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Abstract: Two novel cytotoxic and antifungal constituents, (4S,6S)-6-[(1S,2R)-1, 2-dihydroxybutyl]-
4-hydroxy-4-methoxytetrahydro-2H-pyran-2-one (1), (6S,2E)-6-hydroxy-3-methoxy-5-oxodec-2-enoic
acid (2), together with three known compounds, LL-P880γ (3), LL-P880α (4), and
Ergosta-5,7,22-trien-3b-ol (5) were isolated from the metabolites of endophytic fungi from
Dendrobium officinale. The chemical structures were determined based on spectroscopic methods.
All the isolated compounds 1–5 were evaluated by cytotoxicity and antifungal effects. Our
present results indicated that compounds 1–4 showed notable anti-fungal activities (minimal
inhibitory concentration (MIC) ď 50 µg/mL) for all the tested pathogens including Candida albicans,
Cryptococcus neoformans, Trichophyton rubrum, Aspergillus fumigatus. In addition, compounds 1–4
possessed notable cytotoxcities against human cancer cell lines of HL-60 cells with the IC50 values
of below 100 µM. Besides, compounds 1, 2, 4 and 5 showed strong cytotoxities on the LOVO cell line
with the IC50 values were lower than 100 µM. In conclusion, our study suggested that endophytic
fungi of D. officinale are great potential resources to discover novel agents for preventing or treating
pathogens and tumors.
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1. Introduction

Since the endophytic fungus which can produce taxol was reported by Stroble et al. [1], finding
the suitable endophytic fungi to ferment and synthesize extensive active constituents has been
considered as one of the effective way to resolve the resource shortage of some plant-derived
compounds [2]. Endophytic fungi, microorganisms that reside in tissues of the host plant and can
cause no apparent harm to the host plant during a certain phase in their life cycle [3], are known
to produce some rare and novel natural agents with notable pharmacological activities including
anti-tumor and anti-microbial, etc. [4]. However, only very few of them have been cultivated and
screened for drugs.

Dendrobium officinale Kimura et Migo, is ranked “the first of the nine Chinese fairy herbs”,
which has been officially recorded in Chinese pharmacopoeia (Pharmacopoeia Committee of the

Molecules 2016, 21, 14; doi:10.3390/molecules21010014 www.mdpi.com/journal/molecules



Molecules 2016, 21, 14 2 of 14

People’s Republic of China 2010). D. officinale possesses great medicinal values for maintaining
tonicity of stomach, promoting the body fluid production, reducing peripheral vascular obstruction,
preventing the development of cataracts and enhancing the immune system, and has been commonly
applied to anti-tumor, anti-aging, regulation of blood sugar, treatment of stomach disorders, etc. [5].
However, it has been listed as an endangered species and catalogued in the Chinese Plant Red
Book since 1987 because limited natural resources and high demand threaten the survival of the
species [6]. Therefore, protecting the wild resources of D. officinale becomes increasingly important
for China. As a representative species of Orchidaceae, fungi are reported to play a critical role for
seed germination and plants survival of D. officinale [7]. Therefore, exploiting the endophytic fungi in
D. officinale is necessary, which can not only provide fungal resources for screening potential natural
products but also lay a foundation of the further study on endophyte-host interaction. However, for
endophytic fungi associated with medicinal orchids, especially in the Dendrobium genus, only a few
have been explored.

In the course of our continuous search for plant–fungus associations and novel bioactive
secondary metabolites [8] from endophyte cultures, we selected a fungus Pestalotiopsis sp. DO14 that
can increase the content of main medicinal compounds (e.g., polysaccharides) of D. officinale from
the shoot of D. officinale plants collected in Yandang Mountain, Zhejiang Province, People’s Republic
of China (unpublished). Through bioassay-oriented fractionation, two new monoterpenoids,
(4S,6S)-6-[(1S,2R)-1,2-dihydroxypentyl]-4-hydroxy-4-methoxytetrahydro-2H-pyran-2-one (1) and
(6S,2E)-6-hydroxy-3-methoxy-5-oxodec-2-enoic acid (2), together with three known compounds,
LL-P880γ (3), LL-P880α (4) and Ergosta-5,7,22-trien-3β-ol (5), were isolated from the culture
broth of Pestalotiopsis sp. DO14. We report herein the details of the isolation and identification
of endophytes and compounds, and the evaluation for cytotoxic and antifungal activity of those
isolated compounds.

2. Results and Discussion

2.1. Identification of the Endophytic Fungus

The phylogenetic tree (Figure 1) inferred from the ribosomal DNA ITS (Internal Transcribed
Spacer) sequences indicated that the endophytic fungus DO14 was classified into the clade including
Pestalotiopsis clavispora KJ677242, P. mangiferae KF155295, P. microspora KJ019328. Thus, the endophytic
fungus DO14 was identified as a Pestalotiopsis sp. closely related to these three taxa with the ITS
sequence similarity of 100.0%.
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2.2. Structural Determination of the Compounds

Compound 1 was obtained as yellow oil (rαs25
D ´14.3 (c 0.50, MeOH) ) and analyzed for

the molecular formula C11H20O6 by HRESIMS [M ´ H]´ at m/z 247.1186 (cald. 247.1182). The
IR spectrum exhibited absorption bands for hydroxyl groups (3406 cm´1) and carbonyl groups
(1713 cm´1). The 1H-NMR spectra data exhibited signals for one-methyl groups (δH H 0.95, 3H,
t, J = 7.3 Hz) and oxymethyl (δH H 3.36, 3H, s) (Table 1). The 13C-NMR spectrum together with
DEPT data resolved 11 carbon resonances attributable to one carbonyl group (δc C 171.9), two
methyls, three sp3 oxygenated methines, four sp3 methylenes, and one sp3 oxygenated quaternary
carbons (Table 1). As one of the two degrees of unsaturation was consumed by one carbonyl
group, the remaining degree of unsaturation required that compound 1 was monocyclic. The
above-mentioned information was quite similar to that of co-isolated compound 3 reported from
the same genus [9]. In comparison with compound 3, the major differences of compound 1 were
due to an additional oxygenated quaternary carbon (δc C 97.1) and one sp3 methylene (δc C 41.6)
instead of one tri-substituted double bonds (δc C 173.4 and 89.7), indicating that compound 1 was
a derivative of compound 3. HMBC correlations from H3CO-4 (δH H 3.36) to C-4 (δc C 97.1) and
from H2-3 (δH H 2.85 and 2.82) to C-4, C-2 and C-5 assigned that the hydroxyl was connected at C-4
(Figure 2). The planar structure of compound 1 was further established by detailed interpretation
of its 2D NMR data (Figure 3). The relative configuration of compound 1 was established by
comparison of 1D NMR data with compound 3. The absolute configuration of compound 3 was
confirmed by exciton chirality method in previous work [10]. The stereochemistry of compound
3 was resolved by comparing optical rotation rαs25

D ´44.3 (c 1.30, MeOH) and the CD (Circular
dichroism spectra) curve of compound 3 shows the cotton effects at 248 nm (∆ε = ´14.7), indicating
that the configurations of C-6, C-11, and C-21 were S, S, and R. (Figure 4A). The absolute configuration
of compound 1 was confirmed by the chemical correlation from compound 3 to compound 1 in
methanol dropping with H2O2 and NaOH at room temperature. Therefore, the configurations of
C-6, C-11, and C-21 in 1 were the same as 3. As no convincing evidence was observed in the NOESY
(nuclear Overhauser enhancement spectroscopy) spectrum to assign the configuration of 4-OH, the
1H-NMR data of 1 was measured in CDCl3 and C5D5N to obtain the pyridine-induced solvent
shifts [11] (Figure 4B,C). The solvent shifts of H-6 (∆δCDCl3 ´ C5D5N = 0.25) indicated that the
4-OH/H-6 was compound 1, 3-diaxial-oriented. Thus, 4-OH was assigned in α-orientation and the
configurations of C-4 was S. Therefore, compound 1 was determined to be (4S,6S)-6-[(1S,2R)-1,2-
dihydroxypentyl]-4-hydroxy-4-methoxytetrahydro-2H-pyran-2-one.

Table 1. NMR data of compounds 1, 2.

1 a 2 b

δC, Type δH Mult (J in Hz) δC δH Mult (J in Hz)

2 171.9, C 184.4, C
3 41.6, CH2 2.88, dd (18.5, 2.3) 105.8, CH 5.63, s

2.85, d (18.5)
4 97.1, C 167.1, C
5 29.3, CH2 2.44, dt (13.5, 2.3) 36.5, CH2 3.55, 2H, s

1.88, dd (13.5, 4.1)
6 78.7, CH 4.74, m 204.6, C
11 66.8, CH 3.51, m 86.7, C 4.46, dd (7.8, 4.2)
21 73.2, CH 3.61, m 30.7, CH2 1.88, m

1.70, m
31 33.7, CH2 1.70, m 26.5, CH2 1.40, 2H, m

1.56, m
41 19.6, CH2 1.43, 2H, m 22.3, CH 1.34, 2H, m
51 14.3, CH3 0.95, t (7.3) 13.8, CH3 0.89, t (7.3)

CH3O-4 49.2, CH3 3.36, s 52.6, CH3 3.76, s
a in CD3OD. b in CDCl.
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Figure 4. Absolute configuration of compound 1. (a) CD spectrum of compound 3 in MeOH;
(b) 1H-NMR spectrum of compound 1 in C5D5N; (c) 1H-NMR spectrum of compound 1 in CDCl3.

Compound 2, yellow oil (rαs25
D +82.0 (c 1.30, MEOH)), had the molecular formula of C11H18O5,

as established by HRESIMS ion at m/z 253.1053 [M + Na]+ (cald. 253.1052) and 13C-NMR data. The
IR spectrum exhibited absorption bands for hydroxyl groups (3416 cm´1) and carbonyl groups
(1746 and 1699 cm´1). The 1H-NMR spectra exhibited signals for one methyl groups (H 0.89, 3H,
t, J = 7.2 Hz), one oxymethyl (H 3.76, 3H, s), and a series of aliphatic methylene or methine
multiplets (Table 1). The 13C-NMR spectrum, in combination with DEPT experiments, resolved 11
carbon resonances attributable to one ketone group (C 204.6), one carbonyl group (C 184.4), one
tri-substituted double bond (C 167.1 and 105.8), two methyls, one sp3 oxygenated methines, and four
sp3 methylenes (Table 1). As three degrees of unsaturation were consumed by one tri-substituted
double bond, one kentone group, and one carbonyl group, then the structure of compound 2 should
be a chain. The above-mentioned information was quite similar to that of co-isolated compound
4 reported from the same genus [12]. In comparison with compound 4, the major differences
of compound 2 were due to an additional ketone group and one carbonyl group indicating that
compound 2 was a 2,6-hydrolysis derivative of compound 4. HMBC correlations from H3CO-4
(H 3.76) to C-4 (C 167.1) assigned that the methoxyl group was linked with C-4 (Figure 2). The planar
structure of 1 was further established by detailed interpretation of its 2D NMR data (Figure 5). The
relative configuration of compound 2 was established by comparison of 1DNMR data with compound
4. The absolute configuration of compound 4 was confirmed by chemical synthesis in previous
work [12]. The absolute configuration of compound 2 was confirmed by the chemical transformation
from 4 to 2 in methanol added with 1 equiv NaOH at 60 ˝C. Therefore, compound 2 was determined
as (6S,2E)-6-hydroxy-3-methoxy-5-oxodec-2-enoic acid.

Based on the NMR and MS data, compounds 3–5 were identified as LL-P880γ [10],
LL-P880α [13], and Ergosta-5,7,22-trien-3β-ol [14], respectively (Figure 6).

2.3. Antifungal Activity

As can be seen form the Table 2, among the five compounds, compounds 1–4 all showed notable
anti-fungal activities with the minimal inhibitory concentration (MIC) values no more than 50 µg/mL
for all the tested fungi; interestingly, compounds 1 and 2 possess the strong activities with the MIC
values no more than 25 µg/mL. In addition, our present result also demonstrated that compound
5 possessed moderate anti-fungal effects on the four tested fungi (MIC values were higher than
200 µg/mL).
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compound 2; (f) NOESY of compound 2.
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Table 2. Anti-fungal effects of compounds 1–5.

MIC (µg/mL)
C. albicans C. neoformans T. rubrum A. fumigatus

1 6.25 3.13 25 25
2 12.5 12.5 6.25 3.13
3 12.5 50 50 50
4 6.25 3.13 50 25
5 >400 200 >400 >400

KTZ 0.0625 0.03125 0.5 1

Ketoconazole (KTZ) was used as positive control.

2.4. Cytotoxic Activity

From our present results showed in Table 3, compounds 1–4 showed significant cytotoxic
activities on the MKN45, LOVO, A549 and HL-60 cancer cell lines with the IC50 values lower than
200 µM. In addition, the compounds 1–4 possessed notable cytotoxcities against human cancer cell
lines of HL-60 cells with the IC50 values of below 100 µM. Besides, compounds 1, 2, 4 and 5 showed
strong cytotoxities on the LOVO cell line with the IC50 values lower than 100 µM.

Table 3. Cytotoxic effects of compounds 1–5.

IC50 (µM)
MKN45 LOVO A549 HepG2 HL-60

1 104.76 ˘ 5.34 50.97 ˘ 1.87 157.02 ˘ 2.01 >200 15.24 ˘ 0.34
2 135.87 ˘ 6.15 41.91 ˘ 1.07 >200 >200 30.09 ˘ 0.98
3 125.87 ˘ 5.76 139.96 ˘ 5.76 182.92 ˘ 5.98 >200 64.87 ˘ 1.47
4 65.28 ˘ 1.98 68.88 ˘ 2.98 125.79 ˘ 4.07 191.68 ˘ 6.94 30.75 ˘ 1.65
5 >200 65.20 ˘ 1.37 >200 >200 171.54 ˘ 4.97

DOX 0.14 ˘ 0.002 0.06 ˘ 0.002 0.16 ˘ 0.004 0.18 ˘ 0.004 0.01 ˘ 0.001

Doxorubicin (DOX) was used as positive control.

2.5. Discussion

In terms of orchid–fungus relationships research, most works are concerning about the
functional role of mycorrhizal fungi on seed germination and plants survival [15]; relatively little
is known of endophytic nature of plant aboveground tissues and their roles in the establishment and
growth of epiphytic orchids [16]. In recent years, non-mycorrhizal endophytes have been recorded
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and recognized [17]. Some researches indicated that non-mycorrhizal endophytes may function
a previously underestimated way [18]. However, knowledge of orchids including Dendrobium
associated non-mycorrhizal fungi is limited. We have previously investigated endophytic fungi
isolated from leaves, stems and roots of D. officinale attached to nine tree species in Yandang
Mountain of Zhejiang, China (unpublished). In order to select meaningful fungi that can promote
the growth and contents of the host, 134 endophytic fungal taxa were isolated co-cultured with sterile
plantlets of D. officinale one by one. As a result, Pestalotiopsis sp. DO14 could significantly improve
the main medicinal compounds contents (e.g., polysaccharides) of D. officinale, which is therefore
selected for the present study to understand chemical constituents and pharmacological activities of
its metabolites.

Pestalotiopsis (Amphisphaeriaceae) species are distributed widely in tropical and temperate
ecosystems as saprobes, pathogens, and endophytes of living plants [19]. Species of Pestalotiopsis have
become a topic of research in many microbial-chemical and pharmacological laboratories because
they contain structurally complex, biologically active metabolites. Xu et al. [20] reviewed 160 different
compounds isolated from species of Pestalotiopsis containing alkaloids, steroids, sesquiterpenes,
triterpenes, coumarins, chromones, simple phenols, phenolic acids, lactones, etc. Antitumor,
antifungal, and antimicrobial activities were the most notable bioactivities of secondary metabolites
isolated from this genus [21]. However, to our knowledge, there have been no monoterpenoids
reported from this genus.

Previous studies indicated that anti-fungal and antitumor are the two major activities of
compounds isolated form endophytic fungus Pestalotiopsis sp. [21]. In addition, Chen et al. reported
that 4-(31,31-Dimethylallyloxy)-5-methyl-6-methoxyphthalide (DMMP) isolated from the endophytic
fungus Pestalotiopsis sp. possessed significantly antitumor effect via mitochondrial extrinsic apoptotic
pathway [22]. Furthermore, induction of apoptosis is one of the important mechanisms of taxol
isolated from the Pestalotiopsis sp. [4]. Previous investigations reported that the destruction
of the bacterial cell might be the possible antifungal activity of compounds isolated from the
Pestalotiopsis sp. [23,24]. In this study, we found that the endophytic fungus Pestalotiopsis sp. DO14
produced different varieties of metabolite classes that were not yet reported from Pestalotiopsis species
and that showed potent cytotoxic and anti-fungal activities. Compounds 1 and 2 were new members
of the monoterpenoids metabolites with strong cytotoxic and antifungal activities, and they represent
the first isolation of monoterpenoids derivative from the genus Pestalotiopsis. Compound 3 was first
isolated from Penicillium citreo-viride as a pestalotin analogue, which was a gibberellin synergist.
Compound 4 was first isolated from Penicillium sp. We found they both have strong cytotoxic and
antifungal activities in this study. Compound 5 was ergosterol derivative. Ergosterol is the precursor
of vitamin D2 which is very important for human health. Ergosterol and its derivatives comprise
a big family in mushrooms [25]. Compound 5 was isolated from Pestalotiopsis for the first time.
However, more works are needed to be devoted to systemically investigate the potential mechanisms
of antitumor and antifungal activities of these compounds isolated in our present research.

3. Experimental Section

3.1. Isolation and Identification of the Endophytic Fungus

Healthy shoots of D. officinale plants were collected in Yandang Mountain, Zhejiang Province, PR
China. Samples were immediately placed in plastic bags, labeled, and taken to the laboratory store at
4 ˝C for isolation of endophytic fungi within 48 h of collection. The samples were washed and then
cut into 3 cm-long segments before surface-sterilization. Shoot segments were surface sterilized by
using the method of Wu et al. [26]. Then, the shoots was cut into 1 cm-long segments, and placed on
potato dextrose agar (PDA) media containing 50 mg/L penicillin and incubated at room temperature
for 14 days. The hyphal tip was transferred to new PDA plates and incubated at 26 ˝C until the pure
mycelium covered most of the plate.
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The isolated endophytic fungus DO14 was identified according to its morphology and ITS
sequences by using the universal primers ITS5 and ITS4 following the reported protocol [27].
Obtained ITS sequence was compared by Blast search with reference sequences at the GenBank and
all sequences were aligned with CLUSTAL X software [28]. The phylogenetic tree was performed
using the neighbor-joining method. Identification of sequences was according to Wu et al. [27].
The sequence was submitted to GenBank (accession No. KP050569). The fungal strain DO14 was
deposited in the China Center for Type Culture Collection (CCTCC) as CCTCC M 2015180.

3.2. Fermentation and Compounds Isolation

The fermentation extracts of DO14 were prepared as reported [29]. DO14 was inoculated in
Erlenmeyer flasks with potato dextrose broth (PDB) and incubated on a rotary shaker (180 rpm) for
7 days at 28 ˝C. Crude fermentation broths were filtered and blended for extraction with ethyl ether.
After extracted by ethyl ether, 6.9 g crude extracts were obtained, and, subsequently, the extracts
were subjected to silica gel column chromatography, eluting with gradient petroleum ether-acetone
(30:1–1:1). Combination of similar fractions by using TLC (Thin Layer Chromatography) analysis,
seven fractions (A–G) were afforded. Then, fraction C was purified by gel filtration on Sephadex
LH-20 to afford compound 5 (36 mg). Fraction E was subject to column chromatography over silica
gel, Sephadex LH-20, and preparative TLC to afford 1 (23 mg), 2 (19 mg), 3 (27 mg). Compound 4
(28 mg) were isolated from the fractions F in the same way (Figure 1).

3.3. Antifungal Assay

Antifungal activities of the compounds 1–5 were assayed on the four common pathogens
(available in the Chinese Academy of Sciences) follows: Candida albicans, Cryptococcus neoformans,
Trichophyton rubrum, Aspergillus fumigatus. The MIC was used to evaluate anti-fungal activities of
the isolated compounds 1–5, and the MIC assay was carried out according to the previous reported
method [29]. Briefly, the sabouraud dextrose agar was used for fungal culture. Dilutions of the
compounds 1–5 were prepared as follows: 400, 200, 100, 50, 25, 12.5, 6.25, 3.13 and 1.56 µg/mL. In
addition, ketoconazole (KTZ) was used as positive control, and the concentrations were prepared
as follows: 8, 4, 2, 1, 0.5, 0.25, 0.125, 0.0625 and 0.03125 µg/mL. In addition, Dimethyl sulfoxide
(DMSO) at a concentration of 1% was used to enhance the compounds’ solubility. Then, the pathogens
(1–5 ˆ 103 CFU/mL) were seeded in the 96 well plates, and the total volume is 200 µL. MIC
values were determined as the lowest samples’ concentrations that prevent visible fungal growth
at 35 ˝C after 24 h, 72 h and 168 h of incubation for Monilia, Cryptococcus and hyphomycete,
respectively [20,30].

3.4. Cytotoxic Assay

Cytotoxic assay was determined by using the MTT [3-(4,5-dimethylthiazole-2-yl)-2,5-diphenylte
trazoliumbromide] [31]. Briefly, five human cancer cell lines (available in the Chinese Academy
of Sciences) were used: MKN45, LOVO, A549, HepG2, and HL-60. Briefly, cells with density
of 1 ˆ 105 cells/mL were cultured in 96-well plates for 24 h with 10% FBS DMEM medium.
Subsequently, cells were treated with test samples at a series nine concentrations (0.5, 1, 5, 10, 20, 40,
60, 80, and 100 µg/mL) for 24 h. Then, 20 µL MTT (5 mg/mL) was added for 4 h, and after removing
the medium, 150 µL DMSO was added into each well to dissolve blue formazan crystals. Finally, the
optical density (OD) values were read at a wavelength of 570 nm on a micro-plate reader (Labsystems,
WellscanMR-2). Cell proliferation inhibition (%) was determined according to the results of MTT
assay, and IC50 values of the compounds on MKN45, LOVO, A549, HepG2, and HL-60 cell lines were
calculated by LOGIT method. Each experiment was repeated three times.
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4. Conclusions

Our results indicate that compounds isolated from the DO14 could be valuable candidates
as potent tumor inhibitors and be beneficial in the therapy of cancer diseases. Our study also
underscores that endophytic fungi of D. officinale are great potential resources to discover novel agents
for preventing or treating pathogens and tumors. However, further investigations are still needed to
study the extraction process and pharmacological action mechanisms of the active constituents in
metabolites of endophytic fungi isolated from D. officinale.

Acknowledgments: This work was supported by the Zhejiang Open Foundation of the Most Important
Forestry Level Subjects (No. KF201320) and Shanghai Municipal Committee of Science and Technology
(Grant No. 14401902900).

Author Contributions: Conceived and designed the experiments: Ting Han, Wei Peng; Performed the
experiments: Ling-Shang Wu, Min Jia, Bo Zhu, Ling Chen, Hong-Xiu Dong, Jin-Ping Si; Analyzed the data:
Ting Han, Ling-Shang Wu; Contributed reagents/materials/analysis tools: Ling-Shang Wu, Min Jia, Jin-Ping Si;
Wrote the paper: Wei Peng, Ting Han.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Stierle, A.; Strobel, G.; Stierle, D. Taxol and taxane production by Taxomyces andreanae, an endophytic fungus
of Pacific yew. Science 1993, 260, 214–216. [CrossRef] [PubMed]

2. Dong, L.H.; Fan, S.W.; Ling, Q.Z.; Huang, B.B.; Wei, Z.J. Indentification of huperzine A-producing
endophytic fungi isolated from Huperzia serrata. World J. Microbiol. Biotechnol. 2014, 30, 1011–1017.
[CrossRef] [PubMed]

3. Yu, H.; Zhang, L.; Li, L.; Zheng, C.; Guo, L.; Li, W.; Sun, P.; Qin, L. Recent developments and future
prospects of antimicrobial metabolites produced by endophytes. Microb. Res. 2010, 165, 437–449. [CrossRef]
[PubMed]

4. Chen, L.; Zhang, Q.Y.; Jia, M.; Ming, Q.L.; Yue, W.; Rahman, K.; Qin, L.P.; Han, T. Endophytic fungi
with antitumor activities: Their occurrence and anticancer compounds. Crit. Rev. Microbiol. 2014, 1–20.
[CrossRef] [PubMed]

5. Zhao, M.M.; Zhang, G.; Zhang, D.W.; Hsiao, Y.Y.; Guo, S.X. ESTs Analysis Reveals Putative Genes Involved
in Symbiotic Seed Germination in Dendrobium officinale. PLoS ONE 2013, 8, e72705. [CrossRef] [PubMed]

6. Wang, H.; Fang, H.; Wang, Y.; Duan, L.; Guo, S. In situ seed baiting techniques in Dendrobium officinale
Kimuraet Migo and Dendrobium nobile Lindl.: The endangered Chinese endemic Dendrobium (Orchidaceae).
World J. Microbiol. Biotechnol. 2011, 27, 2051–2059. [CrossRef]

7. Tan, X.M.; Wang, C.L.; Chen, X.M.; Zhou, Y.Q.; Wang, Y.Q.; Luo, A.X.; Liu, Z.H.; Guo, S.X. In vitro seed
germination and seedling growth of an endangered epiphytic orchid, Dendrobium officinale, endemic to
China using mycorrhizal fungi (Tulasnella sp.). Sci. Hortic. 2014, 165, 62–68. [CrossRef]

8. Ming, Q.; Su, C.; Zheng, C.; Jia, M.; Zhang, Q.; Zhang, H.; Rahman, K.; Han, T.; Qin, L. Elicitors from the
endophytic fungus Trichoderma atroviride promote Salvia miltiorrhiza hairy root growth and tanshinone
biosynthesis. J. Exp. Bot. 2013, 64, 5687–5694. [CrossRef] [PubMed]

9. Kimura, Y.; Suzuki, A.; Tamura, S. 13C-NMR spectra of pestalotin and its analogues. Agric. Biol. Chem.
1980, 44, 451–452. [CrossRef]

10. Mcgahren, W.J.; Ellestad, G.A.; Morton, G.O.; Kunstmann, M.P.; Mullen, P. A new fungal lactone, LL-P880
beta, and a new pyrone, LL-P880 gamma, from a Penicillium sp. J. Org. Chem. 1973, 38, 3542–3544.
[CrossRef] [PubMed]

11. Dong, Z.; Gu, Q.; Cheng, B.; Cheng, Z.B.; Tang, G.H.; Sun, Z.H.; Zhang, J.S.; Bao, J.M.; Yin, S. Natural nitric
oxide (NO) inhibitors from Aristolochia mollissima. RSC Adv. 2014, 4, 55036–55043. [CrossRef]

12. Masaki, Y.; Imaeda, T.; Kawai, M. Highly stereoselective synthesis and structural confirmation of a fungal
metabolite, LL-P880 beta. Chem. Pharm. Bull. 1994, 42, 179–181. [CrossRef] [PubMed]

13. Ellestad, G.A.; Mcgahren, W.J.; Kunstmann, M.P. Structure of a new fungal lactone, LL-P880.alpha., from
an unidentified Penicillium species. J. Org. Chem. 1972, 37, 2045–2047. [CrossRef] [PubMed]

http://dx.doi.org/10.1126/science.8097061
http://www.ncbi.nlm.nih.gov/pubmed/8097061
http://dx.doi.org/10.1007/s11274-013-1519-6
http://www.ncbi.nlm.nih.gov/pubmed/24129696
http://dx.doi.org/10.1016/j.micres.2009.11.009
http://www.ncbi.nlm.nih.gov/pubmed/20116229
http://dx.doi.org/10.3109/1040841X.2014.959892
http://www.ncbi.nlm.nih.gov/pubmed/25343583
http://dx.doi.org/10.1371/journal.pone.0072705
http://www.ncbi.nlm.nih.gov/pubmed/23967335
http://dx.doi.org/10.1007/s11274-011-0667-9
http://dx.doi.org/10.1016/j.scienta.2013.10.031
http://dx.doi.org/10.1093/jxb/ert342
http://www.ncbi.nlm.nih.gov/pubmed/24127517
http://dx.doi.org/10.1271/bbb1961.44.451
http://dx.doi.org/10.1021/jo00960a023
http://www.ncbi.nlm.nih.gov/pubmed/4780824
http://dx.doi.org/10.1039/C4RA09612F
http://dx.doi.org/10.1248/cpb.42.179
http://www.ncbi.nlm.nih.gov/pubmed/8124762
http://dx.doi.org/10.1021/jo00977a044
http://www.ncbi.nlm.nih.gov/pubmed/5037459


Molecules 2016, 21, 14 14 of 14

14. Cai, H.; Liu, X.; Chen, Z.; Liao, S.; Zou, Y. Isolation, purification and identification of nine chemical
compounds from Flammulina velutipes fruiting bodies. Food Chem. 2013, 141, 2873–2879. [CrossRef]
[PubMed]

15. Oja, J.; Kohout, P.; Tedersoo, L.; Kull, T.; Kõljalg, U. Temporal patterns of orchid mycorrhizal fungi in
meadows and forests as revealed by 454 pyrosequencing. New Phytol. 2015, 205, 1608–1618. [CrossRef]
[PubMed]

16. Yuan, Z.L.; Chen, Y.C.; Yang, Y. Diverse non-mycorrhizal fungal endophytes inhabiting an epiphytic,
medicinal orchid (Dendrobium nobile): Estimation and characterization. World J. Microbiol. Biotechnol. 2008,
25, 295–303. [CrossRef]

17. Bayman, P.; Otero, J.T. Microbial Endophytes of Orchid Roots; Springer: Berlin/Heidelberg, Germany, 2006;
pp. 153–177.

18. Herre, E.A.; Mejía, L.C.; Kyllo, D.A.; Rojas, E.; Maynard, Z.; Butler, A.; van Bael, S.A. Ecological implications
of anti-pathogen effects of tropical fungal endophytes and mycorrhizae. Ecology 2007, 88, 550–558.
[CrossRef] [PubMed]

19. Maharachchikumbura, S.S.N.; Guo, L.D.; Chukeatirote, E.; Bahkali, A.H.; Hyde, K.D.
Pestalotiopsis-morphology, phylogeny, biochemistry and diversity. Fungal Divers. 2011, 50, 167–187. [CrossRef]

20. Xu, L.L.; Han, T.; Wu, J.Z.; Zhang, Q.Y.; Zhang, H.; Huang, B.K.; Rahman, K.; Qin, L.P. Comparative research
of chemical constituents, antifungal and antitumor properties of ether extracts of Panax ginseng and its
endophytic fungus. Phytomedicine 2009, 16, 609–616. [CrossRef] [PubMed]

21. Xu, J.; Yang, X.; Lin, Q. Chemistry and biology of Pestalotiopsis-derived natural products. Fungal Divers.
2014, 66, 37–68. [CrossRef]

22. Chen, C.; Hu, S.Y.; Luo, D.Q.; Zhu, S.Y.; Zhou, C.Q. Potential antitumor agent from the endophytic fungus
Pestalotiopsis photiniae induces apoptosis via the mitochondrial pathway in HeLa cells. Oncol. Rep. 2013,
30, 1773–1781. [PubMed]

23. Subban, K.; Subramani, R.; Johnpaul, M. A novel antibacterial and antifungal phenolic compound from the
endophytic fungus Pestalotiopsis mangiferae. Nat. Prod. Res. 2013, 27, 1445–1449. [CrossRef] [PubMed]

24. Yang, X.L.; Zhang, S.; Hu, Q.B.; Luo, D.Q.; Zhang, Y. Phthalide derivatives with antifungal activities against
the plant pathogens isolated from the liquid culture of Pestalotiopsis photiniae. J. Antibiot. 2011, 64,
723–727. [CrossRef] [PubMed]

25. Yaoita, Y.; Yoshihara, Y.R.; Machida, K.; Kikuchi, M. New Sterols from Two Edible Mushrooms,
Pleurotus eryngii and Panellus serotinus. Chem. Pharm. Bull. 2002, 50, 551–553. [CrossRef] [PubMed]

26. Wu, L.; Han, T.; Li, W.; Jia, M.; Xue, L.; Rahman, K.; Qin, L. Geographic and tissue influences on endophytic
fungal communities of Taxus chinensis var. mairei in China. Curr. Microbiol. 2013, 66, 40–48. [CrossRef] [PubMed]

27. Guo, L.D.; Huang, G.R.; Wang, Y.; He, W.H.; Zheng, W.H.; Hyde, K.D. Molecular identification of white
morphotype strains of endophytic fungi from Pinus tabulaeformis. Mycol. Res. 2003, 107, 680–688. [CrossRef]
[PubMed]

28. Thompson, J.D.; Gibson, T.J.; Plewniak, F.; Jeanmougin, F.; Higgins, D.G. The CLUSTAL_X Windows
Interface: Flexible Strategies for Multiple Sequence Alignment Aided by Quality Analysis Tools.
Nucleic Acids Res. 1997, 25, 4876–4882. [CrossRef] [PubMed]

29. You, F.; Han, T.; Wu, J.Z.; Huang, B.K.; Qin, L.P. Antifungal secondary metabolites from endophytic
Verticillium sp. Biochem. Syst. Ecol. 2009, 37, 162–165. [CrossRef]

30. Peng, W.; Han, T.; Xin, W.B.; Zhang, X.G.; Zhang, Q.Y.; Jia, M.; Qin, L.P. Comparative research of chemical
constituents and bioactivities between petroleum ether extracts of the aerial part and the rhizome of
Atractylodes macrocephala. Med. Chem. Res. 2011, 20, 146–151. [CrossRef]

31. Wang, L.W.; Xu, B.G.; Wang, J.Y.; Su, Z.Z.; Lin, F.C.; Zhang, C.L.; Kubicek, C.P. Bioactive metabolites from
Phoma species, an endophytic fungus from the Chinese medicinal plant Arisaema erubescens. Appl. Microbiol.
Biotechnol. 2012, 93, 1231–1239. [CrossRef] [PubMed]

Sample Availability: Samples of the compounds are available from the authors.

© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open
access article distributed under the terms and conditions of the Creative Commons by
Attribution (CC-BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.foodchem.2013.05.124
http://www.ncbi.nlm.nih.gov/pubmed/23871036
http://dx.doi.org/10.1111/nph.13223
http://www.ncbi.nlm.nih.gov/pubmed/25546739
http://dx.doi.org/10.1007/s11274-008-9893-1
http://dx.doi.org/10.1890/05-1606
http://www.ncbi.nlm.nih.gov/pubmed/17503581
http://dx.doi.org/10.1007/s13225-011-0125-x
http://dx.doi.org/10.1016/j.phymed.2009.03.014
http://www.ncbi.nlm.nih.gov/pubmed/19403293
http://dx.doi.org/10.1007/s13225-014-0288-3
http://www.ncbi.nlm.nih.gov/pubmed/23863966
http://dx.doi.org/10.1080/14786419.2012.722091
http://www.ncbi.nlm.nih.gov/pubmed/22950879
http://dx.doi.org/10.1038/ja.2011.82
http://www.ncbi.nlm.nih.gov/pubmed/21915132
http://dx.doi.org/10.1248/cpb.50.551
http://www.ncbi.nlm.nih.gov/pubmed/11964010
http://dx.doi.org/10.1007/s00284-012-0235-z
http://www.ncbi.nlm.nih.gov/pubmed/23053484
http://dx.doi.org/10.1017/S0953756203007834
http://www.ncbi.nlm.nih.gov/pubmed/12951794
http://dx.doi.org/10.1093/nar/25.24.4876
http://www.ncbi.nlm.nih.gov/pubmed/9396791
http://dx.doi.org/10.1016/j.bse.2009.03.008
http://dx.doi.org/10.1007/s00044-010-9311-8
http://dx.doi.org/10.1007/s00253-011-3472-3
http://www.ncbi.nlm.nih.gov/pubmed/21814808

	Introduction 
	Results and Discussion 
	Identification of the Endophytic Fungus 
	Structural Determination of the Compounds 
	Antifungal Activity 
	Cytotoxic Activity 
	Discussion 

	Experimental Section 
	Isolation and Identification of the Endophytic Fungus 
	Fermentation and Compounds Isolation 
	Antifungal Assay 
	Cytotoxic Assay 

	Conclusions 

