Received: 18 March 2018

Revised: 1 May 2018

Accepted: 3 May 2018

DOI: 10.1002/mbo3.666

ORIGINAL ARTICLE

WILEY MicrobiologyOpen

Open Access,

Identification and characterization of new Muscodor
endophytes from gramineous plants in Xishuangbanna, China

Li-Juan Mao¥?* | Jia-Jie Chen'* | Chen-Yang Xia'* | Xiao-Xiao Feng® | De-Dong
Kong® | Zhen-YuQi® | FengLiu* | DianChen* | Fu-Chenglin® | Chu-Long Zhang®

State Key Laboratory for Rice
Biology, Institute of Biotechnology, Zhejiang
University, Hangzhou, China

2Analysis Center of Agrobiology and
Environmental Science, Zhejiang University,
Hangzhou, China

3Agricultural Experiment Station, Zhejiang
University, Hangzhou, China

“Naban River Watershed National Nature
Reserve, Jinghong, China

Correspondence

Chu-Long Zhang, State Key Laboratory for
Rice Biology, Institute of Biotechnology,
Zhejiang University, Hangzhou, Zhejiang,
China.

Email: clzhang@zju.edu.cn

Funding information

The National Key Technology R&D

Program of China, Grant/Award Number:
2015BAC02B03; The National Key Research
and Development Program of China, Grant/
Award Number: 2016YFD0300706

Abstract

The endophytic fungi Muscodor spp. produce volatile organic compounds (VOCs)
which can inhibit and even kill pathogenic fungi, bacteria, and nematodes. Nine en-
dophytic fungal strains, isolated from the shoots of gramineous plants including
Arthraxon hispidus, Eleusine indica, Oplismenus undulatifolius, and Oryza granulata,
were identified as Muscodor through phylogenetic analysis of the internal transcribed
spacer. Through an SPSS K-means cluster analysis, the nine Muscodor strains were
divided into four groups based on the antifungal activities of the VOCs produced by
these fungi determined by a two-section confrontation test. The first group contains
the strains Y-L-54, W-S-41, Y-S-35, W-T-27, and Y-L-56, which showed the strongest
activity. The second and third groups contain W-S-35 and Y-L-43, which showed
stronger and moderate activity, respectively. The fourth group contains W-S-38 and
N-L-7, which were the weakest in inhibiting the tested pathogens. Thirty-five com-
pounds and the relative amounts of VOCs were determined by SPME-GC-MS and
comparison with the NIST14 mass spectrometry database and Agilent MassHunter
qualitative and quantitative analyses. These 35 compounds were classified into two
different categories: (a) the product of fatty acid degradation, and (b) the intermedi-
ate and final metabolite of the metabolic pathway with the precursor of mevalonic
acid. SPSS clustering analysis showed that the chemical components of VOCs might
be correlated with their bioactivity rather than their phylogenetic assignment and
some of the identified compounds might be responsible for antifungal activity. In
conclusion, new Muscodor endophytes were recorded in tropical gramineous plants
and a number of strains showed remarkable bioactive properties. Therefore, they

have important potential applications in the fields of plant disease control.
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1 | INTRODUCTION

Xylariaceous fungi are the dominant group of endophytic fungi.
Strobel etal. found that xylariaceous fungal isolate 620 can pro-
duce volatile organic compounds (VOCs) with strong antimicrobial
activity, has intertwined rope-like mycelia, and does not produce
spores. Therefore, the genus Muscodor was established based on its
mycelia type and its production of VOCs (Strobel, Dirkse, Sears, &
Markworth, 2001; Worapong et al., 2001). Muscodor has a significant
inhibitory effect or even lethal effect on a variety of pathogens (fungi,
bacteria, and nematodes), therefore Muscodor has important poten-
tial applications in the fields of agriculture and environmental pro-
tection (Strobel, 2006). Muscodor albus strain QST 20799 and three
end products, andante, arabesque, and glissade, were proposed for
postharvest fruit, seed, and soil-borne diseases control. This was
approved by the United States Environmental Protection Agency in
2005.

Over the course of exploration of endophytic fungal resources,
a total of 21 Muscodor species were recorded to date: M. albus
(Worapong etal., 2001), M. roseus (Worapong, Strobel, Daisy, &
Castillo, 2002), M. vitigenus (Daisy et al., 2002), M. crispans (Mitchel,
Strobel, Hess, Vargas, & Ezra, 2008), M. yucatanensis (Gonzalez
etal., 2009), M. fengyangensis (Zhang etal., 2010), M. cinnam-
omi (Suwannarach, Bussaban, Hyde, & Lumyong, 2010), M. sutura
(Kudalkar, Strobel, Riyaz-Ul-Hassan, Geary, & Sears, 2012), M. eg-
uiseti, M. musae, M. oryzae, and M. suthepensis (Suwannaracha et al.,
2013), M. kashayum (Meshram, Kapoor, & Saxena, 2013), M. darjeelin-
gensis (Saxena, Meshram, & Kapoor, 2014), M. strobelii (Meshram,
Saxena, & Kapoor, 2014), M. heveae (Siri-udom, Suwannarach, &
Lumyong, 2015), M. indicus and M. ghoomensis (Meshram, Gupta,
& Saxena, 2015a), M. tigerii (Meshram, Gupta, & Saxena, 2015b),
M. coffeanum (Hongsanan et al., 2015), and M. camphorae (Meshram,
Kapoor, Chopra, & Saxena, 2017). In a previous study of endophytic
fungi from Oryza granulata collected from Xishuangbanna, south-
west China, which is an area known to contain rich fungal biodiver-
sity, we isolated two Muscodor strains (Yuan et al., 2011). From 2015
to 2016, further exploration of the endophytic fungi from gramine-
ous plants, including Arthraxon hispidus, Eleusine indica, Oplismenus
undulatifolius, and Oryza granulata, from Xishuangbanna, we found
that nine endophytic fungal strains can produce VOCs with anti-
fungal activity, has intertwined rope-like mycelia, and does not pro-
duce spores. These phenotypic characteristics suggested that these
strains could be belonging to the genus Muscodor. Here, we report
the identification, antifungal activity, and analysis of VOCs of these
nine strains.

2 | MATERIALS AND METHODS

2.1 | Endophytic fungi isolation and storage

The gramineous plants were sampled during 2015 and 2016 from
Xishuangbanna in Yunnan province of China (E 100°32'-100°44/,

N 22°04'-22°17'). The samples were placed in zip-lock plastic
bags, stored in a box with ice and transported to laboratory within
48 hr after sampling. Healthy plant tissues were rinsed with tap
water, then immersed in 75% ethanol for 3-5 min and then in
1% sodium hypochlorite for 8-10 min, and finally rinsed thrice
with sterile distilled water. The surface disinfected tissues were
cut into segments of about 5 mm length and the segments were
placed on MEA plate (2% malt extract agar with 50 mg/L chloram-
phenicol). The plates were then incubated at 25°C in darkness.
Fungal hyphae emerging from the segments were transferred to
new potato dextrose agar (PDA) plates for purification. The puri-
fied cultures were grown on PDA slant, then covered with ster-
ile liquid paraffin, and deposited in Fungal Biology Laboratory of
Zhejiang University.

2.2 | Phylogenetic analysis based on the internal
transcribed spacer of ribosomal DNA sequence

The internal transcribed spacer (ITS) was PCR-amplified using the
universal primers, ITS-1 (5'-TCCTCCGCTTATTGATATGC-3') and
ITS-4 (5-TCCTCCGCTTATTGATATGC-3') (White, Bruns, Lee, &
Taylor, 1990). The PCR amplification products were purified and
sequenced bidirectionally on an ABI 3730 sequencer (Applied Bio-
Systems) according to Zhang et al. (2010). The ITS sequences of the
type strains of the known Muscodor species were retrieved from the
National Center for Biotechnology Information’s (NCBI) GenBank.
ITS sequences obtained in this study were aligned with sequences
of known Muscodor species using clustal X 2.1 (Larkin et al., 2007)
and manually corrected using GeneDoc (Nicholas & Nicholas, 1997).
Sequences obtained in this study were deposited in NCBI GenBank
with Accession Number MG309792-MG309800.

Phylogenetic analyses were carried out using maximum parsi-
mony (MP) approach with PAUP* v. 4.0b10 (Swofford, 2002) and
Bayesian analyses (Bl) approach with MrBayes v3.2.6 (Ronquist
et al,, 2012). jModelTest was used to compare the likelihood of dif-
ferent nested models of DNA substitution and select the best-fit
model for the dataset. Likelihood settings from the best-fit model
(TrN + G) were selected by AIC using jModeltest. The branches were
indicated with MP bootstrap proportion (MPBP) and Bl posterior
probability (BIPP).

2.3 | Determination of the colony
characteristics and optimal growth temperature

The tested Muscodor strains (Table 1) were incubated on PDA me-
dium at 25°C for activation. The mycelial disks (5-mm diameter) were
excised from the edge of the Muscodor colony, one disk was inocu-
lated on PDA in the center of the Petri dish (9-cm diameter). The in-
oculated Petri dishes were kept in darkness, with three kept at each
of the following temperatures: 15, 20, 23, 25, 28, 30, 35, and 40°C,
respectively. After incubation for 15 days, the colony characteristics

were observed and the diameters were recorded.
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ITS GenBank

Strain Species Host Tissue accession number
Y-L-54 Muscodor sp.1 Oryza granulata Leaf MG309797
W-S-41 Muscodor sp.1 Arthraxon hispidus Sheath MG309800
W-T-27 Muscodor sp.2 Oplismenus undulatifolius Stalk MG309795
Y-S-35 Muscodor sp.2 Oryza granulata Sheath MG309796
W-S-38 Muscodor sp.3 Oplismenus undulatifolius Sheath MG309799
N-L-7 Muscodor sp.4 Eleusine indica Leaf MG309792
Y-L-43 Muscodor sp.4 Oryza granulata Leaf MG309793
W-S-35 Muscodor sp.4 Oplismenus undulatifolius Sheath MG309794
Y-L-56 Muscodor sp.5 Oryza granulata Leaf MG309798

Note. ITS: internal transcribed spacer.

2.4 | Assessment of the antifungal activity of VOCs

To measure antifungal activity, five plant pathogenic fungi, Botrytis
cinerea strain ZJUP10, Fusarium oxysporum strain ZJUP28, Penicillum
digitatum strain PdO1, Pytium ultimum strain ZJUP22, and Pestalotia
diospyr strain ZJUP21 were used. The tested pathogens were col-
lected and preserved in the State Key Laboratory for Rice Biology at
Zhejiang University, China.

The antifungal activity of the VOCs produced by the tested
Muscodor strains was determined by confrontation culture in
a Petri dish with two-sections. A mycelial disk with a diameter
of 5 mm was taken from the edge of the Muscodor culture, and

0.03 substitutions/site

then incubated on PDA in one section of the Petri dish at 25°C
for 4 days in darkness, and a pathogenic fungal mycelia disk
of same size was placed in the other section. The Petri dishes
were wrapped with two layers of Parafilm and incubated at
25°C for 4 days in darkness. In parallel, the tested pathogens
were grown in the absence of Muscodor, and when their colo-
nies reached the edge of the Petri dish, the diameters of the
corresponding pathogenic fungal colonies in the confronta-
tion treatment were measured. To evaluate the viability of
the tested pathogens, the abovementioned pathogen colonies
were transferred onto new PDA plates and incubated at 25°C
to test their viability.

D.ﬁa’*[ Muscodor tigerii JQ409998
Muscodor camphorae KC481681
Muscodor darelingensi JQ409997
— Muscodor ghoomensis KF537625
—————————— Muscodor strobelii JQ409999
Muscodor kashayum KC481680
Muscodor crispans EU195297
Muscodor albus AF324336
= Muscodor cinnanomi GQ848369
Muscodor musae JX089323

0.78/51
0.64/51

Lz Muscodor oryzae JX089321
Muscodor indicus KF537626
- Muscodor roseus AH010859
0.99/61 Y-L-54
=W-S-41
161 11100 Muscodor suthepensis JN558830
W-T-27
Y-S-35
) W-S-38
1/82 o.08/66f N L7
Y-1L-43
¥-5-3b
Muscodor coffeanum KP862879
1/90 0.7 Muscodor yucatanenesis F1917287

0.98/81 Muscodor vitigenus AY100022

Muscodor sutura JF938595
Muscodor equiseti JX089322

1/99

Y-L-56
Muscodor fengyangensis HM034853

[ Nemaniadiffusa DQ658238

Nemania serpens DQ631942
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robillardoides AF405301 (outgroup)

FIGURE 1 Phylogenetic tree of Muscodor spp. based on internal transcribed space sequences. The branches are indicated with maximum
parsimony bootstrap proportion and Bayesian analyses posterior probability
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Colony diameter (cm)

FIGURE 2 Colony of the tested
Muscodor endophytes incubated at 25°C
on potato dextrose agar for 15 days

TABLE 2 The growth temperature of
the Muscodor endophytes

Strain 15°C 20°C 23°C 25°C

Y-L-54 1.8+0.2 41+01 4.7 +0.2 5.0+0.5
W-S-41 1.7+0.2 40%0.3 41+0.1 42+0.2
W-T-27 1.6+0.1 47+0.1 57+0.3 6.7+0.6
Y-S-35 19+0.1 3.4+0.1 40x0.1 41+0.2
W-S-38 1.2+0.1 29+0.2 3.6+0.1 4.6+0.2
N-L-7 1.1+£0.0 3.1+0.1 40%0.2 45+0.2
Y-L-43 11+£0.2 3.2+0.1 41+0.1 4.3+0.2
W-S-35 1.1+£0.1 3.1+0.1 3.8+£0.3 40x0.1
Y-L-56 1.0+0.2 3.2+0.2 3.6+0.3 3.6+0.1

28°C 30°C

4.2+0.5 1.8+0.2
3.4+0.3 0.5+0.2
51+0.1 1.6 +0.3
3.7+0.3 1.8+0.1
1.2+0.1 0.0+0.0
3.1+0.2 1.1+0.1
3.6+0.1 0.8+0.1
3.4+0.1 0.0+£0.0
3.9+0.2 1.2+0.2

2.5 | Determination of the components and the
relative amounts of VOCs

Muscodor strains were incubated on PDA in Petri dishes with two
sections as described above. The PDA plate without Muscodor
was considered a control. The VOCs emitted by Muscodor were
extracted with an SPME syringe (SUPELCO) 50/30 mm divi-
nylbenzene/carboxen/polydimethylsiloxane on StableFlex fiber.
VOCs were analyzed by GC-MS (Agilent 6890N/5975B) follow-
ing procedures described in Zhang et al. (2010). The data were

processed using the Agilent MassHunter workstation (Agilent).

Chromatographic peaks were recognized by Agilent MassHunter
qualitative analysis B.07.00, and the mass spectrogram was ob-
tained. Then, the compounds were identified by a search per-
formed in the NIST14 database. A quantitative analysis of VOCs
produced by Muscodor strains was performed through Agilent

MassHunter quantitative analysis b.07.01.

2.6 | Data statistical analysis

Statistical analyses were conducted using IBM SPSS 22.0. The

antifungal activities of nine Muscodor strains against five plant
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pathogenic fungi were analyzed using an SPSS K-means cluster anal-

ysis. The components and the relative amounts of VOCs produced "_; s s s o < .
by these Muscodor strains were analyzed through SPSS clustering § g g g g g <—§ <—§ <—§ %
analysis with the nearest neighbor element and Pearson correlation, £
with a range from O to 1. E
= >
E|2¢c 88388838
3 | RESULTS flZgssggggec°e
3.1 | Phylogenetic analysis of the endophytic fungal
strains z
Phylogenetic analysis based on ITS sequences using MP and BI :-,;3 é é é é é % % é ;
yielded similar tree topology. The tested nine endophytic fungal s
strains with the known Muscodor species formed a strong supported ‘g
cluster with 90% MPBP and 1.00 BIPP (Figure 1). Y-L-56 clustered _; > T N
with M. vitigenus, M. sutura, and M. equiseti with 96% MPBP and 1.00 % % R IS oIscae
BIPP. N-L-7, Y-L-43, and W-S-35 clustered with M. coffeanum with ;_5 E ‘g NN o
93% MPBP and 0.99 BIPP. W-S-38 formed an independent branch.
W-T-27, Y-S-35, and M. suthepensis formed a clade with 100% MPBP
and 1.00 BIPP. Y-L-54, W-S-41 and M. albus, M. camphorae, M. oryzae, E
M. roseus, M. musae, M. ghoomensis, M. kashayum, M. tigerii, M. cin- '.'3 ?3 ?‘3 E g E E 2 % E
namomi, M. darjeelingensis, M. strobelii, M. crispans, and M. indicus § Bl © ° 2 © O < S
clustered into a clade with 64% MPBP and 1.00 BIPP. Therefore, the =
nine tested endophytic fungal strains were identified as five different -; >
Muscodor species: Muscodor sp. 1 to Muscodor sp. 5 (Table 1). ITS se- go % % °\°. § § § § § § ﬁ E §
quence analysis also showed that Muscodor sp. 3 (W-5-38), Muscodor % § E *g S 28 8 9 8 D
sp. 4 (N-L-7, Y-L-43, and W-S-35), and Muscodor sp. 5 (Y-L-56) have S
considerable sequence differences from known Muscodor species. éo
g z
o E s £ 22222528 ¢
3.2 | Characteristics of the tested Muscodor 2 & $ T 3T T IS
colonies and the optimal growth temperature § §
b
Colonies of the tested Muscodor strains cultivated at 25°C on PDA % E =~
medium are shown in Figure 2. All colonies were white, but the colony E g ;2-, 5 N %_ 385 2 R
appearances of different strains were slightly different. Colonies of ’g § % g RERZES LS °
strains Y-L-54, W-S-41, W-T-27, and Y-S-35 were smooth with sparse g
aerial mycelia and radialized vegetative mycelia, while aerial mycelia g
of strains W-S-38, Y-L-56, and W-S-35 were floccus. Strains N-L-7 and § 2
Y-L-43 were wooly. None of the strains produced spores on PDA. é ‘;é '53 }3 '53 }3 E 2 E 2 E
The growth temperature of the tested Muscodor strains cultivated G > o000 < << <L
on PDA medium is shown in Table 2. There was little difference among é §
the optimal growth temperatures of the tested Muscodor strains on S g .
PDA. None of the tested Muscodor strains can grow at temperatures § g § O 0O 0 0 O ® o o «
. . . © X8 2@ @ 2 9 9 ¥ ¥ 0 d
above 30°C. Seven of the Muscodor strains can still grow at 30°C, while Q ‘E £Eg8 88888 98X N
the other two strains, W-5-38 and W-S-35, stopped growing. The op- % AR < < & -
timal growth temperature range for the tested Muscodor strains is _aZ;
20-28°C, except for W-S-38, which shows optimal growth at 20-25°C. % - ~ @ ©
n s T 3 AN 9?2 R ~
P fiiesiiiii
3.3 | Antifungal activity of the tested i
Muscodor strains )
w a
The antifungal activity of the tested Muscodor strains was shown in EII § _
Table 3. The VOCs of Muscodor strain W-5-41 showed the strongest IE - B



MAO ET AL.

Open Access,

60fil_wl LEY_MicrobiologyOpen

(senupauod)
60T0L /  6ETEE SESHT / / / / /
/ /  PrEET / / / / / /
9G61¢ / 2S8C1 / / / / / /
£LS/0T / / / / / / / /
/  89T1C / / / / / / /
/ G18¢¢E / [44°144 / [ ra%x44 €L268 1514414 [4400%
/ / / / EVELT / / / /
/  96gCT / / / / / / /
/ / /  LOELST / / / / /
/ / / / / L0LLT 014 74" / /
/ / / / / (017174 / 8¢88T /
/ €9¥8S / / / 6089% LE09T GGSTC /
/ / /  TSS0LT / / / / /
/ / /  €1990¢€ / / / / /
/ 7EET8 / / / / 67E8Y GLE99 689€TT
/ / /[ ¥vCoLvT 1880€6T 00LCL97 €6C98E8 CCLEOOY ¥8180L
/  TOT608 / / / / / / /
/ / / 05206¢ 60CY¥1 099¢LYy LSTSC6 c089vy  6/48C19
1N 8E-S-M  EV-T-A  GE-S-M 9S-1-A LC-1-M GE-S-A PS-1-A  T¥-S-M
qe24e>ead

¥0¢

88T
¥0¢

¥0¢

961

91

8T

[24%

0LT

8GT
(474"

(441
8¢l

8¢l
0€T
88
88

[40)%
AN

S¥8

618
¥Z8

L¥8

S6L

768

9L

1¢8

6¢6

08L
0€8

9¢6
(47

068
GE€6
L16
€8

0c6

9100S
yozew ‘qr

YES6vC

[44444"
G8T8ST

14¢4)

C66ETT

LLS/0T

T€00ST

14444%

€99

98¥08¢
(429471

09€VTT
019€91

[447-1
6¢16¢C
T0S61
061761

8/1¥€
‘ou 1SIN

€-95
“YEELT

8-/8
-886901
V/N

C-6C-681
¥-08

-08L61

£-S¥-€0T

T
“W-v9LLL

8-98
“LL1C

0
-1€-LTLCE

6-CL-SY¥C
9-G5-1¢8
0
-60-98v1
€-89-90T
¥-98
-T6€€
C-C6-€C1
C1e-6L
€-16-€CT

L-€9-LVS
‘ousyd

-[(eqz'ees ‘ez eeT)-yeT]
-[Ayrswiensr-e/ /T T-04pAYeI0-q/
‘e/’L'9'g'eTeT
‘ausjeyiydeule]edoido|dAD-HT
-JAyrawip-G*y-0ipAyeldo-qg
‘e8'8'/'9'c'Z'T ‘ausjAuaydig
(TI)-2us||AydoAie)

-[(eqz'eegeRT)-yeT]
‘“|Ayrowenal
-/'eg‘1'1-01pAye3d0-q/
‘9'c'yegecer
‘aus|eyiydeufeledoido|dAD-HT

-audjAylaw-/ ‘auedapli]

19359 |Ay3a|Auayd-g ‘pioe 21390y

(jAu
ay3sjAyraw-T)-g-ausjAysw-g
‘auerday[t g z]o|pAdlg

19159 |Aylaw
“JAyraw-g ‘p1oe s1o0uedQ

3)e31908 ‘|0-T-U3320

193159 |Ajuad
‘“|Ayzaw-g ‘p1oe oslouedoud

SUOUBUON-Z

SUOUBUON-{

auouelO-g

10-€-Ua120-T
91e3928 ‘-|AYaw-¢ ‘joueing-T
-|Aylsw-g ‘p1oe djouedoud
-JAyraw-¢ ‘joueing-1

19159 |Aylaw

‘-|Ay3aw-g ‘p1oe olouedoud

.punodwod 3|qissod

668'7¢C

9y ve
9€T'¥C

cseee

S9L'1C

86V'1C

8YT'T¢C

GS/'8T

VASTA/A®

06991
c1991

100917
L0CET

€86CT
1256
8v1'8
66L'Y

8Y¥'¢

(ww) 1y

gTWod

/TWod

9TWod

GTWoOod

TWod

£TWod

ZTwod

TTWod

OTWod

6Wod

gwod

/Wod

QW02

Gwod
W02
cwod

Zwod

Twod

‘ON

sisAleue SIN/D9D/3INdS cm:o\_r_u sules}s Jopoasnin Aq paanpoad spunodwod u_cmm‘_o 9|l3e|oA=Yy] H 319VL



70of11

MicrobiologyOpen

MAO ET AL.

—WILEY

Open Access,

(senuijuo))

08v¢L /  8998¢ 09791 / / / / /
/  ¥9€0¢C / / / / / / 08T¥¢

/ 0LEOY / / / / 9007 / S0S6Y
ov6CT /  CE09€E / / / / / /
/ / / €8Y9L / / / 0v0€T /

/  LBEVT / / / / £2S0T / T6¥91
19s¥C / / 05661 / (015491 ceeLe VL19C 19101
/ / / / / 7€50€ / VARA:) 43
89¥1¢ /  T8CET / / / / / /
/ ¢0¢9C / / / / / / /
(45714 / TS06S / / / / / /
L1-N  8E-S-M  E¥-1-A  GE-S-M 95-1-A LT-1-M GE-S-A 7S 1-A  T¥-S-M
qeaJesjead

0ce

0¢

0¢

0¢

0¢

0¢

0¢

¥0¢

{4014

0¢

¥0¢
N

SvL

168

116

T06

G88

9€6

G€6

vc6

SSL

8¢6

Y8

9100S
yojew ‘qry

09vIST

/0071

0£S€61

OTTIVvT

E0v6ve

ra4

1444424’

9¢sce

6LE561

0ss¢ce

£L90¥ST
‘ou ISIN

V/N spixods sualeled  /86/T
dUaIp-9°Z-e39pun(0Z /]
o]2Ad1q|Aylawela|
V/N -0T'0T'9'C-S6ZEWUT  9€6'LT
auajeyjydeuoipAyeldo
-eg'9'g'ey
‘v'e'e
V/N  ‘T-lAyrswip-g‘ey-|Auadoidos|-g  £/97/T
6 -(2)-ausjAyrpw-g-AyroWIp-TTL
-L6-€168C ‘Susl1ed9pod-0T'9‘T  TISS/T
-[(,S6'Z¥',dT)-4T]
-ausjAyrow-g-|Ayzowl-TT
TT'v
0-G9-8TT ‘aus-y-o9pun[p'gZlopPAdlg  T9vLT
-[(e'eteT)-ST]
(
|AuayisjAyow-T)-£-|Ay3awip-
‘T-01pAYeI20-87°9'GH'ET'T
T-CT-T69€ ‘BusInzy  26£°9T
/-G0  -(lAusuad-g-|Ayraw-1)-9-JAyrawip
-669/T  -9°'C ‘dua-gday[T'T'glopAdlg  £0€°9C
-[(eeg’e/‘eec eg)-ye]
-Ayrowen=)-g°g9’c-oipAyexay-eg
‘8/v'ez
¥-19-69% ‘Sus|nzeoueyIdIN-LBE-HT  €9/£°GC
sueyday
[0'T'vloPAdIgausjAyoW-Z
G-€8 -(duapijAua-
-81/6/ €INgIAYIBW-€)-g-l[AylpwIa-v'y  99t°GT
{evezer)y-ST-AuaLpeApaW-T)sIg-
‘T-1Aurew-T-|Auay3a-T
6-€1-S1§ ‘suexayojpAd  80z'Se
(T1-2u9]jAyd
-0AJe208I) -|[Aylawellal-4'4's
‘T ‘@ua-g-d9pun
V/N [(TT'P)0TZ9lopPAdML-(-)  9T0GT

‘ou §YD .punodwood a|qissod  (uiw) 1y

(panuRuOD)

6qWO0d

gzWod

/qWod

9ZWod

GZwod

gwod

£Zwod

Zqwod

TgWwod

0ZwWwod

6TWOD

‘ON

v 3i1avi



MAO ET AL.

Open Access,

mWI LEY_MicrobiologyOpen

/ / / TO6L1 / / 09¥¥1 SELIT /

/  GI8E6L / / / / / / /

/  S6£0CT / ¥C0€ET / 0€96CT 90T¥¥E EV6SLT  LSTTYE

/ T018T / / / / / / /
76S1¢CE / 086811 7€806 / / / / /
19801  ¥61TTC / / / LEVLT 19€9€ Ir60€  0TI¥1SC
L1-N  8E-S-M  E€¥-1-A  GE-S-M 95-1-A LT-1-M GE-S-A 7S 1-A  TP-S-M
qe2Jesjead

0Le

06¢

[444

(444

¥0¢

70¢
AN

988

1743

LS8

96L

18

8v6

9100S
yojew ‘qr

'}JOIND 243M £> Ol3ed 3SI0U-0}-[eus|s Y3im sead IoUl|n "PaIRJdp 243M S|0I3U0D Ul Pa3sixa spunodwod Sulpuodsa.iod ay |,

"aseqelep T 1IN 03 Sulpi0dde pa3dope Sem 21n}e|dDUSWIOU [eDIWRYD 3Y |,

0£68ST

G¢ST6¢C

41244

[44054%

VAL 24

9¢¢0L
‘ou 1SIN

0-6€-CT1

€LL
-99¥S

€-¢0-¢SS
0

-GG-986S
G-€8

-C1661

0-TT-169€
‘ousvyd

193183

|[Aylaw ‘pioe djouedapEXIH

193189 |AXay|Ayra-z

‘~(JAusaydAxoylaw-1)-¢

‘p1oe ojouadoud-g

-[(eqz'ges e/ ey ey eRT)-IBT]
-JAy1awel)a)-£ 1 7-04pAyedap
‘|lo--ua|nze[a]doidopAD-HT

|[oyooje 1jnoydied

-(¥4) -IAYIPWeNIDI-6'G G T
‘aualp-g‘T-easpun[g-gloaids

-[(geg'e/'eT)-ST]
-

[Auay3ia|Ayraw-T)-/-|AYowip-1,

‘T-04pAyeldo

-B8'8/'9°G'€°T'T ‘dusnzy

.punodwod 3|qissod

960°LE

€6CVE

19G°1€

LZy'6C

8¥9'8¢

€80'8¢

(unw) 1y

(penunuo))

Gowod

EWO0D

£Ewod

Zewod

TEwod

0QgwWod

‘oN

¥ 31avl



MAO ET AL.

MicrobiologyOpen

Y-L-54 J
¥-5-35

W.T-27 i

W-S-41

> W-s.38

W-8-35

Y-L-56

Y-L-43

FIGURE 3 The chemical dendrogram of Muscodor strains.

The vertical axis represents the strains and the horizontal axis
represents the distance index. Five clusters were divided with

a dashed line between W-S-41 and W-S-38. Both cluster A (the
strains Y-L-54, Y-5-35, W-T-27, and W-S-41) and the cluster D
(strain Y-L-56) showed the strongest antifungal activity. Cluster C
(the strain W-S-35) showed stronger antifungal activity. The cluster
B (strain W-5-38) showed the weakest antifungal activity. The
cluster E (strains N-L-7 and Y-L-43) showed the weakest antifungal
activity
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antifungal activity, with complete inhibition and killing of mycelial

{Open Access)

growth of Botrytis cinerea, Penicillium digitatum, and Pythium ul-
timum. In addition, the VOCs of Muscodor strain W-5-41 was able
to effectively inhibit two other pathogens: Fusarium oxysporum
and Pestalotia diospyr. The VOCs of Muscodor strain N-L-7 showed
the weakest antifungal activity, only partially or slightly inhibiting
Penicillium digitatum, Botrytis cinerea, and Pestalotia diospyr, and
showing no inhibition activity on Fusarium oxysporum and Pythium
ultimum.

Among the targeted pathogens, P. ultimum was the most sensi-
tive to VOCs produced by Muscodor. When exposed to the VOCs
produced by Muscodor, P. ultimum was completely inhibited and even
killed by seven of the VOCs. Penicillium digitatum (sensitive to six
VOCs) and B. cinerea (sensitive to five VOCs) also showed sensitivity
to the VOCs produced by Muscodor. Fusarium oxysporum and P. di-
ospyr were the least sensitive to the VOCs of Muscodor; they were
only partially inhibited by the VOCs.

Through the SPSS K-means cluster analysis based on antifun-
gal activities, the tested Muscodor strains can be divided into four
groups: I-1V. The first group contains the strains W-S-41, Y-L-54,
Y-S-35, W-T-27, and Y-L-56, which showed the strongest antifun-
gal activity. These strains completely inhibited and killed B. cinerea,
P. digitatum, and P. ultimum and moderately or partially inhibited
F. oxysporum and P. diospyr. Strain W-S-35 belongs to the second
group, which showed stronger antifungal activity. It completely in-
hibited P. digitatum and P. ultimum, moderately inhibited B. cinerea,

FELELE

B Cluster B (W-S-38) Cluster E (N-L-7, Y-L-43)

FIGURE 4 The peak area percent of volatile organic compound components of the Muscodor clusters. The vertical axis represents the
percentage of the compound in clusters and the horizontal axis represents the compound. Cluster A (strains W-5-41, Y-L-54, Y-S-35, and W-
T-27) and cluster D (strain Y-L-56), which showed the strongest antifungal activity, are marked with dark blue and blue, respectively. Cluster
C (strain W-S-35), which showed stronger antifungal activity, is marked with light blue. Cluster B (strain W-5-38), which showed the weakest
antifungal activity, is marked with orange. Cluster E (strains N-L-7 and Y-L-43), which showed weak or the weakest antifungal activity, is

marked with yellow
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and partially inhibited F. oxysporum and P. diospyr. The third group
contains strain Y-L-43, which showed weak antifungal activity. It
completely inhibited P. ultimum, moderately inhibited B. cinerea, and
weakly or did not inhibit F. oxysporum, P. digitatum, and P. diospyr.
The fourth group, contains strains W-S-38 and N-L-7, which were
the weakest at inhibiting the five tested pathogens.

3.4 | The components and the relative amounts of
VOCs produced by the tested Muscodor strains

Thirty-five compounds and the relative amounts of VOCs
were determined (Table 4), which were classified into two cat-
egories. One is the product of fatty acid degradation, such as
methyl isobutyrate, 3-methyl-1-butanol, 2-methylpropanoic
acid, 3-methyl-1-butyl acetate, 1-octen-3-ol, 3-octanone, and
2-nonanone. The other category is terpenes, such as monoterpe-
nes (1-ethenyl-1-methyl-2,4-bis(1-methylethenyl)-cyclohexane)
and sesquiterpenes (caryophyllene), which are the intermediate
and final metabolites of the metabolic pathway with the precur-
sor of mevalonic acid.

A chemical dendrogram (Figure 3) was created using SPSS clus-
tering analysis. The dendrogram showed that components of the
VOCs from Y-L-54 and Y-S-35 were similar. In addition, the compo-

nents of the VOCs from Y-L-43 and N-L-7 were also similar.

4 | DISCUSSION

Typical fungal identification mainly depends on morphologi-
cal characters and phylogenetic analyses. The identification of
Muscodor can be challenging, as Muscodor spp. do not produce
sporogenous structures. Therefore, phylogentic analyses are es-
sential tool for identification of Muscodor. Owing to the lack of in-
formative sequences of the reference species except for ITS, the
ITS sequence analysis in this study was carried out and was able
to identify the tested strains as Muscodor, and support the strains
as belonging to five different Muscodor species. Nonetheless, ITS
is not diverged enough to informatively discern the phylogenetic
relationships among Muscodor species. In a study on xylariaceous
fungi, Jaklitsch & Voglmayr interpreted the phylogenetic relation-
ships of five genera from Xylariales, employing ITS, LSU, rpb2,
and tefl (Jaklitsch & Voglmayr, 2012). Thus, further multigene
phylogenetic analyses are required for interpretation of the phy-
logenetic relationships among Muscodor species and designation
species names for these strains.

We found that the Y-L-54 and Y-S-35 strains, which belong to
different Muscodor species, produce the most similar VOC com-
ponents. On the other hand, N-L-7, Y-L-43, and W-S-35, which
are strains of the same Muscodor species, produce different VOC
components. This indicates that the VOCs might not be correlated
with their phylogenetic assignment, at least among these Muscodor
strains. Thus, the five clusters were divided with a dashed line ac-
cording to antifungal activity (Figure 3). Cluster A (strains Y-L-54,

Y-S-35, W-T-27, and W-S-41) and cluster D (strain Y-L-56), which
showed the strongest antifungal activity. Cluster C (strain W-S-35),
which showed stronger antifungal activity. Cluster B (strain W-S-38)
and Cluster E (strains N-L-7 and Y-L-43) showed weak or the weak-
est antifungal activity. The peak area percentage of VOC compo-
nents for the five clusters was obtained (Figure 4), and the specific
compounds (comi, com3, com5, comé, com8, com 9, com 10, com
12, com22, com25, and com35) in the clusters marked with varying
shades of blue might be responsible for antifungal activity, and these
compounds are mostly esters, alcohols, and small molecular weight
acids, in particular, methyl isobutyrate and 2-methylpropanoic acid,
which were produced by all highly active strains (strains W-5-41, Y-
L-54, Y-S-35, W-T-27, Y-L-56, and W-5-35). The most active group of
compounds identified in this study are consistent with the previous
study that the esters, alcohols, and acids produced by Muscodor spp.
are remarkable bioactive properties (Mitchel et al., 2008; Strobel
etal., 2001).

This study found that Muscodor endophytes are widespread in
tropical gramineous plants and a number of strains can inhibit or kill
a variety of plant pathogens. Therefore, they have important po-
tential applications in the fields of plant disease control. Moreover,
endophytic Muscodor species interacting with host plants, possibly
leads to the change in VOCs of the host plants. Different VOCs have
different biological effects; for example, methyl isobutyrate and
2-methylpropanoic acid have stronger antifungal activity. On the
other hand, caryophyllene has been shown to attract insects (Xiao
etal., 2012). Thus, the ecological effects of Muscodor endophytes
and plant interactions deserve further study.
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