
ORIGINAL PAPER

Identification and characterization of a novel Bacillus subtilis
strain with potent antifungal activity of a flagellin-like protein

Jian Jun Ren • Guang Lu Shi • Xiao Qin Wang •

Jing Guo Liu • You Nian Wang

Received: 2 April 2013 / Accepted: 7 June 2013 / Published online: 18 June 2013

� Springer Science+Business Media Dordrecht 2013

Abstract The filamentous fungus Botrytis cinerea is an

important agricultural pathogen affecting a wide range of

cultivated plants. Since World War II, chemical fungicides

have been the go-to method for agricultural pathogen

control. However, the potential adverse environmental and

health effects of these chemicals have led to an increasing

demand for alternative methods of pathogen control,

including biological control agents. In this study, we

identified a bacterial isolate with strong antagonistic

activity against B. cinerea. An analysis of the 16S rRNA

gene sequence for this isolate identified it as a novel strain

of Bacillus subtilis. Culture media from this isolate were

harvested and fractionated using ion exchange and gel fil-

tration chromatography. The fraction exhibiting the highest

level of antifungal activity was identified, and its sequence

determined by electrospray tandem mass spectrometry had

significant similarity to flagellin. This flagellin-like protein

was exogenously expressed in Escherichia coli, and

screened for antifungal activity against B. cinerea. This

flagellin-like protein demonstrated clear antifungal activity

of inhibiting B. cinerea growth.
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Introduction

The filamentous fungus Botrytis cinerea is an important

agricultural pathogen affecting a wide range of cultivated

plants, and can cause significant economic losses both

before and after harvest (Guinebretiere et al. 2000).

Chemical and biological approaches are commonly used to

control B. cinerea (Daniel et al. 2006). Since World War II,

broad-spectrum synthetic chemical fungicides have been

used to control fungal populations, but the use of these

fungicides is being phased out in many countries due to

increasing resistance (Rosenberger and Meyer 1981; Spotts

and Cervantes 1986). Furthermore, many governments

have begun to restrict the use of chemical fungicides due to

environmental concerns, echoing the demands of con-

sumers’ concern on safety of chemical pesticides usage

(Caia et al. 1988). Combined with the emergence of iat-

rogenic diseases caused by fungicides (Jordan 1973; Hislop

1976; Griffiths 1981), these concerns have increased

interest in alternative methods of pathogen control (Mari

et al. 1996). As a result, the use of natural fungicides, as a

component of integrated pest management, has been

gaining acceptance throughout the world (Estibaliz et al.

2010).

Numerous biocontrol methods have been successfully

developed in recent years (Guinebretiere et al. 2000;

Montealegre et al. 2003; Daniel et al. 2006). One such

example is Bacillus thuringiensis, a Gram-positive, soil-

dwelling bacterium that has been successfully used as a

biopesticides in agriculture and forestry. Its advantages lie

in its specific toxicity against target insects, lack of

J. J. Ren

College of Forestry, Beijing Forestry University, Beijing

100083, China

J. J. Ren � X. Q. Wang � Y. N. Wang (&)

Key Laboratory of Urban Agriculture of Ministry of Agriculture,

Beijing 102206, China

e-mail: rjj666@aliyun.com

G. L. Shi � J. G. Liu

College of Biological Science and Engineering,

Beijing 102206, China

123

World J Microbiol Biotechnol (2013) 29:2343–2352

DOI 10.1007/s11274-013-1401-6



polluting residues, and safety to non-target organisms such

as mammals, birds, amphibians, and reptiles (Estibaliz

et al. 2010).

Microorganisms that grow in the soil are ideal for use as

biocontrol agents, as many possess defense mechanisms

that directly inhibit plant pathogens. Several mechanisms

have been proposed to explain pathogen suppression

(Thomashow and Weller 1996), including competition for

nutrients (e.g., via the production of siderophores) and the

production of toxic metabolites such as antibiotics and

HCN (O’Sullivan and O’Gara 1992; Thomashow and

Weller 1996). Considering the potential environmental and

health risks of chemical fungicides, we attempted to

identify bacterial isolates exhibiting antagonistic activity

against fungal pathogens. In this paper, we describe the

isolation and characterization of a novel strain of Bacillus

subtilis exhibiting significant potential for use as an

effective biocontrol agent. We also describe the identifi-

cation of an antifungal compound isolated from B. subtilis

culture filtrates, along with the gene responsible for its

production. The in vitro antagonistic effects of this com-

pound against B. cinerea were also investigated.

Materials and methods

Reagents and chemicals

All fungal strains (Fusarium moniliforme, Colletotrichum

gloeosporioides, Verticillium dahliae Kleb., Fusarium so-

lani, Ralstonia solanacearum, Polyporus hirsutus, B.

cinerea, and Monilinia laxa) were isolated from different

hosts and identified by the Department of Plant Science and

Technology, Beijing University of Agriculture (Beijing,

China). All reagents and solvents used in this study were

analytical grade.

Isolation of bacteria for studies of antagonism

A total of 200 soil samples were collected from 50 different

agricultural sites in a suburban area of Beijing. All loca-

tions were selected at random; the study sites consisted of

public areas free of environmental or other restrictions

governing scientific research. At each site, four plots were

formed, each approximately 15 m 9 5 m. A total of 20

individual samples were randomly collected from the sur-

face layer (0–15 cm) of each plot using a sterile auger, and

mixed to yield one composite sample per plot; a total of 4

composite soil samples were collected from each site.

Mixing and root debris removal was achieved by passage

through a 2-mm mesh sieve. Bacterial cultures were

obtained by dissolving 5 g of soil into 100 mL of phos-

phate buffer solution (pH 7.4). The cultures were incubated

at 37 �C on an orbital shaker for 15 min at 160 rpm. The

supernatants were then diluted 10–1,000 fold. A total of

100 lL of each dilution was spread on an LB agar plate

and incubated at 37 �C until most of the bacterial colonies

became visible (Maria and Ruiz de Valladares 2003). A

total of 103 isolates were selected for further analysis;

bacterial isolates were purified by streaking on agar plates,

and stored at -80 �C (Adesina et al. 2007). Based on

in vitro dual plate cultures and potato dextrose agar (PDA)

assays, isolate RN-061 was selected for further testing as

an in vivo biological control agent.

Determination of the antagonistic activity

of the isolated bacteria

To determine the potential antifungal activity of each

bacterial isolate in vitro, isolates were co-cultured along-

side the pathogenic fungus B. cinerea. The fungal strains

were cultured on PDA plates for 5 days at 28 �C; bacterial

strains were grown in LB liquid medium for 24 h at 37 �C

(Suárez-Estrella et al. 2007). Competitive interactions

between the bacterial isolates and B. cinerea were evalu-

ated in dual-culture experiments on 90-mm Petri dishes

containing 20 mL of PDA. Mycelial disks (5 mm in

diameter) from fungal colonies and 2 lL of bacterial sus-

pension from the LB cultures were placed on the agar

surface, 30 mm apart. Control cultures were inoculated

with 2 lL of distilled water instead of bacteria. Immedi-

ately after inoculation, the plates were sealed with plastic

film and incubated at 28 �C in the dark for 3–5 days.

Colony growth and inter-specific interactions were exam-

ined daily under a stereomicroscope (Gloria et al. 2003);

inhibition was defined as the absence of contact between

the bacterial and fungal strains (Hernández-Rodrı́gueza

et al. 2008). From these analyses, isolate RN-061 was

identified as exhibiting the strongest antifungal activity.

This isolate was then tested against a range of fungi to

determine its spectrum of antifungal activity.

Antifungal activity of culture filtrates

from the antagonistic bacteria

Bacteria showing antagonistic activity against B. cinerea

were cultured at 37 �C for 48 h at 160 rpm in LB media.

Bacterial culture filtrates were concentrated by rotary

evaporation and passed through sterile 0.45-lm Millipore

filters (Millipore, Billerica, MA, USA). The inhibitory

effects of these concentrated extracts toward B. cinerea

were assessed using the method of Hastings and Kirby

(1966) with modifications. Briefly, 10 mL of extract was

mixed with 90 mL of molten PDA culture medium (45 �C)

and spread on 90-mm plates. Next, mycelial disks (5 mm

in diameter) from 5-day-old fungal cultures were placed in
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the center of each plate. Control cultures were inoculated

using mycelial disks on standard PDA media. The plates

were incubated for 3–5 days at 28 �C. Two perpendicular

directions of radial growth of the fungal colony were

measured using a stereo zoom microscope (Ah et al. 2009).

The percentage of inhibition was calculated through a

comparison with the control plate, as described in Bashan

et al. (1996). The experiment was repeated three times with

five replicates per treatment (Hernández-Rodrı́gueza et al.

2008).

Amplification of the 16S rRNA gene of isolate RN-061

by PCR

Strain RN-061 was further characterized using standard

biochemical methods combined with 16S rRNA gene

sequence analysis. Chromosomal DNA was isolated from

bacterial cells using a bacterial genomic DNA preparation

kit (Tiangen, Beijing, China). The 16S rRNA gene of RN-

061 was amplified using the universal primers 27f (50-
AGAGTTTGATCCTGGCTCAG-30) (Invitrogen, Carls-

bad, CA, USA) and 1492r (50-GGTTACCTTGTTACG-

ACTT-30) (Invitrogen), which are complementary to the 50

and 30 ends of the prokaryotic 16S rRNA gene, respectively

(Lane 1991). All PCRs were performed using a MyCycler

S1000 (Bio-Rad, Hercules, CA, USA). Amplification was

carried out in a 25-lL reaction volume using a PCR master

mix kit (Invitrogen) according to the manufacturer’s

instructions, under the following conditions: 95 �C for a

5-min initial denaturation step, followed by 32 cycles of

denaturation at 95 �C for 30 s, annealing at 53 �C for 30 s,

and extension at 72 �C for 90 s, with a final extension at

72 �C for 5 min. The products were purified using an

AxyPrep PCR Clean-Up Kit (Axygen, Union City, CA,

USA) according to the manufacturer’s instructions, and

analyzed by 1 % agarose gel electrophoresis. The purified

products were sequenced using the same primers with an

Applied Biosystems 3730XL genetic analyzer (Foster City,

CA, USA) according to the manufacturer’s instructions.

The sequences were analyzed for similarity to other known

sequences found in the GenBank database using BLAST.

Ion exchange chromatography and gel filtration

chromatography (GFC)

A single colony of isolate RN-061 was streaked onto LB

agar plates and incubated at 37 �C for 12 h. Following

incubation, the plates were washed with 1 mL of sterile

water, and the suspension used to inoculate 30 mL of fer-

mentation broth. The broth was incubated at 37 �C on an

orbital shaker at 160 rpm for 48 h, followed by centrifu-

gation at 10,000 rpm at 4 �C for 15 min. The supernatant

was transferred to a new tube, saturated with 80 %

(NH4)2SO4, and incubated at 4 �C for 48 h. The precipitate

was collected by centrifugation at 10,000 rpm at 4 �C for

15 min, dissolved in distilled water, and dialyzed using a

25-kDa filter (Biomed Instruments Inc., Fullerton, CA,

USA) to remove the (NH4)2SO4. Crude proteins were

dissolved in Tris–HCl buffer (pH 8.0) at a concentration of

20 mg/mL, and loaded for fast protein liquid chromatog-

raphy on a DEAE anion exchange column (CL-6B; Sigma,

St. Louis, MO, USA) equilibrated with Tris–HCl buffer

(pH 8.0). Elution was performed using a linear gradient of

NaCl (0–1.5 M) in the same buffer at a flow rate of 1 mL/

min. Each fraction, collected at a volume of 5 mL, was

monitored at 280 nm. Next, pooled fractions were con-

centrated with a rotary evaporator, and the antifungal

activity was investigated. Fractions exhibiting the strongest

antifungal properties were lyophilized and subjected to

further separation.

Those protein fractions exhibiting the highest levels of

antifungal activity were further purified after dissolution in

distilled water by loading onto a Sephadex G-25 gel fil-

tration column (2.5 cm 9 75 cm) previously equilibrated

with distilled water. The column was eluted with distilled

water at a flow rate of 1 mL/min. Each fraction was col-

lected at a volume of 3 mL and monitored at 280 nm.

Pooled fractions were concentrated using a rotary evapo-

rator, and the antifungal activity was investigated. Those

fractions exhibiting strong antifungal properties were

lyophilized according to the method of Laemmli and Favre

(1973). Lyophilized proteins were resolved by SDS-PAGE

and stained with Coomassie blue. The molecular mass of

the antifungal protein was determined by comparing its

electrophoretic mobility to those of molecular mass marker

proteins from Fermentas (Burlington, ON, Canada), fol-

lowed by electrospray tandem mass spectrometry (ESI–

MS/MS) to determine the sequence of the purified protein

(Kumar et al. 2012).

Identification of the proteins by ESI–MS/MS

The protein bands were excised from the polyacrylamide

gel and purified using an SDS-PAGE Clean-Up Kit (Ax-

ygen). The samples were dissolved in 75 % acetonitrile/

25 % water (HPLC grade), and loaded into an FIA type

3200 QTRAP mass spectrometer (Applied Biosystems).

The sample was passed at a flow rate of 20 lL/min via the

electrospray interface, which was operated in the positive

electrospray ionization (ESI ? ve) mode. High-purity

nitrogen was used for drying (35 psi) and ESI nebulization

(45 psi). Spectra were recorded over the mass/charge (m/z)

ratio. Three spectra were averaged in the MS and multiple

MS (MS/MS) analyses. Protein sequencing was performed

by manual calculation.
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PCR amplification and sequence analysis

of the flagellin gene

Specific primer pairs (FLA-f and -r) were manually

designed based on the flagellin gene of B. subtilis subsp.

subtilis str. 168 to amplify the complete sequence of the

flagellin gene from the RN-061 genome. In this experi-

ment, Flagellin-f (50-CATGCCATGGATGAGAATTAAC

CACAATATTGC-30) and Flagellin-r (50-CCGCTCGAGA

CGTAATAATTGAAGTACGT-30) were used as upstream

and downstream primers, respectively. Amplification was

carried out in a 50-lL reaction volume containing 10 lL of

Taq polymerase buffer (59), 1 lL of dNTPs (10 lM),

2 lL of MgCl2 buffer (25 mM), 0.5 lL of each primer

(10 lL), 0.125 lL of Taq polymerase (5 U/lL), and

1–5 lL of template. The reaction conditions were as fol-

lows: denaturation for 5 min at 94 �C, followed by 25

cycles of 94 �C for 30 s, 56 �C for 30 s, and 72 �C for

45 s, with a final extension at 72 �C for 5 min. The prod-

ucts were resolved by electrophoresis on 1 % agarose gels

and compared to a 4.5-kb DNA ladder. The purified

products were sequenced using the same primers and

analyzed for similarity to other known sequences found in

the GenBank database using BLAST.

Identification of the antifungal function of the novel

flagellin gene

The resulting PCR fragment was cloned using Phusion

polymerase to introduce XhoI and NcoI restriction sites at

the 50 and 30 ends, respectively. The PCR products were

digested with XhoI and NcoI, and cloned into pET-28a(?)

to produce pET-FLA061. pET-FLA061 was then trans-

formed into Escherichia coli Rosetta competent cells, and

grown on LB medium containing kanamycin (20 lg/mL)

at 37 �C until individual colonies arose. Individual colonies

were harvested and grown overnight at 37 �C in liquid LB

medium again until the optical density at 600 nm reached

0.8–1.0. Expression of the flagellin protein (FLA) was

induced using isopropyl-1-thio-b-D-galactopyranoside

(0.5 mM) followed by incubation at 37 �C overnight.

Transformed colonies lacking the target gene were used as

controls. The antifungal activity of the transgenic E. coli

strain was analyzed using the method described above.

Statistical analysis

All assays for antifungal activity were conducted in three

replicates. The data are expressed as the mean ± standard

deviation. Statistical analyses were performed using SPSS

10.0 software (SPSS Inc., Chicago, IL, USA). Significant

differences were determined with 95 % confidence inter-

vals (P \ 0.05).

Results

Isolation, characterization, and screening

of antagonistic bacterial strains

A total of 103 colonies were chosen at random from plates

containing a wide array of divergent colonies (Thirumala

et al. 2010). All isolates were screened for their ability to

inhibit the growth of B. cinerea. As shown in Table 1, in

the dual culture plate assay, only 14 of the 103 strains were

found to be antagonistic to B. cinerea on PDA. The

antagonistic activity of the strains eventually stabilized,

with isolate RN-061 exhibiting the most potent suppression

of fungal development (Table 1). The zone of inhibition

between isolate RN-061 and B. cinerea was 7.12 mm after

5 days compared with -6.81 mm for the B. cinerea-inoc-

ulated control, indicating significant inhibition of fungal

growth (P \ 0.05; Fig. 1). The antifungal activity of iso-

late RN-061 was not limited to B. cinerea; it possessed

activity against different fungi representing multiple genera

(Table 2). As a result, this isolate was selected for further

study.

PCR amplification and sequence analysis of the 16S

rRNA gene of RN-061

The 16S rRNA gene from isolate RN-061 was amplified by

PCR and compared against the GenBank database by

Table 1 Inhibition of B. cinerea by antagonistic bacterial isolates in

dual culture

Isolates The diameter of the inhibition against B. cinerea (mm)a

3 days 4 days 5 days

CK 0.00 g -(3.21 ± 0.34) g -(6.81 ± 2.15) f

RN-032 2.73 ± 0.25 efg 1.53 ± 0.15 ef 0.66 ± 0.12 e

RN-061 9.50 ± 0.50 a 7.70 ± 0.61 a 7.12 ± 0.35 a

RN-063 8.00 ± 2.64 abc 6.51 ± 2.53 ab 5.41 ± 1.59 ab

RN-065 5.67 ± 0.58 bcde 4.37 ± 0.98 bcd 2.97 ± 0.58 cd

RN-067 3.83 ± 2.57 def 1.83 ± 0.51 ef 0.81 ± 0.31 de

RN-068 8.83 ± 1.26 ab 6.23 ± 2.12 ab 5.70 ± 1.17 ab

RN-069 3.27 ± 1.62 def 1.27 ± 1.32 f 1.21 ± 0.35 de

RN-070 2.07 ± 1.78 fg 1.00 ± 1.78 f 1.00 ± 1.78 de

RN-071 4.17 ± 0.76 def 3.17 ± 1.26 cdef 2.91 ± 1.12 cd

RN-079 6.33 ± 0.58 abcd 5.26 ± 1.52 bc 5.16 ± 1.50 ab

RN-088 8.33 ± 1.52 abc 5.33 ± 0.57 bc 5.09 ± 0.50 ab

RN-089 5.83 ± 0.76 bcde 3.83 ± 0.16 cde 2.81 ± 0.19 cd

RN-092 5.17 ± 2.84 cdef 3.67 ± 0.88 cde 3.64 ± 1.32 bc

RN-093 5.50 ± 3.28 cde 2.91 ± 0.21 def 1.91 ± 1.31 cde

a Values are the mean ± SD of triplicate measurements, the means within

the same column not followed by the same letter are significantly different

according to Duncan’s test (P \ 0.05)
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BLAST. Our sequence analysis revealed 99 % similarity to

the 16S rRNA gene of B. subtilis subsp. subtilis str. 168

(GenBank accession no. NC_000964.3), B. subtilis

BEST7003 DNA (GenBank accession no. AP012496.1), B.

subtilis QB928 (GenBank accession no. NC_018520.1),

and B. subtilis BEST7613 (GenBank accession no.

AP012495.1). Isolate RN-061 was therefore considered to

represent a novel strain belonging to the B. subtilis family

and has been named B. subtilis RN-061. The 16S rRNA

sequence of this strain has been deposited in the GenBank

database (accession no. KC840668).

Isolation of antifungal metabolites from B. subtilis RN-

061

Media from B. subtilis RN-061 cultures were precipitated

in vitro by 80 % (NH4)2SO4 saturation. Following dialysis

and lyophilization, the cultures were fractionated using an

anion exchange column at pH 8.0 with a linear gradient

concentration of NaCl. All fractions were tested for anti-

fungal activity against B. cinerea. As shown in Table 3,

fractions 2 and 3 showed the highest overall activity with

inhibition rates of 40.94 and 34.06 %, respectively

(P \ 0.05). The inhibition rates decreased over time for all

fractions, similar to the results of our dual-culture experi-

ments. Fraction 2 was further purified using a gel filtration

column. As shown in Fig. 2, three peaks were eluted from

this fraction. Of these peaks, fraction B showed the highest

level of activity, with an inhibition rate of 50.00 % after

2 days, 45.86 % after 3 days, and 40.94 % after 4 days

(P \ 0.05; Table 4). The protein fractions were further

resolved by SDS-PAGE, revealing a single 32-kDa band

(Fig. 3).

Identification of an antifungal protein from B. subtilis

RN-061

To identify the protein described above, the protein band

was purified using a Sephadex G-25 gel filtration column

and analyzed by ESI–MS/MS. The spectrum pattern of

Fig. 1 The antagonistic activity

of RN-061 on the growth of B.

cinerea (after 5 days). The

control plate is shown at the left;

the treatment plate is shown at

the right. The small white

colony inoculated on both sides

of the pathogen fungi is strain

RN-061

Table 2 Inhibition spectrum of the antagonistic strains RN-61 in dual culture

Strains The inhibition ability to different pathogens (after 5 days)

Botrytis

cinerea

Colletotrichum

gloeosporioides

Verticillium dahliae

Kleb

Monilinia

laxa

Ralstonia

solanacearum

Polyporus

hirsutus

Fusarium

moniliforme

RN-61 ??? ? ?? ??? ?? ??? ???

A interpretation of the inhibition distance between pathogens and strain RN-61. ?, less than 3.00 mm; ??, 3.00–6.00 mm and ???, more than

6.00 mm

Table 3 The inhibition rate (%) of fractions from ion exchange on

the growth of B. cinerea

Name The inhibition rate (%) on B. cinerea at different timea

48 h 72 h 96 h

Fraction 1 22.31 ± 1.03 bc 13.87 ± 0.82 d 6.64 ± 1.52 de

Fraction 2 50.00 ± 0.65 a 45.86 ± 1.04 a 40.94 ± 1.03 a

Fraction 3 46.8 ± 0.25 a 38.56 ± 0.64 b 34.06 ± 1.25 b

Fraction 4 23.97 ± 0.96 b 22.45 ± 2.29 c 7.97 ± 0.70 cd

Fraction 5 12.40 ± 1.25 d 8.89 ± 3.04 ef 4.93 ± 1.67 ef

Fraction 6 21.07 ± 2.07 bc 10.70 ± 1.60 de 9.87 ± 1.17 c

Fraction 7 20.66 ± 5.55 bc 12.41 ± 4.68 de 3.42 ± 2.77 fg

Fraction 8 10.33 ± 0.97 d 5.35 ± 2.97 f 3.04 ± 0.68 fg

Fraction 9 12.40 ± 0.84 d 8.50 ± 1.09 ef 1.57 ± 0.46 g

Fraction 10 18.73 ± 2.51 c 8.76 ± 1.20 ef 7.02 ± 0.81 de

a Values are the mean ± SD of triplicate measurements, the means

within the same column not followed by the same letter are signifi-

cantly different according to Duncan’s test (P \ 0.05)
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separated products (Fig. 4) showed five main relative

abundance peaks, consistent with the molecular form of the

purified protein. The resulting protein sequence was blasted

against the NCBI database with the best overall match

showing 44 % identity with the flagellin (FLA) protein of

B. subtilis subsp. subtilis str. 168 (accession no.

NP_391416.1). The specific alignment is shown in Fig. 5.

These results are consistent with previous reports

0

0.2

0.4

0.6

0.8

1

0 5 10 15 20 25 30 35 40 45 50

Elution volume(ml)

A
bs

or
ba

nc
e

Fig. 2 Separation of an antifungal peptide from B. subtilis RN-061 by

GFC. Following purification using DEAE anion exchange chromatog-

raphy, the fraction with high activity was further purified by Sephadex

G-25 GFC. Peak B exhibited the highest efficacy against B. cinerea

Table 4 The inhibition rate (%) of fractions from GFC on the growth

of B. cinerea

Name The inhibition rate (%) on B. cinerea at different timea

48 h 72 h 96 h

Fraction A 22.31 ± 1.03 c 13.87 ± 0.82 c 6.64 ± 1.52 c

Fraction B 50.00 ± 0.65 a 45.86 ± 1.04 a 40.94 ± 1.03 a

Fraction C 46.8 ± 0.25 b 38.56 ± 0.64 b 34.06 ± 1.25 b

a Values are the mean ± SD of triplicate measurements, the means

within the same column not followed by the same letter are signifi-

cantly different according to Duncan’s test (P \ 0.05)

Fig. 3 SDS-PAGE analysis of fraction B from Sephadex G-25 GFC.

Left lane molecular mass marker. Right lane fraction B (purified

antifungal protein)

Fig. 4 Mass spectra of the purified protein
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suggesting that the formation of the purified protein was

mainly via flagellin activity (Zhao et al. 2013). As a result,

we predicted that this protein was either flagellin or a

member of the flagellin family, and that this protein was

responsible for the antifungal activity exhibited by the

isolate.

PCR amplification and complete sequence analysis

of the flagellin gene

To further confirm that the high level of antifungal activity

of strain RN-061 was due to flagellin, we designed PCR

primers using the flagellin gene of B. subtilis subsp. subtilis

str. 168 as template. Primers FLA-f and FLA-r successfully

amplified the complete flagellin gene from B. subtilis RN-

061, producing an amplicon of 800 bp (Fig. 6). The

resulting product was purified, sequenced, and the trans-

lated amino acid sequence (Fig. 7) blasted against the

NCBI protein database. The sequence exhibiting the

highest degree of identity (91 %) to our putative flagellin

gene was flagellin-2 of Bacillus sp. JS (accession no.

YP_006233347.1). This gene also showed significant

similarity to flagellin hypothetical protein BSNT_05346

(90 %) (accession no. YP_005562843.1), as well as fla-

gellin genes from Bacillus licheniformis WX-02 (89 %;

accession no. ZP_17658917.1), Bacillus sp. M 2-6 (82 %;

accession no. ZP_10164049.1), and B. subtilis subsp.

subtilis str. 168 (69 %; accession no. NP_391416.1;

Fig. 8). This isolated PCR product had no identical

sequence in the protein database; we are therefore reporting

the cloning of a new antifungal gene from the antifungal

bacterium B. subtilis RN-061, to which the name FLA-

RN061 was given. Figures 7 and 8 show the predicted

amino acid sequence of this new flagellin and multiple

alignment of FLA-RN061 to related proteins.

Exogenous expression and antifungal activity of

FLA-RN061

To further confirm the antifungal effect of this protein, the

exogenous expression of FLA-RN061 was performed in

Fig. 5 Aligned amino acid

sequence (in red, bold font) of

the novel protein with

sequences from the amino acid

database of Mascot. (Color

figure online)

Fig. 6 Agarose gel electrophoresis of the amplified FLA gene of B.

subtilis RN-061. The FLA on the left side is the PCR product; on the

right side is the DNA molecular weight marker
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E. coli Rosetta 2 competent cells using the plasmid pET-

FLA061. Culture filtrates from cells transformed with this

plasmid showed clear antifungal activity; no activity was

seen for vector controls. The level of antifungal activity

was determined by co-culture with B. cinerea. The growth

of B. cinerea was greatly diminished in the presence of

E. coli expressing FLA-RN061 compared to vector

controls (Fig. 9). The inhibition rate of the metabolites

from the E. coli strain expressing FLA-RN061 was

47.06 % after 48 h, 41.22 % after 72 h, and 36.72 % after

96 h; no antifungal effect was observed for control strains

(Table 5). Together, these result clearly demonstrates that

the antifungal activity of isolate RN061 attribute to its

FLA-RN061 gene.

Fig. 7 Deduced amino acid

sequence of the new FLA from

B. subtilis RN-061

Fig. 8 Multiple alignment of

the deduced amino acid

sequence of flagellin RN061

(FLA) from B. subtilis RN061

and other closely related strains.

The third branch is flagellin

from our new isolated strain

Fig. 9 The antifungal effect of

E. coli expressing FLA-RN061

compared to an unmodified

E. coli control. a The control

plate (shown on the left)

contains the filtered cultures

from an unmodified plasmid

E. coli strain; the plate on the

right contains the filtered

cultures from the gene-modified

E. coli strain
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Discussion

Botrytis cinerea is one of the most serious pathogens of

horticultural plants in China. We isolated a novel B. subtilis

strain exhibiting a potent inhibitory effect on the growth of

B. cinerea, consistent with previous reports. Fiddaman and

Rossall (1993) described a strain of B. subtilis that pro-

duced an antibiotic metabolite with antifungal activity

against Rhizoctonia solani and Pythium ultimum; Gueldner

et al. (1988) reported that iturins isolated from B. subtilis

may be useful for the biological control of peach brown rot.

A third substance, fengycin, was isolated from B. subtilis

strain F-29-3. This compound inhibited filamentous fungi,

but was not effective against yeast or bacteria (Vani-

ttanakom et al. 1986).

In the present study, we identified a novel protein, fla-

gellin RN-061, which is capable of inhibiting the growth of

B. cinerea. Exogenous expression of this protein in E. coli

resulted in a 36.72 % decrease in the growth of B. cinerea

after 96 h (Table 4); this effect was greater than that of

some chemical fungicides.

The flagellum is an important virulence factor for many

bacteria pathogenic to both animals and plants, and is a potent

stimulator of innate immune responses. Plants have a highly

sensitive chemoperception system for eubacterial flagellins,

which specifically targets the most highly conserved domains

within its N-terminus (Georg et al. 1999). Bacterial flagellins

have well-conserved N- and C-termini, but they contain

hypervariable regions in the center of the protein (Komoriya

et al. 1999), consistent with the flagellin described here.

Flagellin proteins are expressed in B. subtilis, as well as

many other genera. However, the antifungal activities

described here are found primarily in B. subtilis; further

study will be necessary to identify the mechanism by which

these proteins inhibit fungal growth. Although most

secreted flagellins are assembled in a flagellum, flagellin

can also accumulate in the bacterial environment as a result

of leaks and spillover during the construction of flagella

(Komoriya et al. 1999). Such FLAs may be easily trans-

ported to the extracellular space. Accordingly, we

hypothesize that the antifungal effect of FLA-RN061 is

derived from the variable center region of the protein, and

that this effect depends on the transportation of flagellin to

the extracellular space.

Flagellin is an important pathogen-associated molecular

pattern capable of inducing innate immune responses in

both plants and animals. The detection of flagellin by

plants induces a wide range of defense mechanisms,

including oxidative bursts, callose deposition, and ethylene

production, leading to the induction of defense-related

genes such as PR1 and PR5 (Felix et al. 1999; Lemaitre

et al. 1997; McDermott et al. 2000; Eaves-Pyles et al.

2001; Zipfel et al. 2004).

Despite the well-described role of flagellin in plants and

animals, little is known about the molecular mechanisms

linking flagellin receptor activation to intracellular signal

transduction in fungi. Based on conserved mechanisms in

plants and animals, in conjunction with our study on the

antifungal effect of flagellin, we speculate that flagellin

may trigger pattern-recognition receptors (PRRs) in fungi.

The leucine-rich repeat receptor kinase flagellin-sensitive 2

(FLS2) in Arabidopsis thaliana acts as a PRR for bacterial

flagellin, and contributes to resistance against bacterial

pathogens (Chinchilla et al. 2007). This gene may also

function as a PRR in fungi, though more work is necessary

to test this hypothesis. The identification of PRRs in fungi

may be helpful to determine the mechanism by which

flagellin inhibits fungal growth.

Conclusions

Our results indicate that B. subtilis RN-061 is a promising

candidate as a biocontrol agent in the prevention and cure

of plant diseases. A complete flagellin gene with 91 %

sequence homology with other known flagellins was

characterized from this new strain. Its encoded protein

expressed in E. coli was capable of inhibiting the growth of

B. cinerea. Research on the antifungal mechanism of

RN061 flagellin is underway.
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