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Abstract: Plant endophyte and epiphyte communities cooperatively interact with their host plants
and play crucial roles in sustaining plant fitness. In Korea, a variety of studies have been conducted
to elucidate the reasons for the declining population of the endangered Korean fir (Abies koreana), but
the relationship between microbiota and the healthy condition of trees remains unclear. Here, we
conducted bacterial 16S rRNA gene and fungal ITS sequence analyses to dissect the composition of
endophytic and epiphytic microbiota in both live and dead trees located in the same Mt. Jiri habitat.
In the live trees, the bacterial class Armatimonadia and the lichenized fungi groups were significantly
dominant, whereas many bacterial and fungal taxa mainly found in rotten wood were enriched in the
dead trees. Functional prediction of the microbial communities in live trees suggested the possibility
that bacterial endophytes and epiphytes play a role in inorganic nutrient metabolism and fungal
endophytes and epiphytes produce biologically active secondary metabolites, thereby contributing to
the healthy condition of Korean fir trees. The ecological function of endophytes and epiphytes in
dead trees was predicted to be involved in the decomposition of wood for nutrient recycling. Our
analyses revealed a distinct difference in microbial communities depending on the health condition
of Korean fir trees. The results from this study would be useful for understanding the ecological
function of endophytic and epiphytic microorganisms to conserve and manage this endangered
species from ecologically vulnerable environments.
Keywords: community diversity; Abies koreana; plant endophyte; plant epiphyte; metagenome;
endangered species
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1. Introduction

published maps and institutional affil-

The Korean fir (Abies koreana) is an endemic coniferous tree species in the Republic
of Korea and distributed throughout subalpine areas of tall mountains in the southern
province, which has altitude ranges of 1000 to 1900 m above sea level [1]. The Korean
fir tree species are valuable biological resources. For example, the shape of Korean fir
trees has high ornamental and commercial values, thereby cultivating them for Christmas
tree plantations [2]. Several studies reported that the phytochemicals extracted from the
trees have several medical functions, including anti-cancer activity and memory-enhancing
effect [3–5]. However, the population of Korean fir trees was rapidly declined since the
1980s, resulting in the declaration of endangered species by the International Union of
Conservation of Nature (IUCN) [6].
A variety of studies have been conducted to explore the reasons for the declining
population of Korean Fir trees. Although the precise mechanisms of the decline are largely
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unknown, many studies suggest that tree mortality is highly correlated with increased
temperature from global warming [7]. Both temperature and warm index in the subalpine
habitats of Korean fir trees were increased in the last few decades [8], which could facilitate
to decrease in the growth of Korean fir trees by reducing photosynthesis efficiency [9]. Furthermore, Korean fir trees from ecologically vulnerable habitats exhibited higher expression
levels of heat stress-induced genes than those from ecologically stable habitats, suggesting
that the declining population of Korean fir trees is likely experiencing heat stress [10]. In
addition, other environmental factors such as strong winds from typhoons, soil moisture,
drought, and precipitation might be attributed to the declining population of Korean Fir
trees [11,12].
Plants live in cooperative interactions with microorganisms, collectively forming plant
microbiota. Plant microbiota is involved in plant stress tolerance and nutrition, thereby
affecting plant growth and survival [13]. For example, the microbial diversity in horse
chestnut (Aesculus hippocastanum) trees is negatively correlated with bleeding canker disease
symptom severity [14]. In Pinus monticola, exogenous inoculation of fungal endophytes to
seedlings confers resistance to the pathogen Cronartium ribicola, the fungal causal agent
of white pine blister rust disease [15]. Hence, understanding the composition of plant
microbiota and deciphering the interplay between plant and plant microbiota would be
important for maintaining plant fitness. However, our understanding of microbiota in
Korean fir trees and their interaction related to fitness is rudimentary compared to our
understanding of interactions between abiotic stresses and the mortality of Korean fir
trees [7]. A previous analysis of soil fungal communities between dead and live Korean
fir trees revealed significant differences in the saprophyte and the mycorrhizal Clavulina
spp. [16]. Recently, the rhizosphere microbiome analysis of live and dead Korean fir trees
reported that bacteria involved in plant growth and stress tolerance were significantly
more abundant in the rhizosphere of live trees than in dead trees [17]. These two microbiome studies suggest that structure of fungal and bacterial rhizosphere communities is
highly affected by the fitness of Korean fir trees. However, no endophytic and epiphytic
communities in Korean fir trees have been studied to date.
In this study, we analyzed the composition of endophytes and epiphytes of live and
dead Korean fir trees located in the same Mt. Jiri habitat to understand how the health
conditions of trees affect microbial communities and predict their ecological roles. We
found a significant increase in the diversity of bacterial communities in the dead Korean fir
trees but not in the fungal communities. Both bacterial and fungal microbes between live
and dead trees were relatively distinct. Functional prediction of endophytic and epiphytic
bacteria suggested that bacterial communities in live trees might play a role in inorganic
nutrient metabolism to sustain the fitness of Korean fir trees. In contrast, those in dead
trees might be involved in decomposing wood for nitrogen recycling. Furthermore, fungal
endophytes and epiphytes in live trees were predicted to be involved in the production
of secondary metabolites to enhance tree fitness, whereas the ecological role of fungal
endophytes and epiphytes in dead trees may contribute to nutrient recycling in the forest
ecosystem. Our findings would be useful for understanding the potential role of endophytic
and epiphytic microorganisms in the endangered Korean fir trees and improving the
sustainability of trees from ecologically vulnerable environments.
2. Materials and Methods
2.1. Study Site and Tree Sampling
The Korean fir trees were obtained from a Korean fir tree forest in Mt. Jiri at an altitude
of 1490–1730 m above sea level. We randomly selected three dead and live trees with at
least 25 cm of diameter at breast height in the same sites at intervals of >10 m to choose trees
in similar growth environmental conditions (Supplementary Figure S1). Since the causal
agents of the declining Korean fir trees are largely unknown, we determined the health
conditions of trees based on the apparent conditions of leaves on the branches. We chose
three live trees that had vivid greenish leaves on all branches of trees. For the selection
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of dead trees, we carefully chose three dying trees that had both greenish and yellowish
leaves on 10% of branches whereas the remaining 90% of the branches had no leaves. To
extract microbial DNA from the Korean fir trees, we collected sawdust samples from three
live (A1–A3) and three dead (D1–D3) trees by drilling the 6 cm of four holes on the trunks
at four different directional spots with a clean appearance. The sawdust samples were
mainly composed of sapwood and trace amounts of cambium and bark.
2.2. DNA Extraction and Next-Generation Sequencing of 16S rRNA Genes and ITS Sequences
Total DNA was extracted from the sawdust samples using a Bacteria DNA Purification Kit (26-008, BioD, Gwangmyeong, Korea) according to the manufacturer’s instructions. The quality and quantity of the extracted gDNA were determined using the Agilent
4150 TapeStation (Agilent, Inc., Santa Clara, CA, USA). For bacterial 16S rRNA gene (V3–
V4 region) amplification, we performed PCR using the following mixture: 10 µL of 2×
Dr. MAX Master Mix Solution (Doctor Protein Corp., Seoul, Korea), 1 µM of 341F (50 CCTACGGGNGGCWGCAG-30 ) and 805R (50 -GACTACHVGGGTATCTAATCC-30 ) primer
set [18,19], and ~10 ng of the extracted DNA as a template. For eukaryotic fungal ITS
region amplification, we performed the same protocol as with bacterial 16 rRNA PCR
except for the primers (1 µM of ITS3 (50 -GCATCGATGAAGAACGCAGC-30 ) and ITS4
(50 -TCCTCCGCTTATTGATATGC-30 )) [20]. PCR amplification was performed with an
initial denaturation at 95 ◦ C for 7 min, followed by 30 cycles at 95 ◦ C for 30 s, 55 ◦ C for
30 s, and 72 ◦ C for 30 s, and a final extension at 72 ◦ C for 10 min. The amplicons were
sequenced using the Illumina Mi-Seq platform (Illumina Inc., San Diego, CA, USA) at
Macrogen (Seoul, Korea).
2.3. Diversity Analysis and Functional Prediction of 16S rRNA Genes and ITS Sequences
Quantitative Insights Into Microbial Ecology 2 (QIIME2) software package was used
for subsequent bioinformatic analysis [21]. The obtained raw paired-end sequences were
filtered, trimmed, denoised, and merged using Cutadapt and DADA2 [22,23], yielding
Amplicon Sequence Variants (ASVs). To improve the performance of a taxonomic classifier,
we trained the Silva database for 16S rRNA [24] and the UNITE fungal database for fungal
ITS [25] using a scikit-learn naïve Bayes machine-learning taxonomy classifier [26], resulting
in our own taxonomic classifiers based on primer sequences used for PCR amplification.
ASVs were classified at the species level using the q2-feature-classifier plugin [27] against
the trained taxonomic classifiers. Sequences assigned to chloroplasts, mitochondria, or
non-identified were filtered out from the dataset. The filtered sequences were aligned
with MAFFT [28] and a rooted phylogenetic tree was constructed using FastTree 2 [29].
Alpha-diversity and beta-diversity analyses were performed using the q2-diversity plugin
at a rarefied sampling depth of 52,530. The Principal Coordinate Analysis (PCoA) plot was
generated using the Bray–Curtis dissimilarity between the live and dead tree samples [30].
The functional abundances of the bacterial communities were predicted using Phylogenetic Investigation of Communities by Reconstruction of Unobserved States2 (PICRUSt2) [31] based on the ASV table from QIIME2. The prediction was carried out with
EPA-ng placement [32], the hidden-state prediction [33], and the prediction of gene pathways using MinPath [34]. The predicted MetaCyc pathway abundances were collapsed
into MetaCyc pathway ontologies using SmartTable for further analysis [35]. The trophic
modes of the fungal communities were predicted using FUNGuild [36].
2.4. Statistical Analysis
We tested significant effects for Faith’s Phylogenetic Diversity (PD) using a pairwise
Kruskal–Wallis test [37]. Differential abundance analysis between live and dead trees was
performed using linear discriminant analysis (LDA) effect size (LEfSe) [38]. The alpha
value for the factorial Kruskal–Wallis test was set to lower than 0.05 for all analyses. The
threshold on the LDA score was set to higher than either 2.0 or 3.0, as indicated in the figure
legends. The results of LEfSe analyses were visualized in either bar graphs or cladograms.
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Kruskal–Wallis test [37]. Differential abundance analysis between live and dead trees was
performed using linear discriminant analysis (LDA) effect size (LEfSe) [38]. The alpha
value for the factorial Kruskal–Wallis test was set to lower than 0.05 for all analyses. The
threshold on the LDA score was set to higher than either 2.0 or 3.0, as indicated in the
figure legends. The results of LEfSe analyses were visualized in either bar graphs or clad4 of 13
ograms.
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3.2. Diversity of Endophytic and Epiphytic Communities in Live and Dead Korean Fir Trees
To evaluate the richness of bacterial and fungal communities in live and dead trees, we
measured Faith’s phylogenetic diversity (PD) of the samples. We found that the bacterial
communities in the dead trees have significantly higher ASV richness than the ones in live
trees (Figure 2A) but not for the fungal communities (Figure 2B). Next, we explored overall
similarities and differences between live and dead tree microbial communities using the
Principal Coordinate Analysis (PCoA) based on the Bray–Curtis distance matrix. Both
bacterial and fungal communities from the live trees were grouped in a relatively distinct
cluster from the dead trees (Figure 2C,D), indicating a difference in the bacterial and fungal
composition between the live and dead Korean fir trees.
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terial communities in the dead trees have significantly higher ASV richness than the ones
in live trees (Figure 2A) but not for the fungal communities (Figure 2B). Next, we explored
overall similarities and differences between live and dead tree microbial communities using the Principal Coordinate Analysis (PCoA) based on the Bray–Curtis distance matrix.
Both bacterial and fungal communities from the live trees were grouped in a relatively
5 of 13
distinct cluster from the dead trees (Figure 2C,D), indicating a difference in the bacterial
and fungal composition between the live and dead Korean fir trees.
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To identify differentially abundant bacterial taxa between live and dead Korean fir
trees, we performed LEfSe analysis at the phylum and class levels. Cladogram generated
from LEfSe analysis revealed that seven phyla and eleven classes were found to be significantly enriched in the dead trees; Actinobacteria and Thermoleophilia belonging to Actinobacteriota, Bacteroidia belonging to Bateroidota, Ktedonobacteria belonging to Chlor6 of 13
oflexi, Babeliae belonging to Dependentiae, Polyangia belonging to Myxococcota, Parcubacteria and Saccharimonadia belonging to Patescibacteria, Chlamydiae and Verrucomicrobiae
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3.4. The Functional Inference of Bacterial Communities between Live and Dead Korean Fir Trees
The MetaCyc pathway prediction of bacterial communities using PICRUSt2 suggested
that the pathways associated with lipopolysaccharide biosynthesis, cofactor biosynthesis,
amino acid degradation, phosphorous metabolism, siderophores biosynthesis, and fermentation were significantly enriched in the bacterial endophyte and epiphyte communities
of live Korean fir trees (Figure 4, red). The abundances of the pathways involved in nu-
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The MetaCyc pathway prediction of bacterial communities using PICRUSt2 suggested that the pathways associated with lipopolysaccharide biosynthesis, cofactor bio7 of 13
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Dothideomycetes, Sordariomycetes, and Eurotiomycetes at the class level (Figure 5B, red).
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3.6. The Functional Prediction of Fungal Communities between Live and Dead Korean Fir Trees
The difference in the trophic mode of fungi in endophyte and epiphyte communities
of live and dead trees was analyzed (Figure 6A). We found that the fungal endophyte and
epiphyte communities in the live trees were dominated by three trophic mode groups;
symbiotroph, pathotroph–saprotroph–symbiotroph, and saprotroph, which account for
an average of 59.68%, 25.13%, and 4.19% of the total identified trophic mode groups,
respectively. However, an average of 83.28% of the total identified fungal trophic mode
groups in the dead trees were saprotroph.
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To identify differentially abundant fungal ASVs between live and dead Korean fir
trees, we performed LEfSe analysis using 223 fungal ASVs from the six tree samples.
We found that five fungal ASVs were significantly enriched in the live trees (Figure 6B).
Among five ASVs, three were grouped into the family Verrucariaceae, which were predicted to be lichenized fungi belonging to the symbiotroph group. The other two were
grouped into the order Lecanorales and the genus Alternaria. They were predicted to
be lichen parasite-lichenized fungi belonging to the pathotroph–symbiotroph group and
animal pathogen–endophyte–plant pathogen–wood saprotroph fungi belonging to the
pathotroph–saprotroph–symbiotroph group, respectively. However, only one ASV, significantly enriched in the dead trees, was grouped into the genus Xenopolyscytalum, which was
predicted to be undefined saprotroph fungi.
4. Discussion
Plant endophyte and epiphyte communities interact with the host plant and play a
major role in plant growth, development, and tolerance to multiple stresses [13,40], thus
understanding the interplay between plant and microbe is crucial for sustaining plant
fitness. However, in the endangered Korean fir tree, only two recent studies characterized
the composition of the rhizosphere microbial communities and reported the possible
correlation between the soil microbiome and the fitness of Korean fir trees [16,17]. In this
study, we dissected the composition of endophytic and epiphytic microbial communities
in the Korean fir tree and compared the difference between healthy and dead Korean fir
trees using metagenomic high-throughput sequencing analyses. Our results revealed a
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significant increase in the species richness of bacterial communities in dead trees compared
to live ones (Figure 2A). The diversity of bacteria was previously reported to be strongly
influenced by the status of the host plant and environmental factors [41,42]. A previous
study reported that the diseased oilseed rape has a higher diversity and total taxonomic
species of bacterial endophyte community compared to the healthy one [43]. Our data on
the bacterial endophyte and epiphyte in Korean fir trees also support the impact of plant
fitness on the diversity of bacterial communities and suggest that the illness of plants might
increase the diversity of bacterial communities. In contrast to our findings, the severity
of bleeding canker disease negatively correlated with the diversity of bark-associated
microbiota in horse chestnut trees [14]. The soil bacterial diversity in the Korean fir tree was
positively correlated with the fitness of trees [17], implying that the increasing diversity
of the rhizosphere microbiome could sustain the growth of plants by enhancing disease
suppression potential [44]. These results suggest the possibility that microbial diversity
in the plant might have different effects on plant fitness. Further metagenomic analyses
of plant microbiota are necessary to determine the correlation between the diversity of
microbial communities and the health condition of plants.
Our 16S rRNA amplicon analyses revealed that Proteobacteria was a major phylum in both live and dead Korean fir trees, in line with the findings of previous reports
showing that Proteobacteria is the most predominant endophytic bacterial phylum from
plants [45,46]. LEfSe analysis of endophytic and epiphytic bacterial metagenome data
provided the differentially abundant bacterial taxa that might be affected by the health
condition of Korean fir trees (Figure 3B). At the class level, dead trees had significantly
more Actinobacteria, Thermoleophilia, Bacteroidia, Ktedonobacteria, Babeliae, Polyangia,
Parcubacteria, Saccharimonadia, Chlamydiae, Verrucomicrobiae, and Phycisphaerae than
live trees (Figure 3B). Among them, Actinobacteria, Thermoleophilia, Bacteroidia, Polyangia, and Verrucomicrobiae were previously reported to be abundant taxa in decomposing
dead trees [47–49], indicating that the decomposition of dead Korean fir trees is likely to
have proceeded. In contrast to dead trees, only Armatimonadia were significantly enriched
in live trees (Figure 3B), which have a limited functional study; they have a soil-based
ecological niche and are aerobic oligotrophs [50]. Although the ecological role of some
rare taxa cannot be directly connected with the fitness of Korean fir trees due to limited
knowledge, rare taxa can play a unique role in ecosystem function [51].
The functional inference of endophytic and epiphytic bacterial communities suggested
that microbial communities in live and dead Korean fir trees might have distinct ecological
functions (Figure 4). More specifically, bacterial communities in live trees might be involved in the inorganic nutrient metabolism, as phosphorous metabolism and siderophores
biosynthesis were highly enriched pathways in live trees compared to dead trees, thereby
contributing to the health condition of trees (Figure 4). The correlation between inorganic
nutrients and the fitness of Korean fir trees was suggested by a previous study showing
that available phosphorus content, cation exchange capacity, and cation content at the site
of declining trees were lower than at the site of healthy trees [52]. In dead trees, the enrichment of bacterial functional pathways involved in nitrogen degradation was consistent
with previous studies suggesting that the decomposition of wood can act as a significant
nitrogen reservoir in forest nitrogen cycling [53,54].
Based on our fungal ITS amplicon sequencing, the endophytic and epiphytic communities in both live and dead Korean fir trees were highly dominated by Ascomycota
(Figure 5A), which is the most prevalent endophyte fungi in plants [55]. The functional classification of endophytic and epiphytic fungi in Korean Fir trees predicted that symbiotroph
was a dominant trophic mode in live trees, whereas saprotroph was dominant in dead trees
(Figure 6A). LEfSe analysis using fungal ASVs revealed that Verrucariaceae, the lichenized
fungi family, were significantly enriched in live Korean fir trees (Figure 6B), suggesting
the possibility that lichenized fungi might contribute to the health condition of Korean
Fir trees. Endophytic lichenized fungi were reported to form symbiotic relationships with
plants and speculated to enhance the fitness of plants by producing a variety of biologically
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active secondary metabolites, including steroids, quinones, terpenoids, peptides, xanthones,
and sulfur-containing chromenones [56]. In dead Korean fir trees, only Xenopolyscytalum
predicted to be saprotrophic fungi was significantly abundant ASV (Figure 6B), suggesting
that Xenopolyscytalum might be important for the decomposition of dead Korean Fir trees
for nutrient cycling in the forest ecosystem. Two previous studies supported the possibility
that Xenopolyscytalum might be involved in nutrient recycling by decomposing dead trees. It
was speculated that Xenopolyscytalum could cause decay in wood materials in the Arctic [57].
Similar to our findings, Xenopolyscytalum was found in dead poplar woods in northern
Poland [58]. Since there are a lot of missing pieces in the prediction of fungal function
due to limitations of literature and data, it is necessary further to study the function of
endophytic and epiphytic fungi in the ecosystem.
5. Conclusions
A lot of studies have been conducted to discover abiotic factors involved in the
declining population of endangered Abies koreana species, but the correlation between
biotic factors and the healthy condition of trees is largely unknown. Here, we dissected
the composition of the endophytic and epiphytic microbiota in both live and dead trees
located in the same Mt. Jiri habitat to understand the relationship between the fitness of
trees and microorganisms. We found that the bacterial class Armatimonadia and lichenized
fungi were significantly enriched in live trees, while dead trees had bacterial and fungal
taxa mainly found in dead wood. The functional inference of microorganisms suggested
that endophyte and epiphyte communities in live trees may be involved in inorganic
nutrient metabolism and production of secondary metabolites, thus promoting a healthy
state of Korean fir trees. Based on our findings, deciphering the structure of endophytes
and epiphytes in Korean fir trees could be useful to inspect the fitness of trees since
healthy conditions of trees profoundly affect the endophytic and epiphytic microbial
communities. Lastly, understanding the ecological functions of endophytes and epiphytes
in tree physiology might contribute to protecting endangered Korean fir trees and their
ecosystems with other abiotic and biotic parameters.
Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/f13111932/s1, Figure S1: Sampling sites in Abies koreana forest in
Mt. Jiri; Table S1. Number of high-quality 16S rRNA and ITS reads after filtering.
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