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ABSTRACT 
 

 

The Chinese traditional soybean product, sufu, is getting increasingly popular in Asia for its special taste 

and rich nutrition. In this paper, physicochemical properties of sufu during fermentation, isolation and 

characterization of BA-producing bacteria, as well as their decarboxylase activities were thoroughly 

investigated. Tyramine, putrescine, phenylethylamine and cadaverine were the main BA in sufu 

fermentation. Tyramine level increased drastically to reach 513.72 mg/kg during sufu ripening, posing 

potential health risks. During sufu fermentation, there was a positive correlation between amino nitrogen 

and BA, yet no significant correlation was found between BAs with pH and total acidity. Additionally, 

23 strains of tyramine- and phenylethylamine-producing bacteria harboring the TDC gene, including 

Enterococcus faecalis 45, Enterococcus faecium 36, Pediococcus acidilactici 310 and Pediococcus 

pentosaceus 27 that were responsible for tyramine production in sufu have been characterized. The 

current study provides insights into understanding the production of tyramine in sufu by 

microorganisms, which laid the groundwork for controlling biogenic amine production in fermented 

soybean products. 
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Introduction 

 Biogenic amines (BAs) are prevalent in foods and 

most likely occur in fish, cheeses, fermented 

vegetables and soybean products, beer and wine(1). 

The most pervasive BA in foods is histamine, 

putrescine, cadaverine, tyramine, tryptamine, 

phenylethylamine, spermine and spermidine. 

Biogenic amines are important from a hygienic point 

of view as they have been implicated as causative 

agents in several food poisoning episodes. 

Consumption of food containing BA is responsible 

for several types of food-born disease, including 

scombroid poisoning, also called histamine fish 

poisoning, and allergy-like form of food poisoning, 

and cheese reaction caused by tyramine toxicity. BA 

has also been investigated as possible mutagenic 

precursors since some amines may be nitrosated or 

act as precursors for other compounds capable of 

forming nitrosamines that are carcinogenic to 

various species of animals, therefore posing potential 

health threats to humans (2). Histamine and tyramine 

are the most potent biologically active molecules and 

can exert many responses within the body (3, 4). 

Additionally, phenylethylamine has also been 

proposed as an initiator of hypertension, owing to a 

similar mechanism as tyramine (European Food 

Safety Authority (EFSA) 2011). Although not all BA 

are equally toxic, the presence of specific BA may 

affect the toxicity of histamine, suggesting the 

intricate reactivities among BA as well as increasing 

risk of having multiple amines presence in foods 

(European Food Safety Authority (EFSA) 2011)(5).   

The fermented soybean is well known in China for 

its advantage of replenishing vitamin B12 and 

accelerating the absorption of mineral sustains (6). 

Thus, fermented soybean foods have been popular in 

Asia for more than one thousand years and are 

becoming increasingly popular in Western countries 

(7). Sufu or furu, a traditional fermented soybean 

food originating in China, has been widely 

consumed as an appetizer for centuries. In general, 

four steps are involved in preparing northern style 

mold-fermented sufu: (1) making tofu, (2) 

overgrown with a pure culture inoculum of 

Actinomucor elegans to prepare pehtze or maopi, (3) 

salting to reach the salt concentration of 14% (w/w) 

of wet weight in pehtze, (4) ripening in dressing 

mixture for 45 to 90 days (8, 9). Depending on the 

https://creativecommons.org/licenses/by/4.0/
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choice of dressing mixtures, white, red and grey sufu 

can be prepared. Studies have shown that as high as 

1730 mg/kg tyramine, 730 mg/kg histamine, 463.45 

mg/kg tryptamine and 341.03 mg/kg 

phenylethylamine was detected in commercial sufu 

(8, 10-13). The occurrence of BA in sufu is caused 

by bacterial contamination during pre-fermentation 

(9). Amino acid decarboxylase activities have been 

identified in certain Enterobacteriaceae, 

Lactobacillus and Pseudomonas species which 

commonly exist in sufu (14, 15). 

    The quality criteria with respect to the presence of 

histamine and other BA vary from food to food, as 

the existence of potential effectors dramatically 

influence the toxic thresholds of histamine in foods 

(European Food Safety Authority (EFSA) 2011). 

These effectors include metabolic capabilities of the 

microorganism presented and conditions of spoilage, 

ageing or ripening. Other risk factors, such as 

alcohol and gastrointestinal disease in individuals 

may also play an essential role in determining the 

toxic threshold for BA. In general, an intake of over 

40 mg BA per meal is considered potentially 

harmful, and over 1000 mg is supposed to be elicited 

toxically. “Good Manufacturing Practice” indicates 

the presence of more than 100 µg/mg, 800 µg/mg, 

and 30 µg/mg of histamine, tyramine and 

phenylethylamine, respectively, or a total of more 

than 200 µg/mg BA in foods or food products are 

considered unsafe (European Food Safety Authority 

(EFSA) 2011)(5).  

    Not only does fermentation microbiota plays a 

significant role in the development of organoleptic 

characteristics, but it is also responsible for the 

accumulation of undesired substances, such as BA. 

Two strains of Bacillus subtilis isolated from 22 

types of sufu showed the initial evidence of 

histamine-producing bacteria in sufu (10). Recently, 

Bacillus tropicus, Bacillus cereus and Bacillus 

velezensis have also been demonstrated to produce 

histamine in sufu (16). Kurthia genus bacterium was 

found to play essential roles in histamine formation 

during sufu production (16). Pseudomonas genus 

bacteria was found to be correlated with histamine 

and cadaverine production in sufu (15). To date, 

little information is known concerning the isolation 

method and characterization of tyramine-producing 

bacteria in sufu. In this study, levels of BA at 

different stages during white sufu production have 

been analyzed. 23 strains of tyramine-producing 

bacteria in white sufu have been isolated and 

characterized; their ability to produce tyramine in 

sufu has also been investigated. This work provided 

insights into the understanding mechanism of 

tyramine production sufu, which laid the 

groundwork for regulating BA in fermented soybean 

foods. 

 

Materials and methods 

Chemicals and reagents 

     Biogenic amines standards (tryptamine 

(purity=98%), phenylethylamine (purity=99%), 

cadaverine dihydrochloride (purity=98%), putrescine 

dihydrochloride (purity≥98%), tyramine 

(purity=98%), histamine (purity=96%), spermidine 

(purity=97%) and spermine (purity=98%)) and 

dansyl chloride (Dns-Cl) were purchased from 

Aladdin (Shanghai, China). HPLC grade acetonitrile 

and acetone were obtained from Merck (Damstadt, 

Germany). All chemicals and solvents used were of 

analytical and chromatographic grade. 

 

Sampling 

Sufu samples were taken at a sufu factory located in 

Beijing, China, at different stages of white sufu 

production: tofu, pehtze, salted pehtze during pre-

fermentation and weekly samples during the ripening 

stage. Tofu or sufu products from each stage were 

sampled in triplicates.   

 

Determination of biogenic amine 

Sample preparation and derivatization 

    The Sufu sample (2.5 g) was homogenized in 15 

mL of 0.1 M HCl; the mixture was centrifuged at 

15800 ×g for 20 min before passing through a 0.22 

µm syringe filter. Derivatization of BA before HPLC 

analysis was carried out based on a previously 

published method by Eerola et al. (1993). An aliquot 

of a 1 mL sample was neutralized with 200 μL of 

2M NaOH solution and 300 μL of saturated NaHCO3 

solution. Two mL of derivatization agent dansyl 

chloride (10 mg/mL in acetone) was then added to 

the neutralized mixture, and the reaction mixture was 

incubated in the dark at 40 °C for 45 min. The 

unreacted dansyl chloride was quenched using 100 

μL ammonium hydroxide, the volume of the mixture 
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was then adjusted to 5 mL with acetonitrile. The 

sample mixture was filtered through a 0.22 μm 

syringe filter prior to HPLC analysis.  

 

Apparatus and HPLC conditions 

    BA concentrations in white sufu samples were 

measured based on a previously published HPLC 

method (11). Briefly, an Agilent 1260 high-

performance liquid chromatography system 

consisting of a quaternary pump and a photodiode 

array absorbance detector (Agilent G1315C) was 

used for BA analysis. Separations of BA derivatives 

were achieved using a Capcell Pak C18 column (5 

mm, 4.6 mm I.D. 250 mm; Shiseido Co., Japan). 

Gradient elution with deionized (DI) water (solvent 

A) and acetonitrile (solvent B) were set as follows: 

0-1min, 65% B; 1-15min, 90% B; 15-25min, 90% B; 

25-30min, 65% B. The injection volume was set at 

20 μL, and the flow rate was 1.0 mL/min. The 

wavelength of the detector was set at 254 nm. HPLC 

analyses were performed in triplicate. Data 

collection and analysis were performed using 

Chemstation software (Agilent, Germany). 

  

Physicochemical and microbiological 

measurements 

     pH, amino nitrogen and microbiological levels 

were measured throughout the sufu fermentation. 

Sufu sample (3.0 g) taken at each fermentation stage 

was homogenized in 27 mL DI water using a high-

speed blender (T25-basic, IKA, Germany) at 11,000 

rpm for 2 min, and the pH of the suspension was 

measured by a pH meter (METTLER TOLEDO, 

China). Amino nitrogen content was determined 

using the formalin titration method described by Qiu 

et al. (2018). The microbiological content of sufu 

was measured using 10 g Sufu samples mixed 

thoroughly with 90 mL of sterile phosphate buffer. 

The mixture was serially diluted (10−1 to 10−7) with 

sterile phosphate buffer. Diluted samples were plated 

in duplicates on Plate Count Agar (PCA) for growth 

of total count of mesophilic aerobic bacteria 

(TMAB), and Man Rogosa and Sharp (MRS) 

supplemented with 0.1% natamycin (Macklin, 

Shanghai, China) for Lactic Acid Bacteria (LAB). 

Plates were incubated at 37 °C for 48h ± 2h. Counts 

were expressed as colony-forming units per gram of 

sample (CFU/g). 

 

Isolation and characterization of BA-producing 

bacteria in sufu 

Screening for BA-producing bacteria 

    From each countable MRS agar plate, five to 

seven isolated colonies were picked systematically 

and purified by successive streaking. Pure cultures 

were stored in 50% (v/v) glycerol at -80 °C. Initial 

screening for potential BA-producing bacteria was 

carried out based on a method published by Coton et 

al. (17). Sterile 96-well polystyrene microtiter plates 

containing 100 µL of liquid decarboxylase medium 

(DM) (pH 5.3) with 0.1% (w/v) precursor amino 

acids L-Tryptophan, L-Phenylalanine, L-Lysine, L-

Ornithine, L-Histidine, L-Tyrosine, and L-Arginine 

was inoculated with 30 µL culture of the isolated 

strain in MRS broth (described above). The mixture 

was then topped with 70 µL of sterilized liquid 

paraffin. Sterile DM broth was used as a control. All 

assays were performed in duplicate. Microtiter plates 

were incubated at 37 °C for 48 h. The purple color 

indicates the presence of BA-producing bacteria.  

    To investigate the ability for selected bacteria to 

produce BA, an 100 μL aliquot of selected strain was 

inoculated in 4.9 mL of MRS broth (pH 5.3) 

supplemented with 0.005% (w/v) of pyridoxal-5-

phosphate, 0.1% (w/v) of each precursor amino acid 

and 6.5% of NaCl. After incubation at 37 °C for five 

days, 2 mL of the culture were transferred to a new 

test tube containing 2 mL of 0.1 M HCl. The mixture 

was centrifuged at 15800 ×g for 5 min. 

Derivatization and HPLC method to analyze BA 

content was carried out based on Materials and 

Methods section 2.3. 

 

Extraction of chromosomal DNA  

    The selected strains were inoculated in MRS broth 

and grown until their optical densities at 600 nm 

reached a value of approximately 1.0 at 37 °C. 

Aliquots of 2 mL of bacterial cultures were 

processed using TIA Namp Bacteria DNA kit DP302 

(TIANGEN BIOTECH CO., LTD, Beijing, China). 

After washing with 70% ethanol, DNA was pelleted 

and resuspended in 50 μL of TE buffer (10 mM Tris, 

1 mM EDTA, pH 7.6). The purified DNA extracts 

were separated by gel electrophoresis on 1% w/v 

regular G-10 agarose (BIOWEST, Spain) using 

DYCP-31BN electrophoresis apparatus (Liuyi, 
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Beijing, China). The running buffer was 1X TAE 

buffer (Tris acetate-EDTA, pH 8.0) buffer, and the 

voltage was set at 70 V. Results were visualized 

under a UV light using Ultra GelRed Nucleic Acid 

Stain (100-2000bp) (10000x) (Vazyme Biotech Co., 

Ltd, Nanjing, China). 

 

Detection of tyrosine decarboxylase (tdc) gene 

    The presence of the tyrosine decarboxylase (tdc) 

gene was assayed by PCR reaction. The following 

primers were used: TD2 (5’ 

ACTTAGTCAACCATRTTGAA 3’) and TD5 (5’ 

CAAATGGAAGAAGAAGTAGG 3’) (18), 

obtaining an amplification product of 1100 bp. The 

PCR reaction was performed in 25 µL of reaction 

mixture containing 12.5 μL of 2×Taq PCR 

MasterMix KT201 (TIANGEN), 10 μM of primers 

(1 µL TD2, 1 μL TD5), 1 μL of DNA template and 

9.5 μL of double-distilled H2O. The amplification 

was performed using T100TM Thermal Cycler (Bio-

Rad, UK) utilizing the following program: 4 min at 

94 °C for initial denaturation, followed by 30 cycles 

at 94 °C for the 20s of denaturation, 55 °C for 30s of 

annealing, and 72 °C for 30 s of extension; a final 

extension step was carried out at 72 °C for 5 min. 

PCR products were separated by gel electrophoresis 

on 1% w/v regular G-10 agarose (BIOWEST, Spain) 

using DYCP-31BN electrophoresis apparatus (Liuyi, 

Beijing, China). The running buffer was 1X TAE 

buffer (Tris acetate-EDTA, pH 8.0), and the voltage 

was set at 70 V. PCR amplification results were 

visualized under a UV light using Ultra GelRed 

Nucleic Acid Stain (100-2000bp) (10000x) (Vazyme 

Biotech Co., Ltd, Nanjing, China). 

 

16S rDNA bacterial identification  

    Bacterial strains containing tdc genes were 

identified using the PCR products obtained by 

universal 16S rDNA primers: 27F (5’ 

AGAGTTTGATCCTGGCTCAG 3’) and 1492R (5’ 

GGTTACCTTGTTACGACTT 3’). Amplicons were 

then purified and sequenced by MAJORBIO Co., 

Ltd (Shanghai, China). Sequence similarity was 

analyzed using BLAST search in the GenBank 

database (http://www.ncbi.nlm.nih.gov/BLAST/). 

 

 

Inoculation of BA-producing bacteria in sufu 

sample 

    10 g of sufu sample was homogenized using a 

high-speed blender (T25-basic, IKA, Germany) in 60 

mL of DI water at 11,000 rpm for 3 min. The sufu 

suspension was sterilized at 121 °C for 15 min. A 

100 μL aliquot of identified tyramine-producing 

strains was inoculated in 4.9 mL of the prepared 

sterilized sufu suspension. After incubation at 37 °C 

for 5 days, a 2 mL aliquot of the culture was 

transferred to a new test tube containing 2 mL of 0.1 

M HCl. The mixture was centrifuged at 15800 ×g for 

5 min. Derivatization and BA content analysis was 

carried out based on Materials and Methods section 

2.3. 

 

Statistical analysis 

   The significance of differences was determined by 

one-way analysis of variance (ANOVA) and Least-

Significant Difference (LSD) (α= 0.05). Pearson's 

correlation coefficients between microbial, 

physicochemical indexes and BA concentrations 

were generated using Pearson's correlation 

coefficient analysis (α= 0.05). The statistical 

analyses were carried out using the IBM SPSS 

statistics package version 23.0 (SPSS Inc., Chicago, 

IL, USA). 

 

Results and discussion 

Quantitative analysis of biogenic amines during 

sufu fermentation by HPLC 

    The calibration curves of standard biogenic amines 

showed good linearity (R2> 0.9990) (Table S1). 

Figure 1 shows the contents of eight BAs in tofu, 

pehtze and salted pehtze during pre-fermentation. All 

these eight BA content analysis experiments were 

performed in triplicate. The most abundant BA 

detected in tofu were spermidine, putrescine, spermine 

and tyramine, the concentration of which were 120.54 

± 4.45 mg/kg, 73.13 ± 4.17 mg/kg, 62.77 ± 10.22 

mg/kg and 19.69 ± 8.22 mg/kg, respectively. Previous 

results have indicated the existence of polyamines 

such as spermidine, spermine, putrescine. Arginine, 

one of the precursors of polyamine biosynthesis in 

soybean products, has been reported to be abundantly 

present in soybean. As most polyamines are readily 

water-soluble, they are likely found in tofu or tofu 

products (19). BA profile alters dramatically 
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throughout the fermentation process, as the 

concentration of slighter toxic endogenous BA 

decreases, while that of exogenous BA increase over 

time. Specifically, phenylethylamine and cadaverine 

levels increased significantly two days into tofu upon 

inoculation of a pure mold inoculum, while the 

contents of spermidine, putrescine, spermine 

decreased. Moreover, after salting for three days, the 

content of putrescine increased, and the content of 

spermidine decreased.  

    Spermidine was found to be the most prevalent BA 

in tofu but decreased in the latter fermentation 

process. This conclusion matches with the previous 

findings (20), confirming that the high spermidine 

content is related to that in the original soybean. In 

pehtze, the highest composition of BA is the 

phenylethylamine, which is proved to be a threaten to 

human health. In the salted pehtze, however, 

putrescine appears to be the most abundant BA, which 

is formed from the process of amino acid 

decarboxylation: arginine and glutamine combine to 

be the ornithine that decarbonates into the putrescine.   

 

 

Figure 1. Changes of biogenic-amine concentrations in 

tofu; pehtze; salted pehtze during pre-fermentation. 

BA concentration throughout pre-fermentation was as 

follows: tyramine: red, putrescine: green, cadaverine: blue, 

phenylethylamine: bronze, tryptamine: yellow, spermidine: 

orange, spermine: purple and total BA: black. Expanded 

tryptamine content is shown in the inset. BA concentrations 

were expressed as mean value (mg/kg) ± standard deviation 

(mg/kg) in the table. Mean values for amines marked with 

the same superscript do not differ significantly (p≥0.05). 

 

In Figure 2, BA levels rose to as high as 825.48 ± 

46.15 mg/kg during ripening, indicating BA was 

mainly produced at the post-fermentation stage.    

During maturation, the total amount of BA fluctuates 

between 132.57 mg/kg to 825.48 mg/kg in sufu, the 

higher end being close to the elicit toxic level (1000 

mg/kg) through oral consumption. Tyramine, 

putrescine, phenylethylamine and cadaverine were the 

main BA produced in white sufu during ripening. In 

general, BA levels increased the first four weeks 

during post-fermentation, decreased the fifth week 

before levels of tyramine, putrescine, cadaverine and 

total BA reached higher. Phenylethylamine 

concentration decreased from 62.41 ± 5.80 mg/kg in 

the first week to 20.29 ± 1.52 mg/kg in the fifth week 

and then rose to 39.77 ± 2.72 mg/kg in the seventh 

week. The final concentration of phenylethylamine at 

the end of post-fermentation was 29.64 ± 2.72 mg/kg, 

which was close to the oral intake threshold at 30 

mg/kg. The putrescine level increased from 61.41 ± 

1.37 mg/kg in the first week to 200.20 ± 7.23 mg/kg 

in the seventh week, before drastically dropping to 

94.23 ± 5.25 mg/kg in the final week. Despite that the 

putrescine level fluctuated throughout the 

fermentation process, it remains above the oral intake 

threshold at 50 mg/kg. Additionally, the level of 

cadaverine increased from 19.05 ± 2.68 mg/kg in the 

first week to 51.86 ± 3.83 mg/kg in the fourth week 

and then fell from 153.26 ± 10.83 mg/kg to 44.08 ± 

1.87 mg/kg at the end of the fermentation process. 

The content of tyramine increased sharply during 

ripening, indicating that tyramine was mainly 

produced in the post-fermentation stage. Specifically, 

the tyramine level reached 513.72 ± 58.98 mg/kg in 

the sixth week and decreased to 139.33 ± 27.40 mg/kg 

in the final week. Although the tyramine level was 

close to its oral intake threshold at 100 mg/kg, 

additional experiments would need to perform to 

assess the toxicity of sufu during storage due to the 

accumulation of tyramine.  

    Among all BA analyzed during sufu production, 

tyramine accounts for the largest portion of BA 

produced in sufu. Similarly, significant levels of 

tyramine and phenylethylamine have also been 

reported in Natto, a popular fermented soybean 

product in Japan (21). Moreover, most strains isolated 

from the fermented tofu including Bacillus subtills, 

Bacillus tropicus, and Bacillus cereus all produce 

tyramine (16). The high level of tyramine 

predominantly resulting from the Bacillus subtilis is 

highly capable of producing BA during fermentation. 



  Li et al. / tyramine-producing bacteria and their biogenic amines formation, 2022, 68(1): 75-88  

 

Cell Mol Biol  80 

 

(20) These findings indicate that tyramine is prevalent 

in fermented soybean foods and is worth 

investigating.  

    When it comes to other biogenic amines, 

putrescine, cadaverine and phenylethylamine appear 

to be the second, third and fourth-largest BA groups, 

respectively. According to the biological triplicate, the 

result is stable under this circumstance. However, this 

sequence of the BA content differs significantly in the 

previous studies when any slight changes in 

temperature, pH, salt concentration and additives take 

place. (22) Thus, the susceptibility sufu during 

ripening happened to be the limitation of traditional 

fermented soybean. Studying the biological changes 

in the fermentation process provides insights to 

standardize the product and helps the traditional sufu 

realize industrialization. 

 

 
Figure 2. Changes of biogenic-amine concentrations during 

sufu ripening. Weekly BA concentrations during ripening 

were as follows: tyramine: red, putrescine: green, 

cadaverine: navy, phenylethylamine: bronze, histamine: 

blue, tryptamine: yellow, spermidine: orange, spermine: 

purple and total BA: black. Color darkens as fermentation 

progresses. Expanded histamine, tryptamine, spermidine, 

spermine contents are shown in the inset. BA 

concentrations were expressed as mean value (mg/kg) ± 

standard deviation (mg/kg) in the table. 

 

Relationship between physicochemical and 

microbial properties of biogenic amines contents 

during fermentation 

pH, total acid and amino nitrogen content 

 

Table 1. Changes in pH, total acid and amino nitrogen 

contents during sufu production. 
Fermentation stages pH Total acid 

(g/100g) 

Amino 

nitrogen(g/100g) 

Pre-

fermentation 

Tofu 6.13±0.01c 0.25±0.02a 0.11±0.011a 

Pehtze 5.82±0.02b 0.61±0.02b 0.22±0b 

Salted 

Pehtze 
5.37±0a 1.22±0c 0.38±0c 

Ripening 

1W 5.94±0.01d 0.5±0.03d 0.13±0d 

2W 6.1±0.01g 0.5±0.03d 0.23±0e 

3W 6.37±0j 0.43±0d 0.27±0.03f 

4W 6.14±0h 0.67±0.03e 0.38±0g 

5W 6.32±0.01i 0.6±0.05e 0.35±0.01h 

6W 5.94±0.01d 0.64±0.06e 0.4±0.02i 

7W 6.08±0.01f 0.75±0.08f 0.52±0.02k 

8W 6.06±0.02e 0.64±0.05e 0.48±0.02j 

Results expressed as mean±standard deviation; samples 

were measured in triplicates.  
a-c in the row of pre-fermentation and d-k in ripening: 

Mean values marked with the different superscript differ 

significantly (p<0.05). 

 

    The changes in the chemical properties and 

compositions during different fermentation stages of 

sufu are reported in Table 1. At the pre-fermentation 

stages, pH decreases from 6.13 in tofu to 5.37 in 

salted pehtze. On the contrary, total acid and amino 

nitrogen contents rose from 0.25 g/100 g in tofu to 

1.22 g/100 g in salted pehtze and from 0.11 g/100 g in 

tofu to 0.38 g/100 g in salted pehtze. Research on 

soybean fermentation has indicated that the presence 

of amino acids, mainly generated through primary 

proteolysis of starting material by endogenous 

proteases from microorganisms, which was 

subsequently hydrolyzed or converted into various 

derivatives, contributing to the decrease in pH and 

increase in total acid levels during fermentation (23). 

During the ripening period, the pH fluctuated slightly 

between 5.94 and 6.06. Salted pehtze contains the 

highest total acid level at 1.22 g/100 g, which 

decreased to around 0.50 g-0.67 g/100 g during the 

post-fermentation stage. The amino nitrogen content 

shows an increasing trend from 0.13 g/100 g in the 

first week to 0.52 g/100 g in the seventh week. During 

ripening, protease produced by various 

microorganisms introduced during pre-fermentation 

deliberately or accidentally broken protein down into 
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peptides and amino acids, further hydrolyzed to 

amines (23). The increase of total acid and amino 

nitrogen indicated the growth of organic acids and 

free amino acids during sufu production that provides 

precursors for BAs.  

The total number of bacteria declined from 5.46 in the 

first week to 3.93 log CFU/g in the third week, 

possibly due to the presence of alcohol and salt in the 

dressing mixture that inhibited microbial growth. The 

microbial number climbed back to 5.23 log CFU/g in 

the final week, which could be because of the 

development of salt-tolerant microorganisms in the 

ripening stage.  

Changes of total aerobic microbial and lactic acid 

bacteria content in sufu samples throughout ripening 

stages have been shown in Figure S1. 

 

 

 

             Table 2. Correlation between biogenic amines and microbial, chemical indexes a 

  Total 

BA 
TRP PHE PUT CAD HIS TYR SPD SPM 

pH Pearson 

Correlation 
0.160 

-

0.070 

-

0.045 
0.203 0.066 0.178 0.150 0.094 

-

0.076 

 Sig.(2-

tailled) 
0.488 0.762 0.847 0.376 0.778 0.441 0.516 0.685 0.744 

Total 

acid 

Pearson 

Correlation 
0.168 0.032 

-

0.513* 
0.119 0.284 

-

0.240 
0.195 

-

0.714** 
0.254 

 Sig.(2-

tailled) 
0.479 0.893 0.021 0.617 0.225 0.309 0.411 0.000 0.280 

Amino 

nitrogen 

Pearson 

Correlation 
0.524* 0.394 

-

0.609** 
0.517* 0.613** 0.094 0.472* 

-

0.578** 

-

0.151 

 Sig.(2-

tailled) 
0.018 0.086 0.004 0.020 0.004 0.693 0.036 0.008 0.525 

Total 

aerobes 

Pearson 

Correlation 

-

0.306 

-

0.240 
0.198 

-

0.352 

-

0.048 

-

0.179 

-

0.152 

-

0.452 

-

0.162 

 Sig.(2-

tailled) 
0.505 0.605 0.671 0.438 0.919 0.700 0.746 0.308 0.728 

Lactic 

acid 

bacteria 

Pearson 

Correlation 
-

0.427 

-

0.335 

-

0.112 

-

0.035 
0.032 

-

0.367 

-

0.380 

-

0.705 
0.323 

 Sig.(2-

tailled) 
0.340 0.462 0.811 0.940 0.946 0.418 0.401 0.077 0.480 

           

a TRP: tryptamine, PHE: β-phenylethylamine, PUT: putrescine, CAD: cadaverine, HIS: histamine, TYR: tyramine, SPD: 

spermidine, SPM: spermine. *Correlation is significant at the 0.05 level(2-tailed). **Correlation is significant at the 0.01 

level(2-tailed) 

 

 

 
Figure S1. Changes of total aerobic microbial (black line) 

and lactic acid bacteria (red line) content in sufu samples 

throughout ripening stages. 

 

 

 

 

 

Correlations between BA and microbial, chemical 

indexes 

    Correlation coefficients between microbial, 

physicochemical indexes and BA concentrations were 

generated using Pearson's correlation coefficient 

analysis (α= 0.05). Pearson’s correlation test was 

conducted to examine correlations among the pH 

values, total acid, amino nitrogen, TMAB, LAB and 

BA contents of sufu during fermentation individually 

(Table 2). There is a positive correlation between 

amino nitrogen and the total BAs (p<0.05). Amino 

nitrogen refers to nitrogen in the form of amino acids, 

which is proportional to amino acids concentration. 

The result indicates that the production of BA is 
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closely related to the free amino acid level in sufu. 

The total acid content was significantly (p<0.05) 

related to phenylethylamine level and highly 

significantly (p<0.01) pertaining to spermidine level 

during sufu production with high Pearson’s 

Correlation. 

 

 
Figure S2. Screening for biogenic amine-producing 

bacteria using colorimetric method.  

 

Figure S3. 16S rDNA electrophoresis of isolated strains. 

 

 
Figure S4. Electrophoretogram of representative PCR 

products (full-length gel is presented in Figure S2) of the 

TDC gene in selected strains. M:marker; C: control; L1-L3: 

PCR prduct from bacteria isolated from the 2nd week, L1: 

strain 21, L2: strain 22, L: strain 23; L4-L6: PCR product 

from bacteria isolated from the 3rd week, L4: strain 32, L5: 

strain33, L6: strain34; L7-L9: PCR product from bacteria 

isolated from the 4th week, L7: strain 43; L8: strain 45, L9: 

strain 46; L10-L12: PCR product from bacteria isolated 

from the 5th week, L10: strain 51, L11: strain 53, L12: 

strain 54. 

 

 

    Additionally, the amino nitrogen content was 

significantly (p<0.05) related to total BA content, 

putrescine and tyramine levels and is highly 

significantly (p<0.01) associated with 

phenylethylamine, cadaverine and spermidine with 

high Pearson’s Correlations, the reason being that 

amino nitrogen compounds acted as precursors of the 

subsequent decarboxylation products BA. Results are 

consistent with a study showing that properties such 

as pH, salinity, and TMAB had little correlation with 

BA concentration during Cheonggukjang fermentation 

(24). As for microbial level, previous studies have 

shown that BA production depends both on the 

number of bacteria and the activity of bacterial 

decarboxylase, while the latter one has the dominant 

effect (25, 26).  

    According to previous research, the significance of 

differences was determined by one-way analysis of 

variance (ANOVA) and Least-Significant Difference 

(LSD) (α= 0.05), thus differences with P values of 

<0.05 were considered statistically significant. (25) It 

was found that in Pecorino cheese samples, there was 

no linear relationship between the number of 

tyramine-producing bacteria and concentration of 

tyramine, indicating similar microbial distribution 

may lead to entirely different biogenic amines profiles 

in food products since environmental conditions, 

including the availability of precursors and 

microorganism’s ability to produce BA also play 

important parts on the BA profiles in food products 

(26, 27).  

 

 
Figure S5. Representative HPLC chromatographic traces of 

BA standards (blue line) and BAs produced by isolated 

strain (Enterococcus faecalis 46) (red line). Chromatograph 

between 7 min to 25 min containing BA-of-interests was 

shown and the trace has been baseline corrected. A: 

tryptamine, B: phenylethylamine, C: putrescine, D: 

cadaverine, E: histamine, F: tyramine, G: spermidine, H: 

spermine. 
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Table 3. Biogenic amine produced by isolated bacteria in 

MRS broth. 

Numbering 
Biogenic amines content (μg/mL) b 

TRP PHE PUT CAD HIS TYR SPD SPM 

WS-2-2 ND c ND  2.16  ND  ND  8.24  ND  ND  

WS-2-3 0.23  
175.1

7  
ND  0.15  1.10  

695.2

7  
ND  ND  

WS-2-4 0.19  55.86  0.45  ND  ND  
616.0

6  
ND  ND  

WS-2-5 ND  ND  ND  ND  ND  60.32  3.47  ND  

WS-2-7 ND  89.45  ND  2.62  ND  
772.9

6  
5.56  ND  

WS-2-8 0.23  77.02  ND  0.34  1.14  
805.1

8  
ND  ND  

WS-2-10 ND  18.46  ND  ND  ND  
563.5

1  
12.3  ND  

WS-2-11 0.08  77.61  0.25  ND  0.98  
690.7

1  
ND  ND  

WS-2-12 0.78  
106.6

3  
ND  1.47  ND  

728.1

2  
6.44  ND  

WS-3-1 0.66  
144.3

3  
ND  ND  ND  

671.8

8  
10.6  ND  

WS-3-2 1.93  
137.3

3  
0.69  0.32  ND  

645.1

2  
11.7  ND  

WS-3-3 ND  80.19  1.37  ND  ND  
403.0

8  
7.94  ND  

WS-3-4 ND  
135.7

2  
0.43  ND  ND  

670.4

6  
ND ND  

WS-3-6 ND  11.23  0.27  3.89  1.19  
8

21.12  
ND  ND  

WS-3-8 ND  92.39  ND  1.15  ND  
7

83.40  
1.32  ND  

WS-3-10 ND  79.50  0.86  2.90  ND  
724.8

2  
ND  ND  

WS-4-1 0.89  
143.4

8  
ND  0.63  0.25  

683.5

7  
ND  ND  

WS-4-2 0.09  80.14  ND  2.04  ND  
665.8

2  
ND  ND  

WS-4-3 0.10  78.14  1.11  2.37  ND  
688.1

9  
11.76  ND  

WS-4-5 0.12  
173.1

9  
ND  3.10  ND  76.5  1.37  ND  

WS-4-6 ND  
148.4

7  
1.25  1.44  ND  

719.9

7  
ND  ND  

WS-4-7 ND  79.20  ND  1.39  ND  
795.3

6  
3.67  ND  

WS-4-8 ND  
104.0

6  
ND  ND  ND  

745.2

3  
ND  ND  

WS-4-10 ND  
119.7

3  
ND  0.29  ND  

771.9

2  
4.98  ND  

WS-4-11 ND  83.15  ND  2.24  ND  
726.7

3  
2.85  ND  

WS-4-13 0.18  
133.5

0  
ND  5.21  ND  

773.3

8  
2.73  ND  

WS-5-1 ND  45.60  0.14  4.12  ND  
758.2

6  
ND  ND  

WS-5-3 ND  49.17  ND  0.32  ND  
663.7

6  
5.45  ND  

WS-5-4 ND  29.28  0.52  0.53  ND  
620.7

6  
5.61  ND  

WS-5-6 0.25  79.71  ND  1.95  ND  
677.2

1  
3.11  ND  

WS-5-7 ND  41.17  0.79  1.11  ND  
713.7

7  
3.25  ND  

WS-5-9 ND  19.60  ND  1.33  ND  
772.8

6  
ND  ND  

a Strain number description: for example, WS-2-2 represents 

the first strain isolated from the second week of post-fermentation; 

WS-3-3 represents the third strain isolated from the third week of 

post-fermentation. 

b TRP: tryptamine; PHE: phenylethylamine; PUT: putrescine; 

CAD: cadaverine; HIS: histamine; TYR: tyramine; SPD: 

spermidine; SPM: spermine. c ND: not detected. 

 

Table S1. Linear regressive equation and R2 for calibration 

curve of biogenic amines. 
Biogenic amines Regressive equation R2 

Tryptamine y=27.093x+9.87677 0.9998 

Phenylethylamine y=33.097x+29.745 0.9999 

Putrescine y=90.714x+86.27 0.9999 

Cadaverine y=78.804x+68.99 0.9998 

Histamine y=61.054x+38.204 0.9998 

Tyramine y=55.103x-16.704 0.9998 

Spermidine y=75.677x+81.86 0.9997 

Spermine y=62.253x+39.814 0.9996 

 

Identification of isolated tyramine and 

phenylethylamine-producing bacteria 

    Isolated strains from white sufu samples were 

subjected to three rounds of tests: colorimetric 

detection, HPLC and detection of tdc gene to identify 

biogenic amine-producing bacteria and eliminate 

false-positive results generated using any of the given 

methods. 54 strains of bacteria had been isolated in 

sufu, 32 of them were BA-producing strains (reaction 

showed purple color) based on the preliminary 

colorimetric screening (Figure S2). The ability and 

specificity for the isolated bacteria to produce BA in 

MRS broth was further characterized by HPLC (Table 

3). Eight of the most prevalent BA were separated 

well on the HPLC chromatogram, indicating the 

chromatographic condition established in the study is 

sufficient in identifying and characterizing BA. 

Enterococcus faecalis WS-4-6, a strain isolated during 

post-fermentation as an example, was able to produce 

both phenylethylamine (173.19 μg/mL, Table 3) and 

tyramine (735.05 μg/mL, Table 3), with tyramine 

being the most predominant product. This may be a 

result of phenylethylamine, and tyramine being 

mainly produced by phenylalanine decarboxylase and 

tyrosine decarboxylase, respectively. Additionally, it 

has been shown that over-expression of a gene from 

Enterococcus faecium, which encodes a tyrosine 

decarboxylase in Escherichia coli results in both L-

phenylalanine and L-tyrosine decarboxylase activity. 

Therefore, the production of aromatic biogenic amines 

could also be because Enterococcus amino acid 
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decarboxylase is able to catalyze the conversion to 

produce phenylethylamine and tyramine due to its 

broad substrate specificity. 

    As shown in Table 3, results have confirmed the 

ability of all isolated strains to produce tyramine in 

MRS broth. 30 out of the isolated strains (strains WS-

2-3, WS-2-4, WS-2-7, WS-2-8, WS-2-10, WS-2-11, 

WS-2-12, WS-3-1, WS-3-2, WS-3-3, WS-3-4, WS-3-

6, WS-3-8, WS-3-10, WS-4-1, WS-4-2, WS-4-3, WS-

4-5, WS-4-6, WS-4-7, WS-4-8, WS-4-10, WS-4-11, 

WS-4-13, WS-5-1, WS-5-3, WS-5-4, WS-5-6, WS-5-

7 and WS-5-9) had produced as high as 500 μg/mL 

tyramine in the media broth and exhibited excellent 

substrate-specificity. Additionally, out of the 30 

strains that had the ability to synthesize 

phenylethylamine, 22 of them (strains WS-2-3, WS-2-

4, WS-2-7, WS-2-8, WS-2-11, WS-2-12, WS-3-1, 

WS-3-2, WS-3-3, WS-3-4, WS-3-8, WS-3-10, WS-4-

1, WS-4-2, WS-4-3, WS-4-5, WS-4-6, WS-4-7, WS-

4-8, WS-4-10, WS-4-11 and WS-4-13. produced more 

than 50 μg/mL. Several isolated strains also had the 

ability to produce tryptamine (strains WS-2-3, WS-2-

4, WS-2-8, WS-2-11, WS-2-12, WS-3-1, WS-3-2, 

WS-4-1, WS-4-2, WS-4-3, WS-4-5, WS-4-13 and 

WS-5-6), putrescine (strains WS-2-2, WS-2-4, WS-2-

11, WS-3-2, WS-3-3, WS-3-4, WS-3-6, WS-3-10, 

WS-4-3, WS-4-6, WS-5-1 and WS-5-4), cadaverine 

(strains WS-2-3, WS-2-7, WS-2-8, WS-2-12, WS-3-2, 

WS-3-6, WS-3-8, WS-4-1, WS-4-2, WS-4-3, WS-4-5, 

WS-4-6, WS-4-7, WS-4-10, WS-4-11, WS-4-13, WS-

5-1, WS-5-3, WS-5-4, WS-5-6, WS-5-7 and WS-5-9), 

as well as spermidine (strains WS-2-5, WS-2-7, WS-

2-10, WS-212, WS-3-1, WS-3-2, WS-3-3, WS-3-8, 

WS-4-3, WS-4-5, WS-4-7, WS-4-10, WS-4-11, WS-

4-13, WS-5-3, WS-5-4, WS-5-6 and WS-5-7). 

Overall, the tyramine level produced by isolated 

strains was higher than that of phenylethylamine. The 

highest tyramine level was 821.12 μg/mL, which was 

produced by strain WS-3-6. The lowest tyramine level 

produced by strain WS-2-2 was 8.24 μg/mL. As for 

phenylethylamine, the highest level was 175.17 

μg/mL, produced by strain WS-2-3.  

    Since concentrations of two amino acid substrates 

(L-phenylalanine, L-tyrosine) were the same, there are 

two possible explanations as to why there are huge 

discrepancies between tyramine and phenylethylamine 

produced by the same microorganisms: (i) Tyrosine 

decarboxylase of these strains exhibits higher activity 

than their phenylalanine decarboxylase counterpart. 

(ii) tyramine decarboxylase hydrolyzes phenylalanine 

to phenylethylamine, to a lesser extent, due to possible 

enzymatic promiscuity. 
 

Table S2. Identification and characterization of isolated 

bacteria based on BLAST results.   
Numberinga Strain Identities 

 (%) 

Accession 

23 Enterococcus faecalis 98 MG751341.1 

25 Pediococcus pentosaceus 96 JN039348.1 

27 Pediococcus pentosaceus 99 MF369881.1 

211 Enterococcus faecium  97 JX317638.1 

31 Enterococcus faecium  98 KX057668.1 

33 Enterococcus faecium 96 MF369868.1 

34 Enterococcus faecium 98 MG551256.1 

36 Enterococcus faecium 99 KM497510.1 

310 Pediococcus acidilactici  97 KJ779089.1 

41 Enterococcus faecium  98 KJ026644.1 

42 Enterococcus faecium  99 MG551256.1 

43 Enterococcus faecium  98 KM497510.1 

45 Enterococcus faecalis 99 MF369828.1 

46 Enterococcus faecalis 97 MF369842.1 

47 Enterococcus faecalis 99 KU922397.1 

48 Enterococcus faecalis 99 KX057671.1 

410 Enterococcus faecalis 98 MG543815.1 

51 Enterococcus faecium 98 KF254539.1 

53 Enterococcus faecium 98 JN560920.1 

54 Enterococcus faecium 98 CP012430.1 

56 Enterococcus faecium 98 KM495940.1 

57 Enterococcus faecium 98 KM495940.1 

59 Enterococcus faecalis 97 MF369862.1 

a Strain number description: for example, 22 represents the 

first strain isolated from the second week of post-

fermentation; 33 represents the third strain isolated from the 

third week of post-fermentation. 

 

Table S3. Production of phenylethylamine and tyramine in 

sterilized sufu by isolated tyramine-producing bacteria 

(μg/mL). 
Tyramine producing strains β-Phenylethylamine Tyramine 

Enterococcus faecium 36 

 [Accession: KM497510.1] 
62.49±5.57 71.05±1.44 

Enterococcus faecalis 45  

[Accession: KU922397.1] 76.67±1.53 71.19±4.64 

Pediococcus acidilactici 310  
[Accession: KJ779089.1] 

70.99±9.55 118.64±32.71 

Pediococcus pentosaceus 27  

[Accession: MF369881.1] 
27.03±6.73 75.94±6.03 

Results are expressed as mean±standard deviation, samples 

were measured in triplicates; the results were corrected 

using the non-inoculated samples as controls. 

 

    In general, tyramine in food products is mainly 

produced through decarboxylation of tyrosine by 

bacterial tyrosine decarboxylase (TDC) (European 

Food Safety Authority (EFSA), 2011). Tyrosine 

decarboxylase requires pyridoxal-5-phosphate (PLP) 

for activity and thus belongs to the group of pyridoxal 

phosphate-dependent decarboxylase (18). In 

Sporolactobacillus sp. P3J, the TDC pathway is 
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encoded by a gene cluster consisting of four genes 

within which tdc, encodes tyrosine decarboxylase sits 

along with three other genes including tyrS, a gene 

homology to tyrosyl-tRNA synthetase gene, tyrP, 

encodes a tyrosine/tyramine exchanger, and nhaC, 

which is related to the Na+/H+ antiporter genes (28). 

Subsequently, the presence of tdc gene was also 

determined in these isolated strains. Results showed 

that bands of 23 of the isolated strains contain the 

same size as the target fragments, indicating they all 

harbor the tdc gene, as seen on the representative and 

full-length electrophoretograms in (Figures S3 and 

S4) (18). Identification of the 23 strains by 16S rDNA 

sequence analysis was then carried out to characterize 

isolated strains. As shown in Table S2, the sequences 

obtained were searched in the NCBI database; 20 

strains of Enterococcus and three strains of 

Pediococcus species have been identified.  

Representative HPLC chromatographic traces of BA 

standards and BAs produced by isolated strain have 

been shown in Figure S5.  

 

Molecular identification and BAs production by 

identified tyramine-producing bacteria in sufu 

suspension 

    Based on Table S2, the following products were 

isolated and identified: 8 strains of Enterococcus 

faecalis (strains WS-2-3, WS-2-5, WS-4-5, WS-4-6, 

WS-4-7, WS-4-8, WS-4-10 and WS-5-9), 13 strains of 

Enterococcus faecium (strains WS-2-11, WS-3-1, 

WS-3-3, WS-3-4, WS-3-6, WS-4-1, WS-4-2, WS-4-3, 

WS-5-1, WS-5-3, WS-5-4, WS-5-6 and WS-5-7), one 

strain of Pediococcus pentosaceus (strain WS-2-7) 

and one strain of Pediococcus acidilactici (strain WS-

3-10). To investigate biogenic amine production by 

Enterococcus and Pediococcus strains in sufu, 

Pediococcus pentosaceus WS-2-7 [Accession: 

MF369881.1] and Pediococcus acidilactici WS-3-10 

[Accession: KJ779089.1], together with representative 

strains from Enterococcus faecalis and Enterococcus 

faecium, which are Enterococcus faecium WS-3-6 

[Accession: KM497510.1] and Enterococcus faecalis 

WS-4-5 [Accession: KU922397.1] that showed the 

best abilities to produce tyramine and 

phenylethylamine, were chosen for the subsequent 

experiment in sufu suspension (Table S3). Table S3 

showed that the tyramine produced by Enterococcus 

faecium WS-3-6 and Enterococcus faecalis WS-4-5 in 

sufu suspension were 71.05 μg/mL and 71.19 μg/mL, 

respectively which was similar to phenylethylamine 

produced by either strain. On the contrary, tyrosine 

conversion is much higher by Pediococcus species 

than phenylethylamine. Pediococcus acidilactici WS-

3-10 produced 118.64 μg/mL tyramine, which is 

almost twice the level of phenylethylamine. Similarly, 

Pediococcus pentosaceus WS-2-7 produced 75.94 

μg/mL tyramine, which is almost twice the level of 

phenylethylamine. The result confirmed isolated 

bacteria could produce BA in sterile sufu suspension. 

Enterococcus occurred predominately during the 

ripening of sufu; it is one of the main constitutes of 

the sufu microflora (15, 16). Enterococcus is 

prevalent in the human and animal intestinal tract and 

can also be found in food, especially fermented food, 

like cheeses, fermented sausages and soy products 

(29). Studies have found that Enterococcus faecium, 

Enterococcus faecalis and Enterococcus durans 

isolated from red wine, fermented sorghum products 

were identified as tyramine-producing bacteria 

responsible for high tyramine contents in these food 

(30). Many studies show that tyramine biosynthesis is 

a species-level characteristic in Enterococcus faecalis, 

Enterococcus faecium, and Enterococcus durans since 

tyrosine decarboxylase present in Enterococcus genus 

bacteria could utilize both tyrosine and phenylalanine 

as the substrates to produce tyramine and 

phenylethylamine (30). Tyramine production is an 

essential way for Enterococcus faecalis to adapt to 

acidic environments. Enterococcus may play an 

important role in food fermentation due to its 

antimicrobial properties by production of a number of 

enterocins, which can inactivate spoilage and 

pathogenic bacteria (31). They may also have a 

positive effect on flavor-producing food by affecting 

citrate metabolism, lipolytic and production. 

However, the presence of Enterococcus in food may 

pose a risk as a result of BA production, causing 

antimicrobial resistances, and harbouring virulence 

factors (29).  

    Research regarding Pediococcus pentosaceus and 

Pediococcus acidilactici, as well as their abilities to 

produce tyramine, appear to be controversial. 

Pediococcus pentosaceus showed higher tyramine 

production in sauerkraut than Lactobacillus 

Plantarum or Lactobacillus casei. Pediococcus 

acidilactici has also been identified as a tyramine-
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producing bacteria in cheese (32). At the same time, 

other groups show that Pediococcus pentosaceus 

inhibits tyramine production in fermented sausages 

and wine (33). 

 

Conclusion 

    In sum, to regulate the formation and accumulation 

of biogenic amines in fermented soy products, BA-

producing bacteria were isolated and characterized in 

sufu; their decarboxylase activities were thoroughly 

investigated. Tyramine, putrescine, phenylethylamine 

and cadaverine were the main BA in sufu 

fermentation. Tyramine accumulation accounted for 

the most significant portion of BA produced in sufu, 

mainly made during ripening. Tyramine level 

increased drastically to reach 513.72 mg/kg during 

sufu ripening, posing potential health risks. During 

sufu fermentation, there was a positive correlation 

between amino nitrogen and BA, yet no significant 

correlation was found between BAs with pH and total 

acidity. In the present study, 23 strains of tyramine- 

and phenylethylamine-producing bacteria harbouring 

the tdc gene, including 20 strains of Enterococcus spp. 

and three strains of Pediococcus spp. were isolated 

and characterized in sufu. Among the isolated strains, 

Enterococcus faecalis WS-4-5, Enterococcus faecium 

WS-3-6, Pediococcus acidilactici WS-3-10 and 

Pediococcus pentosaceus WS-2-7 were characterized 

and exhibited excellent ability to produce tyramine in 

sufu suspension. To the best of our knowledge, the 

first report of tyramine-producing bacteria in sufu was 

presented. The current study provides insights into 

understanding the production of main BA in sufu by 

microorganisms. 
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