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Abstract Bacillus cereus AU004, isolated from soil

samples, secreted a complex of hydrolytic enzymes into the

culture broth when it was grown aerobically in a medium

containing crude chitosan flakes. The presence of the

AU004 culture supernatant substantially influenced the

growths of the plant-pathogenic fungi Fusarium oxyspo-

rum, F. solani and Pythium ultimum in terms of dry weight.

AU004 excreted a protease when cultivated in a medium

that contained 4% (w/v) chitosan as the major nutritional

source. The protease was purified by sequential chroma-

tography and characterized as a novel extracellularly

neutral protease. The protease had an Mr of 28.8 kDa. The

optimal pH and temperature for protease activity were 7

and 50�C, respectively. Antifungal activity of the protease

was observed using an assay based on the inhibition of

spore germination and hyphal extension of the fungal

Pythium ultimum. This investigation is the first report of the

production of an anti-fungal protease from Bacillus spp.

Keywords Antifungal � Bacillus cereus � Chitosan �
Protease � Pythium ultimum

Introduction

Chemical fungicides continue to have a central role in cur-

rent farming practices for protecting crops against diseases.

However, their use has come under increased scrutiny in

recent years, since several of them are very toxic; can cause

severe environmental problems; leave fungicide residues in

food products, and induce pathogen resistance. These limi-

tations have led to an intensive search for alternative control

strategies, and biological methods of controlling plant

pathogens provide an environmentally friendly alternative to

chemical pesticides. Accordingly, biological control tactics

have become an important technique for facilitating sus-

tainable agriculture (Lindow et al. 1983).

Biological control of plant pathogens is based on the

negative interaction between pathogens and biocontrol

agents. One of the strategies involves the use of beneficial

bacteria that are antagonistic to the harmful microorganisms

(Lindow et al. 1983; Lim et al. 1991; Bagnasco et al. 1998;

Moenne-Loccoz et al. 1998; Natsch et al. 1998). Bacillus

cereus UW85 accumulates two antibiotics, zwittermicin A

and kanosamine, in its culture supernatant. Zwittermicin A is

a water-soluble, acid-stable linear aminopolyol molecule

with broad-spectrum activity against numerous fungal and

bacterial plant pathogens (He et al. 1994). Alternatively,

plant pathogens can be controlled by exposing them to lytic

enzymes such as chitinases, chitosanases, proteases or glu-

canases (Lorito et al. 1993; Harman et al. 1993; Mahadevan

and Crawford 1997; Dunne et al. 2000; Janice and Carlos

2002; Wang et al. 2002a; Leelasuphakul et al. 2006; Gao

et al. 2008) or antibiotics (Thomashow and Weller 1988).

Genetic engineering to increase the amount of these

metabolites can result in substantial improvement in or

greatly improve their biocontrol activity (Flores et al. 1997;

Dunne et al. 2000).
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Bioconversion of marine crustacean wastes to generate

biofungicide has been recently examined (Wang et al.

1999; Wang et al. 2002a; Wang et al. 2002b; Chang et al.

2007). In this investigation, a soil-borne strain of Bacillus

cereus exhibited antifungal protease activity when culti-

vated in a flake-crude-chitosan (protein -containing)

medium. The effects of the antifungal compounds on spore

germination and germ spore elongation of pathogenic

Pythium ultimum were investigated. The purification and

characterization of the antifungal protease from the bac-

terium were also studied.

Materials and methods

Materials

Crude chitosan flakes were obtained from In-Hwa Co.

(Kaohsiung, Taiwan). Shrimp and crab shell powder

(SCSP) used in these experiments was purchased from

Chya-Pau Co. (I-Lan, Taiwan). DEAE-Sepharose CL-6B

and Sephacryl S-200 were purchased from Pharmacia Co.

(Peapack, NJ, USA). Ethylene glycol chitin (EGC),

lyophilized cells of Micrococcus lysodeikticus, carboxy-

methyl cellulose (CMC), xylan and powdered chitin were

purchased from Sigma Chemical Co. (St. Louis, Mo).

Colloidal chitin was prepared from powdered chitin (Wako

chemicals, Japan) by the method of Jeniaux (Lindow et al.

1983). Cell suspensions of M. lysodeikticus were prepared

as described elsewhere (Wang et al. 1997). All other

reagents used were of LC grade.

Effect of culture conditions

Bacillus cereus AU004 was isolated from soil in Taiwan

and maintained on nutrient agar plates at 30�C. Cultures

were grown in basal medium that contained 0.1% (w/v)

K2HPO4 and 0.05% (w/v) MgSO4�7H2O (pH 7), and

gradually supplemented with the various nutritional sour-

ces to be studied in turn. The major nutritional sources of

interest herein are SCSP, chitin, chitosan, Chinese herb, tea

leaves and cellulose. They were added at concentrations of

1%, 2%, 3%, 4% and 5% (w/v). One hundred ml of the

resultant medium in a 250 ml Erlenmeyer flask was aero-

bically cultivated at 30�C for 24 h in a rotary shaker

(150 rpm). The supernatant obtained following centrifu-

gation at 8000g and 4�C for 20 min was used for bioassay.

An earlier effective experiment was used as the basis for

the subsequent experiment until the optimal medium con-

dition was reached. Given the optimal culture composition,

effects of the initial pH (4, 5, 6, 7, 8, and 9), temperature

(25, 30, 37, and 45�C), culture volume (25 ml, 50 ml,

100 ml, 150 ml, 200 ml) and cultivation time (12, 24, 36,

48, 60, 72, and 84 h) on the production of antifungal

compounds were studied.

The plant-pathogenic fungi used herein in this work

were Fusarium oxysporum CCRC35100, F. solani

CCRC32511 and Pythium ultimum CCRC32725. These

strains were purchased from the Culture Collection and

Research Center (CCRC), Taiwan.

Identification of strain AU004

The bacterial strain AU004 (gram positive) was charac-

terized from morphological observations and the

physiological characteristics. The microorganisms were

further identified based on the description in Bergey’s

Manual of Determinative Bacteriology (Krieg and Holt

1984) (identified by the Food Industry Research and

Development Institute, Taiwan).

Preparation of crude antifungal compounds

Bacillus cereus AU004 was cultivated under optimal cul-

ture conditions. Following centrifugation at 8000g and 4�C

for 20 min, the supernatant was precipitated by 80% sat-

uration of ammonium sulfate (561 g/l). The resultant

precipitate was collected and dissolved in a small amount

of 50 mM sodium phosphate buffer (pH 7), and then dia-

lyzed overnight against the same buffer. The resultant

dialyzate was filtered aseptically through 0.45 lm-pore-

size membrane filters and used in the bioasssays.

Measurement of antifungal activity

The antifungal activity of the supernatant obtained was

estimated using the growth inhibition assay that has been

described elsewhere (Wang and Chang 1997). Fungal

spores of pathogenic F. oxysporum, F. solani and P. ulti-

mum were grown on petri plates containing potato dextrose

agar (PDA). After ten days of incubation at 25�C, the

fungal spores were removed using sterile water that con-

tained 0.1% (v/v) Tween 80. The resultant suspension was

filtered aseptically through a sterilized gauze. The con-

centration of the filtrate was adjusted by adding sterile

water to 1 9 106 spores per ml, and stored at 4�C. To test

the antifungal activity of the enzyme obtained above, Petri

plates that contained 5 ml of molten PDA pre-cooled to

45�C were divided into two groups (each in triplicate). A

properly diluted enzyme solution (5 ml) was added to each

plate in experimental group (E). The ratio (v/v) of the

enzyme to PDA in the petri plates was 1:1. To the control

group (C) an equal amount of sterile water, rather than the

enzyme solution, was added. The plates were then cooled

and the fungal spores (20 ll) were spread onto the agar

surface. Both groups were incubated at 25�C for 72 h. The
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diameters of the largest and smallest fungal colonies were

measured and the averages calculated. The inhibition ratios

were calculated using the following formula.

Inhibition ratio %ð Þ ¼ C� Eð Þ=C � 100%

C: mean diameter of the largest and smallest colonies of

the control groups

E: mean diameter of the largest and smallest colonies of

the experimental groups

When the inhibitory ratio exceeded 20%, the test strain

was regarded as inhibited and the minimal inhibitory

concentration (MIC) for that strain was then determined.

To express the inhibitory activity of the enzyme, one unit

of antifungal activity was defined as the amount of enzyme

required to cause a 50% of inhibition under the afore-

mentioned assay conditions.

Measurement of enzyme activities

Chitinase activity was measured using colloidal chitin as a

substrate. The enzyme solution (0.5 ml) was added to 1 ml

of 1.5% (w/v) suspension of colloidal chitin in a phosphate

buffer (50 mM, pH 7), and the mixture was incubated at

37�C for 15 min. Following centrifugation, the amount of

reducing sugar that was generated in the supernatant was

determined by the method of Imoto and Yagishita (1971)

with N-acetylglucosamine as a reference compound. One

unit of chitinase activity was defined as the amount of the

enzyme that generated 1 lmole of reducing sugar per min.

Glycol chitosanase activity was measured as an increase in

reducing power that was caused by hydrolysis of glycol

chitosan (in 50 mM phosphate buffer, pH 7). EGCase

activity was also measured as an increase in reducing

power due to the hydrolysis of EGC (in 50 mM phosphate

buffer, pH 7) at 37�C for 30 min. b-N-acetyl-glucosamin-

idase and b-N-acetyl-hexosaminidase activities were

determined by the release of p-nitrophenol from p-NP-

GlcNAc and p-NP-(GlcNAc)4, respectively. One unit of

enzyme activity was defined as the formation of 1 lmol of

p-nitrophenol per ml of reaction mixture in 10 min at 37�C.

The enzyme activities on the substrates M. lysodeikticus,

CMC, xylan, and casein were assayed following the pro-

cedures described above.

To assay the protease activity, a diluted enzyme solution

(0.2 ml) was mixed with 2.5 ml of 1% (w/v) casein in

phosphate buffer (pH 7) and incubated at 37�C for 10 min.

The reaction was terminated by adding 5 ml of 0.19 M

trichloroacetic acid. The reaction mixture was centrifuged

and the soluble peptide in the supernatant was measured

using the method described by Todd using tyrosine as the

reference compound (Scher and Baker 1982).

Determination of molecular weight

The molecular weight of the purified protease was deter-

mined by sodium dodecyl sulfate-polyacrylamide gel

electrophoresis (SDS-PAGE). The standard proteins used

in the calibration were phosphorylase b (molecular

weight = 97,000 Da), albumin (67,000 Da), ovalbumin

(45,000 Da), carbonic anhydrase (31,000 Da), trypsin

inhibitor (20,100 Da) and a-lactalbumin (14,400 Da).

Before electrophoresis, proteins were exposed overnight

to 10 mM phosphate buffer (pH 7) that contained

2-mercaptoethanol. The gels were stained with Coomassie

Brilliant Blue R-250 in methanol-acetic acid-water (5:1:5,

v/v) and decolorized in 7% acetic acid.

Enzyme production and purification

To produce protease, Bacillus cereus AU004 was grown in

50 ml medium that contained 4% (w/v) crude chitosan,

0.1% K2HPO4 and 0.05% MgSO4 � 7H2O in a 250 ml

Erlenmeyer flask at 25�C and pH 7.

The supernatant was collected from one day old cultures

by centrifugation at 8000g for 20 min, and then was con-

centrated by ammonium sulfate precipitation (561 g/l). The

concentrated fraction was dialyzed against 50 mM potas-

sium phosphate buffer (pH 7), and the enzymes were

separated by DEAE-Sepharose CL-6B column chroma-

tography, followed by Sephacryl S-200 gel filtration

chromatography. The protein fractions that contained pro-

tease activity were collected, concentrated by ammonium

sulfate precipitation, and dialyzed against 50 mM potas-

sium phosphate buffer (pH 7).

Protein assay

Protein concentration was determined by the method of

Lowry using bovine serum albumin (BSA) as a standard.

Effect of B. cereus AU004 on the growth

of plant-pathogenic fungus

Fusarium oxysporum, F. solani, and P. ultimum were

grown separately in 20 ml potato/dextrose/broth (PDB) in

250 ml flasks. The culture flasks were incubated on an

orbital shaker at 150 rpm and 30�C. The sterilized super-

natant and purified protease solution were filtered

aseptically through 0.45 lm-pore-size membrane filters

before being added to cultures that had grown for 0, 6, 12,

and 24 h. The cultures were then incubated at 30�C for

48 h using suitable controls. The control groups contained

the same amount of sterile water as of enzyme solution that

was used in the other groups. The experiments were per-

formed in triplicate. The dry weight of the mixed culture
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was evaluated following filtration through pre-weighed

Whatman No. 1 filter paper.

Effect of B. cereus AU004 protease on spore

germination of plant-pathogenic fungi

An aliquot of 0.25 ml fungal spores (106/ml) of F. oxy-

sporum, F. solani and P. ultimum, 0.5 ml of potato

dextrose broth, and 0.25 ml of purified protease were

placed in eppendorf tubes. The resultant mixture was

incubated at 30�C, and the spores were observed under a

light microscope at various intervals.

Results

Effect of culture conditions on enzyme production

The results of a study on the effect of various nutritional

sources on the production of protease by B. cereus AU004

demonstrated that chitosan was a better inducer than other

nutritional sources of the production of protease and of

antifungal activity (data not shown). Varying concentra-

tions (1–5% w/v) of chitosan flakes were used and the

resultant protease activity was studied. A 4% concentration

of chitosan was found to be optimal. Hence, 4% chitosan

was adopted to investigate the enzyme production kinetics

of the tested strain. Protease activity was higher after

incubation of 24 h. However, the activity declined as the

culture was incubated for over 24 h. Incubation at four

temperatures (25, 30, 37, and 45�C) using 4% chitosan

revealed that the optimal temperature was 25�C. Also, the

optimal pH of the cultivation medium was 7.

As a summary of the above results, the optimal culture

conditions were aerobic growth in 50 ml of liquid medium

that contained 4% flake chitosan, 0.1% K2HPO4, and

0.05% MgSO4 � 7H2O, at pH 7 in an Erlenmeyer flask

(250 ml), on an orbital shaking incubator for 24 h at 25�C.

Enzymatic activity

Several enzymatic activities of culture supernatant following

centrifugation were assayed with various substrates,

including 1% colloidal chitin (chitinase activity), 0.1%

ethylene glycol chitin (EGCase activity), 0.1% glycol

chitosan (chitosanase activity), 5 mM p-NP-(GlcNAc)

(b-N-acetyl-glucosaminidase activity), 5 mM p-NP-(GlcNAc)4

(b-N-acetyl-hexosaminidase activity), M. lysodeikticus

cells (lysozyme activity), 1.25% CMC (cellulase activity),

0.5% xylan (xylanase activity) and 1% casein (protease

activity). Therefore, the culture supernatant exhibited

hydrolyzing activity against colloidal chitin (0.82 U/mg),

ethylene glycol chitin (1.2 U/mg) and casein (0.55 U/mg),

and an even greater activity against glycol chitosan

(2.65 U/mg). However, no enzymatic activity occurred on;

p-NP-GlcNAc, p-NP-(GlcNAc)4, M. lysodeikticus cells,

CMC or xylan (Table 1).

The purified enzyme exhibited both protease (2.7 U/mg)

and antifungal (1.5 U/mg) activities no other enzyme

activity that was tested for.

Purification of protease

The purified protease (Table 2) was verified to be homo-

geneous using SDS-PAGE (Fig. 1). The molecular weight

of the protease was estimated to be 28.8 kDa.

AU004 protease exhibited only antifungal activities

against the plant-pathogenic fungus P. ultimum. The puri-

fication steps yield 4.9-fold overall protease activity, and

3.4-fold better antifungal activity against P. ultimum. The

activity yields of the purified protease were 3% for protease

activity and 2% for antifungal activity against P. ultimum.

The specific activities of protease and antifungal activity

against P. ultimum were 2.7, and 1.5 U/mg of protein,

respectively.

Effects of pH and temperature

When casein was used as a substrate under the standard

assay conditions, the maximum activity of the purified

protease was observed at pH 7, while the optimum tem-

perature for protease activity was 50�C for 10 min of

incubation.

Effect of B. cereus AU004 on growth of plant-

pathogenic fungi

The biomass of the tested fungi resulted were significantly

lower when they were incubated with culture supernatant

Table 1 Activities of enzyme from culture supernatant of B. cereus
AU 004 on various substrates

Substrates Conc. Enzyme activity

(U mg-1)a

Colloidal chitin 1% 0.82

Ethylene glycol chitin 0.1% 1.2

Glycol chitosan 0.1% 2.65

CM-cellulose 1.25% n.d.

xylan 0.5% n.d.

p-nitrophenyl-N-acetyl-glucosaminide 5 mM 6 9 10-4

p-nitrophenyl-Tetraacetyl-glucosaminide 5 mM 3 9 10-5

Casein 1% 0.55

Starch 1.5% n.d.

a The assay conditions used for determinations of enzymatic activi-

ties see Materials and Methods
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for 24 h than when they were grown alone in PDB medium

(Fig. 2). However, the purified protease only exhibited

antifungal activities against P. ultimum, activities against

other fungi were much weaker (Fig. 3). The inhibition

decreased as the growth time of the fungal culture

increased.

Effect of B. cereus AU004 protease on spore

germination of plant-pathogenic fungi

Purified protease from Bacillus cereus AU004, spore sus-

pension of F. oxysporum, F. solani, and P. ultimum, and

potato dextrose broth were mixed in a ratio of 1:1:2 (v/v/v)

and incubated at 25�C for 24 h. The results indicate that the

antifungal activity from B. cereus AU004 not only reduced

the spore germination of P. ultimum but also inhibited its

elongation (Fig. 4), while the inhibitory effect on the other

two fungi was much weaker. To further investigate the

relationship between protease and antifungal activity from

B. cereus AU004, the antifungal mechanism of the protease

purified from B. cereus AU004 was studied under a light

microscope. In the control group, which was incubated at

25�C for 72 h, the mycelium was intact and of uniform

thickness; however, for spores of the experimental group

(in which the medium, the spore suspension and the puri-

fied protease were mixed in a volume ratio of 2:1:1),

P. ultimum, germinated. Additionally, even when germi-

nation occurred, the germ tubes were thinner than normal,

and no spore was formed. However, neither hyphae

cytolysis nor tail-end expansion were observed.

Discussion

Bacillus cereus AU004 secretes a complex of hydrolytic

enzymes, dominated by chitinase, chitosanase and prote-

ase, and produces antifungal enzymes when it is grown in a

medium that contains crude chitosan flakes of marine

waste. The presence of the AU004 culture supernatant

significantly affected the growths of the plant-pathogenic

fungi F. oxysporum, F. solani and P. ultimum. The protease

purified from the culture broth exhibited antifungal activity

toward Pythium ultimum.

Recent in vitro studies have established that the expo-

sure of selected plant-pathogenic fungi to lytic enzymes

such as chitinases, proteases, cellulases or glucanases can

degrade the structural matrix of fungal cell walls. Notably,

neither chitinases or cellulases appeared to affect P. ulti-

mum, because of the lack of chitin in its cell walls

(Ciopraga et al. 1999). Hence, overproduction of an

inducible extracellular protease in T. harzianum reduced

the growth rate of the fungus (Flores et al. 1997).

The main effect of antifungal compounds on pathogens is

the inhibition of spore germination and hyphal elongation.

This inhibition was observable only from the morphology,

and the detail of the biochemical reactions involved remains

unclear. Many works have indicated that the antifungal

property of microorganisms follows from the activity of

hydrolytic enzymes such as chitinase, which is generated by

them. For instance, endochitinase and chitobiosidase gen-

erated by Trichoderma harzianum inhibited the growth of

Botrytis cinere and F. solani (Lorito et al. 1993). Chitinases

produced by Monascus purpureus CCRC31499 (Wang et al.

2002a) and Bacillus amyloliquefaciens V656 (Wang et al.

Table 2 Proteolytic and antifungal activities of protein from Bacillus cereus AU004 at various purification stepsa

Purification steps Total

protein (mg)

Protease activity Antifungal activity

Total

activity (U)

Specific

activity

(U/mg)

Purification

fold

Recovery

(%)

Total

activity (U)

Specific

activity

(U/mg)

Purification

fold

Recovery

(%)

Culture sup. 1,893 1,039 0.55 1 100 837 0.44 1 100

(NH4)2SO4 precipitate

and dialysis

1,213 676 0.56 1 65 636 0.52 1.2 76

DEAE-Sepharose CL-

6B

30 53 1.8 3.3 5 25.8 0.86 2 3

Sephacryl S-200 12.2 33 2.7 4.9 3 18.2 1.5 3.4 2

a B. cereus AU004 was grown in 50 ml of liquid medium in an Erlenmeyer flask (250 ml) containing 4% (w/v) flake chitosan, 0.1% K2HPO4,

0.05% MgSO4 � 7H2O in a shaking incubator for 1 day at 25�C

S I Fig. 1 SDS-PAGE of B. cereus
AU004 protease. Left S,

molecular weight markers (top

to bottom: 97, 66, 45, 30, 20.1,

14.4 kDa). Right I, purified

AU004 protease
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2002b) inhibited Fusarium oxysporum. Chitinolytic

enzymes produced by Enterobacter agglomerans inhibited

Rhizoctonia solani (Chernin et al. 1995). An inducible

extracellular serine protease produced by Stenotrophomonas

maltophilia strain W81 had the biological control effect of

dissolving the mycelium of P. ultimum (Dunne et al. 2000).

The antifungal mechanism of B. cereus AU004 protease

was studied here. Following incubation, almost none of the

spores of P. ultimum germinated; neither mycelium
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cytolysis nor tail-end expansion was observed. This

inhibitory phenomenon differed from those associated with

the activity of chitinolytic enzymes (Lorito et al. 1993;

Mahadevan and Crawford 1997; Gao et al. 2008) and other

non-enzymatic compounds (He et al. 1994; Bagnasco et al.

1998; Ciopraga et al. 1999; Zhang et al. 2008). Based on

these observations, the antifungal activity of B. cereus

AU004 may be associated with compounds that are not

chitinases. The 28.8 kDa purified protease can inhibit both

spore formation and the hyphal germination of the phyto-

pathogen P. ultimum in vitro, revealing that this enzyme is

involved in the antagonistic interaction between B. cereus

AU004 and the phytopathogen. This work is the first to

describe the isolation of a protease from Bacillus spp. that

is active against fungi.
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