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Abstract

Purpose: To improve the production of a novel exopolysaccharide (EPS) by Bacillus mucilaginosus
CGMCC5766.

Methods: The culture medium for production of EPS was optimized using statistical experiment design.
Sucrose, CaCO3z and K:HPO,4 were found to be the key factors based on the results obtained from
Plackett—Burman experimental design. The optimal concentration range of the three factors was
examined by the steepest ascent path, and then the optimum concentration was further investigated
through response surface methodology. Validation experiments were also carried out to establish the
adequacy and accuracy of the model obtained.

Results: Under optimal conditions (sucrose 61.31 g/l, CaCOs; 5.06 g/l and K;HPO4 0.17 g/l), EPS
concentration achieved 22.04 g/l, which was about 1.6-fold increase compared with that using the
original medium. EPS concentration in 5- fermenter reached 23.46 + 0.76 g/l.

Conclusion: The optimization medium is considered fundamental and useful for the development of B.
mucilaginosus CGMCC5766 cultivation process for efficient production of EPS on a large scale.

Keywords: Bacillus mucilaginosus CGMCC5766, Exopolysaccharide, Medium, Optimization, Statistical
experiment design
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INTRODUCTION

Microorganism exopolysaccharides (EPSs) are
biopolymers which either attach to the cell
surface or are excreted in the extracellular
medium in the form of amorphous slime [1].
Many microorganisms have been shown to
produce EPS e.g., Xanthomonas campestris [2],
Pseudomonas aeruginosa [3], Sphingomonas
paucimobilis [4], Streptococcus zooepidemicus
[5], Haloferax mediterranei [6]. Due to their many
interesting physical and chemical properties,
microbial EPS are also widely used in several
fields such as food, coating materials, medicine,

concrete additives, enhanced oil recovery and
wastewater treatment as a suspending,
stabilizing, emulsifying, thickening agent and
flocculants [1]. There has been growing interest
in novel microbial polysaccharides with improved
properties.

It has also been found that Bacillus
mucilaginosus can secrete an EPS which may be
used as a bioflocculant in wastewater treatment
to remove various contaminants [7]. Although it
has been several years since EPS from B.
mucilaginosus was first discovered, the process
for the production has not been thoroughly
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studied. Many researchers have focused their
efforts on the characteristics and the applications
of EPS from B. mucilaginosus [8, 9, 10].
However, there are very few reports concerning
culture medium and process parameters
optimization. Moreover, the high cost and low
yields of bioflocculant are the major factors
limiting the development of bioflocculants for
commercial use in wastewater treatment. Thus, it
is also important to reduce the costs of the
medium as this may affect the overall process
economics.

Statistical experiment design and data analysis
have been applied successfully for optimizing the
medium constituents and other critical variables
responsible for the production of EPS [11-13].
Response surface methodology (RSM) is a
powerful statistical tool for testing multiple
process variables. This methodology could
overcome the limitations of single-parameter
optimization, which is both time-consuming and
cannot assess the complex interactions among
the various physico-chemical parameters [14].
Prior to optimization using RSM, Plackett—
Burman (P-B) design has been frequently used
for screening the key factors in recent years [15,
16]. It is successfully used for optimization
studies in several biotechnological and industrial
processes [17, 18].

In this study, a novel exopolysaccharide
bioflocculant was produced by B. mucilaginosus
CGMCC5766 which was isolated from a
mountainous district of Shandong in China. Its
average molecular weight was about 2.299x10°
Da. The chemical components and primary
structure of the obtained EPS was studied by
GC, FTIR, NMR methods during our previous
study [19]. The results indicated that EPS was a
hetero-polysaccharide constituted by mannose,
glucose and galactose at a molar ratio of 2:1.6:1.
Its backbone was composed of glucose through
B-glycosidic linkage while the lateral branches
were composed of mannose and galactose by a-
glycosidic linkage. Up to now, a related structure
has not been reported. Promising results of
preliminary research showed that EPS is efficient
in flocculating inorganic solid suspensions, heavy
metal ions, dyes solution and other synthetic
suspensions in many types of wastewaters. To
improve the production of EPS, the culture
medium for fermentation of EPS from B.
mucilaginosus CGMCC5766 was studied. The
optimization of the medium was carried out by
means of the P-B experimental design, the path
of steepest ascent and response surface
methodology.

EXPERIMENTAL
Bacterium

B. mucilaginosus CGMCC5766 was isolated
from a mountainous district in Shandong, China.
A specimen was deposited in the China General
Microbiological Culture Collection Center.

Medium and cultivation conditions

The medium for agar slant consisted of 10 g/l
sucrose, 0.1 g/l (NH4),SO,, 0.2 g/l K;HPO,4, 0.2
g/l NaCl, 0.2 g/l MgS0Oy, 2 g/l CaCO3; and 20 g/l
agar. The seed medium contained 10 g/l
sucrose, 0.1 g/l urea, 0.2 g/l K;HPO,, 0.2 g/l
NaCl, 0.2 g/l MgSO, and 5 g/l CaCOs;. The
original fermentation medium included 30 g/l
sucrose, 0.1 g/l urea, 0.2 g/l K;HPO,, 0.2 g/l
NacCl, 0.2 g/l MgSO,4 and 5 g/l CaCOs. The initial
pH was adjusted to 7.0-7.2 by 2 mol/l HCI
throughout the work.

For seed preparation, a loop of B. mucilaginosus
CGMCC5766 cells was inoculated into 30 ml of
sterile seed medium in 250-ml Erlenmeyer flasks
and incubated for 24 h at 30 °C with shaking at
200 rpm. Inoculum (5%, v/v) was transferred into
500-ml Erlenmeyer flasks containing 50 ml of
fermentation medium whose composition was
varied based on the experimental designs and
aerobically incubated for 66 h at 30 °C and 200
rpm in a rotatory shaker. The initial pH was
adjusted to 7.0-7.2 by 2 mol/l HCI. All medium
were autoclaved for 20 min at 121 °C. Each
experiment was repeated thrice and the mean
value was calculated.

Analytical methods

The optical density (OD) of the microbial cell was
measured at 600 nm in a spectrophotometer
(UV-1800, Mapada, China). The sucrose
concentration was analyzed using HPLC
methods (U5000, Dionex, USA) with Cosmosil
packed column sugar-D (250 x 4.6 mm,
Phenomenex, USA) using a refractive index
detector. The mobile phase was acetonitrile and
water in the ratio of 75:25 (%) at a flow rate of 1
ml/min at 30 °C. The pH level was measured
using  fermenter  inductors. The EPS
concentration was determined as follows: the
viscous culture broth (50 ml) was diluted with
four volumes of distilled water and centrifuged at
8000 rpm for 30 min at 4 °C to separate the cells
from the polysaccharide. The supernatant was
precipitated using 10 ml of isopropanol and the
precipitate was dissolved in 0.8-0.9 % NaCl
solution, reprecipitated in isopropanol and dried
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Table 1: Factors and their levels for P—B experimental design and the statistical analysis of factors

Factor Symbol Low value (g/l) High value (g/l) Coef ficient Standard P-value
Sucrose X1 30 60 2.03 %r.Tlr 0.0026%
Urea X2 0.1 0.5 0.42 0.41 0.2590
CaCOs3 X3 1 5 2.68 0.41 0.0006?
MgSO4 Xa 0.2 0.6 0.46 0.41 0.2501
NaCl Xs 0.2 0.6 -0.97 0.41 0.0560
KoHPO4 Xs 0.2 0.6 -1.72 0.41 0.0058°
Dummy1-5 X7-X11 - - - - -

R”= 0.9431; ?statistically significant at 95 % confidence level.

i(;cﬁur?nstant weight at 60 °C under partial _ X,A;(XO i=1.2.....k 1)

P—B design

In order to determine which nutrients had a
significant effect on EPS production, P-B design
was used. Based on the P-B design, each factor
was examined at two levels: -1 for a low level
and +1 for a high level. Table 1 shows the factors
under investigation as well as levels of each
factor used in the experimental design. Five
dummy factors (Dummy 1-5) were used to
estimate the experimental error and check the
adequacy of the first-order model. The mean of
the EPS concentration obtained was taken as the
response. Factors with p<0.05 were considered
to influence EPS production significantly.

Path of steepest ascent method

The path of steepest ascent is a procedure for
moving sequentially along the path of steepest
ascent to the region of the optimum for the
direction of the maximum increase in the
response [20]. Based on the results of the P-B
experimental design, the optimal level scope of
each selected factor was examined by means of
path of steepest ascent method. This point could
be used as center point for optimization.

Central composite design and
surface methodology

response

Central composite design and response surface
methodology was employed to optimize the three
most significant factors (sucrose, CaCO; and
K,HPO,) for increasing EPS production,
screened by P-B design. These three
independent factors were studied at five different
levels (-1.68, -1, 0, +1 and +1.68) selected on the
basis of our preliminary experimental work that
indicated an optimum could be reached within
these ranges. The variables were coded
according to the regression equation Eq 1.

In Eq 1, xi is the coded independent factor, Xi is
the real independent factor, X0 is the value of Xi
at the center point and AXi is the step change
value.

Sixteen experiments were carried out with each
at five levels (Table 2) in flasks. Experimental
data were fitted to a second-order polynomial
model and regression coefficients were obtained.
The model equation for the analysis is given by:
Y=IBO+ZIBiXi +Zﬂiixiz+2ﬁijxixj
i=1,2,....,k (2)

where Y is the response variable, By is the
constant, G;is the coefficient for the linear effect,
Bii is the coefficient for the quadratic effect, g is
the coefficient for the interaction effect, and x;
and x; are the coded independent factors. The
quadratic equation (Eq 2) was used to plot
surfaces for the variables.

Data analysis

Design Expert software package (version 8.05b)
and Statistic (version 8.0, STATEASE Inc.,
Minneapolis, USA) were used for the
experimental designs and regression analysis of
the experimental data. The statistical analysis of
the model was performed by analysis of
variance (ANOVA). The significance of the
regression coefficients and the associated
probabilities P(t) were determined by Student’s t-
test; The variance explained by the model is
gi%/en by the multiple determination coefficient,
R”.

Batch fermentation in 5- fermenter

To confirm the above predictions, further
experiments were performed comparing the
optimized medium in this work and an original
medium used for the production of EPS by B.
mucilaginosus CGMCC5766. 5-1 fermenter was
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Table 2: Experimental design and results of the central composite design

Sucrose (g/l) CaCo ;(g/l) K2HPO, (g/l) EPS (g/l)

Run X X Xe Observed Predicted
1 55.0 4.50 0.10 18.34+0.45 18.32
2 55.0 4.50 0.30 15.14+0.40 15.69
3 55.0 5.50 0.10 19.26+0.50 19.58
4 55.0 5.50 0.30 16.05+0.30 16.58
5 65.0 4.50 0.10 19.10+0.40 19.34
6 65.0 4.50 0.30 18.83+0.50 19.29
7 65.0 5.50 0.10 19.33+0.54 19.56
8 65.0 5.50 0.30 18.35+0.42 19.15
9 51.6 5.00 0.20 17.04+0.45 16.59
10 68.4 5.00 0.20 20.27+0.55 19.61
11 60.0 4.16 0.20 19.00+0.65 18.64
12 60.0 5.84 0.20 20.33+£0.52 19.58
13 60.0 5.00 0.03 20.05+0.48 19.96
14 60.0 5.00 0.37 18.42+0.53 17.40
15 60.0 5.00 0.20 21.56+0.45 21.81
16 60.0 5.00 0.20 21.87+0.47 21.81

Table 3: Experimental design and corresponding production response of EPS

EPS (g/])
Run = Xi Xo X3 Xa Xs Xe X7 Xg Xo Xao X “opoied Predicted
1 1 1 -1 1 1 1 -1 -1 -1 1 -1 10.56%0.23 9.65
2 -1 01 1 -1 1 1 1 -1 -1 -1 1 9.87+0.20 10.96
3 1 -1 1 1 -1 1 1 1 -1 -1 -1 12.95#0.15 14.42
4 -1 1 -1 1 1 -1 1 1 1 -1 -1 6.87+0.10 6.51
5 -1 -1 1 -1 1 1 -1 1 1 1 -1 8.59+0.18 8.43
6 -1 -1 -1 1 -1 1 1 -1 1 1 1 8.51+0.15 7.54
7 1 -1 -1 -1 1 -1 1 1 -1 1 1 9.61+0.14 10.56
8 1 1 -1 -1 -1 1 -1 1 1 -1 1 9.56+0.16 9.06
9 1 1 1 -1 -1 -1 1 -1 1 1 -1 20.80+0.52 20.39
10 101 1 1 -1 -1 -1 1 -1 1 1 15.20+0.22 13.81
11 1 -1 1 1 1 -1 -1 -1 1 -1 1 19.04+0.45 18.45
12 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 9.17+0.15 10.98

filled with 3 | of production medium and sterilized
at 121 °C for 15 min. It was inoculated with 5%
(V/V) of 16-h-old culture. The fermenter was
operated at 30 °C and agitation was shifted from
200 to 600 rpm for a constant aeration of 1.0
volume of air per volume of liquid per minute
(vvm).

RESULTS

P—B experimental design

To optimize the culture medium in the
fermentation of EPS by B. mucilaginosus
CGMCC5766, the components of the medium
were examined. Previous studies indicated that
the factors such as Na‘, Mg®* and phosphate
might have important effects on the production of
EPS during the fermentation of B. mucilaginosus
[9,14]. In addition to these factors, others
including urea and Ca** were also investigated in

our experiment. The most important nutrient
factors were screened by applying the P-B
design as described in Table 3. Each
independent factor was tested at two levels, a
high (+1) and a low (-1) level and twelve trials
were carried out. Based on the analysis by
design expert, a first-order model could be
obtained from the regression results of P-B
experiment:

Y=11.73+2.03%;+0.42X,+2.68X5+0.46X4-0.97 Xs-
1.72Xs ©)

The regression coefficients and determination
coefficient (RZ) for the linear regression model of
EPS production are presented in Table 1. The
R’-value was 0.9431 which indicated that the
model was reasonable for the P-B design.
Statistical analysis of the data showed that only
sucrose, CaCO; and K,HPO, had confidence
levels above 95% (P < 0.05) and were
considered to influence EPS production
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significantly (Table 1). The other components in
the media showed no significant influence EPS
production for confidence levels below 95%.
Therefore, the three nutrient components of
sucrose, CaCOj; and K,HPO, were selected for
further optimization with RSM.

The path of steepest ascent

Based on the first-order model equation obtained
and regression results, we know that sucrose
(Xl), CaCOs; (Xg) and K,HPO, (XG) were
significant factors. Furthermore, the equation (3)
shows that the coefficients of X; and X; are
positive (+2.03 and +2.68, respectively) while the
coefficient of Xg was negative (-1.72), which
suggests that the increase in concentrations of
sucrose and CaCO; and the decrease in
concentration of K,HPO, could have positive
effect on the production of EPS. To search the
proper direction to alter the levels of these three
factors with the other factors fixed at zero level,
the path of the steepest ascent was employed
(data not shown). The results indicated that the
concentration of EPS was highest when the
concentrations of sucrose, CaCO; and K,HPO,
were selected at 60 g/l, 5.0 g/l and 0.2 g/,
respectively. This shows that this level for each
of the three factors was near the region of
maximum EPS production response.

Optimization of EPS production with RSM

Based on the results of P-B design, response
surface methodology using central composite
design (CCD) was employed to determine the
optimal levels of the three selected factors
(Sucrose, CaCO3; and K,HPO,), and a 3-factor-5-
level CCD with sixteen experiments was carried
out (Table 2). A second-order polynomial
function was fitted to the experimental EPS yield,
resulting in the following regression equation:

Y=21.810+0.897X;+0.279X3-0.762Xs-1.311X,°-
0.953X3%-1.105X¢”-0.260X1X3+0.645X1X3-0.09X3Xs

(4)

where Y is the predicted EPS production, and X;,
X3 and Xg are coded values of sucrose, CaCOs;
and K,;HPO, concentrations, respectively.

The statistical significance of equation (4) was
checked by F-test and the ANOVA for the
second-order polynomial is summarized in Table
4. If the F-test for the model is significant at p <
0.05, the model fits and can adequately account
for the variation observed. The smaller p-value
suggests that the corresponding variable was
more significant. As shown in Table 5, the P-
values for X; and Xg were much less than 0.05,
which indicated that sucrose and K,HPO, are
more significant for the EPS production.
Moreover, the P-value of X;Xg (0.0761) was near
0.05, which indicates that the interaction of
sucrose and K,HPO, is significant, namely, they
are synergistic in influencing the EPS production.
Furthermore, the goodness of the model could
be checked by the determination coefficient R?,
which was calculated to be 0.9150, indicating
that 91.50 of the variability in the response could
be explained by the model [21]. The p-value for
lack of fit (0.1831) implied the lack of fit was not
significant relative to the pure error.

Figs 1la-c illustrate the 3D response surface
curves of EPS production for each pair of
parameters by keeping the third factor constant
at its zero level. These 3D plots and their
respective contour plots provide a visual
interpretation of the interaction between two
factors and facilitated the identification of the
optimum experimental conditions [22]. Based on
the response surface analysis, the predicted
maximum concentration of EPS was 22.04 g/l at
the optimal concentrations of sucrose, CaCOs3;
and K,;HPO, were 61.31 g/l, 5.06 g/l and 0.17 g/l,

Table 4: ANOVA for the second-order polynomial model

Source SS DF MS F P

X1 10.992 1 10.99 228.76 0.0420
X3 1.07 1 1.07 22.20 0.1331
Xs 7.92 1 7.92 164.87 0.0495
X412 15.91 1 15.91 331.13 0.0350
Xa° 8.42 1 8.42 175.26 0.0480
Xe? 11.32 1 11.32 235.61 0.0414
X1 X3 0.54 1 0.54 11.25 0.1844
X1 Xe 3.33 1 3.33 69.27 0.0761
X3 Xe 0.06 1 0.06 1.35 0.4526
Residual error 4.08 6 0.68

Lack of fit 4.04 5 0.81 16.80 0.1831
Pure error 0.0481 1 0.0481

Total SS 48.06 15

R”=0.9150; SS = sum of squares; DF = degrees of freedom’ and MS = mean square.
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Fig 1: Response surface curve for EPS production by B. mucilaginosus CGMCC5766 showing the interaction
between (a) Sucrose and CaCOs, (b) Sucrose and K;HPO4 and (c) CaCO3 and K;HPO,,

respectively, which was about 1.6-fold increase
compared with that using the original medium
(14.05+0.25 g/l). In order to verify the predicted
results, an experiment was performed with the
optimized medium in flasks. As a result,
22.35+0.42 g/l EPS was obtained which
suggested that experimental values of EPS
production were in close agreement with the
model prediction.

Time course of EPS production in 5-l
fermenter

Fermentation was scaled up from flasks to 5-
fermenter. Under the optimum conditions, the
concentration of EPS was achieved 23.46+0.76
g/l, which was higher than the original medium
(16.50 + 0.52 g/l) in 5-1 fermenter. And an
increase of approximately 42.2 % of EPS
production was reached, which further proved
the usefulness of the P-B design and RSM as
optimization techniques to improve the
production of EPS.

DISCUSSION

To optimize the culture medium in the
fermentation of EPS by B. mucilaginosus
CGMCC5766, the components of the medium
were examined. P-B experimental design shows
that sucrose, CaCO; and K,HPO, are the main
influencing factors for EPS production. It should
be mentioned that the concentration of CaCO; in
the medium was higher than the nitrogen source.
In our preliminary step, the biomass and EPS
production of B. mucilaginosus CGMCC5766
were tested in the medium without CaCOs. It was
found that without CaCOs, the biomass was very
low and the secretion of EPS was limited, i.e.,
0.46 g/l. However, when CaCO3; was added, the
biomass and EPS production were notably
increased. Similar results were found in xanthan
fermentation [23]. It is noted that CaCO3; might
play different roles in cell growth and
polysaccharide biosynthesis. Calcium is essential
for many microbial species, for maintaining cell
wall rigidity, stabilizing protein conformations and
facilitating signal communication [24] as well as
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balancing the pH of the culture medium [25].
Thus, increasing CaCO; concentration in a
suitable range will be helpful for cell growth,
resulting in increased biomass and
polysaccharide production.

CONCLUSION

RSM was successfully employed to optimize the
medium components for EPS production from B.
mucilaginosus CGMCC5766. The statistical
methodology, combination of P-B design with
CCD was a reliable tool to optimize EPS
production. Compared with the original culture
medium, EPS concentration was increased from
14.05+0.25 g/l to 22.35+0.42 g/l after optimizing
medium components. The fermentation under
optimized condition was also investigated in 5-I
fermenter, resulting in a further enhancement of
the EPS concentration to 23.46+0.76 g/l. The
optimization medium is considered fundamental
and useful for the development of B.
mucilaginosus CGMCC5766 cultivation process
for efficient production of EPS on a large scale.
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