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Abstract An antifungal protein antagonistic to the rice blast
fungus, Pyricularia oryzae was purified from Paenibacillus
macerans PM-1 by ammonium sulfate fractionation, Q Sepharose
Fast Flow column chromatography, Phenyl Sepharose C1.4B
column chromatography and Superose 12 gel filtration.
An apparent molecular mass of the purified antifungal
protetn was determined as 8 kDa by SDS-PAGE and 9 kDa
by analytical gel filtration, respectively, suggesting that
the purified protein is a monomer. The antifungal protein
was stable at pH range from 7-12 and up to 100°C. The
protein was also stable at 0.1- 1% Tween 20 and Triton
X-100. The N-terminal amino acid sequence of the antifungal
protein was Thr-Glu-Leu-Pro-Leu-Gly-Ile-Val-Met-Asp-Lys-
Tyr-Thr-Asp-Ala-Phe-Lys-Phe-Asp-Met-Phe. Comparison of
the determined sequence with other peptide and DNA
sequences did not reveal homology at all. Therefore, the
purified antifungal protein was speculated to be a novel
protein. The conidial germination ir vitro of P. oryzae KJ 301:
93-39 by the purified protein (5.9 pg/ml) was limited to
9+3.2% only, compared with 69+24% of the control.
Ungerminated conidia were swollen at basal and mid cell
by the purified protein. Jn vive bioassay for inhibition of
conidial germination of £ oryzae KJ 301, one of the most
predominating races in Korea, the purified protein (5.9 [g/
ml}) strongly inhibited the conidial germination. The conidia,
even though germinated, could not develop any further to
produce appressoria efficiently.
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The problems of fungicide resistance of phytopathogens
and side effects which are unfavorable to environment
have been caused by careless use of synthetic fungicides
for the control of plant diseases [7, &]. For instance, P
oryzae is the causal agent of rice blast that is the most
destructive disease of rice throughout the rice-growing
areas of the world. The frequent appearance of new races
has reduced the effectiveness of resistant cultivars in the
field [21]. Furthermore, environmental regulations have also
restricted the use of chemical fungicides. These problems
stimulated researchers to undertake screening for safe and
potential compounds from microorganisms. Thus blastidin

[23] and kasugamycin [25] were discovered and
introduced into the agricultural field for biocontrol of the
rice blast caused by P. oryzae. These antibiotics of microbial
origin have few side effects to the environment, little toxicity
to plants, selective activity against plant pathogens, rapid
decomposition after use and no residual toxicity in soils
[19]. Recently, an antagonistic microorganisms for the
biocontrol of plant diseases were isolated from Trichoderma
spp., Streptomyces spp., Agrobacterium spp., Pseudomonas
spp. and Bacillus spp. [11]. Most of the studies conducted
on the antifungal proteins for the biocontrol of plant
diseases were mostly pathogenesis-related (PR) and stress-
responsed proteins [4, 6, 9, 20]. A novel antifungal antibiotic
was reported to be produced by Pseudomonas cepacia
[14]. Plant antifungal proteins from Raphanus sativus 1.
seeds [24], thermostable antifungal peptide (1,044 Da)
from B. amyloliguefaciens [26] and antifungal metabolite
from Bacillus spp. [10] were isolated and reported. Also,
antifungal activity of aliphatic alkenals on Saccharomyces
cerevisiae has been screened [16]. An antifungal protein
BI from B. subtilis TG 26 antagonistic to P oryzae was
purified and characterized [17].
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We previously reported antifungal substances antagonistic
to P oryzae from Paenibaciilus macerans PM-1 [2].
During the course of the experiments, we found that
the substances were produced extracellularly as well as
intracellularly by the strain. In this paper, we described
purification and characterization of the novel antifungal
protein secreted from the strain.

MATERIALS AND METHODS

Microorganism and Culture Conditions

Paenibacillus macerans PM-1 was cultivated in potato dextrose
broth (Difco, pH 10.0) at 20°C for 24 h at 160 rpm. The cells
were harvested by centrifugation at 8,000 rpm for 30 min,

Antifungal Protein Assay

The culture supernatant and protein solution were filtered
with cellulose acetate membrane filter (pore size, 0.22 um).
The antifungal activity was measured by the method of
hyphal extension-inhibition assay [22].

Protein Measurement
Protein concentration was measured by following the Bradford
method using bovine serum albumin (BSA) as a standard [5].

Purification of Antifungal Protein

The culture supernatant was brought to 50% saturation with
solid ammonium sulfate and centrifuged at 8,000 rpm for 30
min. Solid ammonium sulfate was added to the supernatant
to reach 90% saturation. After centrifugation, the pellet
was dissolved in a minimal volume of 50 mM Tris-HCl
buffer (pH 7.5). The protein solution was dialyzed against
the same buffer. Sodium chloride was added to the dialyzate
to 0.2 M and the solution was centrifuged at 8,000 rpm for
30 min. The supernatant was applied to a Q Sepharose Fast
Flow column (2.5x15 ¢m, Pharmacia) equilibrated with
50 mM Tris-HCI buffer (pH 7.5) containing 0.2 M NaCl.
After washing with the same buffer, the column was eluted
at a flow rate of 2 ml min' (fraction size: 10 ml) with a
linear gradient of 0.2- 1 M NaCl. The active fractions were
pooled and solid ammenium sulfate was added to 1 M.
The supernatant that was recovered by centrifugation was
put on a Phenyl Sepharose CL-4B column (2.5%15 ¢m,
Pharmacia) equilibrated with 50 mM sodium phosphate
buffer (pH 7.0} containing 1 M ammonium sulfate. After
washing with the same buffer, elution was performed at a
flow rate of 2 ml min™' (fraction size: 10 ml) with a reverse
gradient of 1- 0 M ammonium sulfate. The active fractions
were pooled and dialyzed with 50 mM sodium phosphate
butfer (pH 7.0). Sodium chloride was added to the dialyzate
to reach 0.15M. The solution was centrifuged and
concentrated to a small volume by ultrafiltration. The
concentrate was put on a Superose 12 HR 10/30 column

(1x30 cm, Pharmacia) equilibrated with 50 mM sodium
phosphate buffer (pH 7.0) containing 0.15 M NaCl, and
eluted with the same buffer. The active fractions were then
collected and stored at -20°C.

Polyacrylamide Gel Electrophoresis

SDS-PAGE was performed on a 15% gel as described
by the method of Laemmli [13]. Molecular mass markers
{Pharmacia) were phosphorylase b (94 kDa), BSA (67 kDa),
ovalbumin (43 kDa), carbonic anhydrase (30 kDa}, soybean
trypsin inhibitor (20 kDDa), and a-lactalbumin (14 kDa).

N-Terminal Amino Acid Sequencing

Amino-terminal amino acid sequence analysis was carried
out by automated Edman degradation in a 476A Protein
sequencer (Applied Biosystems Inc., Foster City, CA) {18}.

pH Stability

The purified protein solution was added to 0.1 M citrate
(pH 4.0, 5.0), sodium phosphate (pH 6.0, 7.0), Tris-HC]
(pH 8.0, 9.0), glycine-NaOH (pH 10.0), sodium phosphate-
NaOH (pH 11.0), and KCI-NaOH (pH 12.0, 13.0) buffers.
After incubation for 1 h at room temperature, the residual
activity was measured.

Thermostability

Protein stability was studied over the range of 20- 100°C.
Pure protein was incubated for 30 min, aliquots were
withdrawn, and assayed.

Surfactant Stability

The purified protein solution was incubated with Tween 20 and
Triton X-100 at a concentration of 0.1% and 1% at room
temperature for 1 h, and the residual activity was measured.
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Fig. 1. Q Sepharose Fast Flow column chromatogram of 7.
macerans PM-1 crude protein.

The protein was eluted with a linear gradient of NaCl in 50 mM Tris-HCl
buffer (pH 7.5) at 2 ml/min. The volume of each fraction was 10 ml.
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Fig. 2. SDS-PAGE of purified antifungal protein in P. macerans PM-1 at various steps (A) and molecular weight determination by gel

permeation chromatography (B).

A: Lane 1, size marker; lane 2, culture supernatant; lane 3, after ammonium sulfate precipitation; lane 4, after Q Sepharose Fast Flow column chromatography;
lane 5, after Phenyl Sepharose CL-4B column chromatography; lane 6, after Superose 12 gel filiration, B: The arrow indicates the position of the antifungat
protcin (@). Standard marker protein (Q) used are as follow; 14 kDa, ribonuclease A 25 kDa chymotrysinogen; 43 kDa, ovalbumin; 67 kDa, BSA.

Inhibition of Conidial Germination

The purified antifungal protein (5.9 ug/ml) was mixed
with the conidial suspension (2.5x 10°ml) of P. oryzae KJ
301: 93-39 (1:3, v/v), and the mixtures were placed on the
hole slide glasses. The slide glasses were placed into the
glass plates equipped with two glass rods on the moistened
filter paper. After incubation of the plates at 28°C for 24 h,
conidial germination was measured under a light microscope
{Carl Zeiss SF, x100). The ratio of conidial germination
(%) was calculated as follows:

Ratio of conidial germination (%)
rminated id
_ germinated con ]axl(]()
total conidia

In vivo Bioassay

A rice cultivar Nagdongbyeo susceptible to P. orvzae KJ
301 race was grown for 5 weeks in the greenhouse. Both
10 pt of conidial suspension (2.5x10° conidia of KJ 301:

93-39/ml) in Tween 20 and 40ul of either culture
supernatant or purified protein were mixed and applied to
the rice leaf blades (about 5 cm}, which were then placed in
the humidity chamber at 28°C for 2 days. The germination
and mycelial growth were examined under a light microscope
(Carl Zeiss, Axiovert 135M, x200).

RESULTS AND DISCUSSION

Purification of Antifungal Protein

Antifungal proteins were eluted from the Q Sepharose
column at about 0.3- 0.4 M and 0.5- 0.8 M NaCl (Fig. 1).
The eluate of the latter showing main antifungal activity
was absorbed onto the Phenyl Sepharose column. The
active fractions were eluted at about 0M (NH,),SO,.
After following the gel permeation chromatography on
Superose 12, an antifungal protein was finally purified. The
purified antifungal protein was homogeneous as seen by

Fig. 3. Inhibition of hyphal growth of P oryzae by purified protein.

A, KI 101: 3-21, B, KJ 201: 88-62, C, KJ 301; 93-39, The PDA plates were inoculated with isolates of rice blast fungus. The inoculated plates were
incubated at 28°C for 2 days prier to applying 50 ul (3.9 pg/ml) of purified proiein per paper disc. The results were obtained by further incubation of the

plates for 7 days.
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Fig. 4. Effect of pH on the stability of P macerans PM-1
antifungal protein.

Purified antifungal protein was bioassayed after incubation of the reaction
mixture at various pH values for 1 h.

Relative activity (%)

SDS-PAGE (Fig. 2A). An apparent molecular mass of the
protein by SDS-PAGE was 8 kDa. Gel filtration of the
Superose 12 10/30 column indicated that the protein has an
apparent molecular mass of 9 kDa (Fig. 2B). These results
suggest that the purified protein has a menomeric structure.
Recently, new approaches have been reported to develop
antibiotic peptides that has powerful antifungal activity
with little or no hemolytic activity [15].

N-Terminal Amine Acid Sequence

The N-terminal amino acid sequence of the purified protein
was determined as Thr-Glu-Leu-Pro-Leu-Gly-1le-Val-Met-
Asp-Lys-Tyr-Thr-Asp-Ala-Phe-Lys-Phe-Asp-Met-Phe. A data
base search for comparable peptides and corresponding
nucleotide sequences was performed at the National Center
for Biotechnology Information (NCBI) using the BLAST
network service [1]. The sequence of the purified protein
showed no homology with any other proteins as well as
with antifungal proteins and this suggests that the purified
protein is a novel.
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Fig. 5. Effect of temperature on the stability of P macerans
PM-1 antifungal protein.

Purified antifungal protein was bicassyed after incubation reaction mixture
at various temperature for 30 min.

Table 1. Inhibitory activity of the purified antifungal protein
from P macerans PM-1 on conidial germination of P, orvzae.

Germination (% +8D))

9+2 .4
69+3.2

Purified protein (5.9 ug/ml) was filtered through ¢.22 pm membrane filter
and the aliquots of 40 ul of purified protein were mixed with 10 pl of
conidial suspension of 2.5x 10° per ml. From this mixture aliquots of 30 ul
were transferred to the hole slide glass in triplicates on the maisted filter
paper supported with two glass rods in a petri-dish. The petri-dish was
incubated at 28°C for 24 h. Conidial germination was examined under a
light microscope at x 100 magnification.

[solates Treatment

Purified protein

KJ 301:93-39 Control (distilled water)

Antifungal Activity

The antifungal activity of the puritied protein was investigated
by the inhibition of hyphal extension against three races of
P oryzae (K1 101; 5-21, KJ 201: 88-62, KJ 301: 93-39) on
potato dextrose agar media. As shown in Fig. 3, this
protein showed antifungal activity against all races of P
oryzae. Especially P. orvzae KJ 301: 93-39 was shown to
be very susceptible to protein.

Physiological Properties

The purified antifungal protein (5.9 pg/ml) was stable at
pH between 7.0- 12.0 but it was drastically inactivated at
pH 13.0 (Fig. 4). The protein was significantly stable up to
60°C and showed about 80% of residual activity at 100°C
(Fig. 5). These results suggest that the purified protein is
an alkaline and very thermostable form. In fact, antifungal
substances from other microorganisms had shown similar

Fig. 6. Ungerminated and swollen conidia of P. oryzae race KJ
301: 93-39 in the presence of antifungal protein purified from £,
macerans PM-1.

Hole slide glasses carrying 30 pl of conidial suspension of 2.5x 10° per ml
were incubated at 28°C for 10 h followed by a light microscopy at x400 or
x 630 magnification.



properties. Antifungal antibiotics from B. subtilis YB-70
showed high stability in a broad range of pH and
temperature [12]. In a case of antifungal protein BI from B.
subtilis TG 26, antitungal activity was not diminished up
to 100°C, while 75% remained at 140°C [17].

In surfactant stability studies, protein was incubated with
Tween 20 and Triton X-100 (0.1%, 1%) that was used in
manufacturing biccontrol agents. The most antifungal
activity remained in all surfactants and concentrations (data
not shown). Moreover, the activity of this protein at 1%
Triton X-100 was increased about 1.2-fold compared to
control. When the protein was incubated with proteinase K
{50 pg/ml) at 40°C for 30 min, about 80% of the activity
remained (data not shown).

Inhibition of Conidial Germination

The purified antifungal protein (5.9 pug/ml) was mixed
with the conidial suspension (2.5x 10°/ml) of P. oryzae KIJ
301: 93-39 and the inhibitory activity of the protein on the

NOVEL ANTIFUNGAL PROTEIN FROM £ MACERANS PM-1 8509

conidial germination was investigated (Table 1). The
germination was inhibited more about 7.7-fold than that of
the control {(sterilized water). The conidial morphology was
also examined under a light microscope (Carl Zeiss, Axiovert
135 M, x400, x630). As shown in Fig. 6, the protein
inhtbited the conidial germination, and ungerntinated conidia
were swollen at basal and mid cell in the protein treatment,

In vivo Bioassay

The suppression of culture supernatant and purified protein
on the conidial germination and mycelial growth of P,
oryzae KJ 301: 93-39 was investigated with the leaves of
Nagdongbyeo. The rice leaf treated with only water {control)
was normally grown and extended with the formation of
appressoria (Figs. 7A and 7B). The rice leaf treated with
culture supernatant was substantially inhibited in the conidial
germination (Fig. 7C). Although the germination occurred,
an abnormal growth was closely observed. The conidial
germination of pure protein-treated rice leaf was inhibited

Fig. 7. Suppressive effect of the culture supernatant (C) and purified protein (D) compared to untreated control (A, B) on the conidial
germination and mycelial growth . goryzae KJ 301: 93-39 on the leaves of rice plant.

Both of 10 pl conidia suspension with 0.02% Tween 20 and 40 pl of either culture supernatant or purified protein was mixed and applied to the rice leaf
blades of Nagdongbyeo, which were placed in the humidity chamber at 28°C for 2 days and examined micrescopically for germination and mycelial growth,

C: conidia, M: mycelium, A: appressorium.
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more and the mycelial extension was very weak (Fig. 7D).
These results are similar to the mechanism of inhibition
observed in the formation of appressorium of F. oryzae by
Saccaromyces cerevisiae o-factor [3].
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