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Strain PUPC1 produces an antifungal protease as

well as plant growth promoting enzymes such as 1-

aminocyclopropane-1-carboxylate (ACC) deaminase and

phosphatase. Morphological, cultural, and physiological

characteristics as well as 16S rRNA gene-sequence-based

phylogenetic analysis confirmed the taxonomic affiliation

of PUPC1 as Chryseobacterium aquaticum. The optimum

growth of PUPC1 was observed at pH 6.0 and 30
o
C, and

maximum protease production was observed in medium

B amended with 1% tryptone, 0.5% sucrose, and  0.005%

MnCl2. The protease was purified by ammonium sulfate

precipitation, Sephadex G-75 gel filtration chromatography,

and electroelution from preparative SDS-PAGE. The

protease had a molecular mass of 18.5 kDa. The optimum

pH and temperature stability of the protease were pH 5.0-

10.0 and temperature 40-70
o
C. Chryseobacterium aquaticum

PUPC1 and its protease showed a broad-spectrum antifungal

activity against phytopathogenic fungi. Strain PUPC1 also

exhibited plant growth promoting traits. The objective of

the present investigation was to isolate a strain for

agricultural application for plant growth promotion and

biocontrol of fungal diseases. 

Keywords: Chryseobacterium aquaticum, protease, gel filtration

chromatography, antifungal activity, phylogenetic tree

Phytopathogenic fungi cause persistent and significant yield

losses in economically important crop plants. Although

chemical control of phytopathogenic fungi has been used

successfully, incessant use of chemicals causes health

problems and environmental pollution. These concerns

have focused scientific interest on the development of eco-

friendly alternatives to chemical fungicides [6]. In recent

years, biological control strategies based on the interactions

between potent disease-suppressive bacteria and plant

pathogens have emerged as promising alternatives [6, 31]. 

Antagonistic bacteria that exert beneficial effects on plant

development via direct or indirect mechanisms have been

defined as plant growth promoting rhizobacteria (PGPR).

Direct mechanisms of plant growth promotion by PGPR

can be demonstrated in the absence of plant pathogens or

other rhizosphere microorganisms, whereas indirect mechanisms

involve the ability of PGPR to reduce the deleterious

effects of plant pathogens on crop yield. Most of the PGPR

belong to Azospirillum, Pseudomonas, Azoarcus, Azotobacter,

Bacillus, Burkholderia, Cyanobacteria, Herbaspirillum, and

Chryseobacterium and their beneficial effects have been

reported [7]. Rhizobacteria use different mechanisms for plant

growth promotion and biocontrol. PGPR stimulate plant

growth through their ability to produce one or more growth

promoting enzymes, 1-aminocyclopropane-1-carboxylate

(ACC) deaminase [26], phosphate-solubilizing enzyme [28],

and indole-3-acetic acid [3].

Antagonistic microbes produce an array of antifungal

factors such as siderophores, secondary metabolites [15],

and hydrolytic enzymes [4], which can degrade the structural

matrix of fungal cell walls. Chryseobacterium strains have

been reported from soil [40], marine [12], and clinical [14]

surroundings. Protein-glutaminase or protein-deamidating

enzyme from C. proteolyticum [17, 40] and the protease

from C. taeanense TKU001 [39], C. indologenes [35, 24]

have also been reported recently. Although Chryseobacterium

has been reported as a plant rhizobacterium, its role in agriculture

has not been studied well. A native strain of antifungal

Chryseobacterium with antifungal potential has not been

reported from rice. In the present investigation, for the first

time, we report the isolation and functional characterization

of a new Chryseobacterium strain, PUPC1, from rice

rhizospheric soil. We also report the production of an antifungal

protease by strain PUPC1 and its effect on the mycelial

growth, germination of spores, and sclerotia of phytopathogenic

fungi. 
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MATERIALS AND METHODS

Microbial Cultures

Fungal pathogens, Rhizoctonia solani RSR1 (sheath blight of rice),
Magnaporthe grisea MGS (blast of rice), Sarocladium oryzae

SONS (sheath rot of rice), Fusarium oxysporum f. sp. cubense FOC
(discoloration of banana), Botrytis cinerea BCTNAU (blight of
tobacco), Pestalotia theae PTS (leaf spot of tea), and Colletotrichum

falcatum (red rot of sugarcane) were obtained from the Microbial
Culture Collection (MCC), Department of Biotechnology, Pondicherry
University, Puducherry, India Cylindrocladium floridanum ATCC42971
(root necrosis of banana) and Cy. scoparium ATCC46300 (root necrosis
of banana) were kindly provided by J. M. Risede, INRA-INH-
Universite d’Angers, France. 

Collection of Samples and Isolation of Bacteria

Rice roots adhering soil were collected from a field located at
Puducherry; the soil was clay loam and its characteristics were as
follows: pH 7.1, 67.5 µg/g nitrogen, 3.3 µg/g phosphorus, 5.17 µg/g
potassium and 0.2 mOhms/cm electrical conductivity (EC). Samples
were processed within 24 h of collection and stored at 4oC before
being processed. Rhizosphere soil suspension was obtained by
shaking 10 g of root with tightly adhering soil in 90 ml of 0.1 M
MgSO4·7H2O buffer for 10 min at 180 rpm on a rotary shaker. Ten-
fold dilutions of the soil suspension (100 µl) were spread-plated onto
skim milk agar medium (per liter: 5.0 g pancreatic digest of casein,
2.5 g yeast extract, 1.0 g glucose, 7% skim milk solution, and 15 g
agar). After incubation at 28oC for 2 days, single colonies that generated
clear zones were picked up, and subcultured several times in order
to obtain pure cultures. Stock cultures were made in LB broth containing
50% (w/v) glycerol and stored at -86oC. 

Screening of Bacteria for Antifungal Activity

Bacterial isolates were tested for in vitro antagonism towards fungal
pathogens by following the standard co-inoculation technique on potato
dextrose agar (PDA) [31]. Scraped mycelium from the inhibition
zone was stained with lactophenol cotton blue and examined under
a light microscope (×400) eclipse 80i (Nikon Corporation, Kanagawa,
Japan) with the help of Image-Pro Plus software v6.2 (Media Cybernetics
Inc., Silver Spring, MD, U.S.A.). A similar observation was also
made for fungal hyphae obtained from a normal fungal culture.

Morphological, Cultural, and Physiological Characterizations of

the Antifungal Bacterium

Morphological, cultural, and physiological traits were tested according
to Bergey’s Manual of Determinative Bacteriology [13]. Grams
reaction was determined by the KOH technique [30]. Motility was
tested by the hanging drop method with microscopic observation.
Form, color, and texture were observed on nutrient agar. Presence of
cytochrome oxidase was determined using 1% N,N,N',N'-tetramethyl-
p-phenylenediamine dihydrochloride solution [8]. Presence of arginine
dihydrolase was tested on Thornley’s medium, and levan sucrase on
nutrient agar supplemented with 2% sucrose [8]. Substrate utilization
profiles were tested using Hicarbohydrate kits (Himedia Laboratories,
Mumbai, India) according to the instructions of the manufacturer.

16S rRNA Gene Amplification, Sequencing, and Phylogenetic Tree

Analysis

Isolation of genomic DNA, PCR amplification of 16S rRNA gene,
and purification and sequencing of the PCR product were performed

as previously described [34]. The phylogenetic tree was constructed
as previously described [1]. The nucleotide sequence of 16S rRNA
was deposited in GenBank as Accession No. EF600798.

Determination of Plant Growth Promoting Hormones and

Enzymes

Productions of fungal cell wall degrading enzymes, cellulase, pectinase,
and chitinase were tested by following standard methods [4].
Production of indole-3-acetic acid (IAA) was tested as previously
described [3]. The ACC deaminase activity was determined using
Dworkin and Foster (DF) salts medium as previously described [26].
To determine the solubilization of phosophate, PUPC1 was streaked onto
Pikovskaya’s agar medium [28] and the production and estimation of
phosphate-solubilizing enzyme was done as described elsewhere [18].

Isolation and Antifungal Activity of Crude Compounds

Bacterium PUPC1 was grown in medium B (0.5% lactose, 1%
peptone, 0.17% NaHPO4·H2O, 0.025% KHPO4, 0.025% MgSO4·7H2O,
0.005% FeSO4·7H2O in 200 ml distilled water and adjusted to
pH 7.2) for 72 h at 30oC. After centrifugation (10,000 ×g) at 4oC for
15 min, the supernatant was subjected to ammonium sulfate
precipitation. The resultant precipitate was dissolved in 10 mM TSE
buffer (25 mM Tris-Cl, 25 mM NaCl, 5 mM EDTA, adjusted to
pH 7.5), followed by dialysis against the same buffer overnight. The
resultant dialysate was filtered aseptically through 0.45-µm pore size
membrane filter and used for the bioassays and measurement of
enzymatic activity. The effect of crude compound on the growth of
mycelia was tested following the disc diffusion method [34]. Sterile
paper discs (6 mm) were separately treated with 50µl of crude compound
and placed on the surface of PDA plates that were spread with
spore suspension (106 spores/ml) of P. theae. Assay plates were
incubated at 30oC for 2 days, and then inhibition of fungal growth was
observed around the disc.

Measurement of Enzyme Activity

For measuring protease activity, a diluted enzyme solution (0.1 ml)
was mixed with 0.2 ml of 1% casein in Tris buffer, pH 7.0, and
incubated for 20 min at 37oC. The reaction was terminated by adding
10% trichloroacetic acid (TCA). The reaction mixture was centrifuged
and the soluble peptide in the supernatant was measured [27] with
tyrosine as the reference compound. One unit (U) of protease activity
was defined as the amount of enzyme that hydrolyzed the substrate to
produce 1 µmol tyrosine in 1 min. Chitinase activity was measured
with colloidal chitin as a substrate. The amount of reducing sugar
produced was measured [16] with N-acetylglucosamine as a reference
compound. The activity of lysozyme was also assayed [36].

Optimization of Culture Conditions and Time Course Induction

of Antifungal Compound Production

Chryseobacterium sp. PUPC1 was grown in medium B for 96 h at
30oC. The aliquots of culture were collected every 6 h and the
growth (OD at 600 nm) and enzyme bioassays were performed.

Effects of pH on antifungal compound production by PUPC1 was
determined by growing the bacterium in medium B of different pH
using appropriate buffers, phosphate buffer: (pH 5.0-6.0), Tris-HCl
buffer (pH 7.0-8.0), and glycine-NaOH buffer (pH 9.0-10.0). With
every 6 h aliquot, enzyme bioassays were performed, until 42 h.
Similarly, the effect of temperature on antifungal compound production
was studied using the same medium B (pH 6.0) at 20, 30, 37, 40, and
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50oC. Nitrogen sources such as peptone, yeast extract, skim milk,
tryptone, and beef extract (1% w/v); carbon sources such as glucose,
fructose, and sucrose (0.5% w/v); and divalent cations such as
CaCl2, MgCl2, FeCl2, ZnCl2, CuCl2, and MnCl2 (10 mM) were tested
using medium B. The culture supernatant was used for different
enzyme bioassays.

Purification of the Protease, SDS-PAGE, and Zymogram Analyses

For the production of protease, Chryseobacterium sp. PUPC1 was
grown in 150 ml of medium B in an Erlenmeyer flask (500 ml)
containing 0.5% sucrose, 1% tryptone, 0.17% NaHPO4·H2O, 0.025%
KH2PO4, 0.025% MgSO4·7H2O, 0.005% MnCl2·4H2O, and 0.005%
FeSO4·7H2O (pH 6.0). Two ml of seed culture was transferred into
150 ml of the same medium and grown at 30oC for 72 h in an orbital
shaking incubator. Cell-free supernatant was collected by centrifugation
at 8,500 ×g for 30 min at 4oC and used for further purification. The
supernatant (1,500 ml) was then fractionally precipitated using
ammonium sulfate. Precipitates were removed by centrifugation
(8,500 ×g for 30 min at 25oC), and dissolved in 10 mM TSE buffer
(pH 7.5). Each precipitate fraction was then dialyzed for 48 h against
the same buffer with change in buffer at every 12 h and assayed for
antifungal and protease activities. The resultant dialysate of 70%
fraction was further purified by gel filtration chromatography using
Sephadex G-75 in a glass column (1.6 cm×50 cm) equilibrated with
TSE buffer (pH 7.5). Proteins were eluted with the same buffer at a
flow rate of 0.5 ml/min. The protein-rich fractions were pooled and
lyophilized. The lyophilized sample was electrophoresed in a preparative
SDS-PAGE using 10% polyacrylamide gel [19]. The sample was
not denatured by heating or reducing agents; low-molecular mass
markers (14-205 kDa) (Genei, India) were used to estimate the
molecular mass of the protease. The resolved protein bands were
visualized by KCl staining [10], and the bands were excised separately
and eluted using 1× SDS-running buffer (1 ml) in a dialysis tube. The
tubes were placed perpendicular to the current field in a horizontal
electrophoresis tank containing 1× SDS-running buffer and run at
100 V for 2 h. The eluted proteins were dialyzed overnight in TSE
buffer (pH 7.5) at 4oC. The dialyzed proteins were lyophilized to perform
protease and antifungal activities. The purity of the sample was
determined by 10% SDS-PAGE and visualized by silver staining, and
the proteins were assayed for protease by zymogram analysis, which
was carried out using 10% resolving gel with 1% gelatin. After
electrophoresis, the gel was incubated for 30 min at room temperature
in renaturing buffer, Triton X-100, on a rotary shaker. The gel was
washed with distilled water and then incubated in zymogram
developing buffer (50 mM Tris base 50 mM Tris-HCl, 0.2 M NaCl,
5 M MnCl2·4H2O) at 37oC for 4 h. The digested band (protease
activity) was visualized as the nonstained region in the gelatin gel.
Protein was determined [21] with bovine serum albumin as the
standard. The protein concentration was estimated by measuring the
absorbance at 680 nm.

Thermal and pH Stability

The thermal stability of the purified protease was determined by
measuring the residual inhibitory activity at 37oC after diluting the
protease with 20 mM Tris, pH 7.0 (0.3 U/ml). The diluted sample was
incubated at the desired temperatures 30-100oC. At appropriate time
intervals (0, 5, 10, and 15 min), 100-µl aliquots were withdrawn and
the activity was tested at 37oC. Buffers and test tubes were brought
to the test temperature before the protease sample was added to assay

tubes. The pH stability was determined by using different buffer
systems: sodium bicarbonate/citrate (50 mM and 25 mM, respectively)
of various pH 2.0-8.0, and sodium carbonate/sodium bicarbonate
(50 mM) of pH 9.0 and 10.0. After incubation of protease (0.3 U/
ml) with the desired pH, 100-µl aliquots were withdrawn at
appropriate time intervals (0, 5, 10, and 15 min) and the activity was
tested at 37oC.

Inhibition of Mycelial Growth, Germination of Spores, and

Sclerotia by Antifungal Protease

The effect of purified protease on the growth of mycelia was tested
following the disc diffusion method [34] as described earlier and
mycelial inhibition was observed around the disc. For scanning electron
microscope (SEM) analysis, mycelial samples from the periphery of
the zone of inhibition of P. theae and mycelial samples from control
plates were mounted directly on Scotch double-adhesive tape, and
coated with gold (100 Å) using a vacuum evaporator (Hitachi, HUS 5
GB). Coated samples were analyzed in an SEM (Hitachi, S-3400N)
operated at 15 kV. Effect of purified protease on the germination of
R. solani sclerotia and C. lunata spores was performed by treating
sclerotia and spores (106 spores/ml) with 120 µg of purified protease in
sterile eppendorf tubes. Sclerotia and spores in sterile distilled water
served as controls. Both the test and control tubes were incubated at
30oC for 24-48 h. Then, the spores and sclerotia were checked for
germination on PDA plates. Spore germination was also observed
under a light microscope at ×400 magnification.

RESULTS

Isolation of Protease-producing Bacteria and Screening

for Antifungal Activity

Protease-producing bacteria were identified by zone

formation around the bacterial colonies in skim milk agar

plates. Out of the 18 strains isolated from rice rhizospheric

soil, only the strain PUPC1 exerted antifungal activity against

phytopathogenic fungi. Strain PUPC1 induced growth-free

inhibition zones (2-6 cm) against all fungi tested (Fig. 1A).

Light microscopic observation of the mycelium from the

inhibition zone showed the deformation and swellings of

the mycelium (Fig. 1D) compared with the control mycelium,

which was found intact. 

Morphological, Cultural, and Physiological

Characterizations of the Antifungal Bacterium

PUPC1 was found to be a Gram-negative, spherical, rod-

shaped, nonsporulating, and nonmotile bacterium. The

bacterium is smooth, circular, and yellow-pigmented on

nutrient agar medium. It is positive for oxidase, catalase,

urease, gelatin hydrolysis, utilization of citrate, and acid

production from glucose and sucrose. PUPC1 utilized

glucose, dextrose, galactose, malonate, and citrate, but did

not utilize carbons such as lactose, xylose, fructose, melibiose,

L-arabinose, mannose, glycerol, ribose, α-methyl-D-mannoside,

xylitol, esculin, D-arabinose, sorbose, trehalose, sorbitol,

mannitol, adonitol and glucosamine. Differential characteristics
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of PUPC1, and other Chryseobacterium species are shown

in Table 1.

16S rRNA Gene Amplification, Sequencing, and

Phylogenetic Analysis

The 16S rRNA nucleotide sequence and phylogenetic analysis

revealed the identification of PUPC1 as Chryseobacterium

aquaticum (Fig. 2). PUPC1 showed 99% homology with

Chryseobacterium aquaticum (AM398648). 

Determination of Plant Growth Promoting Hormones

and Enzymes

PUPC1 produced plant growth promoting enzymes such as

ACC deaminase and phosphate-solubilizing enzyme, but

did not produce IAA. The solubilization of tricalcium

phosphate was monitored in Pikovskaya’s liquid medium

(Fig. 3A). 

Isolation and Antifungal Activity of Crude Compound

The dialyzed protein after filter sterilization was quantified

to be 29 mg/ml with protease activity of 340 U/ml. The

crude-compound-loaded sterile disc exhibited inhibition of

mycelial growth. The control plate with buffer-loaded disc

showed no inhibition. 

Optimization of Culture Conditions

In order to optimize the culture conditions for the production

of antifungal compound, PUPC1 was grown in medium B,

and showed maximal antifungal and protease activities

during the late exponential phase (42 h) of incubation. The

results showed that tryptone induced the production of

more antifungal compound and protease activity at 42 h of

incubation, which decreased thereafter. Similarly, sucrose

as carbon source exhibited maximal antifungal and protease

activities at a concentration of 0.5% (w/v) in 42 h of incubation.

Manganese (Mn2+) exhibited maximal activity as divalent

cation at a concentration of 0.05%. The optimal temperature

and pH for the antifungal compound production were observed

at 30oC and pH 6.0. 

Time-Course Induction of Antifungal Protease Production

The time-course cultivation of PUPC1 was performed at

optimal conditions to monitor the cell growth, protease activity,

and pH of the culture medium at every 6 h up to 4 days.

The cell-free supernatant provided increased antifungal

inhibition zone with increase in cell growth. Simultaneously,

protease activity also increased with cell growth, and maximum

production was found to be 34.22 U/ml at 42 h of incubation.

On further incubation, the activity decreased to attain a steady

phase until 96 h of incubation. The increases in protease

activity and antifungal activity with increased cell growth

are speculated to be as a result of enzyme activity (Fig. 3B).

Fig. 1. Antifungal activity of PUPC1. 
A. P. theae-inoculated potato dextrose agar (PDA) plate (control) showing

normal growth; treated, showing inhibition by PUPC1 cells. B. P. theae-

inoculated PDA plate containing filter paper disc loaded with Tris buffer (control)

with no inhibition; filter paper disc loaded with 60 µg protease (treated) showing

growth inhibition around the paper disc. C. Sclerotia of R. solani (control)

showing germination, and sclerotia (treated) showing no germination. D. Light

microscopy of P. theae mycelia; normal intact hyphae (control) and swellings

of hyphae due to protease (treated). E. Scanning electron microscopy of P.

theae mycelia; normal intact mycelia (control), and deformed, swollen mycelia

due to protease (treated). F. Spore germination of C. lunata (control), and

spore suppression of C. lunata due to protease (treated).

Table 1. Differential characteristics of PUPC1 and other
Chryseobacterium species.

Characteristics
Chryseobacterium species

1 2 3 4 5 6 PUPC1

Acid production from

Glucose + + + + - + +

Sucrose - - - - - + +

Mannitol V - - V - - -

Growth at 36-37oC + - + + - + +

Growth on

MacConkey agar V + - - - - -

Nitrate reduction V + - - - - -

Urease activity - - - V - + +

Indole production + + + V - - -

Malonate utilization + NA NANA NA + +

+, Positive reaction; -, negative reaction; NA, not available; V, variable result.

Chryseobacterium species: 1, C. indologenes; 2, C. balustinum; 3, C.

indoltheticum; 4, C. meningospecticum; 5, C. scophthalmum; 6, C. aquaticum
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Effects of pH, Temperature, Nitrogen, Carbon, and

Divalent Cations on Antifungal Protease Production

Maximum protease activity was observed at pH 6.0 and

30oC (Fig. 3B). The medium B with 1% tryptone as nitrogen

source, 0.5% sucrose as carbon source, and MnCl2 as

divalent ion showed the maximum protease activity at 42 h

(Fig. 3C).

Purification of Protease

The purification of the protease from PUPC1 is summarized

in Table 2. The 1,500-ml culture supernatant yielded 4,560 mg

of protein with total protease activity of 4,104 U (0.9 U/mg).

Ammonium sulfate precipitation facilitated approximately

14-fold purification (175 mg of total protein; total activity

2,213 U; specific activity 12.6 U/mg). The ammonium sulfate

precipitate (70%) was further purified by Sephadex G-75.

Protein fractions were eluted with TSE buffer (pH 7.5).

The fractions were analyzed for protease activity and the

active fractions 5-11 were pooled together. The Sephadex

G-75 gel filtration chromatography facilitated approximately

68-fold purification of protease (12.5 mg of total protein; total

activity 765 U; specific activity 61.2 U/mg). The concentrated

pooled fractions (5-11) were electroeluted on preparative

SDS-PAGE that resulted in 81-fold purification (2.97 mg

of total protein, 216 U total activity, 72.7 U/mg specific

activity). 

SDS-PAGE and Zymogram Analyses

The purified enzyme was also confirmed to be homogeneous

by SDS-PAGE. The molecular mass of the enzyme was

determined as 18.5 kDa through BioGene software v11.02

(Vilber Lourmat, France) (Fig. 4A). The zymogram analysis

revealed the protease activity as indicated by a nonstained

region in the gelatin gel due to enzymatic digestion of

substrate (Fig. 4B).

Measurement of Enzyme Activity, and Thermal and

pH Stability

Under the assay conditions with 20 mM Tris buffer (pH

7.0), the purified enzyme showed protease (0.3 U/ml) activity

Fig. 2. Phylogenetic tree analysis of Chryseobacterium strain PUPC1 and its phylogenetically closest bacteria on the basis of 16S
rRNA gene homology. The branching pattern was generated by the neighbourjoining method. Bootstrap probability values are indicated
at branch-points (tree resampled for 1,000 times). Accession numbers are indicated in parentheses.
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but did not exhibit chitinase, N-acetyl-D-glucosaminidase,

cellulase, xylanase, and lysozyme activities. The optimum

temperature for the protease activity was observed at 60oC.

The 50% decay time of protease at 90oC was 4.5 min. The

purified protease showed maximum activity at pH 8.0. The

50% decay time of protease at pH 2.0 and 11.0 was 3 and 5

min, respectively. 

Inhibition of Mycelial Growth, Germination of Spores,

and Sclerotia by Antifungal Protease

In order to investigate the relationship between antifungal

activity and protease, the antifungal mechanism of the

purified protease from Chryseobacterium sp. PUPC1 was

investigated using paper disc bioassay. Mycelial samples

from the periphery of the zone of inhibition due to protease

and from the control plate were examined under light and

electron microscopes. Purified protease exhibited antifungal

activity against Pestalotia theae (Fig. 1B). The SEM image

of the protease-treated P. theae revealed the swelling of

hyphae compared with normal intact hyphae of the untreated

control (Fig. 1E). The germination of R. solani sclerotia

(Fig. 1C) and Curvularia lunata spores (Fig. 1F) was also

inhibited by protease after 48 h of incubation.

DISCUSSION

A protease-producing bacterium, PUPC1, exhibiting antifungal

activity was isolated from rice rhizospheric soil. Based on

the morphological, cultural, and physiological characteristics,

PUPC1 was identified as Chryseobacterium sp. The 16S

rRNA sequence analysis and subsequent construction of

phylogenetic tree confirmed the identity of strain PUPC1

as Chryseobacterium aquaticum. Park et al. [25] reported

the community diversity of heterotrophic bacteria associated

with the rhizospheric soil, in which species of Pseudomonas,

Bacillus, Chryseobacterium, and Arthrobacter formed the

majority of microbial population. A diversity of fluorescent

pseudomonad bacteria associated with rice has been

reported [32]. Rhizobacteria such as B. licheniformis, C.

balustinum, and P. fluorescens have been reported for their

synergistic effect on growth promotion and biocontrol on

tomato and pepper against Fusarium wilt and Rhizoctonia

damping-off, either alone or in combination [7]. These microbes

suppressed fungi probably because of their differential

mechanisms such as production of siderophore [22], antibiotics

[34], hydrolytic enzymes [4], and plant growth promoting

hormones such as IAA and phosphatase [3, 18]. However,

Fig. 3. A. Determination of phosphate-solubilizing activity of
strain PUPC1. B. Time-course induction of protease production
by PUPC1. C. Effects of nitrogen sources, carbon sources, and
divalent cations on protease production by Chryseobacterium sp.
PUPC1.

Table 2. Protease purification profile of PUPC1.

Purification 
procedure

Total
protein
(mg)

Total
activity

(U)a

Specific
activity
(U/mg)

Yield
(%)

Purification
fold

Culture supernatant 4,560 4,104 0.90 100 1.0

Ammonium sulfate 0,175 2,213 12.6 053 14

precipitation  

Sephadex G-75 12.5 0,765 61.2 019 68

Electroelution 2.97 0,216 72.7 5.0 81

from SDS-PAGE

aOne unit (U) of protease activity was defined as the amount of enzyme that

hydrolyzed the substrate and produced 1 µmol tyrosine in 1 min.
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the mechanism of biocontrol or plant growth promotion by

Chryseobacterium strains is not known. 

Strain PUPC1 produces an antifungal protease as well as

plant growth promoting enzymes such as ACC deaminase

and phosphatase. Both of these enzymes have been well

documented as mechanisms for improving the growth and

health of crop plants [26]. Although protease and protein-

deaminating enzyme production in the species of

Chryseobacterium has been reported [35, 40], antifungal

protease production and phosphate solubilization by rice

rhizosphere-associated Chryseobacterium have not been

reported so far. Antifungal proteases and phosphate-solubilizing

enzymes have been identified in other rhizobacteria such

as Pseudomonas [23] and B. subtilis B-916 [20].

Suppression of mycelia, as well as inhibition of germination

of spores and sclerotia, is the primary effect of antifungal

compounds. Hydrolytic enzymes such as chitinase, glucanases,

cellulase, xylanase, and protease by antagonistic microorganisms

play a major role in fungal suppression. Endochitinase and

chitobiosidase produced by Trichoderma harzianum inhibited

Botrytis cinerea and F. solani [11]. Chitinases produced by

Bacillus amyloliquefaciens V656 [38] inhibited F. oxysporum.

Chitinolytic enzymes produced by Enterobacter agglomerans

inhibited R. solani [5]. Consequently, it was investigated

whether other hydrolytic enzymes such as chitinase, cellulase,

and xylanase were also present in the fermentation broth of

Chryseobacterium sp. PUPC1. To avoid the interfering of

the enzyme activity analysis by reducing sugars present,

the culture supernatant was concentrated with ammonium

sulfate precipitation to remove the above impurities. moreover

to avoid the interference of analysis of antifungal activity

by Chryseobacterium sp. PUPC1 cells itself, the ammonium

sulfate precipitation was further filtered aseptically through

0.45-µm pore-size membrane filters (removed cells of

Chryseobacterium sp. PUPC1). It was found that the

concentrated solution possessed both antifungal activity and

protease activity. Since other hydrolytic enzyme activities

were not found, it was inferred that the antifungal activity

of Chryseobacterium sp. PUPC1 should not be related to

other enzymes but might be related to protease.

Light and scanning electron microscopic examinations

disclosed the antimicrobial activity of the protease due to

the mycelial growth suppression and swellings as well as

inhibition of spore germination which is the primary effect

of most antifungal compounds. This antifungal mechanism

is different from other antifungal bacteria; for example, the

antibacterial compound produced by P. aeruginosa K-187

was glycoprotein [37] the antifungal by P. fluorescens

was phenazine antibiotic [1, 2, 29, 34], the antibacterial

compound produced by Pseudomonas sp. CL 1457 was an

extracellular protease [33], and the antibacterial compounds

produced by P. fluorescens ATCC 948 was a proteinaceous

compound [9]. Protein-glutaminase or protein-deamidating

enzyme from C. proteolyticum [17, 40], and proteases from

C. taeanense TKU001 (41 and 75 kDa) [39] and C. indologenes

(24 kDa) [34, 24] have been reported earlier. In the present

study, a protease (18.5 kDa) with antifungal activity against

fungal phytopathogens has been purified from the culture

supernatant of Chryseobacterium sp. PUPC1. 

The production of antifungal protease by strain PUPC1

was found to be induced with tryptone (1%) as nitrogen

Fig. 5. Effects of temperature and pH on enzyme activity.
A. Effect of temperature. B. Effect of pH. The enzyme activity measured at 37oC

was taken as 100%. All the results are the means of two independent experiments.

Fig. 4. SDS-PAGE and zymogram analyses of protease by
Chryseobacterium sp. PUPC1.
A. SDS-PAGE. Lane M, Protein molecular mass markers; lane 1, protease

(70% ammonium sulfate); lane 2, gel filtration fraction; lane 3, purified

protease (18.5 kDa). B. Zymogram. Lane 1, Control lane with TSE buffer,

pH 7.5; lane 2, Purified protease (40 µg) showing activity (nonstained

region) indicated by the arrow.
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source and sucrose (0.5%) as carbon source, similar to the

antifungal protein induction by tryptone in B. subtilis B-916

[20]. The new strain PUPC1 reported in this study exerted a

broad-spectrum antifungal activity due to its protease-producing

ability. This strain showed maximum protease production

in the late log phase (42 h) and the optimum temperature

(30oC) enhanced the growth of PUPC1 and its protease

production. Tryptone, sucrose, and Mn2+ also maximized the

protease production. Owing to its innate ability to produce

plant growth promoting enzymes, ACC deaminase, phosphate

solubilization, and protease with broad-spectrum antifungal

activity against phytopathogenic fungi, the bacterium

Chryseobacterium sp. PUPC1 may be used in sustainable

agricultural applications for plant growth promotion and

biocontrol of fungal diseases.
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