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ABSTRACT: Both the biosynthesis and array of bioactive and medicinal compounds in
plants can be influenced by interactions with endophytic and exogenous fungi. However, the
composition of endophytic and exogenous fungal communities associated with many
medicinal plants is unknown, and the mechanism by which these fungi stimulate the
secondary metabolism of host plants is unclear. In this study, we conducted a correlative
analysis between endophytic and exogenous fungi and dendrobine and biomass
accumulation in Dendrobium nobile across five Chinese habitats: wild Danxia rock,
greenhouse-associated large Danxia stone, broken Danxia stone, broken coarse sandstone,
and wood spile. Across habitats, fungal communities exhibited significant differences. The
abundances of Phyllosticta, Trichoderma, and Hydropus were higher in wild habitats than in
greenhouse habitats. Wild habitats were host to a higher diversity and richness of exogenous
fungi than were greenhouse habitats. However, there was no significant difference in
endophytic fungal diversity between habitats. The differences between the fungal
communities’ effects on the dendrobine content and biomass of D. nobile were attributable
to the composition of endophytic and exogenous fungi. Exogenous fungi had a greater
impact than endophytic fungi on the accumulation of fresh weight (FW) and dendrobine in
D. nobile. Furthermore, D. nobile samples with higher exogenous fungal richness and
diversity exhibited higher dendrobine content and FW. Phyllosticta was the only genus to be significantly positively correlated with
both FW and dendrobine content. A total of 86 strains of endophytic fungi were isolated from the roots, stems, and leaves of D.
nobile, of which 8 strains were found to be symbiotic with D. nobile tissue-cultured seedlings. The strain DN14 (Phyllosticta fallopiae)
was found to promote not only biomass accumulation (11.44%) but also dendrobine content (33.80%) in D. nobile tissue-cultured
seedlings. The results of this study will aid in the development of strategies to increase the production of dendrobine in D. nobile.
This work could also facilitate the screening of beneficial endophytic and exogenous fungal probiotics for use as biofertilizers in D.
nobile.

1. INTRODUCTION
Dendrobium nobile Lindl., a member of the Orchidaceae family,
is commonly used in traditional Chinese medicine.1 According
to recent research, D. nobile exhibits diverse beneficial
pharmacological properties, including neuroprotection,2 car-
dioprotection,3 hepatoprotection,4 nephroprotection,5 promot-
ing healthy ovarian function,6 immunomodulation,7 and
protecting against Alzheimer’s disease.8 These diverse
beneficial effects are due to the species’ complex array of
bioactive compounds, including polysaccharides,7 alkaloids,9

phenanthrenes,10 and bibenzyls.11 Dendrobine, an alkaloid
component of D. nobile indexed in the 2020 edition of the
Chinese Pharmacopoeia,1 has been specifically found to exert
antiosteoporosis,12 antitumor,13 and neuroprotective effects,2

among others. Unfortunately, wild populations of D. nobile
growing on Danxia landforms (listed on the National Key
Protected Wild Medicinal Plants) are becoming increasingly
exhausted due to both habitat destruction and increasing

market demand.14 Cultivated D. nobile has been inconsistent in
both quality and quantity, which can negatively affect the
bioactivity and safety of D. nobile-derived medicinal products.
Furthermore, because of the difficulty of isolating secondary
metabolites present at low levels and the structural complexity
of dendrobine, extracts of D. nobile often do not meet industry
or research requirements.15,16

Endophytic fungi, which are present within plant tissues, are
among the most crucial components of the plant micro-
ecosystem. Endophytic fungi can significantly impact both the
quantity and quality of plant-derived medicinal compounds.17
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Furthermore, not only can fungal endophytes stimulate the
biosynthesis of secondary metabolites in their host plants, but
they can also produce their own secondary metabolites.18

Recently, Li et al. (2017) reported that Mycena sp. MF23 was
able to promote the production of dendrobine in D. nobile
through regulating mevalonate (MVA) pathway-related gene
expression.14 In addition, Sarsaiya et al. (2020) found that the
D. nobile-isolated fungus Trichoderma longibrachiatum MD33
was able to produce its own dendrobine.15 Other work has
shown that endophytes can biosynthesize a wide array of
bioactive compounds with applications across the food,
agricultural, and pharmaceutical industries.19

The population dynamics and distribution of endophytic
fungi are primarily dependent on the availability of host
species-specific habitats, organs, nutrients, and climatic
factors.20 Research on D. nobile suggests that endophytic
bacterial community structure is dependent on stem length.21

However, exogenous fungi, growing or originating from
outside an organism, are abundant in natural environments,
particularly in polluted environments.22,23 Exogenous fungi can
improve the stress resistance of their host plants, including to
pathogens, drought, and heavy metals.24 On rocky surfaces,
only exogenous fungi with the ability to digest the rocky
substrate may survive.25 This unique ability to release
inorganic nutrients through oxidoreduction, acidolysis, and
chelation can aid in the establishment of plants and other
organisms in otherwise inhospitable growing environments.26

In brief, endophytic fungi and exogenous fungi can provide
host plants with many benefits, such as promoting plant
growth and improving host metabolite profiles.

To date, no comprehensive studies have been reported on
the relationships between endophytic and exogenous fungi and
dendrobine and biomass accumulation. In this study, gas

chromatography (GC) was performed to determine the
dendrobine content in D. nobile collected from five habitats
(wild Danxia rock, large Danxia stone, broken Danxia stone,
broken coarse sandstone, and wood spile). High-throughput
DNA sequencing was utilized to explore the community
composition and diversity of both endophytic and exogenous
fungi in these habitats. Spearman correlation analysis was
conducted to investigate the relationships between endophytic
and exogenous fungi and dendrobine content and biomass
accumulation. Our analysis indicated that one fungal genus,
Phyllosticta, was significantly positively correlated with both D.
nobile fresh weight (FW) and dendrobine content. In addition,
Phyllosticta fallopiae strain DN14 was isolated from leaves of D.
nobile growing on wild Danxia rock, and its effect on
dendrobine and biomass accumulation was evaluated in a
coculture trial. The results of this study will aid our
understanding of the influence of endophytic and exogenous
fungi on the quality of medicinal plant materials. Specifically,
these results will benefit efforts to increase the dendrobine
content of cultivated D. nobile.

2. RESULTS
2.1. Differences in Endophytic Fungal Diversity

across Different Plant Organs and Habitats. Both the
Shannon and Chao indices indicated that LDS_R exhibited the
highest community diversity, and WS_R exhibited the highest
community richness, whereas WS_L exhibited the lowest
community diversity and richness (Table S1). To examined
the differences between fungal communities from different D.
nobile organs and habitats, PCoA was conducted. The principal
coordinate analysis (PCoA) results revealed that there were
highly significant differences (P = 0.001) in endophytic fungi
among different organs in all samples (Figure 1A). The first

Figure 1. PCoA analysis of fungal communities among three D. nobile tissue samples from different habitats. (A) Five tested habitats. (B) Wild
Danxia rock: WDR. (C) Large Danxia stone: LDS (>20 cm × 20 cm, greenhouse). (D) Broken Danxia stone: BDS (<2 cm × 2 cm, greenhouse).
(E) Broken coarse sandstone: BCSS (<2 cm × 2 cm, greenhouse). (F) Wood spile: WS (greenhouse).
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and second principal component axes were found to explain
24.78% and 10.22% of the variation, respectively (Figure 1A).
There were also highly significant differences (P < 0.05) in the

community distribution of endophytic fungi among the three
organs (Figure 1B−F). Additionally, there were significant
differences (P = 0.021) in fungal communities among different

Figure 2. PCoA analysis of fungal communities among different D. nobile organ samples from five habitats. (A) Whole plant, WP. (B) Root, R. (C)
Stem, S. (D) Leaf, L.

Figure 3. Composition and relative abundance of endophytic fungi at the phylum (A) and genus (B) levels across five habitats. Wild Danxia rock,
WDR; large Danxia stone, LDS (>20 cm × 20 cm, greenhouse); broken Danxia stone, BDS (<2 cm × 2 cm, greenhouse); broken coarse sandstone,
BCSS (2 cm × 2 cm, greenhouse); and wood spile, WS (greenhouse).
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habitats (Figure 2A). We analyzed the three organs
independently and found that the fungal communities of
stems were similar and that those of roots and leaves were
significantly different (P = 0.001) (Figure 2B−D).

Across different habitats, Ascomycota and Basidiomycota
were the most dominant endophytic fungal phyla, although the
relative abundance of Basidiomycota was significantly greater
in the wild habitat than in the greenhouse habitats (Figure 3A).
At the genus level, Apiotrichum, Athelopsis, and Fusarium were
the top three 3 dominant genera in WDR_WP; Pseudocerco-
spora, Apiotrichum, and Talaromyces were the top three
dominant genera in LDS_WP; Apiotrichum, Talaromyces, and
Mongolism were the top three dominant genera in BDS_WP;
Pseudocercospora, Apiotrichum, and Fusarium were the top three
dominant genera in BCSS_WP; Pseudocercospora, Talaromyces,
and Dokmaia were the top three dominant genera in WS_WP
(Figure 3B). Additionally, 59 common genera of endophytic
fungi were identified across the five habitats, while 39, 38, 61,
30, and 30 unique genera were identified in WDR_WP,
LDS_WP, BDS_WP, BCSS_WP, and WS_WP, respectively
(Figure S1). The three common genera with the greatest
relative abundances were Pseudocercospora, Apiotrichum, and
Fusarium. The unique genera with the greatest relative
abundances were Phyllosticta, Rasamsonia, and Bannozyma in
WDR_WP; Ceratobasidium, Leucoagaricus, and Neocucurbitaria
in LDS_WP; Shiraia, Coprotus, and Minimedusa in BDS_WP;
Podosordaria, Peroneutypa, and Zopf iella in BCSS_WP; and
Glutinomyces, Lasiodiplodia, and Phlebiopsis in WS_WP (Figure
S2).

We used the Majorbio LDA-LEfSe tool to identify
discriminative taxa across D. nobile organs and habitats. The
enriched taxa (LDA significance threshold of 4.0) are shown in
Figure 4A,B. The results of the LEfSe analyses based on the all-
against-all test identified 20 biomarkers with significant
differences, appearing specifically in WDR_R (two taxa),

WDR_S (three taxa), LDS_L (three taxa), BDS_R (two taxa),
BCSS_R (seven taxa), and WS_R (three taxa), from the
phylum to the species levels. Kruskal−Wallis ranking was
utilized to identify significant differences in WP-associated
fungal community composition between different habitats.
Subsequently, pairwise multiple comparisons (Tukey−Kramer
test) were carried out at the genus level. Significantly different
fungal communities were observed in samples from different D.
nobile habitats (Figure 5). Phyllosticta, Trichoderma, and
Hydropus (P < 0.05) were concentrated in WDR_WP, but
not in the four greenhouse habitats.

Figure 4. Linear discriminant analysis effect size (LEfSe) and correlation analysis of endophytic fungi from D. nobile in different organs and
habitats. (A) Cladogram showing significantly enriched fungal taxa of D. nobile in different organs and habitats. (B) Indicator fungi with linear
discriminant analysis (LDA) scores of 4.0 or greater in fungal communities from D. nobile in different organs and habitats. Phylum, class, order,
family, and genus levels are listed in order from the inside to the outside of the cladogram. Small circles with different colors in the diagram denote
enriched taxa; yellow circles represent taxa with no significant differences between different D. nobile organs and habitats. The circle diameter is
proportional to the abundance of the taxon. Wild Danxia rock, WDR; large Danxia stone, LDS (>20 cm × 20 cm, greenhouse); broken Danxia
stone, BDS (<2 cm × 2 cm, greenhouse); broken coarse sandstone, BCSS (<2 cm × 2 cm, greenhouse); and wood spile, WS (greenhouse).

Figure 5. Kruskal−Wallis H-test bar plot of genera with a high relative
abundance and statistically significant differences. *P ≤ 0.05, **P ≤
0.01. Wild Danxia rock, WDR; large Danxia stone, LDS (>20 cm × 20
cm, greenhouse); broken Danxia stone, BDS (<2 cm × 2 cm,
greenhouse); broken coarse sandstone, BCSS (<2 cm × 2 cm,
greenhouse); and wood spile, WS (greenhouse).
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2.2. Differences in Exogenous Fungal Diversity
Across Different Plant Habitats. According to the alpha
diversity indices, the WDR samples exhibited significantly
higher community diversity and richness than the samples
from the greenhouse habitats (P < 0.001) (Table S2). The
PLS-DA analyses revealed distinct fungal profiles between the
WDR samples and the greenhouse samples (LDS, BDS, BCSS,
and WS) (Figure 6). The COMP1 and COMP2 explained

32.08% and 9.49% of the variation, respectively, indicating that
the fungal communities in the wild (WDR) and greenhouse
(LDS, BDS, BCSS, and WS) habitats were significantly
different. Among them, the greatest distance was observed
for WDR, followed by BDS. By contrast, LDS, BCSS, and WS
were separated only by a short distance.

The most dominant exogenous fungal phylum was
Ascomycota, with relative abundances of 80.79%, 91.89%,
50.57%, 19.00%, and 43.24% in WDR, LDS, BDS, BCSS, and
WS, respectively. By comparison, the relative abundances of
Basidiomycota were 10.35%, 4.35%, 10.81%, 21.62%, and
45.06%, respectively (Figure S3 A). The fungal genera with
relative abundances greater than 5% included Hypomyces
(7.09%) and Sirastachys (5.67%) in the WDR samples;
Fusarium (41.54%) and Neocosmospora (11.88%) in the LDS
samples; Petriella (6.44%) in the DXS samples; Trichosporon
(14.82%) in the CS samples; and Resinicium (32.28%),
Meliniomyces (7.72%), and Devriesia (7.44%) in the WS
samples (Figure S3B). We identified 35 common genera across
the five habitats and 277, 19, 50, 15, and 10 unique genera in
WDR, LDS, BDS, BCSS, and WS samples, respectively (Figure
S4). The three common genera with the greatest relative
abundances were Cutaneotrichosporon, Fusarium, and Devriesia.
The unique genera with the greatest relative abundances were
Arthopyrenia, Ceratobasidium, and Ilyonectria in the WDR
samples; Fusariella, Asterostroma, and Subulicystidium in the
LDS samples; Cochliobolus, Hansfordia, and Oxyporus in the
BDS samples; Mucronella, Clitocybe, and Clavulina in the BCSS
samples; and Claussenomyces, Toxicocladosporium, and Geo-
trichum in the WS samples (Figure S5).

A total of 47 biomarkers with significant differences (LDA
significance threshold of 4.0) were found across the five
samples (Figure S6A−C). Among them, 10 biomarkers were
identified at the genus level: Sirastachys (WDR), Emericellopsis
(WDR), Cyphellophora (WDR), Cladophialophora (WDR),
Fusarium (LDS), Neocosmospora (LDS), Simplicillium (LDS),
Petriella (BDS), Plectosphaerella (BDS), and Trichosporon
(BCSS). The Kruskal−Wallis analysis revealed that Hypomyces
(P < 0.05), Emericellopsis (P < 0.01), and Cyphellophora (P <
0.05) were concentrated in the wild environment but not in
the greenhouse samples. Sirastachys (P < 0.05) was
significantly more abundant in WDR and BDS than in samples
from other habitats, whereas the abundance of Cutaneotricho-
sporon (P < 0.05) was significantly higher in BDS and BCSS
than in samples from other habitats. The relative abundances
of Fusarium (P < 0.01) and Neocosmospora (P < 0.05) were
significantly higher in LDS than in samples. Resinicium was
significantly more abundant in WS than in other samples,
whereas Trichosporon was significantly more abundant in BCSS
than in other samples (Figure S6C).
2.3. Analysis of Biomass and Dendrobine Content of

D. nobile Stems. One-way ANOVA indicated that the
biomass and dendrobine content of wild rock-cultivated D.
nobile (WDR_S) were significantly higher than those of
greenhouse wood-cultivated D. nobile (WS_S). However, the
biomass of wild rock-cultivated D. nobile was not significantly
higher than that of greenhouse stone-cultivated D. nobile
(LDS_S, BDS_S, and BCSS_S). The average FW values of
whole-plant D. nobile samples from WDR, LDS, BDS, BCSS,
and WS were 216.73, 54.06, 76.44, 66.45, and 118.43 g,
respectively (Figure 7A). WDR_S had the highest dendrobine

content (1.61%), followed by BDS_S (1.17%), LDS_S
(1.12%), and BCSS_S (1.09%), while WS_S had the lowest
dendrobine content (0.88%) (Figure 7B).
2.4. Relationships between Biomass, Dendrobine

Content, and Fungal Community Diversity. Spearman
correlation was utilized to examine the relationships between
the top 30 endophytic and exogenous fungal genera, FW, and
dendrobine content (Figure 8A,B). The Spearman correlation
heatmap indicated that exogenous fungi have a greater impact
on biomass and dendrobine content than endophytic fungi.

Figure 6. PLS-DA illustrating differences between exogenous fungal
communities across five habitats. Wild Danxia rock, WDR; large
Danxia stone, LDS (>20 cm × 20 cm, greenhouse); broken Danxia
stone, BDS (<2 cm × 2 cm, greenhouse); broken coarse sandstone,
BCSS (<2 cm × 2 cm, greenhouse); and wood spile, WS
(greenhouse).

Figure 7. Plant growth parameters and dendrobine content. Total
fresh weight (FW) (A) and dendrobine content (B) of D. nobile from
five different habitats. Asterisks indicate significant differences relative
to the control (*P < 0.05, Student’s t test). Wild Danxia rock, WDR;
large Danxia stone, LDS (>20 cm × 20 cm, greenhouse); broken
Danxia stone, BDS (<2 cm × 2 cm, greenhouse); broken coarse
sandstone, BCSS (<2 cm × 2 cm, greenhouse); and wood spile, WS
(greenhouse). *P ≤ 0.05.
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Specifically, D. nobile samples with higher exogenous fungal
richness and diversity exhibited greater biomass and
dendrobine accumulation (Tables S3 and S4). Twenty strains
exhibited significant positive or negative correlations with FW
or dendrobine accumulation. D. nobile samples with higher
abundances of Phyllosticta, Apiotrichum, Cladophialophora,
Cyphellophora, and Emericellopsis had higher dendrobine
contents. Conversely, Cyphellophora, Neodevriesia, Paraconio-

thyrium, Ascotaiwania, Kirschsteiniothelia, and Resinicium were
negatively correlated with dendrobine content (Figure 8A,B).
Phyllosticta and Devriesia were positively correlated with FW,
whereas Gymnnopilus, Simplicillium, and Cutanetrichosporon
were negatively correlated with FW (Figure 8A,B). Among
these fungi, the endophytic fungus Phyllosticta was the only
genus that was significantly positively correlated with both
biomass and dendrobine content (P < 0.01) (Figure 8A).

Figure 8. Top 30 strains of endophytic fungi (A) and exogenous fungi (B) which exhibited significant positive or negative correlations with fresh
weight (FW) and dendrobine accumulation. *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001.

Figure 9. Plant growth parameters and dendrobine content. Shown are the 8 symbiotic strains, as well as other strains that cannot coexist with D.
nobile tissue culture seedlings (A), total fresh weight (B), and dendrobine content (C) of D. nobile culture seedlings. Asterisks indicate significant
differences relative to control (***P < 0.001, Student’s t test).
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2.5. Enhancement of Plant Growth and Dendrobine
Content by Endophytic Fungi. A total of 86 strains of
culturable endophytic fungi were isolated from 450 D. nobile
tissue samples (Figure S7). Of these, 8 strains were found to
successfully coexist with D. nobile tissue culture seedlings
(Figure 9A), whereas the 78 other strains were found to lack
symbiotic ability, including DN2, DN4, DN6, DN7, DN8,
DN29, DN52, DN56, and DN81. To determine the effect of
these 8 strains on the growth (i.e., biomass) and secondary
metabolism (i.e., dendrobine accumulation) of D. nobile, tissue
culture seedlings were cocultured again for 60 days (Figure
9B,C). Among the 8 strains, DN14 significantly increased the
FW of D. nobile tissue culture seedlings by 11.44% (Figure 9B).
DN14, DN34, DN39, DN41, and DN68 significantly
promoted the accumulation of dendrobine in D. nobile tissue
culture seedlings by 33.80%, 33.09%, 28.37%, 31.56%, and
34.70%, respectively (Figure 9C). These results suggest that
DN14 can not only promote the growth of D. nobile tissue
culture seedlings but also increase the content of dendrobine.
The ITS rDNA sequences of this isolate were highly
homologous with Phyllosticta fallopiae (Figure S8).

3. DISCUSSION
Fungal endophytes play an essential role in promoting the
growth of medicinal plants.16,25 This study revealed significant
differences between the diversity and community structure of
endophytic and exogenous fungi across different habitats.
Overall, both species richness and diversity of exogenous fungi
were higher than those of endophytic fungi (Table S2).
Because of horizontal endophyte transmission, conspecific
plants growing in different environments are likely to host a
different group of endophytes.27 Although seeds can transfer
endophytic fungi to host plants through vertical transmission,
plants often selectively absorb endophytic fungi during later
growth stages.28 In addition, plants can selectively absorb
exogenous fungi and transform them into endophytic fungi,
thus preventing other exogenous fungi from invading plant
tissues. We also found that the diversity of exogenous fungi
from the wild habitat was significantly higher than that of the
greenhouse habitats, but the diversity of endophytic fungi did
not differ significantly between habitats (Figure S9A−D). The
bioweathering of rocks by fungi and other microbes is an
important component of biogeochemical nutrient cycling,29

which is necessary for the growth of exogenous fungi. Wang et
al. reported that both the elemental content (N, P, and K) and
exogenous fungal diversity were higher in wild habitats than in
greenhouse habitats.30 In another study, we found that both
the Si content and D. nobile-associated exogenous fungal
diversity were highest in a wild habitat, and that the inclusion
of Si in the culture medium promoted the growth of some
endophytic fungi (unpublished data).

The relative abundance of Basidiomycota was significantly
higher in the wild habitat than in the greenhouse habitats
(Figure 3A). Ascomycetes tend to grow under harsh
environmental conditions, whereas Basidiomycetes tend to
grow in resource-rich environments containing many plants.31

These environmental affinities may explain why we found that
Basidiomycetes were significantly more abundant in D. nobile
from the wild habitat than from the greenhouse habitats.
Significant differences in community structure were observed
between fungi from different habitats, although several
common fungal genera were identified across habitats,
including the endophytic genera Pseudocercospora and

Apiotrichum and the exogenous genus Devriesia. Pseudocerco-
spora is reported to cause leaf spot disease in banana, Ixora
coccinea, and other plants,32,33 although this is the first study to
report this species as an endophyte. Apiotrichum melanogenum
has been shown to benefit plant growth through the
production of ammonia and indole-3-acetic acid (IAA).34 In
American ginseng, a high relative abundance of Devriesia in the
soil microbial community is associated with a lower incidence
of root rot.35 We also identified several genera which were
unique to each habitat (Figures S1 and S2). For example,
Ceratobasidium was only found in WDR_WP, and Minimedusa
was only found in BDS_WP. One study reported that IAA
secreted by Ceratobasidium sp. may promote the growth of
Rehmannia glutinosa.36 Soil-borne Ceratobasidium sp. AG was
shown to promote Orchis anatolica seed germination and
seedling growth.37 Minimedusa polyspora has been found to
stimulate the growth of Cichorium intybus by reducing fatty
acid and sterol synthesis and promoting 3-OH butyric acid
synthesis.38 Differences in the stimuli and challenges associated
with different habitats may be reflected in microbial
community differences between habitats. Here, we found
that Trichoderma and Emericellopsis were concentrated in
samples from the wild habitat but not in samples from the
greenhouse habitats. Trichoderma asperellum has been found to
increase the tolerance of maize seedlings to saline-alkaline
stress by encouraging root growth.39 Trichoderma has been
reported to promote soybean plant growth by solubilizing
phosphate.40 Emericellopsis alkalina produces a novel lip-
opeptaibol, emericellipsin A, which acts as an antifungal
against the mold Aspergillus niger, the yeast Candida albicans,
and clinical isolates of human pathogens.23 In another study,
indole glucosinolate mutants enriched in Emericellopsis sup-
pressed the pathogen Aspergillus niger.41

Both endophytic and exogenous fungi may act to increase
the accumulation of secondary metabolites in medicinal
plants.42 In our study, the dendrobine content and FW were
higher in D. nobile samples with greater richness and diversity
of exogenous fungi (Table S4). Previous studies have found
that the diversity of exogenous fungi in different Panax ginseng
habitats improves productivity and prevents disease.43

Furthermore, Panax ginseng with higher soil microbial
community diversity exhibited higher total ginsenoside (TG,
Rg1, and Rf) contents.44 Here, we found that D. nobile with a
higher abundance of Phyllosticta, Apiotrichum, Cladophialo-
phora, Cyphellophora, and Emericellopsis exhibited higher
dendrobine contents (Figure 8A,B). However, there have
been no previous reports of enhanced dendrobine production
stimulated by these fungi. We speculate that differences
between the endophytic and exogenous fungal communities
across different habitats may result in differences in biomass
and secondary metabolite accumulation. We also found that
exogenous fungi had a greater impact on biomass and
dendrobine accumulation than endophytic fungi (Figure
8A,B). A similar result was found in Eucommia ulmoides,
where redundancy and canonical correspondence analyses
(RDA/CCA) revealed that rhizosphere fungi had a greater
impact on rosinol, pinoresinol diglucoside, and chlorogenic
acid accumulation than endophytic fungi.45 This may be
because rhizosphere fungi can directly and indirectly regulate
the growth, development, and secondary metabolite accumu-
lation of host plants, as well as enhance absorption and
utilization of nutrients and abiotic and biotic stress resistance
of host plants.24
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In this study, Phyllosticta was the only genus to be
significantly positively correlated with both FW and
dendrobine content (Figure 8A). We isolated 86 endophytic
fungal strains from the leaves, stems, and roots of D. nobile and
found that DN14 (Phyllosticta fallopiae) had a significant
positive effect on both biomass and dendrobine accumulation
(Figure 9B,C). Furthermore, P. fallopiae is the first endophytic
fungus isolated from D. nobile. A previous study reported that
Aloe vera-isolated P. fallopiae L67 exhibited antimicrobial
activity against diabetic wound-associated microorganisms.46

Other studies have also reported that Phyllosticta exhibits
antimicrobial and neuroprotective properties.47 In D. nobile,
DN14 may regulate photosynthesis and thus promote
growth.48 Therefore, the effects of DN14 on the chlorophyll
A and B levels, leaf conductivity, stomatal conductance,
transpiration rate, and photosynthetic rate of D. nobile should
be further investigated. Furthermore, because DN14 was found
to increase both biomass and dendrobine accumulation, we
suggest that research should be conducted on the potential use
of DN14 as a biofertilizer for D. nobile. Many researchers have
reported the growth- and metabolism-promoting effects of
endophytic fungi. For example, Zhou et al. (2018) isolated an
endophytic fungus, Alternaria sp. A13, which markedly
enhanced the growth and accumulation of medicinal
compounds in Salvia miltiorrhiza under both greenhouse and
field conditions, demonstrating that Alternaria sp. A13 could
be used as a potent biofertilizer.49 Our research group
previously reported that D38 (Chaetomium globosum)
biofertilization significantly promoted the growth of S.
miltiorrhiza seedlings and increased the contents of tanshi-
nones and phenylpropionic acids in S. miltiorrhiza roots.50,51

Phyllosticta species are well-known as foliar pathogens as well
as foliar endophytes in many plants.19 However, we found
DN14 to be a harmless endophytic fungus which promoted the
production of dendrobine in D. nobile. Dendrobines are a type
of sesquiterpene alkaloid which possess antifungal activity.52 It
is possible that D. nobile produced more dendrobine in order
to prohibit endophytic Phyllosticta from causing disease.
According to the correlation analysis and the results of the
coculture experiment, the relationship between DN14,
biomass, and dendrobine may depend on both direct and
indirect mechanisms. As a direct mechanism, fungi colonize
plants and produce biomolecules, such as enzymes, which are
involved in ligustilide and other secondary metabolite
biosynthesis.17 Furthermore, fungi may produce certain
compounds in the host plant, but they can only contribute
to dendrobine accumulation when these compounds are
absorbed and utilized by the plants.14 Endophytic fungi
produce biochemical signaling molecules, such as unsaturated
fatty acids, small peptides, cyclodextrin, chitin, chitosan, and
glycoproteins. These biomolecules act to induce gene
expression and activate secondary metabolite biosynthetic
pathways in the host plant, resulting in the increased
accumulation of bioactive compounds.50 In addition, endo-
phytic fungi synthesize enzymes to convert precursor
components into bioactive compounds in medicinal plants.53

We speculate that DN14 is involved in the accumulation of
secondary metabolites and that it synergistically increases the
dendrobine content in wildland-associated D. nobile. Moreover,
the dendrobine content in Phyllosticta fallopiae DN14-treated
D. nobile may be attributed to gene regulation or synthetic
biology. The upstream dendrobine biosynthetic pathway is
composed of the mevalonate (MVA) and methylerythritol

phosphate (MEP) pathways, which provide a basic skeleton for
sesquiterpenoid alkaloids in D. nobile. For example, the D.
nobile mycorrhizal fungus Mycena sp. MF23 participates in
dendrobine biosynthesis by regulating postmodification
enzyme (cytochrome P450, aminotransferase and methyl-
transferase) gene expression.14,54 Sarsaiya et al. (2020)
reported that D. nobile endophytic fungus T. longibrachiatum
MD33 could produce the same dendrobine as the host.16 They
also found that the MVA pathway enzyme-coding genes
(hydroxymethylglutaryl-CoA synthase, farnesyl diphosphate
synthase and mevalonate kinase) might participate in
sesquiterpene alkaloid metabolism in T. longibrachiatum
isolated from D. nobile.55 Xu et al. (2022) reported that the
TPS and CYP450 gene families might also contribute to
alkaloid biosynthesis in D. nobile.56 Wang et al. (2022)
reported that two dendrobine-type sesquiterpenoid alkaloids
(6-hydroxydendrobine and nobilonine) from the Dendrobium
endophytic bacterium Pseudomonas protegens CHA0 were
synthesized mainly through the MEP pathway.21 However,
the mechanism through which Phyllosticta stimulates den-
drobine accumulation is still unclear and requires further
exploration. Although the exogenous fungi were found to have
generally greater influence on the FW and dendrobine content
of D. nobile, Phyllosticta was the only genus that was
significantly positively correlated with both FW and
dendrobine accumulation (Figure 8A). In subsequent experi-
ments, we will consider isolating and screening the exogenous
fungi in order to determine which strains promote the growth
and secondary metabolism of D. nobile. In addition, endophytic
and exogenous bacteria, such as Pseudomonas and Bacillus, also
have many benefits for medicinal plants, including promoting
plant growth, stress resistance, and secondary metabolite
accumulation. Future research will be conducted to further
screen the endophytic and exogenous bacteria and fungi
associated with D. nobile and to examine the interaction
between bacteria and fungi.

4. MATERIALS AND METHODS
4.1. Sample Collection and Processing. The biennial D.

nobile samples were collected from the Town of Wanglong
(28° 32′ 01″, 105° 51′ 52″, 300 m elevation), Chishui City,
Guizhou Province, China. The study site is the main D. nobile
production area and has a subtropical humid monsoon climate.
The site has an annual average temperature of 18.1 °C, an
annual rainfall of 1286.8 mm, and 350 frost-free days. The
maximum and minimum temperatures occur in July and
January, respectively.

The samples were collected from wild Danxia rock (WDR),
large Danxia stone (LDS) (>20 cm × 20 cm) in a greenhouse,
broken Danxia stone (BDS) (<2 cm × 2 cm) in a greenhouse,
broken coarse sandstone (BCSS) (<2 cm × 2 cm) in a
greenhouse, and wood spile (WS) grown in a greenhouse
(Figure 10A−E). The surfaces of the stones and wood were
covered with moss, which was removed at the time of
collection. Each D. nobile sample was divided into three
subsamples, with three biological replicates each: roots (R),
stems (S), and leaves (L). Stem samples were divided into two
subsamples for further analyses. To prevent contamination
from other microbes, the leaves, stems, and roots of D. nobile
were sterilized as previously described.57 Successful surface
sterilization was confirmed by plating the final rinse solution
on potato dextrose agar (PDA) and culturing the plates for 72
h at 28 °C.58 Each sample was precisely labeled, immediately
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placed on ice, and subsequently stored in liquid nitrogen prior
to DNA analysis. The surfaces of the rocks and wood posts
were swabbed with sterile cotton swabs and stored at −80 °C
for subsequent molecular analyses. Other samples were sieved
using sterilized 2 mm sieves within 48 h of collection for
chemical analysis, and stored within 24 h at 4 °C. In total, the
study included 12 rock samples (four rock surfaces with three
replicates each) and 45 plant samples (five plant types with
three tissue types and three replicates each). The sample
abbreviations used throughout the report are WDR roots
(WDR_R), WDR stems (WDR_S), WDR leaves (WDR_L),
LDS roots (LDS_R), LDS stems (LDS_S), LDS leaves
(LDS_L), BDS roots (BDS_R), BDS stems (BDS_S), BDS
leaves (BDS_L), BCSS roots (BCSS_R), BCSS stems
(BCSS_S), BCSS leaves (BCSS_L), WS roots (WS_R), WS
stems (WS_S), WS leaves (WS_L), WDR whole plant
(WDR_WP), LDS whole plant (LDS_WP), BDS whole
plant (BDS_WP), BCSS whole plant (BCSS_WP), and WS
whole plant (WS_WP).
4.2. Determination of Biomass and Dendrobine

Content. The total FW (g) of each sample was weighed
using an analytical balance (n = 5). Each stem was then fully
oven-dried for 36−48 h at 60 °C and subsequently ground into
powder. GC sample preparation was carried out as specified by
the Pharmacopoeia of China (2020). GC was carried out using
a Shimadzu 2010 Plus GC−flame ionization detector (FID)
using a Shimadzu SH-Rtx-1 capillary column (0.25 μm × 0.25
mm × 30 m), with nitrogen as the carrier gas. Each experiment
was performed in triplicate. Each derivatized 1 μL sample was
injected, and flame ionization detection was used to extract the
components of the total ion chromatogram. The dendrobine
concentration was found to be linear (y = 794.74x − 7191.50;
r = 0.9990), with a peak area ranging from 20 to 200 μg/L.
The internal standard (naphthalene) and experimental stand-
ard (dendrobine) were obtained from Sinopharm Chemical
Reagent Co., Ltd. (Beijing, China).
4.3. DNA Analysis of Fungal Communities on Rock

and Wood Spile Surfaces and D. nobile Leaves, Stems,
And Roots. Microbial DNA was extracted from rock and
wood spile surfaces and leaves, stems, and roots of D. nobile
with the FastDNA spin kit (MP Biomedicals, Santa Ana, CA).
A NanoDrop 2000 UV−vis spectrophotometer (Thermo

Scientific, Wilmington, MA) was utilized to determine total
DNA purity and concentration. Agarose (1%) gel electro-
phoresis was utilized to determine DNA quality. The internal
transcribed spacer region 1 (ITS1 region) of rRNA was
amplified using ITS1F-ITS2R primers.20 The PCR amplifica-
tion was carried out as follows: 94 °C for 3 min; 35 cycles at 94
°C for 40 s, 52 °C for 50 s, and 72 °C for 1 min; and final
extension at 72 °C for 10 min.20 Sequence library generation,
purification, and amplification were performed according to a
previously published method.59 An Illumina MiSeq PE300
platform (Shanghai Majorbio Bio-Pharm Technology Co.,
Ltd.) was utilized to perform paired-end sequencing of the
generated library. Genetic data generated in this experiment
were deposited under accession number “PRJNA888816” at
the National Center for Biotechnology Information (NCBI)
Sequence Read Archive (SRA).
4.4. Isolation and Identification of Culturable

Endophytic Fungi. The surfaces of roots and stems were
sterilized (3 min in 75% ethanol, 5 min in 5% NaClO, and 30 s
in 75% ethanol).60 Sterilized roots were dissected into 1 cm
segments, and leaves were dissected into 0.5 cm × 0.5 cm
pieces. The sterilized samples were placed on potato dextrose
agar (PDA) plates containing 200 mg L−1 ampicillin and
incubated for 7−10 days at 25 °C. As the fungal outgrowth
appeared, the morphological characteristics of the fungi were
observed and recorded.61 Single colonies were purified at least
three times on the PDA medium. The endophytic fungi were
identified by morphological and molecular identification
following a previously published method.62 The DNA of
isolated endophytic fungi was amplified using the universal
primers ITS4 (5′-TCC TCC GCT TAT TGA TAT GC-3′)
and ITS5 (5′-TCCTCCGCTTAT TGATATGC-3′), and the
amplified products were purified, cloned, and sequenced at
Sangon Bioengineering Co., Ltd., Shanghai, China.63

4.5. Coculture of Endophytic Fungus with Tissue
Culture Seedlings of D. nobile. All D. nobile seeds used in
this study were collected from the Town of Wanglong, Chishui
City, Guizhou Province, China. PDA plugs containing one of
each of the 86 isolated endophytic fungal strains were used to
inoculate D. nobile tissue culture seedlings for 60 days.
Seedlings were grown in a 25 ± 1 °C greenhouse at 60−
70% relative humidity under a 12 h/12 h light/dark cycle. Each
treatment consisted of 3 plants. Successful coexistence between
fungi and plant was defined according to the following grown
characteristics: D. nobile plants exhibit tall, straight growth with
green stems and leaves; fungal mycelium may or may not
exhibit twining around the base of the stem. Unsuccessful
coexistence was defined according to the following growth
characteristics: D. nobile plants exhibit chlorotic stems and
leaves, and may lodge or wither; fungal mycelium may exhibit
twining around the upper part of the stem or leaves. Finally, we
inoculated tissue culture seedlings with a coculture of 8 strains
and PDA plug for 60 days. Each treatment consisted of 30
plants. Six plants were randomly selected and used to
determine the FW. The method described in section 2.2 was
used to determine the dendrobine content.
4.6. Statistical Analysis. Identical analytical procedures

were utilized for both plant- and rock-derived fungi. Raw
FASTQ files were demultiplexed and filtered with Trimmo-
matic and then merged with Flash (v1.2.11, https://ccb.jhu.
edu/software/FLASH/index.shtml).64 For endophytic fungi,
UPARSE software v7.03 was used to cluster high-quality tags
(>97% similarity) into operational taxonomic units (OTUs).65

Figure 10. D. nobile samples were collected from wild Danxia rock
(WDR) (A), large Danxia stone (LDS) (>20 cm × 20 cm) in a
greenhouse (B), broken Danxia stone (BDS) (<2 cm × 2 cm) in a
greenhouse (C), broken coarse sandstone (BCSS) (<2 cm × 2 cm) in
a greenhouse (D), and wood spile (WS) in a greenhouse (E).
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The Ribosomal Database Project (RDP) Classifier v2.11
(https://sourceforge.net/projects/rdp-classifier/) within
QIIME66 was used to evaluate the taxonomy of each ITS
sequence through comparison against the Silva databases
(Release 119, http://www.arb-silva.de). R software v3.3.1 was
used to conduct ANOVA, multidimensional, and Venn
diagram analyses on OTUs. Differences in the fungal
communities between samples were determined using
saMothur software. Mothur was used to calculate the alpha
diversity indices at the OTU level. The beta diversity indices
were calculated with QIIME software using the weighted
UniFrac distances between samples.67 The normalized genera
count table was imported into SIMCA-P+ 12.0 software for
partial least-squares discriminant analysis (PLS-DA).68

Ggplot2 packages of the R software (Version 3.6.0) were
applied to draw principal coordinates analysis (PCoA)
diagrams.69 Linear discriminant analysis (LDA) was conducted
using linear discriminant analysis effect size (LEfSe), a
biomarker discovery algorithm for the identification of taxa
and the characterization of metadata class differences.70 All
analyses were performed using the Majorbio Cloud Platform
provided by Shanghai Majorbio BioPharm Technology Co.,
Ltd.

Dendrobine content and growth parameters were analyzed
using one-way analysis of variance (ANOVA) with IBM SPSS
Statistics 24.0. Graphical results were created using GraphPad
Prism 7.0 and were presented as the mean ± standard
deviation (SD). The spearman correlation analyses of the top
30 abundant genera, biomass, and dendrobine contents were
calculated and performed on a heatmap using R v3.5.1.71

5. CONCLUSION
The diversity and composition of the D. nobile-associated
fungal communities across five habitats were significantly
different. The diversity and richness of the exogenous fungal
community from the wild habitat were much higher than those
from the greenhouse habitats. However, no significant
differences were observed in the diversity and richness of
endophytic fungi. Many common genera of endophytic and
exogenous fungi were identified across habitats, while each
habitat was also found to contain distinct fungal strains. The
compositions of endophytic and exogenous fungi accounted
for the differences between dendrobine content and biomass
among different D. nobile samples. Exogenous fungi affected
the accumulation of biomass and dendrobine more than
endophytic fungi. Specifically, D. nobile samples with higher
richness and diversity of exogenous fungi exhibited higher
dendrobine content and FW. The endophyte Phyllosticta was
the only fungal genus that was significantly positively
correlated with both FW and dendrobine content. In the
coculture trial, DN14 (Phyllosticta fallopiae) was found to
enhance the accumulation of both biomass and dendrobine.
The results of this study will aid in the development of
strategies to increase the production of dendrobine in D. nobile.
This work could also facilitate the screening of beneficial
endophytic and exogenous fungal probiotics for use as
biofertilizers in D. nobile.
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