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Utilizing Black Turtle Beans (Phaseolus vulgaris) for Enhanced Natto Production:

A Promising Alternative to Soybeans
Huong Huynh-Lien Ly*?®, Thanh Van Nguyen®**

Abstract: This study aims to replace soybeans, which pose allergy risks, with black turtle beans as a fermentation substrate for natto
production. Bacillus subtilis MS05, known for its production of the fibrinolytic enzyme nattokinase, was employed to determine the
optimal fermentation conditions. This was achieved through a multifaceted approach, incorporating one-factor-at-a-time experiments, a
Plackett-Burman experimental design, as well as a response surface methodology with central composite design. The study reported the
highest fibrinolytic activity at 418.32 FU/mL, which is equivalent to the nattokinase enzyme activity found in 5g of natto. This is sufficient
to meet the daily nattokinase requirement of an adult consuming 25g of natto. Key factors that significantly influenced the fermentation
process were identified as a peptone concentration of 2.8%, a bacterial density of 10* CFU/g of Bacillus subtilis, an initial pH of 5.5, and a
fermentation duration of 33 hours. Additionally, natto produced from black turtle beans exhibited remarkable antioxidant activity, as
indicated by a DPPH activity of 81.21 pug/mL. These findings highlight the significant potential of black turtle bean-based natto in enhancing
fibrinolytic activity and effectively combating free radicals. These attributes contribute to the treatment of atherosclerotic blood clots and
hold promise for improving overall human health by nutritional interventions.
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1. Introduction
Natto, a traditional Japanese fermented product produced from

soybeans and Bacillus subtilis, is renowned for its potent
fibrinolytic activity, largely attributed to the presence of
nattokinase. This enzyme is recognized for its important role in
the prevention and treatment of cardiovascular diseases, which
are a leading cause of death worldwide owing to blood clot
formation (Roth et al., 2018; Wang et al., 2023). Despite these
health benefits, soybeans are well-established allergens, posing
challenges for individuals with soy allergy (Inomata et al., 2007).

To address this limitation, recent studies have investigated
alternative legumes for natto production. Evidence suggests that
some legumes, when fermented with Bacillus subtilis, can
produce nattokinase with fibrinolytic activity comparable to that
of conventional soy-based natto (Sumi et al., 2022). In Vietnam,
black turtle beans (Phaseolus vulgaris) have emerged as a
promising candidate to substitute for soybeans in natto
production. These beans not only exhibit a protein profile similar
to that of soybeans but also lack the major allergens Gly m4, Gly
m5, and Gly m6, which are primarily responsible for allergic
reactions to soy (Platteau et al., 2011; He et al., 2021). Therefore,
black turtle beans represent a potential allergen-free substrate
for natto fermentation while preserving the cardiovascular
benefits of nattokinase.

This study aims to optimize the fermentation process of black
turtle bean natto by identifying key fermentation parameters and
applying Response Surface Methodology (RSM) to maximize
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nattokinase production. RSM has proven effective for optimizing
medium composition for recombinant nattokinase production
from Bacillus subtilis, resulting in increased enzyme yields (Tran
et al., 2014). It has also been widely used to optimize
fermentation conditions for nattokinase across different settings,
highlighting its utility as an optimization technique (Nguyen et al.,
2022). Additionally, given the role of oxidative stress in abnormal
blood clot formation, this study will evaluate the antioxidant
properties of crude nattokinase extracts from black turtle bean
natto (Wang et al., 2020).

By optimizing the fermentation process and examining the
biofunctional properties of black turtle bean natto, this research
aims to provide a safe alternative for individuals with soy allergy
while maintaining its cardiovascular health benefits.

2. Materials and Methods
Screening of Suitable Bacillus sp. For Black Turtle Bean Natto

Fermentation Through Evaluation of Extracellular Fibrinolytic

Enzyme Production Capability

Numerous prior studies have consistently demonstrated that
Bacillus subtilis, during the fermentation process of natto,
produces the nattokinase enzyme, which effectively dissolves
blood clots (Hmood et al., 2016; Yanagisawa et al., 2010; Hmood
& Aziz, 2016). Consequently, the primary objective of this study is
to evaluate the fibrinolytic activity of four indigenous strains of
Bacillus sp., namely CO18, MO39, TO46, and MSO05. These strains,
derived from the strain collection at the Institute of Food and
Biotechnology, Can Tho University, were carefully selected and
subjected to in vitro assessments to determine their fibrinolytic
potential. The ultimate aim is to identify the most suitable Bacillus

Received: July, 2024
Accepted: March, 2025
Published: March, 2026

DOl:https//doi.org/10.22452/mjs.vol45n01.2
Malaysian Journal of Science 45(1): 9-16 (March 2026)


https://mjs.um.edu.my/

Malaysian Journal of Science

Regular Issue

strain for natto fermentation on a black turtle bean substrate, a
prevalent bean variety in the Mekong Delta region of Vietnam.

The fermentation time for producing natto using Bacillus sp. was
examined within a range of 6 to 30 hours to determine the
optimal fermentation duration for further research.

In the natto fermentation process, black turtle beans were
soaked in water at a ratio of 1:5 (g/mL) for 12 hours. The soaked
beans were then steamed and sterilized at 121°C and 1 atm
pressure for 15 minutes using an autoclave (Hirayama HVE-50,
Japan) (Hui et al., 2004). Natto fermentation was carried out for
30 hours at 30°C and pH 8.0. Additionally, 0.25% (w/v) glucose and
0.3% (w/v) fungal extract were added to the fermentation
mixture (Suwanmanon & Hsieh, 2014).

The fibrinolytic activity of the nattokinase enzyme (FU/mL) was
defined as the quantity of enzyme necessary to elicit a 0.01
increase in absorbance at 275 nm within 1 minute, under specific
reaction conditions. The evaluation of fibrinolytic activity on the
thrombin-fibrinogen model was performed using the method
described as “Degradation of artificial thrombus by nattokinase”
(Suwanmanon & Hsieh, 2014).

Investigating The Media Components

This investigation sought to determine the most effective
carbon and nitrogen sources for maximizing the fibrinolytic
activity of natto during fermentation by Bacillus strains. To assess
the effect of medium composition on fibrinolytic activity, several
Fermentation

common sugar investigated.

experiments were conducted using glucose, maltose, sucrose,

sources were

and lactose were carried out varying from 2 to 6% of
concentration to investigate the influence of carbon sources on
natto fermentation (Suwanmanon & Hsieh, 2014). The effect of
different nitrogen sources on enzyme activity was also examined.
Peptone, yeast extract, and whey protein were utilized as
nitrogen sources at concentrations ranging from 1.5% to 3.5%
(Suwanmanon & Hsieh, 2014).

Identification of Fibrinolytic Enzyme in Black Turtle Bean Natto

The bacterial strain with the highest fibrinolytic activity was
identified using a specific primer pair designed to amplify a
segment of the Bacillus subtilis 165 rRNA gene. The primers
Bsub5F (5'-AAGTCGAGCGGACAGATGG-3') and Bsub3R (5'-
CCAGTTTCCAATGACCCTCCCC-3') (Bharose et al., 2017) were used
for PCR amplification. The resulting amplicons were purified using
the Isolate Il PCR and Gel Kit (Bioline) prior to Sanger sequencing
at Macrogen (South Korea). The sequences were processed and
analyzed using BioEdit software, and BLAST searches against the
NCBI gene database were conducted to confirm species identity.

The specific gene segment was amplified using the polymerase
chain reaction (PCR) protocol described by Sambrook & Russell
(2001). The amplified Bacillus subtilis-specific gene segment,
approximately 600 bp in size, was analyzed by agarose gel
electrophoresis (Bharose et al., 2017).

Extracellular enzymes exhibiting the highest fibrinolytic activity,
obtained after fermentation of black turtle bean natto by Bacillus
sp. strains, were purified and characterized using two protein
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precipitation steps: step 1, 60% ammonium sulfate precipitation,
followed by step 2, 80% ethanol precipitation (Yanagisawa et al.,
2010). The protein fraction obtained after precipitation was
separated, and the nattokinase enzyme was identified using ion
exchange chromatography based on the enzyme’s isoelectric
point (pl) of 8.6 (Hmood & Aziz, 2016). Finally, the purified
enzyme was analyzed by Sodium Dodecyl Sulfate-Polyacrylamide
Gel Electrophoresis (SDS-PAGE) (Yanagisawa et al., 2010).

Evaluation of The Antioxidant Capacity of Nattokinase

The free radical scavenging activity was evaluated using the
DPPH* method (Barriada-Bernal et al., 2014). Nattokinase was
diluted to various concentrations ranging from 10 to 60 pg/mL in
separate Eppendorf tubes, maintaining a DPPH (2,2-diphenyl-1-
picrylhydrazyl) concentration of 40 mg/L and a final volume of 1
mL in each tube. The reaction mixture comprised 630 pL of DPPH
solution (4.0 mg/mL in methanol), 100 pL of samples at different
concentrations of the fermented solution, and 270 pL of MeOH.
The mixture was incubated in the dark at 25°C for 30 minutes, and
517 nm using a
spectrophotometer. A control sample comprising 630 pL of DPPH

the absorbance was measured at
solution (4.0 mg/mL) and 370 uL of methanol was also measured
under the same conditions. Double-distilled water was utilized as
the negative control, and ascorbic acid was employed as the
positive control. The ICso value of the sample, defined as the
concentration at which 50% of DPPH free radicals are scavenged,
was calculated from a plot of sample concentration versus

percentage free radical scavenging activity.

Improvement of Fibrinolytic Activity of Enzyme in Black Turtle

Bean Natto

Screening of Significant Components

A screening Blackett-Burman matrix design was conducted to
investigate the influence of key parameters that affect
nattokinase enzyme activity. The experimental design consisted
of 13 runs with five levels for each parameter. Six factors were
carbon

investigated, including concentration of

concentration of nitrogen source, Bacillus sp. initial density,

source,

fermentation temperature, substrate pH, and fermentation time
(Deepak et al., 2008). The design was created using Stagraphics
Centurion software, version XV, with nattokinase enzyme activity
as the monitored response. Nattokinase production was recorded
for each experiment. Analysis of variance (ANOVA) was
performed to determine the significance of each factor, and
significant factors were further optimized using response surface
methodology (RSM).

Optimization of Conditions for Natto Fermentation Using RSM

In evaluating the clot-dissolving potential of black turtle bean
natto, the combined effects of fermentation factors were found
to influence nattokinase enzyme activity. To examine this
multivariable relationship, response surface methodology (RSM)
was employed as an experimental statistical modeling technique.
A central composite design (CCD) with seven factors and five
levels was used to determine the optimal process parameters for
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maximizing nattokinase production. The experimental design was
generated using Statgraphics Centurion software, version XV. The
relationship between the independent variables and the response
variable was described using a second-order polynomial model.
The coefficients of this polynomial equation were estimated using
statistical methods, and response surface plots were generated to
illustrate the relationships among the variables and the response
(Deepak et al., 2008). This approach enabled the researchers to
identify optimal conditions for maximizing the clot-dissolving
capacity of nattokinase in the black turtle bean natto
fermentation process.

Statistical Analysis

The results are presented as mean values with associated
standard deviations, calculated from at least three independent
measurements. Statistical analysis was conducted using the
Stagraphics Centurion software version XV and Microsoft Excel
2016. Analysis of variance (ANOVA) and the least significant
difference test (LSD) were utilized to assess the statistical
significance of any differences observed, with a significance
threshold set at p<0.05.

3. Results and Discussion

Suitable Bacillus sp. For Black Turtle Bean Natto Fermentation

The fibrinolytic effect was assessed by examining the ability of
the crude extracellular enzyme derived from natto fermentation
to dissolve artificial blood clots composed of thrombin and
fibrinogen. The results of these evaluations are presented in
Figure 1. The relationship between independent factors
associated with natto fermentation time and different strains of
Bacillus, in terms of fibrinolytic activity, was analyzed using a two-
way ANOVA. The findings depicted in Figure 1 indicate a strong
association between the bacterial strains used in fermentation
and the enzymatic activity generated during the process. The
bacterial strains utilized in natto fermentation exhibit varying
capacities to dissolve fibrin, with the ascending order of activity
being CO18, MO39, MS05, and TO46. Among these, both TO46
and MSO05 exhibited similar and significant effectiveness in
dissolving blood clots, with a confidence level of p<0.05.

The strong association, with a p-value below 0.05, highlights the
critical role of time and specific Bacillus species in the
fermentation process. The statistical findings provide evidence
that natto fermented for 30 hours using the Bacillus sp. TO46
strain exhibited the highest fibrinolytic activity at 42.36 FU/mL.
Following closely, natto fermented for 24 hours with the Bacillus
sp. MS05 strain showed an enzyme activity of 42.23 FU/mL. These
two bacterial strains have been selected for further investigation
into suitable nutritional supplementation for natto fermentation.
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Figure 1. Coefficients of Bacillus sp. strains and fibrinolytic
activity.

Figure 1 also suggests that the optimal fermentation time for
black turtle bean natto is 24 hours. The difference in fibrinolytic
activity between 24 hours and 30 hours among most bacterial
strains is not statistically significant at the 95% confidence level.
However, the fibrinolytic activity of natto fermented with Bacillus
sp. MS05 tends to decrease when fermentation time exceeds 24
hours.

Effect of Carbon and Nitrogen Sources on Nattokinase Enzyme

Activity

The study examined various sugar sources, including glucose,
lactose, maltose, and sucrose, as well as different nitrogen
sources, consisting of peptone, yeast extract, and whey protein.
Figure 2a illustrates that, among the tested carbon sources,
glucose supplementation at a concentration of 5% yielded the
highest nattokinase activity, reaching 278.38+1.11 FU/mL during
fermentation with Bacillus sp. MS05. Lactose at 4% and maltose
at 2% also showed substantial enzyme activity when fermented
with Bacillus sp. MS05. In contrast, sucrose at 2% yielded the
lowest nattokinase activity relative to the other carbon sources.
Additionally, sucrose at 3% and 4%, together with maltose at 5%,
showed comparatively lower enzyme activity. These findings
suggest that sucrose is not a suitable carbon source for the growth
of Bacillus subtilis during black turtle bean natto fermentation,
thereby reducing nattokinase production. This observation aligns
with previous studies conducted on soybean natto (Suwanmanon
& Hsieh, 2014; Deepak et al., 2008).

Among the nitrogen sources examined in Figure 2b, peptone at
a concentration of 2.5% exerted the strongest effect on
nattokinase activity, reaching 277.15+1.2 FU/mL. In addition,
peptone at 2% produced significantly higher enzyme activity than
other organic nitrogen sources, such as yeast extract and whey
protein, which yielded enzyme activity 10-20% lower than the
maximum observed activity. These findings are consistent with
previous studies on nitrogen sources for natto fermentation
(Suwanmanon & Hsieh, 2014; Deepak et al., 2008).

It is worth noting that the glucose concentration used in this
study was higher than in previous reports, whereas the peptone
concentration was higher or lower depending on the study. These
variations may be attributed to differences in source materials, as
black turtle beans contain less glycine compared to soybeans.
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Therefore, a higher supplementary nutritional requirement may
be necessary for the synthesis of nattokinase with high activity in
black turtle bean natto fermentation (Pradhananga, 2019; Amin
et al., 2020). The results shown in Figure 2 also indicate that
Bacillus sp. strain MS05 exhibits higher fibrinolytic enzyme activity
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is statistically significant. Therefore, Bacillus sp. MS05 was
selected for use in the fermentation process of black turtle bean
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Figure 2. The influence of different nutrient sources on enzyme activity.
(a) Carbohydrate sources; (b) Nitrogen sources

Identification of Nattokinase from Black Turtle Bean Natto

The sequencing of the 16S rRNA gene after PCR using the specific
primer pair Bsub5F and Bsub3R revealed a 602 bp gene segment
specific to Bacillus subtilis in the Bacillus sp. MSO5 bacterial strain
(Figure 3). The 16S rRNA gene sequence of this strain was
compared with 16S rRNA sequences of bacteria in the NCBI
database using the BLAST tool. The sequencing results for the
isolated strain showed 100% coverage and 99.5% similarity to the
16S rRNA sequence of Bacillus subtilis var subtilis, with accession
number MN888748.1 in the NCBI database (Table 1).

Numerous studies have shown that the nattokinase enzyme,
which dissolves blood clots, is produced by Bacillus subtilis during
natto fermentation (Hmood et al., 2016; Yanagisawa et al., 2010;
Hmood & Aziz, 2016). Enzymes extracted from black turtle bean
natto fermented by Bacillus sp. MS05 were subsequently purified
to determine the presence of nattokinase. SDS-PAGE analysis
demonstrated that the precipitation steps effectively removed
specific extracellular proteins. The ion exchange chromatography
results for the purified enzyme (PE) revealed a protein band of
approximately 27 kDa (Figure 4). Previous studies have indicated
that nattokinase is a single polypeptide chain consisting of 275
amino acids, with a molecular weight of 27,724 Da (Yanagisawa et
al., 2010). Hence, the clot-dissolving enzyme in this study, with a
molecular weight of 27 kDa, was identified as nattokinase.
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Figure 3. Electrophoresis to assess B. subtilis.
(L) Ladder 100bp, (+) positive control, (MS05) Bacillus sp. MSO05,
(-) Negative control
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Figure 4. SDS-PAGE electrophoresis to assess nattokinase.
(M) Prestained protein LMW marker, (C) Crude enzyme, (S) Salt
precipitated enzyme, (Et) Ethanol precipitated enzyme, (PE)
Purified enzyme.
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Sequencing the Bacillus sp. Using in Black Turtle Bean Natto for the identification of Bacillus subtilis. The obtained sequence

Fermentation was compared with bacterial 16S rRNA sequences in the NCBI

The MSO05 bacterial strain was sequenced using the Bsub5F and database using the BLAST tool. The sequencing results for the
Bsub3R primers, which were designed to target a conserved isolated strain showed 100% coverage and 99.5% similarity to the
region of the bacterial 16S rRNA gene, with the aim of amplifying 16S rRNA sequence of Bacillus subtilis var subtilis, accession
a 600 bp segment. This region is highly conserved and is suitable number MN888748.1, in the NCBI database (Table 1).

Table 1. The similarity between the isolated strain MS05 and the sequence in NCBI database

. Size of 16S rRNA N .
Name of bacteria Nomenclature Coverage Similarity Accession number
sequence

Bacillus subtilis strain NTB-107 . .
Bacillus subtilis var

16S ribosomal RNA gene, btili 1512 bp 100% 99,5% MN888748.1
subtilis
partial sequence

Antioxidant Property of Fibrinolytic Enzyme lower than the ICso value reported for crude nattokinase, which
The antioxidant properties of the crude enzyme found in natto was 380 pg/mL (Amin et al., 2020). This finding suggests a higher
were evaluated using the DPPH free radical scavenging activity potential free radical scavenging activity of the fibrinolytic
assay. The absorption peak observed at 517 nm signifies the enzyme in black turtle bean natto than that of the previously
interaction between the DPPH free radical and an unpaired examined nattokinase enzyme. Overall, these findings indicate
electron. Determination of the ICso value is a widely adopted substantial antioxidant activity of the fibrinolytic enzyme in black
method for assessing the free radical scavenging capacity of turtle bean natto.
bioactive substances. In this study, the ICso value, defined as the
concentration of nattokinase required to convert 50% of the Nattokinase Activity Improvement by Optimization of
DPPH free radicals into their reduced form (DPPHH), was used to Conditions for Natto Fermentation
assess the extent of free radical scavenging activity. A lower ICso Screening the Factors That Affect the Fermentation Process
value indicates a higher antioxidant activity. By employing a one-factor-at-a-time approach based on existing
The ICso values are presented in Table 2. The standard curve literature reports, the fermentation process was performed with
equation, derived from regression analysis with an R? value of Bacillus subtilis MS05 using 5% glucose, 2% peptone, and the
0.9794, confirms the suitability of the linear regression model. A specified culture conditions, including initial bacterial density,
coefficient above 0.75 indicates a satisfactory fit; in this case, the temperature, and fermentation time (Table 3). The optimal
model explains 97.94% of the variability in the response. conditions for achieving the highest nattokinase activity included
a bacterial density of 10* CFU/g, a fermentation temperature of
Table 2. The similarity between the isolated strain MS05 and the 30°C, aninitial pH of 6.0, and a fermentation time of 36 hours. The
sequence in NCBI database corresponding activities at a confidence level of p<0.05 for each
Sample ICso (pg/mL) surveyed factor were 226.4+1.37 FU/mL, 223.8+6.5 FU/mL,
Negative control - 254.6+4 FU/mL, and 248.4+16.5 FU/mL, respectively.
Fibrinolytic enzyme 81.21 It is important to note that the activity observed under these
Positive control (acid ascorbic) 19.36 optimal conditions may vary compared to previous experiments;
The regression equation: y = 0.0016x + 0.0391 this highlights the role of fermentation factors in either promoting
R2=0.9794 or hindering nattokinase production. During the fermentation of
Bacillus subtilis in natto production, both positive and negative
The ICso value of nattokinase was determined to be 81.21 influencing factors have optimal thresholds. Exceeding these
pg/mL, indicating a relatively weaker free radical scavenging thresholds inhibits bacterial growth and subsequently reduces
capacity compared with the reference standard, ascorbic acid nattokinase activity (Yang et al., 2021). Therefore, a systematic
(19.36 pg/mL). However, it is important to note that the ICso value examination of nattokinase activity variations under different
of the crude enzyme from black turtle bean natto in this study is fermentation conditions is crucial for improving overall activity.
13 DOl:https//doi.org/10.22452/mjs.vol45n01.2
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Table 3. Nattokinase enzyme activity under single-factor surveys.

RUR SDtjr:Z(iet:/ Enzyme Activity Tempera- Enzyme Activity Enzyme Activity Time Enzyme Activity
(FU/mL) ture (°C) (FU/mL) (FU/mL) (Hrs) (FU/mL)

(CFU/ g)

1 103 219.4+0.97 ® 25 202.8+7.1% 5.0 254.614 12 210.1+1.1°

2 10* 226.4+1.37 30 223.816.5 6.0 248.6+2.5 24 235.8+12'

3 10° 193.3+1.57 % 35 203.9+3.9% 7.0 221.4+11.3% 36 248.4+16.5

4 108 180.5+1.5 40 191.4+2.7 8.0 236.716.5 ¥ 48 236.318.9 °

5 107 214.5+1.69 © 45 19615.4 9.0 222.6+17.5% 60 228.315.8 ©
CV%=4.63 CV%=8.04 CV%-=6.87 CV%-= 8.65

Note: Results of a 95% Least Significant Difference (LSD) test on the fibrinolytic activity. Letters in homogenous groups column denote
significantly different groups.

To gain a comprehensive understanding of the combined effects
and interactions among these factors, a screening process was
conducted using an enzyme activity based approach. The
Blackett-Burman matrix was used to evaluate the independent
of the selected factors, which
encompassed a range of values, including glucose concentration,
peptone concentration, density,

effects and interactions

bacterial fermentation
temperature, pH, and fermentation time. Factors exceeding the
standardized effect line were deemed to have a significant impact
on nattokinase activity, whereas those below the line were
considered insignificant (p>0.05). The results illustrated in Figure
5 indicated that the initial pH of the substrate exerted the
strongest influence on nattokinase activity. The subsequent
factors, ranked in terms of their impact, were fermentation time,

peptone concentration, initial bacterial density, glucose
concentration, and fermentation temperature. Notably, an
increase in fermentation time resulted in a decrease in
nattokinase activity, whereas the other factors had positive
effects, indicating that increases in these variables would enhance
enzyme activity. The study also showed that glucose
concentration and fermentation temperature had negligible
effects on enzyme activity in black turtle bean natto, suggesting
differences in fermentation conditions compared with soybean
natto. This finding aligns with previous studies that also reported
an insignificant influence of fermentation temperature and initial
glucose concentration on enzyme activity (Suwanmanon & Hsieh,

2014; Wang et al., 2009).

D: pH + block ‘

'

F: Time + block

il

B: Peptone + block

|
C: Densitv + block ‘
|

A: Glucose + block

E: Temperature + block

2 3 4

Standardized effect

Figure 5. Influence of factors on nattokinase enzyme activity

Optimization of Conditions for Black Turtle Bean Natto

Fermentation Using RSM

Based on the above screening results, only four factors,
including Xi, initial pH of the substrate (5.0 to 9.0); X,
fermentation time (12 to 60 hours); X3, peptone concentration
(1.5 to 3.5%); and X,, initial bacterial density (10° to 107 CFU/mL),
were identified as significant contributors to nattokinase activity.
Therefore, these factors were selected for optimization. The
experimental ranges for these factors were established, and a 26-
experiment RSM-CCD model was designed using Statgraphics
Centurion optimization software.

The influence of each factor on nattokinase enzyme activity was
analyzed, with pH found to have the strongest effect, followed by
peptone concentration, initial bacterial density, and fermentation
time. The overall

second-degree polynomial equation for

14

nattokinase enzyme activity, Y (FU/mL) =-1178.07 + 275.355*X; +
19.7741*X, + 220.015*X; + 104.913*X, - 26.7765*X:> -
1.32823*X:*X; + 10.7808*X,*X3 + 9.76781*X:*X4 - 0.122106*X,2 -
0.514241%X,*X3 - 0.784647*X,*X4 - 41.0529%X3? - 6.33031*X3*X4
- 15.1853*X,2, with an R-squared value of 0.6575, indicates that
65.75% of the variation in nattokinase enzyme activity can be
explained by the fermentation conditions. Regression analysis
showed that the two most influential factors, pH and peptone
concentration, had positive coefficients, whereas the constant
term was -1178.07, indicating a negative intercept. This finding
suggests the presence of additional unexamined factors that
could affect the production of nattokinase and its blood clot-
dissolving capability. According to previous studies, many other
factors can influence the natto fermentation process beyond
those investigated (Suwanmanon & Hsieh, 2014; Deepak et al.,
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2008). Therefore, further research is required to examine factors
affecting nattokinase enzyme activity during the fermentation of
black turtle bean natto to enhance its blood clot-dissolving
activity.

The model predicted that the optimal fermentation conditions
would include a peptone concentration of 2.8%, bacterial density
of 10* CFU/g, an initial pH of 5.5, and a fermentation time of 33
hours. These conditions were expected to yield a nattokinase
enzyme activity (Ymax) of 436.212 FU/mL. Experimental
verification under these optimized conditions resulted in an
observed enzyme activity (Y'max) of 418.32 FU/mL. The accuracy
of the optimized model was confirmed by the Y'max/Ymax
coefficient of 0.9760, indicating high agreement between
predicted and observed values (approximately 97.6%). These
results support the applicability of the RSM-CCD experimental
matrix model for optimization studies.

Compared with previous studies on soybean natto, the
optimized black turtle bean natto exhibited higher nattokinase
enzyme activity (Suwanmanon & Hsieh, 2014; Liu et al., 2005).
This finding indicates the potential of black turtle bean natto to
promote blood clot dissolution. However, further optimization of
fermentation conditions remains necessary to increase enzyme
activity.

4. Conclusion

This study demonstrated the feasibility of utilizing black turtle
beans as an alternative fermentation substrate for natto
production, thereby addressing concerns related to soybean
allergies. Using a systematic experimental approach to optimize
the fermentation conditions for Bacillus subtilis MS05, a strain
known for producing the fibrinolytic enzyme nattokinase, we
identified key factors that significantly influenced the
fermentation process. A peptone concentration of 2.8%, a
bacterial density of 10* CFU/g of Bacillus subtilis, an initial pH of
5.5, and a fermentation duration of 33 hours were found to be the
optimal conditions for maximizing fibrinolytic activity with 418.32
FU/mL of nattokinase activity.

Additionally, notable antioxidant activity of black turtle beans
natto was indicated by a DPPH activity of 81.21 ug/mL. This
highlights the potential of black turtle bean-based natto to
enhance fibrinolytic activity and effectively eliminate free
radicals. These properties have implications for the treatment of
atherosclerotic blood clots and offer opportunities to improve
overall human health through appropriate nutritional
interventions.
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