum quenching)20. Indirect plant-mediated protection can occur via
the induction of plant defence strategies as part of the innate immune system?. The latter
enables the recognition of pathogens, as well as other microorganisms or their products via a
multilayered perception system?2. In addition, there is evidence that the immune system can
alter the composition of the microbiota23-25, which in turn may also have consequence for
the outcome of pathogen infection2®.

For the phyllosphere, the aboveground plant parts, strains of the two most common bacterial
families, the Methylobacteriaceae and Sphingomanadaceae, show differences in their
potential to protect the host plant against infection by the pathogen Pseudomonas syringae
DC300027: 28, Other often detected leaf bacteria belong to the Pseudomonadaceae family
and members of this family can have positive and negative impact on the plant host’: 29,
Currently, it is unclear how widespread such protective functions are in endogenous leaf-
associated bacterial communities and what the implications are for leaf microbiota assembly.

Here, we systematically tested more than 200 representative bacterial leaf isolates from a
publically available collection of genome-sequenced strains3? for the ability to protect A.
thaliana from infection with the foliar pathogen Pseudomonas syringae DC3000. Following
the screening of individual strains, we examined consequences of building synthetic
communities for plant protection and used genome-inferred analysis to test a mechanism
of plant protection.

Plant protection potential in tripartite screening experiments

To uncover how the microbiome contributes to host phenotypes, in this case plant protection,
the consequences of colonization by a broad representation of individual microbiota
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members was systematically assessed. We tested the potential of 224 A. thaliana leaf
isolates, collectively referred to as the A-LSPHERE strain collection30, for plant protection.
This strain collection contains representatives of roughly 50% of the diversity observed by
16S rDNA sequencing of natural A. thaliana plants based on 97% OTUs. Furthermore,
these strains assemble into communities resembling the natural microbiota at a phylum

level in a gnotobiotic system30.We used a tripartite A. thaliana model system and screened
each of the strains /n planta for protection against JuxCDABE-tagged Pseudomonas syringae
DC3000 (Pst) (see methods). Two read outs were used to monitor protection, i.e. the degree
to which the pathogen was able to establish 7in planta based on luminescence emitted by the
pathogen and disease scoring as established before3! (Fig. 1). We conducted the screening in
batches, each including positive (Sphingomonas melonis Fr13l) and negative (axenic plants,
mock-inoculated) controls. Some strains were included in independent experiments, which
confirmed that the robustness of the assay was generally high (Supplementary Fig. 1).

Overall, the A£LSPHERE strains covered a range of degrees to which they conferred plant
protection against Pst, from no protection to full protection, based on disease severity. Of
the 224 strains tested, 18 (8%) were fully protective with most infected plants showing

a phenotype reminiscent of uninfected plants and a mean protection score greater than

90 (Fig. 2, Supplementary Table 1). The majority of these strains were Proteobacteria
belonging to the genera Pseudomonas (6), Rhizobium (4), Sphingomonas (1), Burkholderia
(1), Erwinia (1), Serratia (1) and Acinetobacter (1). Other strongly protective strains were
part of the phylum Actinobacteria and the genera Arthrobacter (2) and Curtobacterium (1).
In addition to scoring of disease severity, we used luminescence as a proxy for pathogen
proliferation3!. Consistent with the high protection scores of these strains, luminescence
values for plants inoculated with these strains prior to infection were clearly lower than

for control plants, indicating that they successfully reduced pathogen colonization (Fig. 2,
Supplementary Tables 1,2). Another 10 strains showed mean protection scores greater than
75. Also these strains strongly reduced disease severity and allowed most plants to survive
with few disease symptoms during the time course of the experiment, but plants showed
sporadic signs of disease. This is substantiated by observations at 100- and 10,000-fold
higher infection titers that we tested for a subset of five strains. Strains with high protection
scores were also protective at higher infection titers, while strains with protection scores of
about 75 still improved protection phenotypes relative to axenic controls at high infection
titers but to a lesser degree (Extended Data Fig. 1, Supplementary Table 3). Using a mean
protection score cutoff of 50, in total 43 strains showed intermediate or strong protection
(Supplementary Table 1). The majority of strains (179), however, did not provide protection
or only marginally improved the disease phenotype of infected plants (Fig. 3a).

The protection based on the disease scoring and luminescence reduction correlated well
(R=0.93, t=36.8, df = 221, p< 2.2x10716; Extended Data Fig. 2) and high levels of
pathogen colonization resulted consistently in disease symptoms (Supplementary Data File
1). However, some strains affected the phenotype of the plants by themselves or changed
the resulting Pseudomonas disease (see Supplementary Note and Supplementary Fig. 2).
Two strains (Leaf75 and Leaf50) were not scored for protection due to phenotypes that they
had induced themselves and were therefore independent from Pst infection. Serratia Leaf50
reduced Pst colonization based on luminescence detection (Supplementary Table 2), but
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showed pathogenicity by itself, even if tested with lower inoculation titer (Supplementary
Fig. 2b,c). This observation is notable because all A:LSPHERE strains were isolated

from healthy Arabidopsis plants grown under environmental conditions, demonstrating that
individual strains are kept at bay in a natural community context.

Correlation of plant protection by At-LSPHERE strains to phylogeny and colonization

Next, we examined plant protection by members of the microbiota in terms of their
phylogenetic distribution and plant colonization. The distribution of protective and non-
protective strains within the phylogenetic tree of the A£LSPHERE revealed the presence of
clusters of protective strains (Fig. 2). Indeed, we found a significant phylogenetic signal in
the plant protection trait (Pagel's A = 0.979, P= 1x10"%5, Abouheif's Cean = 0.569, P=
0.001) that was robust also to subsampling (Supplementary Fig. 3) indicating that closely
related strains are more likely to have a similar protective phenotype than two randomly
picked strains.

We also measured phyllosphere colonization levels of the A-LSPHERE strains as colony-
forming units (CFU). Most strains reached densities greater than 104 CFU/mg, with the
majority colonizing at 104-108 CFU/mg (Fig. 3b,c, Supplementary Tables 1,2). The highest
colonization densities were found for strains belonging to the families Enterobacteriaceae,
Pseudomonadaceae, Nocardioidaceae and Microbacteriaceae (Fig. 3d). A few strains were
either not or only sporadically recovered from the phyllosphere (Supplementary Data File
1).

The integration of phyllosphere colonization capacity and protection revealed that both

traits are positively correlated when all strains are considered (Pearson's correlation of
log1o(CFU/mQ) and protection score, R = 0.47, t = 7.97, df = 223, P= 8x10"14; Spearman's
p=0.49, P=9.8x10-15; Fig. 3c). Strains with a protection score larger than 75 were also
good colonizers with colonization densities above 10° CFU/mg. However, the opposite was
not necessarily the case. Many strains showed a high colonization capacity but were not
protective. Notably, the correlation between mean colonization and mean protection score
was not evenly distributed across taxa (Fig. 3d). For example, the majority of Pseudomonas
spp. tested showed full protection, one strain (Leaf48) showed reduced protection, and

one strain showed no protection (Leaf83). This difference in protection correlated with
differences in colonization densities (R = 0.98, = 13.328, df = 7, P= 3x10°5). Leaf83 was
the only Pseudomonas that did not reproducibly colonize the phyllosphere of A. thalianain
our experimental system (Supplementary Table 2). On the contrary, for Methylobacteriaceae
most strains colonized well with a mean of 10° CFU/mg, but none of the strains showed
protection. For Sphingomonadaceae and Rhizobiaceae, the best colonizing strains showed
some of the highest protection potential of all strains; notably however, other members of the
same bacterial family did not protect.

As with plant protection, a phylogenetic signal was observed for plant colonization
(Abouheif's Gyean = 0.41, P = 0.001, Pagel's A = 0.988, £=5x10"26, Supplementary Fig. 3).
Thus, although both the colonization and protection phenotypes were strain specific, closely
related strains tended to show similar /n p/anta characteristics.
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Synthetic communities tested for protection

Next, we tested combinations of strains and investigated their impact on protection. We
explored randomly assembled synthetic communities (SynCom) of 10 strains (for more
details on SynCom experiments see Supplementary Note). While random SynComs of
strains with mean protection scores <25 did not improve protection (Extended Data Fig. 3,
Supplementary Table 4), the majority of SynComes, in which strains with mean protection
scores <65 were included, showed better protection than the best individual strain within the
SynCom (Fig. 4a, Extended Data Fig. 4, Supplementary Table 5). Notably, two SynComs
(M10.35 and M10.21) showed a protection score >85, which is a clear improvement relative
to the protection conferred by the best individual strains. We thus wondered whether the
better protection might be attributed to one or two strains within the SynComs. Some

mixes in which we removed individual strains only partially lost protection conferred by

the community. On the contrary, in SynCom M10.35, drop-out of the two most abundant
strains Rhodococcus Leaf278 and Curtobacterium Leaf261, resulted in a strongly reduced
protection with a protection score of 38 compared to a protection score of 92 obtained with
the full SynCom (Fig. 4b, Extended Data Fig. 5, Supplementary Table 6). Rhodococcus
Leaf278 showed reduction of luminescence but not a great improvement in plant phenotype
with infected plants showing a distinct stressed and chlorotic phenotype (Supplementary Fig.
2, Fig. 4f). As Rhodococcus Leaf278 was the most abundant strain in the SynCom, we tested
whether removal of Leaf278 by itself would also abolish the protective effect of the M10.35
mix. Indeed, the SynCom without Leaf278 showed higher Pst colonization and stronger
disease than plants inoculated with the full SynCom (Fig. 4c,d,f). Plant colonization by both
Rhodococcus Leaf278 and the SynCom M10.35 were comparable (Fig. 4e, Supplementary
Table 7). Thus the improved protection of SynCom M10.35 was not due to higher overall
plant colonization but rather requires at least two different strains within M10.35, one of
which needs to be Leaf278. However, not every combination of strains including Leaf278
shows high protection. We tested another SynCom with and without Leaf278 (M10.48)

and found no increased protection with the full SynCom protecting to the same extent

as Leaf278 alone (Fig. 4b), indicating that the effect of Leaf278 is conditional. It will

thus be interesting to further deduce the mechanism of interaction leading to the improved
protection by Leaf278, also in light of an arsenal of natural product gene clusters present in
this strain®2 and related ones33, see also?0.

In addition, we used smaller synthetic communities to evaluate potential synergistic effects
of strains. We hypothesized that potential additive or synergistic effects could best be
identified in small mixes of strains that, by themselves, show quantifiable but not strong
protection. We assembled SynComs of three strains and tested these side-by-side with the
individual strains for plant protection. For two of the three mixes (M3.1 and M3.3), the
community improved plant protection with regard to protection score and luminescence
relative to the individual strains (Extended Data Fig. 6, Supplementary Table 8, for

details see Supplementary Note). The strains already individually provided an intermediate
protection score, thus suggesting additive effects. Overall, this indicates that the combination
of several strains can improve protection, whereas in mix M3.2, a more complex community
did not lead to an improved phenotype.
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Evidence for complementary mechanisms of plant protection

Protection against infection can be due to fundamentally different mechanisms. One of
these mechanisms involves the plant immune system and defense reactions by the host

that are triggered by certain microbiota members2!, Bacteria are perceived by a large
arsenal of dedicated receptors (for example LRR-RLKS) that are dependent on the common
co-receptors BAK1 and BKK 134, We tested all protecting strains of the A-LSPHERE
collection (mean protection score >75) as well as some strains showing intermediate (mean
protection score between 50 and 75) or no protection on bak1/bkk1 plants for loss of
protection. Indeed, luminescence and hence pathogen colonization was increased in 9 of the
28 protective AELSPHERE strains in the bak1/bkk1 background (Fig. 5, for other strains
see Supplementary Fig. 4). Notably, Sphingomonas Leaf205 and Pseudomonas Leaf127
were compromised in plant protection in the bak1/bkk1 background, showing higher
increase in luminescence by the pathogen compared to the axenic control as well as stronger
disease symptoms on bak1/bkk1 plants (Fig. 5, Supplementary Data File 2, Supplementary
Table 9,10). This compromised protection cannot be attributed to reduced plant colonization
by the A£LSPHERE strains in the bak1/bkk1 background (Supplementary Data File 2). For
other protective strains that resulted in higher pathogen titers on bak1/bkk1 plants, it is not
clear whether the observation is solely due to increased susceptibility of bak1/bkk1 to the
pathogen per se, as the increase in luminescence was not greater than in the axenic infected
control plants (Supplementary Table 9). However, they showed a clear difference when
compared to strains, which did not show higher luminescence on bak1/bkk1 infected plants.
Notably, Xanthomonas spp. Leaf131 and Leaf148 behaved as opportunistic pathogens on
bak1/bkk1 plants and killed numerous plants even in the absence of Pst, which was not

the case in wildtype plants (Supplementary Fig. 5). This is in line with recent observations
that Leaf131 and Leaf148 are opportunistic pathogens on immune-compromised rbohD
plants?®. Of note, six of the 18 protective strains with mean protection score >90 showed
luminescence at background level of uninfected plants and thus also completely protected
bak1/bkk1 plants. At this time, it cannot be excluded that plant-independent protection
mechanisms are strong enough in the best protective strains to mask any potential plant-
mediated processes. Alternatively, it is also possible that plants recognize the presence of
specific strains in a BAK1/BKK1-independent manner. Importantly, in none of the strains
with mean protection score >75 a complete loss of protection was observed, suggesting
multiple mechanisms contributing to plant protection.

Comparative genomics to identify protection traits

Next, we wondered whether the genomes of the A+~LSPHERE strains could be used to
identify genetic features associated with plant protection. As the strains are phylogenetically
highly diverse, we anticipated that differences potentially related to protection would be
more readily identified in genera containing both protective and non-protective strains. As
proof of concept, we focused on RAizobium spp. that showed a range of protection with
protective, intermediate and non-protective strains in a balanced distribution in our dataset
(Fig. 6a). We identified 25 clusters of orthologous genes (COGs) present in protective
strains that were absent in all non-protective strains (Supplementary Table 11, Fig. 6a).
Interestingly, 14 of these 25 COGs were predicted to be type VI secretion system (T6SS)
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components or T6SS-associated. T6SS have previously been described to mediate bacterial
interactions by Agrobacterium and Pseudomonas spp. both in vitro and in planta3>-37.

To test whether the presence of the T6SS was important for plant protection, we generated
T6SS mutants in Rhizobium Leaf202 (Fig. 6b). /n vitro assays revealed that Rhizobium
Leaf202 inhibited Pst and that inhibition was indeed partly dependent on a functional
T6SS (Fig. 6¢). We then tested Leaf202 wild type as well as the #ssL mutant for plant
protection. The #ss. mutant allowed higher Pst colonization than the wild-type indicating
that indeed a functional T6SS contributes to plant protection (Fig. 6d). This was independent
of colonization density as both the wild-type and #ssL mutant colonized the phyllosphere
comparably (Fig. 6e). Overall, T6SS are widely distributed in A~LSPHERE strains and
present in more protective strains than expected based on the overall distribution (Fisher's
exact test, odds ratio 3.29, P= 9x104) (Extended Data Fig. 7). Thus, T6SS could be one of
the mechanisms contributing to plant protection /n planta in a subset of strains.

Discussion

Plant-associated microbes are important for the host phenotype, including plant protection.
Here, we screened the A-LSPHERE collection composed of 224 genome-sequenced strains
for protection upon P, syringae DC3000 infection in planta, thus generating systematic
genotype-phenotype (plant protection and colonization) correlated data. We identified 28

of 222 strains that protected A. thaliana against infection with Pst. The most strongly
protecting strains identified belong to the phyla Proteobacteria and Actinobacteria. Only one
less protective strain was identified in the phylum Firmicutes and none within Bacteroidetes.
Our analysis revealed that protection against a foliar pathogen shows a weak phylogenetic
signal within the AtLSPHERE (Fig. 2, Supplementary Fig. 3). This points to phylogenetic
conservatism of the microbial trait of protection by vertical gene inheritance, and is in-line
with the observation that phylogenetic trait conservation is widespread, in particular for
genetically complex traits38. Nonetheless, we also observed examples of strain specificity,
for example in Pseudomonas and Sphingomonas spp., which is in line with earlier
observations that complex 7n planta phenotypes are often strain specific39-42,

Many of the protective strains are part of the core phyllosphere microbiota taxa that are
reproducibly found in association with plant leaves. Albeit at a relatively low percentage
of about 10%, our screening results suggest that it is likely that protective community
members are present in an environmental leaf system. Because all protective strains are
colonizing at high density (Fig. 3) and these strains might be more competitive compared
to others, an enrichment of protective strains might occur. It will therefore be interesting
to test whether protective strains are preferentially enriched in a community context

and more specifically upon stress. Such observations are also relevant in the context of
biocontrol phenotypes that can be dose-dependent*3-45. Ultimately, under environmental
conditions, higher colonization density might be a requirement for protection; however,

a high colonization fitness could also be selected for as the consequence of protection.
This poses the more general question whether protective strains are more often associated
with and/or selected for by plants. There is evidence that plants can assemble a protective
community’- 44, recruit beneficial microbes*6: 47 or enrich for groups of bacteria that
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are mostly beneficial*® 49, Interestingly, in our SynCom experiments where we observed
community-dependent protection, we note that in some of the drop-out experiments where
we removed the most abundant strain, we indeed eliminated the most protective strain (Fig.
4). However, whether this observation is robust to more complex communities or whether
also removal of less abundant strains affects protection needs to be tested. In addition,

it will be of interest to test other pathogens to learn the extent to which strains that are
protective against Pst are also protective when encountering another pathogen and a possible
pathobiome®0.

The broad screening approach conducted here also allowed circumventing likely bias that
emerges from Jn vitro interaction pre-screening before testing strains 77 planta®1. On the
contrary, the /in planta generated phenotypes can be integrated with other data sets that have
already been assembled for the A#LSHERE reference collection or will be in the future.
The A+LSPHERE strain collection has previously been tested for antagonistic interactions
in vitro®2. Only two strains (Novosphingobium sp. Leaf2 and Pseudomonas sp. Leaf58)
were identified to inhibit Pst under the tested i vitro conditions32. While Pseudomonas

sp. Leaf58 is among the identified strains to protect Arabidopsis thaliana (Supplementary
Table 1), Novosphingobium Leaf2 does not provide plant protection in our assay. This result
is in-line with the notion that antibiosis observed among strains on synthetic media is a
rather poor predictor of /n planta protection®l: 52, This could be due to the prevalence of
other mechanisms mostly underlying /n planta protection phenotypes, but also the lack of
production of the inhibitory compound at sufficient concentrations under the environmental
conditions encountered on the leaf surface, to a lack of sufficient colonization density of the
commensal to cover the phylloplane, and the spatial distribution of leaf strains that is known
to be patchy53-55,

Next to direct microbe-microbe interactions such as antibiosis or competition for nutrients®8,
plants can also be indirectly protected by enhanced plant resistance?!. Of the 28 strains

with a mean protection score >75, two showed a strong reduction in plant protection in the
pattern-triggered immunity compromised bak1/bkk1 plant background. Another six strains
allowed higher pathogen colonization, indicating that plant immunity is important for the
full extent of protection observed by these strains. Notably, none of these showed a complete
loss of protection. This finding indicates that multiple mechanisms act by complementary
means to confer protection. This is also supported by the observation that additive effects
occur among synthetic communities composed of 10 members and 3 members as tested
here, for which M10.35 and M3.1 respectively, showed superior effects than the best
protecting strain (Fig. 4 and Extended Data Fig. 6). All bacterial families for which

we found protective strains (Fig. 3) harbor at least one known member described to be
pathogenic?®: 30 57 pringing up the question on the perception and potential discrimination
of pathogen versus "commensal” strains in the plant microbiota. It will thus be instructive

to use the data generated here to test in how far protective and non-protective strains can be
discriminated via potential plant responses they elicit.

The in planta screen also provided a basis for genome-inferred analyses as a way to
identify modes of protection. Although systematically gathered phenotypic data can be
used to identify genotype-phenotype associations®8 they pose the difficulty of distinguishing
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spurious phylogenetic associations from true genotype-phenotype associations®®. Here, we
exemplarily focused on one bacterial family, which showed a range of protective and
non-protective strains under our experimental conditions. Genome comparisons allowed
the identification of an association between the T6SS and plant protection in Rhizobium
Leaf202 (Fig. 6). T6SSs are enriched in plant-associated microbes® and the T6SS can also
have functions beyond microbe-microbe interactions with T6SS having also been linked to
symbiosis, biofilm formation and virulence81: 62, Our observation extends on other reports
of T6SSs involved in microbe-microbe interactions in the plant environment36: 63. 64 The
Leaf202 #ssL. mutant showed attenuated but no complete loss of protection, thus hinting
towards several modes of protection acting in concert as highlighted already above. Thus,
it will be interesting to test additional genes found exclusively in the protective vs the
non-protecting Rhizobium spp. for their potential contribution to plant protection. Another
promising bacterial family for future genome-based analyses are Sphingomonas spp. that
were initially thought to be composed mainly of plant protective strains based on a limited
selection of strains2’, but was shown to harbor both protective and non-protective strains in
this study with the latter outnumbering the former.

In conclusion, we show that roughly 10% of the A~LSPHERE strain collection protect
Arabidopsis from P, syringae infection in tripartite interactions, that the potential for
protection is elevated in SynComs, and that different mechanisms contribute to plant
protection. Some of the latter will require spatial proximity such as bacterial warfare, while
others might be indirect via the plant and thus might act systemic?L: 85, The data presented
here highlight the identification of emergent properties of microbial communities based

on abilities of individual community members and help establish causal relationships of
genotypes and phenotypes.

Plant growth conditions

Arabidopsis thaliana Columbia (Col-0) and bak1-5/bkk1-1%6 were cultivated as described
before3L. Seeds were surface-sterilized, stratified in water at 4°C for 3-4 days before placed
in 24-well plates containing 1.5 ml of MS including vitamins (Duchefa) supplemented with
3% wi/v sucrose and 0.55% w/v plant agar (Duchefa). Plates were sealed with parafilm and
incubated in a growth chamber (Percival, CU41-L4) set to 24°C/22°C and 65% relative
humidity under long-day conditions (16 h light/8 h dark) for one week prior to switching to
short-day conditions (9 h light/15 h dark). Plates were shuffled 2-3 times a week. Parafilm
was removed one day before infection.

Inoculation with At-LSPHERE strains

At-LSPHERE strains3® were grown on R-2A plates (Sigma-Aldrich) supplemented with
0.5% v/v methanol (R2A+M) and incubated at room temperature (~22°C). Cell material
was resuspended in 10 mM MgCl,, adjusted to an optical density (ODggg) of 0.2 and then
diluted 1:10 to an ODggg of 0.02, corresponding to roughly 5x108 to 5x107 CFU/ml. Plants
were inoculated at 10-11 days by distributing 4-5 small droplets of suspension (10 pl in
total) to the leaves and the center of the plants. This titer was chosen based on earlier
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experiments and corresponds roughly to the carrying capacity of A. thaliana for the positive
control strain S. melonis Frl at this plant size?”. Axenic control plants were inoculated

with 10 mM MgCl,. Ten-fold dilution series of inoculation solutions were prepared in 10
mM MgCl, and spotted on R2A+M for colony-forming units (CFU) determination. When
mixtures of strains were tested, SynComs were established by mixing roughly equal ratios of
the different strains (A£LSPHERE phyllosphere colonization is robust towards an imbalance
in the inoculum?3). Briefly, one loop (corresponding to about 1 pl) of cell material was
resuspended in 1 ml 10 mM MgCI, for each strain individually. Equal volumes of strain
suspensions were pooled, ODggq adjusted to 0.2 and diluted to ODggg 0.02 for inoculation.
Colony-forming units of inocula as well as of unpooled suspensions were determined by
dilution series spotting onto R2A+M.

Infection with Pseudomonas syringae DC3000 lux

Fifteen day old plants were infected with a JuxCDABE-tagged P, syringae pv. tomato
DC300067 (here designated Pst) similar as described31. A dense suspension of Pst was
plated on King's B medium and incubated overnight at 28°C. The lawn of Pst was scraped
off after incubation with 10 ml 10 mM MgCl, for 10 min. The ODggg of the suspension was
adjusted to 0.3 and the suspension diluted to a final ODggq of 0.00003. Plants were infected
with 15 pl of suspension by distributing small droplets on the leaves (~13 ul) and the center
(=2 pl) of the plants. This corresponded to roughly 250-300 pathogen CFU per plant. Plates
were kept open to dry for about 2-3 min. Wells, in which the seeds had not germinated or in
which plants were growing that could not be scored for disease development (either because
growing inside the agar or upside down, other odd phenotypes) were treated with 10 mM
MgCl, instead of Pst suspension.

Plant protection assessment

Infected A. thaliana plants were scored for disease development and plant protection in two
different ways. As a proxy for Pst colonization, luminescence images of 24-well plates were
taken at 6 days post infection (dpi) using the IVIS Spectrum Imaging System (Xenogen).

To detect the Pst luminescence signal but block plant phosphorescence a 500 nm emission
filter was used. The total photon flux per well was deduced by integration of the signal over
regions of interest drawn on the different wells in the Living Image Software v4.2. At 13 dpi
the disease phenotype was scored visually on a scale of 1-5 (healthy to dead) as described3.
Disease phenotype scoring was whenever possible performed by two researchers. For all
plant experiments, we excluded individual plants prior to analysis when plant development
was not according to experience (e.g. no/late germination, growth upside down, chlorosis,
plant growing in agar) or when there was a problem with the treatment (e.g. contaminated,
plant mistreated) as other phenotypes could not be unequivocally attributed to Pst infection.
Further, plants inoculated with Leaf75 and Leaf50 could not be assessed for plant protection
(see Supplementary Fig. 2 and Supplementary Note). Plants inoculated with Leaf50 died
regardless of pathogen infection or mock-treatment due to Serratia Leaf50. Plants inoculated
with Bacillus Leaf75 were growing in a mucus biofilm of Leaf75 growing on top of the plant
medium.
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Assessment of At-LSPHERE strain colonization potential

Plates containing plants inoculated with A-LSPHERE strains but not infected with Pst
were used to determine the colonization potential of each individual strain, similarly as
described?. This harvesting protocol recovers strains from the epiphytic (leaf surfaces) and
endophytic (inside the leaves, apoplast) compartments without distinguishing between the
two?’. Strains were harvested from two pooled plants per plate with replicates coming from
different plates. The plants were removed from the medium with sterilized forceps; and roots
and cotyledons cut off. In case of occasionally observed contact of roots and leaves, these
leaves were removed, too, to prevent cross-contamination from root material. The remaining
aerial plant parts were placed in pre-weighted 2 ml tubes containing 1.3 ml 100 mM sodium
phosphate buffer at pH 7 supplemented with 0.2% Silwet L-77 and fresh weights recorded.
Tubes were shaken for 2 x 7.5 min at 25 Hz in a Qiagen Tissue Lyser Il, briefly spinned
down, and sonicated for 5 min in a 2210 ultrasonic cleaner (Branson Ultrasonics). Tubes
were vortexed and a suspension sample removed. Ten-fold dilution series with 100 mM
sodium phosphate buffer (pH 7) were spotted in duplicates onto R2A+M square plates and
incubated at RT until CFUs could be determined. When colonization was below detection
limit, a value just below the detection limit (0.9 CFU) was used for calculations as described
before28.

Screening for plant protection of individual strains

For each of the 224 AL SPHERE strains, we examined 24 plants that were scored for

plant protection, i.e. luminescence and disease, and used an additional 12 plants to assess
strain colonization (see above). Due to the large number of strains and the number of

plant replicates, we conducted the screening in batches of up to 24 strains, each including
positive controls (Sphingomonas melonis Fr131) and negative controls (axenic plants, mock-
inoculated) resulting in approximately 1000 plants per batch. All strains were screened
individually in at least one round of experiments. Within each experiment, inoculation
treatments were given a number prior to inoculation and were randomized between 24-

well plates, with 4 treatments per plate and 4 different plates per treatment to assess

plant protection and 6 treatments per plate and 3 different plates per treatment to assess
colonization. Strains that showed protective or intermediate phenotypes (mean protection
score greater than 50) as well as a selection of non-protective strains were validated in the
screening setup described above or additionally tested for plant protection on bak1/bkkI (see
below).

Effect of plant genotype on plant protection

A subset of strains, including all strains showing plant protection in the screen, were
validated on Col-0 and at the same time tested on bakI-5/bkk1-1 plants. At least three
24-well plates were used per strain, with half of the plate seeded with wild-type and half
with bak1/bkkl1. Opposite quarters were randomly infected with Pst or treated with 10 mM
MgCl, at time point of infection. Plant protection was assayed using both luminescence

as a proxy for Pst colonization as well as disease scoring. Plants were additionally scored
at 16 dpi for disease phenotypes as differences between protective treatments can become
more pronounced later on in infection. For bak1/bkk1 plants inoculated with Xanthomonas
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spp. no disease scoring was performed because of a Pseudomonas infection-independent
phenotype. To assess plant colonization, combinations of three strains were distributed onto
plates, so each treatment was present on 6 different plates, with half of each plate seeded
with bakl1/bkk1 and the other half with Col-0. Most strains were tested once for effects of
bak1/bkk1 on Pst infection.

Screening of strain mixtures for plant protection

Synthetic communities (SynComs) were tested for plant protection on Col-0 wild-type
plants as described above. Two different kind of SynComs were used. Random SynComs
of 10 strains were generated (random sampling without replacement) and tested in the
screening setup described above to explore the community context. In addition, a SynCom
of all Methylobacterium strains (32 strains) was tested. These SynComs were randomized
among 24-well plates, with 4 treatments per plate and at least 3 plates per treatment to
assess plant protection. Furthermore, we tested SynComs of three strains that were mildly
protective in the screening. The SynComs of three strains were tested together with each
of the strains individually, with all four treatments combined together on 24-well plates,
with at least 3 replicate 24-well plates per experiment. Selected SynComs that showed
protection as assayed based on disease score and luminescence measurements were retested
and uninfected plants harvested to record overall colonization densities. For a subset of
SynComs, 50-100 pl of selected dilutions were additionally plated on round petridishes to
identify the most abundant strain in the SynCom.

Computational methods

A phylogenetic tree of all A#LSPHERE isolates as well as Sphingomonas melonis Frl

was prepared using ezTree®. RefSeq assemblies were downloaded from NCBI for all
published genomes (see Supplementary Table 12). For the remaining A#LSPHERE strains,
we cultured the strains on R2A+M agar or in R2A+M liquid medium and isolated genomic
DNA using the EpiCentre MasterPure DNA purification kit according to the manufacturer’s
recommendations. DNA libraries were prepared using the Illumina TruSeq DNA Nano

kit and sequenced on the Illumina Hiseq4000 platform (2 x 150 bp) or on the lllumina
Hiseq2000 platform (2 x 250 bp). Sequencing reads were quality filtered and trimmed using
the BBTools suite (v37.56)59 and quality of reads was assessed using FastQC (v0.11.5)70.
Draft genomes were assembled with SPAdes 3.1171 and annotated with prokka (v1.12)72.

Average nucleotide identities were calculated using FastANI?3 for members of the same
family/order (Supplementary Table 13).

The presence of phylogenetic signal in the plant protection against 2 syringae and in

plant colonization was tested by calculating Pagel's A using the function phylosig of the
package phytools’4 and by calculating Abouheif's Cppean Using the function abouheif.moran
of the adephylo package’®. To test whether the uneven taxonomic distribution effect the
outcome and conclusion of this analysis, we additionally calculated the metrics on randomly
subsampled strains (Supplementary Fig. 3). In one set of analyses, we randomly subsampled
all families with more than 9 isolates. In another set, we first randomly picked one
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strain from clusters with more than 99.9% average nucleotide identity and then randomly
subsampled all families with more than 9 isolates. We performed 1000 iterations for each.

To identify genes potentially associated with protection in RAizobium spp. a list of all
assigned COGs for the publicly available genomes of Rhizobium spp. of the AtLSPHERE
collection was downloaded from IMG/MER?8: 77, Subsequently, the list was filtered by
COGs present in protective strains but not in non-protective strains. To detect the presence
of type 6 secretion systems (T6SS) in other A£LSPHERE genomes, we looked for

the presence of orthologues of the T6SS after annotating the proteins using the eggnog-
mapper’8 and eggNOG database v4.57°. We called the presence of a T6SS if the presence
of a T6SS system was either predicted by TxSScan80 or if there were more than five of the
core T6SS-associated orthologues present in the genome (COG0542, COG3157, COG3455,
COG3501, COG3516-3523)81,

Generation of T6SS mutants

We targeted the structural gene £ssL as an essential gene for T6SS in Agrobacterium
tumefaciens®2. Mutants of the £ssL gene were generated in Rhizobium spp. Leaf202 by
gene replacement with a kanamycin resistance cassette according to Ledermann et al.83.
DNA regions up- and down-stream of the £ssL genes were amplified from genomic DNA
and cloned using the Spel restriction site into pREDSIX to obtain plasmid pREDSIX_HR1/2
83, The kanamycin resistance cassette (KmR) was cut out of pRGD_KmR with Spel and
gel-purified. The KmR fragment was then ligated into the linearized pREDSIX_HR1/2

and transformed into £. coli DH5a. Transformants were selected on kanamycin and

the orientation of the kanamycin cassette was identified by colony PCR. The confirmed
mutagenesis constructs were transformed into RAizobium spp. by electroporation. Single
colonies of Rhizobium spp. were inoculated into half-strength LB-Lennox liquid medium
and incubated at 28°C overnight. Cultures were placed on ice for 15 min and then washed

3 times with ice-cold water, followed by one wash step with ice-cold 10% glycerol and
concentrated 100-fold in 10% glycerol. Aliquots (50 ul) of electrocompetent cells were
mixed with around 500 ng of purified mutagenesis plasmid and electroporated at 2.2 kV.
Immediately after the pulse, 1 ml of 2 LB-Lennox was added and cells were regenerated at
28°C with agitation for 4-5 h. Transformants were selected on ¥ LB-Lennox supplemented
with 50 pg/ml kanamycin and tested for double homologous recombination by PCR.
Confirmed mutants (zssL.:Km" or tssL::Km') were restreaked at least 3 times before storing
at -80°C. A list of primers used is available in Supplementary Table 14.

T6SS assay in vitro

T6SS Jin vitro sensitivity was tested using a protocol adapted from previous

publications3® 60,84 Attacker (triplicate) and target strains were grown in liquid culture

at 28°C in % LB-Lennox (attacker) and LB-Lennox (target) with appropriate antibiotics,
respectively. Cells were pelleted, washed once and resuspended in LB-Lennox. The optical
densities at 600 nm were adjusted to 0.3 (attacker) and 0.01 (target). Suspensions were
mixed at 1:1 ratio and 5 pl spotted onto LB-Lennox or R2A+M agar. After 17-24 h of
incubation at 28°C, agar plugs containing the spots were placed in buffer (10 mM MgCl,
or 100 mM phosphate buffer pH 7), vortexed for 6 min and dilution series spotted onto
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R2A+M and selective R2A+M for determination of attacker and target CFU (R2A+M
supplemented with 25 pg/ml rifampicin). The experiment was performed three times with
similar outcomes.

Testing of T6SS dependency for plant protection

Statistics

Leaf202 and its T6SS mutant (Leaf202 #ssL..KmF) were tested in the 24-well plate system
described above for plant protection with minor modifications. The Leaf202 inocula were
prepared from liquid cultures grown in % LB-Lennox and supplemented with kanamycin
when appropriate. Well-grown overnight cultures (OD > 1) were pelleted at RT, washed once
with 10 mM MgCly, and resuspended in 10 mM MgCl,. The optical density at 600 nm was
adjusted to 0.2 and further diluted to 0.02. Plants were inoculated and infected as described
above, with one half of the plate inoculated with the wildtype and the other with the T6SS
mutant. Four independent plates were prepared per experiment. Two axenic control plates
were inoculated with 10 mM MgCl, before infection. At 7 days post infection, 18 plants
per condition were harvested from three plates. The experiment was performed twice with
similar results.

Data was analyzed in RStudio’3 with R74 3.6.3. No statistical methods were used to
predetermine sample size. Sample size for protection assays was chosen based on previous
experience3! and ensuring that each condition was within each experiment present on at
least 3 independent 24-well plates. The disease phenotype scores were used to calculate
the disease severity index (DSI) and the protection scores. The DSI reflects the occurrence
of disease relative to the maximal possible disease outcome with all plants scored as dead
(DSI of 100%) or all plants scored as completely healthy (DSI of 0%). The protection
score of each strain was then deduced by comparing the difference in DSI between
treatment and axenic controls with a protection score of 100 corresponding to all plants
completely healthy and a protection score of O corresponding to no improvement relative
to axenic controls. When several subsets of experiments were performed in parallel, values
for axenic controls were combined to decrease the effect of single plants on the scaling.
Luminescence data and data based on bacterial CFU counts was log10-transformed prior
to analysis. Data distribution was then assumed to be normal but this was not formally
tested. For luminescence, log10-transformed values were tested for differences relative

to the axenic control by two-sided Welch's t-tests and corrected over all experiments

for multiple testing using Holm's method. To compare all strains, the estimated log10-
transformed luminescence values were scaled relative to the values for axenic and Frl-
inoculated controls of the same experiment. The arbitrary scale was adjusted so that

100 reflected a 1.3x stronger luminescence reduction than the positive control Frl and 0
no luminescence reduction relative to the axenic control. To identify the effect of plant
genotype on protection by individual strains, we first performed three one-sided Welch's
t-tests per inoculation treatment, testing whether log10-transformed luminescence values
were significantly higher in infected plants relative to non-infected control plants in each
plant genotype (i.e. Pst_Col-0 vs CTL_Col-0 and Pst_bak1/bkk1vs CTL_bakl/bkkI) and
testing whether they were higher in infected bak1/bkk1 plants relative to Col-0 plants

(i.e. Pst_bakl1/bkk1 vs Pst_Col-0). P-values were corrected using Benjamini-Hochberg's
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method. Furthermore, a linear model of infected log10-transformed luminescence values
was fitted for each strain in combination with the respective axenic control treatments.

We used the full interaction model of strain treatment and genotype using experiment as

a blocking factor when appropriate. When data was heteroscedastic (based on Levene's

test in the R package rstatix8°), a generalized least squares model was fitted using the
function gls within the R package nime® with weights = varPower. P-values of the obtained
Strain:Genotypebak1bkkl interaction estimates were corrected for multiple testing using
Benjamini-Hochberg's method. For mixes of three strains, a one-way ANOVA followed by
Tukey's post-hoc test implemented in the R package emmeans8’ was performed for each mix
and experiment individually, including plate information as a blocking factor. Overall results
were obtained by averaging the results from all individual experiments per treatment.

Packages used within R: ape (5.4-1)88, adephylo (1.1-11)75, phytools (0.7-47)74, emmeans
(1.6.1)87, rstatix (0.6.0)8, circlize (0.4.10)89, nlme (3.1-144)86, ggpubr (0.3.0), readxl
(1.3.1), rlang (0.4.6), tidyverse (1.3.0)%, RColorBrewer (1.1-2), gridExtra (2.3), ggforce
(0.3.2), scales (1.1.1), broom (0.7.3)

Reporting Summary

Further information on research design is available in the Nature Research Reporting
Summary linked to this article.
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Extended Data Figure 1. Protection potential by protective At-L SPHERE strains scales with
infection titer.

A. thaliana were inoculated with fully protective strains Leaf15, Leaf154 or Leaf21
(protection score >90), or with protective strains Leaf205 or Leaf233 (protection score > 75)
and infected with lux-tagged Pseudomonas syringae DC3000 (Pst) at the regular infection
titer (OD 0.00003), a 100x higher (OD 0.003) or a 10°000x higher (OD 0.3) infection titer.
a) Luminescence indicative of pathogen colonization was measured at 6 days post infection
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(dpi). Shown are boxplots and individual data points. Letters indicate significant differences
for each infection titer based on ANOVA followed by Tukey's post-hoc test (p< 0.05, n =
16-24). Exact p-values and number of biological replicates are provided in Supplementary
Table 3. Boxplots depict the median and interquartile range with whiskers extending to
maximum 1.5x the interquartile range. b) Plants were scored for disease at 21 dpi on a scale
of 1 (healthy) to 5 (dead). ¢) Exemplary images of plants at 21 dpi showing protection of
plants by fully protective strains at high infection titers and reduced protection by Leaf205
and Leaf233 at increasing infection titers.
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Extended Data Figure 2. Protection and luminescence reduction correlate.
Mean protection score and mean luminescence reduction (i.e. pathogen colonization

reduction) correlate well for most strains (Pearson's #=0.927, = 36.8, df =221, p<
2.2x10716). Colors refer to phylum/class.
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Extended Data Figure 3. Random SynComs of 10 non-protective strains or all Methylobacterium
do not protect Arabidopsis against Pst.

Plants were inoculated with random SynComs of 10 strains (M10.2-M10.6) containing only
non-protective strains, all 32 non-protective Methylobacterium spp. (M10.1), Frl or the
control SynCom M10.7, which contains one protective strain and infected with lux-tagged
Pseudomonas syringae DC3000 (Pst). a) Distribution of disease scores on a scale from 1
(healthy) to 5 (dead) at 21 days post infection (dpi). b) Luminescence of the pathogen

at 6 dpi. Boxplots depict the median and interquartile range with whiskers extending

to maximum 1.5x the interquartile range. Asterisks in the luminescence panel indicate
significant differences to axenic infected controls (two-sided Welch's t-test, corrected for
multiple testing using Holm's method, n = 15-23). Exact p-values and number of replicates
are provided in Supplementary Table 4.
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Extended Data Figure 4. Random SynComs of a mixture of 10 non-protective and intermediate
protective strainsimprove plant phenotype.

Plants were inoculated with random SynComs of 10 strains or Frl and infected with
lux-tagged Pseudomonas syringae DC3000 (Pst). a) Distribution of disease scores at 13
days post infection (dpi) on a scale of 1 (healthy) to 5 (dead). b) Luminescence as

proxy of pathogen colonization at 6 dpi. Boxplots depict the median and interquartile
range with whiskers extending to maximum 1.5x the interquartile range. Asterisks indicate
significantly different luminescence relative to axenic infected controls (two-sided Welch's
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t-test, corrected for multiple testing using Holm's method, n = 14-24). Exact p-values and
number of replicates are provided in Supplementary Table 5. c) Colonization by individual
SynComs on non-infected plants at 12 days post inoculation. Shown are the mean and
individual data points of 3 replicates consisting of two plants each. d) Correlation of mean
luminescence and mean disease score (R = 0.92, t = 14.76, df = 39, p < 2.2x10°16),
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Extended Data Figure 5. Drop-out of one or two strainsfrom arandom SynCom of 10 strains
can affect plant protection by SynComs.
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Plants were inoculated with random SynComs of 10 strains, drop-out communities thereof
or individual strains and infected with lux-tagged Pseudomonas syringae DC3000 (Pst). a)
Distribution of disease scores at 13 days post infection (dpi) on a scale of 1 (healthy) to 5
(dead). b) Luminescence as proxy of pathogen colonization at 6 dpi. Boxplots depict the
median and interquartile range with whiskers extending to maximum 1.5x the interquartile
range. P-values for indicated comparisons are shown (two-sided Welch's t-test, n = 21-24
plants per condition). Exact number of replicates are provided in Supplementary Table 6. c)
Colonization by the individual SynComs on non-infected plants at 12 days post inoculation.
Shown are the mean and individual data points of 3 replicates consisting of 2 plants each.
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Extended Data Figure 6. SynComs of three strains can improve protection phenotypesrelativeto
individual strains.

Plants were inoculated with SynComs of three strains (M3.1, M3.2 and M3.3; comprised
of non-protective and intermediate protective strains) or the strains individually and infected
with lux-tagged Pseudomonas syringae DC3000 (Pst). a) Distribution of disease scores on
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a scale of 1 (healthy) to 5 (dead) at 13 days post infection (dpi). b) Pathogen luminescence
at 6 dpi (log10(p/s)). Boxplots depict the median and interquartile range with whiskers
extending to maximum 1.5x the interquartile range. Letters indicate statistical significance
within each SynCom (one-way ANOVA with Tukey's post-hoc test, n = 16-24). Exact
p-values and number of replicates are provided in Supplementary Table 8.
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Extended Data Figure 7. T6SS gene cluster presencein At-L SPHERE strains and Sphingomonas
melonis Fri.

The outer rings reflect mean protection scores against Pst on Col-0 plants and the presence
of predicted T6SS gene clusters, respectively. a.u.: arbitrary units.
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Fig. 1. Overview of experimental screening system.
A. thaliana seeds were surface sterilized and grown in 24-well plates on agar. At 10 days,

leaves were inoculated with a suspension of a commensal strain to be tested for protection
ability and the strain left to colonize the plants. At 15 days, plants were challenged with a
luxCDABE-tagged Pseudomonas syringae DC3000 (Pst). Pathogen infection or lack thereof
was scored in two ways. Luminescence quantification at 6 days post infection was used

as a proxy for pathogen colonization. Disease scoring based on symptoms was used to
calculate the protection score relative to the disease observed in control plants. Furthermore,
we used uninfected plants to determine phyllosphere colonization by the commensal strains
by counting colony-forming units after a wash protocol.
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Phylum/Class
Alphaproteobacteria

Betaproteobacteria
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Bacteroidetes

Actinobacteria
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>50 >75 >90 *: not assessed for plant protection

Fig. 2. Overview of plant protection in the At-L SPHERE.
Plant protection by individual strains against a /JuxCDABE-tagged Pseudomonas syringae

DC3000. Phylogenetic tree of bacterial strains of the A+#LSPHERE and the positive control
S. melonis Frl with the background colors corresponding to phyla and class. The inner
ring (grey scale) depicts the strain colonization as log10-transformed colony-forming units
(CFU) per gram plant fresh weight at 9 days after inoculation. The second ring (blue scale)
corresponds to luminescence reduction and hence reduction of pathogen colonization at 6
days post infection. The outer ring (green scale) reflects the protectiveness (i.e. protection

Nat Microbiol. Author manuscript; available in PMC 2022 May 24.
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against disease) with the height and color of the barcode both corresponding to the mean
protection score. The concentric rings in the background indicate a mean protection score of
50-75, 75-90 and 90-100, respectively. Asterisks: strain was not assessed for plant protection
(see Methods). The phylogenetic tree is based on whole genome sequences.
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Fig. 3. Protective strains of the At-L SPHERE colonize the phyllosphere at high density.
a, Histogram of mean protection score (n = 222 strains) and b, of mean colonization

(n = 224 strains) for the A-LSPHERE collection. c, Correlation of mean colonization
(log10-transformed) and mean protection score (Pearson's R = 0.47,t = 7.97, df = 223,
P = 8x10714). The linear regression line is indicated. The dashed box highlights mean
colonization above 10° CFU/mg and mean protection score >75. d, Mean colonization

1004
254
504
754

1004

plotted against mean protection score for each family separately. Colors throughout the

figure correspond to phyla and class. Exact numbers of independent experiments and
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biological replicates within experiment for each strain are provided in Supplementary Tables
1 and 2, respectively.
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Fig. 4. SynCom experiments reveal community-specific gain of protection.
Random SynComs of 10 non-protective strains were inoculated onto A. thaliana plants 5

days prior to infection with lux-tagged Pseudomonas syringae (Pst) and disease symptoms
scored at 13 days post infection (dpi). a, Protection score of random SynComs plotted
against the mean protection score of the best single strain within the mix. Mixes for which
dropouts were tested in a separate experiment are labelled. b, Dropout of indicated strains
from 5 random SynComs and the effect on the protection by the respective SynCom. Arrows
indicate the change in protection from full to drop-out SynCom. c-f, Plants were inoculated
with random SynCom M10.35, SynCom M10.35 without Leaf278 (M10.35-278), Leaf278
alone or buffer (Ax). Five days post inoculation plants were challenged with Pst (c,d,f).

d, Boxplots of pathogen luminescence at 6 dpi (n = 18-24 plants per condition). Boxplots
center line, median; box limits, upper and lower quartiles; whiskers, 1.5x interquartile
range; points, outliers. c, Distribution of disease scores on a scale from 1 (healthy) to 5
(dead) (c) with representative images at 13 dpi (f). Colonization of non-infected plants at
12 days post inoculation (€). Shown are median and individual data points of 4 replicates
representing a pool of two plants each. Letters indicate significant differences based on
one-way ANOVA and Tukey's post-hoc test. Exact p-values and number of replicates are
provided in Supplementary Table 7.
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Fig. 5. Plant protection in the bak1/bkk1 plant background is strongly reduced in a subset of
strains based on luminescence analysis.

Shown is the luminescence at 6 days post infection with the /ux-tagged Pseudomonas
syringae (Pst) for bak1/bkk1 and Col-0 plants inoculated with a commensal or mock control
(AX) prior to infection. Boxplots depict the median and interquartile range with whiskers
extending up to 1.5x the interquartile range. Strains are grouped by the effect the bak1/
bkk1 genotype had on infection based on luminescence. P-values for the comparison of
bak1/bkk1 and Col-0 infected plants are indicated (one-sided Welch's test, p-value adjusted
using Benjamini-Hochberg's method, ns: p-value >0.05). Asterisk: effect of bak1/bkk1
genotype on infection is significantly higher than in the axenic control (see methods). x:
luminescence in Col-0 not significantly higher with infection (i.e. one-sided Welch's test, p-
value adjusted using Benjamini-Hochberg's method). Number sign: opportunistic pathogen
on bak1/bkk1. Shown are data for protective strains (mean protection score in Col-0 plants
>75) and controls (Frl and Ax). For others, see Supplementary Figure 4. Data are from

1-4 independent experiments with 16-18 plant replicates per experiment. Exact p-values and
number of replicates within experiment are provided in Supplementary Tables 9 and 10,
respectively.
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Fig. 6. The T6SSis associated with plant protection in Rhizobium spp. in the At-L SPHERE.
a, Heatmap of cluster of orthologous genes (COGs) present in protective but not non-

protective Rhizobium spp. with the COGs associated with the Type 6 secretion system
(T6SS) marked. b, T6SS gene cluster of Rhizobium Leaf202 with the gene-replacement
for the tssL mutants indicated. ¢, /n7 vitro inhibition of Pst by Leaf202 and the #ssL..aphll
mutants (£ssL.:Km” and tssL::Km" with opposing directions of ao/// cassette) on LB-
Lennox (LB) and R2A supplemented with methanol (R2A+M). Shown are the mean and
standard error with individual data points (n = 3 independent cultures except for tssL.:Km"
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n = 2; media controls n = 4 for LB, n = 3 for R2ZA+M). Letters indicate significant
differences (one-way ANOVA followed by Tukey's post-hoc test). d, /n planta inhibition

of Pst colonization at 7 days post infection by Leaf202 and its #ssL.:Km" mutant (n = 19,
18, 18 for wt, tssL.:Km" and Ax, respectively). e, /n planta colonization by Leaf202 and

its ssL::Km" mutant at 12 days post inoculation (n = 19 and 18 for wt and ssL.:Km,
respectively). Shown are the mean and individual data points (d-e). ~-values of two-sided
Welch's t-tests are indicated. The plant experiment was performed twice with similar results.
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