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Abstract Rice blast, caused by Magnaporthe grisea
threatens rice production worldwide. It is important to
develop novel and environment-safe strategies to control
the fungus. Here we reported that Bacillus subtilis
KB-1122 could strikingly inhibit the growth of M. grisea
P131 in agar diffusion assays. To further understand the
molecular mechanism on the suppressive role of B. subtilis
on M. grisea, the antagonist—pathogen interaction of the two
strains was studied by using comparative proteome analysis
in this report. The cellular and culture supernatant (CSN)
proteins were prepared from co-culture and subjected to
two-dimensional polyacrylamide gel electrophoresis. Prote-
ome analysis revealed 33 cellular and 18 CSN proteins
showing changes upon co-culture respectively. Importantly,
down-regulated cellular proteins came from M. grisea,
whereas up-regulated proteins derived from B. subtilis.
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Results suggested that glyceraldehyde-3-phosphate dehy-
drogenase and serine protein kinase might contribute to
antifungal activity of B. subtilis KB-1122. Of CSN proteins
identified, the endo-1,4-beta-glucanase (involved in degra-
dation of polysaccharides) was up-regulated consistently at
different times of incubation. This suggests that this enzyme
plays an important role in the interaction between B. subtilis
KB-1122 with M. grisea P131.
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CSN Culture supernatant
GAPDH Glyceraldehyde-3-phosphate dehydrogenase

Introduction

One of the important ecology questions challenging mi-
crobiologists and plant pathologists now is how to put crop
diseases under the control effectively with the application
of environmental-friendly approaches instead of relying on
the extensive use of synthesized chemical pesticides. The
use of beneficial microorganisms is considered as one of
the most promising methods for more rational and crop
safe-management practices (Fravel 2005). Members of the
genus Bacillus are often documented as microbial factories
for the production of a vast array of biologically active
molecules that have potential inhibition on phytopathogen
growth, such as kanosamine or zwittermycin A from Bal-
illus cereus (Emmert and Handelsman 1999).
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More recently, intensive efforts have focused on using
the biocontrol agents for protecting fruit and vegetable
crops from post-harvest diseases (Mari et al. 1996; Batta
2004). The action mode of most postharvest biocontrol
agents was assessed using traditional screening procedures
(Castoria et al. 1997). Antagonists were selected based on
the demonstrated efficiency of direct interactions or the
evidence that substances (or antibiotics) toxic to the
potential pathogens were secreted into the growth medium.
Strains of Bacillus subtilis have also been reported as
biocontrol agents for controlling plant pathogens (Korsten
et al. 1997). Including B. subtilis, the antifungal properties
of Bacillus species were further investigated for their
importance in the biological control of a number of plant
and animal diseases (Grover et al. 2010; Ryder et al. 1999;
Whipps 2001).

Among the fungal diseases infesting crops, the blast
disease caused by the haploid, filamentous, heterothallic
fungus Magnaporthe grisea is the most devastating and
causes a huge loss of crop yields up to 60 % per year.
Management of fungal diseases such as rice blast through
the repeated application of chemical control agents leads to
the development of chemical-resistant strains of pathogens.
Moreover, the indiscriminate uses of chemicals have
caused a serious threat to the environment and food safety
(Taguchi et al. 2003). The conventional breeding method is
the most economical strategy for disease resistance
improvement, but this has only been partially successful
because of the lack of information about the blast pathogen
and its diversity. Therefore, it is very important and urgent
to develop alternative strategies to control this disease and
reduce the loss of crops. Literatures indicated that many
effective microorganisms were isolated and their efficacy
has been tested in greenhouse and small field experiments
(Yang et al. 2008). There are no reports on B. subtilis
isolates being used as biological control agents for the rice
disease.

Among the many physiological races of rice blast
pathogen, M. grisea P131, has acted as a representative
pathogen used in many researches (Zhang et al. 2008a, b,
2009). We previously characterized B. subtilis strains
KB-1111 and KB-1122, and demonstrated their efficient
antifungal activities against indicator fungi pathogen
M. grisea P131. Furthermore, we took advantage of pro-
teomic approach to compare the cellular and extracellular
protein profiles of B. subtilis KB-1111land B. subtilis
KB-1122 which cultured under normal conditions. Besides,
the proteins associated with the strong antagonistic ability
of B. subtilis KB-1122 (Zhang et al. 2009) were identified
in this study. Accordingly, in order to understand the
antifungal mechanisms of B. subtilis against M. grisea
pathogen, we further investigated the macromolecular
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proteins that mediated the interaction between B. subtilis
KB-1122 and M. grisea P131.

Materials and methods
Microorganisms and growth conditions

Bacillus subtilis KB-1122 was kindly provided by Kureha
Chemical Industry Co., Ltd., Japan. This strain grew aer-
obically in Luria-Bertani (LB) broth in shake-flasks at
28 °C and 160 rpm. Bacteria growth was monitored by
measurement of the optical densities (OD) at 600 nm,
when the ODg( values reached 1.0-1.2, the physiology of
B. subtilis KB-1122 cells would reach to stationary phase.
As an indicator pathogen strain, M. grisea P131 was kindly
provided by Dr. You-Liang Peng, Department of Plant
Pathology, The China Agriculture University. To generate
this fungal strain for co-culture assays, M. grisea P131
mycelium was incubated on potato dextrose agar (PDA)
and then allowed to grow at 28 °C for 7 days. Several
pieces of fungal disks (5 mm diameter) from freshly-grown
culture were transferred into LB broth, and incubated under
the same culture conditions as B. subtilis KB-1122.

Co-culture assays of B. subtilis KB-1122 and M. grisea
P131

Bacillus subtilis KB-1122 cells were cultured in LB broth
(300 mL/L Liter flask) until ODgq values reached 1.0-1.2.
Cells were harvested by centrifugation (15,000 for 15 min
at 4 °C) and washed twice with sterile water. M. grisea
P131 mycelium incubated in LB broth for 48 h, the
mycelial pellets were collected and washed twice with
sterile water. The co-culture experiments were carried out
by resuspension of B. subtilis KB-1122 cells (1.5 x 10®
cell/mL) and M. grisea P131 mycelial pellets (0.05 g/mL)
in the same shake-flasks at 28 °C with LB broth. The co-
culture samples were incubated for 3, 6, 9, 12, and 24 h in
culture conditions as described previously, and the initial
co-cultures without incubation were used as a control (0 h
time point). All procedures described above were carried
out under sterile conditions. For microscopy assay, these
co-culture samples were observed under a Zeiss Axioskop
40 microscope (Carl Zeiss). Images were captured by using
the Axiocam MRc digital camera (Carl Zeiss), exported as
TIFF files, and adjusted with Adobe Photoshop software
(Adobe, San Jose, CA, USA). All experiments were per-
formed in three replicates.

The antifungal activity of B. subtilis KB-1122 against
M. grisea P131 was determined by agar diffusion inhibition
assay (Zhang et al. 2009; Bonev et al. 2008).
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Extraction of cellular proteins and culture supernatant
(CSN) proteins

Cellular proteins were extracted according to a published
protocol (Kim et al. 2001) with slight modifications. Co-
culture samples grew and were harvested at indicated time
points (0, 3, 6, 9, and 12 h), and after washing thoroughly
with potassium phosphate buffer (pH 7.4), the samples
were centrifuged at 5,000g for 10 min at 4 °C respectively,
to remove bound extracellular proteins and other debris.
The co-culture pellets were lysed with 2 mL of precooled
extraction buffer followed with a brief sonication (0.6
cycles, 60 % amplitude for 1 min) on ice. The homogenate
was centrifuged at 15,000g for 15 min at 4 °C. The
supernatant was mixed with an equal volume of Tris-buf-
fered phenol and then vortexed for 10 min. The phenol
phase was collected, and after the proteins were precipi-
tated by addition of three volume of 100 mM ammonium
acetate methanol, and the mixture was incubated overnight
at —20 °C. The protein pellets were collected by centri-
fugation at 15,000g for 15 min at 4 °C, and subsequently
washed three times with cold acetone. After centrifugation,
the pellets were vacuum-dried and resuspended in rehy-
dration buffer (1 mg protein mass in 100 pL rehydration
buffer) containing 7 M urea, 2 M thiourea, 4 % CHAPS,
2 % ampholine (pH 3.5-10), and 20 mM DTT. The protein
solution was used for two-dimensional electrophoresis
(2-DE) or maintained at —80 °C for further use.

To extract proteins from CSN, the co-culture samples
routinely grew and harvested at indicated time points (3, 6,
9, and 12 h), and the cells and mycelial pellets in the
suspension were removed by filtration through 0.22-pum-
pore size membrane. The proteins in the cell-free filtrate
were precipitated in chilled 20 % (w/v) trichloroacetic acid
(TCA) for 30 min (Nouwens et al. 2002). The precipitates
were harvested by centrifugation at 15,000g for 45 min at
4 °C, washed five times with cold acetone and vacuum-
dried and solubilized in rehydration buffer as described
previously.

2-DE analysis

Two-dimensional electrophoresis was carried out according
to the method as described by Abbasi and Komatsu (2004)
with some modifications. The first dimensional isoelectric
focusing (IEF) was performed in a 13-cm long glass tube
with 3 mm in diameter. The gel mixture contained 4 %
acrylamide, 2 % NP-40, 5 % carrier ampholytes (one part
pH 3.5-10, one part pH 5-8). In general, about 600 png of
proteins from co-cultured cellular and 500 pg of proteins
from CSN were loaded onto each gel, respectively. IEF was
performed at 200 V for 30 min, 400 V for 15 h, and then
800 V for 1 h. After the first-dimensional separation, IEF

gels were incubated in equilibration buffer for 15 min twice.
The second-dimensional electrophoresis was conducted
using 15 % polyacrylamide gels with 5 % stacking gels
(130 x 140 x 1 mm). The gels were stained with Coo-
massie Brilliant Blue (CBB) R-250.

The molecular masses (Mr) of proteins on gels were
determined by co-electrophoresis of standard protein mark-
ers low molecular weight calibration kit for SDS electro-
phoresis, molecular mass range (Mr) 14,400-97,000, GE
Healthcare), and pl of the proteins were determined by
migration of the protein spots on 13-cm (pH 3.5-10 and 5-8)
IEF gels.

Images of CBB-stained gels were recorded by UMAX
Power Look 2100XL scanner (Maxium Tech, Taipei,
China) with a resolution of 300 dots per inch (dpi). The
transparency mode was used to obtain a grayscale image.
The image analysis was performed with ImageMaster™™
2D Platinum software. Spot detection was carried out
automatically, and the optimized parameters were as fol-
lows: saliency 2.5, partial threshold 4, and minimum area
50. To minimize the variations in experiments of protein
extracts, at least triplicate gels, resulting from protein
extracts obtained from independent experiments, were
analyzed for each sample, and there were 3-time technical
repetition with the analysis sample. The identified protein
spots were confirmed manually. The normalized values of
protein spots on three replicate 2D gels of each treatment
were exported to SPSS Version 13.0 (Lead Technologies,
Chicago, Illinois, USA) for statistical analysis. Only those
with significant and consistent changes were counted as
differentially accumulated proteins (>1.5 fold, p < 0.05).

In-gel digestion, MS analysis, and database searching

Protein spots of candidate were excised from the gels
manually and cut into small pieces. Protein digestion and
MALDI-TOF-MS analysis were performed as described
previously by Shen et al. (2003) with slight modifications.
Briefly, each small gel piece with protein was destained
with 50 mM NH4HCOj5 in 50 % (v/v) methanol for 1 h at
40 °C. The destaining step was repeated until the gel was
colorless. The protein in the gel piece was reduced with
10 mM DTT in 100 mM NH,HCO; for 1 h at 60 °C and
incubated with 40 mM iodoacetamide in 100 mM
NH4HCO5 for 30 min at room temperature. The gel pieces
were minced and lyophilized, and then rehydrated in
25 mM NH4HCO;5; with 10 ng sequencing-grade modified
trypsin (Promega, Madison, WI, USA) at 37 °C overnight.
After digestion, the protein peptides were collected and the
gel pieces were washed with 0.1 % TFA in 50 % ACN
three times to collect the remaining peptides. Tryptic
peptide masses were measured with a MALDI-TOF mass
spectrometer (Shimadzu Biotech, Kyoto, Japan).
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The National Center for Biotechnology Information
(NCBI) database was searched for the acquired peptide
mass fingerprinting (PMF) data using the MASCOT soft-
ware available at (http://www.matrixscience.com). B. sub-
tilis or other fungi were chosen for the taxonomic category.
Searches were conducted using 0.2 Da as the mass error
tolerance, and one missed cleavage site was allowed for
each search. The unmentioned parameters were set
according to their default values in the software. To
determine the confidence of the identification results, the
following criteria were used: besides the minimum
MOWSE score (51 for B. subtilis; 67 for M. grisea), results
showed matched queries above four and sequences cover-
age above 15 % were chosen as positive. Only the best
matches with high confidence levels were selected.

Results
Antimicrobial effects and mycelium abnormality

As shown in Fig. 1, the growth of M. grisea P131 was
apparently restrained by B. subtilis KB-1122 (Fig. 1b) as
compared to control (Fig. la). B. subtilis KB-1122 pro-
duces inhibition zones on the spread of M. grisea P131, and
the growth pattern of the pathogen mycelium exhibited the
distinct suppression by KB-1122 as compared the adjacent
regions with far-reached regions (Fig. 1b). This observa-
tion indicated that KB-1122 has a strong antifungal activity
against M. grisea P131.

To obtain a better understanding of the intrinsic
molecular changes in the interaction, we conducted a co-
culture assay with these two strains of microorganisms. As
demonstrated in the microscopic photographs of confront-
ing culture (Fig. 2), the abnormal mycelium growth of
M. grisea P131 was observed when co-cultured with
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Fig. 1 Antifungal activity of B. subtilis KB-1122 against M. grisea
P131. a The normal growth of M. grisea P131 without inhibition.
b Abnormal hyphal diffusion of M. grisea P131 challenged by
B. subtilis KB-1122. An aliquot (6 pL) of sterile distilled water
were added to each disk as a control (a). An aliquot (6 pL) cul-
ture of B. subtilis strains in log phase were added to each disk,
respectively (b)
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B. subtilis KB-1122. After incubation for 3 h, B. subtilis
KB-1122 cells showed a strong swarming motility, and the
formation of communities enclosing the mycelia of
M. grisea P131. Meanwhile, the initial irregular mycelia
were observed (Fig. 2, 3 h, arrow indicated). After 9 h, the
distorted mycelia ramification and abnormal germ tubes
were evidently noticeable (Fig. 2). After incubation for
24 h, the number of the integrated mycelium of M. grisea
P131 decreased significantly and less mycelial debris sus-
pended in the co-culture solution. The results indicated that
B. subtilis KB-1122 inhibited the growth of M. grisea P131
through the mycelium hydrolysis or degradation with
secreted biological compounds.

Comparison of proteome patterns in the interaction

Based on the microscopic observation on the interaction
(Fig. 2), we reasoned that proteomic analysis would allow
us to identify the induced alterations of proteins for the
interaction between B. subtilis KB-1122 and M. grisea
P131. To do so, the co-cultured samples incubated at the
intervals of 3, 6, 9 and 12 h were prepared and subjected to
2-DE electrophoresis. The initial co-cultures without
incubation (0 h time point) were used as control. To ensure
the reproducible results, the experiments were repeated
three times. After CBB R-250 staining and ImageMaster
2D Platinum software analysis, general proteome patterns
in the range of pH 3.5-10 were generated for both intra-
cellular proteins from cellular preparation (Fig. 3) and
extracellular proteins from CSN (Fig. 4). The results
revealed that at each time point, approximate 800 protein
spots were detected from the samples of cellular proteins
(Fig. 3), while up to 200 protein spots were found in CSN
(Fig. 4).

We then investigated the molecular alterations of
intracellular proteins by performing comparative analysis
using cellular fractions at each time point of incubation.
With a 1.5-fold quantitative change as the criteria, 39
protein spots were found to show their differential
expressions in the cellular fractions upon incubation for 3,
6, 9 and 12 h. In order to distinguish the dynamic statuses
of individual interesting proteins, we marked each protein
spot with a number (Fig. 3). As demonstrated in Fig. 3c,
enlarged images revealed that the levels of some interesting
proteins, as reflected by the imaging density, indeed dis-
played dramatic changes in a time-dependent manner.
Among them, 21 proteins were down regulated and 18
proteins were up regulated (arrows indicated). All of these
down regulated proteins decreased their levels markedly in
the beginning period of incubation (3 h), and their levels
decreased more with elongated incubation times (6, 9 and
12 h) (Fig. 3c, d). Several protein spots became almost
undetectable at 12 h time point as compared to that at O h
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KB-1122

Fig. 2 Microscopic images on structure changes of the mycelium of M. grisea P131 in the time course of interaction with B. subtilis KB-1122

cells. Arrows indicate the abnormal mycelia. Bars = 5 pm

control (Fig. 3, spots D1, D10 and others). For the up-
regulated proteins, about 50 % of interested protein spots
increased their levels strikingly in the first 3 h of incuba-
tion. After that, their levels of proteins increased slightly
(spots U8 and U14), remained the same level (spot U4 and
U17) or decreased slightly (spots U15) under elongated
incubation times (Fig. 3). The significance of these chan-
ges on some interesting proteins was summarized in the
histogram chart (Fig. 3d).

In order to characterize the CSN proteins in response to
the interaction, CSN proteins were extracted from the co-
culture media after incubation with 3, 6, 9, and 12 h, and
then subjected to 2-DE. We originally pursued to obtain the
secretory protein profile of M. grisea P131 as the control by
growing the fungus up to 5 days for CSN protein extrac-
tion. However, the routine methods as described previously
failed to precipitate enough CSN proteins for 2-DE ana-
lysis. This notion indicated that M. grisea P131 secreted
very little of CSN proteins at the early phase of co-culture
incubation. Due to lack of the extracellular proteome of
M. grisea P131 used as the control, we decided to generate
the secretory protein profile of B. subtilis KB-1122 from
the medium with overnight incubation, and then used as the
control to compare the differential CSN proteins expressed
in the time course of interaction. As a result, more than 200
CSN protein spots with a M, between 14 and 90 kDa and a
pl ranging from pH 3.5 to 10 were detected on gel of each
treatment (Fig. 4). The CSN protein profiles were very

similar to the secretory protein profiles expressed by
B. subtilis KB-1122. Of 16 changed proteins, seven pro-
teins were down regulated and nine proteins were up reg-
ulated (Fig. 4).

Identification of cellular proteins differentially
expressed in the time course of interaction

As shown in figures, 33 out of 39 cellular proteins dis-
playing the dramatic alterations (Fig. 3) were identified
with Mowse scores greater than the threshold (Table 1).
Among these individual spots, the abundance of 21 cellular
proteins was decreased, while that of 12 cellular proteins
was increased. Based on the identification results, about 21
down-regulated cellular proteins were highly matched with
M. grisea species, and the 12 up-regulated proteins were
from B. subtilis. These protein changes may lead to the
inhibitory growth and degradation of integrated mycelium
in M. grisea P131 in co-culture incubation (Fig. 2).
These identified proteins were classified into three groups
based on their functions: (1) protein synthesis, (2) protein
modification and signal transduction, and (3) metabolisms of
carbohydrate and energy (Table 1). The largest group con-
tained the proteins involved in carbohydrate metabolism and
energy production, such as 4 down-regulated proteins
(Fig. 3c, spots D11, D12, D15, and D18) and 6 up-regulated
proteins (Fig. 3c, spots U7, U9, and U14-17). Interestingly,
2 protein spots (spots D18 from M. grisea and Ul5 from
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Fig. 3 Expression patterns of differentially regulated cellular pro-
teins in the interaction process of B. subtilis KB-1122 and M. grisea
P131. a Expression profiles of the initial cocultures without incuba-
tion (0 h time point). b Co-cultured samples incubated for 9 h.
¢ Enlarged images to show quantitative changes of differentially
regulated cellular proteins expressed at indicated times. d Shows

B. subtilis) were annotated as the same protein, glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH), which
plays a crucial role in the glycolysis pathway (Hughes et al.
2002; Zhou et al. 2006). Notably, we found a serine protein
kinase (spot U8), which was involved in the regulation of
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quantitative changes of these proteins expressed at indicated times.
Data is representatives of three independent experiments and shown
as intensity mean £ SD. The protein spots are numbered, corre-
sponding to the numbers in Table 1. Arrows indicate the changed
proteins. U stands for the up-regulated protein; D stands for the down
regulated protein

bacterial signal transduction (Macek et al. 2007), and
increased gradually in the process of fungal-bacterial inter-
action. In addition, several enzymes (spots U4-U6, and U10)
involved in the protein synthesis (Bigot et al. 2006; Endo and
Kurusu 2007), increased greatly during the process of co-
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Fig. 4 Expression patterns of differentially regulated culture super-
natant (CSN) proteins in the interaction process of B. subtilis
KB-1122 and M. grisea P131. a Expression profiles of the initial
cocultures without incubation (0 h). b After co-culture incubation for
9 h. ¢ Enlarged images to show quantitative changes of culture
supernatant (CSN) proteins. d Shows quantitative changes of these

culture incubation. Moreover, in the time course of interac-
tion, we found that most of these identified cellular protein
spots showed dramatically changes (up or down) at a par-
ticular time point, 3 h, except for spot U8 (Fig. 3), indicating
that the essential biochemical changes occurred in both
strains at the first 3 h during the interaction process.

CSN proteins expressed at indicated times. Data is representatives of
three independent experiments and shown as intensity mean + SD.
The protein spots are numbered, corresponding to the numbers in
Table 2. Arrows indicate the changed proteins, CU up-regulated CSN
protein; CD down regulated CSN protein

Identification of culture supernatant (CSN) proteins
differentially expressed in the time course of interaction

We applied a same strategy to identify the altered pro-

teins in CSN and to understand their contributions to
essential pathways in the interaction. We identified 14
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Table 1 Protein changes identified from the cellular fractions

Protein no.  Protein name Match/query  Theo. MW  Score  SC (%)  Accession no. Species
peptides (kDa)/pl

Carbohydrate metabolism and energy production

D11 Pyruvate kinase 12/27 58.6/6.15 180 32 XP_362480 M. grisea
D12 Acetyl-CoA hydrolase 11725 58.7/6.38 175 33 XP_370094 M. grisea
D15 Phosphoglycerate kinase 7146 44.6/6.16 73 22 XP_359714 M. grisea
D18 Glyceraldehyde-3-phosphate dehydrogenase 5/33 36.2/6.46 79 31 XP_368160 M. grisea
u7 Dihydrolipoamide dehydrogenase 8/28 49.8/495 118 28 NP_389344 B. subtilis
U9 Succinate dehydrogenase 8/35 6.5/5.77 88 18 NP_390722 B. subtilis
ul14 Citrate synthase 5/46 41.7/5.55 53 19 NP_390792 B. subtilis
Ul1s Glyceraldehyde-3-phosphate dehydrogenase 6/48 35.9/5.2 64 23 NP_391274 B. subtilis
ule Pyruvate dehydrogenase (E1 beta subunit) 8/47 35.4/4.74 96 31 NP_389342 B. subtilis
u17 Malate dehydrogenase 7/24 33.6/492 116 37 NP_390790 B. subtilis
Protein modification and signal transduction
U8 Serine protein kinase 17/78 73.0/5.58 149 31 NP_388778 B. subtilis
Protein synthesis
U4 Trigger factor 6/35 47.4/4.42 69 20 NP_390701 B. subtilis
us Chaperonin GroEL 13/47 57.3/473 174 38 NP_388484 B. subtilis
U6 Chaperonin GroEL 12/40 57.3/4773 164 34 NP_388484 B. subtilis
Ul10 Elongation factor Tu 6/49 43.6/4.92 72 26 NP_387994 B. subtilis
Mixture
uU12 30S ribosomal protein S1 7/70 42.3/4.76 60 23 NP_390169 B. subtilis
Elongation factor Tu 6/70 43.6/4.92 57 22 NP_387994 B. subtilis
Unknown function
D1 Hypothetical protein MGCH7_ch7g895 70-15  15/33 118.9/6.49 207 24 XP_001522797 M. grisea
D2 Hypothetical protein MGG_02503 15/44 71.6/5.1 172 28 XP_365801 M. grisea
D3 Hypothetical protein MGG_04337 16/36 82.9/5.84 241 38 XP_361863 M. grisea
D4 Hypothetical protein MGG_04337 21/39 82.9/5.84 298 39 XP_361863 M. grisea
D5 Hypothetical protein MGG_04337 16/34 82.9/5.84 238 35 XP_361863 M. grisea
D6 Hypothetical protein MGG_06712 19/32 86.1/6.02 292 36 XP_370215 M. grisea
D7 Hypothetical protein MGG_06712 23/41 86.1/6.02 343 43 XP_370215 M. grisea
D8 Conserved hypothetical protein 14/49 85.5/6.57 156 25 XP_360978 M. grisea
D9 Hypothetical protein MGG_12805 8/22 77.4/599 113 18 XP_001408759 M. grisea
D10 Hypothetical protein MGG_04966 9/30 70.6/591 117 22 XP_359811 M. grisea
D13 Conserved hypothetical protein 8/28 67.0/6.65 110 21 XP_361076 M. grisea
D14 Hypothetical protein MGG_01662 6/26 55.8/7.16 83 20 XP_363736 M. grisea
D16 Hypothetical protein MGG_04436 4/18 25.1/4.26 74 33 XP_361991 M. grisea
D17 Hypothetical protein MGG_00223 /24 39.9/5.6 126 40 XP_369021 M. grisea
D19 Hypothetical protein MGG_03880 6/39 37.7/6.95 88 32 XP_361406 M. grisea
D20 Hypothetical protein MGG_04719 10729 35.4/6.75 112 31 XP_362274 M. grisea
D21 Hypothetical protein MGG_09367 12/32 35.4/826 131 38 XP_364559 M. grisea

U up regulated protein, D down regulated protein, SC sequence coverage, M. grisea Magnaporthe grisea 70-15, B. subtilis Bacillus subtilis 168
For species of M. grisea, Mascot scores >67 are significant (p < 0.05)
For species of B. subtilis, Mascot scores >51 are significant (p < 0.05)

differentially expressed proteins in CSN preparation, in  B. subtilis species (Table 2). These identified CSN pro-
which one protein spot was annotated as a hypothetical  teins were also classified into three main groups: (1)
protein from M. grisea and the others were from  energy production and conversion (spots CD2-3, CU2
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Table 2 Protein changes identified from the culture supernatant (CSN)
Protein no.  Protein name Match/query ~ Theo. MW Score  SC (%)  Accession no.  Species
peptides (kDa)/pl
Energy production and conversion
CD2 Dihydrolipoamide Dehydrogenase 6/13 49.9/4.95 106 21 NP_389344 B. subtilis
CD3 ATP synthase subunit B 13/49 51.4/4.8 177 43 NP_391562 B. subtilis
Cu2 Pyruvate dehydrogenase (E1 beta subunit) 13/35 35.4/4.74 161 44 NP_389342 B. subtilis
Cu4 ATP synthase subunit A 11/37 54.7/5.22 132 25 NP_391564 B. subtilis
Hydrolysis-related enzymes
CU1 Phytase 5125 38.8/4.7 67 20 AAG17903 B. subtilis
CD4 Phytase 6/27 38.8/4.7 80 22 AAG17903 B. subtilis
Cu6 Endo-1,4-beta-glucanase 6/25 46.7/8.69 88 24 AANO07019 B. subtilis
CD5 Neutral protease precursor 8/40 56.8/8.64 87 20 ABUS53635 B. subtilis
Cu7 Neutral protease precursor 6/58 56.8/8.64 54 16 ABUS53635 B. subtilis
CD6 Neutral protease precursor 8/37 56.8/8.64 90 20 ABUS53635 B. subtilis
CD7 Endo-1,4-beta-xylanase 5120 54.6/1.67 65 17 AANO07015 B. subtilis
Cell motility and secretion
Ccu3 Flagellin 8/18 35.6/5.1 151 42 BAB58972 B. subtilis
Unknown function
CU5 Hypothetical protein MGG_10583 14/55 46.0/5.67 125 47 XP_366365 M. grisea
CU8 ORF?5; putative 4/14 25.0/6.46 55 31 AAAR3972 B. subtilis
CU up regulated CSN protein, CD down regulated CSN protein
For species of M. grisea, Mascot scores >67 are significant (p < 0.05)
For species of B. subtilis, Mascot scores >51 are significant (p < 0.05)
and CU4), (2) hydrolysis-related enzymes (spots CUl,  Discussion

CD4-7 and CU6-7), and (3) cell motility and secretion
(spot CU3). Interestingly, three groups for CSN proteins
were different from that for cellular proteins. As indicated
in Table 2, 7 out of 14 identified CSN proteins were
enzymes for hydrolysis-related functions. Among these
hydrolytic enzymes, two proteins were annotated as the
same phytase (spots CUl and CD4) that involves the
hydrolysis of phytic acid and other organophosphate
substrates (Kerovuo et al. 2000). One protein spot was
identified as endo-1,4-beta-xylanase (spot CD7) that
hydrolyzes the xylan into xylose and xylo-oligosaccha-
rides (Chu et al. 2000). In addition, three protein spots
(spots CD5-6, CU7) were identified as neutral protease
precursors (Table 2) that may act as potential virulence
factors in defense response (Huang et al. 2005; Tian et al.
2007). Their levels were decreased gradually in the time
course of co-culture incubation. It is noteworthy that one
protein spot (spot CU6), which was identified as endo-
1,4-beta-glucanase and involved in the degradation of
fungal cell wall (Kim et al. 2004), was up-regulated in the
first 9 h. Furthermore, 4 proteins (spots CD2-3, CU2 and
CU4) involved in energy pathway and one flagellin (spot
CU3) involved in cell motility (Titz et al. 2006) were also
identified in CSN proteins.

In this study, the interaction between B. subtilis KB-1122
and M. grisea P131 was performed through a co-culture
approach. Combined with the antifungal capacity of
antagonistic strain, 2-DE technique was used to obtain the
global analysis of cellular and CSN proteins differentially
expressed in the time course of co-culture incubation.
These results provide us valuable insights into under-
standing molecular mechanisms occurring in this interac-
tion between these two strains.

The inhibition effects of B. subtilis KB-1122
on M. grisea P131

Our study suggests that the inhibitory activities of B. sub-
tilis strain KB-1122 will show potential benefits to crops
and environments. It can be used as effective bio-control
agents for many crop diseases, especially for the worldwide
destructive pathogen of rice, M. grisea (Zhang et al. 2008a,
2009). Convincing evidence indicates that the co-culture
method may exactly mimic a real biological circumstance
of antagonist-pathogen interaction, and has been consid-
ered as an adequate communicative response in antifungal
assays (Benhamou and Chet 1997; Boonchan et al. 2000).
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In our co-culture assays of B. subtilis KB-1122 and
M. grisea P131, the abnormal mycelial growth of M. grisea
P131 was observed at different time points of incubation
(Fig. 2).

The results indicated that B. subtilis KB-1122 may secrete
molecules that mediate the interaction as early as 3 h after
incubation. Some extracellular signaling molecules may
mediate quorum sensing, such as the formation of commu-
nities enclosing the mycelia of M. grisea P131, and may also
play important roles in suppressing some metabolic path-
ways in M. grisea P131. Results from 2-DE analysis provide
pivotal biochemical evidence on the morphological changes
and degradation of mycelia observed under microscopy.

Differentially expressed cellular proteins specific
for the antagonistic activity of B. subtilis KB-1122

To characterize the cellular proteins in response to the
interaction, the differentially expressed cellular proteins
were classified into several categories. Among these dif-
ferentially expressed proteins, the most notable one (spots
D18 from M. grisea and U15 from B. subtilis) was gly-
ceraldehyde-3-phosphate dehydrogenase (GAPDH) that
catalyzes a reversible reaction involved in glycolysis pro-
cess. GAPDH was also postulated the characterization of a
particular virulence factor with a promoting role in the
pathogenic bacteria infection on the host (Hughes et al.
2002). In the interaction between Fusarium graminearum
and wheat, GAPDH was also differentially upregulated in
both F. graminearum and wheat (Zhou et al. 2006). Our
results suggested that GAPDH might contribute to the
antifungal activities of antagonistic B. subtilis KB-1122.
Serine protein kinase (spot US) is in the family of serine/
threonine/tyrosine kinases that participate in protein phos-
phorylation of B. subtilis cells (Macek et al. 2007). Acti-
vation of this kinase played a critical role in regulation of

18
G1-P —mGAP I {5 paAS, 5 P+GA
) 2,PGA
From M. grisea ]
B From B, subtilis PEP
D11
Pyruvate

Oxaloacetate

U17 ! ‘\% Acetyl CoA

Citrate
Malate
Isocitrate
Fumarate
? a-Ketoglutarate

A Succinate<— Succinyl CoA

Fig. 5 Scheme of metabolic pathways and possible antifungal
mechanism in the interaction of B. subtilis KB-1122 against M. grisea
P131. a Shows the differentially regulated proteins involved in
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signal transduction involved in mediation of bacterial vir-
ulence (Macek et al. 2007). The up-regulation of this
protein suggested that the enzyme might be correlated to
the regulation of its self-defense in B. subtilis, which
resulted in a repression of GAPDH induction in targeted
pathogens M. grisea (Echenique et al. 2004).

A large portion of function cellular proteins in this study
was involved in carbohydrate metabolism and energy pro-
duction. In addition to the GAPDH (spots D18 and U15)
mentioned previously, seven other proteins [2 from M. grisea
(spots D11 and D15) and 5 from B. subtilis (spots U7, U9,
Ul4, and U16-17)] were found to be critical enzymes
involved in glycolysis and tricarboxylic acid (TCA) cycles.
Among these, three enzymes (spots D11, D15 and D18)
involved in glycolysis pathway, were dramatically decreased
in the first 3 h of incubation. Meanwhile, six other up-reg-
ulated cellular proteins involved in glycolysis and TCA
cycles, were significantly increased in co-culture incubation
(Fig. 3). The decreased activity of three enzymes (from
M. grisea) may lead to hindrance of the whole metabolism
pathway (Fig. 5a). On the other hand, the increased activity
of six enzymes (from B. subtilis) might result in activation of
glycolysis and TCA cycle (Fig. 5a). These results indicated
that, during the course of interaction, the whole carbohydrate
metabolism pathway was activated in B. subtilis KB-1122
but repressed in M. grisea P131. These observations suggest
that the differentially expressed enzymes involved in car-
bohydrate metabolism pathway may determine the antago-
nistic activity of B. subtilis KB-1122 against M. grisea P131
in the interaction (Fig. 5b).

Hydrolytic enzymes in CSN enhance the antagonistic
activity of B. subtilis KB-1122 against M. grisea P131

Recent studies on CSN proteome of pathogenic bacteria

revealed that some CSN proteins may be critical for the

B. subtilis KB-1122
M. grisea P131

signaling U8

f

hydrolytic enzymes virulence factor strengthen the metabolism pathway

CU6 u15 U7 U9 ut4 ute ut7

synergistic action

+

B antagonistic action of KB-1122 against P131

glycolysis and tricarboxylic acid (TCA) cycles. b Shows the possible
antifungal mechanism



World J Microbiol Biotechnol (2014) 30:1763-1774

1773

virulence of bacterial pathogen (Mattow et al. 2003). With
the advantage of proteomic technology, it is necessary to
identify the changes of important hydrolytic enzymes in
CSN proteins and further understand the possible anti-
fungal mechanism of B. subtilis KB-1122 against M. grisea
P131. In this study, among those identified CSN proteins, 7
out of 14 were annotated as hydrolytic enzymes belonging
to B. subtilis species (Table 2). The hydrolytic enzymes
showed the complicated patterns of changes, indicating that
multiple pathways may be regulated in this interaction.

Previous studies suggested that microbial extracellular
proteases in some antagonist strains could act as virulence
antagonism factor involved in hydrolysis of fungal cell
walls (Almeida et al. 2007). Endo-1,4-beta-glucanase may
play a function role in the degradation of polysaccharides,
and directly involve in antifungal defense responses (Kim
et al. 2004; Levy et al. 2002). In this study, we found that
endo-1,4-beta-glucanase (spot CU6) was consistently up-
regulated in the time course of co-culture incubation,
suggesting that this enzyme may play a decisive role in this
interaction of B. subtilis KB-1122 against M. grisea P131.
However, we are still puzzled about the exact reasons of
upregulation of endo-1,4-beta-glucanase.

The synergistic action of cellular and CSN proteins
in the interaction between B. subtilis and M. grisea

In the present study, we investigated the molecular mech-
anisms of the fungal-bacterial interaction using a compar-
ative proteome approach. Our results land a support that
GAPDH, serine protein kinase and endo-1,4-beta-glucan-
ase identified in cellular and CSN proteome may play
important roles in the antifungal function of B. subtilis
KB-1122. Serine protein kinase (spot US8) upregulated in
KB-1122 as essential signal transduction molecules may
promote the activities of hydrolytic enzymes, virulence
factor and carbohydrate metabolism pathways when KB-
1122 fights against P131 (Fig. 5). In addition, GAPDH, a
unique virulence factor, was upregulated in KB-1122
(U15) but down-regulated in P131, indicated that different
levels of this factor may contribute to the noticeable
antagonistic activity of KB-1122 against P131. Most
importantly, the differentially expressed cellular proteins
may initiate the antagonistic activity of KB-1122 by
secreting antifungal hydrolytic enzymes into the co-culture
environments. The sustained activities of these hydrolytic
enzymes in CSN, including endo-1,4-beta-glucanase (spot
CU6), certainly permit a continuous hydrolysis of the cell
wall of pathogen (Fig. 5). To this end, this synergistic
action between cellular and CSN proteins efficiently
represses the viability and growth of pathogen P131. Yet,
due to the complexity of the biology involved in the
interaction between B. subtilis KB-1122 and M. grisea

P131, it will be also of interest to define key factors con-
tributing to the changes of identified proteins. Therefore,
further investigation will warrant more valuable insights
onto the elucidation of molecular mechanisms on sup-
pression of M. grisea.

Overall, our study identified that proteomic profiles in
cellular and CSN protein from B. subtilis and M. grisea
pathogen specific to their interaction. The antifungal mecha-
nisms of B. subtilis against M. grisea pathogen may be con-
tributed by the synergistic action of cellular and CSN proteins.
Our findings also provide the valuable information for further
studies on the application of B. subtilis KB-1122 isolates as
biological agents to control rice blast or other crop diseases.
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