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ABSTRACT
This study aimed to understand whether the geo-ecological segregation of native plant spe-
cies affects the root-associated fungal community. Rhizoplane (RP) and rhizosphere (RS) fun-
gal microbiota of Sedum takesimense native to three geographically segregated coastal
regions (volcanic ocean islands) were analyzed using culture-independent methods: 568,507
quality sequences, 1399 operational taxonomic units, five phyla, and 181 genera were
obtained. Across all regions, significant differences in the phyla distribution and ratio were
confirmed. The Chao’s richness value was greater for RS than for RP, and this variance coin-
cided with the number of genera. In contrast, the dominance of specific genera in the RS
(Simpson value) was lower than the RP at all sites. The taxonomic identity of most fungal
species (95%) closely interacting with the common host plant was different. Meanwhile, a
considerable number of RP only residing fungal genera were thought to have close inter-
dependency on their host halophyte. Among these, Metarhizium was the sole genus com-
mon to all sites. These suggest that the relationship between potential symbiotic fungi and
their host halophyte species evolved with a regional dependency, in the same halophyte
species, and of the same natural habitat (volcanic islands); further, the fungal community dif-
ferenced in distinct geographical regions. Importantly, geographical segregation should be
accounted for in national culture collections, based on taxonomical uniqueness.
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1. Introduction

Since the Nagoya Protocol calls for strengthening
the rights of the “management nation” toward bio-
logical resources, competition between countries to
secure national microbial diversity and various cul-
ture collections has become fierce [1]. As the
nation’s right who secure microbial resources has
been strengthened, it has become important to
quickly secure various microbial culture collections.
Therefore, the concept of “valuable national bio-
diversity” and “microbiological assets” was already
introduced [1]. Further, microbial culture collections
enable sustainable development goals (SDGs), par-
ticularly regarding bio-economy [2] and under such
circumstances, scientific studies for securing micro-
bial resources that show high diversity and applic-
ability have been conducted vigorously [3].

Microbial resources that closely interact with
higher host organisms have been studied to assess
their benefits in agriculture or other environmental
aspects, such as stimulating host growth or boosting
the immune system and helping humans cope with
global warming or climate change [4]. Especially,
symbiotic interactions between root layer-associated
soil microbes and higher host plant species have
been consistently studied. Its functionality has been
demonstrated using large-scale screening: increase
crop potential via growth promotion, increasing
their resistance to environmental stress, and protect-
ing them from environments where diseases and
natural changes are severe [5–8].

Although these methods can theoretically reveal
interactions between microorganisms and host
plants, certain limitations have been noted, particu-
larly concerning the diversity of bio-asset [1,3]. Due
to an increasing number of studies focused on
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understanding functionalities, taxonomic positions
of secured culture collection strains are gradually
becoming nonspecific [8]. In fact, many studies do
not present taxonomical uniqueness. Importantly, it
should be possible to determine which natural fac-
tors contribute most significantly to securing unique
microbial resources and to identify how many
unique resources are present within such unique
natural factors of note, competition for microbial
resources is intensifying among countries [9,10].

Meanwhile, although it has been reported that
unique beneficial microorganisms can be discovered
in special natural habitats, this will one day become
challenged, as there is an inherent limit to the geo-
graphical diversity within any given nation [8].
Thus, if the differentiation of a fungal community is
identified within special environments (particularly
geographically isolated ones), the concept of geo-
graphical isolation itself will increase the potential
to secure unique microbial species or improve diver-
sity, providing another strategy to ensure the identi-
fication of diverse and unique microbial resources
[3,8]. However, geographic isolation does not refer
to only physical segregation, but may also include
temporal concepts. Hence, it must be clarified
whether the persistence of isolation can increase the
differentiation of symbiotic microorganisms because
continuous differentiation and evolution of micro-
bial species can occur within the isolated
local ecosystem.

To ensure the competitive value of natural micro-
bial resources, the uniqueness of the total micro-
biome and its species composition must be
demonstrated [3]; the specificity of microbial taxon
composition does not directly predict the existence
of uniqueness of microbial resources. However,
clearly distinct, rare species or genera found in sep-
arate environments can be interpreted as minimal
evidence of the presence of unique microbial species
in those environments [3]. By demonstrating the
presence of microbial structures or unique species
compositions, we can focus on securing such unique
microbial species. Further, such results will help
determine the extent to which geographical isolation
influences the unique distribution of fungi.

Therefore, this study assessed the extent to how
geographical isolation and the following ecological
segregation of higher halophyte affects root layer-
associated fungal diversity. For accurate analysis, we
compared the fungal community of the RS (rhizo-
sphere) and RP (rhizoplane) [11,12] using culture-
independent analysis [13,14] of the same halophyte
species distributed commonly in geographically iso-
lated volcanic islands in the East Sea of the Korea
peninsula. Further, using such comparative analysis,
host dependency and potential symbiosis also can

be proposed. If fungal genera are found commonly
in geographically isolated areas, and closely interact
(depend) with host plants, they are more likely to
have a potential symbiotic relationship. This study
proposes an example strategy for acquiring unique-
ness in national fungal diversity or unique micro-
bial collection.

2. Materials and methods

2.1. Sampling sites

The geomorphic traits of the Korean peninsula are
derived from old landforms and young volcanic
islands (Figure 1(A)). Such diverse natural topog-
raphy induces geographical segregations, leading to
ecological isolation of higher organisms and lack of
genetic exchange [15–18]. To assess how geograph-
ical isolation affects the characteristics and unique-
ness of fungal microflora, three sites in two volcanic
islands located offshore from the mainland Korean
peninsula, including the Dongdo Islands (a constitu-
ent of Dokdo Islands) (Figure 1(B)), Sadong (Figure
1(C1)), and Taeha (Figure 1(C2)) in the Ulleungdo
Islands (Figure 1(C)), were selected. The Dokdo and
Ulleungdo Islands are separated by 120 km from the
mainland Korean peninsula (Figure 1) [16]. The dis-
tance between the Ulleungdo and Dokdo Islands is
88 km, and they are separated by nearshore waters
of the Pacific Ocean (Figure 1). In addition, Sadong
and Taeha are over 10 km apart (Figure 1) and are
segregated by inland cliffs and valleys (Figure 1)
[19]. We selected Sedum takesimense Nakai, which
is commonly distributed among these three sites as
the target host halophyte species.

2.2. Host plant candidate

Sedum takesimense was selected as the host plant for
the comparison of associated soil fungi. Sedum take-
simense is a representative native halophyte and has
a long natural history of adaptation to ocean volca-
noes [20]. As perennial plants [8,21], it flourishes in
an evergreen community and forms a shrubbery
zone able to stably interact with root-associated soil
for a long period. (Figure 1) [8]. Further, it forms a
shrubbery zone in the narrow saxicoline zone of the
soil, as a saxicolous plant [8]. These ecological traits
avoid interference with other species in the island
vegetation. The geographical information of the
sampled shrubbery zone is listed in Table 1.

2.3. Sampling of S. takesimense

RP and RS of host plants from each site were
sampled; full-grown adult S. takesimense species
were sampled as targets species. In the Dokdo
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Islands, soil loss because of steeply inclined planes is
often observed [21]. Host plant sites were selected
such that they bore no marks of soil loss. Over 15
individual S. takesimense were sampled, and the
sampled soil depth was above 30 cm. Specific per-
mission was required for one location (Dokdo) no
endangered or protected species live in the

geographical regions disturbed. In each site, three
soil samples (1 kg each) were collected in the verti-
ces of 1m side equilateral triangle and mixed in a
unique representative analytical sample [22]. Soil
samples from each site were subdivided in two rep-
resentative sub-samples: the first one was air-dried,
2mm sieved, then chemically and physically

Figure 2. Rarefaction curves for operational taxonomic units (OTUs) from each site. OTUs were clustered at 3% dissimilarity
using CD-HIT. The microbial community in the rhizoplane and the rhizosphere of Dongdo, Dokdo Islands (OTUs, 140/341;
sequencing reads, 84,267/94,745), Sadong, Ulleungdo Islands (OTUs, 154/389; sequencing reads, 95,395/117,939), and Taeha
(OTUs, 212/478; sequencing reads, 86,299/89,864) are shown.

Figure 1. Geographical location and segregation of each sampling site. (A) Geographical location of the Ulleungdo and Dokdo
Islands. The two volcanic islands are ecologically segregated from mainland and each other. (B) Site 1: Dongdo island of the
Dokdo Islands. (C) Ulleungdo Islands; (C1) Site 2: Sadong, slope cliff near the seashore, (C2) Site 3: Primitive virgin forest in
Taeha in the Ulleungdo Islands. The sampling sites are circled. The map images were downloaded from the Cultural Heritage
Administration of Korea (CHA) Portal Site (http://www.heritage.go.kr/heri/idx/index.do., accessed on 21 October 2020) and
modified for this study.
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analyzed, whereas the second one was stored at
�80 �C and later processed for the pyrosequenc-
ing analysis.

RS represents soil areas affected by the plant
physiological activity and physiologically interacting
microorganisms [23]. An RS soil core (depth: 30 cm,
diameter: 2mm) was sampled from each site. The
RP region represents the region in contact with the
soil of plant root surfaces containing fungal mycelia
or microbial community [24]. Three RP and RS
samples from the three geographical regions were
pooled per site. In each geographically isolated
region, the RP and RS soil were obtained from three
well-developed halophytic colonies and combined in
one last sample for sequencing. In poor condition
plant objects that make up, colonies were excluded
in the sampling and pretreatment stages. For repre-
sentative samples, the pooling was conducted by
region, and each of the three S. takesimense colonies
in a particular region was within the permitted
population in an administrative manner, in the nat-
ural resources and natural cultural heritage protec-
tion zones. Soils strongly associated with plant roots
were separated by vigorous vortex with 50ml of
sterile phosphate-buffered saline (PBS) solution. The
roots were stirred vigorously with sterile forceps to
remove all soil from the root surface. Suspensions
were centrifuged (Sigma-Aldrich, St. Louis, MO,
USA) at 5000 rpm for 10min at 4 �C, and the sedi-
ment was considered RS soil. After removing all the
soils, the roots were put into a tube with 50ml ster-
ile PBS and then sonicated for 10 s (three times) at
50Hz in a sealed state (ultrasonic cleaner, Branson
Ultrasonics, Danbury, CT, USA). The roots were
then removed using sterile forceps, and the solution
was centrifuged at 5000 rpm for 10min at 4 �C. The
resulting pellets were considered as RP soil.

2.4. Soil analysis

Air-dried and sieved soil sub-samples were analyzed
for the following physical and chemical properties:
soil texture classification; reaction (pH), and organic
carbon (Corg). Soil texture was determined via the
pipette method, without carbonate and organic mat-
ter removal, and after complete removal of soluble
salts using distilled water [25]. The variation of the

pH was measured on 1:2.5 (w/v) soil to water mix-
tures; Corg was obtained using the Walkley and
Black method [26]. Total nitrogen (TN) was ana-
lyzed using the Kjeldahl method [27].

2.5. DNA extraction and PCR amplification

All samples were transported to the laboratory for
DNA extraction. All soil DNA was extracted using
the Power Soil DNA extraction kit (MO BIO
Laboratories, Carlsbad, CA, USA), following the
protocol described by the manufacturer. The fungal
internal transcribed spacer (ITS) region 1 was
amplified using the ITS1F (50-
CTTGGTCATTTAGAGGAAGTAA-30) and ITS2
(50-GCTGCGTTCTTCATCGATGC-30) primers. The
resulting ITS 1 amplicons were sequenced at
Macrogen (Macrogen, Inc., Seoul, Korea), using the
paired-end (2� 300 nt) Illumina MiSeq sequencing
system (Illumina, San Diego, CA, USA).

2.6. Sequence processing and statistical analyses

Paired-end sequences were assembled using the
PANDAseq software [28]. After assembly, all
sequence data were processed using the Mothur
pipeline [29]. For fungal community analysis, the
flanking gene fragments were removed from the
ITS1 region using an ITSx version 1.0.9 [30].
Putative chimeric sequences were detected and
removed using the Chimera Uchime algorithm
available within Mothur [31], in de novo mode.
QIIME2 implementation of UCLUST [32,33] was
used to assign the OTUs, defined with a limit
threshold of 97% sequence similarity. All singleton
OTUs were removed from the datasets before ana-
lysis. The taxonomic classification was performed
using Mothur’s version of the Naïve Bayesian classi-
fier, using the UNITE database for fungi [34]. All
samples were standardized via random sub-sam-
pling, using the “sub-sampling” command (http://
www.Mothur.org/wiki/Sub.sample) in Mothur.
Richness, diversity indices, and rarefaction values
[35] were also estimated using Mothur [36,37]. The
raw sequences obtained from this study have been
deposited at the NCBI Sequence Read Archive (SRA
metadata) under the project PRJNA616037, and the

Table 1. Geographical information regarding the commonly identified halophyte species, Sedum takesimense, from the
islands of the Korean peninsula.

Sampling district
Vegetation
location

Soil
zone

GPS coordinates (northern
latitude, eastern longitude)

Average
altitude

Angle of
inclination

Dongdo,
Dokdo Islands

Steep cliff of
volcanic islands

RS 37�14021.60 0N, 31�52010.60 0E 96 m 45�
RP

Sadong,
Ulleungdo Islands

Slope of seashore
of islands

RS 37�27032.40 0N, 130�52030.50 0E 31 m 70�
RP

Taeha,
Ulleungdo Islands

Inland of islands RS 37�30023.30 0N, 30�4905.90 0E 156 m 10�
RP

RS: rhizosphere; RP: rhizoplane.
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sample accession numbers SAMN14480218 to
SAMN14480223 (14480218-9: RS, RP from Dokdo
Islands; 14480220-1: RS, RP from Sadong,
Ulleungdo Islands; 14480222-3 RS, RP from Taeha,
Ulleungdo Islands). The environmental sequence
information released date was April 2, 2020.

3. Results and discussion

3.1. Pyrosequencing results and
statistical analyses

Here, 568,507 high-quality fungal sequences were
obtained from soil samples and classified into 1399
operational taxonomic units (OTUs) and were con-
firmed at the 97% similarity level (Table 2).
Rarefaction curves for OTUs were deduced (Figure
2). The number of fungal phyla did not vary based
on the coastal location associated with the host
plant (RS and RP). The five fungal phyla from all
geographical locations (RP and RS) were
Ascomycota, Basidiomycota, Chytridiomycota,
Glomeromycota, and Zygomycota (Table 2). One-
hundred eighty-one fungal genera were identified
from the three sampling sites (six sampling soil
groups) (Table 2). The ratios of confirmed fungal
genera between RP and RS were 44:86 (Dongdo),
44:97 (Sadong), and 43:98 (Taeha) (Table 2).

3.2. Soil texture classification, alkalinity, TN,
and Corg

In previous studies, the type of rock that originates
soil properties are derived from major trachyande-
site, and trachyte, rhyolite, and tuff of the Dokdo

islands [38]. The soil properties of the Dokdo series
were classified as different from the series of main-
land Korean peninsula soil. The soil texture of the
Dokdo sandy, compared to the coast and inland of
the Ulleungdo (Table 3). Although the Dokdo and
Ulleungdo soil share the same natural formation
history (created by the erosion of volcanoes in the
ocean), the small island areas of the Dokdo (18.7 ha)
[38] suffer fiercer sea-wind and extreme rainfall.
Therefore, it can be interpreted that the proportion
of sand in the soil has increased because of such
effects (the ratio of sand in soil increased Dongdo
of the Dokdo> coast of the Ulleungdo> inland of
the Ulleungdo).

The salt concentration of the Dongdo of the
Dokdo was 0.019%. This may be associated with
penetration of seawater caused by the stronger
ocean breeze and sea fog. Although TN and Corg

content can be affected by plant activity, the
Dokdo root layer showed a relatively higher Corg

and TN contents, than those in other sites. Like
the inland of the Ulleungdo, which has mild condi-
tions, higher contents of the Dokdo rhizosphere
may be related to the well-established and flourish-
ing native halophyte S. takesimense community.
Although the salinity difference between the coast
of the Ulleungdo and inland areas is not clear, the
pH level of the coastal areas is close to the sea-
water. This indicates that the soil in the coastal
areas of the Ulleungdo is suffering from severe sea-
water intrusion, similarly to the reported in previ-
ous studies [20,21]. Although seawater intrusion in
the Dokdo is severe, strong acidity of the soil is
thought to owing to the nutrient loss by extreme
rainfall and sea-wind [21].

Table 3. Soil analysis results per geographical site.

�Ratio of sand, silt, and clay determine the soil character class. Sand (0.02–2mm); Silt (0.02–0.002mm); Clay (below 0.002mm).

Table 2. Pyrosequencing data and statistical analyses.

Sampling district
Dongdo, Dokdo Islands Sadong, Ulleungdo Islands Taeha, Ulleungdo Islands

Soil zone RP RS RP RS RP RS

Total read 196,289 267,426 208,989 290,514 216,156 247,679
Total bases 74,366,880 100,788,129 80,884,177 112,316,717 82,903,174 95,849,678
Number of valid sequences 84,267 94,745 95,395 117,939 86,299 89,864
GC (%) 49.42 48.59 48.09 47.74 48.13 47.27
Fungal OTUs 140 341 154 389 212 478
Phylum 5 5 5 5 5 5
Genus 44 86 44 97 43 98

RS: rhizosphere; RP: rhizoplane.
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Overall, the natural formation history of the three
geographical regions is equal [21], and an effect of
strong marine condition attenuated by surrounding
mountains and canopy forest in the natural habitat
soil of S. takesimense community at the Ulleungdo
inland might exist. Compared to such inland terrain,
the S. takesimense habitat in the Dokdo Islands is
viewed as being under the influence of extreme mar-
ine conditions. Meanwhile, native halophyte species
include S. takesimense in such a diverse marine habitat
have their own ecological function, which eliminates

Naþ cations from their root layer soil [39].
Therefore, the microbial community from such char-
acteristic ocean islands needs to be discussed regard-
ing the host halophyte ecological function and the
habitat character. A recent meta-analysis of soil
microbial communities reported that the global
microbial composition in saline soil is influenced
more by salinity than by any other extreme chemical
factors such as temperature or pH [40,41]. Notably,
the purpose of this study is not to discover how the
microbial phase changes with salt concentration or
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Rhizoplane Rhizosphere Rhizoplane Rhizosphere Rhizoplane Rhizosphere

Dongdo, Dokdo islands Sadong, Ulleungdo islands  Taeha, Ulleungdo islands
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Figure 3. Fungal diversity variation from rhizoplane to rhizosphere in each island. The Simpson’s Diversity Index quantifies the
biodiversity of a habitat, and considers the number of species present, and the abundance of each species. The Shannon’s
diversity index (H) accounts for both abundance and evenness of the species.
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Figure 4. Chao fungal genera richness index variation from rhizoplane to rhizosphere in each island. The Chao1 index is used
to estimate the richness (estimated richness; measurement of OTUs expected in samples given all the bacterial species identi-
fied in the samples).
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soil texture, but to provide indicators for further
future studies on how naturally isolated special mar-
ine terrains gave us advantageous unique microbial
resources. Several studies have shown there is a clear
association between the existence of such unique
microbial resources and unique marine habitats
[42–45]. Thus, the association between two concepts
(geological isolation of unique terrains) should be
intensively studied amid intensifying competition to
secure microbial resources.

3.3. Fungal diversity in coastal regions

The Shannon, Chao richness and Simpson indices
were used to analyze the fungal diversity [46–48].
The evenness and diversity (Shannon index) of fun-
gal genera exhibited higher values for the Taeha in
the Ulleungdo (RP: 233.17, RS: 487.07) than those
in other sites (RP/RS of Dongdo in the Dokdo:
144.42/356.63; Sadong in the Ulleungdo: 171.77/

400.83) (Figure 3). Sadong, which is located nearer
to the ocean than Taeha in the Ulleungdo Islands,
was thought to be affected by stronger selection
pressure from the marine conditions. In the
Dongdo, species richness showed the lowest values
(RP: 144.42, RS: 356.63) among those in all coastal
regions, regardless of RS or RP (Figure 4). This is
presumably because the Dokdo (Dongdo) Islands
are affected by selective pressure from the maritime
environment than the two Ulleungdo sites. In previ-
ous geographical studies, the extreme environment
of the Dokdo Islands or their influences on the
native halophyte community is already reported
[3,21,49]. Thus, we confirmed that the diversity of
fungal biota, especially for halophyte-associated
soils, reflects their environment. The variance of
diversity values between geographically isolated sites
regardless of RS or RP suggests that environmental
influences fungal microbiota. Nevertheless, lower
fungal richness was observed in RP (Figure 4), as

Figure 5. Comparison of the variation in dominant fungal phyla between the rhizosphere and the rhizoplane. Differences are
highlighted. The dominance ratio (%) is represented per fungal phyla. Comparing the sites, the rank, and ratio of dominance
are similar in the rhizoplane of all sampling sites, but with the rhizosphere areas, more affected by the marine environment, a
change in the order of dominance was observed for each sampling point.

Table 4. Distribution of fungal phyla from the host halophyte soil (unit: %, RS: rhizosphere, RP: rhizoplane).

Sampling district
Dongdo, Dokdo Islands Sadong, Ulleungdo Islands Taeha, Ulleungdo Islands

Soil zone RP RS RP RS RP RS

Ascomycota 23.23 27.73 27.57 32.85 30.57 27.81
Basidiomycota 21.57 10.44 16.12 2.37 6.02 8.32
Chytridiomycota 0.96 0.25 0.01 0.43 0.18 26.2
Glomeromycota 0.35 0.19 0.14 0.1 0.73 0.1
Zygomycota 13.42 30.14 12.68 26.13 21.59 12.35
Others 40.5 31.3 43.5 38.1 40.9 25.2

MYCOBIOLOGY 241



compared to that for RS in all geographically segre-
gated sites across all coastal regions.

3.4. Distribution and variation of the
fungal phyla

The dominance of each fungal phylum was different
(Figure 5). The most significant differences were
observed between locations or between RS and RP.
The specific fungal phyla dominant in RP of
Dongdo (of the Dokdo) were Ascomycota (23.23%)
> Basidiomycota (21.57%) > Zygomycota (13.42%).
In contrast, Zygomycota (30.14%) > Ascomycota
(23.73%) > Basidiomycota (10.44%) (Table 4). In
contrast, the most abundant fungal group in the RS
was Zygomycota, whereas that in RP
was Ascomycota.

In contrast to observations in Dongdo (of the
Dokdo), there were no marked phylum variations
between the RP and RS in the Sadong or Taeha
regions (of the Ulleungdo). Ascomycota was the

most dominant phylum in all sampling sites, regard-
less of RS or RP.

The Dokdo Islands, especially the Dongdo, are
geographically segregated from the inland Korean
peninsula by over 120 km [19,50]. Macrophytic trees
cannot survive there, but the community of herb-
aceous native halophyte species is well-developed in
the Dongdo Islands [19,21]. Therefore, the soil fun-
gal community associated with host plants may vary
between RS and RP. This phenomenon agrees with
the observed variation in fungal diversity (Table 2,
Figures 3 and 4) and the constituent fungal taxa
between RS and RP, as described below.

3.5. Distribution and variation of fungal genera

Fungal microbiota structures were different in each
of the coastal regions, as described above (Figures 5
and 6). The number of fungal genera varied mark-
edly according to the coastal region (Table 2) (RP/
RS of Dongdo Islands: 44/86; Sadong: 44/97; and
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Fusarium Flagelloscypha Farysizyma
Farlowiella Exophiala Eucasphaeria
Entrophospora Entoloma Elaphocordyceps
Doratomyces Discosia Dioszegia
Dictyosporium Diaporthe Devriesia
Dactylellina Cytospora Cylindrocarpon
Cunninghamella Cryptosporiopsis Cryptococcus
Creosphaeria Corynespora Coryneopsis
Cordyceps Coprinopsis Coprinellus
Conocybe Conlarium Coniochaeta
Claroideoglomus Cladophialophora Cladobotryum
Cistella Ciboria Chrysosporium
Chaunopycnis Chalciporus Chalara
Chaetomium Ceriporiopsis Capronia
Capnodium Cadophora Bovista
Botryobasidium Bisporella Biscogniauxia
Beauveria Backusella Auxarthron
Aureobasidium Astraeus Aspergillus
Ascotricha Articulospora Arthropsis
Arthrinium Archaeospora Amphinema
Ampelomyces Amanita Alternaria
Alatospora Agaricus Acremonium
Absidia

Figure 6. Unique fungal genera distribution in each coastal region. Fungal microbiota structures were different in each of the
coastal regions. Only those fungal genera that accounted for 0.7% or more of each community were labeled. The ratio (%,
dominance) of each fungal genus.
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Taeha: 43/98). Higher genera diversity was observed
in the RS, as compared to that in the RP, and com-
parable results were obtained for all coastal regions.
Furthermore, OTUs (RP/RS of Dongdo Islands: 140/
341; Sadong: 154/389; Taeha: 212/478) varied simi-
larly with fungal genera diversity (Table 2). These
patterns were like the results of statistical analyses
examining total read counts, total bases, or the
number of valid sequences (Table 2). This result is
noteworthy, bacterial diversity is less in the rhizo-
plane compared to the rhizosphere [14]. The same
is true for fungi. In addition, the total number of
fungal genera in RS was greater than RP (Table 2),
which was also confirmed by Chao’s richness index
in all coastal sites (Figure 4). Thus, we confirmed
that fungal biota in RP is more strongly affected by
the host plant than that in the RS soil. This unique
interaction between the host plant and RP may lead
to the emergence or dominance of only closely
related, specifically interacting, fungal genera. The
dominance of specific fungal genera could limit the
emergence of other fungal genera.

Contrary to what has been observed for RP, the
RS fungal microbiome may be more affected by the
maritime environment soil and less affected by S.
takesimense. This assumption is supported by two
results. (1) A higher ratio of the number of fungal
genera (Table 4, Supplementary Tables 1 and 2) in
RS versus RP in the Ulleungdo (Sadong: 120.5%
increased, compared to their RP; Taeha: 127.9%
increased, compared to their RP), which possess
milder environmental (maritime) conditions, than
those in the Dokdo Islands (95.5% increased, com-
pared to their RP) (Table 4, Supplementary Table 1
and 2) [21]. The harsh environment in the Dokdo
Islands may limit the richness of genera in the S.
takesimense RS soil. (2) Among newly appeared gen-
era (134 genera across three sites) in the RS (which
were not observed in RP) (Supplementary Table 1),
a considerable number of fungal genera (38 genera,
28.4%) shared taxonomical locations between the
three geographical sites (Table 4, Supplementary
Tables 1 and 2). These commonly distributed genera
are better adapted to coastal soil than to S. takesi-
mense. Therefore, these differences in RP and RS
demonstrate a powerful influence of the host plant
on their RP. Further, the uniqueness of the closely
interacting fungal biota with their host plants in RP
was revealed. However, follow-up studies are needed
to understand if other native plant species show the
same pattern.

3.6. Uniqueness of fungal microbiomes in the RP

The uniqueness of fungal biota was assessed based
on the identification and comparison of the fungal

community (Figure 6) across three geographical
sites. Fungal genera in RP and RS were compared to
determine the influence of host halophyte commu-
nity on their proximity soil. Using this method,
uniquely interacting fungal genus groups could be
identified. We compared RP and RS residing fungal
genera and focused on fungal genera only found in
RP or RS compartment. If a genus identified as only
residing in RP (but not identified in RS) can be esti-
mated to have close interactions and interdepend-
ency with host plants (symbiosis, mutualism, or
other negative interaction such as parasitic based on
strong dependency to host). In the Dongdo (of the
Dokdo Islands), eight fungal genera among 44
(18.2%) (Supplementary Table 2, Figure 6) were
found only in RP, and 50 new fungal genera were
only found in RS (Supplementary Tables 1 and 5,
Figure 6). In the Sadong region (Ulleungdo Islands)
(Supplementary Tables 1 and 2, Figure 6) genera
only found in RP were counted to nine genera out
of a total 44 in RP (11.4%), but they were not found
in RS, and 58 new genera identified in the RS part
(Supplementary Table 1, Figure 6). In the Taeha
region (in the Ulleungdo), eight fungal genera
among a total of 43 were identified only in RP
(18.6%) (Supplementary Table 2, Figure 6) and they
were absent in RS compartment, whereas 63 new
genera were identified in the RS part not found in
RP (Supplementary Table 1 and 2, Figure 6).

Owing to these results, interactive fungal genera
that reside only in RP potentially have a strong
dependency on their host halophyte species, and
these dependencies decrease with distance from
their host plant in contrast to another fungal genus,
which was not found in RP, but only in RS. We can
obtain information about the interdependency
between host species and microbes by comparing
fungal genera in the RP and the RS. However, such
dependencies cannot always be interpreted as symbi-
otic relationships [51], because certain pathogens
usually have strong host dependencies, as is well
known in traditional pathobiology or plant patho-
physiology [52,53]. Therefore, evaluating symbiosis
using ecological principles should contemplate a
meta-analysis of previous scientific reports of fungal
species. If Alatospora and Dioszegia species occur, it
is reported as a plant root endophyte [54–57]. If
genus Amanita occurs, it is reported as ectotrophic
mycorrhiza [58]. Several species of genus
Arthrinium were reported with plant pathogenicity
[59]. Species belonging to the genus Entrophospora
are reported as endo and ecto-mycorrhizae [60,61].
Aureobasidium are reported as endophyte or bio-
control strains [62]. Mariannaea have been reported
as fungal resources as entomopathogenic fungi, an
antagonist for crop insect vector [63]. Some species
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in the genus Cryptococcus are reported as arbuscular
mycorrhizal [57]. Species of genus Cladophialophora
were reported as root-associated fungi [64] and
Stereum are saprobic [65]. Species belongings to the
genus Metarhizium have not been reported as
pathogens, yet they were reported as root symbionts
[66,67]. Pathogenicity of some species of genera
Gaeumannomyces and Malassezia to plant species,
was reported [68–70]. Isaria and Ophiocordyceps
species have been reported as endophyte or root
layer species and often fungal resources as entomo-
pathogenic fungi [71–73]. Tyromyces species are
often saprophytic mycorrhizae along with
Penicillium and Mucor [74].

Further, these closely interacting fungal genera
are not common in geographically segregated
regions, even if they reside in the same host plant
species. Geographically isolated volcanic islands in
this study induced the inevitable ecological segrega-
tion of plant species. Owing to this natural history,
fungal species interacting with the host plants might
adapt and evolve independently from other coastal
environments. This interpretation implies that geo-
graphical isolation can be a clue for unique fungal
resources, and this study demonstrates a useful
strategy to cope with situations that accelerate com-
petition for biological resources. According to a pre-
vious study, to secure the uniqueness of microbial
resources, it must be proven that specific environ-
ment-derived microbial species are unique strains
and are rarely found in other natural environments
[3]. To accomplish this, the microbial community
database from the specific environment must show
unique constituent taxa comparable to other sites.

Regardless, it is well known that microbial species
that co-exist in geographically isolated regions with
identical hosts are more likely to be strong symbi-
otic with dependency to host species [75]. However,
if the specific microbial taxon that exists only in the
RP (and not found in RS) are found in common
geographically isolated areas, there is a stronger pos-
sibility of close relations between fungal species and
host plants. Thus, in this study, a comparison of the
entire fungal community between geographically
isolated regions was not performed, and we only
compared RP residing species not found in the RS.
Interestingly, most fungal genera that reside only in
RP do not share taxonomical identity across three
geographical locations in this study, except for one
genus, Metarhizium (Supplementary Table 2). In
this study, geographical isolation and uniqueness of
plant-associated fungal genera was shown.
Nevertheless, commonly identified fungal genera
found in geographically isolated regions that over-
come ecological segregations (such as Metarhizium
in this study) could be another biological resource.

Often, commonly identifiable microbial species from
higher organisms are regarded as close symbionts
[75–80]. Metarhizium was confirmed in the Dokdo
and Ulleungdo, which are over 80 km apart (Figure
1). Metarhizium has been reported as a plant-associ-
ated fungal species, which has the benefit of
entomo-pathogenicity and is resistant against plant
diseases [78–82]. Metarhizium anisopliae has been
reported as a novel tool for “paratransgenesis” in
vector-borne infectious disease. Of note, it is a close
symbiont of a diverse host insect vector [83–85].
There have been few reports confirming the func-
tionality of Metarhizium from halophytes or sur-
rounding coastal soil environments. Therefore,
understanding the relationship between geographical
isolation and fungal community can be an effective
tactic for securing unique microbial resources that
show good colonization and settlement in diverse or
extreme agriculture applications.

3.7. Fungal microbiome in the RS

The percentages of newly emerged genera in RS are
higher in the Ulleungdo Islands (Sadong: 31.8%,
Taeha: 41.6%) than in the Dongdo Islands (13.6%)
(Supplementary Tables 1 and 2). These newly identi-
fied fungal species, found only in RS, not in RP,
share their taxonomic identity in all three sites with
a high ratio (38 genera among 134, 28.4%)
(Supplementary Table 1), compared to that of fungal
genera that disappear upon moving from RP to RS
(5.0%) (Supplementary Table 2). Likewise, the ratio
of the number of fungal genera moving from RP to
RS, in the Ulleungdo Islands (Sadong: increased
120.5%, Taeha: increased 127.9%) outnumbered that
in the Dokdo Islands (Dongdo: increased 95.5%)
(Supplementary Tables 1 and 2, Figure 6). This phe-
nomenon could be interpreted as terrain of the
Ulleungdo that suffering low stresses from marine
condition [21] compared to the Dokdo exert lower
selective pressure on RS derived from marine ter-
rains. These results also follow salinity analysis
results in Table 3. Although RP conditions and the
inhabiting fungal species are affected by host plants,
RS is thought to be under another influence that
originated from the marine environment. Fungal
genera identified only in the RS showing common
and uncommon distributions between the three
coastal environments are listed in Supplementary
Table 2.

A considerable number of fungal genera identi-
fied only in RS were revealed as belonging to the
same fungal taxon (Supplementary Table 2). In the
Dongdo 25 among 50 fungal genera (50.0%), 25
among 58 in the Sadong (43.1%), and 25 among 63
genera (39.7%) in the Taeha of the Ulleungdo
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shared similar taxonomic identity with fungal strains
from other locations (Supplementary Table 2).
Characteristically, identified only in the RS of the
Taeha region, were the most diverse among the three
tested coastal environments. These results were
thought to low selective pressure in the Taeha of the
Ulleungdo Islands, as compared to that in the
Dokdo. Variation in Chytridiomycota in the three
coastal environments supports these results. The ratio
of specific phyla increased moving from RP to RS,
Zygomycota in the Dongdo or the Sadong of the
Ulleungdo (Dongdo: increased from 13.420 to
30.140%, Sadong: 12.680 to 26.130%), and
Chytridiomycota in the Taeha (0.180 to 26.200%)
(Figure 5, Table 4). In particular, the fungal phylum
Chytridiomycota is evolutionary close to the kingdom
Animalia [86]. Therefore, it has a motility apparatus
(zoospore) [85] and is more adapted to a freshwater
environment [86], increasing its dominance ratio in
the RS of the Taeha or Sadong of the Ulleungdo
compared to halophyte habitat in the Dokdo RS soil
(Table 4). The dominance of this phylum, not identi-
fied in the RS of the Dongdo of the Dokdo, decreases
the ratio of the number of fungal genera and is
scored as 54.3%. This result implies that severe salt
intrusion occurred in the RS soil of the Dongdo as
compared to that of the Ulleungdo, as has been
reported in previous geographical or related eco-
logical studies of Dokdo [3,20,21]. Own ecological
function of halophyte species, such as the salt elimin-
ation function of S. takesimense [87] used as a study
target in this study, was thought to be limited in RS
due to severe salt intrusion, which may relatives to
explain Chytridiomycota absence.

Specific fungal genera closely interacting with
their host plants, showed geographical uniqueness,
even for host plants belonging to the same plant
taxon. However, as the distance from the host halo-
phyte community in the associated soil increased,
more diverse fungal genera appeared. A considerable
number of common genera were confirmed in three
geographical sites. These results imply several
important strategies for securing fungal resources
that interact with higher organisms.

4. Conclusions

To assess the effect of geographical isolation on the
emergence of the uniqueness of fungal resources, S.
takesimense was selected as a host halophyte species
from the Dokdo and the Ulleungdo Islands. A cul-
ture-independent analysis was conducted to com-
pare the fungal diversity between RP and RS.

Variations in the fungal profile patterns of RP
versus RS were observed in all geographical sites.
Soil analysis shows that although the geographical

formation factors of each island are the same, the
characteristics of the soil properties and physio-
chemistry were characteristically different depending
on the size of the island and the distance from the
coast (described in the section of soil texture classi-
fication, alkalinity, TN, Corg). Furthermore, such
natural factors had a discriminatory effect on the
formation of vegetation. Moreover, the comparison
of RS and RP of three sites of volcanic islands also
showed there was a difference in selective pressure
on fungal microbiomes depending on the intensity
of the marine environment.

However, the complex interpretation of these dif-
ferent conclusions requires attention. It is impossible
to determine whether such climate differences affect
soil characteristics and are differentiated in the for-
mation of vegetation or fungal clusters, or whether
climate differences directly affected soil and fungal
clusters, respectively. However, the strength of the
marine condition, the characteristics of vegetation,
and the characteristics of soil have combined to dif-
ferentiate the current climax fungal communities in
each site. Therefore, characteristic analysis data were
obtained in this study, which shows the differences
between geographical isolation and local environmen-
tal characteristics affect the distribution of microor-
ganisms (or symbiotic fungal species in them)
associated halophyte species. This also allows that
estimation of geographical isolation can be a strategy
for securing unique fungal taxa. Notably, in the geo-
graphically isolated volcanic islands, a few fungal gen-
era were commonly confirmed in RP but absent in
the RS: Metarhizium. Results demonstrate that symbi-
otic fungi and their host plants evolved with regional
independence, even if the host plant belonged to the
same species. In contrast, a considerable number of
commonly confirmed rhizosphere fungal genera,
which were not present in the RP, were found in RS.
Thus, unique fungi can be obtained from geographic-
ally isolated unique terrain. Repeated investigation
and studies on various plant species are needed to
establish other biological resource acquisition strat-
egies because the competition to secure biological
resources is fiercer than ever.
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