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Abstract Nattokinase activity (NK), biogenic amine con-

tent and sensory properties of natto are of great significance

to consumers, which are affected by strains and fermen-

tation methods. In this study, changes in the pH, biogenic

amine and free amino nitrogen (FAN) contents, NK and

protease activities, and sensory characteristics of natto

prepared using Bacillus subtilis GUTU09 combined with

different strains (Lactobacillus, Bifidobacterium and Mu-

cor) and fermentation methods were investigated. The

combination of two strains showed the best fermentation

performance among all samples. The NK and protease

activity and FAN content in double-strain fermentation

increased by 10.33 FU/g, 88.78 U/g, and 2.34 g/kg,

respectively, compared with those in single-strain fer-

mentation. Sensory evaluation demonstrated that mixed

fermentation primarily affected the sensory acceptance.

This method also reduced the contents of various biogenic

amines in natto compared with single-strain fermentation.

Tyramine, cadaverine, spermine, and spermidine were

significantly reduced, whereas histamine was slightly

increased. The total biogenic amines decreased from

390.76 mg/kg to a minimum of 16.16 mg/kg. Some Mucor

strains also reduced the contents of various biogenic

amines. In the dual-bacteria fermentation of Mucor and

GUTU09, co-fermentation has advantages over stage-fer-

mentation, with higher NK and protease activity and higher

sensory scores. Correlation analysis showed that the for-

mation and accumulation of some biogenic amines in natto

prepared using different microbial combinations were

related to NK activity and pH. All these results showed that

the quality of natto was improved by mixed fermentation

and suitable fermentation methods, which laid a foundation

for its potential industrial application.

Keywords Nattokinase � Bacillus subtilis GUTU09 �
Combination fermentation � Biogenic amines � Sensory
evaluation

Introduction

Natto is a traditional fermented soy product prepared by

fermenting soybeans with Bacillus subtilis. It has unique

flavor and stickiness and contains health-promoting ingre-

dients, such as plant sterols, fibers, daidzein, genistein, and

some bioactive peptides from raw beans (Ahmad et al.

2014). The concentrations of various beneficial ingredients,

such as isoflavones, vitamin K2, and antioxidants, increase

during fermentation (Xu et al. 2015; Ali et al. 2018); thus,

fermented soybean products can be used as functional food

for preventing many diseases, such as cancer, obesity, and

hypercholesterolemia (Kushida et al. 2018; Shin et al.

2016). Nattokinase (Sumi et al. 1986), an important active

substance that can dissolve fibrin, is produced during the

fermentation of natto. It is an effective thrombolytic

enzyme in vitro and in vivo (Huang et al. 2013; Xu et al.

2014) and safer and more efficient in treating various

thrombotic vascular diseases than clinical thrombolytic

drugs. In addition, it has great potential to treat
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hypertension, Alzheimer’s disease, and vitreoretinal dis-

eases (Dabbagh et al. 2014). However, natto has a distinct

smell and taste that are considered undesirable by most

people. Therefore, adjusting the formula of the starter

recipe of natto can enhance the sensory characteristics and

general acceptability of the product and improve the con-

tent and activity of nattokinase, which prevents and

relieves heart and brain thrombosis.

However, natto has some safety risks, including the

considerable amounts of biogenic amines (BAs) (Tsai et al.

2007), which are common ingredients in high-protein fer-

mented food, have low molecular weights, and form non-

volatile nitrogen-containing organic bases through the

decarboxylation of free amino acids by microorganisms

(Priyadarshani and Rakshit 2011). Furthermore, BAs are

potential precursors of carcinogen nitrosamines. In

humans, the excessive intake of BAs from food may cause

adverse effects, such as migraine, hypertension, hypoten-

sion, rash, digestive problems, and even death in severe

cases (Lu et al. 2015). Different BAs have been detected in

cheese, alcoholic beverages, fish products, fermented meat

products and fermented soy products (Benito 2019). Small

amounts of putrescine and cadaverine are present in in

nonfermented soy products, and spermine, and spermidine,

which are considered naturally occurring amines, are pre-

sent in raw soybeans; meanwhile, bacterium-related

bioamines, such as histamine, tyramine, tryptophan, and

beta-phenylethylamine, have not been detected from non-

fermented soybean products (Toro-Funes et al. 2015;

Regubalan and Ananthanarayan 2019). Given that natto

contains abundant amino acids that are the precursors of

biogenic amines, BA levels in natto products must be

monitored. The strain of microorganism used in fermen-

tation is another important factor affecting biogenic amines

in natto, and thus strain selection is also crucial.

Natto is usually made by inoculating Bacillus in steamed

soybeans. Natto products from single strain-fermented

soybeans have not rich in function and a dominant natto

taste, and their probiotic effects are limited. By contrast,

many traditionally fermented food products are delicious

and nutritious owing to the interactions of various

microorganisms. In China, Sufu or Mucor-type Douchi

(Fan et al. 2020), which is mainly fermented byMucor, is a

rich source of nutrition, has pleasant tastes, and is fresh and

fragrant. In Korea, molds are often used in making fer-

mented bean paste, which has been widely used in the

country due to its diversified nutritional and health benefits,

as well as unique aroma components (Shukla et al. 2015).

Lactic acid bacteria and Bifidobacterium are often used as

probiotics in food; they have beneficial effects on human

health, particularly on nutrition, immune system, and gas-

trointestinal functions, and exert antitumor, anti-aging

properties, and other important physiological functions

(Karimi et al. 2018). Bacillus subtilis, often used in natto

production, is also used as a probiotic because it improves

intestinal microbial balance. When fermented with Lacto-

bacillus plantarum, beans and grains in infant weaning

food significantly improve nutrition (Adeyemo and Oni-

lude 2013). When B. subtilis natto and Bif. animalis subsp.

lactis v9 in a whole soybean solid-state co-fermentation,

their gene expression levels affect each other, resulting in

the overexpression of genes involved in substrate uptake

and B. animalis subsp. Lactis metabolism and increase in

cell concentration in the soybean medium (Wang et al.

2015). Similarly, red bean was fermented with co-culture

of Bacillus subtilis and L. bulgaricus for the production of

a novel natto product with multiple biological activities

(Jhan et al. 2015). The fermentation mechanism of a

microbial strain affects the natto production process.

A new strain with high nattokinase concentration,

Bacillus subtilis GUTU09 (B9), was isolated from Chinese

traditional fermented soybeans and used in natto prepara-

tion. Currently, how B9 single bacteria, multiple strains,

and different fermentation methods affect the fermentation

characteristics of natto is unclear. Determining such effect

is helpful in understanding the role of strains in soybean

fermentation for the preparation of high-quality natto. In

this work, the effects of the new strain B9, different strain

combinations, and fermentation methods on nattokinase

activity, biogenic amine content, and natto sensory char-

acteristics were investigated.

Materials and methods

Samples and chemicals

Putrescine dihydrochloride (C 98%, PU), 2-phenethy-

lamine (C 99.5%, PHE), cadaverine dihydrochloride (98%,

CA), tyramine (99%, TR), histamine dihydrochloride

(99%, HI), tyramine hydrochloride (98%, TY), spermidine

trihydrochloride (98%, SPD), and spermine (98%, SPM)

were obtained from Sigma-Aldrich (Switzerland). Dansyl

chloride (98%), thrombin (1000 U), and fibrinogen were

purchased from Solarbio (Beijing, China). All the reagents

used were of analytical grade.

Microorganisms

Mucor racemosus 40491 (M1) and Mucor wutungkiao

40854 (M4) were from China Center of Industrial Culture

Collection. Actinomucor elegans 3118 (A8; Guangdong

Culture Collection Center), B. animalis subsp. lactis BZ11

(China General Microbiological Culture Collection Centre

[CGMCC] NO. 10224), B. animalis subsp. lactis BZ25

(CGMCC NO.10225), L. plantaroid SQ4 (M 2016002),
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and B. subtilis GUTU09 (B9) were isolated by our

laboratory.

Inoculum preparation

For inoculum preparation, SQ4 were grown at 37 �C for

24 h, and BZ11 and BZ25 were grown at 37 �C for 48 h.

Both bacteria were grown in an MRS broth (Zhang et al.

2014). B9 was grown in a liquid seed medium containing

10 g/L glucose, 5 g/L yeast extract, 10 g/L beef extract,

and 5 g/L NaCl with pH of 7.0–7.5 at 37 �C and 180 rpm

for 18 h. The cells were then harvested and re-suspended in

sterilized physiological saline, and the cell concentrations

were adjusted to 108 colony forming units (CFU)/mL. The

culture solution of Mucor was prepared as follows: Mucor

mycelium was inoculated on potato dextrose agar plate,

cultured at 28 �C for 72 h, and washed with sterile normal

saline, and the cell concentrations were adjusted to

108 CFU/mL. The spore solution was stored at 4 �C for

storage.

Natto preparation

Small soybeans with particle diameters of 3–4.5 mm

(Heilongjiang, China) were cleaned and soaked in water

overnight at 20 �C. A total of 50 g of wet beans was

weighed and put in a 250 mL conical flask, sterilized at

121 �C for 20 min, and cooled to 25 �C. The beans were

then inoculated with 108 CFU/mL of SQ4, BZ11, BZ25,

B9, and spore solution. The fermentation process using

BZ11 and BZ25 mixed with B9 was carried out at 37 �C
for 24 h under anaerobic conditions. The single-strain

fermented natto by B9, double-strain fermented natto by

B9 ? probiotics (SQ4, BZ11 or BZ25) and B9 ? Mucor

(M1, M4 or A8), and triple-strain fermented natto by

(B9 ? probiotics ? Mucor).

The stage-fermentation (SF) and co-fermentation (CF)

of soybeans using the two strains of Mucor and B9 were

each conducted in two different conditions for each tech-

nique. In stage fermentation, the spore solution of Mucor

was added to steamed soybeans and cultured at 28 �C for

24 h (SF-1) or 48 h (SF-2), followed by the inoculation of

B9 at 37 �C for 24 h. In co-fermentation, the spore solution

of Mucor and B9 were simultaneously added to steamed

soybeans and co-cultured at 30 �C for 24 h (CF-1) or 48 h

(CF-2). All fermented natto beans were ripened at 4 �C for

24 h and then used for tasting and analysis.

Extraction of crude enzyme solution

and determination of pH

Natto (10 g wet weight) was homogenized in a blender

with 90 mL of distilled water for 30 s, and the pH of the

suspension was measured with a pH meter. After 24 h of

extraction at 4 �C, the mixture was centrifuged at

12,000 rpm at 4 �C for 10 min, and the supernatant was

used for nattokinase and protease activity assays.

Free amino nitrogen contents (FANs)

After 24 h of extraction at 4 �C, the natto suspension was

centrifuged at 4000 rpm for 10 min, and the supernatant

was stored at 4 �C for use. Free amino nitrogen content was

determined according to the method described by Lu et al.

(2009).

Nattokinase (NK) activity assay

Fibrinolytic activity was evaluated through the fibrin

degradation method, according to the method described by

Deepak et al. (2008)

Protease activity assay

Protease activity was determined by the Folin–Ciocalteu

method as described by Dong-gu Oh et al. (2016) with

slight modifications. Equal volumes of 1 mL of the culture

supernatants and 50 mM phosphate buffer (pH 7.5) con-

taining 1% casein were mixed and incubated at 40 �C for

10 min. Then, 2 mL of 0.4 M trichloroacetic acid was

added to terminate the reaction. The solution was mixed

and left at room temperature for 20 min. After 20 min, the

mixture was centrifuged at 12,000 rpm for 10 min; the

supernatant was then collected. Approximately 1 mL of the

supernatant was mixed with 5 mL of 0.4 M sodium car-

bonate and 1 mL of Folin solution (threefold dilution of

2 N Folin stock solution with water). After mixing, the

solutions were incubated at 40 �C for 20 min, and the

optical density was measured at 680 nm with a UV spec-

trometer. Protease activity is defined as hydrolyzing casein

to produce 1 lg of tyrosine per unit time.

Biogenic amine analysis

Preparation of extracts from natto samples, chromato-

graphic separation and derivatization of biogenic amines

was carried out according to the method described by Kim

et al. (2012).

Chromatographic separation of biogenic amines with

minor modifications. HPLC unit equipped with a UV–Vis

detector and Varian Star Workstation software was

employed. The column used was 4 lm Nova-Pak C18

(150 mm 9 3.9 mm, Waters), with acetonitrile (solvent A)

and deionized water (solvent B) as the mobile phases at the

flow rate of 0.8 mL/min. The program was set for a linear

gradient starting from 60 to 90% solvent A at 28 min. The
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sample volume injected was 20 lL, and the sample was

monitored at an ultraviolet detection wavelength of

254 nm. The detection limits were approximately 0.1 mg/

kg for all the standard amine solutions analyzed.

Sensory properties

The sensory characteristics of natto was evaluated using

the procedure described by Feng et al. (2015) with some

modifications. A sensory team consisting of 15 teachers

and graduate students majoring in food-related courses

with sensory evaluation experience was recruited. The

sensory evaluation was conducted in a ventilated food

laboratory with sufficient light and space. The products

were labeled with different numbers, then randomly dis-

rupted, and finally replicated for three consecutive days

under the same conditions.

The sensory characteristics of natto were mainly deter-

mined by its appearance, stickiness, flavor, taste, and

chewiness. The appearance of the product was evaluated by

color intensity, color uniformity, brightness, and glossi-

ness. Stickiness was measured by the length, density, and

adhesiveness of natto sticking to chopsticks. The flavor of

natto was evaluated by olfaction, ammonia odor, and

presence of bean odor, which are undesirable because natto

should have a light or slightly fragrant smell. Taste was

expected to be slightly acidic or mellow. A strong bitter

aftertaste was considered undesirable. Chewiness is the

feedback of the teeth on the softness, hardness, stickiness,

and smoothness of natto. For all the sensory traits, rating

scores from 1 to 5 were used, where 5 = excellent,

4 = good, 3 = moderate, 2 = poor, and 1 = inferior.

Finally, an index score was obtained by multiplying each

sensory property rating by a factor of 4. A high index score

indicated good natto quality.

Statistics and analysis

Data were evaluated using descriptive statistics including

mean, standard deviation (SD), and relative standard

deviation (RSD). All statistical analyses were carried out

with a significance level (a) of 0.05 using SPSS 12.0 (SPSS

Inc., Chicago, Il. USA), and Origin 9.0 was used in

drawing.

Results and discussion

Analysis of characteristics of natto product

The pH, FAN content, and NK and protease activity, and

sensory index of steamed soybean and natto samples

prepared using B9 or by two strains are shown in Table 1.

The pH value of natto prepared using B9 increased from

6.79 ± 0.03 to 7.92 ± 0.14. Its FANs increased from

0.88 ± 0.03 g/kg to 4.72 ± 0.12 g/kg, and NK activity

was 129.78 ± 2.42 FU/g. The natto produced was yellow,

the beans were smooth and shiny, and the sticky silks were

long and fine and generally has good appearance; however,

it has an unpleasant ammonia taste, which makes the

sensory score (76.4) not high enough. In natto prepared by

two strains, the pH values of natto cultured by SQ4, BZ11,

and BZ25 were slightly lower than that of natto prepared

by B9 (P\ 0.05), and the sensory index score was high

(82.2). Lactic acid bacteria and Bifidobacteria produce

organic acids, such as lactic acid, acetic acid, propionic

acid, and butyric acid, which affect the flavor and taste of

fermented food. Therefore, lactic acid bacteria and Bifi-

dobacterium effectively improve the sensory characteris-

tics of natto.

The pH, FAN content, and NK and protease activities of

natto drastically changed owing to different Mucor strains

and fermentation conditions. Table 1 shows the double-

strain combination (B9 ? M1, B9 ? M4) surprisingly had

similar trends of pH, FAN contents, sensory index, NK and

protease activities, in different fermentation methods. The

sensory index increased from SF-1 to CF-2, and the best

score in CF-2 (82.0). The highest values of FAN and NK

and protease activities appeared in CF-2 at 7.06 ± 0.26 g/

kg, 140.11 ± 2.87 FU/g, and 160.21 ± 2.55 U/g, respec-

tively. Various indicators and the quality of double strain-

fermented natto were obviously improved by the co-inoc-

ulation of Mucor and B9 (bacteria) compared with those of

single-bacteria natto. Similarly, it has been reported that

the amino acid content, organic acid content and sensory

quality of soybean paste fermented with a mixture of fungi

and bacillus subtilis have been significantly improved

(Shukla et al. 2015). Table 1 further shows that different

fermentation methods hugely affect the quality of natto.

Compared with SF-1, the protease activity and sensory

index of CF-1 were significantly improved in the double-

strain combination (B9 ? M1, B9 ? M4), but the NK

activity and FAN content did not exceed SF-1. Therefore,

the effect of CF is better and more suitable for natto pro-

duction than that of SF. However, high protease activity

was not detected in A8. Previous studies showed that

steamed soybean fermented using A8 at 28 �C for 3 days

resulted in high protease production (data not shown). In

the present study, the results of double-strain fermentation

showed that M4 had the highest protease activity. Some

other double-strain combinations demonstrated good

characters of their respective strains.
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Natto from soybean fermented by multiple strains

Table 2 shows the changes in pH, FAN content, sensory

index, and NK and protease activities in natto samples

from triple strain-fermented soybean. The results showed

that only two samples (2/9) had increased protease activity

(highest at 93.66 ± 3.57 U/g), and the FAN contents in

three combinations (3/9) exceeded those in single-bacteria

samples (highest at 5.75 ± 0.19 g/kg). However, the NK

activity and sensory index of all triple strain-fermented

samples were significantly lower than that of single-bac-

teria samples (P\ 0.05). In addition, the comprehensive

quality of all triple strain-fermented samples was not as

good as that of single-bacteria samples, indicating that the

former could not use the advantages of the strains. On the

contrary, some double-strain combinations can effectively

improve the quality of natto (Table 1), indicating that the

combination of two strains is more suitable for natto pro-

duction than that of three strains.

Sensory properties

The sensory profiles of the 25 natto samples were evaluated

in terms of appearance, stringiness, flavor, taste, and

chewiness. On the basis of the results, a spider plot was

created to provide a graphical representation for the easy

identification of differences and similarities, as shown in

Fig. 1. Various culture combinations affected the sensory

properties of natto (Fig. 1a); first, the sensory scores of

single-strain-fermented natto by B9 showed no significant

Table 1 Determination of pH,

FANs, NK, protease activity

and sensory index in double-

fermented natto samples

Strains Types pH FAN (g/kg) NK (FU/g) Protease (U/g) Index

Steamed soybean – 6.79 ± 0.03f 0.88 ± 0.03k – – –

B9 4% 7.92 ± 0.14a 4.72 ± 0.12fg 129.78 ± 2.42c 71.43 ± 1.04f 76.4

B9 ? SQ4 1:1 7.12 ± 0.03e 4.38 ± 0.16h 124.50 ± 2.32d 47.47 ± 2.42j 82.2

B9 ? BZ11 1:1 7.24 ± 0.10d 4.77 ± 0.17fg 134.56 ± 6.63b 59.09 ± 1.63hi 82.0

B9 ? BZ25 1:1 7.35 ± 0.13cd 4.94 ± 0.13ef 136.00 ± 1.74ab 74.40 ± 2.57f 81.6

B9 ? M1 SF-1 7.68 ± 0.11bc 4.57 ± 0.21gh 123.61 ± 1.92de 64.63 ± 3.17g 73.0

SF-2 7.98 ± 0.18a 5.12 ± 0.11de 125.56 ± 1.84d 88.66 ± 1.65e 75.2

CF-1 7.29 ± 0.05d 3.09 ± 0.14j 110.95 ± 0.63g 105.03 ± 0.67c 80.1

CF-2 7.86 ± 0.07ab 6.77 ± 0.04ab 136.34 ± 1.42ab 114.27 ± 1.21b 82.0

B9 ? M4 SF-1 7.63 ± 0.08bc 4.57 ± 0.19gh 117.00 ± 0.58f 63.58 ± 3.57gh 72.1

SF-2 7.99 ± 0.26a 5.41 ± 0.25d 133.11 ± 2.96bc 55.39 ± 1.21i 76.8

CF-1 7.25 ± 0.06d 2.82 ± 0.23j 116.00 ± 0.60f 98.69 ± 4.19d 79.2

CF-2 7.77 ± 0.07b 6.58 ± 0.14b 140.11 ± 2.87a 160.21 ± 2.55a 80.2

SF-1 7.51 ± 0.09c 5.93 ± 0.32c 102.95 ± 2.80h 62.26 ± 4.41gh 68.3

B9 ? A8 SF-2 7.88 ± 0.18ab 7.06 ± 0.26a 119.95 ± 0.82ef 113.47 ± 3.96b 72.2

CF-1 7.30 ± 0.05cd 3.73 ± 0.17i 117.61 ± 0.67f 30.30 ± 2.62k 75.6

CF-2 7.79 ± 0.06b 6.62 ± 0.16b 123.11 ± 1.36de 62.64 ± 2.06gh 76.4

FAN free amino nitrogen content, NK Nattokinase, CF co-fermentation, co-fermentation for 24 h (CF-1) or

48 h (CF-2); SF: stage-fermentation, M1, M4 or A8 were inoculated for 24 h (SF-1) or 48 h (SF-2), and

then co-fermentation for 24 h with other strains; the same below. Different letter superscripts in the same

column indicate statistically significant (P\ 0.05), the same below

Table 2 Determination of pH,

FAN content, NK and protease

activity and sensory index in

mixed-fermented natto samples

Strains pH FAN (g/kg) NK (FU/g) Protease (U/g) Index

B9 ? M1 ? SQ4 6.91 ± 0.05bc 3.93 ± 0.10d 112.61 ± 2.50d 55.05 ± 4.32b 69.6

B9 ? M1 ? BZ11 7.51 ± 0.09a 4.46 ± 0.19c 120.89 ± 1.99a 38.55 ± 2.49d 70.4

B9 ? M1 ? BZ25 7.25 ± 0.14ab 4.89 ± 0.27b 119.50 ± 1.42ab 52.41 ± 3.48b 73.6

B9 ? M4 ? SQ4 6.89 ± 0.49c 3.43 ± 0.19e 110.17 ± 2.68d 30.96 ± 2.06e 66.8

B9 ? M4 ? BZ11 7.42 ± 0.04a 4.31 ± 0.19c 116.89 ± 1.29bc 44.16 ± 3.96c 69.6

B9 ? M4 ? BZ25 7.18 ± 0.07abc 3.57 ± 0.14e 116.22 ± 0.67c 46.14 ± 2.62c 73.2

B9 ? A8 ? SQ4 5.08 ± 0.07d 3.07 ± 0.20f 65.28 ± 1.29f 27.33 ± 1.71e 64.1

B9 ? A8 ? BZ11 7.36 ± 0.08a 5.75 ± 0.19a 104.95 ± 0.95e 93.66 ± 3.57a 67.2

B9 ? A8 ? BZ25 7.26 ± 0.11ab 4.98 ± 0.24b 110.89 ± 2.11d 89.04 ± 2.06a 66.8
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difference in the appearance, taste, and chewiness with the

those of double-strain-fermented natto (B9 ? probiotics or

Mucor) and triple-strain-fermented natto (B9 ? probi-

otics ? Mucor), while the differences in flavor and

stringiness were observed. In particular, the flavor score of

double-strain fermented natto (B9 ? probiotics), which

used the strains B9 and SQ4, increased from 2.9 to 4.3. The

increase was attributed to the production of lactic acid by

SQ4, reduce the concentrations of odor substances and the

subsequent decrease in pH from 7.92 to 7.12 (Table 1).

Fermented soybeans can be used as carriers of probiotics,

such as Lactobacillus, which can improve sensory prop-

erties when used in the co-fermentation of natto (Zhang

et al. 2014). The ranking of natto in various culture com-

binations according to sensory attributes was as follows:

(B9 ? probiotics)[ (B9 ? Mucor) [B9[ (B9 ? probi-

otics ? Mucor).

In double-strain fermented natto (B9 ? Mucor), the

sensory properties of natto were affected by different fer-

mentation methods of Mucor (Fig. 1b). The natto prepared

by M1 and B9 had higher sensory scores of 80.1 and 82.0

in CF (Table 1), which had the main contribution in alle-

viating the ammonia taste and post-chewing bitterness of

natto. Soybean fermentation products were influenced by

various microorganisms, and various microorganisms and

microbial enzymes subsequently affect the characteristic

taste and flavor of the products (Kum et al. 2015). Soybean

protein can be hydrolyzed by protease to produce

polypeptides and amino acids. The bitterness of natto

during chewing may be related to bitter peptides and amino

acids such as leucine, histidine, proline, and pyroglutamic

acid, especially the polypeptide and tyrosine produced by

casein hydrolysis (Murray et al. 2018).

Effect of combined fermentation of soybean

on biogenic amines of natto

The biogenic amine contents of 25 different natto prepared

by various culture combinations and various fermentation

methods were measured. As presented in Table 3, only five

biogenic amines namely, PU, CA, TY, SPD, and SPM were

detected in single-strain-fermented natto by B9, whereas

TR, PHE and HI were not detected; the total biogenic

amines reached 390.76 ± 11.98 mg/kg. Values of

100–800 mg/kg and 30 mg/kg were obtained for TY and

PHE, respectively. These values are toxic doses in foods.

Meanwhile, 1000 mg/kg (wt/wt) total amine in food is

considered dangerous to health (Santos 1996). The total

biogenic amines in 25 natto samples were lower than

390.76 ± 11.98 mg/kg, indicating that all the products

were within the safe range. Low levels of both PU and CA

amines were detected in some two-strain combination

fermentation samples, except for combinations involving

A8; CA was not detected in 17 natto samples, while sam-

ples with detected CA had concentrations of less than

10 mg/kg; moreover, PU concentrations detected were all

lower than 50 mg/kg. Particularly, TR and PHE with low

toxicity dose (30 mg/kg) were not detected in all products.

High levels of HI are often the main causes of biogenic

amine poisoning in foods. HI contents of 0–3.97 mg/kg

were detected in all 25 natto varieties, which was much

lower than the threshold value of 50 mg/kg set by United

States Food and Drug Administration (USFDA 2001). In

contrast, some studies have found that the average HI

content in some Japanese natto is 35.4 mg/kg, while the

average HI content of Taiwan natto is 45.1 mg/kg (Tsai

et al. 2007).

Interestingly, most samples showed relatively high

levels of SPD and SPM compared with other amines, and

the highest concentrations of SPD and SPM were

84.14 ± 3.50 and 218.24 ± 6.76 mg/kg, respectively.

High levels of polyamines were found in 21 different natto

products distributed in Korea (Kim et al. 2012). Similarly,

considerable amounts of polyamines have been detected in

non-fermented and fermented soybean products, and

polyamines-rich foods are recommended for the elderly to

prevent age-related chronic diseases, especially cardio-

vascular diseases (Toro-Funes et al. 2015). Meanwhile, we

detected SPM content of 66.13 ± 2.32 mg/kg and

Fig. 1 Net chart of the sensory attributes of the different fermentation

natto in different fermentation strain combinations (a) and fermen-

tation methods of Mucor (b)
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29.71 ± 1.27 mg/kg in the sterilized steamed soybeans.

These values indicated that the high content of polyamines

was not only caused by microorganisms but also related to

soybean as a fermentation raw material.

The mechanism of the reduction of biogenic amines

content by triple-strain fermentation can be ascertained by

analyzing the contribution of different strains to the for-

mation of biogenic amines. In natto prepared by two

strains, L. plantaroid (SQ4) and anaerobic bacteria (BZ11

and BZ25) caused a significant decrease in CA (P\ 0.05),

Mucor significantly decreased the content of each biogenic

amine and slightly increased HI content, except for A8,

which had increased PU content. Mixing different strains

for the fermentation of soybeans reduced the formation of

biogenic amines (Shukla et al. 2015). Although the content

of PU and HI in natto samples prepared by three strains had

increased, other biogenic amines, particularly SPD and

SPM contents, were reduced, causing a sharp decrease in

total biogenic amines. The microbial consumption of SPD

as an alternative source of nitrogen leads to significant

decreases in SPD levels (Liu et al. 2011). A total of 38

mold-fermented Sufu samples from retail market and fac-

tories were found to mostly contain PU and CA, and only

three samples contained a small amount of SPD and SPM

(Guan et al. 2013). The three Mucor strains used, namely,

M1, M4, and A8, were originally derived from fermented

Sufu. Therefore, the growth of Mucor may consume SPD

and SPM as nitrogen sources.

Correlation analysis

The significant correlations among biogenic amines and

FANs, pH, NK and protease activity, sensory indicators in

natto are shown in Table 4. The most abundant bioamines

detected in this study were TY, SPD, and SPM, which were

positively correlated to NK activity (P\ 0.01), with R2

values of 0.61, 0.617, and 0.674, respectively. TBA fol-

lowed the same correlation trend, with R2 of 0.679

(P\ 0.01), whereas the other bioamines showed no cor-

relation. NK is secreted by B9, and its correlation with BA

somewhat reflects the bacterial quantity and activity status

of B9 in mixed fermentation samples.

Table 4 shows a significant correlation between SPD

and protease activity, with R2 of 0.416 (P\ 0.05). The

remaining bioamines were not significantly correlated with

PT activity and FANs. In addition, TY and SPM were

correlated with pH value (P\ 0.05), TBA followed the

same correlation trend, with R2 of 0.427 (P\ 0.05),

whereas other biogenic amines showed no correlation. pH

influences some important factors affecting BA formation,

namely, the available free amino acids produced by

microbial strains with high proteolytic enzyme activity,

bacterial growth, and decarboxylase synthesis and activity

(Swelam and Mehanna 2017).

Table 4 reveals the correlation between BA and the

sensory indicators, namely, appearance, stringiness, flavor,

taste, and chewiness. TY, SPD, and SPM showed a sig-

nificant positive correlation with stringiness, flavor, and

taste (P\ 0.01), TBA followed the same correlation trend,

with R2 values of 0.713, 0.687, and 0.621 respectively. The

samples used for analysis were all mixed fermentation,

except for one sample fermented using B9. Therefore, the

correlation between BA and sensory indicators indicated

that mixed fermentation primarily affects three sensory

characteristics of natto, namely, stringiness, flavor, and

taste, but has no significant effect on appearance and

chewiness. SPM was positively correlated with chewiness,

with R2 value of 0.413 (P\ 0.05), whereas TBA showed

no correlation with chewiness. The precursor of BA is the

free amino acid in food; it can greatly affect food senses.

Accordingly, we speculate that the intrinsic relation

between BA and sensory properties was the content and

type of free amino acids in the samples, which explains

why there is a positive correlation between TBA and sen-

sory properties. However, the content of biogenic amines

beyond the range will not only endanger health, but also

increase the adverse flavor of natto.

PU and CA are often used to reflect the degree of food

spoilage and had no significant correlation with all test

items (Table 4), indicating that all natto samples were in a

Table 4 Regression correlation

coefficients among biogenic

amines, FANs, NK, protease

activity, and sensory indicators

PU CA HI TY SPD SPM TBA

NK - 0.136 0.196 - 0.335 0.61** 0.617** 0.674** 0.679**

protease - 0.233 - 0.02 - 0.206 - 0.009 0.416* 0.09 0.149

FAN 0.229 0.004 - 0.166 0.032 0.064 0.145 0.13

pH 0.035 0.192 - 0.187 0.432* 0.256 0.455* 0.427*

Appearance 0.033 0.091 - 0.048 - 0.053 0.199 0.013 0.061

Stringiness - 0.322 0.276 - 0.521* 0.586** 0.812** 0.671** 0.713**

Flavour 0.009 - 0.148 - 0.38 0.558** 0.729** 0.629** 0.687**

Taste 0.002 0.004 - 0.21 0.446* 0.686** 0.57** 0.621**

Chewiness - 0.189 0.18 - 0.338 - 0.521* 0.225 0.413* 0.388

*Significance at P\ 0.05; ** Significance at P\ 0.01
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relatively fresh state. Table 3 shows that HI (highest value

of 3.97 ± 0.90 mg/kg) can be detected only in samples

where Mucor was involved in fermentation. Thus, HI was

only relevant to Mucor. A negative correlation was

observed between HI and viscosity (Table 4), with

R2 = 0.521 (P\ 0.05), revealing that the state of Mucor

greatly influenced the viscosity of the natto samples. High

levels of HI are often known to be a major cause of bio-

genic amine poisoning in foods. HI showed negative and

mostly non-significant correlations with all the items

(Table 4), indicating that the combination of these strains

was not conducive to HI production, but it was beneficial to

its application in fermented food.

Determining the statistical correlation between BAs and

some food characteristics was the objective of some stud-

ies, but contradictory results were obtained possibly

because of the different chemical compositions of the

studied food types, microbial conditions, and preparation

processes. In silver carp fillets, Shi et al. (2012) found that

TR, PHE, and PU were positively correlated with total

volatile base nitrogen during storage, FU and TY were

significantly correlated with microbial quality, and TR,

PHE, PU and TY contents were negatively correlated with

sensory score; the R2 of all correlations were between

0.840 and 0.992. Furthermore, Swelam and Mehanna (

2017) found that TR and TY were positively correlated

with protein in Ras cheese (P\ 0.05), PHE and HI were

positively correlated with soluble nitrogen/total nitrogen,

and the remaining bioamines showed negligible correlation

with protein and soluble nitrogen/total nitrogen, while

acidity and pH have no effective effect on BA of cheese.

Guan et al. (2013) found that CA and HI were positively

correlated with pH in white Sufu (P\ 0.05), and TBA also

showed positive correlation with free amino acid, with R2

of 0.455 (P\ 0.05). However, PU, TR, and SPD were

negatively correlated with pH in red Sufu, BA was also

negatively correlated with free amino acids, with R2 value

of - 0.801 (P\ 0.05), while gray Sufu showed no corre-

lation with any food characteristics.

Conclusion

This research developed a novel starter culture involving

the combined inoculation of probiotics (SQ4, BZ11, and

BZ25), Mucor (M1, M4, and A8), and bacteria (B9) to

produce fermented natto products with enhanced quality. A

total of 25 kinds of natto products were produced via dif-

ferent strain combinations and fermentation methods, and

their NK and protease activities, FAN and biogenic amine

contents, and sensory characteristics were analyzed and

compared. The results showed that the natto prepared by

Bifidobacterium BZ25 or Mucor (M4, CF-2) with B9 had

better quality, particularly having significantly improved

natto flavor and showing higher enzyme activity. The fer-

mentation method also greatly affected the quality of natto.

Compared with the stage-fermentation, the co-fermented

samples showed higher biological activity and sensory

quality. The biogenic amines content was greatly reduced

by the combination of multiple strains, tyramine was

reduced by beneficial probiotics, whereas various biogenic

amines were reduced by Mucor, which seemed to con-

sumed some polyamines as a nitrogen source. Moreover,

some biogenic amines have positive correlation with sen-

sory characteristics. The fermentation methods involving

combined strains influenced natto characteristics. This

work lays the foundation for the development of novel

starter cultures and fermentation methods for producing

natto products with improved sensory quality, high con-

tents of physiologically active substances beneficial to the

human body, such as nattokinase and protease, and

decreased contents of biological amines.
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