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Abstract: We studied the changes induced in pH, acidity, brix, reducing sugar, soluble protein, nutri-
tional components, primary metabolites, and antioxidant activities of isoflavone-enriched soybean
leaf during the different stages involved in Tricholoma matsutake mycelia fermenting. We found
that total fatty acid contents increased sequentially in dried soybean leaf, sterilized soybean leaf,
and fermented soybean leaf (413.8, 420.3, and 909.4 mg/100 g, respectively). Particularly, linoleic
acid content was 5-fold higher in the fermented soybean leaf than in the previous stages. The to-
tal free amino acid contents were decreased with progressing processing stages (2389.71, 1860.90,
and 1434.25 mg/100 g). However, glutamic acid and lysine contents were highest in fermented
soybean leaves. Total mineral contents increased with progressing processing stages (40.30, 41.72,
and 55.32 mg/100 g). Water-soluble vitamins, riboflavin, and niacin were about 26-fold and 2.6-fold
higher, respectively, in fermented soybean leaf. Comprehensive data analysis of primary metabolites
detected changes in a total of 28 metabolites, including, amino acids, organic acids, carbohydrates,
and fatty acid metabolites. Antioxidant activities were measured by 2,2-diphenyl-1-picrylhydrazyl,
2,2-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid), and hydroxyl radical scavenging activities and
ferric-reducing antioxidant power. Overall, the antioxidant activities increased with progressing
processing stages. Thus, we show that T. matsutake mycelia fermented isoflavone-enriched soybean
leaf products have excellent nutritional value.

Keywords: isoflavone-enriched soybean leaf; tricholoma matsutake; food processing; antioxidant;
metabolites

1. Introduction

Soybean (Glycine max L. Merrill) leaf is used as an edible food in Korea and Japan.
It contains functional compounds such as amino acids, phenolic acids, coumestrol, and
pterocarpan [1–3]. Functional compounds found in soybean leaf improve perimenopause
disorders via α-glucosidase inhibition, cholesterol reduction, anti-diabetes, and anti-obesity
activities [3–6]. However, to the best of our knowledge, while most countries value soybean
seeds, they consider soybean pods, stems, roots, and leaves as by-products. Nevertheless,
soybean leaves are valuable in the food, cosmetics, bio, and medicinal industries. Recently,
plant metabolites have been modulated by stimulating defense and metabolic pathways to

Fermentation 2023, 9, 677. https://doi.org/10.3390/fermentation9070677 https://www.mdpi.com/journal/fermentation

https://doi.org/10.3390/fermentation9070677
https://doi.org/10.3390/fermentation9070677
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/fermentation
https://www.mdpi.com
https://orcid.org/0000-0003-2735-2228
https://orcid.org/0000-0002-5015-9357
https://orcid.org/0000-0001-5693-0109
https://orcid.org/0000-0002-9788-0766
https://doi.org/10.3390/fermentation9070677
https://www.mdpi.com/journal/fermentation
https://www.mdpi.com/article/10.3390/fermentation9070677?type=check_update&version=2


Fermentation 2023, 9, 677 2 of 17

increase their crop value [1,7]. When the representative plant signal transducing hormone,
ethylene, is applied to soybean leaves, the myeloblastosis (MYB) gene is expressed which
promotes the synthesis of secondary metabolites in the isoflavonoid biosynthesis pathways.
This method significantly increases isoflavone derivatives [7]. Recently, Ban et al. [1]
reported a 5 to 6-fold increase in the free amino acid contents of isoflavone-enriched
soybean leaves (IESL) compared to common soybeans. Also, IESL has benefits in mitigating
perimenopause disorders, such as osteoporosis relief and obesity prevention [8,9].

Fermentation, historically the oldest food processing technology, improves the nutri-
tion and sensual quality of foods [10]. During fermentation, microbial enzymes biochemi-
cally act on food constituents. Thus, large proteins, polysaccharides, and triglycerides are
decomposed into low-molecular peptides, amino acids, monosaccharides, and fatty acids.
This helps improve the digestion and absorption of the food; and the physiological activity
of the food is increased, thus, affecting the food characteristics [11]. Among various fer-
mentation methods, fungal fermentation brings about cellulose decomposition, glycolytic
hydrolysis, and secondary metabolite change. Thus, it is used in various industries such
as biogas production, wastewater purification, soil purification, and high-value-added
food production industries [12]. Tricholoma matsutake is one of the most popular edible
mushrooms in East Asia, including Japan, China, and Korea. It has effective antioxidant,
anti-inflammatory, and immune control activities [13]. However, this fungus is incapable
of artificial sporocarp production and can produce sporocarp from starch and inulin sub-
strates alone, and not from other polysaccharides [14]. The enzymes produced by this strain
include α-amylase, α-glucosidase, and β-glucosidase and are positively involved in the
fermenting and/or activating of functional substances in food [15,16]. Various studies have
evaluated fermented foods for metabolic changes, antioxidant improvement, and other
beneficial properties [17–19]. Among them, Lee et al. [18] have reported that when soybeans
are solid-state fermented, beneficial fermentation properties such as isoflavone aglycones
conversion, phenolics, and antioxidant activities increase by T. matsutake mycelium and
significantly enhance nutritional components. The components of IESL fermented by lactic
acid bacteria have previously been evaluated [20]. However, the components of IESL
fermented by the fungus have not been evaluated and changes in nutrients and primary
metabolites have not been reported to date. We did this based on the need to consider how
the nutritional components of fermented IESL by the T. matsutake mycelium will change.

Thus, this is the first study to research fermentation of IESL using T. matsutake mycelia
in order to analyze the changes in its pH, acidity, brix, reducing sugar, soluble protein,
nutritional components (fatty acids, amino acids, minerals, and vitamins), primary metabo-
lites, and antioxidant activities. Our goal is to demonstrate how processing IESL, which
is considered a by-product, might increase the value of food by altering and modulating
nutritional composition and physiological activities.

2. Materials and Methods
2.1. Experiment with Plants and Microorganisms

The IESL used in this study was grown and provided in a dried state by JCN Farm
Co., Ltd. (Namhae-gun, Gyeongsangnam-do, Republic of Korea) in 2018. The T. matsutake
mycelium was provided by the Wood Chemistry Research Laboratory (Department of
Forest Engineering, Gyeongsang National University, South Korea) and cultured using
potato dextrose broth/agar (PDB/PDA, BD-Difco, Sparks, MD, USA).

2.2. Reagents and Analytical Instruments

The reagents used in this study—CuSO4-5H2O, KnaC4H4O6-4H2O, 5-sulfosalicylic
acid dihydrate, 2,2-diphenyl-1-picrylhydrazyl (DPPH), 2,2-azino-bis (3-ethylbenzothiazoline-
6-sulfonic acid) (ABTS), 2-thiobarbituric acid (TBA), trichloroacetic acid (TCA), and 2,4,6-
tri(2-pyridyl)-1,3,5-triazine (TPTZ)—were purchased from Sigma-Aldrich Co. (St. Louis,
MO, USA). Organic solvents (methanol, acetonitrile, and water) used for extract prepara-
tion, physiological activities testing, and device analysis were purchased from J.T. Baker
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(Phillipsburg, NJ, USA), and other reagents were purchased and used as necessary. The Ph
and brix were measured using a Ph meter (Orion Star A211, Thermo Fisher Scientific Inc.,
Waltham, MA, USA) and a brix meter (A83450, ATAGO, Saitama, Japan). Free amino acids
were measured using an automatic amino acid analyzer (L-8900, Hitachi High-Technologies
Corp., Tokyo, Japan). Fatty acids were analyzed by gas chromatography (GC) system (Ag-
ilent 7890A system, Agilent Technologies Inc., Wilmington, DE, USA) equipped with
SP-2560 capillary column (100 m × 0.25 mm i.d., 0.25-µm film thickness, Sigma-Aldrich
Co., St. Louis, MO, USA) and flame ion detector (FID). Mineral content was measured
using a microwave high-pressure digestion system (Ultrawave 2.0, Milestone SRL, Sorisole
BG, Italy) and an inductively coupled plasma-optical emission spectroscopy (ICP-OES,
OPTIMA 8300DV, PerkinElmer Inc., Waltham, MA, USA). Vitamins were measured us-
ing a high-performance liquid chromatography (HPLC) system (Agilent 1200 system,
Agilent Technologies Inc., Waldbronn, Germany) equipped with a diode array detector
(Agilent 1260 series, Agilent Co., Santa Clara, CA, USA). The metabolite analysis was
performed using GC-2010 plus (Tokyo, Japan) equipped with DB-5 MS capillary column
(30 m × 0.25 mm, 0.25-µm, Agilent J-W, Santa Clara, CA, USA) and gas chromatography-
mass spectrometry (Shimadzu GCMS-TQ8030, Tokyo, Japan). A 0.45 µm-membrane filter
(Dismic25CS, Toyoroshikaisha, Ltd., Tokyo, Japan) and a rotary evaporator (Labconco,
Kansas City, MO, USA) were used to concentrate and filter the extract. A spectrophotome-
ter (UV-1800 240V, Shimadzu Corp., Kyoto, Japan) was used to measure the absorbance of
in vitro activities.

2.3. Preparation of IESL by Processing Stages

In a previous study, fermentation patterns were compared by mixing dried IESL and
brown rice (Jinju, Republic of Korea) at ratios of 10:0, 9:1, 8:2, and 7:3. As a result, the
dried IESL mixture was set to 8:2 condition, which was the most effective in the growing of
T. matsutake mycelium.

For processing, distilled water (DW) was added 5-fold (500 mL) to the dried IESL
(DIESL) mixture (100 g) and hydrated for 1 h, and the mixture was sterilized for 1 h at
121 ± 1 ◦C. Then, T. matsutake mycelium was inoculated into sterilized rice medium (10
g of rice + 50 mL of DW) and cultivated in a shaking incubator (IS-971R, Jeio Tech Co.,
Ltd., Daejeon, Republic of Korea) at 25 ◦C for five days, and fermentation was performed
at 25 ± 1 ◦C for eight days after inoculating the sterilized IESL (SIESL) mixture with 5%
(v/v) of T. matsutake mycelium. Thereafter, the fermented IESL (FIESL) mixture was dried
at 50 ± 2 ◦C for three days, then pulverized and stored in a −70 ± 1 ◦C deep freezer. The
samples were divided into DIESL, SIESL, and FIESL according to the processing stages and
used in the following experiments (Figure 1).

2.4. pH, Acidity, Brix, Reducing Sugars, and Soluble Proteins

The pH and total acidity measurement methods reported in previous studies were
used [20]. Briefly, pH was measured using a pH meter after diluting 1 g of sample powders
to 10 mL with DW. Total acidity was estimated by titrating against 0.1 N NaOH; 1 g sample
powders diluted with 50 mL of DW were neutralized using 0.1 N NaOH to Ph 8.2 ± 0.1.
The lactic acid concentration was calculated using the following formula:

Acidity (%, lactic acid) =
[

0.09× 0.1× 0.1 N NaOH vol (mL)×1.002
Sample vol (mL)

]
×100 (1)

where “1.002” is the factor for 0.1 N NaOH, “0.1” is the molarity of NaOH, and “0.09” is
the lactic acid correction factor of the sample

Sample extracts were prepared for measuring brix, reducing sugars, and water-soluble
proteins. Thereafter, 10 g of the sample powders were added to 200 mL of 50% EtOH
and extracted for 14 ± 2 h. Then, sample extracts were concentrated to 20 mL using
a rotary evaporator at 60 ± 1 ◦C. Brix was measured by dispensing 500 mL of sample
extracts into a brix meter. Reducing sugar contents was measured using a slightly modified
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dinitrosalicylic acid (DNS) method. Briefly, sample extracts (100 mL) and 3,5-dinitrosalicylic
acid reagent (1 mL) were dispensed in a test tube, and the absorbance of the colored sample
was measured at 570 nm after heating at 100 ± 1 ◦C for 10 min. Thereafter, the absorbance
value was converted into reducing sugar contents using a glucose standard curve. Soluble
proteins were quantified using a slightly modified Biuret method. Biuret reagent was
prepared as follows: 1.5 g of CuSO4-5H2O and 6.0 g of KNaC4H4O6-4H2O were dissolved
in 500 mL of DW, 300 mL of 10% NaOH was added, and then diluted to 1 L with DW. Then,
4 mL of Biuret reagent was added to 1 mL of sample extracts, incubated at 37 ± 1 ◦C for
30 min, and then the absorbance was measured at 540 nm. Thereafter, the absorbance value
was used to quantify the water-soluble proteins using a formula obtained from a protein
standard curve (bovine serum albumin).
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Figure 1. Photograph of food processing with isoflavone-enriched soybean leaf (IESL) by mycelia of
Tricholoma matsutake.

2.5. Analysis of Fatty Acids

Fatty acid contents were estimated using a slightly modified previously reported
method [18]. Briefly, sample powders (1 g) and 0.5 N methanolic NaOH (3 mL) mixtures
were heated at 100 ± 1 ◦C for 10 min in test tubes, to hydrolyze fatty acids and glycerol.
Then, methyl esterification was carried out by heating the mixture for an additional 30 min
in the presence of boron trifluoride (BF3) (of 2 mL). After methyl esterification, 1 mL of
isooctane was added, shaken, and centrifuged to recover only the isooctane layer, which
was dehydrated with anhydrous sodium sulfate and filtered through a 0.45 µm-membrane
filter. Thereafter, fatty acids analysis was performed using GC; nitrogen gas was used as
the mobile phase gas, and the gas speed was maintained at 1 mL/min. As for the analysis
conditions, the temperature of the oven was maintained at 140 ◦C for 5 min, then raised
by 20 ◦C per min to 180 ◦C and maintained for 2 min. Thereafter, the temperature was
increased by 5 ◦C per min to a final temperature of 230 ◦C, maintained for 35 min.

2.6. Analysis of Free Amino Acids

For free amino acids analysis, a slightly modified previously reported method was
used in this study [21]. An aqueous solution of sample powders (0.1 g in 5 mL of DW) was
hydrolyzed at 60 ± 1 ◦C for 1 h. The solution was then incubated with 10% 5-sulfosalicylic
acid dihydrate (1 mL) for 2 h at 4 ◦C and filtered with a syringe filter under reduced
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pressure. The solution was then concentrated with a rotary evaporator, dissolved in lithium
buffer (pH 2.2, 2 mL), and filtered through a 0.45 µm-membrane filter. Thereafter, filtered
samples were subjected to quantitative analysis using an automatic amino acid analyzer.

2.7. Analysis of Minerals

Mixtures of sample powders (0.5 g) and 70% nitric acid (10 mL) were decomposed
using a microwave. DW was added to a final volume of 50 mL. In addition, to estimate
sodium, 0.5 g of each sample powder was incinerated at 550–600 ◦C, and the final mixture
(30 mL) in a 3% nitric acid solution was prepared. Subsequently, samples were quantita-
tively analyzed by ICP-OES [22].

2.8. Analysis of Water-Soluble Vitamins

Analysis of water-soluble vitamins was performed using a previously reported method
with slight modifications [23]. Extracts were prepared by incubating powder samples (10 g)
with 70% MeOH (20 mL) for 30 min, centrifuging at 4000× g, and filtering the supernatant
through a 0.45 µm-membrane filter. The filtered extracts were analyzed using HPLC. Mobile
phase A was 0.2% acetic acid in water, mobile phase B was 0.2% acetic acid in acetonitrile,
and a LiChrospher® 100 RP C18 column (4.6 × 250 mm, 5 µm, Merck, Germany) was
used as the analytical column. The sample injection amount was 20 mL, the flow rate was
1 mL/min, the column temperature was 30 ◦C, and the analysis wavelength was 256 nm.
The linear gradient of solvent B was 0% (0 to 5 min), 0–75% (5 to 15 min), and 75% (15 to
25 min).

2.9. Metabolic Derivatization and Gas Chromatography-Mass Spectrometry Analysis

Metabolite derivatization and GC-MS analysis methods previously reported were
used [1]. Sample powders (0.1 g) were dissolved in DW (5 mL), hydrolyzed at 60 ± 2 ◦C
for 1 h, and centrifuged at 3500× g. The supernatant (30 µL) was completely dried in
a rotary evaporator at 40 ± 1 ◦C. Methoximation was carried out by incubating dried
samples with 200 µL of methoxyamine hydrochloride containing 20 mg/mL of pyridine at
37 ± 1 ◦C for 90 min. Then, 80 µL of N, O-bis(trimethylsilyl)trifluoroacetamide (BSTFA),
and 1% trimethylchlorosilane (TMCS) was added and derivatized at 70 ± 1 ◦C for 30 min.
Thereafter, 1 mL of the derivatized sample was injected into the capillary column in split
mode (40:1, v/v); the helium flow rate was 1 mL/min, the injector temperature was 200 ◦C,
and the transfer line and ion source temperatures were 230 ◦C and 280 ◦C, respectively.
The oven temperature was maintained at 70 ◦C for 2 min, then raised from 70 ◦C to 210 ◦C
at a rate of 7 ◦C/min, held at 210 ◦C for 7 min, and then raised from 210 ◦C to 320 ◦C
at a rate of 10 ◦C/min. Finally, the ions in the derivatized sample were detected using a
mass spectrometer in electron ionization (EI) mode (70 eV) and monitored in scan mode at
45–800 m/z.

2.10. Processing of Data

GC-MS was used to analyze the MS data, which included data on mass spectra
deconvolution, data collection, alignment, and normalization (Shimadzu, Tokyo, Japan).
An area threshold of 4000 was used to deconvolute and collect metabolite peaks. An
internal standard of dicyclohexyl phthalate was utilized to standardize all MS results. The
Wiley and NIST mass spectrum databases, the published RIs, and reliable standards were
used to compare the mass spectra and retention indices (RI) of the metabolites with those
obtained using a variety of n-alkanes (C8–C40).

2.11. Extraction and Analysis of Antioxidant Activities
2.11.1. Preparation of Sample Extracts for Analysis of Antioxidant Activities

Sample extracts were prepared by incubating solutions of sample powders (20 g) and
50% ethanol (EtOH, 1000 mL) at room temperature for 14± 2 h using a stirrer. Subsequently,
the sample extracts were centrifuged at 5000× g, and the supernatant was filtered through a
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0.45 µm-membrane filter. The sample extracts were concentrated using a rotary evaporator
at 60 ± 1 ◦C, lyophilized to a powder, and prepared using a freeze dryer (FD-1000, TOKYO
RIKAKIKAI Co., Ltd., Tokyo, Japan) at −55 ◦C. Finally, the lyophilized powders were
diluted with 50% EtOH, as necessary, to analyze the antioxidant activities.

2.11.2. Analysis of Antioxidant Activities

Here, slightly modified radical (DPPH, ABTS, and hydroxyl) scavenging activities
and ferric-reducing antioxidant power (FRAP) evaluation methods were used [20]. Briefly,
DPPH radical scavenging activity was measured at an absorbance of 525 nm by adding
0.2 mL of the sample to 0.8 mL of 1.5 × 10−4 M DPPH solution and reacting for 30 min
under dark conditions. ABTS radical scavenging activity was determined by mixing 7 mM
ABTS+ solution and 2.45 mM K2S2O8 at a ratio of 1:3 and leaving it in the dark for 14 ± 2 h
to form ABTS+, then diluting with methanol to obtain an absorbance of 0.7 ± 0.02 at
732 nm. After adding 0.1 mL of the sample extract to 0.9 mL of the ABTS+ solution, the
mixture was reacted for 3 min in the dark and the absorbance was measured at 732 nm.
Hydroxyl radical scavenging activity was measured by adding 0.2 mL of 10 mM FeSO4-
EDTA solution, 0.2 mL of 10 mM 2-deoxyribose, 0.2 mL of 10 mM H2O2, and 1.4 mL of
the sample extract to a test tube, reacting at 37 ± 1 ◦C for 4 h, and then adding 1% TBA
and 2.8 mL of 1% TBA. After adding 1 mL each of TCA, the color was developed at 100 ±
1 ◦C for 20 min, and then the absorbance was measured at 520 nm. In this experiment,
the negative control was tested by taking pH 7.2 phosphate-buffered saline. FRAP assay
was obtained by adding 5 mL each of 10 mM TPTZ and 20 mM FeCl3 to 50 mL of 300 mM
sodium acetate buffer (pH 3.6) to obtain a 10:1:1 (v/v/v) and pre-reacted at 37 ± 1 ◦C for
15 min to prepare a FRAP reagent. After adding 0.05 mL of the sample extract to 0.95 mL of
the FRAP reagent, the main reaction was performed at 37 ± 1 ◦C for 15 min, and then the
absorbance was measured at 593 nm. In this study, the lyophilized powders were diluted
to concentrations of 2, 1, and 0.5 mg/mL using 50% EtOH. Trolox (Sigma Aldrich Co.,
St. Louis, MO, USA) was used as a standard to measure the radical (DPPH, ABTS, and
hydroxyl) scavenging activities and FRAP, and the result was represented as Trolox mg/g
by inserting the calculation formula derived from the standard curve.

2.12. Statistical Analysis

The results of all experiments are presented as mean ± standard derivation (SD) of
triplicate measurements. Statistical Analysis System (SAS) software (ver. 9.4; SAS Institute,
Cary, NC, USA) was used to perform Tukey’s multiple tests (p < 0.05) to identify the
significant differences between the data.

3. Results and Discussion
3.1. Changes in pH, Acidity, Brix, Reducing Sugars, and Soluble Proteins

Overall, there was a side effect of T. matsutake mycelium not growing due to a lack
of carbon sources in IESL. To compensate, brown rice was added as a substrate that can
help the growth of T. matsutake mycelium. In addition, preliminary experiment results for
the best fermentation conditions of IESL and brown rice showed the best growth in the
8:2 (IESL:brown rice) mixture. However, since brown rice can affect the detection data, it
has been added at the same rate to all samples (DIESL, SIESL, and FIESL) to reduce the
parameter impact of brown rice.

The processing-stages-dependent (DIESL, SIESL, and FIESL) changes in pH, acidity,
brix, reducing sugars, and soluble proteins are shown in Table 1. The pH increased with
progressing processing stages: pH for DIESL, SIESL, and FIESL was 5.76, 5.83, and 6.33,
respectively. Total acidity decreased as follows (%): DIESL (0.09) > SIESL (0.08) > FIESL
(0.07). Brix value did not change depending on processing stages (%): DIESL, SIESL, and
FIESL were 18.5, 18.5, and 18.6, respectively. However, significant changes were observed
in the reducing sugar (mg/mL): DIESL (0.8) < SIESL (1.3) < FIESL (1.5). Soluble protein
tended to decrease as follows (mg/mL): DIESL (2.26) > SIESL (2.17) > FIESL (2.09).
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Table 1. Change in pH, acidity, brix, reducing sugars, and soluble proteins during food processing of
isoflavone-enriched soybean leaf (IESL) by mycelia of Tricholoma matsutake.

Index 1
Processing Stages 2

Dried IESL Sterilized IESL Fermented IESL

pH 5.76 ± 0.09 b 5.83 ± 0.09 b 6.33 ± 0.03 a

Acidity (%, as lactic acid) 0.09 ± 0.00 a 0.08 ± 0.00 ab 0.07 ± 0.01 b

Brix (%) 18.5 ± 0.03 a 18.5 ± 0.02 a 18.6 ± 0.03 a

Reducing sugar (mg/mL) 0.8 ± 0.02 c 1.3 ± 0.03 b 1.5 ± 0.04 a

Soluble protein (mg/mL) 2.26 ± 0.06 a 2.17 ± 0.03 b 2.09 ± 0.02 b

1 All values are presented as the mean ± SD of pentaplicate determination, the same row with different letters
(a–c) present significant differences (p < 0.05). 2 Processing stages: Dried IESL, The IESLs were dried at 50 ± 2 ◦C
for 48 h; The IESLs were sterilized at 121 ± 1 ◦C for 1 h; and Fermented IESL, A sterilized IESLs were fermented
at 25 ± 1 ◦C for 8 days by mycelia of Tricholoma matsutake.

Generally, during fungal fermentation, pH increases due to the increase in soluble
nitrogen concentration [24]. Agreeingly, here, the observed changes in pH, presumably,
occurred due to the increase in soluble nitrogen caused by fermentation with T. matsutake
mycelium. The decrease in acidity as processing stages progress is related to an increase in
pH by the T. matsutake mycelium. Usually, sugars, polysaccharides, and oligosaccharides
are hydrolyzed to reduce sugars during fermentation, and then consumed by the microor-
ganisms in the late stage of fermentation [19,25]. Here, we fermented the soybean leaves
for 8 days, which corresponds to its initial fermentation stage. Therefore, the reduced sugar
content appears to increase. During fermentation, soluble and other protein components
are hydrolyzed to peptides and amino acids. Thus, soluble protein content decreases as
fermentation progresses [26]. Therefore, it is necessary to closely examine the decrease in
soluble protein and change in the amino acid contents of IESL during fermentation.

3.2. Changes in Fatty Acid Compositions

The processing-stages-dependent changes in fatty acid compositions are shown in
Table 2. The total fatty acid content of IESL increased steeply during fermentation (in
mg/100 g): DIESL (413.8) < SIESL (420.3) < FIESL (909.4). Palmitic acid increased by
approximately 2-fold during fermentation: 177.5 to 303.6 mg/100 g. In addition, stearic
acid increased significantly during fermentation: 69.7 to 98.1 mg/100 g. Unsaturated fatty
acids, such as oleic acid, linoleic acid, and α-linolenic acid, increased by approximately 2 to
5-fold during fermentation: 32.0 to 77.7 mg/100 g for oleic acid, 56.7 to 274.9 mg/100 g for
linoleic acid, and 47.2 to 87.8 mg/100 g for linoleic acid (Table 2).

Lipase enzyme produced by fermenting microorganisms such as Rhizopus oligosporus
increases the fatty acid contents by hydrolysis of glycerol and fatty acids bound to triglyc-
erides [27]. These results suggest that palmitic acid, oleic acid, linoleic acid, and α-linolenic
acid are the main fatty acid components that account for more than 80% of the fermented
soybean product [28]. Consistently, we fermented IESL products that were also detected as
main fatty acids such as palmitic acid, oleic acid, linoleic acid, and α-linolenic acid in high
contents. According to Lee et al. [18], fermenting soybeans using T. matsutake mycelia leads
to high oleic acid and linoleic acid content in the fermented product. Here, fermenting IESL
with T. matsutake mycelia leads to a similar increase in oleic acid and linoleic acid contents.
Therefore, the fatty acid content of IESL can be effectively increased by fermenting with
T. matsutake mycelium.



Fermentation 2023, 9, 677 8 of 17

Table 2. Change in fatty acid contents during food processing of isoflavone-enriched soybean leaf
(IESL) by mycelia of Tricholoma matsutake.

Contents 1 (mg/100 g)
Processing Stages 2

Dried IESL Sterilized IESL Fermented IESL

Saturated fatty acids
Lauric acid (C12:0) 2.9 ± 0.02 b 4.4 ± 0.02 a nd 3

Palmitic acid (C16:0) 176.5 ± 1.83 b 177.5 ± 2.88 b 303.6 ± 2.18 a

Stearic acid (C18:0) 69.7 ± 0.49 b 65.2 ± 0.26 c 98.1 ± 0.91 a

Arachidic acid (C20:0) 6.2 ± 0.01 b 6.6 ± 0.03 b 10.5 ± 0.03 a

Behenic acid (C22:0) 6.2 ± 0.01 b 6.8 ± 0.04 b 14.0 ± 0.07 a

Lignoceric acid (C24:0) 7.7 ± 0.09 b 8.3 ± 0.04 b 18.7 ± 0.09 a

Total 269.2 268.8 444.9

Unsaturated fatty acids
Palmitoleic acid (C16:1) 9.6 ± 0.08 b 10.1 ± 0.10 b 13.5 ± 0.08 a

Oleic acid (C18:1c) 29.1 ± 0.46 b 32.0 ± 0.60 b 77.7 ± 0.89 a

Linoleic acid (C18:2c) 56.2 ± 0.81 b 56.7 ± 0.84 b 274.9 ± 1.75 a

α-Linolenic acid (C18:3n3) 46.9 ± 0.35 b 47.2 ± 0.36 b 87.8 ± 0.39 a

Ecosadienoic acid (C20:2) nd 2.5 ± 0.13 a 2.3 ± 0.12 b

Arachidonic acid (C20:4n6) 2.8 ± 0.04 b 3.0 ± 0.05 b 6.1 ± 0.01 a

Nervonic acid (C24:1n9) nd nd 2.2 ± 0.01 a

Total 144.6 151.5 464.5

Total fatty acids 413.8 420.3 909.4
1 All values are presented as the mean ± SD of triplicate determination, the same row with different letters (a–c)
present significant differences (p < 0.05). 2 Processing stages: Dried IESL, The IESLs were dried at 50 ± 2 ◦C for
48 h; The IESLs were sterilized at 121 ± 1 ◦C for 1 h; and Fermented IESL, Sterilized IESLs were fermented at
25 ± 1 ◦C for 8 days by mycelia of Tricholoma matsutake. 3 nd: not detected.

3.3. Changes in Free Amino Acid Compositions

The processing-stages-dependent changes in free amino acid composition are shown
in Table 3. Here, 8 essential and 24 non-essential amino acids were detected. Total free
amino acids at different stages of processing were as follows (in mg/100 g): FIESL (1434.25)
< SIESL (1860.90) < DIESL (2389.71); fully fermented stage had the lowest total free amino
acid content. DIESL (with the highest total free amino acid content) had the highest
concentration of aspartic acid-NH2 (asparagine), followed by arginine, aspartic acid, proline,
and γ-aminobutyric acid. In addition, most amino acids in SIESL showed a slight decrease
compared to that in DIESL. In FIESL, a significant number of amino acids were decreased,
however, significant enrichment was observed in the glutamic acid content (in mg/100 g):
FIESL (211.65) > DIESL (121.53) > SIESL (65.57). In addition, non-essential amino acids
such as aminoadipic acid, glycine, citrulline, and cystine tended to increase about 1.5 to
2-fold in FIESL. Among essential amino acids, lysine showed a significant increase after
fermentation (in mg/100 g): SIESL (30.50) < DIESL (48.54) < FIESL (82.02). In addition,
threonine, methionine, and leucine tended to increase by approximately 1.2 to 2-fold after
fermentation (Table 3).

Changes in amino acid contents during food processing are due to proteases secreted
by microorganisms during fermentation which degrade polyproteins and release them
as peptides or amino acids [29]. During fermentation, the mycelium of mushrooms can
change the amino acid content and composition, and improve the flavor by producing
glutamic acid and aspartic acid [30]. Lee et al. [18] found that glutamic acid and lysine
were significantly increased during solid-state fermentation of soybeans with T. matsutake
mycelium. Consistently, fermented IESL products demonstrate a significant increase in glu-
tamic acid and lysine by T. matsutake mycelium. Ali et al. [31] suggested a significant change
in free amino acids in fermented leaf crops. Therefore, here we conjecture that T. matsutake
mycelium affects the production of specific free amino acids during fermentation.
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Table 3. Change in free amino acid contents during food processing of isoflavone-enriched soybean
leaf (IESL) by mycelia of Tricholoma matsutake.

Contents 1 (mg/100 g)
Processing Stages 2

Dried IESL Sterilized IESL Fermented IESL

Non-essential amino acids
Proline 157.34 ± 2.90 a 135.45 ± 1.17 b 24.10 ± 0.11 c

Hydroxyproline 1.07 ± 0.01 b 2.58 ± 0.03 ab 3.24 ± 0.06 a

Aspartic acid 176.84 ± 2.66 a 161.28 ± 3.11 b 71.76 ± 0.69 c

Serine 96.82 ± 2.84 a 80.27 ± 1.81 b 54.61 ± 0.43 c

Aspartic acid—NH2 653.12 ± 11.06 a 529.22 ± 6.16 b 50.05 ± 0.51 c

Glutamic acid 121.53 ± 0.08 b 65.57 ± 1.28 c 211.65 ± 2.58 a

Sarcosine nd 3 nd 23.13 ± 1.16 a

Aminoadipic acid 30.60 ± 0.93 b 27.52 ± 0.78 b 67.54 ± 0.18 a

Glycine 17.28 ± 0.18 b 16.88 ± 0.48 b 36.34 ± 0.28 a

Alanine 87.71 ± 0.99 a 71.11 ± 0.96 c 77.63 ± 0.98 b

Citrulline 7.57 ± 0.08 b 4.30 ± 0.02 c 11.88 ± 0.05 a

α-aminobutyric acid 8.56 ± 0.14 a 6.76 ± 0.13 b 3.11 ± 0.02 c

Cystine 19.58 ± 0.78 b 6.31 ± 0.12 c 30.06 ± 1.05 a

Cystathionine nd nd 12.07 ± 0.06 a

Tyrosine 51.50 ± 1.85 b 31.91 ± 0.76 c 67.83 ± 1.93 a

β-alanine 26.95 ± 0.25 a 18.06 ± 0.09 c 22.79 ± 0.94 b

β-aminoisobutyric acid 37.73 ± 0.90 b 11.62 ± 0.28 c 54.74 ± 1.84 a

γ-aminobutyric acid 134.66 ± 2.30 a 121.61 ± 1.80 b 25.93 ± 0.40 c

Aminoethanol 17.04 ± 0.15 b 11.56 ± 0.18 c 24.31 ± 0.22 a

Hydroxylysine nd 3.60 ± 0.02 a nd
Ornithine 4.29 ± 0.01 b 3.82 ± 0.01 c 24.92 ± 0.05 a

Anserine 4.79 ± 0.09 b 2.47 ± 0.08 c 17.73 ± 0.12 a

Arginine 183.57 ± 2.38 a 135.14 ± 0.88 b 57.60 ± 0.67 c

Total 1838.55 1447.04 973.02

Essential amino acids
Threonine 41.90 ± 0.21 b 32.49 ± 0.26 c 48.73 ± 1.01 a

Valine 128.83 ± 2.11 a 106.32 ± 3.21 b 58.35 ± 1.09 c

Methionine 10.54 ± 0.12 b 3.79 ± 0.03 c 25.27 ± 0.16 a

Isoleucine 72.74 ± 1.41 a 61.22 ± 2.60 b 57.47 ± 0.08 c

Leucine 71.95 ± 0.42 b 50.39 ± 0.25 c 80.95 ± 1.50 a

Phenylalanine 145.76 ± 2.29 a 106.66 ± 3.33 b 89.30 ± 1.47 c

Lysine 48.54 ± 0.43 b 30.50 ± 0.53 c 82.02 ± 0.10 a

Histidine 30.90 ± 0.55 a 22.49 ± 0.12 b 19.14 ± 0.26 c

Total 551.16 413.86 461.23

Total amino acids 2389.71 1860.90 1434.25

Ammonia 19.13 23.20 36.82
1 All values are presented as the mean ± SD of triplicate determination, the same row with different letters (a–c)
present significant differences (p < 0.05). 2 Processing stages: Dried IESL, The IESLs were dried at 50 ± 2 ◦C for
48 h; The IESLs were sterilized at 121 ± 1 ◦C for 1 h; and Fermented IESL, Sterilized IESLs were fermented at
25 ± 1 ◦C for 8 days by mycelia of Tricholoma matsutake. 3 nd: not detected.

3.4. Changes in Mineral Compositions

The processing-stages-dependent changes in mineral compositions are shown in
Table 4. The total mineral content tended to increase with progressing processing stages (in
mg/100 g): DIESL (40.30) < SIESL (41.72) < FIESL (55.32) (Table 4). The elements, potassium
(K) and calcium (Ca) tended to increase in the order of processing stages (in mg/100 g):
DIESL (19.96) < SIESL (20.23) < FIESL (26.44) and DIESL (11.35) < SIESL (11.73) < FIESL
(15.45) for K and Ca, respectively. And other elements, P, S, Mg, Fe, Zn, Mn, Al, B, Si, and
Na showed similar increases in contents with fermentation.
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Table 4. Change in mineral contents during food processing of isoflavone-enriched soybean leaf
(IESL) by mycelia of Tricholoma matsutake.

Contents 1 (mg/100 g)
Processing Stages 2

Dried IESL Sterilized IESL Fermented IESL

Phosphorus (P) 2.92 ± 0.02 b 3.02 ± 0.03 b 4.33 ± 0.04 a

Sulfur (S) 2.42 ± 0.03 c 2.78 ± 0.04 b 3.87 ± 0.03 a

Potassium (K) 19.96 ± 0.40 b 20.23 ± 0.61 b 26.44 ± 0.28 a

Calcium (Ca) 11.35 ± 0.17 c 11.73 ± 0.29 b 15.45 ± 0.37 a

Magnesium (Mg) 2.58 ± 0.13 b 2.57 ± 0.13 b 3.36 ± 0.17 a

Iron (Fe) 0.18 ± 0.00 b 0.19 ± 0.01 b 0.23 ± 0.01 a

Zinc (Zn) 0.07 ± 0.01 c 0.08 ± 0.00 b 0.10 ± 0.00 a

Manganese (Mn) 0.11 ± 0.01 b 0.11 ± 0.00 b 0.15 ± 0.00 a

Aluminium (Al) 0.23 ± 0.00 b 0.24 ± 0.00 b 0.30 ± 0.00 a

Boron (B) 0.09 ± 0.00 b 0.10 ± 0.01 b 0.13 ± 0.00 a

Silicon (Si) 0.07 ± 0.00 c 0.26 ± 0.01 b 0.39 ± 0.01 a

Sodium (Na) 0.32 ± 0.02 c 0.41 ± 0.02 b 0.57 ± 0.01 a

Total 40.30 41.72 55.32
1 All values are presented as the mean ± SD of triplicate determination, the same row with different letters (a–c)
present significant differences (p < 0.05). 2 Processing stages: Dried IESL, The IESLs were dried at 50 ± 2 ◦C for
48 h; The IESLs were sterilized at 121 ± 1 ◦C for 1 h; and Fermented IESL, Sterilized IESLs were fermented at
25 ± 1 ◦C for 8 days by mycelia of Tricholoma matsutake.

The bioavailability of minerals in food is low because they are bound in complex matri-
ces comprising proteins and carbohydrates. However, as these proteins and carbohydrates
are decomposed by phytases, proteases, and lipases produced by microorganisms during
fermentation, the minerals bound to the complex matrices are eluted, increasing bioavail-
ability, and increasing the total mineral content [32]. In addition, significant increases have
been reported for K, Ca, Mg, and Fe during soybean fermentation; their increase plays a
positive role in growth, bone health, and metabolic activity [33,34]. Therefore, we postulate
that the fermentation of IESL with T. matsutake mycelium will enhance the bioavailability
and concentration of free minerals in the fermented products.

3.5. Changes in Water-Soluble Vitamin Compositions

Here, the processing-stages-dependent changes in water-soluble vitamin compositions
were studied (Table 5). Riboflavin (B2), niacin (B3), pantothenic acid (B5), folic acid (B9),
and ascorbic acid (C) composition were analyzed. The total water-soluble vitamin contents
increased with the progressing processing stage (in mg/100 g): 8.4, 12.4, and 32.2 for
DIESL, SIESL, and FIESL, respectively. In addition, the contents of vitamin B2 and vitamin
B3 increased by about 26-fold and 2.6-fold, respectively, after the fermentation of IESL.
However, dried and sterilized stages would not have detected vitamins B5, B9, and C by
high-temperature drying and sterilization at 121 ◦C. Thereafter, it was determined that, at
the fermented stage, vitamins B5, B9, and C were not increased by T. matsutake (Table 5).

Water-soluble vitamins (vitamin C or B complex) are not stored in the body. They
act as antioxidants and aid in the metabolism of energy, amino acids, fatty acids, and
the biosynthesis of pentose sugars [35]. Fermentation improves the vitamin B complex
bioavailability of several grains and crops [33]. In addition, fermenting microorganisms
may contribute to vitamin B complex enhancement [34,36]. Although information on the
water-soluble vitamins related to T. matsutake mycelium is lacking, many documents have
reported the presence of a significant amount of vitamin B complexes in fungi related to
edible mushrooms [37,38]. Our study showed a significant increase in vitamin B complex
content in FIESL. Thus, noteworthily, fermentation with T. matsutake mycelium effectively
reinforces food with vitamins.
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Table 5. Change in water-soluble vitamin contents during food processing of isoflavone-enriched
soybean leaf (IESL) by mycelia of Tricholoma matsutake.

Contents 1 (mg/100 g)
Processing Stages 2

Dried IESL Sterilized IESL Fermented IESL

B2 (Riboflavin) 0.4 ± 0.01 c 1.3 ± 0.05 b 10.8 ± 0.32 a

B3 (Niacin) 8.0 ± 0.29 c 11.1 ± 0.45 b 21.4 ± 0.85 a

B5 (Pantothenic acid) nd 3 nd nd
B9 (Folic acid) nd nd nd

C (Ascorbic acid) nd nd nd
Total 8.4 12.4 32.2

1 All values are presented as the mean ± SD of triplicate determination, the same row with different letters (a–c)
present significant differences (p < 0.05). 2 Processing stages: Dried IESL, The IESLs were dried at 50 ± 2 ◦C for
48 h; The IESLs were sterilized at 121 ± 1 ◦C for 1 h; and Fermented IESL, Sterilized IESLs were fermented at
25 ± 1 ◦C for 8 days by mycelia of Tricholoma matsutake. 3 nd: not detected.

3.6. Changes in Metabolite Compositions

We screened for a total of 30 metabolites to understand the processing-stages-dependent
changes in primary metabolites. We could detect 28 metabolites comprising 11 amino acids
(alanine, valine, leucine, isoleucine, proline, serine, threonine, aspartic acid, pyroglutamic
acid, phenylalanine, asparagine, and tyrosine), 9 organic acids (lactic acid, oxalic acid,
malonic acid, succinic acid, fumaric acid, malic acid, cyanuric acid, glutamic acid, and citric
acid), 5 carbohydrates (pinitol, fructose, glucose, myo-inositol, and sucrose), and 3 fatty
acids (myristic acid, palmitic acid, and stearic acid) (Figure 2). Table 6 shows the average
peak area GC-MS data, which changed significantly with progressing processing stages.
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Table 6. Change in metabolite contents during food processing of isoflavone-enriched soybean leaf
(IESL) by mycelia of Tricholoma matsutake.

Contents 1 (µg/g)
Processing Stages 2

Dried IESL Sterilized IESL Fermented IESL

Amino acids
Alanine 10.68 ± 0.56 a 7.00 ± 0.65 b 4.97 ± 0.23 c

Valine 11.35 ± 1.09 a 5.42 ± 0.21 b 5.42 ± 0.18 b

Leucine 5.34 ± 0.49 a 2.91 ± 0.11 b 2.91 ± 0.11 b

Isoleucine 5.33 ± 0.33 a 2.57 ± 0.10 b 2.57 ± 0.10 b

Proline 14.02 ± 0.68 a 6.10 ± 0.24 b 6.12 ± 0.26 b

Serine 3.70 ± 0.34 a 1.74 ± 0.14 c 1.79 ± 0.11 b

Threonine 2.12 ± 0.04 a 1.29 ± 0.06 b 1.12 ± 0.06 c

Aspartic acid 1.45 ± 0.05 a 0.76 ± 0.04 b 0.44 ± 0.04 c

Pyroglutamic acid 2.53 ± 0.16 a 1.61 ± 0.10 b 1.60 ± 0.08 b

Phenylalanine 3.57 ± 0.16 a 1.48 ± 0.07 b 1.45 ± 0.12 c

Asparagine 4.52 ± 0.35 a 1.10 ± 0.05 b 1.09 ± 0.06 b

Total 64.61 31.98 29.48

Organic acids
Lactic acid 6.67 ± 0.55 a 6.28 ± 0.04 b 5.96 ± 0.09 c

Oxalic acid 99.21 ± 7.19 c 108.10 ± 7.01 b 119.58 ± 7.50 a

Malonic acid 10.18 ± 0.52 a 9.05 ± 0.53 b 3.58 ± 0.14 c

Succinic acid 3.87 ± 0.14 a 2.80 ± 0.11 b 2.20 ± 0.04 c

Fumaric acid 1.70 ± 0.13 b 2.07 ± 0.03 b 1.01 ± 0.09 c

Malic acid 12.78 ± 0.07 a 8.76 ± 0.51 b 8.67 ± 0.53 b

Cyanuric acid 6.10 ± 0.14 c 6.38 ± 0.56 b 6.73 ± 0.56 a

Glutamic acid 1.04 ± 0.06 a 0.37 ± 0.00 c 0.39 ± 0.01 b

Citric acid 4.24 ± 0.18 a 2.74 ± 0.20 c 2.89 ± 0.17 b

Total 145.79 146.55 151.01

Carbohydrates
Pinitol 118.60 ± 7.12 a 67.97 ± 4.13 b 67.57 ± 4.59 c

Fructose 11.42 ± 0.74 c 12.98 ± 0.96 a 12.81 ± 0.90 b

Glucose 2.76 ± 0.24 c 8.19 ± 0.51 a 8.09 ± 0.66 b

Myo-inositol 1.80 ± 0.04 a 1.36 ± 0.13 b 1.35 ± 0.12 b

Sucrose 18.23 ± 0.53 a 0.73 ± 0.00 b 0.69 ± 0.06 c

Total 152.81 91.23 90.51

Fatty acids
Myristic acid 1.21 ± 0.05 a 1.11 ± 0.09 b 1.05 ± 0.10 b

Palmitic acid 66.30 ± 1.02 c 75.17 ± 6.89 a 74.39 ± 4.12 b

Stearic acid 78.99 ± 5.57 b 80.26 ± 7.52 a 77.97 ± 3.65 b

Total 146.5 156.54 153.41
1 All values are presented as the mean ± SD of triplicate determination, the same row with different letters (a–c)
present significant differences (p < 0.05). 2 Processing stages: Dried IESL, The IESLs were dried at 50 ± 2 ◦C for
48 h; The IESLs were sterilized at 121 ± 1 ◦C for 1 h; and Fermented IESL, Sterilized IESLs were fermented at
25 ± 1 ◦C for 8 days by mycelia of Tricholoma matsutake.

Most amino acids tended to decrease after sterilization. In the fermentation stage,
alanine and aspartic acid tended to decrease, and other amino acids showed no significant
changes (Table 6). Organic acids play an important role in changing the properties of food.
Non-volatile organic acids are substrates for microorganisms during fermentation which
are converted to volatile organic acids such as acetic acid, propanoic acid, and butanoic
acid [25]. In addition, the changes occurring in organic acid’s composition during food
fermentation impart a unique aroma and taste to the food [19,25]. Oxalic acid comprises
about 70% of the total organic acids content in soybean leaves. Oxalic acid content increases
from 99.21→ 108.10→ 119.58 µg/g with progressing processing stage. Citric acid, malonic
acid, and succinic acid, which are the intermediates of the TCA cycle, mostly decreased
with progressing processing stage (Table 6). The increase in monosaccharide carbohydrates,
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such as fructose and glucose, during the sterilization stage, caused the decrease of the
disaccharide and sucrose. In addition, the natural cyclitols sugars (or cyclic polyols) such
as pinitol and myo-inositol are found in various plants including soybeans; pinitol and
myo-inositol are phytates derivatives [39,40]. However, negatively charged phytates and
cationic are chelated and decrease the bioavailability of minerals. Thus, methods such as
soaking, steaming, and fermentation are used to decrease phytate contents and improve the
bioavailability of minerals [41]. Here, pinitol and myo-inositol decreased in the sterilization
stage. Moreover, fermentation did not, further, affect their levels, indicating that they are
decomposed by heat treatment during sterilization. Therefore, IESL processing is expected
to increase the bioavailability of minerals.

3.7. Changes in Antioxidant Activities

Radical (DPPH, ABTS, and hydroxyl) scavenging activities and FRAP were inves-
tigated using in vitro methods. In this study, the sample extracts were diluted to con-
centrations of 2, 1, and 0.5 mg/mL. The antioxidant activities were stronger at higher
concentrations. Processing increased the antioxidant activities of IESL (Figure 3). The
DPPH radical scavenging activity increased as follows (Trolox mg/g): DIESL as 6.44, SIESL
as 6.80, and FIESL as 7.59 at a sample extract concentration of 2 mg/mL. The DPPH radical
scavenging activity increased by 1.15 in FIESL compared to DIESL. The ABTS radical
scavenging activity increased as follows (Trolox mg/g): DIESL as 20.04, SIESL as 21.01, and
FIESL as 23.13 at a sample extract concentration of 1 mg/mL; it was 3.09 higher in FIESL.
The hydroxyl radical scavenging activity increased as follows (Trolox mg/g): DIESL as
1.59, SIESL as 1.84, and FIESL as 2.23 at a sample extract concentration of 2 mg/mL. The
hydroxyl radical scavenging activity for FIESL was 0.64 higher than that for DIESL. FRAP
values increased with progressing processing stages (Trolox mg/g): DIESL as 1.21, SIESL
as 1.56, and FIESL as 1.89 at a sample extract concentration of 2 mg/mL. It was found that
the FIESL had a greater effect on the FRAP value than the DIESL (Figure 3).

The DPPH radical scavenging activity measurement is one of the most widely used
methods to gauge antioxidant activity. It is recorded as the reduction in absorbance by phe-
nolic compounds due to free radical activity [42]. Generally, the radical scavenging activity
estimates using the ABTS method are more precise than those measured by the DPPH
method. Probably, this is because, while the DPPH method estimates the radical scavenging
activity of hydrogen-donating antioxidants, the ABTS method estimates the scavenging
activities of hydrogen-donating and chain-breaking antioxidants in the hydrolyzed sample
extract. Thus, radical scavenging activity measured using the ABTS method more accu-
rately estimates the antioxidant levels [43]. Bai et al. [44] proved that apart from phenolics,
flavanols and isoflavones are also involved in the free radical scavenging activity and
strongly affect antioxidant activity due to hydroxylation and glycosylation of their B ring.
FRAP assay was proposed by Benzie and Strain [45] for measuring antioxidant activity
because of rapid and reproducible results. Lee et al. [18] measured the time-dependent
change in the radical scavenging activities of soybeans during solid-state fermentation with
T. matsutake mycelium. The radical scavenging activity of soybean gradually increased with
increasing fermentation duration due to the positive correlation between bio-transformed
secondary metabolites and antioxidant activity. Also, Lee et al. [20] studied the time course
of the antioxidant activities’ change of IESL during solid lactic acid fermentation and
showed that the highest antioxidant activities occurred at 72 h of fermentation. Consis-
tently, here, we observed a consistent increase in antioxidant activities in the fermentation
stage. Therefore, we inferred that the increase in antioxidant activities was brought about
by the increased nutritional components and metabolites caused by IESL fermenting.
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Figure 3. Change in antioxidant activity during food processing of isoflavone-enriched soybean leaf
(IESL) by mycelia of Tricholoma matsutake. (A) DPPH radical scavenging activity; (B) ABTS radical
scavenging activity; (C) Hydroxyl radical scavenging activity; and (D) Ferric-reducing/antioxidant
power. All values are presented as the mean ± SD of triplicate determination, different letters (a–d)
above the columns present significant differences (p < 0.05) between different processing stages (dried,
sterilized, and fermented) and concentrations (2, 1, and 0.5 mg/mL).

4. Conclusions

Our research aims to increase added value by adding food processing technology
to IESL, and not only functional components but also nutrients that are vital factors to
consider when assessing food components. The pH, acidity, brix, reducing sugar, and
soluble protein, nutritional components (fatty acids, free amino acids, minerals, and water-
soluble vitamins), primary metabolites, and antioxidant activities (DPPH, ABTS, hydroxyl
radical scavenging activities, and FRAP) were investigated according to the processing
stages of IESL by mycelia of T. matsutake. pH and acidity changed to basicity in the final
fermentation stage according to the processing stages, and reducing sugar increased, and
water-soluble protein tended to decrease. When comparing nutrients, both saturated and
unsaturated fatty acids increased during fermentation processing, glutamic acid and lysine
content of free amino acids increased about 2-fold, mineral contents increased slightly in
the order of processing stages, and water-soluble vitamin contents increased in vitamins
B2 and B3. When the primary metabolites were qualitatively quantified using GC-MS,
28 metabolites were detected in amino acids, organic acids, carbohydrates, and fatty acids,
showing significant changes during the processing. As a result of measuring antioxidant
activities, it showed an increasing effect during the processing process. Therefore, in this
research, fermentation of IESL by the mycelium of T. matsutake not only increased nutrition
but also had an influence on antioxidant activities. This study can be used as basic data
for the development of new materials with potential in the food industry by investigating
functional metabolites in the future.
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