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Abstract

Phyllosphere microbial communities influence the growth and productivity of plants,
particularly in epiphytic plants, which are disconnected from nutrients available in the
soil. We characterized the phyllosphere of 30 individuals of the epiphytic cycad, Zamia
pseudoparasitica, collected from three forest sites during the rainy and dry seasons in the
Republic of Panama. We used DNA metabarcoding to describe the total bacteria commu-
nity with the 16S rRNA gene and the diazotrophic community with nifH gene. Common
taxa included members of the Rhizobiales, Frankiales, Pseudonocardiales, Acetobacteri-
ales, and the diazotrophic community was dominated by Cyanobacateria. We observed
similar patterns of alpha diversity across sites and seasons, and no community differences
were seen within sites between the rainy and dry seasons for either the 165 rRNA or nifH
genes. However, pairwise comparisons showed some statistically significant differences
in community composition between sites and seasons, but these explained only a small
portion of the variation. Beta diversity partitioning indicated that communities were more
phylogenetically closely related than expected by chance, indicative of strong environmen-
tal or host filtering shaping these phyllosphere communities. These results highlight the
influence of host-driven selection and habitat stability in shaping phyllosphere microbiota,
offering new insights into microbial assembly in tropical canopy ecosystems.

Keywords: phyllosphere; zamiaceae; cycads; diazotrophs; nifH; Panama; amplicon
sequencing; tropical forests

1. Introduction

Epiphytic plants represent a distinct ecological guild within the dynamic habitats of
forest canopies, which have heterogeneous abiotic conditions for growth across spatial
and temporal scales [1-5]. In tropical ecosystems, epiphytes are a key component of
canopy plant biodiversity, with distinct biotic interactions for their reproduction (e.g.,
pollination and seed dispersal) and resource acquisition, making them key contributors
to ecosystem functions [6,7]. Due to resource limitations, epiphytes often rely on species-
specific functional adaptations and their associated microbes for nutrient acquisition, such
as diazotrophs in coralloid roots [8,9].
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Among plant-associated microbial assemblages, phyllosphere communities—
microorganisms inhabiting the aerial surfaces of leaves—play critical roles in the fitness and
development of their hosts, especially under challenging environmental conditions [10].
The global leaf surface area is estimated to exceed 108 km?, making the phyllosphere one
of the largest microbial habitats on Earth. The microbial community composition of the
phyllosphere is shaped by a range of biotic and abiotic factors, of which host identity is
frequently reported as the primary driver, particularly across different plant species [11,12].
However, within host species, microbe—microbe interactions and localized resource avail-
ability can also strongly influence community assembly [13-15]. Environmental conditions
such as temperature, relative humidity, and light also affect the phyllosphere, although
their impacts tend to be more context-dependent and often explain a smaller propor-
tion of variation [8,16-18]. Additionally, the generally low nutrient availability of the
leaf surface [19,20], geographical location [21], and seasonal dynamics [12,22] can further
modulate microbial structure. Phyllosphere communities can contribute significantly to
plant functions, such as nutrient uptake, methanol emission, and biosynthesis of phy-
tohormones [8,23,24], modulating plant functional traits that promote host fitness [25]
and have an important role in terrestrial ecosystem functions [21]. In humid tropical
forests, local environmental conditions in the phyllosphere often promote the activity of
nitrogen-fixing bacteria (diazotrophs), as they play a key role in nitrogen cycling in the
forest canopy [26-28].

The cycad Zamia pseudoparasitica J. Yates is the only strictly epiphytic gymnosperm
species in the world [29]. This species is endemic to Panama and distributed at elevations
between 50-1000 m.a.s.l. in undisturbed forest on the Atlantic side of the country [30]. It
grows attached to horizontal branches and in branch forks of canopy trees at heights of
7-20 m [31,32]. While its biotic interactions with other organisms have been somewhat
characterized [8,31-33], its phyllosphere microbiota remains an open research avenue.
Unlike most epiphytic taxa (e.g., orchids, ferns, mosses, etc.), which are typically small,
fast-growing, and adapted to high irradiance and limited nutrient and water availability, Z.
pseudoparasitica is characterized by large, long-lived leaves (Figure 1) and a substantial aerial
root system that hosts nitrogen-fixing cyanobacteria [8,9,33]. These functional traits suggest
that this species supports a unique structural environment, providing an ecologically
valuable and novel system for investigating the composition and dynamics of phyllosphere
microbial communities.

Figure 1. (A) Map of Panama indicating the three sampling locations. (B) Female Zamia pseudoparasit-
ica plant at Santa Fe National Park. A 20 cm scale bar is included for size reference. Photo replicated
from Monteza et al. 2022; credit: Pedro Castillo.

In this study, we (i) characterized the phyllosphere bacterial communities inhabiting
the phyllosphere of Z. pseudoparasitica plants collected at three locations and during both the
rainy and dry seasons using 16S rRNA gene metabarcoding, and (ii) specifically targeted
the diversity of diazotrophic bacterial community by sequencing the nifH nitrogenase
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subunit. We then compared these results to the diazotrophic taxonomic diversity obtained
using 16S rRNA gene. We hypothesized that the bacterial communities colonizing the
phyllosphere of Z. pseudoparasitica would vary across different sites in both the total and
diazotrophic bacterial communities. We also expected to see seasonal shifts in these
communities between the rainy and dry seasons. This dual use of specific functional
(nifH) and broad taxonomic bacterial (165 rRNA gene) markers provides a holistic view of
microbial community structure in the phyllosphere of Z. pseudoparasitica and its functional
capabilities across spatial and temporal scales.

2. Materials and Methods
2.1. Study Sites and Field Sampling

We sampled adult plants of Zamia pseudoparasitica from three protected forest sites
located on the Atlantic slope of western Panama: the Palo Seco Protected Forest in Bocas del
Toro Province (hereafter, “Palo Seco”; 8°47'27.0” N, 82°11/38.4"” W; 628 m.a.s.1.), Santa Fe Na-
tional Park in Veraguas Province (as “Santa Fe”; 8°31'53.5” N, 81°09'00.9” W; 812 m.a.s.l.),
and General de Divisién Omar Torrijos Herrera National Park in Coclé Province (as “El
Copé”; 8°40'04.9" N, 80°35'27.5” W; 754 m.a.s.1.) (Figure 1). These sites represent submon-
tane evergreen tropical rainforests, characterized by daily temperatures ranging from 21
to 24 °C and annual rainfall between 1900-3000 mm. Zamia pseudoparasitica is a relatively
common epiphyte in all these forests, with an average density estimate of 12.4 individuals
per hectare [31].

At each site, we selected 10 medium-sized adult plants [8] to standardize sampling
across individuals of comparable age. To minimize variability in microbial communities
due to forest stratification, we sampled individuals living between 5 and 10 m above the
ground. Samples were collected from the same plants during both the rainy (October 2022;
rainfall range: 592-1205 mm) and dry seasons (April 2023; rainfall range: 126-318 mm) [34]
to assess seasonal variation in phyllosphere communities.

We used an extended botanical pole pruner to collect the proximal third of the com-
pound leaves, cutting near the rachis. Each leaf was gently lowered to avoid contact with
other plants or the ground and handled with care to minimize contamination. Two leaflets
free of epiphyllous bryophytes and lichens were selected from each leaf; always from the
distal third of compound leaves to minimize positional variation. This standardized sam-
pling approach aimed to capture representative intra-individual variation while controlling
microhabitat heterogeneity across the leaf surface. Leaflets were stored in labeled sterile
bags on ice (4 °C) for less than 12 h before transfer to —20 °C for laboratory processing.

On-site environmental variables were measured at the time of collection. Canopy
cover was estimated using hemispherical smartphone photographs analyzed with the
GLAMA-Gap Light Analysis Mobile App version 3.0 [35], a rapid and reliable method for
quantifying canopy openness. Temperature and relative humidity at ground level were
recorded using a digital thermo-hygrometer (WT83 WINTACT Shenzhen, China). Leaflet
surface temperature was measured as the mean of three independent measures on different
surface areas per sample using a non-contact infrared thermometer (Harbin model GP-400,
Harbin, China) immediately after collection. We also measured the leaflet area using Image]J
1.53e [36].

2.2. DNA Extraction and Amplicon Sequencing

We sampled the same 30 Z. pseudoparasitica individuals in both the dry and rainy
seasons, for a total of 120 phyllosphere-characterized communities. We considered in-
dividual plants to be independent sampling units, and two leaflets were collected per
season to capture intra-individual variation. Phyllosphere communities were isolated using
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50 mL of a 1:50 diluted CTAB washing solution (1 M Tris, 5 M NaCl, 0.5 M EDTA, 1.2%
CTAB) that was added to the sterile bags containing each leaflet and shaken for 10 min at
340 rpm. This solution with suspended bacteria was transferred to Falcon tubes and cen-
trifuged at 10,000 g for 20 min [37]. The resulting pellet was subjected to DNA extraction
using the DNeasy PowerSoil Pro Kit (QIAGEN, Germantown, MD, USA) following the
manufacturer’s protocol and resuspended in a final volume of 50 uL. DNA concentration
and quality were assessed with a Nanodrop spectrophotometer (ThermoFisher Scientific,
Waltham, MA, USA).

We used a two-stage PCR protocol to prepare all sequencing libraries. To char-
acterize the total bacterial community, we used the bacterial-specific primers 799F (5'-
AACMGGATTAGATACCCKG-3') and 1115R (5-AGGGTTGCGCTCGTTGO0-3') [38,39],
modified with partial Illumina adaptors on the 5 end, to amplify the v5-v6 region of the
165 rRNA gene. In the first step, triplicate PCR reactions using these locus-specific primers
were performed in a volume of 10 pL, containing 2.42 uL of Sigma PCR-grade water, 0.2 uL
of each primer (10 uM), 5.08 uL KAPA 3G Plant 2 x Mastermix (Roche Diagnostics GmbH,
Mannheim, Germany), 0.1 uL BSA and 2 uL of DNA extract. The thermal cycling reaction
started with denaturation at 95 °C for 3 min, followed by 30 cycles of denaturation at 95 °C
for 30 s, annealing at 52 °C for 30 s, and extension at 72 °C for 1 min and 30 s, followed by
a final extension at 72 °C for 10 min.

To characterize the diazotrophic bacterial community, we used the primer set polF (5'-
TGCGAYCCSAARGCBGACTC-3') and polR (5'-ATSGCCATCATYTCRCCGGA-3') [40] to
amplify a 360 bp portion of the nifH gene using a similar two-step, dual-index PCR protocol.
Triplicate PCR reactions were carried out in 25 pL volumes, containing 13.17 pL Sigma
PCR-grade water, 1 uL of each primer (10 uM), 12.5 pL. KAPA 3G Plant 2x Mastermix
(Roche Molecular Systems, Inc., Mannheim, Germany), 0.5 uL BSA, 1.25 pL magnesium,
and 3 pL of DNA extract. The thermal cycling reaction started with denaturation at 95 °C
for 3 min, followed by 35 cycles of denaturation at 95 °C for 30 s, annealing at 52 °C for 30 s,
and extension at 72 °C for 1 min and 30 s, followed by a final extension at 72 °C for 10 min.

Triplicate PCR1 products were combined in equal volumes and 1 uL of this mixture
was used as template for PCR2, which added unique indexes and remaining Illumina
adaptors. The PCR2 thermal cycling regime included initial denaturation at 94 °C for 3 min,
followed by five cycles of 94 °C for 30 s, 50 °C for 30 s, and 72 °C for 45 s, with a final
extension of 72 °C for 5 min. PCR products were cleaned and normalized using Just-a-Plate
PCR Normalization Plates (Charm Sciences, Inc., Lawrence, MA, USA) and the sequencing
library was constructed by pooling 10 uL aliquots of each cleaned sample and concentrated
with KAPA Pure magnetic beads (Roche Molecular Systems, Inc., Mannheim, Germany).
The quality and concentration of the library was checked on Qubit and BioAnalyzer
(Agilent Technologies, Inc., Santa Clara, CA, USA) instruments. Finally, both libraries were
sequenced on a 2 x 250 bp run (v.2 chemistry) on an Illumina MiSeq at the Naos Molecular
Laboratory (NML).

2.3. Data Analysis
2.3.1. Amplicon Sequence Data Processing

All analyses were performed using the R software v.4.4.2 (R Core Team 2024). Se-
quences were filtered, primers were trimmed, chimeric sequences removed, Amplicon
Sequence Variants (ASVs) inferred, and taxonomy assigned using the R package dada2
v.1.32.0 [41,42] and associated packages such as cutadapt v.3.0 [43]. Taxonomy was assigned
to each ASV using the SILVA v.132 taxonomic database [44] for 165 rRNA gene sequences
and the nifH v.2.0.5 database [45] for nifH sequences.
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The R package phyloseq v.1.48.0 [46] was used to process the ASV data for microbial
community analyses. All samples containing fewer than 10 reads were removed, leaving
117 samples for the 16S rRNA gene analysis and 84 samples for the nifH analysis. All
bacterial ASVs characterized with 16S rRNA gene that were not assigned to phylum level or
matched chloroplast and mitochondrial sequences, as well as ASVs not assigned to phylum
level with the nifH marker, were removed. We used the decontam v.1.24.0 package [47] to
identify and remove potential contaminants by applying both frequency and prevalence
methods. We also calculated the prevalence of ASVs and retained those found in at least
5% of the samples. A phylogenetic tree was constructed using a neighbor-joining algorithm
with the GTR + GAMMA model in phangorn v.2.11.1 [48] for the 16S rRNA gene and nifH
data to allow for comparisons of diversity using phylogenetic metrics.

2.3.2. Diversity and Composition of the Bacterial Community

Prior to analysis, ASV counts from the 16S rRNA and nifH datasets were converted
to relative abundances to normalize for differences in sequencing depth across samples.
Community composition was compared at the phylum and family levels across sites and
seasons. Relative abundance data were also used to calculate alpha and beta diversity
metrics, ensuring consistent normalization throughout diversity and community struc-
ture analyses.

To evaluate the effect of each site and environmental factors on taxonomic richness,
we estimated the Observed Richness and Shannon indices using the table with normalized
data. Shapiro-Wilk normality tests were used to select the appropriate test statistic, and
we evaluated differences in Observed Richness and Shannon indices between each of the
seasonal sampling sites using the Mann-Whitney test.

Variations in community composition in the phyllosphere of Z. pseudoparasitica be-
tween sites were analyzed using Bray—Curtis distance and permutational analysis of vari-
ance (PERMANOVA) with 999 permutations [49]. We then performed betadispersion tests
to assess the homogeneity of variability within each site. Results were visualized with
Principal Coordinates Analysis (PCoA).

2.3.3. Beta Diversity Partitioning (Beta Net Relatedness Index, BNRI)

We explored the ecological processes that determined bacterial community composi-
tion in the 165 rRNA dataset using phylogenetic beta diversity partitioning, as estimated
in the microeco 1.15.0 R package [50]. This assessed the assembly mechanisms shap-
ing Z. pseudoparasitica-associated microbial communities [51]. The 3-nearest taxon index
(BNRI) quantifies phylogenetic turnover between communities and infers the relative con-
tributions of deterministic and stochastic processes shaping microbial communities [52,53].
Specifically, BNRI values greater than +2 or lower than —2 indicate that deterministic
processes, such as variable or homogeneous selection, dominate community assembly,
prevail. When BNRI values are between —2 and 2, observed phylogenetic turnover is as
expected by chance, suggesting stochastic processes. Statistical differences in NRI values
between sites were assessed using analysis of variance (ANOVA).

3. Results
3.1. Variation in Environmental Factors Between Each Sampling Site and Season

Average rainfall differed markedly between the wet and dry seasons at the three forest
sites (e.g., in Palo Seco: 605.0 mm in October vs. 64.7 mm in March; Santa Fe: 369.3 mm vs.
54.7 mm; and El Copé: 353.3 mm vs. 28.1 mm) [34], with Palo Seco having more rainfall and
El Copé the driest overall. To assess the influence of site and season on each environmental
parameter, we performed a three-way ANOVA on normalized data. However, no significant
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differences were observed for the environmental variables measured between sites during
the rainy and dry season sampling (Table 1; ANOVA, p > 0.05 for all measurements).

Table 1. Seasonal variation in environmental variables (mean £ SD) at each site. All measurements
were taken at the forest floor when the leaflets were collected.

Season Factors Palo Seco SailttaeFe El Copé
Leaflet 225425 211418 234411
temperature (°C)
. Ambient
Rainy temperature (°C) 231+ 3.6 238 £0.5 243 +1.2
Season
Canopy cover (%) 60.3 + 11.0 57.2 + 3.8 53.1+5.5
Relative
humidity (%) 995 +£12.1 98.7 £ 1.6 94.6 1.5
Leaflet 188 +4.2 201+ 1.6 243+ 1.0
temperature (°C)
Ambient
Dry temperature (°C) 209 £ 2.6 253 +£13.2 262+ 1.5
Season
Canopy cover (%) 573 £5.6 582+ 4.6 59.3+41
Relative
humidity (%) 99.9 £10.8 999 £ 0.9 87.1 £14.8

3.2. Bacterial Community Composition in the Phyllosphere of Z. pseudoparasitica

Our 165 rRNA metabarcoding analysis recovered a total of 2969 ASVs across 30 indi-
viduals of Zamia pseudoparasitica. Sequencing depth per sample averaged 1710 & 211 reads
(range: 892-1784). Communities were dominated by the phylum Proteobacteria (52.4%),
followed by Actinobacteriota (31.6%), Bacteriota (5.6%), Acidobacteriota (5.6%), and Chlo-
roflexi (2.4%), all of which, together, represented 97.3% of the ASVs (Figure 2A). The 10 most
abundant bacterial orders were Rhizobiales (30.3%), Frankiales (11.7%), Pseudonocardiales
(6.1%), Acetobacteriales (5.6%), Caudobacteriales (4.6%), Sphingomonadales (4.5%), Aci-
dobacteriales (4.3%), Solirubrobacteriales (3.9%), Cytophagales (3.4%), and Burkholderiales
(3.0%). Beijerinckiaceae was the most abundant family. We were able to identify 242 genera,
represented mainly by Methylocella (13.3%, Proteobacteria), 1174-901-12 (9.3%, Proteobacte-
ria) and Jatrophihabitans (5.7%, Actinobacteriota). After filtering out taxa using a prevalence
threshold of 75%, we found a core microbiome composed of 68 ASVs (Table S1) that was
consistent across sites and seasons.

We detected 970 nifH ASVs across 30 individuals, with an average number of reads of
7371 £ 5435 reads per sample (range: 282-22,357). This diazotrophic bacterial community
was predominantly composed of Cyanobacteria (92.4%), followed by Proteobacteria (4.7%)
and Firmicutes (2.4%). The most abundant cyanobacterial families were Scytonemataceae
(44.8%), Nostocaceae (34.1%), Stigonemataceae (4.8%), and Tolypothrichaceae (4.7%). In
addition, the non-cyanobacterial family Methylocystaceae, which belongs to the class
Alphaproteobacteria (Phylum Pseudomonadota), was moderately abundant (8.2%). We
identified 32 genera of diazotrophic bacteria, represented mainly by Brasilonema (32.6%,
Scytonemataceae), Stigonema (3.4%, Stigonemataceae), and Methylocystis (3.3%, Methylo-
cystaceae). Five nifH ASVs were prevalent across samples, all of which belonged to the
phylum Cyanobacteria, with three assigned to the class Cyanophyceae and one to the genus
Brasilonema (Scytonemataceae), a known filamentous cyanobacterium. The remaining ASVs
lacked reliable taxonomic resolution beyond the phylum level (Table S2).
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Figure 2. Relative abundance of the dominant taxa associated with the phyllosphere of Z. pseudopara-
sitica across three sampling sites and between two seasons. (A) Relative abundance of bacteria based
on the 165 rRNA gene. Phyla with less than 0.5% relative abundance were grouped together and are
shown as ‘Others’. (B) Relative abundance of diazotrophic bacteria based on the nifH gene. Families
with less than 0.5% relative abundance were grouped as ‘Others’. The sample size per site was as
follows: Palo Seco (n = 37), Santa Fe (n = 39), and El Copé (n = 39).

Alpha diversity estimates showed no statistically significant differences across sites
or between seasons for either the 165 rRNA (Observed: p-value = 0.84; Shannon:
p-value = 0.92) or nifH (Observed: p-value = 0.19; Shannon: p-value = 0.21) genes (Figure 3).
However, visual inspection revealed some consistent patterns. For the 16S rRNA gene
dataset (Figure 3A), samples from Palo Seco tended to show higher richness than those
from Santa Fe, regardless of season, while El Copé exhibited intermediate values. For the
nifH dataset (Figure 3B), diversity was more variable across sites and seasons, but El Copé
tended to have higher diversity during the dry season compared to the other sites. These
trends, while not statistically significant, may reflect site-specific ecological or microclimatic
factors influencing phyllosphere microbial richness.
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Figure 3. Alpha diversity of Z. pseudoparasitica phyllosphere communities based on (A) all bacterial
taxa (165 rRNA gene) and (B) the diazotrophic community (nifH). Observed richness and Shannon’s
index were estimated for each site for both seasons. Boxes represent the first quartile, median, and
third quartile, with whiskers indicating maximum and minimum values. Outliers are represented as
black dots.

PERMANOVA based on Bray-Curtis distances revealed significant differences in
bacterial community composition between sites for both the 16S rRNA gene (R? = 0.106,
p-value = 0.001) and nifH datasets (R? =0.085, p-value = 0.001) (Figure 4; Table S4). However,
no differences were seen between the rainy and dry seasons (16S: R? = 0.018, p-value = 0.15;
nifH: R? = 0.018, p-value = 0.47), although there was a significant interaction between site
and season in the 16S rRNA data (16S rRNA gene: R? = 0.42, p-value = 0.019; nifH: R? = 0.40,
p-value = 0.358). Similar results were obtained when using weighted UniFrac distances,
where significant differences were detected between sites and for the site x season interac-
tion (Table S3). Beta dispersion tests confirmed that community dispersion among sites
was homogeneous for both markers (16S rRNA gene: p-value = 0.39; nifH: p-value = 0.56).
While no differences in communities were seen within sites between the rainy and dry sea-
sons, pairwise comparisons showed some statistically significant differences in community
composition between sites and seasons for both the 16S rRNA and nifH genes, but these
explained only a small portion of the variation (Table 2).
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Figure 4. Principal Coordinate Analysis (PCoA) ordinations summarizing the variation in microbial
community composition between seasons and across sampling locations based on Bray—Curtis dis-
similarity distances for (A) total bacterial communities (16S rRNA) and (B) diazotrophic communities
(nifH) in the phyllosphere of Z. pseudoparasitica. Data were collected during two seasons (identified by
the shape of the dots and linked by dash segments) at three locations (identified by different colors).

Table 2. Pairwise PERMANOVA results (Bray—Curtis dissimilarities) showing differences in phyl-
losphere bacterial and diazotrophic community composition (16S rRNA and nifH) across sites and
seasons. R? values indicate effect size, while Bonferroni-adjusted p-values presented in bold indicate
statistically significant comparisons.

16S rRNA nifH

Pairwise Comparisons R2 p-Value p-Adjusted R? p-Value p-Adjusted
El Copé dry vs. Palo Seco dry 0.128 0.002 0.030 0.150 0.003 0.045
El Copé dry vs. Santa Fe dry 0.077 0.031 0.465 0.075 0.196 1.000
El Copé dry vs. El Copé rainy 0.090 0.015 0.225 0.060 0.289 1.000
El Copé dry vs. Palo Seco rainy 0.132 0.001 0.015 0.106 0.004 0.060
El Copé dry vs. Santa Fe rainy 0.098 0.004 0.060 0.073 0.142 1.000
Palo Seco dry vs. Santa Fe dry 0.118 0.002 0.030 0.109 0.077 1.000
Palo Seco dry vs. El Copé rainy 0.141 0.001 0.015 0.100 0.039 0.585
Palo Seco dry vs. Palo Seco rainy 0.005 0.258 1.000 0.075 0.321 1.000
Palo Seco dry vs. Santa Fe rainy 0.099 0.008 0.120 0.145 0.009 0.135
Santa Fe dry vs. El Copé rainy 0.084 0.012 0.180 0.074 0.173 1.000
Santa Fe dry vs. Palo Seco rainy 0.129 0.001 0.015 0.090 0.085 1.000
Santa Fe dry vs. Santa Fe rainy 0.056 0.321 1.000 0.060 0.583 1.000
El Copé rainy vs. Palo Seco rainy 0.154 0.001 0.015 0.068 0.181 1.000
El Copé rainy vs. Santa Fe rainy 0.103 0.002 0.030 0.075 0.090 1.000
Palo Seco rainy vs. Santa Fe rainy 0.118 0.001 0.015 0.122 0.007 0.105
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3.3. Beta Diversity Partitioning

To further explore variation in phyllosphere microbial communities across sites and
seasons, we calculated the beta Net Relatedness Index (BNRI) using the 16S rRNA dataset.
This index quantifies whether microbial communities are phylogenetically more related
than expected under a null model and is also more sensitive to community structure when
communities have similar richness but different phylogenetic composition. Across sites,
microbial communities exhibited consistently negative BNRI values, suggesting that taxa
within and between sites were more closely related than expected by chance, indicative
of strong environmental filtering or habitat similarity shaping phylogenetic structure
(Figure 5). Notably, BNRI differed significantly among sites for both rainy (Figure 5A) and
dry (Figure 5B) seasons. In the rainy season, Santa Fe had significantly lower values than
both Palo Seco and El Copé (p < 0.05). In the dry season, both Santa Fe and El Copé showed
similar levels of phylogenetic clustering (mean BNRI ~ -2.7), which was significantly lower
than that found in Palo Seco (p < 0.001), suggesting stronger selection of closely related
taxa at these two sites. These patterns suggest that although taxonomic composition may
vary across space, evolutionary constraints or shared environmental filters promote the
assembly of closely related microbial lineages in the phyllosphere of Z. pseudoparasitica.
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Figure 5. Community phylogenetic relatedness in the Z. pseudoparasitica phyllosphere based on the
Beta Net Relatedness Index (3NRI) between study forest sites in the rainy (A) and dry (B) seasons.
Analysis corresponds to the bacteria characterized with the 16S rRNA marker. Significant differences
between sites are indicated on top of the brackets as follows: p-value = * 0.05 and *** 0.001, and “ns”
indicates non-significant differences (p > 0.05).

3.4. Comparison of the Diazotrophic Communities Identified by 16S rRNA and nifH Markers

To evaluate the extent to which diazotrophic communities identified by functional and
taxonomic markers overlapped, we compared the taxa identified using the nifH marker with
those inferred from the 165 rRNA gene. A total of 24 putative nitrogen-fixing families were
detected: 16 were unique to the nifH dataset, and eight were detected by both 165 rRNA
and nifH genes (Table 3). Among these, members of Cyanobacteria and Proteobacteria were
most common in the nifH gene dataset, while the genera Bradyrhizobium, Xanthomonas, and
Methylocystis (all Proteobacteria) dominated the diazotrophic bacteria that were identified
with 165 rRNA gene. Notably, all families detected in the 165 rRNA gene diazotroph subset
were also present in the nifH gene dataset, and no diazotrophic families were found to be
exclusive to the 16S rRNA gene dataset. However, Cyanobacteria were underrepresented
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in the 16S dataset, when compared to the nifH dataset. The Bray—Curtis similarity index
between the two datasets was 0.28, indicating moderate overlap.

Table 3. Comparison of diazotrophic bacterial families detected using 165 rRNA and nifH gene
amplicon sequencing. Families marked with v" were identified in each dataset. This comparison
highlights the complementary nature of taxonomic (16S) and functional (nifH) markers used to
characterize nitrogen-fixing microbial communities associated with Z. pseudoparasitica phyllosphere.

“

Families marked with “v"” were detected with the respective marker, whereas “-” indicates absence

in the corresponding dataset.

Phylum Family 16S rRNA Gene nifH Gene

Cyanobacteria Tolypothrichaceae - v

Dermocarpellaceae -

Leptolyngbyaceae -

Rivulariaceae -

Scytonemataceae -

Stigonemataceae -

Nostocaceae v

Bacillota Clostridiaceae -

Desulfitobacteriaceae -

Eubacteriales Family XIII
Incertae Sedis

Thermodesulfobacteriota Desulfobulbaceae -
Bacteroidota Prolixibacteraceae -
Firmicutes Paenibacillaceae v
Proteobacteria Boseaceae -

Burkholderiales incertae
sedis

Chromatiaceae -

Methylocystaceae -

Nitrobacteraceae -

Beijerinckiaceae

Enterobacteriaceae

Erwiniaceae

Hyphomicrobiaceae

Pseudomonadaceae

NN N N N N N N N N N AN RN N N RN ENEN EN ENENENIEN

NENENENENEN

Xanthomonadaceae

4. Discussion

We found that the communities of bacteria in the phyllosphere of Z. pseudoparasitica
showed few differences across distinct forest sites or between seasons (dry and rainy) for
both the complete bacterial (16S rRNA) and functional diazotroph (nifH) communities.
No differences were found in alpha diversity, and although our results showed statis-
tically significant differences in community composition (PERMANOVA, p < 0.05), the
proportion of variation explained by these factors was relatively low, as seen in the R?
values (Sites = 0.106, Season = 0.018 for 16S, and Sites = 0.085, Season = 0.018 for nifH). This
contrasts with our initial hypothesis and with previous findings in tropical areas, where
both seasonality [13,42,54-57] and geographic location [22,54,58] have been shown to signif-
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icantly impact phyllosphere bacterial community composition and diversity. This apparent
compositional stability, even across areas with marked differences in rainfall between wet
and dry seasons, may be explained by the consistently high humidity, limited temperature
fluctuations, and stable canopy microclimates at our sites that are typical of tropical cloud
forests. Additionally, as we sampled mature, long-lived leaves, the detected microbiome
likely represents a stable, resident community in the biofilms covering the leaves rather
than one undergoing frequent restructuring. It is possible that had we sampled younger
plants or emerging leaves, more variability in the phyllosphere communities would have
been detected.

The BNRI analysis provided additional insight into the phylogenetic structure of
these communities. Most comparisons between sites and seasons showed significantly
negative BNRI values, indicating that microbial communities were more phylogenetically
clustered than expected. This supports our conclusion that deterministic processes, particu-
larly environmental filtering, may be the dominant driver of community assembly in this
environment, leading to the co-occurrence of closely related taxa across samples [59,60].
However, given that environmental variables such as temperature, humidity, and canopy
openness did not vary significantly across sites, this phylogenetic clustering may also reflect
host-associated selective pressures, such as leaf morphology, chemical exudates, or the
long-lived nature of Z. pseudoparasitica leaves, rather than site-specific environmental fac-
tors. Spatial separation between sites, despite their similar microclimates, could also restrict
microbial dispersal or reflect historical differences in community composition. Previous
studies have demonstrated that microbial biogeography can arise from both environmental
filtering and dispersal constraints, even across relatively short distances in tropical ecosys-
tems [61]. Thus, while our results indicate a strong role of host and season, we cannot
exclude that spatial distance between sites also contributes to structuring phyllosphere
communities in Z. pseudoparasitica.

Across all samples, Proteobacteria and Actinobacteriota dominated the total bacterial
community. Significant abundances of the phyla Bacteroidetes, Acidobacteria, and Chlo-
roflexi were also detected, and our core microbiome analysis identified a small group of
ASVs consistently present across >75% of samples for both 16S rRNA and nifH markers.
These core taxa likely represent a resident microbial assemblage adapted to the long-
lived leaves and stable canopy environment of Z. pseudoparasitica. Previous research has
shown that the taxonomic composition of the phyllosphere is relatively limited compared
to other habitats, with predominance of Proteobacteria, Actinobacteria, Firmicutes, and
Bacteroidetes [22,37,54,62-64]. Bacteria belonging to the phylum Proteobacteria are rec-
ognized for their rich metabolic diversity and wide range of potential functions within
the leaf bacterial community, including methylotrophy, nitrification, nitrogen fixation,
and anoxygenic photosynthesis [26,65,66]. Additionally, the phyla Bacteroidetes and Acti-
nobacteria play a diverse ecological role [67]. Bacteroidetes are frequently involved in
the degradation of organic matter, and some taxa contribute to plant growth promotion,
nutrient provision, or protection against pathogens. Actinobacteria are well recognized for
their roles in decomposition and nutrient cycling, and some species are also implicated
in bioremediation, bioweathering, the production of secondary metabolites, and plant
growth promotion [68-71]. The most prominent bacterial genera, such as Methylobacterium,
Bradyrhizobium, Pseudomonas, Bacillus, Massilia, Sphingomonas, Arthrobacter, and Pantoea,
are common and prevalent microbial taxa present in tropical forests [54,72-74]. These
genera may be competitive in the phyllosphere environment due to their abilities to both
modify the challenging environment to enhance their colonization and establishment [75]
and because they have traits that may enhance plant growth [76,77]. For example, Methy-
lobacterium are facultative methylotrophs capable of utilizing single-carbon compounds
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such as methanol or methane, and some strains can also fix nitrogen [78]. Their presence
suggests active metabolic engagement with host leaf exudates. The genera 1174-901-12
(Rhizobiales), Sphingomonas, and Methylobacterium have been shown to increase in plants
infected by Pseudomonas syringae pv. actinidiae, a bacterial canker, suggesting potential
antagonistic properties of these bacteria against phytopathogens. Our ability to detect a
variety of known plant-growth-promoting genera in the phyllosphere of Z. pseudoparasitica
at all three of our sampling sites suggests that there are active interactions between the host
plant and the microbes inhabiting their leaf surfaces. This also likely contributes to the
stability of these communities throughout the year.

This study, in combination with recent work by Sierra et al. [33] who studied leaf
endophytes of Z. pseudoparasitica from El Copé, expands our knowledge of the bacterial
communities associated with the leaf tissues of this unique plant. The high abundance
of Frankiales and Rhizobiales in our dataset aligns with previous reports identifying
Frankia-related taxa as important endophytes and their potential role in modulating host
chemical profiles [33]. Phyllosphere microbes likely play a significant role in the functional
adaptations of this endangered plant group [33,79]. Integrating the epiphytic phyllosphere
microbiota with leaf and root endophytes will provide a more holistic understanding of the
chemical symbiotic relationships that define cycads as holobionts [80].

The combined use of 16S rRNA and nifH markers provides us with a more complete
picture of the structure and functional potential of the Z. pseudoparasitica phyllosphere
microbiome than can be inferred from the analysis of a single gene region. While the 16S
rRNA marker captured the broad taxonomic composition of the total bacterial community,
it primarily identified taxa in the Proteobacteria and showed low resolution for some func-
tionally important groups such as carbon and nitrogen-fixing Cyanobacteria. In contrast,
the nifH primer set, which specifically targets diazotrophic bacteria, revealed a commu-
nity strongly dominated by Cyanobacteria, particularly the families Scytonemataceae and
Nostocaceae, but failed to amplify many known diazotrophic bacteria from other phyla.
Technical biases likely caused these differences. Accurate identification of Cyanobacteria
using the 165 rRNA gene can be difficult due to historical systematic inconsistencies and
errors in commonly used reference databases. We also filtered out all sequences assigned to
the order “Chloroplast” prior to calculating relative abundances, and it is possible that some
legitimate Cyanobacteria ASVs were eliminated during the step in the analytical pipeline.
In contrast, the nifH polF/R primer clearly amplified Cyanobacteria with ease in our study,
despite in silico tests showing that they better capture the diversity of Proteobacteria than
Cyanobacteria [45]. These results highlight the importance of using multiple loci, and
functional gene markers in particular, to uncover ecologically relevant microbial guilds
that may be missed by 165 rRNA gene surveys alone.

5. Conclusions

Our study illustrates that the phyllosphere of Z. pseudoparasitica is a complex but
stable community that varies little across time and space in mature plants, despite our
sampling locations being geographically isolated from each other and strong seasonal
effects in the quantity of precipitation throughout the year. Facultative diazotrophic and
methanotrophic bacteria were common in these communities, some of which also have
known phytopathogenic properties. While we cannot infer from our data that biological
nitrogen fixation or cycling of other nutrients are active processes in these phyllosphere
environments, the potential for important ecosystem functions to occur is demonstrated
by our results. In addition, while much is yet to be learned about how epiphytic plants
interact with their environment, our results point to the ability of Z. pseudoparasitica to
select and shape its phyllosphere community, possibly to maximize important functions
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such as nutrient cycling in the phyllosphere. Considering that the cycads, such as Zamia,
first originated 300 mya [29], these associations could represent ancient symbioses that
may have played a role in the diversification of the group across the tropics. However, this
homogeneity in their microbiome may also make these plants more vulnerable to environ-
mental change, as key bacterial partners could become isolated from these communities.
Maintenance of mature tropical cloud forest habitat is key to ensuring the future of this
intriguing epiphytic plant.
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Z. pseudoparasitica phyllosphere (16S rRNA gene dataset); Table S2: Core diazotrophic taxa in the
Z. pseudoparasitica phyllosphere (nifH gene dataset); Table S3: PERMANOVA based on weighted
UniFrac distance; Table S4: Variation in phyllosphere microbial community composition explained
by seasonal and site factors (PERMANOVA on Bray—Curtis dissimilarities).
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