

  sustainability-15-12824




sustainability-15-12824







Sustainability 2023, 15(17), 12824; doi:10.3390/su151712824




Communication



Root-Layer Fungi Native to Four Volcanic Topographies on Conserved Ocean Islands: Another Clue to Facilitate Access to Newer Natural Microbial Resources in the Extreme Terrains



Jong Myong Park 1,2, Tae Won Kwak 3, Ji Won Hong 4,5,* and Young-Hyun You 6,*





1



Water Quality Research Institute, Waterworks Headquarters Incheon Metropolitan City, Incheon 21316, Republic of Korea






2



Incheon Metropolitan City Institute of Public Health and Environment, Incheon 22320, Republic of Korea






3



Medical Convergence Materials Commercialization Center, Gyeongbuk Technopark, Gyeongsan 38408, Republic of Korea






4



Department of Hydrogen and Renewable Energy, Kyungpook National University, Daegu 41566, Republic of Korea






5



Advanced Bio-Resource Research Center, Kyungpook National University, Daegu 41566, Republic of Korea






6



Biological Resources Utilization Division, National Institute of Biological Resources, Incheon 22689, Republic of Korea









*



Correspondence: jwhong@knu.ac.kr (J.W.H.); rocer2404@korea.kr (Y.-H.Y.); Tel.: +82-53-950-4578 (J.W.H.); +82-55-350-7232 (Y.-H.Y.)







Citation: Park, J.M.; Kwak, T.W.; Hong, J.W.; You, Y.-H. Root-Layer Fungi Native to Four Volcanic Topographies on Conserved Ocean Islands: Another Clue to Facilitate Access to Newer Natural Microbial Resources in the Extreme Terrains. Sustainability 2023, 15, 12824. https://doi.org/10.3390/su151712824



Academic Editor: Konstantinos Ar. Kormas



Received: 27 July 2023 / Revised: 20 August 2023 / Accepted: 22 August 2023 / Published: 24 August 2023



Abstract

:

This study hypothesized that geographic segregation of certain extreme natures of the same kind could be an indicator of access to new natural microbial resources. Root-layer fungi and soil properties native to well-conserved volcanic topographies from two geographically segregated ocean volcanic islands beside the Korean Peninsula were analyzed. Four segregated sampling sites that represented the ocean volcanoes’ unique natural characters (tuff layer, caldera, and two steep cliffs) were examined. A total of 1356 operational taxonomic units classified into 7 phyla and 196 genera were obtained. Soil analysis showed that the sand proportion varied from 32.0–57.4%, and silt, 39.4–64.8%. The tuff layer terrain was the only terrain classified as silt soil. Soil Corg contents ranged from 2.78–15.12%; TN, 0.159–0.843; salinity, 0.001–0.019; and pH, 5.0–7.4. The larger the island area, the less oceanic salinity inflow, but TN and Corg decreased, and pH increased. The Shannon diversity index varied from 4.81–5.23 and was higher at the larger or center of larger islands. As geographic segregation (distance) increased, the proportion of taxa commonly identified decreased. Thus, geographic isolation of certain natural features (e.g., volcanic islands) may be a preferential clue to accessing a broader range of potential microbial resources.
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1. Introduction


The Korean Peninsula, located along the Pacific coast, is divided by a mountain range running through the middle, causing geographical segregation [1]. Islandic geography with different geographical formation histories is distributed around the mainland, the natural heritages of which have been well conserved [2]. These diverse ocean islands are frequently affected by both continental and oceanic climates and have, consequently, dev el oped complex natural and environmental characteristics [1]. Therefore, new microbial species are continuously reported in these natural terrains, and the relationship between unique natural conditions and microbial ecosystems is being revealed [2].



Studies of this type have also focused on the volcanic islands Dokdo and the Ulleung islands, which belong to the Republic of Korea, based on the assumption that they contain a variety of biological resources owing to their unique environments and segregation from the mainland [2]. In a particular natural terrain, a unique climax community should be formed, dominated by certain ecological types [3]. In such terrains, the emergence of natural mutations to allow adaptation to the unique environment facilitates the differ entiation and emergence of new microbial species [4]. Thus, unique natural terrains are preferred, as they act as hot spots for speciation of microbes. Based on this logic, micro biologists steadily pioneer a place or effective criteria to secure greater microbial diversity within limited specified terrains. Extreme environments, where humans or higher life forms find it difficult to survive or exploration is not conducted owing to difficulty in access, or isolated extreme environments contain a diverse variety of micro-organisms with unique metabolic capabilities based on strong resistance to adapt to their own envir on ment [5]. Therefore, such areas in nature can provide an opportunity to discover novel physiologically active substances [6]. Exploration of fungal resources that inhabit special environments has been attempted [7].



However, exploring microbial resources in extreme natural terrain is labor-intensive, time-consuming, and can be dangerous for explorers [8,9,10,11,12]; thus, more efficient indicators are required. Indicators are needed to guide the selection of sampling areas where newer microbial resources are likely to be found. It would be helpful to guess where new and different microbes might broadly exist.



Therefore, other clues for securing diverse potential microbial resources should be uncovered to achieve the sustainable securement of new natural microbial resources, rather than hypothesizing about the existence of unique microbes in such regions simply because they are special environments. Thus, using next-generation sequencing (NGS) technology, comparative analysis of microbial structures between the same kinds of specific natural environments is required to establish such indicators [13].



Such studies might prove advantageous in establishing strategies for exploring nat ural microbial resources. One topic that should be investigated is how unique microbes exist in different natural terrains. Second, whether geographical segregation could also be a factor affecting the existence of unique microbial species should be explored. If segregation of specific terrain or higher life forms living there led to the formation of distinctive symbiotic microbial species in a similar kind of specific environment, it can also be an effective method to obtain maximized new microbial species. Geographical isolation might trigger the appearance and continued emergence of new ecotypes of micro-organisms over time [14,15,16]. A quantitative investigation is, thus, required to evaluate this hypothesis.



Therefore, this study conducted an NGS investigation to reveal how distinctive fungal communities are formed in geographically segregated special terrains with the same geological formation history. This study targeted well-conserved topographies (volcanic caldera, volcanic tuff layer, and volcanic cliffs) specific to volcanic islands, which were uplifted consecutively owing to diastrophism in the deep sea of the East Sea of the Korean Peninsula. The physiochemical properties of the root-layer soil and their fungal clusters (taxon distribution and diversity) were analyzed and compared. There is a growing competition among countries to secure a variety of microbial species; therefore, various strategies and clear indicators are needed for effective exploration of microbial resources. Our findings provide insights that may aid in these efforts.




2. Materials and Methods


2.1. Site Selection and Sampling


Volcanic islands formed by volcanic activity which are under geographical segregation (Figure 1) were selected. Two sites (Dongdo and the Seodo cliffs) belonging to the Dokdo Islands in the East Sea of the Korean Peninsula [17] (Figure 1, Table 1) as well as the Nari caldera and Taeha volcanic tuff layer in the Ulleung Islands [18] were selected (Figure 1, Table 1). Sampling points which were administratively controlled and inaccessible to humans were chosen [2]. The Ulleung and Dokdo islands are remote islands, and the sampling points are areas where there is no scope for artificial development [2,15,19,20,21]. The Ulleung Islands and the Dokdo Islands are natural reserve areas promoted by the government of the Republic of Korea [19]. The area of volcanic tuff layer in the Taeha mountain pass is a terrain where the volcanic fault remains intact [18] due to its steep incline [22,23]. Additionally, soils around the root layer of well-developed vegetation or stratification were collected and sampled separately.



Three clods of soil (1000 cm3) were randomly collected at a depth of 0–0.1 m from each of the four fixed circles (10 m in diameter) on a diagonal line in the two plots. A soil sample of three replicates from each circle was taken as one sample, packed in sterile plastic, and sent to the laboratory at 4 °C, after sieving through a 2 mm screen. To maintain the temperature at 4 °C, an ice pack was used, and the samples were stored in refrigerators loaded on ships and vehicles.




2.2. Geographical Segregation


The Ulleung Islands and the Dokdo Islands are volcanic islands that share the same geological formation history; however, they have subsequently undergone geographical segregation and are now isolated, with a distance of 87,400 m between them.



The distance to the next closest landmass, the Oki Islands in the northernmost reaches of the Japanese archipelago is ~157,500 m. Furthermore, in the case of the Dokdo Islands, two sampling sites, namely, the East (Dongdo) and the west (Seodo) islands, were segregated at a distance of ~100 m by fast-flowing waterways.



Even within the Ulleung Islands, the Nari caldera and the Taeha volcanic tuff layer are separated by at least 4700 m and mountain ranges of 850 m above sea level. However, regarding topographical factors, lava and ash emitted at the Nari caldera (volcanic crater), the center of the terrains during volcanic eruption, would have flown to an area close to the coast to form the Taeha volcanic tuff layer.




2.3. Soil Analysis


Soil samples from each site were subdivided into two subsamples. The first was air-dried, sieved using a 2 mm filter, and chemically and physically analyzed, while the second was stored at −80 °C and later processed for pyrosequencing analysis. The soil texture, pH, and organic carbon contents (Corg) of the air-dried and sieved soil subsamples were analyzed. Soil texture was classified using the pipette method, without carbonate and organic matter removal but after the complete removal of soluble salts using distilled water [24]. The pH was measured in 1:2.5 (w/v) soil-to-water mixtures; Corg was measured using the Walkley and Black method [25]. Total nitrogen (TN) was analyzed using the Kjeldahl procedure [26].




2.4. DNA Extraction and Amplification


All samples were transported to National Institute of Biological Resources of the Korea Republic for DNA extraction. Combined soil, amounting to 1 kg, was gently homogenized. DNA was extracted from the samples using 0.5 g of the mixed 1 kg soil from each bag separately. Soil DNA was extracted using the Power Soil DNA extraction kit (MO BIO Laboratories, Carlsbad, CA, USA), following the manufacturer’s protocol. The extracted DNA was quantified using Quant-IT PicoGreen (Invitrogen). Fungal internal transcribed spacer (ITS) region 1 was amplified using the ITS1F (5′-CTTGGTCATTTAGAGGAAGTAA-3′) and ITS4 (5′- GCTGCGTTCTTCATCGATGC -3′) primer pair. The resulting ITS 1 amplicons were sequenced at Macrogen (Seoul, Korea) on a paired-end (2 × 300 nt) Illumina MiSeq sequencing system (Illumina, San Diego, CA, USA) [27,28]. The PCR product was purified with AMPure beads.




2.5. Sequence Processing and Statistical Analysis


Paired-end sequences were assembled using the PANDAseq software Ver 2.11 [29]. After assembly, sequenced data were processed using the Mothur pipeline [30]. For fungal community analysis, the flanking gene fragments were removed from the ITS1 region using ITSx version 1.0.9 [31]. The putative chimeric sequences were detected and removed via the Chimera Uchime algorithm contained within Mothur [32] set in the de novo mode. Taxonomic classification was performed using Mothur’s version of the naïve Bayesian classifier with the UNITE database for fungi [33]. QIIME implementation of UCLUST [34,35] was used to assign the operational taxonomic units (OTUs). OTUs were defined with a limit threshold of 97% sequence similarity for fungi. The entire singleton OTUs were removed from all datasets prior to analysis. All samples were standardized by random subsampling using the “subsampling” command (https://mothur.org/wiki/sub.sample/) in Mothur. Richness, diversity indices, and rarefaction values [3] were estimated using Mothur [36,37,38].





3. Results and Discussion


3.1. Pyrosequencing and Statistical Analysis


We obtained 1356 OTUs at 97% similarity level (Table 2). Rarefaction curves for OTUs from each site were deduced (Figure 2). A total of seven fungal phyla were identified in all sampling sites (Table 3). The identified number of fungal phyla varied between sites (Table 2). Seven fungal phyla were confirmed (Table 2 and Table 3). A total of 196 fungal genera were identified in all sampling sites (Figure 3).




3.2. Soil Texture Classification, pH, Corg, TN, and Salt Concentration


Soil analysis revealed that although the ratio of the soil constituents (sand, silt, and clay) varied between each natural site (Table 4), three sites (the volcanic cliffs of Dongdo, Seodo, and the Nari volcanic caldera of the Ulleung Islands) belong to the sandy soil class, while the volcanic tuff layer in the Taeha of the Ulleung Islands belongs to the silt class. Clay is a fine soil particle of less than 0.002 mm, with a relatively low water permeability and strong retention of moisture and nutrients, therefore providing viscosity to the soil texture [39]. However, no sites of the volcanic islands have a high proportion of clay.



Silt has a soil particle size ranging from 0.02–0.002 mm [39]; if silt was well-deposited, the capillary action of water expands, and the water permeability of the soil weakens. Silt texture is a soil characteristic commonly considered before farming. Only one volcanic island site was classified as silt class, defined as containing more than 50% silt among total soil grains. For sand, the particle size ranged from 0.02–2 mm, and the water permeability was very high; therefore, the retention capacity of moisture and nutrients was relatively lower than that of silt or clay [39].



In this analysis, the ratio of clay grains was very low (3–4%). The high proportions of silt observed in the volcanic tuff layer of Taeha (64.8%) and the Nari volcanic caldera (39.7%) are common to volcanic geography and are attributed to the following reasons: pyroclastic material created by volcanic activity are divided into various categories, including volcanoes, volcanic rocks, and ash, while those consisting of particles less than 2 mm are classified as ruffs. It is thought that such particles are deposited as fine silt soil if they have suffered considerable erosion due to the oceanic climate.



The less viscous sandy soil, a unique feature of island terrain, makes it difficult to maintain the moisture and nutrients needed for the activities of plants and, in turn, other living beings. Nevertheless, Dongdo in the Dokdo Islands and the Nari volcanic caldera, which have sandy soil properties, show well-developed herbaceous plant communities or canopy layer forest. This is thought to be related to the fungi of root-layer soil.



In the pH analysis, weak acidity was observed in the root-layer soil from two sites of the Dokdo Islands (pH 5.9 and 5.0), and neutral or weak alkalinity was observed in the soil from the root layer of the Nari volcanic caldera (pH 8.0) and volcanic tuff layer (pH 7.4). Total nitrogen contents and Corg were very low in the root layer of the Nari volcanic caldera (TN: 0.159%, Corg: 2.78%). This is presumed to be due to the rapid circulation and utilization of nitrogen and carbon sources due to the woody plants that comprise the well-developed and well-preserved canopy layer of the Nari volcanic caldera primitive forests. Soil salt pollution by salt intrusion is higher in the Dongdo (0.019%) and Seodo (0.0012%) Dokdo Islands compared to the Ulleungdo Islands (below 0.005%). We hypothesized that this is because the high altitude and steep slope of the Dokdo volcanic cliffs increases its exposure to sea breeze. Conversely, the Ulleungdo Islands have gentle slopes and canopy-developed forests, which may reduce salt intrusion from the Pacific Ocean to the central part of the islands. The interrelationships between these soils and the environment will, inevitably, affect the interaction between vegetation and soil fungi and, thus, the resulting distribution and appearance of root-layer fungal species.




3.3. Distribution of Fungal Phyla


First, a comparison of sites on the Dokdo Islands (Dongdo and Seodo) and those on the Ulleung Islands (Nari caldera and Taeha tuff layer) was conducted. Four common phyla were identified in the two sites of the Dokdo Islands (Ascomycota, Basidiomycota, Chytridiomycota, and Zygomycota) (Table 3), while two phyla were unique to the Dongdo Islands (Blastocladiomycota and Glomeromycota) (Table 3). No phylum was unique to Seodo, which showed the lowest number of fungal phyla and genera (Table 3), possibly due to the relatively harsh natural soil conditions [40,41].



Five genera were common to the two sites of the Ulleung Islands (Table 3), identified in both the Nari volcanic caldera and Taeha volcanic tuff layer (Ascomycota, Basidiomycota, Chytridiomycota, Glomeromycota, and Zygomycota) (Table 3). In addition, Rozellomycota was identified only in the Nari volcanic caldera but not in the volcanic tuff layer or in the Dokdo Islands (Table 3).



The presence of Chytridiomycota (Table 3) was confirmed in all the sampling locations. This phylum is evolutionarily primitive, with close relations to the kingdom Animalia [42]; its species have motility apparatuses (zoospore) [43] and are adapted to freshwater environments [42], with most species reported as saprophytic [44] or parasitic [45]. Notably, Chytridiomycota members can survive extreme conditions, such as high and extremely low pH [45]. The emergence of such true zoosporic fungi reflects the distinctive environment of the four volcanic, oceanic islands as maritime environments. The abundance of Chytridiomycota was higher in Dokdo (Dongdo: 0.345, Seodo: 0.263) than the Ulleung Islands (Nari volcanic caldera: 0.016, volcanic tuff layer: 0.175) (Figure 3), possibly due to the relatively barren conditions of Dokdo and subsequent stronger natural selective pressure.
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Figure 3. Fungal genus distribution of each topography. 
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Glomeromycota, a newly divergent fungal phylum branching off from arbuscular mycorrhizae, was commonly found in the three sites (Table 3). Notably, Archaeospora species belonging to this phylum were specifically identified. This phylum has continuously been reported to include root symbionts [46,47,48]. Logically, their existence without vegetation cannot be explained [43]. Most of the reported species belonging to Glomeromycota are not saprophytic or parasitic, but are instead symbiotic in the root layer of vegetation [43]. In this study, Glomeromycota was identified in all topographical sites except Seodo (Table 3). This result might reflect the characteristically extreme environment of Seodo. However, it should be noted that since this study did not specifically investigate rhizosphere or rhizoplane, it is not possible to conclude that interactions with native plants have not been developed in areas where Glomeromycota was not reported. However, the discovery of Glomeromycota shows the potential for secur ing plant symbiosis.



Blastocladiomycota was only identified in Dongdo (Table 3). Blastocladiomycota was originally classified within the order Blastocladiales in the phylum Chytridiomycota until molecular and zoospore ultrastructural characters were used to demonstrate that it was not monophyletic with Chytridiomycota [49]. Like Chytridiomycota, members of Blasto clad i omycota are capable of growing on refractory materials, such as pollen, keratin, cellulose, and chitin [44]. This early diverging branch of the kingdom is the first to exhibit alternation of generations [50]. The fact that Blastocladiomycota was only identified in the Dongdo Islands of Dokdo (Table 3) could be interpreted as proving the conservation of Dokdo’s primitive ecological traits.




3.4. Dominance


The most common phyla were obtained from all sites (Ascomycota, Basidiomycota, Chytridiomycota, and Zygomycota), despite their long-term geographical separation. However, phylum which dominated at each island showed differences. In the Dongdo, Zygomycota showed 30.35% dominance (Table 3, Figure 4), while in Seodo, Ascomycota showed 27.38% (Table 3, Figure 4). On the Ulleung Islands, Ascomycota dominated in both the Nari caldera and tuff layer (35.17% and 27.76%, respectively) (Table 3, Figure 4). Meanwhile, the second most dominant phyla at Dongdo, Seodo, and the Nari volcanic caldera and the Taeha volcanic tuff layer were identified as Ascomycota (30.11%), Basidiomycota (19.92%), and Zygomycota (Nari caldera, 22.84%; tuff layer, 9.24%), respectively (Table 3, Figure 4). The phylum Ascomycota was dominant in all the root layers of all islands, except in the Dongdo (Figure 4).



The most dominant fungal genera in all topographies was Mortierella (Dongdo: 27.65%, Seodo: 12.84%, Nari caldera: 11.54%, tuff layer: 8.4%) (Figure 3). Since this genera has consistently been reported as an endophytic or saprophytic plant symbiont [51,52,53,54,55,56] and marine terrains with tolerances [57,58], its emergence in all the volcanic topographies might indicate the existence of stable organic cycles [59] and their own ecology formation.
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Figure 4. Fungal phylum ratio of each topographical soil (unit: %). 
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3.5. Fungal Diversity


Based on several diversity indices [37,38,60,61,62], ecological stability and fungal com mu nity diversity tend to increase on larger islands or at the center of the islands (Figure 5). The two sites within the Ulleung Islands region showed a relatively higher Shannon value compared to that of Dokdo (caldera: 5.23, tuff layer: 5.20, Dongdo Islands: 4.90, Seodo Islands: 4.81) (Figure 5). As the Dokdo Islands are more strongly affected by extreme marine environments than the Ulleung Islands owing to their small extents, the Dokdo Islands might suffer more selective pressure. This conclusion is reinforced by the fact that there is an increase in chao 1 richness in the Dongdo with a decrease in Shannon diversity values.



Another interpretation is also possible based on the islands biogeography hypoth esis. The factors that determine the higher species richness of the island are distance from land (distance effect) and area of the island (area effect) [63,64]. All volcanic islands targeted in this study are excessively isolated from the land, and it is believed that they will not be a major influencing factor on microbial species. The remaining factor is the area of the island. In this study, as the area of the island increased, various fungal species appeared, thereby increasing the species richness. This phenomenon may stem from the distribution of various ocean volcanic geography as the area of the island increases. Islands biogeography hypothesis is aimed at higher organisms; however, similar results were obtained for fungal species in this study. Islands biogeography hypothesis has been proven by a previous experimental study [65]; nevertheless, a study aiming to evaluate microbial richness native to specific terrains [66] could be also conducted to segregate ocean islands.
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Figure 5. Fungal diversity variance according to Shannon, I. Simpson, and Chao’s richness. 
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3.6. Distribution of Fungal Genera


The distinctive distributions of fungal genera were analyzed (Figure 6). The fungal genera commonly found among the four topographies and the genera unique to specific sites were identified (Figure 6). A total of 198 fungal genera were confirmed, including at the volcanic cliff of the Dongdo Islands (87 genera), the Seodo Islands (73 genera) of the Dokdo, the Nari volcanic caldera (92 genera), and the Taeha volcanic tuff layer (100 genera) of the Ulleung Islands (Figure 6).



There were only 21 fungal genera common to all topographical sites (7.04% of the total 198 genera) (Figure 6). A total of 43% of genera were common to Dongdo and Seodo, both belonging to the Dokdo Islands (Figure 6). In the case of Dokdo, 70 genera (60.8%) were not shared between Dongdo and Seodo (Figure 6). Of the 144 genera identified from two segregated topographies across the Ulleung Islands, 46 were commonly shared genera (Figure 6), but 98 (68.1%) were unique (Figure 6). By comparing the Taeha volcanic tuff layer and the volcanic cliff of Dongdo, which lie facing opposite directions geographically, 28 common fungal genera were identified. By comparing the Seodo and the Nari volcanic caldera, which are isolated (8800 m) by the sea but face each other, a total of 35 common fungal genera were identified.
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Figure 6. Fungal genera identified independently in each volcanic topography and the proportion of common fungal genera. 
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This might indicate that the geographical segregation of volcanic islands in the ocean might tend to increase the distinctiveness of the fungal resources native to each topography. Therefore, we hypothesized that the geographical segregation within the kind of special terrain itself could be another factor influencing the formation of unique ness of fungal taxa. The results obtained, which point to the existence of unique fungal populations of different genera, in turn, reflecting on the unique vegetation characteristics or conservation state, stipulate the diversities within such special terrains, despite their sharing the same natural formation history. Detailed studies on various special environments are needed to confirm and expand upon these results.



Additional hypotheses may be raised from another perspective. Based on Gaia’s theory, even if the earth’s system forms an extreme natural environment through extreme geological activity, special higher life and extraordinary microbial clusters can be formed to adapt to that environment [5,6,7]. Those biospheres will continue to interact with these special geographic conditions and can co-ordinate themselves [67,68,69]. With such a special natural environment maintaining geographical segregation over time, extreme environments where higher life finds it difficult to survive can, perhaps, become moderate by biological or microbiological activity. In other words, such barren terrains can change continuously. This has a similar context to the fact that the early earth was transformed into a moderate environment where life could live through the activities of micro-organisms [70]. Based on our results, geographical segregation of a special environment itself may be a clue to securing special micro-organisms. However, prolonged geo graph ical segregation time of such an extreme nature may also be an opportunity for the emer gence of new micro-organisms. This hypothesis requires further scientific verification.





4. Conclusions


Exploring microbial resources in extreme natural terrain is labor-intensive, time-consuming, and, sometimes, dangerous for explorers, so more efficient indicators for selecting sampling sites are required. This study aimed to uncover the diversity and distinctiveness of fungal resources native to volcanic island-specific topographies that had undergone geographical segregation to plan the effective exploration of unique fungal resources. The physiochemical properties of soil and the composition of root-layer fungal clusters from each topography specific to volcanic islands which have extreme conditions unsuitable for human accessing were comparatively analyzed. Although these four topographical regions share the same natural formation history, different vegetation or stratifications were formed depending on the topography and size of each island, which affected the uniqueness of the root-layer fungal clusters. Furthermore, as geographical segregation (distance) increased, the proportion of fungal genera sharing the same taxon decreased. Thus, geographical segregation within the special extreme terrain itself could be another factor influencing the formation of fungal or microbial resources. Our findings provide insights for future microbiological exploration native to extreme geography.
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Figure 1. (A) Location and geological segregation of each sampling site (volcanic topography). (B) Satellite images of the Dokdo Islands, consisting of Dongdo and Seodo. (C) Satellite images of the Ulleung Islands. Sampling sites (Taeha volcanic tuff layers and Nari volcanic caldera) are segregated by the mountains and valleys. 
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Figure 2. Rarefaction curve for the operational taxonomic units from each topography. 
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Table 1. Geographic information of volcanic topography of each ocean island.
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Sampling

Area

	
Administrative District

Including Sampling Area

	
GPS

Location

	
Average

Altitude (m)






	
Dokdo

Islands

	
East volcanic cliff of

top part of Dongdo

	
Dokdo-ri, Ulleung-eup, Ulleung-gun, Gyeongsangbuk-do, Korea

	
37°14′21.1″ N, 131°52′10.1″ E

	
91




	
North volcanic cliff of

top part of Seodo

	
Dokdo-ri, Ulleung-eup, Ulleung-gun, Gyeongsangbuk-do, Korea

	
37°14′31.4″ N, 131°51′53.5″ E

	
83




	
Ulleung

Islands

	
Nari volcanic caldera

	
Nari 1-gil, Buk-myeon, Ulleung-gun, Gyeongsangbuk-do

	
37°29′51.6″ N, 130°52′6.9″ E

	
953




	
Taeha volcanic

tuff layer

	
Taeha-ri, Seo-myeon, Ulleung-gun, Gyeongsangbuk-do, Korea

	
37°29′40.78″ N, 130°49′39.42″ E

	
412











 





Table 2. Pyrosequencing results and statistical analyses.
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Numerical Analysis

	
Dokdo Islands

	
Ulleung Islands




	
Volcanic Cliff, Dongdo

	
Volcanic Cliff, Seodo

	
Nari Volcanic

Caldera

	
Taeha Volcanic

Tuff Layer






	
Total read counts

	
267,426

	
247,847

	
229,747

	
224,912




	
Total bases

	
100,788,129

	
92,067,817

	
88,173,466

	
87,149,231




	
Number of valid sequences

	
92,040

	
105,787

	
88,568

	
87,693




	
GC (%)

	
48.59

	
49.62

	
46.81

	
52.3




	
OTUs

	
338

	
306

	
329

	
330




	
Fungal phyla

	
6

	
4

	
6

	
5




	
Fungal genera

	
87

	
73

	
92

	
100








Total read counts: Total number of sequenced reads; total bases: total number of identified bases in reads; GC (%): GC percentage in sequenced reads; operational taxonomic unit (OUT) is an operational definition of a species or group of species often used when only DNA sequencing data are available.













 





Table 3. Fungal phyla constitutions from each topographical soil (unit: %).






Table 3. Fungal phyla constitutions from each topographical soil (unit: %).





	
Fungal Phylum

	
Dokdo Islands

	
Ulleung Islands




	
Volcanic Cliff, Dongdo

	
Volcanic Cliff, Seodo

	
Nari

Volcanic Caldera

	
Taeha Volcanic

Tuff Layer






	
Ascomycota

	
30.111

	
27.378

	
35.165

	
27.761




	
Basidiomycota

	
10.744

	
19.915

	
8.371

	
3.830




	
Blastocladiomycota

	
0.001

	
-

	
-

	
-




	
Chytridiomycota

	
0.345

	
0.263

	
0.016

	
0.175




	
Glomeromycota

	
0.172

	
-

	
0.063

	
0.057




	
Rozellomycota

	
-

	
-

	
0.016

	
-




	
Zygomycota

	
30.349

	
16.159

	
22.842

	
9.242











 





Table 4. Soil classification and physiochemical information of each topographical soil.
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Islandic Terrains

	
Grain Size Analysis

	
Soil

Character

	
pH

	
Corg

(%)

	
Total

N (%)

	
NaCl

(%)




	
Home Islands

	
Sampling Sites

	
Sand (%)

	
Silt (%)

	
Clay (%)






	
Dokdo

Islands

	
Volcanic cliff of the Dongdo

	
49.4

	
47.3

	
3.2

	
Sandy

	
5.9

	
15.12

	
0.843

	
0.019




	
Volcanic cliff of the Seodo

	
57.4

	
39.4

	
3.2

	
Sandy

	
5

	
7.61

	
0.517

	
0.012




	
Ulleungdo

Islands

	
Volcanic tuff layer in Taeha

	
32.0

	
64.8

	
3.2

	
Silt

	
7.4

	
13.36

	
0.642

	
0.005




	
Nari volcanic caldera

	
55.5

	
39.7

	
4.8

	
Sandy

	
8

	
2.78

	
0.159

	
0.001
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