
Citation: Ruangwong, O.-U.;

Kunasakdakul, K.; Chankaew, S.;

Pitija, K.; Sunpapao, A. A

Rhizobacterium, Streptomyces albulus

Z1-04-02, Displays Antifungal

Activity against Sclerotium Rot in

Mungbean. Plants 2022, 11, 2607.

https://doi.org/10.3390/

plants11192607

Academic Editor: Ajay Kumar

Received: 13 September 2022

Accepted: 1 October 2022

Published: 4 October 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

plants

Article

A Rhizobacterium, Streptomyces albulus Z1-04-02, Displays
Antifungal Activity against Sclerotium Rot in Mungbean
On-Uma Ruangwong 1,2, Kaewalin Kunasakdakul 1,2, Sompong Chankaew 3 , Kitsada Pitija 4

and Anurag Sunpapao 5,*

1 Department of Entomology and Plant Pathology, Faculty of Agriculture, Chiang Mai University, Mueang,
Chiang Mai 50200, Thailand

2 Innovative Agriculture Research Center, Faculty of Agriculture, Chiang Mai University,
Chiang Mai 50200, Thailand

3 Department of Agronomy, Faculty of Agriculture, Khon Kaen University, Khon Kaen 40002, Thailand
4 Perkin Elmer Co., Ltd., 290 Soi 17, Rama 9 Rd., Bangkapi, Huay Kwang, Bangkok 10310, Thailand
5 Agricultural Innovation and Management Division (Pest Management), Faculty of Natural Resources,

Prince of Songkla University, Hatyai, Songkhla 90110, Thailand
* Correspondence: anurag.su@psu.ac.th

Abstract: Sclerotium rot causes damping-off and stem rot in seedlings and mature mungbeans,
which negatively impacts cultivation. The use of a rhizobacterium to control soil-borne diseases
is an alternative method to the excess use of synthetic fungicides; therefore, this study aims to
screen rhizosphere actinobacteria with fungicidal activities against Sclerotium rolfsii, the pathogen
that causes sclerotium rot in mungbeans. Primary screening showed that the Streptomyces sp. isolate
Z1-04-02 displayed the highest effectiveness against S. rolfsii in dual culture plates, with a percentage
inhibition of 74.28%. An assay containing enzymes that degrade cell walls, of the cell-free culture
filtrate (CF) of Z1-04-02, showed that the activities of chitinase and β-1,3-glucanase were 0.0209 and
1.0210 U/mL, respectively, which was significantly higher than that of the control (media alone).
The cell-free CF of Z1-04-02, incubated at 37 ◦C and 100 ◦C, using agar well diffusion, effectively
inhibited the growth of S. rolfsii with inhibition percentages of 37.78% and 27.78%, respectively.
Solid-phase microextraction (SPME) was applied to trap volatiles released from Z1-04-02 and gas
chromatography–mass spectrometry (GC/MS); volatile antifungal compounds were tentatively
identified as bicyclic monoterpene (1R)-(-)-myrtenal. The application of the cell-free CF, and the spore
suspension of Z1-04-02, showed disease severity indexes (DSIs) of 12.5% and 8.25%, respectively,
which were significantly lower than those showing inoculation by S. rolfsii alone. The identification
of this strain by morphology, biochemistry tests, and 16s rDNA sequences revealed that Z1-04-02
was Streptomyces albulus. This finding revealed that S. albulus Z1-04-02 displayed diverse fungicidal
activities against S. rolfsii, and it has the potential to act as a biological control agent in terms of
inhibiting sclerotium rot in mungbeans.

Keywords: actinobacteria; antibiosis; cell wall degrading enzymes; Sclerotium; volatile organic
compounds

1. Introduction

Rhizosphere soil is an important source of beneficial microorganisms, especially rhi-
zosphere microorganisms, which have been studied for their beneficial effects on plant
growth and their roles as biocontrol agents [1–3]. Actinobacteria are fungal-like microor-
ganisms of the order Actinomycetales. The structure of actinobacteria consists filaments
in a network, and actinobacteria can produce spores or conidia. Actinobacteria are Gram-
positive and they mostly inhabit soil, utilizing soil substrates and the decaying organic
matter in soil. Streptomyces is a genus of the family Streptomycetaceae [4], which has
been widely studied for its contributions as a biological control agent (BCA) that works
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against plant diseases [5,6]. Different strains of Streptomyces can produce cell wall de-
grading enzymes (CWDEs), such as chitinase and β-1,3-glucanase, volatile organic com-
pounds (VOCs), and antimicrobial metabolites, which are responsible for the suppression
of plant pathogens [7–12]. Furthermore, some Streptomyces strains can induce disease
resistance [13,14].

Several strains of Streptomyces have been widely applied in agriculture to control plant
fungal diseases, and they have diverse antimicrobial abilities. For instance, Streptomyces
alfalfa produced various extracellular hydrolytic enzymes and diffusible antifungal metabo-
lites that work against Fusarium oxysporum f.sp. vasinfectum, the pathogen of fusarium
wilt in cotton [15]. Streptomyces griseorubiginosus regulated plant defense enzyme activities
and induced sugarcane smut resistance by regulating stress-related enzyme activities in
sugarcane [16]. Streptomyces sichuanensis produced siderophore and antifungal metabolites
that work against F. oxysporum f.sp. cubense tropical race 4, the causal agent of fusarium
wilt in banana [17]. Streptomyces sp. produced cellulolytic, chitinolytic, and proteolytic ex-
tracellular enzymes that inhibit Macrophomena phaseolina and Rhizoctonia solani in Phaseolus
vulgaris [18]. Furthermore, Streptomyces sp. AN090126 produced and secreted antimicrobial
metabolites into culture filtrates, and they produced volatile antifungal compounds that
work against plant pathogens [19].

The mungbean (Vigna radiata) is a plant species of the legume family, and it is mainly
grown in the tropical and subtropical areas of East Asia and Southeast Asia, including China,
India, Pakistan, Thailand, Indonesia, and the Philippines [20]. As with most economic crops,
global mungbean production often encounters serious problems that can cause a reduction
in yield. The major problem is that it is susceptible to southern blight or sclerotium rot
caused by Sclerotium rolfsii [21]. In Thailand, the cultivation of mungbean is distributed
throughout the country, and most cultivation areas are located in northeastern Thailand
(according to the Office of Agricultural Economics, Thailand).

In Thailand, mungbeans also suffer from sclerotium rot, even though the use of
synthetic fungicides effectively controls sclerotium rot [22,23]; however, the use of high
doses of fungicides might cause the development of chemical resistance [24], and it may
also cause harmful side effects that impact human health [25]. Streptomyces strains have
exhibited strong antibiosis against plant diseases, and therefore, the use of actinobacteria
from the rhizosphere to control soil-borne pathogens is an alternative method to control this
disease. This study aimed to find the effective strains of the rhizobacterium Streptomyces,
which have diverse fungicidal abilities, to suppress S. rolfsii and to reduce disease severity
in mungbean crops.

2. Results
2.1. Antifungal Ability of Streptomyces against Sclerotium rolfsii

All isolates of actinobacteria effectively inhibited the mycelial growth of S. rolfsii by
dual culture assay, with the inhibition percentage ranging from 36.67% to 74.29%. The
Streptomyces sp. strain Z1-04-02 showed the highest inhibition percentage against S. rolfsii,
with an inhibition percentage of 74.29%, which is significantly higher than that of other
strains (Figure 1); therefore, the Streptomyces strain Z1-04-02 was selected for further study.

2.2. Cell Wall Degrading Enzyme Activities of Z1-04-02 Cell-Free CF

The ability to suppress S. rolfsii may result from CWDE activities; therefore, enzyme
assays of chitinase and β-1,3-glucanase were conducted through the cell-free CF of Z1-04-02.
The CWDEs activities of chitinase and β-1,3-glucanase in the cell-free CF of Z1-04-02 were
0.0209 and 1.0210 U/mL, respectively, which are significantly higher than that observed in
glucose yeast malt broth (GYMB) alone (Figure 2).
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Figure 1. Percentage inhibition of Streptomyces spp. against Sclerotium rolfsii by dual culture assay 
(A); Z1-04-02 effectively inhibited the growth of S. rolfsii in the tested plate (B). Data are means ± 
SD; error bars indicate standard deviation (SD). Different letters indicate significant differences ac-
cording to Tukey’s test (p < 0.05). 

 
Figure 2. Cell wall degrading enzyme activities of chitinase (A) and β-1,3-glucanase (B). Data are 
means ± SD; error bars indicate standard deviation (SD). Asterisks indicate significant differences 
according to Student’s t test (p < 0.05). 

2.3. Cell-Free CF of Z1-04-02 Inhibited Growth of Sclerotium rolfsii 
To confirm that the cell-free culture filtrate (CF) of Z1-04-02 contained antifungal me-

tabolites and/or heat stable antifungal metabolites, agar well diffusion was conducted us-
ing the cell-free CF incubated at an ambient temperature and 100 °C. The results show 
that the cell-free CF, incubated at both the ambient temperature and 100 °C, suppressed 

Figure 1. Percentage inhibition of Streptomyces spp. against Sclerotium rolfsii by dual culture assay (A);
Z1-04-02 effectively inhibited the growth of S. rolfsii in the tested plate (B). Data are means± SD; error
bars indicate standard deviation (SD). Different letters indicate significant differences according to
Tukey’s test (p < 0.05).
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Figure 2. Cell wall degrading enzyme activities of chitinase (A) and β-1,3-glucanase (B). Data are
means ± SD; error bars indicate standard deviation (SD). Asterisks indicate significant differences
according to Student’s t test (p < 0.05).

2.3. Cell-Free CF of Z1-04-02 Inhibited Growth of Sclerotium rolfsii

To confirm that the cell-free culture filtrate (CF) of Z1-04-02 contained antifungal
metabolites and/or heat stable antifungal metabolites, agar well diffusion was conducted
using the cell-free CF incubated at an ambient temperature and 100 ◦C. The results show
that the cell-free CF, incubated at both the ambient temperature and 100 ◦C, suppressed
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the fungal growth of S. rolfsii in PDA plates (Figure 3). The inhibition percentages of the
Z1-04-02 cell-free CF, incubated at an ambient temperature and 100◦C, were 37.78% and
27.78%, respectively (Figure 3).
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Figure 3. Effect of temperature on the antifungal ability of the cell-free culture filtrate (CF) incubated
at 37 ◦C (A), 100 ◦C (B), and the percentage inhibition of the cell-free CF (C). Different letters indicate
significant differences according to Tukey’s test (p < 0.05).

2.4. GC/MS Profiling of Volatiles Emitted by Z1-04-02

The ability to suppress fungal growth may be the result of antifungal metabolites
and/or VOCs emitted by the Z1-04-02 strain, and therefore, solid-phase microextrac-
tion (SPME) was conducted to trap volatiles and tentatively identify them through gas
chromatography–mass spectrometry (GC/MS). GC/MS profiling revealed four terpene
compounds, namely 2,6-dimethyl-1,3,6-heptatriene (C9H14), (1R)-(-)-myrtenal (C10H14O),
3,3-dimethyl-6-methylenecyclohexene (C9H14), and 7-propylidene-bicyclo[4.1.0]heptane
(C10H16), in volatiles of Z1-04-02. Details of each compound are presented in Table 1, and
the major peaks of the mass spectra are presented in Figure 4.

Table 1. Volatile compounds produced by Streptomyces sp. Z1-04-02, identified through GC/MS analysis.

RT (min) Compounds %Match Formula MW Peak Area

6.41 2,6-Dimethyl-1,3,6-heptatriene 89 C9H14 122 76,249

6.80 (1R)-(-)-Myrtenal 87 C10H14O 150 44,937

11.02 3,3-dimethyl-6-methylenecyclohexene 86 C9H14 122 36,671

11.17 7-propylidene-bicyclo[4.1.0]heptane 89 C10H16 136 23,318
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Figure 4. GC/MS profiling of volatiles emitted by Z1-04-02: mass spectrum of PDA alone (A), mass
spectrum of Z1-04-02 (B), and qualitative volatile compounds of Z1-04-02 (C).

2.5. Sclerotium Rot Disease Suppression

The results show that the application of the Z1-04-02 spore suspension and cell-free
CF prevented damping-off, caused by S. rolfsii, in mungbean seedlings (Figure 5). The
application of the cell-free CF and spore suspension of Z1-04-02 showed disease severity
indexes (DSIs) of 12.5% and 8.25%, respectively, which are significantly lower than those
showing inoculation by S. rolfsii alone (75%). Seven days after inoculation, damping-off
occurred in the control mungbean seedlings (inoculation by S. rolfsii alone), whereas it did
not occur in those receiving treatment (Figure 5).
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Figure 5. In planta test of the cell-free culture filtrate (CFCF), and the spore suspension of Streptomyces
Z1-04-02, to combat sclerotium rot in mungbean seedlings: treatment with distilled water (A),
CFCF (B), spore suspension (C), Sclerotium rolfsii only (D), symptom development in the mungbean
plant (E), and a zoomed-in view of symptoms (F).

2.6. Identification of Z1-04-02

A biochemistry test on Z1-04-02 revealed that it hydrolyzes starch and utilizes urea.
Furthermore, Z1-04-02 oxidizes glucose, lactose, sucrose, and mannitol. Z1-04-02 is Gram
positive. The morphology of Z1-04-02 showed a dark gray aerial spore mass and light-
yellowish substrate mycelia. This strain grows well in GYMA when incubated in a temper-
ature range of 30–35 ◦C.

The 16S rDNA of Z1-04-02 is about 1200 bases long. A BLASTN search revealed that
this strain is 99.69% identical to that of Streptomyces albulus. The maximum likelihood
tree of the 16S rDNA of Z1-04-02, and related species, as shown in the National Center
for Biotechnology Information’s (NCBI) database, showed that the Z1-04-02 strain of the
current study is similar to S. albulus (Figure 6). The DNA sequence of S. albulus Z1-04-02
was deposited in GenBank and it acquired the accession number LC670616. Based on the
morphology, biochemistry test, and molecular study of 16S rDNA, the Streptomyces sp.
strain Z1-04-02 was identified as S. albulus.
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Figure 6. Morphology of Streptomyces albulus Z1-04-02 in GYMA (A), morphology of spore shape
observed by SEM (B), and maximum likelihood tree of the 16s rDNA of S. albulus Z1-04-02 strain
and related species with 1000 bootstrap replications (C). Bold letters indicate the sample used in
this study.

3. Discussion

In the current study, the most effective strain of actinobacteria, S. albulus, was isolated
and identified based on morphology, a biochemistry test, and the nucleotide sequences
of 16S rDNA. Streptomyces albulus displayed a strong antibiosis mechanism both in vitro
and in vivo against S. rolfsii, the pathogen causing mungbean stem rot. According to our
consistent results from both assessments, it was revealed that S. albulus has the potential
to be a candidate for BCA in restricting stem rot in mungbeans due to its capacity for the
production of antifungal compounds, CWDEs, and VOCs.

One of the most effective abilities of Streptomyces is the production of extracellular
metabolites that were produced and released into a medium to restrict fungal growth in
PDA plates [10,26]. The antifungal metabolites released by Streptomyces species may consist
of extracellular CWDEs, chitinase, and β-1,3-glucanase [27], as well as heat stabilizing
antifungal metabolites [10,28] and VOCs [29,30]. As observed in this study, using a dual
culture assay, S. albulus Z1-04-02 effectively inhibited the growth of S. rolfsii in dual culture
plates. This result suggests that S. albulus Z1-04-02 produced antifungal metabolites in
GYMA media, which caused the restriction of fungal growth.
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Cell wall degrading enzymes composed of chitinase and β-1,3-glucanase are respon-
sible for degrading the cell wall components, chitin and β-glucan, into small molecules
respectively; they are also involved in antifungal activities [31–33]. Hydrolytic enzymes
produced by Streptomyces caused abnormalities in fungal morphology, as observed by
scanning electron microscope [10]. Some strains of Streptomyces can produce and release
CWDEs into media, as observed with the enzyme assay [27,28]. For instance, S. cavourensis
SY224 produces chitinase and β-1,3-glucanase, thus inhibiting the growth of Colletotrichum
gloeosporioides, and causing anthracnose in pepper [28]. In this study, we found that
S. albulus Z1-04-02 also produces chitinase and β-1,3-glucanase, as observed with the en-
zyme assay. This ability may be due to an antagonistic activity in S. albulus Z1-04-02 that
works against fungal pathogens.

The current study shows that the inhibitory effect of S. albulus Z1-04-02 against the
mycelial growth of S. rolfsii may be due to its capacity to produce and release heat sta-
bilizing antifungal compounds. A similar result was observed in S. cavourensis, which
showed a heat stabilizing metabolite that worked against C. gloeosporioides [28]. Further-
more, Wonglom et al. [10] found that S. angustmyceticus NR8-2 produced a heat stabilizing
antifungal compound that is responsible for suppressing the growth of Colletotrichum sp.
and Curvularia lunata. In the present study, heat-treated cell-free CF showed a lower in-
hibition percentage than that of untreated cell-free CF, and this may be due to the heat
treatment deactivating some antifungal compounds in the cell-free CF; however, we did
not observe metabolite components in this study other than the observed CWDEs and
VOCs for the biological control of stem rot in mung beans.

Among the four major VOCs found in this study, a bicyclic monoterpene myrtenal
has been observed in several plants with antimicrobial activity [34]. Myrtenal and its
derivatives have been widely studied via bioassay. A novel myrtenal-based compound has
been shown to have strong antifungal abilities against plant disease pathogens, including
F. oxysporum f. sp. cucumerinum, Physalospora piricola, Alternaria solani, Cercospora arachidicola,
and Gibberella zeae [35]. Some myrtenal derivatives exhibit favorable antifungal activity,
for instance, myrtenal-derived 2-(p-methylbenzoyl)-1,2,4-triazole-3-thione 71a strongly
inhibited the growth of Bipolaris maydis and P. piricola [36]. Interestingly, S. albulus Z1-
04-02 is the first species in this genus to produce this volatile compound. A different
strain of S. albulus, NJZJSA2, has been reported to produce dominant VOCs, including
4-methoxystyrene and 2-pentylfuran, which display antifungal activities against Sclerotinia
sclerotiorum and F. oxysporum [37]. In the current study, we found that S. albulus Z1-04-02
produced four dominant VOCs that differed from other strains; therefore, different strains
of Streptomyces species may produce different VOCs with diverse mechanisms.

Several Streptomyces species have been widely studied as BCAs against plant diseases.
Streptomyces sp. was found to be a good potential biocontrol agent for use against wood
decay fungus, Gloeophyllum trabeum [38]. Streptomyces palmae PC12 showed strong anti-
fungal activities against rice blast disease fungi and increased plant growth [39]. Recently,
wuyiencin, a nucleoside antibiotic producing S. albulus CK-15, has been reported to be effec-
tive against cucumber powdery mildew [40]. The results from our study are in agreement
with previous studies, as S. albulus Z1-04-02 exhibits diverse fungicidal activity against the
growth of S. rolfsii and reduces the disease severity of stem rot in mungbeans. This study
aimed to find an effective Streptomyces strain to inhibit a soil-borne pathogen, S. rolfsii, and
to reduce the disease severity caused by this pathogen; therefore, an in vivo test showed
that the application of S. albulus Z1-04-02 reduced stem rot in mungbeans compared with
a control, thus suggesting that it is an effective potential biological control agent against
stem rot caused by S. rolfsii.

4. Materials and Methods
4.1. Sources of Actinobacteria and Pathogen

Six strains of rhizosphere actinobacteria, namely, Kitasatospora nipponensis KM6-4 [41],
S. angustmyceticus NR8-2 [10], and Streptomyces spp. TH23-7 [42], T3-04-02, Z1-04-02, and
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Z2-04-01, and S. rolfsii were obtained from the Culture Collection of the Pest Management
Department, Faculty of Natural Resources, Prince of Songkla University, Thailand. All
strains of actinobacteria were cultured in glucose yeast malt agar (GYMA), and S. rolfsii
was cultured in potato dextrose agar (PDA) at 28 ± 2 ◦C for 3 days before use in this study.

4.2. Dual Culture Assay

To test the antifungal ability of actinobacteria against S. rolfsii, a dual culture assay
was conducted on the PDA plates. Each strain of actinobacterium was one-line streaked on
PDA plates and they were incubated at 28± 2 ◦C. After 5 days of incubation, a plug (0.5 cm
diameter) from the edge of a 2-day-old colony of S. rolfsii was placed on each tested plate
on the opposite side. The plates without actinobacteria served as controls. The experiment
was composed of three replicates and was repeated twice. The colony radii of S. rolfsii were
measured after 5 days of incubation in the dual tests. The colony radii of S. rolfsii were
measured and the percentage inhibition was calculated with the following formula:

Percentage of inhibition =
R1− R2

R1
× 100, (1)

where R1 is the colony radius of S. rolfsii in the absence of antagonist bacteria, and R2 is the
colony radius of S. rolfsii in the presence of antagonist bacteria [43].

4.3. Bacterial Cultivation and Enzyme Assay

We hypothesized that actinobacteria can produce and secrete extracellular metabolites
that are responsible for the restriction of fungal growth. The most effective strain of
actinobacterium was subjected to cultivation in GYMB, and it was incubated at an ambient
temperature (28 ± 2 ◦C) for 7 days. The cultured broth was filtrated using 0.2 µm filter
paper and used as a cell-free CF. Cell wall degrading enzymes, including chitinase and β-
1,3-glucanase, were assayed using the 3,5-dinitrosalicylic acid (DNS) method [44]. Colloidal
chitin and laminarin (Sigma-Aldrich, St. Louis, MO, USA) were used as a substrate for
the chitinase β-1,3-glucanase assay. The products of the enzyme assay (reducing sugar)
released in the reaction mixtures were measured with a UV5300 UV/VIS spectrophotometer
(METASH, Shanghai, China) at 550 nm and 575 nm for β-1,3-glucanase and chitinase,
respectively. Each enzyme assay was performed in three replicates and was repeated twice.

4.4. Agar Well Diffusion

We tested whether the antifungal metabolites in the cell-free CF of the selected acti-
nobacterium contained heat stabilizing compounds with antifungal abilities. The cell-free
CF of the selected actinobacterium was incubated at 37 ◦C and 100 ◦C for 1 h and it was
subjected to the agar well diffusion method. This method reveals the fungal growth inhibi-
tion on PDA plates by the cell-free CF of the actinobacterium. The treatment was composed
of sterile distilled water (DW), GYMB, and cell-free CF. Each treatment was composed of
three replicates and the experiment was repeated twice. The tested plates were incubated
at an ambient temperature for 2 days, and the colony radii of S. rolfsii were measured and
converted to inhibition percentages using the following formula:

Percentage inhibition = [(C − T)/C] × 100, (2)

where C indicates the radial growth of S. rolfsii from the center of the control well and T
indicates the radial growth of S. rolfsii from the center of the cell-free CF well [9].

4.5. Solid-Phase Microextraction–Gas Chromatography–Mass Spectrometry (SPME-GC/MS)

To detect the VOCs found in the effective actinobacterium, SPME–GC/MS was con-
ducted [45]. The selected actinobacterium was cultured in GYMA in a 20 mL chromatog-
raphy vial (PerkinElmer, Waltham, MA, USA) and incubated at ambient temperature for
7 days. SPME (DVB/CAR/PDMS) fiber was exposed to the vapor phase above the acti-
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nomycete for 30 min in a culture tube [46–48]. Then, the adsorbent fiber was inserted
into the injection port of a Clarus model 690 gas chromatograph (PerkinElmer, Waltham,
MA, USA) coupled to the model SQ8 mass-selective detector, equipped with Elite-5MS
(5% phenylmethylpolysiloxane with a 30 m × 250 µm ID × 0.25 µm film thickness). The
column temperature was set at an initial temperature of 60 ◦C and increased at a rate of
7 ◦C/min to a final temperature of 200 ◦C. Purified helium gas was used as the carrier
gas at a flow rate of 1 mL/min. Electron impact (EI) mass spectra were collected at 70 eV
ionization voltage over the range of m/z 45–550. The VOCs produced by the selected acti-
nomycete were tentatively identified through a computer search of the National Institute of
Standard and Technology (NIST, v17, 2014) Mass Spectral Library Search Chromatogram.

4.6. In Planta Test

To test the effect of actinobacteria in reducing stem rot disease caused by S. rolfsii,
a pot experiment was conducted. Twenty mungbean plants were grown in sterile soil
in a 35 × 52 × 4 cm pot with capacity of each well 3 × 3 × 4 cm. Inoculation of S. rolfsii
was conducted by directly placing one agar plug of S. rolfsii onto the basal stem of each
mungbean seedling (seedling stage, 5–10 cm height with 2 leaves), whereas the cell-free
CF or spore suspension of the actinobacteria was applied via spraying onto the basal
stem of the mungbean in a volume of 10 mL for each plant. The cell-free CF of selected
actinobacteria was diluted at a 1:1 ratio (DW: cell-free CF), whereas the spore suspen-
sion of the actinobacteria was prepared by harvesting spores from 10-day-old colonies
and adjusting the concentration to 108 spore/mL with sterile distilled water. The experi-
ment was performed using a randomized complete block design (RCBD) with four treat-
ments: (1) treated with 10 mL DW (control); (2) mungbean inoculation with S. rolfsii alone;
(3) mungbean inoculation with S. rolfsii and 10 mL cell-free CF; (4) mungbean inoculation
with S. rolfsii and 10 mL spore suspension of the actinobacteria. Five mungbean plants
were inoculated in accordance with each method and the experiment was conducted three
times. The tested mungbean plants were incubated at ambient temperature and the dis-
ease progress with stem rot and wilting was observed after 7 days of inoculation. The
disease scores were determined by the method previously described by Chiang et al. [49],
with some modifications, based on assessing the external symptoms of the plant (0 = no
symptoms, 1 = lesion development without wilting, 2 = lesion development with up to
two wilted leaves, 3 = more than two wilted leaves, 4 = plant damping-off and dead). The
disease scores were converted to a disease severity index (DSI) as follows:

DSI (%) =
∑(Scale×Amount of plants)

Maximum level× Total number of plants
× 100 (3)

4.7. Biochemistry Test and Identification of Actinobacterium

Biochemical tests of features such as starch hydrolysis, utilization of urea, and oxida-
tion and fermentation of glucose, lactose, sucrose, and mannitol were conducted using the
method of Reddy et al. [50]. Colony growth and the macroscopic and microscopic features
of the selected actinobacteria were observed by stereomicroscope (Leica S8AP0, Leica
Microsystems, Wetzlar, Germany) and a compound microscope (Leica DM750, Leica Mi-
crosystems, Wetzlar, Germany). The morphological characteristics of the spore chains of the
selected Streptomyces species were observed using a scanning electron microscope [41]. The
most effective strain was cultured in GYMA for 24 h and subjected to direct PCR as a DNA
template. Amplification of the 16s rDNA was conducted using a BIORAD T100TM Thermal
Cycler (Bio-Rad, Hercules, CA, USA). A portion of the 16s rDNA of the selected actinobac-
teria was amplified by PCR using a 27F forward (5′ AGAGTTTGATCMTGGCTCAG 3′)
and 1389R reverse (5′ ACGGGCGGTGTGTACAAG 3′) primer pair. The PCR reaction
was prepared sequentially in a 50 µL reaction tube containing 10 pmol of each primer,
2× DreamTaq Green PCR Master Mix (Thermo Fisher Scientific, Waltham, MA, USA), and
one colony of the actinobacteria as a DNA template. An initial denaturation was set to
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3 min at 94 ◦C followed by 35 cycles of denaturation for 1 min at 94 ◦C, annealing for
1 min at 60 ◦C, and extension for 3 min at 72 ◦C, with a final extension step of 10 min at
72 ◦C. The PCR product was then observed using a 1% agarose gel electrophoresis. The 16s
rDNA gene region was sequenced by the WARD MEDIC sequencing service (Ward Medic,
Bangkok, Thailand). The sequences were BLASTN searched (NCBI) and aligned using
program MEGA X [51]. A phylogenetic tree of a 16s rDNA gene sequence of the selected
actinobacteria was constructed using the maximum likelihood method with 1000 bootstrap
replications.

4.8. Statistical Analysis

Significant differences between pathogen growth, CWDE activities, and disease sever-
ity were subjected to a one-way analysis of variance (ANOVA). Tukey’s test and Student’s
t test were used to analyze statistically significant differences.

5. Conclusions

A rhizobacterium, S. albulus Z1-04-02, displayed strong fungicidal activities against
S. rolfsii, the pathogen of stem rot in mungbeans. The core antibiosis mechanisms are the
production of CWDEs, antifungal metabolites, and VOCs, which successfully suppressed
the growth of S. rolfsii. The application of S. albulus reduced stem rot in mungbean seedlings;
therefore, S. albulus has the potential to be a good biocontrol agent for the suppression of
sclerotium rot in mungbean seedling. Effect of S. albulus for suppressing sclerotium rot in
all stage of growth should be further verified. Moreover, development of formulation of
S. albulus to use in the filed need to be further clarified in future.

Author Contributions: Conceptualization, O.-U.R. and A.S.; methodology, O.-U.R.; software, K.P.;
validation, K.K., S.C. and A.S.; formal analysis, K.P.; investigation, O.-U.R.; resources, A.S.; data
curation, O.-U.R.; writing—original draft preparation, O.-U.R. and K.K.; writing—review and editing,
S.C. and A.S.; visualization, A.S.; supervision, A.S.; project administration, A.S.; funding acquisition,
A.S. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Prince of Songkla University and the Center of Excel-
lence in Agricultural and Natural Resources Biotechnology (CoE-ANRB) phase 3, and was partially
supported by Chiang Mai University.

Data Availability Statement: Not applicable.

Acknowledgments: This research was partially supported by Khon Kaen University and Perkin
Elmer Co., Ltd., Thailand.

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

References
1. Kinkel, L.L.; Schlatter, D.C.; Bakker, M.G.; Arenz, B.E. Streptomyces competition and co-evolution in relation to plant disease

suppression. Res. Microbiol. 2012, 163, 490–499. [CrossRef] [PubMed]
2. Suárez-Moreno, Z.R.; Vinchira-Villarraga, D.M.; Vergara-Morales, D.I.; Castellanos, L.; Ramos, F.A.; Guarnaccia, C.; Degrassi, G.;

Venturi, V.; Moreno-Sarmiento, N. Plant-growth promotion and biocontrol properties of three Streptomyces spp. isolates to control
bacterial rice pathogens. Front. Microbiol. 2019, 10, 290. [CrossRef] [PubMed]

3. Phoka, M.; Pornsuriya, C.; Sunpapao, A. High-throughput sequencing provides insight into soil fungal community structure and
diversity in plant protected areas of Songkhla zoo in southern Thailand. Chiang Mai J. Sci. 2022, 49, 524–537. [CrossRef]

4. Kämpfer, P. The family Streptomycetaceae—Part 1: Taxonomy. In The Prokaryotes, Bacteria: Firmicutes, Actinomycetes; Dworkin, M.,
Falkow, S., Rosenberg, E., Schleifer, K.H., Stackebrandt, E., Eds.; Springer: New York, NY, USA, 2006; Volume 3, pp. 538–604.

5. Liu, D.; Anderson, N.A.; Kinkel, L.L. Selection and characterization of strains of Streptomyces suppressive to the potato scab
pathogen. Can. J. Microbiol. 1996, 42, 487–502. [CrossRef]

6. Ryan, A.D.; Kinkel, L.L. Inoculum density and population dynamics of suppressive and pathogenic Streptomyces strains and their
relationship to biological control of potato scab. Biol. Control 1997, 10, 180–186. [CrossRef]

7. Zarandi, M.E.; Bonjar, G.S.; Dehkaei, F.P.; Moosavi, S.A.; Farokhi, P.R.; Aghighi, S. Biological control of rice blast (Magnaporthe
oryzae) by use of Streptomyces sindeneusis isolate 263 in greenhouse. Am. J. Appl. Sci. 2009, 6, 194–199. [CrossRef]

8. Bubici, G.; Marsico, A.D.; D’Amic, M.; Ameduni, M.; Cirulli, M. Evaluation of Streptomyces spp. for the biological control of corky
root of tomato and Verticillium wilt of eggplant. Appl. Soil Ecol. 2013, 72, 128–134. [CrossRef]

http://doi.org/10.1016/j.resmic.2012.07.005
http://www.ncbi.nlm.nih.gov/pubmed/22922402
http://doi.org/10.3389/fmicb.2019.00290
http://www.ncbi.nlm.nih.gov/pubmed/30858835
http://doi.org/10.12982/CMJS.2022.044
http://doi.org/10.1139/m96-066
http://doi.org/10.1006/bcon.1997.0564
http://doi.org/10.3844/ajassp.2009.194.199
http://doi.org/10.1016/j.apsoil.2013.07.001


Plants 2022, 11, 2607 12 of 13

9. Sunpapao, A.; Chairin, T.; Ito, S. The biocontrol by Streptomyces and Trichoderma of leaf spot disease caused by Curvularia oryzae in
oil palm seedlings. Biol. Control 2018, 123, 36–42. [CrossRef]

10. Wonglom, P.; Suwannarach, N.; Lumyong, S.; Ito, S.; Matsui, K.; Sunpapao, A. Streptomyces angustmyceticus NR8-2 as a potential
microorganism for the biological control of leaf spots of Brassica rapa subsp. pekinensis caused by Colletotrichum sp. and Curvularia
lunata. Biol. Control 2019, 138, 104406. [CrossRef]

11. Yu, Z.; Han, C.; Yu, B.; Zhao, J.; Yan, Y.; Huang, S.; Liu, C.; Xiang, W. Taxonomic characterization, and secondary metabolite
analysis of Streptomyces triticiradicis sp. nov.: A novel actinomycete with antifungal activity. Microorganisms 2020, 8, 77. [CrossRef]

12. Zhuang, X.; Gao, C.; Peng, C.; Wang, Z.; Zhao, J.; Shen, Y.; Liu, C. Characterization of a novel endophytic actinomycete, Strepto-
myces physcomitrii sp. nov., and its biocontrol potential against Ralstonia solanacearum on tomato. Microorganisms 2020, 8, 2025.
[CrossRef] [PubMed]

13. Conn, V.M.; Walker, A.R.; Franco, C.M. Endophytic actinobacteria induce defense pathways in Arabidopsis thaliana. Mol. Plant
Microbe Interact. 2008, 21, 208–218. [CrossRef] [PubMed]

14. Kurth, F.; Mailander, S.; Bonn, M.; Feldhahn, L.; Herrmann, S.; Grosse, I.; Buscot, F.; Schrey, S.D.; Tarkka, M.T. Streptomyces-induced
resistance against oak powdery mildew involves host plant responses in defense, photosynthesis, and secondary metabolism
pathways. Mol. Plant Microbe Interact. 2014, 27, 891–900. [CrossRef]

15. Chen, J.; Hu, L.; Chen, N.; Jia, R.; Ma, Q.; Wang, Y. The biocontrol and plant growth-promoting properties of Streptomyces alfalfae
XN-04 revealed by functional and genomic analysis. Front. Microbiol. 2021, 12, 745766. [CrossRef]

16. Wang, Z.; Solanki, M.K.; Yu, Z.-X.; Anas, M.; Dong, D.-F.; Xing, Y.-X.; Malviya, M.K.; Pang, F.; Li, Y.-R. Genome characteristics
reveal the biocontrol potential of actinobacteria isolated from sugarcane rhizosphere. Front. Microbiol. 2021, 12, 797889. [CrossRef]
[PubMed]

17. Qi, D.; Zou, L.; Zhou, D.; Zhang, M.; Wei, Y.; Li, K.; Zhao, Y.; Zhang, L.; Xie, J. Biocontrol potential and antifungal mech-
anism of a novel Streptomyces sichuanensis against Fusarium oxysporum f. sp. cubense tropical race 4 in vitro and in vivo.
Appl. Microbiol. Biotechnol. 2022, 106, 1633–1649. [CrossRef]

18. Díaz-Díaz, M.; Bernal-Cabrera, A.; Trapero, A.; Medina-Marrero, R.; Sifontes-Rodríguez, S.; Cupull-Santana, R.D.; García-Bernal,
M.; Agustí-Brisach, C. Characterization of actinobacterial strains as potential biocontrol agents against Macrophomina phaseolina
and Rhizoctonia solani, the main soil-borne pathogens of Phaseolus vulgaris in Cuba. Plants 2022, 11, 645. [CrossRef]

19. Le, K.D.; Yu, N.H.; Park, A.R.; Park, D.-J.; Kim, C.-J.; Kim, J.-C. Streptomyces sp. AN090126 as a biocontrol agent against bacterial
and fungal plant diseases. Microorganisms 2022, 10, 791. [CrossRef]

20. Nair, R.M.; Yang, R.Y.; Easdown, W.J.; Thavarajah, D.; Thavarajah, P.; Hughes, J.D.A.; Keatinge, J.D.H. Biofortification of
mungbean (Vigna radiata) as a whole food to enhance human health. J. Sci. Food Agric. 2013, 93, 1805–1813. [CrossRef]

21. Sun, S.; Sun, F.; Deng, D.; Zhu, X.; Duan, C.; Zhu, Z. First report of southern blight of mungbean caused by Sclerotium rolfsii in
China. Crop Protec. 2020, 130, 105055. [CrossRef]

22. Bulluck, L.R.; Ristaino, J.B. Effect of synthetic and organic soil fertility amendments on southern blight, soil microbial communities.
Phytopathology 2002, 92, 181–189. [CrossRef] [PubMed]

23. Culbreath, A.K.; Brenneman, T.B.; Kemerait, R.C. Effect of the new pyrazole carboxamide fungicide penthiopyrad on late leaf
spot and stem rot of peanut. Pest Manag. Sci. 2009, 65, 66–73. [CrossRef] [PubMed]

24. Yoon, M.Y.; Cha, B.; Kim, J.C. Recent trends in studies on botanical fungicides in agriculture. Plant Pathol. J. 2013, 29, 1–9.
[CrossRef] [PubMed]

25. Fattahi, E.; Mousavi Moghadam, M.; Khanbabaei, R. The effect of fricyclazole on testosterone changes and testicular structure in
mice. J. Babol. Univ. Med. Sci. 2015, 17, 43–49.

26. Sajid, I.; Shaaban, K.A.; Hasnain, S. Identification, isolation and optimization of antifungal metabolites from the Streptomyces
alachitofuscus ctf9. Braz. J. Microbiol. 2011, 42, 592–604. [CrossRef]

27. Fróes, A.; Macrae, A.; Rosa, J.; Franco, M.; Souza, R.; Soares, R.; Coelho, R. Selection of a Streptomyces strain able to produce cell
wall degrading enzymes and active against Sclerotinia sclerotiorum. J. Microbiol. 2012, 50, 798–806. [CrossRef]

28. Lee, S.Y.; Tindwa, H.; Lee, Y.S.; Naing, K.W.; Hong, S.H.; Nam, Y.; Kim, K.Y. Biocontrol of anthracnose in pepper using chitinase,
beta-1,3 glucanase, and 2-furancarboxaldehyde produced by Streptomyces cavourensis SY224. J. Microbiol. Biotechnol. 2012, 22,
1359–1366. [CrossRef]

29. Wang, C.; Wang, Z.; Qiao, X.; Li, Z.; Li, F.; Chen, M.; Wang, Y.; Huang, Y.; Cui, H. Antifungal activity of volatile organic compounds
from Streptomyces alboflavus TD-1. FEMS Microbiol. Lett. 2013, 341, 45–51. [CrossRef]

30. Ayed, A.; Kalai-Grami, L.; Slimene, I.B.; Chaouachi, M.; Mankai, H.; Karkouch, I.; Djebali, N.; Elkahoui, S.; Tabbene, O.; Limam, F.
Antifungal activity of volatile organic compounds from Streptomyces sp. strain S97 against Botrytis cinerea. Biocontrol Sci. Technol.
2021, 31, 1330–1348. [CrossRef]

31. Droby, S.; Wisniewski, N.; Benkeblia, N. Postharvest pathology of tropical and subtropical fruit and strategies for decay control.
In Postharvest Biology and Technology of Tropical and Subtropical Fruits; Yahia, E.M., Ed.; Woodhead Publishing: Cambridge, UK,
2011; pp. 194–223.

32. Zhang, H.; Chen, L.; Sun, Y.; Zhao, L.; Zhen, X.; Yang, Q.; Zhang, X. Investigating proteome and transcriptome defense response
of apples induced by Yarrowia lipolytica. Mol. Plnat Microbe Interact. 2017, 30, 301–311. [CrossRef]

http://doi.org/10.1016/j.biocontrol.2018.04.017
http://doi.org/10.1016/j.biocontrol.2019.104046
http://doi.org/10.3390/microorganisms8010077
http://doi.org/10.3390/microorganisms8122025
http://www.ncbi.nlm.nih.gov/pubmed/33352827
http://doi.org/10.1094/MPMI-21-2-0208
http://www.ncbi.nlm.nih.gov/pubmed/18184065
http://doi.org/10.1094/MPMI-10-13-0296-R
http://doi.org/10.3389/fmicb.2021.745766
http://doi.org/10.3389/fmicb.2021.797889
http://www.ncbi.nlm.nih.gov/pubmed/35003029
http://doi.org/10.1007/s00253-022-11788-3
http://doi.org/10.3390/plants11050645
http://doi.org/10.3390/microorganisms10040791
http://doi.org/10.1002/jsfa.6110
http://doi.org/10.1016/j.cropro.2019.105055
http://doi.org/10.1094/PHYTO.2002.92.2.181
http://www.ncbi.nlm.nih.gov/pubmed/18943092
http://doi.org/10.1002/ps.1646
http://www.ncbi.nlm.nih.gov/pubmed/18785218
http://doi.org/10.5423/PPJ.RW.05.2012.0072
http://www.ncbi.nlm.nih.gov/pubmed/25288923
http://doi.org/10.1590/S1517-83822011000200024
http://doi.org/10.1007/s12275-012-2060-2
http://doi.org/10.4014/jmb.1203.02056
http://doi.org/10.1111/1574-6968.12088
http://doi.org/10.1080/09583157.2021.1947982
http://doi.org/10.1094/MPMI-09-16-0189-R


Plants 2022, 11, 2607 13 of 13

33. Yang, Q.; Wang, H.; Zhang, H.; Zhang, X.; Apaliya, M.T.; Zheng, X.; Mahunu, G.K. Effect of Yarrowia lipolytica on postharvest
decay of grapes caused by Talaromyces regulosus and the protein expression profile of the T. regulosus. Postharvest Biol. Technol.
2017, 126, 15–22. [CrossRef]

34. Islam, M.J.; Amin, M.R.; Ahmed, M.F.; Khatun, S.; Rahman, M.L.; Siddiqui, S.A.; Rahman, M.A.; Kudrat-E-Zahan, M.; Man-
nan, M.A. In-Vitro antimicrobial activity of essential oils and different organic extracts of Lippia alba. J. Phytochem. Biochem.
2018, 2, 1000107.

35. Lin, G.S.; Duan, W.G.; Yang, L.X.; Huang, M.; Lei, F.H. Synthesis and antifungal activity of novel myrtenal based 4-methyl-1,2,4-
triazole-thioethers. Molecules 2017, 22, 193. [CrossRef]

36. Lin, G.; Chen, Z.; Duan, W.; Wang, X.; Lei, F. Synthesis and biological activity of novel myrtenal-derived 2-acyl-1,2,4-triazole-3-
thione compounds. Chin. J. Org. Chem. 2018, 38, 2085–2092. [CrossRef]

37. Wu, Y.; Yuan, J.; Yaoyao, E.; Raza, W.; Shen, Q.; Huang, Q. Effects of volatile organic compounds from Streptomyces albulus
NJZJSA2 on growth of two fungal pathogens. J. Basic Microbiol. 2015, 55, 1104–1117. [CrossRef] [PubMed]

38. Jung, S.J.; Kim, N.K.; Lee, D.-H.; Hong, S.I.; Lee, J.K. Screening and evaluation of Streptomyces species as a potential biocontrol
agent against a wood decay fungus, Gloeophyllum trabeum. Mycobiology 2018, 46, 138–146. [CrossRef] [PubMed]

39. Chaiharn, M.; Theantana, T.; Pathom-aree, W. Evaluation of biocontrol activities of Streptomyces spp. against rice blast disease
fungi. Pathogens 2020, 9, 126. [CrossRef] [PubMed]

40. Yang, M.; Wei, Q.; Shi, L.; Wei, Z.; Lv, Z.; Asim, N.; Zhang, K.; Ge, B. Wuyiencin produced by Streptomyces albulus CK-15 displays
biocontrol activities against cucumber powdery mildew. J. Appl. Microbiol. 2021, 131, 2957–2970. [CrossRef]

41. Pithakkit, S.; Petcharat, V.; Chuenchit, S.; Pornsuriya, C.; Sunpapao, A. Isolation of actinomycetes species from rhizosphere as
effective biocontrol against oil palm fungal diseases. Walailak J. Sci. Technol. 2015, 12, 481–490.

42. Ruangwong, O.-U.; Kunasakdakul, K.; Daengsuwan, W.; Wonglom, P.; Pitija, K.; Sunpapao, A. A Streptomyces rhizobacterium
with antifungal properties against spadix rot in flamingo flowers. Physiol. Molec. Plant Pathol. 2022, 117, 101784. [CrossRef]

43. Rahman, M.A.; Begum, M.F.; Alam, M.F. Screening of Trichoderma isolates as a biological control agent against Ceratocystis paradoxa
causing pineapple disease of sugarcane. Microbiology 2009, 37, 277–285.

44. Miller, G.L. Use of dinitrosalicylic acid reagent for determination of reducing sugar. Anal. Biochem. 1959, 31, 426–428. [CrossRef]
45. Phoka, N.; Suwannarach, N.; Lumyong, S.; Ito, S.; Matsui, K.; Arikit, S.; Sunpapao, A. Role of volatiles from the endophytic

fungus Trichoderma asperelloides PSU-P1 in biocontrol potential and in promoting the plant growth of Arabidopsis thaliana. J. Fungi
2020, 6, 341. [CrossRef] [PubMed]

46. Intana, W.; Kheawleng, S.; Sunpapao, A. Trichoderma asperellum T76-14 released volatile organic compounds against postharvest
fruit rot in muskmelons (Cucumis melo) caused by Fusarium incarnatum. J. Fungi 2021, 7, 46. [CrossRef]

47. Ruangwong, O.-U.; Wonglom, P.; Suwannarach, N.; Kumla, J.; Thaochan, N.; Chomnunti, P.; Pitija, K.; Sunpapao, A. Volatile
organic compound from Trichoderma asperelloides TSU1: Impact on plant pathogenic fungi. J. Fungi 2021, 7, 187. [CrossRef]
[PubMed]

48. Ruangwong, O.-U.; Pornsuriya, C.; Pitija, K.; Sunpapao, A. Biocontrol mechanisms of Trichoderma koningiopsis PSU3-2 against
postharvest anthracnose of chili pepper. J. Fungi 2021, 7, 276. [CrossRef]

49. Chiang, K.S.; Liu, H.I.; Bock, C.H. A discussion on disease severity index values. Part I: Warning on inherent errors and
suggestions to maximise accuracy. Ann. Appl. Biol. 2017, 171, 139–154. [CrossRef]

50. Reddy, N.G.; Ramakrishna, D.P.N.; Raja, S.V. A morphological, physiological and biochemical studies of marine Streptomyces
rochei (MTCC 10109) showing antagonistic activity against selective human pathogenic microorganisms. Asian J. Biol. Sci. 2011, 4,
1–14. [CrossRef]

51. Kumar, S.; Stecher, G.; Li, M.; Knyaz, C.; Tamaru, K. MEGA X: Molecular evolutionary genetics analysis across computing
platforms. Mol. Biol. Evol. 2018, 35, 1547–1549. [CrossRef]

http://doi.org/10.1016/j.postharvbio.2016.11.015
http://doi.org/10.3390/molecules22020193
http://doi.org/10.6023/cjoc201801043
http://doi.org/10.1002/jobm.201400906
http://www.ncbi.nlm.nih.gov/pubmed/26059065
http://doi.org/10.1080/12298093.2018.1468056
http://www.ncbi.nlm.nih.gov/pubmed/29963315
http://doi.org/10.3390/pathogens9020126
http://www.ncbi.nlm.nih.gov/pubmed/32075342
http://doi.org/10.1111/jam.15168
http://doi.org/10.1016/j.pmpp.2021.101784
http://doi.org/10.1021/ac60147a030
http://doi.org/10.3390/jof6040341
http://www.ncbi.nlm.nih.gov/pubmed/33291279
http://doi.org/10.3390/jof7010046
http://doi.org/10.3390/jof7030187
http://www.ncbi.nlm.nih.gov/pubmed/33807949
http://doi.org/10.3390/jof7040276
http://doi.org/10.1111/aab.12362
http://doi.org/10.3923/ajbs.2011.1.14
http://doi.org/10.1093/molbev/msy096

	Introduction 
	Results 
	Antifungal Ability of Streptomyces against Sclerotium rolfsii 
	Cell Wall Degrading Enzyme Activities of Z1-04-02 Cell-Free CF 
	Cell-Free CF of Z1-04-02 Inhibited Growth of Sclerotium rolfsii 
	GC/MS Profiling of Volatiles Emitted by Z1-04-02 
	Sclerotium Rot Disease Suppression 
	Identification of Z1-04-02 

	Discussion 
	Materials and Methods 
	Sources of Actinobacteria and Pathogen 
	Dual Culture Assay 
	Bacterial Cultivation and Enzyme Assay 
	Agar Well Diffusion 
	Solid-Phase Microextraction–Gas Chromatography–Mass Spectrometry (SPME-GC/MS) 
	In Planta Test 
	Biochemistry Test and Identification of Actinobacterium 
	Statistical Analysis 

	Conclusions 
	References

