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ABSTRACT

The determinants of phyllosphere microbial communities are
drawing much attention given their functional importance for
their plant host fitness and health. Identifying these determinants
remains challenging in neotropical forests, considering the
diversity of the tree hosts and the strong vertical heterogeneity
of abiotic conditions within the canopy and at the scale of the
leaf. Here, we studied fungal and bacterial communities living in
the endophytic and epiphytic phyllosphere in tree species across
vertical gradients, from the top of the canopy to the ground. We
used DNA metabarcoding to characterize microbial communities
and measured abiotic variables and foliar traits to characterize
environmental heterogeneity. The assembly of fungal
communities was more driven by deterministic processes
compared with bacteria, with endo- and epiphytic communities
being similarly shaped by the host identity and unmeasured
parameters. In contrast, in bacterial communities, the relative
importance of deterministic processes decreased from

endophytic to epiphytic communities. Bacterial epi- and
endophytic communities were partly and differently determined
by the position within the canopy, the host identity, and leaf traits,
suggesting an effect of the vertical gradient and a stronger
selection in the inner tissues of the leaf than on its surface. The
tree host exerts a selective pressure on microbial communities
but the leaf as microhabitat also contributes significantly to the
assembly of microbial communities. Discrepancies exist
between fungi and bacteria that probably reflect different
life-history traits and ecological strategies, emphasizing the need
to study these communities jointly if we are to fully understand
plant–phyllosphere interactions.
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Plants have a long history of coevolution with microorganisms,
and their interactions have proven to be a key asset to the colo-
nization of land by plants (Strullu-Derrien et al. 2018). Trees, like
all plants, interact with microbes. These interactions take place
not only in tree roots but also in leaves, an environment called the
phyllosphere. A huge diversity of microorganisms colonizes the
phyllosphere, either on the surface (epiphytes) or within the internal
tissues of leaves (endophytes) (Rosado et al. 2018). These micro-
bial communities encompass most microbial life forms (including
filamentous fungi, yeasts, and protists) but are largely dominated by
bacteria and fungi (Chaudhry et al. 2021; Rosado et al. 2018; Stone
et al. 2018). Phyllosphere microbial communities (PMCs) have
received growing attention in recent years due to their influence on
plant fitness (Rosado et al. 2018; Vacher et al. 2016; Vorholt 2012).
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In particular, PMCs can modify photosynthesis (Rho and Kim
2017; Rosado et al. 2018), be beneficial in plant–insect interactions
(Fernandez-Conradi et al. 2018; Omacini et al. 2001; Vacher et al.
2021), and upregulate host defensive pathways (Álvarez-Loayza
et al. 2011; Arnold et al. 2003; Christian et al. 2017). Thus,
disentangling the mechanisms shaping PMCs should help in
understanding how trees would respond to a variety of stresses or
disturbances. As for communities of macroorganisms, determin-
istic and stochastic processes mutually regulate the assembly of
PMCs (Dini-Andreote et al. 2015; Nemergut et al. 2013; Vellend
2010, 2016; Zhou and Ning 2017). In this determinism-stochastic
framework, microbial communities are dynamically structured
by four ecological processes: selection (deterministic niche-based
recruitment of a particular set of species; that is, environmental fil-
tering and biotic interactions) (Vellend 2010), dispersal (movement
and establishment of species across space either deterministic or
stochastic) (Chase and Myers 2011; Hanson et al. 2012), ecological
drift (neutral stochastic demographic processes) (Chase and Myers
2011; Hubbell 2011), and evolutionary diversification (stochastic
processes generating new genetic variation) (Nemergut et al. 2013).
In the case of PMCs, the host may participate in selection and
dispersion by controlling the quantity and quality of the nutrient
pool available, or by producing antimicrobial molecules, thereby
selecting particular microbial taxa (Chaudhry et al. 2021). More-
over, the physiology of the host, mediated or not by environmental
constraints, could also exert strong effects on communities (Vacher
et al. 2016). However, the effect of the identity of the host plant
species remains inconsistent, with some studies reporting a signifi-
cant effect (Kembel et al. 2014; Laforest-Lapointe et al. 2016) while
others report no effect (Griffin et al. 2019). Part of this inconsistency
probably lies in the fact that previous studies did not necessarily
consider the environmental heterogeneity occurring within the
canopy. Indeed, PMCs are exposed to vertical gradients in light and
water availability, which influence their composition and diversity
(Harrison et al. 2016; Izuno et al. 2016). As a matter of fact, in trop-
ical forests, vertical gradients are particularly steep and the biotic
and abiotic conditions in the canopy are very different from those
of the understory. The forest top of the canopy is exposed to strong
winds (Bittar et al. 2018), sunlight, and high temperatures (Shaw
2004), while the understory receives only 3% of full irradiance and
30% of the rainfall (Calder 2001). Hence, the resultant environmen-
tal heterogeneity within the canopy in tropical forests could partly
drive the assembly of PMCs, with leaves at the top of the canopy
being prone to drier and hotter conditions. In addition, PMCs live
in two distinct microenvironments: the internal part (endophytic
PMCs) and the surface (epiphytic PMCs) of the leaf, which is more
exposed to external environmental conditions (Vacher et al. 2016).
Colonization success of the leaf surface may depend on particular
microbial functions such as the ability to extract nutrients from the
internal tissues while developing on the leaf surface or growing
from the few nutrients occurring at the leaf surface, and the ability
to withstand dry environments and UV radiation, through motility
or biofilm formation (Chaudhry et al. 2021; Vacher et al. 2016).
In contrast, leaf internal tissues are richer in nutrients but also
contain more plant defense metabolites. In neotropical forests,
the wide range of ecological strategies developed by the trees
(Allié et al. 2015; Fortunel et al. 2012) is partly translated into the
chemistry and the morphology of their leaves (Courtois et al. 2012;
Hättenschwiler et al. 2008) with, consequently, a high degree of
heterogeneity between tree species. Therefore, leaf endophytic
and epiphytic communities should be driven by different factors
and processes. Indeed, in mangrove trees, the composition of
fungal endophytic communities in leaves are more strongly shaped
by the host than epiphytic ones (Yao et al. 2020). In contrast,

the plant identity had a stronger effect on bacterial epiphytic
communities (Yao et al. 2019). In olive trees, fungal endophytic
and epiphytic communities in leaves are also differentially driven
by environmental factors and plant organs (Gomes et al. 2018),
whereas variations of nutrients and environmental conditions
between internal and external plant tissues strongly influence the
composition of bacterial communities and tend to recruit bacterial
taxa resistant to desiccation and radiation at the leaf surface (Mina
et al. 2020). In the light of all of these studies, and concomitantly
with the effects of environmental heterogeneities within the vertical
gradient between trees species and at the leaf scale, the assembly
of bacterial and fungal members of the phyllosphere should differ
(Wei et al. 2022).

In this study, we analyzed the assembly processes shaping the
microbial communities living in the endophytic and epiphytic phyl-
losphere in three neotropical tree species in French Guiana. Specif-
ically, we analyzed the epi- and endophytic bacterial and fungal
communities across vertical environmental gradients present from
the top of the canopy to the ground. We used DNA metabarcoding
to characterize microbial communities and measured leaf morpho-
logical and chemical traits of host trees in parallel to describe their
microhabitat along the vertical gradient. Foliar traits were selected
mainly in the leaf economic spectrum (Wright et al. 2004) because,
for leaf microbial communities, they can be indicative of water
(Hetherington and Woodward 2003) and sugar availability (Evans
and Seemann 1989; Field and Mooney 1986) or defense metabolism
and space available for microbial colonization (Chaudhry et al.
2021). We specifically tested the following hypotheses: (H1) ver-
tical stratification is stronger in epiphytic than in endophytic com-
munities because epiphytes are more exposed to the within-canopy
microclimate gradients; (H2) leaf traits contribute more to the as-
sembly of endophytic than epiphytic communities because endo-
phytes are intimately linked to their host tree; and (H3) the assembly
of bacterial and fungal members of the phyllosphere should differ,
because fungi and bacteria differ substantially in their growth habits
and dispersal capability.

MATERIALS AND METHODS

Study site and sampling design. Leaf sampling was conducted
in October 2017 at the Nouragues Experimental Station (4.02°N,
52.414°W) with the help of the Canopy Operating Permanent
Access System and tree climbers. Three tree species abundant in the
studied area were selected: Eperua falcata Aubl. (Caesalpiniaceae),
Macrolobium bifolium Aubl. (Caesalpiniaceae), and Tetrasgastris
Gaertn. Sp. (Burseraceae). E. falcata is a shade hemitolerant dom-
inant species growing in relatively dense clusters and on a large
spectrum of edaphic conditions (Baraloto et al. 2005; Roggy et al.
1999). Macrolobium is a widespread genus throughout the Ama-
zonian basin (Murphy et al. 2017). Tetragastris sp. belongs to the
family Burseraceae, an important neotropical tree lineage known
for its chemical defenses, including terpenes and phenolics (Fine
and Kembel 2011). The sampling area was approximately 2 ha of
homogeneous forest habitat. Five individuals of each tree species
were selected, tall enough to have leaves on top of the canopy in full
light, and geolocalized (Fig. 1A). On each individual, we sampled
leaves at three heights and also in the litter (Fig. 1B): on top of
the crown (top canopy [TC]), in the middle of the crown (middle
canopy [MC]), on the lower branch of the crown (bottom canopy
[BC]), and on the soil beneath each tree individual (litter [L]) Three
leaves were collected at each height for DNA analysis. Each leaf
was collected in a separate plastic bag to avoid cross contamination,
resulting in 180 leaf samples (three tree species × five individuals ×
four heights × 3 leaves). In addition, we collected two leaves for
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each height and each individual that were further used for leaf trait
measurements. Leaves were sealed immediately after sampling in
preweighted ziplock plastic bags and placed in a cooler until return
to the lab.

Microclimate measurements. Irradiance at each height (TC,
MC, BC, and L) was recorded with a photosynthetically active radi-
ation linear sensor (Accepter model LP-80 PAR/LAI Ceptometer;
Decagon Devices). Instantaneous measurements were realized at
the level of sampled leaves for four trees and values were then
compared with a reference sensor located at the top of a nearby flux
tower (NOURAFLUX; https://www.cnrs.fr/fr/dsi), which provided
an estimate of the incident irradiance above the canopy (i.e., the full
irradiance). For each height, relative irradiance (percentage) was
computed as the ratio of the local and above-the-canopy irradiance.
Air temperature and relative humidity were measured with environ-
mental HOBO sensors (model U23-001, HOBO Pro V2 Temp/RH
Data logger; Amanvillers, France) placed at each canopy height
(TC, MC, and BC) on two trees over 24 h.

Morphological and chemical leaf traits measurements. We
measured 21 leaf traits that may influence the diversity, composi-
tion, and function of leaf microbial communities. We measured leaf
water content (LWC) and stomatal density (SD) and four morpho-
logical traits: leaf dry matter content (LDMC), leaf mass per area
(LMA), leaf thickness (LT), and leaf area (LA). All four are infor-
mative of the production of biomass by the plant and the density
of leaf (Garnier et al. 2001). We also measured chlorophyll (Chl),
nitrogen (N), carbon (C), and phosphorus (P) and major cations
(calcium [Ca], magnesium [Mg], and potassium [K]), some trace
metals (copper [Cu], manganese [Mn], iron [Fe], and zinc [Zn]),
and sodium (Na) contents. One sampled leaf was used to measure
SD while the other one was used to measure LWC and all other
traits. To measure SD, a band of lamina was fixed with 5% for-
malin, 5% acetic acid, and 50% ethanol buffer. SD of the adaxial
surfaces of the lamina (number of stomata per square centimeter)
was then determined in the lab with imprints made using trans-
parent nail varnish. The number of stomata was recorded using an
optical microscope for each lamina as the average of five randomly
selected areas of 1 cm2 each (Leroy et al. 2009). To measure the
other traits, fresh weight (fw) (in grams) was determined by weigh-
ing the sealed preweighted bags containing the fresh leaves. LA (in

square centimeters) of fresh leaves was measured with a scanner
and the ImageJ software (Schneider et al. 2012). LT (in microm-
eters) was estimated as the mean of three to eight measurements
(four per simple leaf and one per leaflet for a compound leaf) with
a digital micrometer (Digimatic micrometer; Mitutoyo, Japan). We
took care to avoid the main veins for these measurements. Chl con-
tents (in micrograms per square centimeter) were estimated with a
portable Chl meter (SPAD-502, Osaka, Japan). Four to eight SPAD
measurements per leaf (one per leaflet for a compound leaf) were
averaged to obtain the SPAD estimate of the leaf, and Chl content
was computed using the calibration equation proposed by Coste
et al. (2010). Leaves were then dried at 60°C for 72 h and weighed
(dry weight [dw] in grams). LWC (fw − dw/fw; percentage), LMA
(dw/LA; in grams per square meter), and LDMC) (dw/fw; in mil-
ligrams per gram) were calculated. Leaves were then ground to
determine C, N, P, ash, and elemental (Ca, Cu, Fe, Mg, Mn, K,
Na, and Zn) contents (percentage) at the USRAVE platform of
Bordeaux (France). Leaf specific construction cost (CCM) (grams
of glucose per gram dw) was estimated from C, N, and ash con-
tents, according to Poorter (1994). As in Coste et al. (2011), this
computation assumed that all N was absorbed as nitrate. Hence,
an additional cost for nitrate reduction in nonphotosynthetic tissues
was taken into account. Altogether, these measurements resulted in
21 morphological and chemical leaf traits.

Phyllosphere microbial communities sampling. To collect epi-
phytic PMCs, the whole upper and lower surfaces of each leaf
were carefully wiped with a piece of Whatman paper (2 by
2 cm) sterilized by autoclaving (120°C, 20 min) and soaked
in sterile cetyltrimethylammonium bromide (CTAB) buffer (2%
cetyltrimethylammonium bromide, 1% polyvinyl pyrrolidone, 100
mM Tris-HCl, 1.4 M NaCl, and 20 mM EDTA), within 4 h after
leaves were harvested. The Whatman paper was stored in a 2-ml Ep-
pendorf tube filled with sterile CTAB buffer for downstream DNA
extraction. The surface sterilization protocol recommended by
Compant et al. (2021) was used to collect endophytic PMCs. Each
leaf was surface sterilized in 0.525% sodium hypochlorite (2 min)
and 70% ethanol (2 min). Two segments of 2 cm2 in area from
the lamina were cut and stored in a 2-ml Eppendorf tube filled with
sterile CTAB buffer for downstream DNA extractions and close to a
field Bunsen burner to create a sterilized environment. This resulted

Fig. 1. A, Localization of each tree in the sampling area. B, Variations of relative irradiance, temperature, and relative humidity levels along the vertical
gradient; the four positions of sampling are shown. C, Principal components analysis (PCA) of traits of individual leaves on the two first PCA axes with
open circles, filled circles, and triangles corresponding to leaves from Eperua falcata, Macrolobium bifolium, and Tetragastris sp., respectively. Axes
1 and 2 represent 50 and 17%, respectively, of the overall leaves’ inertia. Abbreviations: leaf water content (LWC), stomatal density (SD), leaf dry
matter content (LDMC), leaf mass per area (LMA), nitrogen (N), carbon (C), carbon/nitrogen ratio (C:N), phosphorus (P), calcium (Ca), magnesium
(Mg), potassium (K), copper (Cu), manganese (Mn), iron (Fe), and zinc (Zn), sodium (Na), and leaf specific construction cost (CCM).
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in 360 DNA samples (three tree species × five individuals× four
heights × three leaves × two DNA types [epiphytic or endophytic]).

DNA extraction, amplification and sequencing. DNA was ex-
tracted using a CTAB extraction method (Carrell and Frank 2014).
We added 1,400 µl of CTAB solution to 0.6 g of tissue or Whatman
paper, incubated the mixture for 2 h at 60°C, and homogenized it
with glass beads for 3 min. Proteins were removed by adding a
two-step addition of 600 µl of chloroform, centrifuging for 10 min
at 16,000 × g, and isolating the top aqueous phase in a sterile tube.
Nucleic acids were precipitated by adding a 120-µl volume of cold
3 M sodium acetate and 1 ml of cold isopropanol, then frozen at
−20°C for 12 h and centrifuged for 30 min at 16,000 × g. The
supernatant was discarded, and 700 µl of 70% ethanol was added to
the solution and centrifuged for 10 min. The air-dried pellet was re-
suspended with 30 µl of DNA resuspension fluid (1.0 M Tris-HCL
and 0.1 M EDTA) and stored at −20°C.

To characterize bacterial communities, the V5-V6 region of the
bacterial 16S ribosomal RNA (rRNA) gene was amplified using the
chloroplast-excluding forward primer 799f (Chelius and Triplett
2001) and the reverse primer 1115R (Reysenbach and Pace 1995).
For fungi, the internal transcribed spacer 2 (ITS2) region of the
rRNA gene was amplified using the ITS86F (Turenne et al. 1999)
forward and the ITS4 (White et al. 1990) reverse primers, as recom-
mended by Op de Beek et al. (2014). Forward and reverse primers
were tagged in 5′ with a combination of two different 8-nucleotide
labels. The PCR amplification was done in 25 μl with 1× buffer,
0.22 mM dNTP each, 0.45 μM each tagged primer, 2.84 mM
MgCl2, bovine serum albumin at 0.11 mg/ml. and Taq polymerase
(Solis Biodyne) at 0.04 U/μl. The thermocycling conditions were
as follows: 5 min at 94°C, followed by 30 cycles of 30 s at 94°C,
30 s at 58°C, and 40 s at 78°C. The PCR reactions were done
for each sample separately and amplicons were quantified with a
fluorescence-based method (Qubit 3.0; Invitrogen Life Tech) and
pooled in equimolar conditions. The library was built using the
Fasteris MetaFast protocol (FASTERIS SA, Plan-les-Ouates,
Switzerland) to minimize the amounts of tag switches (Esling et al.
2015), and sequenced on one MiSeq Illumina run (FASTERIS
SA,) using the paired-end sequencing technology (Metafast pro-
tocol, FASTERIS SA). To control for potential contaminants and
false-positive sequences caused by tag-switching events (Esling
et al. 2015), the molecular experimental design comprised both
extractions and PCR negative controls that were systematically se-
quenced, as well as unused tag combinations.

Bioinformatics. In total, 3,181,610 sequencing reads were ob-
tained and curated using the OBITools3 package (Boyer et al. 2016)
and R software (R Core Team 2022) following the procedure de-
scribed by Zinger et al. (2019). Paired-end reads were assembled
and assigned to their respective samples. After dereplication, low-
quality sequences (i.e., containing Ns, being shorter than 80 pb or
singletons) were excluded. PCR or sequencing errors were removed
from the dataset. Briefly, cross-sample contaminations and reagent
contaminants were removed on the basis of negative and empty
controls, and dysfunctional PCRs were detected with the metabaR
R package (Zinger et al. 2020) as indicated by Zinger et al. (2019).
They represented <1% in the bacterial dataset and approximately
6% of reads in the fungal dataset (Supplementary Table S1). The re-
maining sequences were clustered into operational taxonomic units
(OTUs) at 97% similarity using the Sumaclust algorithm (Mercier
et al. 2013). The most abundant sequence was considered represen-
tative of the OTU and assigned a taxon using the SILVAngs r138.1
(Quast et al. 2013) for bacteria and the RDP Classifier (Wang et al.
2007) for fungi. Finally, we checked the taxonomic assignments and
kept only sequences assigned to the Bacteria and Fungi kingdoms.
Curated data yielded 812,253 reads corresponding to 10,096 OTUs

in 274 samples for Bacteria and 1,105,257 reads, 9,582 OTUs,
and 313 samples for Fungi. These data were then split into en-
dophytic and epiphytic communities (Supplementary Table S2).
Subsequently, each taxonomically defined OTU was assigned with
a trophic group using the FungalTraits database (Põlme et al. 2020)
for Fungi. This resulted in three trophic groups for Fungi (sym-
biotroph, saprotroph, and pathogens). For Bacteria, we assigned
each OTU several putative functional groups based on OTU taxon-
omy. Functional information was retrieved from several functional
databases and studies. First, we classified them into six main trophic
classes: saprotroph, photolithoautotroph, chemolithoautotroph,
osmotroph, phytoparasite, and zooparasite (Louca et al. 2016;
Madin et al. 2020; Wardeh et al. 2015). We also classified OTUs
into two groups according to their efficiency in resource utilization
(i.e., Copiotroph versus Oligotroph) based on Ho et al. (2017). We
finally classified OTUs into two key functional groups linked to the
N cycle (i.e., N-fixing and nitrifying bacteria) (Louca et al. 2016;
Nelson et al. 2016). We acknowledge that inferring a function from
the taxonomy makes the implicit assumption that the affiliation of
functions is well conserved, which is not completely the case. We
also acknowledge that this functional analysis will be partial, be-
cause the databases and studies used here remain incomplete for
many bacterial clades.

Statistical analyses. All analyses were conducted using the R
software (R Core Team 2022) and with packages vegan 2.5-7
(Oksanen et al. 2020), adespatial 1.7-17 (Dray et al. 2021), ade4
1.7-19 (Dray et al. 2022), lme4 1.1-27.1 (Bates et al. 2015), Fac-
toMineR 2.4 (Lê et al. 2008), metabaR (Zinger et al. 2021), hillR
(Li 2018), and ggplot2 3.3.5 (Wickham 2016).

First, we tested the effects of vertical positions in the crown, the
host species, and their interactions on each leaf trait with analy-
sis of variance. Normality of each variable was assessed with a
Shapiro test and variables were box-cox transformed when neces-
sary. The processes involved in the assembly of endophytic and
epiphytic PMCs was assessed by estimating their variation in α and
β diversity across host species, vertical positions (TC, MC, BC,
and L), and geographic locations of the host trees. The diversity
of PMCs (fungal and bacterial endophytes and epiphytes, respec-
tively) was estimated using the exponential of the Shannon index
(Jost et al. 2010). These indices correspond to the Hill numbers at
q = 1, which have been shown to provide more robust estimates of
diversity (Calderón-Sanou et al. 2020; Haegeman et al. 2013). To
stay in the framework of Hill numbers, the composition of PMCs
was assessed using Morisita-Horn distances with q = 1 (Chao et al.
2014; Jost et al. 2010). This index is more resistant to undersam-
pling because the relatively rare species have little effect. Because
spatial autocorrelation may arise from both spatially structured en-
vironmental factors and dispersal, spatial variation was accounted
for by including principal components of neighbors matrices
(PCNMs) spatial eigenvectors based on the geographical coordi-
nates of tree individuals in the model. We only considered down-
stream the PCNMs having a positive and significant Moran’s I, as
assessed with 1,000 permutations. To study α-diversity responses,
we built linear models to quantify the effects of geographical po-
sition of trees (significant PCNMS), host species identity (E. fal-
cata, M. bifolium, and Tetragastris sp.), vertical position in the
canopy (TC, MC, BC, and L), and all leaf traits as variables on
the Shannon index. We checked the potential collinearity among
variables with a variance inflation factor (VIF) and removed vari-
ables with VIF values >5. As a result, LWC, LDMC, CCM, and C
content had the highest values and were removed from further anal-
ysis. To minimize the model overfitting, we then conducted a step-
wise selection based on the Akaike information criterion (Ripley
2021).
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The relationships between the composition of PMCs and their
environments were estimated by performing distance-based redun-
dancy analyses based on Morisita-Horn distances (and q = 1), as
mentioned above. The models included the same factors as above
(i.e., significant PCNMs, host species identity, vertical position in
the canopy, and all leaf traits) (21 variables) as explanatory vari-
ables. We first checked the potential collinearity among variables
with a VIF and found no variables with VIF values >10 (our thresh-
old). We then checked the significance of the test, including all con-
straints, and selected the most parsimonious model with a stepwise
removal of the least contributing variable based on their adjusted R2.
We illustrated the patterns of the structure of bacterial and fungal
communities by performing a nonmetric multidimensional scaling
ordination on Morisita-Horn distance matrices.

In parallel, we examined the variability of bacterial and fungal
trophic groups across the vertical gradient by performing a Kruskal-
Wallis rank test (P < 0.05) followed by a Dunn’s test for multiple
comparisons. We illustrated the differences across the vertical gra-
dient with boxplots for each group.

To supplement our statistical approach and better disentangle the
relative contribution of deterministic and stochastic processes in the
assembly of epiphytic and endophytic communities in leaves, we
also implemented an abundance-based β-null modeling approach
(Dini-Andreote et al. 2015; Tucker et al. 2016). The model calcu-
lated the deviation between the observed β diversity and the null-
expected β diversity of randomly assembled pair of communities.
We used the R code proposed by Luan et al. (2020) to generate a null
scenario by random resampling OTUs and reads in the community
matrix. The total occurrences and abundances of OTU were used as
probabilities of selecting an OTU and its number of reads. Null ex-
pectations of community dissimilarities for each sample pair were
obtained based on average Bray-Curtis dissimilarities of simulated
communities. The null deviation value (NDV) was then defined as
the difference between the observed and the averaged null dissim-
ilarities. Close to 0, NDV indicated higher influence of stochastic-
ity whereas, close to −1 or +1, it indicated a higher influence of
deterministic processes. We computed NDVs for fungal and bac-
terial communities globally and separately for endophytic and epi-
phytic communities. Averaged NDVs were then compared with a
Wilcoxon test.

Last, we further characterized how the identity of the host, the
position within the vertical gradient, and leaf traits select for par-
ticular epiphytic and endophytic communities by estimating each
OTU’s niche breadth. To this end, we used the outlying mean in-
dex (OMI). More specifically, for each OTU, the OMI measured
the distance between the mean environmental conditions where it
occurs and the mean environmental conditions of the study area
(Dolédec et al. 2000; Thuiller et al. 2005). A lower OMI value in-
dicates that the species has a larger niche breadth, thus suggesting
that the species is less subjected to environmental selection. We
computed OMI values for fungal and bacterial OTUs globally and
separately for endophytic and epiphytic communities. Because the
datasets had many OTUs with very low abundances that could have
blurred the signal, we decided to computed OMI only with the most
abundant OTUs (i.e., with an abundance higher than the first quar-
tile of sequence number across samples). Averaged OMIs were then
compared with a Wilcoxon test.

RESULTS

Variations in leaf microclimate, physiology, and chemical
composition within the canopy and between tropical tree
species. Temperature and relative humidity showed no significant
differences between the top and the bottom of the canopy (86 ± 12%

relative humidity and 26 ± 3°C) but the relative irradiance varied
from 77 ± 34% of the photosynthetic active radiation at the top of
the canopy to 1.55 ± 1.5% on the soil (Fig. 1B). The majority of
leaf traits exhibited strong and significant variations between host
species and across positions within the canopy (Supplementary Ta-
ble S3; Supplementary Figs. S1 and S2). Interactions between both
factors were only significant for CCM, C:N, Ca, Cu, Fe, Mn, Mg,
Na, P, K, and Zn contents. Half of the traits (10 of 20) decreased
across positions in the canopy. The other tenors remained constant
or increased across the positions in the canopy (Supplementary Ta-
ble S3; Supplementary Figs. S1 and S2).

Composition of bacterial and fungal communities in the phyl-
losphere. Phyllosphere bacterial communities were dominated by
six classes, including Alphaproteobacteria (49.06%), Actinobac-
teria (23.64%), Sphingobacteria (5.79%), Gammaproteobacteria
(4.50%), Chloroflexia (5.43%), and Cytophagia (2.44%) (Supple-
mentary Fig. S3B). Five orders represented 76% of the OTUs:
Rhizobiales, Actinomycetales, Sphingomonadales, Sphingobacte-
riales, and Rhodospirillales. We were able to identify 200 fam-
ilies and 630 genera of kingdom Bacteria, the latter being
mainly represented by genera Methylobacterium (12.60%) and
Sphingomonas (10.58%). Leaf fungal communities were domi-
nated by Dothideomycetes (36.17%), Sordariomycetes (25.74%),
Lecanoromycetes (10.74%), and Eurotiomycetes (8.36%) (Supple-
mentary Fig. S3A). Approximately 60% of the OTUs corresponded
to five orders: Capnodiales, Xylariales, Chaetothyriales, Hypocre-
ales, and Pleosporales. In total, fungal communities included 271
families and 621 genera. In all, 86% of fungal OTUs and 23% of
bacterial OTUs could be assigned a functional group. Among fungi,
25.57% were pathogens, 35.73% were saprotrophs, and 4.45% were
symbiotrophs (Supplementary Fig. S4A to C). Among bacteria,
5.41% of OTUs were categorized as photolithoautotroph, 38.94%
as copiotroph (and 6.71% as oligotroph), 5.33% as N-fixing, and
1.67% as nitrifying (Supplementary Fig. S4D to H).

Drivers of phyllosphere bacterial and fungal communities.
Overall, the diversity of fungal communities was poorly explained
by our models (12 and 4% of the variation for endophytes and epi-
phytes respectively) (Supplementary Table S4). Endophytic fungal
communities were mainly influenced by the geographical position
of trees and SD, and epiphytic ones by one PCNM vector and po-
sition within the canopy (Supplementary Table S4). The variance
explained for bacterial α diversity was overall much higher (49
and 31% for endophytic and epiphytic communities, respectively).
The diversity of bacterial endophytic communities was mainly in-
fluenced by the position in the canopy (MC and L); the thickness
of the leaf; Chl, Mg, and Na contents; and SD, whereas the posi-
tion within the canopy (L); geographical position of the trees (three
PCNMs); LMA; and Chl, Ca, Cu, and K contents were the main
drivers of the diversity of epiphytic communities (Supplementary
Table S4). Likewise, the structures of communities were differently
driven by host species, geographical position of the trees, position
within the canopy, and leaf traits (Fig. 2; Supplementary Table S5).
More specifically, for fungi, host species and geographical position
(the later only for endophytic communities) were the only factors
retained in our models but the variance explained was only 2%.
In bacterial communities, the variation of endophyte communities
was significantly driven by the position within the canopy, the host
species, some morphological traits (LT, SD, and LDMC) and chem-
ical traits (K, Na, Mg, Cu, Chl contents, and C:N), and geograph-
ical position of the trees (five PCNMs). The full model explained
up to 20% of the variation. The composition of epiphytic bacte-
rial communities was significantly driven by their position within
the canopy, the host species, some morphological traits (LT, LMA,
CCM, LWC, and SD) and chemical traits (C, N, C:N, K, Ca, Cu,
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Mn, Mg, and Chl contents), and geographical position (all PCNMs),
the full model explaining up to 23% of the variation. We found a
clear differentiation of L samples from the rest of samples for both
endophytic and epiphytic bacterial communities (Fig. 3A and B)
but no clear patterns of fungal community structure across the po-
sition in the vertical gradient or among host tree species (Fig. 3C

and D). In parallel, the position within the vertical gradient had no
significant effect on any of the three fungal trophic groups and only
on bacterial photolithoautroph (Supplementary Fig. S4A to D). We
detected no significant effects of position within the vertical gradi-
ent for any fungal trophic groups (Supplementary Fig. S4A to C).
There were significantly more copiotrophic (and less oligotrophic)
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(significant principal components of neighbors matrices), and leaf traits. Results are shown of a stepwise selection of variables using dbRDA for
each endophytic and epiphytic fungal or bacterial community. For clarity, cumulative adjusted R2 for all variables and adjusted R2 for each individual
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Overall results are available in Supplementary Table S5.
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and more N-fixing and nitrifying bacteria in L samples than in other
positions in the canopy (Supplementary Fig. S4E to H).

Stochasticity and niche breadth analyses of endophytic and
epiphytic communities. The extent of stochasticity in the assem-
bly of bacterial and fungal communities was evaluated with an
abundance-based β-null model approach. We found that both fun-
gal and bacterial communities deviated from the null expectations,
with fungal communities exhibiting significantly higher deviations
than bacterial ones (Fig. 4A). More specifically, NDVs for fungal

endophytes were significantly lower than those for epiphytic com-
munities (Fig. 4B). Bacterial endophytic communities’ NDVs were,
on average, significantly higher than those of bacterial epiphytic
ones (Fig. 4C). The impact of selection by leaf traits, host species,
and position within the vertical gradient on community assembly
was evaluated by computing niche breadth for each OTU. The aver-
age OMI of fungal communities was significantly higher than that
of bacterial ones (Fig. 5A) (P < 0.001). For fungal communities,
there was no significant differences between average OMI values
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of endophytic and epiphytic communities (Fig. 5B) (P = 0.352).
For bacterial ones, OMI values of endophytic communities were,
on average, significantly higher than that of epiphytic communities
(Fig. 5C) (P < 0.001).

DISCUSSION

Microbial communities in the phyllosphere were dominated by
fungal and bacterial clades that are in line with previous observa-
tions in tropical trees (Bulgarelli et al. 2013; Donald et al. 2020;
Griffin and Carson 2018; Kembel and Mueller 2014; Kembel et al.
2014) and the particularities of the phyllosphere environment (Stone
et al. 2018). Fungal communities mainly consisted of saprotrophic
and pathogen clades, with few symbiotroph, and were quite ho-
mogeneously spread across the vertical gradient in the trees. In
contrast, we found differences in bacterial trophic and functional
groups between communities in fresh leaves within the canopy and
litter leaves on the ground. We also report strong discrepancies in the
drivers of endophytic and epiphytic bacterial and fungal commu-
nities in the phyllosphere. Deterministic and stochastic processes
are two nonexclusive determinants of the assembly of leaf PMCs
(Stegen et al. 2013; Vacher et al. 2016; Vass et al. 2020; Zhou and
Ning 2017). Overall, the assembly of fungal communities had a
greater deterministic component, and fungal OTUs had a relatively
narrower niche breadth than bacterial ones. However, a very small
part of the variation among communities was explained, suggesting

that niche-based factors play only a minor role in controlling the
assembly of fungi. This could result from an incomplete selection
of biotic and abiotic factors in the models. For example, leaf fungal
communities are also driven by seasonality in temperature and rain-
fall (Gomes et al. 2018; Oita et al. 2021). In tropical areas with a
strong seasonality, as is the case in French Guiana, dry seasons lead
to a robust physiological filter at the leaf scale, where hot temper-
atures, lower humidity, and UV irradiance could limit survival of
propagules and the colonization of leaves, with consequently lower
richness of leaf fungal communities (Oita et al. 2021).

The balance between deterministic and stochastic processes were
similar for fungal endo- and epiphytic communities. In line with
the few studies that have specifically compared fungal endophytic
and epiphytic communities (Gomes et al. 2018; Santamaría and
Bayman 2005; Yao et al. 2019), the host, through leaf traits such
as SD, LA, and some chemical components, had a small and sim-
ilar effect. We noted also a small and significant effect of the ver-
tical position within the canopy. In addition, no factors seemed
to clearly drive the composition of either endophytic or epiphytic
communities or the distribution of the three fungal trophic groups
(saprotroph, symbiotroph, and pathotroph). This overlap between
communities might be the consequence of the intrinsic partic-
ularities of some foliar fungi that could be both epiphytes and
endophytes (Gomes et al. 2018), or their being able to modify
their trophic mode between green and dead leaves (Vacher et al.
2016).
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A different pattern emerged when considering bacterial com-
munities, where the relative importance of deterministic processes
decreased from endophytic to epiphytic communities. In the same
way, niche breadth was wider in bacterial epiphytic communities,
suggesting that the chemical and physical characteristic of the in-
ner tissues of leaf are more selective than the conditions of the
leaf surface. This is indicative of a higher control by the host over
colonization of internal than external tissues (Mina et al. 2020;
Trivedi et al. 2020). Host species identity and the position within
the canopy were also important drivers of bacterial communities
(up to 15% of the variation), in line with previous studies (Harri-
son and Griffin 2020; Herrmann et al. 2021; Kembel and Mueller
2014; Kembel et al. 2014; Laforest-Lapointe et al. 2016). Bacte-
rial responses to the identity of host species manifested themselves
either directly, suggesting an effect of host evolutionary history
or of unmeasured traits, or through interspecific leaf traits varia-
tions. Most of the values of leaf traits investigated decreased or
increased significantly with the vertical light gradient within the
canopy (Markesteijn et al. 2007; Poorter et al. 2019), which may
indicate an indirect effect of the irradiance on the composition of
bacterial communities in leaves. However, the vertical environmen-
tal gradient affected bacterial endophytic and epiphytic communi-
ties at different levels and through different factors. Specifically,

bacterial endophytic communities were more affected through their
diversity and epiphytic ones were more affected through their com-
position. The physiology of the leaf and its variations within the
canopy could explain this discrepancy: leaf resource uptake strate-
gies would affect local leaf nutrients and water availability to bac-
terial communities (Kembel et al. 2014; Lajoie and Kembel 2021).
LT and LMA, related to space for colonization, were involved in
the variations along the gradient of both bacterial communities.
Stomatal chambers or apoplastic spaces inside leaves (large inter-
cellular spaces known to host microbial communities) (Vacher et al.
2016) can explain the effect of the LT we found. The environment
at the surface of a leaf and its chemistry (cuticle layer, stomata, and
hydathodes) is known to create stressful and nutrient-poor condi-
tions where bacteria must adjust to multiple fluctuations (season
and day/night cycles, for example) (Bringel and Couée 2015). To
cope with them, bacteria develop growth strategies such as forming
large aggregates to successfully colonize the leaf (Chaudhry et al.
2021; Vacher et al. 2016; Vorholt 2012). Interestingly, leaf traits
related to water content (LWC and SD) had a significant impact
on both epi- and endophytic bacterial communities. Leaf surface
microtopographic features such as SD or leaf vein density have
been reported to regulate the assembly of the bacterial commu-
nities because they improve the supply of available water to the
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surrounding microorganisms (Vorholt 2012, Yan et al. 2022); and
stomata are entry points in the inner leaf tissues and one of the ma-
jor ways to regulate dispersal (Vacher et al. 2016). Chl, C, and N
contents and several chemical elements also significantly and differ-
ently shaped bacterial endo- and epiphytic communities, suggesting
a selection by the nutrients resulting from photosynthesis. Indeed,
leaf N content is linked to the maximum photosynthetic rate (Cor-
nelissen et al. 2001) and influences the composition of phyllosphere
bacterial communities (Kembel et al. 2014; Laforest-Lapointe
et al. 2016; Lajoie et al. 2020). Unmeasured leaf traits such as
volatile organic compounds exported to the surface of the leaf (i.e.,
methanol) could also explain the abundance of Methylobacterium
we found in bacterial communities (Lemanceau et al. 2017; Vacher
et al. 2016). There are different ways to explain that epiphytic com-
munities were less driven by deterministic processes. At the leaf
scale, dynamic interactions between microbes or between the mi-
crobes and the plant, highly heterogeneous plant responses to col-
onization (Schlechter et al. 2019), but also the microtopography at
the surface of the leaf (Yan et al. 2022) drive bacterial composition
and probably increase the contribution of stochasticity to bacte-
rial community assembly. Moreover, the bacterial colonization of
the leaf from bioaerosols (Bulgarelli et al. 2013), rainfall, and sub-
sequent splashing of raindrops (Morris 2002) or transmission by
herbivorous insects or animals (Vacher et al. 2016, 2021) may also
add stochasticity in the assembly.

To conclude, our study provides evidence that the assembly of
endophytic and epiphytic microbial communities in tropical leaves
was governed by a balance of deterministic and stochastic effects.
This resulted in different effects of the host and the position within
the vertical environmental gradient on microbial community diver-
sity and composition. Moreover, strong discrepancies exist between
the assembly of fungal and bacterial communities, probably due to
their different life-history traits and ecological strategies. This em-
phasizes the selective pressure (i.e., the phyllosphere effect) of the
plant on microbial communities but underlines that, at the leaf scale,
the microhabitat (inside or outside the leaf) substantially drives the
microbial communities. Few studies have specifically compared
endophytic and epiphytic communities (Bodenhausen et al. 2013;
Hunter et al. 2010; Mina et al. 2020; Yao et al. 2019, 2020). They
showed an intimate link between endophytic communities and the
plant and suggest that epiphytic communities are more resistant to
environmental disturbances. Extreme climate events are expected
to be more frequent in neotropical forests. It is then of great impor-
tance to understand how the functional and molecular interactions
between microbial communities (endophytic and epiphytic) and
their host plant will be a key asset to cope with these changes.

Data availability. Leaf traits measurements, all metadata on
tree individuals, raw and processed sequence data used for this
article, additional files needed, and R scripts are available from the
Zenodo repository (https://doi.org/10.5281/zenodo.7802975).
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