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a b s t r a c t
In this study, a comprehensive metabolite proﬁle analysis of doenjang, a fermented soybean paste, at
various steps of its industrial 5-step production process was conducted, by combining gas and liquid
chromatography–mass spectrometry techniques with multivariate analysis. From the partial least
squares discriminant analysis of primary and secondary metabolites, the patterns were clearly
distinguishable between the various processing steps (step 1: steaming, step 2: drying, step 3: meju
fermentation, step 4: brining, step 5: doenjang aging). Of the primary metabolites, most of the monosaccharides, amino acids, and fatty acids increased in steps 3–5. Isoﬂavone and soyasaponin derivatives were
major secondary metabolites identiﬁed during the processing of doenjang. Isoﬂavone glycosides gradually
decreased after step 1, while isoﬂavone aglycones distinctly increased in steps 4–5. Soyasaponins
generally decreased during processing after step 2. Increased isoﬂavone aglycones, such as daidzein,
glycitein, and genistein, were observed in steps 4–5 showed the strongest positive correlation with
doenjang’s antioxidant potential and total phenolic content.
Ó 2014 Elsevier Ltd. All rights reserved.

1. Introduction
Doenjang is a fermented soybean processed food produced from
meju, a fermented soybean starter found in a typical Korean meal.
In general, doenjang is produced in a 2-part process; ﬁrst, for
making meju, soybeans are pretreated by steaming, shaping, and
drying, followed by fermentation using microorganisms (Kwon
et al., 2011). In the second step, meju is fermented again after
adding salt water, and the mixture is then separated into the solid
portion, referred to as doenjang (soy paste), and the liquid portion
kanjang (soy sauce). During processing, the qualitative characteristics of the soybean products change in accordance with the metabolites present, which vary due to the physicochemical or enzymatic
activities occurring during each step (Prinyawiwatkul, Beuchat,
McWatters, & Phillips, 1996; Villares, Rostagno, García-Lafuente,
Guillamón, & Martínez, 2011).
Metabolite proﬁling, which aims to monitor all metabolites
within a biological sample, has been used in previous studies to
assess changes in metabolites of several types of foods and
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biological systems (Lee, Do, et al., 2012; Lee, Kim, et al., 2012).
Mass spectrometry (MS) coupled with separation techniques, such
as gas chromatography (GC) and liquid chromatography (LC), is a
potential analytical tool for metabolomics (Lee, Do, et al., 2012).
While GC–MS is mainly suited for primary metabolism products,
such as amino acids, fatty acids, carbohydrates, and organic acids,
LC–MS covers the large group of secondary metabolites, including
alkaloids, ﬂavonoids, saponins, phenolic acids, phenylpropanoids,
glucosinolates, and polyamines (t’Kindt, Morreel, Deforce,
Boerjan, & Bocxlaer, 2009). Therefore, a combination of different
spectroscopic platforms, such as GC–MS and LC–MS, could
detect broader classes of metabolites (Arbona, Iglesias, Talon, &
Cadenas, 2009).
In fermented soybean products, primary metabolites, such as
sugars, amino acids, organic acids, and salt, are thought to add to
the sensory qualities of the food, yielding tastes that are sweet,
savory, ﬂavorful, and salty; in contrast, secondary metabolites,
such as isoﬂavones, saponins, and tocopherols, contribute to the
functional and antioxidant properties of soybean-based foods
(Namgung et al., 2010; Wardhani, Vázquez, & Pandiella, 2010).
Soybean-based products are the best examples of potential
antioxidant activity. Antioxidant compounds found in soybeans
and soybean products, including isoﬂavones, saponins, phytic acid,
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and phytosterols, have been reported to possess potential health
beneﬁts, such as reduction of oxidative damage (Wardhani et al.,
2010).
In this study, we carried out a comprehensive metabolic
proﬁling of doenjang during industrial processing. GC–TOF-MS
and UPLC–Q-TOF-MS were used to detect broader classes of
metabolites, and changes in metabolites were analyzed by
multivariate analysis. Even though several studies pertaining to
soy-based food products have examined metabolite changes and
antioxidant potential, no studies have thoroughly assessed primary
and secondary metabolite changes during the industrial stepwise
processing of soybeans and their effects on the antioxidant
capacity of the food product. In our study, changes in primary
metabolites at different processing steps were examined in terms
of the metabolic pathway, and correlations between secondary
metabolites and antioxidant activities were investigated.
2. Materials and methods
2.1. Chemicals and reagents
Ethanol, methanol, isopropanol, acetonitrile, and water were
purchased from Fisher Scientiﬁc (Pittsburgh, PA, USA). Methoxyamine hydrochloride, N-methyl-N-(trimethylsilyl)triﬂuoroacetamide (MSTFA), gallic acid, potassium persulfate, 2,200 -azinobis
(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS),
2,4,6-tripyridyl-s-triazine (TPTZ), Folin–Ciocalteu’s phenol, formic
acid, pyridine, dimethyl sulfoxide, hydrochloric acid (Hcl), iron
(III) chloride, 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic
acid (Trolox), acetic acid, and standard compounds were obtained
from Sigma–Aldrich (St. Louis, MO, USA).
2.2. Sample preparation
Samples were obtained from CJ Cheiljedang Corporation (Seoul,
South Korea). The processing method and basic information (pH
and salinity) used to produce doenjang are shown in Fig. 1a. In
brief, for making meju, the soybeans were sorted, washed, and
soaked overnight in water. They were steamed for 1 h at 110 °C,
and then crushed (step 1, steaming). This paste was pressed into
a block (17  10  8.5 cm) and dried at 40–50 °C for one day (step
2, drying). These soybean blocks are called ‘‘meju’’. These meju
blocks were fermented with naturally occurring microorganisms
for 15 days (step 3, meju fermentation). Fermented blocks were
brined in salt water (21%–24%) for 34 days (step 4, brining), and
the liquid was then separated from the mixture. The residue was
further subjected to an aging process for an additional 90 days
(step 5, doenjang aging). The samples were collected at different
steps: soybean, steaming (1 day) and drying (2 days), meju
fermentation (3, 4 and 17 days), brining (22, 40, and 51 days),
and doenjang aging (81 and 141 days). Each sample was collected
at 6 different batches during the stepwise processing. These samples were lyophilized and stored in a 80 °C freezer until analysis.
2.3. GC–TOF-MS analysis
Lyophilized samples (100 mg) were extracted with 1 mL of
mixture solvent (isopropanol:acetonitrile:water = 3:2:2, v/v/v) in
a 2-mL eppendorf tube using a Retsch MM400 Mixer Mill (Retsch
GmbH & Co, Germany) at 30 Hz/s for 2.5 min and then centrifuged
at 8000g for 8 min at 4 °C. After centrifugation, the supernatant
was separated, and the same procedure was repeated twice. Subsequently, 200 lL of the supernatant was dried using a Speedvac
(Biotron, Korea). The dried residue was methoximated with 200
lL of methoxyamine hydrochloride in pyridine (20 mg/mL) at

30 °C for 90 min. Derivatization for silylation was performed by
adding 100 lL of MSTFA containing 1% trimethylchlorosilane, and
the samples were incubated at 37 °C for 30 min. Analysis was
performed using an Agilent 7890A gas chromatograph coupled
with a Pegasus HT TOF-MS (Leco Corporation, St. Joseph, MI,
USA). Metabolites were separated on RTx-5MS (30 m  0.25 mm;
ﬁlm thickness, 0.25 lm), and helium was used as the carrier gas
at a constant ﬂow rate of 1.0 mL/min. The injector temperature
was 250 °C, and the transfer line and ion source temperatures were
250 and 200 °C, respectively. The column temperature was held at
80 °C for 2 min, raised to 300 °C at a rate of 12 °C/min, and then
held isothermally at the ﬁnal temperature for 6 min. The injection
volume was 1 lL in split mode (25:1, v/v), and mass spectra were
recorded over the mass range of 50–600 m/z. Six biological replications from each of the samples from different processing steps
were used.
2.4. UPLC–Q-TOF-MS analysis
Lyophilized samples (100 mg) were extracted with 1 mL of ethanol:dimethyl sulfoxide:water (14:1:5, v/v/v) in a Mixer Ball Mill
(Retsch) at 30 Hz/s for 2.5 min, followed by centrifugation at
8000g for 8 min at 4 °C. This procedure was repeated twice. Then,
400 lL of the extracted supernatant was dried using a Speedvac.
The residues were dissolved in 800 lL of 80% methanol and ﬁltered
through a 0.22-lm ﬁlter (Woongki, Korea). Analysis was
performed using a Waters ACQUITY UPLC system with Waters
Q-TOF micro MS (Micromass MS Technologies, Manchester, UK).
Five microliters of each sample was injected into an ACQUITY
BEH C18 column (100 mm  2.1 mm i.d., 1.7 lm particle size;
Waters, Milford, MA, USA) with a gradient system at a ﬂow rate
of 0.3 mL/min. The mobile phases consisted of 0.1% v/v formic acid
in water (solvent A) and 0.1% v/v formic acid in acetonitrile (solvent B). Gradient elution was as follows: 5% B for 1 min then
increased to 100% B up to 10 min, held for 1 min, followed by
decrease to 5% B, and maintained at 5% B for 1 min. Total run time
was 12 min, including re-equilibration of the column to the initial
conditions. The capillary voltage was set at 2300 V in negative
ionization mode and 2500 V in positive ionization mode. The scan
range was from 100 to 1000 m/z. The nebulization gas was set to
350 L/h () and 650 L/h (+) at a temperature of 300 °C, and the
source temperature was 80 °C. Cone voltage was set at 50 V and
the detector voltages were 1850 and 1800 V in negative and positive ion modes, respectively. The Q-TOF micro MS acquisition rate
was set to 0.2 s with a 0.02-s interscan delay. Tune page was used
to regulate the sample cone voltage. Leucine enkephalin was used
as the lock mass (m/z 554.2615() and m/z 556.2771(+)) at a ﬂow
rate of 10 lL/min. Data was collected in centroid mode during
acquisition. Six biological replications from each of the sample
from different processing steps were used.
2.5. Data processing and multivariate analysis
GC–TOF-MS raw data was converted to netCDF (⁄.cdf) format
using Leco ChromaTOF software (version 4.44). UPLC–Q-TOF-MS
raw data sets were converted to netCDF using the Masslynx
conversion tool, DataBridge (version 2.1). The netCDF data were
aligned using metAlign, and the resulting ﬁle (⁄.CSV) was exported
to Microsoft Excel (Microsoft, Redmond, WA, USA). Metalign software was used to provide deconvolution functions such as peak
selection, baseline correction, and peak alignment for large
metabolite data sets. Baseline correction and noise calculations
were performed from scan number 80 to 1348 and the maximum
amplitude was set to 105 for UPLC–Q-TOF data analysis. In GC–
TOF-MS analysis, scan ranges were 300–13,200 and maximum
amplitude was set to 108. Peak slope factor was set to 1, peak
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Fig. 1. Processing method and basic information (pH and salinity) of doenjang (a). PLS-DA score plots and loading plots derived from the GC–TOF-MS (b and c) and UPLC–QTOF-MS (d and e) data sets of doenjang samples collected at different processing steps (soybean, +; steaming and drying, d; meju fermentation, N; brining, j; doenjang
aging,⁄). Plot annotation: 1, lactic acid; 2, malonic acid; 3, succinic acid; 4, malic acid; 5, citric acid; 6, alanine; 7, valine; 8, leucine; 9, isoleucine; 10, proline; 11, glycine; 12,
serine; 13, threonine; 14, methionine; 15, aspartic acid; 16, pyroglutamic acid; 17, c-aminobutyric acid; 18, glutamic acid; 19, phenylalanine; 20, glutamine; 21, ornithine;
22, lysine; 23, histidine; 24, tyrosine; 25, glycerol; 26, arabinose; 27, arabitol; 28, fructose; 29, mannose; 30, galactose; 31, glucose; 32, mannitol; 33, inositol; 34, sucrose; 35,
maltose; 36, melibiose; 37, rafﬁnose; 38, palmitic acid; 39, linoeic acid; 40, oleic acid; 41, linolenic acid; 42, stearic acid; 43, urcil; 44, malonyldaidzin; 45, malonylglycitin; 46,
malonylgenistin; 47, acetyldaidzin; 48, acetylglycitin; 49, acetylgenistin; 50, daidzin; 51, glycitin; 52, genistin; 53, daidzein; 54, glycitein; 55, genistein; 56, soyasaponin I; 57,
soyasaponin II; 58, soyasaponin III; 59, soyasaponin IV; 60, soyasaponin V; 61, soyasaponin cg; 62, soyasaponin ca; 63, soyasaponin Bd; 64, soyasaponin Be.

threshold factor was set to 2, average peak width at half height was
set to 8 and 100, respectively. Autoscaling and alignment were
applied to the metalign default values in the same scan number
of baseline correction. Data obtained with metAlign showed
13432 and 4056 variables from the GC–TOF-MS and UPLC–QTOF-MS analyses, respectively. Variables from the processed ﬁle
were used for multivariate statistical analysis by SIMCA-P+
(version 11.5; Umetrics, Sweden). The datasets were unit variance-scaled and log-transformed means. Principle component
analysis (PCA) and partial least squares discriminant analysis
(PLS-DA) were performed. Signiﬁcant differences in the sample

groups were identiﬁed based on their variable importance in the
projection (VIP > 1), and the statistical signiﬁcance (p < 0.05) of
the metabolites was compared using STATISTICA software (version
7.0; StatSoft, USA). SPSS for Windows (version 12.0; SPSS, Inc.,
Chicago, IL, USA) was used to calculate Pearson’s correlation
coefﬁcient. A heatmap was applied to visualize the expression
patterns using MultiExperiment (Viewer version 4.8.1; http://
www.tm4.org/mev/).
After multivariate statistical analysis, signiﬁcantly different
metabolites were positively identiﬁed using authentic standards
by comparing both mass spectra and retention times. In
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UPLC–Q-TOF-MS analysis, accurate masses and elemental compositions were calculated using the MassLynx software (Waters
Corp.). When standard compounds were not available, a tentative
identiﬁcation was performed based on the MS spectra using the
NIST05 MS Library (NIST, 2005), combined chemical dictionary
version 7.2 (Chapman & Hall/CRC), references, and an in-house
library. Metabolites were relatively quantiﬁed by their m/z peak
areas, which were calculated using the software provided with
the instrument and data processing.
2.6. ABTS radical scavenging assay
Samples were extracted using same method as used for UPLC–
Q-TOF-MS analysis. Extracted supernatants were dried and
dissolved in 80% methanol. Next, 200 lL of sample was diluted
4-fold in 80% methanol. ABTS ammonium (7 mM) was prepared
in deionized water and then mixed with 2.45 mM of potassium
persulfate. The mixture was kept for 12–16 h at room temperature
in the dark for color development (dark blue). The absorbance of
the reagent was measured using a Spectronic Genesys 6 UV–visible
spectrophotometer (Thermo Electron, Madison, WI, USA) and
adjusted to 0.70 (±0.02) at 750 nm with deionized water. From this
mixture, 180 lL was added into a 96-well microplate, and 20 lL of
the sample was then added. The plate incubated at room temperature for 6 min, and the absorbance was measured at 750 nm using
a microplate reader. The results are expressed as mmol of trolox
equivalents concentration/mg dry weight. The trolox standard
ranges were from 0.06 to 1 mM.
2.7. Ferric reducing/antioxidant power (FRAP) assay
To prepare the FRAP reagent, a mixture of 10 mM TPTZ solution
in 40 mM HCl, 20 mM iron (III) chloride, and 300 mM acetate
buffer at pH 3.6 (1:1:10, v:v:v) was made. For the analysis,
300 lL of FRAP reagent and 10 lL of sample (2-fold dilution in
80% methanol), were placed in a 96-well microplate and incubated
at room temperature for 6 min. The absorbance was measured at
570 nm, and the results are expressed in mmol of trolox equivalents concentration/mg dry weight basis. Trolox (0.25–2 mM)
served as standards to quantify the antioxidant activity of the
samples.
2.8. Analysis of total phenolic content
Total phenolic content was estimated using Folin–Ciocalteu’s
assay. Twenty microliters of the sample, which dissolved in 80%
methanol, was added to 0.2 N Folin–Ciocalteu’s phenol reagent
(180 lL) in a 96-well microplate and incubated at room
temperature for 1 h. The absorbance was measured at 750 nm
using a microplate reader. Gallic acid (0.03–0.5 mg/mL) was used
as standard, and the results are expressed in mmol of gallic acid
equivalents.
3. Results
3.1. Multivariate statistical analysis of doenjang metabolites from GC–
TOF-MS and UPLC–Q-TOF-MS data sets
Primary and secondary metabolite variations during doenjang
processing were analyzed by GC–TOF-MS and UPLC–Q-TOF-MS.
Multivariate analysis was performed to analyze signiﬁcant
differences between processing steps. PCA and PLS-DA models
obtained from GC–TOF-MS analysis indicated that the metabolites
gradually changed during processing, and each group, including
soybean, steaming, drying, meju fermentation, brining, and doenj-

ang aging, was distinctly varied (Fig. 1b, Supplementary data
Fig. 1Sa). In PLS-DA analysis, the score plot explained based on
PLS 1 (26.2%) and PLS 2 (11.9%) and the quality parameters of
the loading plot were represented as R2X (cum), R2Y (cum), and
Q2Y (cum). The satisfaction values of X variables and Y variables
were 0.425 (R2X) and 0.924 (R2Y), respectively, and prediction
accuracy was 0.886 (Q2Y). Metabolite changes during different processing steps were presented based on the loading plot (Fig. 1c).
Among the differential variables selected as VIP values (VIP > 1)
and according to the requirement for p-values (p < 0.05), 43
metabolites (5 organic acids, 19 amino acids, 13 sugars and sugar
derivatives, 5 fatty acids, and uracil) were identiﬁed as signiﬁcantly
changed during processing (Table 1). PCA and PLS-DA models of
secondary metabolites analyzed by UPLC–Q-TOF-MS showed similar patterns as those obtained by GC–TOF-MS analysis (Fig. 1d,
Supplementary data Fig. 1Sb). However, initial processing steps
(soybean and steps 1–3) were more clearly distinguished compare
to GC–TOF-MS analysis. All groups were clearly discriminated by
PLS 1 (19.5%) and PLS 2 (9.2%), and the quality parameters showed
0.512 (R2X), 0.976 (R2Y), and 0.853 (Q2Y). In total, 21 metabolites
were identiﬁed as highly differential metabolites contributing to
processing steps based on VIP values (VIP > 1) and p-values
(p < 0.05). The list of metabolites is presented in Table 2, and same
number is given on the loading plot (Fig. 1e).

3.2. Primary metabolite proﬁles of doenjang during processing
GC–TOF-MS analysis was used to elucidate changes in primary
metabolites during processing. As shown in Fig. 1b and c, processing steps were separated by PLS 1. Malonic acid, succinic acid,
malic acid, citric acid, c-aminobutyric acid (GABA), sucrose,
maltose, melibiose, and rafﬁnose were selected as major metabolites related to initial fermentation (steps 1–3); soybean to meju
fermentation steps, while most amino acids, monosaccharides,
and fatty acids were associated with the later steps (steps 4–5);
brining and doenjang aging steps.
As shown in Fig. 2, changes in primary metabolites according to
different processes were illustrated in terms of the metabolic pathway. In carbohydrate metabolism (Fig. 2A), arabinose, fructose,
glucose, maltose, and melibiose increased after steaming (step 1).
Most of the monosaccharides increased gradually during the meju
fermentation and brining stages (steps 3–4), while oligosaccharides, including rafﬁnose, sucrose, and maltose, decreased sharply
in the brining and doenjang aging stages (steps 4–5). The levels
of sugar alcohols, such as glycerol, arabitol, and mannitol,
increased signiﬁcantly during meju fermentation (step 3) and
maintained high levels during aging (step 5). In cases of organic
acids, the pattern changes varied for each metabolite. Citric acid
and malic acid, an intermediate in the TCA cycle, decreased gradually during fermentation, while the level of succinic acid reached a
maximum at the end of step 3 and then began to decrease. Lactic
acid increased rapidly during step 5. In our study, most amino
acids increased continuously during processing and showed maximum levels during step 5. In particular, glutamate, phenylalanine,
tyrosine, and ornithine subsequently increased during processing
steps, and degradation of these metabolites was not observed. Alanine, valine, leucine, isoleucine, proline, glycine, serine, threonine,
methionine, aspartic acid, phenylalanine, glutamine, lysine, histidine, and tyrosine exhibited dramatic changes during step 4
(Fig. 2b). Free fatty acids, including palmitic acid (C16:0), stearic
acid (C18:0), linoleic acid (C18:2), and linolenic acid (C18:3),
showed no signiﬁcant changes during steps 1–2, but increased
with further processing steps. The contents of oleic acid (C18:1)
and linolenic acid (C18:3) were only found at very low levels in
raw soybeans, but increased sharply during steps 4–5 (Fig. 2c).
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Table 1
Discriminative metabolites in doenjang derived from the PLS-DA model of the GC–TOF-MS analysis at the different processing steps.

a
b
c

No.

Metabolitesa

RTb (min)

MS fragment ion (m/z)

Derivatizedc

Organic acids
1
2
3
4
5

Lactic acid
Malonic acid
Succinic acid
Malic acid
Citric acid

4.53
6.44
7.74
9.73
12.93

73, 147,
147, 73,
147, 73,
73, 147,
73, 147,

117, 219
233
75, 129, 247
101, 117, 233
273, 257

TMS(X2)
TMS(X2)
TMS(X2)
TMS(X3)
TMS(X4)

Amino acids
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24

Alanine
Valine
Leucine
Isoleucine
Proline
Glycine
Serine
Threonine
Methionine
Aspartic acid
Pyroglutamic acid
c-Aminobutyruc acid
Glutamic acid
Phenylalanine
Glutamine
Ornithine
Lysine
Histidine
Tyrosine

5.14
6.60
7.29
7.55
7.59
7.70
8.34
8.65
10.03
10.06
10.08
10.13
11.03
11.12
12.47
12. 87
13.73
13.76
13.90

73,
73,
73,
73,
73,
73,
73,
73,
73,
73,
73,
73,
73,
73,
73,
73,
73,
73,
73,

116,
144,
158,
158,
142,
174,
204,
101,
176,
232,
156,
174,
246,
218,
116,
142,
156,
154,
218,

147, 190
218, 100, 86
102, 232
100, 218
100, 216
147, 86, 100
100, 116, 278
117, 147, 291
128, 61, 100
100, 147, 202
147, 86, 100
147, 86, 304
128, 230
172, 100, 266
156, 245
174,200
174, 100, 317
254
100, 280

TMS(X2)
TMS(X2)
TMS(X2)
TMS(X2)
TMS(X2)
TMS(X3)
TMS(X3)
TMS(X3)
TMS(X2)
TMS(X3)
TMS(X3)
TMS(X3)
TMS(X3)
TMS(X2)
TMS(X2)
TMS(X2)
TMS(X3)
TMS(X3)
TMS(X4)

Sugars and sugar derivatives
25
Glycerol
26
Arabinose
27
Arabitol
28
Fructose
29
Mannose
30
Galactose
31
Glucose
32
Mannitol
33
myo-inositol
34
Sucrose
35
Maltose
36
Melibiose
37
Rafﬁnose

7.33
11.55
12.08
13.45
13.58
13.63
13.68
13.94
15.22
19.07
19.70
20.43
24.98

73,
73,
73,
73,
73,
73,
73,
73,
73,
73,
73,
73,
73,

147,
103,
147,
103,
147,
147,
147,
147,
147,
103,
147,
103,
103,

117,
147,
217,
147,
103,
205,
205,
205,
217,
217,
103,
147,
129,

TMS(X3)
TMS(X4)
TMS(X5)
TMS(X5)
TMS(X5)
TMS(X5)
TMS(X5)
TMS(X6)
TMS(X6)
TMS(X8)
TMS(X8)
TMS(X8)
TMS(X11)

Fatty acids
38
39
40
41
42

Palmitic acid (16:0)
Linoeic acid (18:2)
Oleic acid (18:1)
Linolenic acid (18:3)
Stearic acid (18:0)

14.61
15.89
15.93
15.95
16.09

73,
75,
75,
75,
73,

75, 117,
73, 129,
73, 129,
73, 129,
117, 75,

Miscellaneous
43

Uracil

8.08

299
217
103, 307
217, 307
319
89, 319
89, 319
103, 319
103, 319
243, 361
204, 243, 361
204, 361
217, 361, 437

129, 145, 313
95, 337
117, 339
335
145, 341

73, 147, 99, 245, 255

TMS(X1)
TMS(X2)
TMS(X1)
TMS(X1)
TMS(X1)
TMS(X2)

Metabolites were selected by VIP > 1 and p < 0.05 and were identiﬁed by comparing to those of standard compounds.
Retention time.
Number of hydrogen atoms derivatized.

3.3. Secondary metabolite proﬁles of doenjang during processing
In the UPLC–Q-TOF-MS analysis, processing steps of doenjang
were clearly separated by PLS 1, and their related metabolites were
shown in a loading plot (Fig. 1d and e). Isoﬂavones (44–55) and
soyasaponins (56–64) were identiﬁed as major metabolites contributing to the variation among the processing steps in PLS-DA
analysis (Fig. 1e and Table 2). As shown in Fig. 1e, aglycones, such
as daidzein (53), glycitein (54), and genistein (55), were the major
metabolites present in later processing steps, i.e., brining and
aging.
Changes in secondary metabolites in the different processing
steps are presented in Fig. 3c. Four chemical forms of isoﬂavones
(Fig. 3a) were found in this study: malonyl glucosides, such as
malonyldaidzin (44), malonylglycitin (45), and malonyl-genistin
(46), acetyl glucosides, such as acetyldaidzin (47), acetylglycitin

(48), and acetylgenistin (49), b-glucosides, such as daidzin (50),
glycitin (51), and genistin (52), and aglycones, such as daidzein
(53), glycitein (54), and genistein (55). During processing, different
isoﬂavones showed distinct changes. As shown in Fig. 3c, levels of
acetylglucosides (47–49), b-glucosides (50–52), and aglycones
(53–55) dramatically increased after step1 and gradually
decreased, whereas malonylglucosides (44–46) gradually
decreased during processing steps. In steps 4–5, all conjugate
isoﬂavone glucosides (44–52) decreased, while aglycones (53–55)
increased distinctly (Fig. 3c). In this study, group B soyasaponins
existed in two chemical forms: 2,3-dihydro-2,5-dihydroxy-6methyl-4H-pyran-4-one (DDMP)-conjugated soyasaponins and
non-DDMP-conjugated soyasaponins (Fig. 3b). Non-DDMPconjugated soyasaponins, including I (56), II (57), III (58), IV (59),
and V (60), increased after step 1 and sharply decreased during step
5, whereas non-DDMP-conjugated soyasaponins, consisting of
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Table 2
Discriminative metabolites in doenjang derived from the PLS-DA model of the UPLC–Q-TOF-MS analysis at the different processing steps.
No.

a
b
c
d
e

Putative metabolitesa

Isoﬂavones
44
Malonyldaidzin
45
Malonyglycitine
46
Malonygenistin
47
Acetyldaidzin
48
Acetylglycitine
49
Acetylgenistin
50
Daidzin
51
Glycitin
52
Genistin
53
Daidzein
54
Glycitein
55
Genistein
Soyasaponins
56
Soyasaponin
57
Soyasaponin
58
Soyasaponin
59
Soyasaponin
60
Soyasaponin
61
Soyasaponin
62
Soyasaponin
63
Soyasaponin
64
Soyasaponin

I
II
III
IV
V
cg
ca
Bd
Be

RTb (min)

IDd

Negative ion mode [MH]
c

Formula

Actual mass

Mass error (ppm)

MS fragment

4.12
4.11
4.53
4.40
4.43
4.87
3.70
3.74
4.16
4.95
5.03
5.58

C24H21O12
C25H25O13
C24H21O13
C23H21O10
C24H25O11
C23H21O11
C21H19O9
C22H21O10
C21H19O10
C15H9O4
C16H11O5
C15H9O5

501.1033
533.1295
517.0982
457.1135
489.1397
473.1084
415.1029
445.1135
431.0978
253.0501
283.0606
269.0450

0.2
3.2
0.6
2.0
3.7
0.2
1.4
3.1
1.9
3.2
1.1
0.0

457, 253
283
473, 269
253
283
269
253
283
269
–
–
–

Fang, Yu, and Badger (2004)
Fang et al. (2004)
Fang et al. (2004)
Fang et al. (2004)
Fang et al. (2004)
Fang et al. (2004)
Fang et al. (2004)
Fang et al. (2004)
Fang et al. (2004)
Fang et al. (2004)
Fang et al. (2004)
Fang et al. (2004)

6.24
6.40
6.43
6.53
6.15
7.02
7.18
6.61
6.69

C48H77O18
C47H75O17
C42H67O14
C41H65O13
C48H77O19
C48H73O17
C47H71O16
C48H75O19
C48H75O18

941.5110
911.5004
795.4531
765.4425
957.5059
921.4848
891.4742
955.4903
939.4953

3.7
2.4
2.1
0.1
0.8
2.0
0.8
2.5
1.3

–
–
–
–
–
–
–
–
–

Fang
Fang
Fang
Fang
Fang
Fang
Fang
Fang
Fang

et
et
et
et
et
et
et
et
et

al.
al.
al.
al.
al.
al.
al.
al.
al.

(2004),
(2004),
(2004),
(2004),
(2004),
(2004),
(2004),
(2004),
(2004),

Jin
Jin
Jin
Jin
Jin
Jin
Jin
Jin
Jin

et
et
et
et
et
et
et
et
et

al.
al.
al.
al.
al.
al.
al.
al.
al.

(2006)
(2006)
(2006)
(2006)
(2006)
(2006)
(2006)
(2006)
(2006)

Metabolites were selected by VIP > 1 and p < 0.05.
Retention time.
Differences between observed mass and calculated mass error (<5 ppm).
Identiﬁcation was supported by references.
Intact molecular ion detected only in positive mode [M+H]+.

soyasaponin Be (63) and Bd (64), and DDMP-conjugated soyasaponins, including soyasaponin cg (61) and ca (62), decreased during
step 5 (Fig. 3d).
3.4. Correlations between secondary metabolites and antioxidant
activities during doenjang processing
Antioxidant activities (ABTS and FRAP) and total phenolic content (TP) of samples during doenjang processing are presented in
the Supporting Information, Fig. 2S. During step 5 (doenjang aging,
81 and 141 days), samples showed signiﬁcantly high antioxidant
activities. In particular, samples obtained from the ﬁnal brining
and aging stages (51, 81, and 141 days) showed high activities in
the FRAP and TP assays. In terms of the secondary metabolite proﬁles, aglycones (53–55) represented major metabolites associated
with later fermentation; these metabolites were increased during
steps 4–5 (Fig. 3c and Supporting Information, Fig. 3S). Correlations
between the changes in secondary metabolites, antioxidant activities, and TP are illustrated in Fig. 4. Isoﬂavone glycosides (44–52)
showed positive and negative correlations with soyasaponins
(56–64) and isoﬂavone aglycones (53–55), respectively. Antioxidant assays, including ABTS and FRAP, revealed positive correlations with isoﬂavone aglycones, such as daidzein (53), glycitein
(54), and genistein (55). Strong positive correlations among ABTS,
FRAP, and TP were also observed. These results suggested that
the antioxidant activities of the food product correlated with not
only isoﬂavone aglycones, but also other phenolic compounds.
4. Discussion
Soybean fermentation is a highly complex process that has
received much research attention and depends on the conditions
of various combinations of processing steps, including soaking,
steaming, and fermentation, as well as the particular bacterial
strains present (Wei, Wolf-Hall, & Chang, 2006). In this study, we

performed metabolite proﬁling of doenjang during industrial
processing using GC–TOF-MS and UPLC–Q-TOF-MS to comprehensively analyze changes in metabolites. Various processing steps of
industrial doenjang product were associated changes in metabolite
levels at each step, which determined the quality of the ﬁnal
product. Multivariate analysis evaluated changes in metabolites
during the different steps of processing, and relative contents of
metabolites were explained by their metabolic pathway and could
be correlated with antioxidant activities.
In GC–TOF-MS analysis, changes in primary metabolites in the
different processing steps were suggested according to their metabolic pathways. Major carbohydrates in soybeans include fructose,
glucose, sucrose, rafﬁnose, and stachyose (Yazdi-Samadi, Rinne, &
Seif, 1977). In our study, arabinose, fructose, glucose, maltose,
and melibiose increased after steaming. Prinyawiwatkul et al. have
shown that maltose, glucose, and galactose are increased after
cooking or boiling (Prinyawiwatkul et al., 1996). This increase is
likely due to breakdown of starches and polysaccharides during
processing. Most of the monosaccharides increased gradually during the meju fermentation and brining, while oligosaccharides,
including rafﬁnose, sucrose, and maltose, decreased in the brining
and doenjang aging stage. Formation of monosaccharides during
fermentation has been reported to be related to enzyme activity;
polysaccharides are broken down by endohydrolases, following
which oligosaccharides are hydrolyzed to monosaccharides by
exohydrolases (Eggleston & Côté, 2003). Organic acids can affect
the quality of doenjang as a ﬂavoring agent, inﬂuencing acidity
and sweet ﬂavor during fermentation. The major organic acids,
such as citric acid, malic acid, and succinic acid, exhibited differential changes at different steps. Citric acid and malic acid decreased
gradually, while succinic acid increased during doenjang processing. During soybean fermentation, citric acid and malic acid were
converted other metabolites, such as acetate, formate, and carbon
dioxide, by microorganism (Sulisyo, Natioshi, Kazaumi, & Kan
1988). Lactic acid was highly formed by various kind of lactic acid
producing microorganism in various traditional deonjang samples
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Fig. 2. Primary metabolite changes of doenjang during processing. (A) carbohydrate metabolism, (B) amino acid metabolism, (C) fatty acid metabolism. Fold changes were
calculated (peak area [log10]) as the ratio of each sample to soybeans.

(Shukla et al., 2010; Hofvendahl & Hagerda, 2000). Lactic acid
increased rapidly during doenjang aging step in our study. Amino
acids can be produced from a few intermediates formed during
the glycolysis and TCA cycles (Davis, 1955; Gottschalk, 1986). In
our study, these amino acids were represented, and their relative
contents were investigated. Most amino acids increased during
processing and showed high levels during doenjang aging step.
The increase in amino acid content during fermentation was
related to the taste of the ﬁnal product. Alanine, glycine, serine,
and lysine, which provide a sweet taste, were predominantly found
in doenjang aging steps. Bitter taste amino acids, namely leucine
and isoleucine, were sharply increased in brining and doenjang
aging steps. Glutamic acid related to a savory taste was also abundant in brining and doenjang aging steps. Free fatty acids, such as
palmitic acid (C16:0), stearic acid (C18:0), linoleic acid (C18:2),

and linolenic acid (C18:3), increased with further processing steps;
in particular, oleic acid (C18:1) and linolenic acid (C18:3) increased
dramatically at the brining step of processing. In earlier research,
free fatty acid contents increased during fermentation, whereas
triglyceride content decreased (Son, Choi, An, Son, & Choi 1985);
the same trend was observed in our current study.
Isoﬂavones (44–55) and soyasaponins (56–64) were the major
secondary metabolites that exhibited variations at the different
processing steps as analyzed by UPLC–Q-TOF-MS. All conjugate
glucoside molecular ions were detected in the negative ion mode
[MH] with their corresponding aglycone ions, except the
malonylglycitin (45) and acetylglycitin (48), which were detected
only in the positive ion mode. During processing, relative contents
of malonylglucosides (44–46), acetylglucosides (47–49), and
b-glucosides (50–52) decreased, while those of aglycones (53–55)
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Fig. 3. Chemical structures (a and b) and relative changes (c) in secondary metabolites of doenjang during the different processing steps. Structures of isoﬂavones (a) and
soyasaponins (b) refer to publications by Rostagno, Villares, Guillamón, García-Lafuente, and Martínez (2009) and Hu et al. (2002). Numbers in parentheses are the metabolite
numbers as presented in Table 2. Changes in isoﬂavones and soyasaponins analysed by UPLC–Q-TOF-MS during doenjang processing steps. Fold changes were calculated
based on peak area (log10) as the ratio of each sample to soybeans.

increased. Isoﬂavone glucosides in soybeans are known to be
converted to their corresponding aglycones by b-glucosidase during fermentation (Li-Jun, Li-Te, Zai-Gui, Tatsumi, & Saito, 2004).
We previously investigated changes in isoﬂavones during soybean

fermentation (Lee, Kim et al., 2012). This study conﬁrmed that
isoﬂavone glucosides, such as malonylglucosides, acetylglucosides,
and b-glucosides, decreased, while aglycones increased during
fermentation. Group B soyasaponins, classiﬁed into DDMP and
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Fig. 4. Correlations between secondary metabolites and antioxidant activities of doenjang. Pearson’s correlation coefﬁcient for a pair of metabolites or antioxidant activities.
The red and blue colors represent positive (0 < r < 1) and negative (1 < r < 0) correlation, respectively. (For interpretation of the references to colour in this ﬁgure legend, the
reader is referred to the web version of this article.)

non-DDMP groups based on the conjugation state of the DDMP
moiety, have been reported to be the predominant saponins found
in soybeans (Zhang & Popovich, 2009). DDMP-conjugated
soyasaponins are mainly detected in raw soybeans, whereas nonDDMP-conjugated soyasaponins are the major forms found in
processed soy products (Hu, Lee, Hendrich, & Murphy 2002).
DDMP-conjugated soyasaponins are known to easily lose their
DDMP moiety following changes in pH, temperature, and solvent
conditions (Zhang, Tang, Yeo, & Popovich 2010). In this study,
non-DDMP-conjugated soyasaponins increased, while DDMP-conjugated soyasaponins decreased after steaming. A previous study
found that DDMP-conjugated soyasaponins are unstable, and loss
of the DDMP moiety can result from heating (Jin, Yang, Su, & Ren
2006). During meju fermentation and brining steps, a part of
non-DDMP-conjugated soyasaponins increased, while DDMPconjugated soyasaponins decreased. Most DDMP-conjugated
soyasaponins are converted to non-DDMP-conjugated soyasaponins I, III, and Be during fermentation (Zhang et al., 2010).
Correlations between changes in secondary metabolites and
antioxidant activities during soybean fermentation have been
previously reported (Hubert, Berger, Nepveu, Paul, & Dayde 2008;
Pyo, Lee, & Lee 2005). However, few reports have investigated
the relative changes in antioxidant properties and the concentration of bioconverted isoﬂavone aglycones during soybean fermentation (Pyo et al., 2005). Fermented soybeans with high amounts of
aglycones exhibit signiﬁcant free radical scavenging capacity (Pyo
et al., 2005). In our study, antioxidant activities, including ABTS
and FRAP assays, increased with levels of isoﬂavone aglycones
during doenjang aging stages. Antioxidant activities yielded
positive correlations with isoﬂavone aglycones, such as such as
daidzein (53), glycitein (54), and genistein (55), and their relative

contents increased dramatically during brining and doenjang aging
steps. These results indicated that antioxidant activity may be
mostly related to the concentration of isoﬂavone aglycones. TP
assays also revealed strong positive correlations with ABTS and
FRAP, suggesting that antioxidant activities correlated with not
only isoﬂavone aglycones, but also other phenolic compounds.
Although some isoﬂavones and soyasaponins were identiﬁed in
this study, other metabolites (including unknown metabolites) or
synergistic effects among metabolites may have also contributed
to antioxidant activities.
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