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中文摘要 

 真菌在自然環境中扮演著多樣且重要的角色，其豐富性可直接反映生態系

統的穩定性和功能性，故對於永續生態管理，了解森林真菌群是至關重要的。本

研究中，我們以八種殼斗科物種作為研究材料，採集樹葉、枝條、落葉及土壤等

四種介質，共 864 個樣本的真菌 ITS2 區域進行擴增，再以高通量分子條碼

(metabarcoding) 技術，調查臺灣熱帶及亞熱帶森林的真菌多樣性及組成。採集點

之海拔落於 500 至 2500 公尺之間。分析結果共鑑定了 11,600 個擴增子序列變異

(Amplicon sequencing variants; ASVs)，平均每樣本有 69個，於其中有兩個普遍存

在且無顯著生態為偏好的 ASV ，分類上分別屬於 Cladosporium sp. 及

Pyrenochaetopsis sp.。由樹葉、枝條及落葉組成的葉際中，共享的 ASV有 12個，

平均佔樣本相對豐度的 5%。在α多樣性分析上，落葉的真菌多樣性最高，其次

為葉子及枝條，而土壤在這四種介質中則最低。在真菌的組成上，受地理位置影

響最為顯著，其次為介質、季節及寄主物種。高海拔的樣本(超過 1500 公尺)在真

菌組成上較低海拔樣本(低於 800 公尺)更為相似。分析結果顯示，同物種寄主的

真菌組成在不同森林中存在差異，其相似度會隨著海拔高度的增加而升高。季節

變化對真菌整體多樣性有顯著影響，其中長期的降雨量為主導因素。在組成比例

上，子囊菌門的真菌佔比最高，又以一 Cladosporium sp.最為優勢。這佔有高豐度

的 Cladosporium ASV也是本研究分析結果中唯一的關鍵物種，且後續藉由長片段

擴增子定序技術(Long amplicon sequencing)驗證為單一物種。我們的研究深入了解

了臺灣闊葉林的真菌多樣性，揭示了海拔驅動的變化、季節影響，以及關鍵物種

— Clasoporium sp.的優勢。 

 

關鍵字: 高通量分子條碼、森林真菌菌相、殼斗科、熱帶及亞熱帶森林 
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ABSTRACT 

 Diversity of the fungal community directly reflects the stability of the whole 

ecological system. Understanding the forest mycobiome is crucial for managing 

ecosystems sustainably. In this study, we investigated the fungal diversity of seven 

Fagaceae species in tropical and subtropical forests in Taiwan using a metabarcoding 

approach by sequencing ITS3/ITS4 amplicon in a total of 864 samples across four 

different substrates (leaf, twig, litter and soil). The locations of the trees range in altitude 

from 500 to 2500 meters. We identified a total of 11,600 amplicon sequencing variants 

(ASVs) with averaging 69 ASVs per sample. There were two ubiquitous ASVs, 

Cladosporium and Pyrenochaetopsis, with unclassified species and no significant niche 

preference. Phyllosphere, including leaf, twig, and litter, shared 12 ASVs, accounting on 

average 5% of samples’ relative abundance. Across substrates, higher α-diversity was 

observed in litter than twig and leaf, while soil had the lowest diversity. Mycobiome 

composition was most significantly influenced by host tree’s location, followed by 

substrates, season, and host species. Samples from high altitudes (over 1500 m) had a 

similar composition compared to those from low altitudes (below 800 m). Our results 

revealed that the mycobiome composition varies across forests from same host species, 

and had a tendency of being similar along with the altitude. Seasonal changes have a 

significant influence on the total fungal diversity, with long-term precipitation serves as 

the predominant factor. The majority of the observed mycobiome was composed of 

Ascomycota taxa, with a Cladosporium sp. as the dominant ASV. The prevalent 

Cladosporium ASV is also detected as the only keystone species in our study and is 

verified as a single species via long amplicon sequencing of the full ribosomal operon. 

Our study brings insight into the fungal diversity of Taiwanese broadleaf forests, 
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revealing altitude-driven variations, seasonal influences, and the dominance of the 

keystone species — Cladosporium sp. 

 

Keywords: Metabarcoding, Mycobiome, Epiphytic fungi, Fagaceae, Tropical and 

subtropical forests.   
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CHAPTER 1. 

Introduction 

As fungi play numerous crucial roles in the environment, fungal diversity directly 

reflects the stability and functioning of the ecosystem (Liu et al., 2022; Wagg et al., 2019). 

Fungi as decomposers in the carbon cycle are essential for organic matter decomposition 

and nutrient cycling, which transforms the materials from unavailable to absorbable for 

plants. Also, several studies have demonstrated that the interactions between some fungi 

and their plant hosts beneficially affect plant development, survival, nutrient uptake, 

fitness, health, and ecosystem functions (Bai et al., 2018; Rosier et al., 2016; Sasse et al., 

2018; Yan et al., 2019). Fungi are intricately involved in nearly every stage of plant 

growth, from germination to seedling developing, blooming, decline and to 

decomposition of plant material (Peay et al., 2016). Their diverse roles, from mutualistic 

partnerships to pathogenic interactions and decomposition, highlight the importance of 

understanding fungal composition for maintaining ecosystem health and plant vitality. 

Hence, understanding the fungi diversity and their interaction with the plant is a crucial 

step for managing ecosystems sustainably, which could serve as a potential criterion for 

assessing the health status of forests in the future (Baldrian et al., 2023). 

Next-generation sequencing (NGS) gives us a new perspective on ecological studies. 

As sequence-based species delimitation approaches gain traction, DNA metabarcoding 

has grown in importance in fungal diversity research. (Meiser et al., 2014). The efficient 

and high-throughput approach provides insights into the presence and diversity of species 

without direct observation and allows us to assess the whole communities from a single 

sample. Additionally, it overcomes the constraint of traditional methods, which struggle 

to detect unculturable and low-abundance species. However, due to the sequence length 
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limitation of NGS, including 454 pyrosequencing and Illumina sequencing, it is necessary 

to amplify and analyze the ITS1 or ITS2 separately. It faced another issue that the 

researchers in fungal taxonomy and systematics have observed that the interspecific ITS 

divergence between sister species varies significantly and that, in certain cases, closely 

related species may have identical ITS sequences (Blaalid et al., 2013; Garnica et al., 

2016; Hoang et al., 2019). That is, even the full length of ITS is not enough for identifying 

certain species. The improvement of read length in third-generation sequencing solves 

this problem. By sequencing more complete fungal ribosomal operons, more 

comprehensive genetic information can be provided to refine taxonomic assignment 

(Kauserud, 2023). 

Current mycobiome studies mostly focus on terrestrial ecosystems compared to 

animal and aquatic ecosystems. In comparison to research into other parts of the plant, 

there is still a significant bias against soil, especially in the rhizosphere (Peay et al., 2016). 

Furthermore, whereas tropical and subtropical forests make up about 56% of the global 

forest area and harbor 42.8% of all trees worldwide, most studies in forest microbiomes 

have focused on temperate and boreal forests (Baldrian, 2017; Ehrenberg, 2015). Tropical 

and subtropical forests are the most diverse forest. These forests exhibit high levels of 

primary productivity due to warm and humid conditions, resulting in lush vegetation, 

making it critical for biodiversity conservation, carbon sequestration and climate 

regulation (Koch & Kaplan, 2022).   

The aboveground plant surface, so called phyllosphere, is a unique and challenging 

habitat for microbial colonisation which is constrained by water, nutrients, and exposure 

to intense UV radiation (Stone et al., 2018). Environmental factors, including temperature, 

raining, solar radiation, and wind, play pivotal roles in shaping the composition and size 
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of microbial communities in phyllosphere (Aydogan et al., 2018; Leveau, 2019; Schiro 

et al., 2018; Truchado et al., 2019). While fungal phytopathogens are the primary cause 

of plant diseases, certain fungi also have the ability to defend their hosts against plant 

pathogens; and therefore, compositional differences between functional guilds can affect 

host fitness (Łaźniewska et al., 2012; Syed Ab Rahman et al., 2018). Moreover, the 

composition of fungi in the forest can change seasonally or over time due to various 

factors, such as biotic/abiotic disturbance or climate change. Faced on the environmental 

disturbances such as climate change and habitat loss, it is essential to monitor and 

investigate the response of mycobiome during different climates. Therefore, to ensure the 

sustainable management of the forest environment, it is necessary to gain a deeper 

understanding of the complexity of fungi diversity in different forest ecosystems (Tomao 

et al., 2020). 

Forested lands cover 60.7% of Taiwanese territory, which is twice more than the 

global average of 30.2%, forming the largest ecosystem in Taiwan (Lin et al., 2021). 

According to the Taiwan Forest and Nature Conservation Agency investigation in 2020, 

natural forests account for 85.6% of the total forest area, 62.6% of which are broadleaf 

forests, while the remaining portion is composed of coniferous (24%) and mixed forests 

(13.4%) (https://www.forest.gov.tw). Taiwanese forests own various vegetation types, 

with broad-leaved forests being dominated by Fagaceae, Araliaceae, Lauraceae, 

Magnoliaceae and Theaceae (Li et al., 2013). 

Our research is a large-scale investigation of the tropical and subtropical forest 

mycobiota in Taiwan. In this study, we investigated the mycobiome diversity of seven 

Fagaceae species in three tropical and subtropical Taiwanese forests at two different time 

points. Using the metabarcoding approach by ITS3/ITS4 amplicon-targeted Illumina 
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Miseq sequencing in a total of 864 samples across four different substrates (leaf, twig, 

litter and topsoil). The survey sites of the trees range in altitude from 500 to 2500 meters. 

This study aims to i) investigate the differences in fungal diversity among forests with 

the same host species and niches; ii) understand the mycobiome composition changes 

during time; iii) examine the replicates consistency across substrates, hosts and 

environments; iv) use the co-occurrence network analysis to explore the keystone species 

of the entire forest; v) and finally, utilize Nanopore long amplicon sequencing to delimit 

the composition of the keystone ASV. 
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CHAPTER 2. 

Materials and Methods 

2.1 Sample collection 

To compare the mycobiome changes and differences during the time and between 

locations, we collected leaf, twig, litter and soil samples of 38 trees from seven Fagaceae 

species (Quercus stenophylloides n=14, Quercus glauca n=7, Quercus morii n=2, 

Quercus pachyloma n=3, Castanopsis fargesii n=2, Lithocarpus hancei n=5, Lithocarpus 

glaber n=5) from Puli Township and Ren’ai Township, Nantou County and Fushan 

Botanical Garden, Yilan County in Taiwan (Fig. 1) at two time points. The samples we 

obtained at Fushan Botanical Garden were from artificial Fagaceae woodlands. Samples 

from Nantou were harvested on April 18th-19th, 2022 and October 24th -26th, 2022. 

Samples from Fushan Botanical Garden were collected on July 1st, 2022 and December 

26th, 2022. For collection, we originally chose 18 trees per survey site (a total of 36); 

however, after we discovered two of them decayed at the second time point (SPA0446 

and SPA0457), we chose two more trees (SP0472 and SPA0487) instead. We sampled a 

total of 864 samples across four substrates and three replicates for each sample (216 

samples for each substrate). After collection, samples were kept refrigerated at 4℃ after 

collection until sample preparation was completed. 
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Figure 1. Map of survey sites. Tree-specific GPS data were complemented in Table S1. 

 

2.2 Sample preprocessing and DNA extraction 

The amount of leaf and litter in a sample range from 15 to 45. For sample leaf, 

twig and litter, the sample preprocessing procedures are as detailed in our previous study 

(Lee et al., 2022). After a series of sample preparation steps, eDNA on the surface of 

samples was collected on the 0.22 μm PES membrane of the filtration cup (Jet Bio-

Filtration Co., Cat. FPE214250). To assess the background noise in the preprocessing 

step, three sterilized filter papers with no field samples were processed as the description 

above. The total nucleic acid was then extracted using the DNeasy PowerWater kit 

(QIAGEN; Cat. 14900-50-NF) following the manufacturer’s instructions. 

 The topsoil samples were collected around the tree from a distance of 10 cm to 1 

m, depending on how near we can reach the tree. The topsoil samples were first sieved 

using 2 mm steel mesh to remove plant debris, insects and rocks. Total nucleic acid was 

extracted from approximately 0.25 g of soil using the DNeasy PowerSoil Pro kit 
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(QIANGEN, Cat. 47014) as instructed by the manufacturer. Precellys 24 Touch (Bertin 

Technologies, Cat. P002391-P24T0-A.0) was employed in the homogenization step. The 

homogenizer cycle was 5000 rpm for 90 sec, pause for 15 sec, and 5000 rpm for 90 sec. 

The extracted DNA was quantitated with Invitrogen Qubit 4 fluorometer (Invitrogen) and 

NanoDrop 1000 (ThermoFisher) and were stored at -20℃ until the amplicon library 

proceeded. 

 

2.3 Amplicon library construction and sequencing 

Amplicon libraries were constructed as previously described (Tedersoo et al., 2014) 

using forward primer ITS3ngs (5-CANCGATGAAGAACGYRG-3’) and reverse primer 

ITS4ngsUni (5’-CCTSCSCTTANTDATATGC-3’) (Tedersoo et al., 2015; Tedersoo & 

Lindahl, 2016) to amplify the ITS2 region. The PCR cocktail contained 50 ng of DNA 

extract, 2 μl of each 10 μM primer, 8 μl 5x HOT FIREPol Blend Master Mix (Solis 

Biodyne, Cat. 04-27-00115), 1 μl of 25 mM MgCl2 and ddH20 to 40 μl. We used extracted 

DNA of Saccharomyces kudriavzevii, S. paradoxus and S. cerevisiae as positive control 

to determine the false positive rate in the sequencing data. The thermal cycling conditions 

consisted of an initial denaturation at 95℃ for 12 min, followed by 35 cycles of 

denaturation at 95℃ for 20 sec, annealing at 55℃ for 30 sec, and extension at 72℃ for 

1 min, finishing with a final cycle at 72℃ for 7 min. Amplicons were normalized to equal 

DNA quantity (approximately 25 ng) using SequalPrepTM Normalization Plate Kit 

(Invitrogen, ID: A1051001) according to the manufacturer’s instructions before pooling. 

The pooled library was concentrated to 10 ng/μl using AMPure XP (Beckman Coulter, 

ID: A63881). Each batch produced two plates of the library. Libraries were sequenced by 

Illumina Miseq PE300 sequencing platform with equal molar pooling and 20% Phix. 

 



doi:10.6342/NTU202304440 8 

2.4 Statistical analyses 

The raw sequencing data was imported and demultiplexed using sabre (v1.0; 

https://github.com/najoshi/sabre) with a 1 bp mismatch allowed. Sequencing quality was 

examined using FastQC (v0.11.9; https://github.com/s-andrews/FastQC). The reads 

without attached primer sequences were discarded with usearch (v11.0.667; Edgar, 2016). 

The forward and reverse primer sequences were trimmed using Cutadapt (v4.4; Martin, 

2011). The filtered and trimmed sequences were proceeded following Qiime2 (v2023.5.1; 

Bolyen et al., 2019) pipeline to filter reads with a quality threshold of Qscore > 20 and to 

denoise into amplicon sequence variants (ASVs). The ASV’s taxonomy was assigned 

using constax (v2.0.18; Liber et al., 2021) with UNITE Fungal database (v9.0; Abarenkov 

et al., 2010). And annotated the fungal guild using FUNGuild (v1.2; Nguyen et al., 2016).  

Data processing and analyzing as following were performed in the R-studio 

environment (v2023.06; RStudio Team, 2020). And the taxonomy levels were updated 

using R’s package rgbif (v3.7.7; Chamberlain & Boettiger, 2017). The background reads 

in the data were subtracted according to the median read number in the negative controls. 

In order to minimize the false positive ASVs in the dataset, the ASVs were filtered with 

a relative abundance of less than 0.1 % in each sample based on the results of positive 

controls. Preprocessed sequencing data were analyzed with phyloseq (v1.40.0; McMurdie 

& Holmes, 2013). Analyses based on merged data were produced by first rarefying the 

sample triplicates to the lowest read number (minimum: 5,000) and then merged by 

adding all of the sample reads. Figures were generated using ggplot2 (v3.4.2; Villanueva 

& Chen, 2019). The sampling locations were annotated the sampling locations using 

ggspatial (v1.1.9; https://CRAN.R-project.org/package=ggspatial), metR (v0.14.0; 

https://github.com/eliocamp/metR) and ggrepel (v0.9.3; https://CRAN.R-

project.org/package=ggrepel). Statistical significance test of the alpha diversity index was 
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performed using HSD.test function in agricole package (v1.3.7; 

https://github.com/myaseen208/agricolae). The UpSetR package was performed to 

visualize the endemic and ubiquitous ASVs through the environments, with ASVs 

filtering by appearing in more than 25% of the environments (v1.4.0; https://CRAN.R-

project.org/package=UpSetR).  

 

2.5 Network analysis 

 Merged data of leaf, twig and litter were first rarefied to 15,000 reads per sample 

while soil data were rarefied to 10,000 reads per sample. Afterward, we employed a 50% 

threshold to filter the ASVs of the rarefied data based on their prevalence. This meant 

that an ASV could only be retained if it was present in more than 50% of the substrate. 

The correlation index was calculated using FastSpar (v1.0.0; Friedman & Alm, 2012; 

Watts et al., 2019Friedman & Alm, 2012; Watts et al., 2019) with 100 iteration. And we 

filtered the correlation data by their significance (false positive adjusted p-value ≦ 0.05) 

and strong correlation (SparCC ≧ 0.6 or SparCC ≦ -0.6). The co-occurrence networks 

were visualized using igraph (Csardi & Nepusz, 2006). To find the putative keystone taxa, 

we estimated the Zi and Pi values of each node in the co-occurrence by the function 

within_module_deg_z_score and part_coeff of R package brainGraph (v3.0.0; 

https://CRAN.R-project.org/package=brainGraph). 

 

2.6 Long amplicon sequencing 

 Long amplicon library preparation was referred to D’Andreano et al., 2021, using 

forward primer SR1R-Fw (5’- TTTCTGTTGGTGCTGATATTGCTACCTGGTTGATY 

CTGCCAGT) and reverse primer LR12-R (5’-ACTTGCCTGTCGCTCTATCTTGACT 
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TAGAGGCGTTCAG-3’) (Vilgalys lab, 1992) with optimized annealing temperature in 

the PCR program. The PCR reaction mixture consisted of 50 ng of DNA extract, 2 μl 

each of 10 μM forward and reverse primers, 20 μl of 2x KAPA HiFi HotStart ReadyMix 

(KAPA Biosystems, ID. KK2601), 1 μl of 25 mM MgCl2, and ddH2O adjusted to a total 

volume of 40 μl. The thermal cycling program initiated with a denaturation step at 95℃ 

for 3 min, followed by 25 cycles of denaturation at 98℃ for 20 sec, annealing at 58℃ for 

30 sec, and extension at 72℃ for 6 min. The profile concluded with a final extension step 

at 72℃ for 10 min. The amplicons were purified using AMPure XP (Beckman Coulter, 

ID: A63881) and then ligated to the sample index using the Ligation sequencing 

amplicons-native barcoding kit 24 V14 (Oxford Nanopore Technologies, ID. SQK-

NBD114.24) following the manufacturer instructions. The library was pooled with equal 

molar of barcoded amplicons (120 ng in total). The sequencing was performed on GidION 

using flow cell R10.4.1 (FLO-MIN114; flow cell number: FAW86351) for two runs. The 

second run was first washed by EXP-WSH004 and the same amount of library was loaded 

and sequenced again. The base-calling and demultiplexing step was conducted using 

dorado (v0.4.1; https://github.com/nanoporetech/dorado) in duplex mode. 

The sequencing adaptors of raw reads were trimmed using Porechop (v0.2.4; 

https://github.com/rrwick/Porechop) with the parameter of adapter threshold set to 100 

and the minimum split read size set to 2,000. The primer sequences were trimmed using 

Cutadapt (v4.5; Martin, 2011) with the maximum allowed error rate of 0.2 and a length 

filter of 2,500 to 6,500. Reads without containing both primers were discarded to exclude 

incompletely amplified or sequenced reads. fastp (0.23.4; Chen et al., 2018) was used to 

filter reads according to an average quality of 20. Based on the results of the positive 

control, in which the genome has been sequenced previously, the demultiplexed and 

trimmed sequencing data were processed with usearch (v11.0.667; Edgar, 2013). The 
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filtered reads were then dereplicated into unique sequences and singletons were removed. 

Filtered unique sequences were denoised into amplicon sequencing variants (ASVs) 

using the unoise3 algorithm (Edgar, 2016) and tabulated using the otutab function with 

an identity of 99%. The ASV’s taxonomy was assigned using blastn (v2.14.0; Camacho 

et al., 2009) against the NCBI database (Sayers et al., 2022). The ASV’s sequence 

integrity was detected using ITSx (v1.1.3; Bengtsson‐Palme et al., 2013), and sequences 

without complete region annotation were discarded to exclude chimera. 
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CHAPTER 3. 

Results 

3.1 Fungal diversity and composition differences through time among 

forests with the same host species and niches 

By amplifying and sequencing the ITS2 region of fungi, we quantified the relative 

abundances of mycobiome amongst four compartments (leaf, twig, litter, and soil) and 

two seasons. After quality filtering and primer trimming to the raw data, 46,317,215 

paired reads were obtained from 49,814,471 paired reads. We acquired 19,002,154 

sequences after denoising, merging, and false positive ASV removing, which were then 

identified into 11,600 amplicon sequencing variants (ASVs) with an average of 69 ASVs 

per sample. 

The ASVs were classified into seven phyla with 14.4% remaining unclassified. 

The overall fungal communities were dominated by Ascomycota (55.62%), followed by 

Basidiomycota (26.6%), Zygomycota (10.46%), Glomeromycota (0.40%), 

Chytridiomycota (0.39%), and Blastocladiomycota (0.02%) (Fig. 2a). We found that 

ASV1, an unidentified Cladosporium, was the most dominant ASV which is present in 

332/736 samples with an average relative abundance of 2.28% (Fig. 2b). This ASV was 

especially prevalent in litter and leaf and have an average relative abundance of 3.51% 

and 2.98%, respectively, compared to 0.005% in other ASVs. 
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Figure 2. Fungal relative abundance composition and dominant species. (a) Bar plot of 

fungal phyla relative abundance across batches; (b) Boxplot of Top 10 ASVs’ relative 

abundance across samples. Each dot represents one sample, the color indicates the host 

species and the shape denotes the collection seasons. 

 

The α-diversity was calculated using Chao1 index and Shannon’s diversity index 

to estimate the ASV richness and evenness of the fungal communities across substrates, 

host species, and seasons. The overall mycobiome α-diversity varied among substrates. 

In the total microbiota, higher α-diversity, including ASV richness and evenness, was 

observed in litter (73 ± 27 ASVs on average) than in twig (65 ± 23 ASVs on average) and 

leaf (63 ± 21 ASVs on average), while soil (58 ± 22 ASVs on average) had the lowest 
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diversity. Season serves as another significant driver of the fungal communities 

(PERMANOVA F5,663 = 2342.9430, R2 = 0.80, p < 0.001). Yilan Fushan's mycobiota 

ASV richness and evenness both declined in winter compared with summer. Remarkably, 

the ASV richness of Nantou and Puli increased in fall compared with spring, while the 

evenness didn’t have much difference (Fig. 3a). Generally, there were no significant 

differences in both Chao1 and Shannon indices at the host species level. Out of all the 

batches, only Fall of Puli demonstrates variation amongst host species, with C. fargesii 

having the highest α-diversity (Fig. 3b). 
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Figure 3. Box plot of mycobiome α-diversity across substrates (a) and host species (b) 

calculated using Chao1 index and Shannon’s diversity index. Sample reads were rarefied 

to 10,000 before estimation. The significant difference test was performed using Tukey’s 

HSD test. Dot color in (a) represents host species and in (b) represents substrates. C. 

fargesii, Castanopsis fargesii; L. glaber, Lithocarpus glaber; L. hancei, Lithocarpus 

hancei; Q. glauca, Quercus glauca; Q. morii, Quercus morii; Q. pachyloma, Quercus 

pachyloma; Q. stenophylloides, Quercus stenophylloides. 

 

The fungal composition differences were estimated by Bray-Curtis distance and 

Aitchison distance, ordinated using Non-metric Multidimensional Scaling (NMDS) 

analysis and Principal Co-ordinates Analysis (PCoA), respectively, while the PCoA 

analysis performed 13.7% of the data (Fig. 4). Both the NMDS and PCoA analyses 

showed that samples from the same collection location but different seasons were 

clustered into the same group, and statistical analyses demonstrated the significance of 

differences (ANOSIM R=0.4729, p <0.001) between seasons. Among substrates, NMDS 

distance analysis showed significant distinctions between soil and the other three 

compartments (ANOSIM R = 0.3236, p < 0.001) (Fig. 4a). Interestingly, the host species 

has a significant but minor influence on fungal composition (ANOSIM R = 0.177, p < 

0.001). Although the altitudes of Yilan Fushan (625-660 m) and Nantou Puli (593-774 m) 

were close, samples from these survey sites still clustered into separate groupings. 

Compared to samples from low altitudes (under 800 m), the composition of fungi on litter 

samples from high altitudes (over 1500 m) was more similar to soil (Fig. 4b). The results 

revealed that the forest mycobiome composition was most affected by the host tree’s 

location, followed by substrates, season, and host species. 
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Figure 4. Mycobiota composition differences among seasons, substrates, host species, 

and locations. The plots were calculated using the Bray-Curtis distance and Aitchison 

distance, ordinated using Non-metric Multidimensional Scaling (NMDS) analysis and 

Principal Co-ordinates Analysis (PCoA), respectively. Samples with less than 5,000 reads 

were discarded before analysing. The ASVs were merged by genus. The PCoA plot can 

interpret 13.7% of the data. (a) The shapes represent the compartment of the sample. The 

colors indicate the batch of the samples; (b) The shapes represent the host species and the 

colors represent the altitudes (meters) of the samples. 
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Figure 5. Number (a) and relative abundance (b) of endemic and ubiquitous ASVs among 

compartments. (a) The bar color indicates the guild of the ASVs; (b) Each dot represents 

the sum of the endemic/ubiquitous ASV abundances in one sample. The color represents 

the compartment. 

 

To understand the characteristics of ASVs in each compartment, we visualized 

the endemic and ubiquitous ASVs in Fig. 5. In comparison to other substrates, soil 

contains the highest number of endemic ASVs, with the most prevalent functional guild 
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saprotroph-symbiotroph having an average relative abundance of 3.43% across all soil 

samples. Surprisingly, soil and litter didn’t share any ASV under our filter conditions, 

despite their physical proximity. There were only two ASVs that were discovered to be 

ubiquitous among compartments, Cladosporium and Pyrenochaetopsis, with unclassified 

species and no significant niche preference. Phyllosphere, including leaf, twig, and litter, 

shared 12 ASVs, accounting for 5% of the relative abundance in each sample (Fig. 5b; 

Fig. S2). The majority of the pathogenic fungi were found in aboveground substrates, 

where leaves had the highest abundances. 

 

3.2 Biological replicate consistency of the forest mycobiome 

 To understand the representativeness of each biological replicate to the respective 

sample, we used the Bray-Curtis dissimilarity index to calculate the consistency between 

replicates (Fig. 6). Among substrates and batches, the medians of Bray-Curtis 

dissimilarity indices are all greater than 0.6, namely most of the samples showed a little 

sharing in fungal ASV composition even between biological replicates. Soil exhibits the 

most dissimilarity across replicates in all batches except for Fushan Summer. Among 

replicates, leaf has the lowest dissimilarity across seasons, suggesting that leaf might have 

a more stable mycobiome composition in the same tree. However, we were unable to find 

any significant host or climatic factor that is associated with the seasonal variations in 

replicate consistency. 
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Figure 6. The biological replicates consistency among batches and compartments. The 

plot is estimated using the Bray-Curtis dissimilarity index. All of the samples were 

rarefied into 5,000 reads per sample before analysis. Each point represents the index 

between a pair of replicates. The color of the point denotes host species and the shape 

denotes locations. 

 

3.3 Effects of abiotic factor on forest mycobiome 

 As season serves as a strong driver of mycobiome composition, we further look 

into the influence of climatic variables on mycobiome. Among relative humidity, 

temperature and precipitation, we found that the mycobiome composition is more likely 

to be affected by monthly precipitation than other climatic factors (PERMANOVA 

F1,502=12.695, R2 = 0.018, p < 0.001). In mycobiome composition analysis, which was 

estimated using Bray-Curtis distance and ordinated using PCoA, PC1 (8.1%) separated 

soil samples from other three compartments, while PC2 (4.9%) separated samples from 

high monthly precipitation to low monthly precipitation (Fig. 7). Notably, daily 
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precipitation didn’t show strong effects as monthly precipitation on fungal composition 

(PERMANOVA F1,502=4.902, R2 = 0.007, p < 0.001), indicating that the fungal 

composition differences are not an instant and short-lived process, but a gradual change 

influenced by prolonged rains. 

 

 

Figure 7. Variations in mycobiome composition due to monthly precipitation. The plots 

were calculated using the Bray-Curtis distance and were ordinated using Principal Co-

ordinates Analysis (PCoA). Samples were rarefied into 5,000 reads per sample before 

analysing. The ASVs were merged by genus. The PCoA plot can interpret 13.0% of the 

data. The color represents daily (left) or monthly (right) precipitation. The shape denotes 

substrates. 
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3.4 Co-occurrence network analysis and putative keystone species 

 The co-occurrence network of rarefied data was constructed based on 1,313,817 

sequences representing 517 prevalence ASVs. The analysis revealed the influence of 

compartment niches on fungal complexity and connectivity (Fig. 8; Fig. S3). The network 

size and complexity of soil are significantly smaller than that of the other three 

compartments, with an average of 14 ASVs as opposed to 39 ASVs for the other three. 

Surprisingly, Fushan, the only artificial forest in our study, owns a significantly lower 

network size and complexity than the other two natural forests, indicating that an artificial 

forest mycobiome cannot accurately represent the actual fungal-fungal interaction in the 

natural environment. In comparison at the season level, the complexity of co-occurrence 

is disrupted in winter compared to summer in Yilan Fushan. As well, the overall 

complexity of the network in Puli is significantly higher than that of Nantou, suggesting 

that a warmer place owns a more stable network compared to a colder place. Modularity 

of leaf, litter and twig increase from summer to winter in Fushan, while soil decreased. 

In general, the modularity of the cross-module correlation of leaf increases from spring 

to fall, while litter decreases, twig and soil remain unchanged. With regard to the 

proportion changes of functional guild nodes in different seasons, fall brings an increase 

in the proportion of saprotroph nodes in the soil as well as saprotroph and pathotroph-

saprotroph nodes in litter (Fig. S4). 

To detect the importance of each node in the network, we examined their 

connectivity within (modular hubs: Zi >2.5) and between (connectors: Pi > 0.62) modules 

(Fig. S5). In our co-occurrence network analysis, we observed an absence of shared 

modular hubs or connectors between batches, even within the same location, and no such 

entities were identified in soil or during winter. Notably, in leaf networks, eight 

connectors were identified, including two pathotroph-saprotroph-symbiotroph 
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connectors (Zotu9_Pyrenochaetopsis, Pi=0.67, and Zotu102_Cryptococcus, Pi=0.65) 

and six unidentified connectors (Zotu145_Piskurozyma, Pi=0.63, 

Zotu402_Microbotryomycetes, Pi=0.64, Zotu599_Agaricostilbomycetes, Pi=0.64, 

Zotu1793_Cystobasidiomycetes, Pi=0.64, Zotu1829_Phyllozyma dimennae, Pi=0.64, 

and Zotu2153_Ascomycota, Pi=0.63). Similarly, in the twig network, two connectors 

were detected (saprotroph Zotu572_Teichosporaceae, Pi=0.63, and pathotroph-

saprotroph-symbiotroph Zotu66_Didymosphaeriaceae, Pi=0.63). The litter network 

exhibited nine connectors, comprising two pathotrophs (Zotu17_Meira nashicola, 

Pi=0.63 and Zotu495_Colacogloea, Pi=0.69), two saprotrophs (Zotu30_Neosetophoma, 

Pi=0.63 and Zotu842_Camposporium, Pi=0.63), two pathotroph-saprotroph (Zotu850_ 

Mycosphaerellaceae, Pi=0.67 and Zotu1368_Rhodosporidiobolus ruineniae, Pi=0.63), 

two pathotroph-saprotroph-symbiotroph (Zotu44_Aureobasidium, Pi=0.64 and Zotu47_ 

Cylindrium, Pi=0.7) and one unidentified (Zotu827_Microbotryomycetes, Pi=0.64) 

connectors, along with one modular hub (pathotroph Zotu614_Dactylaria acacia, 

Zi=2.57). Remarkably, among 24 environments, only one putative keystone species — 

Zotu1_Cladosporium (Pi=0.66, Zi=2.87) — was recognized as a network hub in the leaf 

of Puli spring. Among four compartments, connectors were identified in leaf, twig and 

litter of Puli in both spring and fall, whereas in Nantou and Fushan, connectors were 

exclusively observed in the leaf or litter, demonstrating that a warm and dry climate may 

lead to lower modularity, larger modules and more opportunities for discovering 

connectors. 
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Figure 8. Co-occurrence networks with significant strong correlations between ASV 

across seasons and substrates. Spearman correlation was utilised to estimate the 

correlation of mycobiome in different environments. Only strong and significant 

correlations were graphed (|Spearman’s p| ≧ 0.6, false positive adjusted p-value < 0.05). 

The edge color represents a positive (blue) or negative (red) correlation. The node color 

denotes its functional guild. 
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3.5 Finding the exact ASV of putative keystone species by long 

amplicon sequencing 

Due to the length restriction of Illumina sequencing and the sequence 

conservation of ITS2 region, we are not able to identify ASV1 to the species level. This 

raises the question of whether the high relative abundance of ASV1 is composed of a 

single species or multiple species. Therefore, in order to investigate the composition of 

ASV1, 10 environmental samples were selected and proceed to the Nanopore long 

amplicon sequencing by amplifying and sequencing fungal ribosomal operon (18S V1-

ITS1-5.8S-ITS2-28S D12) with a target size up to 6 kb. Following primer trimming, 

quality filtering, and length filtering, a total of 1,062,678 reads were retained from 

3,758,731 Nanopore raw reads. We acquired 85,503 sequences after dereplication, 

denoising, singleton removal, and the removal of background, chimera and false-positive 

ASVs, ultimately identified into 43 ASVs, with an average of 21 ASVs per sample. The 

sequence length of ASV range from 2,665 bp to 6,050 bp, with a median of 5,334 bp. 

Five ASVs were classified as Cladosporium sp., accounting for 4.36 % to 83.98 % of the 

relative abundance in each sample (Fig. 9). Notably, each Cladosporium ASV 

demonstrates a percent identity of over 99.8% with the reference sequence MH047202.1 

(Fig. 10). 



doi:10.6342/NTU202304440 25 

 

Figure 9. Relative abundance of Cladosporium in long amplicon data. 

 

 

Figure 10.  Percent identity of Cladosporium sp. strain KR14 and ASVs from long 

amplicon sequencing. The yellow points highlight the ASVs assigned as genus 

Cladosporium. Y-axis showed its abundance among samples.  
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CHAPTER 4. 

Discussions 

.  In this study, we explored the mycobiome diversity and composition of the same 

Fagaceae tree in two seasons to better understand the abiotic factors (such as temperature, 

precipitation, and humidity) and biotic factors (such as host identity and host substrates) 

driving the forest mycobiome. There is currently a lack of consensus regarding the 

substrates exhibiting higher alpha diversity since conflicting hypotheses were presented 

in various studies. For instance, previous studies on crop mycobiomes have indicated a 

higher alpha diversity in the soil compared to other substrates (Sun et al., 2021; Wei et 

al., 2021). Conversely, a study focused on forest mycobiomes revealed that the alpha 

diversity in the phyllosphere exceeded that observed in the soil compartment (Yang et al., 

2022). Based on the investigation of fungal community in leaf, twig, litter, and topsoil of 

seven Fagaceae species of 36 trees in three Taiwanese tropical and subtropical forests, 

we demonstrated that the α-diversity in phyllosphere was higher than that observed in soil 

compartment. Interestingly, this is opposite to bacterial microbiome where α-diversity is 

highest in soil and low in plant phyllosphere (Thompson et al., 2017). 

In contrary to the previous study, the host identity in our study didn’t have a 

discernible impact on either α-diversity or fungal composition (Yang et al., 2022). 

Moreover, the results of β-diversity showed that the fungal communities in samples from 

high altitudes, including Nantou 21k, Nantou RenAi, Nantou ReiYan, and Nantou 

Meifong, were clustered together while the communities from low altitude (Yilan Fushan 

and Nantou Puli) didn’t, suggesting that the altitude of the host location strongly shapes 

the fungal composition, and the mycobiome composition had a tendency of being similar 

along with the altitude. The biogeography pattern followed Rapoport’s rule, which states 
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that species occupying environments with greater variability in conditions are expected 

to have larger ecological tolerances and, consequently, larger ranges (Ogwu et al., 2019). 

 By comparing the results of samples from the same tree with different collecting 

seasons, we are able to comprehend how the mycobiome changes across two time points. 

The ASV richness increased in fall compared to spring, while the ASV evenness 

performed no evident changes, indicating that some fungal ASVs presence in autumn but 

none are particularly dominant. According to the β-diversity results, seasonal fluctuations 

serve as a significant driver of the fungal communities, especially in litter. Within the 

climatic variables, monthly precipitation exerts the most pronounced influence on overall 

fungal diversity, encompassing both mycobiome composition and richness, while daily 

precipitation demonstrates no significant impact on fungal diversity. The pattern aligns 

with findings from previous study on soil mycobiomes, where long-term precipitation 

emerged as the predominant factor of total fungal diversity (Bahram et al., 2018; 

Tedersoo et al., 2014) 

The metabarcoding technique enables us to access the whole community from a 

single sample. However, the heterogeneity of the targeted organism in the overall 

environment can inherently bias the view of the community composition (Creer et al., 

2016; Taberlet et al., 2012). By amplifying and sequencing the triplicate separately, we 

are able to understand the heterogeneity and the sample representativeness of the forest 

samples. The results showed that there is only a little sharing in even between the 

biological replicates of a single sample, which highlights the importance of sample size 

and the possible impact of sampling bias on ecological research. Within the substrates we 

collected, a more stable mycobiome composition was observed on leaf, suggesting leaf 

could serve as a suitable material for forest fungal investigation.  
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In the process of data manipulation, we found that there's a high variation of false 

positive ASV amount in positive control by using different denoising models. 

Unfortunately, none of them can produce an exactly correct output, which could be 

caused by PCR mutation, sequencing error, chimera, or contamination (Ficetola et al., 

2016). By applying a known species DNA as the positive control, we are able to find a 

proper data processing pipeline and threshold. That is, to gain a credible result to describe 

the biodiversity of the area, it is indispensable to utilize positive control in the 

metabarcoding approach. 

 We identified Cladosporium sp. KR14 as the keystone ASV of our study based 

on the combination of Illumina short amplicon and Nanopore long amplicon sequencing. 

The original strain was isolated from an aquatic environment in Germany (Heeger et al., 

2018). A follow-up study of the strain showed its degradation ability on various humus, 

including laccase, lignin, triarylmethane, etc. (Rojas-Jimenez et al., 2017). The finding 

aligns with our results of its high abundance of leaf, litter and twig. The ASV warrants 

future fungus-fungus interaction studies to confirm the actual role it plays in the forests. 
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Supplementary Materials 

 

Figure S1. Bar plot of mean of guild relative abundance of unique and shared ASVs of 

the intersections among four compartments. 

 

 

Figure S2. Relative abundance of ubiquitous ASVs among compartments. 
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Figure S3.  Co-occurrence networks illustrating robust correlations among ASVs across 

seasons and substrates. Spearman correlation assessed mycobiome correlation in distinct 

environments. Only significant and strong correlations are depicted (|Spearman’s ρ| ≥ 0.6, 

false-positive adjusted p-value < 0.05). Edge colors signify positive (blue) or negative 

(red) correlations, while node colors represent the module classification. 
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Figure S4. The proportion changes of functional guild nodes in the co-occurrence network 

under 24 environments. The color denotes functional guild. 
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Figure S5. The connectively within and among modules of vertices in the co-occurrence 

network. Zi: connectivity within module; Pi: connectivity among modules. 
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Table S1. Tree information 

Tree no. Latitude Longitude Altitude Location Scientific name Batch Sequencing by  

SPA0281 24.09128 121.1763 2053.626 Nantou_MeiFong Quercus stenophylloides NantouSpring, NantouFall merged 

SPA0291 24.09102 121.1767 2045.293 Nantou_MeiFong Quercus stenophylloides NantouSpring, NantouFall separated 

SPA0423 24.09722 121.1808 2170.401123 Nantou_RueiYan Quercus stenophylloides NantouSpring, NantouFall separated 

SPA0424 24.09714 121.1807 2169.718994 Nantou_RueiYan Quercus morii NantouSpring, NantouFall separated 

SPA0425 24.09959 121.1808 2159.156738 Nantou_RueiYan Quercus morii NantouSpring, NantouFall separated 

SPA0428 24.11293 121.2147 2547.580566 Nantou_RenAi Quercus stenophylloides NantouSpring, NantouFall merged 

SPA0429 24.11294 121.2148 2548.802002 Nantou_RenAi Quercus stenophylloides NantouSpring, NantouFall merged 

SPA0432 24.11166 121.214 2536.202881 Nantou_21k Quercus stenophylloides NantouSpring, NantouFall separated 

SPA0440 24.11147 121.2138 2536.835205 Nantou_21k Quercus stenophylloides NantouSpring, NantouFall merged 

SPA0441 23.99013 121.0159 593.126831 Nantou_PuLi Quercus glauca PuliSpring, PuliFall separated 

SPA0442 23.9902 121.016 572.788818 Nantou_PuLi Quercus glauca PuliSpring, PuliFall separated 

SPA0443 23.99349 121.0131 584.041626 Nantou_PuLi Lithocarpus hancei PuliSpring, PuliFall separated 

SPA0444 23.99445 121.0117 623.210388 Nantou_PuLi Lithocarpus hancei PuliSpring, PuliFall separated 

SPA0445 23.99648 121.0098 746.667175 Nantou_PuLi Lithocarpus hancei PuliSpring, PuliFall separated 

SPA0446 23.99654 121.0109 757.397705 Nantou_PuLi Quercus glauca PuliSpring separated 

SPA0447 23.99631 121.0132 779.861938 Nantou_PuLi Lithocarpus glaber PuliSpring, PuliFall separated 

SPA0448 23.99642 121.0131 775.051086 Nantou_PuLi Lithocarpus glaber PuliSpring, PuliFall separated 

SPA0449 23.99646 121.0131 774.686462 Nantou_PuLi Castanopsis fargesii PuliSpring, PuliFall separated 

SPA0472 24.09 121.1739 2090.012695 Nantou_MeiFong Lithocarpus glaber NantouFall separated 

SPA0084 24.7626 121.5853 625.3 Yilan_Fushan Quercus pachyloma FushanSummer, FushanWinter separated 

SPA0086 24.7623 121.5851 638 Yilan_Fushan Quercus glauca FushanSummer, FushanWinter separated 

SPA0097 24.7621 121.5845 650.8 Yilan_Fushan Quercus glauca FushanSummer, FushanWinter merged 

SPA0104 24.7622 121.5852 649.4 Yilan_Fushan Lithocarpus hancei FushanSummer, FushanWinter separated 

SPA0326 24.7622 121.5846 651.323242 Yilan_Fushan Quercus glauca FushanSummer, FushanWinter separated 

SPA0332 24.76186 121.5841 648.798401 Yilan_Fushan Castanopsis fargesii FushanSummer, FushanWinter separated 

SPA0450 24.76224 121.5847 655.134644 Yilan_Fushan Lithocarpus hancei FushanSummer, FushanWinter separated 

SPA0451 24.7623 121.5849 657.323975 Yilan_Fushan Quercus glauca FushanSummer, FushanWinter separated 

SPA0452 24.76218 121.5851 655.921021 Yilan_Fushan Lithocarpus glaber FushanSummer, FushanWinter separated 

SPA0454 24.76282 121.5855 645.572449 Yilan_Fushan Quercus stenophylloides FushanSummer, FushanWinter merged 

SPA0455 24.76281 121.5856 658.40509 Yilan_Fushan Quercus stenophylloides FushanSummer, FushanWinter separated 

SPA0456 24.76288 121.5856 657.876648 Yilan_Fushan Quercus stenophylloides FushanSummer, FushanWinter merged 

SPA0457 24.76293 121.5856 658.087341 Yilan_Fushan Quercus stenophylloides FushanSummer separated 

SPA0458 24.76285 121.5855 659.571472 Yilan_Fushan Quercus stenophylloides FushanSummer, FushanWinter merged 

SPA0459 24.76277 121.5855 660.307617 Yilan_Fushan Quercus stenophylloides FushanSummer, FushanWinter separated 

SPA0460 24.76247 121.5852 658.571289 Yilan_Fushan Quercus pachyloma FushanSummer, FushanWinter separated 
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SPA0461 24.76246 121.5853 657.412292 Yilan_Fushan Quercus pachyloma FushanSummer, FushanWinter separated 

SPA0462 24.76231 121.585 651.662659 Yilan_Fushan Lithocarpus glaber FushanSummer, FushanWinter separated 

SPA0487 24.76293 121.5855 657.582825 Yilan_Fushan Quercus stenophylloides FushanWinter separated 
 

  



doi:10.6342/NTU202304440 45 

Table S2. Survey sites weather information 

Batch (Date) 
Precipitation 

(mm) 
Monthly Precipitation (mm) Temperature (℃) Monthly Temperature (℃) RH (%) Monthly RH (%) 

FushanSummer (2022.7.1) 0 202 22.6 24.1 94 89 

FushanWinter (2022.12.26) 0 327.5 8.3 11.9 NA NA 

NantouSpring (2022.4.18) 0 193.5 12.1 12.5 92 87 

NantouSpring (2022.4.19) 14.5 193.5 11.3 12.5 99 87 

NantouFall (2022.10.24) 0 90 14.3 15.1 94 85 

NantouFall (2022.10.25) 0 90 13 15.1 94 85 

NantouFall (2022.10.26) 0 90 13 15.1 93 85 

PuliSpring (2022.4.18) 0 92 21.7 22.6 79 79 

PuliSpring (2022.4.19) 6 92 20.7 22.6 88 79 

PuliFall (2022.10.24) 0 25 23.4 24.3 83 80 

PuliFall (2022.10.25) 0 25 22.9 24.3 81 80 

PuliFall (2022.10.26) 0 25 23.5 24.3 75 80 

 

 


