J Korean Soc Appl Biol Chem (2015) 58(1):111-119
DOI 10.1007/s13765-015-0012-3

Online ISSN 2234-344X
Print ISSN 1738-2203

ARTICLE

Antifungal activity of Streptomyces albidoflavus 1.131 against
the leaf mold pathogen Passalora fulva involves membrane

leakage and oxidative damage

Chao Chen * Yumei Wang + Chun Su - Xinqing Zhao -

Ming Li - Xiaowei Meng - Yingyu Jin - Seung-Hwan Yang -

Yushu Ma - Dongzhi Wei - Joo-Won Suh

Received: 15 September 2014/ Accepted: 17 November 2014 /Published online: 30 January 2015

© The Korean Society for Applied Biological Chemistry 2015

Abstract Passalora fulva (or Fulvia fulva) is the causal
microorganism of tomato leaf mold, the outbreak of which
occurs worldwide in greenhouse especially when humidity
is high. However, studies on antifungal agents of P. fulva
are still very limited. In this study, a marine-derived
Streptomyces albidoflavus strain L131 showing potent
inhibitory activities against P. fulva was identified and
characterized. The active antifungal components were
obtained, and studies on the antifungal mechanisms of the
crude extract showed that the antifungal metabolites of
L131 caused damage of hyphae and spore development, as
well as plasma membrane of P. fulva. In addition, accu-
mulation of endogenous reactive oxygen species of the leaf
pathogen was also observed after treatment by culture
extracts of L131. To our knowledge, this is the first report
on the studies of the antifungal mechanisms against
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P. fulva, which benefit further development of biocontrol
agent against tomato leaf mold disease.
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Introduction

Plant diseases caused by fungal pathogens have large nega-
tive impact on agricultural productivity, and investigation of
fungicide, either chemically or naturally synthesized, has
aroused increasing worldwide attention (El-Tarabily et al.
2009; Zhao et al. 2012; Castano et al. 2013; Boukaew and
Prasertsan 2014). Passalora fulva (Cooke) U. Braun &
Crous, previously named as Cladosporium fulvum Cooke, or
Fulvia fulva (Cooke) Ciferri, is the causal microorganism of
tomato leaf mold (Cooke 1883; Thomma et al. 2005), the
outbreak of which occurs worldwide in greenhouse espe-
cially when humidity is high (Latorre and Besoain 2002; lida
et al. 2010). Infection of this fungus inhibits the photosyn-
thesis and respiration of the plant, thus affects the fruit
quality and results in severe economic losses (Smith et al.
1969). Although the introduction of Cf resistance genes into
tomato cultivars provided effective control on P. fulva (Rivas
and Thomas 2005), outbreaks were still reported in countries
where tomato cultivars without Cf-resistant genes are grown,
and new races of P. fulva are also emerging in tomato vari-
eties (Enya et al. 2009; Iida et al. 2010; De Wit et al. 2012).

Chemical fungicides can be used to control mold, how-
ever, they usually induce notable emergence of drug-resis-
tant microorganisms (Ruddock et al. 2005) and cause
environmental problems. In addition, the toxic residues in
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food are also an increasing concern for safty problem (Baysal
etal. 2008). As a promising alternative, biocontrol strategy is
effective and environmentally friendly to combat plant
pathogens (Soylu et al. 2010; Castano et al. 2013), and crude
extracts from various plants and microorganisms were
investigated for their potential as biological control agents
(Mahlo et al. 2010; Zaker and Mosallanejad 2010; Zacky and
Ting 2013). However, antifungal activities of microbial
strains against P. fulva have not been well studied.
Actinomycetes are one of the most widely distributed
groups of microorganisms in nature, which are important
producers of bioactive compounds against plant pathogens (El-
Tarabily et al. 2009; Xue et al. 2013; Zeng et al. 2013).
Streptomyces species are well known for their potential to
produce natural products with diverse structures and activities,
and marine-derived streptomycetes have been reported to
exhibit antagonistic activities against various fungal strains
(Liu et al. 2009; Kim et al. 2012; Thenmozhi et al. 2013).
However, studies on marine-derived streptomycetes against
plant fungal pathogens including P. fulvaare are very limited.
The only example on the activity against P. fulva is the work on
S. rimosus MYO02 isolated from soil sample (Liu et al. 2009),
and studies on marine-derived streptomycetes to combat
tomato leaf mold pathogen have not been reported so far.
With the emergence of resistant fungal pathogens, novel
biological control agents are urgently required. Studies on the
antifungal mechanisms are important for developing more
efficient biocontrol agents to combat plant pathogen infec-
tions. Until now, mechanisms of antifungal action of Strep-
tomyces strains involve changing of the membrane
permeability and cytoskeleton structure, interacting with the
organelles (Xiong et al. 2013), coiling of the fungal mycelia,
and penetration into the fungal mycelium and induction of cell
lysis (Palaniyandi et al. 2013), as well as production of anti-
fungal enzymes such as chitinases and glucanases (Trejo-
Estradaetal. 1998; Yang et al. 2005). However, studies on the
antifungal action against P. fulva are still not reported so far.
We are interested in exploration of marine-derived
streptomycetes with antifungal activities against P. fulva and
have screened active strains that suppress the growth of P.
fulva. In this study, we report strains with superior activities
against P. fulva, and also characterized a streptomycete
strain L131. The antifungal mechanism of the active
metabolites from L131 against P. fulva was also studied.

Materials and methods
Bacterial strains and media
S. albidoflavus strain L131 used in this study was deposited

in China General Microbiological Culture Collection
Center with the accession number of CGMCC No. 5291,
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which was cultured on Al agar (yeast extract 4 g, soluble
starch 10 g, peptone 2 g, agar 20 g in 0.75 L of seawater,
and 0.25 L of distilled water) at 28 °C for 7 days. P. fulva
was purchased from China Forestry Culture Collection
Center (CFCC) 80924, and was cultured on PDA (potato
200 g, glucose 20 g, and agar 15 g in 1L of distilled
water) at 28 °C for 2 days. For seed culture, TSB medium
(tryptone 17 g, soya peptone 3 g, glucose 2.5 g, NaCl 5 g,
and K,HPO,4 2.5 gin 1 L of distilled water) was used. The
optimized fermentation medium was corn flour 15 g, soya
peptone 15 g, yeast extract 1.5 g, CaCO;5 0.5 g, and glyc-
erin 2 ml in 1 L of distilled water.

Antagonism assay against P. fulva

To perform the antagonism assay against P. fulva on agar
plate, marine-derived streptomycetes were inoculated on
the center of Al agar plate. After cultivation at 30 °C for
48 h, P. fulva was inoculated 1.5 cm away from strain
L131 on the Al agar plate. The growth status of the strains
was photographed after cultivating at 30 °C for 120 h.
Tomato leaves were freshly collected from the same
height of a healthy tomato plant, and were then disinfected
with 70 % alcohol for 1 min and rinsed with sterile water.
Subsequently, the disinfected tomato leaves were com-
pletely soaked by L131 fermentation broth for 30 min. The
tomato leaves which soaked in the same volume of sterile
water were served as control. After air dried at room
temperature, an agar block (10 mm in diameter) cut from
P. fulva-growing agar plate was inoculated on each leaf.
The leaves were incubated in sterile plates at 28 °C for
72 h. The control leaves were treated with ddH,O and
stored under the same condition. Three leaves were used
for each group of experiment, and similar results were
obtained. After the incubation, the leaves were photo-
graphed, and the effect of active components in the fer-
mentation broth of L131 against P. fulva was evaluated.

Determination of stability and polarity of the fermented
broths

For pH stability test, pH values of the fermentation broths
were adjusted at the range of 1-14, respectively, with 1 N
HClI or 1 N NaOH. After 10 h incubation at room tempera-
ture, the fermentation broth was adjusted to original pH value
(pH 6.4). The antifungal activity against P. fulva of the
treated fermentation broth was tested using the agar plate
diffusion method with 100 pl broth (Huh et al. 2004). The
non-treated fermentation broth of L131 was used as control.

For polarity test, the fermentation broth was treated with
the same volume of ethyl acetate, chloroform, and hexane,
respectively. The organic phases were separated, evapo-
rated to dryness, and re-dissolved in the same volume of
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ddH,O. The antifungal activity against P. fulva of the
treated fermentation broth was tested using the method
mentioned before (Huh et al. 2004). The non-treated fer-
mentation broth of L131 was served as control.

For protease stability test, the fermentation broth was trea-
ted with protease K (1 mg/mL) or chymotrypsin (1 mg/mL) at
37 °Cfor1 h, and then heated at 100 °C for 2 min to inactivate
the enzymes. The antifungal activity against P. fulva of the
treated fermentation broth was tested using agar diffusion
assay and the non-treated fermentation broth of L131 was
served as control.

Purification of the active fractions from L131

Erlenmeyer flasks (500 mL) containing 200 mL of fer-
mentation medium were incubated with the L131 seed
culture (2 %, v/v), and cultured on a rotary shaker
(150 rpm) at 30 °C for 168 h. Then the culture broths were
centrifuged at 12,000 rpm for 3 min and the supernatants
were collected. Preliminary purification using resins was
performed according the method described previously (Jiao
et al. 2014). Four macroporous resins D001, AB-8, X-5
(Sanxing Resin Tech, Anhui, P. R. China), and HP-20
(Mitsubishi, Tokyo, Japan) were added to the supernatants
at a final concentration of 0.3 mg/mL, respectively. The
mixture was then shaken at 150 rpm for 24 h. After
washing by ddH,0, the resins were desorbed by 50 and
100 % methanol, respectively, shaking at 150 rpm for
24 h. The eluent was concentrated by rotary evaporator to
dryness and re-dissolved in the same volume of ddH,O,
which was designated as active fractions in the following
text. At the same time, the Minimum inhibitory concen-
tration (MIC) of the crude extract of the active fractions
against P. fulva was determined using the method described
before (Liu et al. 2009) with minor modifications. MIC was
determined as follows. Spores of P. fulva (10® spores/ml)
were inoculated in potato dextrose agar (PDA) plates, and
the agar plates were punched using 1 ml blue tips to hold
100 pl serial dilution of the active fraction, which was added
to the agar plates before incubation at 28 °C for 96 h. The
culture in PDA without the addition of active fraction was
used as control. The MIC was defined as the lowest con-
centration of the active fraction that could inhibit the growth
of any visible fungal of P. fulva. All experiments were
repeated twice. The diameter of the agar block to hold the
active fraction is 6 mm, therefore, when the inhibition zone
is 6 mm, there is no antifungal activity.

Effect of antifungal compounds from L131
on morphology of P. fulva

The antifungal activity of the crude extract of L131 against
P. fulva was performed using agar diffusion method. After

48 h, spores and mycelia of P. fulva on the edge of the
inhibition zone were collected and used for scanning
electron microscopy (SEM) analysis following the method
described previously (Xiong et al. 2013). Samples treated
with ddH,O were used as control, and the samples were
visualized by Quanta 450 SEM.

Determination of lesion of plasma membrane

The spores of P. fulva were harvested by adding 2 mL
sterile ddH,O to each agar plate with 7-day-old cultures
and scraping the mycelia surface to free the spores. The
spore suspension of P. fulva was diluted in the MA-med-
ium (Mandels and Reese 1957) to a final concentration of
2 x 10* spores/mL. Then the active fractions from L131
culture broth were added into the suspension with a final
concentration of 100 pg/mL. The sample without the active
fractions was considered as control. After incubation at
28 °C for 48 h, the cells were washed and re-suspended in
500 pL. PBS containing 1 pg/mL propidium iodide (PI)
solution for 30 min at room temperature. All the experi-
ments were carried out in the dark. The fluorescence of the
cells was detected by fluorescence microscope using
excitation and emission wavelengths of 535 and 615 nm,
respectively.

Determination of endogenous ROS production

The spore suspension of P. fulva was diluted in MA-
medium to a final concentration of 2 x 10* spores/mL.
Then the active fractions from L131 culture broth were
added into the suspension with a final concentration of
100 pg/mL. The sample without adding the active fractions
was considered as control. After incubation at 28 °C for
48 h, 10 pL fluorescent dye dichlorodihydrofluorescein
diacetate (DCFH-DA) (2.5 mg/mL in ethanol) was added
into 1 mL of the mixture, mixed, and incubated for 4 h at
28 °C. Then the cells were washed and re-suspended in
500 pL PBS. All the experiments were carried out in the
dark. The fluorescence of the cells was detected by fluo-
rescence microscope using excitation and emission wave-
lengths of 485 and 535 nm, respectively.

Results

Significant inhibitory effect of L131 against P. fulva on
agar plate was observed (Fig. 1). The edge of the P. fulva
colonies proximal to strain L131 was visibly suppressed; in
contrast, the region of P. fulva colonies that were distant
from L131 grew normally. Strong suppression of cell
growth of P. fulva indicates the potential of L131 as bio-
control agent against this tomato leave mold.
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Fig. 1 Antifungal activity of L131 against P. fulva. Strain L131 was
inoculated on the center of Al agar plate. After cultivation at 30 °C
for 48 h, P. fulva was inoculated 1.5 cm away from strain L131 on the
same agar plate. The growth status of the strains was photographed
after cultivating at 30 °C for 120 h

Fig. 2 Disease suppression of
L131 on tomato leaves infected
with P. fulva. a Leaves treated
with ddH»O; b leaves treated
with fungus only; ¢ leaves
treated with fungus and L131
fermentation broth

Fig. 3 pH stability of the L131 15.0 —
fermentation broth. L131

fermentation broths were -
adjusted to different pH and the g
activity against P. fulva was é
tested using the agar plate % 10.0+
diffusion method with 100 pl S

broth. The diameter of the E
inhibition zone was measured a

after incubating the plate at .5 5.0
30 °C for 120 h, and was used X

to compare the stability of the 2

broth under different pH =

0.0

Experiment using tomato leaves also demonstrated that
the fermentation broth of L131 inhibited the growth of P.
fulva (Fig. 2). The control leaves were healthy, while the
leaves treated with P. fulva exhibited the typical symptoms
of fungal infection. The infected area on the leaves
developed intensive and obvious disease spots with deep
color, and browning region were found on the back of the
area; however, there were no obvious spots and browning
observed on the leaves treated with L131 fermentation
broth (Fig. 2).

The stability of the antifungal compounds of strain L131
is shown in Fig. 3. The average diameter of the inhibition
zones was about 13 mm when the pH value of culture broth
was between 4 and 8. The inhibition diameter became
smaller under strong acidic or alkali conditions but the
activity still remained.

The antifungal compounds cannot be extracted by ethyl
acetate, chloroform, and normal hexane, and the antifungal
activity was only observed in water phase. At the same time,
no decrease of the antifungal activities was observed after
protease K and chymotrypsin treatments (data not shown).
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Table 1 The inhibitory activity

- Resin Solutions (Inhibition zone diameter in mm)
of fractions absorbed by
different resins against P. fulva Fermentation Residue Eluent
medium
100 % methanol 50 % methanol
HP-20 16.0 13.0 14.0 6.0
D101 16.0 15.0 6.0 6.0
AB-8 16.0 14.0 15.0 6.0
X-5 16.0 15.0 6.0 14.0

Fig. 4 Effect of the active
fractions from L131 on the
growth of mycelia and spores.
Morphological changes of P.
fulva on mycelia and spores
were observed using scanning
electron microscopy (x12,000).
a P. fulva treated with ddH,0;
b P. fulva treated with L131
active fractions. Arrows indicate
the increased roughness on
mycelia and inhibition on spore
development by the active
fractions from L131

According to the stability and polarity of the active
fractions and the better solvent tolerance of the macropo-
rous resins, four macroporous resins D001, AB-8, X-5, and
HP-20 were used to purify the active fractions from the
culture broth and to further study the inhibitory activity
against P. fulva. The antifungal activity of the active sub-
stances adsorbed by AB-8 and HP-20 was higher than the
other two resins. The AB-8-adsorbed substances, which
were desorbed by 100 % methanol, showed the highest
inhibitory activity. At the same time, it was shown that
when the concentration of methanol was 50 %, the active
substances cannot be eluted by AB-8, therefore, crude
extract containing antifungal components can be washed
by 50 % methanol, after which it was desorbed by 100 %
methanol using AB-8 macroporous resin (Table 1). The
MIC of the crude extract of the active fractions against P.
fulva was 32 pg/mL.

Due to the polarity and complexity of the active frac-
tions of L131, we were not able to obtain pure compounds
despite extensive attempts to purify the active substance(s).
However, biocontrol can be achieved using both the whole
cells and the crude culture extracts. The purification
method established here provide a basis for preparation of
biocontrol agents for further evaluation.

The margins of the inhibition zone were visualized by
SEM. The hyphal morphology of P. fulva treated with
ddH,O as the control was smooth and the spore morphol-
ogy was regular and smooth (Fig. 4a). On the contrary,
increased roughness of the hyphae of P. fulva treated with
the crude extract of the active fractions from L131 was
observed, and the treatment also caused severe inhibition of
spore development (Fig. 4b).

PI is a nucleic acid binding fluorescent probe which can
be adsorbed by injured membranes or dead cells.
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Fig. 5 Effect of the L131 active fractions on the lesion of plasma
membrane caused by P. fulva. The spores of P. fulva were harvested
by adding 2 mL sterile ddH,O to each agar plate with 7-day-old
cultures and scraping the mycelia surface to free the spores, and the
spore suspension was diluted to a final concentration of 2 x 10
spores/mL. Then the active fractions from L131 culture broth were
added into the suspension with a final concentration of 100 pg/mL.
The sample without the active fractions was considered as control.
After incubation at 28 °C for 48 h, the cells were washed and re-

Compared with untreated cells, the cells treated with the
active fractions exhibited strong fluorescent intensity. The
morphological changes of the mycelium can also be
observed (Fig. 5). Results in this figure indicate that the
active fractions of strain L131 caused damage of the cell
membrane of P. fulva.

DCFH-DA is a fluorescent dye which can be used to
assay ROS production. After treatment of the active frac-
tions, the fluorescence intensity the P. fulva cells was
markedly increased, while untreated cells exhibited almost
invisible fluorescence (Fig. 6). Based on these results, it
can be concluded that the active fractions induced the
accumulation of ROS in P. fulvacells.

Discussion
In recent years, studies on biocontrol agents have received

much more attentions. There is broad consensus that
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suspended in 500 pL PBS containing 1 pg/mL propidium iodide (PI)
solution for 30 min at room temperature. The fluorescence of the cells
was detected by fluorescence microscope using excitation and
emission wavelengths of 535 and 615 nm, respectively. a and
b Control culture under bright field and fluorescence microscope,
respectively; ¢ and d samples treated with active fractions loading at
100 pg/mL under bright field and fluorescence microscope,
respectively

biocontrol is environmentally friendly and effective to control
plant pathogens. In spite of the urgent need, few antifungal
microorganisms against P. fulva have been developed. We
found strong inhibitory activity of strain L131 against P.
fulva, suggesting that marine-derived streptomycetes are
promising source for biocontrol of plant fungal pathogens.
This is also the first time that S. albidoflavus-related strain was
found to have the inhibitory effect on P. fulva.

In the previous report, culturable bacteria were isolated
from tomato leaves, and it was found that bacterial strains
that were inferred to be Bacillus subtilis and some bacterial
strains belonging to Pseudomonas and Pantoea have strong
antifungal activity against P. fulva (Lee et al. 2005).
However, the antifungal mechanisms of the active strains
against P. fulva have not been explored in the previous
studies (Enya et al. 2007; Liu et al. 2009). We observed
clear damage on mycelia and spores of P. fulva treated with
the crude extract of the active fractions from L131, and
accumulation of endogenous reactive oxygen species
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Fig. 6 Effect of the L131active fractions on the endogenous ROS of
P. fulva. The spore suspension of P. fulva was prepared with a final
concentration of 2 x 10* spores/mL. Then the active fractions from
L131 culture broth were added into the suspension with a final
concentration of 100 pg/mL. The sample without adding the active
fractions was considered as control. After incubation at 28 °C for
48 h, 10 pL fluorescent dye dichlorodihydrofluorescein diacetate
(DCFH-DA, 2.5 mg/mL in ethanol) was added into 1 mL of the

(ROS) of the leaf pathogen was also observed after treat-
ment by culture extracts of L131. To our knowledge, this is
the first report that S. albidoflavus-related strain exhibits
activity against leaf mold pathogen P. fulva.

Plasma membrane is an important component of cell
which plays an essential role in material exchange and
energy transfer. The morphological changes and the strong
fluorescent intensity assessed by PI exhibited by the cells
treated with the purified fractions indicated that the plasma
membrane is an important target of active compounds
produced by strain L131. ROS include a number of reactive
molecules and free radicals derived from molecular oxy-
gen; they were produced as byproducts and have the
potential to cause many deleterious cellular events. In the
recent research, the induction of ROS formation by anti-
fungal agents in fungi has been observed (Qin et al. 2010;
Mello et al. 2011). The markedly increasing of the fluo-
rescence intensity in treated cells proved that the active
fractions leaded to the accumulation of ROS in P. fulva
cells which might cause cell death. Combined with the

mixture, mixed, and incubated for 4 h at 28 °C. Then the cells were
washed and re-suspended in 500 pL. PBS. All the experiments were
carried out in the dark. The fluorescence of the cells was detected by
fluorescence microscope using excitation and emission wavelengths
of 485 and 535 nm, respectively. a and b Control culture under bright
field and fluorescence microscope, respectively; ¢ and d samples
treated with active fractions loading at 100 pg/mL under bright field
and fluorescence microscope, respectively

changes of the morphology and the inhibitory effect on cell
growth and spore development, it was deduced that ROS
accumulation was an important symbol of the antifungal
effects of active fractions produced by strain L131.

Although the pure active compound was not obtained, a
large proportion of impurities was removed by purification
steps mentioned above and biological control could be
applied using crude extracts (Ilic et al. 2007; Liu et al.
2009; Soylu et al. 2010; Mello et al. 2011). Spore sus-
pension of L131 and its culture crude extracts have the
potential to be further developed as biological agents. The
current work is the first time that S. albidoflavus-related
strain was observed to produce active compounds with
strong inhibitory activity against leaf mold pathogen P.
fulva. Our results showed that the active fractions induced
death of P. fulva cells by damaging the plasma membrane
and inducing the accumulation of endogenous ROS. The
results in this study provide basis for further development
and application of agricultural antibiotics as biocontrol
agents against tomato leaf mold pathogen.

@ Springer



118

J Korean Soc Appl Biol Chem (2015) 58(1):111-119

Acknowledgments This work was supported by Open Funding
Project of State Key Laboratory of Bioreactor Engineering, East
China University of Science and Technology, China. This work was
also partially supported by the Fundamental Research program from
the education department of Liaoning Province (L2012319), China.

References

Baysal O, Caliskan M, Yesilova O (2008) An inhibitory effect of a
new Bacillus subtilis strain (EUO7) against Fusarium oxysporum
f. sp. radicis-lycopersici. Physiol Mol Plant Pathol 73:25-32

Boukaew S, Prasertsan P (2014) Factors affecting antifungal activity
of Streptomyces philanthi RM-1-138 against Rhizoctonia solani.
World J Microbiol Biotechnol 30:323-329

Castano R, Borrero C, Trillas IM, Aviles M (2013) Selection of
biological control agents against tomato Fusarium wilt and
evaluation in greenhouse conditions of two selected agents in
three growing media. Biocontrol 58:105-116

Cooke MC (1883) New American fungi. Grevillea 12:22-33

De Wit PJ, van der Burgt A, Okmen B, Stergiopoulos I, Abd-Elsalam
KA, Aerts AL, Bahkali AH, Beenen HG, Chettri P, Cox MP,
Datema E, de Vries RP, Dhillon B, Bradshaw RE (2012) The
genomes of the fungal plant pathogens Cladosporium fulvum and
Dothistroma septosporum reveal adaptation to different hosts
and lifestyles but also signatures of common ancestry. PLoS
Genet 8:¢1003088

El-Tarabily KA, Nassar AH, Hardy GE, Sivasithamparam K (2009)
Plant growth promotion and biological control of Pythium
aphanidermatum, a pathogen of cucumber, by endophytic
actinomycetes. J Appl Microbiol 106:13-26

Enya J, Shinohara H, Yoshida S, Tsukiboshi T, Negishi H, Suyama K,
Tsushima S (2007) Culturable leaf-associated bacteria on tomato
plants and their potential as biological control agents. Microb
Ecol 53:524-536

Enya J, Ikeda K, Takeuchi T, Horikoshi N, Higashi T, Sakai T, lida Y,
Nishi K, Kubota M (2009) The first occurrence of leaf mold of
tomato caused by races 4.9 and 4.9.11 of Passalora fulva (syn.
Fulvia fulva) in Japan. J Gen Plant Pathol 75:76-79

Huh JH, Kim DJ, Zhao XQ, Li M, Jo YY, Yoon TM, Shin SK, Yong
JH, Ryu YW, Yang YY, Suh JW (2004) Widespread activation
of antibiotic biosynthesis by S-adenosylmethionine in strepto-
mycetes. FEMS Microbiol Lett 238:439-447

Iida Y, Iwadate Y, Kubota M, Terami F (2010) Occurrence of a new
race 2.9 of leaf mold of tomato in Japan. J Gen Plant Pathol
76:84-86

Tlic SB, Konstantinovic SS, Todorovic ZB, Lazic ML, Veljkovic VB,
Jokovic N, Radovanovic BC (2007) Characterization and
antimicrobial activity of the bioactive metabolites in streptomy-
cete isolates. Microbiology 76:421-428

Jiao WC, Zhao XQ, Wang YM, Geng X (2014) Enhanced production
of a self-toxic antibiotic xinghaiamine A from the novel marine-
derived species Streptomyces xinghaiensis by resin addition.
J Biosci Bioeng 117:200-202

Kim DG, Moon K, Kim SH, Park SH, Park S, Lee SK, Oh KB, Shin J,
Oh DC (2012) Bahamaolides A and B, antifungal polyene polyol
macrolides from the marine actinomycete Streptomyces sp. J Nat
Prod 75:959-967

Latorre BA, Besoain X (2002) Occurrence of severe outbreaks of leaf
mold caused by Fulvia fulva in greenhouse tomatoes in Chile.
Plant Dis 86:694

@ Springer

Lee JY, Jung HW, Hwang BK (2005) Streptomyces koyangensis sp.
nov., a novel actinomycete that produces 4-phenyl-3-butenoic
acid. Int J Syst Evol Microbiol 55:257-262

Liu Q, Yu JC, Yan JF, Qi XH, Liu CJ, Jin H (2009) Antagonism and
action mechanism of antifungal metabolites from Streptomyces
rimosus MY02. J Phytopathol 157:306-310

Mahlo SM, McGaw LJ, Eloff JN (2010) Antifungal activity of leaf
extracts from South African trees against plant pathogens. Crop
Prot 29:1529-1533

Mandels M, Reese ET (1957) Induction of cellulase in Trichoderma
viride as influenced by carbon sources and metals. J Bacteriol
73:269-278

Mello EO, Ribeiro SFF, Carvalho AO, Santos IS, Da Cunha MD,
Santa-Catarina C, Gomes VM (2011) Antifungal activity of
PvDI1 defensin involves plasma membrane permeabilization,
inhibition of medium acidification, and induction of ROS in
fungi cells. Curr Microbiol 62:1209-1217

Palaniyandi SA, Yang SH, Suh JW (2013) Extracellular proteases
from Streptomyces phaeopurpureus ExProl38 inhibit spore
adhesion, germination and appressorium formation in Colleto-
trichum coccodes. J Appl Microbiol 115:207-217

Qin Y, Ying SH, Chen Y, Shen ZC, Feng MG (2010) Integration of
insecticidal protein Vip3Aal into Beauveria bassiana enhances
fungal virulence to Spodoptera litura larvae by cuticle and
PerOs infection. Appl Environ Microbiol 76:4611-4618

Rivas S, Thomas CM (2005) Molecular interactions between tomato
and the leaf mold pathogen Cladosporium fulvum. Annu Rev
Phytopathol 43:395-436

Ruddock PS, Liao M, Foster BC, Lawson L, Arnason JT, Dillon JA
(2005) Garlic natural health products exhibit variable constituent
levels and antimicrobial activity against Neisseria gonorrhoeae,
Staphylococcus aureus and Enterococcus faecalis. Phytother Res
19:327-334

Smith PM, Last FT, Kempton RJ, Gisborne JH (1969) Tomato leaf
mould: its assessment and effects on yield. Ann Appl Biol 63:19-26

Soylu EM, Kurt S, Soylu S (2010) In vitro and in vivo antifungal
activities of the essential oils of various plants against tomato
grey mould disease agent Botrytis cinerea. Int J Food Microbiol
143:183-189

Thenmozhi M, Kannabiran K, Kumar R, Gopiesh Khanna V (2013)
Antifungal activity of Streptomyces sp. VITSTK7 and its
synthesized Ag,O/Ag nanoparticles against medically important
Aspergillus pathogens. J Mycol Med 23:97-103

Thomma BP, Van Esse HP, Crous PW, de Wit PJ (2005) Cladospo-
rium fulvum (syn. Passalora fulva), a highly specialized plant
pathogen as a model for functional studies on plant pathogenic
Mycosphaerellaceae. Mol Plant Pathol 6:379-393

Trejo-Estrada SR, Paszczynski A, Crawford DL (1998) Antibiotics
and enzymes produced by the biocontrol agent Streptomyces
violaceusniger YCED-9. J Ind Microbiol Biot 21:81-90

Xiong ZQ, Tu XR, Wei SJ, Huang L, Li XH, Lu H, Tu GQ (2013)
The mechanism of antifungal action of a new polyene macrolide
antibiotic antifungalmycin 702 from Streptomyces padanus
JAU4234 on the rice sheath blight pathogen Rhizoctonia solani.
PLoS One 8:¢73884

Xue L, Xue QH, Chen Q, Lin CF, Shen GH, Zhao J (2013) Isolation
and evaluation of rhizosphere actinomycetes with potential
application for biocontrol of Verticillium wilt of cotton. Crop
Prot 43:231-240

Yang SS, Chen TY, Tzeng DS (2005) The role of ChiF gene
expression in relating to mycoparasitism of Streptomyces
griseobrunneus S3 on Rhizoctonia solani AG4 and Pythium
aphanidermatum. Plant Pathol Bull 14:147-158



J Korean Soc Appl Biol Chem (2015) 58(1):111-119

119

Zacky FA, Ting ASY (2013) Investigating the bioactivity of cells
and cell-free extracts of Streptomyces griseus towards
Fusarium oxysporum f. sp. cubense race 4. Biol Control 66:
204-208

Zaker M, Mosallanejad H (2010) Antifungal activity of some plant
extracts on Alternaria alternata, the causal agent of alternaria leaf
spot of potato. Pak J Biol Sci 13:1023-1029

Zeng Q, Huang H, Zhu J, Fang Z, Sun Q, Bao S (2013) A new
nematicidal compound produced by Streptomyces albogriseolus
HA10002. Antonie Van Leeuwenhoek 103:1107-1111

Zhao S, Du CM, Tian CY (2012) Suppression of Fusarium
oxysporum and induced resistance of plants involved in the
biocontrol of Cucumber Fusarium Wilt by Streptomyces bikini-
ensis HD-087. World J Microbiol Biotechnol 28:2919-2927

@ Springer



	Antifungal activity of Streptomyces albidoflavus L131 against the leaf mold pathogen Passalora fulva involves membrane leakage and oxidative damage
	Abstract
	Introduction
	Materials and methods
	Bacterial strains and media
	Antagonism assay against P. fulva
	Determination of stability and polarity of the fermented broths
	Purification of the active fractions from L131
	Effect of antifungal compounds from L131 on morphology of P. fulva
	Determination of lesion of plasma membrane
	Determination of endogenous ROS production

	Results
	Discussion
	Acknowledgments
	References


