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Antifungal lipopeptide produced by Bacillus sp. BH072 was
extracted from fermentation liquor and determined as itur-
in A by liquid chromatography-mass spectrometry (LC-MS).
For industrial-scale production, the yield of iturin A was
improved by optimizing medium components and fermen-
tation conditions. A one-factor test was conducted; fermen-
tation conditions were then optimized by response surface
methodology (RSM) to obtain the following: temperature,
29.5°C; pH 6.45; inoculation quantity, 6.7%; loading volume,
100 ml (in 500 ml flasks); and rotary speed, 150 rpm. Under
these conditions, the mass concentration of iturin A was in-
creased from 45.30 mg/ml to 47.87 mg/ml. The following
components of the medium were determined: carbon sources
(glucose, fructose, sucrose, xylose, rhamnose, and soluble
starch); nitrogen sources (peptone, soybean meal, NH,Cl,
urea, and ammonium citrate); and metal ions (Zn2+, Fe3+,
Mg™*, Mn®*, Ca®", and K"). The effects of these components
on iturin A production were observed in LB medium. We
selected sucrose, soybean meal, and Mg®* for RSM to opti-
mize the conditions because of several advantages, including
maximum iturin A production, high antifungal activity,
and low cost. The optimum concentrations of these com-
ponents were 0.98% sucrose, 0.94% soybean meal, and 0.93%
Mg**. After iturin A production was optimized by RSM, the
mass concentration reached 52.21 mg/ml. The antifungal spe-
cific activity was enhanced from 350.11 AU/mg to 513.92
AU/mg, which was 46.8% higher than the previous result.
The present study provides an important experimental basis
for the industrial-scale production of iturin A and the agri-
cultural applications of Bacillus sp. BH072.
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Introduction

Lipopeptides, also known as acyl peptides, are products of
microbial metabolism; these peptides contain an aliphatic
chain with an amphiphilic structure produced as secondary
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metabolites of microorganisms (Katz and Demain, 1977).
Lipopeptides exhibit good surface and antiviral activities.
They can also remove heavy metal ions and degrade pesti-
cide pollutants. Furthermore, these peptides can be devel-
oped to produce vaccines. Thus, lipopeptides, as microbial
secondary metabolites, have potentially important applica-
tions in drugs, foods, cosmetic products, pesticides, and other
materials. Studies have focused on the application of lipo-
peptides in the prevention and control of pathogenic bac-
teria (Bonmatin et al., 2003; Toure et al., 2004; Ongena and
Jacques, 2008).

The biological control of plant pathogens is an important
aspect of sustainable agriculture. Several Bacillus strains pro-
duce biologically active compounds, including lipopeptides,
with an evident effect on plant disease control (Asaka and
Shoda, 1996; Romero et al., 2007; Zhao et al., 2010). Lipo-
peptides, including the iturin (Maget-Dana and Peypoux,
1994), surfactin (Peypoux et al., 1999), and fengycin (Ongena
et al., 2005) families, are produced or catalyzed by ribosomal
peptide synthesis or polyketide synthases. Among these lip-
opeptides, iturins, and fengycins exhibit strong antifungal
activities against various plant pathogens and are considered
to be key factors of antagonism (Tenoux et al., 1991; Eshita et
al., 1995; Kim et al., 2010).

The iturin family consists of cyclic lipopeptides contain-
ing seven amino acids. Iturin A is a small cyclic lipopeptide
containing a heptapeptide cyclized with a -amino fatty acid
that exhibits strong antifungal activity. By contrast, surfactin
contains a heptapeptide cyclized with a p-hydroxy fatty acid
and shows weak antibiotic activity. The strong antifungal
efficacy of iturin A against various phytopathogenic fungi is
comparable to available chemical pesticides (Phae and Shoda,
1990, 1991; Phae et al., 1992). Iturin A has low toxicity, low
allergenicity in humans and other animals (Delcambe et al.,
1977), and high biodegradability, along with a wide spectrum
of antibiotic and surface activities. Because of these charac-
teristics, iturin A is a potential candidate for an environ-
mentally safe biological pesticide (Phae et al., 1992). The an-
tifungal mechanism of iturin A involves the insertion of its
hydrophobic tails into the plasma membrane of indicator
cells; these hydrophobic groups spontaneously assemble to
form an ion channel, thereby causing cytoplasm leakage.
Iturin A can also release electrolyte and polymer aggregates
as well as increase the electrical conductivity and perme-
ability of the cell membrane, causing surface tension effects
on the cell membrane and inhibiting pathogenic spore for-
mation. Chen et al. (2008) isolated an active substance from
B. subtilis JA by reverse-phase high-performance liquid chro-
matography (HPLC) separation and identified two iturin A
homologs by electrospray ionization and collision-induced
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dissociation mass spectrometry analysis. The molecular
weights of these homologues are 1042 and 1056 Da. Anti-
fungal activity tests have further shown that B. subtilis JA
can inhibit wheat scab (Fusarium graminearum), rice sheath
blight (Rhizoctonia solani), watermelon fusarium wilt (Fusa-
rium oxysporum), Pythium irregulare, Botrytis cinerea, and
various other plant pathogenic fungi.

Previous studies on iturin fermentation were conducted
using a one-factor-at-a-time method. However, this method
frequently fails to locate the region of optimum response
because the combined effects of factors on the response
have not been considered. Response surface methodology
(RSM) has been increasingly used in various phases of fer-
mentation optimization (Buchanan and Philips, 1990; Pra-
pulla et al., 1992; Haltrich et al., 1993; Shih et al., 2002; Shih
and Shen, 2006). For instance, RSM is a powerful technique
used to test multiple process variables because fewer experi-
mental trials are needed compared with one variable used
at a time. In addition, interactions between variables can be
identified and quantified by this technique (Box and Wilson,
1951).

Bacillus sp. BH072, a novel bacterium isolated from a honey
sample, showed antifungal activities against mold. The an-
tifungal substance was identified as iturin A (Zhao et al,
2013b). The yield and antifungal activity of iturin A were
higher than those of other iturins. The amount of iturin A
produced by Bacillus sp. BH072 was also tenfold higher than
the production yield in a previous optimization study (Yang
et al., 2012). RSM has been employed to optimize the com-
ponents of a medium and the fermentation conditions for
cyclic lipopeptide production in shake-flask fermentation.
The results indicated that RSM was applicable for optimiz-
ing a lipopeptide culture medium (Gu et al, 2005). However,
studies to optimize the fermentation conditions and com-
ponents of a medium by directly measuring antifungal ac-
tivity, to reveal the effect of optimizing these parameters,
have not yet been reported.

In the present study, RSM was applied to optimize the cul-
ture conditions and media components so as to enhance
iturin A production by Bacillus sp. BH072 using shake-flask
fermentation. After the optimum conditions were obtained
in the shake-flask fermentation, iturin A produced by Bacillus
sp. BH072 increased. One-factor, five-level experiments were
conducted to determine the optimal concentrations of each
component that would result in the maximum production
of iturin A. Considering the level of antifungal activity and
cost of the medium, we performed RSM and developed a
quadratic predictive model. The production yield of iturin
A was improved.

Materials and Methods

Chemicals, microorganisms, and culture media

The bacterium BHO072 used in this study was isolated from a
honey sample and identified as a species of Bacillus (Zhao et
al., 2013b). The indicators Aspergillus niger CGMCC 3.03928,
Botrytis cinerea CGMCC 3.4584, and Fusarium oxysorum
CGMCC 3.2830 were purchased from the China General
Microbiological Culture Collection Center. All of the com-

ponents used in this study were pure reagent grade (Jiangtian
Chemical Technology Co., Ltd., China). The solid media
used in the antifungal experiment contained potato dextrose
agar for fungi (PDA: potato, 200 g; glucose, 20 g; agar, 18 g;
and distilled water, 1 L) and Luria-Bertani agar for bacteria
(LBA: peptone, 10 g; yeast extract, 5 g; NaCl, 10 g; agar, 18 g;
and distilled water, 1 L). The liquid medium (LB medium
prepared with the same components as LBA but without
the agar) was used for the fermentation test as the basic cul-
ture medium prior to optimization. The strain BH072 was
activated by transferring single colonies of the strain from
plates to 10 ml liquid LB activation medium in 50 ml flasks
as the seed culture. The flasks were incubated with shaking
at 150 rpm for 18 h at 37°C.

Growth curve and fermentation time vs antifungal activity
curve

Bacillus sp. strain BH072 was initially grown on an LB agar
slant and then transferred to 500 ml of LB medium with
shaking at 150 rpm for 24 h at 37°C. A 5 ml aliquot of the
culture was collected at 0, 2, 4, 6, 8, 10, 12, 14, 16, 18, 20,
22, 24, 36, 48, 60, and 72 h. Optical density (OD) was read at
each time point. Afterwards, 1 ml of the culture was centri-
fuged at 12,000 rpm for 1 min to obtain the cell-free super-
natant. A 100 pl aliquot of the cell-free supernatant was
used to conduct the antifungal test by using the Oxford cup
method (Zhang et al., 2012). In brief, 1 ml of the fungal
spore suspension was uniformly dispersed in 100 ml of PDA
medium at 40°C to 50°C; the resulting mixture was coated
on a solid beef extract peptone plate containing the Oxford
cup. Afterwards, 100 pl of cell-free supernatant was placed
at the midpoint of the Oxford cup. This test culture was in-
cubated for 48 h at 30°C. The inhibition zone diameter was
measured. The optimum levels of seed fluid and fermenta-
tion period were determined after the growth curve and
the fermentation time vs antifungal activity curve were
obtained.

Extraction and mass concentration calculation of iturin A

Bacillus sp. BH072 from a seed culture was incubated in a
500 ml shake flask containing 200 ml of LB medium with
shaking at 150 rpm for 60 h at 30°C. After cultivation, the
culture was centrifuged at 4,200 rpm for 20 min. To adjust
the pH to 2.0, we added 6 M HCI to the cell-free super-
natant and stored the resulting solution at 4°C overnight
(Yao et al., 2012) for precipitation. The precipitate was col-
lected by centrifugation at 4,200 rpm for 20 min at 4°C and
freeze dried. The residue was then extracted with 200 ml of
methanol under shaking for 24 h at room temperature. The
crude product was obtained by centrifugation at 4,200 rpm
for 20 min and examined by LC-MS (Thermo Fisher Cor-
porate, USA). The iturin A in the filtrate was identified by
MS at m/z 600 to m/z 1300; the molecular weight of iturin
A ranged from 1000 Da to 1100 Da (Chen et al., 2008; Zhao
et al., 2013b). The methanol extraction liquid was evapo-
rated in an oven at 60°C (Yang et al, 2012). The residue
was weighed and used to calculate the mass concentration.
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Determination of the antifungal activity of the extracted
iturin A

The antifungal activity of iturin A was assessed using the
Oxford cup method (Zhang et al., 2012) after iturin A was
obtained by methanol extraction. The extracted iturin A was
subjected to a series of 2-fold dilutions. Afterward, 5 ul of
iturin A diluent was placed on the midpoint of the Oxford
cup and the test culture was incubated for 48 h at 30°C. The
arbitrary activity (AU/ml) was defined as the highest dilu-
tion multiple with an evident inhibition zone multiplied by
200 (1 ml/5 pl) (Motta and Brandelli, 2002), using A. niger
CGMCC 3.03928, B. cinerea CGMCC 3.4584, and F. oxy-
sorum CGMCC 3.2830 as indicator organisms. The anti-
fungal specific activity (AU/mg) was equal to the arbitrary
activity (AU/ml) divided by the mass concentration of iturin
A mg/ml).

Analytical methods for optimizing fermentation conditions

One-factor tests: The main factors influencing microbial
fermentation are temperature, initial pH, loading volume of
culture medium, inoculum size, and rotary speed. Consider-
ing the culture conditions reported in previous studies, we
set the main factors in this study as follows: temperatures
of 10, 20, 30, 40, and 50°C; initial pH of 4.0, 5.0, 6.0, 7.0,
and 8.0; loading volumes of 50, 100, 200, 300, and 400 ml
in 500 ml flasks; inoculation quantities were 3%, 5%, 7%,
9%, and 11%; and rotary speeds of 0, 50, 100, 150, and 200
rpm. A single-factor experiment was performed to investigate
the factors influencing iturin A production and determine
the response surface test factors and levels. Each setup was
conducted in three parallel tests, each with three replicates.

RSM experimental design: In preliminary experiments (Kuo,
2006), various environmental factors were investigated using
the one-factor-at-a-time method to optimize the production
of iturin A by Bacillus sp. BH072. Preliminary data indicated
that the major variables affecting the performance of the cul-
ture in terms of iturin A yields were temperature, initial pH,
and inoculation quantity. Therefore, these three factors were
chosen for further optimization by RSM.

The central composite design (CCD) experiment was con-
ducted in the optimum range to obtain accurate optimum
temperature, initial pH, and inoculation quantity for iturin
A production. For these three factors, this trial was essen-
tially a 2* factorial design increased by six axial points (also
called star points) and two replications of the center point
(all of the factors were at level 0), resulting in a total of 20
experiments (Box and Wilson, 1951). The distance of the
star points from the center point was o = 2""¥ = 1.682 (for
three factors, n = 3). The variables were coded according to
Equation 1:

Table 1. Range of fermentation condition variables at different levels for
the central composite design

; ; Level
Variable quantity Parameter
-1.68 -1 0 1 1.68
Temperature (°C) Xy 10 20 30 40 50
Inoculation quantity (%) X, 3 5 7 9 11
Initial pH Xs 40 50 60 70 80

Table 2. Design and results of central composite design (fermentation
condition)

Coded level of fermentation condition  Concentration of

Trial no.

X, X, X; iturin A (mg/ml)
1 0 0 0 45.5
2 0 0 0 43.6
3 -1 -1 1 26.7
4 -1 -1 -1 18.9
5 0 0 0 51.2
6 0 0 0 47.2
7 0 0 -1.68 8.3
8 1 1 1 18.9
9 0 1.68 0 15.5
10 0 0 0 45.3
11 1.68 0 0 1.2
12 -1.68 0 0 4.3
13 -1 1 1 17.1
14 1 -1 1 20.2
15 1 1 -1 6.5
16 1 -1 -1 4.7
17 -1 1 -1 15.6
18 0 0 1.68 40.4
19 0 -1.68 0 26.7
20 0 0 0 48.3
_ Xi— X
M AKX

where x; is the coded variable of A factor, X; is the natural
variable of the factor, X, is the value of the natural variable
at the center point, and AX; is the step change value.

The variables and levels for the CCD are shown in Table 1.
The matrix corresponding to the CCD is shown in Table 2,
together with the observed experimental data. The experi-
mental results of the CCD were fitted with a second-order
polynomial equation by a multiple regression technique.
The quadratic model for predicting the optimal point was
expressed according to Equation 2:

k k
Y= ﬁo + Zﬁ,xﬁ Zﬂiixixj+ Z Zﬁ,jx,-xj
=1 =1

1<]

where Y is the predicted response; Po, Pi, Pii» Bij are constant
coefficients, and x;, x; are the coded independent variables
or factors.

Analytical methods for optimizing medium components

Selection of carbon and nitrogen sources and metal ions:
Several potential carbon sources were tested, including glu-
cose and fructose as monosaccharides, sucrose as disaccha-
ride, as well as xylose, rhamnose, and soluble starch as poly-
saccharides. After adding 1.0% of each carbon source to LB
medium, optimized fermentation conditions obtained from
the previous experiments were used. Iturin A production
and antifungal activity were measured, and the results were
compared among the different carbon sources. The antifun-
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Table 3. Range of medium component variables at different levels for
the central composite design

. . Level
Variable quantity = Parameter
-1.68 -1 1 1.68
Sucrose (%) X 0 0.5 1 3 5
Soybean meal (%) X, 0 0.5 1 3 5
MgClL(%) Xs 0 05 1 3 5

gal activity was measured through the Oxford cup method.
Similarly, several nitrogen sources were tested, including
peptone, soybean meal, urea, NH4Cl, and ammonium citrate.
Each nitrogen source was added to a flask containing 1.0%
of liquid medium and 0.1% of glucose to make a C/N ratio
of 10, a value shown to be the most appropriate for the
maximum iturin A production in preliminary experiments
(data not shown). Different metal ions, including Zn*,
Fe™, Mg**, Mn”*, Ca™*, and K" were added to a flask to a con-
centration of 1.0% in LB medium to determine which metal
ion best increased the production of iturin A, taking into
consideration the antifungal activity and cost. Two flasks
were prepared for each condition, and each experiment was
repeated twice.

One-factor tests: Based on the iturin A production and an-
tifungal activity experiments with each medium component,
three components including sucrose, soybean meal, and
MgCl, were selected to do one-factor, experiments, with five
levels of each component in 500 ml medium to find their
optimal concentrations for maximum production of iturin
A. Each variable was tested at 0%, 0.5%, 1.0%, 3.0%, and
5.0% in the liquid medium while keeping the other two com-
ponents at 1.0%.

RSM experimental design: CCD with five levels coded in

Table 4. Design and results of central composite design (medium com-
ponent)

Coded level of fermentation condition  Concentration of

LEE me, === X X iturin A (mg/ml)
1 0 0 0 55.8
2 0 0 0 53.5
3 -1 1 1 1.5
4 0 -0 1.68 5.8
5 2.1
6 0 0 0 52.1
7 1 1 1 6.9
8 -1 -1 -1 25.2
9 1 -1 1 34
10 0 1.68 0 4.4
11 1 -1 -1 18.3
12 1 1 1 39
13 0 0 -1.68 12.8
14 0 0 0 49.2
15 -1.68 0 0 5.8
16 1.68 0 0 2.3
17 0 0 0 50.2
18 0 0 0 48.7
19 -1 1 -1 1.7
20 0 -1.68 0 6.2

duplicate was used to determine the optimum conditions for
the production of iturin A. Preliminary data indicated that
the major variables affecting the performance of the culture
in terms of iturin A yield were the levels of sucrose, soybean
meal, and MgCl,. Therefore, these three factors were chosen
for further optimization through RSM. The ranges and the
levels of variables investigated in this study are given in
Table 3. The matrix corresponding to the CCD is shown in
Table 4, together with the observed experimental data. The
experimental results of the CCD were fitted with a second-
order polynomial equation (Equation 2) by a multiple re-
gression technique. The antifungal activity of iturin A was
simultaneously measured through the Oxford cup method.

Statistical analysis

All experiments were done in triplicate, and the average con-
centration of iturin A was taken as the response. The stat-
istical analysis of the data from one-factor tests were done
with the SAS software package (version 9.0, SAS Institute
Inc., USA), whereas the CCD and statistical analysis of the
data were done with the Design Expert software package
(version 7.0.0, State-Ease Inc., USA). Statistical analysis of
the models was used to evaluate the analysis of variance
(ANOVA). The quality of the polynomial model equations
was assessed statistically by the coefficient of determination
R’, and its statistical significance was measured by the F-test.
The significance of the regression coefficients was deter-
mined by the P-value (Gangadharan et al., 2008).

Results

Generation of growth curve and fermentation time vs anti-
fungal activity curve

The growth curve of Bacillus sp. BH072 is shown in Fig. 1.
The bacteria grew well in LB medium, with the logarithmic
phase appearing at 12 h to 18 h. Using the same LB medium,
the antifungal activity at different time points in the culture
was measured and the relevant curve was generated (Fig. 1).
The highest antifungal activity was reached at 60 h, which
was in the stationary phase of the culture. Based on the ge-
nerated curve, 60 h cultures were used to detect antifungal
activity in the following optimization experiments.

2.3
2t —p— Cell growth ODuuym
5 o _m  Antimicrobial circle
= " ey diameterem
; ¥
4
0.3 N
’,l
i 1
0
20 40 60 80
-0.3

Time‘h

Fig. 1. The growth curve and fermentation time-antifungal activity curve
of Bacillus sp. BH072.
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Analytical results for optimizing fermentation conditions

One-factor tests: Prior to optimizing medium components
using a statistical experimental design, fermentation condi-
tions affecting the production of iturin A were determined
experimentally. Effects of culture conditions, including initial
pH, temperature, loading volume, rotary speed, and inocu-
lation quantity on iturin A production in LB medium were
investigated. Changes in rotary speed had no significant effect
on iturin A production (Fig. 2). A loading volume of 300 ml
in 500 ml flasks had a higher performance than the other
loading volumes and thus was used for the succeeding ex-
periments. Iturin A production was significantly affected by
changes in temperature, inoculation quantity, and initial
pH, with maximum production at 30°C, 5% inoculation,
and initial pH 7.0 to 8.0, respectively.

Central composite design: To fully explore the subregion of
the response surface in the vicinity of the optimum, an ex-
perimental design with more than two levels of each factor
is required, so that a second-order approximation to the re-
sponse surface can be developed. A CCD with five coded
levels was used for this purpose. The levels of the variables
(Table 1) for the CCD experiments were selected according
to the results of the previous experiments. The CCD design
and the corresponding experimental data are presented in
Table 2. By applying multiple regression analysis on the ex-
perimental data described in Table 2, the experimental re-
sults of the CCD design were fitted with a second-order
polynomial equation (Equation 2), and the second-order
polynomial equation obtained for iturin A production is
shown in Equation 3:

i

30 40 50
Temperature (°C)

R1=46.79-2.43%1-2.29%,+6.68x3+1.68X:1X,+2.33X:X3
~1.17%:x3-15.20%,°-8.71x,°~7.56 X5

where xi, X,, and x3 are the code values corresponding to
the values of temperature, inoculation quantity, and initial
pH, respectively.

The P-values were used as a tool to check the significance
of the interaction effects, which in turn may indicate the
patterns of the interactions among the variables (Fabio et al.,
2006). A larger magnitude for the t-test and smaller p-value
correspond to a more significant coefficient. According to
the ANOVA, the F-values for the overall regression is sig-
nificant at the upper 5% level, which further supported the
second-order model in approximating the response surface
of the experimental design. From the regression coefficients

Table 5. Results of regression analysis and corresponding F and P-value
of second-order model for optimization of iturin production of Bacillus
sp. BH072 (fermentation condition)

Factor Coefficient estimate Standard error Fvalue  P-value
Intercept 46.79 1.63 37.06 <0.0001*
X1 -2.43 1.08 5.04 0.0486*
X2 -2.29 1.08 4.46 0.0609
X3 6.68 1.08 37.98 0.0001*
X)X2 1.68 1.42 1.40 0.2641
X1X3 2.33 1.42 2.70 0.1315
X2X3 -1.17 1.42 0.69 0.4259
X12 -15.20 1.05 207.57 <0.0001*
X22 -8.71 1.05 68.16 <0.0001*
X32 -7.56 1.05 51.36 <0.0001*
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Concentration of Iturin A (mg/mL)

and corresponding p-values in Table 5, the linear term of
temperature and initial pH had significant effects on iturin
A production (P<0.05), whereas the linear term of all other
factors did not. The lack of fit item was used to represent
the degree of fit between the model and experiment. In this
study, the P-value was 0.0996 > 0.05, which was good for
the model, without lack of fit factors. The fit of this model
was also checked by the coefficient of determination R
which was calculated to be 0.9709, indicating that 97.09%
of the variability in the response could be explained by the
model. Therefore the regression equation can be used in-
stead of real test point analysis of the experimental results.

When one of these variable factors was zero, the concen-
tration of iturin A initially increased but later decreased with
the other two factors (Fig. 3). After transforming Equation
3 to its canonical form, the optimum combination for the
iturin A production was found to be the following: temper-
ature (X1) 29.5°C, inoculation quantity (X3) 6.7%, and initial
pH (X3) 6.45. The model predicted a maximum response of
iturin A production at 48.5365 mg/ml. Verification of the
calculated maximum was conducted with experiments using
the optimum combination, and an iturin A production of
47.87 mg/ml (average of three repeats) was obtained. The
excellent correlation between predicted and experimental
values supported the validity of the response model.

Analytical results for optimizing medium components

Influence of carbon sources, nitrogen sources, and metal ions
on production and antifungal activity of iturin A: To opti-
mize the iturin A production medium, the medium compo-
nents were classified into carbon sources, nitrogen sources,

Concentration of iturin A (mg/mL)

no glucose fructose sucrose xylose rhamnose soluble peptone soybean
10 addition starch meal

Fig. 3. Response surface and
contour plots of iturin A pro-
duced by Bacillus sp. BH072
showing the effect of two fer-
mentation condition variables.

and metal ions. The effects of different carbon sources, ni-
trogen sources, and metal ions on iturin A production of
strain BH072 in LB liquid medium were examined after in-
cubation at 150 rpm for 60 h at 30°C (Fig. 4). The addition
of sucrose to LB medium showed the highest level of iturin
A production enhancement, increasing by 20% over that
without additional carbon sources. In concert, the antifungal
specific activity of iturin A extracted from the culture con-
taining sucrose was higher than that without addition of
other carbon sources, increasing from 350.11 AU/mg (with
no addition) to 489.67 AU/mg. Although inorganic nitrogen
sources had negative effects on iturin A production, the or-
ganic nitrogen source, soybean meal, enhanced iturin A pro-
duction. The metal 1on Mg™* promoted the production of
iturin A. However, Fe’* and Zn’* had an adverse effect on
iturin A production. Considering the yield of iturin A and
antifungal specific activity, sucrose, soybean meal, and MgCl,
were the most effective components affecting iturin A
production.

One-factor tests: Based on the results obtained in the pre-
vious experiments, sucrose, soybean meal, and Mg”* were
found to be the determining variables for iturin A produc-
tion. Hence, these factors were combined at different con-
centrations for optimizing iturin A production. For this
purpose, a one- factor design was followed. Sucrose, soybean
meal, and Mg’ were used as the three factors and varied at
five levels. The results show that changes in sucrose, soybean
meal, and Mg”" had a significant effect on iturin A produc-
tion (Fig. 5). Therefore, these three factors were studied in
the CCD experiments.

Central composite design: RSM was introduced to determine

_
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g
=
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<
—
£
>
=
~
<
o
=
1
o
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7]
urea  NH4ClammoniumCaCl2  MgCI2 KH2PO4 FeCl3  ZnSO4 MnSO4
citrate J 00

Fig. 4. Iturin A production by Bacillus sp. BH072 cultured with different kinds of medium components.
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the optimal concentrations of sucrose, soybean meal, and
MgCl, for maximizing iturin A production with 60 h cul-
tures. Based on the results shown in Table 2, temperature,
initial pH, and inoculation quantity were set at 29.5°C, pH
6.45 and 6.7%, respectively. The CCD experiment was per-
formed under the same conditions as the optimization of
fermentation. The design of the experiment and results are
presented in Tables 4 and 6, respectively.

Regression analysis was performed to fit the response func-
tion with the experimental data. As shown in Table 6, the F
and P-values were 49.71 and < 0.0001, respectively. The sta-
tistical significance of the second-order model equation
was verified, and the coefficient of determination (R?) of the
model was calculated to be 0.9781, indicating that 97.81% of
the variability in the response can be explained by the model.
Thus, the response equation provided a suitable model for
the response surface of the experiment examining iturin A
production. The results suggest that the linear term of con-
centration of soybean meal and Mg** displayed a significant
effect on the iturin A production (P<0.05), whereas the linear
term of all other factors were not significant. In addition,
significant interactions were noted between soybean meal
(X3) and MgCl; (X3).The response equation obtained was
as follows (Equation 4):

R2=5 1.44-0.99%:-3.49%,-3.18%x3+1.65X:X,+0.68%:X3
~4.35%,%3-15.87x,°~15.43%,"~ 14.02x5"

where xi, x;, and x; are the code values corresponding to
the amount of sucrose, soybean meal, and MgCl,, respectively.

The yield of iturin A initially increased but later decreased,
changing with the other two factors (Fig. 6). This trend was
the same as that for the fermentation conditions. After trans-
forming Equation 4 to its canonical form, the optimum com-

Concentration of Iturin A (mg/mL)

5

o
=1

Fig. 5. Relative iturin A pro-
- duction after 60 h of incubation
under the various concentration
40 of sucrose, soybean meal and
MgCl,. The dark gray bar in-
30 dicates the basal condition.

mliln.

Concentration of iturin A (mg/mL)

] 0.5 1
MgCI2 (g/100mL)

bination for the iturin A production was the followmg su-
crose (X;) 0.98%, soybean meal (X;) 0.94%, and Mg (X3)
0.93%. The model predicted a maximum response of iturin
A production at 51.9097 mg/ml. The calculated maximum
was verified by repeated trials using the optimum medium
components, with a production of 52.21 mg/ml (average of
three repeats). The antifungal specific activity was tested si-
multaneously, increasing from 350.11 AU/mg to 513.92
AU/mg. The excellent correlation between predicted and
experimental values confirmed the validity of the response
model.

Discussion

The efficient production of lipopeptides is critical for their
applications in the food, agricultural, environmental, and
pharmaceutical fields (Nihorimbere et al., 2012). Conse-
quently, more attention is being paid to the qualitative and
quantitative analysis of lipopeptides.

Members of the iturin family include iturin A, iturin C,
iturin D, and iturin E (Roongsawang et al., 2011). Iturin A
is a heptapeptide (L-Asn-D-Tyr-D-Asn-L-Gln-L-Pro-D-
Asn-L-Ser) cyclized with a f-amino fatty acid, displaying
strong antifungal activity. Iturin C (FA-B-NH,-L-Asp-D-
Tyr-D-Asn-L-Gln-L-Pro-D-Asn-L-Ser) is a novel metabo-
lite proven to control cotton verticillium wilt. For iturin D
and iturin E, the acid hydrolysates contain alpha-amino
acids Asp3, Glul, Prol, Serl, Tyrl, and a mixture of n-C14,
iso-C15, anteiso-C15, iso-C16, and n-C16 B-amino acids.
They differ from iturin A by the presence of a free carboxyl
group in iturin D and a carboxymethyl group in iturin E
(Besson and Michel, 1987). In our previous studies, the
iturin A gene (ituA) of Bacillus sp. BH072 was detected by

Fig. 6. Response surface and
contour plots of iturin A pro-
duced by Bacillus sp. BH072
showing the effect of two me-
dium component variables.
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Table 6. Results of regression analysis and corresponding F and P-value
of second-order model for optimization of iturin production of Bacillus
sp. BH0O72 (medium component)

Factor Coefficient estimate Standard error  F value P-value
Intercept 51.44 1.80 49.71 <0.0001*
X1 -0.99 1.20 0.68 0.4287
X2 -3.49 1.20 8.48 0.0155*
X3 -3.18 1.20 7.04 0.0242*
X1X2 1.65 1.56 1.11 0.3163
X1X3 0.68 1.56 0.19 0.6753
X2X3 4.35 1.56 7.73 0.0194*
X12 -15.87 1.17 185.52 <0.0001
xzz -15.43 1.17 175.34 <0.0001*
X32 -14.02 1.17 144.67 <0.0001*

PCR assays, and the antifungal substance extracted from
the strain was identified as iturin A by an LC-MS method
(Zhao et al., 2013b). Based on the results of gene sequence
detection, LC-MS analysis, and the amino acid sequence
homology alignment, the antifungal activity of Bacillus sp.
BHO72 is caused by iturin A.

In this study, both fermentation conditions and medium
components were optimized by RSM methods to effectively
enhance the yield of antifungal lipopeptides of Bacillus sp.
BHO072. The optimum fermentation conditions for iturin A
production were the following: temperature (X;) 29.5°C, ino-
culation quantity (X;) 6.7%, and initial pH (X3) 6.45. Effects
of different carbon sources, nitrogen sources, and metal ions
on the production of iturin A cultured using the optimized
fermentation conditions were studied and then further op-
timized by RSM. The results revealed that the combination
of 0.98% sucrose, 0.94% soybean meal, and 0.93% Mg"* en-
hances antifungal activity against pathogenic fungi. It demon-
strated that the production and antifungal activity of iturin
A were influenced by different medium components. The
maximum iturin A production was 52.21 mg/ml, with an
antifungal specific activity of 513.92 AU/mg. The iturin A
production of wild type strain BH072 before optimization
was higher at 45.30 mg/ml, with an antifungal specific ac-
tivity of 350.11 AU/mg, than that of other reported strains.
Moreover, the optimization result was much better than that
of similar studies conducted by other researchers. A lipo-
peptide antibiotic produced by Bacillus subtilis RB14-CS
was used to predict the optimum amounts of the carbon and
nitrogen sources in the medium through RSM (Mizumoto
and Shoda, 2007). The maximum iturin A concentration was
5.591 pg/g initial wet okara under optimized conditions.
Zhao et al. (2013b) reported the influence of three critical
parameters including nitrogen sources, initial pH, and me-
tal ions on the production of antifungal lipopeptides from
Bacillus amyloliquefaciens Q-426. The optimal conditions
for iturin A production by B. subtilis S3 obtained from RSM
were pH 6.0, 0.93% maltodextrin, 1.11% glucose, 0.72% corn
steep powder, 1.5 mM MgSOs, 0.75 mM KH,POj,, rotation
speed 180 rpm, and area of aeration 4.35 cm’. A 180% in-
crease of iturin A production (from 47.19 mg/L to 132.23
mg/L) was observed after optimization with RSM.

Several lipopeptides exhibited excellent antifungal activity
against plant pathogens. The detection of antifungal activity

was a measure of the optimization of lipopeptide production.
During the extraction of iturin A, its antifungal activity may
decrease. Therefore, the determination of antifungal activity
was also necessary. There have been many previous RSM
optimization studies on the antifungal effect of lipopeptides.
Huang et al. (2010) demonstrated that Penicillium notatum
was sensitive to surfactin and iturin, whose minimal inhi-
bitory concentrations were 62.5 pug/ml and 31.25 pug/ml, res-
pectively. To guarantee the validity of the optimization, the
yield and the antifungal activity were simultaneously meas-
ured in our study, something that rarely has been reported
previously.

RSM is a powerful tool for optimizing production condi-
tions. The significant improvement in the lipopeptide yield
of Bacillus sp. BH072 suggests that RSM is a rapid, valu-
able, and simple method. When the response function was
fitted to the raw experimental data, the coefficient of deter-
mination (R?) of the model was very close to 1, indicating
that the statistical method overcame the difficulty of appro-
ximation owing to experimental error. This result confirms
the validity of the statistical method (Mullai et al., 2013).
Optimizing the process using RSM is critical for industrial-
scale production of iturin A.

Iturin A inhibits wheat scab (F. graminearum), rice sheath
blight (R. solani), watermelon fusarium wilt (F. oxysporum),
P. irregulare, B. cinerea, and various other plant pathogenic
fungi. After the optimization of fermentation conditions
and medium components by RSM, the concentration was
increased from 45.30 mg/ml to 52.21 mg/ml, the antifungal
specific activity was enhanced from 350.11 AU/mg to 513.92
AU/mg. Considering its strong antifungal activity and its
potential for industrial-scale production, we expect that
iturin A produced by Bacillus sp. BH072 will contribute to
the bio-control of agricultural pathogens and be used in
the field of food safety.
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