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Leaves and flowers are colonized by diverse bacteria that impact
plant fitness and evolution. Although the structure of these
microbial communities is becoming well-characterized, various as-
pects of their environmental origin and selection by plants remain
uncertain, such as the relative proportion of soilborne bacteria in
phyllosphere communities. Here, to address this issue and to pro-
vide experimental support for bacteria being filtered by flowers,
we conducted common-garden experiments outside and under
gnotobiotic conditions. We grew Arabidopsis thaliana in a soil
substitute and added two microbial communities from natural
soils. We estimated that at least 25% of the phyllosphere bacteria
collected from the plants grown in the open environment were
also detected in the controlled conditions, in which bacteria could
reach leaves and flowers only from the soil. These taxa represented
more than 40% of the communities based on amplicon sequencing.
Unsupervised hierarchical clustering approaches supported the
convergence of all floral microbiota, and 24 of the 28 bacteria re-
sponsible for this pattern belonged to the Burkholderiaceae family,
which includes known plant pathogens and plant growth-promoting
members. We anticipate that our study will foster future investiga-
tions regarding the routes used by soil microbes to reach leaves and
flowers, the ubiquity of the environmental filtering of Burkholderiaceae
across plant species and environments, and the potential functional
effects of the accumulation of these bacteria in the reproductive
organs of flowering plants.
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11 plants are colonized by diverse prokaryotic and eukaryotic

microorganisms. While root microbiota affect plant devel-
opment, leaf and floral microorganisms can also provide services,
such as protection against pathogens or interference with
plant—insect interactions (1-4). These functional roles illustrate
the importance of these microorganisms for the development
and evolution of their hosts. While the diversity of bacteria and
fungi colonizing leaves and flowers has been extensively explored
(5-10), the environmental sources of these microorganisms and
their relative contributions are still controversial (11, 12). In-
sights into the origin of phyllosphere bacteria will contribute to
the understanding of the life cycles, ecology, and adaptation of
plants and their microbiota. Various environmental sources have
been suggested, and seed banks including soil are often hy-
pothesized to be the major sources of bacteria detected in the
phyllosphere (13-16). This assumption is supported by the strong
resemblance between soil and leaf microbiota at the beginning of
the growing season (14). However, this similarity was also ob-
served when phyllosphere microbiota were compared with aerial
communities (17). The overlap in composition between com-
munities of the phyllosphere, soil, and roots has been used as a
further argument for the large contribution by soil communities
(5, 16). This last interpretation does not consider potential
concurrent colonization of soil and aerial parts of plants or ad-
ditional sources. Regarding floral communities, insects (e.g.,
pollinators) have also been suggested as important vectors for
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bacterial taxa, but their contribution does not suffice to explain
the bacterial diversity observed in floral communities (11,
18-20). In contrast to comparative studies with naturally grown
plants, experimental approaches that address the origin of the
phyllosphere microbiota are still rare. A recent experimental
study involved the transplantation of adult plants from one soil
to another, and the resulting shifts in leaf communities suggest
continued colonization of leaves by soil bacteria (13). Despite
this previous work, the contribution of leaf and floral bacteria,
which have the ability to migrate from the soil, is still uncertain.
The influence of soil microbiota variation alone, independent of
other edaphic conditions, on phyllosphere communities also re-
mains to be addressed.

Another important aspect in our understanding of plant
microbiota concerns the observed differences between the bac-
terial communities of roots, leaves, and flowers, not only among
each other but also with respect to the surrounding microbial
context (5, 6, 14, 16, 17, 21-23). The observed variations have
been interpreted as being due to environmental filtering exerted
by leaves and flowers on the diversity of bacteria present in the
environment. However, the identity of the bacteria being filtered
still needs to be investigated experimentally.

In the present study, we conducted an experiment to address
the origin of microorganisms in the phyllosphere. The underlying
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rationale was that if the phyllosphere organs filter for specific
bacterial groups, differences in surrounding microbial commu-
nities should not prevent the convergence of the communities.
The experimental design was such that it also allowed us to
evaluate the proportion of phyllosphere bacteria that can reach
leaves and flowers from the soil. We asked the following ques-
tions. 1) What is the proportion of bacterial taxa detected on
leaves and flowers that have the ability to reach the phyllosphere
from so0il? 2) Does variation in the soil microbiota alone drive
bacterial community divergence in leaves? 3) Does variation in
the soil microbiota alone drive bacterial community divergence
in flowers? 4) Do specific organ communities converge despite
microbial variations in the microbial context surrounding the
plant? 5) Which taxa support these potential convergent organ
communities? We conducted common-garden experiments in
both gnotobiotic and open conditions (Fig. 1). In each experi-
ment, the soil microbial communities were the only varying pa-
rameter. Soil, leaf, and floral communities were characterized by
16S ribosomal RNA (rRNA) gene profiling using 100% identity
to define taxonomic units, also termed amplicon sequence vari-
ants (ASVs) (24). Unsupervised hierarchical clustering ap-
proaches coupled with bootstrap and serial rarefaction sensitivity
tests were used to measure the impact of soil communities on the
bacterial microbiota of leaves and flowers; in addition, the taxa
underlying the convergence of floral communities were identi-
fied. We discuss our results in the context of microbial migration,
environmental selection, and the ecology of Burkholderiaceae
being filtered by the floral environment.

Results

Proportion of Phyllosphere Bacteria that Have the Potential to
Colonize from Soil. To measure the influence of the soil micro-
biota on bacterial communities in the phyllosphere, we con-
ducted common-garden experiments using Arabidopsis thaliana
Col-0 and an experimental treatment consisting of growing these
plants in different microbial communities of soil (Fig. 1). The
experiments were replicated at two locations outside and in a
growth chamber (Methods). At the outside locations, the mi-
crobial communities detected in the plants could have come
from any environmental source (e.g., soil, air, rain, or insects),
whereas the microboxes (Methods) used in the growth chamber
prevented migration of microorganisms toward the phyllosphere
from any source but the soil. We used a standard axenic soil
substitute inoculated with either a microbial community
extracted from agricultural field soil (AG) or a community
extracted from forest soil (FO) (Methods). The soil substitute
allowed us to fix the soil characteristics with the exception of the
soil microbiota. To control for the potential impact of wild-soil
residual chemistry extracted together with the bacterial cells, we
filtered the suspensions through a 0.22-um filter and used the
filtrates in additional soil treatments (Methods and Fig. 1). At
each common-garden location, we had five replicates for each
treatment type. Plants grew in all the pots and microboxes at the
Zurich location and in the growth chamber; however, virtually no
plants germinated at the Eschikon Lindau location. This is either
due to the harsher environmental conditions at this location or
seeds being blown away due to windy conditions. When the
plants reached the adult stage, we took soil samples and col-
lected rosettes of leaves as well as inner leaves (which were not in
contact with the soil) from the growth chamber. The adult plant
specimens at the outside location were too small to collect the
inner leaves not in contact with the soil. During the blooming
stage, at the outside location and in the growth chamber, we
collected soil samples, rosettes (i.e., all leaves), inflorescences,
and leaves not in contact with the soil; 16S rDNA amplicon se-
quencing was used to detect endophytic and epiphytic bacteria in
all the samples. After raw data treatment (Methods) and the
removal of controls used to build the DNA library, our data
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included 374 samples and 4,063,848 reads, with an average of
10,865 reads per sample. The 182 samples collected at the outside
location had more reads on average than the 165 samples collected
in the growth chamber (12,550 versus 7,869, respectively).

We detected 6,010 different ASVs at a 100% identity
threshold, with 5,617 of these taxa being detected at the outside
location and 5,239 detected in the growth chamber. An estima-
tion of the possible contamination from seeds despite steriliza-
tion revealed that this fraction was small, with four ASVs
potentially originating from this contamination source (see
Methods and SI Appendix, Text for a detailed assessment of the
control samples).

To estimate the proportion of bacteria with the potential to
reach leaves and flowers from the soil, we identified the bacteria
that were detected in the plant samples collected outside and in
the growth chamber. Because the microboxes used in the growth
chamber allow bacterial transfer from soil only, the taxa detected
on leaves and flowers in this environment have the capacity to
migrate actively or passively from the soil to the phyllosphere. To
define the overlap between the outside and inside communities,
we combined all samples collected at one location in one pool
and those from the other site in another. We conducted com-
parison series after randomly sampling the same number of reads
in each pool using an incremental 100-read procedure. The re-
sults of these comparisons converged, showing that 37% of the
bacteria detected in the phyllosphere in the outside location
were also detected in the phyllosphere in the growth chamber
(this value was identical for the plants grown in soils inoculated
with the AG and FO communities; Fig. 24). When we used the
same procedure to examine the communities of each organ
separately, the results converged on 25% of the bacteria detected
outside and in the growth chamber (SI Appendix, Fig. S1). When
we restricted this analysis to the most abundant taxa in the
communities (i.e., those in the top 10 and 5%, representing more
than 75 and 85% of the total number of reads in the commu-
nities, respectively), more than 75% of the bacteria detected
outside were also detected inside for the AG and FO
communities (Fig. 24).

To account for spurious presence generated by potential
sample cross-contaminations and index-switching events, we re-
peated the comparison procedure with a presence threshold of
three reads in nonrarefied data (i.e., all relative abundances of
fewer than three reads were set as zeros). We defined this
threshold from an exploration of the Zymo mock community to
estimate that ASVs not expected to be part of this community
had an average of two reads (Methods). From this transformed
dataset, the results of comparisons converged to about 30% of
the bacteria detected in the plants collected outside being also
detected in the plants grown in the growth chamber (31 and 27%
for AG and FO communities, respectively; SI Appendix, Fig. S2).
When we restricted this analysis to the most abundant taxa in the
communities (i.e., those in the top 10%), more than 59 and 53%
of the bacteria detected outside were also detected inside for the
AG and FO communities, respectively (SI Appendix, Fig. S2). In
bacterial communities found on adult rosettes, an average of 51
and 40% of the reads belonged to soil ASVs that can reach these
organs grown in AG and FO communities, respectively (SI Appendix,
Fig. S3). At the flowering stage, these proportions were 54 and 61%
in AG and FO rosettes, respectively. The soil ASVs able to reach the
leaves away from soil represented 60 and 41% of the total number of
reads of AG and FO leaf communities, respectively (SI Appendix,
Fig. S3). Finally, soil bacteria able to reach flowers dominated floral
communities in plants grown in AG and FO communities (69 and
73% of reads, respectively; SI Appendix, Fig. S3).

Impact of Soil Microbiota Variation on Bacterial Community Divergence

in the Phyllosphere. The original soils and inoculated soil substitutes
differed in their community composition and structure, as we showed
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Fig. 1. Experimental design.

by unsupervised clustering analysis with the Bray-Curtis distance
metric after rarefaction according to the depth of the smallest sample
(1,016 reads) (Fig. 3 and SI Appendix, Fig. S4). To provide statistical
support for the clusters, we bootstrapped this rarefied dataset
1,000 times and repeated the cluster analyses with each resulting
dataset. This approach allowed us to provide the frequency of re-
covery of each cluster across these 1,000 analyses. Because rarefac-
tion also involves random sampling of sequences that could lead to
clusters supported by chance, we also conducted 1,000 random rar-
efaction and cluster analyses and calculated the frequencies of re-
covery of each cluster across these analyses. The communities in the
original soils clustered according to their origin, with high statistical
support (100% of bootstrap and sequential rarefaction analyses; SI
Appendix, Fig. S4). The communities in the soil inoculated with the
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AG community formed two well-supported clusters. One included all
the communities from the growth chamber (100% of bootstrap and
sequential rarefaction analyses; cluster B in SI Appendix, Fig. S4),
and one included all the communities from the outside location (86
and 100% of bootstrap and sequential rarefaction analyses, respec-
tively; cluster D in SI Appendix, Fig. S4). The communities in the soil
inoculated with the FO microbiota also formed two well-supported
clusters. One included all the communities collected in the growth
chamber (100% of bootstrap and sequential rarefaction analyses;
cluster E in SI Appendix, Fig. S4), and one included all the com-
munities collected at the outside location (93 and 100% of bootstrap
and serial rarefaction analyses, respectively; cluster F in ST Appendix,
Fig. S4). In all these analyses, the soil communities did not cluster
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Fig. 2. Soil community influence on the phyllosphere. (A) Hexagonal heatmap of the proportion of ASVs detected in the phyllosphere at the outside location
also detected in phyllosphere communities in the growth chamber. All samples collected outside were combined in one pool, and those collected inside were
combined in another before comparisons. (B) Unsupervised hierarchical clustering of phyllosphere communities (identified by their sample number) collected
at outside locations, using the Bray—Curtis metric as a measure of dissimilarity. The data were all rarefied according to the number of reads from the smallest
plant sample collected outside. Each panel consists of a dendrogram and a heatmap generated from rarefied data and two majority-rule consensuses: the first
one summarizes the hierarchical clustering analyses based on 1,000 bootstrapped datasets, and the second one summarizes the hierarchical clustering
analyses based on 1,000 rarefied datasets. The nodes are labeled with the percentage of recovery of each cluster across these iterative analyses. The tips are
colored according to the community used to inoculate the soil in which the plants were grown (gray, AG community; blue, FO community). prop., proportion.

according to the time of collection (i.e., when plants were adults or
blooming; SI Appendix, Fig. S4).

Most likely due to the release of environmental DNA and
potentially because cells were not all excluded by the filtration
procedure, the soil inoculated with the filtrates of the AG and
FO inocula was not free of DNA. However, the communities in
the soils inoculated with the filtrates of the wild communities and
collected in the growth chamber did not cluster consistently to-
gether and had unstable positions across the bootstrapped and
sequential rarefaction analyses (clusters labeled A in SI Appen-
dix, Fig. S4). This result suggests the efficient removal of most
living bacterial cells from these filtrates. This is further sup-
ported by the finding that all the communities in the soils inoc-
ulated with the filtrates of AG and FO microbiota and collected
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from the outside location clustered together in a well-supported
group and were not separated according to the filtered inoculum
(82 and 100% of bootstrapping and sequential rarefaction, re-
spectively; cluster C in SI Appendix, Fig. S4).

Regarding the microbiota composition, the original soils col-
lected in the agricultural field and forest were dominated by
Actinobacteria and Proteobacteria, which together represented
more than 70% of the total number of sequence reads in the
communities, while Acidobacteria, Actinobacteria, Bacter-
oidetes, Firmicutes, and Proteobacteria represented more than
90% of the total reads in both original soils (91 and 92% in the
AG and FO communities, respectively; Fig. 34). These bacterial
taxa also dominated in all the soil substitutes inoculated with the
communities extracted from these natural soils (Fig. 34). The
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plant communities were also dominated by the same bacterial
taxa, with a higher relative abundance of Proteobacteria than in
the soil samples. This is especially the case for the floral samples,
in which Proteobacteria represented between 91 and 98% of the
total communities (Fig. 34). With regard to richness, the soil
housed more taxa than the leaves and flowers (Fig. 3B).

To measure whether soil microbiota variations led to detect-
able divergences in the outside AG and FO phyllosphere com-
munities, we performed unsupervised clustering analyses of the
communities on each plant organ separately (rosettes, leaves not
in contact with the soil, and flowers). If the organ microbiota
diverged according to the soil microbiota, we would expect the
communities of plants grown in one soil type to cluster together,
separate from those grown in the other soil types. To compare
the results obtained with the different organs, we rarefied all the
samples at 1,084 reads (the size of the smallest plant sample
collected outside). Only rosettes clustered according to the soil
communities in which they grew at the adult stage (75 and 89%
of the bootstrap and sequential rarefaction analyses, respec-
tively; Fig. 2B) and at the flowering stage (more than 70% of the
bootstrap analyses and 100% of iterative rarefaction analyses;
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Fig. 2B). When we conducted the same analyses with rosettes
from plants grown in soil inoculated with filtrates of AG and FO
communities, the samples were not classified according to the
filtrate used. This latter result suggests the absence of an influ-
ence of the residual chemistry extracted from the wild soil
samples and confirms that we are indeed measuring the influ-
ence of the microbial communities (SI Appendix, Fig. S5). In-
creasing the number of reads to the size of the smallest sample in
each organ and developmental stage combination led to results
consistent with the 1,084 rarefied samples (SI Appendix, Fig. S6).

Convergence of Floral Communities Despite Environmental-Microbial
Variations. To estimate whether the microbial communities on
the rosettes, leaves not in contact with the soil, or flowers con-
verged according to organ type, we included all the soil and
blooming plant samples collected outside in one unsupervised
hierarchical clustering analysis. We chose this classification
method because it does not involve a priori assumptions in the
definition and number of groups in which samples are assigned.
The three soil clusters identified above were recovered in this
new analysis, leaf communities did not form any cluster, and
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floral communities grouped together (cluster D in Fig. 44). In
other words, the flower communities were more similar to each
other than to any other plant or soil community. This floral
cluster included all the floral communities and two communities
from leaves that did not contact the soil. Within this floral
cluster, the samples did not form subclusters according to the soil
communities in which they grew. Except for one floral commu-
nity (sample B3), both the bootstrap and sequential rarefaction
analyses provided good statistical support for the clustering of
the floral communities (63 and 96% of analyses, respectively;
Fig. 44). Interestingly, sample B3 was statistically supported as
part of the floral cluster when we used a binary Bray—Curtis
metric, which only considers the presence or absence of taxa (S/
Appendix, Fig. S7). We repeated this analysis with the Bray—
Curtis distance metric, all the blooming plant samples collected
outside, and all the blooming plant samples collected in the
growth chamber and grown in the AG and FO communities.
With the exception of one, all the communities from flowers
grown in the growth chamber were nested in the cluster of floral
communities collected outside (55 and 97% of bootstrap and
sequential rarefaction analyses, respectively; cluster D in
Fig. 4B). This result shows that the floral communities of the
plants in the growth chamber are more similar to the floral
communities of the plants at the outside location than to any
other plant communities collected at either location. In contrast,
the leaf communities from the plants grown in the growth
chamber clustered separate from those from the plants grown in
the outside location and were not statistically supported as one
cluster (cluster E in Fig. 4B).

Bacterial Taxa Responsible for the Convergence of Floral Communities.
Because the plants in the growth chamber were not exposed to
natural biotic and abiotic conditions (e.g., air microbiota, temperature
variation, radiation, and precipitation), the relative abundance of
some of their bacterial taxa might not reflect natural conditions.
For this reason, we identified the bacterial taxa in the communities
from the outside samples that supported the floral community
cluster. We generated 1,000 datasets rarefied at 1,084 reads. We
conducted independent unsupervised hierarchical clustering analyses
across these 1,000 datasets but with the data of each taxon separate
rather than the entire communities as above. In total, 28 taxa were
identified as being responsible for the convergence of the floral
communities, as their distribution of relative abundances across
the samples supported the clustering of floral communities in all
1,000 rarefied datasets. This conservative approach, which con-
sisted of excluding any bacteria not supporting floral clustering in
all the rarefied datasets, allowed us to limit two types of biases.
First, it allows the exclusion of false positives generated by bacteria
at the limit of detection. Second, it limits the number of false
positives generated by the random process of read selection during
the rarefaction process. To test whether these bacteria indeed
supported the floral cluster, we conducted an unsupervised hier-
archical clustering analysis after excluding these 28 taxa. With this
reduced dataset, the floral communities were no longer clustered
(Fig. 4C). Second, to ensure that the removal of these 28 specific
taxa, rather than the reduction in the dataset size, was responsible
for the loss of the floral signal, we also generated 1,000 hierarchical
clustering analyses with random exclusions of 28 taxa (not including
one of our 28 candidate taxa) from each replication. Across these
1,000 analyses, the floral cluster was not eliminated, and this finding
was supported in 96% of the 1,000 analyses (Fig. 4D). All 28
convergent and supported candidates were Proteobacteria, and 24
out of the 28 belonged to three groups and genera within the family
Burkholderiaceae: Burkholderia-Caballeronia-Paraburkholderia group,
Pandorea, and Ralstonia (SI Appendix, Table S1). Two candidates were
Rhizobiaceae from the Allorhizobium-Neorhizobium-Pararhizobium-
Rhizobium group. One was Enterobacteriaceae, which belongs
to the genus Arsenophonus. One was a Beijerinckiaceae from the
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genus Methylobacterium. Apart from one Rhizobiaceae (ASV
1019), all the candidates were detected in floral samples not only
from the plants grown under environmental conditions but also
from the plants cultivated in the growth chamber. Because these
28 ASVs were repeatedly detected across samples, it is unlikely
that sequencing errors generated these results (SI Appendix, Fig.
S8). Furthermore, a thorough examination of the dataset suggests
that these bacteria originated in the environment rather than from
seeds or technical origins (see details in SI Appendix, Text). Fi-
nally, none of the candidate ASVs should stem from several 16S
rRNA copies of the same bacterial taxa based on the observation
that known 16S rRNA copies in genomes of plant-associated
strains of Burkholderiaceae share 100% similarity within each
strain and in the region of our amplicon (25) (see details in SI
Appendix, Text).

Bacteria Characteristic of Floral Communities. To identify ASVs
typical of the floral communities, we compared the IndVal
metric for ASVs of communities of rosettes, leaves not in contact
with soil, and flowers collected outside at the flowering stage
(Methods). We conducted these analyses with a rarefied dataset
and ASVs representing at least 0.1% of one of these commu-
nities. We implemented a permutation test procedure with a
significance level of 4.0 ¢~ for multiple-testing correction pur-
poses (Methods). We identified 40 bacteria as being character-
istic of floral communities. Among them, 25 were previously
identified as being responsible for the convergence of floral
communities (all the Burkholderiaceae and Rhizobiaceae ASV
1209; SI Appendix, Fig. S8 and Table S2). These bacteria re-
sponsible for the convergence of the floral community were
significantly more abundant (24 out of 25) and significantly more
frequently detected in floral communities (23 out of 25; SI Appendix,
Fig. S8 and Table S2). Among the 15 remaining ASVs identified as
being characteristic of flowers there were 10 Burkholderiaceae, 2
Rhizobiaceae, 1 Acetobacteriaceae, 1 Rhodanobacteraceae, and 1
Xanthomonadaceae (SI Appendix, Table S3).

Discussion

Based on the composition of bacterial communities in environmental
samples, it has been suggested that soil is an important source for
bacterial migration toward the phyllosphere (5, 13-16). The present
experiment suggests that at least a quarter of phyllosphere bacteria
might have the capacity to colonize from soil, a proportion that in-
creases to 75% when considering the top 10% of the most abundant
taxa in these communities (Fig. 24 and SI Appendix, Figs. S1 and S2).
With up to 73% of reads belonging to these taxa in the phyllosphere
communities, bacteria able to reach the phyllosphere from soil can
dominate this environment (SI Appendix, Fig. S3). Even if soil might
not be the sole environmental origin for these taxa at the outside
location, our results support that they can migrate without the help of
the previously suggested dispersal factors wind, insect visits, and
water splashing, which were not present for the plants cultivated in
the growth chamber (17-20, 26). Consequently, bacterial migration
from the soil toward the phyllosphere via surfaces, vessels, and gas
convections is not unique to certain bacteria but is probably widely
used by phyllosphere bacteria of herbaceous plant species with leaves
close to the soil (27, 28).

In our study, the variation in the soil communities triggered
changes in the rosette communities (Fig. 2B). This result is in
agreement with Tkacz et al., who transplanted adult plants from
one soil to another, resulting in changes in leaf communities
(13). Our approach complements their findings by showing that
even after the fixation of other edaphic conditions and without
the induction of plant stress due to transplantations, variations in
soil microbial communities alone are sufficient to induce changes
in rosette communities. However, here, we found that the
communities on leaves not in contact with the soil and flowers
did not converge according to the soil communities in which the
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Fig. 4. Convergence of phyllosphere communities. Unsupervised hierarchical clustering analyses of bacterial communities. The communities are identified by
their sample number. (A) Communities of all the samples collected outside at the flowering stage. The first dendrogram and heatmap were generated from
one rarefied dataset; the second and third dendrograms are majority-rule consensuses of hierarchical clustering analyses conducted with 1,000 bootstrapped
and 1,000 rarefied datasets, respectively. (B) Communities of the plant samples collected during the flowering stage at outside locations plus communities of
the plant samples grown in the growth chamber in soil communities. The layout is the same as that in A. (C) Communities of all the samples collected outside
during the flowering stage after the removal of the candidate ASVs responsible for the convergence of the floral cluster. The first dendrogram and heatmap
were generated with a rarefied dataset, and the majority-rule consensus was obtained from hierarchical clustering analyses of 1,000 rarefied datasets. (D)
Majority-rule consensus of hierarchical clustering analyses after 1,000 subsequent removals of 28 ASVs (not the ASV candidates responsible for the clustering
of floral communities observed in A). The numbers presented at the nodes of the majority-rule consensus dendrograms are the percentage of clusters re-
covered across analyses conducted with 1,000 bootstrapped datasets and 1,000 rarefied datasets. The numbered clusters (clusters 1 and 2) are not supported
with bootstrapped and 1,000 rarefied datasets. The clusters supported with bootstrap and 1,000 rarefied datasets are labeled as described in the text to allow
comparisons across panels of the figure. Asterisks indicate that the relative positions of tips give the misleading impression that cluster D exists in the first
dendrogram of C.
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plants grew (Fig. 2B). This might be due to a relatively large
contribution by factors associated with the air, random priority
effects in leaf communities (29), and/or strong environmental
filtering by these organs (5, 6, 16, 21). The present dataset did
not allow us to dissect the relative contribution of these three
contributing factors. However, the observation that soil ASVs
that can reach the leaves away from soil have a higher relative
abundance in this plant organ than in soil communities suggests
the presence of environmental filtering by the leaves (SI Ap-
pendix, Fig. S3). Interestingly, the communities of leaves tended
to form two clusters (clusters 1 and 2 in Fig. 44). Cluster 1 was
located apart from soil clusters and contained mainly bacterial
communities of leaves away from soil and of rosettes that had
grown in soils inoculated with community filtrates. Cluster 2 was
nested within a soil community cluster and included bacterial
communities of rosettes, the latter including leaves in direct
contact with the soil. Despite the lack of statistical support, the
clustering suggests that both source strength (i.e., the number of
bacteria in soil) and soil-to-organ distance may impact the con-
tribution of soil to the phyllosphere microbiota.

The floral communities were more similar to each other than
to any other plant or soil community (Fig. 4 A and B). This
convergence supports a strong selection of the surrounding mi-
crobial context by the floral environment. The convergence of
floral communities from the growth chamber with those col-
lected outside and the higher relative abundance of soil ASVs in
floral communities suggest that soil bacteria can be filtered by
the floral environment (Fig. 4B and SI Appendix, Fig. S3). Fur-
thermore, this resemblance between outside and inside communi-
ties excludes convergence due to insect visits, which are rare in A.
thaliana (6, 30, 31). Consequently, other floral characteristics, such
as distinctive chemistry and microenvironmental conditions, must
play an important role in this bacterial selection (5, 6, 32). The
finding that almost all the bacteria responsible for this convergence
of floral communities and that bacteria characteristic of these
communities come from the same family (Burkholderiaceae) re-
inforces the presence of filtering that selects for certain bacteria
with phylogenetically conserved functions (SI Appendix, Tables S1
and S3). This result is in accordance with the previous identification
of phylogenetic conservatism in bacterial communities on leaves
and flowers (7, 21).

Interestingly, Burkholderiaceae are enriched in disease-suppressive
soils (33) and are known as soilborne pathogenic and beneficial
bacteria in a wide range of plant hosts (33-37). The beneficial
effects of these bacteria include drought stress tolerance in dif-
ferent plant species (38, 39) and plant growth promotion (40).
They contribute to an increase in water content in plant tissues,
which is critical in flowers to maintain floral architecture, and
a proper fertilization process (38, 41). Culture-dependent and
culture-independent approaches repeatedly detected members of
Burkholderia and Ralstonia on flowers of different plant species,
sometimes with high relative abundance (5, 9, 21, 42-45). These
taxa have also been shown to colonize the inflorescences of grape
vines by vessel migration from the rhizoplane (42). The other
bacteria responsible for the convergence of the floral communities
are also known to be associated with plants (46, 47). The relative
abundances of two Rhizobiaceae (ASVs 1019 and 1209) and one
Enterobacteriaceae (ASV 319) did not have strong differences
between the flower and leaf communities, while Methylobacterium
ASV 5, which is closely related to Methylobacterium goesingense
and Methylobacterium adhaesivum, had a lower relative abundance
in the flower community than in the leaf and soil communities (S/
Appendix, Fig. S8).

The present study suggests that many soil bacteria could reach
leaves and flowers of A. thaliana without the need for dispersal
factors such as wind, insects, or water. Future experiments to
investigate the capacity of bacteria to grow after reaching leaves
and flowers from soil will help to better characterize the colonization
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of these organs from soil. The development of experimental systems
closer to natural conditions regarding humidity, wind, or competition
with bacteria coming from alternative sources will be particularly
relevant to confirm the findings of the present study. In addition,
it will be interesting to challenge our results with plant species
whose leaves and flowers are farther from soil. Finally, synthetic
communities will help to identify the routes used by these micro-
organisms. Our results also indicate that members of Burkholder-
iaceae, a plant-associated bacterial family, are part of a core floral
community and are selected from the surrounding environment.
It opens interesting perspectives to further investigate the causes
leading to an enrichment of this bacterial family by the floral
environment. Furthermore, the environmental filtering and enrichment
of a specific family by the flowers of Arabidopsis call for similar
experiments to determine if similar bacterial taxa are filtered at
other locations and in other plant species. Additionally, the floral
enrichment of this family makes them good candidates for inter-
generational interactions with their hosts (i.e., vertical transmis-
sion). This mechanism is a strong driver for coevolution between
hosts and symbionts and might explain many of the known positive
and negative interactions between plants and Burkholderia rela-
tives. Finally, reproducing the present experiment with different
microbial variations (e.g., airborne microbiota) will help to further
identify the most promising candidates with which to investigate
plant-bacteria interactions.

Methods

Common-Garden Experiments and Collection of Samples. We set up common-
garden experiments with A. thaliana Col-0 at three different locations: one
in a growth chamber at the Institute of Microbiology of Eidgendssische
Technische Hochschule (ETH) Zurich and two in outside locations in the
common-garden experimental facilities of ETH located at 47°22'47.6”N 8°32’
54.3"E (Zurich location) and 47°27'01.2"N 8°40'56.3"E (Lindau location;
Fig. 1). We chose A. thaliana because it is a widely used plant model that is
commonly used to decipher the intricate relationships between the plant
and its microbiome (3, 48-51). It also offers the application of many tools to
design experiments to establish causal plant-microbe interactions (12, 52). In
all these experiments, the treatment consisted of varying the soil commu-
nities without variations in other soil properties. To do so, we separately
extracted two wild soil communities with a protocol that minimizes the
extraction of soil chemicals. The first community came from an agricultural
field (AG community; 47°24'21.1"N 8°30'27.4"E), and the second came from
a nearby forest (FO community; 47°24'17.7"N 8°30'53.9"E). The extractions
of the communities were performed on the same day, and the procedure
was a modified version of the protocol by Hartman et al. (53). They consisted
of sieving 16 L of each soil to remove stones. We used a large volume of soil
to saturate the niches of our soil substitute (see below) with members of the
extracted communities. This strategy aimed to limit potential invasions by
exogenous environmental microorganisms. The 16 L of each of the natural
soils was mixed in several batches for 1 min with a stick blender in phosphate-
buffered saline (PBS) supplemented with 0.05% Tween to facilitate detach-
ment of cells from soil particles. We collected the supernatants after 1.5 h to
obtain larger particle sediments. Supernatants from the same soil were col-
lected, pooled, and centrifuged at 3,000 x g for 10 min. Pellets containing
microbial cells were resuspended in 0.5x Murashige and Skoog (MS) medium.
The resulting solutions for the AG and FO communities were adjusted to pH 7
and used to inoculate our soil substitute. This soil substitute consisted of half
washed and heat-sterilized calcined clay (Diamond Pro Calcined Clay Drying
Agent; sterilization for 3 h at 200 °C) and half autoclaved vermiculite. Ver-
miculite was used to increase water retention in our soil substitute. The plant
containers consisted of autoclaved plastic pots (130 x 130 mm) at the outside
locations and gamma-irradiated microboxes (model 0S140+0DS XXL; Micro-
box Combiness) in the growth chamber. Under sterile conditions, each con-
tainer was filled with 200 mL of the soil substitute and inoculated with
85.7 mL of the MS medium containing the AG community or its filtrate or the
FO community or its filtrate. We introduced the filtrates of the two inoculated
MS media (using 0.22-um filters) as soil treatments in each experiment to
control for the potential impact of residual soil chemicals extracted during the
procedure described above. Each container was planted with surface-
sterilized full-sibling seeds of A. thaliana Col-0, which had been stratified
for 7 d at 4 °C. Because the survival rates were expected to be lower at the
outside locations, we placed several seeds at three separate spots in each pot
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and microbox (S/ Appendix, Fig. S9). The sowing of seeds in the microboxes
was conducted under sterile conditions in the laboratory, and the closed
boxes were placed directly into the growth chamber. The sowing of the pots
used at the outside locations was conducted at the experimental site, where
they had been transported wrapped in sterile aluminum foil. In each
common-garden experiment, each soil treatment included five replicates and
were as follows: 1) soil inoculated with the AG community; 2) soil inoculated
with the filtrate of the AG community; 3) soil inoculated with the FO com-
munity; and 4) soil inoculated with the filtrate of the FO community. Because
we did not have the benefit of hindsight from previous comparable experi-
ments, we could not exclude a homogenization of soil communities leading to
the same soil communities in the AG and FO treatments at the end of the
experiment. This might happen, for instance, if plants strongly select for
specific soil communities or if the aerial communities at experimental sites
erase initial AG and FO differences. To enable the interpretation of this po-
tential failure, we added 10 pots without plants at each outside location. Five
of the pots were inoculated with the AG community, and five were inoculated
with the FO community. To verify the sterility of the seeds, we added three
microboxes containing sterile 0.5x MS agar to the growth chamber, each of
which was planted with several of our surface-sterilized seeds.

At the outside locations, we randomly shuffled the plant container po-
sitions twice a week to avoid spatial confounding effects in the analyses.
Because growth chamber conditions were relatively stable through space and
we wanted to limit the manipulation of the containers, which could generate
cross-contamination between soil and aerial plant organs, we randomized
the box positions once per week. The conditions in the growth chamber
were set to favor plant flowering and consisted of a 16-h photoperiod at
22 °C and nighttime temperatures of 18 °C (both at 50% humidity). How-
ever, the humidity inside the microboxes was above 90%. Therefore, it was
not necessary to water the plants in the growth chamber because the soil
substitute remained wet throughout the experiment. At the outside loca-
tions, the pots were regularly watered when the soil substitute dried out. To
avoid cross-contamination between the soil, leaves, and flowers, we filled
the plant saucers with water and allowed the humidity to infiltrate the soil
from the bottom. We first collected leaf and soil samples when the growth
of rosettes was complete (the adult stage was identified as the start of in-
florescence emergence). At this stage, we collected entire rosettes in both
the growth chamber and Zurich location. Because of the large size of the
plants in the growth chamber, we could also collect leaves that were not in
contact with the soil (i.e., they were erect and at the center of the rosettes; S/
Appendix, Fig. S9). At the outside locations, it was not possible to collect
leaves that were not in contact with the soil because the plants were much
smaller. We collected plant samples from only one of the three planted spots
and left the remaining plants for the rest of the experiment. We also col-
lected soil samples away from the plants. At the blooming stage, we col-
lected rosettes, leaves not in contact with the soil, and inflorescences at both
locations. At this stage, we collected soil samples from the surface as well as
after mixing to better capture the bacterial richness in the pots, which is
often spatially structured. For the growth chamber, we opened the con-
tainers and collected samples under sterile conditions to avoid contamina-
tion from the laboratory environment. All the samples were collected with
gloves, flamed scissors, and forceps in 2-mL tubes. The samples were flash-
frozen in liquid nitrogen immediately after collection and maintained at —80
°C until further processing.

DNA Library Preparation, 16S Amplicon Sequencing, and Raw Data Processing.
The bacterial communities of all the samples collected from the common-
garden experiments, five replicates of each original natural soil, and soil
substitute collected just after their inoculation (starting points) were char-
acterized by their 165 rRNA amplicon profiles (variable regions V5 to V7)
sequenced with one 2 x 300 paired-end run on an Illlumina MiSeq System.
Because several processing steps involved treating the samples in batches
before sequencing, we randomized the order in which they were treated.
This procedure excluded the possibility of introducing technical biases as
potential confounding factors in the statistical analyses (e.g., PCR plates). For
each library preparation step, one master mix was made and used for all the
samples. Sample preparation, genomic DNA extraction, and DNA library
preparation were performed as described previously (21). The sole differ-
ence was that not two but all the negative control DNA extractions were
processed and sequenced in addition to six empty samples introduced to the
library after DNA extraction. The detailed procedure and associated statistics
for demultiplexing, cleaning, and generating the relative abundance table
from the raw data are available in Dataset S1. In short, we used USEARCH
v11.0.667 (54) to filter reads with expected errors greater than one and to
remove singletons. We defined ASVs based on 100% sequence similarity
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with the denoising strategy in USEARCH, which removes potential chimeras
and potential sequencing errors. During this procedure, we excluded any
sequence cluster with fewer than eight reads. Taxonomic identification was
conducted using the SILVA database (reference no. 132_SSURef_Nr99) (55).
The sequences without any hits in this database were searched against the
Nucleotide database of the National Center for Biotechnology Information
(NCBI) with BLAST (56). The ASVs identified as eukaryotic organisms were
discarded from the dataset. Amplicon-metabarcoding approaches are sub-
ject to diverse artifacts, leading to the presence of reads in data that do not
come from the bacteria present in the original biological samples (57). Mi-
crobial communities with low biomass are especially sensitive in this regard
(58, 59). Lab and reagent contaminations are the most problematic biases,
and no methods suggested in the literature have been shown to reliably
eliminate them (58). The use of negative and mock community controls to
try to exclude these artifacts from the interpretations of the results remains
the gold standard. However, the systematic removal of bacteria detected in
the negative control is not appropriate, as they can come from sample cross-
contamination during library preparation (60), tag-switching events (61-64),
or even real contamination but also be present in the sampled environment
(58). In the present study, five ASVs detected in all negative controls were
removed, as this is a good indication of contamination from DNA extractions
or library preparation reagents. In addition, we conducted further analyses
for all the ASVs of particular interest in the interpretation of our results by
thoroughly examining their detection in all the negative controls and the
mock Zymo community (S/ Appendix, Text). All the samples with fewer than
1,000 reads were discarded before statistical analyses.

Proportion of Phyllosphere Bacteria with the Potential to Colonize Plants from
Soil. To identify the proportion of bacterial taxa that were detected in the
phyllosphere of plants collected outside and that have the potential to
colonize from the soil, we compared the phyllosphere communities from the
outside location with those from the growth chamber. Because the micro-
boxes used in the growth chamber did not allow any external contamination
other than that from the soil, air flows were strongly limited (but not gas-
exchanged), water splashing did not occur in this environment, and the
bacteria detected on the leaves and flowers in these containers passively or
actively migrated from the soil via plant surfaces, vessels, or gas movements
due to convection. To quantify ASVs shared between outside and inside
plants, we combined the reads of plant samples collected outside into one
pool and those of plant samples collected in the growth chamber into an-
other. We conducted this pooling approach for AG and FO communities
separately. To make the resulting pools comparable and test the robustness
of the results, we repeatedly sampled the same number of reads in each
pool using an incremental 100-read procedure and repeated absence-
presence comparisons. We started from the number of reads in the smallest
compared pool (outside or growth chamber) down to 100 reads (Datasets S2
and S3).

Because cross-contaminations and index-switching events can generate
spurious presence, we conducted a sensitivity test consisting of the same
comparisons as above after the transformation of the nonrarefied data with
a presence threshold for all ASVs. All presences supported by fewer than
three reads were transformed into zeros (absences). This threshold was de-
fined from an exploration of the number of reads of ASVs not expected to
be part of the community of the mock community control (Zymo) and still
detected in this sample. The reasoning is that these reads were coming from
cross-contaminations and index-switching events, and their average number
was two reads. Because the sample size of this control was twice larger than
the average number of reads per sample in the dataset (22,860 versus 10,866
reads), we estimated this value as being reasonably stringent.

We estimated the number of reads belonging to the ASVs that have the
capacity to reach organ communities from soil in samples collected outside.
We first rarefied all the sample sizes to the number of reads contained in the
smallest plant sample collected outside (1,084 reads) and used the soil ASVs
identified as being able to reach the phyllosphere after applying the presence
threshold defined above.

Differences in Soil Communities and Their Influence on Phyllosphere Community
Divergence. To test whether the soil communities were different in our ex-
periment and whether these differences strongly influenced leaf and flower
communities, we conducted unsupervised hierarchical clustering analyses that
do not involve a priori assumptions in the definition and number of groups. We
used the complete linkage algorithm, and the Bray—Curtis metric as a dis-
similarity measure across samples. The goal was to see if the soil substitute
communities collected outside were sorted according to the community
used for their inoculation (i.e., AG or FO communities) and if the bacterial
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communities of the plants collected outside were sorted according to the
community used to inoculate the soil in which the plants grew. For the
plant organs, we conducted analyses with the following sample types
separately: rosettes at the adult stage, rosettes at the flowering stage,
leaves not in contact with the soil at the flowering stage, and inflores-
cences. Because the clustering according to soil communities could be
influenced by residual chemical differences generated during the extraction
of wild soil communities rather than microbial variations, we repeated the
clustering analyses but with plant samples cultivated in soil substitutes inoc-
ulated with the filtrates of the inocula (see above Common-Garden Experiments
and Collection of Samples section). To make all the analyses comparable, we
rarefied all the sample sizes to the number of reads contained in the smallest
plant sample collected outside (1,084 reads). To test whether the observed
clusters were created not by chance but biology, we generated 1,000 boot-
strapped datasets and repeated the clustering analysis with each of them. We
visually summarized these 1,000 analyses with a majority-rule consensus den-
drogram in which all the clusters being supported in at least half of the analyses
were represented, whereas clusters supported in less than 50% of analyses were
collapsed. For each represented cluster, we calculated the percentage of analyses
in which it was supported. Because the rarefaction procedure consists of ran-
domly sampled reads, it can also generate clusters supported by chance. To
control for this additional bias, we generated 1,000 rarefactions for each dataset.
As previously described, we conducted hierarchical clustering analyses with all
these independent data, summarized the results with a majority-rule consensus
dendrogram, and calculated the percentages of recovery for each cluster. We
considered a cluster to be statistically supported when it was supported in both
the bootstrapped and sequential rarefaction analyses.

Convergence of Bacterial Communities and Identification of the Responsible
Bacterial Taxa. To measure the convergence of the bacterial communities in
specific organs, we conducted unsupervised hierarchical clustering analyses
following the same procedure as above, but with soil and plant samples
collected outside all included in the same analysis. The communities of a
specific organ were considered convergent when they formed a well-
supported cluster, that is, when they were more similar to each other than
to any other type of community.

To identify the bacteria underlying this pattern (i.e., higher similarity
among communities on a specific plant organ in comparison with those of
other plant parts or soil), we applied the following procedures. 1) We per-
formed 1,000 rarefactions of the dataset at 1,084 reads; 2) the relative
abundances of each bacterial taxon were used separately to conduct unsu-
pervised hierarchical clustering analyses across the 1,000 rarefied datasets;
and 3) each taxon was considered a candidate if its data generated a cluster of
communities for the organ of interest in all 1,000 rarefied datasets. This
conservative approach, which consisted of excluding any potential ASV
candidate if its data did not support the cluster of interest in all the rarefied
datasets, allowed us to limit two types of biases. First, it allows the exclusion
of false positives generated by bacteria at the limit of detection. Second, it
limits the number of false positives generated by the random process of read
selection during rarefaction. Once the list of candidates was identified with
this procedure, we tested whether withdrawing these specific taxa from
communities erased the clustering pattern previously observed. Finally, for
the latter test, we tested whether it was not the reduction in the size of the
dataset which was responsible for the loss of clustering. To do so, we repeated
the hierarchical clustering analyses after 1,000 random exclusions of the same
number of taxa, not including one of the identified candidates. If the can-
didate taxa and not the reduction in the size of the dataset were responsible
for the clustering, the organ cluster was expected to be supported in these
latter analyses. We identified several Burkholderiaceae as being responsible
for floral community convergences. Because these bacteria are known to be
common extraction kit and laboratory contaminants (43, 58, 59, 65, 66), we
thoroughly explored the dataset to ensure that these bacteria were not
technical or seed contamination (see details in S/ Appendix, Text, Figs. S10
and S11, and Tables S4-S7 and Dataset S4). The use of ASVs in the present
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study requires caution due to the presence of multiple 16S rRNA copies in
bacterial cells. If these different copies have small differences, they will be-
long to different ASVs. We ensured that the 16S rRNA copies in Bur-
kholderiaceae shared 100% similarity in the region of our amplicon (see
details in S/ Appendix, Text).

The environmental sources of the bacterial taxa that are responsible for
the convergence of the organ communities could be the aerial environment,
rain, biotic interactions, or soil. To test whether the convergence involves the
selection of soil bacteria, we reconducted the hierarchical clustering analysis
with plant samples collected outside during the flowering stage in addition to
all the plant samples grown in the inoculated soil substitutes in the growth
chamber and collected during the flowering stage. If the clustering of
communities involves environmental filtering by organs of soil communities,
then the growth chamber samples should be nested within the cluster of the
same type of samples collected outside.

Identification of Bacteria Characteristic of Floral Communities. In order to
identify the ASVs that characterize floral communities, we used the IndVal
statistic, which is the product of the mean relative abundance of a taxon in a
group of samples compared with all groups in the study (component A) and
the relative frequency of detection of the taxon in the samples of the group
of interest (component B) (67). A taxon being characteristic of the floral
communities is defined as being more relatively abundant and more fre-
quently detected in this environment than by chance. We rarefied the
dataset of plant communities collected outside at the flowering stage at
1,084 reads. We calculated the IndVal statistic and its two components A and
B for all bacteria representing at least 0.1% of the total number of reads of
one of the communities. We compared the three following groups: rosettes
(20 samples), leaves not in contact with the soil (20 samples), and flowers (19
samples). We identified the ASVs for which the IndVal metric was the
highest for the group of floral communities. For these latter taxa, we con-
ducted a randomization testing procedure (10,000 shuffling iterations) to
calculate P values and estimated if the IndVal and A and B components were
higher than expected under the null hypotheses of the ASV not being in-
dicative of the floral group, not more relatively abundant in floral com-
munities, and not more often detected in floral samples than by chance
under the null hypothesis. We conducted these tests for 142 ASVs and
considered a P value of 4.0 e™ to be significant (0.05 significance level di-
vided by 142) to correct for multiple testing.

For all ASVs identified as being characteristics of floral communities and
not already investigated in the clustering analyses, we thoroughly explored the
dataset to ensure that these bacteria were not technical or seed contamina-
tions (see details in S/ Appendix, Text and Tables S4-S7 and Dataset S4).

Data Availability. The raw sequencing data reported in this article are
available in the European Nucleotide Archive repository (https://www.ebi.ac.
uk/ena), accession no. PRJEB47294 (68). All the other data generated and
used in the present study are included in this published article and its sup-
porting information. All the codes used to demultiplex the raw sequencing
data and conduct quality filtering, chimera filtering, ASV definition, and
annotation can be found in Dataset S1. All the code used for statistical
analyses can be found in Datasets S2 and S3. The ASV and metadata tables
can be found in Dataset S5.

ACKNOWLEDGMENTS. We thank Jonathan Levine for providing access to
the CHN building common-garden facility of ETH Zurich. We thank Maya Frei
for technical help during common-garden experiments; Klaus Schlaeppi for his
recommendations on soil community extractions; Christine Vogel and Martin
Schéfer for their recommendations on the design of experiments; Peter Mer-
gaert for his input regarding data analyses; the Genetic Diversity Center of ETH
Zurich for access to sequencing; Aria Maya Minder, Silvia Kobel, and Salome
Hegi for their technical support during lab work; and the Adaptation to a
Changing Environment initiative of ETH Zurich for financial support (J.M.).

5. N. Wei, T.-L. Ashman, The effects of host species and sexual dimorphism differ
among root, leaf and flower microbiomes of wild strawberries in situ. Sci. Rep. 8,
5195 (2018).

6. R. R. Junker, A. Keller, Microhabitat heterogeneity across leaves and flower organs
promotes bacterial diversity. FEMS Microbiol. Ecol. 91, fiv097 (2015).

7. S. W. Kembel et al., Relationships between phyllosphere bacterial communities and
plant functional traits in a neotropical forest. Proc. Natl. Acad. Sci. U.S.A. 111,
13715-13720 (2014).

. C. Fonseca-Garcia et al., The cacti microbiome: Interplay between habitat-filtering
and host-specificity. Front. Microbiol. 7, 150 (2016).

=

Massoni et al.
Capacity of soil bacteria to reach the phyllosphere and convergence of floral
communities despite soil microbiota variation


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2100150118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2100150118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2100150118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2100150118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2100150118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2100150118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2100150118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2100150118/-/DCSupplemental
https://www.ebi.ac.uk/ena
https://www.ebi.ac.uk/ena
https://www.ebi.ac.uk/ena/browser/view/PRJEB47294
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2100150118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2100150118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2100150118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2100150118/-/DCSupplemental
https://doi.org/10.1073/pnas.2100150118

20.

2

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36

37.

38.

. A. Shade, P. S. McManus, J. Handelsman, Unexpected diversity during community

succession in the apple flower microbiome. mBio 4, e00602-12 (2013).

. D. Coleman-Derr et al., Plant compartment and biogeography affect microbiome

composition in cultivated and native Agave species. New Phytol. 209, 798-811 (2016).

. R. L. Vannette, The floral microbiome: Plant, pollinator, and microbial perspectives.

Annu. Rev. Ecol. Evol. Syst. 51, 363-386 (2020).

. D. B. Muller, C. Vogel, Y. Bai, J. A. Vorholt, The plant microbiota: Systems-level in-

sights and perspectives. Annu. Rev. Genet. 50, 211-234 (2016).

. A.Tkacz, E. Bestion, Z. Bo, M. Hortala, P. S. Poole, Influence of plant fraction, soil, and

plant species on microbiota: A multikingdom comparison. mBio 11, €02785-19 (2020).

. J. K. Copeland, L. Yuan, M. Layeghifard, P. W. Wang, D. S. Guttman, Seasonal com-

munity succession of the phyllosphere microbiome. Mol. Plant Microbe Interact. 28,
274-285 (2015).

. N. Bodenhausen, M. W. Horton, J. Bergelson, Bacterial communities associated with

the leaves and the roots of Arabidopsis thaliana. PLoS One 8, €56329 (2013).

. I. Zarraonaindia et al., The soil microbiome influences grapevine-associated micro-

biota. mBio 6, €02527-14 (2015).

. L. Maignien, E. A. DeForce, M. E. Chafee, A. M. Eren, S. L. Simmons, Ecological suc-

cession and stochastic variation in the assembly of Arabidopsis thaliana phyllosphere
communities. mBio 5, e00682-13 (2014).

. M. Ushio et al., Microbial communities on flower surfaces act as signatures of polli-

nator visitation. Sci. Rep. 5, 8695 (2015).

. S. M. Allard, A. R. Ottesen, E. W. Brown, S. A. Micallef, Insect exclusion limits variation

in bacterial microbiomes of tomato flowers and fruit. J. Appl. Microbiol. 125,
1749-1760 (2018).

R. L. Vannette, T. Fukami, Dispersal enhances beta diversity in nectar microbes. Ecol.
Lett. 20, 901-910 (2017).

. J. Massoni et al., Consistent host and organ occupancy of phyllosphere bacteria in a

community of wild herbaceous plant species. ISME J. 14, 245-258 (2020).

R. R. Junker et al., Composition of epiphytic bacterial communities differs on petals
and leaves. Plant Biol. 13, 918-924 (2011).

N. M. Morella et al., Successive passaging of a plant-associated microbiome reveals
robust habitat and host genotype-dependent selection. Proc. Natl. Acad. Sci. U.S.A.
117, 1148-1159 (2020).

B. J. Callahan, P. J. McMurdie, S. P. Holmes, Exact sequence variants should replace
operational taxonomic units in marker-gene data analysis. ISME J. 11, 2639-2643
(2017).

S. F. Stoddard, B. J. Smith, R. Hein, B. R. K. Roller, T. M. Schmidt, rrnDB: Improved tools
for interpreting rRNA gene abundance in bacteria and archaea and a new foundation
for future development. Nucleic Acids Res. 43, D593-D598 (2015).

J. Butterworth, H. A. McCartney, The dispersal of bacteria from leaf surfaces by water
splash. J. Appl. Bacteriol. 71, 484-496 (1991).

F. Chi et al., Ascending migration of endophytic rhizobia, from roots to leaves, inside
rice plants and assessment of benefits to rice growth physiology. Appl. Environ. Mi-
crobiol. 71, 7271-7278 (2005).

S. Chatterjee, C. Wistrom, S. E. Lindow, A cell-cell signaling sensor is required for
virulence and insect transmission of Xylella fastidiosa. Proc. Natl. Acad. Sci. U.S.A. 105,
2670-2675 (2008).

C. . Carlstrém et al., Synthetic microbiota reveal priority effects and keystone strains
in the Arabidopsis phyllosphere. Nat. Ecol. Evol. 3, 1445-1454 (2019).

C. de Vega, C. M. Herrera, Microorganisms transported by ants induce changes in
floral nectar composition of an ant-pollinated plant. Am. J. Bot. 100, 792-800 (2013).
V. Mommaerts et al., Development of a new dispenser for microbiological control
agents and evaluation of dissemination by bumblebees in greenhouse strawberries.
Pest Manag. Sci. 66, 1199-1207 (2010).

B. Boachon et al., Natural fumigation as a mechanism for volatile transport between
flower organs. Nat. Chem. Biol. 15, 583-588 (2019).

V. J. Carrién et al., Involvement of Burkholderiaceae and sulfurous volatiles in disease-
suppressive soils. ISME J. 12, 2307-2321 (2018).

M. Salanoubat et al, Genome sequence of the plant pathogen Ralstonia sol-
anacearum. Nature 415, 497-502 (2002).

P. H. Spaink, H. Adam, P. J. J. Kondorosi, Eds., The Rhizobiaceae (Springer Nether-
lands, 1998).

. S. Compant, J. Nowak, T. Coenye, C. Clément, E. Ait Barka, Diversity and occurrence of

Burkholderia spp. in the natural environment. FEMS Microbiol. Rev. 32, 607-626
(2008).

P. R. Hardoim et al., The hidden world within plants: Ecological and evolutionary
considerations for defining functioning of microbial endophytes. Microbiol. Mol. Biol.
Rev. 79, 293-320 (2015).

M. Naveed, B. Mitter, T. G. Reichenauer, K. Wieczorek, A. Sessitsch, Increased drought
stress resilience of maize through endophytic colonization by Burkholderia phyto-
firmans PsJN and Enterobacter sp. FD17. Environ. Exp. Bot. 97, 30-39 (2014).

Massoni et al.

Capacity of soil bacteria to reach the phyllosphere and convergence of floral communities

despite soil microbiota variation

39

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

62.

63.

64.

65.

66.

67.

68.

. M. Naveed, M. B. Hussain, Z. A. Zahir, B. Mitter, A. Sessitsch, Drought stress amelio-
ration in wheat through inoculation with Burkholderia phytofirmans strain PsJN.
Plant Growth Regul. 73, 121-131 (2014).

A. Zuiiga et al., Quorum sensing and indole-3-acetic acid degradation play a role in
colonization and plant growth promotion of Arabidopsis thaliana by Burkholderia
phytofirmans PsIJN. Mol. Plant Microbe Interact. 26, 546-553 (2013).

L. Beauzamy, N. Nakayama, A. Boudaoud, Flowers under pressure: Ins and outs of
turgor regulation in development. Ann. Bot. 114, 1517-1533 (2014).

S. Compant et al., Endophytic colonization of Vitis vinifera L. by Burkholderia phy-
tofirmans strain PsJN: From the rhizosphere to inflorescence tissues. FEMS Microbiol.
Ecol. 63, 84-93 (2008).

H. Toju, R. L. Vannette, M.-P. L. Gauthier, M. K. Dhami, T. Fukami, Priority effects can
persist across floral generations in nectar microbial metacommunities. Oikos 127,
345-352 (2018).

Q. S. McFrederick et al., Flowers and wild megachilid bees share microbes. Microb.
Ecol. 73, 188-200 (2017).

P. L. Pusey, V. O. Stockwell, M. Mazzola, Epiphytic bacteria and yeasts on apple
blossoms and their potential as antagonists of Erwinia amylovora. Phytopathology
99, 571-581 (2009).

C. Knief, L. Frances, F. Cantet, J. A. Vorholt, Cultivation-independent characterization
of Methylobacterium populations in the plant phyllosphere by automated ribosomal
intergenic spacer analysis. Appl. Environ. Microbiol. 74, 2218-2228 (2008).

E. Novakova, V. Hypsa, N. A. Moran, Arsenophonus, an emerging clade of intracel-
lular symbionts with a broad host distribution. BMC Microbiol. 9, 143 (2009).

Y. Bai et al., Functional overlap of the Arabidopsis leaf and root microbiota. Nature
528, 364-369 (2015).

E. Baldan et al., Beneficial bacteria isolated from grapevine inner tissues shape Ara-
bidopsis thaliana roots. PLoS One 10, e0140252 (2015).

D. Bulgarelli et al., Revealing structure and assembly cues for Arabidopsis root-
inhabiting bacterial microbiota. Nature 488, 91-95 (2012).

M. W. Horton et al., Genome-wide association study of Arabidopsis thaliana leaf
microbial community. Nat. Commun. 5, 5320 (2014).

J. A. Vorholt, C. Vogel, C. I. Carlstrom, D. B. Muller, Establishing causality: Opportu-
nities of synthetic communities for plant microbiome research. Cell Host Microbe 22,
142-155 (2017).

K. Hartman, M. G. A. van der Heijden, V. Roussely-Provent, J. C. Walser, K. Schlaeppi,
Deciphering composition and function of the root microbiome of a legume plant.
Microbiome 5, 2 (2017).

R. C. Edgar, Search and clustering orders of magnitude faster than BLAST. Bio-
informatics 26, 2460-2461 (2010).

C. Quast et al., The SILVA ribosomal RNA gene database project: Improved data
processing and web-based tools. Nucleic Acids Res. 41, D590-D596 (2013).

S. F. Altschul, W. Gish, W. Miller, E. W. Myers, D. J. Lipman, Basic local alignment
search tool. J. Mol. Biol. 215, 403-410 (1990).

L. Zinger et al., DNA metabarcoding—Need for robust experimental designs to draw
sound ecological conclusions. Mol. Ecol. 28, 1857-1862 (2019).

A. Glassing, S. E. Dowd, S. Galandiuk, B. Davis, R. J. Chiodini, Inherent bacterial DNA
contamination of extraction and sequencing reagents may affect interpretation of
microbiota in low bacterial biomass samples. Gut Pathog. 8, 24 (2016).

M. C. de Goffau et al., Recognizing the reagent microbiome. Nat. Microbiol. 3,
851-853 (2018).

D. C. Murray, M. L. Coghlan, M. Bunce, From benchtop to desktop: Important con-
siderations when designing amplicon sequencing workflows. PLoS One 10, 0124671
(2015).

. M. C. Nelson, H. G. Morrison, J. Benjamino, S. L. Grim, J. Graf, Analysis, optimization
and verification of lllumina-generated 165 rRNA gene amplicon surveys. PLoS One 9,
94249 (2014).

M. Kircher, S. Sawyer, M. Meyer, Double indexing overcomes inaccuracies in multiplex
sequencing on the Illumina platform. Nucleic Acids Res. 40, e3 (2012).

P. Esling, F. Lejzerowicz, J. Pawlowski, Accurate multiplexing and filtering for high-
throughput amplicon-sequencing. Nucleic Acids Res. 43, 2513-2524 (2015).

I. B. Schnell, K. Bohmann, M. T. P. Gilbert, Tag jumps illuminated—Reducing
sequence-to-sample misidentifications in metabarcoding studies. Mol. Ecol. Resour.
15, 1289-1303 (2015).

S. J. Salter et al., Reagent and laboratory contamination can critically impact
sequence-based microbiome analyses. BMC Biol. 12, 87 (2014).

J. Rosindell, L. J. Harmon, OneZoom: A fractal explorer for the tree of life. PLoS Biol.
10, 1001406 (2012).

M. Dufréne, P. Legendre, Species assemblages and indicator species: The need for a
flexible asymmetrical approach. Ecol. Monogr. 67, 345-366 (1997).

J. Massoni, M. Bortfeld-Miller, A. Widmer, J. A. Vorholt. ena-STUDY-ETH Zurich-02-09-
2021-09:12:34:269-1469. European Nucleotide Archive. https:/www.ebi.ac.uk/ena/
browser/view/PRIEB47294. Deposited 2 September 2021.

PNAS | 11of 11
https://doi.org/10.1073/pnas.2100150118

ECOLOGY


https://www.ebi.ac.uk/ena/browser/view/PRJEB47294
https://www.ebi.ac.uk/ena/browser/view/PRJEB47294
https://doi.org/10.1073/pnas.2100150118

