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Abstract

Mycorrhizal fungi are key components of forest ecosystems and play essential roles in host health. The host specificity of
mycorrhizal fungi is variable and the mycorrhizal fungi composition for the dominant tree species is largely known but
remains unknown for the less common tree species. In this study, we collected soil samples from the roots of six understud-
ied ectomycorrhizal tree species from a preserved natural park in the Republic of Korea over four seasons to investigate the
host specificity of mycorrhizal fungi in multiple tree species, considering the abiotic factors. We evaluated the mycorrhizal
fungal composition in each tree species using a metabarcoding approach. Our results revealed that each host tree species
harbored unique mycorrhizal communities, despite close localization. Most mycorrhizal taxa belonged to ectomycorrhizal
fungi, but a small proportion of ericoid mycorrhizal fungi and arbuscular mycorrhizal fungi were also detected. While com-
mon mycorrhizal fungi were shared between the plant species at the genus or higher taxonomic level, we found high host
specificity at the species/OTU (operational taxonomic unit) level. Moreover, the effects of the seasons and soil properties
on the mycorrhizal communities differed by tree species. Our results indicate that mycorrhizal fungi feature host-specificity
at lower taxonomic levels.
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Introduction

Diverse mycorrhizal fungi are associated underground
with their host plants. Extended mycelia from mycorrhi-
zal fungi transport soil nutrients to their host plants, while
the fungi receive photosynthetic products in return (Genre
et al., 2020). Mycorrhizal fungi also provide protection
from phytopathogens, thus enhancing the overall growth
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and survival of the host plants (Hogberg & Hogberg, 2002;
Smith & Read, 2013). The major types of mycorrhizal fungi
are ectomycorrhizal fungi (EcM), arbuscular mycorrhizal
fungi (AM), ericoid mycorrhizal fungi (ErM), and orchid
mycorrhizal fungi (OM). More than 200,000 plant species
form a symbiotic relationship with mycorrhizal fungi, and
approximately 6000—7000 species are associated with ecto-
mycorrhizal (EcM) fungi (Brundrett & Tedersoo, 2018).
Many symbiont mycorrhizal species exist for a single plant
species. Up to 200 EcM species have been detected in an
adult Populus tremula tree (Bahram et al., 2011), and more
than ten EcM species have been reported for each Pinus
seedling (Obase et al., 2009; Yoo et al., 2022).

Although many mycorrhizal fungi associate with mul-
tiple hosts, limited host specificity of mycorrhizal fungi
has been reported in various studies (Bruns et al., 2002;
Tedersoo et al., 2008; van der Linde et al., 2018). Depending
on their host specificity, mycorrhizal species are classified
as generalists (i.e., associated with multiple plant species)
or specialists (i.e., associated with specific plant species)
(Smith et al., 2009). The host specificity of mycorrhizal
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fungi has been reported at the genus and the species levels.
The suilloid group, including Suillus, Rhizopogon, Trun-
cocolumella, Gomphidius, and Chroogomphus, consists
of many Pinaceae-specific mycorrhizal fungi (Bruns et al.,
2002). At the species level, Tricholoma matsutake forms an
ectomycorrhizal relationship primarily with Pinus densiflora
(Vaario et al., 2017), and Suillus grevillea with Larix (Bruns
et al., 2002). The symbiotic relationship between mycor-
rhizal species and their host plants is dynamic, and fungal
species within a single genus may feature differently in host
specificities (Lofgren et al., 2021; Nguyen et al., 2016b).

Ectomycorrhizal tree species in Pinales and Fagales are
major components of temperate forests in the Republic of
Korea (KFRI, 2016; Choung et al., 2020). Pinus densiflora
and Quercus mongolica are the dominant ectomycorrhi-
zal trees in the Republic of Korea and several studies have
reported their importance in the forest constitution (Choung
et al., 2020) and the composition of specific mycorrhizal
fungi associated with P. densiflora and Q. mongoica (Lee
& Eom, 2013; Oh et al., 2018; Park et al., 2021). However,
mycorrhizal fungi associated with other tree species in Pina-
les and Fagales are understudied. As host identity is a prin-
cipal factor in determining mycorrhizal community (van der
Linde et al., 2018; Yang et al., 2021), distinct sets of mycor-
rhizal fungi are expected from the underexplored trees. The
differential mycorrhizal community may be the result of co-
evolution between fungi and plants (Gao et al., 2013; Rochet
et al., 2011), but abiotic conditions, such as phosphorus and
nitrogen, also influence the symbiotic relationship between
the host plants and mycorrhizal fungi (Yang et al., 2022).
Therefore, investigating multiple tree species with the con-
sideration of abiotic factors is required to better understand
the plant-mycorrhizal fungal specificity and interaction.

In this study, we analyzed the community composition
of mycorrhizal fungi associated with six EcM trees (three

Table 1 GPS coordinates, altitude, and soil properties of sampling sites

conifer species in Pinales and three broadleaf species in
Fagales) in a preserved temperate forest of Mt. Jeombong
in the Republic of Korea, using high-throughput sequencing
of the ribosomal internal transcribed spacer 2 (ITS2) region.
The main goal of this study was to find the host-specificity
of mycorrhizal fungi in multiple tree species, considering
abiotic factors including soil property, season, and sampling
year. This study provides an opportunity to compare myc-
orrhizal fungi in different hosts while controlling possible
geographic variations, as the samples were collected in adja-
cent forests.

Materials and Methods
Sample Collection and DNA Extraction

This study was conducted in a temperate forest of Mt.
Jeombong (Seoraksan National Park, Gangwon Province,
Republic of Korea) between 2015 and 2017. The following
six tree species were selected for analysis (Table 1): three
species in Pinales — Abies holophylla (Ah), Larix kaempferi
(Lk), and Pinus koraiensis (Pk), and three species in Fagales
— Carpinus laxiflora (Cl), Quercus aliena (Qa), Quercus
serrata (Qs). Each year, we sampled two tree species from
two different monodominant sites covering more than
50 x50 m. Sampling was conducted per season (four times/
year) to address the possible temporal variance of mycor-
rhizal communities: winter (March), spring (May), summer
(July), and autumn (September). From each site, three trees
without any visual disease symptoms were selected for the
study. The trees were at least 10 m apart from one another.
The soil samples of each tree were sampled from surround-
ing soil from the 0—10 cm soil layer after removing surface
debris. The rhizospheric soil samples were collected from

Category Variables Pinales Fagales
A. holophylla P. koraiensis L. kaempferi C. laxiflora Q. serrata Q. aliena
Geography GPS 38.0394, 38.072, 38.0201, 38.0327, 38.0716, 37.9982,
128.4443 128.4492 128.4750 128.4598 128.4497 128.4942
Altitude (m) 885 436 723 809 444 652
Year 2015 2016 2017 2015 2016 2017
Soil properties pH 4.4 (0.1) 4.9 (0.1) 4.6 (0.0) 4.6 (0.1) 4.4 (0.0) 4.4 (0.1)
TOC (%) 5.6(0.3) 3.8(0.5) 7.7 (0.4) 5.3(0.2) 5(0.3) 13 (2.6)
TN (%) 0.48 (0.02) 0.27 (0.03) 0.57 (0.02) 0.44 (0.02) 0.38 (0.02) 0.74 (0.08)
C/N 11.5 (0.1) 13.5(0.4) 13.5(0.5) 12.1 (0.3) 13 (0.4) 16 (1.3)
TP (mg/kg) 1002.3 (183.7)  218.6 (16.0) 689.4 (17.7) 472.5 (21.7) 289.6 (11.3) 1234.9 (78.6)
Water contents ~ 30.4 (1.6) 19.1 (1.2) 29.2 (1.8) 29.4 (1.7) 24.5 (1.0) 349 (7.1)
(%)

Values in a parenthesis indicate the standard deviation
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root-surrounding soils in three directions around the tree
trunk using a sterilized shovel and zipper bag (15 %20 cm).
In total, we collected 72 soil samples (six tree species X
three individual trees X four seasons). The soil sampling was
permitted by Korea National Arboretum Authority.

All soil samples were stored in an ice box and transported
to the laboratory. Triplicate soil samples from each tree were
mixed upon arrival and filtered through a 2.0 mm sieve.
Each soil sample was divided into two different batches.
One batch was sent to the National Instrumentation Center
for Environmental Management (Seoul, Republic of Korea)
for a soil property analysis within the day of collection. The
following soil properties were measured: pH, total organic
carbon (TOC), total nitrogen (TN), total phosphorus (TP),
and water contents. The carbon-to-nitrogen ratio (C/N) was
calculated using the TOC and TN values. The remaining
batch was stored at — 80 °C before the next experiment.

DNA Extraction, PCR Amplification, and Sequencing

Within a week after sampling, environmental DNA (eDNA)
was extracted from the soil samples using a PowerSoil DNA
extraction kit (MoBio) following the manufacturer’s instruc-
tions. Extraction was performed in triplicate for each sam-
ple, using 0.25 g of soil samples per extraction, then pooled
into a single sample for subsequent processes. After DNA
extraction, the ITS2 region of ribosomal RNA was ampli-
fied using ITS3 and ITS4 primers with Illumina sequencing
adaptors (White et al., 1990; Yu et al., 2022). To minimize
PCR bias, PCR was conducted in triplicate for each sample
using an AccuPower PCR Premix Kit (Bioneer). The follow-
ing PCR conditions were used: 94 °C for 5 min, 35 cycles
of 94 °C for 30 s, 55 °C for 30 s, 72 °C for 40 s, and final
extension at 72 °C for 10 min. The final PCR reaction vol-
ume was 20 pl, containing 10 pmol of each primer and 1 pl
of genomic DNA. We verified the PCR amplicons through
gel electrophoresis using 1% agarose gel (BIOFACT), then
pooled the triplicate samples and purified them using an
Expin™ PCR Purification Kit (GeneAll Biotechnology).
DNA sequencing was conducted using the [llumina Miseq
platform (Macrogen). Raw sequence data were deposited in
the NCBI Sequence Read Archive (SRA) under Project ID
PRINA937676.

Sequence Processing

Raw sequencing data were processed using QIIME v. 1.8.0
(Caporaso et al., 2010). Paired sequences were merged
using PEAR (Zhang et al., 2014) with quality filtering
(Iength <200 bps; quality score <20). Acquired sequences
were clustered to operational taxonomic unit (OTU) with
97% similarity, and chimera sequences were filtered using
Vsearch version 2.6.2 (Rognes et al., 2016). We assigned the

most abundant sequence of each OTU as a representative.
Identification of OTUs was conducted by nucleotide BLAST
search against the UNITE v7.2 (K&ljalg et al., 2013) and the
Seoul National University Fungus Collection (SFC) data-
base. After removing global singletons, co-occurring OTUs
were merged with similar but more abundant OTUs with
LULU and post-clustering curation method in the default
settings (Frgslev et al., 2017). Rare OTUs (< 100 reads) were
removed from the analysis for quality control. To filter the
mycorrhizal fungi, FUNGuild was used as a primary data-
base (Nguyen et al., 2016a), and manual examination was
conducted using the FungalTraits database (Pdlme et al.,
2020). The filtered mycorrhizal OTUs were normalized to
the minimum sequence reads (6450) by single rarefaction
for further analysis.

Statistical Analysis

Alpha diversity indices (Chaol richness and Shannon diver-
sity) were calculated in QIIME, and further analyses were
conducted in R v.4.1.2 (R Core Team, 2021). The relative
abundance of mycorrhizal fungi (sequence reads of mycor-
rhizal OTUs/ sequence reads of all OTUs in the sample)
was compared for each eDNA sample. Mycorrhizal com-
munities from each tree species were compared through the
principal coordinate analysis (PCoA) using the phyloseq R
package (McMurdie & Holmes, 2013) based on Jaccard dis-
similarity. Permutational multivariate analysis of variance
(PERMANOVA) statistical test was performed to test the
significance of the tree species, seasons, tree order, and soil
properties using adonis in the vegan R package (Oksanen
et al., 2013). The influence of soil properties was visual-
ized on a PCoA ordination plot using envfit in the vegan
R package. Then, a pairwise PERMANOVA test was per-
formed using the pairwiseAdonis R package with Bonferroni
adjustment to test the differences between each tree species
(Arbizu, 2017). UPGMA (average linkage clustering) den-
drogram was constructed with a Jaccard dissimilarity index
to visualize the relationship between the mycorrhizal com-
munity composition and host trees. Canonical analysis of
principal coordinates (CAP) was performed using capsacle
in vegan R package to test the differentiation of mycorrhizal
communities between host species after controlling the sam-
pling year. To separate the effect of environmental factors
and tree species on community composition, we constructed
a variation partitioning using varpart in the vegan R pack-
age. UpSet plots were generated using the UpSetR package
to describe the co-occurrence patterns of mycorrhizal taxa
(genus/OTU) between tree species (Conway et al., 2017).
Host-specific OTUs were identified through the indicator
species analysis using multipatt function in the indicspecies
package (De Caceres & Legendre, 2009).
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Results
Sequencing Results

A total of 17,126,495 sequences and 12,085 OTUs were
obtained from Illumina Miseq sequencing after filtering
low-quality and non-fungal sequences. The average length
of obtained OTUs were 373.56 + 44.69 bp. Post-cluster-
ing and removal of rare OTUs (< 100 reads) resulted in
16,928,597 sequence reads and 3425 OTUs. For mycorrhi-
zal fungi, 7,880,338 reads and 566 OTUs were acquired,
and 565 OTUs remained after normalization to 6450 reads
per sample. On average, 235.83 +29.38 mycorrhizal OTUs
were found per tree species, and 70.28 + 27.38 mycorrhi-
zal OTUs were found per individual tree.

The seasonal pattern of alpha diversity in the mycor-
rhizal community could not be generalized by tree spe-
cies (Fig. S1). Although no index showed statistical sig-
nificance, the season with the highest richness was either
spring (Lk, Qa, Qs) or winter (Ah, Cl, Pk), and the season
with the highest diversity was winter (Ah, Cl), autumn
(Qs, Pk, Lk), or spring (Qa). The relative abundance of
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Taxonomy of the Mycorrhizal Community

Overall, mycorrhizal species in 4 phyla, 9 classes, 18 orders,
48 families, and 77 genera were found from the six tree
species analyzed. Basidiomycota was the most dominant
phylum (>75%) in all tree species, followed by Ascomy-
cota, Glomeromycota, and Mucoromycota (Supplementary
File 1). At the genus level, the most dominant mycorrhi-
zal genus was Russula, followed by Sebacina, Amanita,
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Suillus, Amphinema, Hygrophorus, Tomentella, Cenococ-
cum, Tylospora, Cortinarius, Laccaria, and Tuber (relative
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total sequences (Fig. 1A, Fig. S2). However, the dominant
mycorrhizal type differed by tree species. Overall, EcM
was the most dominant guild in the mycorrhizal community
(93.46%), followed by ErM (6.13%), AM (0.37%), and OM
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tree species, and ErM also accounted for a high proportion
in Lk, Pk, and Qs.
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Host Specificty of Mycorrhizal Communities
Between Tree Species

At the genus level, 27 mycorrhizal genera were detected from
all six trees, including the most dominant mycorrhizal genera:
Russula, Sebacina, Amanita, Lactifluus, and Oidiodendron.
More than a third of mycorrhizal fungal genera overlapped
between the six tree species (Fig. 1B), and a fourth or fifth of
the genera were found from all tree species when the data was
separated by season. In contrast, the number of tree-specific
genera was generally low (Fig. S3). Only eight genera were
detected explicitly from a single tree species: Qs—Ramaria,
Sarcodon, Asterophora, and Coltricia, Lk—Wilcoxina and
Odontia, Pk—-Membranomyces, and Ah—Claroideoglomus
(Fig. 1B). For each season, the number of Qs-specific mycor-
rhizal genera was higher than that of the other hosts, except
for winter (Fig. S3).

There were more tree-specific OTUs than the tree-specific
genera (Fig. 1C, Fig. S4). Regarding frequency, only 38 OTUs
were found commonly in all six trees. They were EcM and
ErM OTUs, including Cenococcum geophilum (OTU 41),
Acephala applanate (OTU 3399), Pezoloma ericae (OTU
1361), Laccaria laccata (OTU 469), Astraeus hygrometricus
(OTU 94), and Oidiodendron chlamydosporicum (OTU 10).
Several AM OTUs (identified as Archaeospora sp. and Glom-
eraceae sp.) were also found in all host species, but they were
of lower abundance than that of the EcM or ErM. A total of
179 tree-specific OTUs were found, and the number of Qs-
specific OTUs was higher than that of the other trees: 29 (Ah),
23 (C1), 25 (Lk), 26 (Pk), 20 (Qa), and 56 (Qs). Some tree-
specific OTUs included Cortinarius rigidipes (Ah), Lactarius
aff. decipiens (Cl), Inocybe ericetorum (LK), Inocybe stramin-
ipes (Pk), Tricholoma atroviolaceum (Qa), and Lactarius cf.
chrysorrheus (Qs).

Indicator species analysis showed that the number of Pk-
specific OTUs (20 OTUs) was greater than that of the other
host trees (3—7 OTUs). Suillus pictus (OTU 40), Tuber pseu-
dosphaerosporum (OTU 43), Inocybe ericetorum (OTU 251),
Sebacina sp. (OTU 6), and Oidiodendron echinulatum (OTU
181) were identified as Pk-specific OTUs (Table 2). For the
other host tree species, Amanita pantherina (OTU 100) and
Russula densifolia (OTU 26) preferred Qs, while Cenococcum
geophilum (OTU 456), Russula risigallina (OTU 12,127), and
Lactarius quietus (OTU 531) preferred Qa. The mycorrhizal
OTUs in the same genera, such as those of Sebacina, Ceno-
coccum, and Oidiodendron, were often found as host-specific
OTUs of different tree species in indicator species analysis
(Table 2).

Effect of Host Tree Species and Environmental
Factors on Mycorrhizal Community

The influence of tree species on the mycorrhizal community
was affirmed in PERMANOVA and pairwise PERMANOVA
tests, which showed a significant impact on the overall com-
munity (R>=0.24, p=0.001), and between individual tree
species (R?=0.16-0.33, p=0.001). A similar result was
observed in UPGMA tree (Fig. 2A and B). The influence of
tree order was also significant, but slightly lower than that
of between tree species (R?=0.05, p=0.001). Mycorrhizal
communities from the same host were more likely to be clus-
tered. Although mycorrhizal communities from several hosts
were clearly grouped by the host identity (Cl, Lk, Pk, Qs),
those from the other hosts did not form a definite clustering
(Ah, Qa). The mycorrhizal communities were significantly
affected by the host trees when the sampling year was in
control (p=0.001, Fig. S5).

The effects of the seasons and soil properties on the
mycorrhizal communities differed by tree species (Table 3,
Fig. S6). The season was the most substantial factor in the
mycorrhizal communities, except for those in Lk. For the
other environmental factors, pH, TP, and C/N ratio were
the dominant factors in more than half of host species, but
their influence differed by tree species. Interestingly, mycor-
rhizal fungi found in the Lk site soil were not influenced by
any environmental factors. The tree species, seasons, and
soil properties each explained 31.5%, 4.0%, and 14.7% of
the variance in the mycorrhizal communities, respectively
(Fig. 2C). Overall, the tree identity had the highest contri-
bution to variance (21.0%), followed by the soil property
(3.9%) and seasons (3.7%).

Discussion

In this study, we found that host specificity was a signifi-
cant factor in the determination of mycorrhizal community
composition. The pronounced effect of the host tree was
predominantly found at the OTU level rather than the genus
level. Only a few OTUs were detected across all six tree spe-
cies, and more generalists were found at the genus level. The
evident influence of host tree identity on mycorrhizal fungi
is consistent with previous studies that reported on the effect
of host plants on the differential mycorrhizal communities
(Rincén et al., 2015; Tedersoo et al., 2014; Wu et al., 2018).

Mycorrhizal communities featured different co-occur-
rence patterns in the genus and OTU levels. Most mycorrhi-
zal genera were shared between host trees, and the complete
list of mycorrhizal genera was consistent with the results
from previous studies conducted in various host plant groups
(Gong et al., 2022; Deng et al., 2019; Wang et al., 2019),
as well as our previous studies conducted from the same
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Table 2 List of host-specific OTUs obtained by indicator species analysis

Type Host OTU (Identity) Indicator p value Relative
value abundance (%)
Pinales Abies holophylla OTU 123 (Piloderma sp) 0.550 0.029 0.831
OTU 159 (Trichophaea sp) 0.520 0.044 0.161
OTU 141 (Amanita longistriata) 0.371 0.029 0.134
Larix kaempferi OTU 5 (Piloderma sp) 0.876 0.001 3.449
OTU 60 (Trichophaea sp) 0.826 0.001 0.778
OTU 297 (Tuber sp) 0.671 0.017 0.115
OTU 112 (Oidiodendron griseum) 0.732 0.003 0.304
OTU 21 (Amphinema sp) 0.713 0.004 1.518
OTU 338 (Inocybe sp) 0.518 0.029 0.131
OTU 543 (Tomentella sublilacina) 0.460 0.027 0.104
Pinus koreansis OTU 6 (Sebacina sp) 0.725 0.002 1.577
OTU 66 (Oidiodendron griseum) 0.750 0.003 0.423
OTU 69 (Meliniomyces sp) 0.718 0.003 0.311
OTU 17 (Suillus placidus) 0.604 0.005 0.858
OTU 181 (Oidiodendron echinulatum) 0.627 0.006 0.248
OTU 87 (Tomentella sp) 0.624 0.007 0.225
OTU 103 (Oidiodendron sp) 0.517 0.028 0.169
OTU 40 (Suillus pictus) 0.594 0.031 0.916
OTU 72 (Sebacina incrustans) 0.416 0.032 0.646
OTU 7 (Tylospora sp) 0.560 0.032 2.153
OTU 16,517 (Sebacina incrustans) 0.497 0.035 0.170
OTU 51 (Inocybe sp) 0.398 0.041 0.491
OTU 162 (Inocybe sp) 0.608 0.003 0.164
OTU 43 (Tuber pseudosphaerosporum) 0.576 0.030 0.711
OTU 224 (Amphinema sp) 0.487 0.027 0.110
OTU 83 (Amphinema sp) 0.482 0.031 1.094
OTU 3411 (Pezoloma ericae) 0.472 0.030 0.522
OTU 2 (Thelephoraceae sp) 0.436 0.032 0.158
OTU 114 (Pseudotomentella tristis) 0.324 0.031 0.177
OTU 251 (Inocybe ericetorum) 0.304 0.044 0.107
Fagales Carpinus laxiflora OTU 82 (Tuber sp) 0.627 0.007 0.616
OTU 25 (Hygrophorus sp) 0.586 0.032 2.622
OTU 143 (Sebacina sp) 0.564 0.032 0.168
OTU 235 (Helvellosebacina sp) 0.523 0.036 0.255
OTU 149 (Sebacina sp) 0.482 0.030 0.130
Quercus aliena OTU 456 (Cenococcum sp) 0.505 0.030 0.387
OTU 322 (Pezizaceae sp) 0.498 0.030 0.412
OTU 12,127 (Russula risigallina) 0.448 0.039 0.154
OTU 531 (Lactarius quietus) 0.316 0.046 0.146
Quercus serrata OTU 42 (Russula sp) 0.700 0.005 0.862
OTU 46 (Sebacina sp) 0.666 0.004 0.507
OTU 1 (Amanita sp) 0.636 0.005 3.277
OTU 100 (Amanita pantherina) 0.479 0.026 0.329
OTU 247 (Cortinarius sp) 0.474 0.029 0.140
OTU 26 (Russula densifolia) 0.427 0.034 0.776
Conifer + Conifer Ah+Pk OTU 19 (Russula violeipes) 0.608 0.012 2.617
Lk+Pk OTU 3399 (Acephala applanata) 0.629 0.012 0.119
OTU 11,827 (Oidiodendron maius) 0.470 0.041 0.163
Conifer + Broadleaf Pk+Qa OTU 41 (Cenococcum geophilum) 0.541 0.018 0.917
Pk+Qs OTU 10 (Oidiodendron chlamydosporicum) 0.839 0.000 2.519
Lk+Qs OTU 45 (Oidiodendron maius) 0.598 0.013 0.766
Lk+Pk+Qs OTU 68 (Oidiodendron echinulatum) 0.511 0.038 0.303
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Table 2 (continued)

Only major OTUs (> 0.1%) were described

Ah Abies holophylla; Lk Larix kaempferi; Pk Pinus koreansis; Cl Carpinus laxiflora; Qa Quercus aliena; Qs Quercus serrata

a

Cluster Dendrogram
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Fig.2 A UPGMA dendrogram of mycorrhizal communities. B Prin-
cipal coordinate analysis (PCoA) ordination of the mycorrhizal
community structure associated with six host trees in this study.
C Result of variation partitioning analysis showing the effect of host

area (Oh et al., 2018; Park et al., 2020). Russula was identi-
fied as the most dominant host-generalist genus, followed
by Sebacina and Oidiodendron. The most mycorrhizal gen-
era were detected from more than half of the tree species
assessed in our study. For instance, Lactifluus, Piloderma,
and Russula were found in multiple hosts. Though, indica-
tor species analysis revealed possible preferences for a tree
species from EcM genera in terms of relative abundance

tree species, soil property, and season. Proportions of the explained
variations are indicated with numbers (adjusted R? values). Ah Abies
holophylla; Lk Larix kaempferi; Pk Pinus koreansis; Cl Carpinus lax-
iflora; Qa Quercus aliena; Qs Quercus serrata

(Amanita for Qs, Lactifluus for Ah and Qs, Piloderma for
Ah and Lk, and Clavulina for Cl).

At the OTU level, however, high host-specificity was
found in indicator species analysis. Lactifluus bertillonii
(OTU 12) was dominant in Ah, while Lf. acicularis (OTU
52) constituted a large proportion of the mycorrhizal com-
munity for Qs. This pattern aligned with previous obser-
vations from the field study — the fruiting bodies of Lf.
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Table 3 The effect of

. . Variables Pinales Fagales

seasons and soil properties

on mycorrhizal communities A. holophylla  P. koraiensis L. kaempferi ~ C. laxiflora Q. aliena Q. serrata

detected by PERMANOVA tests
pH 0.241#%* 0.188#** 0.083 0.154* 0.103 0.093
TOC (%) 0.03 0.141 0.069 0.116 0.087 0.170%**
TN (%) 0.088 0.14 0.068 0.111 0.097 0.17

C/N 0.176* 0.147* 0.063 0.125 0.193%#* 0.227

TP (mg/kg)  0.186* 0.190* 0.071 0.196%** 0.196%** 0.113
Water (%) 0.183** 0.101 0.066 0.109 0.092 0.259%%*
Season 0.657*** 0.724%** 0.305 0.598*** 0.397%* 0.582%**

*, %% and *** indicates significance (p value <0.05, 0.01, or 0.001, respectively)

pilosus and Lf. acicularis were frequently found in the Ah
and Qs sites, respectively, during summer (Lee et al., 2018).
Similarly, different host-specificity of congeneric fungal spe-
cies was reported in a bioassay test for S. glandulosus and
S. punctatipes against multiple host species (Pérez-Pazos
et al., 2021). This results indicate possible species level host-
specificity of mycorrhizal fungi.

While all hosts were ectomycorrhizal trees, other types
of mycorrhizal fungi (AM, OM, and ErM) were also found
in small proportions. Similar results were reported in previ-
ous studies, where AM or ErM was detected from the root
of ectomycorrhizal trees (Park et al., 2020; Toju & Sato,
2018). While we could not detect AM fungi in P. densiflora
(Lee & Eom, 2013; Park et al., 2021), a small proportion
of AM fungi was detected from a congeneric P. koreansis,
highlighting the importance of host-specificity in host-sym-
biont associations. The only ErM fungi, Oidiodendron was
found abundantly in our study and is known to be frequently
detected in non-ericaceous hosts (Park et al., 2020; Zhao
et al., 2020). They could be associated with other tree spe-
cies as soil samples were used in this study, but they might
act as root endophytes in the absence of other ErM spe-
cies (Abuzinadah & Read, 1989; Martino et al., 2018). The
host preference of these species aligned with those reported
in previous studies (Huang et al., 2018; Rasmussen et al.,
2018). For a deeper understanding of host-symbiont fungi,
more intensive species-level analysis and further improve-
ments in the current database are necessary (Koljalg et al.,
2013; Nguyen et al., 2016a; Peay, 2014; Polme et al., 2020).

The season and the soil properties were significant fac-
tors in determining mycorrhizal community composition and
diversity in most previous studies. We observed a significant
influence of both variables on the mycorrhizal communities
in this study, which is consistent with that of most other
EcM trees (Santalahti et al., 2016; Voriskova et al., 2014).
As EcM species often have different type of nutrition acqui-
sition strategy following their exploration type (Defrenne
et al., 2019) and genome (Ryberg et al., 2022), differences in
major EcM species between trees could affect their response
to environmental factors. pH, TP, and C/N ratio affected the

@ Springer

mycorrhizal community composition of most tree species,
while TOC and water contents significantly influenced the
mycorrhizal community in only a few tree species, and TN
was not a significant factor in all of tree species in our study.
There have been reports indicating its significant influence
of pH on the forest soil microbial communities, including
EcM fungi (Lladé et al., 2018). In the case of phosphorus, it
is known that EcM diversity plays an important role in phos-
phorus absorption in soil (Kohler et al., 2018). C/N ratio,
on the other hand, can be influenced by nitrogen uptake by
mycorrhizal fungi (Kuyper, 2017). However, depending on
the tree species or niche, the influence of soil factors on
fungal communities can vary. For instance, nitrogen is a cru-
cial factor in mycorrhizal fungal communities (Cox et al.,
2010). In contrast, the non-significant relationship between
TN and mycorrhizal fungal communities was found in our
study. Meanwhile, in Lk, the mycorrhizal community com-
position was not significantly affected by the seasons or the
soil properties. A similar result was found in previous stud-
ies for Lk in a subtropical forest (Matsuoka et al., 2016) and
Carpinus cordata in a temperate forest (Park et al., 2020).

In conclusion, our results revealed the mycorrhizal com-
munity composition associated with less studied ectomyc-
orrhizal tree species in a preserved forest of Mt. Jeombong.
We detected a high diversity of mycorrhizal fungi composed
mainly of EcM fungi and a small portion of ErM, AM, and
OM fungi. Most mycorrhizal genera were shared among the
six studied tree species. At the OTU level, however, only a
small number of OTUs were shared among the tree species,
and most were host species-specific. Our study provides val-
uable data on mycorrhizal fungal diversity associated with
native trees in the Republic of Korea. Our investigation of
mycorrhizal diversity would enable better forest manage-
ment capabilities in the future.
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