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To improve the fibrinolytic enzyme production of the mutant strain Bacillus sp. ES4,
the response surface methodology was used to optimize the medium composition.
Thirty-four flask scale experiments were carried out, and the results were fitted to
quadratic models using Design-Expert software. The ANOVA analysis revealed that
medium components differently affect cell density and fibrinolytic enzyme production.
At optimal condition for fibrinolytic enzyme production, enzymatic activity attained
686 = 43 FU/mL, which is increased by 1.7-fold compared to the initial medium (404 +
4 FU/mL). One step fed-batch fermentation, in which the nutrient for optimal
enzymatic activity was exponentially feed to the culture, improved fibrinolytic enzyme
activity by 5.91-fold (4,057.14 + 57.14 FU/mL) and cell density by 11.9-fold (101.2 +
0.005). In two steps fed-batch fermentation, the nutrient for optimal cell density was
first used, then followed by feeding for optimal enzyme activity. The highest cell
density (OD600nm) and fibrinolytic enzyme activity reached 142.3 £ 0.0125 and 5,300
+ 100 FU/mL, respectively after 13 h fermentation. Ultimately, the medium
optimization and fed-batch strategy collectively improved fibrinolytic enzyme activity
by 13.12-fold.

Introduction clotting (Peng et al., 2005; Chen et al., 2018).

Fibrinolytic enzyme (nattokinase) is a serine
protease enzyme capable of enhancing plasminogen
activator and inactivating plasminogen activator
inhibitor. It was previously isolated from natto, a
Japanese traditional food (Sumi et al., 1986). Today,
this enzyme is commonly used in medicine to
dissolve blood clots and furthermore, to prevent the
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Fibrinolytic enzyme is synthesized by various
microorganisms, especially by the genus Bacillus
(Yogesh et al., 2017). With the aim of improving the
biosynthesis of fibrinolytic enzyme, many methods
have been applied such as mutation (Wang et al.,
2008; Wang et al., 2016; Baig et al., 2019;
Mohanasrinivasan et al., 2013 and Bhavani et al.,
2012), optimization of media composition (Deepak
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et al., 2008; Liu et al., 2005; Wang et al., 2009;
Agrebi et al., 2009; Mahajan et al., 2010; Eldeen et
al., 2015; Smitha et al., 2017; Chen et al., 2007;
Wang et al., 2009) and random mutagenesis using
UV or chemical reagents was generally used to
development several Bacillus spp. strains (Raju et
al., 2013; Thakur et al., 2017; Gopinath et al., 2020;
Srivatsava et al., 2018; Hui Xu et al., 2011; Meraj et
al., 2012; Vahed et al., 2013 and Effat et al., 2016).

The medium composition for fibrinolytic enzyme
production was optimized using the response surface
methodology.  Through this  approach, the
concentration of various medium components such
as glucose, peptone, yeast extract, potassium
phosphate, calcium chloride, and sodium chloride
were adjusted, resulting in an increase in fibrinolytic
enzyme activity from 2-fold to 6-fold (Deepak et al.,
2008; Agrebi et al., 2009 and Wang et al., 2009).
However, the optimal concentration of each medium
component depended on the fibrinolytic enzyme
producing strains and the medium conditions.

In  fermentation technology, feeding limiting
nutrients to the culture media could possibily
enhance the targeting products. In 2010, Cho et al.,
improved 2.1-fold the production of fibrinolytic
enzyme by feeding a mixture of glucose and peptone
to bacterial culture followingpH-stat fed-batch
fermentation. Optimizing the ratio glucose and
peptone in feeding nutrients, Kwon et al., (2011)
achieved a 4.3-fold enhancement of fibrinolytic
enzyme compared to that in batch culture. In
addition, these authors found that fibrinolytic
enzyme production was growth associated.
Exponential feeding strategy (EFS) is an open-loop
fed-batch strategy in which feeding nutrients
increase exponentially to support the desired
specific growth rate (Ramamoorthy et al., 2019).
This fed-batch strategy is generally used to increase
microbial biomass or growth associated products.

Previously, a Bacillus sp. ES4 producing fibrinolytic
enzyme was isolated from fermented Vietnamese
soybean. And the mutant ES4capable of producing
fibrinolytic enzyme at a 5-fold higher than the wild-

type strain was generated from sequential
mutagenesis using UV/Ethidium bromide and ethyl
methyl sulfonate (Bui et al., 2022). In this study, we
aim to optimize the culture medium and develop the
fed-batch fermentation strategy to further improve
the fibrinolytic enzyme production of Bacillus sp.
ES4 mutant.

Materials and Methods
Microorganism and media

The mutant strain Bacillus sp. ES4 was obtained
from the collection at the School of Biotechnology
and Food Technology — HUST (Bui et al., 2022). It
was cryopreserved at -80°C. It was cultivated in
petri dishes containing Luria-Bertani (LB) agar
medium at 37°C, for 12-24 h before use.

Cultivation

For inoculum preparation, 50 mL of LB medium
were placed in a 250 mL flask and then inoculated
with a single colony on the petri dish. Cultures were
inoculated at 14 h, 37°C, 150 rpm. Flask
fermentation was carried out in a 250 mL flask with
a working volume of 50 mL GYP medium (Bui et
al., 2022). The fresh inoculum was inoculated in
flask to achieve the cell density of 0.2(ODgoo nm).
Then, the flask cultures were cultivated at 37°C, 150
rpm for 24 h.

Fed-batch cultures were carried out in a 2 L
bioreactor (Sartorius A Plus). Temperature and pH
were controlled at 37°C and pH 6.5 using HCI 2N or
NaOH 2N. Dissolved oxygen (DO) level was
automatically controlled at > 20% by changing
agitation between 200 and 1200 rpm at fixed
aeration 2 vvm. Feeding was started after 4 h batch
culture. The feeding rate was generated from the

equation 1 (Lee et al., 1997).

i XVo XX xett

(L.hh) (D)
Yxis X(St— So)
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Where: p is the specific growth rate (h™); t is the
feeding time (h); Vo is the volume of culture
medium at the start of the feeding (L); Xo is the
biomass concentration at the start of the feeding
(9.L™); Yxss is the biomass yield (g.g™); Sk is the
substrate concentration in the feeding solution (g. L"
1); Sy is the substrate concentration in the bioreactor
at the start of the feeding (g. L™).

Optimization of the culture medium for biomass
and fibrinolytic enzyme production

An optimal design was used to study the
simultaneous effect of six variables (glucose, yeast
extract (YE), peptone, CaCl,.2H,0, MgS0O,.7H0,
and NacCl) on the fibrinolytic enzyme production.

A total of 34 experiments with three replicates at the
center points were run in a random order (Table 1).
The data were analyzed by Design-Expert software.

Fibrinolytic enzyme activity assay

The fibrinolytic enzyme activity was determined
according to the method described by Bui et al.,
(2022). One unit of the fibrinolytic enzyme activity
was defined as the amount of enzyme that gave an
increase in absorbance at 275 nm equivalent to 1 ug
of tyrosine per minute at 37°C.

Results and Discussion
Optimization for fibrinolytic enzyme production

In this study, the response surface methodology was
used to optimize the concentration of six medium
ingredients for cell density and fibrinolytic enzyme
production. A total of 34 experiments were carried
out following Table 1. The results were analyzed
using ANOVA analysis following the quadratic
model for both cell density and fibrinolytic enzyme
activity (Table 2). The determination coefficient
(R?) of regression equations were 0.9990 and 0.9993
for cell density and fibrinolytic activity,
respectively, which indicates less than 0.1% of the
variability could not be explained by the model.

The ANOVA analysis showed that the regression
model of both cell density and fibrinolytic enzyme
activity was significant (p-value < 0.05) (Table 2).
Among the independent variances analyzed, single
variances such as glucose, yeast extract and peptone
significantly affected cell density and fibrinolytic
enzyme activity. The effect of MgSO, was
nonsignificant for both biomass and fibrinolytic
enzyme activity (p-value >0.05). Meanwhile, NaCl
did not affect bacterial density but affected
fibrinolytic enzyme production. For the quadratic
interactions between six variances, there are 5/15
interactions between glucose - YE, YE - CaCly, YE -
NaCl, peptone - CaCl,, YE - MgSO, affected the
cell density. Meanwhile, for fibrinolytic enzyme
activity, 10/15 interactions were significant.

The influence of independent variances on cell
density and enzyme activity is shown in Figure 1
and the coefficients of quadratic models are given in
Figure 2.

Among the independent variances affected cell
density, the effect of yeast extract was the highest,
8-fold higher than that of glucose and peptone, 15-
fold higher than that of CaCl,, while MgSO, and
NaCl had a negative influence. The ratio of these
variances was  1/0.12/0.12/0.07  for  yeast
extract/glucose/peptone/CaCl,, respectively.
Meanwhile for fibrinolytic enzyme activity, the
effect of variances was in the order of yeast >
glucose > peptone > MgSO,> NaCl, with the ratios
being 1/0.84/0.7/0.11/ 0.11/ 0.04, respectively. This
result indicated that the influence of independent
variances on cell density and enzyme activity was
relatively different. From our results, the most
important variance affecting cell density was the
yeast extract. It is obvious that nitrogen sources are
determinants in enzyme production, particularly in
the case of protease. According to Chen et al.,
(2007), the most important factor for fibrinolytic
enzyme production from the recombinant strain
WB700N/pUKVI-NAT2 was soybean hydrolysate.
Furthermore, Deepak et al., (2008) demonstrated the
importance of peptone in fibrinolytic enzyme
activity in the wild-type strain B. subtilis 1A752. For
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our mutant Bacillus sp. ES4, interestingly, the
enzyme activity was similarly affected by yeast
extract, glucose, and peptone.

Optimal conditions for cell density and fibrinolytic
enzyme production were generated by Design
Expert software (Table 3). Under these conditions,
highest enzyme activity and biomass were predicted
as 704 FU/mL and ODgoonm = 9.44, respectively.
Experiments in shake flask (triplicate) using
optimum medium after 24 h showed fibrinolytic
enzyme activity of 686 = 43 FU/mL (equivalent to
97.44% desirability) and cell density of 8.505 *
0.096 (equivalent to 90.34% desirability). Thus, the
model accurately predicted both enzyme activity and
cell biomass during fermentation. An increase of
1.7-fold in fibrinolytic enzyme activity was obtained
using the optimum medium compared to the initial
one. Our result was of same order of magnitude as
others published findings. Chen et al., (2007)
obtained a 1.24-fold increase in fibrinolytic enzyme
production by optimizing medium composition.
Deepak et al., (2008) reported a 2-fold increase in
fibrinolytic enzyme production by B. subtilis 1A752
following culture medium optimization using central
composite design. Depending on strain, the
optimization of medium composition may increase
fibrinolytic enzyme production up to 6-fold (Wang
et al., 2009)

One-step fed-batch fermentation

In this study, exponential fed-batch fermentation
was used to improve fibrinolytic enzyme production.
The feeding solution containing glucose, YE and
peptone with their proportions following the optimal
conditions for fibrinolytic enzyme production (Table
3) was fed in the 2 L bioreactor. The feeding rate
was calculated using equation 1 with the specific
growth rate of 0.57 h™ and Yx/s = 2.53 g.g™.

In batch mode fermentation, the cell density
achieved its maximum after 6 h (data not shown). In
exponential fed-batch mode, the microbial density

continuously increased until t = 13 h and attained an
ODsgoo nm at 101.2 (Figure 3). This value was 7.75-
fold higher than microbial biomass obtained from
batch fermentation. The fibrinolytic enzyme activity
was increased in parallel with cell growth and
reached maximum at 4057.14 = 57.14 FU/mL. It
represents an increase of more than 4.66-fold
compared to batch mode.

Cho et al., (2010), performed the pH-stat fed-batch
fermentation using the mixture of glucose and
peptone to improve fibrinolytic enzyme production
by Bacillus subtilis. The ODgoo nm reached 100 after
22 h, increased 2.5-fold compared to the batch
fermentation. Furthermore, using similar pH-stat fed
batch fermentation, Kwon et al., (2011) achieved an
improvement in 4.3-fold of fibrinolytic enzyme
activity in a 5 L bioreactor. An increase of 1.13-fold
fibrinolytic enzyme was achieved by feeding
glycerol at 3% in a 3 L bioreactor by Berenjian et
al., (2014).

Two-step fed-batch fermentation

Results of the optimization experiment revealed that
Bacillus sp. ES4 preferred two different medium
compositions for cell density or fibrinolytic enzyme
production (Table 3). Consequently, nutrient
addition to the fermentation culture was divided into
two steps based on the optimal conditions for cell
density and for fibrinolytic enzyme activity. In the
first step, the objective of nutrient feeding was to
boost cell biomass, then the second feeding was
dedicated for fibrinolytic enzyme production (Figure
4).

The highest cell density in the two- step fed-batch
fermentation was 142.3 £+ 0.02 after 13h, which was
1.27-fold higher than in one-step fed-batch
fermentation. The highest enzyme activity was
5,300 + 100 FU/mL, 1.3-fold higher than that of one
step fed-batch fermentation, 6.09-fold greater than
batch mode fermentation, and 13.12-fold higher than
the initial culture.
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Table.1 Medium optimization for biomass and fibrinolytic enzyme production using random order design.

Run Variables Enzyme oD
A: B:Y C: D: E: F: activity 600
Glucose E  Peptone CaCl,.2H,O0 @ MgSO..7H,O NaCl nm
g/l g/l g/l g/l g/l g/l FU/mL

1 25.00 3.15 3.36 0.35 0.22 5.00 552 6.74
2 5.00 2.88 4.64 0.26 0.30 8.23 408 5.54
3 5.00 2.88 4.64 0.26 0.30 8.23 396 5.38
4 24.20 | 5.00 7.16 0.60 0.12 10.00 553 9.17
5 11.20  0.00 1.00 0.10 0.26 5.00 104 2.55
6 25.00 | 5.00 1.00 0.10 0.30 7.38 498 7.52
7 5.00 5.00 5.16 0.10 0.14 5.00 456 7.75
8 25.00 | 5.00 9.00 0.18 0.10 10.00 483 8.93
9 19.40  5.00 4.92 0.60 0.10 6.03 700 9.32
10 16.00 | 0.00 5.88 0.42 0.10 9.75 414 3.32
11 25.00 1.40 9.00 0.60 0.19 7.85 490 4.3
12 15.70 | 2.40 8.00 0.10 0.24 10.00 679 5.6
13 1040 2.73 1.00 0.34 0.10 6.50 309 5.31
14 23.90 | 3.60 1.00 0.48 0.27 8.53 372 7.05
15 5.00 0.00 9.00 0.19 0.16 7.63 210 4.2
16 25.00 | 0.00 9.00 0.10 0.30 5.00 581 3.94

17 5.00 0.38 1.40 0.60 0.19 8.65 141 4
18 5.00 5.00 1.00 0.60 0.30 5.00 219 7.46
19 5.00 0.98 7.40 0.57 0.16 5.00 252 4.27
20 12.40 | 5.00 1.72 0.35 0.19 9.95 492 7.55
21 5.00 0.00 1.00 0.10 0.10 10.00 24.6 2.68
22 13.00 | 5.00 9.00 0.38 0.27 6.15 476 8.24
23 1740 1.18 3.96 0.60 0.30 6.53 462 4.15
24 25.00 | 0.48 3.40 0.10 0.15 7.50 414 4.03
25 25.00 2.90 1.00 0.60 0.10 10.00 426 6.43

26 25.00 | 0.00 1.00 0.60 0.10 5.00 104 3
27 25.00 5.00 6.60 0.58 0.30 10.00 497 9.39
28 25.00 | 5.00 1.00 0.10 0.10 8.05 468 7.68
29 19.60 2.15 9.00 0.10 0.10 5.00 595 5.27
30 25.00 | 0.00 1.00 0.33 0.30 10.00 103 3.04
31 1040  2.73 1.00 0.34 0.10 6.50 294 5.07
32 25.00 | 3.15 3.36 0.35 0.22 5.00 540 6.94
33 5.00 0.00 9.00 0.60 0.30 10.00 210 3.45
34 5.00 4.60 9.00 0.60 0.10 10.00 329 7.29
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Table.2 ANOVA analysis for quadratic models.

Cell density (OD 600 nm)

Sumof Mean
Squares Square
143.18 5.30
1.71 1.71
91.33 91.33
1.37 1.37
0.4523 | 0.4523
0.0575 0.0575
0.0135 | 0.0135
2.38 2.38
0.0628 | 0.0628
0.0748 0.0748
0.0955 | 0.0955
0.0167 0.0167
0.0659 | 0.0659
1.14 1.14
0.1301 | 0.1301
0.1537  0.1537
2.11 2.11
0.1957  0.1957
0.0314 | 0.0314
0.0073  0.0073
0.0606 | 0.0606
0.0557  0.0557
0.3302 | 0.3302
0.6359  0.6359
0.8209 | 0.8209
0.0494 0.0494
0.2560 | 0.2560
0.0450 0.0450
0.1449 | 0.0242
0.0833  0.0278
0.0616 | 0.0205

143.32

F-value p-value
219.52 @ <0.0001
70.89 0.0002
3780.81 | <0.0001
56.68 0.0003
18.72 0.0049
2.38 0.1738
0.5576 @ 0.4834
98.33  <0.0001
2.60 0.1580
3.10 0.1290
3.95 0.0939
0.6933  0.4369
2.73 0.1497
47.13 0.0005
5.39 0.0594
6.36 0.0451
87.19 | <0.0001
8.10 0.0293
1.30 0.2978
0.3041  0.6013
2.51 0.1644
2.31 0.1797
13.67 0.0101
26.33 0.0022
33.98 0.0011
2.04 0.2027
10.60 0.0173
1.86 0.2211
1.35 0.4049

156

Sum of
Squares
9.851E+05
1.732E+05
1.926E+05
1.009E+05
16552.43
279.82

2298.63
25.11
4950.29
1291.78
158.58
10021.10
31062.11
54.09
3148.49
6105.37
6438.57
2226.91
2790.80
11834.46
93.08
142.40
54585.61
25173.16
81269.79
16622.05
2425.63
326.02
730.69
474.19
256.50
9.858E+05

Fibrinolytic enzyme

Mean
Square
36484.72

1.732E+05 = 1422.39
1.926E+05 | 1581.29

1.009E+05
16552.43
279.82

2298.63
25.11
4950.29
1291.78
158.58
10021.10
31062.11
54.09
3148.49
6105.37
6438.57
2226.91
2790.80
11834.46
93.08
142.40
54585.61
25173.16
81269.79
16622.05
2425.63
326.02
121.78
158.06
85.50

F-value

299.59

828.68
135.92
2.30

18.87
0.2062
40.65
10.61
1.30
82.29
255.06
0.4441
25.85
50.13
52.87
18.29
22.92
97.18
0.7643
1.17
448.22
206.71
667.34
136.49
19.92
2.68

1.85

p-value

< 0.0001
< 0.0001
< 0.0001
< 0.0001
< 0.0001
0.1804

0.0049
0.6657
0.0007
0.0173
0.2973
0.0001
< 0.0001
0.5299
0.0023
0.0004
0.0003
0.0052
0.0030
< 0.0001
0.4156
0.3211
< 0.0001
< 0.0001
< 0.0001
< 0.0001
0.0043
0.1529

0.3132
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Table.3 Optimal conditions for biomass and fibrinolytic enzyme activity.

Medium Glucose YE Peptone | CacCl,.2H,0 MgSQO,.7TH,0 NaCl

(g/L) (g/L) (g/L) ii/ Li ii/ Li (/L)

Optimal Fibrinolytic 16.66 2.75 7.44 0.1 0.24 9.65
enzyme

Table.4 Comparing one and two steps fed-batch fermentation.

First step of fed-batch Second step of fed-batch
fermentation fermentation

| | | | |
 eam | | | |

F|br|nolyt|c enzyme/Biomass 34 05 26.84 44, 39 45, 07
(FU/Qg)

F|br|nolyt|c enzyme/YE (FU/qg) 141567.01 |  95862.77 | 166402.66 |  234256.11

Biomass/Glucose (g/g) ____
~ Biomas/YE(g) 02 0l 067 131

Biomass/Peptone (g/g) 0.08 0.58 0.25 0.48
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Fig.1 Response surface for cell density and fibrinolytic enzyme production

Enzyme FU/ml)

Fig.2 Coefficients of quadratic regression for cell density (dotted line) and fibrinolytic enzymeactivity
(continous line) (A: glucose, B: YE, C: peptone, D: CaCl,, E: MgSO,, F: NaCl)
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Fig.3 Kinetic of one step fed-batch fermentation (FE: Fibrinolytic Enzyme; Stirr: Stirring speed)
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Fig.4 Kinetic of two steps fed-batch fermentation ((FE: Fibrinolytic Enzyme; Stirr: Stirring speed)
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Two strategies of fed-batch fermentation were
compared (Table 4). Although the total nutrient
intake was similar in the second step of both
experiments, the mutant Bacillus sp. ES4 grew more
rapidly in two-step fed-batch mode, and the

159

efficiency of using the substrate for the biosynthesis
of biomass and fibrinolytic enzyme was higher than
in one- step fed-batch fermentation.

The response surface methodology was conducted to
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optimize the medium composition of Bacillus sp.
ES4 for cell density and fibrinolytic enzyme
production. The maximum activity of fibrinolytic
enzyme reached 686 + 43 FU/mL using medium
containing glucose (16.66 g/L), YE (2.75 g/L),
peptone (7.44 g/L), CaCl,.2H,O0 (0.1 ¢/L),
MgSO,.7H,0 (0.24 g/L), and NaCl (9.65 g/L) One-
step exponential fed-batch fermentation using the
nutrient suitable for fibrinolytic enzyme production
enhanced 5.91-fold enzyme activity. Moreover, in
two-step exponential fed-batch fermentation, 5,300
FU/mL fibrinolytic enzyme activity was obtained,
which was 13.12-fold higher than the initial culture.
Further research should be focused on scaling up
fermentation for fibrinolytic enzyme production by
this strain at pilot scale.

References

Agrebi. R, A. Haddar, M. Hajji, F. Frikha, L. Manni,
K. Jellouli, and M. Nasri. 2009. Fibrinolytic
enzymes from a newly isolated marine
bacterium Bacillus subtilis A26:
characterization and statistical media
optimization. Can. J. Microbiol, vol. 55, pp.
1049- 1061. https://doi.org/10.1139/WQ9-
057

Baig. A, Mohamed Abu-Zeid, Najla Bent Saud Al-
Saud and Salah E. M. Abo-Aba. 2019. EMS
Mutation Improve the Fibrinolytic Enzyme
Activity in Bacillus subtilis Strain. World
Applied Sciences Journal, vol. 37, pp. 135-
139.
https://doi.org/10.5829/idosi.wasj.2019.135.
139.

Berenjian. A, R. Mahanama, J. Kavanagh, F.
Dehghani, Y. Ghasemi. 2014. Nattokinase
Production:  Medium components and
feeding strategy studies. Chem. Ind. Chem.
Eng. Q, 20 4) 541-547.
https://doi.org/10.2298/CICEQ130928037B.

Bhavani. B, B. Naveena and N. Partha. 2012. Strain
Improvement of Streptomyces venezuelae for
Enhanced Fibrinolytic Enzyme Production.
Advanced Materials Research, vol. 584, pp.
440-444.

https://doi.org/10.4028/www.scientific.net/A
MR.584.440.

Bui Thi Thanh, Pam Thuy Hang, Pham Tuan Anh
and Nguyen Lan Huong. 2022. Enhanced
Production of Fibrinolytic Enzyme by
Bacillus sp. Isolated from Vietnamese
Traditional Fermented Soybean (Tuong ban)
using Ultraviolet Irradiation and Chemical
Mutation. Int.J.Curr.Microbiol.App.Sci, vol.
11, pp. 67-80.
https://doi.org/10.20546/ijcmas.2022.1105.0
10.

Chen. H, Eileen M McGowan, Nina Ren, Sara Lal,
Najah Nassif, Fatima Shad-Kaneez, Xiangin
Qu and Yiguang Lin. 2018. Nattokinase: A
Promising Alternative in Prevention and
Treatment of Cardiovascular Diseases.
Biomarker Insights, Vol 13: 1-8.
https://doi.org/10.1177/1177271918785130.

Chen. P. T, C. J. Chiang, Y. P. Chao. 2007. Medium
optimization for the production of
recombinant nattokinase by Bacillus subtilis
using response surface  methodology.
Biotechnology Progress, vol. 23, pp. 1327-
1332. https://doi.org/10.1021/bp070109b.

Cho. Y. H, J. Y. Song, K. M. Kim, M. K. Kim, . Y.
Lee, S. B. Kim, H. S. Kim, N. S. Han, B. H.
Lee and B. S. Kim. 2010. Production of
nattokinase by batch and fed-batch culture of
Bacillus subtilis. New Biotechnology, vol.
217, pp. 341-346.
https://doi.org/10.1016/j.nbt.2010.06.003.

Deepak. V, K. Kalishwaralal, S. Ramkumarpandian,
B. S. Venkatesh, S. R. Senthilkumar, G.
Sangiliyandi. 2008. Optimization of media
composition for nattokinase production by
Bacillus subtilis using response surface
methodology. Bioresource Technology, vol.
99, pp. 8170-8174.
https://doi.org/10.1016/j.biortech.2008.03.01
8.

Effat A. M. Soliman, O. I. M. El-Hamshary and
Reem S. M. Batayyib. 2016. Enhancement of
Protease Production of Some Bacillus spp.
Isolated from Various Regions in Jeddah
City. Int.J.Curr.Microbiol.App.Sci, 5, pp.

160


https://doi.org/10.1139/W09-057
https://doi.org/10.1139/W09-057
https://doi.org/10.5829/idosi.wasj.2019.135.139
https://doi.org/10.5829/idosi.wasj.2019.135.139
https://doi.org/10.2298/CICEQ130928037B
https://doi.org/10.4028/www.scientific.net/AMR.584.440
https://doi.org/10.4028/www.scientific.net/AMR.584.440
https://doi.org/10.20546/ijcmas.2022.1105.010
https://doi.org/10.20546/ijcmas.2022.1105.010
https://doi.org/10.20546/ijcmas.2022.1105.010
https://doi.org/10.1177/1177271918785130
https://doi.org/10.1021/bp070109b
https://doi.org/10.1016/j.nbt.2010.06.003
https://doi.org/10.1016/j.biortech.2008.03.018
https://doi.org/10.1016/j.biortech.2008.03.018
https://doi.org/10.1016/j.biortech.2008.03.018

Int.J.Curr.Microbiol.App.Sci (2023) 12(03): 151-162

619-635.
https://doi.org/10.20546/ijcmas.2016.505.06
3.

Eldeen. K. I, Elrashied Elimam Elkhidir, Hassan
Beshir Elamin. 2015. Optimization of
Culture Conditions to Enhance Nattokinase
Production Using RSM. American Journal of
Microbiological Research, vol. 3, pp. 165-
170. https://doi.org/10.12691/ajmr-3-5-3.

Gopinath. S, K. N. Rajnish, Saptashwa Datta and E.

Selvarajan. 2020. Enhancement  of
Serrapeptase Hyper Producing Mutant by
Combined Chemical and UV Mutagenesis
and its Potential for Fibrinolytic Activity.
Journal of Pure and Applied Microbiology,
vol. 14, pp. 1295-1303.
https://doi.org/10.22207/JPAM.14.2.25.

Xu, Shiru Jia and Jianjun Liu. 2011.

Development of a mutant strain of Bacillus

subtilis showing enhanced production of

acetoin. African Journal of Biotechnology,

vol. 10, pp. 779-788.

https://doi.org/10.5897/AJB10.1455.

E. Y, K. M. Kim, M. K. Kim, I. Y. Lee, and

B. S. Kim. 2011. Production of nattokinase

by high cell density fed-batch culture of

Bacillus subtilis. Bioprocess and biosystems

engineering, vol. 34, pp. 789-793.

https://doi.org/10.1007/s00449-011-0527-x.

Sang Yup Lee and Sunwon Park. 1997. Fed-

batch culture of Escherichia coli W by

exponential feeding of sucrose as a carbon

source,Biotechnology Techniques, vol. 11,

pp. 59-62.

Liu. J, Tianshi Chang, Zhiya Ma, Huizhou Liu.
2005. Optimization of nutritional conditions
for nattokinase production by Bacillus natto
NLSSE using statistical —experimental
methods. Process Biochemistry, vol. 40, pp.
2757-2762.
https://doi.org/10.1016/j.procbio.2004.12.02
5.

Mahajan. P. M, Sagar V. Gokhale, and Smita S.
Lele. 2010. Production of nattokinase using
Bacillus natto NRRL 3666: Media
optimization, scale up, and kinetic modeling.

Hui

Kwon.

Lee. J,

161

Food Science and Biotechnology, vol. 19,
pp. 1593-1603.
https://doi.org/10.1007/s10068-010-0226-4.
M, R. Khalil ur, A. Jamil, M. Ashraf, M. I.
Rajoka, S. Javed. 2012. Bacillus subtilis
improvement through UV and chemical
mutagenesis for indigenously hyperproduced
urate oxidase. Pakistan Journal of Life and
Social Sciences, vol. 10, pp. 123-129.
Mohanasrinivasan. V, C. S. Devi, R. Biswas, F.
Paul, M. Mitra, E. Selvarajan.. 2013.
Enhanced production of nattokinase from
UV mutated Bacillus sp.Bangladesh Journal
of Pharmacology, vol. 8, pp. 110-115.
https://doi.org/10.3329/bjp.v8i2.13690.
Peng. Y, Xiaojuan Yang, Yizheng Zhang. 2005.
Microbial fibrinolytic enzymes: an overview

Meraj.

of source, production, properties, and
thrombolytic activity in vivo. Appl Microbiol
Biotechnol, 69: 126-132

https://doi.org/10.1007/s00253-005-0159-7
Raju. E. V. N, and D. Goli. 2013. Bacillus cereus
GD 55 Strain Improvement by Physical and
Chemical Mutagenesis for  Enhanced
Production  of  Fibrinolytic  Protease.
International Journal of Pharma Sciences
and Research, vol 4 (5), 81-93.
Ramamoorthy. N. K, Sambavi T R, Sahadevan
Renganathan. 2019. Assessment of fed-batch
strategies for enhanced cellulase production
from a waste lignocellulosic mixture.
Biochemical Engineering Journal, vol. 152,
p. 107387.
https://doi.org/10.1016/j.bej.2019.107387.
Smitha. K. V and B. V. Pradeep. 2017. Application
of Box-Behnken Design for the Optimization
of Culture Conditions for Novel Fibrinolytic
Enzyme Production by Bacillus altitudinis S-
CSR 0020. Journal of pure and applied
Microbiology, wvol. 11, pp. 1447-1456.
https://doi.org/10.22207/JPAM.11.3.28.
Srivatsava. S, Jemimah Naine, Vaishnavi, Subathra
Devi. 2018. Strain improvement, production
and stability of Nattokinase from UV mutant
strain of Pseudomonas aeruginosa CMSS.
International  Journal of  ChemTech



https://doi.org/10.20546/ijcmas.2016.505.063
https://doi.org/10.20546/ijcmas.2016.505.063
https://doi.org/10.12691/ajmr-3-5-3
https://doi.org/10.22207/JPAM.14.2.25
https://doi.org/10.5897/AJB10.1455
https://doi.org/10.1007/s00449-011-0527-x
https://doi.org/10.1016/j.procbio.2004.12.025
https://doi.org/10.1016/j.procbio.2004.12.025
https://doi.org/10.1007/s10068-010-0226-4
https://doi.org/10.3329/bjp.v8i2.13690
https://doi.org/10.1007/s00253-005-0159-7
https://doi.org/10.1016/j.bej.2019.107387
https://doi.org/10.22207/JPAM.11.3.28

Int.J.Curr.Microbiol.App.Sci (2023) 12(03): 151-162

Research, vol. 11, pp. 314-322.
https://doi.org/10.20902/1JCTR.2018.110737

Sumi. H, H. Hamada, H. Tsushima, H. Mihara and

H. Muraki. 1986. A novel fibrinolytic
enzyme (nattokinase) in the vegetable cheese
Natto; a typical and popular soybean food in
the Japanase diet.Experientia, vol 43.
https://doi.org/10.1007/bf01956052

Thakur. N, T. C. Bhalla, and D. Kumar. 2017.

Vahed.

Wang.

Systemic mutagenesis of Bacillus sp. APR-4
for enhanced production of thermostable and
alkaline protease. Biological Forum — An
International Journal, 9(2): 54-60.

M, Ebrahim Motalebi, Garshasb Rigi,
Kambiz Akbari Noghabi, Mohammad Reza
Soudi, Mehdi Sadeghi and Gholamreza
Ahmadian. 2013. Improving the Chitinolytic
Activity of Bacillus pumilus SG2 by
Random  Mutagenesis. J.  Microbiol.
Biotechnol, wvol. 23, pp. 1519-1528.
https://doi.org/10.4014/jmb.1301.01048.

J. K, Hua-Hsien Chiu, Ching-Shieh Hsieh.
2009. Optimization of the medium

components by statistical experimental
methods to enhance nattokinase activity.
Fooyin Journal of Health Sciences, vol. 1, p.
21-27.

Wang. S. H, C. Zhang, Y. L. Yang, M. Diao, and M.

F. Bai. 2008. Screening of a high fibrinolytic
enzyme producing strain and
characterization of the fibrinolytic enzyme
produced from Bacillus subtilis LD-8547.
World Journal of Microbiology and
Biotechnology, vol. 24, pp. 475-482.
https://doi.org/10.1007/s11274-007-9496-2.

Wang. X. C, HY Zhao, G Liu, X J Cheng, H Feng.

2016. Improving production of extracellular
proteases by random mutagenesis and
biochemical characterization of a serine
protease in Bacillus subtilis S1-4. Genetics
and Molecular Research, vol. 15(2).
https://doi.org/10.4238/gmr.15027831.

Yogesh, D. and Halami, P. M. 2017. Fibrinolytic

enzymes of Bacillus spp.: an overview.
International Food Research Journal vol.
24, pp. 35-47.

How to cite this article:

Bui Thi Thanh, Le Tuan, Nguyen Lan Huong and Pham Tuan Anh. 2023. Improvement of Fibrinolytic
Enzyme Production from Bacillus sp. ES4 by Response Surface Methodology and Exponential Fed-Batch

Fermentation. Int.J.Curr.Microbiol.App.Sci. 12(03): 151-162.

doi: https://doi.org/10.20546/ijcmas.2023.1203.019

162



https://doi.org/10.20902/IJCTR.2018.110737
https://doi.org/10.1007/bf01956052
https://doi.org/10.4014/jmb.1301.01048
https://doi.org/10.1007/s11274-007-9496-2
https://doi.org/10.4238/gmr.15027831
https://doi.org/10.20546/ijcmas.2023.1203.019

