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Abstract: The endophytic fungal diversity of Cirsium kawakamii, a herb indigenous to Taiwan, was
analyzed in this study. In addition, some fungal isolates were evaluated for the risk they pose as
plant pathogens. In total, 1836 endophytic fungi were isolated from C. kawakamii from Hehuanjian,
Puli Township, and Tatachia. They were classified into 2 phyla, 8 classes, 40 families, and 68 genera.
Colletotrichum, Fusarium, Phomopsis, and Xylaria, (Ascomycota, Sordariomycetes) were the dominant
genera. The genus accumulation curve (based on the bootstrap estimator) was non-asymptotic,
with estimated richness significantly exceeding the richness captured by our sampling to date.
Considering the collection time, the data indicated significant differences in the proportions of the
C. kawakamii endophyte genus from Hehuanjan, Puli Township (across two seasons), and Tatachia.
The Shannon and Gini–Simpson indices revealed variations in diversity, with C. kawakamii endophytes
(Puli Township in winter) significantly reducing alpha diversity compared with other seasons and
locations. Meanwhile, the Gini–Simpson index suggested that there were no significant differences in
richness among the four sampling sites. The PCA results unveiled distinct community structures
across different locations and seasons, explaining 46.73% of the total variation in fungal community
composition significantly affected diversity and richness. In addition, a considerable number of
Fusarium isolates exhibited harmful properties towards wheat, potatoes, and apples. It is postulated
that these fungi belong to the Fusarium tricinctum species complex (FTSC).

Keywords: Cirsium kawakamii; endophytic fungal diversity; Fusarium tricinctum species complex
(FTSC); pathogen

1. Introduction

Endophytes are microbes that colonize or infect the living internal tissues of a host
plant without causing symptoms [1,2]. Endophytes have been found in almost all tested
plants, and symbiosis between plants and endophytes is widespread in natural ecosys-
tems [3,4]. Several fossil records reveal that symbiosis may have evolved over the last
400 million years [5]. Symbionts play essential roles in plant metabolism and development
on a microscopic scale, and endophytes profoundly affect plant fitness, ecology, evolution,
and communities on a macroscopic scale [6,7]. As such, endophytes are often regarded
as mutualistic with their host plants, and their beneficial effects depend on the species,
behavior, life strategy, and physiological status of both the hosts and endophytes [8].

Endophytes are considered rich biological resources in agriculture, medicine, and the
food industry [9,10]. They can produce bioactive compounds similar or identical to those
originating from their host plants [11]. For example, Taxomyces andreanae, an endophyte
isolated from Taxus brevifolia, can produce taxol, which has anticancer activity [12]. Several
endophytes, such as Fusarium solani, F. lateritium, F. mairie, Pestalotiopsis microspora, and
Perconia sp., can synthesize taxol and its derivatives [13]. The secondary metabolite sor-
daricin, with antifungal activity, is produced by the endophytic Xylaria [14]. Nonetheless,
some endophytes are aggressive saprophytes or pose a risk as opportunistic pathogens [15].
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Exploring their roles in natural environments or host plants by examining their diversity
will improve our understanding of endophytes as beneficial resources.

Endophytes are believed to have coevolved with their host plants, and certain microor-
ganisms are frequently found in specific plant populations [16]. Endophytic organisms can
be transmitted horizontally and can establish symbiotic relationships with their host plants
after contact with vectors such as water and air. Endophytic diversity and abundance are
influenced by the host plant’s geographic location [17]. The composition, diversity, and
abundance of endophytic fungi in different locations, environments, and crop species, as
well as the influence of various factors, have been widely analyzed [18–23]. However,
owing to factors such as plant diversity, climate variability, the complex interconnectedness
between plant distribution and ecosystems, and the cryptic nature of endophytic fungi,
more research is needed to understand the relationships between endophytic fungi and
plants [17].

Cirsium kawakamii Hayata (Asteraceae) is a plant endemic to Taiwan [24]. Cirsium aids
in liver protection and may become an important biological resource. Cirsium kawakamii
contains several hepatoprotective compounds, including silibinin α, silibinin β, and caf-
feoylquinic acid [25,26]. Although certain Cirsium species are believed to have a rich
endophytic bacterial community [27], the diversity of endophytic fungi in C. kawakamii
remains unclear. During our preliminary research, we identified various endophytic fungi
on C. kawakamii, some potential plant pathogens. Thus, the aims of this study are: (1) to
investigate the endophytic fungal diversity of C. kawakamii and (2) to evaluate the risk of
some endophytic fungal isolates as plant pathogens.

2. Materials and Methods
2.1. Plant Material and Endophytic Fungi

Cirsium kawakamii is a high-altitude plant. Thirty-two healthy entire plants of C. kawakamii
were collected from one site in Puli Township (during two seasons), four sites in Hehuanjian,
and four sites in Tatachia between August and December 2013 (Figure 1). The method for
isolating endophytic fungi was a modified version of that described by Bill et al. [28]. Leaf
veins and stem tissue of the plant samples were washed with reverse osmosis water, cut into
segments (3–5 cm), and surface-sterilized with 75% ethanol for 1 min. Next, they were soaked
in a 1% sodium hypochlorite solution (NaOCl) for 7 min and washed three times with sterile
water. Sterilized tissue segments were further cut into fragments (1–3 cm), which were then
placed on potato sucrose agar (PSA) medium in Petri dishes and incubated at 25 ◦C in the dark.
After 3–5 d of incubation, the fungi that grew from the segments were transferred onto PSA,
and each fungus was purified via single hyphal tip isolation. Pure fungal cultures were stored
at −80 ◦C in 10% glycerol diluted in sterile water.

2.2. Morphological and Molecular Identification of Endophytic Fungi

The purified endophytic fungi were cultured in PSA medium at 25 ◦C with 12 h light ex-
posure. After 14 d of cultivation, the colonies were preliminarily classified based on colony
pattern morphology, and 10% of the strains were selected from each group for molecular
identification. Total DNA was extracted using a modified method published by Goodwin
and Lee [29]. This involved adding an appropriate amount of hyphae to a lysis solution
and freezing the hyphae at −20 ◦C. The hyphae were then crushed and kept at 65 ◦C for
30 min. DNA was then extracted using phenol/chloroform, precipitated with isopropanol,
washed with ethanol, and dried with alcohol. The DNA was dissolved in deionized water
(Milli-Q water) at 65 ◦C for later use. The rDNA internal transcribed spacer (ITS) region
was amplified via PCR using the primer pair ITS1 (5′-CTTGGTCATTTAGAGGAAGTAA-
3′)/ITS4 (5′-TCCTCCGCTTATTGATATGC-3′) [30]. The PCR reaction conditions for ITS
rDNA were 95 ◦C for 2 min, followed by 35 cycles of 95 ◦C for 30 s, 55 ◦C for 30 s, and
72 ◦C for 120 s, with a final extension at 72 ◦C for 5 min. The PCR products were sent to
Tri-I Biotech, Inc. (Taichung, Taiwan) for sequencing. The sequences were aligned using
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the online tools at the National Center for Biotechnology Information (NCBI) website
(http://www.ncbi.nlm.nih.gov/ (accessed on 15 March 2015)).
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Figure 1. Cirsium kawakamii collection sites and number of endophytic fungal isolates identified.

2.3. Alpha and Beta Diversity Analysis of Endophytic Fungi

Estimate S 9.1 (http://viceroy.eeb.uconn.edu/estimates/index.html (accessed on
13 April 2015)) was used to analyze endophytic fungal diversity, species richness, and
similarity. Shannon diversity, Chao1 richness, and Gini–Simpson indices were selected
based on genus level to assess the alpha diversity of endophytic fungi to C. kawakamii
in different sampling areas in Nantou County, Taiwan. In addition, bootstrap richness
estimators predicted the number of genera present in the endophytic fungal community of
C. kawakamii and the genus accumulation curve drawn based on the bootstrap estimator.
Beta diversity was estimated using PAST 4.03 software according to Bray–Curtis distances
across endophytic fungal flora in plant samples in habitats. Principal component analysis
(PCA) was performed in the IBM SPSS 20.0 software.

The differences in the alpha diversity index of endophytic fungal flora among the
sampling areas were tested by a one-way analysis of variance (ANOVA). A Tukey test was
used to determine whether differences between means were statistically significant. In all
tests, p-value < 0.05 was considered statistically significant.

2.4. Identification of Phytopathogen-like Endophytic Fusarium sp. Isolates

Preliminary analysis indicated that the several endophytic Fusarium sp. isolates,
isolated here, were like the Fusarium tricinctum species complex (FTSC) and might be
plant pathogens (Table S1). These isolates required further identification and evaluation of
their pathogenicity in possible hosts. Identification involved morphological and molecular
methods. For morphological observations, these fungal isolates were cultured on synthetic
nutrient agar (SNA) medium (1 L sterilized water containing 0.2 g sucrose, 0.2 g glucose,
1.0 g KNO3, 1.0 g KH2PO4, 0.5 g MgSO4·7H2O, 0.5 g KCl, and 15 g agar) for 10–14 d. The
sporulation structures, macroconidia, and microconidia were selected and examined under
an optical microscope. Additionally, these fungal isolates were cultured on potato dextrose
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agar (PDA) for 14–21 d. The mycelium was washed with 5 mL of sterile water. Soil extract
broth (SB) was prepared by adding 125 g soil to 500 mL of reverse osmosis (RO) water,
followed by shaking at 50 rpm for 2 h, and filtering through a sieve (pore size 0.045 mm);
50 mL of the supernatant was transferred to a 125 mL Erlenmeyer flask, supplemented
with 0.025 g dextrose, and autoclaved. The washed mycelium was then added to the flask
containing 50 mL soil extract broth and incubated at room temperature with shaking at
50–60 rpm for at least 7 d. The chlamydospores were observed under an optical microscope.
Microscope image measurement software (AxioVision Rel. 4.8, Carl Zeiss, Singapore) was
used to measure the length, width, and septation of macroconidia, microconidia, and
chlamydospores; 120 chlamydospores, 120 microconidia, and 160 macroconidia of each
isolate were measured.

Molecular biological methods were used to amplify the total DNA of these Fusarium
isolates for nucleotide amplification of ITS rDNA and translation elongation factor subunit
alpha (EF1-α), followed by sequence analysis via sequence alignment. ITS rDNA amplifi-
cation was performed using primers and conditions described in Section 2.2. The EF1-α
region was amplified via PCR using the primer pair EF700f (5′-TCTACCAGTGCGGTGGTA-
3′)/EF2 (5′-GGA(G/A)GTACCAGT(G/C)ATCATGTT-3′) [31,32]. The PCR reaction condi-
tions were 95 ◦C for 5 min, followed by 35 cycles of 95 ◦C for 30 s, 59 ◦C for 60 s, and 72 ◦C
for 90 s, with a final extension at 72 ◦C for 10 min. The PCR products were sent to Genomic
Information Technology Co., Ltd. (New Taipei, Taiwan) for sequencing, and resulting
sequences were aligned using the online NCBI tools. Multiple sequence alignments for
the two molecular targets were conducted using the Clustal W algorithm [33] with the
MEGA X software (64-bit for Windows), and then the phylogenetic relationships were
reconstructed with the same software [34], using the maximum likelihood (ML) method
with the combined sequences ITS+EF-1α. The bootstrap method used a heuristic search
with 1000 replicates, with random addition of taxa and tree bisection reconnection method.
The ITS and EF-1α sequences of Fusarium tricinctum species complex (FTSC) reference
strains were downloaded from the NCBI database [35]. Fusarium solani (strain NRRL 46643)
was used as the outgroup. Representative sequences of the ITS and EF-1α of our Fusarium
isolates were submitted to GenBank; accession numbers are noted in Table S2.

2.5. Pathogenicity Test of Endophytic Fusarium Tricinctum Species Complex (FTSC)-like Isolates
toward Apple, Potato, and Wheat

Based on a BLAST search with ITS rDNA sequences, 13 endophytic isolates resem-
bling the FTSC-like isolates could potentially be identified as F. torulosum, F. tricinctum,
or F. flocciferum. These species are known as the causative agents of potato dry rot, apple
fruit rot, and wheat head blight, respectively [36–38]. We therefore examined these isolates’
pathogenicity toward these agricultural products.

For apples, the inoculation method was modified according to Sever et al. [39]. Fuji
apples (Malus domestica Borkh.) were surface-disinfected with 70% ethanol for 30 s, rinsed
three times with sterile water, and three wounds 3 mm deep were made with a sterile needle.
Endophytic FTSC-like isolate conidial suspensions (2 µL) containing 106 conidia/mL were
then inoculated into the wounds. The inoculated apples were placed in a growth chamber
at 20 ◦C with 12 h of light and dark for 28 d. The control was inoculated with SB. Four
apples were inoculated with each isolate. The pathogens were re-isolated from the diseased
plants and found to be identical to the original isolates. The experiment was performed
twice [39].

For potatoes (Solanum tuberosum L.), the inoculation method was adapted from
Gachango et al. [40]. Conidial suspensions of endophytic FTSC-like isolates (20 µL) contain-
ing 105 conidia/mL were inoculated into a 1.5 cm deep wound made with a micropipette
tip (2–200 µL pipette tip, DELTALAB®, Barcelona, Spain) on a potato tuber. The control
group was inoculated with SB. Eight tubers were inoculated with each isolate. After inoc-
ulation, four tubers were incubated at 4 ◦C in the dark for 28 days, while the other four
tubers were incubated at 20 ◦C in the dark for 28 days. Subsequently, disease develop-
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ment was monitored. Pathogens were re-isolated from the diseased plants and found to
be identical to the original isolates through morphological and molecular identification
methods, confirming the pathogenicity of these endophytic FTSC-like isolates on potatoes.
The experiment was conducted twice.

For wheat (Triticum aestivum L.), the inoculation method was modified according
to Wu et al. [41]. Wheat ‘Tai-Chung 2’ seeds were surface-disinfected with 1% sodium
hypochlorite for 1 min, rinsed three times with sterile water, then soaked overnight in
water. The seeds were then transferred to a moist filter paper and allowed to germinate
at 24 ◦C for 36 h. The seedlings were then inoculated with endophytic FTSC-like isolates.
Wound inoculation was performed by pricking the stem using a sterile needle. Non-wound
inoculation was performed by soaking seedlings in endophytic FTSC-like isolate spore
suspensions containing 105 conidia/mL for 30 min. Both controls were inoculated with
SB. The inoculated seedlings were then placed on a moist filter paper in a growth chamber
at 24 ◦C with 12 h of light for 10 d. Five seeds were inoculated with each isolate, and
the pathogens were re-isolated from the diseased plants and found to be identical to the
original isolates. The experiment was performed twice.

3. Results
3.1. Isolation of Endophytic Fungi from Cirsium kawakamii

Between August and December 2013, 32 Cirsium kawakamii plant samples were col-
lected from Puli Township, Hehuanjian, and Tatachia. A total of 1836 endophytic fungal
isolates were obtained (Table 1). Based on morphological and molecular biology identifi-
cation, the isolates were classified into 2 phyla, 8 classes (1 uncertain class classification),
40 families (6 uncertain family classifications), and 68 genera. The phyla Ascomycota
and Basidiomycota accounted for 99.4% and 0.6% of the isolates, respectively. The classes
Sordariomycetes and Dothideomycetes were dominant in Ascomycota, accounting for
81.6% and 14.6% of the isolates, respectively. In Sordariomycetes, the dominant families
were Glomerellaceae (monotypic, with only Colletotrichum), Xylariaceae, and Nectriaceae,
at 30.0%, 23.9%, and 11.2%, respectively. Within the Xylariaceae family, a total of eight
genera were identified, which included Annulohypoxylon, Biscogniauxia, Daldinia, Hypoxy-
lon, incertae sedis, Nemania, Nodulisporium, and Xylaria. Notably, Xylaria stood out as the
predominant genus, constituting 17.7%. The family Nectriaceae harbored fungi belonging
to two genera: Fusarium and Ilyonectria. Fusarium, in particular, exhibited greater fre-
quency, constituting 11.2% of the total (Table 1). Two Basidiomycota classes were identified:
Agaricomycetes and Ustilaginomycetes. In Agaricomycetes, seven isolates (0.3%) and
two isolates (0.1%) were identified as Ceratobasidiaceae and Psathyrellaceae, respectively.
Additionally, one isolate was consisted as incertae sedis. In Ustilaginomycetes, one family
was identified (Ustilaginaceae), and Pseudozyma being an isolated genus. In total, 22 fungal
isolates could not be conclusively identified.

Table 1. Endophytic fungi of Cirsium kawakamii and their isolation frequencies for the three study
sites: Puli Township, Hehuanjian, and Tatajia.

Fungal Family Fungal Genus Number of Isolates (Isolation Frequency (%))

Hehuanjian Tatachia Puli Township Total

Ascomycota
Dothideomycetes

Cladosporiaceae Cladosporium 1 (0.3) 4 (0.4) 16 (3.3) 21 (1.2)
Toxicocladosporium 0 (0.0) 1 (0.1) 0 (0.0) 1 (0.1)

Coniothyriaceae Coniothyrium 2 (0.5) 0 (0.0) 0 (0.0) 2 (0.1)
Corynesporascaceae Corynespora 0 (0.0) 4 (0.4) 26 (5.4) 30 (1.7)
Didymellaceae Leptosphaerulina 0 (0.0) 11 (1.2) 0 (0.0) 11 (0.6)

Phoma 57 (14.9) 14 (1.5) 2 (0.4) 73 (4.0)
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Table 1. Cont.

Fungal Family Fungal Genus Number of Isolates (Isolation Frequency (%))

Hehuanjian Tatachia Puli Township Total

Didymosphaeriaceae Paraconiothyrium 0 (0.0) 1 (0.1) 0 (0.0) 1 (0.1)
Massarinaceae Saccharicola 4 (1.0) 0 (0.0) 0 (0.0) 4 (0.2)
Mycosphaerellaceae Cercospora 3 (0.8) 2 (0.2) 32 (6.7) 37 (2.0)

Mycocentrospora 3 (0.8) 0 (0.0) 0 (0.0) 3 (0.2)
Septoria 1 (0.3) 1 (0.1) 0 (0.0) 2 (0.1)

Phaeosphaeriaceae Paraphoma 15 (3.9) 25 (2.6) 1 (0.2) 41 (2.3)
Phaeosphaeria 2 (0.5) 2 (0.2) 0 (0.0) 4 (0.2)

Pleosporaceae Alternaria 8 (2.1) 6 (0.6) 5 (1.0) 19 (1.0)
Bipolaris 0 (0.0) 0 (0.0) 5 (1.0) 5 (0.3)
Curvularia 1 (0.3) 0 (0.0) 1 (0.2) 2 (0.1)

Botryosphaeriaceae Botryosphaeria 0 (0.0) 1 (0.1) 1 (0.2) 2 (0.1)
Neofusicoccum 0 (0.0) 2 (0.2) 0 (0.0) 2 (0.1)

Phyllostictaceae Phyllosticta 0 (0.0) 0 (0.0) 5 (1.0) 5 (0.3)
Eurotiomycetes

Aspergillaceae Aspergillus 8 (2.1) 0 (0.0) 8 (1.7) 16 (0.9)
Penicillium 0 (0.0) 1 (0.1) 12 (2.5) 13 (0.7)

Leotiomycetes
Dermateaceae Neofabraea 19 (5.0) 3 (0.3) 0 (0.0) 22 (1.2)
Incertae sedis Scytalidium 1 (0.3) 0 (0.0) 0 (0.0) 1 (0.1)
Pseudeurotiaceae Geomyces 0 (0.0) 0 (0.0) 1 (0.2) 1 (0.1)
Rhytismataceae Leptostroma 0 (0.0) 2 (0.2) 0 (0.0) 2 (0.1)

Pezizomycetes
Morchellaceae Morchella 0 (0.0) 1 (0.1) 0 (0.0) 1 (0.1)

Sordariomycetes
Amphisphaeriaceae Discostroma 0 (0.0) 2 (0.2) 0 (0.0) 2 (0.1)

Pestalotiopsis 0 (0.0) 0 (0.0) 1 (0.2) 1 (0.1)
Apiosporaceae Arthrinium 1 (0.3) 3 (0.3) 0 (0.0) 4 (0.2)
Bionectriaceae Bionectria 1 (0.3) 1 (0.1) 0 (0.0) 2 (0.1)
Chaetomiaceae Chaetomium 0 (0.0) 1 (0.1) 17 (3.5) 18 (1.0)
Diatrypaceae Eutypa 0 (0.0) 0 (0.0) 2 (0.4) 2 (0.1)

Incertae sedis 0 (0.0) 0 (0.0) 1 (0.2) 1 (0.1)
Glomerellaceae Colletotrichum 70 (18.3) 310 (32.6) 164 (34.2) 544 (30.0)
Gnomoniaceae Ophiognomonia 0 (0.0) 3 (0.3) 0 (0.0) 3 (0.2)
Hypocreaceae Trichoderma 3 (0.8) 0 (0.0) 0 (0.0) 3 (0.2)
Incertae sedis Hansfordia 0 (0.0) 2 (0.2) 0 (0.0) 2 (0.1)

Incertae sedis 0 (0.0) 2 (0.2) 0 (0.0) 2 (0.1)
Myrothecium 0 (0.0) 1 (0.1) 10 (2.1) 11 (0.6)

Lasiosphaeriaceae Apodus 0 (0.0) 1 (0.1) 1 (0.2) 2 (0.1)
Cercophora 33 (8.6) 0 (0.0) 0 (0.0) 33 (1.8)
Podospora 9 (2.3) 0 (0.0) 0 (0.0) 9 (0.5)

Leptosphaeriaceae Leptosphaeria 14 (3.7) 11 (1.2) 0 (0.0) 25 (1.4)
Magnaporthaceae Gaeumannomyces 1 (0.3) 3 (0.3) 0 (0.0) 4 (0.2)

Ophioceras 0 (0.0) 4 (0.4) 0 (0.0) 4 (0.2)
Nectriaceae Fusarium 73 (19.1) 120 (12.6) 10 (2.1) 203 (11.2)

Ilyonectria 0 (0.0) 1 (0.1) 0 (0.0) 1 (0.1)
Plectosphaerellaceae Acremonium 0 (0.0) 12 (1.3) 3 (0.6) 15 (0.8)

Acrostalagmus 0 (0.0) 0 (0.0) 1 (0.2) 1 (0.1)
Plectosphaerella 1 (0.3) 10 (1.1) 31 (6.5) 42 (2.3)

Trichosphaeriaceae Nigrospora 0 (0.0) 6 (0.6) 6 (1.3) 12 (0.7)
Valsaceae Incertae sedis 0 (0.0) 1 (0.1) 0 (0.0) 1 (0.1)

Phomopsis 23 (6.0) 56 (5.9) 21 (4.4) 100 (5.5)
Xylariaceae Annulohypoxylon 1 (0.3) 1 (0.1) 4 (0.8) 6 (0.3)

Biscogniauxia 0 (0.0) 1 (0.1) 1 (0.2) 2 (0.1)
Daldinia 0 (0.0) 3 (0.3) 10 (2.1) 13 (0.7)
Hypoxylon 4 (1.0) 10 (1.1) 25 (5.2) 39 (2.1)
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Table 1. Cont.

Fungal Family Fungal Genus Number of Isolates (Isolation Frequency (%))

Hehuanjian Tatachia Puli Township Total

Incertae sedis 0 (0.0) 0 (0.0) 1 (0.2) 1 (0.1)
Nemania 1 (0.3) 35 (3.7) 6 (1.3) 42 (2.3)
Nodulisporium 0 (0.0) 6 (0.6) 4 (0.8) 10 (0.6)
Xylaria 18 (4.7) 260 (27.3) 43 (9.0) 321 (17.7)

Incertae sedis
Incertae sedis Trichocladium 1 (0.3) 0 (0.0) 0 (0.0) 1 (0.1)

Basidiomycota
Agaricomycetes

Ceratobasidiaceae Ceratobasidium 2 (0.5) 4 (0.4) 0 (0.0) 6 (0.3)
Rhizoctonia 1 (0.3) 0 (0.0) 0 (0.0) 1 (0.1)

Incertae sedis Rigidoporus 0 (0.0) 0 (0.0) 1 (0.2) 1 (0.1)
Psathyrellaceae Coprinellus 1 (0.3) 0 (0.0) 1 (0.2) 2 (0.1)

Ustilaginomycetes
Ustilaginaceae Pseudozyma 0 (0.0) 0 (0.0) 1 (0.2) 1 (0.1)

Unknown 3 11 8 22
Total 386 962 488 1836

3.2. Endophytic Fungal Community Composition in the Three Regions

The endophytic fungal community composition varied significantly between sampling
areas, with significant differences observed in relative abundance at the class, family, and
genus levels (p < 0.05) (Figure 2A–C). For the samples from Hehuanjian, the endophytic fun-
gal community of C. kawakamii comprised 99.0% Ascomycota and 1.0% Basidiomycota. Five
classes in Ascomycota were identified: Sordariomycetes, Dothideomycetes, Leotiomycetes,
Eurotiomycetes, and incertae sedis, with frequencies of 66.1%, 25.3%, 5.2%, 2.1%, and 0.3%,
respectively. Sordariomycetes was dominated by Nectriaceae (with Fusarium at 19.1%) and
Glomerellaceae (with Colletotrichum at 18.3%) (Figure 2B,C).

For the samples from Tatachia, the endophytic fungal community of C. kawakamii
comprised 99.6% Ascomycota and 0.4% Basidiomycota. Five classes of Ascomycota were
identified: Sordariomycetes (91.1%), Dothideomycetes (7.8%), Leotiomycetes (0.5%), Euro-
tiomycetes (0.1%), and Pezizomycetes (0.1%). In Sordariomycetes, the dominant families
were Glomerellaceae (Colletotrichum), Xylariaceae, and Nectriaceae, at 32.6%, 33.2%, and
12.7%, respectively. In Xylariaceae, seven genera were identified: Annulohypoxylon (0.1%),
Biscogniauxia (0.1%), Daldinia (0.3%), Hypoxylon (1.1%), Nemania (3.7%), Nodulisporium
(0.6%), and Xylaria (27.3%). In Nectriaceae, Fusarium and Ilyonectria were identified at 12.6%
and 0.1%, respectively (Figure 2B,C).

For the samples from Puli Township, the endophytic fungal community of C. kawakamii
comprised Ascomycota (99.4%) and Basidiomycota (0.6%). In Ascomycota, four classes
were identified: Sordariomycetes (75.4%), Dothideomycetes (19.6%), Leotiomycetes (4.2%),
and Eurotiomycetes (0.2%). In Sordariomycetes, Glomerellaceae (Colletotrichum) and Xylar-
iaceae were identified, at 34.2% and 19.6%, respectively. Eight genera were identified in
Xylariaceae: Annulohypoxylon (0.8%), Biscogniauxia (0.2%), Daldinia (2.1%), Hypoxylon (5.2%),
incertae sedis (0.2%), Nemania (1.3%), Nodulisporium (0.8%), and Xylaria (9.0%) (Figure 2B,C).
The genus accumulation curve drawn based on the bootstrap estimator was not asymptotic
(Figure 2D), indicating that we did not isolate all of the endophytic fungal genera present.
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Figure 2. (A–C) Relative abundance of endophytic fungi in Cirsium kawakamii at class, family, and
genus levels in different sampling areas. The number at the top of the histogram indicates the
number of identified fungi isolates in this analysis. In the taxonomy boxes, (A) = Ascomycota and
(B) = Basidiomycota. (D) Genus accumulation curve and endophytic fungal composition in Cirsium
kawakamii from three regions in Taiwan.

3.3. Endophytic Fungal Alpha and Beta Diversity in Cirsium kawakamii

When the collection time was considered, the relative abundance map could still
observe that endophytes were collected between Hehuanjan, Tatachia, and Puli Township



J. Fungi 2023, 9, 1076 9 of 18

(including samples in two seasons), showing significant differences (p < 0.05) in genus
proportions (Figure 3). The Shannon and Gini–Simpson indices varied between the study
sites. For Hehuanjian, Tatachia, and Puli Townships (two seasons), the Shannon index was
2.31, 2.47, 1.82, and 0.92, respectively, while the Chao 1 index was 36.0, 37.5, 34.1, and 8.5,
respectively. (Figure 4A,B). The Shannon and Gini–Simpson indexes indicated C. kawakamii
endophyte (Puli Township in winter) significantly (p < 0.05) decreased the alpha diversity
compared with Hehuanjian, Tatachia, and Puli Township (summer). The Gini–Simpson
index indicated that there were no significant (p < 0.05) differences in richness among the
four sampling sites (Figure 4C). The Gini–Simpson index was 0.85, 0.86, 0.76, and 0.49,
respectively. For Puli Township, the endophytic fungal diversity was higher in August
(summer) than in December (winter).
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Figure 3. Relative abundance of endophytic fungi of Cirsium kawakamii at genus level in different
sampling areas (including two seasons in Puli Township; (S) = summer, and (W) = winter). The
number at the top of the histogram indicates the number of identified fungi isolates in this analysis.
In the taxonomy boxes, (A) = Ascomycota and (B) = Basidiomycota.

The Bray–Curtis cluster tree constructed with PAST indicated that C. kawakamii endo-
phytic fungal diversity clustered into two groups. Among these groups, the results from
the two seasons in Puli Township were divided into two groups. (Figure 5A). The PCA
results explained 46.73% of the total variation in the fungal community structure. Among
the principal components, the first component was 30.88% and the second was 15.86%. For
the first principal component, the communities of Hehuanjan were more concentrated than
those of Tatachia. The second principal component distinguished different communities in
Puli Township (winter) and others (Figure 5B).
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Figure 4. Alpha diversity of Cirsium kawakamii endophytic fungal communities: Shannon diversity
index (A), Chao1 richness (B), and Gini–Simpson diversity index (C). Letters indicate significant
differences in different sampling areas (including two seasons in Puli Township; (S) = summer and
(W) = winter) at p < 0.05 according to Tukey’s HSD.
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beta diversity analysis of endophytic fungal isolates from Cirsium kawakamii in three sampling area
samples (including two seasons in Puli Township; (S) = summer and (W) = winter).

3.4. Identification of Phytopathogen-like Endophytic Fusarium sp. Isolates

The morphology of the phytopathogen-like endophytic Fusarium sp. isolates were
observed in PSA and PDA media, the colony floccose with abundant aerial mycelium,
irregular margins, lobate, serrate, or filiform (Figure S1). Further, the colonies showed
different colors in varying culture conditions. In PSA incubation at 20 ◦C with 12 h of light
and dark, the colony surface showed white to pale vinaceous and reverse livid pink to
pale violet, lacking diffusible pigment (Figure S1A,B). During incubation at 20 ◦C in the
dark, the colony surface showed yellow to livid vinaceous and reverse deep vinaceous,
lacking diffusible pigment (Figure S1C,D). In PDA incubation at 20 ◦C, the colony surface
showed flesh to white and reverse pale luteous, lacking diffusible pigment (Figure S1E–H).
In the PSA medium, the colonies contained short plump monophialides (conidiophores)
(Figure S1I). The macroconidia were sickle-shaped, with a foot-shaped foot cell and a
hooked apical cell, and 1–5 septa. Macroconidia with three septa accounted for 54.4% of the
measured spores (Figure S1J). The microconidia were single-celled and club-shaped, with
blunt ends (Figure S1K). The chlamydospores formed by the macroconidia or hyphae were
round or elongated (Figure S1L,M). In addition, the colony appearance description and
conidia size measurements of these isolates are recorded in Table S3. These morphological
observations indicate that FTSC-like isolates in this study may be classified as section
Sporotrichiella of Fusarium [42].

A BLASTn search of the EF-1α sequence of each isolate against Fusarium databases
showed that all isolates were most similar to FTSC members, based on the significant
homology values (>99%, unpublished data). To further determine the identity of all isolates,
a phylogenetic analysis with the partial ITS and EF-1α sequences along with confirmed
FTSC species was conducted. Two of these isolates (CKK 8020 and CKK 9035) were
clustered with FTSC 21 (Fusarium sp.), and four isolates (CKK 3008, CKK 3019, CKK 4070,
and CKK 9047) were similar to FTSC 4 (F. avenaceum). Three isolates (CKS 2002, CKS 2006,
and CKS 2056) and four other isolates (CKK6059, CKS 5024, CKS 5039, and CKS 5099),
respectively, formed two separate clades on the tree (Figure S2).

3.5. Pathogenicity Tests of Phytopathogen-like Endophytic Fusarium sp. Isolates on Apple, Potato,
and Wheat

All 13 endophytic Fusarium spp. isolates belonging to the FTSC exhibited pathogenicity
to potato, apple, and wheat. Among these isolates, CKK6059 showed the highest virulence
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on the plants. Fuji apples were inoculated with 2 µL of a CKK6059 spore suspension at
105 conidia/mL and kept at 20 ◦C in an illuminated environment. At 7 d post-inoculation,
the apples exhibited brown, circular, and slightly sunken lesions. Observation was contin-
ued until day 14, when the lesion diameter was 11.8 mm. At day 28 post-inoculation, the
lesion diameter was 13.8 mm (Figure S3A,B). The apples were cut open and showed brown
water-soaked lesions.

Potatoes inoculated with 20 µL of a CKK6059 spore suspension (105 conidia/mL) were
kept at 4 ◦C in the dark. At 28 d post-inoculation, no obvious symptoms were observed
on the surface of the potatoes, which were indistinguishable from those of the control
(Figure S3C), whereas their internal tissue was brown and dry (Figure S3D). The potatoes
that were maintained at 20 ◦C for an additional 28 d showed their skins turning black
(Figure S3E), with occasional sunken patches. The wound caused by the micropipette tip
was covered with hyphae, and the internal tissues were hollowed out and necrotic, with a
blackish-brown color. Hyphae were also observed in the hollowed-out areas (Figure S3F).

At 10 d post-inoculation, the wheat seedlings that were inoculated via wounding
showed poor growth, root rot, and blackish-brown lesions, with white hyphae entwined at
the base of the stem (Figure S3G,H). The leaves were dried, with irregular brown lesions
(Figure S3I). In the non-wounding inoculation treatment group, wheat seedlings produced
the same symptoms, while the disease progressed slower, with the symptoms taking >10 d
to appear.

FTSC-like fungi were isolated from every diseased region of infested plants, indicating
that these fungi were pathogens to potato, apple, and wheat.

4. Discussion

The endophytic fungal community of C. kawakamii endemic to Taiwan was charac-
terized. Based on morphology and ITS nucleotide sequencing, 1814 endophytic fungal
isolates within Ascomycota and Basidiomycota were identified. An additional 22 fungal
isolates could not be identified. In Ascomycota, we identified 5 classes and 1 incertae
sedis, 35 orders (with 1 incertae sedis), and 62 genera. In Basidiomycota, we identified two
classes, four orders (including one incertae sedis), and five genera. The Shannon indices
obtained here indicated that the endophytic fungal flora of C. kawakamii was highly diverse
and rich. However, the genus accumulation curve based on the bootstrap estimator did
not reach an asymptote; this suggests that, in this study, C. kawakamii had more endophytic
fungal genera than the 68 that we identified. Furthermore, this suggests that the isola-
tion methods used here may not have completely identified all of the fungi present. To
estimate endophytic fungal diversity by culture methods may be underrated due to the
fungal culture or isolation conditions [43,44]. For example, Arnold [45] indicated that more
Basidiomycota genera were detected in Pinus taeda using molecular biological methods
than were obtained using isolation methods. Therefore, this study will consider using
molecular biology techniques and conducting more DNA sequence analyses in the future
to improve the accuracy of the diversity analysis.

The dominant fungal genera isolated from the internal tissues of C. kawakamii were
Colletotrichum, Fusarium, Phomopsis, and Xylaria. According to previous studies, the dom-
inant fungal genera found in woody plants have included Botryosphaeria, Cladosporium,
Colletotrichum, Fusarium, and Xylaria [7,18]. However, there has been limited research
into the endophytic fungal communities of herbaceous plants. The endophytic fungal
communities of herbaceous plants are less diverse and rich than those of woody plants. For
example, for herbaceous plants, Gange et al. [46] found that the dominant endophytic fungi
were Acremonium, Alternaria, Cladosporium, and Epicoccum. D’Amico et al. [20] reported that
Plectosporium and Fusarium were the major endophytic fungal genera in lettuce, celery, and
fennel tissue samples. Eschen et al. [27] analyzed the endophytic fungal community of Cir-
sium arvense, finding that the dominant genera were Acremonium, Cladosporium, Phomopsis,
and Trichothecium. The endophytic fungal community composition of C. kawakamii exhibited
high diversity and richness, being more similar to those previously reported for woody
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plants than for herbaceous plants. This difference may be attributed to environmental
factors and to the plant community in which C. kawakamii occurs. Selim et al. [47] reported
that indigenous crops that grew in biologically and ecologically diverse environments
had highly diverse and rich endophytic fungal communities. As Taiwan is located in a
subtropical zone with a warm and humid climate, the island is rich in flora and fauna.
Cirsium kawakamii grows in subtropical, temperate, and cold zones with complex forest
ecosystems and high species richness. Being endemic to Taiwan, C. kawakamii occupies a
unique ecological niche, growing among various woody plants with which endophytic
fungi have a long history of evolution and interaction.

The diversities of the endophytic fungal community of the C. kawakamii in two high-
altitude sampling points (Tatachia and Hehuanjian) were not significantly different from
that of the summer in Puli Township but were significantly higher than that of the winter
in Puli Township. Endophytic fungal diversity was higher in tropical regions than in
temperate and cold regions [19,48,49]. Tatachia and Hehuanjian tend to have a temperate
climate, whereas Puli Township tends to have a subtropical climate. Nonetheless, based
on our findings, Tatachia and Hehuanjian exhibited higher endophytic fungal diversity
than Puli Township. This may be because Puli Township presents an artificial cultivation
environment for C. kawakamii. Although it is an open area for cultivating multiple crops, it
is less biodiverse than Tatachia and Hehuanjian. Plants growing in cultivated environments
exhibit lower endophytic fungal diversity than those growing in primitive forests [50]. Ac-
cording to the beta diversity analysis in this study, Hehuanjian exhibited lower endophytic
fungal community similarity between sampling points than Tatachia. Plant endophytic
fungal communities are less similar in cold regions than those in temperate and tropical
regions. Microorganisms are highly sensitive to the environment, and fungal community
composition is easily influenced by environmental factors [19,51]. Hehuanjian typically has
a cold climate, whereas Tatachia is typically temperate. The harsh and constantly changing
environment of Hehuanjian makes it difficult for endophytic fungi to accumulate in plant
tissues, and the scarcity of C. kawakamii in the area leads to high heterogeneity among the
endophytic fungal communities at the different sampling points. This result also suggests
that a plant’s endophytic fungal community can reflect its growth environment [52]. In ad-
dition, Arnold et al. [53] reported that endophytic fungal community similarity decreased
as the distance between the plants increased. The C. kawakamii planted in Puli Township
were transplanted there from the Tatachia area, and the endophytic fungal community in
C. kawakamii in Puli Township may similarly have been imported from the Tatachia area,
resulting in their higher endophytic community similarity. Endophytic fungi often move
with the host to new areas (via co-introduction), and subsequent environmental influences
may alter the fungal community [54]. The presence or absence of some endophytic fungi is
therefore easily influenced by the environment [55,56]. In addition, during the sampling
process, we observed that the population of C. kawakamii in the Hehuanjian area was
limited, with only a few plants at each sampling site. Subsequent analysis revealed that
the genus composition of endophytic fungi in C. kawakamii among the sampling sites in
Hehuanjian was similar, but the population numbers varied significantly. This outcome
differed from the analysis of Tatachia samples. Plant endophytic fungal communities are
generally less similar in cold regions compared with temperate and tropical regions, as fun-
gal community composition is easily influenced by environmental factors [19]. Hehuanjian
typically experiences a cold climate, whereas Tatajia typically has a temperate climate. The
harsh and constantly changing environment in Hehuanjian may make it challenging for
endophytic fungi to accumulate in plant tissues. This result also suggests that a plant’s
endophytic fungal community can be indicative of its growth environment.

To evaluate the effects of seasonal and geographical factors on the endophytic fungal
community of C. kawakamii, we compared the endophytic fungal communities between the
summer and winter samples from Puli Township and between the different regions. For
Puli Township, endophytic fungal community similarity was lower between the seasons
than between the different regions, based on the beta diversity analysis. This indicated that



J. Fungi 2023, 9, 1076 14 of 18

the endophytic fungal community of C. kawakamii in Puli Township was primarily affected
by seasonal factors. The distribution and composition of endophytic fungal communities in
the same plant were affected by seasonal and geographical factors. However, the primary
factors affecting endophytic fungal communities varied between studies [57,58]. Mishra
et al. [57] found that seasonal factors were more important than geographical factors in a
study of the endophytic fungal community of Tinospora cordifolia. However, the results of
an endophytic fungal community survey of Quercus ilex and Laurus nobilis revealed that
geographical factors had a more notable effect than seasonal factors [56]. As mentioned
above, seasonal and geographical factors can both affect endophytic fungal communities,
although the main influencing factor may differ depending on the host plant species. For
the plants from Puli Township, fungal community diversity was higher for the samples
collected in summer than for those collected in winter. Seasonal differences can affect
endophytic fungal communities, with temperature, humidity, and rainfall considered the
main influencing factors [57,59]. Although endophytic fungal community diversity is lower
in warmer environments than in cooler environments, the correlation with temperature
is not observed for all endophytic fungi. For example, the abundance of the endophytic
fungus Ascochyta fagi in Japanese beech decreases as temperature increases during plant
growth [55]. Krishnamurthy et al. [59] pointed out that the appearance of endophytic fungi
such as Humicola fuscoatra, Botryosphaeria subglobosa, Torula herbarum, and Microsphaeropsis sp.
Endophytic fungi used in Chinese herbal medicines can only be isolated from plants during
the wet season. The endophytic fungal communities are more diverse in plants grown
in humid seasons than in those grown in dry seasons because the reproductive bodies
of endophytic fungi can grow and form symbiotic relationships with plants under high
humidity and suitable temperatures [60]. In Puli Township, during the sampling in August
2013, the temperature was 17.9–31.1 ◦C, with a relative humidity of 80%; for the sampling
in December, the temperature was 6.0–25.3 ◦C, with a relative humidity of 75% (historical
meteorological observation records of the Central Weather Bureau). Thus, the climate
in Puli Township in December 2013 was cold and dry, which was not conducive to the
accumulation of endophytic fungi in C. kawakamii, resulting in the lower endophytic fungal
community diversity and richness during the winter cultivation of C. kawakamii in Puli
Township. Although this is a preliminary finding, further long-term and multi-seasonal
sampling will provide more useful information.

Fusarium is a common endophytic fungal genus in plants [47,56]. Our findings reveal
that the several endophytic Fusarium isolates (potentially in the F. tricinctum species complex
(FTSC) based on our morphological and molecular methods) are pathogenic in apples,
potatoes, and wheat. This confirms that some endophytic fungi found in the leaves of
C. kawakamii are potentially pathogenic toward crops. Pathogenic Fusarium species can also
establish symbiotic relationships with plants as endophytes [61]. For example, F. circinatum,
the causative agent of pine pitch canker, is an endophyte in grass tissues [62]. Endophytic
fungi evolve from fungal pathogens, leading to the conversion of some endophytic fungi
between endophytes and fungal pathogens [54,63]. Moreover, fungal endophytes have
various types of symbiotic relationships with plants [64,65]. Several phytopathogens can
latently infect hosts or nonhosts [66,67]. For example, Verticillium dahliae, a phytopathogen
that infects more than 400 plant species, is also found as an endophytic fungus in several
plants [68]. Therefore, confirming that endophytic fungi have pathogenic potential is
important. Primary forests are successional environments in which pathogens play an
important role, and many pathogens produce large numbers of propagules in host debris
and release them into the environment [69]. Pathogens coexisting within the same ecological
niche as C. kawakamii possibly establish a prolonged symbiotic association with this plant,
evolving into endophytes over time. Fusarium circinatum, a pine pathogen, can be a
symptomless endophyte to some grasses, such as Briza maxima or Ehrharta erecta, and
can stabilize its population and transmission [62]. Cirsium kawakamii may be similar to
these grasses in terms of its ecological status; it has evolved to become a fungal inoculum
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reservoir for various fungi in the local environment, enabling a variety of endophytic as
well as pathogenic fungi to accumulate in tissues.

5. Conclusions

This study analyzed the endophytic fungal diversity of the indigenous herb Cirsium
kawakamii in Taiwan. It identified a diverse fungal community with dominant genera,
including Colletotrichum, Fusarium, Phomopsis, and Xylaria. Seasonal and geographic vari-
ations were observed, and some endophytic Fusarium isolates belonging to the Fusarium
tricinctum species complex (FTSC) played the role as plant pathogen to apple, potato, or
wheat. This research shed light on the unique fungal diversity associated with C. kawakamii
and its potential ecological implications.

At present, there is likely no immediate risk of large-scale crop disease outbreaks
associated with C. kawakamii. However, as C. kawakamii is used in Chinese herbal medicine
and may be cultivated in various locations in the future, it is essential to establish a moni-
toring system to track the dynamics of endophytic pathogenic fungi in the environment
and mitigate the risk of their spreading to agricultural crop cultivation regions.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/jof9111076/s1, Figure S1: Effects of different culture media on
phytopathogen-like endophytic Fusarium sp. isolates in this study. For colony morphology: colony
morphology of Fusarium sp. isolates cultured on potato sucrose agar (PSA) with 12 h light and dark
(A,B), colony morphology of Fusarium sp. isolates cultured on PSA in the dark (C,D), colony morphol-
ogy of Fusarium sp. isolates cultured on potato dextrose agar (PDA) with 12 h light and dark (E,F),
colony morphology of Fusarium sp. isolates cultured on PDA in the dark (G,H), (I–M) conidial mor-
phology of Fusarium sp. isolates, (I) short and plump monophialide conidiophore, (J) macroconidia,
(K) microconidia, (L) chlamydospore, (M) chlamydospore. Bar, 10 µm. Figure S2: A phylogenetic
tree was constructed using the maximum likelihood (ML) method, based on combined sequences
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