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The population of the Korean fir, Abies koreana, is declining at an accelerating

rate, and the average mortality rate in 2019 exceeded 36.43% on Mt. Hallasan

in Jeju Island, Republic of Korea. Several prior studies have reported different

reasons with various interpretations, indicating that additional data, such as data on

microbial communities that promote plant growth and resistance to abiotic stresses,

are required to understand the phenomenon further. This is the first investigation

that documents the changes in the soil microbial and fungal community and soil

physicochemical properties resulting from the death of the Korean fir. In our case,

high throughput sequencing data have been provided for the soil microbiome and

mycobiome of Korean fir trees, identifying the microbial composition differences

before and after the decline in the health of Korean fir trees. The results showed

that the soil fungal community was considerably shaped in response to the decline

in the health of Korean fir rather than the soil bacterial community. The decline

in health or the death of Korean fir trees contributed to the decrease in diversity

and dominance of symbiotic fungi such as Russula, Sebacina, and Phenoliferia in

the forest ecosystem. It also weakened the complexity and ecological competition

of the fungal co-occurrence network. Structural equation modeling showed that

the death of Korean fir was strongly associated with the concentrations of soil

nutrients such as available phosphorus (P2O5) and potassium ion (K+) concentrations

and low moisture content, adversely affecting the symbiotic relationship with

ectomycorrhizal fungi. Our findings shed light on the critical taxa of mycobiome of

live and dead A. koreana plants and their relationship with ecological edaphic factors,

highlighting their potential role as biomarkers for the death of Korean fir.
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1. Introduction

Abies koreana, the scientific name for Korean fir, is an evergreen
tree known as a high-quality Christmas tree in demand for its
unique appearance and beautiful fragrance. The Korean fir grows
only in sub-alpine southern regions at an altitude of 1,000–1,900 m
in the Republic of Korea (Ihm et al., 2000), and Mt. Hallasan is
the world’s largest habitat for Korean fir and a preservation site for
many endemic species in Korea. However, the Korean fir, growing
wild on the Korean Peninsula for tens of thousands of years, has
faced severe decline and death for the last 20 years. According to
the natural resources survey of the Jeju World Natural Heritage
Headquarters reported in 2020 (Ahn et al., 2020), the cumulative
mortality rate has consistently increased from 2000 to 2019, and the
average mortality rate has been over 36.43% in 2019. Korean fir was
classified as Endangered (EN) in the IUCN 3.1 Red List of Threatened
Species in 2011 (Kim et al., 2011).

For the last 40 years, the death of the Korean fir forest has been
studied in various fields, such as physiological ecology, landscape
ecology, and population ecology, to prevent the destruction of the
natural balance of the plant ecosystem of Mt. Hallasan due to
the threat of the extinction of the species (Koo and Kim, 2020).
In previous studies, geographic, climatic, and soil physicochemical
characteristics, including tree density, solar radiation, terrain
slope (Ahn and Yun, 2020), and wind intensity changes (Seo
et al., 2019), have been reported as factors contributing to the
decline phenomenon, although findings diverge between studies.
For example, Gwon et al. (2013) attributed the decline to the
decreased soil moisture content following increased temperature and
insufficient winter snow cover. As the conflicting research continues
to be reported, more studies that can support previous studies remain
to be conducted.

Plant-associated soil microbiome plays a cornerstone of one
health (Banerjee and van der Heijden, 2022) and confer fitness
advantages to the plant host, including growth promotion, nutrient
uptake, stress tolerance, and resistance to pathogens (Dubey et al.,
2019). Plant-microbe interactions shape the assembly of plant-
associated microbiomes and modulate their beneficial traits, such
as nutrient acquisition and plant health, in addition to highlighting
knowledge gaps and future directions (Trivedi et al., 2020). The
soil microbiome has complex interactions with plant-mediated soil
legacies (Hannula et al., 2021) and plays a vital role in plant growth
interacting with various biotic and abiotic factors (Kumar et al.,
2019). An investigation of the alteration in the microbiome in
the soil of fir trees reflecting in the health of Korean fir could
be expected to discover potential factors that have correlations
with plant death, such as specific taxa and soil physicochemical
properties. More importantly, ecological studies of the Korean fir soil
microbiome containing bacterial and fungal communities and soil
physicochemistry have not yet been documented.

In this study, we investigated the soil microbiome structure
of healthy Korean fir (HKF) and dead Korean fir (DKF) trees
sampled from the colony of Korean fir trees. The current study
used 16S rRNA and ITS2 gene amplicon sequencing to explore the
structure and diversity of both bacterial and fungal communities.
For a detailed soil ecosystem investigation, we divided the soil into
two soil compartments based on their proximity to the host plant:
the rhizospheric soil affected by the plant itself and root exudates,
and the bulk soil outside the rhizosphere not penetrated by plant

roots (Youssef et al., 1989; Smalla et al., 2006; Edwards et al.,
2015). We determined the changes in the soil microbial ecosystem
and their association with the death of Korean fir and evaluated
the relationship between the dominant microorganisms for each
sample group and the physicochemical properties of the soil. The co-
occurrence network identified ecological relationships of microbial
communities on the health status of Korean fir by soil compartment.
Investigations were also conducted to determine the relationship
between soil physicochemical properties and symbiotic microbes and
the potential contribution of the rhizosphere microbiome to the
maintenance of the health of Korean fir trees. This study aimed (i)
to elucidate soil microbiome and mycobiome changes in rhizosphere
and bulk soils between HKF and DKF, and the resulting differences in
soil physicochemical properties and (ii) to develop an understanding
of the soil microbiome of Korean fir in the current scenario, and (iii)
to provide a new biological perspective from the analysis of bacterial
and fungal communities.

2. Materials and methods

2.1. Sample location and physicochemical
measurements

All samples were obtained with site access and sampling
collection permission from the World Heritage Office of Hallasan
National Park. This study was conducted in Mt. Hallasan National
Park, Jeju-si, Jeju Province, Jeju Island, Republic of Korea (33◦21′

N, 126◦31′ E). A total of 40 soil samples (20 HKF and 20 DKF
each) were obtained from fir forest distribution areas in October 2020
(Figure 1). In order to exclude the influence on the microbiome
from vegetation present in the topsoil, samples were taken from
soil depths of 15–30 cm and within a distances no greater than
0.5 m from the trunk of each tree. Rhizospheric soil was acquired
from the ground firmly attached to the roots of Korean fir trees.
Samples for measuring physical properties were collected using a
DIK-1,630 soil picker (DAIKI, Saitama, Japan). Soil samples for
measuring chemical properties were collected while considering the
layer after removing the organic layer at the exact location where
the samples were collected for measuring physical properties. Soil
physicochemical analysis was performed using routine methods
(NIAST, 2010). Soil samples were air-dried and passed through a 2-
mm sieve for chemical analysis. The samples were used for measuring
soil physicochemical parameters, including pH (H2O, CaCl2, KCl,
NaF), electrical conductivity, OM, total nitrogen, available phosphate,
phosphate absorption coefficient, exchangeable cations (K+, Ca2+,
Mg2+, Na+, Al3+), soil texture (sand, silt, clay), particle density,
bulk density, porosity, soil three-phase distribution, and hydraulic
conductivity. In the case of soil pH, in addition to the standard
method (H2O) for measuring pH, other methods (CaCl2, KCl,
NaF) of measuring pH are also used in soil surveys for specific
purposes, especially those required for some taxonomic criteria in
Soil Taxonomy (Staff and Staff, 1951). For example, the use of 0.01M
CaCl2 solution has the advantage of reducing seasonal variations in
pH, while the use of 1N KCl solution is to test for the presence of
exchangeable Al (Schofield and Taylor, 1955). The role of 1M NaF
solution is to infer the presence of short-range order minerals (Staff
and Staff, 1951). Sand, silt, clay percentage information, and soil
type in the sampling area are listed in Supplementary Table 1. Soil
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FIGURE 1

Sampling site of the Korean fir tree. The sampling site is a Korean fir forest (green) near Baengnokdam Crater Lake, the summit of Mt. Hallasan. The
boundaries of Mt. Hallasan National Park are marked in red. Sampling points were marked: Healthy Korean Fir (blue) and Dead Korean Fir (yellow).

samples for microbial DNA analysis were frozen at −70◦C without
air-drying and stored in polyethylene sample bottles.

2.2. Soil bacterial and fungal DNA
extraction, amplification, and sequencing

Soil microbial DNA extraction was performed using the
DNeasy PowerSoil Pro Kit (Qiagen, Hilden, Germany) according
to the manufacturer’s protocols. The extracted DNA was quantified
based on the DNA absorbance ratio at 260/280 nm (∼1.9)
and 260/230 nm (∼2.0) using the NanoDrop One UV-Vis
spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA).
The DNA concentration was remeasured for accuracy using a
Qubit 2.0 Fluorometer (Thermo Fisher Scientific, Waltham, MA,
USA). After DNA extraction, the prokaryotic 16S rRNA V4-V5
hypervariable region was amplified through primer pair 515F/907R
(515F, 5′- ACA CTC TTT CCC TAC ACG ACG CTC TTC CGA
TCT GTG NCA GCB GCC GCG GTR A –3′ and 907R, 5′- GTG
ACT GGA GTT CAG ACG TGT GCT CTT CCG ATC CGY CWA
TTY HTT TRA GTT T –3′) (Apprill et al., 2015; Parada et al., 2016),
and the eukaryotic ITS2 region was amplified through primer pair
ITS86F/ITS4R (ITS86F, 5′-ACA CTC TTT CCC TAC ACG ACG
CTC TTC CGA TCT GTG AAT CAT CGA ATC TTT GAA-3′ and
ITS4R, 5′-GTG ACT GGA GTT CAG ACG TGT GCT CTT CCG
ATC TCC TCC GCT TAT TGA TAT GC-3′) (Turenne et al., 1999;
Ferrer et al., 2001). For the polymerase chain reaction (PCR) to
amplify purified DNA, 25-ml EmeraldAmp MAX HS PCR Master
Mix (Takara Bio, Shiga, Japan), 2 ml extracted DNA, 1 ml each primer,
and 21-ml sterile distilled water were used in a 50-ml reaction using
Eppendorf Mastercycler Nexus PCR Cycler (Eppendorf, Hamburg,
Germany). For the prokaryotic 16S rRNA, a denaturation step of 95◦C
was performed for 3 min, followed by 20 cycles at 95◦C for 30 s,
56◦C for 30 s, and 72◦C for 30 s, and a final extension at 72◦C for
3 min. For the eukaryotic Internal Transcribed Spacer (ITS) 2 region,
a denaturation step of 95◦C was performed for 5 min, followed by
30 cycles at 95◦C for 30 s, 58◦C for 30 s, and 72◦C for 30 s, and
a final extension at 72◦C for 5 min. The second PCR process for

attaching the dual multiplexing index and specific adaptor was as
follows: for the prokaryotic 16S rRNA, a denaturation step of 95◦C
was performed for 3 min, followed by 25 cycles at 95◦C for 30 s, 56◦C
for 30 s, and 72◦C for 30 s, and a final extension at 72◦C for 3 min. For
the eukaryotic d region, a denaturation step of 95◦C was performed
for 5 min, followed by 30 cycles at 95◦C for 30 s, 58◦C for 30 s, and
72◦C for 30 s, and a final extension at 72◦C for 5 min. The size and
quality of the amplicon were verified through 2% (w/v) agarose gel
electrophoresis, and amplicon product impurities were eliminated
using QIAquick Gel Extraction Kit (Qiagen, Hilden, Germany). The
amplified and purified DNA amplicon was adjusted to the same DNA
concentration and pooled considering the PCR product size of the
16S rRNA and ITS2. Paired-end sequencing was performed using
the Illumina MiSeq instrument (Illumina, San Diego, USA) with
adjustable read lengths of about 2× 250 bp using MiSeq Reagent Kit
v3 (Illumina, 600 cycles). Fastq files have been deposited into an NCBI
Sequence Read Archive (SRA, NCBI1) under the accession numbers
PRJNA802974. Sequencing was performed at the next-generation
sequencing core facility of Kyungpook National University (Daegu,
South Korea).

2.3. Bioinformatics

The demultiplexed raw FASTQ data acquired from the MiSeq
instrument were filtered for quality and analyzed using the
Quantitative Insights Into Microbial Ecology 2 (QIIME2) (ver
2020.11) software (Bolyen et al., 2019). Since the merged paired
sequences are mostly filtered owing to low-quality reverse reads,
only forward sequences were used for subsequent analysis. To
generate amplicon sequence variants, the single-end sequence was
filtered (mean frequency; 26,260 for bacteria, and 37,312 for fungi),
trimmed (with lengths of 200 nucleotides), and denoised (Q score
threshold > 30) using the DADA2 software (Callahan et al., 2016).
The ASVs were assigned taxonomy with a 99% cutoff value by the
classify-sklearn program using the SILVA 16S/18S rRNA full-length

1 http://www.ncbi.nlm.nih.gov/sra
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sequences (Release 138) (Quast et al., 2012) and UNITE database (ver
2019.02) (Abarenkov et al., 2010) as the reference database. The ASVs
classified as mitochondria, chloroplast, eukaryote, or unassigned
were eliminated from the bacterial ones, and the ASVs classified
as mitochondria, prokaryote, or unassigned were removed from
the fungal ones. Alignment was conducted using de novo multiple
sequence alignment with an align-to-tree-mafft-fasttree plugin of
QIIME2. The sequences were rarefied (825,840 raw reads including
356,920 bacterial reads, an average of 8,923 per sample; and 468,920
fungal reads, an average of 11,723 per sample).

2.4. Statistical analyses

Statistical analysis and visualization were conducted using the
R software (ver 4.0.3). All QIIME2 data inputs to R software were
processed after pre-processing using the “Phyloseq” R package (ver
1.34.0) and the “qiime2R” R package (ver 0.99.4). The normality
test was performed using the Shapiro-test function in the “stat” R
package (ver 4.0.3), and the test of equal variances was performed
with the Levene-test function in the “car” R package (ver 3.0-10)
for two independent groups. Regarding the amplicon sequencing
results and soil physicochemical properties, the statistical significance
of the two independent variables was evaluated using the following
statistical analysis: (i) the unpaired two-sample t-test when it follows
normality and satisfies equal variance, (ii) Welch’s correction paired
t-test when following normality but not equal variance, (iii) Wilcoxon
rank-sum test when both normality and equal variance are violated.
Shannon, InvSimpson, Chao1, and Evenness indices for alpha
diversity analysis were computed using the “vegan” R package. Beta
diversity was conducted to evaluate differences between groups using
principal coordinates analysis (PCoA) based on the original Bray–
Curtis dissimilarity, unweighted UniFrac distance, and canonical
analysis of principal coordinates (CAP). Permutational multivariate
analysis of variance was conducted using an Adonis test from the
“vegan” R package. To investigate the biomarkers characterizing the
differences in the microbial communities of tree soil in different
health states, linear discriminant analysis effect size (LEfSe) (Segata
et al., 2011) was performed using the “microbiomeMarker” R package
(ver 0.0.1.9000). Correlation analysis of the matrix between genus
biomarkers and soil physicochemical qualities within each group was
conducted using Spearman’s rho rank correlation coefficients with
the “Hmisc” R package (ver 4.4-2). To identify the functional guild
of the fungal communities, the Fungi Functional Guild (FUNGuild2)
version 1.0, an open annotation tool for parsing fungal community
datasets, Guilds_v1.0 (Nguyen et al., 2016). In brief, the fungal
ASVs at the genus level according to sequencing platforms and
analysis pipelines are assigned to the guild annotated database, a more
manageable ecological unit of taxonomically complex communities.

2.5. Microbial network analyses

Inter-kingdom co-occurrence network analysis in HKF and DKF
soil samples was performed using the sparse inverse covariance
estimation for the Ecological Association and Statistical Inference

2 http://funguild.org

(SpiecEasi, ver 1.1.03) R package. To reduce complexity and noise in
the network, genera with a relative abundance of less than 0.01% were
excluded. The quality of the network model was estimated through
information criteria, and the sparse graphical lasso was used to adjust
the parameters with a penalty method (Layeghifard et al., 2018). For
the HKF soil microbial network, 116 bacterial and 85 fungal ASVs
were used, whereas 122 bacterial and 85 fungal ASVs were used for
the DKF network. The topological role of each genus is determined
by the z-values (zi, within-module connectivity) and p-values (pi,
among-module connectivity) and is divided into four subcategories:
(i) peripheral nodes (Zi ≤ 2.5, pi ≤ 0.62), (ii) connectors (Zi ≤ 2.5,
pi > 0.62), (iii) module hubs (Zi > 2.5, pi ≤ 0.62), and (iv) network
hubs (Zi > 2.5, pi > 0.62) (Olesen et al., 2006).

2.6. Structural equation modeling

Structural equation modeling (SEM) was conducted to quantify
the direct and indirect relationships among soil physicochemical
properties, fungal functional guild, fungal diversity, and the decline
of the health of Korean fir. Fungal diversity was characterized
by Shannon, inversed Simpson, and Evenness, whereas fungal
composition was characterized with the first axis of PCoA using
an unweighted UniFrac distance matrix. Based on a priori and
theoretical knowledge, we assumed a conceptual model that the
changes in the soil physicochemical properties affect the fungal
abundance, diversity, composition, and the decline of the health of
Korean fir. The maximum likelihood estimation method was used
to compare the SEM with the observation. Model adequacy was
determined by χ2-tests, chi-Square/degrees of freedom (CMIN/DF),
comparative fit index (CFI), and root square mean errors of
approximation (RMSEA), and we revised our conceptual model
according to these indexes. Adequate model fits were indicated by
a non-significant χ2-test (p > 0.05), high CMIN/DF (<3), high CFI
(>0.90), and low RMSEA (<0.05) (Grace, 2006). SEM analysis was
performed using the “Lavaan” R package (Rosseel, 2012).

3. Results

3.1. Microbiome community structure and
diversity in HKF and DKF soil

The bacterial and fungal community changes associated with the
health status of Korean fir were analyzed using the 16S rRNA and
ITS2 gene amplicon sequencing method from the HKF and DKF soil
samples (Janda and Abbott, 2007; Ihrmark et al., 2012). After filtering
rare taxa with a relative abundance below 0.01%, 1,358 and 1,216
bacterial amplicon sequence variants (ASVs) and 533 and 519 fungal
ASVs were identified in the HKF and DKF groups, respectively. For
taxonomy-assigned ASVs in the HKF group, thirty bacterial and ten
fungal phyla with 200 and 181 genera were obtained, respectively.
Meanwhile, in the DKF group, 28 bacterial and seven fungal phyla
with 192 and 170 genera were obtained, respectively.

We performed the differential abundance and diversity analysis
of the soil microbiome in both the bulk and rhizosphere soil

3 https://github.com/zdk123/SpiecEasi
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compartments of HKF and DKF soil to determine the association of
soil microbiome structure and diversity with the health of Korean
fir and their soil compartment niches. We presented the top ten
dominant phyla within HKF and DKF for the relative abundance
analysis. We did not observe any changes in the relative abundance
of various bacterial phyla between the soil compartments of HKF and
DKF soil (Figure 2A). On the other hand, the relative abundance
of the fungal phyla mainly differed depending on the health of
Korean fir rather than their soil compartment niches (Figure 2B).
Specifically, in the fungal community, a significant decrease in the
relative abundance of the phylum Basidiomycota (p-value = 0.024)
and an increase in that of the phylum Ascomycota (p-value = 0.033)
were observed following the death of Korean fir (Supplementary
Figures 1A, B).

We also investigated the beta diversity to identify the differences
in the microbial communities between each group at the ASV level.
The microbial community differences according to the comparison
groups were conducted via PCoA beta diversity based on the
unweighted UniFrac distance (Lozupone et al., 2011). For the alpha
diversity analysis, we used the Shannon–Wiener index (Shannon,
1948), which summarizes both richness and evenness, and the
inverse Simpson index (Hunter and Gaston, 1988), which reflects
only evenness. The soil fungal community was shaped significantly
depending on the health status of Korean fir (Figure 2D, Adonis,
p-value = 7e–04, R2 = 0.061) rather than the soil bacterial community
(Figure 2C, Adonis, p-value = 0.1293, R2 = 1.298), consistent with the
results of relative abundance analysis (Figure 2B). On the other hand,
the shapes of both the bacterial and fungal communities were not
significantly different for the two soil compartments (Supplementary
Figures 2A, B). Notably, these mycobiome changes based on the
health status of Korean fir were observed in rhizosphere soil rather
than bulk soil (Supplementary Figures 2C, D).

Meanwhile, the fungal alpha diversity was mainly different
depending on the soil compartment (Figure 2F). Although not
significant, the fungal alpha diversity of DKF was slightly higher
than that of HKF in both soil compartments, suggesting that
increased fungal diversity was still associated with ecosystem changes
related to the decline of Korean fir health (Figure 2F). As with
beta diversity, bacterial alpha diversity did not differ significantly
(Figure 2E). In summary, changes in the structure and diversity
of the soil microbiome, specifically of the fungal community, were
more dependent on the health status of Korean fir than on the soil
compartment niches.

3.2. Compositional differences in fungal
communities

As only the fungal community differed significantly depending on
the decline of Korean fir health, we focused on the fungal community
in subsequent analyzes while excluding the bacterial community.
Figure 3 indicates only genera for which the sum of their relative
abundances is above the 0.01% threshold. Circular packing plots
display differences in the relative abundance of various fungal genera
in each of the two soil compartments (p < 0.05) depending on
the health of Korean fir. The circle packing plot indicated that 13
and 14 fungal genera with significantly different abundance were
detected in the rhizosphere and bulk soil, respectively (Figures 3A,
B). Regardless of the soil compartments, the statistically significant

relative abundances of the fungal genera Russula, Sebacina, and
Phenoliferia of the phylum Basidiomycota were exclusive to the
HKF group (Figures 3A, B), consistent with the increased relative
abundance of Basidiomycota observed in the HKF group compared
to the DKF group (Supplementary Figure 1A). On the other hand,
for the DKF group, Loramyces, Ascocoryne, and Hypochinicium
were higher in the rhizosphere soil, and Trichoderma, Paraphoma,
Leptodontium, Ascocoryne, and Hypholoma were more related to the
bulk soil samples.

Additionally, we investigated functional guild assignments using
FUNGuild (Nguyen et al., 2016) to determine the ecological function
of fungi. Based on FUNGuild analysis, the genera Russula, Sebacina,
and Hydnotrya, dominant in the HKF group, were ectomycorrhizas
(ECMs), i.e., symbiotrophs, whereas the genus Phenoliferia was not
assigned a functional guild (Supplementary Table 2). In particular,
these symbiotic fungi were predominantly abundant and diverse in
HKF groups regardless of soil fraction (Supplementary Figure 3).
We also confirmed that most of the fungal genus dominant in
DKF soil belonged to the Saprotrophs guild. Furthermore, we cross-
checked fungal biomarkers with differential abundance between the
HKF and DKF groups using LEfSe analysis with a log (LDA score)
over 3.0 (Figures 3C, D). Our analysis results indicate that most
genera identified in the circular packing analysis were observed as
bio-markers in the LEfSe analysis.

3.3. Network analysis of soil
microorganisms

We conducted mycobiome network analysis for an overall
understanding of the fungal matrix in the soil environment. Co-
occurrence networks were analyzed using Sparse InversE Covariance
estimation for the Ecological Association and Statistical Inference
(Kurtz et al., 2015) to investigate the microbial relationship. The four
networks showed different topological properties, and overall, the
DKF networks (Figures 4B, D) were less complex and less dense
than the HKF networks (Figures 4A, C). Following the decline
in the health of Korean fir, the interaction of soil fungi decreased
qualitatively and quantitatively. Our results indicated that significant
correlations were defined as the total number of nodes and edges
decreased (Supplementary Table 3). The edge density and ratio of
the negative edge also decreased with tree death. Specifically, the DKF
network in rhizosphere soil consisted of the fewest 250 network edges
and the lowest edge density compared to other groups (Figure 4B and
Supplementary Table 3). In addition, this network was composed
of the lowest ratio of negative correlations among the four groups,
including the bulk group.

The Z-P plot describes the topological roles of the nodes
(genus) constituting the microbial network for each group. The
two parameters of these Z-P plots are within-module connectivity
(zi), representing the connectivity of a node to other nodes within
its module, and connectivity among modules (pi), reflecting the
connectivity of a node to other modules. In this study, all fungal
networks consisted mainly of peripheral nodes having only a few
links and almost always to the genus within their modules, followed
by connectors indicating close association with multiple modules
(Figure 4E). However, there were no network hubs observed in all
of the networks. 16.9% of the fungal genus in the HKF group were
connectors, whereas, in the DKF group, there was only 5.8%. In the
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FIGURE 2

Comparisons of the microbiome community structure and diversity based on the decline of Korean fir health and soil compartment. The upper panel
(A,C,E) presents the analysis of the bacterial community, and the lower panel (B,D,F) presents the analysis of the fungal community. (A,B) Relative
abundance of top ten dominant phyla of healthy Korean fir (HKF) and dead Korean fir (DKF) in different soil compartments. Other phyla are included as
“Others”. (C,D) Principal coordinates analysis (PCoA) based on unweighted UniFrac distance and microbial diversity differences between the HKF (blue)
and DKF (yellow) groups. Adonis R2 and p-values are provided for each plot. (E,F) Shannon and inverse Simpson diversity index of the soil microbiota
based on heath decline of Korean fir and soil compartment. Significance levels: *p < 0.05, **p < 0.01.

DKF rhizosphere soil network, which showed the weakest network
tendency, 96.6% of the total genera were peripheral nodes except
for six connectors. The network analysis highlights that reduced
complexity and intensity of fungal communities resulting from a
decrease in the number of edges, edge density, and connectors were
associated with the decline of tree health.

3.4. Relationships between mycobiome,
physico-chemical properties in Korean fir
soil microbiota

We measured twenty-eight soil physicochemical properties for
all collected samples and compared differences between HKF and
DKF soil properties (Supplementary Table 4). The concentrations
of potassium (K+) and sodium (Na+) ions and available phosphorus
(P2O5), sand percentage, and the cation exchange capacity (CEC)
of the Korean fir soil differed significantly between the two groups
(Supplementary Figure 4). Sand percent (47.03 ± 12.27) belonging
to soil physical properties was higher in DKF soil than HKF soil,
while P2O5 (14.68 ± 7.71), CEC (38.81 ± 7.42), K+ (0.53 ± 0.43),
and Na+ (0.19 ± 0.09) belonging to soil chemical properties were
higher in HKF soil. As a result of heatmap correlation analysis,
the discriminated soil characteristics except sand percent did not
have a significant correlation with individual ECMs, which are
major biomarkers (Supplementary Figure 5). However, our Mantel
statistics highlight that Sand percent, P2O5, and CEC among the
five different physicochemical properties have an overall strong
association with soil fungal communities (Supplementary Table 5).

Drivers for changes in mycobiome and environmental variables
related to the decline of the health status of Korean fir were
evaluated using structural equation modeling (SEM). The decline
in the health status of Korean fir and the relative abundance of
symbiotrophs in the HKF group had direct and indirect correlations
with soil physicochemistry, including the percentages of sand and
P2O5 and the CEC of the soil (Figure 5). The decline of the
health status of Korean fir had significant direct correlations with
the concentrations of K+ ions (λ = −0.550, p < 0.001), P2O5
(λ = −0.516, p < 0.001), and organic matter (OM) (λ = 0.444,
p < 0.001) in soil, and the combination of adverse indirect effects
of soil chemical properties primarily associated with pH and CEC.
The decline in the health status of Korean fir had a direct negative
relationship with symbiotrophs (λ =−0.606, p < 0.001), which had a
strong negative correlation with saprotrophs (λ =−0.663, p < 0.01).

4. Discussion

The death of Korean fir is a severe problem for which no
clear cause has been ascertained (Ahn and Yun, 2020). Most
previous studies have reported associations between tree death
and environmental factors, including typhoons (Kim et al., 2017),
droughts (Kim et al., 2015), excess moisture (Ahn et al., 2019; Ahn
and Yun, 2020) and other climatic changes (Kim et al., 2016; Koo
and Kim, 2020). It is necessary to provide appropriate clues for
new biological interpretations as conflicts resulting from inconsistent
claims of previous studies have created several questions. On the
other hand, although the soil microbiota plays an essential role in the
forest ecosystem processes (Lladó et al., 2017), the soil microbiome
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FIGURE 3

Representative biomarkers at fungal genera level. The upper panel (A,C) is the analysis of the rhizospheric soil, and the lower panel (B,D) is the analysis of
the bulk soil. (A,B) Circle packing plots represent the relative abundance of fungal genera observed in the healthy Korean fir (HKF) and dead Korean fir
(DKF) groups. The statistically significant abundance of fungal genus for each group is indicated by HKF (blue) and DKF (yellow), and non-S (gray) when a
significant difference was not met. (C,D) Linear discriminant analysis effect size analysis based on LDA score to detect biomarkers indicating differences
between the groups (with LDA score > 3.0).

and mycobiome structure of Korean fir trees remain unknown. In
addition, plant-associated soil microbial communities are associated
strongly with soil health by stimulating plant growth, supplying
nutrients, and increasing resistance to biological and abiotic stresses,
such as climate change (Berg et al., 2017). Thus, understanding the
soil microbiome of the Korean fir and its association with edaphic
factors will advance our knowledge about the response of microbial
communities to abiotic stresses for such endangered tree species. It
will also help design effective alternative strategies for conserving
Korean fir by providing new biological perspectives. To the best of
our knowledge, this study is the first report about the soil bacterial
and fungal structure of Korean fir trees and the association between
microbiome and soil physicochemical features.

According to relative abundance and beta diversity analysis, the
microbiome changes in Korean fir soils were mainly shaped by the
decline of Korean fir health, not by soil compartment niches. In
the relative abundance analysis, the Ascomycota phylum increased
relatively after tree death, and many ascomycetes are pathogens,
both of animals, including humans, and of plants (Berbee, 2001).
However, the association of pathogenic fungi belonging to the

phylum Ascomycota with the death of fir trees cannot be definitively
established.

In particular, the fungal community, the mycobiome, was more
affected than the bacterial community. We predict that these fungal
community differences are due to differences in fungal composition
adapted to the environment before and after tree death. We infer
that fungi, which are relatively higher eukaryotes, not only interacted
flexibly with Korean fir before tree death but also adapted to the
environment better after a large environmental change called death.
These observations indicate that the fungal community assembly is
comparatively more sensitive than the bacterial community to the
stress-induced changes of the fir tree rhizosphere, emphasizing fungi
as a good bioindicator of habitat transition (Bai et al., 2018). Bacteria
have high plasticity to environmental stresses, which supports the
idea that soil bacterial communities differ in their vulnerability
to stresses (Classen et al., 2015) and host health status does not
affect members of soil microbiota equally (Preiswerk et al., 2018).
Moreover, the bacterial community response to abiotic factors
observed in our study was similar to that reported in previous studies
(Justice et al., 2008).
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FIGURE 4

The co-occurrence correlation network analysis of soil mycobiome for the (A,C) healthy Korean fir (HKF) and (B,D) dead Korean fir (DKF) groups. The
relative abundance of taxa was represented through the node size and genera through the node color. Positive and negative correlations were indicated
as black and red edges, respectively. The edge thickness shows correlation strength. (E) z-plot representing the topological roles of fungal genera based
on within-module connectivity (zi) and among-module connectivity (pi). Each point shows a fungal genus in the HKF (blue) and DKF (yellow) soil
communities. Filled and blank points indicate rhizospheric and bulk soil, respectively.

FIGURE 5

Structural equation model (SEM) illustrating the direct and indirect effects of the soil physico-chemical properties on the decline of Korean fir health and
the fungal community. Continuous and dashed arrows represent the significant and non-significant relationships, respectively. The adjacent numbers
that are labeled in the same direction as the arrow represent path coefficients, and the width of the arrow is in proportion to the degree of path
coefficients. Red and green arrows indicate positive and negative relationships, respectively. R2 values denote the proportion of variance explained by
each variable. OM, organic matter; CEC, cation exchange capacity. Significance levels: *p < 0.05, **p < 0.01, ***p < 0.001.

Our results provided evidence that plant health status can
strongly influence fungal community composition in Korean fir
soil ecosystems, especially within rhizosphere soils. The rhizosphere
mycobiome is closely interconnected to plant health, fitness, and
growth, and this result is also supported by previous studies (Anal
et al., 2020). Different compartments have different physicochemical
properties due to structural differences and exposure to different
environmental niches, which can lead to the selective recruitment

of microbial communities (Yang et al., 2022). It is consistent with
previous studies showing that the microbial diversity of bulk soil was
higher than that of the rhizosphere (Xiong et al., 2021).

We expect that these differences are due to fungal diversity, which
differs significantly by soil compartment and tree health status. The
fungal diversity of the DKF soil sample was slightly higher than that
of the HKF sample, which may be attributed to woody plants or
crops manufacturing exudates to control an environment suitable for
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self-growth, which regulates symbiotic soil microorganisms through
chemical interaction (Prudence et al., 2021). Fungal diversity appears
to be influenced comparatively more by stress-induced rhizosphere
changes in the Korean fir soil. However, more research is needed
to confirm the evidence of such relationships. These observations
indicate that soil serves as a primary reservoir for the plant-associated
microbiome, and plants can recruit or filter microbes inhabiting the
rhizosphere and endosphere. Alternatively, dead plant roots in DKF
soil could create a conducive environment for different fungi groups,
especially necrotroph microbes (Prudence et al., 2021).

On the other hand, our study showed that insignificant
changes in bacterial diversity between two compartments were
observed. According to previous studies, the differences in bacterial
communities by compartment were not significant in coniferous soil,
unlike other plant species (Ling et al., 2022). Bacterial differences
between soil compartments are mainly derived from rhizosphere
effects, which depend not only on plant species but also on human
agricultural activities such as organic amendments. These agricultural
practices, including organic amendments, can reduce rhizosphere
effects on chitinolysis, methylotrophy, and methanol oxidation (Ling
et al., 2022). These peculiar soil compartment-specific bacterial
characteristics of forest ecosystems may be an effect of the absence
of practices such as land use, flora, and fertilization regimes. There is
not enough research to address this precisely, and it is an issue that
must be addressed in future research.

Circle packing and LEfSe analysis at the genus level between
HKF and DKF showed that ECMs, including Russula, Sebacina,
and Hydnotrya, had the highest abundance in the HKF group.
Interestingly, these ECM fungi were present in bulk soil as well as
rhizosphere soil. These observations predict that Korean fir roots not
only directly interact with the symbiotic fungus in the rhizosphere
but also indirectly in a wider area as well. Russula was observed
to be one of the most essential and abundant ECM fungi having a
symbiotic relationship with diverse higher plants in the mountain
rainforest, which conforms to the findings of previous studies (Wang
et al., 2015; Ważny and Kowalski, 2017; Bzdyk et al., 2019; Izumi,
2019). Interestingly, Kohout et al. (2018) highlighted that ECMs,
including Russula, mostly drove the rapid dynamics in the fungal
community composition. In addition to Russula, a previous study
has reported Sebacina, as the commonly observed ECM in the forest
ecosystem (Long et al., 2016). Hydnotrya has also been reported as
one of the most dominant ECM symbiont fungal genera (Leski and
Rudawska, 2012), which may be because of rhizodeposits from the
live fir tree (Kohout et al., 2018). In contrast, there was a decrease in
the abundance of such ECMs in dead plant roots (Wei et al., 2021),
which might be attributed to the lack of plant-derived active carbon
inputs, including exudates from the dead plant roots (Yu et al., 2020).

The saprotrophs such as Ascocoryne, Loramyces, and
Hypochnicium were highly abundant in the DKF group. These finding
also supports the fact that saprotrophs are present in extremely low
abundance in actively growing plant roots (Kutiel and Shaviv, 1992),
and they mainly feed on non-living organic matter, such as dead
plant roots (Promputtha et al., 2007). Trichoderma spp., a critical
genus specializing in the breakdown of complex compounds, such
as lignin and cellulose (Pusz et al., 2021), commonly arising after
plant death (Williams and de Vries, 2020), were likewise abundant
in DKF soil. These findings indicate a reduction in the abundance of
symbiotic fungi in the rhizosphere of the dead tree and an increase
in saprotrophic fungi. Nevertheless, pathogenic fungal genera were
not as abundant in DKF soil as in HKF soil, consistent with previous

findings that the survival of microbes, including ECMs, is related to
soil nutrient availability. Therefore, ECMs fungi including Russula,
Sebacina, and Phenoliferia have significance as potential biomarkers
for fir tree death. Saprotrophs differed at the genus level by soil
compartment, and these observations indicate that saprotrophs do
not play a role as potential biomarkers for reduced tree health.

Network analyses and Z-P plots were used to understand
the relationship patterns of mycobiome both within and between
the HKF and the DKF groups in the rhizosphere and bulk soil
compartments. The results showed that the DKF networks, which
have few keystone taxa of known plant symbionts, are less stable
and complex than the HKF networks. In addition, these have
fewer topological properties, including transitivity, the number
of nodes, total edges, and the ratio of negative edges, than the
HKF rhizosphere network, which conforms to previous studies
that plants supply high nutrients to microbes, leading to more
complex microbial networks (Yang et al., 2021). Additionally,
mutual negative interactions indicative of ecological competition can
enhance microbiome stability by weakening the destabilizing effects
of cooperation (Coyte et al., 2015).

Soil physical properties affect soil chemistry, such as organic
nutrients and permeability (Kutiel and Shaviv, 1992), and also
cause changes in the soil ecosystem, including host plants
and microorganisms (Marschner et al., 2001). Previous studies
emphasized that the decline in the health of the Korean fir tree is
caused by the interactions of physical damage due to strong winds
and typhoons and soil erosion (Seo et al., 2021). Based on the
previous studies, changes in the physical characteristics of habitats
may have influenced the decline in the health of Korean fir trees
and simultaneously caused changes in the soil microbial community,
affecting the ECMs in the soil. On the other hand, our study
did not show a strong correlation between well-known ECMs and
environmental variables (Supplementary Figure 5).

Our SEM analysis revealed that the decline in the health of
Korean fir had direct negative correlations with soil nutrient-related
characteristics, e.g., K+ ion concentrations, P2O5, and CEC, directly
related to OM content in the soil. The K+ ions and P2O5 are
well-known essential nutrients for plant growth, and their soil
concentrations and availability depend on soil CEC (Brady et al.,
2008). Soil moisture, which negatively correlated with the sand
percentage in soil, had a positive correlation with the decline in the
health of Korean fir, consistent with previous studies suggesting tree
death due to excess moisture (Ahn et al., 2019).

Indeed, Mt. Hallasan, the native habitat of Korean fir derived
from volcanic ash, has a high ash OM content and phosphoric acid
adsorption capacity, preventing the absorption of essential nutrients
for plant growth (Hyun, 2011). In addition, Mt. Hallasan soil with low
moisture content and easy root extension due to large soil porosity
would have influenced the adaptive evolution of Korean fir. We
believe that soil properties such as high OM content and increased
moisture, caused by various environmental factors mentioned in
previous studies, are related to soil nutrients and moisture content
and may have had a direct or indirect effect on the decline in the
health of Korean fir. Furthermore, we speculate that changes in soil
physicochemical properties and the death of Korean fir may have
caused changes in soil fungal communities, specifically ECMs.

We acknowledge the following shortcomings in this experiment.
First, the study only provides a potential association between the
decline of the Korean fir tree and the soil fungal community.
Therefore, further research is required on the direct cause between
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the death phenomenon and the soil microbiome. Second, large
sample sizes are needed in future studies to completely address the
cause of the decline in tree health and understand the contribution
of the Korean fir forest soil microbiome and ECMs in particular.
Nevertheless, this study is valuable, being the first to document
the decline in the health of the Korean fir tree from an ecological
perspective through the association between soil microbiome and soil
physicochemical properties. In addition, it has an advantage in that
it provides new information for understanding the phenomenon of
death in that it is consistent with the results of previous studies.

5. Conclusion

Our results showed that the soil fungal community was more
affected than the bacterial community following the death of
Korean fir taking the above information into account. ECMs fungi
such as Russula, Sebacina, and Phenoliferia, which dramatically
decreased after tree death regardless of soil compartment, are
valuable as potential biomarkers. The fungal community of dead
Korean fir constituted a weaker soil microbial ecosystem network
compared to those of relatively healthy trees and were correlated
with changes in soil physicochemical properties known to be
associated with the Korean fir decline. Specifically, the decline
in the health of Korean fir had strong correlations with organic
matter content and soil nutrient-related characteristics such as K+

ion concentrations, P2O5, and CEC. Although this is a baseline
study about the soil microbiome and mycobiome of Korean fir
trees, our research provides a new microbiological and ecological
perspective on the phenomenon of such unknown death of
Korean fir.
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