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Abstract

Banana Fusarium wilt caused by Fusarium oxysporum f. sp. cubense race 4 (FOC4) is destroying numerous
banana plantations in southern China. In order to select an effective biocontrol agent for this devastating disease,
eighty nine actinomycete isolates were collected from soil samples in the Botanical Garden of Chinese Academy
of Tropical Agricultural Sciences in the tropical Hainan Province, China. These isolates were evaluated for their
antagonistic activity against FOC4. Our results showed that eight isolates exhibited strong anti-FOC4 activity. One
of the isolates, HNG, resulted in an inhibition zone of 35 mm in diameter in the antagonistic test. The mycelia of
HNG6 were extracted with methanol, and the extract was tested against eight indicator pathogens by the mycelium
growth rate method. The HN6 extract demonstrated broad-spectrum antifungal activity, with an EC,less than 0.08
mg/ml. Based on the morphological, biochemical, physiological and cultural characteristics and the 16S rRNA
gene sequence, the HNG isolate was identified as Streptomyces aureoverticillatus. HN6 isolate can be potentially

developed into a biocontrol agent for banana Fusarium wilt and other plant diseases.
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Introduction

Banana Fusarium wilt, also called banana Panama wilt, is a
destructive disease that affects bananas in tropical and subtropical
areas worldwide. Fusarium oxysporum f. sp. cubense race 4 (FOC4) is
one of the major pathogens causing banana Fusarium wilt [1]. Banana
is one of the most important agricultural crops in the world, many
disease management strategies have been applied to control this disease
including resistant cultivars, fungicide application, crop rotation and
soil management [2]. However, FOC4 is still expanding at a speed of
30-50 km each year, destroying numerous banana plantations in south
China [3].

Extensive application of chemical pesticides in agriculture has
led to numerous side effects for the environment and human health.
In search for environmentally friendly and safe substitute, biological
pesticides are more appropriate compared to chemical pesticides.
Actinomycetes play an important role in the discovery of antibiotics,
antitumor agents and biopesticides [4-7]. Actinomycetes produce a
wide range of bioactive secondary metabolites that are known to have
anticancer, antibacterial, antifungal, antialgal, antimalarial and anti-
inflammatory activities [8]. Approximately two-thirds of the naturally
occurring antibiotics have been isolated from actinomycetes [9]. Soil
from the tropical Hainan Island (Hainan Province) in China presents a
unique ground for the discovery of microbial inhabitants with extensive
biodiversities that have been found to produce many biologically active
natural products [7,10]. In order to identify biological control agents
against FOC4, we isolated and screened eighty nine actinomycetes
from soil samples in the Botanical Garden on Hainan Island, China.
These isolates were tested for their antagonistic activities against FOC4
and for their broad-spectrum antifungal activities against totally eight
indicator plant pathogens. Out of these isolates, HN6 was shown to
exert the highest anti-FOC4 activity. HN6 was identified to belong
to the Streptomyces genus based on its morphological, biochemical,

physiological and cultural characteristics and its 16S rRNA gene
sequence.

Materials and Methods
Sample collection and processing

Soil samples were collected from the Botanical Garden of Chinese
Academy of Tropical Agricultural Sciences in Hainan Province
(Hainan Island) in China. They were collected from 10-15 cm depth
in soil, placed into sterile plastic bags and transported aseptically to
the laboratory. The collected soil samples were mixed thoroughly and
passed through a 2 mm sieve to remove gravel and debris. They were air
dried for one week at room temperature.

Isolation of actinomycetes

To prepare soil suspension, 5 g of soil sample was transferred
into a sterile bottle. After adding 45 ml of sterile distilled water to the
sample, the bottle was shaken for 30 min. Five sets of ten-fold serial
dilutions were prepared from the original supernatant, and 0.1 ml
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of each diluted sample was used to spread on Gause’s no.1 synthetic
medium aseptically [11]. Each sample was spread onto three plates and
incubated at 28°C for 5-10 days. The plates were observed periodically
for the growth of actinomycetes. The pure colonies were selected,
isolated and maintained in Gause’s no.1 synthetic medium at 4°C for
subsequent studies.

Screening for FOC4 antagonistic actinomycetes

The isolated actinomycetes were inoculated into Gause’s no.l
medium and incubated at room temperature for 5 days. Actinomycete
cakes (O=5 mm) were obtained and inoculated onto one side of the
PDA (potato dextrose agar) plate. The ATCC76255 strain of Fusarium
oxysporum f. sp. cubense race 4 (FOC4) was inoculated onto the other
side of the PDA plate, with a distance of 4 cm. They were cultured at
25°C for 5 days. The antagonistic belt (inhibition zone) was recorded
by measuring the distance (mm) between the edge of the fungal
mycelium and the actinomycete cakes. All isolates were tested in three
independent replicates. Of all the isolates, eight of the best antagonistic
actinomycete isolates were selected, identified macroscopically and
microscopically by Gram’s staining and used for further studies.

Characterization of isolate HN6

The selected actinomycete isolate HN6 was further identified by
morphological, biochemical and physiological characterization and
by 16S rRNA gene sequencing. The morphological characteristics for
colony, aerial and substrate mycelia and spores were studied after
culturing the individual isolates on Gause’s no.1 medium at 28°C for
atleast 7 days [12]. HN6 was investigated for various physiological and
biochemical properties including the utilization of cellulose, inositol,
mannitol and seven different sugars as carbon source, starch hydrolysis,
glutin liquefaction, litmus milk reaction and H,S production [13,14].
The cell wall type and whole-cell sugar analysis for chemical grouping
of HN6 was performed as previously described [15].

The 16SrRNA gene wasamplified by PCR with Taqg DNA polymerase
and the conserved primers F (5-AGAGTTTGATCCTGGCTCAG-3’)
and R (5-ACGGCTACCTTGTTACGACTT-3’) [16]. The conditions
for thermal cycling were as follows: denaturation of the fungal DNA at
95°C for 5 min followed by 35 cycles at 94°C for 1 min, primer annealing
at 50°C for 1 min and DNA elongation at 72°C for 2 min. At the end
of the PCR reaction, the reaction mixture was held at 72°C for 10 min
[17]. PCR amplification was detected by agarose gel electrophoresis in
Shanghai Yingjun Biotechnology Co., Ltd. The PCR product obtained
was sequenced by a Sanger-based, automated sequencer (Applied
Biosystems). The sequence was compared for similarity with the
reference species of bacteria in the genomic databank, using the NCBI
BLAST available at http://www.ncbinlm-nih.gov/. The phylogenetic
tree was constructed by neighbor-joining method in Mega4.0 software
[18].

Antifungal activities of HN6 methanol extract

The fermentation medium for the antagonistic actinomycete HN6
isolate included soluble starch 9.0 g, soybean meal 3.0 g, K,.HPO, 0.5 g,
MgSO,-7H,0 0.5 g, FeSO,-7H,0 0.01 g, NaCl 0.5 g and distilled water
in 1000 ml, pH 6.0. After the fermentation growth, the actinomycete
biomass was harvested by centrifugation at 5.2 gat 20°C for 10 minutes.
The mycelia were washed three times with sterile distilled water under
aseptic conditions. They were then resuspended in a small amount of
methanol and ground with mortar and pestle and broken under 20 KHZ
ultrasonic waves for 5 min. Methanol was added to the ground cells in
the ratio of 1:1 (w/v) and the mixture was shaken vigorously overnight.

The extract was then filtered through a blotting paper. The filtrate was
evaporated using a rotary evaporator at 50°C. The concentrated extract
was then transferred into glass screw-capped tubes and stored at 4°C
for further use.

The HN6 extract was diluted with methanol to 6.60, 1.32, 0.66, 0.66,
0.132, 0.066, 0.044 mg/ml preparations. One milliliter of each extract
was added to 19 ml PDA medium at 45°C, and quickly portioned into
three Petri dishes (®=5 mm). Each concentration was replicated three
times. One milliliter of methanol adding into 19 ml PDA medium was
used as control.

To conduct mycelium growth rate test eight indicator plant
pathogens Fusarium oxysporum f. sp. cubense race 4 (ATCC
76255), Botryodiplodia theobromae (ATCC 10936), Colletotrichum
gloeosporioides (ATCC 20358), Colletotrichum gloeosporioides Penz
(ATCC 16330), Colletotrichum musae (ATCC 96167), Corynespora
cassiicola (ATCC 36294), Periconia circinata (ATCC 32727) and
Rhizoctonia solani (ATCC 58938) were grown on PDA Petri dishes.
The fungal mycelia were taken from the periphery of stock cultures
[19,20]. Plugs of mycelia were removed with a 5 mm cork borer from
the advancing margin of the fungal colonies, placed in the center of
each PDA Petri dish containing the HN6 methanol extract at different
concentrations, with the mycelia facing the medium. The cultures were
incubated at 25 + 2°C for 3 days. Fungal toxicity was expressed by the
inhibitory percentage of the mycelia growth compared to the control.
The colony diameter was measured in millimeters, excluding the plug.
An average was taken from three measurements made on each Petri
dish.

Results

Isolation and screening for antagonistic actinomycetes

Eighty nine actinomycetes were isolated from soil samples from the
Botanical Garden of tropical Hainan Province, China by the gradient
dilution method, and identified by their morphology. To study their
antagonistic activities, these isolates were tested by the antagonistic
belt (inhibition zone) method against Fusarium oxysporum f. sp.
cubense (FOC4), the causal agent of banana Fusarium wilt. Out of 89
actinomycetes, 8 isolates including HN3, HN6, HN14, HN24, HN29,
HN59, HN62, HN75 showed strong inhibition of FOC4 growth, with
the diameters of inhibition zones of more than 18 mm (Table 1). HN6
exhibited the strongest antagonistic activity, with an inhibition zone
of 35 mm.

Morphological, physiological and biochemical characteristics
of HNG6 isolate

Due to the strong antagonistic activity against FOC4, HN6 isolate
was selected for further studies on its morphological, physiological and
biochemical characteristics.

Isolate Inhibition zone (mm)’
HN3 20+0.8

HN6 35+0.6

HN14 18+1.2

HN24 19+1.0

HN29 20+ 1.1

HN59 19+0.9

HN62 18+1.4

HN75 18+1.2

Table 1: Inhibiting zones of 8 actinomycete isolates against FOC4 five days after
incubation. *Values are means of three replications.
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When HN6 was cultured on different media, its aerial mycelium
and substrate mycelium displayed different colors (Table 2). The
morphology of HN6 spore and mycelium was observed on Gause’s no.1
medium at 28°C. The colonies were small. The aerial mycelia were white
in color, and the substrate mycelia were beige. They did not produce
diffusible pigment on this medium. Further observation by microscope
and scanning electron microscope revealed that the aerial mycelia were
slender and much more branched than the substrate mycelia (Figure
la and Ic). The aerial mycelia branched at 90 degree from the main

Media Aerial mycelium Substrate mycelium Dli:lf;l:::r,llf
Gause’s no. 1 white beige -
Kligler's no. 1 grey grey -

Czapek grey incarnadine -

Glucose asparagine white bright orange -
Glucose yeast extract shark blue light grey caramel
PDA light crane ash beige -
Table 2: Colors of isolate HN6 on different media. “-“ indicates no diffusible

pigment produced.

Figure 1: Microscopy and scanning electron microscopy of HN6. (a) Aerial

mycelia (microscope 10x40). (b) Spore chain (electron microscope). (c)
Aerial mycelia (electron microscope).

Page 3 of 5
Tests Results Tests Results

Starch hydrolysis ++ L-Arabinose utilization ++
Litmus milk reaction - Fructose utilization ++
H2S production - Glucose utilization ++
Glutin liquefaction ++ Galactose utilization ++
Cellulose utilization - Rhamnose utilization ++
Inositol utilization ++ Sucrose utilization ++
Mannitol utilization ++ Xylose utilization +

Table 3: Physiological and biochemical characteristics of HN6. “++” strongly
positive; “+” positive; “-” negative.

mycelium (Figure 1a). The spore chains broke into cylindrical conidial
spores after maturing (Figure 1b).

The physiological and biochemical characteristics of HN6 were
tabulated in Table 3. The HNG6 isolate was able to hydrolyze starch
and liquefy glutin. It could fully utilize fructose, inositol, L-arabinos,
mannitol, rhamnose, sucrose, glucose and galactose as the carbon
source. The HNG6 isolate could partially utilize xylose, and not able to
utilize cellulose. It could not react with litmus milk, nor decompose the
sulfur-containing amino acid to H,S. The morphological, physiological
and biochemical characteristics of HN6 indicated that it shared the
characteristic features of the genus Streptomyces. The cellulose TLC
analysis showed that the cell wall of HN6 belonged to type I, and that
its whole cell sugar belonged to type C.

Cloning and sequencing of HN6 16S rRNA gene and its
phylogenetic analysis

To further classify HN6 isolate, its 16S rRNA gene was PCR-
amplified and the 1422 bp-long PCR fragment was sequenced. The
sequence was deposited in GenBank (NCBI) with the accession
number of FJ911617. The HN6 16S rRNA gene sequence was analyzed
by the BLAST server of NCBI. It was confirmed that HN6 belongs
to the Streptomyces species. The HN6 isolate was 99% similar to
Streptomyces aureoverticillatus (AY999774). The phylogenetic tree was
constructed with bootstrap values (Figure 2). A neighbor-joining tree
based on the 16S rRNA gene sequences showed that HN6 occupied
a phylogenetic position alongside Streptomyces aureoverticillatus
(AY999774). Combining the morphological, physiological and
biochemical characteristics, HN6 was determined to belong to the
species of Streptomyces aureoverticillatus.

Antifungal activity of HN6 methanol extract

To further elucidate the antifungal activities of HNG6, its
methanol extract was tested against eight indicator pathogens by the
mycelium growth rate method. Table 4 shows the regression equation
values (with all correlation coefficient values >0.95) of HN6 extract
against the eight indicator pathogens, indicating an ideal positive
correlation. The median lethal concentration (EC,) was less than
0.08 mg/ml to every indicator pathogen, indicating a broad spectrum
antifungal activity of HN6 methanol extract. Botryodiplodia theobromae
(ATCC10936) was the most sensitive to the HN6 methanol extract with
an EC_ of 0.016 mg/ml. Colletotrichum gloeosporioides (ATCC20358),
Rhizoctonia solani (ATCC58938), Colletotrichum gloeosporioides
(ATCC16330), Colletotrichum musae (ATCC96167), Corynespora
cassiicola (ATCC36294), Fusarium oxysporum f. sp. cubense race
4 (ATCC76255) and Periconia circinata (ATCC32727) were also
sensitive to the HN6 methanol extract with the EC,; of 0.020, 0.024,
0.025, 0.027, 0.053, 0.073 and 0.078 mg/ml respectively.
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Streptomyces diastaticus subsp. diastaticus (AB184785)
Streptomyces gougerotii (AB249982)

HNG6 (FJ911617)

Streptomyces aureoverticillatus (AY999774)

Streptomyces rutgersensis (AB184795)

Figure 2: The phylogenetic relation of HNG6 isolate (FJ911617) to Streptomyces aureoverticillatus (AY999774) and other closely related Streptomyces spp. The
phylogenetic tree was constructed based on sequences of 16S rRNA genes using the neighbor-joining analysis of 1000 sampled data sets. Species with values of

>50% are shown.

Pathogen Regression Correlation EC50 95% confidence

(ATCC #) equation (y) coefficient (r) (mg/ml) interval (mg/ml)

B. theobromae (10936) 11.26+3.48x 0.960 0.016 0.0081-0.3804
C. cassiicola (36294) 7.45+1.92x 0.991 0.053 0.0289-0.4901
C. gloesporioides (16330) 12.69+4.78x 0.961 0.025 0.0195-0.4080
C. gloesporioides (20358) 12.39+4.37x 0.950 0.020 0.0181-0.3902
C. musae (96167) 11.48+4.14x 0.956 0.027 0.0184-0.4312

F. oxysporum (76255) 14.71+8.93x 0.970 0.073 0.0169-0.2135
P. circinata (32727) 14.70+8.76x 0.982 0.078 0.0146-0.5312

R. solani (58938) 12.62+4.70x 0.950 0.024 0.0064-0.3725

Table 4: Antagonistic activity of HN6 methanol extract against eight indicator plant pathogens.

Discussion

The Botanical Garden of Chinese Academy of Tropical Agricultural
Sciences in Hainan Province, China, is an integrated ecological system
with rich biodiversities. We isolated totally 89 actinomycetes from the
soil in this garden. Many isolates had inhibition zones of 0-18 mm
against the banana Fusarium wilt causal agent FOC4. The HN6 isolate
was shown to be the most inhibitive to FOC4.

The morphological, physiological and biochemical characteristics
of HN6 classified it into Streptomyces spp. The 16S rRNA gene sequence
classified HN6 as Streptomyces aureoverticillatus. Publications have
shown that Streptomyces spp. produce valuable bioactive metabolites
with broad spectrum activities such as antibacterial, antifungal,
antibiotic, antiparasitic, antitumor, antiviral, insecticidal and,
herbicidal [21,22]. Streptomyces aureoverticillatus isolated from a
marine sediment was discovered to produce novel anticancer and
anti-infection agents which are novel macrocyclic lactam secondary
metabolites [23]. As far as we know, there had not been one isolate
of Streptomyces aureoverticillatus that had been shown agriculturally
applicable activities. There is also no publication demonstrating
the antimicrobial properties of these types of macrocyclic lactam
metabolites. Recently, a new actinomycete strain NA4 was isolated
from a deep-sea sediment from the South China Sea [24]. NA4 was
identified as Streptomyces acvourensis by morphological, physiological
and phylogenetic analysis based on its 16S rRNA gene sequences
[24]. NA4 was shown to be antifungal against several soil-borne plant
pathogens due to its production of bafilomycins B1 and C1 [24]. Future
studies are needed to characterize the secondary metabolites of HN6
isolate and its antagonistic mechanisms in order to fully extend its
potential as a biocontrol agent for FOC4 and other plant pathogens.

Conclusions

A Streptomyces aureoverticillatus isolate HN6 has been isolated

from soil samples on Hainan Island, China. HN6 exhibits broad
spectrum antifungal activity and is strongly inhibitive to Fusarium
oxysporum f. sp. cubense race 4 (FOC4), the causal agent of banana
Fusarium wilt in bio-assays.
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