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Abstract

This study sought to develop a biological control agent against plant diseases of various crops and vegetables using
Streptomyces sp. A1022. We found that the culture broth had an inhibitory effect against several fungal pathogens,
including Colletotrichum gloeosporioides, Phytophthora capsici, Pyricularia grisea, and Cercospora canescens.
The antifungal activity of the culture broth was stable (> 93%) across a broad range of temperatures (25-90 °C) and
pH (pH 2-9), suggesting that the solid concentrate (SC) of strain A1022 might be effective against a broad range of
fungal pathogens. We examined the inhibitory efficacy of this strain against anthracnose by Colletotrichum
gloeosporioides in infections of pepper and cherry tomato. We found the degree of anthracnose injury to pepper to
be in the following order: untreated control~eugenol (sopra extract) > tebuconazol (a chemical fungicide) >
azoxystrobin (a chemical fungicide)~=strain A1022 SC. Strain A1022 SC also had an inhibitory effect against
anthracnose on cherry tomato. In a field test, azoxystrobin (10,000 ppm active ingredient; 1,000-fold dilution) and
strain A1022 SC (2x10* colony forming unit mL™'; 500-fold dilution) had inhibitory effects of 68.0 and 61.6%
against pepper anthracnose, respectively. Our results suggest that strain A1022 SC can be an alternative to
chemical fungicides, at least for pepper and cherry tomato anthracnose infections caused by C. gloeosporioides.
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1. Introduction

Fungal phytopathogens are one of the most serious problems in commercial crops (Pohanka, 2006). Soilborne
diseases such as gray mold, late blight, and anthracnose are major sources of crop loss, and these diseases
repeatedly damage a variety of fruits and vegetables including tomatoes, strawberries and peppers. Pepper
(Capsicum annuum L.), an important crop cultivated worldwide, can suffer large losses in both yield and quality
due to anthracnose (Pakdeevaraporn et al., 2005). Anthracnose is caused by at least five fungi, e.g., Colletotrichum
gloeosporioides, which is the dominant and most virulent fungal species causing pepper anthracnose (Kim et al.,
2004).

Though chemical fungicides have been extensively used worldwide to control various pathogens, their use has
many attendant problems, such as environmental pollution, deteriorating human health, development of pathogen
resistance to fungicides, and phytotoxicity (Dubey et al., 2008). To minimize these problems, researchers have
sought to develop biological control agents for soilborne plant pathogens that might be more environment- friendly.
Phytopathogens have been used to control several antagonistic microorganisms, including Bacillus spp. (Ongena
& Jacques, 2008), Streptomyces spp. (Bressan, 2003), Pseudomonas spp. (Hubbard et al., 1983), and Trichoderma
spp. (Sivan & Chet, 1986). As it has been reported, the inhibitory mechanisms of antagonistic microorganisms are
antibiosis, competition, parasitism, and predation (Lockwood, 1988; Handelsman & Stabb, 1996).

Streptomyces species have antifungal activity and are broadly used as biological control agents to control soilborne
diseases. Synthetic fungicides have often been replaced with biofungicides using Streptomyces sp. to control
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pathogens (Errakhi et al., 2007; Hassan et al., 2011). Beyer & Diekmann (1985) reported that cell wall degradation
of Penicillium chrysogenum occurred due to the chitinase system of extracellular protein from Streptomyces sp.
ATCC11238. More recently, the biological control effect of Streptomyces padanus 1A70-5 was evaluated in the
laboratory against the pepper anthracnose caused by Colletotrichum acutatum (Chi et al., 2012).

Previously, we have suggested Streptomyces sp. A1022 as a potential biological control agent (Lee et al., 2012;
Lee et al., 2011). In this study, we aimed to prove the antifungal activity of solid concentrate of Streptomyces sp.
A1022 toward anthracnose of pepper and cherry tomato under green house and field condition. We compared its
antifungal activity with other commercial fungicides.

2. Method
2.1 Growth of Microorganisms

Streptomyces sp. A1022 was isolated from soil gathered in Gangwon Province, Korea (Lee et al., 2011). Strain
A1022 was then cultured in an ISP2 medium containing (g L) glucose 5, yeast extract 5, malt extract 10, in an
Erlenmeyer flask (150 rpm, 28.5 °C) for seven days. The phytopathogenic fungi [(Colletotrichum gloeosporioides
(ATCC16330), Phytophthora capsici (ATCC46746), Pyricularia grisea (ATCC MYA-2403), Cercospora
canescens (ATCC 11919), Fusarium oxysporum f.sp. lycopersici (ATCC 46933), Alternaria mali (ATCC42096))]
were incubated at 28 °C for seven days on a potato dextrose agar (PDA; BD Difco, NJ, USA) before use.

2.2 Antifungal Activity Test

The culture broth of Streptomyces sp. A1022 was centrifuged at 5,000xg at 4 °C for 20 min and then the mycelium
and supernatant were separated using filtration through Whatman No. 2 paper. The mycelium from 1 L culture
broth was then extracted with the same amount of methanol for 24 h, while the supernatant from 1 L culture broth
was extracted with the same amount of hexane and ethyl acetate for 24 h. Antifungal activity was estimated by a
disk diffusion assay against C. gloeosporicides. The fungi spores (1x10° spores mL™") were spread on a PDA plate,
and then a paper disk containing the fungal culture extract via methanol, hexane, or ethyl acetate (30 puL) was
placed on the plate. After 20 h at 28.5 °C, diameters of inhibition zones were measured.

In order to evaluate the range of the control spectrum, six fungal pathogens, as mentioned above, were tested by the
disk diffusion method. Spores (1x10° spores mL™") of each of the six fungal pathogens were spread on PDA plates.
Methanol extract (30 uL) was added to a paper disk, which was then put on the plate. Diameters of inhibition zones
were measured as above.

2.3 Effect of Temperature and pH on Antifungal Activity

For the temperature stability test, the culture broth was exposed to 25, 60, 70, 80, 90, and 121 °C for 15 min. For the
pH stability test, the culture broth was adjusted to pH 2, 4, 9, and 12. The antifungal activity following exposure to
various temperatures and pH conditions was estimated by the disk diffusion assay. Diameters of inhibition zones
were measured as above.

2.4 Formulation of Streptomyces sp. A1022

Streptomyces sp. A1022 was formulated as solid concentrate (SC) to maintain stability and preserve the antifungal
components. First, strain A1022 was grown in medium containing (g L") glucose 34, soya flour 7.5, yeast extract
3, CaCO; 0.25, and MgSO,7H,0 0.25. The culture was agitated at 150 rpm, aeration of 0.3 vvm for 82 h using a
500 L fermenter. The resulting culture broth was then processed as described previously (Lee et al., 2012).

2.5 Effect of Application Interval of Streptomyces sp. A1022 SC on Inhibitory Efficacy to Pepper Anthracnose

To evaluate the inhibitory efficacy of Streptomyces sp. A1022 SC against pepper anthracnose, a pot assay was
performed in a greenhouse. For this pot assay, azoxystrobin (20% solid concentrate, Syngenta Korea, Seoul, Korea)
was diluted 2,000 fold with tap water (10,000 ppm active ingredient), and strain A1022 SC (1x10 colony forming
unit mL™") was diluted 1,000 fold with tap water (1x10* colony forming unit mL™). The pots (diameter 12 cm x
height 14 cm) were filled with a silt laom soil (sand: silt: clay= 8.3%:61.5%:20.2%; organic carbon, 3.51%, pH
6.2, field capacity, 30). Fungi spores of C. gloeosporioides were adjusted to 1x10° spores mL™, and after artificial
inoculation, a spray of strain A1022 SC diluents was applied three times on pepper seedlings (Hot pepper Londari
35, Asia Seed Co. Ltd., Seoul, Korea) at intervals of 5 and 7 days. A total of 15 pots were employed, for three trials
of five pots. Statistical analyses were performed using SPSS version 20.0 for Windows (SPSS Inc., IL, USA).
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2.6 Comparison of Inhibitory Efficacy of Strain A1022 SC with Other Fungicides

The biological control effect of strain A1022 SC against anthracnose caused by C. gloeosporioides was compared
with that of the commercial fungicides azoxystrobin, tebuconazole (12% wettable power, Hanearl Science,
Taebaek, Korea), and eugenol (0.5% sophora extract, solid concentrate, Nanpong Shenyu Green Medicine Co.,
Nanpong, China). Azoxystrobin and tebuconazole were diluted 1,000 fold with tap water (20,000 ppm active
ingredient and 12,000 ppm, respectively), and eugenol and strain A1022 SC were both diluted 500 fold with tap
water (1,000 ppm active ingredient and 2x10* colony forming unit mL™). Pepper fruits (> 10 cm in length) were
sterilized by swabbing with 70% ethanol and 1% sodium hypochloride to remove pre-existing pathogens or other
microorganisms, and fruits were then punched using a sterilized hole puncher. Then, 50 uL of C. gloeosporioides
spores (1x10° spores mL™") were inoculated onto a paper disk, and the disk was placed on the hole of pepper fruits.
The treated peppers were then incubated in a growth chamber for 24 h at 28 °C with a 75% relative humidity. After
one day, 50 uL of each test fungicide was applied to a fruit (triplicate), placing one material on the paper disk to
which C. gloeosporioides had been applied earlier. The inoculated peppers were checked for 7 and 12 days and
held in the growth chamber at 28 °C and 75% relative humidity.

2.7 Biological Control Efficacy of Strain A1022 SC Toward Cherry Tomato Anthracnose

Cherry tomatoes (Tomato Berry King F1 Hybrid, Thompson & Morgan, Suffolk, UK) were washed and sterilized

with 70% ethanol and 1% sodium hypochloride to eliminate other pathogens, and then punched using a sterilized

hole puncher. Paper disks were inoculated with 50 pl of a solution of C. gloeosporioides spores (1x10° spores mL™)
and then the paper disks were placed over the holes on the cherry tomatoes. Treated cherry tomatoes were held in

a growth chamber for 24 h at 28 °C and 75% relative humidity, after which a 1,000 fold dilution of strain A1022 SC

(50 pL) was added to the paper disk. The cherry tomatoes were incubated and observed in the growth chamber for

7 days at 28 °C and 75% relative humidity.

2.8 Monitoring Effect of Strain A1022 SC Against Anthracnose Under Field Conditions

Field experiments were conducted from July 20, 2011 to August 10, 2011 in Chungju City, Chungbuk, Korea,
where anthracnose by C. gloeosporioides is prevalent during pepper cultivation. The planted area for the
experiments was approximately 160 m>. A 500 fold dilution of strain A1022 SC and a 1,000 fold dilution of
azoxystrobin were sprayed on the stems and leaves of pepper plants (> 15 cm in height, Hot pepper Londari 35)
until the solution ran off the plant surface. Applications were made on July 20, July 27, and August 3. The
percentage of disease incidence and rate of disease inhibition in each treatment was recorded on August 10, 2011.
All statistical analyses were carried out using SPSS version 20.0 for Windows (SPSS Inc., Chicago, IL, USA).

3. Results
3.1 Antifungal Activity of Streptomyces sp. A1022

We found that the methanol extract of Streptomyces sp. A1022 from mycelium suppressed the growth of C.
gloeosporioides, giving a 39.0+0.5 mm inhibition zone in the disk diffusion assay (Figure 1). The hexane and ethyl
acetate extracts from supernatant also had suppressive effects against C. gloeosporioides, but the sizes of the
inhibition zones they caused (hexane: 35.14£0.6 mm; ethyl acetate: 34.2+0.8 mm) were smaller than that of the
methanol extract (Figure 1). The pure solvents had no effect on pathogen growth in vitro, suggesting that both
mycelium and supernatant had antifungal activity.

Using the methanol extract, the antifungal activity of Streptomyces sp. A1022 was investigated against three
additional fungal pathogens (P. capsici, F. oxysporum f.sp. lycopersici, and A. mali), including three fungal
pathogens (C. gloeosporioides, P. grisea, and C. canescens) from our previous study as reference (Lee etal., 2011).
The extract had antifungal activity against four of these six fungal pathogens: C. gloeosporioides (anthracnose), P.
capsici (blight and fruit rot fungus), P. grisea (rice blast fungus), and C. canescens (leaf spot and blight fungus).
Thus, one additional fungal pathogen, P. capsici, was added to the list of six phytopathogenic fungi which could be
suppressed by Streptomyces sp. A1022. The size of the inhibition zones in the disk diffusion assay was larger for C.
gloeosporioides (39.0£0.5 mm) and P. grisea (43.9£0.6 mm) than for P. capsici (13.0£0.5 mm) or for C.
canescens (19.2+0.6 mm) (Figure 2). Therefore, the methanol extract of mycelium would likely be effective
toward not only C. gloeosporioides but also six other fungal pathogens tested.
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Figure 1. Antifungal activity of strain A1022 against anthracnose caused by Colletotrichum gloeosporioides as
determined by disk diffusion assay. (A) M : methanol extract, (B) H : hexane extract, (C) EA : ethyl acetate
extract, (D) The size of inhibition zone with each extract. Data represent the mean + SD (n= 3)
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Figure 2. Antifungal activity of methanol extract against various fungal pathogens as determined by disk
diffusion assay. The size of inhibition zone was shown with each fungal pathogen.
Data represent the mean + SD (n=3)

3.2 Thermal and pH Stability of Streptomyces sp. A1022 Culture Broth

The culture broth of Streptomyces sp. A1022 was exposed to various temperatures for 15 min, and the remaining
activity measured. The antifungal activity of heat-treated culture broth against C. gloeosporioides was highest at
60 °C (100%), and more than 90% of the activity was maintained at 25, 70, 80, and 90 °C. At 121°C, only 72+2.3%
of activity remained (Table 1). Meanwhile, the pH of the culture broth was adjusted to 2, 4, 9 and 12 and the
residual activity was then measured by disk diffusion assay. The antifungal activity of pH-adjusted culture broth
against C. gloeosporioides was highest at pH 9 (100%), and more than 90% of the activity was maintained at pH 2
and 4. At pH 12, only 63+3.2% of activity remained. Thus, the antifungal activity of the culture broth of strain
A1022 was stable across a wide range of temperature and pH, except 121 °C and pH 12 (Table 2).
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Table 1. Antifungal activity of heat-treated culture broth of Streptomyces sp. A1022 against Colletotrichum
gloeosporioides

Temperature (°C) Relative remaining activity (%)
25 948+29
60 100
70 98.3+3.7
80 96.6 +4.5
90 93.1+3.1
121* 72+23

The culture broth of Streptomyces sp. A1022 was exposed to various temperatures for 15 min. Residual activities
against Colletotrichum gloeosporioides were measured as relative to the activity of 60 °C.

*Autoclaved at 121°C for 15 min.

Table 2. Antifungal activity of culture broth of Streptomyces sp. A1022 against Colletotrichum gloeosporioides
at various pHs

pH* Relative remaining activity (%)
93.0£2.9
94.7+3.5
100
12 63.2+£3.2

*pH of the culture broth was adjusted, and residual activities against Colletotrichum gloeosporioides were
measured as relative to the activity at pH 9.

3.3 Effect of Application Interval of Streptomyces sp. A1022 SC on Inhibitory Efficacy of Pepper Anthracnose

For the controls, the average disease incidence was more than 15%. Two materials, a 1,000 fold dilution of strain
sp. A1022 SC (1x10* colony forming unit mL™) and a 2,000 fold dilution of azoxystrobin (10,000 ppm active
ingredient), were used to investigate application intervals using a pot assay (Table 3). The average disease
incidence at 5 days after inoculation was lower than at 7 days. In addition, the inhibition rates at both 5 and 7 days
post inoculation were at least 10% higher with strain A1022 SC than with azoxystrobin.

Table 3. Effect of application interval of Streptomyces sp. A1022 SC and azoxystrobin on inhibitory efficacy of
pepper anthracnose*

Application interval (day) Treatment Disease incidence (%)Inhibition rate (%)t
azoxystrobin 10.5+2.7
L . 42.5+4.4
(10,000 ppm active ingredient) p=0.061%
5 strain A1022 SC 8.0+19
4 . . 1 56.2+0.8
(1x10" colony forming unit mL™) p=0.033
Untreated 18.3+4.1 -
azoxystrobin 11.5£5.3
. . 40.8+28.0
(10,000 ppm active ingredient) p=0.08
7 strain A1022 SC 9.4+5.1
4 ) i 4 55.542.3
(1x10" colony forming unit mL™) p=0.04
Untreated 19.542.8 -

*Streptomyces sp. A1022 SC was sprayed on pepper seedling after artificial inoculation of Colletotrichum
gloeosporioides. Each agent was tested in triplicate. Data represent the mean + SD (n= 3).

tDisease inhibition rate (%) = (Untreated-Treated)/Untreated x 100.

tProbability against the values of disease incidence of untreated.
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3.4 Comparison of Inhibitory Efficacy Toward Pepper Anthracnose Among Antifungal Agents

Pepper fruits were inoculated using paper disks sprayed with the fungicides azoxystrobin and tebuconazole, the
plant extract eugenol, or strain A1022 SC. When each treated pepper was observed after 7 days, similar rates of
inhibition of pepper anthracnose were observed for azoxystrobin, tebuconazole, and strain A1022 solid
concentrate (SC) (Figure 3A). However, the inhibitory efficacy was much weaker with eugenol than with the other
antifungal agents. After 12 days, the pepper treated with strain A1022 SC and azoxystrobin showed a slight
deterioration, while the peppers treated with tebuconazole and eugenol were very significantly deteriorated, as was
the untreated control (Figure 3B). The degree of pepper damage by anthracnose after 7 days decreased in the
following order: untreated control~500 fold dilution of eugenol (1,000 ppm active ingredient) > 1,000 fold
dilution of tebuconazole (12,000 ppm active ingredient) > 1,000 fold dilution of azoxystrobin (20,000 ppm active
ingredient)~500 fold dilution of strain A1022 SC (2x10* colony forming unit mL™). After 12 days, the overall
degree of pepper damage increased but remained almost in the same order (not shown).

Figure 3. Comparison of inhibitory efficacy with various antifungal agents including Streptomyces sp. A1022 SC
after (A) 7 and (B) 12 days. Peppers were treated with each antifungal agent and checked after 7 and 12 days. (a)
500 fold dilution of strain A1022 SC (2x10* colony forming unit mL™"), (b) untreated, (c) 1,000 fold dilution of
azoxystrobin (20,000 ppm active ingredient), (d) 1,000 fold dilution of tebuconazole (12,000 ppm active
ingredient), () 500 fold dilution of eugenol (1,000 ppm active ingredient)

3.5 Inhibitory Efficacy of Streptomyces sp. A1022 SC Against Cherry Tomato Anthracnose

A 1,000 fold dilution of strain A1022 SC was employed to estimate its inhibitory efficacy of anthracnose in cherry
tomatoes. Cherry tomatoes were artificially inoculated with C. gloeosporioides and then treated with a 1,000 fold
dilution (1x10* colony forming unit mL™") of strain A1022 SC. The cherry tomatoes were observed for 7 days, and
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those cherry tomatoes treated with strain A1022 SC had almost no symptoms of anthracnose, while those with no
treatment were damaged by the growth of anthracnose, suggesting that strain A1022 SC had biological control
efficacy in cherry tomato as well as pepper (Figure 4).

A

Figure 4. Inhibitory effect of Streptomyces sp. A1022 SC against cherry tomato anthracnose after 7 days. Cherry
tomatoes were treated with each antifungal agent and checked after 7 days. (A) 1,000 fold dilution of strain
A1022 SC. (B) Untreated

3.6 Inhibitory Efficacy of Streptomyces sp. A1022 SC Under Field Conditions

Table 4. Inhibition rate of pepper anthracnose by Streptomyces sp. A1022 SC and azoxystrobin under field
conditions*

Treatment Disease incidence (%) Inhibition rate (%)t

azoxystrobin
13.3£0.6 (p=0.001%) 68.0+2.3

(20,000 ppm active ingredient)

Streptomyces sp. A1022 SC
16.0+1.0 (p<0.001) 61.6+4.2

(2x10* colony forming unit mL™)
Untreated 41.7+£2.1 -
*1,000 fold dilution of azoxystrobin (20,000 ppm active ingredient) and 500 fold dilution of strain A1022 SC
(2x10* colony forming unit mL™") were sprayed on pepper three times. The field was monitored after 7 days from
treatment date (July 20 and 27, 2011, and August 8, 2011), and final check was performed in 2011.8.10. Data
represent the mean = SD (n= 3).

TDisease inhibition rate (%) = (Untreated-Treated)/Untreated % 100,

#Probability against the values of disease incidence of untreated.
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As shown in the results above and in our previous study (Lee et al., 2012), the inhibitory efficacy of strain A1022
SC is almost equal to that of azoxystrobin. To determine if this inhibitory efficacy of strain A1022 SC works well
under field conditions, a field experiment was undertaken using a 1,000 fold dilution of azoxystrobin (10,000 ppm
active ingredient) and a 500 fold dilution of strain A1022 SC (2x10* colony forming unit mL™"). The percentage of
inhibition rate for strain A1022 SC was 61.6%, about 6.4% lower than that for azoxystrobin (Table 4), suggesting
that while its efficacy might be a little lower than that of the chemical fungicide, strain A1022 SC can still be
considered an efficient agent for pepper anthracnose treatment.

4. Discussion

Interest in the development of ecologically friendly biological control agents is increasing, in part because
antifungal substances produce fewer lasting harmful residues and the risk of fungicide resistance is lower
(Wilhelm, 1973; Lima et al., 2006). In this study, a novel strain of Streptomyces sp., A1022, was evaluated as a
biological control agent against pepper and cherry tomato anthracnose caused by C. gloeosporioides. The activity
found in the culture broth of strain A1022 had broad thermal and pH stability. As these characteristics could make
both the formulation process and distribution of the antifungal substance easier, the culture broth of strain A1022
was formulated as a solid concentrate (SC) for easy use and availability.

Commercially, it is desirable if antifungal agents control several fungal pathogens. The methanol extract of strain
A1022 had a strong antifungal activity toward anthracnose fungus, rice blast fungus, leaf spot and blight fungus,
and blight and fruit rot fungus, tobacco brown spot fungus (4/ternaria logipes), melanose fungus (Diaporthe citri),
and sclerotial fungus (Sclerotinia soleroforum) based on our present and previous results (Lee et al., 2011).
Previously, various Streptomyces species have been reported as having excellent suppressive effect on various
phytopathogens. For example, banana anthracnose caused by Colletitrichum musae was controlled by
Streptomyces sp. SRM1 (Taechowisan et al., 2009), Streptomyces sp. PM5 inhibited blast and sheath blight
diseases of rice (Tae, 1998), and Streptomyces padanus TH-04 showed strong antifungal activity against Monilinia
fructicola (Lim et al., 2007). However, those Streptomyces sp. are often effective toward only a few fungal
phytopathogens. We suspect that the strain A1022 SC has a broad anthracnose inhibitory efficacy to various
phytopathogens of many crops and vegetables.

The strain tested had a high disease inhibitory efficacy in both cherry tomatoes and peppers. In addition, it had
almost as high a disease inhibitory efficacy against C. gloeosporioides under field condition as under greenhouse
conditions, making it a promising candidate for the control of anthracnose in a variety of crops and over a range of
conditions.
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