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In the current study a potent fibrinolytic protease producing Bacillus cereus VMI2 was isolated from Grape wine (Vitis vinifera) and
studied the protease activity and fibrinolytic activity. The organism was identified by morphological, biochemical and molecular analysis.
The potent Bacillus cereus VMI2 showed significant clot lysis activity in 2h of incubation. In order to enhance the fibrinolytic activity,
the medium was optimized. Inoculum size, pH, temperature, nitrogen and carbon were selected for the optimization. Compared with base
medium the optimized medium with fructose, beef extract and 1000 pL inoculum volume were incubated at 35°C and showed significant

increase in fibrinolytic activity. The potent strain also showed a maximum of enzyme production and enzyme activity at 6™ h which
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showed the optimum time for production of nattokinase. The FTIR-HPLC results confirmed the presence of nattokinase. The molecular
weight of the enzyme was analysed by SDS PAGE. It was found to be a 29kDa protein, confirmed the presence of nattokinase.
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INTRODUCTION

CVD or cardiovascular diseases have become one of the significant reasons for
increase in mortality rate across the globe. Moreover, thrombosis is regarded as the
severe blood clotting condition which results in thrombophlebitis, phlebitis, and
venous thrombosis (Kotb et al., 2012) (Souza et al., 2010). Despite the possibility
of a cerebral hemorrhage as a result, different anticoagulants, including heparin,
are currently used to treat thrombosis disorders. It has been suggested that
plasminogen activators used in thrombolytic therapy are a superior form of
treatment to other anticoagulants (Malke et al., 1984) (Pajovic et al., 2018).
Different microorganisms act as a source for various enzymes including
Bacillus which is commonly found in traditional fermented foods (Uyar et
al.,2011). Nattokinase (NK) is a sticky enzyme present in Japanese food natto
which is a cheese like food made from fermented soybeans. The fermentation of
soybeans with Bacillus subtilis, a Gram-positive bacteria produces the fibrinolytic
protease nattokinase. (Dabbah et al., 2014). Grape wines are made mainly from
species Vitis vinifera (Li etal., 2017). Grape wines are rich in phenolic compounds
that have potent anti-oxidant activity. Red grapes when compared with white
grapes have more total polyphenol content (300-5000 mg/L) which is about ten
times more than that of white wines which has 60-200 mg/L content (Li et al.,
2017). Matured soybeans have been used in isolation of Bacillus and have proven
the ability to produce nattokinase. (Li et al.,2022). B. subtilis in particular is known
to cause ropiness in wines. This helps to improve the quality of wine due to the
production of long-chain polysaccharides. The species of the genus Bacillus are
known to be great producers of industrial enzymes. These bacteria are known to
produce about 50% of industrially important enzymes (Schallmey et al., 2004).
Bacillus cereus has a great role in wine production as well as is a strong producer
of fibrinolytic enzyme nattokinase. Therefore, having a potent producer for the
production of nattokinase is an industrial need. It opens the vast opportunities for
mass production of nattokinase which is a highly demanded fibrinolytic protease.
The current study focussed on the production, partial purification, and media
optimization for enhanced production of nattokinase from Bacillus cereus VMI2
isolated from grape wine. This work is the report on the nattokinase producing
bacterial strain isolated from household wine.

MATERIALS AND METHODS

Isolation of Bacillus sp. from food samples

Four fermented home-made food samples like curd, batter, grape wine and nutmeg
wine were collected from different parts of Vellore, Tamil Nadu, India. The

fermented food samples were serially diluted in 0.85% saline upto 107 and spread
plate was performed using 100pL from 103,107, and 107 dilutions on nutrient agar

media (Hi-Media, India). The culture plates were kept at 37°C for 24h of
incubation. Based on the morphology of the colonies, they were selected and
subjected to Gram’s staining. Isolated strains were then screened for protease
activity on skim milk agar medium (Merlyn et al., 2021) (Das et al., 2010). Plates
were incubated for 24h at 37°C.

Screening for protease activity
Primary and secondary screening

Selected strains were screened for protease activity by plating them on skim milk
agar plates (10%) and incubated for 24h at 37°C. The plates were then observed
for zone of clearance (Merlyn et al., 2021). Based on the zone of hydrolysis the
selected strains were selected for secondary screening. The selected strains were
incubated in nutrient broth at 37°C for 24h. The culture broth was centrifuged at
4°C, 10,000 rpm for 10 min and the cell free suspension was collected. The cell
free supernatant of 100ul was then added into the wells (Imm diameter) cut on
skim milk agar plates and incubated. Further the plates were incubated at 37°C for
24h after incubation the diameter of zone of hydrolysis was measured.

Soft agar overlay method

The selected strains were screened for the detection of fibrinolytic protease
production by soft agar medium method using casein and human plasminogen in
soft agar (Schallmey et al., 2004) (Wang et al., 2009). The selected strains were
streaked on overlay soft agar medium. The medium was prepared using 10 mL of
0.8% agarose, 10% skim milk, 150 mM NaCl, 200 pl of fresh human plasma, and
50 mM Tris-HCl at pH 8.0. The plates were incubated overnight, at 37°C. A clear
zone around the colonies indicated fibrinolytic protease.

Modified Holmstorm method

Clot lysis activity of the crude supernatant (100uL,200pL,300u1,500u1) extracted
from the selected strains were analysed by modified Holmstorm method.
(Holmstorm 1965) (Mohanasrinivasan et al., 2013) (Pajovic et al., 2018). The
positive control used was streptokinase from hemolytic Streptococci(sigma),
10,000 KU.

Selection of strain and identification

Morphological and biochemical characterization of the selected strain isolated
from grape wine was done. The results were interpreted using Bergey’s manual of
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bacteriology (Brown 1939). Pure isolates of the strain were maintained on nutrient
agar slants.

Molecular characterization of the strain VMI2

The selected potent strain was identified by 16S rDNA sequencing. DNA was
isolated from the strain VMI2 and 5 ul of sample was added to 25 puL of PCR
reaction solution (5 pL of deionized water,1.5 puL of forward primer (5'
AGAGTTTGATCTGGCTCAG 3') and 12 pL of Taq Master Mix and reverse
primer (5' TACGGTACCTTGTTACGACTT 3') were used for PCR. The
amplified 16s rDNA sequences were run in BLAST using National Center for
Biotechnology Information (NCBI) database (Altschul et al. 1990). The alignment
was evaluated using the program MUSCLE 3.7 (Edgar et al. 2004). MEGA 11
software with bootstrap values were used for the analysis of phylogeny (Kumar
et al., 2016). The 16s rDNA sequence was submitted to Genbank and accession
number was generated.

Production medium optimization

Production medium for nattokinase was supplemented with dried shrimp shell
powder and inoculum size of 1% was inoculated into it. It was then incubated at
37°C in the shaker for 48h (Mohanasrinivasan et al., 2013). Media optimization
with carbon sources like (1% of glucose, fructose, glycerol, sucrose) nitrogen
sources (2% of yeast extract, beef extract, soy-bean meal (commercially available
meal maker) inoculum size (50uL, 100 pL, 250 uL, 500 uL and 1000 uL), pH (pH
4, pH 6, pH 7, pH 10, pH 14) and temperature (25°C, 35°C, 40°C, and 55°C)
enriched with shrimp shell powder (1%) (Dabbah et al., 2014) (Ku et al., 2009).

Growth kinetics of Bacillus cereus VMI2

Growth rate of the organism Bacillus cereus VMI2 was analysed in the optimized
production medium. The strain VMI2 was inoculated into the production medium
and incubated for 12h at 37 °C. 1% of log phase culture was inoculated into 100mL
of production medium and incubated at 37 °C for 24h. (Babu and Subathra 2015).
The growth kinetics, protein content and enzyme activity were checked at regular
intervals of 2h, it was observed from 0" to 12" h. The protein content and enzyme
activity were determined by Lowrys method and casein hydrolysis assay
respectively. (Lowry 1951) (Cupp-enyard 2008).

Partial purification of the enzyme

The cell free suspension was used for the ammonium sulphate precipitation at
different levels of saturations (20-100% wi/v). The precipitated samples were
collected and spined at an rpm of 12,000 at 4 °C for 20 min. After dissolving the
pelletin Tris-HCI (20 mM) of pH 7, the sample was dialyzed using tris HCI buffer.
(Rajaselvam et al 2021). The partially purified enzyme of 80% saturation was
then checked for clot lysis activity by modified Holmstorm method. (Holmstorm
1965)

Enzyme characterization
HPLC AND FTIR

Partially purified sample (60-80%) was subjected to HPLC with mobile phase of
NaH,PO,and CH3OH in the ratio 95:5. The mobile phase was filtered using syringe
filter (0.45um) and analysed (Mohanasrinivasan et al.,2013).

FTIR spectra of partially purified enzyme (60% and 80%) partially purified sample
was measured using a Perkin EImer FTIR spectrometer.

SDS-PAGE

Sodium dodecy! sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) was
done to identify the protein weight and purity of the enzyme produced by Bacillus
cereus VMI2 (Vaithilingam et al., 2016).

RESULTS
Isolation and screening
Screening for protease activity

Among all the selected ten strains only three strains showed zone of hydrolysis on
skim milk agar (Figure 1B). Zone of hydrolysis was compared among the three
strains and further examined for secondary screening under same conditions.
Among the three strains Bacillus cereus VMI2(Figure 1A) isolated from grape
wine showed a zone of hydrolysis with 20mm (Figure 1C) of diameter and the
protease activity was confirmed.

Figure 1 a) Pure culture of Bacillus cereus VMI2 on nutrient agar b) primary
screening on skim milk agar medium c) secondary screening on skim milk agar
medium.

Screening for fibrinolytic protease activity
The soft agar over lay method and clot lysis

The fibrinolytic protease activity of the selected strain was confirmed by soft agar
overlay method (Figure 2A). Among the three protease positive strains VMI2
isolated from grape wine showed maximum zone of hydrolysis. Compared with
the three protease positive strains, significant clot lysis activity was observed for
the strain VMI2 crude sample. The crude samples showed less clot lysis activity in
stipulated time. After 2h of incubation 200pul of crude sample extracted from
VMI2 showed 95.3% of clot lysis activity (Figure 3B). After 4™ h the clot lysis was
gradually increased, and a complete lysis was observed in the 6 h. The crude
supernatant from the strain VMI2 exhibited a maximum of 97% of clot lysis.

(Figure 2C)

A) B) C)

Figure 2 Enzyme activity (A) soft agar overlay method (B) clot lysis (a) negative
control, (b) positive control, (c) clot lysis activity of VMI2 after 2h (d) after 4h (e)
after 6h (f) after 8h (g) clot lysis activity of VMI1 after 8h (h) clot lysis of VMI3
after 8h of crude supernatant extracted from selected three bacterial strain (C)
percentage of clot lysis activity of VMI2 after 2h,4h and 6h

Biochemical and molecular characterization

The strain Bacillus cereus VMI2 was found to be Gram positive, non-motile,
indole (-), MR (-), VP (+), citrate (+), TSI (-), nitrate (-). Based on this the bacterial
genus was identified as Bacillus sp. The 16S rDNA sequence was deposited
Genbank database and the sequence alignment was checked. The results showed
maximum similarity with Bacillus cereus. Genbank accession number of the
selected strain was ON680844. The phylogenetic tree (Figure 4) showed direct
similarity with Bacillus cereus. Phylogenetic tree based on maximum comparison
with bootstrap values more than 60%.

LC647359.1 Bacillus cereus IRQBAS110 gene for 165 rRNA partial sequence

OK632089.1 Bacillus cereus strain yasmun27 168 ribosomal RNA gene partial sequence
MMT990515.1 Bacillus cereus strain YNS17 16S ribosomal RNA gene partial sequence
HQ596560. 1 Bacillus cereus strain NIMRL PED1 165 ribosomal RNA gene partial sequence

MT378165.1 Bacillus cereus strain 65gite 163 ribosomal RNA gene partial sequence
MT279464.1 Bacillus cereus strain LE6 16S ribosomal RNA gene partial sequence
MN882654. 1 Bacillus cereus strain NA-28 168 ribosomal RNA gene partial sequence
ONB80844.1 Bacillus cereus strain VIMI2 16S ribosomal RNA gene partial sequence

27 OR098558.1 Bacillus cereus strain NBAIR1 165 ribosomal RNA gene partial sequence
7|, OR195779.1 Bacillus cereus strain 01 168 ribosomal RNA gene partial sequence

= KJ437489.1 Bacillus cereus strain VIT-AVJ 165 ribosomal RNA gene partial sequence

—
0.0010

Figure 4 Phylogenetic tree of Bacillus cereus VMI2
Medium optimization for enzyme production

The production of nattokinase from Bacillus cereus VM2 isolated from grape wine
showed maximum enzyme activity of 32. 88 mg/mL in the medium containing 1%
of fructose (Figure 5A). The least protein concentration was for the medium with
maltose (23.15 mg/mL). The zone of hydrolysis was 16mm for glycerol while
sucrose showed 12mm of zone diameter (Figure 5B). The selected carbon source
fructose had 15.6 mm of zone diameter (Figure 5B). For the optimization of
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nitrogen source beef extract (34.7 mg/mL) gave more protein concentration and
ammonium chloride showed less protein (3.25 mg/mL) content. The growth rate
was maximum for beef extract and least in tryptone. (Figure 6A). While the zone
of hydrolysis was maximum for soy peptone and completely absent in peptone.
The maximum of active protein was found in beef extract which showed a zone
diameter of 11.5mm (Figure 6B). At pH 11 the strain Bacillus cereus VMI2
isolated from grape wine produced 9.20 mg/mL of protein. The enzyme production
was reduced to 3.63mg/mL at pH 5(Figure 7A). From pH7 the protein content was
gradually increased and reached a maximum at pH 11. This indicates the strain
VMI2 isolated from grape wine can grow well in the alkaline condition. Zone of
hydrolysis at neutral and alkaline pH were considerably the same. The zone size
was maximum at neutral pH 7 (13mm) while pH 11 has 10mm of zone diameter.
While in pH 3 the zone was completely absent (Figure 7B). Similarly for
temperature optimization the suitable temperature for maximum enzyme
production and activity was 35°C. There was a considerable increase in enzyme
activity and protein concentration at 35°C and had no activity at other temperatures
(Figure 8A). Zone of hydrolysis on skim milk agar showed maximum diameter at
35°C (10mm) and a zone size of 8mm in 40°C (Figure 8B). The suitable inoculum
size optimization showed a log phase bacterial culture of 1000 pL gave maximum
of enzyme production. The growth rate was maximum at 1000uL of inoculum size
(Figure 9A). The skim milk agar zones were similar for all inoculum size of 50 pL,
100 uL, 250 pL and 500 pL (10mm) while the maximum was for 1000 pL of

inoculum size (11.5mm) (Figure 9B).

zone diameter (mm)

Growth OD

30 16 14
14 g 12
12 10
8
6
0.6
2
04

Glucose  Fructose  Sucrose  Lactose Maltose  Glycerol R

Carbon sor
—a—c

carbon source

A) B)
Figure 5 Optimization of carbon source a) Growth rate and protein content b)

enzyme activity
¢ & & &

& &
<& ¥

neter (mm)
5K B

Protein concentration mg/mL

10 -
3 02
Tryptone Peptone Ammonium chloride Soy peptone Yeat extract Beef extract
Nitrogen sources

Concestration me/ml. Geonts 0D

A) B)
Figure 6 Optimization of nitrogen source a) Growth rate and protein content b)
enzyme activity

$ Nitrogen sources

14

08
07 5

8
06

s
02 2
01 :

0 pH3 pHS pH7 pH9 pHII
pH3 pHS pHT pHO pHII 12 pH

—— concentrsion of protein (mg/ml. Geouth 0D

00D
zone diameter (mm)

Concentration of protein (mg/mL)

o mr N W E GO N®
oo 0
& B

A) B)
Figure 7 Optimization of pH a) Growth rate and protein content b) enzyme activity

!

A) B)
Figure 8 Optimization of temperature source a) Growth rate and protein content
b) enzyme activity

—

A) B)
Figure 9 Optimization of innoculum size a) Growth rate and protein content b)
enzyme activity

Growth kinetics of Bacillus cereus VMI2

The growth kinetics of Bacillus cereus VMI2 showed no significant increase in
first 2h. The growth rate gradually increased with respect to time. In the 4 h the
rate increased and reached a maximum at 6™ h (Figure 10). From there the decline
phase started and the rate declined slowly at 8" h and 10" h.

Growth Kinetics
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Figure 10 Growth kinetics of Bacillus cereus VMI2 showing maximum enzyme
concentration at 6" h (12.21 mg/mL) and maximum protein at 6" hour
(18.81mg/mL).

Partial purification of nattokinase
The clot lysis activity of the partially purified enzyme samples (20%,40%,60% and

80%) were observed after 1h of incubation at 37°C. Complete lysis of clot was
observed after 1h incubation in 80% of saturated partially purified enzyme (Figure

40% 60

Figure 11 Clot lysis of partially purified Bacillus cereus VMI2
SDS-PAGE
The results of the sample protein bands were compared with the protein marker

(lower range, GeNei 311017500A) and it was found to be 27kDa (Figure 12)
confirmed the production of nattokinase by Bacillus cereus VMI2.

Lane | Lane2

Figure 12 SDS-PAGE of partially purified Bacillus cereus VMI2 (lane 1) with
protein marker (lane 2)
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FTIR AND HPLC

The spectral analysis by Fourier transform- infra red revealed the presence of
amine group in the partially purified fibrinolytic enzyme produced by Bacillus
cereus VMI2, having a strong stretching at 3330.41 cm™. And strong stretching at
1637.89 cm™ showing the presence of anhydride C=0. this confirms the enzyme
as serine protease (Figure 13 A).

The partially purified sample showed peak at 10.7 min, the results were compared
with the previous reports (Mohanasrinivasan et al.,2013) the retention time for
the standard nattokinase was reported as 10.6 min (Figure 13B).
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Figure 13 a) FTIR profile of partially purified Bacillus cereus VMI2 b) HPLC
chromatogram of partially purified VMI2 showed a peak at retention time of 10.7
min.

DISCUSSION

This research study emphasizes on the production and partial purification of
nattokinase from a bacterial strain isolated from home-made grape wine. The
potential of the fibrinolytic activity was confirmed by clot lysis assay. The wine
samples were chosen because of the presence of Bacillus in wine which helps for
the ropiness of wine and improves the quality of it (Yu et al., 2021). Among the
ten isolates Bacillus cereus VMI2 showed potent fibrinolytic activity. Nattokinase
producing Bacillus species were isolated from different fermented food samples
(Merlyn et al., 2021). Soy based fermented foods were identified as one of the
important sources for nattokinase producers. According to Yao et al.,2022
reported a bacterial strain isolated from soy milk as an efficient producer of
nattokinase. Most of the strains isolated from food sources showed protease
activity, anti-hypertensive, anti-thrombolysis, anti-inflammatory and anti-viral
activity (Yao et al., 2022). In the present study, the strain isolated from home-
made wine showed complete lysis after 6h. In a previous study, Bacillus
amyloliquefaciens KJ10 (Rajaselvam et al.,2021) isolated from soybean paste
showed a maximum clot lysis activity of 28% in 1h. When compared to the
previous study, the strain Bacillus cereus VMI2 exhibited a maximum of 95.3%
cloy lysis in 2h. Thus, the strain Bacillus cereus VMI2 is identified as one of the
potent fibrinolytic protease producers. Fermented foods are one of the good
sources for nattokinase production. Fermentation of hemp seed meal by solid state
fermentation improved the rate and yield of enzyme production (Zhang et al.,
2023). The optimized medium has significant role in enzyme production and its
yield. The optimization of medium was performed with suitable carbon and
nitrogen source, pH, temperature and inoculum size. Defatted soybean and glucose
were identified as the optimum nutrient for enhanced nattokinase production (Ku
et al., 2009) (Xiao et al., 2022). In our study, the medium supplemented with
fructose and beef extract showed a maximum enzyme production. The optimum
pH and temperature were found to be 11 and 35°C respectively. The addition of
yeast extract, glycerol, and soy peptone in the production medium enhanced the
production of nattokinase. (Berenjian et al., 2014). For the commercial
production of nattokinase, low-cost substrates have to be used in the production
medium (Wang et al., 2009). In the current study maximum growth rate and
protein content was observed at 6™ h in Bacillus cereus VMI2. In a previous
research report, Bacillus subtilis WTCO016 strain produced maximum nattokinase

in the stationary phase (Ju et al., 2019). When compared to Bacillus subtilis
WTCO016, the strain Bacillus cereus VMI2 isolated from grape wine showed
maximum enzyme activity and growth rate in the logarithmic phase (after 6h).
Nattokinase producing Bacillus species were also reported from different sources
like rust (Mohanasrinivasan et al 2013). The molecular size of nattokinase ranges
from 28Kda -30Kda (Weng et al.,2017) (Ngan et al., 2022).

CONCLUSION

In the present study, nattokinase was produced and partially purified from potent
strain Bacillus cereus VMI2 isolated from home-made fermented wine sample.
The fibrinolytic property of Bacillus cereus VMI2 was confirmed by modified
Holmstorm and soft agar overlay method. This study also focused on the growth
kinetics and media optimization for enhanced nattokinase. Further purification and
strain improvement will be done to enhance the production of nattokinase. Thus,
our research data indicated the presence of Natto producing Bacillus sp. in
homemade grape wine

Acknowledgement: The authors are thankful to Vellore Institute of Technology
(VIT), Vellore for the constant encouragement, help and support for extending
necessary facilities.

Conflict of interest: There is no actual or potential conflict of interest.
REFERENCES

Altschul, S. F., Gish, W., Miller, W., Myers, E. W., & Lipman, D. J. (1990). Basic
local alignment search tool. Journal of molecular biology, 215(3), 403-410.
https://doi.org/10.1016/S0022-2836(05)80360-2

Babu, V., & Subathra Devi, C. (2015). In vitro thrombolytic activity of purified
streptokinase extracted from Streptococcus equinus VIT_VB2 isolated from
bovine  milk. Journal of thrombosis and thrombolysis, 39, 71-78.
https://doi.org/10.1007/s11239-014-1093-2

Berenjian A., Mahanama R., Kavanagh J., Dehghani F., and Ghasemi Y.,
Nattokinase production: Medium components and feeding strategy studies.
Chemical Industry and Chemical Engineering Quarterly, 20(4) 541-547 (2014)
https://doi.org/10.2298/ciceq130928037b

Brown J.H., Bergey's manual of determinative bacteriology (1939) DOI:
10.1007/978-0-387-68572-4

Cupp-Enyard C., Sigma's non-specific protease activity assay-casein as a substrate,
JoVE  (Journal of Visualized Experiments), 19, 899  (2008).
https://doi.org/10.3791/899

Dabbagh F., Negahdaripour M., Berenjian A., Behfar A., Mohammadi F., Zamani
M. and Ghasemi Y., Nattokinase: production and application, Applied
microbiology and biotechnology, 98, 9199-9206 (2014).
https://doi.org/10.1007/s00253-014-6135-3

Das G., and Prasad M.P., Isolation, purification & mass production of protease
enzyme from Bacillus subtilis, International. Research Journal Microbiology,
1(2), 26-31 (2010). https://doi.org/10.2139/ssrn.3370124

Dhamodharan D., Novel fibrinolytic protease producing Streptomyces
radiopugnans VITSD8 from marine sponges, Marine drugs, 17(3), 164 (2019).
https://doi.org/10.3390/md17030164

Edgar, R. C. (2004). MUSCLE: multiple sequence alignment with high accuracy
and high throughput. Nucleic acids research, 32(5), 1792-1797.
https://doi.org/10.1093/nar/gkh340

Haris P 1., and Severcan F., FTIR spectroscopic characterization of protein
structure in aqueous and non-aqueous media, Journal of Molecular Catalysis B:
Enzymatic, 7(1-4), 207-221 (1999) https://doi.org/10.1016/s1381-1177(99)00030-
2

Holmstrom B., Streptokinase assay on large agar diffusion plates, Acta chemica
Scandinavica, 19(7), 1549-1554 (1965)
https://doi.org/10.3891/acta.chem.scand.19-1549

Ju S., Cao Z., Wong C,, Liu Y., Foda M F., Zhang Z., and Li J. Isolation and
optimal fermentation condition of the Bacillus subtilis subsp. natto strain WTCO016
for nattokinase production Fermentation 5(4) 92 (2019)
https://doi.org/10.3390/fermentation5040092

Kotb E. and Kotb E., Fibrinolytic bacterial enzymes with thrombolytic activity,
Springer Berlin Heidelberg, 1-74 (2012) https://doi.org/10.1007/978-3-642-
24980-8 1

KuTW., Tsai R L., and Pan T. M., A simple and cost-saving approach to optimize
the production of subtilisin NAT by submerged cultivation of Bacillus subtilis
natto. Journal of agricultural and food chemistry, 57(1) 292-296 (2009)
https://doi.org/10.1021/jf8024198

Kumar S.S. and Sabu A., Fibrinolytic enzymes for thrombolytic therapy,
Therapeutic enzymes: function and clinical implications, 345-381 (2019)
https://doi.org/10.1007/978-981-13-7709-9_15

Li SY., He F., Zhu B.Q., Wang J. and Duan C.Q., Comparison of phenolic and
chromatic characteristics of dry red wines made from native Chinese grape species
and Vitis vinifera, International Journal of Food Properties, 20(9), 2134-2146
(2017) https://doi.org/10.1080/10942912.2016.1233117



https://doi.org/10.1016/S0022-2836(05)80360-2
https://doi.org/10.1007/s11239-014-1093-2
https://doi.org/10.2298/ciceq130928037b
doi:%2010.1007/978-0-387-68572-4
doi:%2010.1007/978-0-387-68572-4
https://doi.org/10.3791/899
https://doi.org/10.1007/s00253-014-6135-3
https://doi.org/10.3390/md17030164
https://doi.org/10.1093/nar/gkh340
https://doi.org/10.1016/s1381-1177(99)00030-2
https://doi.org/10.1016/s1381-1177(99)00030-2
https://doi.org/10.3891/acta.chem.scand.19-1549
https://doi.org/10.3390/fermentation5040092
https://doi.org/10.1007/978-3-642-24980-8_1
https://doi.org/10.1007/978-3-642-24980-8_1
https://doi.org/10.1021/jf8024198
https://doi.org/10.1007/978-981-13-7709-9_15
https://doi.org/10.1080/10942912.2016.1233117

J Microbiol Biotech Food Sci / lyer et al. 2024 : 13 (5) 10355

Li, D., Hou, L., Hu, M., Gao, Y., Tian, Z., Fan, B., & Wang, F. (2022). Recent
advances in nattokinase-enriched fermented soybean Foods: A review. Foods,
11(13), 1867. https://doi.org/10.3390/foods11131867

Lowry O.H., Rosebrough N.J., Farr, A.L. and Randall R.J., Protein measurement
with the Folin phenol reagent, Journal of biological chemistry, 193, 265-275
(1951) https://doi.org/10.1016/s0021-9258(19)52451-6

Mahajan P.M., Gokhale S.V. and Lele S.S., Production of nattokinase using
Bacillus natto NRRL 3666: media optimization, scale up, and kinetic modeling,
Food Science and Biotechnology, 19, 1593-1603 (2010)
https://doi.org/10.1007/s10068-010-0226-4

Malke H. and Ferretti J.J., Streptokinase: cloning, expression, and excretion by
Escherichia coli, Proceedings of the National Academy of Sciences, 81(11), 3557-
3561 (1984) https://doi.org/10.1073/pnas.81.11.3557

Merlyn Keziah S., and Subathra Devi C., Molecular identification of
autochthonous bacterial fibrinolytic protein producers from fermentative food
preparations. Indian Journal of Biotechnology (20) 154-162 (2021)
https://doi.org/10.1088/1757-899x/263/2/022048

Mine Y., Wong A.H.K. and Jiang B., Fibrinolytic enzymes in Asian traditional
fermented foods, Food Research International, 38(3), 243-250 (2005)
https://doi.org/10.1016/j.foodres.2004.04.008

Mohanasrinivasan V., Devi C.S., Biswas R., Paul F., Mitra M., Selvarajan E. and
Suganthi V., Enhanced production of nattokinase from UV mutated Bacillus sp,
Bangladesh ~ Journal of  Pharmacology, 8(2), 110-115 (2013)
https://doi.org/10.3329/bjp.v8i2.13690

Ngan, N. T. T., & Le Tuan, N. L. H. (2022). Purification and characterization of
recombinant nattokinase from Bacillus subtilis ROH1. Vietnam Journal of
Biotechnology, 20(2), 369-377. https://doi.org/10.15625/1811-4989/16027
Pajovié-Séepanovié R., Wendelin S., and Eder R., Phenolic composition and
varietal discrimination of Montenegrin red wines (Vitis vinifera var. Vranac,
Kratosija, and Cabernet Sauvignon), European Food Research and Technology,
(244) 2243-2254 (2018) https://doi.org/10.1007/s00217-018-3133-1

Peng Y., Yang X., and Zhang Y., Microbial fibrinolytic enzymes: an overview of
source, production, properties, and thrombolytic activity in vivo, Applied
Microbiology and Biotechnology, (69),126-132 (2005)
https://doi.org/10.1007/s00253-005-0159-7

Rajaselvam J., Benit N., Alotaibi S S., Rathi M A., Srigopalram S., Biji G D., and
Vijayaraghavan P. In vitro fibrinolytic activity of an enzyme purified from Bacillus
amyloliquefaciens strain KJ10 isolated from soybean paste. Saudi Journal of
Biological Sciences, 28(8) 4117-4123 (2021)
https://doi.org/10.1016/j.sjbs.2021.04.061

Schallmey M., Sgh A., and Ward O. P., Developments in the use of Bacillus
species for industrial production. Canadian journal of microbiology, 50(1), 1-17
(2004) https://doi.org/10.1139/w03-076

Souza P., M. D., and Magalhdes P. D. O., Application of microbial a-amylase in
industry-A review. Brazilian journal of microbiology, (41) 850-861 (2010)
https://doi.org/10.1590/s1517-83822010000400004

Uyar F., Porsuk I., Kizil G., and Yilmaz E. I., Optimal conditions for production
of extracellular protease from newly isolated Bacillus cereus strain CA15.
EurAsian Journal of BioSciences, (5) 1-9 (2011)
https://doi.org/10.5053/ejobios.2011.5.0.1

Vaithilingam M., Chandrasekaran S D., Gupta S., Paul D., Sahu P., Selvaraj J. N.,
and Babu V. Extraction of Nattokinase enzyme from Bacillus cereus isolated from
rust. National Academy Science Letters (39) 263-267 Ammonium sulphate. (2016)
https://doi.org/10.1007/s40009-016-0476-7

Wang C., Du M., Zheng D., Kong F., Zu G., and Feng Y., Purification and
characterization of nattokinase from Bacillus subtilis natto B-12. Journal of
agricultural and  food chemistry, 57(20) 9722-9729 (2009)
https://doi.org/10.1021/jf901861

Weng Y., Yao J., Sparks S., and Wang K. Y., Nattokinase: an oral antithrombotic
agent for the prevention of cardiovascular disease. International journal of
molecular sciences, 18 (3) 523 (2017) https://doi.org/10.3390/ijms18030523
Xiao, Z., Shen, J., Li, Y., Wang, Z., Zhao, Y., Chen, Y., & Zhao, J. Y. (2022). High
and economical nattokinase production with acetoin as a useful byproduct from
soybean milk and glucose. Probiotics and antimicrobial proteins, 14(5), 792-803
https://doi.org/10.1007/s12602-021-09831-2

Yao, M., Yang, Y., Fan, J., Ma, C., Liu, X., Wang, Y., ... & Sun, Q. (2022).
Production, purification, and functional properties of microbial fibrinolytic
enzymes produced by microorganism obtained from soy-based fermented foods:
developments and challenges. Critical Reviews in Food Science and Nutrition, 1-
26. https://doi.org/10.1080/10408398.2022.2134980

Yu, H., Xie, B., Khan, R., Dong, J., & Shen, G. (2021). The changes in
macronutrients and microbial community structure during the co-composting of
white wine distillers’ grains and potassium silicate. Journal of Cleaner
Production, 319, 128681. https://doi.org/10.1016/j.jclepro.2021.128681

Zhang, M., Li, T., Guo, G., Liu, Z., & Hao, N. (2023). Production of Nattokinase
from Hemp Seed Meal by Solid-State Fermentation and Improvement of Its
Nutritional Quality. Fermentation, 9(5), 469.
https://doi.org/10.3390/fermentation9050469

Zhang, Y., Wang, C., Su, W., Jiang, Z., He, H., Gong, T., ... & Lu, Z. (2022). Co-
fermented yellow wine lees by Bacillus subtilis and Enterococcus faecium

regulates growth performance and gut microbiota in finishing pigs. Frontiers in
Microbiology, 13, 1003498. https://doi.org/10.3389/fmich.2022.1003498

Zheng Z. L., Zuo Z. Y., Liu Z. G., Tsai K. C., Liu A. F., and Zou G. L.
Construction of a 3D model of nattokinase, a novel fibrinolytic enzyme from
Bacillus natto: a novel nucleophilic catalytic mechanism for nattokinase. Journal
of Molecular Graphics and Modelling, 23(4) 373-380 (2005)
https://doi.org/10.1016/j.jmgm.2004.10.002



https://doi.org/10.3390/foods11131867
https://doi.org/10.1016/s0021-9258(19)52451-6
https://doi.org/10.1007/s10068-010-0226-4
https://doi.org/10.1073/pnas.81.11.3557
https://doi.org/10.1088/1757-899x/263/2/022048
https://doi.org/10.1016/j.foodres.2004.04.008
https://doi.org/10.3329/bjp.v8i2.13690
https://doi.org/10.15625/1811-4989/16027
https://doi.org/10.1007/s00217-018-3133-1
https://doi.org/10.1007/s00253-005-0159-7
https://doi.org/10.1016/j.sjbs.2021.04.061
https://doi.org/10.1139/w03-076
https://doi.org/10.1590/s1517-83822010000400004
https://doi.org/10.5053/ejobios.2011.5.0.1
https://doi.org/10.1007/s40009-016-0476-7
https://doi.org/10.1021/jf901861
https://doi.org/10.1021/jf901861
https://doi.org/10.3390/ijms18030523
https://doi.org/10.1007/s12602-021-09831-2
https://doi.org/10.1080/10408398.2022.2134980
https://doi.org/10.1016/j.jclepro.2021.128681
https://doi.org/10.3390/fermentation9050469
https://doi.org/10.3389/fmicb.2022.1003498
https://doi.org/10.1016/j.jmgm.2004.10.002

