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Abstract
The diversity of plant-associated microbial communities is shaped by both host factors and the
environment. Natural environmental gradients, specifically elevational ones, can serve as study systems
to understand community and ecosystem responses to environmental changes, however the relationship
between elevation and microbial diversity is not completely understood, especially in non-model systems
such as wild plants. In this paper we explored the role of environmental factors in shaping the diversity
and structure of the rhizosphere and phyllosphere of the cloud forest tree fern Cyathea fulva. Samples of
phyllosphere, rhizosphere and soil were collected from 15 individual tree ferns across five forest plots
along an elevation gradient ranging from 1978 to 2210 meters above sea level. Physicochemical soil
data were collected, along with environmental data of all plots. Using 16S rRNA and ITS1 amplicon
sequencing, we tested for differences in diversity and composition of bacterial and fungal communities
and their potential abiotic drivers. We found that bacterial alpha diversity decreased with elevation in the
phyllosphere and rhizosphere, but for fungi this pattern was only found in the rhizosphere. We also
observed significant changes in community structure and composition with elevation in both the fungal
and bacterial phyllosphere and rhizosphere. Our results suggest a close relationship between elevation
and the overall microbial structure associated with tree ferns. We envision this information will help to
further understand the dynamics between microbiota and wild plants, contributing to the conservation of
necessary interactions for plants and ecosystems wellbeing.

INTRODUCTION
The microbiome of plants, including the rhizosphere, phyllosphere, and endosphere, performs important
functions for plant growth and health [1], including nutrient uptake, growth promotion, pathogen
resistance, and abiotic stress mitigation [2]. The diversity and structure of plant microbiomes can be
influenced by both host-associated (e.g., taxonomic identity, genotype [3] or age) and environmental
(e.g., climate, soil type or cultivation practices [4]) factors.

Research on plant-associated microbiota has focused mostly on soil microorganisms and those
associated with domesticated plants [5]. Studies on the microbial diversity of wild plants as diverse as
cacti [6], magnolia trees [7], carnivorous plants [8], and agaves [9], have shown that environmental
factors (e.g., temperature, humidity, precipitation and soil characteristics) play an important role in
structuring microbial communities associated with different plant compartments (e.g., phyllosphere,
rhizosphere, and endosphere). In addition, these microbial communities provide plants with tolerance to
stress from environmental changes [10]. However, the degree to which spatial and temporal
environmental change affects microbial communities is poorly understood. Environmentally-driven
changes in microbial communities have been documented particularly for the soil component [11].
These changes have been attributed to variation in factors such as temperature, humidity, plant-species
richness, and soil characteristics (e.g., pH, available carbon) [12, 13]. Studies on the structure of plant-
associated microbiota along elevation suggest that microbial diversity varies with elevation and that
community dissimilarity increases with elevational distance among host individuals [14–17]. However,
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great variation in the patterns of microbial diversity along elevation gradients has been documented, with
evidence of diversity increasing, decreasing or following stochastic or more complex patterns [18]. The
observed patterns of microbial diversity can vary even within the same elevation gradient and
environmental conditions, where different microbial guilds (e.g., fungi, bacteria, archaea) follow distinct
and often contrasting patterns [19].

Therefore, questions remain on the degree to which different factors impact the diversity of plant-
associated microbiota, especially in understudied non-model wild plants of tropical mountains. Tropical
montane ecosystems are known for their steep environmental gradients, where several climatic,
topographic, and edaphic factors drastically vary over short spatial distances [20]. This spatial
heterogeneity is often associated with species turnover in plants and animals, but little is known about
how these gradients impinge on microbial communities. In an attempt to understand the factors driving
plant-associated microbial diversity in tropical mountains, we analyze the rhizosphere and phyllosphere
of a species of tree fern along an elevation gradient. In particular, tree ferns (Cyatheaceae) exhibit
relevant characteristics for studying plant-associated microbiota. Tree ferns (Cyatheaceae) represent an
important structural component of Neotropical montane forests and play a significant role in
regeneration and modulation of light conditions, nutrient availability, and soil water content of forest
understories [21]. Tree ferns are an ideal system to explore the structure of plant-associated microbiota.
These ferns show sharp elevational turnover of species and strong intra-population genetic structure [22,
23], which often reflect on microclimatic differences and morphological variation within and between
species. To date there are no studies exploring the microbiota associated with fern species in general or
tree ferns in particular. Research on interactions between ferns and microorganisms have had mostly a
macroevolutionary emphasis and focused on specific microbial taxa (e.g., symbiosis; [24, 25]), which
neglects the ecological scale of fern-associated microbiota and their environmental drivers. To address
this knowledge gap, the aim of the present project is twofold: (1) characterize the diversity and structure
of the rhizosphere and phyllosphere in a tree fern species along an elevation gradient; and (2) assess the
association between environmental factors and variation in these microbial communities.

METHODS

Study site and sampling
We carried out the sampling in the municipality of Santiago Comaltepec, Oaxaca, specifically in the cloud
forest locality of Cerro del Relámpago [23]. This cloud forest is considered a highly conserved dense
broadleaf forest with complex stratification and a high degree of epiphytic growth; multiple species of
tree ferns (Cyatheacea) inhabit the forest with a marked elevational turnover [23]. The locality has a
mean temperature of 13–15.2°C, annual precipitation > 2000mm, high levels of relative humidity [23, 26],
and acidic soils (Acrisol) rich in organic matter and low nutrient retention capacity [26, 27]. Both climatic
and edaphic conditions are highly heterogeneous [23, 28].
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We conducted the sampling during the rainy season (July 2021) along an elevation gradient ranging from
1978 to 2210 meters above sea level (masl). We established plots of 20 x 4 meters at five different
elevations (1978, 2007, 2018, 2178, and 2210 masl), in which we measured and mapped all individual
tree ferns. We placed four sensors in each plot: three measuring temperature and light intensity (HOBO
MX2202), and one measuring temperature and relative humidity (HOBO MX2301A). We programmed
sensors to measure every two hours for thirty days.

We obtained samples for the phyllosphere and rhizosphere of the tree fern Cyathea fulva from three
individuals per plot (15 individuals in total), keeping a minimum distance of two meters between
individuals. In sum, we obtained 15 phyllosphere, 15 rhizosphere, and 5 soil samples. For the
phyllosphere, we swabbed the adaxial surface of a mature and healthy pinnule of each individual after an
initial rinse with distilled water and preserved swabs in RNAlater (Sigma-Aldrich). For the rhizosphere, we
sampled root-adjacent soil at three points for each individual, which were later combined into a single
composite sample per individual. We also obtained single soil samples within each plot at points that
maximized the distance from any tree fern, but with a minimum distance of two meters. For each
rhizosphere and soil sample, we added a small portion into 15mL centrifuge tubes containing RNAlater
(Sigma-Aldrich). The remaining portions of samples were stored in plastic bags and then processed and
analyzed for the following physicochemical variables: pH, electrical conductivity (EC), organic matter
content, N, Ctotal, Ptotal, P, K, Ca, Mg, Na, cation-exchange capacity (CEC), NO3, NH4 and Fe. Soil analyses
were conducted by the Soil Fertility and Environmental Chemistry Laboratory of the Colegio de
Postgraduados, Institución de Enseñanza e Investigación en Ciencias Agrícolas.

Sample processing and DNA sequencing
We extracted DNA from rhizosphere and soil samples using the Qiagen DNeasy PowerSoil kit (Qiagen,
Valencia, USA) according to manufacturer instructions but with the following modifications: 0.5g of
initial sample and 4ºC-incubation periods were increased to 20 minutes. We extracted DNA from
phyllosphere samples using the Qiagen Blood and Tissue kit (Qiagen, Valencia, USA) following
manufacturer instructions, adding an initial lysozyme incubation step at 37° for one hour. We measured
the concentration and quality of DNA using NanoDrop (NanoDrop technologies, Wilmington, USA).

Each of the 35 DNA samples was sequenced twice, once for the 16S rRNA gene and once for the fungal
ITS1 region, obtaining a total of 70 sequence samples. Amplicon libraries of the 16S gene spanning the
V4 region (primers 505F/806R) were constructed following the Earth Microbiome Project standard
protocol (www.earthmicrobiome.org). In brief, samples were PCR amplified in triplicate plus one negative
control per sample, which were verified with 1% agarose gels. Triplicate PCR products were pooled per
sample and quantified using a Qubit 4.0 fluorometer (Invitrogen, Thermo Fisher Scientific, Waltham,
USA); all samples were pooled in a single amplicon library at a concentration of 240 ng/mL. The final
pool was cleaned using the QIAquick PCR clean up kit (Qiagen, Valencia, USA) and sequenced in a single
run of MiSeq (2x250) (Illumina, Inc., San Diego, CA, USA) at Macrogen Inc. (Seul, Korea). The fungal ITS1

http://www.earthmicrobiome.org/
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library preparation and sequencing were performed at the University of Minnesota Genomics Center
using a single run of MiSeq (2x300) (Illumina, Inc., San Diego, CA, USA)

Bioinformatics processing
We did not obtain sequencing data for three out of the 70 DNA samples due to poor sequencing quality
(Table S1). More specifically, we removed one fungal rhizosphere sample (2007 plot) and two bacterial
phyllosphere samples (2018 plot). Sequences for the remaining samples were demultiplexed by the
service providers with the exception of the 16S phyllosphere samples, which were demultiplexed using
the BBMap demuxbyname pipeline [29]. We processed sequence reads using the QIIME 2.0 pipeline
(Bolyen et al., 2019), removing low-quality reads, chimeras, and chloroplast and mitochondrial DNA using
the q2-dada2 plugin, and grouped reads into Amplicon Sequence Variants (ASVs). We ran the pipeline for
all bacterial 16S and fungal ITS1 separately, combining sequences for the phyllosphere and rhizosphere.
We performed taxonomic assignment of the sequence reads with the q2-feature-classifier plugin using
the GREENGENES2 [30] database for bacterial 16S and UNITE [31] database for fungal ITS1.

Microbial diversity and statistical analysis
We estimated ASV richness per sample and performed rarefaction to the minimum number of ASVs
found across samples using the phyloseq [32] package in R [33] for each dataset (16S and ITS). We
calculated alpha diversity (Shannon Index) using the microbiome [34] package in R [33], and used QIIME
2.0 q2-diversity plugin to estimate beta diversity (Weighted and Unweighted UniFrac). We conducted all
statistical analysis and visualizations in R [33].

To determine if there were significant differences in alpha diversity across elevations and by sample type
(i.e, phyllosphere, rhizosphere, soil) we performed two-way Analysis of Variance (ANOVA) using Shannon
Index as the response variable and sample type and elevation as predictors. We visualized beta diversity
through an ordination of the entire community implementing a Principal Coordinates Analysis (PCoA)
based on Weighted and Unweighted UniFrac distances using the phyloseq [32] package in R [33]. We
assessed the contribution of elevation and sample type to beta diversity with a Permutational Analysis of
Variance (PERMANOVA) using 9999 permutations as implemented in the vegan [35] package in R [33].
We searched for shared bacterial and fungal genera among all samples across elevation plots and
sample types (phyllosphere and rhizosphere) using the microeco [36] package in R [33]. We considered
these shared genera as part of the core microbial community of tree ferns, only when these were present
in all phyllosphere and rhizosphere samples, but absent from soil samples.

We evaluated differences in community composition among elevation plots using the Analysis of
Similarity test (ANOSIM) in the vegan [39] package in R [33]. We further explored microbial community
differences with the Linear Discriminant Analysis Effect Size (LEfSe) method [37] implemented in the
microeco package in R [36]; this method identifies taxa with differential abundances among samples and
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applies discriminant analyses to test for taxa that can statistically discriminate among sample classes
(i.e., elevation plots).

To explore the relationship between elevation and the measured environmental variables, we performed
an Analysis of Variance (ANOVA) using environmental variables as the response and plot identity as the
predictor; we further estimated the correlation between elevation and each variable using Spearman
correlations. We employed Redundancy Analysis (RDA) using the microViz [38] package in R [33] to
assess the relationship between microbial relative abundances across elevation and environmental
variables. Briefly, the RDA allows to examine how much variation in the response variable (in this case
abundances) can be explained by a given set of explanatory variables; we performed RDA on fungal and
bacterial phyllosphere and rhizosphere separately (four analyses in total).

RESULTS
In total, we identified 26,819 bacterial ASVs (2,341,774 reads in total) and 17,464 fungal ASVs (2,275,982
reads in total) (Supplementary data 1 and 2) and performed rarefaction to the minimum number of ASVs
found across samples: 10,847 bacterial and 26,919 fungal ASVs, respectively. The relative abundance of
bacterial and fungal taxa differed between the phyllosphere and the rhizosphere. Soil was included in the
figure to serve as a negative control, presenting more similarities to the rhizosphere than to phyllosphere.
(Fig. 1). The most abundant bacterial phylum considering all samples was Proteobacteria (29–64%),
followed by Acidobacteriota (4.7–39.6%) and Actinobacteriota (3.3–15.6%); other frequent phyla were
Verrucomicrobiota, Bacteroidota, Firmicutes, and Planctomycetota. The most abundant classes were
Alphaproteobacteria and Acidobacteriae (Fig. 1a). The most abundant fungal phyla were Ascomycota
(36.1–95.3%) and Basidiomycota (4.6–54.9%), whereas Mortierellomycota (1.7–29.7%) was almost
exclusively found in the rhizosphere and soil. The fungal phyllosphere showed high abundances of
Eurotiomycetes, Dothideomycetes, and Leotiomycetes, whereas the rhizosphere and soil were
dominated by Agaricomycetes, Archaeorhizomycetes, and Mortierellomycetes (Fig. 1b).

Diversity and structure of tree fern microbial communities
Bacterial and fungal alpha diversity varied between sample types (Fig. 2). In bacteria the rhizosphere
was more diverse than the phyllosphere, whereas in fungi it was the opposite (Supplementary data 1 and
2). We found that alpha diversity significantly varied with elevation for the bacterial communities (F(4) = 
5.588, p = 0.00419; Fig. 2a-b), but not for the fungal communities (F(4) = 1.165, p = 0.357375, Fig. 2c-d).

We found significant differences in both bacterial and fungal beta diversity among elevation plots and
sample types (Table 1). A Principal Coordinates Analysis (PCoA) using Unweighted UniFrac
dissimilarities showed a pattern of microbial turnover with elevation, where samples from within plots
were more similar than samples from different plots (Fig. 2). For the phyllosphere, the first two axes
explained 23.9% and 17.1% of the total variation of bacterial communities (Fig. 2a), and 14.2% and 9.1%
of the variation of fungal communities (Fig. 2c). For the rhizosphere, we found the first two axes
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explained 14.1% and 8.6% of the total variation for bacterial communities (Fig. 2b) and 16.4% and 9.7%
for fungal communities (Fig. 2d). Trends of increasing turnover with elevational distance were also
evident when using Weighted UniFrac (Fig. S1).

We employed an ANOSIM to test for differences in microbial composition among samples and found
strong dissimilarities (R > 0.4) among plots in the phyllosphere and rhizosphere for both bacterial and
fungal communities (bacterial phyllosphere: R = 0.5126, p = 0.0048; bacterial rhizosphere: R = 0.4859, p = 
0.0025; fungal phyllosphere: R = 0.5822, p < 0.0001; fungal rhizosphere: R = 0.7535, p < 0.0001). To
further explore bacterial and fungal taxa driving differences across elevation plots, we used a LEfSe to
identify taxa that were significantly differentially abundant across elevations. We found differential
abundances of 124 bacterial taxa and 165 fungal taxa. (Fig. 4).

Table 1
Differences in bacterial and fungal communities of the tree fern

Cyathea fulva across elevation and sample type (phyllosphere and
rhizosphere). Estimates derived from permutational multivariate

analysis of variance (PERMANOVA).

  Df R2 Mean Sq F Value Pr(> F)

Bacterial community

Sample type 2 2.9652 0.27543 7.9518 0.001 ***

Elevation 4 1.6954 0.15748 0.15748 0.008 **

Fungal community

Sample type 2 1.4722 0.1154 2.1421 0.001***

Elevation 4 1.6807 0.13175 1.2228 0.031*

We found several bacterial and fungal genera that were uniquely present in plant-associated samples
from particular plots (Fig. 5). We identified bacterial genera shared among samples of the phyllosphere
(44 genera) and rhizosphere (266 genera). In turn, we also found fungal genera shared among samples
of the phyllosphere (129 genera) and the rhizosphere (114 genera). From shared bacterial genera, the
most abundant included Lichenihabitans, Sphingomonas, Terriglobus, and Methylobacterium in the
phyllosphere, and Acidoferrum and other candidate Acidobacteria in the rhizosphere. From the shared
fungal genera, the most abundant were Trichomerium, Brycekendrickomyces and Zymochalara in the
phyllosphere, and Archaeorhizomyces, Mortierella, and Podila in the rhizosphere (Supplementary data 3).
Overall, we found 20 bacterial genera and 119 fungal genera that were present across all of the tree fern-
associated samples, irrespective of plot or sample type, but were not found in the soil samples (Fig. S2).

Environmental drivers of the microbial communities of tree ferns
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To test for differences in the mean value of environmental variables across elevation plots, we
performed Analysis of Variance (ANOVA) and found that 11 out of 18 variables had significant
differences among plots (Fig. S3). Subsequently, we tested for the correlation between elevation and
each variable and found that several of these (i.e., temperature, relative humidity, pH, electrical
conductivity, Ptotal, NH3, and Fe) correlated with elevation (r > 0.35, p < 0.05). We performed a
Redundancy Analysis (RDA) using all environmental variables and those soil variables correlating with
elevation. The first two axes of the RDA explained 23.5% and 11.6% of the total variation in the bacterial
phyllosphere and 24.8% and 9.1% of the total variation in the bacterial rhizosphere. For the fungal
community, the first two axes of the RDA explained 15.1% and 11.6% of the total variation in the
phyllosphere and 24.1% and 12.4% of the total variation in the rhizosphere (Fig. 6).

The proportion of constrained inertia for the bacterial communities was 64.2% for the phyllosphere and
60% for the rhizosphere, whereas for the fungal communities constrained inertia amounted to 59.7% and
64.9% for the phyllosphere and rhizosphere, respectively. The RDA showed that the structure of microbial
communities at lower elevations was positively associated with temperature, relative humidity, pH, and
Ptotal, whereas communities at higher elevations were positively associated with electrical conductivity
and light intensity (Fig. 6). The abundance of several bacterial and fungal classes closely associated
with environmental variables; such is the case of the phyllospheric Polyangiia and Orbiliomycetes, which
increased with pH, relative humidity, and reduced luminosity. For the rhizosphere, the abundance of
bacterial taxa such as Acidimicrobiia and Actinomycetia, and fungal taxa such as Archaeorhizomycetes,
were closely associated with higher electrical conductivity, increased luminosity, and lower levels of
relative humidity.

DISCUSSION
The diversity and structure of microbial communities along elevational gradients is not well understood
[39]. In this study we analyzed bacterial and fungal communities of the phyllosphere and rhizosphere of
the tree fern Cyathea fulva along an elevation gradient. We found that microbial diversity and
composition varied consistently with elevation. Our results add to the mounting body of evidence that
geographically small gradients can lead to changes in the composition of microbial communities [40].
Furthermore, our results provide novel information about the drivers of microbial diversity in non-model
plant species in tropical mountains.

The decreasing pattern of bacterial alpha diversity with elevation, especially for the phyllosphere, is
consistent with previous data from other ecosystems showing the same pattern of decreasing bacterial
diversity in the phyllosphere with increasing elevation [16, 41]. On the other hand, fungal alpha diversity
did not vary with elevation. This agrees with previous reports for both the rhizosphere [42–44] and
phyllosphere [45] of wild plants, but differs from the observation that soil fungal diversity within cloud
forests declines with elevation [46]. However, existing evidence points to turnover being more important
for variation in fungal diversity across elevation than richness or abundance [47]. In Mexican cloud
forests, high turnover rates have already been reported for culturable soil fungi [48], mirroring diversity
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patterns in the soil and phyllosphere reported for elevation gradients that include montane and montane
cloud forests [49, 50]. Indeed, we found that both bacterial and fungal communities consistently
differentiate with elevation. Our data showed higher dissimilarity among elevation plots for fungi than for
bacteria, but in general microbial communities from within the same plot showed more similar
compositions than among plots. Differences among taxonomic guilds can be explained by fungi being
more sensitive to temperature changes and having less dispersion than bacteria, thus accounting for
stronger patterns of elevational differentiation [50]. Nevertheless, a significant percentage of the fungal
ASVs were taxonomically unclassified due to lack of information in the UNITE database, implying that
the fungal communities are largely under-described.

Studies concerning the phyllosphere have shown that temperature is of great importance to the
structuring of microbial communities and can affect different properties of these communities, such as
composition and abundance [45, 51, 52]. Phyllosphere microbial communities have shown increased
abundances of Actinobacteria due to leaf temperature [53], which agree with our report of enrichment of
these taxa in the samples from the lowermost plot with higher temperatures. However, studies of the
phyllosphere of cloud-forest plant species are not available to serve as a comparison. Furthermore, the
observation that the highly abundant Acidobacteriota appears enriched at the highest elevations is
consistent with the more acidic nature of the soil in these plots (pH < 3.75), which is closely associated
with the presence of Acidobacteriota in other montane ecosystems [54]. Other less abundant taxa were
identified as markers for some of the plots according to LEfSe analysis: Gemmatimonadota enriched in
lower elevations consistent with the phylum’s preferences for higher pH and plant richness [55].

Fungal communities in both phyllosphere and rhizosphere were dominated by Ascomycota and
Basidiomycota, which is consistent with previous studies of local soil fungi that detected the same taxa
within the same forest plots [28]. More specifically, we observed highly abundant taxa such as
Eurotiomycetes, Dothideomycetes, and Leotiomycetes in the phyllosphere, and Agaricomycetes,
Archaeorhizomycetes, and Mortierellomycetes in the rhizosphere. Interestingly, some of the
aforementioned fungal taxa had differential abundances across elevation plots which are likely related to
changes in temperature, one of the main factors accounting for variation in the abundance of fungal taxa
in multiple ecosystems [56, 57]. Changes in other elevation-related variables such as pH, C:N ratio,
moisture content, and phosphorus availability, have also been reported as influencing the fungal
communities within cloud forests [46, 58, 59]. Although soil Ascomycota have been reported to increase
in abundance with elevation in other ecosystems [60], our results align with studies in cloud forest
showing higher abundances at mid-elevations (1000–2000 masl) [61].

Despite the elevation turnover of tree-fern-associated microbial communities, we found shared bacterial
and fungal taxa across elevations and sample types, suggesting that host related factors are likely
playing a role in microbial composition [4]. We also identified microbial genera only present at particular
elevations, but, given the small number of samples in our study, a more detailed exploration is not
possible. Our results are consistent with prior research showing that environmental heterogeneity
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influences which microorganisms compose the shared microbial community, even in the phyllosphere
that is usually thought to recruit microorganisms stochastically from the soil pool [15].

In montane gradients, the observed changes in climate, edaphic factors, and soil nutrients are the
principal drivers of microbial composition [39], this also being true for tropical cloud forests [46, 62].
Indeed, our RDA showed that between 53–59% of the inertia was constrained by environmental
variables, meaning that a significant proportion of variation in microbial composition can be explained by
the environment. These results are consistent with previous reports on soil fungi [28] and culturable
microbes [27], and point to the environmentally-driven deterministic processes that impact microbial
community assembly in the microbial communities associated with tree ferns. Our study in tree ferns
evinces the likely impact of small-scale environmental variation to the filtering of the microbial
communities associated with cloud forest plants, possibly acting through changes to leaf surface
temperatures, availability of nutrients, humidity, and light incidence [41, 63]. The large remaining
unexplained variation could be the result of stochastic assembling processes or unconsidered variables
such as biological interactions, vegetation changes or host intrinsic properties. For instance, seasonality
has been reported as an important factor in microbial community structure [64–66], where there is a
great dynamism of microbial communities to temporal environmental changes.

This study represents a first step towards understanding the microbial communities associated with tree
ferns, yet the reduced sampling precludes more nuanced analyses of their drivers. Including additional
tree fern species across a wider elevation gradient would be necessary to untangle host-related effects
from environmental factors that remain largely unexplored in plants in wild settings. Overall, we found
that the microbial communities associated with tree ferns varied with elevation gradient and that a
significant proportion of this variation can be explained by environmental heterogeneity. Our findings
suggest that elevation and associated variables influence the composition and diversity of the tree fern
microbial communities, but with varying responses depending on sample type and taxonomic guild.
Given their importance for plant health, understanding plant-associated microbial communities and the
factors influencing them across space and time is highly relevant for under-studied and threatened plant
species of tropical mountains.

Declarations

Conflict of interest
The authors have no relevant financial or non-financial interests to disclose.

Funding
The research was supported by UNAM-PAPIIT (Programa de Apoyo a Proyectos de Investigación e
Innovación Tecnológica) with grants IN226323 and IA202320 given to SRB and by grant Ciencia de
Frontera 2019-373914 by CONAHCYT given to EAR.



Page 11/22

Author Contribution
S.R.-B., E.A.R. and M.A. planned, designed, and funded research; S.R.-B. and MA selected sampling sites
and collected samples; E.A.R., M.A., and M.V.-M. processed the samples and prepared sequence
libraries; M.V.-M. processed the sequencing data, analyzed and visualized the data, and wrote the
manuscript; all authors read, revised, and approved the final manuscript.

Acknowledgement
This study is part of the MSc thesis work of MVM in the Posgrado en Ciencias Biológicas, UNAM, who
received a scholarship from CONAHCyT, Mexico (scholarship n° 1267699). We thank MSc Enrique Soto
Cortés for his participation in the field phase, Dr. Marco Tulio Solano De la Cruz, and Dr. Laura Hernández
Soriano (Unidad de Secuenciación Masiva, Instituto de Ecología, UNAM) and Alberto H. Orta for their
specialized technical support in the processing of DNA samples and Dr. Jose Luis Aguirre for his help
with bioinformatic processing.

Data Availability
Sequence data are publicly available in NCBI under the Bioproject PRJNA1180585.The QIIME2 code, R
codes, samples metadata and supporting data are available at
https://github.com/marianavelezmunera/FernsMicrobiome.

References
1. Compant S, Samad A, Faist H, Sessitsch A (2019) A review on the plant microbiome: Ecology,

functions, and emerging trends in microbial application. Journal of Advanced Research 19:29–37.
https://doi.org/10.1016/j.jare.2019.03.004

2. Trivedi P, Leach JE, Tringe SG, et al (2020) Plant–microbiome interactions: from community
assembly to plant health. Nature Reviews Microbiology 18:607–621.
https://doi.org/10.1038/s41579-020-0412-1

3. Hernández-Terán A, Navarro-Díaz M, Benítez M, et al (2020) Host genotype explains rhizospheric
microbial community composition: the case of wild cotton metapopulations (Gossypium hirsutum
L.) in Mexico. FEMS Microbiology Ecology 96:fiaa109. https://doi.org/10.1093/femsec/fiaa109

4. Dastogeer KMG, Tumpa FH, Sultana A, et al (2020) Plant microbiome–an account of the factors that
shape community composition and diversity. Current Plant Biology 23:100161.
https://doi.org/10.1016/j.cpb.2020.100161

5. Mishra S, Hättenschwiler S, Yang X (2020) The plant microbiome: A missing link for the
understanding of community dynamics and multifunctionality in forest ecosystems. Applied Soil
Ecology 145:103345. https://doi.org/10.1016/j.apsoil.2019.08.007



Page 12/22

6. Fonseca-García C, Coleman-Derr D, Garrido E, et al (2016) The Cacti Microbiome: Interplay between
Habitat-Filtering and Host-Specificity. Front Microbiol 7:. https://doi.org/10.3389/fmicb.2016.00150

7. Stone BWG, Jackson CR (2016) Biogeographic Patterns Between Bacterial Phyllosphere
Communities of the Southern Magnolia (Magnolia grandiflora) in a Small Forest. Microb Ecol
71:954–961. https://doi.org/10.1007/s00248-016-0738-4

8. Freedman ZB, McGrew A, Baiser B, et al (2021) Environment–host–microbial interactions shape the
Sarracenia purpurea microbiome at the continental scale. Ecology 102:.
https://doi.org/10.1002/ecy.3308

9. Coleman-Derr D, Desgarennes D, Fonseca-Garcia C, et al (2016) Plant compartment and
biogeography affect microbiome composition in cultivated and native Agave species. New
Phytologist 209:798–811. https://doi.org/10.1111/nph.13697

10. Lebeis SL (2014) The potential for give and take in plant-microbiome relationships. Front Plant Sci
5:. https://doi.org/10.3389/fpls.2014.00287

11. Sundqvist MK, Sanders NJ, Wardle DA (2013) Community and Ecosystem Responses to Elevational
Gradients: Processes, Mechanisms, and Insights for Global Change. Annu Rev Ecol Evol Syst
44:261–280. https://doi.org/10.1146/annurev-ecolsys-110512-135750

12. Praeg N, Seeber J, Leitinger G, et al (2020) The role of land management and elevation in shaping
soil microbial communities: Insights from the Central European Alps. Soil Biology and Biochemistry
150:107951. https://doi.org/10.1016/j.soilbio.2020.107951

13. Siles JA, Margesin R (2016) Abundance and Diversity of Bacterial, Archaeal, and Fungal
Communities Along an Altitudinal Gradient in Alpine Forest Soils: What Are the Driving Factors?
Microb Ecol 72:207–220. https://doi.org/10.1007/s00248-016-0748-2

14. Cai Z, Wang X, Bhadra S, Gao Q (2020) Distinct factors drive the assembly of quinoa-associated
microbiomes along elevation. Plant Soil 448:55–69. https://doi.org/10.1007/s11104-019-04387-1

15. Noble AS, Noe S, Clearwater MJ, Lee CK (2020) A core phyllosphere microbiome exists across
distant populations of a tree species indigenous to New Zealand. PLoS ONE 15:e0237079.
https://doi.org/10.1371/journal.pone.0237079

16. Wallace J, Laforest-Lapointe I, Kembel SW (2018) Variation in the leaf and root microbiome of sugar
maple ( Acer saccharum ) at an elevational range limit. PeerJ 6:e5293.
https://doi.org/10.7717/peerj.5293

17. Wang Y, Wang H, Cheng H, et al (2020) Niche differentiation in the rhizosphere and endosphere
fungal microbiome of wild Paris polyphylla Sm. PeerJ 8:e8510. https://doi.org/10.7717/peerj.8510

18. Wang J, Hu A, Meng F, et al (2022) Embracing mountain microbiome and ecosystem functions under
global change. New Phytologist 234:1987–2002. https://doi.org/10.1111/nph.18051

19. Peay KG, Von Sperber C, Cardarelli E, et al (2017) Convergence and contrast in the community
structure of Bacteria, Fungi and Archaea along a tropical elevation–climate gradient. FEMS
Microbiology Ecology 93:. https://doi.org/10.1093/femsec/fix045



Page 13/22

20. Körner C (2007) The use of ‘altitude’ in ecological research. Trends in Ecology & Evolution 22:569–
574. https://doi.org/10.1016/j.tree.2007.09.006

21. Sánchez-González A, Álvarez-Zúñiga E, López-Mata L, et al (2016) Diversity and distribution patterns
of ferns and lycophytes in a cloud forest in Mexico. Revista Chapingo serie ciencias forestales y del
ambiente 22:235–253. https://doi.org/10.5154/r.rchscfa.2015.09.042

22. Ramírez-Barahona S, Eguiarte LE (2015) Spatial genetic analyses reveal strong genetic structure in
two populations of the outcrossing tree fern Alsophila firma (Cyatheaceae): Spatial genetic structure
in tree ferns. Bot J Linn Soc 177:439–449. https://doi.org/10.1111/boj.12248

23. Merino G, Ramírez-Barahona S, Olson ME, et al (2023) Distribution and morphological variation of
tree ferns (Cyatheaceae) along an elevation gradient. PLoS ONE 18:e0291945.
https://doi.org/10.1371/journal.pone.0291945

24. Lehnert M, Krug M, Kessler M (2017) A review of symbiotic fungal endophytes in lycophytes and
ferns – a global phylogenetic and ecological perspective. Symbiosis 71:77–89.
https://doi.org/10.1007/s13199-016-0436-5

25. Li F-W, Brouwer P, Carretero-Paulet L, et al (2018) Fern genomes elucidate land plant evolution and
cyanobacterial symbioses. Nature Plants 4:460–472. https://doi.org/10.1038/s41477-018-0188-8

26. CONABIO (2022) Bosques nublados. In: Biodiversidad Mexicana.
https://www.biodiversidad.gob.mx/ecosistemas/bosqueNublado. Accessed 17 Apr 2023

27. Leocadio C, Álvarez-López N, Barrios A, et al (2023) Soil culturable microbial diversity in an
undisturbed montane cloud forest of Oaxaca, Mexico. Revista mexicana de biodiversidad 94:.
https://doi.org/10.22201/ib.20078706e.2023.94.4980

28. Velez P, Tapia-Torres Y, García-Oliva F, Gasca-Pineda J (2021) Small-scale variation in a pristine
montane cloud forest: evidence on high soil fungal diversity and biogeochemical heterogeneity.
PeerJ 9:e11956. https://doi.org/10.7717/peerj.11956

29. Bushnell B (2023) BBMap. In: SourceForge. https://sourceforge.net/projects/bbmap/. Accessed 15
May 2024

30. McDonald D, Jiang Y, Balaban M, et al (2023) Greengenes2 unifies microbial data in a single
reference tree. Nat Biotechnol 1–4. https://doi.org/10.1038/s41587-023-01845-1

31. Abarenkov K, Nilsson RH, Larsson K-H, et al (2024) The UNITE database for molecular identification
and taxonomic communication of fungi and other eukaryotes: sequences, taxa and classifications
reconsidered. Nucleic Acids Research 52:D791–D797. https://doi.org/10.1093/nar/gkad1039

32. McMurdie PJ, Holmes S (2013) phyloseq: An R Package for Reproducible Interactive Analysis and
Graphics of Microbiome Census Data. PLOS ONE 8:e61217.
https://doi.org/10.1371/journal.pone.0061217

33. R Core Team (2023) R: A Language and Environment for Statistical Computing. R Foundation for
Statistical Computing, Vienna, Austria

34. Lahti L, Shetty S (2017). Tools for microbiome analysis in R. Microbiome package version
1.23.http://microbiome.github.com/microbiome



Page 14/22

35. Oksanen J, Simpson GL, Blanchet FG, et al (2024) vegan: Community Ecology Package

36. Liu C, Cui Y, Li X, Yao M (2021) microeco: An R package for data mining in microbial community
ecology. FEMS Microbiology Ecology 97:fiaa255. https://doi.org/10.1093/femsec/fiaa255

37. Segata N, Izard J, Waldron L, et al (2011) Metagenomic biomarker discovery and explanation.
Genome Biol 12:R60. https://doi.org/10.1186/gb-2011-12-6-r60

38. Barnett D, Arts I, Penders J (2021) microViz: an R package for microbiome data visualization and
statistics. JOSS 6:3201. https://doi.org/10.21105/joss.03201

39. Looby CI, Martin PH (2020) Diversity and function of soil microbes on montane gradients: the state
of knowledge in a changing world. FEMS Microbiology Ecology 96:fiaa122.
https://doi.org/10.1093/femsec/fiaa122

40. Qian X, Chen L, Guo X, et al (2018) Shifts in community composition and co-occurrence patterns of
phyllosphere fungi inhabiting Mussaenda shikokiana along an elevation gradient. PeerJ 6:e5767.
https://doi.org/10.7717/peerj.5767

41. Wang X, Yuan Z, Ali A, et al (2023) Leaf traits and temperature shape the elevational patterns of
phyllosphere microbiome. Journal of Biogeography 50:2135–2147.
https://doi.org/10.1111/jbi.14719

42. Cui Y, Bing H, Fang L, et al (2019) Diversity patterns of the rhizosphere and bulk soil microbial
communities along an altitudinal gradient in an alpine ecosystem of the eastern Tibetan Plateau.
Geoderma 338:118–127. https://doi.org/10.1016/j.geoderma.2018.11.047

43. Geml J, Arnold AE, Semenova-Nelsen TA, et al (2022) Community dynamics of soil-borne fungal
communities along elevation gradients in neotropical and palaeotropical forests. Molecular Ecology
31:2044–2060. https://doi.org/10.1111/mec.16368

44. Liu J, Gong J, Hou W, et al (2023) Elevations change fungal communities of the bulk soil,
rhizosphere and root of Rhododendron delavayi Franch (Ericaceae) by affecting soil properties in a
karst area, southwest China. Archives of Agronomy and Soil Science 69:1817–1832.
https://doi.org/10.1080/03650340.2022.2117302

45. Coince A, Cordier T, Lengellé J, et al (2014) Leaf and Root-Associated Fungal Assemblages Do Not
Follow Similar Elevational Diversity Patterns. PLOS ONE 9:e100668.
https://doi.org/10.1371/journal.pone.0100668

46. Looby CI, Maltz MR, Treseder KK (2016) Belowground responses to elevation in a changing cloud
forest. Ecology and Evolution 6:1996–2009. https://doi.org/10.1002/ece3.2025

47. Kivlin SN, Lynn JS, Kazenel MR, et al (2017) Biogeography of plant-associated fungal symbionts in
mountain ecosystems: A meta-analysis. Diversity and Distributions 23:1067–1077.
https://doi.org/10.1111/ddi.12595

48. Arias Mota RM, Heredia Abarca G (2020) Diversity of soil culturable fungi in the tropical montane
cloud forest of Veracruz, Mexico. Scientia fungorum 50:. https://doi.org/10.33885/sf.2020.50.1290

49. Geml J, Pastor N, Fernandez L, et al (2014) Large-scale fungal diversity assessment in the Andean
Yungas forests reveals strong community turnover among forest types along an altitudinal gradient.



Page 15/22

Molecular Ecology 23:2452–2472. https://doi.org/10.1111/mec.12765

50. Vacher C, Cordier T, Vallance J (2016) Phyllosphere Fungal Communities Differentiate More
Thoroughly than Bacterial Communities Along an Elevation Gradient. Microb Ecol 72:1–3.
https://doi.org/10.1007/s00248-016-0742-8

51. Cordier T, Robin C, Capdevielle X, et al (2012) The composition of phyllosphere fungal assemblages
of European beech (Fagus sylvatica) varies significantly along an elevation gradient. New
Phytologist 196:510–519. https://doi.org/10.1111/j.1469-8137.2012.04284.x

52. Ren G, Zhu C, Alam MS, et al (2015) Response of soil, leaf endosphere and phyllosphere bacterial
communities to elevated CO2 and soil temperature in a rice paddy. Plant Soil 392:27–44.
https://doi.org/10.1007/s11104-015-2503-8

53. Alsanius BW, Bergstrand K-J, Hartmann R, et al (2017) Ornamental flowers in new light: Artificial
lighting shapes the microbial phyllosphere community structure of greenhouse grown sunflowers
(Helianthus annuus L.). Scientia Horticulturae 216:234–247.
https://doi.org/10.1016/j.scienta.2017.01.022

54. Zhang Y, Cong J, Lu H, et al (2014) Community structure and elevational diversity patterns of soil
Acidobacteria. Journal of Environmental Sciences 26:1717–1724.
https://doi.org/10.1016/j.jes.2014.06.012

55. Mujakić I, Piwosz K, Koblížek M (2022) Phylum Gemmatimonadota and Its Role in the Environment.
Microorganisms 10:151. https://doi.org/10.3390/microorganisms10010151

56. Mikryukov V, Dulya O, Zizka A, et al (2023) Connecting the multiple dimensions of global soil fungal
diversity. Sci Adv 9:eadj8016. https://doi.org/10.1126/sciadv.adj8016

57. Větrovský T, Kohout P, Kopecký M, et al (2019) A meta-analysis of global fungal distribution reveals
climate-driven patterns. Nat Commun 10:5142. https://doi.org/10.1038/s41467-019-13164-8

58. Pinto-Figueroa EA, Seddon E, Yashiro E, et al (2019) Archaeorhizomycetes Spatial Distribution in
Soils Along Wide Elevational and Environmental Gradients Reveal Co-abundance Patterns With
Other Fungal Saprobes and Potential Weathering Capacities. Front Microbiol 10:.
https://doi.org/10.3389/fmicb.2019.00656

59. Li J, Chen L, Wang H, et al (2022) Pattern and drivers of soil fungal community along elevation
gradient in the Abies georgei forests of Segila mountains, Southeast Tibet. Global Ecology and
Conservation 39:e02291. https://doi.org/10.1016/j.gecco.2022.e02291

60. Vélez-Martínez GA, Reyes-Ardila WL, Duque-Zapata JD, et al (2023) Soil bacteria and fungi
communities are shaped by elevation influences in Colombian forest and páramo natural
ecosystems. Int Microbiol 27:377–391. https://doi.org/10.1007/s10123-023-00392-8

61. Del Olmo-Ruiz M, García-Sandoval R, Alcántara-Ayala O, et al (2017) Current knowledge of fungi from
Neotropical montane cloud forests: distributional patterns and composition. Biodivers Conserv
26:1919–1942. https://doi.org/10.1007/s10531-017-1337-5

62. Deng Z, Wang Y, Xiao C, et al (2022) Effects of Plant Fine Root Functional Traits and Soil Nutrients
on the Diversity of Rhizosphere Microbial Communities in Tropical Cloud Forests in a Dry Season.



Page 16/22

Forests 13:421. https://doi.org/10.3390/f13030421

63. Yang H, Yang Z, Wang Q-C, et al (2022) Compartment and Plant Identity Shape Tree Mycobiome in a
Subtropical Forest. Microbiology Spectrum 10:e01347-22. https://doi.org/10.1128/spectrum.01347-
22

64. Argiroff WA, Carrell AA, Klingeman DM, et al (2024) Seasonality and longer-term development
generate temporal dynamics in the Populus microbiome. mSystems 9:e00886-23.
https://doi.org/10.1128/msystems.00886-23

65. Copeland JK, Yuan L, Layeghifard M, et al (2015) Seasonal Community Succession of the
Phyllosphere Microbiome. MPMI 28:274–285. https://doi.org/10.1094/MPMI-10-14-0331-FI

66. Howe A, Stopnisek N, Dooley SK, et al (2023) Seasonal activities of the phyllosphere microbiome of
perennial crops. Nat Commun 14:1039. https://doi.org/10.1038/s41467-023-36515-y

Figures



Page 17/22

Figure 1

Relative abundances of bacterial (a) and fungal (b) classes in the microbial communities of the tree fern
Cyathea fulva (Cyatheaceae) across elevation. Bar plots depict the microbial taxonomic composition
(relative abundances) at class level for the phyllosphere (bacteria N=13; fungi N=15), rhizosphere
(bacteria N=15; fungi N=14), and soil samples (bacteria N=5; fungi N=5). Sample names represent the
elevation of the corresponding plot (1978, 2007, 2018, 2178, and 2210 masl). The ten most abundant
classes are shown separately, whereas all other classes are combined into a single category (‘Other’).
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Figure 2

Microbial alpha diversity for bacterial and fungal communities of the tree fern Cyathea fulva across
elevations. Shannon’s diversity index (H) for individual samples of bacterial phyllosphere (N=13) (a) and
rhizosphere (N=15) (b), and fungal phyllosphere (N=15) (c) and rhizosphere (N=14) (d). Solid line depicts
the overall trend of varying alpha diversity as a function of elevation treated as a categorical variable
(plots).
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Figure 3

Principal Coordinate Analysis (PCoA) of bacterial and fungal communities of the tree fern Cyathea fulva
across elevation.Ordination of pairwise community dissimilarities for bacteria (a, b) and fungi (c, d)
based on Unweighted UniFrac distances for the phyllosphere (bacteria N=13; fungi N=15) (a, c) and the
rhizosphere (bacteria N=15; fungi N=14) (b, d). Percentage variation explained by each PCoA is indicated
on the axes. Colors indicate different elevations (masl).



Page 20/22

Figure 4

Differentially abundant taxa of the bacterial and fungal communities of the tree fern Cyathea fulva
across elevation. Linear discriminant analysis (LDA) scores for differentially abundant bacterial
(phyllosphere N=13; rhizosphere N=15) (a and b) and fungal (phyllosphere N=15; rhizosphere N=14) (c
and d) taxa as determined by LefSE. Only taxa with an LDA score > 3 were considered as differentially
abundant and plotted.
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Figure 5

Diagrams showing the numbers of shared and unique bacterial and fungal genera in the phyllosphere
and rhizosphere of the tree fern Cyathea fulva across elevation. The petals depict the numbers of unique
microbial genera in each elevation plot (bold numbers). The central circle depicts the number of shared
microbial genera across all elevation plots. (a) Bacterial phyllosphere (N=13), (b) bacterial rhizosphere
(N=15), (c) fungal phyllosphere (N=15) and (d) fungal rhizosphere (N=14).
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Figure 6

Redundancy Analysis (RDA) of bacterial and fungal communities of the tree fern Cyathea fulva across
elevation. Ordinations for the phyllosphere (bacteria N=13; fungi N=15) (a, c) and rhizosphere (bacteria
N=15; fungi N=14) (b, d) showing the relationships among the top most abundant microbial bacterial (a,
b) and fungal (c, d) classes (black arrows), and measured environmental variables (red arrows). Only
environmental variables and soil variables correlated to elevation were included in the RDA (temperature,
relative humidity, pH, EC, total phosphorus, NO3 and Fe). Samples are colored by their corresponding
elevation plot.
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