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ABSTRACT Every year, deciduous trees shed their leaves, and when new leaves emerge
next spring, they establish a characteristic bacterial leaf community. In this exploratory
study, we assessed the bacterial phyllosphere (aboveground plant surfaces) of eight
London plane trees (Platanus x acerifolia) in Antwerp and Milan by sampling weekly
during leaf emergence and expansion. We sampled the surfaces of different tree com-
partments: leaves, leaf buds, branches, and trunk, for up to 6 weeks. Phyllosphere com-
munity composition was most strongly determined by tree compartment. Only the com-
munities on the emerging leaves showed changing dynamics over time. The rate of
change in the leaf phyllosphere composition, expressed as the beta dissimilarity between
consecutive time points, was very high following leaf emergence, with decreasing speed
over time, indicating that these communities stabilize over time. We also identified cooc-
curring groups of bacteria associated with potential stages of ecological succession on
the leaves and accordingly named them general cluster, early cluster, middle cluster, and
late cluster. Taxa of the general cluster were not only more abundant than the others on
leaves, but they were also widespread on other tree compartments. The late cluster was
most pronounced in trees surrounded by trafficked urban land use. This study mainly
generates hypotheses on the ecological succession on the emerging leaves of deciduous
trees in urban environments and contributes to understanding the development of the
tree leaf phyllosphere in spring.

IMPORTANCE Improving our understanding of phyllosphere ecology is key in success-
fully applying bacterial biological agents or modulating the leaf microbiome in order to
achieve valuable ecosystem services, such as plant protection, plant growth, air purifica-
tion, and developing a healthy human immune system. Modulation of the phyllosphere
microbiome in the field works only with variable success. To improve the impact of our
applications in the field, a better understanding of the ecological principles governing
phyllosphere dynamics is required. This exploratory study demonstrates how the com-
bination of different analyses of a chronosequence of bacterial communities can pro-
vide new ecological insights. With a limited number of sampled trees, we demon-
strated different indications of ecological succession of bacterial communities in the
leaves and observed a potential impact of intensely trafficked land use becoming appa-
rent in the leaf bacterial communities approximately 3 weeks after leaf emergence,
consisting of a separate stage in community development.

KEYWORDS DNA sequencing, leaf colonization, microbial ecology, phylloplane-
inhabiting microbes

sing plant-associated microbes in the phyllosphere, the habitat at the interface of
plant and atmosphere, holds great potential for sustaining plant health, improving
ecosystem productivity, air purification, and developing a healthy human immune
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system (1-5). However, without sufficient insight into the ecology of the phyllosphere,
microbial treatments can unpredictably fail or might have unknown adverse effects,
such as initiating phyllosphere dysbiosis and threatening plant health (6, 7). The emer-
gence of new leaves on urban trees in spring provides a useful model for studying the
dynamics of bacterial community assembly during leaf maturation in an outdoor
setting.

In general, when a new habitat comes into existence (e.g., new leaf surface), we
expect ecological succession to take place, where the colonization of the first pioneer
organisms will be followed by different intermediate and climax species as the habitat
changes over time. This is indeed what is observed when studying temporal patterns
in the bacterial communities of apple blossoms. Shade and colleagues (8) found that
persistent taxa present on apple blossoms clustered into six groups (pioneer, early,
middle, late, climax, and generalists) and that the relative abundance of each group
gradually changed over time. Previous studies on the leaf phyllosphere have observed
the leaf communities to be dynamic as well, with diversity and composition changes
over time depending on the location, season, and time frame of the study (9-13).
However, ecological successional groups in the leaf phyllosphere have—to the best of
our knowledge—not yet been identified.

Throughout the process of leaf phyllosphere development, a combination of selection,
drift, dispersal, and evolutionary diversification appears to determine the community
composition (14, 15). A greenhouse experiment with Arabidopsis plants by Maignien and
colleagues (16) suggested that the development of phyllosphere bacterial communities
on sterile plants is initially determined by the colonists that arrived first in the new habi-
tat, by dispersal. The conditions, both environmental and those determined by the host
plant, then exert a selective pressure on the bacteria present in the leaf phyllosphere (16—
20). Therefore, in the greenhouse experiment of Maignien and colleagues (16), the devel-
opment of the bacterial phyllosphere community was observed to be deterministic but
with at least two different outcomes: with a prominent role of Pseudomonas in one set of
plants and Acinetobacter in the other set of plants. The early colonizers seemed to deter-
mine which of the possible trajectories for community development would be followed
(16). However, it remains unclear whether the same principles apply to phyllosphere com-
munities in the field, where conditions and bacterial exposures may vary a lot more than
in the greenhouse.

In less-controlled conditions, as plants germinate, bacteria on the original seed and
in the germination environment, like the soil, appear to be the first phyllosphere colo-
nizers (10, 21). In later stages of a plant’s life, the proportional importance of these ini-
tial bacterial sources for the phyllosphere community composition has been shown to
decrease drastically, with more leaf-specific bacteria dominating the community,
where “leaf-specific” is generally defined as not occurring in soil and repeatedly occur-
ring on leaves (10, 14, 17, 21, 22). At any stage of host plant development, new bacteria
can arrive on the phyllosphere through the air, through rainfall, and occasionally by
vectors, like insects (23-25). These dispersal factors are not present or barely present in
a greenhouse setting; hence field studies are required to gain more insight into how
selection and dispersal relate throughout phyllosphere development. Additionally, we
previously found that leaf phyllosphere community composition of trees surrounded
by various proportions of different urban land uses were mainly affected by the area of
green infrastructure versus the area of nongreen urban land use (referring to all urban
land uses except green infrastructures) surrounding the tree (26). Hence, when study-
ing phyllosphere development, it is important to take the environment of the plant
host into consideration.

In this study, by examining the urban tree phyllosphere in spring, we aimed to
explore the community temporal dynamics and differences between phyllosphere
compartments in urban deciduous trees. We wanted to explore what insights we
might gain from a fine-scale chronosequence with trees sampled every week. We
included sampling of different phyllosphere compartments and focused our sampling
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efforts on eight London plane trees, a deciduous broadleaved tree species. Four of the
trees were sampled three times in the week of leaf emergence and weekly throughout
expansion in spring. We used 16S rRNA gene amplicon sequencing to determine com-
munity composition.

RESULTS

General community composition. After sequence processing, our data set consisted
of 3,589,788 reads in a total of 171 samples and six blanks. The average number of reads
per sample was 5,149 for leaf buds, 5,542 for leaves, 24,000 for branches, and 31,306 for
trunks. This discrepancy was caused by the high number of chloroplast reads (which
were removed during data processing) in bud and leaf samples. We found 4,873 different
amplicon sequence variants (ASVs) in our samples, representing 1,009 genera, 387 fami-
lies, and 34 phyla. Then, blank samples were discarded from the data set, and external
contaminants were removed, discarding 16 ASVs representing approximately 0.06% of all
reads. About 14% of all ASVs were shared between Antwerp and Milan. However, due to
slightly different library preparation approaches in the two cities (reflected in different
read length variations), this could be an underestimation of the amount of ASVs that
were shared. We found that 39% of all genera were shared between the two cities.

The most abundant genera in the data set were Hymenobacter (23.9%), Sphingomonas
(17.1%), Mucilaginibacter (6.4%), EU861940 of the family Acetobacteraceae (5.9%), and
EU289441 of the family Beijerinckiaceae (5.4%). Using a bar plot, we visualized their relative
abundances over time (Fig. 1A). Not many indicator genera were found using the indica-
tor analysis, but Hymenobacter and Mucilaginibacter were significant indicator genera of
the trunk and branches, whereas Fimbriimonas was a significant indicator genus for the
trunk alone.

Using permutational multivariate analysis of variance (PERMANOVA) on the whole
data set at genus level, we found that phyllosphere compartment, city, land use (park
or street), time since leaf emergence, and tree individual, as well as and several of their
interactions, significantly affected the variation in community composition; however,
the effects were to various degrees (Table 1). To confirm that these factors were not merely
significant because they affected the size of community variation within a group rather
than the average composition, permutational analyses for homogeneity of multivariate dis-
persions (PERMDISP2) analyses were done. PERMDISP2 confirmed homogeneity of disper-
sion among groups defined by tree compartment, city, land use, and tree individual (all
P values were greater than 0.4), indicating that the factors identified by PERMANOVA are
indeed important for community composition. Phyllosphere compartment was the most
important factor for community composition, which is visualized in the principal coordi-
nates analysis (PCoA) plot (Fig. 1B). The effect of city is confounded with different library
preparations for samples in the two different cities; hence, we cannot determine the actual
effect of city on the community except that up to 6% of community variation is potentially
determined by city (Antwerp versus Milan) in this study.

Different phyllosphere compartments. Because phyllosphere compartment showed
the greatest effect on the phyllosphere community composition in our study, we further
investigated how community structure differed between compartments. Core genera of
the different phyllosphere compartments are indicated in Table 2. We found only one
core genus in the leaf phyllosphere (Sphingomonas), but the community of this compart-
ment was developing over the course of this study. At the beginning of the sampling pe-
riod, the members of the leaf phyllosphere may not have reflected a representative leaf
phyllosphere, and even at the end of the sampling period, 42 days after leaf emergence,
we could not confirm that the leaf phyllosphere reached a mature stage, which is gener-
ally sampled in other phyllosphere studies.

To study the community dynamics of the Antwerp trees, we used the Bray-Curtis
dissimilarities of two consecutive time points of the same tree and phyllosphere com-
partment. Hence, a higher dissimilarity indicates a larger and therefore faster change in
a community during 1 week, whereas stable dissimilarities over time indicate a stabi-
lized community. The highest dissimilarities were observed for the emerging leaf
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FIG 1 (A) Stacked area plots visualizing community composition of the 11 most abundant genera per tree over time (when a genus was unknown, it was
named by its family name). The x axis represents time, the y axis represents relative abundances, the columns of plots represent the different
compartments in each city, and the rows of plots represent different tree individuals. (B) Principal coordinates analysis (PCoA) plot showing the
compositional variation of all phyllosphere samples of this study in a two-dimensional space. The colors indicate the compartments of the sample, and the

shape of the symbol refers to the location where it was taken.

phyllosphere samples, despite a shorter time between sampling points in this period
(Fig. 2A). These results indicate that during the first weeks after leaf emergence, the
leaf phyllosphere communities were changing at a higher rate than the communities
on the branches or trunk. Furthermore, a significant negative Kendall rank correlation
of the dissimilarities over time was observed in the emerging leaf communities
(P < 0.001, 7 = —0.69), which suggests that new leaf phyllosphere communities stabi-
lize over time. A significant trend was absent in trunk (P = 0.103) or branch (P = 0.94)
communities. The same conclusions hold true when analyzing the data set at the genus
level, although the downward trend in the leaf compartment became less steep (7 =
—0.52) than at the ASV level. In addition, we found that dissimilarities between different
trees within one time point showed no significant trend over time and was generally
lower in the branch communities (Fig. 2B). The lack of a decreasing trend for leaves indi-
cates that the developing leaf phyllosphere communities did not evolve toward a similar
community composition.
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TABLE 1 Contribution of tested factors to phyllosphere compositional variation?

Factor R? P value
Phyllosphere compartment 0.24 <0.001
City 0.06 <0.001
Park/street 0.02 <0.001
Tree individual 0.01 0.005
Days since leaf emergence 0.007 0.046
Compartment: city 0.06 <0.001
Compartment: park/street 0.04 <0.001
Compartment: days since leaf emergence 0.02 0.006

aAll factors tested in the general permutational multivariate analysis of variance (PERMANOVA model (10,000
permutations) significantly contribute to the phyllosphere compositional variation. Phyllosphere compartment
refers to whether the sample was taken from the leaves, buds, branches, or trunk. Colons (:) indicate an
interaction between factors (only the interactions with leaf compartment were tested). The P value column
indicates that all tested factors were found to be significant, and the R? column indicates the contribution of the
respective factors to the community variation.

Community development on new leaves. The more abundant Antwerp leaf ASVs
were divided into four clusters based on their cooccurrences in the leaf samples. We
found that cluster abundances showed temporal trends, indicating different stages of
leaf phyllosphere succession. We arbitrarily named the clusters according to their rela-
tive importance in time: general, early, middle, and late (Fig. 3). Remarkably, the late
cluster seemed more pronounced in the trees located next to busy streets compared
to the park trees (Fig. 3). Furthermore, when using the ASV cooccurrence clusters gen-
erated for the Antwerp samples, the Milan leaf phyllosphere ASVs, although represent-
ing far less samples and possibly biased due to different library preparations, seemed
to follow the same temporal patterns, except for the early cluster, which is completely
absent in Milan, and potentially for the late cluster, which appeared to become more
abundant at an earlier stage (Fig. S3). The most abundant ASVs representing each of
the clusters are listed in Table 3. The general cluster seems to contain the most domi-
nating taxa. An overview of all ASVs per cluster can be found in Table S4. When doing
the same ASV cluster analysis for the trunk, no temporal patterns were found, as clus-

TABLE 2 Mean relative abundances and taxonomy of the core genera of different phyllosphere compartments®

&,  Microbiolos
7 Spectrui Y

Overall Antwerp Milan
Family Genus Buds Leaves Trunk Branch |Buds Leaves Trunk Branch |Buds Leaves Trunk Branch
Hymenobacteraceae Hymenobacter 0.16 0.08  0.23 0.37 | 0.09 0.06 = 0.19 0.37 | 0.19 0.12 0.3 0.35
Sphingomonadaceae  Sphingomonas 0.37 0.15 0.16 0.16 | 0.52 0.13 0.19 0.16| 0.3 0.21  0.08 0.14
Sphingobacteriaceae  Mucilaginibacter | 0.05 0.03 | 0.06 0.09 | 0.03 0.04 | 0.06 0.11 | 0.05 0.01 | 0.06 0.04
Acetobacteraceae EU861940_g 0.03 0.05 | 0.05 0.08 | 0.03 0.06 0.05 0.11 | 0.03 0.01 | 0.05 0.03
Beijerinckiaceae EU289441 g 0 0.09 0.05 0.05 | 0.01 0.12 0.05 0.05 0 0.02 0.04 0.04
Methylobacteriaceae Methylobacterium | 0.03 0.03 | 0.03 0.03 | 0.02 0.03 0.02 0.02 | 0.03 0.04 | 0.06 0.05
Oxalobacteraceae Massilia 0.1 0.06 0 0.01| 0.04 0.04 0 0| 0.13 0.14 0 0.02
Cytophagaceae Spirosoma 0 0.01 0.05 0.01 0 0.01 0.04 0.01 0 0 0.06 0.01
Sphingomonadaceae NA 0.01 0.01 0.03 0.01| 0.01 0.01 0.02 0.02| 0.01 0.02 0.04 0.01
Pseudomonadaceae  Pseudomonas 0.07 0.03 0 0| 0.08 0.02 0 0| 0.06 0.06 0 0.01
Comamonadaceae NA 0.03 0.01 0.01 0.01| 0.06 0.01 0 0.01| 0.02 0.03 | 0.01 0.01
Acidobacteriaceae Edaphobacter 0 0.01 0.02 0 0 0.01| 0.03 0 0 0 0.01 0
AB374370_f AY796037 g 0 0 0.01 0.01 0 0.01 0.02 0.02 0 0 0 0
Sphingobacteriaceae Pedobacter_g1 0 0 0.01 0.01 0 0 0 0.01| 0.01 0 0.03 0.03
Propionibacteriaceae Friedmanniella 0.01 0.01 0.01 0.01 0 0 0 0| 0.01 0.02 0.04 0.02
Acetobacteraceae AM697144_g 0 0 0 0.01 0 0 0 0.01 0 0 0 0
Microbacteriaceae Amnibacterium 0 0 0.01 0 0 0 0 0 0 0 0.01 0.01

9The mean relative abundances and taxonomy of the core genera (which is defined as being present in more than 95% of the samples of the
specified compartment) of the different phyllosphere compartments are shown. Sequences that could not be specified to genus level in the
reference database are indicated with NA. Green shading indicates that the genus was found to be a core genus in the corresponding
compartment. We also determined core genera of the compartments in the separate cities.
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ters were mainly associated with host tree individual (Fig. S4). When doing the same
ASV cluster analysis for the branch samples, a gradual increase of one cluster through-
out the study period was observed, but it did not represent multiple stages of succes-
sion (Fig. S5).

Generalism in the phyllosphere. To estimate the extent to which the leaf ASVs are
adapted to different phyllosphere compartments, we calculated what proportion of
ASV overlap existed between the leaf compartment and the other compartments. For
each leaf cluster, we identified which ASVs were also found in at least one of the other
compartments and how much these ASVs contributed to the leaf community (Fig. 4A
and B). The general cluster and early cluster of the leaves showed a large overlap with
the other tree phyllosphere compartments (more than 90%; ratio of colored bar and
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FIG 3 Relative abundances of different ASV clusters in the leaf phyllosphere of Antwerp over time.
Each color represents a tree. Boxes with whiskers were generated per time point. The time frame of
the respective clusters is indicated with gray dashed lines. The Milan data are compared with the
Antwerp data in Fig. S4.
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TABLE 3 Most abundant ASVs for each of the cooccurrence clusters, their statistical support,
and average relative abundance in Antwerp leaf samples?

ASV Support Avg abun (%)
General cluster
Sphingomonas 1 1 57
EU289441_g 1 0.992 4.6
EU289441_g 2 0.953 4.6
Mucilaginibacter 1 0.978 3.9
EU861940_g 1 0.977 3.7
Sphingomonas 2 0.998 35
Beijerinckiaceae 1 0.956 2.7
Hymenobacter 1 0.972 14
Pseudomonas 1 0.974 1.1
Hymenobacter 15 0.972 1
Early cluster
Hymenobacter 29 0.491 0.39
Sphingomonas 10 0.487 0.2
Chthoniobacteraceae 3 0.361 0.14
EU289441_g 8 0.347 0.14
Sphingomonas 7 0.267 0.13
EU289441_g 7 0.208 0.13
Hymenobacter 64 0.056 0.1
Beijerinckiaceae 3 0.056 0.1
Edaphobacter 2 0.046 0.1
Planctomycetaceae 2 0.002 0.08
Middle cluster
Chamaesiphon 1 0916 0.64
Sphingomonas 16 0.916 0.51
Paracoccus 2 0.82 0.42
Cronobacter 1 0916 0.32
Thermomonas 0.897 0.31
Intrasporangiaceae 1 0.916 0.28
Qipengyuania 0916 0.27
Pseudarthrobacter 0.785 0.24
Bacillus 3 0.536 0.23
Acetobacteraceae 3 0.913 0.22
Late cluster
Massilia 2 0.59 2.1
Bacillus 1 0.772 1.07
Erwinia 2 0.395 1.05
Skermanella 1 0.772 0.86
Pantoea 0.793 0.85
Rubellimicrobium 1 0.769 0.8
Clostridium 1 0.592 0.77
Noviherbaspirillum 0.63 0.74
ALVU_g 1 0.772 0.63
Blastococcus 1 0.793 0.54

aThe table shows the 10 most abundant amplicon sequence variants (ASVs) for each of the cooccurrence clusters
with their respective support for that cluster and average relative abundance in the Antwerp leaf samples. ASVs
are named after their genus (or their family when the genus was unknown) and their order of abundance within
this genus. The clusters with all of their corresponding ASVs can be found in Table S4.

green bar in Fig. 4A and B), whereas the middle cluster and late cluster showed a
smaller overlap with the other compartments (47 to 65%). In addition, the general clus-
ter ASVs showed greater ubiquity across the different trees than the middle and late
clusters (Fig. 4C and D).

DISCUSSION
Differences between phyllosphere compartments. We found that phyllosphere
compartment (trunk, branch, leaf buds, or leaves) of the urban London plane trees was
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the leaf compartment. Per cluster, ASV ubiquity in trees (C, D) was also visualized as the number of trees in which an ASV was present, with a high

ubiquity corresponding to a presence in all four trees in Antwerp (C) or all eight trees in both cities (D).

the most important factor in explaining community variation in our study (Table 1;
Fig. 2). This means there were larger community variations between phyllosphere com-
partments within one tree than between different trees (same compartment) over the
eight trees we sampled occurring in the different urban contexts of Belgium and Italy.
Despite tree compartment being the most important factor in our study, many of the
core genera were shared across phyllosphere compartments (Table 2). As we sampled
only four trees per city, we may be overestimating the amount of core taxa defined per
city and compartment. Nevertheless, our findings are in accordance with previous
studies that included multiple plant compartments, as they also observed many shared
bacterial taxa despite the consistent observations of different phyllosphere compart-
ments harboring very distinct community compositions (27-30).

Additionally, we found indications that community dynamics differed between the
different compartments over the sampling period. On the one hand, the change of com-
munities on the branches and trunks was stable over time, with the branches showing
smaller changes between weeks than the trunks (Fig. 2A). On the other hand, we
observed indications for specific community dynamics and ecological succession in the
emerging tree leaf phyllosphere in spring, which we did not in the branches or trunk.
This outcome is to be expected because the time frame of this study was targeting leaf
development.
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Leaf phyllosphere development. By using community dissimilarity between con-
secutive time points, we visualized the community change rate over time (Fig. 2A). For
the four trees in Belgium, we observed that the leaf community change rate is high in
the beginning as the first colonizers arrive and the community starts to form and then
gradually decreases as the community develops further. For the four trees in Italy, this
was difficult to determine as the time points were not at regular intervals. Our observa-
tions for Belgium are in line with the observations of Maignien and colleagues (16), in
which greenhouse phyllosphere communities showed decreasing changes over a simi-
lar time span. The downward trend of change rate in the leaves indicates that the leaf
communities change less and therefore start stabilizing as they move closer to an
implicit final composition. However, the duration of our study was limited to 6 weeks
after leaf emergence and did not cover the entire growing season. As a consequence,
the results (Fig. 2A) did not allow us to determine what degree of stability (if any) the
leaf phyllosphere community can reach over time because the downward trend of dis-
similarities is still constant at the end of this study. Of note, our study time frame is
also focused on bacterial community development on the leaves, which did not allow
us to compare the development on the leaves with that on the woody tissues. With
only four trees included in this chronosequence, we nevertheless detect differences in
both community structure and dynamics between different tree compartments in
spring.

As the leaf communities seem to progress toward a final implicit composition in
Fig. 2A, we expected the stabilizing processes in the leaf phyllosphere (e.g., by leaf-spe-
cific conditions) would drive leaf communities of different trees toward a common final
composition. To assess whether we could detect this, we compared leaf communities
between trees within time points (Fig. 2B). If there would indeed be a common final
composition, we would expect their dissimilarities to decrease over time, because the
communities would become more similar as they approach a common final composi-
tion. The dissimilarities between trees, however, showed no change over time but
rather a constant dissimilarity, which led to the hypothesis that the leaf phyllosphere
development is a process that unfolds differently in each host tree individual (and/or
in its location) and will likely result in different community compositions if the com-
munities indeed reach a more-or-less stable, final composition. Both a longer period of
time and more trees need to be covered in future research to study these hypotheses.

Based on ASV cooccurrences, we distinguished four clusters of ASVs, which showed
temporal patterns and potentially represent ecological succession in the leaf phyllo-
sphere. The clusters were named according to the time frame in which they exhibited
higher relative abundances: early cluster, middle cluster, late cluster, and general cluster;
with the latter usually representing more than 40% of the abundance in the community.
Although this cluster analysis is based on data from only two trees in each of the land
uses, the late cluster was remarkable for its high relative abundances in trees in a trafficked
urban setting, compared to trees in the park. The early cluster occurred only at low abun-
dances and generally showed weak support, which would be a logical consequence of the
initial colonization being rather stochastic and dependent on which ASVs arrive first (16).

On the one hand, we observed in a previous study that the shift in bacterial leaf
phyllosphere communities typical for nongreen urban land use compared to green
urban land use was at least partially dispersal-limited (26). On the other hand, in this
study, we observed a large, dominant group of ASVs that seem to be present in four
trees spread out over a city and therefore do not seem to be dispersal-limited. In our
current study, the general leaf cluster shared many ASVs with the other parts of the
tree, potentially indicating that a large proportion of ASVs in the leaf phyllosphere are
phyllosphere generalists through successional time as well as throughout different
phyllosphere compartments (Fig. 4A and B). These findings are similar to those of
Massoni and colleagues (28), who observed the phyllosphere of several herbaceous
species to be dominated by bacteria with a phyllosphere generalist lifestyle based on
their occurrence on different host plants in both flowers and leaves. In addition, most
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ASVs of the generalist cluster were present in trees far apart in the city of Antwerp or
even in both Antwerp and Milan, cities 900 km apart. The library preparation of the sam-
ples taken in Antwerp and Milan is different; hence, direct comparisons of these data sets,
especially at ASV level, is likely biased. However, this makes it even more remarkable that
some of the exact same ASVs of the general cluster in Antwerp are also found in Milan.
Due to the different library preparations, the overlap between both cities in this study is
likely an underestimation, and we limited our conclusions to trends detected within each
data set separately (unless stated otherwise). The observation of this general, abundant,
seemingly ubiquitous, cluster in our study indicates that, in addition to dispersal limitation
detected by Wuyts and colleagues (26), a group of dominant, ubiquitous phyllosphere
generalists determines a large portion of community structure.

Impact of nongreen urban land use. Leaf phyllosphere communities of different
host plant species were previously shown to be affected by an urban gradient, and, more
specifically, by land use and air pollution (26, 31, 32). In this study, with the rise of the late
cluster, between 2 and 3 weeks after leaf emergence in Antwerp, we detected a potential
difference between trafficked urban land use and park. The value of this observation is
limited due to having only two trees for each land use. However, when analyzing beta dis-
similarities of all eight trees using PERMANOVA, we again detect a significant effect of
land use (Table 1). This analysis, however, includes data from data sets that were gener-
ated using different library preps, which is known to cause biases. Hence, on the one
hand, this analysis was done at the genus level, which should decrease smaller nucleo-
tide-scale biases; on the other hand, the remaining bias would already be covered by
the “city” effect in the PERMANOVA model. Although, again, eight trees are not a large
amount, the land use effect we detect might have some value. In a previous study, we
found that for the London plane tree leaf communities, a decreasing amount of surround-
ing green infrastructure in an urban landscape may decrease the relative abundances of
other dominant typical leaf-associated bacteria such as Sphingomonas, Hymenobacter,
and Beijerinckiaceae (generalist cluster in our present study) by increasing limited disper-
sal between plants and may increase the abundances of other bacteria from urban sour-
ces, such as Skermanella and Chroococcidiopsis (late cluster in our present study) (26).
Furthermore, Wuyts and colleagues (26) showed that in addition to the effect of the
surrounding green infrastructure, air pollution was linked to the extinction and intro-
duction of several species. Besides the surrounding green infrastructure and air pollu-
tion, the slight temperature increases of a built-up area compared to a park area could
also have a selective effect. We observed that the late cluster was more pronounced
in the trees located next to busy streets, which experience slightly higher ambient
temperatures than parks (33). Additionally, the late cluster appeared earlier in the
trees in Italy (Fig. S3), which generally has a warmer climate than Belgium. These
results are in agreement with a study by Aydogan and colleagues (34), who observed
a decrease of Sphingomonas, Hymenobacter, and Methylobacterium (general cluster in
this study) and an increase of Erwinia, Pantoea, Clostridium, and Bacillus (late cluster in this
study) in grassland phyllosphere under elevated temperatures compared to unaltered
temperatures. The observations in this study are based on a limited number of trees, but
the community shift to higher abundances of species that occur in the late cluster of this
study can be recognized in several other leaf phyllosphere studies.

This article reports on an exploratory study focusing on an observational chronose-
quence of bacterial phyllosphere communities on different tree compartments in
spring. We observed a large overlap of ASVs between the different phyllosphere com-
partments (leaves, branches, and trunk) despite the very distinct compositions and dy-
namics in the different compartments. We also explored temporal dynamics of the
phyllosphere communities, but because these dynamics analyses included only a lim-
ited number of trees, many of the generated hypotheses remain to be tested in future
research. The frequent and consistent temporal sampling, however, led us to explore
unique avenues of phyllosphere ecology. Using community dissimilarities between
consecutive time points, we visualized community dynamics indicating decreasing
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change of the bacterial community composition on the emerging tree leaves over
time. Our observations hint that this leaf community development follows a unique
trajectory within each plant individual. Nevertheless, overall, we managed to detect ec-
ological succession in the emerging tree leaves in spring and were able to identify four
groups of leaf bacteria (clusters) exhibiting different temporal patterns during this pro-
cess. Leaf community dynamics furthermore indicated that community development
was still continuing at the end of this study, 6 weeks after leaf emergence. In this study,
a large part of the emerging tree leaf phyllosphere consisted of phyllosphere general-
ists, present in different phyllosphere compartments, on different trees, and through-
out leaf phyllosphere development. This indicates that the main structure of different
phyllosphere communities of the urban London plane trees is determined by mostly
ubiquitous ASVs. Nevertheless, distinct differences between communities can still be
detected due to variation of relative abundances and less ubiquitous ASVs. More
research endeavors in the future focusing on regular temporal sampling hold much
promise for better understanding phyllosphere communities.

MATERIALS AND METHODS

Sampling. Phyllosphere samples, including the trunks, leaf buds, branches, and leaves, of eight selected
urban London plane trees (Platanus x acerifolia) were collected weekly throughout the spring season, from
29 March 2018 to 29 May 2018 (Table S1), resulting in 180 samples. This time frame was chosen to cover
phyllosphere samples ranging from just before to well after leaf emergence. Leaf emergence of the London
plane trees occurred around 11 April 2018 in Milan and around 17 April 2018 in Antwerp. The London plane
tree was selected as host species because it is a common tree throughout Europe, often used in urban
greening, it is easy to recognize, and its canopy is usually out of reach for people to touch, which decreases
the chance of human contamination. In order to take into account different urban settings, four trees were
selected in Antwerp, Belgium, and another four were selected in Milan, Italy. Antwerp experiences a mari-
time temperate climate, with lowest and highest mean air temperatures of 3°C in January and 19°C in July,
respectively, and a mean annual rainfall of 848 mm (1981 to 2010; Royal Meteorological Institute of
Belgium [RMI], http://www.kmi.be). Antwerp has approximately half a million inhabitants and covers about
200 km?2 Milan experiences a warm temperate climate, with lowest and highest mean air temperatures of
2.5°C in January and 24°C in July, respectively, and a mean annual rainfall of 920 mm (1971 to 2000;
Meteorological Service of the Italian Air Force). Milan has approximately 1.4 million inhabitants and covers
about 180 km?. The surrounding urban land use of the sampled trees is illustrated in the maps in Fig. S1,
and the geographic coordinates of the sampled trees can be found in Table S2.

On each sampling day, all four trees within one city were sampled. Sampling days were not the
same in Antwerp and Milan as we expected leaves to emerge earlier in the warmer climate of Milan
than in Antwerp. In addition, the sampling intensity in both cities differed, with 10 time points in
Antwerp and five time points in Milan. From each tree, one smaller branch (no larger than 3 cm diame-
ter) was cut from the lower canopy (2.5 to 8 m above the ground) using a telescopic pruner. The
branches were intercepted with gloves (decontaminated with 70% ethanol) before touching the ground.
From each branch, immediately, five to eight leaf buds or, after leaf emergence, two to six undamaged
leaves were cut from the branch with scissors using gloves sterilized on site with 70% ethanol. The buds
or leaves of each tree were put in sterile 50-mL tubes (Greiner Bio-One) and kept on ice for transporta-
tion to the lab. The branches were sampled using a sterile swab (Copan FLOQSwab; MLS) dipped in ster-
ile leaf wash buffer as prepared by Redford and Fierer (9). The swab was then used to thoroughly swab
bacteria off the branch surface of a 20- to 40-cm branch length. To sample the trunks, an area of 100
cm?, between 70 and 210 cm above ground level, was swabbed in the same way. We avoided swabbing
the same trunk surface more than once during consecutive weeks and randomly changed the cardinal
direction of the sampling. The swabs of branch and trunk were kept in Eppendorf tubes with 1 mL leaf
wash buffer on ice for transportation to the lab. In the lab (at most 4 h after sampling), 5 mL of leaf wash
buffer was added to the 50-mL tubes with leaves or buds. To suspend the phyllosphere bacteria, 50-mL
tubes with leaves or buds and Eppendorf tubes with swabs were vortexed for 5 min at maximum speed
with the Vortex Genie 2 (MoBio). The tubes with leaves were centrifuged at 1,000 x g for several seconds
to spin down most of the buffer still sticking to the leaves. Leaves and swabs were removed from the
tubes, and the remaining wash solution was centrifuged in aliquots of 2 mL at 12,000 x g for 2 min, and
the supernatant was discarded. The final pellet was resuspended in 750 ulL of bead solution (QlAamp
PowerFecal DNA kit, Qiagen). This suspension was stored at —20°C until further processing.

DNA sequencing. The samples of the different cities were processed locally, in two different labs. DNA
extraction of the samples was done with the QlIAamp PowerFecal DNA kit (same buffers and procedure as
QlAamp PowerSoil DNA isolation kit), according to the manufacturer’s instructions, except for the final elu-
tion step, which was done with only 60 uL elution buffer for increased DNA concentration. For each DNA
extraction kit, at least one kit blank was included (extraction without sample). In both the Milan and
Antwerp labs, the DNA extraction protocol and the hypervariable V4 region of the 7165 rRNA gene (primers
515F/806R as described by Caporaso et al. [35]) to be amplified were the same; however, the DNA prepara-
tion protocol for lllumina sequencing slightly deviated between the labs, as described below.

In Antwerp, PCRs were performed with barcoded primers (IDT) as described by Kozich and
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colleagues (36). For each sample, a 20-uL reaction mixture was prepared with 5x Phusion HF buffer,
DMSO 3%, dNTPs 0.2 mM each, 0.5 uM each primer, and 0.02 U/uL Phusion high-fidelity DNA polymer-
ase (ThermoFisher Scientific). Cycling conditions were: initial denaturation at 95°C for 2 min; 25 cycles of
95°C for 20 s, 55°C for 15 s, and 72°C for 1 min; and a final extension at 72°C for 10 min. PCR blanks were
included. Amplicons were purified using magnetic beads of Agencourt AMPure XP (Beckman Coulter)
according to the manufacturer’s instructions. The DNA concentration of purified samples was measured
using a Qubit 3.0 fluorometer followed by equimolar pooling of all samples and blanks into a “library.”
The library was loaded onto a 0.8% (mass/vol) agarose gel, which was run at 60 V for 50 min. Bands of
approximately 380 bp were cut out and extracted with the Nucleospin gel and a PCR clean-up kit
(Macherey-Nagel). The final library was diluted to 2 nM, based on the DNA concentration determined by
the Qubit 3.0 fluorometer. The library was sequenced at the Centre for Medical Genetics (Edegem,
Belgium) with Illumina MiSeq, using the 500-cycle MiSeq reagent kit v2 (Illumina).

In Milan, PCRs were performed with the same primers, except that, at the 5’ end of each primer, an
in-house-designed 6-bp barcode was included. For each sample, two 60-uL reaction mixtures were pre-
pared as in Antwerp and run under the same cycling conditions. Amplicons were purified with the
Wizard SV gel and PCR clean-up system (Promega Corporation, Madison, WI), and purified DNA was
quantified using Qubit (Life Technologies, Carlsbad, CA). Groups of nine amplicons bearing different bar-
code pairs were pooled to build a single library. Further library preparation with the addition of standard
Nextera indexes (lllumina, Inc.,, San Diego, CA) and sequencing with lllumina Miseq (lllumina, Inc., San
Diego, CA) using the 600-cycle MiSeq reagent kit v3 were carried out at the Consorzio per il Centro di
Biomedicina Molecolare (CBM, Trieste, Italy). The sequencing data of this study were made available
under study accession number PRJIEB39205 in the European Nucleotide Archive.

Data processing. The raw sequencing data were processed using the DADA2 package (37) in the R
environment (38). In short, sequence reads with at least one ambiguous base, reads containing the lowest
possible quality score of 2, and reads with more than two “expected errors” were discarded. The reads of
the sequencing run in Antwerp were of sufficient quality to truncate at position 251. For the Milan data
processing, forward reads were truncated at position 210, whereas the reverse reads were truncated at posi-
tion 170. These positions were determined based on the overall drop of quality score of the base pairs after
these positions. Next, sample inference (DADA2's core algorithm) was performed, followed by read merg-
ing. A sequence table containing all amplicon sequence variants (ASVs) was constructed, chimeras were
removed, and taxonomy was assigned using the EzBioCloud 16S rRNA gene database, downloaded on 1
August 2018. The data were processed further using the tidyverse set of packages (39) and the in-house-
developed “tidyamplicons” package (github.com/SWittouck/tidyamplicons). Nonbacterial reads (i.e., chloro-
plasts and Archaea) were discarded. For the samples taken in Antwerp, reads with less than 251 bp and
more than 256 bp were discarded. For the samples taken in Milan, read length varied more (probably due
to slightly different methodology) and reads with less than 234 bp and more than 265 bp were discarded.
These slight differences between Antwerp and Milan may interfere when comparing data at the ASV level.
As we expect the results to be more robust at a higher taxonomic level, we decided to use the data at the
genus level for analyses whenever considering the whole data set. Whenever doing analyses at the ASV
level, they were done for only one city or for each city separately. No normalization or subsampling of reads
was done (unless specified otherwise for selected analyses), but samples with less than 200 reads were dis-
carded (losing mainly leaf samples: 38 leaf samples out of 48 were retained).

Statistical analyses were also done in the R environment. Graphs were generated using the ggplot2
package (40). Whenever the P value was under 0.05, the result was considered significant. Bray-Curtis dis-
similarities were calculated upon which permutational multivariate analysis of variance (PERMANOVA) was
performed, and the levels of dispersion between groups of each factor were compared (PERMDISP2) using
the vegan package (41). The R code used for the analyses is available in the supplemental material.

Determining contaminants. To identify contaminating ASVs, we used the compositions of the six
kit blanks. We considered two types of contamination: external contaminants and cross-contaminants.
We decided to make the distinction for each ASV occurring in both blanks and samples (Table S3) based
on several considerations: abundant taxa in the phyllosphere samples or human microbiome samples in
the same run could have leaked to the blanks and therefore potential phyllosphere ASVs were consid-
ered cross-contamination, whereas the human-associated ASVs were considered external contamination
(human-associated samples were sequenced in the same run); additionally, some taxa can be recognized
as typical kit contaminants and were considered external contamination (42). After careful taxon-by-
taxon consideration, we discarded the external contaminants from our data set (discarding approxi-
mately 0.06% of all reads). In addition, we studied distributions of external contaminants in the samples
to determine a read-number threshold for ASVs to be considered present in a sample to determine a
threshold that would get rid of roughly 50% of the contaminants (supplementary R code).

Compartment-specific taxa. We determined indicator taxa to examine which taxa were associated
significantly more with one or two phyllosphere compartments compared to the other compartments.
Indicator taxa are biological indicators of groups of sites representing habitat types, or in this case, the
phyllosphere compartments. This means that the abundances of the indicator taxa can help in predict-
ing the phyllosphere compartment to which the community belongs. This analysis was limited to sam-
ples that were taken at the final time point to exclude dependency between samples. Abundances were
centered-log-ratio-transformed, and the R package indicspecies (43) was used to determine the indicator
taxa (at genus level) for each phyllosphere compartment.

To determine taxa which were strongly associated with one or more of the phyllosphere compart-
ments (without the need of them being less abundant in the other compartments), we determined the
core genera of each compartment. In this study, we considered a genus to be a core genus of a
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compartment if it was present in more than 95% of the samples (all time points) of that compartment.
To limit the bias due to the presence of contaminants in samples, a genus was considered present in a
sample when represented by more than 10 reads, which is a threshold that should filter out 50% of the
contaminants based on data from the blanks (Supplementary R code).

Community dynamics. To study community dynamics, only the Antwerp samples were used as
they represent a regular time series with 10 time points (Table S1). The Bray-Curtis dissimilarities
between samples taken in Antwerp of leaves, trunk, and branches were calculated using the data at the
ASV level. The time trends of dissimilarities between consecutive time points were tested using the
Kendall rank correlation test.

To study the temporal patterns of ASVs on leaves, cooccurring ASVs were clustered using a similar
approach as with the Antwerp leaf data set. We repeated the following analysis for 1,000 random rarefac-
tions of the data set to 912 reads/sample (20 of 28 leaf samples remaining). Because of their limited signifi-
cance, all ASVs with a total abundance of less than 25 reads in this data set were not included in the cooccur-
rence analysis. At 25 reads, the frequency of ASVs per total read number drastically drops (this threshold is at
the elbow in Fig. S3). ASV abundances in samples were scaled by dividing their abundances/sample by their
respective total ASV read number in the data set. These scaled data were used for calculating Euclidean dis-
tances between ASVs followed by an agglomerative hierarchical clustering procedure using Ward’s method
(44). We used a Silhouette plot to determine the optimal number of clusters (45). Based on these results, we
divided the hierarchically clustered ASVs into four cooccurrence clusters. The support for each ASV belong-
ing to each of the clusters was expressed as the fraction of times they were found in this cluster over the
1,000 repeated rarefactions. Then, all abundant leaf ASVs—those that made it through the rarefaction and
subsequent threshold at least once—were assigned to the cluster with the highest support. The relative
abundances of each cluster were visualized through time. Temporal patterns of the clusters were identified,
and the clusters were named accordingly: early, middle, late, and general (abundant in all time points).

ASV overlap between leaves and other compartments. We estimated which ASVs of the different
leaf cooccurrence clusters were shared with other tree phyllosphere compartments. In this presence-ab-
sence-based analysis, we tried to minimize the detection of contaminants and again required more than 10
reads for an ASV to be considered present in a sample. We then pooled ASVs per compartment and deter-
mined the ASV overlap between the leaves and the other phyllosphere compartments. We separately ana-
lyzed overlap for each of the cooccurrence leaf clusters, which were determined by hierarchical clustering
as described above. We calculated both the proportion of different leaf ASVs that overlapped with other
compartments and the total relative abundances that these ASVs contributed to the leaf communities.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, DOCX file, 4 MB.

ACKNOWLEDGMENTS

We thank Leen Van Ham for assisting with leaf sampling, lab work, and excellent
lab management. Furthermore, we are grateful to Stijn Wittouck for bioinformatics
support and the development of the R package tidyamplicons (https://github.com/
SWittouck/tidyamplicons/tree/development). We are furthermore grateful for the
valuable discussions on community dynamics with Britt Koskella and Kyle Meyer. We also
acknowledge the Centre of Medical Genetics (Antwerp) for use of their lllumina platform.

This work was financially supported by the Belgian American Educational Foundation
(BAEF), the University of Antwerp (through a.o. IOF-SBO PhylloBac), the agency for
innovation by science and technology (IWT) of the Flemish Community (including IWT
SBO 15052), and the Erasmus+ funding program of the European Union, which allowed
Lucia Maria Spada to assist with field and lab work in Belgium and Italy. Sarah Lebeer
received funding from the European Research Council (ERC) under the European Union's
Horizon 2020 research and innovation program (grant agreement 852600 — Lacto-Be).

We declare no conflict of interest.

REFERENCES

&,  Microbiolos
% Spectrur Y

1. Laforest-Lapointe I, Paquette A, Messier C, Kembel SW. 2017. Leaf bacte- interactions and their exploitation for phytoremediation of air pollutants.

rial diversity mediates plant diversity and ecosystem function relation-
ships. Nature 546:145-147. https://doi.org/10.1038/nature22399.

. Legein M, Smets W, Vandenheuvel D, Eilers T, Muyshondt B, Prinsen E,
Samson R, Lebeer S. 2020. Modes of action of microbial biocontrol in
the phyllosphere. Front Microbiol 11:1619. https://doi.org/10.3389/
fmicb.2020.01619.

. Weyens N, Thijs S, Popek R, Witters N, Przybysz A, Espenshade J, Gawronska
H, Vangronsveld J, Gawronski SW. 2015. The role of plant-microbe

March/April 2022 Volume 10 Issue2 e€02420-21

Int J Mol Sci 16:25576-25604. https://doi.org/10.3390/ijms161025576.

. Mills JG, Weinstein P, Gellie NJ, Weyrich LS, Lowe AJ, Breed MF. 2017.

Urban habitat restoration provides a human health benefit through
microbiome rewilding: the Microbiome Rewilding Hypothesis. Restor Ecol
25:866-872. https://doi.org/10.1111/rec.12610.

. Wei X, LyuS, YuY, Wang Z, Liu H, Pan D, Chen J. 2017. Phylloremediation of

air pollutants: exploiting the potential of plant leaves and leaf-associated
microbes. Front Plant Sci 8:1318. https://doi.org/10.3389/fpls.2017.01318.

MicrobiolSpectrum.asm.org 13


https://github.com/SWittouck/tidyamplicons/tree/development
https://github.com/SWittouck/tidyamplicons/tree/development
https://doi.org/10.1038/nature22399
https://doi.org/10.3389/fmicb.2020.01619
https://doi.org/10.3389/fmicb.2020.01619
https://doi.org/10.3390/ijms161025576
https://doi.org/10.1111/rec.12610
https://doi.org/10.3389/fpls.2017.01318
https://www.MicrobiolSpectrum.asm.org

Smets et al.

6.

20.

21.

22.

23.

24,

25.

26.

March/April 2022 Volume 10

Smets W, Koskella B. 2020. Microbiome: insect herbivory drives plant
phyllosphere dysbiosis. Curr Biol 30:R412-R414. https://doi.org/10.1016/j
.cub.2020.03.039.

. Sylla J, Alsanius BW, Kriiger E, Wohanka W. 2015. Control of Botrytis cin-

erea in strawberries by biological control agents applied as single or
combined treatments. Eur J Plant Pathol 143:461-471. https://doi.org/
10.1007/510658-015-0698-4.

. Shade A, McManus PS, Handelsman J, Zhou J. 2013. Unexpected diversity

during community succession in the apple flower. mBio 4:e00602-12.
https://doi.org/10.1128/mBi0.00602-12.

. Redford AJ, Fierer N. 2009. Bacterial succession on the leaf surface: a novel

system for studying successional dynamics. Microb Ecol 58:189-198.
https://doi.org/10.1007/500248-009-9495-y.

. Copeland JK, Yuan L, Layeghifard M, Wang PW, Guttman DS. 2015. Seasonal

community succession of the phyllosphere microbiome. Mol Plant Microbe
Interact 28:274-285. https://doi.org/10.1094/MPMI-10-14-0331-FI.

. Williams TR, Moyne A-L, Harris LJ, Marco ML. 2013. Season, irrigation, leaf

age, and Escherichia coli inoculation influence the bacterial diversity in
the lettuce phyllosphere. PLoS One 8:e68642. https://doi.org/10.1371/
journal.pone.0068642.

. Dees MW, Lysge E, Nordskog B, Brurberg MB. 2015. Bacterial communities

associated with surfaces of leafy greens: shift in composition and
decrease in richness over time. Appl Environ Microbiol 81:1530-1539.
https://doi.org/10.1128/AEM.03470-14.

. Tydings H, Lopez-Velasco G, Ponder M, Welbaum G. 2011. Alterations to

the phylloepiphytic bacterial community of spinach with leaf age. Acta
Hortic 917:211-216. https://doi.org/10.17660/ActaHortic.2011.917.27.

. Vacher C, Hampe A, Porté AJ, Sauer U, Compant S, Morris CE. 2016. The

phyllosphere: microbial jungle at the plant-climate interface. Annu Rev
Ecol Evol Syst 47:1-24. https://doi.org/10.1146/annurev-ecolsys-121415
-032238.

. Fitzpatrick CR, Salas-Gonzalez I, Conway JM, Finkel OM, Gilbert S, Russ D,

Teixeira PJPL, Dangl JL. 2020. The plant microbiome: from ecology to
reductionism and beyond. Annu Rev Microbiol 74:81-100. https://doi
.org/10.1146/annurev-micro-022620-014327.

. Maignien L, DeForce EA, Chafee ME, Eren AM, Simmons SL. 2014. Ecologi-

cal succession and stochastic variation in the assembly of Arabidopsis
thaliana phyllosphere communities. mBio 5:e00682-13. https://doi.org/10
.1128/mBio0.00682-13.

. Remus-Emsermann MN, Kowalchuk GA, Leveau JH. 2013. Single-cell ver-

sus population-level reproductive success of bacterial immigrants to pre-
colonized leaf surfaces. Environ Microbiol Rep 5:387-392. https://doi.org/
10.1111/1758-2229.12040.

. Kim M, Singh D, Lai-Hoe A, Go R, Rahim RA, Ainuddin A, Chun J, Adams

JM. 2012. Distinctive phyllosphere bacterial communities in tropical trees.
Microb Ecol 63:674-681. https://doi.org/10.1007/s00248-011-9953-1.

. Whipps J, Hand P, Pink D, Bending GD. 2008. Phyllosphere microbiology

with special reference to diversity and plant genotype. J Appl Microbiol
105:1744-1755. https://doi.org/10.1111/j.1365-2672.2008.03906.x.
Kembel SW, O'Connor TK, Arnold HK, Hubbell SP, Wright SJ, Green JL.
2014. Relationships between phyllosphere bacterial communities and
plant functional traits in a neotropical forest. Proc Natl Acad SciUS A 111:
13715-13720. https://doi.org/10.1073/pnas.1216057111.

Barret M, Briand M, Bonneau S, Préveaux A, Valiére S, Bouchez O, Hunault
G, Simoneau P, Jacques M-A. 2015. Emergence shapes the structure of
the seed microbiota. Appl Environ Microbiol 81:1257-1266. https://doi
.org/10.1128/AEM.03722-14.

Tkacz A, Bestion E, Bo Z, Hortala M, Poole PS. 2020. Influence of plant frac-
tion, soil, and plant species on microbiota: a multikingdom comparison.
mBio 11:02785-19. https://doi.org/10.1128/mBi0.02785-19.

Lindow SE. 1996. Role of immigration and other processes in determining
epiphytic bacterial populations, p 155-168. In Aerial Plant Surface Micro-
biology. Springer-Verlag, New York, NY.

Vokou D, Vareli K, Zarali E, Karamanoli K, Constantinidou H-IA, Monokrousos
N, Halley JM, Sainis I. 2012. Exploring biodiversity in the bacterial community
of the Mediterranean phyllosphere and its relationship with airborne bacte-
ria. Microb Ecol 64:714-724. https://doi.org/10.1007/500248-012-0053-7.
Morris CE. 2001. Phyllosphere. In Encyclopedia of Life Sciences. Nature
Publishing Group, London, England.

Wuyts K, Smets W, Lebeer S, Samson R. 2019. Green infrastructure and
atmospheric pollution shape diversity and composition of phyllosphere

Issue 2 e02420-21

27.

28.

29.

30.

31.

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

&,  Microbiolos
% Spectrur Y

bacterial communities in an urban landscape. FEMS Microbiol Ecol 96:
fiz173. https://doi.org/10.1093/femsec/fiz173.

Martins G, Lauga B, Miot-Sertier C, Mercier A, Lonvaud A, Soulas M-L,
Soulas G, Masneuf-Pomarede I. 2013. Characterization of epiphytic bacte-
rial communities from grapes, leaves, bark and soil of grapevine plants
grown, and their relations. PLoS One 8:e73013. https://doi.org/10.1371/
journal.pone.0073013.

Massoni J, Bortfeld-Miller M, Jardillier L, Salazar G, Sunagawa S, Vorholt
JA. 2020. Consistent host and organ occupancy of phyllosphere bacteria
in a community of wild herbaceous plant species. ISME J 14:245-258.
https://doi.org/10.1038/541396-019-0531-8.

Leff JW, Del Tredici P, Friedman WE, Fierer N. 2015. Spatial structuring of
bacterial communities within individual Ginkgo biloba trees. Environ
Microbiol 17:2352-2361. https://doi.org/10.1111/1462-2920.12695.
Bernard J, Wall CB, Costantini MS, Rollins RL, Atkins ML, Cabrera FP,
Cetraro ND, Feliciano CKJ, Greene AL, Kitamura PK, Olmedo-Velarde A,
Sirimalwatta VNS, Sung HW, Thompson LPM, Vu HT, Wilhite CJ, Amend
AS. 2021. Plant part and a steep environmental gradient predict plant mi-
crobial composition in a tropical watershed. ISME J 15:999-1009. https://
doi.org/10.1038/541396-020-00826-5.

Laforest-Lapointe |, Messier C, Kembel SW. 2017. Tree leaf bacterial com-
munity structure and diversity differ along a gradient of urban intensity.
mSystems 2:e00087-17. https://doi.org/10.1128/mSystems.00087-17.
Smets W, Wuyts K, Oerlemans E, Wuyts S, Denys S, Samson R, Lebeer S. 2016.
Impact of urban land use on the bacterial phyllosphere of ivy (Hedera sp.).
Atmos Environ 147:376-383. https://doi.org/10.1016/j.atmosenv.2016.10.017.
Bowler DE, Buyung-Ali L, Knight TM, Pullin AS. 2010. Urban greening to cool
towns and cities: a systematic review of the empirical evidence. Landsc
Urban Plan 97:147-155. https://doi.org/10.1016/j.landurbplan.2010.05.006.
Aydogan EL, Budich O, Hardt M, Choi YH, Jansen-Willems AB, Moser G,
Miiller C, Kdmpfer P, Glaeser SP. 2020. Global warming shifts the composi-
tion of the abundant bacterial phyllosphere microbiota as indicated by a
cultivation dependent and independent study of the grassland phyllo-
sphere of a long-term warming field-experiment. FEMS Microbiol Ecol 96:
fiaa087. https://doi.org/10.1093/femsec/fiaa087.

Caporaso JG, Lauber CL, Walters WA, Berg-Lyons D, Huntley J, Fierer N,
Owens SM, Betley J, Fraser L, Bauer M, Gormley N, Gilbert JA, Smith G,
Knight R. 2012. Ultra-high-throughput microbial community analysis on
the lllumina HiSeq and MiSeq platforms. ISME J 6:1621-1624. https://doi
.org/10.1038/isme;j.2012.8.

Kozich JJ, Westcott SL, Baxter NT, Highlander SK, Schloss PD. 2013. Devel-
opment of a dual-index sequencing strategy and curation pipeline for
analyzing amplicon sequence data on the MiSeq lllumina sequencing
platform. Appl Environ Microbiol 79:5112-5120. https://doi.org/10.1128/
AEM.01043-13.

Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJA, Holmes SP.
2016. DADA2: high-resolution sample inference from Illumina amplicon
data. Nat Methods 13:581-583. https://doi.org/10.1038/nmeth.3869.

R Core Development Team. 2006. R: A language and environment for sta-
tistical computing. R Foundation for Statistical Computing, Vienna, Aus-
tria. https://www.R-project.org/.

Wickham H. 2016. tidyverse: easily install and load “Tidyverse” packages,
version 1.0.0.

Wickham H. 2016. ggplot2: elegant graphics for data analysis. Springer-
Verlag, New York, NY.

Oksanen J, Blanchet FG, Kindt R, Legendre P, Minchin PR, O'Hara R,
Simpson GL, Solymos P, Stevens MHH, Wagner H. 2019. vegan: commu-
nity ecology package. https://CRAN.R-project.org/package=vegan.

Salter SJ, Cox MJ, Turek EM, Calus ST, Cookson WO, Moffatt MF, Turner P,
Parkhill J, Loman NJ, Walker AW. 2014. Reagent and laboratory contami-
nation can critically impact sequence-based microbiome analyses. BMC
Biol 12:87. https://doi.org/10.1186/512915-014-0087-z.

Céceres MD, Legendre P. 2009. Associations between species and groups
of sites: indices and statistical inference. Ecology 90:3566-3574. https://
doi.org/10.1890/08-1823.1.

Ward JH. 1963. Hierarchical grouping to optimize an objective function.
J Am Stat Assoc 58:236-244. https://doi.org/10.1080/01621459.1963
.10500845.

Rousseeuw PJ. 1987. Silhouettes: a graphical aid to the interpretation and
validation of cluster analysis. J Comput Appl Math 20:53-65. https://doi
.org/10.1016/0377-0427(87)90125-7.

MicrobiolSpectrum.asm.org 14


https://doi.org/10.1016/j.cub.2020.03.039
https://doi.org/10.1016/j.cub.2020.03.039
https://doi.org/10.1007/s10658-015-0698-4
https://doi.org/10.1007/s10658-015-0698-4
https://doi.org/10.1128/mBio.00602-12
https://doi.org/10.1007/s00248-009-9495-y
https://doi.org/10.1094/MPMI-10-14-0331-FI
https://doi.org/10.1371/journal.pone.0068642
https://doi.org/10.1371/journal.pone.0068642
https://doi.org/10.1128/AEM.03470-14
https://doi.org/10.17660/ActaHortic.2011.917.27
https://doi.org/10.1146/annurev-ecolsys-121415-032238
https://doi.org/10.1146/annurev-ecolsys-121415-032238
https://doi.org/10.1146/annurev-micro-022620-014327
https://doi.org/10.1146/annurev-micro-022620-014327
https://doi.org/10.1128/mBio.00682-13
https://doi.org/10.1128/mBio.00682-13
https://doi.org/10.1111/1758-2229.12040
https://doi.org/10.1111/1758-2229.12040
https://doi.org/10.1007/s00248-011-9953-1
https://doi.org/10.1111/j.1365-2672.2008.03906.x
https://doi.org/10.1073/pnas.1216057111
https://doi.org/10.1128/AEM.03722-14
https://doi.org/10.1128/AEM.03722-14
https://doi.org/10.1128/mBio.02785-19
https://doi.org/10.1007/s00248-012-0053-7
https://doi.org/10.1093/femsec/fiz173
https://doi.org/10.1371/journal.pone.0073013
https://doi.org/10.1371/journal.pone.0073013
https://doi.org/10.1038/s41396-019-0531-8
https://doi.org/10.1111/1462-2920.12695
https://doi.org/10.1038/s41396-020-00826-5
https://doi.org/10.1038/s41396-020-00826-5
https://doi.org/10.1128/mSystems.00087-17
https://doi.org/10.1016/j.atmosenv.2016.10.017
https://doi.org/10.1016/j.landurbplan.2010.05.006
https://doi.org/10.1093/femsec/fiaa087
https://doi.org/10.1038/ismej.2012.8
https://doi.org/10.1038/ismej.2012.8
https://doi.org/10.1128/AEM.01043-13
https://doi.org/10.1128/AEM.01043-13
https://doi.org/10.1038/nmeth.3869
https://www.R-project.org/
https://CRAN.R-project.org/package=vegan
https://doi.org/10.1186/s12915-014-0087-z
https://doi.org/10.1890/08-1823.1
https://doi.org/10.1890/08-1823.1
https://doi.org/10.1080/01621459.1963.10500845
https://doi.org/10.1080/01621459.1963.10500845
https://doi.org/10.1016/0377-0427(87)90125-7
https://doi.org/10.1016/0377-0427(87)90125-7
https://www.MicrobiolSpectrum.asm.org

	RESULTS
	General community composition.
	Different phyllosphere compartments.
	Community development on new leaves.
	Generalism in the phyllosphere.

	DISCUSSION
	Differences between phyllosphere compartments.
	Leaf phyllosphere development.
	Impact of nongreen urban land use.

	MATERIALS AND METHODS
	Sampling.
	DNA sequencing.
	Data processing.
	Determining contaminants.
	Compartment-specific taxa.
	Community dynamics.
	ASV overlap between leaves and other compartments.

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

