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Abstract: The typical Korean diet contains a significant quantity of doenjang owing to its unique taste
and health benefits. However, the presence of anti-nutritional and toxic substances, such as biogenic
amines and microbial pathogens, in doenjang has resulted in a loss of revenue and poor consumer
health. The present study focused on the identification and quantification of different biogenic amines,
pathogenic Bacillus cereus, and yeast counts in 36 doenjang products (designated as De-1 to De-36,
500 g each) procured from the different cottage industries situated in different parts of the Republic
of Korea. The results indicated, only three samples were contaminated with B. cereus, exceeding the
recommended limit (4 log CFU/g) suggested by the national standards of Korea. A total of six distinct
yeasts were identified in different doenjang samples, whose comprehensive enzymatic profiling
suggested the absence of harmful enzymes such as N-acetyl-3-glucosaminidase, x-chymotrypsin, and
-glucuronidase. The biogenic amines were detected in the range of 67.68 mg/kg to 2556.68 mg/kg
and classified into six major groups based on hierarchical cluster analysis. All doenjang samples
contained tryptamine, putrescine, cadaverine, histamine, and tyramine, while 94.44% were positive
for spermidine and spermine. The results documented the analysis of traditional cottage industry
doenjang and suggest the need for constant monitoring to ensure the safety of food for the consumer.

Keywords: food safety; Bacillus cereus; biogenic amine; microbial analysis; fermentation; histamine;
doenjang

1. Introduction

Doenjang is a famous traditional Korean fermented soybean paste that generally
has a high salt content (18-20%) and is used in Korean cuisine as a source of nutrition
and flavor [1,2]. Doenjang is gaining considerable attention worldwide because of its
unique taste and functional activities, including anticancer, antioxidant, anti-obesity, anti-
inflammatory, immunomodulatory, and fibrinolytic properties [3]. In a recent clinical study,
the efficacy and safety of doenjang powder on gut microbiota and immunomodulation were
documented (U.S. National Library of Medicine report). In 2020, the total gross national
production of doenjang was 89,822 tons with a production value of KRW 114.4 billion [4].

Doenjang can be prepared in two different ways: traditionally at home or on a large
industrial scale with strict quality control using a starter (meju) and brine solution (salt) as
the main ingredients [5]. Household or cottage doenjang industries depend on traditional
processes in which naturally occurring microorganisms participate and fermentation occurs
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in a natural environment. In contrast to this large-scale industry, doenjang is produced
under strict fermentation conditions using pure starter cultures [5]. The doenjang produced
by traditional and industrial methods differs greatly in terms of its nutritional value and
organoleptic properties due to the involvement of varying native microflora, processing
methods, and fermentation duration. Cottage-industry-prepared traditional doenjang is
generally preferred by consumers over doenjang produced on a larger industrial scale owing
to its unique flavor and taste [6]. Cottage industry and homemade doenjang are made from
traditional meju. To prepare traditional meju, soybeans are boiled, crushed, and molded
into a brick shape, which is then hung in the open for 1-2 months for natural fermenta-
tion. During this period, soybeans are fermented by natural microflora and are sometimes
contaminated with pathogenic microorganisms [7]. Moreover, utensils and handling proce-
dures used during meju preparation may also cause pathogenic contamination. Once the
meju is formed, it is dipped in a high-salt solution for 2 months in closed earthen pots, and
there is a low chance of microbial contamination. Bacillus cereus, owing to its halotolerant
nature, is a matter of concern [8,9]. Despite the unique taste and numerous benefits of
non-standardized cottage industry methods, they are often vulnerable to contamination
by bacterial pathogens, mainly B. cereus, during natural fermentation. In addition to the
presence of different anti-nutritional substances, toxicogenic biogenic amines also pose a
threat to the consumption of cottage-industry-prepared doenjang [10]. Biogenic amines are
decarboxylation products of amino acids and are listed as serious anti-nutritional and toxic
agents at high concentrations [11]. Certain biogenic amines can react with nitrites to form
the potent carcinogenic agent nitrosamine [12]. Indirectly, a high amount of biogenic amines
correlates with microbial contamination and poor hygienic conditions in fermented foods.
Biogenic amines, specifically histamines, are a major concern in food. Although there is no
legal limit for histamines in food samples, a few reports have suggested that 100 mg/kg
of histamine is toxic [13]. Similarly, in Korea and China, 250 mg/kg and 200-400 mg/kg
of histamine, respectively, are the maximum allowable limits in fish [14-16]. Tyramine
is another biogenic amine in food, and some reports have documented 100-800 mg/kg
tyramine as the toxicity limit [13].

Therefore, monitoring biogenic amine levels in protein-rich fermented foods is es-
sential for assessing food safety. To ensure the safety of doenjang for consumption and to
control food pathogens and biogenic amine contamination, it is necessary to investigate
these parameters in cottage industry doenjang products, which have not yet been investi-
gated. Therefore, the present study is structured to evaluate the microbial count, precisely
pathogenic B. cereus and yeast count, following enzymatic profiling, ethanol, and different
biogenic amine quantifications in 36 doenjang products collected from cottage industries in
the different provinces of South Korea.

2. Materials and Methods
2.1. Chemicals

All chemicals used were of analytical grade. Standard biogenic amines [histamine
(CAS No. 56-92-8), tyramine (CAS No. 60-19-5), putrescine (CAS No. 333-93-7), spermidine
(CAS No. 334-50-9), tryptamine (CAS No. 343-94-2), spermine (CAS No. 306-67-2), 2-
phenylethylamine (CAS No. 156-28-5), and cadaverine (CAS No. 1476-39-7)] were acquired
from Sigma-Aldrich (St. Louis, MO, USA). The chemicals used for the extraction of biogenic
amines, such as perchloric acid (CAS 7601-90-3), sodium hydroxide (CAS 1310-73-2),
sodium hydrogen carbonate (CAS 144-55-8), dansyl chloride (CAS 605-65-2), ammonium
acetate (CAS 631-61-8), acetonitrile (CAS 75-05-8), and ammonium hydroxide (CAS 1336-
21-6), were analytical grade or HPLC (high performance liquid chromatography) grade
and purchased from Duksan Pure Chemicals (Ansan-si, Republic of Korea).

2.2. Sample Collection

A total of 36 doenjang products (designated as De-1 to De-36, 500 g each) were procured
from different cottage industries situated in different parts of South Korea, covering all
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provinces (Supplementary Table S1). The main ingredients of doenjang are steamed and
milled soybean paste and sea salt. The samples were collected at the ambient temperature
and stored at 4 °C for further analysis. The pH, salinity, color, and free amino nitrogen con-
tent of all the samples were examined (Supplementary Material M1-M3 and Supplementary
Table S2).

2.3. Microbial Profile
2.3.1. Isolation of Yeast, B. cereus, and Aerobic Bacteria

The standardized protocol established by the Association of Official Analytical
Chemists in 1999 [17] was employed for the quantitative analysis of yeasts, B. cereus,
and mesophilic/aerobic bacteria in the doenjang samples. Total yeast and mold, B. cereus,
and aerobic bacteria were detected using 3 M Petrifilm (3 M; Health Care, St. Paul, MN,
USA), mannitol egg yolk polymyxin agar medium (Oxoid, Hants, UK), and plate count
agar medium (Becton Dickinson and Company, Franklin Lakes, NJ, USA), respectively.
API 50CHB (bioMérieux, Marcy-l'Etoile, France) and API 20E kits (bioMérieux) were
used to identify B. cereus. Potato dextrose agar (PDA) medium (Becton Dickinson and
Company, NJ, USA) was used for yeast isolation.

2.3.2. Molecular Identification of Yeast

Yeast isolated from doenjang was subjected to molecular characterization following the
earlier described procedure with slight modification [18] using internal transcribed spacer
ITS1 (5'-TCCGTAGGTGAACCTGCGG-3') and ITS4 (5'-TCCTCCGCTTATTGATATGC-3')
primers (SolGent Co., Ltd., Daejeon, Republic of Korea) employing the following PCR con-
ditions: 95 °C for 10 min (initial denaturation), 30 cycles at 95 °C for 1 min (denaturation),
55 °C for 2 min (annealing), 72 °C for 2 min (extension), and a final extension at 72 °C for
15 min [18]. The amplified fragments were sequenced using an ABI PRISM 3730XL DNA
analyzer (Applied Biosystems, Foster City, CA, USA) by availing of a commercial facility
of SolGent Co., Ltd. (Daejeon, Republic of Korea). The sequences of the microbes were
aligned to the National Center for Biotechnology Information (NCBI) GenBank database
using BLAST, and a phylogenetic tree was constructed using the neighbor-joining method
with MEGA-6 software.

2.4. Enzyme Profiling of Isolated Yeasts

Enzyme profiling of the isolated yeasts was performed using an API ZYM kit (bioMérieux).
Yeast cell suspensions (1 x 10° cell/mL) were prepared in normal saline (0.85% NaCl). Sixty-
five microliters of cell suspension were transferred to each well of the API ZYM strip and
incubated at 37 °C for 4 h. After incubation, Zym A and Zym B were added, and enzyme
activity was recorded based on color intensity on a scale of 0-5 and quantified as described by
Kumar et al. [19]. A total of 19 enzymes were examined. A list of enzymes and their substrates
is provided in Supplementary Table S3.

2.5. Analysis of Total Ethanol Content

The total ethanol content of doenjang was analyzed using a GC-MS QP2010 Ultra
(Shimadzu, Kyoto, Japan) at the Core Research Support Center for Natural Products and
Medical Materials at Yeungnam University, according to the protocol described by Gil
et al. [20]. Doenjang (0.5 g) was extracted using dimethyl sulfoxide (9.5 mL) under constant
stirring (100 rpm) at 40 °C for 1 h. The filtered supernatant of the doenjang extract was
subjected to GC-MS. The operating GC-MS conditions were as follows: injector temperature,
160 °C; sample volume, 20 pL; split ratio, 40:1; oven temperature, initial 40 °C (5 min),
increased to 240 °C by 10 °C/min, and isothermal 240 °C (9 min); ion-source, 70 eV, 200 °C;
and scan intervals, 0.5 s. Ethanol (0.2%) acted as a reference to determine the ethanol
quantity in the doenjang samples.
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2.6. Estimation of Biogenic Amines
2.6.1. Extraction of Biogenic Amines from Doenjang

Biogenic amines in doenjang were determined using the method described by Kumar
et al. [21]. Twenty-five milliliters of perchloric acid (0.4 M) were used to extract around
5 g of doenjang, which was centrifuged at 4000 x g for 10 min at 4 °C. The supernatant was
collected and mixed with 200 pL of NaOH (2 M), 300 uL of saturated NaHCO3, and 2 mL of
dansyl chloride (10 mg/mL), followed by a 45 min incubation at 40 °C [21]. Finally, 100 pL
of NH4OH (25%) was added to the reaction mixture, and the volume was adjusted to 5 mL
using acetonitrile, followed by centrifugation at 2500 x g for 5 min. The supernatant was
collected and passed through a 0.2 pm syringe filter (Sartorius AG, Goettingen, Germany).

2.6.2. Quantification of the Biogenic Amines

An HPLC system (Thermo Fisher Scientific, Waltham, MA, USA) equipped with a
C18 column (5 um pore size, 0.46 x 25 cm, Waters Corporation, Milford, MA, USA) was
used to quantify the biogenic amines. Twenty microliters of the sample were injected and
eluted with 0.1 M ammonium acetate and acetonitrile in the mobile phase at a constant
flow rate of 1 mL/min for 35 min at a constant column temperature of 40 °C [21]. The
biogenic amines were detected at 254 nm. Standards of histamine, tyramine, putrescine,
spermidine, tryptamine, spermine, 2-phenylethylamine, and cadaverine at 0-200 pg/mL
concentrations were used to plot a standard curve that was used for the quantification of
the respective biogenic amines in the sample.

2.7. Method Validation

The method validation involved generating a standard curve spanning various bio-
genic amine concentrations (Supplementary Figure S1) and the corresponding peak areas.
The slope and the standard deviation intercept were calculated using the regression line to
establish the limit of detection (LOD) and limit of quantification (LOQ). A known quantity
(100 mg/kg) of individual biogenic amines was spiked in soybean paste and subsequently
recovered following the method described in Section 2.6. The recovery percentage was
calculated using the following formula: (concentration quantified in the sample using
specified biogenic amines standard equation/original spiked concentration) x 100.

2.8. Statistical Evaluation

Triplicate experiments were performed, and the data are presented as the mean + standard
deviation (SD). Statistical differences between groups were determined by one-way analysis
of variance (ANOVA) using Duncan’s multiple range test at p < 0.05 using the SPSS software
(IBM, Chicago, IL, USA). A multivariate exploratory technique, principal component analysis
(PCA), was performed to characterize and classify doenjang samples based on their biogenic
amine levels using Minitab version 21.4 software.

3. Results and Discussion
3.1. Physicochemical Analysis

The physiochemical assessment of all the doenjang samples was conducted, and the
comprehensive findings are outlined in Supplementary Table S2. The highest pH was ob-
served for De-34 (6.83 £ 0.02), whereas the least was observed for De-3 (4.65 & 0.01) (Supple-
mentary Table S2). The salinity of the tested doenjang samples was between 10.83% =+ 0.00%
and 16.79% =+ 0.54% (Supplementary Table S2). The least salinity was observed in De-26
(10.83% = 0.00%), whereas the highest was in De-35 (16.79% =+ 0.54%). As an impor-
tant physiochemical parameter, the color value of doenjang samples was assessed, and
the observed lightness (L*) was in the range of 29.72 £ 0.15-46.32 + 0.21; redness (a*),
3.63 + 0.03-9.75 £ 0.02; and yellowness (b*), 4.12 4+ 0.01-17.26 4+ 0.08. Maximum and
minimum values of L* were noticed for De-14 (46.32 + 0.21) and De-2 (29.72 + 0.15),
respectively. The minimum a* (3.63 & 0.03) and b* (4.12 & 0.01) values were noticed for
sample De-34, whereas the highest values were observed for De-30 (9.75 £ 0.02) and De-13
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(17.26 £ 0.08), respectively (Supplementary Table S2). The amino nitrogen content in all the
samples ranged from 210.42 £ 8.10 mg/100 g to 743.48 £ 21.43 mg/100 g. The maximum
amino nitrogen content was quantified in De-18 (743.48 & 21.43 mg/100 g), whereas the
least was in De-3 (210.42 & 8.10 mg /100 g) (Supplementary Table S2).

3.2. Microbial Profile Analysis

Microbial analysis of fermented foods is highly recommended for examining prod-
uct quality and safety parameters. Diverse microorganisms, either individually or in
consortia, are used to prepare doenjang [5,22]. Given the key involvement of microorgan-
isms in fermented food, we investigated their presence in doenjang samples. Initially, we
examined the aerobic mesophilic bacteria and enumerated them at 8.92 + 0.02 log CFU/g-
2.54 + 0.13 log CFU/g (Table 1). The aerobic bacteria count between the groups displayed a
“df” value of 35 and a “F” value of 1542.6. The highest bacterial count was observed in De-21
(8.92 £ 0.02 log CFU/g), whereas the least was observed in De-10 (2.54 & 0.13 log CFU/¢g).
The majority of the samples (50.0%) had bacterial counts ranging from 5 log CFU /g to 8
log CFU/g. Only 5.56% and 44.44% of the samples had bacterial counts lower than 5 log
CFU/g and higher than 8 log CFU/g, respectively. The aerobic bacterial count depends
on the physicochemical environment of the doenjang and meju used as starter cultures.
Furthermore, the bacterial population determines the final fate (aroma, color, and taste)
of fermented foods, such as doenjang. In addition to bacteria, the active involvement of
fungi and yeasts has been documented in doenjang [23]. All samples had yeast counts
ranging from 2.18 &£ 0.02 to 7.11 = 0.04 log CFU/g (Table 1) with a “df” value of 35 and a
“F” value of 841.7 between the groups. The highest yeast count was observed for De-26
(7.11 £ 0.04 log CFU/g), and the lowest for De-34 (2.18 + 0.02 log CFU/g). Among the
doenjang samples tested, 41.66% had a yeast count < 4 log CFU/g (Table 1). There are many
reasons for the variation in yeast count among doenjang samples, but the choice of meju is
by far the most significant. These findings support previous published reports that indicate
the existence of various microorganisms in doenjang [13,14]. Furthermore, 43 yeast colonies
were isolated from doenjang samples. Based on colony characteristics and microscopic
examination, only six distinct yeast isolates (DeM-1, DeM-2, DeM-3, DeM-4, DeM-5, and
DeM-6) were observed. The isolates were processed for molecular identification by ITS
sequencing and comparative phylogenetic analysis, which revealed that DeM-1, DeM-2,
DeM-3, DeM-4, DeM-5, and DeM-6 were the closest homologs of Candida parapsilosis ATCC
22019, Debaryomyces fabryi CBS 789, Rhodotorula alborubescens JCM 3552, Candida zeylanoides
CBS 619, Candida metapsilosis CBS 10907, and Zygosaccharomyces rouxii CBS 732, respectively
(Figure 1).

The sequences of the identified yeasts have been deposited in the NCBI GenBank with
the allotted accession numbers DeM-1 (0Q729884), DeM-2 (0Q729885), DeM-3 (0Q729886),
DeM-4 (0Q729887), DeM-5 (0Q729888), and DeM-6 (0Q729889). These findings offer a
broad review of the bacterial counts and prevailing yeast strains in traditional doenjang,
serving as a valuable reference for future research.

3.3. B. cereus Detection

From a food safety perspective, the presence of pathogenic bacteria is a serious concern.
Every year, approximately 76 million ailments and numerous deaths occur worldwide due
to food poisoning [24]. In general, the high salt concentration of food provides a barrier to
most pathogenic microbes; however, several microbes, such as B. cereus, can grow efficiently
in high-salt conditions [8,9] and are thus considered severe pathogens of fermented food
products. In Europe, B. cereus is the third most common pathogen responsible for food
poisoning after Salmonella and Staphylococcus aureus [25]. In the current study, 13.88% of
the doenjang samples contained B. cereus (Table 1). The maximum number of B. cereus was
observed in De-5 (6.15 log CFU/g), whereas the minimum number was observed in De-17
and De-29 (3.30 log CFU/g). Three samples (De-2, De-5, and De-19) were contaminated
with B. cereus at levels above the recommended limit of 4 log CFU/g, as suggested by
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the national standard of Korea [26]. There is a high similarity between B. cereus and B.
thuringiensis, which cannot be segregated by biochemical and molecular characterization
based on 16S rRNA gene sequencing [27]. Therefore, to confirm that the isolates were
B. cereus and not B. thuringiensis, crystal protein staining was performed as described by
Bahuguna et al. [27] (Supplementary Material M4). None of the isolates displayed the
formation of crystal proteins, a typical marker of B. thuringiensis, confirming that they were
B. cereus and not B. thuringiensis.

Table 1. Total aerobic bacteria, yeast count, and ethanol content of doenjang samples.

Aerobic Bacteria Yeast Bacillus cereus
Sample Code Ethanol (%)
Log Colony Forming Unit/g (Log CFU/g)
De-1 852 +0.10b 442 4+ 0.0717 ND 0.01
De-2 8.48 +0.04b 401 +0.081 5.89 + 0.0 0.02
De-3 6.06 +0.243 2.73 £0.047 ND 0.09
De-4 7.77 + 0.26 Im 5.83 +0.03 4 ND 0.02
De-5 8.14 4+ 0.09 ¢f 468 +0.02h 6.15 £+ 0.0 0.11
De-6 7.74 + 022! 483+ 0.018 ND 0.02
De-7 7.824+0.151 290+ 0.044 ND 0.09
De-8 715+ 0.11P 3.00 & 0.04 P4 ND 0.02
De-9 8.19 + 0.09 de 484 +0.038 ND 0.08
De-10 2544+ 0.13V 3.78 £0.09 ™ ND 0.04
De-11 8.09+0.11h 451 +0.03 1 ND 0.03
De-12 7.94 +0.107 3.24 +0.05° ND 0.01
De-13 7.43 4+ 0.14° 6.65 + 0.02b ND 0.07
De-14 714 £0.147 452 +0.02 1 ND 2.28
De-15 8.06 £ 0.06 & 320+0.14° ND 0.03
De-16 848 +0.15¢ 3.77 £0.01™ ND 0.03
De-17 8.34 4+ .07 <d 461 +0.07 M 3.30 + 0.0 0.03
De-18 6.64 + 032t 3.05 4+ 0.07 P ND 0.05
De-19 7.69 &+ 0.19 Im 3.70 £ 0.01™ 4.15 4+ 0.0 0.03
De-20 858 +0.15P 4.84 +0.058 ND 0.04
De-21 8.92 4+ 0.022 5.04 £0.01¢ ND 0.03
De-22 8.27 4+ 0.06 ¢f 496 +0.02 18 ND 0.08
De-23 7.64 & 0.20 ™0 3.19 +0.05° ND 0.06
De-24 8.40 + 0.07 ¢ 6.08 +0.01°¢ ND 0.12
De-25 7.66 +0.16! 3.92 +0.021 ND 0.17
De-26 7.69 4+ 0.20! 711 4+0.042 ND 0.04
De-27 5.46 + 0.044 6.75 +0.07b ND 0.19
De-28 7.94 4+ 0.09 1 5.03+0.01f ND 0.02
De-29 7.86 +0.17 K 3.45+0.0410 3.30 + 0.0 0.00
De-30 8.23 4+ 0.06 ¢f 2914+0.174 ND 0.07
De-31 8.94 +0.02° 6.77 £ 0.03 b ND 0.00
De-32 7.22 +0.16 9 404 +0.10! ND 0.12
De-33 8344+ 0.15f 288+0.144 ND 3.20
De-34 484 + (0534 2.18 +£0.028 ND 0.24
De-35 8.13 +0.08 8 495 +0.02 18 ND 0.01
De-36 7.36 + 0.16 ™ 428 +0.04 % ND 0.01

Values representing aerobic bacteria, yeast, and Bacillus cereus counts are based on the mean values of three
independent experiments. Different letters represent the statistical difference between the samples (in columns) at
p < 0.05. For aerobic bacteria and yeast count, the “df” between the groups is 35 and the “F” value is 1542.6 and
841.7, respectively. * ND: not detected.
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Figure 1. Comparative phylogenetic analysis of the yeast isolates from doenjang samples, (A) DeM-1,
(B) DeM-2, (C) DeM-3, (D) DeM-4, (E) DeM-5, and (F) DeM-6. A phylogenetic tree was constructed
using MEGAG6.0 software by employing the neighbor-joining method.

B. cereus counts below the toxicity limit in most of the samples suggested that doenjang
was hygienically prepared; however, a few samples raised concerns regarding B. cereuss
contamination. B. cereus contamination of doenjang cannot be attributed to a specific,
discernible cause. However, the most likely reason for its presence is poor hygiene during
preparation or the presence of B. cereus in the raw materials used for doenjang production.
The present study’s outcomes were consistent with the findings of Park et al. [28], who
tested the presence of B. cereus in 43 traditional doenjang samples and observed that 27.9%
of the samples had B. cereus counts below 4 log CFU/g. In a similar study by Kim and
Kim [29], B. cereus was detected in 18 homemade doenjang samples and revealed that 33.33%
of the samples were positive for B. cereus, although only 22.22% of the samples had a B.
cereus count higher than the suggested limit of 4 log CFU/g.

3.4. Enzymatic Profiling of Yeast Isolates

To ensure food safety, microorganisms used in the production of fermented foods must
lack enzymes responsible for the generation of toxic metabolites [30]. In this study, yeasts
isolated from different doenjang samples were comprehensively evaluated for enzyme
activity using an API enzyme kit (Figure 2). Interestingly, all isolated strains produced
naphthol-AS-Bl-phosphohydrolase and esterase enzymes, which essentially contribute to
the hydrolysis of aliphatic and aromatic esters into relevant acid forms and are commonly
reported as flavor enhancers [31]. In addition, four isolates (DeM-1, DeM-4, DeM-5, and
DeM-6) were positive for acid phosphatase, which causes digestion of phosphate from
macromolecules, while three isolates (DeM-1, DeM-2, and DeM-6) were observed for
the production of x-glucosidase, a key enzyme required to breakdown the oligo and
disaccharides in intricate carbohydrates [32] (Figure 2). Most importantly, all isolates show
negative activity for the enzymes linked with intestinal illnesses, such as 3-glucuronidase,
a-chymotrypsin, and N-acetyl-3-glucosaminidase [33]. Lipase, alkaline phosphatase, «-
fucosidase, trypsin, cystine arylamidase, 3-galactosidase, 3-glucosidase, a-mannosidase,
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and o-galactosidase enzyme activity were negative in the isolates (Figure 2). The findings
demonstrate the complete enzymatic profiling of the yeasts isolated from doenjang that do
not possess any toxic enzymes for humans, thus verifying the nontoxic enzymatic nature of
the isolates and advocating their application as food supplements.

1
2
1 1
2
3 3
2 2 2
1
DeM-1 DeM-2 DeM-3 DeM-4 DeM-5 DeM-6
m Alkaline phosphatase O Esterase O Esterase lipase
Lipase E Leucine arylamidase @ Valine arylamidase
M Cystine arylamidase M Trypsin B a-Chymotrypsin
@ Acid phosphatase B Naphthol-AS-Bl-phosphohydrolase M a-Galactosidase
B-Galactosidase B-Glucuronidase O a-Glucosidase
B-Glucosidase B N-Acetyl-B-glucosaminidase a-Mannosidase

Figure 2. Enzymatic profiling of the yeasts isolated from doenjang samples. Enzyme activity 0
represents 0 nmol of product formed, while 1, 2, and 3 represent about 5 nmol, 10 nmol, and 20 nmol
of product formed.

3.5. Quantification of Ethanol

Ethanol is one of the chief volatile constituents of fermented foods and is often associ-
ated with their sensory properties [34]. However, high concentrations lead to detrimental
sensory effects and discourage halal food guidelines [35]. Moreover, individuals deficient
in acetaldehyde dehydrogenase accumulate large amounts of acetaldehyde that is me-
tabolized from ethanol, which interferes with the DNA repair system [35]. Additionally,
alcohol-food interactions are a serious concern, wherein high amounts of alcohol interact
with food, alter its biological effects, and affect the absorption, storage, biotransformation,
and excretion of vitamins B6, B12, and B9 [36]. The ethanol content of all doenjang samples
ranged between 0% and 3.20% (Table 1). All doenjang samples, except De-14 (2.28%) and
De-33 (3.20%), exhibited an alcohol content below 1%, which is the suggested limit for
halal foods [35]. Ethanol quantification revealed a low amount of ethanol in doenjang
samples; however, a few samples exhibited an abnormally high ethanol content. High salt
concentrations may be a reason for the low ethanol content, as high salt concentrations
represent a preventive barrier for many alcohol-producing yeasts such as Saccharomyces
cerevisiae. Moreover, the variation in ethanol content in doenjang samples is due to the diver-
sification of microorganisms, particularly yeasts, which are the major producers of alcohol
in fermented foods [37]. The results of this study are in agreement with those of many
previously published studies reporting similar ethanol profiles in doenjang samples [38,39].
Low-to-moderate ethanol content has an impact on the unique flavor of doenjang and favors
its trade in Muslim countries where halal certification is required.

3.6. Biogenic Amines

Biogenic amines are regarded as toxicants and anti-nutritional components of food
that arise from amino acids through decarboxylation reactions catalyzed by microorgan-
isms [11]. Excessive amounts of biogenic amines have several detrimental effects, including
dizziness, headaches, cardiac palpitations, respiratory illnesses, hypertension, and hypoten-
sion [40]. Furthermore, various biogenic amines react with nitrite to form nitrosamine,
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which is a potent carcinogenic agent [12]. Numerous factors, including microbes and food
composition, are responsible for the production of biogenic amines in food. Doenjang is
a protein-rich food that contains a variety of free amino acids [41]. Free amino acids are
precursors for the synthesis of biogenic amines through the action of microbial decarboxy-
lases [11]. Hence, the evaluation of biogenic amines is crucial for food safety, particularly
in protein-rich foods. Total biogenic amines in all doenjang samples were in the range of
67.68 £ 3.06 mg/kg to 2556.68 + 33.0 mg/kg (Figure 3, Table 2), with a ‘df” value of 35
and a “F” value of 1671.8 between groups. Sample De-19 was detected with the highest
concentration of total biogenic amines (2556.68 + 33.0 mg/kg), whereas De-22 had the
lowest concentration (67.68 + 3.06 mg/kg). (Figure 3, Table 2). Although no rigorous
recommendations exist for total biogenic amines in fermented foods, a few reports have
suggested that total biogenic amines up to 1000 mg/kg are permissible [42]. Biogenic
amines were within the limit in the majority of tested samples (69.44%), which agrees with
published reports showing similar profiles of biogenic amines in different doenjang [43-45].

n W NN 0 O O =« N M < 1IN O N 0 O © = N M & 1IN O N 0 OO ©O =« &N M & 0N O
I B B B I R R R R D R R N L L L N L S A L L R
o000 9 9 9 9 9 9 9 0O @O @9 @9 9 9 O O O @9 9 9 O O O O O O O O
O 0O0OO0OO0OO0OO0OO0OOOOOOOOOOOOOOOO OO OGODAD A

Samples

Figure 3. Total biogenic amines in 36 cottage industry doenjang. The bar diagram values represent
the mean value of the two independent experiments, and the different letters above the bar diagram
represent a significant (p < 0.05) difference between the groups. The “df” between the groups is 35,
and the “F” value is 1671.8.

Among the various types of biogenic amines, histamine is considered to be the most
severe toxicant responsible for poisoning (scombroid poisoning). Several studies have sug-
gested toxic effects of histamine at concentrations higher than 500 ppm [11]. Although no
strict guidelines exist for the histamine level in fermented food samples, a few reports sug-
gest 100 mg/kg histamine as the toxic limit [13]; however, the World Health Organization
suggests a maximum permissible limit of 200 mg/kg histamine for the consumption of fish
and fish products [46]. Similarly, the maximum allowable limits for histamine in fish set by
Korea and China are 250 mg/kg and 200-400 mg/kg, respectively [14-16]. Histamine was
present in all doenjang samples in the range 0.97 &+ 0.04-1289.02 £ 11.23 mg/kg (Figure 4
and Table 2). Nine doenjang samples (De-6, De-7, De-10, De-14, De-18, De-19, De-25, De-29,
and De-32) had abnormally high histamine levels, higher than the suggested toxic limit
of 500 ppm [11]. The results are in accordance with earlier reports suggesting a variable
histamine level in different doenjang samples [43,44,47]. Similar to this, Bahuguna et al. [41]
demonstrated the presence of varying amounts of histamine in different doenjang samples.
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Table 2. Quantification of biogenic amines (mg/kg) in 36 cottage industry doenjang samples.

Total Biogenic

Sample Code Tryptamine 2-Phenylethylamine Putrescine Cadaverine Histamine Tyramine Spermidine Spermine Amine
De-1 14.61 £ 0.88 33804 29.13 £ 0.66 1.33 £ 0.08 165.14 £ 8.77 10.69 £ 0.17 19.23 £0.23 552 £0.16 249.04 +£1098 "
De-2 9.61 £0.3 3.07 £0.02 23.22 £ 0.44 476 £0.12 17.31 £ 0.66 11.82 £ 0.33 23.82 £0.38 4.81 +£0.04 98.41 +2.284
De-3 8.03 £ 0.05 3.21 £0.04 10.79 £ 0.10 1.71 £0.21 14.28 £+ 0.21 3.23 £0.09 32.02 £ 0.42 594 £ 0.19 79.22 £1.324
De-4 8.73 £ 0.03 3.75 £ 0.05 13.79 £ 0.38 1.98 +0.09 23.61 & 2.06 3.81 £0.02 13.12 £ 0.05 492 +0.01 73.70 £ 2.68 97
De-5 21.46 &= 0.95 16.96 £ 0.77 114.10 £7.95 391 £041 240.48 4-14.03 32.36 +2.97 12.07 £ 0.04 4.75 +0.05 446.08 4 27.16 ¢!
De-6 111.86 £ 4.61 14.20 £3.72 540.96 £+ 25.22 6.95 £ 0.11 763.58 = 1.49 91.41 £+ 3.34 0.00 £ 0.00 4.60 £ 0.03 1533.56 + 38.53 4
De-7 74.68 £ 4.96 232.53 £+ 3.88 681.32 £ 5.58 22.10 £3.70 805.09 £ 16.82 44.04 £ 1.81 15.87 £0.28 4.66 = 0.00 1880.29 £+ 37.03 ¢
De-8 8.99 £ 0.02 5.49 £ 0.12 19.32 £ 1.40 4.60 = 5.14 42.23 +5.32 14.66 £ 0.35 13.82 £ 3.18 5.08 £ 0.68 114.19 +16.22P
De-9 11.08 £ 3.69 10.08 £ 0.45 38.20 +1.45 1.99 + 0.35 165.23 £ 8.90 22.66 = 1.64 12.23 £ 0.05 4.70 £ 0.02 266.19 +16.55"
De-10 18.34 £ 0.22 55.26 =4.76 485.64 + 3.94 14.52 £ 3.73 520.83 £ 7.14 48.46 + 3.83 2021 £ 1.15 6.25 £ 0.35 1169.53 £+ 53.27 &
De-11 62.13 - 1.85 35.01 = 2.10 657.42 - 11.84 24.42 4-2.95 485.48 - 12.72 101.23 £ 2.53 12.73 £ 0.07 4.73 +0.02 1383.15 £ 34.09 ©
De-12 8.12 £ 0.03 392 £0.13 13.44 £ 0.23 147 +£0.13 2428 +£7.58 6.99 £ 0.23 13.37 £ 0.07 574 £0.18 77.34 + 8.58 P4
De-13 42.30 +=4.22 5.30 £ 1.64 135.00 £ 3.70 1.77 £ 0.52 448.11 - 4.93 20.48 = 0.10 12.19 £ 0.10 4.74 £ 0.05 669.89 4 15.27
De-14 16.40 £ 0.43 3.76 = 0.30 49.18 - 2.96 0.69 £ 0.04 827.81 = 13.38 26.04 = 0.10 12.01 £ 0.09 4.65 +0.02 940.54 + 17.31 1
De-15 12.49 £0.22 28.99 £ 3.66 264.63 & 6.68 5.02+0.26 93.29 =+ 1.69 63.90 £ 4.10 17.84 £ 0.41 5.18 - 0.02 491.33 +17.04!
De-16 13.84 £ 0.06 5.30 £ 0.05 143.76 £ 8.21 411 +0.16 252.97 +£16.36 16.10 £ 0.83 30.71 £ 0.18 7.00 = 2.80 473.80 4 28.66 X!
De-17 54.54 +4.22 31.70 + 3.46 462.37 £+ 7.47 1220 £ 1.12 182.45 £ 3.25 7119 £3.12 14.69 £ 0.24 6.79 = 0.17 835.95 + 23.04 1
De-18 251.07 &= 3.02 15.44 £ 1.41 223.33 = 1.86 324 +0.13 710.87 £ 29.03 28.74 £ 2.00 13.65 £ 0.02 0.00 4= 0.00 1246.34 + 37.47 '8
De-19 74.14 £ 2.89 79.36 £ 3.04 767.03 £ 13.09 620.33 &= 8.96 927.54 £ 3.64 70.41 £1.32 13.20 £ 0.06 4.67 £0.01 2556.68 +33.0 2
De-20 13.95 £ 0.10 8.17 £ 0.08 153.39 = 1.77 2.11 £ 0.04 288.14 4= 23.38 39.16 £ 0.57 20.32 £ 0.22 4.88 = 0.06 530.12 4 26.21 &
De-21 11.28 £ 0.04 490 +0.39 19.49 £ 0.37 1.86 = 0.10 24.69 £+ 6.37 9.04 £0.17 13.97 £ 0.11 474 +0.02 89.95 + 7.56 P4
De-22 9.15 £ 0.43 2.99 £0.03 11.35 £ 0.41 1.08 + 0.04 10.92 + 0.13 5.13 £ 1.69 21.58 £0.24 5.48 - 0.08 67.68 & 3.06 ¢
De-23 14.60 £ 0.13 40.90 £ 2.97 270.16 = 1.84 6.60 £ 0.15 400.82 £ 16.49 41.85 +0.53 12.85 £ 0.04 4.65+0.01 792.42 +22.151
De-24 13.42 £ 0.21 23.50 + 1.66 238.86 = 5.12 26.93 £ 1.05 254.81 +14.93 91.37 £2.76 3429 £1.62 5.51 +£0.07 688.68 4 27.42
De-25 123.04 £ 1.90 31.62 £ 0.94 602.36 = 8.76 10.30 + 0.22 1289.02 £ 11.23 62.54 +1.83 14.93 £ 0.43 0.00 = 0.00 2133.80 4+ 25.31 P
De-26 10.22 £0.25 1991 £ 047 104.63 £ 5.41 2.82 +£0.04 180.43 £ 6.88 33.16 = 1.42 14.93 £ 0.61 5.40 £ 0.07 371.50 +£15.15™
De-27 10.28 £ 0.04 3.88 = 0.04 38.13 £1.07 2.77 £0.08 60.14 &= 4.93 9.76 £ 0.17 25.39 £ 0.67 6.87 £0.32 15722 £7.32P
De-28 14.95 + 0.41 109.11 £ 5.10 534.80 &= 3.94 21.07 £ 0.45 376.07 4+ 4.35 63.30 & 2.00 19.19 £ 0.27 4.81 +£0.01 1143.30 £ 16.52 &
De-29 19.75 £ 0.52 10.57 £ 0.59 22243 +1.25 4.58 = 0.36 672.17 £ 3.51 63.22 291 14.85 £ 0.22 4.74 1 0.02 1012.31 +9.38 h
De-30 9.01 £ 0.06 2.83 £0.01 22.80 £0.77 1.22 + 0.04 24.92 £ 2.66 475 £0.11 13.26 £ 0.23 493 £+ 0.04 83.72 +3.9114
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Table 2. Cont.

Total Biogenic

Sample Code Tryptamine 2-Phenylethylamine Putrescine Cadaverine Histamine Tyramine Spermidine Spermine Amine
De-31 9.14 £ 0.01 0.00 £ 0.00 25.20 +0.88 541 4+0.28 112.29 £+ 2.86 3.55 £ 0.05 2496 +0.92 5.08 £ 0.06 185.63 +5.10 °
De-32 98.36 & 2.67 313.56 1= 4.41 599.66 & 4.60 3.54 +£0.15 1107.47 +17.47 73.02 £ 4.65 0.00 £ 0.00 0.00 £ 0.00 2195.62 4 33.94
De-33 101.41 £ 3.88 83.88 = 1.60 626.29 £ 5.47 12.94 + 2.02 285.30 &= 2.47 94.26 = 1.89 17.22 £ 0.12 577 £147 1227.05 + 18.91 8
De-34 17.95 £1.77 3.97 £0.30 193.90 £+ 4.29 499 +£0.49 391.59 £ 8.90 31.02 £2.74 0.00 £ 0.00 4.68 = 0.01 648.11 4 18.49
De-35 8.04 £ 0.03 2.70 £0.02 12.43 £0.28 0.85 £ 0.03 0.97 £ 0.04 3.45 £ 0.03 32.11 £0.19 8.49 £0.11 69.03 £0.737
De-36 8.17 £ 0.01 3.44 £ 0.09 229.48 £ 6.70 14.73 £ 2.76 235.16 &+ 18.57 12.71 £ 0.61 12.36 £ 0.13 4.65+0.01 520.71 4 28.88 &

Values represent the mean value of the two independent experiments. Different letters represent the statistical difference between the total biogenic amines among the samples (in

column) at p < 0.05. The “df” between the groups is 35, and the “F” value is 1671.8.
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Figure 4. Mean values and minimum and maximum amounts of different biogenic amines in 36 cottage industry doenjang samples.
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Tyramine is another significant biogenic amine, whose excess leads to symptoms
similar to those of histamine poisoning [11]. The tyramine level in the doenjang samples was
between 3.23 + 0.09 mg/kg and 101.23 + 2.53 mg/kg (Figure 4 and Table 2). The minimum
and maximum tyramine levels were detected in De-3 (3.23 £ 0.09 mg/kg) and De-11
(101.23 &+ 2.53 mg/kg) samples, respectively. The tyramine levels in 97.22% of doenjang
samples were below the suggested tyramine toxicity level of 100-800 mg/kg in food [13].
These results are in accordance with the findings of Bahuguna et al. [41], who reported
similar amounts of tyramine in 10 garlic-supplemented doenjang samples. Putrescine,
spermidine, and spermine are other biogenic amines that frequently exist in foods and
have 2000 mg/kg, 600 mg/kg, and 600 mg/kg limits of oral toxicity, respectively [11]. All
tested doenjang samples show significantly varying amounts of putrescine (10.79 £ 0.10
to 767.03 £ 13.09 mg/kg), spermidine (0 to 34.29 &+ 1.62 mg/kg), and spermine (0 to
8.49 £ 0.11 mg/kg) (Figure 4 and Table 2). All samples contained putrescine, spermidine,
and spermine levels below their oral toxicity limits [11]. These findings were corroborated
by published reports demonstrating variations in these biogenic amines in different doenjang
samples [43]. Similarly, Kim et al. [44] detected putrescine and spermidine in seven doenjang
samples; however, spermine was not detected in any sample.

The significant contribution of 2-phenylethylamine to food-induced migraines and
hypertension has been cited in the literature [11]. Some studies have reported that 30 mg/kg
of 2-phenylethylamine is an acceptable limit for common foods [40]. In the tested doenjang
samples, 2-phenylethylamine levels ranged from 0 mg/kg to 313.56 & 4.41 mg/kg (Figure 4
and Table 2). Overall, 72.2% of the samples had 2-phenylethylamine levels lower than
the suggested 30 mg/kg [40], which is consistent with reports revealing a similar range in
different doenjang samples [43,44,47].

The toxigenic role of tryptamine has been previously described by the European Food
Safety Authority. A high concentration of tryptamine may cause vasocontraction, leading
to high blood pressure, vomiting, swelling, and headaches [48]. Moreover, tryptamine
can enhance histamine toxicity by inhibiting the histamine-destroying enzyme, diamine
oxidase. Currently, no legal limits have been established for tryptamine. However,
some studies have suggested that consumption of tyramine at 480 mg/day has no ad-
verse health effect [48]. The present study revealed the tryptamine value in the range of
8.03 £ 0.03 mg/kg to 251.07 £ 3.02 mg/kg (Figure 4 and Table 2). Only four samples, De-6
(111.86 + 4.61 mg/kg), De-18 (251.07 + 3.02 mg/kg), De-25 (123.04 + 1.90 mg/kg), and
De-33 (101.41 £ 3.88 mg/kg), had tryptamine levels higher than 100 mg/kg.

Several factors, such as the types of raw materials, environmental conditions, fermen-
tation time, and manufacturing practices, may be responsible for the differences in biogenic
amine levels in fermented foods [49]. However, the microbial population and physiochemi-
cal conditions are the most influential factors responsible for biogenic amine production in
different samples [49]. Different strains of Bacillus sp. are the dominant bacterial species
during doenjang fermentation [10,50]. Several reports have suggested the role of B. subtilis, B.
licheniformis, and B. amyloliqueformis as producers of biogenic amines, owing to their decar-
boxylase activity [49]. The presence of these strains in doenjang is a major cause of biogenic
amine production. The activity between the strains may vary, which is one of the principal
reasons for the differences in biogenic amine levels among the samples. Furthermore, a few
strains of Bacillus spp. have been found to be effective at degrading biogenic amines [40,51].
Bacillus sp. is the predominant bacterial species in doenjang and thus may be responsible
for the variation in biogenic amine levels in the tested doenjang samples. Due to the above-
mentioned reason, a wide range of tryptamine (8.31-251.07 mg/kg), 2-phenylethylamine
(0-313.56 mg/kg), putrescine (10.79-767.03 mg/kg), histamine (0.97-1289.02 mg/kg), tyra-
mine (3.23-101.23 mg/kg), spermidine (0-34.29 mg/kg), and spermine (0-8.49 mg/kg)
were detected in the tested 36 cottage industry doenjang (Figure 4).

Collectively, these results indicate that most of the tested doenjang samples possessed
biogenic amine contents below the toxicity threshold suggested by numerous regulatory
bodies. However, a few samples had a biogenic amine content higher than the suggested
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value. This study offers a wide spectrum of biogenic amines commonly found in cottage
industry doenjang and serves as a valuable reference for assessing the biogenic profile of
doenjang.

3.7. Multivariate Investigation

To make the investigation easier, principal component analysis (PCA) was used to
determine how multivariate data related to smaller dimensions. Multivariate analysis of
biogenic amines indicates that the 2-principal component (PC) model explains 66.94% of
the variance (Figure 5). PC1 explained 50.74% of the variance and separated De-6, De-7,
De-10, De-11, De-13, De-14, De-18, De-19, De-23, De-25, De-28, De-29, De-32, De-33, and
De-34 (PC1 values positive) from the rest of the samples (Figure 5A). PC2 shows 16.20% of
variance and segregated De-4, De-5, De-6, De-8, De-9, De-12, De-13, De-15, De-21, De-22,
De-23, De-25, De-26, De-30, De-31, De-32, De-34, and De-36 (positive PC2 values) from the
other samples (Figure 5A), principally due to tryptamine and histamine (positive values)
(Figure 5B). Furthermore, hierarchical cluster analysis (HCA), which is regarded as a
powerful technique to build a tree based on the similarity between a group of large datasets,
was performed. The HCA dendrogram separated the 36 doenjang samples into different
clusters of the biogenic amine (Figure 6). Doenjang samples De-6, De-7, De-25, and De-32
show similar distances from their cluster centers, indicating similar profiles of biogenic
amines. Similarly, doenjang samples (De-2, De-4), (De-3, De-22), (De-21, De-30), (De-1,
De-4), (De-5, De-16), (De-24, De-36), (De-13, De-34), (De-28, De-33), (De-10, De-11), and
(De-14, De-19) show similar distances from their cluster centers, indicating similar biogenic
amine profiles. Based on the classical cluster analysis findings, we broadly classified the
36 doenjang samples into six major categories (Figure 6).
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Figure 5. Principal component (PC) analysis of biogenic amines in doenjang samples. (A) PC1 and
PC2 score plots, and (B) PC1 and PC2 loading.

3.8. Method Validation

The linearity (R? = 0.9891-0.9999) of the calibration curves plotted between the concen-
tration of biogenic amines vs. the peak area suggested excellent linearity (Supplementary
Figure S1 and Table S4). The LOD and LOQ for tryptamine, 2-phenylethylamine, pu-
trescine, cadaverine, histamine, tyramine, spermidine, and spermine fell within the ranges
of 0.10-0.30, 0.09-0.28, 0.34-1.03, 0.20-0.62, 0.72-2.18, 0.30-0.91, 0.44-1.34, and 0.99-3.02,
respectively (Table 54). Furthermore, the recovery of biogenic amines in doenjang spanned
from 75% to 82%.
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Figure 6. Dendrogram obtained using classical cluster analysis for the mean of biogenic amines for
each doenjang sample.

4. Conclusions

In conclusion, the 36 doenjang samples showed diverse microbiological, alcohol, and
biogenic amine profiles. Six distinct yeast isolates were identified in different doenjang
samples that did not produce any harmful enzymes, indicating their safety for consumers.
Five doenjang samples were contaminated with B. cereus; however, only three had B. cereus
counts higher than the recommended limit of 4 log CFU/g. The ethanol contents of
two doenjang samples were higher than the recommended limit of halal food guidelines
(<1%). The biogenic amine levels in most doenjang samples were below the suggested
limit. However, high amounts of biogenic amines were detected in only a few samples.
These results collectively suggest that most doenjang samples are safe and consumable,
except for a few samples containing B. cereus and biogenic amines. This study recommends
conducting regular assessments of cottage industry products, especially in cases where
quality control standards are less stringent than those in large-scale doenjang industries,
to ensure product safety. Also, it is advisable to carry out these analyses in the very large
sample size to establish a strong concluding remark.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/foods12224084/s1, Table S1: Details of the selected doenjang samples;
Table S2: pH, salinity, color values, and amino nitrogen content of doenjang samples; Table S3: Enzymes
and their substrates; Table S4: Limit of detection (LOD) and limit of quantification (LOQ) for different
biogenic amines; Figure S1: Standard curves of different biogenic amines; Method M1: Determination
of pH and salinity; Method M2: Determination of pH and salinity; Method M3: Determination of free
amino nitrogen; Method M4: Crystalline protein staining.
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