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Abstract 

The phyllosphere is a global habitat that harbors diverse communities of microorganisms. Little is 

known regarding the microbial communities associated with Espeletia sp., a plant endemic to 

Andean high mountain extreme ecosystems. Here, we used 16S rRNA gene amplicon sequencing to 

assess the structure of the microbial communities and their metabolic potential, coupled with a 

GeoChip functional microarray to confirm this metabolic capacity. We observed an overall 

similarity in the structure of microbial communities across different sites of the plant and a versatile 

and diverse metabolic potential. This characterization is the first step in studying plant phyllosphere 

in these ecosystems and for future bioprospecting studies in search for enzymes, compounds and 

even microorganisms relevant to industry or remediation efforts such as the degradation of 

pesticides or contaminant aromatic compounds. 

 

 

Introduction 

Andean high mountain environments have been reported as hotspots of diversity around the world, mainly 

because of their endemic species (Myers et al 2000). Colombian Páramos, ecosystems within these 

Neotropical Andes that consist of isolated, high elevation areas above the tree line, are constantly exposed to 
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conditions that are considered extreme, such as high incidence of solar radiation and exposure to large 

shifts in temperatures during the day. These high mountain conditions impose a selective pressure on 

native plants and their associated microbiota, making them diverse and unique (Hughes and Eastwood 

2006), and a model of study due to their ability to survive under conditions that are extreme for other 

forms of life. In fact, the Páramo ecosystem has been reported to be the world’s fastest evolving 

biodiversity hotspot (Madrinan et al 2013). The National Natural Park los Nevados (PNN los Nevados) in 

Colombia, includes several interesting high mountain environments in addition to páramos, such as 

perpetual snows, arid soils, and hot springs associated with volcanic activity (Alfaro 2002, Bohorquez et 

al 2012, Wyngaarden and Fandiño 2002).  

 

The phyllosphere of endemic plants from Páramos, has not been analyzed to a great extent and represents 

a unique ecosystem for microbial communities. The phyllosphere refers to all above ground surfaces of 

any plant, including leaves, stems, buds, flowers and fruits (Whipps et al 2008). It has been reported as 

probably the largest ecosystem on earth colonized by microorganisms, mainly bacteria and fungi (Lindow 

and Brandl 2003), with an approximate extension of 108 km2 (Balint-Kurti et al 2010). The phyllosphere, 

especially the leaves, act as landing stages for spores or other propagules where microorganisms can 

develop and multiply (Vokou et al 2012). Compared to other ecosystems, the phyllosphere microbiota has 

had little attention, but interest is growing due to the potential it poses in terms of microbial ecology and 

bioprospecting. The most representative plant in Colombian Páramos is known as Frailejón, an endemic 

plant belonging to the genus Espeletia (Fagua and Gonzalez 2007, Monasterio and Sarmiento 1991). The 

genus Espeletia is part of the Asteraceae family, they are present between 3,000 and 4,000 meters above 

sea level (m.a.s.l.), and they have a thick trunk, with succulent hairy leaves disposed in a dense spiral 

pattern. Based on the developmental stage, these plants can be separated into different “tiers”. The upper 
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tier is composed of young leaves somewhat protected from the environment, the mid-tier is composed of 

fully mature leaves exposed to environmental conditions, the necromass tier is composed of senescent 

leaves, and finally the root tier, which is subject to environment conditions that can be very different to 

those of the phyllosphere.  The ecology, evolution, molecular and functional diversity of microbial 

populations associated with these plants, are key aspects in order to understand how life develops in such 

extreme habitats and may present insights on how microbial communities interact in harsh environments.  

 

Both environmental conditions and the host must influence the functional ecology of plant microbial 

communities (Bodenhausen et al 2013), driving their composition and interactions. Microbial 

communities associated with plants such as Espeletia (i.e. the epiphytes and endophytes) should therefore 

reflect the adaptations to the environmental conditions they are exposed to, and have the metabolic 

plasticity required for them to thrive. The different plant tiers also represent various microenvironments 

in which microbial communities should be taxonomically diverse or at least metabolically differentiated. 

Based on these hypothesis, we analyzed the microbial communities associated with Espeletia sp. from 

Colombian Páramos, which remain mostly unknown with the exception of some studies regarding 

endophytic fungi and their biocontrol potential (Miles et al 2012). In this work we used culture 

independent means (i.e. 16S rRNA gene sequencing and GeoChip 5.0 functional microarray) to address 

community structure, diversity and functional potential using samples from different plant tiers. The 

description of bacterial communities allowed us to compare microbial structure across the plant and to 

link certain groups of microorganisms with important metabolic pathways, highlighting microbial 

contributions to particular geo-biological processes and the potential of these communities in terms of 

microbial and metabolic plasticity and adaptation. 

 

Materials and methods 
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Study site and sampling 

Sampling was performed at El Coquito hot spring (04°52'27'' N; 75°15'51.4'' W) in the PNN Los Nevados. 

Leaves were sampled from the plant Espeletia sp., following reported methodologies (Izhaki et al 2013, 

Redford et al 2010, Vokou et al 2012) with some modifications. Briefly, leaves (50-100g) from three 

individuals were randomly taken from three different tiers according to the plant morphology (Upper tier, 

young leaves; mid-tier, mature and fully developed leaves and lower tier, senescent leaves or necromass). 

Two sets of leaves were taken from each individual, one for the epiphyte community analysis and one for 

the endophyte community. Roots (1-5g) were taken from two different plants with a sterile scalpel (Figure 

S1). 

 

Epiphyte, Necromass and Root DNA Extraction 

We obtained epiphyte DNA by first releasing bacteria from the surface of leaves, as previously reported 

(Bodenhausen et al 2013, Izhaki et al 2013, Zhang et al 2010), by submerging 10-20g of healthy plant 

tissue in 100mL of Release buffer (0.1M Potassium Phosphate, 0.1% Glycerol, 0.15% Tween 80, pH 7.0), 

and vortexing for 7 minutes. The remaining bacteria were dislodged from the leaves with the help of a 

sterile swab and the buffer was then filtered through a 0.2µm-pore filter. For the roots and necromass 

samples, epiphyte and endophyte DNA extractions were combined. Briefly, the tissue was fragmented 

into 0.5-1cm and transferred to a 50mL tube containing 25mL of Release buffer (0.1M Potassium 

Phosphate, 0.1% Glycerol, 0.15% Tween 80, pH 7.0). The tissue was then homogenized by vortexing for 

10 minutes, the buffer was filtered through a 0.2µm-pore filter and the filters were used for DNA 

extraction using the PowerSoil DNA Isolation Kit (MOBIO Laboratories, Carlsbad, CA; USA), following 

the manufacturer’s instructions. All DNA extractions were quantified using Qubit® 2.0 Fluorometer (Life 

Technologies Corporation, Carlsbad, CA; USA). In total, we obtained six DNA extractions for the 
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epiphyte fraction, corresponding to the upper tier and the mid-tier from all three replicates, three DNA 

extractions for the necromass tier, one for each of three replicates, and two for the roots. 

 

Endophyte DNA Extraction 

For the isolation and DNA extraction of endophytic microorganisms, we followed previously reported 

methodologies (Araujo et al 2002, Conn and Franco 2004, Miles et al 2012). Briefly, before DNA 

extraction, the plant tissue was surface-sterilized by first thoroughly washing with sterile H2O to remove 

dirt, suspended in NAP buffer (124mM Na2HPO4.H2O) and sonicated for 1 min to dislodge epiphytes. 

Leaves were then shaved to remove the pubescence on their surface in order to help in the subsequent 

sterilization process (Miles et al 2012). The material was then washed with sterile H2O, submerged in 90% 

ethanol (60s), 5.25% sodium hypochlorite solution (6 min), and 70% ethanol (30s), and finally rinsed with 

sterile distilled water. Sterilization was checked by taking an imprint of the leaf on Malt Extract Medium 

(MEA) (Miles et al 2012) and incubating at 25ºC. 1g of the previously treated material cut into 0.1-0.5mm 

sections was placed in a 1.5mL Eppendorf tube containing 1g of sterile 0.1mm-diameter glass beads and 

1mL of TE (10mM Tris, 10mM EDTA, pH 8.0), homogenized in a mini-bead beater for 5min (BioSpec 

Products), and used for DNA extraction using the PowerSoil DNA Isolation Kit (MOBIO Laboratories, 

Carlsbad, CA; USA), following the manufacturer’s instructions. DNA extractions were quantified using 

Qubit® 2.0 Fluorometer (Life Technologies Corporation, Carlsbad, CA; USA). In total, for the endophyte 

fraction we obtained six DNA extractions corresponding to the upper tier and the mid-tier from all three 

replicates. 

 

16S rRNA gene Amplification and Sequencing 

5 
 



The V5-V6 hypervariable region of the 16S rRNA gene of Bacteria and Archaea was amplified with 

primer 799F (5’-AACMGGATTAGATACCCKG-3’), which minimizes contamination from chloroplast 

DNA and amplifies a mitochondrial product that is larger and thus easier to separate and differentiate from 

the microbial amplified products (Chelius and Triplett 2001), and the reverse primer 1050R (5’- 

AGYTGDCGACRRCCRTGCA-3’) (Bohorquez et al 2012). DNA concentration was adjusted to 10ng for 

the endophyte fractions and 1ng for the epiphyte fraction. Each 25uL PCR reaction contained: 10ng 

(endophytic fraction) or 1ng (epiphytic fraction) of DNA, 10X AccuBuffer (600mM Tris-HCl, 60mM 

(NH4)2SO4, 100mM KCl, 20mM MgSO4, pH 8.3; Bioline), 10mM dNTP Mix, 0.5uM of each primer and 

5 Units of ACCUZYME DNA Polymerase (Bioline USA Inc.; Taunton, MA; USA). Cycling conditions 

were 94ºC for 2 min, followed by 30 cycles of 94ºC for 30 sec, 55ºC for 30 sec, 72ºC for 45 sec; and a 

final extension of 72ºC for 10 min. Given the size difference, about 800bp and 300bp for mitochondrial 

and microbial amplicons, respectively, the PCR products were separated on a 3% agarose gel and purified 

using the QIAquick gel extraction kit (QIAGEN, Valencia, CA; USA). The remaining samples were 

purified using the QIAquick PCR Purification Kit (QIAGEN, Valencia, CA; USA). DNA was quantified 

using Qubit® 2.0 Fluorometer (Life Technologies Corporation, Carlsbad, CA; USA) and amplicons were 

sequenced on an Illumina MiSeq machine with a Paired-End protocol (PE-250) (Molecular Research MR 

DNA (www.mrdnalab.com, Shallowater, TX, USA).  

 

Sequence Analysis 

In order to increase the length of the reads and therefore our ability to accurately assign taxonomy and 

function, the forward and reverse reads obtained by Illumina paired-end sequencing were initially 

assembled using the fastq-join software (Aronesty 2013), which combines paired-end reads that overlap 

into a single contig. We used a minimum overlap of 150bp given the average length of our reads (~250bp) 
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and the total length of the V5-V6 region (~300bp).  Assembled paired-end reads were then analyzed 

following a pipeline that includes UPARSE (Edgar 2013) and Qiime 1.8 (Caporaso et al 2010b). The reads 

were filtered by quality first at a mean quality level >25 and then based on the maximum expected error 

(<0.5) (Edgar 2013). Reads were then separated according to the barcodes (one barcode for each sample) 

and those with mismatches in the primer or barcode, as well as sequences containing ambiguous bases 

were excluded. Operational Taxonomic Units (OTUs) were picked at 97% sequence similarity level using 

the UPARSE-OTUref algorithm, which includes a de novo and reference-based chimera-checking step. 

Taxonomy assignment was performed using the uclust-based consensus taxonomy classifier as default in 

Qiime 1.8, using the Greengenes reference database and taxonomy (Version 13_8) (McDonald et al 2012). 

The phylogenetic overlap at 97% between samples was computed using the core microbiome script in 

Qiime 1.8. Sequences that were assigned to “chloroplast” or “mitochondria” were removed from the 

dataset. For tree-based analysis, representative sequences of each OTU were aligned against the 

Greengenes core dataset (DeSantis et al 2006) using PyNAST (Caporaso et al 2010a). The approximately-

maximum-likelihood phylogenetic tree was built using FastTree (Price et al 2010).  

 

Diversity Analysis 

Alpha- and Beta-diversity analyses were performed using both Qiime 1.8 (Caporaso et al 2010b) and the 

R package Phyloseq (McMurdie and Holmes 2013). OTU-accumulation curves, relative abundance plots 

and alpha richness measurements (Chao1) were estimated for all tiers. For diversity estimates, we 

computed the Shannon entropy index and the Gini-Simpson index. Diversity indices were transformed to 

effective number of species for comparison among samples using the formulas provided by (Jost 2007). 

In order to measure and compare the diversity among plant tiers and microbial populations (i.e. Beta-

diversity), we normalized the OTU tables using the variance stabilization function from DESeq2 (Love et 
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al 2014) wrapped in phyloseq (McMurdie and Holmes 2013), as previously reported (McMurdie and 

Holmes 2014). Normalized tables were then used to estimate the differential abundance of OTUs between 

samples, location within the plant and microbial population using DESeq2 (Love et al 2014). Principal 

Coordinates Analysis (PCoA), Correspondence Analysis (CA) and hierarchical clustering were computed 

based on UniFrac distances. Alpha and Beta diversity plots were made using Phyloseq and SPSS Statistics 

22 (IBM, New York, USA). 

 

Functional Analysis 

Functional metabolic pathways were predicted using the recently published software PICRUSt (Langille 

et al 2013) after performing an additional closed reference OTU picking pipeline using Qiime 1.8 since 

PICRUSt exclusively uses the GreenGenes database IDs for the analysis. The output of this analysis, 

consisting of KEGG orthologies, was further processed using HUMAnN (Abubucker et al 2012), which 

transforms 16S rRNA-based predictions into gene and pathways summaries. This summary was then used 

as input for the Galaxy web-based application (Blankenberg et al 2010, Giardine et al 2005, Goecks et al 

2010) for visualization using GraPhlAn. Total metagenomic DNA was also analyzed using the GeoChip 

5.0 functional microarray (He et al 2010) (Glomics (Norman, OK; USA). The normalized hybridization 

output was organized based on functional categories, singletons were removed (probes that were detected 

in only one sample of a replicate group), and data were analyzed using the multivariate statistical software 

package PRIMER-E v6 (Plymouth Marine Laboratory). Nonmetric multidimensional scaling (NMDS) 

ordinations were used to visualize Bray-Curtis similarities. ANOSIM analysis was used to assess the 

confidence in the similarities observed. Functional categories in each sample were compared using 

ANOVA and plotted using SPSS Statistics 22 (IBM, New York, USA). 
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Results  

Changes in phylogenetic composition and structure  

In order to assess the phylogenetic composition of microbial communities associated with Espeletia sp., 

we sequenced the V5-V6 16S rRNA region from different tiers of the plant (Figure S1). A total of 17 

DNA samples yielded 3,041,094 16S rRNA paired-end sequences. Sequences were assembled into single 

reads, de-multiplexed and quality-filtered using the UPARSE (Edgar 2013) and QIIME 1.8 (Caporaso et 

al 2010b) pipelines, yielding a total of 1,762,044 high-quality sequences. These were clustered into OTUs 

at 0.03 distance cutoff with the UPARSE-OTUref algorithm, which can infer up to the species level 

(Schloss and Handelsman 2005) and includes a de novo and reference-based chimera checking process 

that removes spurious OTUs and sequencing artifacts (Edgar 2013). Although the forward primer we used 

(799F) was reported to exclude chloroplast and mitochondrial DNA (Chelius and Triplett 2001), these 

sequences were found in our data and were therefore removed from the OTU table. After this chimera 

checking and filtering processes, we obtained a total of 1,548 OTUs represented by sequence reads ranging 

from 6,744 to 102,266 per sample. Chao1 richness estimates were clearly higher than the number of OTUs 

observed, with significant differences observed for the root and necromass samples (Table S1). 

 

OTU-accumulation curves (Figure S2) showed that most samples were well characterized with our 

sampling efforts. This was the case for the epiphyte leaf communities and for the necromass and root 

samples, the latter two including combined endophyte and epiphyte communities. However, the endophyte 

leaf communities were less characterized and thus, more sampling and sequencing efforts should be 

performed. The low number of sequences obtained for the endophyte community could be due to the fact 

that these samples contained many plant chloroplast and mitochondrial sequences, and that prokaryotes 

might represent only a small fraction of endophytes (Miles et al 2012). The calculated Shannon and 

Simpson diversity indices, which take into account OTU abundances (Tuomisto 2010) (Table S1), were 
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transformed into effective numbers of species (ENS) to compare samples (Jost 2007). Both Shannon and 

Simpson transformations showed that diversity was significantly higher for the necromass and root 

fractions (p = 0.000061 and p = 0.000005, respectively) (Figure 1), even when comparing against the 

combined leaf endophyte and epiphyte fractions (Figure S3). 

 

Taxonomy of the sequences was examined at the phylum level using the uclust-based consensus taxonomy 

classifier (Figure 2). The most abundant phyla in all plant samples were Proteobacteria, Actinobacteria, 

Bacteroidetes, Acidobacteria, Firmicutes and Crenarchaeota even when subsampling at the lowest 

number of reads obtained, 6,700 sequences per sample (data not shown). The phylum Proteobacteria was 

more abundant in endophyte and epiphyte communities of both young and mature leaves (from 71.65% 

to 85.76%) compared to the necromass fraction (51.94% and 45.40%, respectively). Within this phylum, 

there were marked differences in relative abundances across samples at the class level, such as the greater 

abundance of γ-proteobacteria in young and mature leaves (both endophytes and epiphytes) when 

compared to the root or necromass tiers (Figure 2). On the other hand, the necromass and root fractions 

had a higher relative abundance of the phylum Acidobacteria (11.81% and 20.28%, respectively) when 

compared to the leaf habitat (2.40% to 3.66%), and there were more Bacteroidetes and α-proteobacteria 

in the necromass fraction (21.05%) and Crenarcheaota in the root fraction (13.93%). Actinobacteria 

showed a relative abundance ranging from 4.07% to 12.02% across samples. 

 

Although we found a total of 1,548 OTUs, there was a marked difference in OTU abundances across 

samples (Figure S4). The most common genera shared by all samples were OTUs classified as 

Pseudomonas sp., Klebsiella sp., Sphingomonas sp., Erwinia sp., Baumannia sp., Propionibacterium sp., 

Burkholderia sp., Acinetobacter sp., and Hymenobacter sp. Not surprisingly, these OTUs belonged to the 
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core community, which was composed of 174 OTUs shared by all samples (Figure S5). Despite the low 

percentage of unclassified OTUs (< 4% across samples), there were many OTUs that could not be 

classified up to species or even genus levels, suggesting that they could not be appropriately classified 

with the database we used or that they might represent new microorganisms.  

 

The phylogenetic structure of all samples was analyzed by a Principal Coordinates Analysis (PCoA) using 

weighted UniFrac distances (Figure 3) in order to assess if the samples clustered according to their location 

on the plant. The root fraction was separated from the leaf phyllosphere (leaf endophyte and epiphyte) and 

necromass samples, which in turn were also separated from one another. All leaf samples clustered 

together, indicating that they were similar and differed from the necromass and root fractions as showed 

using hierarchical clustering (Figure S6). This analysis indicated that the epiphyte and endophyte leaf 

communities were very similar and, indeed, we only found few OTUs, belonging to Acidobacteria, 

Bacteroidetes and Proteobacteria, which were more abundant in the epiphyte community compared to 

the endophyte community (Figure S7). Although the necromass is part of the phyllosphere, we observed 

clear differences between leaf epiphyte and endophyte communities and the necromass fraction. The 

necromass fraction had more abundant OTUs from the Acidobacteria, Actinobacteria, Bacteroidetes, 

Firmicutes, Proteobacteria, FBP and TM7 phyla. The differences observed for the root fraction were 

mainly driven by OTUs from the phyla Actinobacteria, Acidobacteria, AD3, Armatinomonadetes, 

Bacteroidetes, Chlamydiae, Chloroflexi, Crenarchaeota, Firmicutes, Proteobacteria, TM6, TM7 and 

Verrucomicrobia. These phyla were significantly more abundant in the root fraction compared to the 

phyllosphere communities (i.e. leaves and necromass, p < 0.01) (Figure S7). Interestingly, Rothia sp., 

Corynebacterium sp. and Pseudomonas sp, were more abundant in both the epiphyte and endophyte 

fractions compared to the necromass and root fractions. In general, the differences between the necromass 
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and leaf fractions were driven by OTUs that were more abundant in the necromass and belonged mainly 

to Proteobacteria, Acidobacteria, Actinobacteria, Bacteroidetes, Firmicutes, FBP and TM7. The root 

fraction, on the other hand, showed overall increased abundances in OTUs from several phyla, mentioned 

above, when compared to the rest of the fractions (Figure S7). This is consistent with the aforementioned 

higher diversity measurements of the root fraction.  

 

Metabolic profiles vary according to plant microenvironment 

To further understand how Espeletia sp. plant microhabitats can affect microbial communities, we 

analyzed the samples using a bioinformatics 16S rRNA-based prediction approach and a functional 

microarray. We predicted the metabolic potential of each of the communities with the PICRUSt software, 

which infers the metabolic capabilities by matching 16S rDNA sequences with the closest sequenced 

genome (Langille et al 2013). Based on this information, we constructed a tree depicting the main 

metabolic pathways, categorized by the KEGG database (Kanehisa and Goto 2000) using the web-based 

application Galaxy (Blankenberg et al 2010), combined with a heat map of gene “abundances” for each 

category in every sample (Figure S8). The functional categories and the abundances varied among 

samples, showing widespread abundance in genes involved in xenobiotic degradation, carbohydrate, lipid, 

amino acid and cofactors metabolism, biosynthesis of secondary metabolites and energy metabolism. 

Interestingly, genes involved in the replication and repair pathways, including base excision repair system, 

DNA replication, homologous recombination, mismatch repair and nucleotide excision repair systems, 

were also predicted to be present in the samples. The degradation of xenobiotics and the biosynthesis of 

secondary metabolites such as antibiotics, alkaloids, polyketides and terpenoids were also a relevant 

feature of this prediction (Figure S8). Although the 16S-based predictions did not show any clear 

separation between the communities, we found statistically significant differences between the endophyte 

12 
 



community and the root and necromass communities (ANOSIM, Global R = 0.359, p = 0.008, n = 17, 

permutation = 9,999; Figure 4A). 

 

To obtain information regarding the actual functional profiles of these microbial communities, we used 

the GeoChip 5.0 functional microarray, which contains over 167,000 probes covering more than 395,000 

coding sequences from approximately 1,500 functional gene families involved in several biogeochemical, 

cellular and ecological processes. All microbial communities had great functional diversity, showing 

mainly genes involved in carbon fixation and degradation pathways, nitrogen, phosphorus and sulfur 

metabolism, organic remediation, secondary metabolism, virulence-related genes and environmental 

stress responses. There were statistically significant differences between the communities analyzed as 

reported by the Analysis of Similarity (ANOSIM) (Global R = 0.524, p = 0.002, n = 16, permutation = 

9,999). Pairwise comparisons showed that the epiphyte, root and necromass communities shared greater 

similarity, while the endophyte communities were significantly different from the rest of the communities 

(p < 0.05). Compared to the ordination analysis performed on the 16S-based predictions, which could not 

separate samples based on the population (endophyte, epiphyte, necromass and root) or plant tier, the 

GeoChip analysis separated the endophyte communities from the rest (Figure 4). Even though several 

genes families were detected, in this study we were most interested in functions that could provide insight 

regarding survival strategies and adaptation to the harsh, high mountain plant environment of Espeletia 

sp. 

 

Nutrient Utilization 

The GeoChip analysis identified several genes related to carbon cycling in all communities associated 

with the plant. Autotrophy capacity was evidenced by the presence of genes involved in six carbon fixation 
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pathways (Figure 5). These pathways were observed across the plant with an overall lower abundance in 

the endophyte fractions (p < 0.05), indicating the capacity of fixing carbon in all parts of the plant. The 

Calvin cycle, driven mainly by microorganisms belonging to Proteobacteria and Cyanobacteria, was the 

most abundant cycle in all samples. Archaeal pathways were also present in the samples, although at low 

abundances (the 3-hydroxypropanoate/4-hydroxybutyrate cycle and the dicarboxylate/4-hydroxybutyrate 

cycle). The remaining cycles, relatively more abundant than the archaeal driven ones, were due mainly to 

genes present in Proteobacteria members, which were highly abundant in our samples. Interestingly, we 

observed the presence of genes involved in the formation of carboxysomes (bacterial microcompartments 

that contain enzymes involved in carbon fixation) across all samples with a relative abundance that 

matched the distribution of the carbon fixation pathways. We also identified C1 metabolism pathways 

involving methanogenesis and methane oxidation (Figure 5). Methanogenesis was more abundant in the 

epiphyte and root fractions while methane oxidation performed by Gamma- and Alphaproteobacteria 

microorganisms seemed to be less abundant.  

 

Heterotrophic metabolism was also found within our samples. The pathways involved in carbon 

degradation were highly abundant in all samples, with an overall increased abundance in the epiphyte, 

necromass and root fractions (p < 0.05, Figure S9). Functions ranged from the degradation of labile carbon 

sources such as starch (which was the most abundant pathway overall) to the metabolism of recalcitrant 

sources such as lignin and other plant-derived sources such as cellulose, hemicellulose, pectin and 

terpenes. The ability to degrade carbon sources broadened with the presence of genes involved in 

remediation of organic compounds (Figure S10). Genes involved in the degradation of aromatic 

compounds were in fact higher than those involved in “common” carbon metabolism such as cellulose, 

hemicellulose and pectin in terms of relative abundance. The high abundance of carbon degrading 
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pathways was due to the presence of genes encoded mainly by Proteobacteria, Actinobacteria and 

Firmicutes.  

 

Nitrogen cycling pathways were also present in all fractions of the plant, indicating microbial capacity to 

transform this element (Figure 6). Although we found the same distribution of genes in the samples (lower 

abundance in the endophyte fraction (p < 0.05) in this case, the root fraction had increased abundance in 

assimilatory nitrate reduction, denitrification, nitrification, and nitrogen fixation. On the other hand, 

ammonification and anammox pathways were more abundant in the necromass and epiphyte fractions. 

Most genes in nitrogen cycling pathways were derived from uncultured bacteria (data not shown) with a 

small presence of Actinobacteria, Proteobacteria, Firmicutes, Verrucomicrobia¸ among others.    

 

Stress responses and secondary metabolism 

The functional analysis showed presence of genes involved in the response to environmental conditions 

such as acidic and alkaline shock responses, cold and heat shock, glucose, phosphate and nitrogen 

limitation, osmotic stress, oxidative stress, oxygen limitation and stringent response (Data not shown). 

Given the high incidence of UV radiation at high Andean mountain locations (Buytaert et al 2006), we 

looked at radiation resistance mechanisms of these communities (Figure 7). We found genes involved in 

the production of bacterial pigments that can aid in the protection against the DNA-damaging doses of 

UV radiation, as well as genes for enzymes involved in the removal of reactive oxygen species (ROS). 

These mechanisms were associated with several phyla (Crenarchaeota, Euryarchaeota, Actinobacteria, 

Firmicutes, Bacteroidetes, Cyanobacteria, Deinococcus-Thermus, Planctomycetes, Proteobacteria and 

Verrucomicrobia as the most abundant). Finally, we found genes involved in the production of antibiotics 

mainly in Actinobacteria and Proteobacteria, across all samples. Moreover, there was a remarkable 
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abundance of antibiotic resistance genes across several phyla in all samples as well as the presence of 

plant hormone production genes.  

 

 

Discussion  

Microbial populations that reside in close contact with plants can be found either in the rhizosphere, which 

is the most commonly studied microhabitat, or in the phyllosphere either as epiphytes on the surface or as 

endophytes inside plants. The plant phyllosphere, although not considered as extreme as other 

environments, presents several challenges for microbial colonization and growth, especially in high 

mountain neo-tropical ecosystems exposed to sudden temperature changes and high incidence of UV 

radiation. In this work we analyzed for the first time the microbiota associated with Espeletia sp., a plant 

endemic to the Páramo environment of the Andes mountains, and a unique model for studying microbial 

populations in this harsh and threatened ecosystem.  Microbial communities associated with Espeletia sp. 

were tested for both taxonomic composition and functional profiles, thus improving on traditional 

biodiversity surveys by including novel host-associated microbiomes and their putative functional ecology 

that can give insight regarding strategies for plant colonization and microbial survival.  

 

 The overall composition of the Espeletia sp. microbial communities showed abundance of the phyla 

Proteobacteria, Actinobacteria and Bacteroidetes, similar to what has been reported for microbiomes 

associated with plants such as Arabidopsis thaliana (Bodenhausen et al 2013), Thlaspi geosingense (Idris 

et al 2004), potato cultivars (Manter et al 2010), and several tree species (Kembel et al 2014, Redford et 

al 2010). Compared to these tree species where phyla TM7 and Deinococcus-Thermus were highly 

abundant (Redford et al 2010), in Espeletia sp. they showed an overall lower abundance. The phylum 

Proteobacteria has also been found to be the most abundant on almond drupes (McGarvey et al 2014). 
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Acidobacteria and Crenarchaeota were especially abundant in the root and necromass fractions, but have 

been reported to be rare in the phyllosphere and rhizosphere of A. thaliana (Bodenhausen et al 2013), 

suggesting that they may be playing an important functional and ecological role when associated with 

Espeletia sp. The different plant tier communities showed similarities in terms of the taxa identified and 

they shared several OTUs, indicative of a core community that, in addition, shared several genera with 

the core community of A. thaliana (i.e. Pseudomonas, Burkholderia, Sphingomonas, Flavobacterium, 

among others). However, we observed differences with the most abundant core-community OTUs from 

several tree species (Beijerinckia sp., Leptothrix sp., Stenotrophomonas sp., and Niastella sp.), which were 

very rare in our samples. This overlap in the most abundant taxa in diverse plant species might indicate 

that these communities are widely spread across the globe and are adapted to the life in association with 

plants and the differences observed are probably driven by their relative abundances that reflect 

adaptations to different plant microbiomes and their interactions.  

 

Although we expected great phyllosphere microbial diversity, given the environmental conditions driving 

evolution and diversity (Li et al 2014), both necromass and roots were more diverse in terms of bacterial 

composition and functional potential. There are several factors involved in shaping communities and the 

size of the root microbiome is one of them (Bodenhausen et al 2013). Other factors playing an important 

role in the survival of microorganisms is the availability of nutrients. The surface of leaves is considered 

a water- and nutrient-limited environment (Vokou et al 2012), which contrasts with the senescent material 

of the necromass, containing perhaps more readily-available nutrients, and the more stable and nutrient 

rich root micro-environment (Bodenhausen et al 2013, Lambers et al 2009). We also expected distinct 

endophyte and epiphyte communities in the plant, but we observed otherwise. The endophyte and epiphyte 

communities shared most OTUs and were not differentiated according to the taxonomic analysis. 
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Compared to A. thaliana, where the endophyte leaf community was richer than the epiphyte, we did not 

observe any differences in richness or diversity between these fractions, suggesting that they are somehow 

continuously communicated. In addition, the presence of shared taxa among the various plant tiers 

sampled here also indicates that bacteria can travel from the rhizosphere towards the leaves and vice versa, 

as has been reported previously (Afzal et al 2014, Beattie and Lindow 1999, Bodenhausen et al 2013). 

Interestingly, we did not find any bacterial taxa present exclusively in any of the plant communities 

sampled; differences were due mainly to changes in abundances of bacterial taxa. Some taxa were more 

abundant is specific samples, such as Hymenobacter sp. in the necromass fraction, which has been reported 

in grassland soils (Kim et al 2008), desert soils (Zhang et al 2009) and has even been isolated from air 

(Buczolits et al 2002). Representatives of Crenarchaeota, which were more abundant in the root fraction, 

have also been previously reported in tomato roots (Simon et al 2005).  

 

Very little is known about the “global” metabolic capabilities of microorganisms associated with plants, 

yet a microbial community’s capacity to grow under specific environments should be evident in its 

functional profile. The 16S rRNA-based prediction of the metabolic potential of microbial communities 

associated with Espeletia sp. showed a very diverse metabolism that included metabolic pathways 

important for microbial survival in this habitat, such as acquisition of nutrients, biosynthesis of secondary 

metabolites, and DNA repair systems important for repair of radiation damage (Vorholt 2012). This 

metabolic potential was further analyzed using a GeoChip 5.0 functional microarray, which has been used 

to assess the metabolic pathways in other ecosystems (Bai et al 2013, Chan et al 2013, He et al 2010, 

Wang et al 2009, Xie et al 2011). This analysis again indicated a metabolically diverse and versatile plant 

microbiota and a general agreement with some of the functions identified using bioinformatics alone. 

Nonetheless, this microarray approach effectively identified specific pathways related to nutrient cycling, 
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stress responses, and survival mechanisms, among others. In this case, the endophyte communities were 

separated from the other communities (epiphytes, necromass and root), mainly due to the overall lower 

abundance of genes in all metabolic pathways for the endophyte fraction.  

 

Nutrient acquisition, in particular the capacity to obtain carbon and nitrogen, is vital for microbial survival, 

especially in harsh environments such as the phyllosphere of Espeletia sp. Carbon acquisition, which is 

paramount for microbial growth, was evident by the presence of genes for autotrophic and heterotrophic 

carbon metabolism. Autotrophy was mainly represented by genes involved in the Calvin cycle, driven by 

Cyanobacteria and Proteobacteria throughout the plant, which also correlated with the presence of genes 

for carboxysome formation in several taxa, a bacterial micro compartment which may improve carbon 

fixation processes.  These could be due to Proteobacteria, abundant throughout the plant, and 

Cyanobacteria, which were not directly observed in our samples due to the primers used that exclude this 

taxon (Bodenhausen et al 2013). The remaining carbon fixation pathways were found at relatively low 

abundance compared to the Calvin cycle, probably due to the anaerobic or microaerophilic conditions they 

require, which in the plant microenvironment, could only be achieved in biofilm-like structures. 

Furthermore, C1 metabolism pathways were also present in our samples, specifically methanogenesis 

whose abundance was comparable to the carbon fixation pathways. C1 pathways are mostly performed 

by Archaea but we found genes involved in this pathways in other phyla, such as Proteobacteria, 

Cyanobacteria, Chlorobi and Firmicutes. This metabolism is feasible in the plant environment since all 

precursors are sub-products of cellular metabolism (e.g. acetate from cellulose degradation) and the only 

limiting factor is the low oxygen concentrations required that, once again, could occur in biofilm 

structures. Such structures might be provided by microorganisms such as Pseudomonas sp. that were 

highly abundant in the leaf communities compared to the necromass or roots and have been long 
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recognized as plant colonizers (Bodenhausen et al 2013, Hirano and Upper 2000) and biofilm forming 

microorganisms (Danhorn and Fuqua 2007). Moreover, methanogenesis has been recently reported to 

occur in the presence of oxygen in plants by not-yet-identified mechanisms (Keppler et al 2006), raising 

questions regarding the role of microorganisms in this “aerobic” methane production. On the other hand, 

methane produced by methanogenic bacteria, besides being used by methanotrophs as carbon source, can 

be coupled to the nitrogen cycle, as has been reported recently (Ettwig et al 2010, Haroon et al 2013). 

 

Although autotrophic metabolism was detected, the abundance of carbon degrading genes overshadowed 

the autotrophy-related ones and indicating degradation of plant and insect carbon sources that could be 

carried out by core community members. These include Pseudomonas sp., a common inhabitant of the 

phyllosphere either as a pathogen or as potential beneficial agent (Enya et al 2007, Hirano and Upper 

2000). Klebsiella sp. associated with roots (Cakmakci et al 1981), Propionibacterium sp., which has been 

found in potato plants (Rasche et al 2009) and grapevines (Campisano et al 2014), and Bacillus sp, which 

has been reported on lettuce phyllosphere (Rastogi et al 2012), all of which were involved in the 

degradation of hemicellulose, chitin, starch, pectin and lignin. Actinobacteria, which are known for being 

metabolically versatile microbes that are abundant in soils and can interact with plants (Coombs and 

Franco 2003, Crawford et al 1993), showed a remarkable abundance of genes involved in carbon 

degradation. The necromass fraction, where we expected to have the greatest abundance of carbon 

degrading genes, had significant abundance of Pedobacter sp., Spirosoma sp., Sphingomonas sp, and 

Methylobacterium sp., which indeed showed several genes involved in the degradation of carbon sources.  

Interestingly, the root community had an increased abundance Candidatus Koribacter and Candidatus 

Solibacter, two Acidobacteria members that have been isolated from Arctic soils (Rawat et al 2012). These 

two microorganisms had high abundance of genes related to carbon degradation pathways including the 
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degradation of starch, hemicellulose, pectin, among others, which correlates with the metabolic versatility 

previously reported (Rawat et al 2012).  Given the chemical relatedness between a recalcitrant carbon 

source such as lignin and aromatic compounds (Diaz et al 2013), we expected to find genes involved in 

the degradation of organic aromatic compounds. Genes involved in the degradation of aromatic 

compounds and other organic contaminants in all samples, coupled with the reported ability of plants to 

uptake these compounds (Afzal et al 2014) may indicate that this protected natural Páramo environment 

is starting to be contaminated by human-based activities. 

 

The microbiota of Espeletia sp. also exhibited great versatility in terms of nitrogen cycling, another 

nutrient that is vital for plants and microorganisms alike. The GeoChip results indicated that the microbial 

communities could perform almost every transformation of this element, and that nitrogen transformations 

were slightly higher in the root fraction. The different abundances of functional groups throughout the 

plant samples indicates a possible interaction between microbial communities in the roots and the plant 

itself, where the first provide nitrogen in a usable form and the latter provide carbon sources as form of 

nutrients. In the case of leaf communities, Rothia sp. and Corynebacterium sp. were more abundant 

compared to the necromass and root fractions. The association of the first two species has been previously 

reported in different plants such as legumes and herbs (Torche et al 2014, Xiong et al 2013) and their 

ability to fix nitrogen has been reported (Gtari et al 2012). Although we did not observed genes involved 

in nitrogen fixation for these species, lateral gene transfer of nifH genes has been suggested (Gtari et al 

2012).      

 

In addition to nutrient acquisition, microbial communities associated with plants must also survive under 

the environmental conditions of the particular habitat and, as part of a complex microbial community of 
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bacteria, fungi, insects and nematodes, they must constantly compete for nutrients and survival. For 

example, neotropical high Andean plants, and their associated microbiomes, are exposed to high UV 

radiation. We found several mechanisms for resistance to solar radiation in our samples, such as genes 

involved in the production of pigments, which may aid in the protection against DNA damage, and genes 

involved in the protection from Reactive Oxygen Species (ROS). Microbial competition was evident in 

these microbial communities by the presence of genes involved in antibiotic production, a strategy useful 

when competing for nutrients and space. Not surprisingly Actinobacteria dominated in terms of presence 

of genes involved in antibiotic production, followed by some members of Proteobacteria such as 

Pseudomonas sp. Although these metabolites could be acting as signaling molecules, as suggested (Vaz 

Jauri et al 2013), the widespread abundance of genes involved in antibiotic resistance across several taxa 

could also indicate ongoing competition. Finally, the production of plant hormones might suggest an 

important role for these microorganisms in their association with the plant host. Microbial production of 

plant hormones has been reported to promote growth and development (Reinhold-Hurek and Hurek 2011) 

and to prevent the entry of plant pathogens by modulating the plant’s immune system (Berendsen et al 

2012, Ikeda et al 2010). 

The relation between bacteria and host growth and mortality has been previously described (Kembel et al 

2014), suggesting that microbial communities may indeed be an important trait in plant development. In 

this case, the study of these communities in Espeletia sp. represents a starting point for understanding 

plant development and health in ecologically strategic yet threatened ecosystems with little human 

intervention. Even though leaf phyllosphere communities were similar to one another, they differed from 

necromass and root microbiota in terms of diversity and relative abundance of taxa, suggestive of niche-

selective properties that alter the structure of a community that is nonetheless a continuum of the 

microorganisms throughout the plant. Given the suggested origin for bacterial communities associated 
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with plants (air, snow, rain, fog) (Christner 2010, Danhorn and Fuqua 2007, Leveau and Lindow 2001), it 

is difficult to assess the stability of these communities and perhaps sampling at different months 

throughout the year could increase the discriminatory capabilities between permanent and temporary 

residents of the phyllosphere. Despite this difficulty, the fact that the most abundant phyla and bacterial 

species are shared across samples suggests that there is a widespread “global” core community adapted to 

the life in the phyllosphere. The functional analysis revealed differences that distinguished endophytic 

microorganisms and the presence of functional groups relevant for community survival and growth in this 

particular environment. For example, the presence of genes involved in the degradation of aromatic 

compounds indicate changing environmental conditions by suggesting that these plants may be more 

influenced by human intervention than previously thought. Finally, the metabolic potential provides 

insight regarding plant-microbe interactions and raises the possibility of bioprospecting for microbial 

processes such as nutrient degradation, remediation and antimicrobial compound production present in 

the phyllosphere microbiome of high Andean mountain endemic plant species. 
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Figure 1. Transformed diversity indices Shannon (A) and Simpson (B). Dots show the mean of the replicates per community (YED – Young 

Endophyte; MED – Mature Endophyte; YEP - Young Epiphyte; MEP – Mature Epiphyte; N – Necromass; R – Root). Letters represent 

statistically significant groups calculated using Tukey’s post-hoc test. 
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Figure 2. Relative abundance of bacterial phyla associated with Espeletia sp. (YED – Young Endophyte; MED – Mature Endophyte; YEP - 

Young Epiphyte; MEP – Mature Epiphyte; N – Necromass; R – Root). The Proteobacteria phylum has been replaced by the corresponding 

Classes (Alpha, Beta, Gamma and Delta). 
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Figure 3. Principal Coordinates Analysis (PCoA) plot based on Weigthed UniFrac distances. The two axes represent 51.9% of 

the variation in the samples. Individual points represent the replicates for each sample (YED – Young Endophyte; MED – Mature 

Endophyte; YEP - Young Epiphyte; MEP – Mature Epiphyte; N – Necromass; R – Root). 
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Figure 4. Analysis of microbial metabolic potential. PCoA based on Bray-Curtis similarities were calculated for: A) Metabolic profiles 

predicted with PICRUSt (the two axes represent 85.5% of the variation), and B) Metabolic profiles derived from the GeoChip analysis (the 

two axes represent 65.6% of the variation). Individual points represent the replicates for each sample (YED – Young Endophyte; MED – 

Mature Endophyte; YEP - Young Epiphyte; MEP – Mature Epiphyte; N – Necromass; R – Root). 
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Figure 5. Relative abundance of several carbon-cycling genes clustered by major functional processes: 3-Hydroxypropionate cycle, 3-

Hydroxypropionate/4-Hydroxybutyrate cycle, Calvin cycle, Dicarboxylate/4-Hydroxybutyrate cycle, Reductive Acetyl CoA Pathway, 

Reductive Tricarboxylic Acid cycle, Carboxysome, Methane oxidation and Methanogenesis. The signal intensity was normalized by the 

mean intensity of the microarray. Mean values of samples were plotted with their respective SE. Variations among communities were tested 

with one-way ANOVA and letters indicate statistically significant differences (p < 0.05) clustered according to the post-hoc Tukey’s test. 
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Figure 6. GeoChip predicted nitrogen metabolic transformations present in Espeletia sp. microbial communities. Colors in gene names 

indicate the sample where such gene was relatively more abundant. Outer ring indicates the total relative abundance of genes involved in 

nitrogen transformations. (YED – Young Endophyte; MED – Mature Endophyte; YEP - Young Epiphyte; MEP – Mature Epiphyte; N – 

Necromass; R – Root) *Adapted from He et al. 2010. 
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Figure 7. Relative abundance of several UV resitance-related genes clustered by major functions: Antioxidant Enzymes, Oxidate Stress 

response and Pigment production. The signal intensity was normalized by the mean intensity of the microarray. Mean values of samples were 

plotted with their respective SE. Variations among communities were tested with one-way ANOVA and letters indicate statistically 

significant differences (p < 0.05) clustered according to the post-hoc Tukey’s test. (YED – Young Endophyte; MED – Mature Endophyte; 

YEP - Young Epiphyte; MEP – Mature Epiphyte; N – Necromass; R – Root). 
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Supplementary Information 

 

Table S1. Per-sample sequences, observed OTUs, richness estimates, diversity indices and coverage. Samples codes as follows: YED (Young 

leaves – Endophytes), MED (Mature leaves – Endophytes), YEP (Young leaves – Epiphytes), MEP (Mature leaves – Epiphytes), N 

(Necromass), R (Roots). Asterisks indicate significant differences (p < 0.05). 

 

Sample Total Sequences Observed 

Richness Diversity Coverage 

SCHAO(SE) Shannon-Weaver Index Gini-Simpson Index CGOOD 

YED1 25,457 674 910.17(43.03) 3.72 0.92 0.990 

YED2 8,472 480 695.58(46.93) 3.99 0.92 0.972 

YED3 28,552 693 844.67(29.73) 3.81 0.93 0.993 

MED1 14,042 543 722.22(35.27) 3.92 0.95 0.982 

MED2 10,997 466 656.94(40.88) 3.30 0.85 0.984 

MED3 6,744 485 718.18(46.55) 4.15 0.94 0.966 

YEP1 68,833 778 962.20(33.93) 4.03 0.96 0.996 

YEP2 58,713 784 995.46(40.16) 4.11 0.96 0.996 

YEP3 57,630 948 1057.84(26.04) 4.72 0.97 0.998 

MEP1 53,600 729 909.90(34.14) 3.20 0.87 0.996 

MEP2 51,394 710 941.75(43.76) 3.28 0.87 0.996 

MEP3 23,429 503 757.43(49.53) 2.58 0.78 0.991 

N1 56,045 865 1040.11(35.08)* 5.17 0.99 0.997 

N2 102,266 954 1113.52(29.84)* 4.96 0.98 0.996 

N3 71,260 842 1018.78(33.80)* 4.63 0.98 0.996 

R1 71,564 1040 1152.51(24.52)* 5.16 0.99 0.997 

R2 66,346 1006 1165.12(33.44)* 5.13 0.99 0.997 
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Figure S1. Overview of samples analyzed in the present study and the methods used for the analysis of bacterial communities associated to 

Espeletia sp. Below each community fraction (Endophyte/Epiphyte) the code of the samples used throughout the study (Y: Young leaves, 

M: Mature leaves, N: Necromass, R: Roots, EP: Epiphyte, ED: Endophyte). 
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Figure S2. OTU-accumulation curves at 3% distance cutoff. Samples were collected from different tiers of the plant (Y, Young leaves; M, 

Mature leaves; N, Necromass; R, Roots) and for different microbial communities (EP, Epiphytes; ED, Endophytes). Continuous lines 

represent the endophytic fraction, dashed lines represent the epiphyte fraction and dotted lines represent both fractions in roots and necromass. 
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Figure S3. Transformed diversity indices Shannon (A) and Simpson (B) for the different plant tiers (Upper-Tier – YED + YEP; Mid-Tier – 

MED + MEP). Dots show the mean of the values for each tier. Letters represent statistically significant groups calculated using Tukey’s post-

hoc test. 
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Figure S4. Rank abundance plot of OTUs observed at 97% similarity in datasets of Espeletia sp. amplicons, based on sequence abundance 

for each sample. 
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Figure S5. Raw abundance of species belonging to the core community of Espeletia sp.. Data is divided into phyla and different 

colors represent different species. (YED – Young Endophyte; MED – Mature Endophyte; YEP - Young Epiphyte; MEP – Mature 

Epiphyte; N – Necromass; R – Root). 
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Figure S6. Hierarchical Clustering analysis using Weighted UniFrac distances. 
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Figure S7. Pairwise community comparisons based on differentially abundant OTUs. X axis represents the phylum of each 

OTU and the Y axis the Log2 fold change of the first community vs the second. OTUs are colored according to their respective 

class. All differences are statistically significant (p < 0.01). 
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Figure S8. Potential metabolic pathways present in the microbiome associated with Espeletia sp. predicted using PICRUSt. The inner circles 

represent the metabolic categories as classified in the KEGG database. The heat map represents the predicted “abundances” for determined 

metabolic pathways inside the categories. (YED – Young Endophyte; MED – Mature Endophyte; YEP - Young Epiphyte; MEP – Mature 

Epiphyte; N – Necromass; R – Root). 
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Figure S9. Relative abundance of several carbon degrading genes clustered by major carbon sources: Starch, hemicellulose, cellulose, 

camphor, chitin, cutin, inulin, lignin, pectin, terpenes. The signal intensity was normalized by the mean intensity of the microarray. Mean 

values of samples were plotted with their respective SE. Variations among communities were tested with one-way ANOVA and letters 

indicate statistically significant differences (p < 0.05) clustered according to the post-hoc Tukey’s test. 
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Figure S10. Relative abundance of several genes involved in remediation of organic compounds clustered by major compounds: Aromatics, 

chlorinated solvents, herbicides, other organic compounds, pesticides, polycyclic aromatics. The signal intensity was normalized by the mean 

intensity of the microarray. Mean values of samples were plotted with their respective SE. Variations among communities were tested with 

one-way ANOVA and letters indicate statistically significant differences (p < 0.05) clustered according to the post-hoc Tukey’s test. 
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