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Fusarium wilt of banana caused by Fusarium oxysporum f. sp. cubense (Foc) is one of
the most destructive diseases, severely limiting the development of banana industry.
Especially, Foc tropical race 4 (Foc TR4) can infect and destroy almost all banana
cultivars. Until now, there is still a lack of an effective method for controlling fusarium
wilt. A biocontrol strategy using Actinobacteria is considered as a promising method for
management of disease and pest. In this study, 229 Actinobacteria were isolated from
rhizosphere soil samples of a primitive ecological mountain. An actinobacterium strain
marked with YYS-7 exhibited a high antifungal activity against Foc TR4. Combining the
physiological and biochemical characteristics as well as alignment of the 16S rRNA
sequence, the strain YYS-7 was assigned to Streptomyces sp. The crude extracts
of Streptomyces sp. YYS-7 obviously inhibited the mycelial growth of Foc TR4. The
cell integrity and ultrastructure were seriously destroyed. In addition, Streptomyces sp.
YYS-7 and crude extracts also showed a broad-spectrum antifungal activity against
the selected seven phytopathogenic fungi. A gas chromatography-mass spectrometry
(GC-MS) was used to predict the antifungal metabolites. A total of eleven different
compounds were identified, including phenolic compounds, hydrocarbons, esters
and acids. In the pot experiment, the crude extracts can significantly improve the
banana plant’s resistance to Foc TR4. Hence, Streptomyces sp. YYS-7 will be a
potential biocontrol agent for the biofertilizer exploitation and the discovery of new
bioactive substances.
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INTRODUCTION

Plant diseases caused by various phytopathogens seriously
result in the global crop yield reduction. Fungal pathogens
are one of the major causative agents of plant diseases
(Borrero et al, 2006). Currently, strategies of controlling
plant fungal diseases are mainly application of some
synthetic fungicides, including triazoles and acylalanines,
etc. (Emmert and Handelsman, 1999). However, excessive use
of agrochemicals not only causes environmental pollution
and human health hazards, but also induces the resistance
or reduces the susceptibility of pathogenic fungus. Safe and
effective biocontrol methods have received more attention
for management of various fungal diseases (Raza et al., 2016;
Zapata-Sarmientoa et al., 2019).

Different microbial species such as bacteria, fungi and
Actinobacteria have been successfully used for controlling
plant pathogens (Supaphon et al, 2013; Raza et al, 2016;
Soltanzadeh et al, 2016; Zapata-Sarmientoa et al., 2019).
Especially, Actinobacteria are well-known prolific producers
of bioactive secondary metabolites (Lam, 2006; Dewi et al.,
2018). These secondary metabolites isolated from Actinobacteria
account for 45% of natural products derived antimicrobial
drugs (Valli et al., 2012). For example, some metabolites,
known as antibacterial, antifungal, neuritogenic, anticancer,
antialgal, antimalarial, and anti-inflammatory activities, have
been widely used in agricultural, pharmaceutical and industrial
fields (Leon et al, 2016). Moreover, Actinobacteria protect
plants from a wide range of phytopathogenic fungi by the
production of fungal cell wall degrading enzymes, antifungal
antibiotics and plant growth promoters (Singh and Gaur, 2016;
Singh et al., 2018; Aamir et al, 2020). As one of the most
important genera of Actinobacteria, species of Streptomyces
are the most abundant soil microorganisms under different
ecological environments. Various secondary metabolites with
novel structure and remarkable biological activities were
identified and successfully developed into formulations to
control fungal phytopathogens of various crops (Ayyadurai
et al, 2006; Faheem et al, 2015; Goudjal et al, 2016;
Lu et al, 2016; Duan et al., 2020). However, selection
of these functional microbes is limited by their growth
conditions and antifungal activities. Hence, it is important
to isolate effective antagonistic Streptomyces against different
phytopathogenic fungi.

Banana (Musa spp.) is one of the world’s most important
fruits. Development of banana industry is seriously threatened
by Fusarium wilt caused by the soil-borne fungus Fusarium
oxysporum f. sp. cubense (Foc) (Wang et al., 2015). Especially,
the Foc Tropical Race 4 (Foc TR4) is regarded as the
most disastrous race and attacks almost all banana cultivars,
thereby causing extensive destruction of banana orchards (Shen
et al, 20155 Wang et al, 2017). Until now, there is no an
effective physical or chemical strategy to prevent the spread
of fungal disease. Considering the environmental pollution
and human health, biocontrol is a promising method to
control Fusarium wilt of banana. In the present study, an
Actinobacterium with a high antifungal activity to Foc TR4

was isolated from soil samples of the primitive “Yingge”
mountain. Based on analysis of morphological and biochemical
characteristics as well as alignment of 16S rRNA sequence,
the strain was designated as Streptomyces sp. YYS-7. Its crude
extracts severely affected ultrastructures and integrity of Foc
TR4 cells. Gas chromatography mass spectrometry (GC-MS) was
used to predict antifungal compounds of crude extracts from
Streptomyces sp. YYS-7. In addition, crude extracts also exhibited
a broad-spectrum antifungal activity against the selected seven
phytopathogenic fungi and improved the resistance of banana
plant to Foc TR4. Hence, Streptomyces sp. YYS-7 will be a
potential bioresource for controlling the different fungal diseases
in the future application.

MATERIALS AND METHODS

Soil Sample Collection

Rhizosphere soil samples of six plants (Supplementary Table S1)
were collected from the primitive ecological nature reserve of
“Yingge” mountain, Hainan Province, China. An approximately
10-20 cm soil layer was selected. The soil samples were
immediately transported to the laboratory in sterile plastic bags
and stored at —20°C for screening isolates.

Phytopathogenic Fungi

Seven phytopathogenic fungi were selected to analyze the broad-
spectrum antifungal activity, including Fusarium oxysporum f. sp.
cubense Tropical Race 4 (Foc TR4, ATCC 76255), Colletotrichum
fragariae (ATCC 58718), Colletotrichum gloeosporioides (ACCC
36351), Fusarium oxysporum f. sp. cucumerinum (ATCC 204378),
Colletotrichum acutatum (ATCC 56815), Colletotrichum musae
(ATCC 96726), Curvularia fallax (ATCC 34598), and Fusarium
graminearum (DSM  21803). These phytopathogenic fungi
were kindly provided by the Institute of Tropical Bioscience
and Biotechnology, China Academy of Tropical Agricultural
Sciences, Haikou, China.

Isolation of Actinobacteria

Actinobacteria were isolated by a serial dilution method
on different agar media, including glucose aspartic acid
(GA) (Pridham and Lyons, 1961), humic acid-vitamin (HV)
(Hayakawa and Nonomura, 1987), starch-casein (SCA) (Ruan
etal., 1994), and Gause’s no. 1 (Williams et al., 1983), respectively.
50 mg L~! of potassium dichromate and actidione were added to
inhibit bacterial and fungal contamination. Soil samples were first
dried at room temperature, then ground using a pestle and sieved
with a 0.425 mm mesh. Three grams of dried soil were agitated
vigorously in 27 mL of sterile water at 55°C for 20 min. Each soil
suspension diluted from 10~ ! to 10~3-fold was aseptically spread
on different media and incubated at 28°C for 7-10 days. Some
selected colonies were then inoculated onto the yeast extracte-
malt extract agar (ISP2) for purification (Shirling and Gottlieb,
1966). The selected isolates were kept in slant agar media at —4°C,
respectively. Each stock culture was preserved in 20% of glycerol
(v/v) at —80°C.
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Analysis of Antifungal Activity
Isolates were screened for antifungal activity against Foc TR4
on the potato dextrose agar (PDA) plates using a conventional
spot inoculation method (Sadeghian et al., 2016). Crude extracts
from these isolates were tested using a disk diffusion method
(Mohseni et al., 2013). Briefly, mycelium blocks (5 mm diameter)
of the isolate were inoculated at four symmetrical points of the
PDA plate. A phytopathogenic fungal disk (5 mm diameter) was
placed in the center of the PDA plate. No isolate mycelium block
was used as a control. After incubation at 28°C for 5-7 days,
antifungal activity of the isolate was evaluated by measuring the
diameters of inhibition zones (distance of the fungal mycelium to
the isolate) and the percentage of fungal growth inhibition (GI)
according to the following formula:

GI=[(D — D;)/D;] x 100%

Where D and D; represented the diameters of fungal
mycelium growth in the control and treated plates, respectively.

Identification and Characteristics of

Actinobacteria

Cultural characteristics of Actinobacteria were examined on
various International Streptomyces Project (ISP) agar media,
including PDA, Gause’s no. 1, tryptone-yeast extract (ISP1), ISP2,
oatmeal (ISP3), inorganic salts (ISP4), glycerol asparagine (ISP5),
peptone-yeast extract (ISP6), and tyrosine (ISP7) (Shirling and
Gottlieb, 1966). The growth conditions, aerial mycelia, soluble
pigment and colony profiles were assayed after incubation at
28°C for 5-7 days. The morphology of spore chains was observed
by a scanning electron microscopy (SEM, model S-4800, Hitachi
Limited, Japan). The growth characteristics of isolates were
examined by changes of carbon and nitrogen utilization, pH
range (4-10) and NaCl (1-11%, w/v) tolerance on the ISP2
medium. Some biochemical profiles including nitrate reduction,
gelation liquefaction hydrolysis of cellulose, starch, tween 20,
tween 40, tween 80, H, S production, and urease activity were also
measured according to the previous description of Li et al. (2016).
Resistance evaluations of each isolate to 30 standard antibiotics
were tested by a disk diffusion method (Bakht et al., 2014).

DNA Extraction and PCR Amplification

The isolate was cultured in the ISP2 liquid medium at 28°C
for 4 days. Total genomic DNA was extracted using a Rapid
Bacterial Genomic DNA Isolation Kit (Bioteke Corporation,
Beijing, China) according to the standard manufacturer protocol.
A 16S rRNA gene of the isolate was amplified using a pair of
universal primers (27F: 5-AGAGTTTGATCCTGGCTCAG-3/,
1492R: 5'-GGTTACCTTGTTACGACTT-3") (Wang et al., 2015).
The reaction system contained 2 pL of genomic DNA, 25 pL of
2 x Taq Master Mix, 2 L of 27F primer, 2 L of 1492R primer
and 19 pL of ddH, 0. The PCR reaction was performed in a Veriti
thermal cycler (Applied Biosystems, Carlsbad, CA, United States)
with an initial denaturation step at 94°C for 5 min, followed by
32 cycles of denaturation at 94°C for 1 min, annealing at 55°C
for 1 min and extension at 72°C for 2 min with a final extension
step at 72°C for 10 min. Finally, the PCR product was detected by

1% (w/v) of agarose gel electrophoresis and was sequenced by the
Shanghai Sangon Biotech Co., Ltd. (Shanghai, China).

Construction of Phylogenetic Tree

The sequenced 16S rRNA of the isolate was aligned against
the GenBank database' and the EzBioCloud server’ to obtain
the homology sequences. The multiple sequence alignment was
performed by the CLUSTAL W program of BioEdit 7.0.5.3
(Saitou and Nei, 1987). A phylogenetic tree was constructed
using the neighbor-joining method of MEGA version 7.0 (Kumar
et al.,, 2016). The support of each clade was determined by a
bootstrap analysis performed with 1000 replications. A distance
matrix was generated using a Kimura’s two-parameter model. All
positions containing gaps and missing data were eliminated from
the dataset (complete deletion option).

Preparation of Crude Extracts of

Actinobacteria

Crude extracts were obtained from the isolate according to the
previous description of Sajid et al. (2009). Briefly, the isolate was
incubated in a sterilized soybean liquid medium at 150 rpm and
28°C for 7 days. After filtration, the evaporated fermentation
broth was subjected to a silica gel chromatography column (100-
200 pm particle size, 5.5 x 30 cm). The elution was performed
using a gradient of methanol (50, 60, 70, and 100%) with a flow
rate of 2 mL min~—!. Crude extracts isolated by four methanol
gradients were dissolved in 10% of dimethyl sulfoxide (DMSO),
respectively, obtaining 20 mg mL™! of stock solution. 100 pg
mL~! of crude extracts were added to the autoclaved PDA
medium. 10% of DMSO was used as a control. Each experiment
was carried out in triplicate. After incubation at 28°C for 5-
7 days, the antifungal activities and the average inhibition rates
were calculated.

Toxicity Assays

Based on in vitro antifungal activity assay, crude extracts of
the isolate were used to determine the toxicity against Foc
TR4. The stock solution was diluted to 200, 100, 50, 25, 12.5,
6.25, 3.125, 1.5625, and 0.78 pg/mL, respectively. Four wells
(6 mm in diameter) with 26 mm from the center were punched
by a sterile cork borer at the PDA solid medium (90 mm
diameter). 50 L of different dilutions were added to each well.
Equal amount of DMSO (10%, v/v) was used as a control.
Subsequently, a fungal disk (5 mm in diameter) was placed
in the center of each petri dish aseptically. All plates were
incubated at 28°C until the mycelium growing to the edge of
plate in the control group. Diameters of these inhibition zones
were measured. A linear regression, namely a toxicity regression
equation, was established by a least square method (Yun et al.,
2018). ECsg and ECos values were calculated from the toxicity
regression equation. All experiments were performed in three
biological replicates.

Uhttps://www.ncbi.nlm.nih.gov/
Zhttps://www.ezbiocloud.net/identify
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Effect of the Isolate on Growth of Fungal
Mycelium
The seven fungal phytopathogens were selected to assess
antifungal activity of the isolate by using a conventional spot
inoculation method (Shomura et al., 1979). Each mycelium block
(5 mm diameter) of the isolate was inoculated at four symmetrical
points of the PAD plate. A phytopathogenic fungal disk (5 mm
diameter) was placed in the center of plate. After incubation at
28°C for 5-7 days, antifungal activity was evaluated by measuring
the inhibition zone (distance of the fungal mycelium to the
isolate) around the mycelial block. The percentage of fungal
growth inhibition was calculated according to the following
formula:

Growth inhibition percentage = [(D — D;)/D] x 100

Where D and D; represented the growth diameters of fungal
mycelia in the control and treated plates, respectively.

Effect of Crude Extracts on Mycelial
Growth of Phytopathogens

The inhibition activity of crude extracts on mycelial growth was
assessed by an agar well-diffusion method (Atta, 2015). 10 mg
of crude extracts were dissolved in 1 mL of DMSO (10%, v/v)
as a stock solution, followed by sterilization using a 0.22 pm
membrane filter. Four wells (6 mm diameter) were punched by
a sterile cork borer at the PDA agar medium (90 mm diameter).
Then, 50 1L of crude extracts were added to each well. Equal
amount of DMSO (10%, v/v) was used as a control. A fungal
disk (5 mm diameter) was placed on the center of each petri dish
aseptically. All plates were incubated at 28°C until the control
mycelium growing to the edge of plate. The inhibition zones were
measured by a cross method (Qi et al., 2019). The percentages of
fungal growth inhibition were calculated separately according to
the following formula:

Growth inhibition percentage = [(D — D1)/D] x 100

Where D and D1 were the diameters of phytopathogenic
fungal mycelia in the control and treated plates, respectively.

Determination of Minimum Inhibitory
Concentration (MIC) and Minimum
Fungicidal Concentration (MFC) of the

Isolate

Minimum Inhibitory Concentrations of crude extracts from the
isolate against eight phytopathogenic fungi were measured using
a 96-well plate (Nunc MicroWell, Roskilde, Denmark) (Wang
et al,, 2013; Song et al., 2016). Two-fold serial dilutions of crude
extracts were prepared for the MIC tests (50.00-0.04 g mL™1).
Each well contained 80 pL of mycological media of the Roswell
Park Memorial Institute (RPMI), 100 pL of fungal suspension
with 1.0 x 10° CFU mL~! and 20 pL of crude extract solution.
Two standard antibiotics of cycloheximide and nystatin were
served as positive controls. Equal volume of DMSO (10%, v/v)
was used as a negative control. MICs were measured according to
the previous description of De Toledo et al. (2016). Each sample
in the 96-well plate was inoculated on the PDA medium at 28°C
for 4 days. The concentration completely inhibiting the fungal

growth was defined as the MFC value. Each experiment was
performed with three biological replicates.

GC-MS Analysis of Crude Extracts

Component analysis of crude extracts was carried out on a Trace-
DSQ-GC-MS system (Thermo Fisher Scientific, Waltham, MA,
United States). The GC-MS analysis was performed with a Trace
GC coupled to a Trace DSQII quadrupole mass spectrometer
(Thermo-Fisher Scientific, Waltham, MA, United States) and
equipped with a DB-5MS capillary column (30 m length, 0.25 pm
thickness and 0.25 mm internal diameter, ] & W Scientific,
United States). The sample was dissolved into the spectroscopy-
grade methanol, filtering through a 0.2 wm filter. 1 wL of sample
was injected into the heated injector (250°C) using helium as
a carrier gas at flow rate of 1 mL min~!. The oven procedure
started at 60°C for 1 min, following a temperature ramp of 5°C
min~! to 100°C with a hold for 5 min, and then again raised
to 250°C with a second ramp of 10°C min~! with a hold for
35 min, furthermore, again increased to 280°C with a three
ramp of 8°C min~! with a final hold for 25 min. The mass
spectrometer was operated in the electron ionization mode at
70 eV with a continuous scan from 50 to 650 m/z. Compounds
were identified by matching the mass spectra with the MS spectral
database (NIST spectra library program version 2.0; Thermo-
Fisher Scientific, Waltham, MA, United States). A triplicate
analysis was performed on each sample.

Effect of Crude Extracts on Spore

Germination of Foc TR4

The Foc TR4 was cultured on the PDA medium at 28°C
for 5-7 days. The fungal spores were obtained by rubbing
and washing the surface of each petri dish with a sterile
L-shaped spreader. The spore suspension was filtered through
a sterile muslin to remove mycelia. The spore concentration
was determined using a Haemocytometer (Neubauer, Superior
Ltd., Marienfeld, Germany) and adjusted to a final concentration
of 10° CFU mL~!. The crude extracts diluted to 6.25, 12.5,
25, 50, 100, 200, 400, and 600 g mL~! were mixed with
the spore suspension at a ratio of 1:1 (v/v), respectively. The
mixture in a cavity glass slide was incubated in a moist chamber
at 28°C for 12 h. A mixture of DMSO and spore suspension
was used as a control. One hundred spores in each slide were
observed by an optical microscope (Axio Scope Al, Carl ZEISS,
Germany). The percentage of spore germination was calculated
using the formula: PSG = (A—B)/A x 100%, where A and
B represented the spore germination rates in the control and
treatment groups, respectively.

Detection of Morphology and

Ultrastructures of Foc TR4 Cells

The morphology of Foc TR4 cells was detected after treatment
with crude extracts of the isolate using a scanning electron
microscopy (SEM, model S-4800, Hitachi Limited, Japan). One
milliliter of Foc TR4 (1.0 x 10° spores mL~!) was inoculated
with 25 ug mL™! of crude extracts for 24 h. The spores were fixed
with 2.5% (v/v) of glutaraldehyde in a phosphate-buffered saline
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solution (0.1 mol L™1, pH 7.0, PBS) for 2 h and dehydrated using
a series of increasing concentrations of ethyl alcohol (30-100%,
v/v) for 10 min. Samples coated with a film of gold-palladium
alloy under vacuum were detected by SEM (Ruiz et al., 2016).
To evaluate effects of crude extracts on cell ultrastructures, the
Foc TR4 sample was fixed with OsO4 (1%, w/v) in 0.1 mol
L~! of PBS for 1 h at room temperature, then dehydrated by a
gradient solution of methanol (50 to 100%) for 10 min (Lou et al.,
2011). The samples were embedded in a spurr resin and cut with
an Ultracut Ultramicrotom (EM UCS, Leica, Germany). These
sections were stained with the saturated uranyl acetate and the
lead citrate and observed by a Transmission Electron Microscope
(TEM, JEM-1400 Flash, Hitachi Limited, Tokyo, Japan).

Banana Plantlets Inoculated With Foc
TR4

A pot experiment was carried out for detecting the fermentation
broth role of the isolate on improving banana plantlets’ resistance
to Foc TR4. The isolate was cultured in a sterilized soybean liquid
medium at 150 rpm min~ !, 28°C for 5-7 days. The fungal spores
of Foc TR4 (10° CFU mL™!) were inoculated to the roots of
banana plantlets as our previously described method (Wanget al.,
2012). And then, the fermentation broth of the isolate (10 CFU
g~ ! soil) was also added to each plant. The medium and sterile
water treatments were used as controls. The banana plantlets
were transferred to a greenhouse at 28 & 2°C for 5 weeks. After
2,7, 14, 21, and 28 days, the chlorophyll contents and height of
banana plantlets were measured (Yoon et al., 2017). Leaves were
photographed and chlorotic areas (expressed as percentage for
a whole leaf) were quantified using the Image ] software’. Data
were acquired from three independent experiments and 30 leaves
were selected for each experiment.

Statistical Analysis

The ECsyp and ECys values were calculated from the linear
regression analysis. The pot experiment was carried out using a
completely randomized design. Statistical analysis was performed
with the SPSS Version 13.0 software (SPSS Inc., Chicago, IL,
United States). All data were expressed as means =+ the standard
error (SE) from three biological replicates of each experiment.
Significant difference between means was determined by the
Tukey’s post hoc comparison test at p < 0.05.

RESULTS

Isolation of Actinobacteria From the

Rhizosphere Soil

A total of 229 actinomycete isolates with different colony
morphology were successfully isolated from the rhizosphere soil
samples of six plants in the primitive ecological nature reserve
(Supplementary Table S1). All isolates were screened in the
light of their antagonistic activities against Foc TR4. A total
of 20 isolates exhibited antifungal activity. Out of those, six

3http://rsb.info.nih.gov/ij/

isolates had a great potential for antifungal production with
the larger inhibition zones (Figure 1A). Especially, an isolate
numbered with YYS-7 had the strongest antifungal activity.
Compared with the growth diameter (79.18 mm =+ 0.63) of Foc
TR4 in the control plate, the inhibition zone after treatment
with the strain YYS-7 was reduced to 23.82 mm =+ 0.25
(Figure 1B). Similarly, we also found that crude extracts of
the strain effectively inhibited the growth of Foc TR4 and
the inhibition zone was 36.42 + 0.35 mm (Figure 1C). The
inhibition percentages of mycelial growth were 69.91 and 57.02%,
respectively. Therefore, the strain YYS-7 was selected and
analyzed in the following experiment.

Identification and Morphological
Characteristics of the Strain YYS-7

After the strain YYS-7 was cultured on seven different media
for 7 days at 28°C, we evaluated its growth conditions
and morphological characteristics of aerial hyphae, vegetative
mycelia, soluble pigment and colony (Supplementary Table S2).
The strain YYS-7 can grow well on eight media (Table 1).
No diffusible pigments were produced. The rectiflexibile spore
chains with a rugose surface were observed using SEM
(Supplementary Figure S1A). Aerial mycelia of the strain
YYS-7 were largely generated on most of media. A number
of vegetative mycelia were also detected. The characteristics
of unfragmented substrate and aerial mycelia with long
spore-chains suggested that the strain YYS-7 belonged to
Streptomyces sp.

A 1403 bp sequence of 16S
7 was amplified and submitted to the GenBank database
of NCBI with an accession number of MN397826.
A phylogenetic tree was constructed using the Neighbor-
Joining method with 1000 bootstrap replicates in MEGA
(Version 7.0). The 16S rRNA sequence of the strain
YYS-7 showed a high similarity with Streptomyces
albospinus NBRC (AB184527) (Supplementary Figure S1B).
Combining the morphological characteristics with model
organisms of the genus, the strain YYS-7 was assigned to
Streptomyces sp..

rRNA of the strain YYS-

Physiological and Biochemical

Characteristics

To obtain antimicrobial compounds with high antifungal
activities, the growth condition of Streptomyces sp. YYS-7
was optimized. The strain was able to grow at 13% of NaCl
(moderate growth), but was unable to grow below pH 5.0.
By contrast, optimal growth condition of the strain was
at 30°C, pH 7.0 and 3% (w/v) of NaCl. Additionally, the
physiological and biochemical characteristics of Streptomyces
sp. YYS-7 were detected (Table 2). Streptomyces sp. YYS-7
could produce reductive nitrate, urease and gelatin as well
as degrade tween 20. No H,S production and activity of
cellulolytic enzyme were detected. It could utilize D-fructose,

D-xylose, rhamnose, arabinose, melezitose, galactose, «-
lactose, sucrose, D-mannose, sorbitol, inositol, sorbitol,
D-mannitol, maltose, starch, and melibiose as a sole
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A
Different isolates CK YYS-7
Antifungal activity
Mycelial inhibition (%) 57.02+0.77
B

Foc TR4 VS YYS-7

23.82 mm + 0.25
Treatment

79.18 mm + 0.63
Control

55.57+0.83 53.37+5.63 54.15+3.25 50.81+0.90 47.76+0.88

FIGURE 1 | Effects of different isolates on the mycelial growth of Foc TR4. (A) Antifungal activities of six isolates against Foc TR4. (B) The strain YYS-7 obviously
inhibited the mycelial growth of Foc TR4. (C) Crude extracts of the strain YYS-7 significantly inhibited the mycelial growth of Foc TR4.

YWS-1

=

YQA-16 YHG-1

Cc

Foc TR4 VS YYS-7 crude extracts

84.71 mm = 0.65
Control

36.42 mm + 0.35
Treatment

TABLE 1 | Cultural characteristics of the strain YYS-7.

Culture medium Aerial hyphae Vegetative mycelium

Soluble pigment Colony characteristics Growth conditions

ISP2 White Lemon Chiffon
ISP3 Gray Grainsboro
ISP4 Cream Corn silk
ISP5 Cream Lemon Chiffon
ISP6 Oldlace Peachpuff
ISP7 Corn silk Beige
Gause’s no. 1 medium White Lemon Chiffon
PDA Gray Wheat

None Rigid and Plicate +++
None Dusty and Dry +
None Pyknotic and Plicate +++
None Dusty and Dry +
None Rigid and Plicate +++
None Dry, Rigid and Plicate +
None Rigid and Plicate +++
Pink Dusty and Dry +++

+ + +, Good growth; ++, Moderate growth; +, Poor growth.

carbon source (Supplementary Table S§3). Interestingly,
Streptomyces sp. YYS-7 can grow in all tested nitrogen
sources, including histidine, methionine, serine, glycine,
arginine, valine, tyrosine, asparagine, L-phenylalanate
and anhydrous creatine. In the evaluation of antibiotic
sensitivity, the strain YYS-7 showed a wide resistance to
clindamycin,  chloramphenicol,  norfloxacin,  neomycin,
doxycycline, gentamicin, ceftazidime, cefradine, cefazolin,
midecamycin, oxacillin, and piperacillin, respectively
(Supplementary Table S4). A sensitivity response was
detected to furazolidone, compound sulfamethoxazole,
polymyxin B, vancomycin, ciprofloxacin, ofloxacin, penicillin,
erythromycin, minocycline, tetracycline, kanamycin, amikacin,
cefoperazone, ceftriaxone, cefuroxime, cephalexin, carbenicillin,
and ampicillin, respectively.

Effect of Crude Extracts on Antifungal
Activities of Foc TR4

Compared with antifungal activities of crude extracts of
Streptomyces sp. YYS-7 isolated with different concentration

methanol, crude extracts isolated by 100% of methanol exhibited
the strongest antifungal activity against Foc TR4 (Figure 2A).
The inhibition rate of mycelial growth was 80.87%. The lowest
antifungal activity with 10.21% was detected in crude extracts
isolated by 50% of methanol. No obvious difference was found in
antifungal activities of crude extracts isolated with 50% and 60%
of methanol. Based on the results of toxicity assay, a significant
linear correlation was obtained between the inhibition rate and
log[concentration] value (R? = 0.9857, p < 0.01) (Figure 2B).
ECsp and ECgs values of crude extracts against Foc TR4 were
21.07 and 619.59 g mL™!, respectively.

Effect of Crude Extracts on Spore
Germination and Morphology of Foc TR4

Different concentration crude extracts of Streptomyces sp. YYS-
7 were used to analyze the effects on spore germination
and morphology of Foc TR4. By contrast, 50 g mL~! of
crude extracts inhibited more than 50% of spore germination
(Supplementary Table S5). With the concentration increase
of crude extracts, the inhibition rate of spore germination
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TABLE 2 | Physiological and biochemical characteristics of the strain YYS-7.

Characteristic Result

Physiological

pH range for growth 4-10
Optimum pH for growth 7
NaCl tolerance Upto b
Biochemical

Starch hydrolysis

+

Gelatin hydrolysis

+

Cellulose hydrolysis -
Nitrate reduction
H»S production
Urease test
Twain 20

Twain 40 -
Twain 80 -
M-R test -
V-P test -

+ o+ 4+ +

was gradually enhanced. Especially, up to 91.50% of spore
germination were inhibited after treatment with 600 pg mL™!
of crude extracts. When treated with 25 jLg mL™! of crude
extracts for 24 h, the germ tube elongation was significantly
inhibited (Figures 3A,B). Foc TR4 conidia showed wrinkled and

Treatment

Control

FIGURE 3 | Effect of crude extracts on spore germination and morphological
characteristics of the strain YYS-7. (A) Spore germination of Foc TR4 treated
with 10% of DMSO for 24 h. (B) Crude extracts (600 mg mL"") effectively
inhibited spore germination of Foc TR4. (C) Morphological characteristics of
Foc TR4 spores treated with 10% of DMSO for 24 h. (D) Crude extracts (25
mg mL"") caused the morphological deformation of Foc TR4 spores.

deformity morphological profiles (Figures 3C,D). Intact shape
and smooth surface were observed in the control conidia treated
with 10% of DMSO.

Mycelial morphology §

Mycelial inhibition (%)

Treatment concentration (ug mL")

Mycelial morphology |

Mycelial inhibition (%)  37.37+5.5¢

A
Different concentration Control 50% 60% 70% 100%
Mycelial morphology
Mycelial inhibition (%) 10.20 +1.572 14.25 +1.652  32.70+5.67° 80.87+0.9¢
B
Treatment concentration (ug mL-") 0 0.78 1.56 3.12 6.25

6.22+1.042

25.00

44.62+7.99

FIGURE 2 | Antifungal activities of crude extracts on the mycelial growth of Foc TR4. (A) Antifungal activities of crude extracts isolated by different gradient methanol
solvents. (B) Effects of different concentrations of crude extracts on mycelial growth of Foc TR4.

10.24+0.272

17.69+0.38>  33.23+2.56°

50.00 100.00 200.00

89.56+0.769

56.551+2.29¢  82.11+0.06

Frontiers in Microbiology | www.frontiersin.org

August 2020 | Volume 11 | Article 1712


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Wei et al.

Isolation and Identification of Streptomyces

Effect of Crude Extracts on

Ultrastructure of Foc TR4 Cells

To further evaluate antifungal activity of Streptomyces sp.YYS-7,
ultrastructure changes of Foc TR4 were detected by TEM. In the
control group, the cytoderm and membrane were intact and well
defined (Supplementary Figure S2A). The organelles such as
mitochondria, cell nucleus and vacuole were regularly arranged
and the electron density in the cytoplasm was homogeneous.
Foc TR4 cells treated with crude extracts of Streptomyces
sp. YYS-7 exhibited some organelles in the cytoplasm were
disintegrated and cell membrane and cytoderm were dissolved
(Supplementary Figures S2B-F). In contrast, the treated Foc
TR4 cells exhibited abnormal morphological characteristics, such
as disappearing organelles and heterogeneity electron density
in the cytoplasm.

Analysis of a Broad-Spectrum Antifungal

Activity of Streptomyces sp. YYS-7

To assess whether Streptomyces sp. YYS-7 has a broad-
spectrum antifungal activity, the seven phytopathogenic fungi
were selected. The maximum inhibition percentage of mycelial
growth was C. fallax (76.07 £+ 1.97), while the lowest activity
was detected against C. musae (51.07 = 1.57). In addition,
Streptomyces sp. YYS-7 also significantly inhibit mycelial growth
of other phytopathogenic fungi (Figure 4A). The antifungal
activities were showed as follows: C. fragariae (64.50 % 0.7),
C. gloeosporioides (72.75 £ 1.06), F. oxysporum cucumerinum
(59.25 £ 1.77), C. acutatum (74.80 £ 0.28) and F. graminearum
(65.26 + 0.5).

Moreover, crude extracts of Streptomyces sp. YYS-7 were
also used to detect the antifungal activities against the selected
seven phytopathogenic fungi (Figure 4B). The maximum
inhibition percentage of mycelial growth was found in C. fallax
(69.51 £ 1.35). The lowest antifungal activity was exhibited
against C. gloeosporioides (47.95 £ 4.92). The high inhibition
percentages of mycelial growth were also detected in other
selected fungi, such as C. fragariae (53.21 =+ 2.91), F. oxysporum
cucumerinum (65 =+ 7.85), C. acutatum (63.76 £ 1.65),
F. graminearum (48.61 £ 1.28), and C. musae (53.07 £ 1.80).
The above results suggested that Streptomyces sp. YYS-7 has a
broad-spectrum antifungal activity.

MICs and MFCs of Streptomyces sp.
YYS-7 Against Different Phytopathogenic
Fungi

The MIC values of crude extracts against the eight
phytopathogenic fungi were determined by a 96-well microtiter
assay, ranging from 0.049 to 50 g mL~!. The lowest MIC
with 0.781 pg mL™! was detected against C. fallax, suggesting
that crude extracts had a high antifungal activity against this
fungus. In addition, crude extracts also exhibited a strong
antifungal activity against C. fragariae, C. gloeosporioides,
F. oxysporum cucumerinum, F. graminearum, Foc TR4 and
C. musae with 1.5625, 3.125, 12.5, 3.125, 6.25, and 12.5 pg
mL~! of the MIC values, respectively. The highest MIC with
50 g mL~! was observed against C. acutatum (ATCC 56815)

(Table 3). In the control group, the treatment of DMSO (10%,
v/v) had no an obvious inhibition role for the selected seven
phytopathogenic fungi.

We also determined the MFC values of Streptomyces sp.
YYS-7 against eight phytopathogenic fungi. The MFC value was
defined as the minimum concentration completely inhibiting
the growth of fungus on medium. The MFC values of crude
extracts ranged from 0.049 to 50 pg mL~!. The lowest MFC
(6.25 wg mL~!) was detected against C. fragariae (ATCC 58718).
Similarly, crude extracts also exhibit strong fungicidal activities
against F. oxysporum cucumerinum, C. fallax, Foc TR4 and
C. musae, respectively (Table 4). The highest MFC with 50 g
mL~! was detected against C. gloeosporioides, C. acutatum and
FE. graminearum.

Analysis of Crude Extracts by GC-MS

The GC-MS analysis was performed to predict the possible
antifungal compounds of Streptomyces sp. YYS-7. Based on
the information of retention time, molecular mass, molecular
formula and structures, a total of eleven chemical compounds
were identified by matching the mass spectra with the MS
spectral database (Supplementary Table S6). These predicted
compounds contained hexadecanoic acid, methyl ester, 2,4-
di-tert-butylphenol, methyl stearate, tetradecanoic acid,
dibutyl phthalate, pentadecanoic acid, n-hexadecanoic acid,
cetene, phenol, 2,2’-methylenebis[6-(1,1-dimethylethyl)-4-
methyl-, cyclohexanebutanoic acid and hexadecanoic acid
(Supplementary Figure S3). The peak area represented a
quantitative proportion of the predicted compound to the total
of crude extracts.

Evaluation of Streptomyces sp. YYS-7 on
Improving the Plant Resistance to Foc
TR4

A pot experiment was performed to test whether the fermentation
broth of Streptomyces sp. YYS-7 can enhance the plant resistance
to Foc TR4. After co-inoculation with the fermentation broth
and Foc TR4, the chlorotic symptom of banana leaves was
detected. High chlorotic symptom of banana leaves in both water
(25.32%) and sterilized soybean liquid medium treatment groups
(24.89%) was observed after 28 days (Figure 5A). No chlorotic
symptom was found in the leaves treated with Streptomyces sp.
YYS-7 (Figure 5B). Therefore, the fermentation broth obviously
improved the plant resistance to Foc TR4. Compared with the
control and medium treatment groups, the fermentation broth
effectively improved the chlorophyll contents, plant heights and
stem diameters of banana plantlets after 14 days (Figures 5C-
E). No significant differences were observed among different
treatments before 14 days.

DISCUSSION

Plant fungal diseases caused serious losses and rot of fruits
and vegetables (Duan et al., 2013). Fusarium wilt limited badly
the continuous development of banana industry. Microbial
antagonist was considered as the promising biocontrol
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FIGURE 4 | A broad-spectrum antifungal activity of Streptomyces sp. YYS-7 against phytopathogenic fungi. (A) Antifungal activities of the strain YY-7 against the

A
Control ~ YYS-7  Mycelial inhibition (%)
C. fragariae | 76.07+1.97°
C. gloeosporioides | 72.75+1.06°
F. oxysporum f. sp. 59.25+1.77¢
cucumebrium =
C. acutatum| @ 74.80+0.28"
76.07+1.97°
F. graminearum 65.26+0.509
51.07+1.57¢
selected phytopathogenic fungi. (B) Antifungal activities of crude extracts against the selected phytopathogenic fungi.

YYS-7 crude

Control  extracts Mycelial inhibition (%)

C. fragariae 53.21+2.912

C. gloeosporioides 47.95+4.922
F. oxysporum f. sp. 65.00+7.85b¢

cucumebrium =

C. acutatum 63.76+1.65%

C. fallax 69.51+1.35¢

F. graminearum 48.61+1.282

C. musae 53.07+1.802

TABLE 3 | MIC of crude extracts of Streptomyces sp. YYS-7 against eight phytopathogenic fungi.

Pathogenic fungi

MIC of YYS-7 (g mL~1)

MIC of Ny (ng mL~1) MIC of Cy (ng mL~1)

C. fragariae (ATCC 58718) >1.5625
C. gloeosporioides (ACCC 36351) >12.5
F. oxysporum f. sp. Cucumerinum (ATCC 204378) >3.125
C. acutatum Simmonds (ATCC 56815) >50
C. fallax (ATCC 34598) >0.781
F. graminearum Schwabe (DSM 21803) >83.125
Foc TR4 (ATCC 76255) >6.25
Colletotrichum musae (ATCC 96726) >12.5

>6.25 >0.098
>12.5 >3.125
>12.5 >83.125
>50 >50
>3.125 >0.049
>0.049 >6.25
>6.25 >0.049
>3.125 >0.049

Cy, cycloheximide (antifungal agent); Ny, nystatin (antifungal agent).

TABLE 4 | MFC of crude extracts of Streptomyces sp. YYS-7 against eight phytopathogenic fungi.

Pathogenic fungi

MFC of YYS-7 (ng mL— 1)

MFC of Ny (ng mL—1) MFC of Cy (ng mL~1)

C. fragariae (ATCC 58718) >6.25
C. gloeosporioides (ACCC 36351) >50
F. oxysporum f. sp. Cucumerinum (ATCC 204378) >25
C. acutatum (ATCC 56815) >50
C. fallax (ATCC 34598) >25
F. graminearum (DSM 21803) >50
Foc TR4 (ATCC 76255) >25
C. musae (ATCC 96726) >25

>12.5 >25
>25 >50
>12.5 >25
>3.125 >0.78
>83.125 >6.25
>12.5 >50
>25 >50
>12.5 >0.049

Cy, cycloheximide (antifungal agent); Ny, nystatin (antifungal agent).
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FIGURE 5 | Crude extracts of Streptomyces sp. YYS-7 improving the banana plant’s resistance to Foc TR4. (A) Leaf chlorosis of banana treated with Streptomyces
sp. YYS-7 28 days post Foc TR4 inoculation. Data indicate means + SE from 21 leaves. (B) Quantification of chlorotic areas (expressed as percentages of total leaf
areas) 28 days post inoculation. (C) Measure of chlorophyll contents of banana plantlets treated with Streptomyces sp. YYS-7 different days post Foc TR4
inoculation. (D) Measure of plant heights treated with Streptomyces sp. YYS-7 different days post Foc TR4 inoculation. (E) Measure of stem diameters treated with
Streptomyces sp. YYS-7 different days post Foc TR4 inoculation. Columns represent means + SE from 21 leaves from three independent repeats.

strategy due to the characteristics of high efficiency, broad antagonistic activities against different phytopathogenic fungi
spectrum and environmental friendliness (Guo et al., 2013). The  (Fan et al,, 2019). An antagonistic compound of 6-prenylindole
accumulated evidences indicated that Actinobacteria are the isolated from Streptomyces sp.TP-A0595 inhibited the hyphae
most potential producers of small diversity molecules (Shivlata  formation of Alternaria brassicicola (Sasaki et al., 2002). S. griseus
and Satyanarayana, 2015). However, only few of Actinobacteria ~H7602 owned a strong inhibitory activity against Phytophthora
was identified and employed due to their differences of growth  capsici (Nguyen et al., 2012).
conditions and antagonistic activities. Therefore, isolation and In our study, we detected the morphological characteristics of
screening of highly efficient antagonistic Actinobacteria are Foc TR4 after treatment with crude extracts of Streptomyces sp.
key to develop some biocontrol agents. In our study, the strain ~ YYS-7 by SEM and TEM. Extensive degradation of cell wall and
YYS-7 was isolated by analyzing the antifungal activity to Foc membrane was found and some organelles disappeared, resulting
TR4. Based on alignment of 16S rRNA sequence and analysis of in the inhibition of mycelial growth. Similar results were also
morphological and biochemical characteristics, the strain had  observed in cells of Phytophthora capsici and P. cactorum after
the highest similarity with S. albospinus NBRC (AB184527), and  exposure to fungicide (Brewster et al., 1997; Xu et al.,, 2007).
was defined as Streptomyces sp. YYS-7. The destroyed cell integrity and organelles may be involved in
Streptomyces sp. YYS-7 exhibited a broad-spectrum the response of fungal defenses (Yang et al., 2010). However, the
antagonistic activity against different phytopathogen fungi. specific antifungal mechanism still needs be further investigated.
Our previous work also showed that Streptomyces sp. SCA3-4 Compared with the previous results, crude products
from the rhizosphere soil of Opuntia stricta had a strong of S. lavendulae strain SCAS5 isolated with ethyl acetate
antagonistic ability against Foc TR4 and other pathogen fungi demonstrated an antifungal activity with a MIC value of
(Chen et al., 2013; Qi et al,, 2019). It suggested that the bioactive  31.25 pg/mL (Kumar et al., 2014a). In our study, lower MIC
metabolites with antimicrobial activities can be produced by values (>6.25 pg/mL) of Streptomyces sp. YYS-7 were detected
Streptomyces sp. For example, S. padanus PMS-702 produced against the selected eight fungi expect for C. acutatum (ATCC
a polyene macrolide antibiotic fungichromin, displaying high  56815). Our previous study also showed that Streptomyces sp.

Frontiers in Microbiology | www.frontiersin.org 10 August 2020 | Volume 11 | Article 1712


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Wei et al.

Isolation and Identification of Streptomyces

SCA3-4 had high antifungal activities against 13 pathogenic fungi
(Yang et al., 2012; Qi et al., 2019). It suggested that Streptomyces
sp. can be a potential antifungal agent for inhibition of plant
fungal diseases. The MIC difference of crude extracts from
different Streptomyces might be related to their inherent profiles
of metabolism and the kind of selected phytopathogen. In
addition, the isolation of crude extracts using different extractive
solvents was also important for antagonistic activity. We found
that crude extracts isolated with 100% of ethyl alcohol owned the
highest antagonistic activity to Foc TR4 in comparison of other
concentration gradients (Figure 3A), whereas the extracts from
Streptomyces sp. SCA3-4 and S. lavendulae strain SCAS5 isolated
by ethyl acetate exhibited the highest antifungal activity (Kumar
et al., 2014b; Qi et al., 2019).

To further identify antifungal metabolites, a powerful
analytical tool of GC-MS was used for compound analysis of
microbial metabolites. A total of eleven chemical compounds
identified from Streptomyces sp. YYS-7 mainly comprised
of phenolic compounds, hydrocarbons, esters and acids
(Supplementary Table S6). Phenolic compounds are commonly
known as potent antimicrobial agents as well as antioxidant
agents due to the removal capability of free radicals (Yogeswari
et al, 2012). Recently, the antimicrobial compounds in the
GC-MS fractions also contained the highest levels of phenolic
substance (Kumar and Jadeja, 2018). Two phenolic compounds
of 2,2’-methylenebis [6-(1,1-dimethylethyl)-4-methyl- and
2,4-Di-tert-butylphenol detected in Streptomyces sp. YYS-7
were reported as antimicrobial agents. The ester compounds
were also detected in crude extracts of the strain YYS-7,
including hexadecanoic acid, methyl ester, methyl stearate, and
dibutyl phthalate. Hydrocarbon compounds were confirmed
to possess an antagonistic potential against a wide range of
pathogens (Elavarasi et al., 2014; Natarajan and Dhas, 2014).
Acid compounds such as hexadecanoic acid and tetradecanoic
acid also displayed both antioxidant and anticancer activities
(Himaman et al., 2016). Hexadecanoic acid methyl ester
isolated from the Hibiscus sabdariffa Linn can cause autolysis
of membranous structures, induce aortic dilation and inhibit
phagocytic activity and nitric oxide production of cells.
Additionally, the accumulated evidences showed that methyl
stearate had a high antibacterial and antioxidant ability (Ajoku
et al., 2015; Tuhami et al., 2019). Thus, we proposed that these
compounds could be the key contribution to antimicrobial
activity of Streptomyces sp. YYS-7. Especially, some unknown
function metabolites will be a subject of future investigation.

In pot experiment, Streptomyces sp. YYS-7 showed a
biocontrol role on the decrease of banana wilt disease
(Figure 5). Similarly, Streptomyces caeruleatus strain ZL2
significantly reduced the root rot of tomato seedlings caused
by phytopathogenic Fusarium species (Zamoum et al., 2015).
These metabolites of Streptomyces sp. can be predicted to play
an important role on biocontrol efficiency (Ayyadurai et al,
2006; Faheem et al., 2015; Goudjal et al., 2016; Lu et al., 2016;
Duan et al, 2020). Moreover, the antagonistic Streptomyces
species exhibited a positive effect on the soil microbial structure
(Zamoum et al.,, 2015). Interestingly, the fermentation broth
of Streptomyces sp. YYS-7 also significantly increased the

chlorophyll contents, plant heights and stem diameters of
banana plantlets in comparison with the control groups 14 days
after treatment. Biocontrol activities of Streptomyces are often
associated with promotion of plant growth (El-Tarabily et al,
2009; Verma et al., 2011; Goudjal et al., 2016). Similar findings
were showed that Streptomyces sp. significantly improved the
biocontrol of Fusarium root rot disease and growth promotion
of seedlings (El-Tarabily et al, 2009; Goudjal et al., 2016).
Hence, the beneficial properties of Streptomyces sp. will provide
a promising perspective for the possible exploration in the
biocontrol field.

CONCLUSION

In this study, the strain YYS-7 with a strong antifungal activity
against Foc TR4 was isolated from the rhizosphere soil samples
of plants in the primitive mountain. The morphological, cultural,
physiological and biochemical characteristics were evaluated.
Combining the alignment result of 16S *RNA sequence, the
strain was assigned to Streptomyces sp. Treatment of with
crude extracts of Streptomyces sp. YYS-7 resulted in Foc TR4
cell deformity and ultrastructure disappearing. Interestingly, the
strain and its crude extracts also exhibited a broad-spectrum
antifungal activity against other seven phytopathogens along
with the lowest MIC (0.781 jug mL™!) against C. fallax (ATCC
34598) and the highest MIC (50 pg mL™1) against C. acutatum
Simmonds (ATCC 56815). The GC-MS analysis revealed that
eleven different compounds were identified from Streptomyces
sp. YYS-7. Especially, crude extracts significantly improved the
banana plants’ resistance to Foc TR4 in the pot experiment.
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