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ABSTRACT

An endophytic fungus strain DYSJ3 was isolated from a stem of Aphanamixis grandifolia
Blume, which was identified as Aspergillus versicolor based on the morphological characteris-
tics, internal transcribed spacer (ITS) and calmodulin gene sequences analyses. A. versicolor
DYSJ3 exhibited strong antagonistic activity against Colletotrichum musae, C. gloeosporioides
and Fusarium oxysporum f. sp. cubense with the inhibition rates of 61.9, 51.2 and 55.3%
respectively. The antifungal metabolites mainly existed in the mycelium of A. versicolor
DYSJ3, and its mycelial crude extract (CE) had broad-spectrum antifungal activities against
plant pathogenic fungi. The CE had a good thermal stability, and the inhibition rate of
100 pg/mL CE against C. musae was above 70.0% after disposing at 120°C for 1h. Five sec-
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ondary metabolites were isolated from the CE and identified as averufanin, ergosterol perox-
ide, versicolorin B, averythrin and sterigmatocystin. Activity evaluation showed versicolorin B
exhibited inhibitory effects on the mycelial growth and conidial germination of C. musae,
and sterigmatocystin had a weak inhibitory effect on the mycelial growth of C. musae.

1. Introduction

Aphanamixis grandifolia Blume is an evergreen tree
and mainly distributed across tropical and subtrop-
ical regions such as southern China, Malaysia,
Indonesia and India [1]. Its leaves and roots have
been used as traditional Chinese medicines to
relieve limb numbness and joint pain, etc. [2].
Nowadays, studies on A. grandifolia are mainly
focused on isolation and biological activities of phy-
tochemicals. Numerous compounds, such as diterpe-
noids, triterpenoids, sesquiterpenoids, limonoids
and phenylpropanoids, have been identified from
A. grandifolia, and many of them exhibited anti-
microbial and cytotoxic activities [3-5]. However,
there is little research in the endophytes of
A. grandifolia.

Endophytic fungi are a kind of microorganisms,
which colonize within a living plant without causing
obvious symptom [6]. It has been proved to produce
abundant metabolites with various bioactive activ-
ities. Aspergillus versicolor is a common endophytic
fungus, and it has been isolated from a variety of
terrestrial plants, mangroves and marine algae, etc.,
such as Elaeocarpus decipiens [7], Anoectochilus rox-
burghii (8], Excoecaria agallocha [9], Sargassum
thunbergii [10] and Hyrtios erectus [11]. A. versicolor

is rich in secondary metabolites with antimicrobial,
cytotoxic and antioxidative activities.

Colletotrichum musae is the main pathogen of
banana anthracnose, which leads to huge losses dur-
ing transportation and storage every year [12]. In
this work, an endophytic fungus Aspergillus versi-
color DYS]3 was isolated from A. grandifolia, which
exhibited broad-spectrum antifungal activity. Five
compounds were isolated from the mycelium of
A. versicolor DYS]3, and their biological activities
against C. musae were evaluated.

2. Materials and methods
2.1. Strains and media

Aspergillus versicolor DYSJ3 was isolated from a
stem of Aphanamixis grandifolia,
sampled in Danzhou of Hainan province, China.
The pathogenic fungi used in this study included
Colletotrichum musae, C. gloeosporioides, Fusarium
oxysporum f. sp. cubense, F. oxysporum f. sp. cucu-
merinum, Botryosphaeria berengriana f. sp. piricola,
F. graminearum Sehw. These fungi were provided
by the School of Life and Pharmaceutical Sciences,
Hainan University, Haikou, China. All fungal strains
potato agar

which was

were maintained on dextrose
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(PDA: 200.0g/L potato, 20.0g/L glucose, 20.0g/L
agar) at 28 °C for seven days and kept at 4°C.

2.2. Strain identification

Strain DYSJ3 was cultured on PDA and Czapek
media (30.0g/L sucrose, 3g/L. NaNO,;, 1g/L
K,HPO,, 0.5 g/L MgSO,7H,0, 0.5g/L KCl, 0.01 g/L
FeSO,, 20 g/L agar) at 28 °C for two weeks, and the
morphology of colony and spore were observed.
Strain DYSJ3 was also inoculated on CYA and MEA
incubating at 25°C for seven days to determine its
growth rate [13]. The genomic DNA of strain
DYSJ3 was extracted using the method as described
previously [14]. The partial internal transcribed spa-
cer (ITS) sequence was obtained by PCR with ITS
universal primers (ITS1: 5-TCCGTAGGTGA
ACCTGCGG-3, ITS4: 5-TCCTCCGCTTATTGA
TATGC-3) [15]. The partial calmodulin gene
(CaM) sequence was amplified using universal pri-
mers (CMD5: 5-CCGAGTACAAGGARGCCTTC-
3, CMD6: 5-CCGATRGAGGTCATRACGTGG-3)
[16]. The sequence was analyzed in GenBank using
Blastn. Multiple sequence alignment was performed
by ClustalW, and the phylogenetic tree was con-
structed by the neighbor-joining method using
MEGA 5.0 software.

2.3. Determination of antagonistic activity

Antagonistic activity of strain DYSJ3 against patho-
genic fungi was determined with the dual culture
method. A mycelial plug (5mm in diameter) of a
pathogenic fungus was placed in the center of a
PDA plate, and then strain DYSJ3 was inoculated
into one side of the center with a distance of
20mm. The plate inoculated the fungal mycelial
plug only was used as a control. For the antagonistic
activity of crude extract (CE) from the mycelia of
strain DYSJ3, the CE was dissolved in acetone, and
mixed with PDA medium at a final concentration of
500 ug/mL. The mycelial plugs of the pathogenic
fungi were placed in the center of the PDA plates
containing CE. After growing at 28°C for seven
days, the inhibition rates were calculated as follows:

Inhibition rate (%) = (R1 — R2)/R1 x 100%

Where R1 is the radius of fungal colony in control,
and R2 is the radius of fungal colony in treat-
ment group.

2.4. Preparation and activity evaluation of
crude extract

Strain DYSJ3 was inoculated in potato dextrose
broth (PDB) and cultured by orbital shaking at
28°C, 180rpm for seven days. Then mycelia pellets
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were obtained by filtration with gauze. After drying
at 40°C, the mycelia were mixed with 95% ethanol
and broken using ultrasonic. The ethanol extract
was concentrated by rotary evaporation, and further
extracted with petroleum ether, ethyl acetate and n-
butanol in turn. The crude extract (CE) was
obtained using rotary evaporation. Antifungal activ-
ity of the CE against pathogenic fungi was deter-
mined by the previous method. As for thermal
stability, 100 pg/mL CE was incubated at 50, 60, 70,
80, 90 and 120°C for 1h respectively, and their
antagonistic ~ activities

against  C. musae

were determined.

2.5. Isolation and identification of compound

The CE was isolated using a silica gel column, elut-
ing with petroleum ether, petroleum ether: ethyl
acetate (200:1, 100:1), chloroform, chloroform:
methanol (200:1, 100:1, 80:1, 60:1, 40:1, 20:1, 1:1)
and methanol in turn. The fractions were examined
by thin layer chromatography (TLC). After that, the
fractions were further purified using a Sephadex
LH-20 column eluting with chloroform and metha-
nol (1:1) to obtain pure compounds. The molecular
structure of the compound was determined by mass
spectrometry (LCMS-IT-TOF) and NMR-spectra
(*H-NMR, *C-NMR).

2.6. Activity assessment of compound

The effect of compound on the mycelial growth of
C. musae was assayed by the filter paper method. C.
musae was inoculated on a PDA plate and cultured
at 28°C for four days, and then conidia were har-
vested by washing the plate with sterile distilled
water and filtered by Miracloth. PDA was mixed
with the conidia suspension (107 cfu/mL) at a ratio
of 91 to obtain the tested plate. A filter paper
dipped with a compound solution (500 pg/mL com-
pound dissolved in acetone) was placed in the cen-
ter of the tested plate, and the plate with the filter
paper dipped with acetone was used as a control.
The inhibition zone was observed after growing at
28°C for four days. Regarding conidial germination,
20 uL of the conidial suspension (1 x 10° CFU/mL)
mixed with a compound (final concentration was
100 pg/mL) was dropped on a glass slide, and kept
at 25°C for 8h in a moist chamber. The conidial
suspension without a compound was used as a
negative control, and 100pg/mL chlorothalonil
(CTL) was as a positive agent. The conidia were
observed by microscope.
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3. Results
3.1. Identification of strain DYSJ3

Strain DYS]3 was isolated from a stem of A. grandi-
folia using the surface sterilization method. Strain
DYSJ3 grows slowly on PDA and Czapek media,
and its colony is irregularly round and compact
(Figure 1(A, B). The color of colony is white at the
beginning, and then the center turns to dark green,
light yellow or reddish brown. On the CYA and
MEA media, the average colony diameter of strain
DYSJ3 attained 24.5 and 16.2 mm respectively at 7 d
post-inoculation, which is consistent with the
growth rate of A. versicolor type strain described
previously [17]. The tip of conidiophore dilates into
an apical sac and is nearly spherical. The apical sac

bears small peduncles, which are monolayer or dou-
ble-layer. The spore is colorless sphere and arranged
in chain (Figure 1(C)). Then, we amplified the par-
tial sequences of ITS and calmodulin gene, and
phylogenetic analyses exhibit that strain DYSJ3 is
both assigned to a branch with A. versicolor (Figure
1(D), Figure S1). Based on the above results, strain
DYS]J3 is identified as A. versicolor.

3.2. Antifungal activity of strain DYSJ3 and its
crude extract

Antagonistic activity of strain DYS]3 against three
pathogenic fungi were determined by the dual cul-
ture method. As shown in Figure 2(A), strain DYS]3
exhibits strong inhibitory effects on C. musae,
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Figure 1. Identification of strain DYSJ3. (A) The colony morphology of strain DYSJ3 on PDA after culturing at 28°C for five
days. (B) The colony morphology of strain DYSJ3 on Czapek medium after culturing at 28°C for five days. (C) The conidial
head and spore morphology of strain DYSJ3. Bar = 10 um. (D) Phylogenetic tree based on the ITS sequences of Aspergillus

spp. and strain DYSJ3. The ITS sequences include A. creber (JQ301889), A. puulaauensis (JQ301893), A.

tennesseensis

(JQ301895), A. versicolor (EF652442), A. sydowii (EF652450), A. asperescens (EF652475) and A. multicolor (EF652477).
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Figure 2. Antifungal activities of strain DYSJ3 and its crude extract. (A) Antagonistic activity of strain DYSJ3 against
Colletotrichum musae, C. gloeosporioides and Fusarium oxysporum f. sp. cubense. (B) Antifungal activity of the CE. The tested
pathogenic fungi include C. musae (a), Botryosphaeria berengriana f. sp. piricola (b), F. oxysporum f. sp. cucumerinum (c), C.
gloeosporioides (d), F. oxysporum f. sp. cubense (e), F. graminearum Sehw (f). (C) Thermal stability of the CE. 100 pg/mL CE was
incubated at 50, 60, 70, 80, 90 and 120°C for 1h respectively, and their antagonistic activities against C. musae

were determined.

C. gloeosporioides and F. oxysporum f. sp. cubense,
and the inhibition rates are 61.9, 51.2 and 55.3%
respectively. The CE from strain DYSJ3 shows
broad-spectrum antifungal activity, and it shows
higher antagonistic activity against C. musae and B.
berengriana f. sp. Piricola than other fungi with the
the inhibition rates of 93.5% and 87.3% respectively
(Figure 2(B)). In addition, the CE has a good ther-
mal stability, and the inhibition rate of 100 ug/mL
CE against C. musae is above 70.0% after disposing
at 120°C for 1h (Figure 2(C)).

3.3. Isolation and identification of compound
from CE

Strain DYSJ3 was inoculated into PDB for a large-
scale culture, and 78L fermentation broth was
collected and 53g CE was obtained. The CE was
isolated and purified using a silica gel column and a
Sephadex LH-20 column. Finally, five pure fractions
were obtained and named as A, B, D, G and H.
Based on the results of MS and NMR combined
with referring to relevant references, the five com-
pounds were identified as averufanin, ergosterol
peroxide, versicolorin B, averythrin and sterigmato-
cystin respectively. The chemical structures of five
compounds are shown in Figure 3.

The spectrum data are listed as follows:

Compound A (averufanin), orange yellow power,
CyoH 1505, 'H-NMR (500 MHz, CD;OD) &y 7.24
(1H, d, J=2.4Hz, H-5), 7.12 (1H, brs, H-4), 6.63
(1H, d, J=2.5Hz, H-7), 515 (1H, dd, J=2.2,
11.5Hz, H-1), 3.82 (1H, m, H-5), 2.15 (2H, dd,
J=10.2, 11.5Hz, H-2'), 1.77 (2H, m, H-3'), 1.77 (H,
m, H-5'), 1.31 (3H, d, J=6.2Hz, H-CHj;); >*C-NMR
(125 MHz, CD;OD) 8¢ 163.9 (C-1), 120.4 (C-2),
161.5 (C-3), 109.0 (C-4), 134.9 (C-4a), 110.0 (C-5),
166.2 (C-6), 108.4 (C-7), 166.7 (C-8), 110.4 (C-8a),
190.6 (C-9), 109.7 (C-9a), 181.9 (C-10), 136.4
(C-10a), 76.8 (C-1'), 33.5 (C-2), 23.9 (C-3'), 29.9
(C-4), 76.7 (C-5'), 22.1 (C-5'-CH;). Averufanin was
assigned compared with a literature [18].

Compound B (ergosterol peroxide), colorless crystal,
CsH1405, "H-NMR (500 MHz, CDCls) 3 6.49 (1H,
d, J=8.51Hz, H-7), 521 (1H, dd, J=7.7, 15.1Hz,
H-23), 513 (1H, dd, J=6.8, 153 Hz, H-22), 3.94 (1H,
m, H-3), 1.07 (3H, s, H-19), 0.98 (3H, d, J=6.61 Hz,
H-21), 0.89 (3H, m, H-28), 0.87 (3H, s, H-18), 0.81
(3H, d, J=4.8Hz, H-26), 0.80 (3H, d, J=6.8, H-27);
BC.NMR (125MHz, CDClL) dc 348 (C-1), 302
(C-2), 665 (C-3), 37.0 (C-4), 82.3 (C-5), 135.6 (C-6),
130.8 (C-7), 79.6 (C-8), 512 (C-9), 37.0 (C-10), 23.5
(C-11), 395 (C-12), 44.7 (C-13), 51.8 (C-14), 20.8
(C-15), 288 (C-16), 563 (C-17), 13.0 (C-18), 183
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Figure 3. The suggested chemical structures of purified compounds.

(C-19), 39.9 (C-20), 209 (C-21), 135.3 (C-22), 1324
(C-23), 429 (C-24), 332 (C-25), 20.1 (C-26), 19.8
(C-27), 17.7 (C-28). Ergosterol peroxide was assigned
compared with a literature [19].

Compound D (versicolorin B), orange vyellow
power, C;gH >0, '"H-NMR (500 MHz, CD;0D) J:
749 (I1H, t, J=7.17Hz, H-6), 682 (1H, d,
J=7.2Hz, H-5), 6.82 (1H, d, J=2.6 Hz, H-4), 6.74
(1H, d, J=8.27Hz, H-7), 6.50 (1H, s, H-2), 6.42
(1H, s, H-3), 544 (1H, s, H-2)), 479 (1H, d,
J=6.94Hz, H-1'), 3.98 (3H, s, H-CH;); *C-NMR
(125 MHz, CDCl3) d¢: 163.4 (C-1), 56.9 (CH;0-1),
90.6 (C-2), 164.7 (C-3), 106.7 (C-4), 154.1 (C-4a),
106.0 (C-5), 135.8 (C-6), 111.4 (C-7), 109.1 (C-6),
162.4 (C-8), 109.1 (C-8a), 181.5 (C-9),155.1 (C-10a),
113.4 (C-1'), 48.2 (C-2'), 102.64 (C-3'), 145.5 (C-4).
Versicolorin B was assigned compared with a litera-
ture [20].

OH 0 OH
X OH

|

0

Averythrin (G)
Compound G  (averythrin), red powder,

C16H160;5, 'H-NMR (500 MHz, CD;OD) & 7.35
(1H, s, H-4), 7.21 (1H, d, J=2.4Hz, H-5), 6.62 (1H,
d, J=2.4Hz, H-7), 6.76 (1H, dt, J=16.1, 1.4Hz, H-
1), 703 (1H, dt, J=16.1, 7.1Hz, H-1'), 2.28 (1H,
m, H-3'), 1.49 (1H, m, H-4), 1.41 (1H, m, H-5),
0.94 (1H, t, J=7.3Hz, H-6'); >*C-NMR (125 MHz,
CD,OD) d¢: 162.7 (C-1), 118.9 (C-2), 163.4 (C-3),
109.9 (C-4), 132.8 (C-4a), 109.3 (C-5), 163.7 (C-6),
109.5 (C-7), 166.1 (C-8), 108.9 (C-8a), 190.9 (C-9),
110.2 (C-9a), 181.8 (C-10), 136.5 (C-10a), 119.9 (C-
1), 139.5 (C-2'), 35.3 (C-3'), 32.4 (C-4'), 23.0 (C-5'),
14.2 (C-6'). Averythrin was assigned compared with
a literature [21].

Compound H (sterigmatocystin), canary yellow
crystal, C;gH1,0¢, "H-NMR (500 MHz, CD;0D) &
749 (1H, t, J=7.17Hz, H-6), 6.82 (1H, d,
J=7.2Hz, H-5), 6.82 (1H, d, J=2.6 Hz, H-4), 6.74
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Figure 4. Activity evaluations of five compounds against Colletotrichum musae. (A) Inhibitory effects of compound D and H on
the mycelial growth of C. musae. (B) Inhibitory effects of five compounds on the conidial germination of C. musae. co: conid-

ium, gt: germ tube, bar = 20 um.

(1H, d, J=8.27Hz, H-7), 6.50 (1H, s, H-2), 6.42
(1H, s, H-3'), 544 (1H, s, H-2), 479 (1H, d,
J=6.94Hz, H-1), 3.98 (3H, s,H-CH;); ">C-NMR
(125 MHz, CDCly) 8¢ 163.4 (C-1), 56.9 (CH;0-1),
90.6 (C-2), 164.7 (C-3), 106.7 (C-4), 154.1 (C-4a),
106.0 (C-5), 135.8 (C-6), 111.4 (C-7), 109.1 (C-6),
162.4 (C-8), 109.1 (C-8a), 181.5 (C-9), 155.1
(C-10a), 113.4 (C-1'), 482 (C-2'), 102.64 (C-3'),
145.5 (C-4'). Sterigmatocystin was assigned com-
pared with a literature [22].

3.4. Activity evaluation of compound

The inhibitory effects of five compounds on the
mycelia growth of C. musae were determined by the
filter paper method. As shown in Figure 4(A), com-
pound D exhibits the strongest antagonistic activity
against the mycelia growth of C. musae, and the

diameter of the inhibition zone is 14.8mm.
Compound H has a weak inhibitory effect on myce-
lia growth, while no effect is found in the other
three compounds. As for conidial germination,
100 pg/mL of compound D can completely inhibit
the spore germination of C. musae as comparable to
CTL (Figure 4(B)). The other four compounds have
no obvious effects on the conidial germination of
C. musae.

4, Discussion

A. grandifolia is a traditional Chinese medical plant,
which is used to cure limb numbness, inconvenient
flexion and cold, etc. A. grandifolia is rich in bio-
active metabolites, and lots of compounds have been
isolated and identified from its stem, fruit and leaf
[23]. Endophytic fungi living in medicinal plants are
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likely to have gene recombination or mutual inter-
ference with the host in the process of long-term
co-evolution. It may not only synthesize physiolo-
gically active substances that are the same or similar
to their hosts, but also produce some active com-
pounds with a unique structure and a novel skel-
eton. However, there is little research related to the
endophytic fungi from A. grandifolia. In this study,
an endophytic fungus strain DYSJ3 was isolated and
identified as A. versicolor based on the morphology,
growth characteristics and ITS sequence analysis.

A. versicolor is a common fungus widely distrib-
uted in air, soil, plant debris and marine environ-
ments [24]. Previous studies showed A. versicolor
and its metabolites exhibited various bioactive activ-
ities, especially antimicrobial activity. Three com-
pounds isolated from an endophytic fungus A.
versicolor of Sargassum thunbergii showed obvious
antagonistic activity against Escherichia coli and
Staphyloccocus aureus [10]. A. versicolor Im6-50 iso-
lated from a ridge soil of potato field could inhibit
potato powdery scab caused by Spongospora subter-
ranea f. sp. subterranea [25]. A. versicolor from a
leaf of Elaeocarpus decipiens Hemsl could produce
aspergoterpenins A-D, which exhibited antimicro-
bial activities against Erwinia carotovora sub sp.
Carotovora [7]. Diorcinol and 4-methoxycarbonyl-
diorcinol identified from an endophytic fungus A.
versicolor OUCMDZ-2738 of Enteromorpha prolifera
were proved to have good inhibitory effects on
Pseudomonas aeruginosa [26]. In our work, A. versi-
color DYS]3 was found to have good antagonistic
activity against banana anthracnose fungus C. musae
for the first time, and it also exhibited broad-spec-
trum antifungal activity against other plant patho-
genic fungi.

The inhibitory effect of the fermentation filtrate
from strain DYSJ3 on C. musae was also determined
using the Oxford cup method [27], whereas no
obvious activity was detected. Therefore, the anti-
fungal metabolites were mainly existed in the myce-
lium of strain DYSJ3. As for the extraction of CE
from the mycelium, we used three organic solvents
as extractants, and only the CE from ethyl acetate
had antifungal activity against C. musae. Among six
pathogenic fungi, the CE exhibited better antagonis-
tic activity against C. musae and B. berengriana f.
sp. piricola than the others, and displayed relatively
lower activity against F. oxysporum f. sp. cucumeri-
num and F. oxysporum f. sp. cubense. We speculated
that the antifungal metabolites against Fusarium
spp. were not easy to be extracted by ethyl acetate.
The CE also had a good thermal stability, which
could withstand a temperature of 120°C for 1h
at least.

A. versicolor can produce a variety of bioactive
metabolites, such as anthraquinones [28], alkaloids
[29], polyketide [30], diphenyl ethers [31], lactones
[32], peptides [33] and terpenoids [7]. The metabo-
lites were isolated from the CE of A. versicolor
DYSJ3, and five known compounds were identified.
Compounds A, D and G were identified as averufa-
nin, versicolorin B and averythrin respectively,
which all belong to anthraquinone derivatives.
Compounds B and H were identified as ergosterol
peroxide and sterigmatocystin respectively. There
were several reports related to antimicrobial activ-
ities of five compounds. Averufanin was proved to
have antibacterial activity against Staphylococcus
aureus and Enterococcus faecium with the MIC val-
ues of 4.6 and 9.3 pg/mL respectively [34]. It was
reported that versicolorin B, averythrin and sterig-
matocystin from a rhizospheric Aspergillus sp. YIM
PH30001 showed antifungal activity against the root
rot fungus Fusarium solani, and the three com-
pounds also had inhibitory activities against Bacillus
subtilis [35]. In addition, versicolorin B from a mar-
ine-derived fungus A. versicolor MF180151 exhibited
moderate activity against
Staphylococcus aureus and methicillin-resistant S.
aureus [36]. In this study, versicolorin B was found
to have obvious inhibitory effects on the mycelial
growth and conidial germination of C. musae, and
sterigmatocystin exhibited slight antagonistic activity
against the mycelial growth. The other three com-
pounds showed no antifungal activity toward C.
musae. In conclusion, an endophytic fungus A. ver-
sicolor DYS]3 was isolated from A. grandifolia,
which exhibited good antagonistic activity against C.
musae, C. gloeosporioides and F. oxysporum f. sp.
cubense. The antifungal metabolites mainly exist in
the mycelium of A. versicolor DYS]3, and its CE
shows broad-spectrum inhibitory activity against
plant pathogenic fungi and has a good thermal sta-
bility. Five compounds were isolated from the CE,
in which versicolorin B exhibited good inhibitory
effects on the mycelial growth and conidial germin-
ation of C. musae.

antibacterial
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