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Abstract

Background
The Abies koreana (Korean �r) population is declining at an accelerating rate on Mt. Hallasan in Jeju
Island, Republic of Korea. Several prior studies have reported various inconclusive reasons, indicating
that additional data, such as data on microbial communities that promote plant growth and resistance to
abiotic stresses, are required to further understand the phenomena. To the best of our knowledge, this is
the �rst investigation that documents the changes in the microbial community as the result of the decline
of the Korean �r forest. Here, high throughput sequencing data were provided for the rhizosphere
microbiome of a Korean �r, identifying the bacterial and fungal composition differences between the
rhizosphere soil of healthy Korean �r (HKF) and dead Korean �r (DKF).

Results
The results showed that the DKF soil of the fungal community was distinctly separated from the HKF
soil. Interestingly, HKF soil comprised dominant symbiotic fungi (Russula, Sebacina, Inocybe, and
Phenoliferia), whereas the microbial composition in DKF samples comprised abundant saprotrophs, such
as Trichoderma, Ascocoryne, and Umbelopsis. It was also observed that symbiotic fungi, such as
Russula, act as a hub in the co-occurrence network. Additionally, the representative fungal genera in HKF
soil had a strong positive correlation with only a few soil physicochemical features: K+, Na+, Avail P, and
cation exchange capacity (CEC).

Conclusions
Our �ndings shed light on the rhizosphere microbiota of dead and live A. koreana plants and their
relationship with edaphic factors. The woody plant-associated symbiotic fungi, including ECMs, was also
highlighted as a potential strategy to enhance the Korean �r forest ecosystem health.

Background
Korean �r, the scienti�c name for Abies koreana, is an evergreen tree known as a high-quality Christmas
tree in demand for its special appearance and beautiful fragrance. The Korean �r grows only in sub-
alpine southern regions at an altitude of 1,000–1,900 in the Republic of Korea, and Mt. Hallasan on Jeju
Island is the world’s largest habitat [1]. However, the Korean �rs have faced serious decline and death for
20 years and were classi�ed as Endangered (EN) in the IUCN 3.1 Red List of Threatened Species in 2011
[2].

Understanding the decline and dieback of the korean �r in Mt. Hallasan is one of the top research
priorities in many research �elds in Korea, which otherwise could cause the destruction of the natural
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balance of the mountain’s plant ecosystem. Mt. Hallasan is the preserving site of several endemic tree
species of the country. In previous studies, geographic, climatic, and soil physicochemical analyses,
including tree density, solar radiation, terrain slope [3], and wind intensity changes [4], have been reported
as factors contributing to the decline. However, there are still contrasting reports about the cause of the
tree decline, and further studies remain to be conducted. Although �ndings diverge between studies; for
example, Kang et al.[5] has attributed the decline to the decreased soil moisture content following
increased temperature and insu�cient winter snow cover, whereas Ahn et al.[3] has reported that
excessive soil moisture caused by gradual terrain slope and decreased solar radiation contributed to the
problem.

Furthermore, the soil microbiome plays a key role in ecosystem processing [6]. The microbial interaction,
especially the rhizosphere microbiome, is complex and could lead to suppressive soil and induce
tolerance to plants because of abiotic factors caused by climate change. The rhizosphere microbiome, in
turn, depends on the plant genotype and environment [7]. More importantly, the rhizosphere microbiome
of Korean �r has not yet been documented. Thus, this study assessed variations in the rhizosphere
microbiome and soil physicochemical properties between HKF and DKF. The relationships between soil
physicochemical qualities and microbiome were also assessed, and the potential contribution of the
rhizosphere microbiome of Korean �r was investigated for induction of stress tolerance. For these
reasons, differences between the soil microbiome structures of healthy Korean �r (HKF, n = 20) and dead
Korean �r (DKF, n = 18) sampled from the colony of Korean �rs were investigated using 16S rRNA and
ITS2 amplicon sequencing. The correlation analysis between nutrients and soil microbes in the soil
environment was also investigated using correlation analysis between the genera and soil
physicochemical features, which varied signi�cantly between the HKF and DKF groups. The co-
occurrence network at the cross-kingdom level identi�ed representative genera expected to have
biological effects in the soil environment. Hence, the study aims to develop the current understanding of
the Korean �r forest microbiome and provide a new biological perspective from the analysis of bacterial
and fungal communities.

Results

Soil physicochemical properties of the rhizosphere soil of
Korean �r
Twenty-eight soil physicochemical properties were measured for all samples collected from the Korean �r
forest to compare differences between HKF and DKF soil properties (Table S1). Only �ve features among
the 28 soil physicochemical features were signi�cantly different (p < 0.05) between the two groups
(Fig. 1). In the DKF soil samples, nutrient-related properties, including K+, Na+, and Avail P, decreased. In
addition, the soil CEC of DKF was low (31.90 ± 8.39) compared with HKF (38.81 ± 7.42). In contrast, the
sand percentage of rhizosphere soil from DKF was high compared with HKF soil. No signi�cant
difference was observed in soil moisture content between the two groups. In the subsequent analysis,
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only �ve soil features showing signi�cant differences between the HKF and DKF were used for the
analysis.

Microbiome community structure and diversity in HKF and
DKF soil
The bacterial and fungal community changes associated with the Korean �r forest decline were analyzed
using the Next Generation Sequencing of 16S rRNA and ITS2 amplicons from the HKF and DKF
rhizosphere soil samples. A total of 2,182 bacterial ASVs and 1,191 fungal ASVs were identi�ed from
339,074 and 445,474 high-quality rare�ed sequences of 38 soil samples (20 HKF and 18 DKF samples).
From taxonomy-assigned ASVs, 29 bacterial phyla with 242 genera and ten fungal phyla with 257 genera
were found. The top ten dominant phyla in each group were used for downstream analysis. A signi�cant
decrease in the phyla Basidiomycota and an increase in the phyla Ascomycota were found in DKF soil
following the death of the Korean �r (Fig. 2A and 2B). However, no signi�cant changes were found in the
major bacterial phyla. The α-and β-diversity was also investigated to identify the differences in the
microbial communities between the two groups at the ASV-level. The differences in relative abundance at
the phylum level were also seen at the β-diversity analysis. PCoA based on the unweighted UniFrac
distance of the soil microorganisms showed that bacterial communities were not statistically different
(Fig. 2C). In contrast, the DKF cluster in fungal communities was signi�cantly separated from the HKF
cluster (Adonis, p = 7e-04) (Fig. 2D). Furthermore, the α-diversity measured by the Shannon–Wiener index
and inverse Simpson re�ecting the richness and evenness for the observed ASVs was analyzed (Fig. 2E
and 2F). The fungal alpha diversity in the inverse Simpson index increased slightly in DKF compared with
HKF, whereas no signi�cant (p = 0.31) difference was found in the Shannon–Wiener index.

Compositional differences in fungal communities
As the fungal communities of HKF and DKF varied signi�cantly (p < 0.001), the differential relative
abundance of the mycobiome at the genus level was further investigated. Figure 3 indicates only genera
with signi�cant differences at a 25% prevalence threshold in relative abundance. Notably, Russula,
Sebacina, and Phenoliferia, which are well known as symbiotic fungi (Table S2), were found only in the
HKF group (Fig. 3A). Meanwhile, Trichoderma, Ascocoryne, and Umbelopsis were more abundant in the
DKF group. In the analysis based on the fungal functional guide using FUNGuild (open fungal annotation
tool, Guilds_v1.0), symbiotic and saprophytic fungi were predominantly observed in HKF and DKF groups,
respectively (Fig. S1A). In HKF soil, the symbiotroph was more diverse on the Chao1 index and more
abundant in relative abundance. The saprotroph diversity was slightly lower than in DKF soil (Fig. S1B).
Furthermore, genus biomarkers with differential abundance between the HKF and DKF groups were
identi�ed using LEfSe analysis with a log (LDA score) over 3.0. In the HKF and DKF groups, 14 and 12
genera biomarkers, respectively, were yielded. In the LDA score of over 4, four genera, including Russula,
Sebacina, and Inocybe, were enriched in the HKF group. In comparison, three genera, namely,
Trichoderma, Leptodontidium, and Ascocoryne, were signi�cantly higher in the DKF group (Fig. 3B).

Network analysis of soil microorganisms
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Cross-kingdom network analysis was conducted for an overall understanding of the microbial matrix in
the soil environment. To investigate the soil microbial relationship, co-occurrence networks were analyzed
using Sparse InversE Covariance estimation for the Ecological Association and Statistical Inference
(SPIEC-EASI). Genera with less than 25% occurrence or less than 0.1% relative abundance were estimated
to decrease network noise and complexity. A total of 201 and 207 nodes, 90% of the initial genus relative
abundance, were obtained across HKF and DKF samples, respectively. The networks of HKF and DKF
groups consist of 437 and 415 edges, respectively. Transitivity (T) and density (D) of the network were
higher in HKF than in DKF (Fig. 4A and 4B). As a result of investigating the loss effect of the microbial
community on network connectivity through the node-based random attack, the connectivity of the HKF
network decreased more gradually than that of DKF, suggesting that HKF has a stronger and more
complex network than DKF (Fig. 4C). We investigated the genera predicted to play a potentially important
role in the network (Fig. 4D and 4E) through keystone taxa analysis based on the network betweenness
centrality and node degree. Notably, while symbiotic fungi, such as ectomycorrhizal fungi Russula and
Clavulina, were observed as keystone taxa in the HKF network, saprotroph fungi, such as Entoloma and
Trichicadium, were mainly observed in the DKF network.

Correlation between the soil mycobiome and
physicochemical properties
Correlation analysis was conducted between discriminative fungal taxa of the groups based on their
relative abundance and LEfSe analysis. Soil physicochemical properties have indicated a signi�cant
difference between the groups and are more likely to affect the growth conditions of korean �rs. The
correlation analysis of the fungal genera indicated that certain genera that were signi�cantly enriched in
the HKF had a strong positive correlation with each other (Fig. 5). Notably, Russula, a genus that played a
keystone role in the network, had statistically signi�cant positive correlations with the most abundant
fungal genera of HKF groups but not with DKF abundant fungal genera. The results of correlation
analysis between soil physicochemical properties and fungal communities indicated that most genera
had positive correlations with the heatmap in HKF groups. Russula, Phenoliferia, Krasilnikovozyme, and
Leucosporidium correlated conspicuously with K+ and Na+ exchangeable cations. Only Sebacina
positively correlated with Avail P. In the case of the genus in DKF, Hypochnicium and Leptosphaeria
correlate negatively with the cation exchange capacity (CEC), and a weak correlation was generally
observed.

Discussion
The decline of the Korean �r has long been a serious problem for which no clear cause has been found
[8]. Most previous studies have reported a link between the tree decline and environmental factors,
including typhoons [9], droughts [10], excess moisture [3, 11], and other climatic changes [12, 13].
Although soil microbiota plays an essential role in the forest ecosystem processes [14], the rhizosphere
microbiome of Korean �rs remains unknown. In addition, plant-associated soil microbial communities
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maintain soil health by stimulating plant growth, supplying nutrients, and increasing resistance to
biological and abiotic stresses, such as climate change [15]. Thus, understanding the rhizosphere
microbiota of healthy and dead plants of Korean �rs and their association with edaphic factors will
advance our knowledge about the contribution of microbial communities to resistance to abiotic stresses
for such endangered tree species. It will also help in designing effective alternative strategies for
conserving Korean �rs. To the best of our knowledge, this study is the �rst report about the rhizosphere
microbial structure of Korean �rs. In addition, this study reports the association between microbiome and
soil physicochemical features.

PCoA beta diversity and relative abundance analysis in our study showed that signi�cant differences
were observed between the two groups in the fungal community but not in the bacterial community. This
result suggests that the fungal community assembly is comparatively more sensitive than the bacterial
community to the stress-induced changes of the �r tree rhizosphere, emphasizing fungi as a good
bioindicator of habitat transition [16]. In addition, the bacterial community response to abiotic factors in
our study was similar to that reported in previous studies [17]. Bacteria have high plasticity to
environmental stresses, which supports the idea that soil bacterial communities differ in their
vulnerability to stresses [18] and host health status doesn’t affect members of soil microbiota equally
[19]. In addition to the direct impact of environmental stresses on microbial communities, the effect of
changes in plant root exudates following abiotic stress on the microbial community cannot be ruled out
[20].

The fungal diversity of the DKF soil sample was generally 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 self-growth, which regulates symbiotic soil microorganisms through chemical interaction [21].
Alternatively, dead plant roots in DKF soil could create a conducive environment for different fungi
groups, especially necrotroph microbes [21]. The proportion of symbiotic fungal genera in DKF soil was
reduced, which might be attributed to the interaction between plant-derived metabolites and mycobiome
[21]. Our study showed that although nonsigni�cant changes in bacterial diversity between the two
groups were observed, fungal diversity appears to be comparatively more in�uenced by stress-induced
rhizosphere changes in the Korean �rs. However, more research is needed to con�rm the evidence of such
relationships.

Differential abundance, LEfSe, and co-occurrence network analysis at genus level between HKF and DKF
showed that ectomycorrhizas (ECMs), including Russula, Sebacina, and Hydnotrya, had the highest
abundance in the HKF group. Russula was also found to be a keystone taxa in the HKF network. Russula
was found to be one of the most essential and abundant ECM fungi having a symbiotic relationship with
diverse higher plants in the mountain rain forest, which conforms to the �ndings of previous studies [22–
25]. These keystone taxa in HKF play essential roles in the fungal communities of the soil environment.
Interestingly, Kohout et al. [26] 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 [27]. Hydnotrya has also been reported as one of
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the most dominant ECM symbiont fungal genera [28], which may be because of the presence of
rhizodeposits from the live �r [26]. In contrast, there was a decrease in the abundance of such ECMs in
dead plant roots [29], which might be attributed to the lack of plant-derived active carbon inputs, including
exudates from the dead plant roots [30]. Co-occurrence network analysis also showed that HKF network,
which has keystone taxa of known plant symbionts, is more stable and complex, and it has more e�cient
global connectivity than the DKF network, which conforms to previous studies that plants supply high
nutrients to microbes, leading to more complex microbial networks [31].

Our soil physicochemical properties and correlation analysis indicate that discriminative symbiotic fungal
taxa had a linear relationship with soil features. In DKF soil, the percentage of sand that has a large
particle size and small surface area was relatively higher compared with HKF soil (Fig. 1). DKF also had
reduced CEC, K+, and Na+ exchangeable cations, which have low adsorption strength to soil particles. A
previous study had emphasized that ECM fungi can increase CEC, K+, and Na+ exchangeable cations in
soil [40], which aligns with our �ndings that symbiotic fungi strongly correlate with soil nutrients (Fig. 5).
Potassium and sodium are important nutrients for the forest ecosystem and defend against many biotic
and abiotic stresses [32, 33].

The soil of Jeju island is well known for its high phosphate absorption coe�cient (Table S2) in Korea,
which may be due to high ashes from volcano eruption [34]. Alternatively, although phosphate (Pi) is one
of the important macronutrients for plant growth and survival [35], it has a strong a�nity to bind to soil
minerals and becomes unavailable to plants. In our results, high levels of Avail P in HKF soil may be
partly attributed to the release of soluble phosphorus owing to dephosphorylation of the soil microbiome
[36]. In line with this, a previous study had emphasized that Sebacina, which has a strong positive linear
relationship with phosphate, has an acid phosphatase enzyme [37].

The high abundance of saprotrophs, such as Ascocoryne, Umbelopsis, and Hypochnicium, in the DKF
group supports the fact that saprotrophs are found at very low abundance in actively growing plant roots
[38], and they mainly feed on nonliving organic matter, such as dead plant roots [39]. Trichoderma spp., a
key genus specializing in the breakdown of complex compounds, such as lignin and cellulose [40], which
commonly arise after plant death [20], were likewise abundant in DKF soil. Collectively, these �ndings
indicate a reduction in the abundance of symbiotic fungi in the rhizosphere of the declined tree
population and an increase in saprotrophic fungi. Similar to previous studies, we found that different
plant saprotrophic fungal genera act as network keystones in the DKF group [41]. Nevertheless,
pathogenic fungal genera were not found to be as abundant in DKF soil as in HKF soil, which is
consistent with previous �ndings that the survival of microbes, including ECMs, is related to soil nutrient
availability.

Conclusions
Our results showed that the fungal diversity, especially ECMs, was more affected than bacterial diversity
following the Korean �r forest decline. Although this is a baseline study about the rhizosphere
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microbiome of Korean �rs, our research provides a new perspective on the phenomenon of such unknown
�r forest decline. The use of plant-associated symbiotic fungi, including ECMs, was also highlighted as a
potential strategy to enhance the Korean �r forest ecosystem health. However, large sample sizes are
needed in future studies to fully address the cause of tree decline and understand the contribution of the
Korean �r forest soil microbiome and ECMs in particular.

Methods

Ethical clearance

Sample Location and physicochemical measurement
All samples were obtained with site access and sampling collection permission from the World Heritage
O�ce 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 60 soil samples were obtained
from �r forest distribution areas from October 2020. We selected 38 samples (20 soil samples of HKF
and 18 of DKF) to remove possible noise from categorical response variables such as sampling sites.
(Fig. 6). Rhizospheric soil was acquired from the ground �rmly attached to the roots of Korean �rs.
Samples for measuring physical properties were collected using a DIK-1630 soil picker (DAIKI, Saitama,
Japan). Samples for measuring chemical properties were collected while considering the layer after
removing the organic layer at the same point where the physical samples were collected. Soil
physicochemical analysis was performed through routine methods [42]. The samples for measuring
chemical features were taken after removing the organic layer at the same point where the samples were
obtained. Soil samples were air-dried and passed through a 2-mm sieve for chemical analysis. The
samples were used for soil physicochemical analysis, including pH (H2O, CaCl2, KCl, NaF), electrical
conductivity(EC), organic matter(OM), total nitrogen (T-N), available phosphate (Avail P), phosphate
absorption coe�cient, exchangeable cations (K+, Ca2+, Mg2+, Na+, Al3+), soil texture (Sand, Silt, Clay),
particle density, bulk density, porosity, soil three phase distribution and hydraulic conductivity. Soil
samples for microbial DNA analysis were frozen at − 70°C without air-drying and stored in polyethylene
sample bottles.

Soil bacterial and fungal DNA extraction, ampli�cation, 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 quanti�ed 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 Scienti�c, Waltham, MA, USA). The DNA concentration was
remeasured for accuracy using a Qubit 2.0 Fluorometer (Thermo Fisher Scienti�c, Waltham, MA, USA).
After DNA extraction, the prokaryotic 16S rRNA V4 − V5 hypervariable region was ampli�ed through primer
pair 515F/907R (515F, 5′- ACA CTC TTT CCC TAC ACG ACG CTC TTC CGA TCT GTG NCA GCB GCC GCG
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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′) [43, 44], and the eukaryotic ITS2 region was ampli�ed 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′) [45,
46]. For the polymerase chain reaction (PCR) to amplify puri�ed 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 �nal 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 �nal
extension at 72°C for 5 min. The second PCR process for attaching the dual multiplexing index and
speci�c 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 �nal 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 �nal extension at 72°C for 5
min. The size and quality of the amplicon were veri�ed through 2% (w/v) agarose gel electrophoresis, and
amplicon product impurities were eliminated using QIAquick Gel Extraction Kit (Qiagen, Hilden, Germany).
The ampli�ed and puri�ed 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 �les have been deposited into an NCBI
Sequence Read Archive (SRA, NCBI, http://www.ncbi.nlm.nih.gov/sra) under the accession numbers
PRJNA802974. Sequencing was performed at the next-generation core facility of Kyungpook National
University.

Bioinformatics
The demultiplexed raw fastq data acquired from the Miseq instrument were �ltered for quality and
analyzed using the Quantitative Insights Into Microbial Ecology 2 (QIIME2) (ver 2020.11) software [47].
Since the merged paired sequences are mostly �ltered owing to low-quality reverse reads, only forward
sequences were used for subsequent analysis. To generate amplicon sequence variants (ASVs), the
single-end sequence was �ltered (mean frequency; 26,260 for bacteria, and 37,312 for fungi), trimmed
(with lengths of 200 nucleotides), and denoized (Q score threshold > 30) using the DADA2 software [48].
The ASVs were assigned taxonomy with a 99% cutoff value by the classify-sklearn program using the
Silva 16S/18S rRNA full-length sequences (Release 138) [49] and UNITE database (ver 2019.02) [50] as
the reference database. The ASVs classi�ed as mitochondria, chloroplast, eukaryote, or unassigned were
eliminated from the bacterial ones, and the ASVs classi�ed 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 rare�ed (with a depth
of 8,923 reads for bacteria, 11,723 reads for fungi).
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Statistical analysis
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 amplicon sequencing result and statistical signi�cance of soil
physicochemical qualities were evaluated using the unpaired two-sample t-test, Welch’s correction paired
t-test, and Wilcoxon rank-sum test. 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. 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 Bray–Curtis dissimilarity and unweighted UniFrac distance. 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) [51] was performed using the “microbiomeMarker”
R package (ver 0.0.1.9000). Correlation analysis of the matrix between genus biomarker and soil
physicochemical qualities within each group was conducted using Spearman’s rho rank correlation
coe�cients with the “Hmisc” R package (ver 4.4-2).

Microbial network analysis
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 (SpiecEasi,
ver 1.1.0, https://github.com/zdk123/SpiecEasi) R package. To reduce complexity and noise in the
network, genera with a relative abundance of less than 70% in the whole or less than ten reads in each
sample were excluded. The sparse graphical lasso was used. 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.
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Figures

Figure 1

Comparison of soil physicochemical properties between soil samples. The Wilcoxon rank-sum test was
used to estimate statistical signi�cance; *p < 0.05, **p < 0.01. HKF, healthy Korean �r; DKF, dead Korean
�r; CEC, cation exchange capacity.
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Figure 2

A comparison of the microbiome community structure and diversity between the rhizospheric samples.
The upper part is the analysis of the bacterial community, and the lower part is the analysis of the fungal
community. (A) Relative abundance of top ten dominant phyla in each group. Other phyla are included as
“Others.” (B) Principal coordinates analysis (PCoA) based on unweighted UniFrac distance and microbial
diversity differences between the HKF (blue) and DKF (yellow) groups (p < 0.05, Adonis). (C) Shannon
and inverse Simpson diversity index of Korean �r samples between two separate health conditions.
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Figure 3

Representative biomarkers at fungal genera level. (A) Box plots represent the relative abundance of
fungal genera observed in the HKF and DKF groups. Differential abundance analysis presents only
genera with signi�cant differences (*p < 0.05, **p < 0.01). (B) linear discriminant analysis effect size
analysis based on LDA score to detect biomarkers indicating differences between the groups (with LDA
score > 3.0)
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Figure 4

Cross-kingdom co-occurrence correlation network analysis of soil microbiome. Cross-kingdom network
structure for the healthy Korean �r (HKF) (A) and dead Korean �r (DKF) (B) groups. The relative
abundance of taxa was represented through the node size, kingdom division through the node shape
(bacteria in circle, fungi in square), and genera through the node color. Positive and negative correlations
were indicated as black and red edges, respectively. The edge thickness shows correlation strength. (C)
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Attack robustness curves measure the node percentage in the connected component by eliminating
nodes based on betweenness. (D, E) Keystone taxa analysis shows a possible essential role in the
network based on the network betweenness centrality and node degree.

Figure 5
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Correlation heatmap results between discriminative taxa within fungal communities and soil
physicochemical features. Red indicates a positive correlation, whereas blue exhibits a negative
correlation using Spearman’s rho rank correlation coe�cients. Deeper color denotes greater correlation
(*p < 0.05, **p < 0.01, ***p < 0.001).

Figure 6

Sampling site of the Korean �r forest. The sampling site is a Korean �r colony (green) near Baengnokdam
Crater Lake, the summit of Mt. Hallasan. The boundaries of Mt. Hallasan National Park are marked in red.
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