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Abstract Cyclic lipopeptides were produced by Bacillus

amyloliquefaciens subsp. plantarum strain BC32-1 that

was isolated from yellow loess soil in the Jeonnam

province of South Korea. Several lipopeptides were isolated

from the bacteria using organic solvent extraction and

reverse-phase high-performance liquid chromatography

(RP-HPLC). Purified iturin-, surfactin-, and fengycin-type

lipopeptides were identified using liquid chromatography-

mass spectrometry (LC-MS) analysis. Among the lipopeptides,

C17-fengycin B showed strong antifungal activity against

the phytopathogenic fungus, Fusarium oxysporum f. sp.

radicis-lycopersici, and then the fengycin was further

characterized by UV, Fourier transform-infrared spectroscopy

(FT-IR), and LC-MS/MS analyses. C17-fengycin B was

highly produced at quantities of up to 15 µg/mL at 37oC,

whereas little amount of the fengycin was produced at

25oC. Purified C17-fengycin B inhibited mycelial growth of

F. oxysporum with a minimal inhibitory concentration of

50 µg/mL. This study suggests that C17-fengycin B is a major

antifungal component produced by the BC32-1 strain that

could be used as an environmentally friendly agent to

control the phytopathogenic F. oxysporum.
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1. Introduction

The development of environmentally friendly antimicrobial

agents would be beneficial to both agriculture and human

health. Some microorganisms act as antimicrobial agents

and can strongly suppress phytopathogens; this controls

plant disease and promotes plant growth, in an eco-friendly

manner [1]. Bacteria-derived cyclic lipopeptides are the

key components of antifungal pesticides [2,3]. These

lipopeptides are composed of a long hydrophobic alkyl

chain linked to a cyclic polypeptide backbone [4]. The

amino acids in the peptide backbone are frequently D-

isomers and unnatural amino acids-presumably to resist the

activity of proteases [5]. These lipopeptides directly interact

with the plasma membrane of pathogens and disrupt their

lipid bilayer. 

It is well known that bacteria belonging to the genus

Bacillus can produce a variety of biologically active

metabolites with antifungal activities [6,7]. For instance,

Bacillus subtilis strains produce several antifungal cyclic

lipopeptides, including iturin-, fengycin-, and surfactin-

type lipopeptides [2]. Iturin-type lipopeptides consist of a

cyclic heptapeptide linked to a β-amino fatty acid from C14

to C17. Iturin-type lipopeptides including iturin A, iturin C,

iturin D, iturin E, bacillomycin D, bacillomycin F,

bacillomycin L, bacillomycin Lc, and mycosubtilin, display
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a broad spectrum of antifungal activity [2,8]. The surfactin-

type lipopeptides consist of a β-hydroxyl fatty acid linked

to the N-terminal amino acid of a heptapeptide to form a

cyclic lactone ring structure; they exhibit antibacterial,

antiviral, and hemolytic activities [2,9]. Fengycin-type

lipopeptides are decapeptides with an internal lactone ring

in the peptidic moiety and a β-hydroxyl fatty acid chain

[10,11]. Fengycins have a strong antifungal activity against

filamentous fungi and much lower hemolytic activity than

surfactins [12]. The strong broad-spectrum antimicrobial

activity of Bacillus-derived cyclic polypeptides and their

low toxicity compared to chemical pesticides has made

them attractive as alternative agents against fungal phyto-

pathogens [13]. The family of Bacillus amyloliquefaciens

is one of the most promising microorganisms for biocontrol

agent. The analysis of the plant-associated B. amyloliquefaciens

FZB42 genome revealed a number of gene clusters

involved in nonribosomal peptide synthesis and producing

secondary metabolites to stimulate plant growth and

control plant pathogens [14]. In addition, the genome of

B. amyloliquefaciens GA1 contains the gene clusters for

the synthesis of biocontrol agents which include various

cyclic lipopeptides and antimicrobial compounds [15].

Several groups have recently explored the potential use of

B. amyloliquefaciens as biocontrol agent. For example,

B. amyloliquefaciens Q-426 that was isolated from compost

samples showed an effective suppression of the growth of

various pathogenic fungi by producing antifungal compounds

such as bacillomycin D, fengycin A, and fengycin B,

suggesting that the Q-426 strain can be used as a biocontrol

agent [16]. 

In our previous study, B. amyloliquefaciens strain BC32-1

was isolated from yellow loess soil and displayed a strong

antifungal activity against Fusarium oxysporum f. sp.

radicis-lycopersici, a well-known, soil-borne fungus [17].

The objective of the present study was to determine the

effective antifungal metabolites of the BC32-1 strain for

F. oxysporum and to optimize the culture temperature for

high production of the antifungal metabolites to utilize the

BC32-1 strain as a biocontrol agent in the field. Here, we

purified several lipopeptides from the cell-free supernatant

of the BC32-1 culture media and identified that C17-

fengycin B is a major antifungal compound of the BC32-1

to control the mycelial growth of F. oxysporum. These

studies indicate that the BC32-1 strain is a promising

biocontrol agent for fungal plant pathogens and diseases.

2. Materials and Methods

2.1. Microbial strains and culture conditions

Bacillus amyloliquefaciens subsp. plantarum BC 32-1 was

isolated from yellow loess soil in the Jeonnam province of

South Korea and was cultured at 37°C [17]. The strain was

stored in tryptic soy broth (TSB, BD) broth containing 20%

glycerol at −70°C. The plant fungal pathogen F. oxysporum

f. sp. radicis-lycopersici KACC 40031 was provided by the

Korean Agricultural Culture Collection (KACC; Suwon,

South Korea). The fungal pathogens obtained from KACC

were subcultured twice on a potato dextrose agar (PDA,

BD) plate and incubated at 26 ± 2°C for 3 ~ 5 days with

the BC32-1 strain or antifungal lipopeptide samples.

2.2. Extraction and purification of lipopeptides

After culturing the cells in Luria-Bertani (LB, Bio Basic

Inc.) at 37°C, the broth was centrifuged for 10 min at

8,000 × g and a cell-free supernatant was obtained. The

lipopeptides were obtained by extracting the supernatant

with ethyl acetate three times and removing the solvent

under reduced pressure. The crude extract was dissolved in

methanol and was applied to reverse-phase high-performance

liquid chromatography (RP-HPLC) equipped with a C18

column (Waters µBondapak® C18; 300 mm × 3.9 mm). The

mobile phase components were 0.1% trifluoroacetic acid

(TFA) in water (mobile phase A) and 0.1% TFA in

acetonitrile (mobile phase B). The products were eluted

using a linear gradient of mobile phase B (increasing from

5 to 95%) at a flow rate of 1 mL/min for 50 min, and

monitored by measuring the absorbance at 230 nm. Fractions

were collected and lyophilized to assess their antifungal

activity against F. oxysporum f. sp. radicis-lycopersici.

2.3. Spectroscopy and mass spectrometry

The UV spectrum was recorded by a photodiode array

detector (Shimadzu SPD-M10Avp, Shimadzu, Japan) from

190 to 330 nm, at a resolution of 1 nm. The IR sample

was dissolved in methanol and the IR spectrum was

measured using an FT-near infrared spectrometer (FT-NIR;

Spotlight400™, Perkin Elmer, UK). The lipopeptides were

characterized using liquid chromatography-mass spectrometry

(LC-MS) analysis (API2000™, AB Sciex, USA) by elution

with water (mobile phase A)/acetonitrile (mobile phase B)

containing 0.1% formic acid. The products were eluted

using a linear gradient of mobile phase B (increasing from

5 to 95%) at a flow rate of 1 mL/min for 50 min. MS was

performed using a triple quadrupole equipped with an ESI

source.

2.4. Determination of minimal inhibitory concentration

(MIC)

The antifungal activity of purified C17-fengycin B against

F. oxysporum was tested in sterile 96-well plates. Aliquots

(100 µL) of the F. oxysporum suspension at 1 × 104 cell/mL

in molten PDA (counted by hemocytometer) were added to
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sample solutions (100 µL). After incubation for 3 days at

27oC, the MIC was determined by visual examination

based on the lowest concentration of sample solution

needed to ensure that no fungal growth was observed. All

independent experiments were repeated three times. We

also performed disc diffusion assay with various concentrations

of fengycin to confirm the MIC value. 

2.5. Bacterial growth curve of the BC32-1 strain

Growth curve characteristics of the bacteria were studied

by inoculating overnight grown culture in LB broth and

incubating at 25 and 37oC. Population was determined at

intervals of 2 h, for 24 h, by measuring absorbance at

600 nm.

2.6. Quantification of C17-fengycin B concentration

C17-fengycin B lipopeptide was dissolved in acetonitrile

and diluted to obtain different concentrations (2, 5, 10, 15,

and 20 µg/mL) as standard solutions. Standard solution

(50 µL) was injected into the RP-HPLC sequentially using

the same chromatographic conditions described above, and

the linear regression equation was obtained. A calibration

curve was constructed as a function of the concentrations

of standard analytes (x) vs. their peak areas (y). Culture

broth was collected every 2 h and used to determine the

quantities of the lipopeptide produced.

3. Results and Discussion

3.1. Screening and identification of antifungal bacteria

The inhibition of F. oxysporum f. sp. radices-lycopersici

KACC 40031 by bacterial isolates was tested in PDA

medium. Suppression of mycelial growth was estimated

after further incubation for more than 3 days. The BC32-1

strain exhibited a strong antifungal activity and was selected

for further experiments (Fig. 1A).

3.2. Identification and purification of lipopeptides 

The lipopeptides in the culture supernatant of the BC32-1

strain were identified by LC-MS analysis, which revealed

iturin-, surfactin-, and fengycin-type lipopeptides (Fig. 2).

Several lipopeptides were obtained from RP-HPLC

purifications, and each fraction was lyophilized for use in

antifungal experiments. After fractionation, the active fractions

were identified by monitoring their antifungal activity

against F. oxysporum f. sp. radicis-lycopersici. Among

them, the fengycin-type lipopeptides showed effective

antifungal activities against F. oxysporum (Fig. 1B). In

particular, the fengycin with m/z 1506 Da showed higher

growth-inhibitory activity with an MIC of 50 µg/mL

against F. oxysporum (supplementary Fig. S1) than fengycin

A lipopeptide (MIC of 200 µg/mL) [17].

3.3. Structural analysis of C17-fengycin B 

The BC32-1 strain produced several types of lipopeptide.

Since the fengycin with m/z 1506 Da showed the highest

antifungal activity against the F. oxysporum, we investigated

the structural characteristics of the fengycin using UV and

FT-IR spectroscopy. The UV spectrum of the fengycin was

examined at wavelengths of 190 ~ 330 nm. The lipopeptide

displayed maximal absorbance between 220 and 240 nm,

which is characteristic of proteins and peptides (Fig. 3A).

The lipopeptide nature of the fengycin was further

confirmed using IR spectroscopy (Fig. 3B). Characteristic

absorbances at around 3,370, 1,670, and 1,540/cm indicated

that the compound contained peptide bonds. Absorbance

bands were also detected at 2,930 and 2,860/cm, which

indicated the presence of aliphatic chains. The absorbances

at 1,190 and 1,140/cm may have been associated with the

Fig. 1. Inhibition of growth of Fusarium oxysporum f. sp. radices-
lycopersici KACC 40031 on PDA plates. (A) BC32-1 strain
showed a strong antifungal activity. (B) BC32-1–derived lipopeptide
fractions purified using RP-HPLC. Fengycin-type lipopeptides
exhibited higher growth-inhibitory activity than iturins and surfactins.
The lipopeptides of 1 mg/mL concentration were used for Fig. 1B.

Fig. 2. Positive ESI-MS spectrum of crude extract of BC32-1
strain. Clusters of iturin (m/z 1032, 1046, and 1060), surfactin (m/z
995, 1009, and 1023), and fengycin (m/z 1464, 1478, 1492, and
1506) molecular ion species are labeled.
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C-O-C vibrations of esters. Together, the IR spectra were

consistent with those of previously reported for fengycin-

type lipopeptides [18]. 

The chemical structure of the fengycin with m/z 1506

was further analyzed using LC-MS/MS using m/z 1506 as

the precursor ion (Fig. 4) [19]. The data showed the

appearance of product ions at m/z 1108 and 994 from

precursor ions at m/z 1506 (Fig. 4). This confirmed that the

fengycin at m/z 1506 was fengycin B containing a C17 lipid

chain (referred to as C17-fengycin B). 

3.4. Temperature-dependent production of C17-fengycin B

We measured the amount of C17-fengycin B produced at 25

and 37oC. Standard calibration curves were prepared with

purified C17-fengycin B (Fig. 5). The growth rate of the

bacteria was slower at 25oC than at 37oC (Fig. 6A). The

bacterial growth at 37oC reached the stationary phase in

16 h, while the optical density at 600 nm (OD600) continually

increased until 24 h at 25oC. To determine the amount of

C17-fengycin B that was produced by the BC32-1 strain,

the amount of peptide in the crude extract was quantified

using RP-HPLC analysis. The amount of C17-fengycin B

continuously increased during incubation at 37oC. At

temperature 25oC, the amount of C17-fengycin B remained

low for 24 h (Fig. 6B). These results suggest that production

of C17-fengycin B is highly dependent on the culture

temperature and that BC32-1 strain should be cultured at

around 37oC to effectively produce fengycin-type lipopeptides.

3.5. Significance of BC32-1 strain as a biocontrol agent

The pathogenic F. oxysporum f. sp. radicis-lycopersici

Fig. 3. (A) UV and (B) FT-IR spectra of the C17-fengycin B lipopeptide (m/z 1506) produced by Bacillus amyloliquefaciens BC32-1.

Fig. 4. Structure and mass spectrum of C17-fengycin B. (A) Cyclic
structure and proposed fragmentations of C17-fengycin B (product
ions m/z 1108 and 994). (B) Mass spectrum showing fragments
peaks [M + H]+ of C17-fengycin B at m/z 1506. 

Fig. 5. Calibration curves exhibited good linear regression (Y =
11413x 7823, r2 = 0.999).
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infects a broad range of host species, causing wilt or rot

disease in significant agricultural plants [20]. For example,

tomato foot and root rot (TFRR) is a disease caused by

F. oxysporum. Because TFRR cannot be efficiently treated

by chemical pesticides, the use of bacterial biocontrol

agents is a promising alternative to prevent the infection

[21]. The use of rhizosphere-isolated bacteria as biocontrol

agents, such as Bacillus species, may provide advantages

for control of microbial plant disease, mainly because of

their ability to form endospores, which are highly resistant

to harsh environmental conditions [16]. B. amyloliquefaciens,

which is closely related to B. subtilis, produces structurally

diverse antimicrobial compounds containing cyclic lipo-

peptides belonging to families such as iturin, fengycin, and

surfactin, which confer strong antifungal activities. In

particular, the fengycin family has well-known potential

uses in biotechnology owing to its excellent antifungal

and antibacterial properties. Here, we studied antifungal

lipopeptides produced by B. amyloliquefaciens subsp.

plantarum BC 32-1. Among them, C17-fengycin B was

produced efficiently by the bacterium, and showed strong

antifungal activity against F. oxysporum f. sp. radicis-

lycopersici and other phytopathogenic fungi (supplementary

Fig. S2). The results suggest that the BC 32-1 strain is a

promising biocontrol agent in preventing plant diseases

caused by F. oxysporum f. sp. radicis-lycopersici. We are

currently studying the bacterium in field experiments, for use

as a biocontrol agent against various fungal plant diseases.

4. Conclusion

We characterized and investigated the structure and

production of C17-fengycin B from B. amyloliquefaciens

BC32-1 that was isolated from yellow loess soil. C17-

fengycin B was identified using UV, FT-IR, and LC-MS/

MS analyses and was produced in a temperature-dependent

manner with production being higher at a higher temperature.

C17-fengycin B showed strong antifungal activity with an

MIC of 50 µg/mL. Our data suggest that C17-fengycin B is

a major antifungal lipopeptide produced by the BC32-1

strain that could be used as an antifungal agent against the

phytopathogenic fungus Fusarium oxysporum f. sp. radicis-

lycopersici.
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