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The phyllosphere—the aerial surfaces of plants, including leaves—
is a ubiquitous global habitat that harbors diverse bacterial com-
munities. Phyllosphere bacterial communities have the potential
to influence plant biogeography and ecosystem function through
their influence on the fitness and function of their hosts, but the
host attributes that drive community assembly in the phyllosphere
are poorly understood. In this study we used high-throughput
sequencing to quantify bacterial community structure on the
leaves of 57 tree species in a neotropical forest in Panama. We
tested for relationships between bacterial communities on tree
leaves and the functional traits, taxonomy, and phylogeny of their
plant hosts. Bacterial communities on tropical tree leaves were
diverse; leaves from individual trees were host to more than 400
bacterial taxa. Bacterial communities in the phyllosphere were
dominated by a core microbiome of taxa including Actinobacteria,
Alpha-, Beta-, and Gammaproteobacteria, and Sphingobacteria.
Host attributes including plant taxonomic identity, phylogeny,
growth and mortality rates, wood density, leaf mass per area,
and leaf nitrogen and phosphorous concentrations were corre-
lated with bacterial community structure on leaves. The relative
abundances of several bacterial taxa were correlated with suites
of host plant traits related to major axes of plant trait variation,
including the leaf economics spectrum and the wood density-
growth/mortality tradeoff. These correlations between phyllo-
sphere bacterial diversity and host growth, mortality, and func-
tion suggest that incorporating information on plant-microbe
associations will improve our ability to understand plant func-
tional biogeography and the drivers of variation in plant and
ecosystem function.

tropical forests | host-microbe associations

he phyllosphere—the aerial surfaces of plants—is an im-

portant and ubiquitous habitat for bacteria (1). It is esti-
mated that on a global scale, the phyllosphere spans more than
10% km? and is home to up to 10?® bacterial cells (2). Bacteria are
also important to their plant hosts. Leaf-associated bacteria
represent a widespread and ancient symbiosis (3, 4) that can
influence host growth and function in many ways, including the
production of growth-promoting nutrients and hormones (5, 6)
and protection of hosts against pathogen infection (7, 8). Phyl-
losphere bacteria have the potential to influence plant bio-
geography and ecosystem function through their influence on
plant performance under different environmental conditions (9-
11), but the drivers of variation in leaf-associated bacterial bio-
diversity among host plants are not well understood.

The ability to quantify microbial community structure in depth
with environmental sequencing technologies has led to an in-
creasing focus not only on the ecology of individual microbial
taxa but on the entire genomic content of communities of
microbes in different habitats, or “microbiomes” (12). Numerous
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studies of host-associated microbiomes have shown that micro-
bial biodiversity is a trait (13) that forms part of the extended
phenotype of the host organism (4, 14, 15) with important effects
on the health and fitness (16-18) and evolution (19-21) of the
host. Because of the importance of the microbiome for host fitness
and function, there is a growing desire to model and manage host—
microbiome interactions (22, 23), and understanding the drivers of
host-associated microbial community assembly has thus become
a cornerstone of microbiome research (24).

In animals, the assembly of host-associated microbiomes is
known to be driven by ecologically important host attributes,
such as diet, that covary with host evolutionary history (20, 25,
26). A similar understanding of the drivers of plant microbiome
assembly is lacking. Most of our knowledge of plant-bacterial
associations on leaves has been based on studies of individual
bacterial strains and individual host species. Different plant
species possess characteristic bacterial phyllosphere communities
(27, 28), and there are several examples of variation in bacterial
biodiversity on leaves among plant genotypes (29-31) as well as
among species and higher taxonomic ranks (32). Although these
patterns are presumably due to phylogenetic variation in eco-
logically important plant functional traits (33) among host pop-
ulations and species, the influence of host functional traits on
variation in phyllosphere community structure across host species
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has not been directly quantified. As a result, we have very little
understanding of the potential of plant-microbe interaction net-
works to influence the distribution and functional biogeography
of their hosts at large scales in the face of global change (34).

A first step toward integrating phyllosphere microbial com-
munities into the study of plant biogeography will require
establishing correlations between microbial community structure
on leaves and the functional traits of plant hosts. To address this
goal, we used high-throughput sequencing to characterize the
structure of bacterial phyllosphere microbiome on the leaves of
multiple host tree species in a diverse neotropical forest in Panama.
We combined phyllosphere microbiome data with a rich dataset on
the attributes of plant hosts, including functional traits and evolu-
tionary relationships, to (i) quantify the magnitude of leaf-
associated bacterial biodiversity in a diverse natural forest
community, (if) identify the host plant attributes that influence
microbiome community assembly on leaves, and (iii) understand
relationships between bacterial biodiversity and suites of host plant
traits and functions and discuss their implications for our un-
derstanding of plant functional biogeography.

Results

Microbial Phyllosphere Diversity and the Core Phyllosphere Microbiome.
We used high-throughput Illumina sequencing of the bacterial 16S
rRNA gene (35) to quantify the composition of bacterial commu-
nities on the leaf surfaces of trees growing in a tropical lowland
rainforest on Barro Colorado Island, Panama. We identified 7,293
bacterial operational taxonomic units (OTUs, sequences binned at
a 97% similarity cutoff) on the leaves of 137 trees belonging to 57
species, an average of 418 + 4 OTUs (mean =+ SE) per sampled
tree. Many of these bacterial taxa were rare, with 28% of bacterial
OTUs occurring on a single tree. A collector’s curve of the number
of OTUs per host species continued to reveal novel bacterial taxa
with every additional host plant species sampled (Fig. 1). The total
size of the phyllosphere bacterial OTU pool was estimated to be
11,615 + 227 OTUs [mean + SE of Chao2 estimator of total OTU
pool richness (36)].

Studies of microbes in various habitats have sought to identify
the “core microbiome” (37)—the potentially ecologically im-
portant microbial taxa shared among multiple communities
sampled from the same habitat. We detected a “core phyllo-
sphere microbiome” of common and abundant bacterial phyl-
losphere taxa present on nearly all trees sampled in this forest
(Fig. 2). There were 104 bacterial OTUs belonging to eight phyla
and 34 families that were present on 95% or more of all trees
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Fig. 1. Collector’s curve (mean + 95% confidence interval) of bacterial
phyllosphere OTU (97% sequence similarity cutoff) richness vs. number of
plant host species sampled from leaves on Barro Colorado Island, Panama.
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sampled, representing 1.4% of the bacterial taxonomic diversity
but more than 73% of sequences. The five most dominant phyla
represented in the core microbiome were Alphaproteobacteria
[Beijerinckiaceae (7.0% of all sequences), Bradyrhizobiaceae
(4.9%)], Sphingobacteria [Flexibacteriaceae (6.7%), Sphin-
gobacteriaceae (4.2%)], Gammaproteobacteria [Pseudomona-
daceae (3.3%), Xanthomonadaceae (8.7%)], Betaproteobacteria
(8.1%), and Actinobacteria (5.5%). The most abundant individual
OTUs were identified as Beijjerinckia (6.5%), Leptothrix (3.9%),
Stenotrophomonas (3.4%), Niastella (3.3%), and Spirosoma (2.9%).

Drivers of Variation in Phyllosphere Bacterial Community Composition.
Variation in bacterial community structure on leaves was related
to two groups of correlated plant host traits (Fig. 3). The first group
of plant traits significantly (P < 0.05) correlated with variation in
bacterial community structure (bacterial community ordination
axis 1) included wood density and growth and mortality rates. The
second group of plant traits significantly (P < 0.05) correlated with
bacterial community structure (bacterial community ordination axis
2) included leaf mass per area, leaf thickness, and leaf nitrogen and
phosphorous concentrations. Bacterial communities on leaves were
phylogenetically clustered, containing OTUs more closely related
than expected from a null model of random assembly from the pool
of OTUs observed on all trees (mean + SE, SESypp = —3.0 £ 0.1;
P < 0.05). The magnitude of phylogenetic clustering was signifi-
cantly correlated with axis 1 of the bacterial community ordination
(Fig. 3) and with the host traits associated with that axis (mortality
rate, growth rate, and wood density).

The majority (51%) of the variation in bacterial community
structure on leaves could be explained by host traits and taxon-
omy, with host taxonomy alone explaining 26% of the variation,
host traits alone explaining 13% of the variation, and host traits
and taxonomy jointly explaining 10% of the variation (variance
partitioning of weighted UniFrac distances). A nested analysis of
the variance in microbial community structure explained by dif-
ferent host plant taxonomic levels indicated that host plant order
(26.0%), family (9.2%), and genus (8.1%) all explained signifi-
cant amounts of variance [P < 0.05; nested permutational mul-
tiple analysis of variance (MANOVA) vs. weighted UniFrac
distances], and that the majority (51%) of variance in microbial
community structure was among host species (P < 0.01; based on
species with at least two individuals sampled).

We quantified the strength of evolutionary associations be-
tween host species and bacterial OTUs by testing both for an
overall evolutionary association and identifying individual host—
microbe associations that were stronger than expected by chance
using the “host—parasite association test,” which uses a random-
ization test to evaluate the strength of associations between
organisms from different phylogenetic groups (38). There was
a significant overall evolutionary association between host spe-
cies and bacterial OTUs (P < 0.001). We also identified nu-
merous associations between host and bacterial clades that were
stronger than expected (P < 0.05) (Fig. 4).

Correlations Between Plant Functional Trait Strategies and Microbial
Diversity. To understand how microbial communities on leaves
are related to major dimensions of plant functional trait varia-
tion and plant ecological strategies, we summarized correlations
among plant functional traits for 217 woody plant species from
Barro Colorado Island (description in Methods) using a principal
components analysis (PCA) of trait values. We then tested for
relationships between plant trait strategies and the relative
abundance of sequences assigned to different bacterial taxo-
nomic classes for the 57 host species for which both plant trait
and microbial community data were available, using a permuta-
tion test that determined whether relationships between micro-
bial community composition variables vs. plant trait correlation
axes were stronger than expected by chance.
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Fig. 2. Taxonomic composition of bacterial phyllosphere communities on
different host plant families on Barro Colorado Island, Panama.

Analysis of correlations among plant traits (Fig. 5) revealed
three major axes of plant trait variation among species that have
been previously described for tropical trees (39-41). The first
axis of correlated traits (PCA axis 1) includes traits related to the
“leaf economics spectrum” of plant resource uptake strategies
(42-44), such as leaf nutrient concentrations, leaf dry matter
content, and leaf mass per area. The second axis of correlated
traits (PCA axis 2) includes traits related to plant stature at
maturity, including maximum height and diameter. The third axis
of correlated traits (PCA axis 3) includes wood density, relative
growth rate, and mortality rate. These traits are related to
a wood density—growth/mortality tradeoff (39, 41).

Microbial community structure and abundance were corre-
lated with the major axes of plant trait variation (Fig. 5). The
relative abundances of Betaproteobacteria and Elusimicrobia
were significantly correlated (P < 0.05) with the cluster of traits
related to the leaf economics spectrum (PCA axis 1). These
bacterial classes were more abundant on the leaves of tree spe-
cies with high leaf dry matter content and leaf mass per area and
low leaf nitrogen and phosphorous concentrations. The relative
abundances of Deltaproteobacteria were significantly correlated
(P < 0.05) with the cluster of traits related to plant stature (PCA
axis 2), whereas several clades, including the Alphaproteobac-
teria, Thermomicrobia, and TM7-3, were significantly correlated
(P < 0.05) with the cluster of traits related to the wood density—
growth/mortality tradeoff (PCA axis 3).

Discussion

Tropical tree leaves harbor diverse bacterial communities. More
than 450 tree species have been recorded on Barro Colorado
Island (45). Just 50-100 g of leaf tissue from an individual tree is
home to nearly as many bacterial taxa as there are tree species
on the entire 16-km? island. Even at a sampling depth of hun-
dreds of thousands of sequences there are still numerous un-
discovered bacterial taxa living on tropical tree leaves. Most
bacterial taxa on leaves in this forest were rare. However, in
contrast to a previous study of temperate phyllosphere bacterial
diversity that found few bacterial OTUs present across multiple
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temperate tree species (32), we detected a core microbiome of
common bacterial taxa present on nearly all leaves.

Many of the dominant bacterial taxa in the phyllosphere be-
long to clades known to associate closely with plant hosts, in-
cluding diazotrophic (nitrogen-fixing) and methylotrophic
(methanol- and other one-carbon compound-consuming) taxa,
such as Beijerinckia and Methylobacterium. We also detected
many bacterial taxa from groups that are commonly encountered
in other environments, including soil and water. Because of
a lack of detailed knowledge about the ecological niches of
bacteria (46), it is difficult to identify the sources of the bacterial
populations on tropical tree leaves. It is likely that the commu-
nities we sampled represent a mixture of resident taxa living
permanently on leaves in biofilms and on leaf surface substrates
(2, 47), as well as transient taxa introduced from the atmosphere,
rainwater, and contact with animal and plant dispersal vectors.
Future studies comparing bacterial community composition across
different potential source communities, including soil, air, water,
and animals, will be required to identify the metacommunities (48)
contributing to microbial diversity on leaf surfaces.

The plant attributes that explained variation in bacterial
community structure on leaves included traits related to the leaf
economics spectrum (42, 44) and the wood density—growth/
mortality tradeoff (39, 41). The leaf economics spectrum is
a suite of correlated traits related to the resource uptake and
retention strategies of plants. This spectrum separates taxa with
an “acquisitive” resource strategy and traits including relatively
high resource uptake rates, short-lived leaves, and high concen-
trations of nutrients, including nitrogen and phosphorous, from
taxa with a “retentive” resource strategy and the opposite set of
traits (42, 44). The evidence that bacterial community structure is
related to the leaf economics spectrum is likely a result of the
profound impact of leaf resource uptake strategies on leaf mor-
phology and physiology. Traits that could impact the resources
available to bacteria living on the leaf surface include the avail-
ability of leaf nutrients and carbon compounds, the rate of pro-
duction of volatile organic compounds, including methanol, and
the amount of structural and antimicrobial compounds produced
by leaves (49).

The other major axis of plant trait and functional covariation
that was related to bacterial biodiversity on leaves was the wood
density—growth/mortality tradeoff spectrum (39, 40). This spec-
trum separates fast-growing species with high mortality rates and
low wood density (low structural investment) adapted to rapid
growth in favorable environments, such as canopy gaps, from
species with the opposite set of traits. Although wood density
and growth/mortality rate would not be expected to directly in-
fluence bacterial populations on leaves, these traits are related
to the overall growth and life-history strategy of plants. Taken
together, our results suggest that the ecological strategies and
functional traits of plants have a profound effect on phyllosphere
bacterial communities and that incorporating information on
plant-associated bacteria has the potential to improve our un-
derstanding of the mechanisms shaping plant trait correlations at
biogeographic scales (50).

Using ecological null models to assess the degree of phylo-
genetic clustering in bacterial communities, we detected evi-
dence of nonneutral community assembly on nearly all sampled
leaves, in the form of widespread phylogenetic clustering. The
correlation between bacterial phylogenetic clustering vs. host
traits such as mortality and growth rate suggests that conditions
on the leaves of fast-growing trees act as a stronger ecological
filter on potential colonists of the phyllosphere, resulting in more
phylogenetically clustered communities, or that microbial suc-
cession on long-lived leaves eventually leads to less strongly
phylogenetically clustered communities. Given the long lifespans
of some tropical leaves, future studies of succession on leaves of
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different ages (29) will be required to fully distinguish between
these possibilities.

We found evidence for evolutionary associations between
plants and phyllosphere bacteria (Fig. 4). For example, Alphap-
roteobacteria were highly abundant on plants from the Ochna-
ceae and Vochysiaceae but much less abundant on plants from
the Violaceae, which were commonly colonized by Sphingobac-
teria (Fig. 2). These evolutionary associations are likely to be
related to phylogenetic variation in host traits (51), given the
interaction between microbial community variance explained by
host traits and taxonomy. Several traits not measured by this
study, such as volatile organic compound production, cuticle
chemistry, and antibiotic production, are also likely to play a role.
Future studies of additional functional traits and detailed inves-
tigations of the effects of host traits on the growth of microbial
populations will be required to fully understand the processes
responsible for these evolutionary associations.

The associations between bacterial phyllosphere community
structure and host traits that we observed raise the question of
which partner exerts greater control over interactions in the
phyllosphere. For example, is the association between the rela-
tive abundance of certain bacterial taxa and host plant growth
rates due to bacteria directly influencing the growth of their
hosts, or do the traits of fast-growing host species filter for
a certain bacterial community composition by promoting or
inhibiting the growth of different bacterial clades? The adapta-
tion of bacterial taxa to variation in leaf chemistry and micro-
environment suggests that leaf chemistry has an important effect
on the growth and survival of bacteria on leaves (1), and this is
supported by our finding that leaf chemistry was strongly cor-
related with bacterial community structure. However, microbial
populations have also been found to have direct effects on plant
growth through resource exchange and protection from patho-
gen damage (7, 52). Fully disentangling the relative importance
of plants vs. microbes to explain the associations we observed will
require experimental manipulations of plant-microbe associa-
tions (7, 53).

Functional traits are defined as any trait that can potentially
influence fitness through correlations with growth, reproduction,
or survival (54). We have demonstrated that the biodiversity of
bacterial communities on tree leaves is correlated with host
growth and mortality rates, suggesting the possibility that the
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ordination of variation in bacterial community struc-
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structure of the plant microbiome could be considered a plant
functional trait. Many widely measured plant functional traits,
such as association with nitrogen-fixing bacteria or mycorrhizal
fungi, are simple measures of the potential influence of microbial
communities on plant and ecosystem function. The ability to
quantify plant-associated microbial biodiversity in depth offers
the possibility to move beyond binary measures of plant-micro-
bial associations (i.e., mycorrhizal status) toward a more detailed
understanding of how microbial biodiversity is related to host
function, both directly by considering microbial biodiversity as
a potential functional trait (33) and indirectly through un-
derstanding how microbes mediate other plant functional
traits (10). Expanding our notions of the functional biogeography
of plants beyond phenotypic traits to include biotic interactions
and species interaction networks (55, 56) is a research priority
for biogeography and macroecology (57). Our knowledge of
plant-microbe associations at biogeographic scales are currently

very limited (58); our study provides a first step toward in-q:12

corporating information on plant-microbe associations to better
understand the functional biogeography of plants and forecast
species and ecosystem responses to global change (34, 59).
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Fig. 4. Cophylogeny of host plants (Left) and phyllosphere bacteria (Right)
on Barro Colorado Island, Panama. Lines connecting tips on the phylogenies
indicate plant-bacterial associations that were stronger than expected
according to a host-parasite coevolution test [P < 0.05 (38)].

Kembel et al.

435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496


www.pnas.org/cgi/doi/10.1073/pnas.1216057111

497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558

A Bl
o Trunk
z © diameter , Deltaproteobact &
% He\i:hmle er eltaproteobactena § Growth rate
5 % Alphaproteobacteria
f c Np 535 ] Mortality rate/ Thermomicrobia Fig. 5. Relationships between microbial community
e O Leaf area 4 Leaf thickness X . .
2 2 Deltaproteobacteria structure and suites of correlated plant host traits on
<« Leaf dry @ eaf area . .
z s it : g Height Barro Colorado Island, Panama. (A a.nd B) Axis 1 vs. 2
T ood densi K 2 Al A (A) and axis 2 vs. 3 (B) from a principal components
2 . . .
= € |Betapréteobacteria Mortality rate g 2 S C  diameter analysis (PCA) of host plant traits across 217 plant
Q Elusimicrobla o species. These axes explain 49% of the variation in
s LMA ca ™ g PN the data. Arrow direction indicates the correlation
g 9 e § among traits, arrow length indicates the strength of
1l = - . . . .
= SRIISIESE W g the correlation. Black arrows indicate correlations
- ™T7-3 among plant traits, blue arrows indicate significant
S Wood density correlations (P < 0.05) between PCA axes vs. the
T T T T 1 . . T T relative abundances of sequences from different
g . L or 92 01 00 0.1 02  microbial classes measured on a subset of 57 host
Host trait PCA Axis 1 (24.4% of variance) Host trait PCA Axis 2 (14.6% of variance) species. LMA, leaf mass per area.
Methods each OTU using the BLAST algorithm as implemented in QIIME (62). After

Bacterial Community Sampling and Sequencing. We collected bacteria from
the leaf surfaces of woody plants in a tropical lowland rainforest on Barro
Colorado Island, Panama in December 2010. We sampled between one and
five individual trees from each of 57 species. Each sample consisted of shade
leaves collected from the subcanopy (2-10 m above ground) by clipping 50—
100 g fresh mass of leaves from an individual plant into sterile roll bags with
surface-sterilized shears. Microbial cells were collected from leaf surfaces by
agitating leaves for 5 min in 100 mL of 1:50 diluted wash solution [1 M
Tris-HCl, 0.5 M Na EDTA, and 1.2% CTAB (60)] and pelleting via centrifuga-
tion at 4,000 x g for 20 min. The supernatant was removed by pipetting, cells
were resuspended in 500 pL MoBio PowerSoil bead solution, and DNA was
extracted using the MoBio PowerSoil kit.

Amplicon libraries were prepared for lllumina sequencing using a two-stage
PCR protocol. We first targeted the V5-V6 region of the bacterial 16S rRNA
gene using cyanobacteria-excluding primers [16S primers 799F-1115R (32, 61)]
to exclude chloroplast DNA. Primers were modified with a 5’ tail that added
a 6-bp barcode and partial lllumina adaptor sequence to 16S fragments dur-
ing PCR (modified 799F: 5-CGGTCTCGGCATTCCTGCTGAACCGCTCTTCCGATCT
xxxxxx AACMGGATTAGATACCCKG; modified 1115R: 5'-ACACTCTTTCCCTA-
CACGACGCTCTTCCGATCT xxxxxx AGGGTTGCGCTCGTTG, where “x" represents
barcode nucleotides). Twenty-five-microliter PCR reactions consisted of 5 pL 5x
HF buffer (Thermo Scientific), 0.5 pL dNTPs (10 pM each), 0.25 pL Phusion Hot
Start Il polymerase (Thermo Scientific), 0.5 pL each primer (10 uM), 2-4 pL of
genomic DNA, and 16.25-18.25 pL molecular-grade water. Reactions were
performed in triplicate for each sample with the following conditions: 30 s
initial denaturation at 98 °C, followed by 20 cycles of 10s at 98 °C, 30 s at 64 °C,
and 30 s at 72 °C, with a final 10-min elongation at 72 °C. Triplicate reactions
were pooled, cleaned using MoBio UltraClean PCR cleanup kit, and resus-
pended in 50 pL of solution C6. Using cleaned PCR product as a template,
a second PCR was performed with custom HPLC-cleaned primers to further
amplify 16S products and complete the lllumina sequencing construct
(PCRII_for: 5-AAGCAGAAGACGGCATACGAGATCGGTCTCGGCATTCCTGC;
PCRIl_rev: 5'-ATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGA-
CG). Single 25-uL reactions were performed for each sample, with reagents
and conditions as described above, but reactions were run for 15 rather than
20 cycles. A ~445-bp fragment was isolated by electrophoresis in a 2% agarose
gel, and DNA was recovered with the MoBio GelSpin kit. Multiplexed 16S li-
braries were prepared by mixing equimolar concentrations of DNA from each
sample. The resulting DNA library was sequenced using Illumina HiSEq 150-bp
paired-end sequencing at the University of Oregon Genomics Core Facility.

We processed raw sequence data with the fastx_toolkit and QIIME (62)
software pipelines to trim and concatenate paired-end sequences to a single
sequence of length of 212 bp (106 bp from each paired end), eliminate low-
quality sequences by removing trimmed sequences with a mean quality
score less than 30 or with any base pair with a quality score less than 25, and
de-multiplex sequences into samples using barcode sequences. A combina-
torial barcoding approach was used to allow bioinformatic identification of
each sample via the unique combination of forward and reverse barcodes
attached to each sequence (63). We binned sequences into OTUs (a species
equivalent) at a 97% sequence similarity cutoff using uclust (64) and
eliminated putative chimeric OTUs and estimated the taxonomic identity of

1. Vorholt JA (2012) Microbial life in the phyllosphere. Nat Rev Microbiol 10(12):
828-840.
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quality filtering and rarefaction of each sample to 4,000 sequences, 548,000
sequences from 137 samples representing 57 tree species remained and
were included in all subsequent analyses. We inferred phylogenetic rela-
tionships among all bacterial OTUs using a maximum likelihood GTR+
Gamma phylogenetic model in FastTree (65).

Plant Host Traits, Fitness, Function, and Phylogeny. Data on host plant func-
tional traits, including growth form and adult stature [average diameter at
breast height (DBH) and average height of six largest individuals by DBH in
a fully enumerated 50-ha forest plot], leaf elemental chemistry (concentra-
tion of aluminum, calcium, copper, potassium, magnesium, manganese,
phosphorous, zing, nitrogen, and carbon), leaf morphology (leaf mass per
area, leaf dry matter content, leaf thickness, leaf area), wood density, sapling
growth rate, and sapling mortality rate, were obtained for all species
according to data previously collected from Barro Colorado Island (39).
Phylogenetic relationships among plant hosts were estimated according to
a maximum-likelihood phylogeny for Barro Colorado Island woody plant
species (66).

Data Analyses. Data analyses and visualization were performed using the ape
(67), ggplot2 (68), picante (69), and vegan (70) packages for R (71). We
quantified variation in bacterial community structure among samples using
the weighted UniFrac index, an abundance-weighted measure of the phy-
logenetic differentiation among bacterial communities (72). We summarized
major gradients in bacterial community structure among samples using
a nonmetric multidimensional scaling ordination of weighted UniFrac dis-
tances. We identified relationships between bacterial community structure
and host plant traits by calculating correlations between host plant traits
and the scores of samples on the axes of the bacterial community ordination.
We partitioned the variance in phyllosphere bacterial community structure
explained by host traits and host taxonomy using variance partitioning
(73) and permutational MANOVA analysis (74) of the variance in weighted
UniFrac distances explained by different traits and taxonomic ranks. We
quantified the evidence for nonneutral community assembly of microbial
communities on leaves using null model testing of phylogenetic diversity
(75). We estimated the abundance-weighted mean pairwise distance (MPD)
among sequences in each sample and calculated a standardized effect size
(SESppp) by comparing the observed values to the value expected if com-
munities were assembled at random from the pool of all OTUs observed on
all leaves (75).
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