
agronomy

Article

Effects of Solid-State Fermentation with Eurotium cristatum
YL-1 on the Nutritional Value, Total Phenolics, Isoflavones,
Antioxidant Activity, and Volatile Organic Compounds of
Black Soybeans

Yu Xiao 1,2 , Yuxin Huang 1, Yulian Chen 3, Ziyi Fan 1, Ruyang Chen 1, Cheng He 1, Zongjun Li 1,2

and Yuanliang Wang 1,2,*

����������
�������

Citation: Xiao, Y.; Huang, Y.; Chen,

Y.; Fan, Z.; Chen, R.; He, C.; Li, Z.;

Wang, Y. Effects of Solid-State

Fermentation with Eurotium cristatum

YL-1 on the Nutritional Value, Total

Phenolics, Isoflavones, Antioxidant

Activity, and Volatile Organic

Compounds of Black Soybeans.

Agronomy 2021, 11, 1029. https://

doi.org/10.3390/agronomy11061029

Academic Editor: Ersilia Alexa

Received: 17 April 2021

Accepted: 19 May 2021

Published: 21 May 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 College of Food Science and Technology, Hunan Agricultural University, Changsha 410128, China;
xiaoyu@hunau.edu.cn (Y.X.); huangyuxin@stu.hunau.edu.cn (Y.H.); fanziyi@stu.hunau.edu.cn (Z.F.);
chenruyang@stu.hunau.edu.cn (R.C.); hecheng@stu.hunau.edu.cn (C.H.); hnlizongjun@hunau.edu.cn (Z.L.)

2 Hunan Province Key Laboratory of Food Science and Biotechnology, Changsha 410128, China
3 College of Animal Science and Technology, Hunan Agricultural University, Changsha 410128, China;

yulianchen@stu.hunau.edu.cn
* Correspondence: wangyuanliang@hunau.edu.cn

Abstract: In this study, black soybean was firstly processed by solid-state fermentation (SSF) with a
probiotic fungus Eurotium cristatum YL-1. The effect of SSF on the nutritional components (including
proximate, amino acids, minerals, and fatty acids), total phenolics, isoflavones, antioxidant activity,
and volatile organic compounds of black soybeans were revealed. Results of this work demonstrated
that black soybean processed by SSF with E. cristatum greatly increased the contents of protein,
essential amino acids, and some minerals (e.g., calcium, phosphorus, and magnesium). GC results
revealed that more than 80% of the total lipids from both fermented and non-fermented black
soybeans were unsaturated fatty acids, and SSF influenced the fatty acids composition. Higher
contents of total phenolics and aglycone isoflavones (i.e., genistein, daidzein, and glycitein) of
fermented black soybeans were achieved by SSF. Furthermore, SSF with E. cristatum considerably
augmented the ferric reducing antioxidant power, scavenging effects against ABTS·+ and DPPH
radical, reducing power, and chelating ability of black soybeans, which evaluated with various
polarity solvent extracts. HS-GC-IMS analysis detected a total of 66 volatile compounds in FBS and
BS, and 56 volatile organic compounds were successfully identified. The intensities of main volatile
compounds (i.e., 10 esters, 11 alcohols, and 19 aldehydes) differed remarkably by fermentation
with E. cristatum. The intensities of seven alcohols and nine aldehydes considerably decreased,
whereas higher levels of esters were achieved by SFF. Thus, our results confirmed that black soybeans
processed by SSF with E. cristatum is a promising approach to substantially improve its nutritional
value, flavor characteristics, and biological effect, and might have great potential in the development
of new functional foods or be used as a new nutritional ingredient applied in food design.

Keywords: black soybean; E. cristatum; solid-state fermentation; nutritional value; isoflavones;
antioxidant activity; HS-GC-IMS

1. Introduction

Legumes (including soybeans, chickpeas, lentils, peas, green beans, etc.) are consid-
ered as one of the most crucial staple foods for the diet of humans worldwide, particularly
those for Asian and Mediterranean countries [1,2]. They could provide an excellent source
of nutritional components such as fatty acids, minerals, protein, vitamins, etc., and are
considered to be highly valuable in human nutrition and gaining considerable interest [1].
It was well documented that legumes play a vital role in agriculture and are the second
most important source of food next to cereal grains [3,4]. Black soybean (Glycine max (L.)
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Merrill), a kind of soybean with a black seed coat, has been used as nutritionally rich
food and folk medicine in Asia (mainly in Korea, China, and Japan) for hundreds of years.
Black soybean contains plenty of fatty acids, vitamins, protein, minerals, and vitamins and
is a nutritious food with functional properties [5]. Additionally, many phytochemicals,
including isoflavones, flavonoids, phenolics, phytosterols, alkaloids, and saponins, are
presented in black soybeans, which are known to exert diverse physiological activities such
as anti-obesity, anti-inflammatory, antioxidant, and anticancer abilities, and these black
soybean-based products are popular around the world recently [2,6]. In Asian countries,
black soybeans were usually used to prepare fermented food products such as natto, doen-
jang, black soy sauce, and douchi [6]. These traditionally solid-state fermented foods have
received considerable attention not only for their unique flavors but also for their great
nutritional value and health beneficial effects and play a crucial part in human diets in
most Asian countries.

Previous investigations have confirmed that the organoleptic and nutritional qualities
of soybean-based products could be effectively improved by fermentation with microor-
ganisms [7]. For example, previous literature showed that fermented soybeans demon-
strated much higher soluble proteins, amino acids, total phenolics, isoflavone aglycones
compared with non-fermented samples [8]. Especially, solid-state fermentation (SSF) is a
widely used food processing technology due to its simple, non-toxicity, environmentally
friendly, and cost-efficiently features, which has also been proved that could improve
the nutritional and biological compounds, flavor, texture, sensorial, and physicochemical
characteristics of food products. SSF with microorganisms could produce many hydrolytic
enzymes that acted as catalysts and help complex reactions during the process and re-
sulted in the hydrolyzation or transformation of complex organic compounds such as
protein, polysaccharide, lipid, and phytochemicals, and then contributed to the processed
products with the improvement of aroma, flavor, nutrition, and bioactivities [9,10]. For
instance, Dey et al. [11] have reported that microorganisms (especially fungi) can secrete
many enzymes that hydrolyze ether, ester, or glycosidic bonds to effectively disintegrate
the cell wall structure components; thus, the insoluble phenolic compounds that bound
covalently to cell wall structure components are released, and the biological activities of
fermented legume products are improved during SSF. Lee et al. [9] have demonstrated
that Tricholoma matsutake fungal mycelia used in the SSF of soybean can be beneficial to its
nutritional value, bioactive compound, and potential antioxidant effect. Accordingly, SSF
could be applied as a promising food processing technology that has the great potential
to augment the nutritional value, phytochemical compounds, and biological activities of
legume products [12–14].

Eurotium cristatum, commonly known as the “golden flower” that is non-toxic and safe,
is the predominant probiotic fungus that has a long history of use in the manufacturing
of Fu-brick dark tea in China [15–17]. It was reported that E. cristatum plays a vital role
in the formation or conversion of biological and flavor compounds in Fu-brick dark tea
during its post-fermentation process and have turned out to display numerous health
beneficial effects (e.g., anti-obesity, antioxidant, anticancer, regulation of intestinal flora)
after consumption of this tea [18,19]. In the past few years, the unique pharmacological
health benefits of Fu-brick dark tea were widely attracted by many researchers, especially
for the role of E. cristatum on the quality characteristics of tea [19–21]. As the dominant
fungus, E. cristatum can secret large amounts of hydrolytic enzymes (e.g., α-amylase, β-
glucosidase, cellulase, protease, pectinase, tanninase, etc.) during the post-fermentation
stage, biotransformation of phytochemicals and thus directly improved the quality and
bioactivity of Fu-brick dark tea. In fact, E. cristatum was also widely applied in the SSF bio-
processing of other tea matrices such as Pu’er tea and loose leaf tea in recent years [22,23].
More interestingly, this fungus is characterized by its low free water content requirement
of the substrate during SSF and is easily grown on various plant-derived food matrices or
medicinal herbs. It has been reported that E. cristatum has great potential to improve the
nutritional value and biological activity of substrates during SSF. For example, E. cristatum
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was recently used in our group in the processing of fermented buckwheat to enhance
the antioxidant and α-glucosidase inhibitory activities for the accumulation of phenolic
compounds during fermentation [24]. Furthermore, Gu et al. [21] reported that SSF of
Hippophae rhamnoides leaves using the inoculum starter Eurotium sp. could convert rutin
to three metabolites, namely, isorhamnetin, kaempferol, and quercetin, and augmented
the antioxidant capacity. It has been found by Zou et al. [25] that E. cristatum secreted
several enzymes including protease, cellulase, amylase, and hemicellulase during SSF of
Ginkgo biloba leaves, thus decreased the ginkgolic acids, lignin, and cellulose, and increased
flavonoids content, reducing power, scavenging activities of ABTS·+ and DPPH radical.
Hence, we speculate that E. cristatum might be a suitable microbial candidate and have
great potential for producing fermented foods with added value. Currently, as far as we
know, no research is available on the SSF of black soybean using E. cristatum mycelium
and its effect on the nutritional value, isoflavones composition, and antioxidant capacity.

In this work, SSF of black soybean using E. cristatum was performed for the first
time. The main aim of the present research was to achieve fermented black soybean
food with high nutritional characteristics as well as potent biological properties. The
changes of nutritional components (proximate composition, fatty acid, amino acid, miner-
als, and isoflavones) and antioxidant property of solid-state fermented black soybeans by
E. cristatum were firstly investigated in our work. Furthermore, advanced headspace-gas
chromatography-ion mobility spectrometry (HS-GC-IMS) methodology was carried out to
estimate the alterations of volatile organic compounds (VOCs) in fermented black soybean
using E. cristatum. GC-IMS technology is an emerging approach for the analysis and char-
acterization of VOCs that developed in these years and attracted great attention from food
scientists. This analysis technique is high sensitivity, easy operation, high resolution, and
high efficiency that combine the merits of ion mobility spectroscopy and gas chromatog-
raphy, which can provide suitable analysis result in the separation and characterization
of flavor components. Our findings for the current study will provide an innovative food
processing approach for improving the nutritional potentials, bioactive compounds, and
enhancing antioxidant capacity of black soybean through SSF using E. cristatum, as well
as broaden the information of microbial metabolism and biotransformation with legume
materials for the development of fermented food product.

2. Materials and Methods
2.1. Materials

Folin-Ciocalteuf’s reagent, 2,2-azinobis (3-ethylbenzothiazoline-6-sulphonic acid) di-
ammonium salt (ABTS), isoflavone standards including glucoside and aglycone types, 2,4,6-
tris (2-pyridyl)-S-triazine (TPTZ), 17 standard amino acids, 2 2,2-diphenyl-1-picrylhydrazyl
(DPPH), and gallic acid were bought from Sigma-Aldrich Chemical Co. (St. Louis, MO,
USA). The fatty acids standards and mineral standards for quantitative analyses were
bought from Merck (Darmstadt, Germany). Acetonitrile and methanol (Tedia, Fairfield,
OH, USA) were of HPLC grade solvent. All of the other used reagents or chemicals in this
study were of analytical grade. The E. cristatum YL-1 fungus that was previously isolated
from Fu-brick dark tea in our laboratory [12,24] was employed as an inoculum starter
for processing fermented black soybean. Black soybean seeds were obtained from a local
supermarket in Changsha (Changsha, China).

2.2. Preparation of the Inoculum

Inoculum starter used for SSF was prepared based on the procedure as follows. In
brief, the stored E. cristatum YL-1 was initially reactivated with successive inoculations
with M40Y agar medium, incubated for 7 days at 28 ◦C, then transferred into another M40Y
medium and incubated at the same temperature for 7 more days for sporulation of the
E. cristatum on the surface of the culture medium. Sterile deionized water was then added
into the plate medium and scraped the produced golden spores and mycelia with a sterile
glass rod. The spores and mycelia were collected and filtered through sterilized absorbent
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cotton and shaken with a set of glass beads in an Erlenmeyer flask. Then, sterile deionized
water was added into the filtrate to adjust the spore concentration of 106–107 spores/mL
using a Neubauer cell-counting chamber (this spore suspension was used for inoculation).
All of the above microbiological experiments were aseptically operated.

2.3. Solid-State Fermentation of Black Soybeans

Before being used for fermentation, the black soybean seeds were completely cleaned
by washing with deionized water and soaked in deionized water at 25 ◦C for 1 h. After
decanting the water, the seeds were sterilized in an autoclave at 121 ◦C for 25 min and
cooled to room temperature prior to inoculation. Then, E. cristatum spores suspension
inoculated into the sterilized black soybean substrates (5 mL/100 g wet seed) and placed at
28 ◦C for 8 days in a microbial incubator under static conditions. The non-fermented black
soybean (BS) without inoculation of E. cristatum spore suspension was also prepared that
used as a control. Both of the obtained fermented black soybeans (FBS) and BS samples
were freeze-dried immediately and crushed by a grinding machine. The milled fours were
then sieved with a 60 mesh sieve to obtain fine power and maintained at −20 ◦C in a
refrigerator until analysis.

2.4. Proximate Analysis

The proximate analysis of BS and FBS, namely, ash, crude fat, and protein, were
evaluated using the method of AOAC [26]. Fat content was determined by extraction with
petroleum ether in a Soxhlet system. Proteins were assessed by the Kjeldahl method, and
the nitrogen conversion factor into protein was 6.25. Finally, ash content was measured by
incineration of known weights of the samples at 550 ◦C in a muffle furnace, and the total
carbohydrates amount was determined by difference. The obtained data were expressed in
g per 100 g of dry weight basis (g/100 g DW).

2.5. Analysis of Amino Acid Composition

The previously reported procedure of Xiao et al. [27] was performed to analyze the
amino acid composition. Briefly, two hundred micrograms of each FBS or BS sample was
hydrolyzed with 10 mL of 6 M HCl for 24 h in a sealed glass tube at 110 ◦C in an oven.
After cooling to 25 ◦C, the collected supernatant was evaporated to dryness under vacuum,
and the dried hydrolyzed sample was re-dissolved in 5 mL HCl (0.02 M). The solution was
filtered using a 0.22 µm PVDF membrane syringe filter then analyzed by an automated
amino acid analyzer (HITACHI L-8900) manufactured by Hitachi High-Technologies in
Japan. The amino acid contents were calculated in milligram per g of dry weight basis
(mg/g DW).

2.6. Fatty Acid Composition by Gas Chromatography

Fatty acid composition of BS and FBS were analyzed according to the method of
Liu et al. [28] and Qi et al. [29]. The lipids of BS and FBS were extracted using a SOX
406 automatic lipid analyzer (Hanon Instruments, Rizhao, Shandong, China). FBS or BS
powder was extracted with petroleum ether (chromatography grade) at 60 ◦C for 6 h.
After extraction, the solvent was evaporated by a rotary evaporator RE-52 under reduced
pressure at 40 ◦C to obtain the lipids of BS and FBS. The lipids were firstly converted into
methyl esters by transesterification process and then separated using gas chromatography
(GC-2010, Shimadzu, Tokyo, Japan) that equipped with an SP 2560 capillary column
(100 × 0.25 mm, 0.20 µm film, Supelco, Bellefonte, PA, USA) and a flame ionization detector
(FID). A total of 1 µL of sample volume was injected into the GC with a split ratio of 100:1,
and the carrier gas was high-purity nitrogen with a flow rate of 1.0 mL/min. The column
temperature of the gradient program was performed as follows: 60 ◦C held for 2 min,
gradually increased to 170 ◦C at 10 ◦C/min, and maintaining for 10 min. Thereafter, it
was linearly increased at 3 ◦C/min up to 230 ◦C and held for 50 min. The temperatures of
injector and detector temperatures were both operated at 240 ◦C. Individual fatty acids were
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identified based on a comparison of the retention times with those of authentic standard
mixture of methyl esters (Sigma, St. Louis, MO, USA). Quantification of fatty acids was
calculated according to the GC peak areas of the internal standard (heptadecanoic acid,
C17:0) and was presented as % of total lipids content.

2.7. Mineral Content Analysis

Mineral composition analysis of BS and FBS was conducted with atomic absorption
spectroscopy (AAS) (AA 800, Perkin-Elmer, AnalytikjenaAG, Jena, Germany). Briefly,
about two grams of sample flour was taken in a constantly weighed crucible and ignited
in a muffle furnace for 10 h at 550–600 ◦C. The resulting ash residue was used for the
determination of mineral contents, including potassium (K), magnesium (Mg), calcium
(Ca), phosphorus (P), etc. The above-obtained ash of BS and FBS was then dissolved in
0.2 N of hydrochloric acid and filtered with a 0.22 µm syringe filter. Minerals in the filtrate
were estimated by AAS analysis with respective hollow-cathode lamps (HCl). Standard
calibration curves of each mineral were established by using a variety of standard solutions
that measured with AAS.

2.8. Estimation of Total Phenolics Content (TPC), Isoflavones Compositions and Antioxidant
Activity of Black Soybeans Processed by SSF with E. cristatum
2.8.1. Preparation of Solvent Extracts

The bioactive compounds were extracted according to the method as follows. Briefly,
two grams of FBS or BS powder were extracted with 80 mL of three commonly used
extraction solvents with variant polarities, namely, 80% methanol, 80% acetone, and 80%
ethanol in an ultrasonic water bath (40 ◦C, 40 kHz) for 40 min, respectively. The super-
natant was obtained after the extraction mixture centrifuged (3-18R, Hunan Hengnuo
Instrument Equipment Co., Ltd., Changsha, China) for 15 min at 10,000× g (4 ◦C), and
then the resulting residues were re-extracted twice at the assistance of ultrasonic oscillation
under the same conditions. Then, a rotary evaporator RE-52 under reduced pressure
(Biochemical Instrument Factory of Shanghai Yarong, Shanghai, China) at 40 ◦C was per-
formed to concentrate the pooled extract. The extract volume was then adjusted to 50 mL
with the respective solvent systems before they were stored at −20 ◦C in a freezer for
further analysis.

2.8.2. Assay of TPC

The TPC of FBS and BS extracts were assayed using the method of Folin–Ciocalteu
as previously reported by Xiao et al. [30]. Simply, 0.5 mL of Folin–Ciocalteu reagent was
added by 0.2 mL of sample extract and 2.3 mL of deionized water in a reaction tube. After
maintained for 1 min, 2 mL of Na2CO3 solution (75 g/L) was added into the reaction
mixture and incubated at 25 ◦C for 1 h, and absorbance was detected at 760 nm. TPC was
calculated based on a calibration curve using different gallic acid solutions, and data were
expressed as µg gallic acid equivalent (GAE)/g DW.

2.8.3. HPLC Analysis of Isoflavone Compositions

Previous studies reported that black soybean products are rich in isoflavones that
contributed to their bioactivity, such as antioxidant activity. Thus, the six main isoflavones
(i.e., genistin, genistein, glycitin, glycitein, daidzin, and daidzein) presented in BS and FBS
were analyzed by using high-performance liquid chromatography (Shimadzu LC-20AT,
Kyoto, Japan). The collected extracts (which obtained in Part 2.8.1) were filtered through
a 0.22 µm syringe filter, and then 20 µL of the sample was injected into an Agilent C18
reverse-phase column (ZORBAX SB-C18, 4.6 × 250 mm, 5 µm particle size) and maintained
at 30 ◦C. Gradient elution was performed using a mixture of acetonitrile (eluent B) and
deionized water (eluent A) at 0.8 mL/min following the gradient elution program as
follows: beginning with 10% B at 0 min, then linearly ramped to 20% B over 3 min, 20–25%
B in 5 min. After that, eluent B increased to 60% by linear gradient within 22 min, eluent
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B linearly ramped to 100% over 5 min and maintained for 2 min, and finally, eluent B
linearly return to 10% in 1 min. The wavelength was monitored at 254 nm with a Shimadzu
SPD-20A Prominence UV-Visible detector (Shimadzu, Kyoto, Japan). The UV spectra
and retention times of those authentic standards were applied to the identification and
quantification of the isoflavones [10,13,31]. The isoflavones content of BS and FBS were
presented as µg/g DW.

2.8.4. Assay of Antioxidant Activity

The antioxidant effects of BS or FBS were tested by scavenging activities against
ABTS·+ and DPPH radical, reducing power (RP), ferrous ion chelating ability (CHA), ferric
reducing antioxidant power (FRAP). The ABTS·+ and DPPH radical scavenging effects were
evaluated according to the methodology described by Chen et al. [12], and ascorbic acid
(vitamin C) was used as the standard control. Radical scavenging effects were expressed as
µg vitamin C equivalent (µg VCE) per g of dry weight black soybeans (µg VCE/g DW).
The detailed procedure reported by Xiao et al. [30] was carried out to evaluate the FRAP,
and different concentrations of FeSO4 solution (100–1600 µM) were applied to establish
the calibration curve. The FRAP values were reported as µmol Fe (II) equivalents/g DW
sample. The RP of BS and FBS was conducted by adapting the procedure of Liu et al. [32],
and the results were expressed as µg VCE/g DW. The antioxidant capacity was also
evaluated by chelating ability (CHA) on ferrous ions that were estimated following the
procedure previously described by Xiao et al. [33]. Disodium ethylenediaminetetraacetate
(EDTA-2Na) solution with a variety of concentrations was applied to plot the calibration
curve, and the results were presented as µg EDTA-2Na equivalents per g dry weight basis.

2.9. Analysis of Volatile Organic Compounds (VOCs) by HS-GC-IMS Technology

Analyses of VOCs were carried out on an advanced FlavourSpec instrument of GC-
IMS (G.A.S., Dortmund, Germany) that using an Agilent 490 gas chromatograph (Agilent
Technologies, Wilmington, DE, USA). Tritium (3H) was used as the ionization source of the
IMS. An auto-sampler (CTC Analytics AG, Zwingen, Switzerland) with a heated gas-tight
injector and a headspace sampling unit was equipped on this device that was used in the
following experiment. For the analysis, two grams of lyophilized FBS or BS powder was
weighed and transferred into a headspace bottle (20 mL) and kept for 15 min at 60 ◦C
with an incubation speed of 500 rpm. Subsequently, the headspace (300 µL) was sampled
and automatically injected into the injector by a heated syringe (65 ◦C) under splitless
injection mode. The VOCs were separated in an MXT-5 capillary column (15 m × 0.53 mm
ID, 1 µm) with a column temperature of 60 ◦C and the drift tube temperature maintained
at 45 ◦C. High-purity nitrogen was applied as sample carrier gas and flow programmed
as follows: starting at 2 mL/min and maintained for 2 min, then gradually increased to
100 mL/min during the remaining 18 min. The 3H ionization source in an ionization
chamber was applied to ionize the compounds prior to detection and ionization depending
on the concentration and chemical nature of the VOCs that produce protonated monomers
or proton-bound dimmers ions. Subsequently, the resulting ions were driven into a 9.8 cm
in length drift tube and performed at a stable temperature of 45 ◦C and voltage of 5 kV.
The flow of drift gas (N2) was maintained at 150 mL/min. An average of 16 scans was
collected in each spectrum with a 30 ms repetition rate. All analyses for the VOCs were
carried out in triplicate. The N-ketones C4-C9 were applied as external references (Beijing
Sinopharm Chemical Reagent Co., Ltd., Beijing, China) to calculate the retention index
(RI) of the VOCs. Identification of the detected VOCs was based on a comparison of
drift time (RIP relative) and retention index (RI) with that of the standard in the library
database of GC-IMS supplied by G.A.S. (Dortmund, Germany). Quantitative analysis
(intensities) of VOCs was conducted according to previously reported by Lv et al. [34], who
used the Gallery Plot analysis (v.1.0.7, G.A.S.) to select the signal peak and calculated the
peak height.
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2.10. Statistical Analysis

All analyses were performed independently for three replicates, and the results were
reported as mean ± SD (standard deviation). The data were processed for one-way analysis
of variance and Duncan’s multiple range tests or independent sample t-test using the SPSS
17.0 software (SPSS, IBM Corp, Chicago IL, USA) to determine the significant difference.
The data of GC-IMS were viewed and processed by the following instrumental analysis
software, including Gallery Plot analysis, Laboratory Analytical Viewer (LAV), Reporter
plug-ins, Dynamic Principal Components Analysis, and GC×IMS Library Search (G.A.S.,
Dortmund, Germany).

3. Results and Discussion
3.1. Proximate Composition

The changes in the proximate composition of black soybean by SSF with E. cristatum
are shown in Table 1. It can be observed that carbohydrate content, crude protein, crude
fat, and ash changed significantly due to fermentation. Protein, fat and ash contents ap-
peared to be significantly (p < 0.05) increased by 19.0%, 11.7% and 11.2%, respectively,
whereas the carbohydrate content significantly (p < 0.05) decreased by 22.8% during SSF.
These observed results are similar to those reported by Xiao et al. [27], Li et al. [13], and
Mohapatra et al. [35], as they also noted that the protein content of legume or cereal in-
creased due to fermentation. Furthermore, Dai et al. [8] reported that the crude protein
content in soybean meal was increased by 17.18% after SSF with Bacillus subtilis. Com-
parable changes occurred in the present study. One explanation of the observed result
was likely due to the microorganisms synthesizes some protein in the substrates, which
have been reported in previous studies [35]. Another explanation of this observation
might be caused by the fungi growth during fermentation, which reflected an increase
in fungi biomass [13,27]. The carbohydrate constituents could be effectively used as an
energy source for fungal growth, thus leading to a reduction during SSF. Furthermore,
the increase in fat during fermentation is in accordance with the reports of Xiao et al. [27]
whereas differed from the findings of Li et al. [13] and Mohapatra et al. [35], who noted
that SSF resulted in a reduction in fat. This is mainly ascribed to the diverse metabolic
effects of variant used microorganisms. Likewise, Abu et al. [36] observed that sweet potato
fermented with Aspergillus oryzae and A. niger upgraded the total lipid content during
fermentation, while the lipids decreased from 1.9% to 0.5% by the action of another fungus,
Pleurotus ostreatus.

Table 1. Proximate composition of E. cristatum-fermented and non-fermented black soybeans.

Proximate Composition Non-Fermented
Black Soybean

E. cristatum-Fermented
Black Soybean

Crude protein (g/100 g) 36.85 ± 0.45 43.84 ± 0.88 **
Crude fat (g/100 g) 16.78 ± 1.02 18.74 ± 0.40 *

Ash (g/100 g) 4.83 ± 0.06 5.37 ± 0.07 **
Carbohydrates (g/100 g) 41.54 ± 0.92 32.05 ± 1.26 **

The data are the means of triplicate experiments ± standard deviations. The results were calculated on a dry
basis. The symbols (*) and (**) indicate a significant difference (p-value) between fermented and non-fermented
black soybeans at 0.05 and 0.01 levels, respectively.

3.2. Changes of Amino Acids Composition during Fermentation

The amino acid profile of BS and FBS are depicted in Table 2. It was observed that
five non-essential amino acids (i.e., Ala, Asp, Pro, Gly, Glu) and seven essential amino
acids (i.e., Leu, Phe, Met, Val, Thr, Lys, Ile) significantly increased (p < 0.05) after SSF
process. Furthermore, Table 2 also revealed that there are no amino acids significantly
(p > 0.05) decreased after fermentation. The content of total essential amino acids and total
amino acids of the black soybeans greatly improved by 11.4% and 10.8%, respectively,
due to SSF with E. cristatum. A similar observation was recently reported by Li et al. [13],
who found that the contents of Thr, Lys, Leu, and Phe + Tyr of soybean flour displayed



Agronomy 2021, 11, 1029 8 of 25

a considerable increase through SSF with Lactobacillus casei. They further noted that the
content of total essential amino acids increased 10.25% after 72 h fermentation, which
is coincided with the result of our current study. Several other previous investigations
have also proved that microbial fermentation showed great potential to increase levels of
amino acid [35]. It was corroborated in earlier documents that the conversion of synthesis
effects of amino acids might have occurred under the action of microbial enzymes such as
transaminases during SSF, which might be in part responsible for the increase in amino
acid contents [27]. Hence, greater levels of essential and total amino acids accumulated in
FBS during SSF are likely attributed to the occurrence of transamination or synthesis effects.
As far as we know, this study is the first time that investigated the amino acid composition
of fermented black soybeans using the filamentous fungus E. cristatum. In general, SSF
was a useful and effective approach to boost the nutritional value of FBS. Furthermore, it
also noted that glutamic acid is the most predominant amino acid in BS and FBS, which
agrees with those from previous findings of Xiao et al. [27] and Dai et al. [8], who had also
observed the highest content of amino acids in fermented and non-fermented legumes was
glutamic acid.

Table 2. Amino acid compositions of E. cristatum-fermented and non-fermented black soybeans.

Amino Acid Composition
(mg/g)

Non-Fermented
Black Soybean

E. cristatum-Fermented
Black Soybean

Non-essential amino acids
Aspartic acid (Asp) 47.29 ± 0.58 52.56 ± 0.89 **

Serine (Ser) 20.19 ± 1.28 22.86 ± 1.08
Glutamic acid (Glu) 80.43 ± 0.93 89.01 ± 0.84 **

Glysine (Gly) 17.34 ± 0.78 19.62 ± 0.98 *
Alanine (Ala) 16.85 ± 0.79 19.76 ± 0.82 *

Arginine (Arg) 33.68 ± 0.55 34.24 ± 0.66
Proline (Pro) 20.21 ± 0.65 22.40 ± 0.95 *

Essential amino acids
Threonine (Thr) 15.80 ± 0.68 17.93 ± 0.98 *
Cysteine (Cys) 5.53 ± 0.45 5.28 ± 0.80

Valine (Val) 19.46 ± 0.59 22.10 ± 1.40 *
Methionine (Met) 3.55 ± 0.13 4.91 ± 0.63 *

Isoleusine (Ile) 18.70 ± 0.38 20.92 ± 0.85 *
Leucine (Leu) 31.87 ± 0.43 35.98 ± 0.92 **
Tyrosine (Tyr) 14.59 ± 0.32 15.30 ± 0.80

Phenylalanine (Phe) 20.81 ± 0.66 23.09 ± 0.91 *
Lysine (Lys) 25.64 ± 0.69 28.32 ± 1.03 *

Histidine (His) 12.18 ± 0.55 13.47 ± 0.91
Total essential amino acids 168.13 ± 1.62 187.29 ± 1.71 **

Total amino acid 404.11 ± 0.88 447.73 ± 1.00 **
The data are the means of triplicate experiments ± standard deviations. The results were calculated as a dry basis.
The symbols (*) and (**) indicate a significant difference (p-value) between fermented and non-fermented black
soybeans at 0.05 and 0.01 levels, respectively.

3.3. Effect of SSF on the Level of Minerals

Many previous studies elucidated that minerals performed a number of key functions
for our body, such as making hormones, transmitting nerve impulses, building strong
bones, etc. [37]. Five macro minerals (K, Mg, Na, Ca, P) and five micro minerals (Se, Mn,
Fe, Zn, Cu) in FBS and BS were analyzed by AAS technology, and the data are revealed in
Table 3. The result indicated that SSF with E. cristatum significantly (p < 0.05) augmented
most of the mineral levels of black soybean in comparison with the non-fermented sample.
For example, calcium, phosphorus, and magnesium of FBS were increased by 12.8%, 38.8%,
and 6.1%, respectively, after SSF with E. cristatum. Our findings were in line with the
earlier observations of Dhull et al. [38] and Chawla et al. [3], who demonstrated that lentil
fermented with A. awamori or black-eyed pea seed fermented with A. oryzae led to the
accumulation of some minerals, respectively. The increment of minerals in FBS might be
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due to the effect of the fungal growth in the black soybean. However, Table 3 revealed that
fermentation greatly decreased the potassium content of black soybean by 21.1%.

Table 3. Mineral elements content of E. cristatum-fermented and non-fermented black soybeans.

Mineral Elements (mg/kg) Non-Fermented
Black Soybean

E. cristatum-Fermented
Black Soybean

Calcium 1927.50 ± 64.35 2174.00 ± 86.27 **
Sodium 10.47 ± 1.02 22.40 ± 0.70 **

Potassium 14,850.00 ± 816.15 11,710.00 ± 689.42 **
Phosphorus 4033.33 ± 850.49 5600.00 ± 707.11 *
Magnesium 2040.00 ± 42.43 2165.00 ± 77.78 *

Zinc 28.05 ± 0.64 29.35 ± 1.06
Copper 11.00 ± 0.71 11.70 ± 0.57

Iron 73.15 ± 1.48 77.45 ± 3.04 *
Manganese 37.40 ± 2.55 47.10 ± 3.96 **
Selenium 0.10 ± 0.01 0.06 ± 0.02 **

The data are the means of triplicate experiments ± standard deviations. The results were calculated as a dry basis.
The symbols (*) and (**) indicate a significant difference (p-value) between fermented and non-fermented black
soybeans at 0.05 and 0.01 levels, respectively.

3.4. Changes of Fatty Acids Composition during Fermentation

The fatty acid is one of the most important nutritional components of soybean products
in human health benefits [39]. Although many investigators have studied the fatty acids
composition of this crop in previous researches, changes occurring in their composition
during fermentation have not been extensively evaluated. Fatty acid compositions of BS
and FBS are summarized in Table 4.

Table 4. Fatty acids composition (%) of E. cristatum-fermented and non-fermented black soybeans.

Fatty Acids Composition (% of Total Lipid) Non-Fermented
Black Soybean

E. cristatum-Fermented
Black Soybean

C14:0 Myristic acid 0.081 ± 0.006 0.075 ± 0.009
C15:0 Pentadecanoic acid - a 0.026 ± 0.006
C16:0 Palmitic acid 10.927 ± 0.195 10.103 ± 0.238 *
C16:1 Pamitoleic acid 0.094 ± 0.011 0.081 ± 0.009
C17:0 Heptadecanoic acid 0.091 ± 0.009 0.096 ± 0.014
C17:1 Heptadecenoic acid 0.043 ± 0.006 0.045 ± 0.009
C18:0 Stearic acid 4.264 ± 0.107 4.283 ± 0.008

C18:1n9 Oleic acid 20.212 ± 0.213 21.125 ± 0.239 **
C18:2n6 Linoleic acid 52.630 ± 0.200 53.218 ± 0.318

C20:0 Arachicdic acid 0.342 ± 0.011 0.330 ± 0.012
C20:1 Eicosenoicacid 0.143 ± 0.011 0.143 ± 0.006

C18:3n3 Linolenic acid 8.728 ± 0.195 8.337 ± 0.206
C20:2 Eicosandienoic acid 0.063 ± 0.007 -
C21:0 Heineicosanoic acid 0.041 ± 0.010 0.041 ± 0.005
C22:0 Behenic acid 0.363 ± 0.021 0.401 ± 0.021

C20:3n3 Eicosatrienoic acid - 0.027 ± 0.011
C20:4n6 Arachidonic acid 0.048 ± 0.008 0.053 ± 0.007

C24:0 Lignoceric acid 0.111 ± 0.022 0.194 ± 0.010 **
Total saturated fatty acids 16.221 ± 0.295 15.548 ± 0.285 *

Total monounsaturated fatty acids 20.492 ± 0.228 21.394 ± 0.217 **
Total polyunsaturated fatty acids 61.470 ± 0.035 61.668 ± 0.134

Total unsaturated fatty acids 81.962 ± 0.213 83.062 ± 0.226 **
a not detected. The data were expressed as mean ± SD (standard deviation) of triplicate determinations. *:
significant at p < 0.05; **: significant at p < 0.01.

It revealed that polyunsaturated fatty acids were at the highest level in both BS
and FBS, followed by the monounsaturated fatty acids and then saturated fatty acids.
Especially, it is clearly noted in Table 4 that the main fatty acids levels in both BS and
FBS are in the descending order: linoleic acid (C18:2n6) > oleic acid (C18:1n9) > palmitic
acid (C16:0) > linolenic acid (C18:3n3) > stearic acid (C18:0), which together accounted
for over 90% of the total fatty acids. It is also observed that the predominant fatty acids
(i.e., linolenic, oleic, palmitic, linoleic, and stearic acids) in FBS remained the same as before
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fermentation. The proportions of these fatty acids observed in BS and FBS indicated the
suitable characteristic of black soybean oil for the great percent of unsaturated fatty acids,
which was in agreement with previous findings by Feng et al. [40] and Shibata et al. [41]
for soybean products. As shown in Table 4, the polyunsaturated fatty acid, namely, linoleic
acid (C18:2n6), accounted for the largest proportion (more than 50% of the total lipid)
among the fatty acids, while it showed a slight increase in its percentage in the FBS, from
52.63% to 53.22% of the total fatty acids during black soybean fermentation. Furthermore,
Table 4 shows that the oleic acid (C18:1n9) was the predominant monounsaturated fatty
acid in both BS and FBS, and it interestingly found that the relative content of oleic acid
significantly increased (p < 0.05) via fermentation with E. cristatum. The obtained result is
consistent with Lee et al. [9] that SSF of soybean with Tricholoma matsutake improved the
oleic acid content. This observed phenomenon might be explained by the synthesis of oleic
acid (C18:1n9) from de novo lipogenesis, or partly formed from the saturation/oxidation
of linolenic acid (C18:3n3) because a reduction in the proportion of linolenic acid (C18:3n3)
was accompanied by an increase in oleic acid [36]. Moreover, previous research reported
that the existence of lipoprotein complexes in the soybean substrate could be hydrolyzed
to produce fatty acid by fermented with fungi, which might also contribute to the observed
phenomenon [40,42]. The main saturated fatty acid in both BS and FBS was palmitic
acid (16:0), and it should be interestingly pointed out that the relative proportion of this
fatty acid significantly decreased by fermentation, a similar observation was recently
detected by Li et al. [13], which might be due to the reason that palmitic acid was used
by fungus, possibly involved in the synthesis of phospholipids components in the fungal
tissue cell membrane during SSF [43]. Furthermore, it was also noted that pentadecanoic
acid (c15:0) and eicosatrienoic acid (C20:3n3) were formed while eicosadienoic acid (C20:2)
was transformed during SSF. The result indicated that the fatty acid composition of black
soybean lipid is influenced by fermentation with E. cristatum. Furthermore, this study found
that an increase in linoleic content and a reduction in linolenic acid in comparison with
unfermented sample (Table 4), which is coincided with the finding of Da Silveira et al. [44],
who used wheat bran and rice as the substrate processed by SSF with Rhizopus oryzae
fungus. Furthermore, fermentation with E. cristatum caused a reduction in saturated fatty
acids and an increase in unsaturated fatty acids (Table 4), which is corroborated with
previous studies for SSF of rice bran [43]. According to the above evidence, more than
80% of the total lipids from both BS and FBS were composed of unsaturated fatty acids
that considerably greater compared with saturated fatty acids, similarly to several earlier
reports for the soybean samples [45,46]. Furthermore, FBS exhibited greater unsaturated
fatty acids than BS, implying that the SSF process affects the fatty acids composition of
black soybeans. In the present study, the high level of oleic acid is of high importance
because it is an essential nutrient due to its association with a reduction in the risk of blood
pressure and coronary heart disease and regulation of coagulation and glucose homeostasis
during the postprandial state.

3.5. Effect of SSF with E. cristatum on TPC and Isoflavone Profiles of Black Soybeans

It is known that the phenolics from legumes are a natural source of antioxidants and re-
ceiving much attention from scientists in the last decades. Numerous earlier investigations
demonstrated that different polarities solvents depicted a great impact on the extraction
ability of phenolic compounds [33,47]. Thus, BS and FBS were extracted with the three
most-used solvents for phenolic compounds in this study for comparison. The result is
shown in Figure 1.
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Figure 1. Total phenolics content (TPC) of the various extracts from non-fermented black soybeans
(BS) and E. cristatum-fermented black soybeans (FBS). Values followed by different capital letters or
small letters are remarkably different (p < 0.05) among the different solvent extracts of FBS or BS,
respectively. The symbols (**) denoted a significant difference at a level of 0.01 between FBS and BS
regards the same extracted solvent.

It was noted that TPC of the extracts of BS and FBS ranged from 2936.51 to 3203.17 µg
GAE/g DW and from 3650.79 to 4121.43 µg GAE/g DW, respectively, depending on the
extraction solvents. These results confirmed that variant polarities solvents exhibited a
great influence on phenolics extraction, which depends on their characteristics of chemical
structure, polarity, and solubility. Furthermore, it was further found that 80% acetone
extracts of BS or FBS showed the greatest TPC among the three solvent extracts, implying
that 80% acetone was the best efficient solvent for extraction of phenolic compounds. This
coincides with the studies reported by Zhao et al. [47] and Liu et al. [32] that 80% acetone
displayed the best extraction capacity in extracting phenolic compounds from barley and
pepper seeds, respectively. Moreover, it was interestingly noted that the TPC of FBS was
significantly (p < 0.05) greater when compared with BS. Figure 1 displays that TPC of the
acetone, ethanol, methanol extracts of FBS were almost 1.29-, 1.31-, and 1.24-fold greater,
respectively, in comparison with the respective extract of BS. Results from this study are in
agreement with those found by Santos et al. [10] and Chen et al. [12], where an improvement
of TPC in fermented soybean samples with Saccharomyces cerevisiae or E. cristatum was
observed. This result can be ascribed to the liberation of phenolics from cell wall structure
during microbial fermentation. Many earlier studies reported that hydrolytic enzymes
could be produced by fungus during SSF, which catalyzed the release of insoluble-bound
phenolics from the substrate. Previous investigations have validated that only a small
amount of phenolic compounds existed in the form of simple soluble-free esters in cereals
or legumes. Most of them were covalently bound to the cell wall structure constituents
(e.g., pectin, lignin, structural proteins, hemicellulose, arabinoxylans, and cellulose) that
presented as insoluble-bound forms [48,49]. During the SSF process, a high amount of
hydrolytic enzymes (such as amylases, cellulase, β-glucosidase, and protease) are secreted
by the microbial that disintegrated the structure of the plant cell wall and hydrolyzed
the covalent bonds such as ester or ether linkages between the cell wall macromolecules
and insoluble-bound phenolics [11,49], leading to the release of phenolics and facilitating
to extraction.

It is well evidenced that aglycone isoflavones are easily absorbed by the human body
and have greater bioavailability and health effects (such as antioxidant ability) than their
glucoside forms [50–52]. Several earlier studies proved that the isoflavone compositions
could be distinctly affected by food processing technology such as cooking, frying, high-
pressure treatment, germination, fermentation [9,31,53]. The present work investigated
the changes of isoflavone composition during SSF to obtain valuable information on the
quality of fermented black soybean, which was identified and quantified by HPLC analysis,
and the result is shown in Table 5 and Figure 2.
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Table 5. HPLC analysis result of isoflavone compositions (µg/g DW) of E. cristatum-fermented and non-fermented black
soybeans.

Isoflavone Isomers
80% Methanol 80% Ethanol 80% Acetone

BS FBS BS FBS BS FBS

Glucosides
Daidzin 951.00 ± 16.22 Ab 563.15 ± 2.03 Aa 770.90 ± 63.59 Bb 454.16 ± 9.41 Ba 636.52 ± 73.49 Cb 342.12 ± 15.21 Ca

Glycitin 280.81 ± 8.58 Ab 185.60 ± 6.12 Aa 137.78 ± 13.85 Bb 81.09 ± 5.45 Ba 125.10 ± 13.39 Bb 76.63 ± 3.93 Ba

Genistin 954.83 ± 14.25 Ab 709.39 ± 12.81 Aa 862.87 ± 75.80 Ab 704.89 ± 36.52 Aa 965.64 ± 66.10 Ab 594.12 ± 32.07 Ba

Total glucosides 2186.64 ± 34.47 Ab 1458.14 ± 18.25 Aa 1771.54 ± 116.09 Bb 1240.14 ± 49.48 Ba 1727.26 ± 91.08 Bb 1012.88 ± 50.79 Ca

Aglycones
Daidzein 87.87 ± 1.82 Bb 359.62 ± 21.89 Ba 86.57 ± 2.44 Bb 381.31 ± 9.44 Aa 102.00 ± 7.92 Ab 405.89 ± 15.61 Aa

Glycitein 12.38 ± 2.21 Ab 56.31 ± 3.90 Aa 9.84 ± 0.98 Ab 60.34 ± 8.64 Aa 11.01 ± 0.57 Ab 65.71 ± 1.50 Aa

Genistein 55.57 ± 0.94 Bb 212.51 ± 0.74 Ba 55.91 ± 1.26 Bb 227.77 ± 8.51 Aa 63.32 ± 4.89 Ab 240.03 ± 8.93 Aa

Total aglycones 155.82 ± 1.94 Bb 628.44 ± 24.30 Ba 152.32 ± 2.88 Bb 669.43 ± 25.07 Aa 176.33 ± 12.26 Ab 711.64 ± 24.48 Aa

The data were expressed as mean ± SD of triplicate determinations. Data in the same row marked with different superscript capital letters
(A–C) are statistically different (p < 0.05) among different solvent extracts from BS or FBS. Different small letters (a,b) within a row at the
same extraction solvent indicate significant differences (p < 0.05) between BS and FBS.

Figure 2. High-performance liquid chromatographic (HPLC) chromatogram of the major six isoflavones
presented in the non-fermented black soybeans (BS) and E. cristatum-fermented black soybeans (FBS).

Similar to TPC, it was revealed that the changes in solvent polarity differed greatly on
the extraction capacities of isoflavones in the black soybean samples. Furthermore, it was
interestingly found that the aglycone types significantly increased, whereas their glucoside
types remarkably decreased during SSF with E. cristatum. For example, the contents of
daidzein, glycitein, genistein, total aglycone isoflavones of the ethanol extract of FBS were
381.31, 60.34, 227.77, and 669.43 µg/g DW, respectively, which were about 4.40-, 6.13-,
4.07- and 4.39-fold greater, respectively, compared with those of unfermented samples. In
contrast, the contents of glucosides types daidzin, glycitin, genistin, and total glucosides
reduced by approximately 41.1%, 41.1%, 18.3%, and 30.0% after SSF with E. cristatum.
This result elucidated that black soybean processed by SSF with E. cristatum promoted the
conversion of glucosides isoflavone to aglycones forms. The biotransformation effect of
glucoside isoflavones by SSF has been confirmed in several pieces of literature. Previous
studies validated that the SSF process involved in the hydrolysis of the glycosidic bond
of isoflavone glucosides into aglycone forms by the action of β-glucosidases [9,12]. Some
microbes (such as T. matsutake, A. oryzae, and Saccharomyces cerevisiae) used in the processing
of fermented soybean products have been reported that could secrete β-glucosidases,
resulting in enhancement of aglycone isoflavones [9,10,53,54]. Furthermore, it has been
demonstrated that E. cristatum could produce sufficient β-glucosidase during fermentation
in some earlier studies [12,21]. Thus, the remarkable increase in aglycone isoflavones in the
SSF of black soybeans by E. cristatum in the current study may be attributed to the activated
β-glucosidases which involved in the conversion of isoflavone β-glucosides to aglycones.
Aglycone types of isoflavone are proved to be easily absorbed by the human body and
exert higher antioxidant, anticancer, and anti-atherosclerotic effects compared with their
glucosides [9,52], greater aglycone isoflavones of fermented black soybean achieved by SSF
with E. cristatum mycelia would enhance its biological activity. Herein, SSF of black soybean
using E. cristatum was a useful strategy to increase isoflavone aglycones and thus enhance
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the bioactivity of black soybeans, which might be possibly used in the development of
nutraceuticals and functional foods.

3.6. Effect of SSF on Antioxidant Activity

The antioxidant activities of BS and FBS were determined by the five most-used assays
with discrepant reaction mechanisms, and the results are presented in Figure 3. All of these
antioxidant assays are consistent with each other that FBS displayed stronger antioxidant
activities than BS in spite of different solvents were used. For example, reducing power, rad-
ical scavenging activities against ABTS·+ and DPPH, and ferric reducing antioxidant power,
the chelating ability of ethanol extract of unfermented black soybeans were estimated to be
976.97 µg VCE/g DW, 4497.85 µg VCE/g DW, 1770.25 µg VCE/g DW, 20.05 µmol Fe (II)/g
DW, and 2.51 mg EDTA-2Na/g DW, respectively, which increased by approximately 76.1%,
15.9%, 33.4%, 70.4%, and 151.0%, respectively, after processing by SSF with E. cristatum. Up
to now, several previous studies have confirmed that the promoting effects of antioxidant
activity in the process of cereal or legume by SSF. Lee et al. [9] and Li et al. [13] proved that
the antioxidant activity of legumes was distinctly augmented by SSF with T. matsutake or
L. casei. The scavenging activities of DPPH radical and ABTS·+ of four cereal grains, namely,
oat, brown rice, maize, and wheat, greatly improved by SSF with A. awamori, R. oryzae,
or A. oryzae, as confirmed by Dey et al. [55]. It has been validated in earlier research that
phenolic compounds displayed certain antioxidant properties of reducing power, chelating
ability, and radicals scavenging [13,33]. Thus, the improved antioxidant capacity of FBS
might be highly related to the accumulated phenolic contents by SSF with E. cristatum.
Furthermore, to date, it is well elucidated in the literature that aglycone types of isoflavone
(e.g., genistein, glytitein, daidzein) showed a greater antioxidant effect in comparison with
their β-glucoside precursors (e.g., genistin, glycitin, daidzin). For example, it was noted that
the improved antioxidant activity of fermented soybean is strongly connected with (r > 0.9)
the considerably higher isoflavone aglycones content that accumulated during SSF, which
was reported by Chen et al. [12]. Thus, the augmented antioxidant activity of FBS is likely
ascribed to the great accumulation of isoflavone aglycones and TPC during SSF. Especially,
Pearson’s correlation analysis was carried out to further clarify the relationships between
antioxidant activities and TPC as well as isoflavone contents, and the results are listed in
Table 6. As expected, it was revealed that highly (p < 0.05) positive correlation coefficients
were observed between antioxidant activities and contents of isoflavone aglycones and TPC
except for ABTS assay. For example, the correlation coefficients between TPC, isoflavone
aglycones, and RP ranged from 0.933 to 0.993 (p < 0.01). Our findings are similar to those
reported in several previously published data that the increased content of phenolics and
isoflavone aglycones in fermented soybean products played a vital role in the improvement
of antioxidant ability. Earlier literature has validated that the phenolics and isoflavone
aglycones from soybean products are considered as potent antioxidant constituents, which
antioxidant mechanism is capable of hydrogen donation and scavenging capacities of
chain-breaking [51]. Hence, the augmentation of antioxidant activity of FBS is mainly
attributed to the higher contents of phenolics and aglycones isoflavone (e.g., daidzein,
genistein, and glycitein) that accumulated during fermentation with E. cristatum.‘
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Figure 3. Antioxidant activities of the various extracts from non-fermented black soybeans (BS) and E. cristatum-fermented
black soybeans (FBS). (a) Scavenging effect of DPPH radical, (b) ABTS·+ scavenging effect, (c) ferric reducing antioxidant
power (FRAP), (d) reducing power (RP), and (e) chelating ability. Values were represented as mean ± standard deviation of
the triplicate assay. Values followed by different capital letters (A–C) or small letters (a–c) are remarkably different (p < 0.05)
among the different solvent extracts of FBS or BS, respectively. The symbols (**) denoted a significant difference at a level of
0.01 between FBS and BS regards the same extracted solvent.

Figure 3 also displays that various polarities solvent extracts of BS or FBS differed sig-
nificantly (p < 0.05) for their antioxidant activities. Earlier studies reported that antioxidant
compounds extraction efficiency might be substantially influenced by the extraction solvent
system. Changes in solvents polarity resulted in their different capacity to dissolve a se-
lected class of antioxidant components and subsequently affected the antioxidant property.
Albeit different solvent extracts exerted variant antioxidant activity, this effect was noted to
be clearly associated with the contents of isoflavone aglycones and phenolics in the extracts.
This statement was further supported by the correlation analysis and previous studies [12].
It is obvious noted from Table 6 that antioxidant activities were closely correlated with
TPC and isoflavone aglycones contents. Discrepancies in antioxidant effect for the three
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varieties of solvent extracts from BS or FBS were likely ascribed to their different extraction
capacity for phenolics and isoflavone aglycones. Thus, the variant levels of isoflavone
aglycones and phenolics presented in the investigated extracts make a contribution to their
discrepant antioxidant activity of the various extracts of BS or FBS. Additionally, it is worth
mentioning that the results obtained from Figure 3 that methanol extract of BS or FBS
showed the strongest CHA and ABTS·+ scavenging activity among the three test different
solvent extracts, which did not coincide with their phenolics and isoflavone aglycones
content. Previous research stated that the antioxidant potential of complex mixtures both
depends on the antioxidant concentration and reactivity between reagents and the target
compound [33]. Moreover, it has been reported that individual antioxidants can interact
amongst themselves, which affected the antioxidant capacity of and creating synergistic,
antagonistic, or even additive effects [32]. Furthermore, the presence of other bioactive
compounds in the extract might also partly contribute to the observed results. Although
different extraction solvents applied and the above-mentioned reasons might exist in this
study, the result clearly revealed that all of the five antioxidant assays are in accordance
with each other that FBS discovered greater antioxidant effects in comparison to their
unfermented samples counterpart. In conclusion, we have confirmed that the antioxidant
capacity of black soybeans was considerably enhanced through processing by SSF with
E. cristatum.

Furthermore, a principal component analysis (PCA) model was created to obtain an
insight of TPC and isoflavone variables that contributed to antioxidant activity, as well as
to distinguish and classify fermented and non-fermented black soybeans extracted with
diverse solvents, and the results are shown in Supplementary Figure S1. The first two
validated variations of PC1 and PC2 were 76.06% and 18.64%, which explained 94.7% of the
total variance. PCA loading plots (Figure S1A) revealed that DPPH, FRAP, RP, TPC, and
aglycone isoflavones were similarly distributed and all have high loading on the first prin-
cipal component (>0.8), suggesting a strong and positive correlation among DPPH, FRAP,
RP, TPC, and aglycone isoflavones. CHA and ABTS distinctly separated with TPC and
aglycone isoflavones; however, all of these parameters situated on the right side of the dia-
gram, implying that TPC and aglycone isoflavones also contributed to the CHA and ABTS
of black soybean samples, but these antioxidant effects mainly determined by other classes
of compounds despite the fact that these compounds are generally known to be potent
antioxidants. However, further studies are needed to verify this hypothesis. Some earlier
studies also reported a moderate or negative correlation between phenolics and CHA [56].
Meanwhile, it was notably revealed that glucoside isoflavones (i.e., genistin, daidzin, glyc-
itin) were inversely displayed with aglycone isoflavones (i.e., genistein, daidzein, glycitein)
according to the direction of the variables, which suggested that this isoflavone-conjugated
glucoside forms were hydrolyzed and subsequently leading to the releasing of aglycone
types during fermentation. The PCA score plot of Supplementary Figure S1B illustrated
that all the different polarities extracts of FBS distributed on the positive side of the first
axis, which can be interpreted that these samples possessing great antioxidant activity, the
content of phenolics and aglycone isoflavones. Furthermore, it also should be noted that
discrepant polarities solvents of FBS or BS also clearly separated from each other in the
diagram of the PCA score plot, which implied that different polarities solvents influenced
the extraction capacity of bioactive compounds from FBS or BS and resulted in the variation
of antioxidant activity. From the data obtained, PCA could be helpful to discriminate and
classify fermented and non-fermented black soybean extracted with diverse solvents and
provide the relationships between antioxidant capacity, TPC, and isoflavones.
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Table 6. Pearson’s correlation coefficients among total phenolic content (TPC), isoflavones content, and antioxidant activity.

TPC Daidzin Glycitin Genistin TGI Daidzein Glycitein Genistein TAI DPPH ABTS RP FRAP CHA

TPC 1 −0.932 ** −0.637 ** −0.872 ** −0.929 ** 0.941 ** 0.939 ** 0.945 ** 0.943 ** 0.745 ** 0.216 0.933 ** 0.965 ** 0.241
Daidzin 1 0.830 ** 0.821 ** 0.981 ** −0.851 ** −0.836 ** −0.852 ** −0.851 ** −0.849 ** 0.023 −0.835 ** −0.886 ** −0.064
Glycitin 1 0.552 * 0.823 ** −0.524 * −0.497 * −0.526 * −0.522 * −0.851 * 0.455 −0.494* −0.555 * 0.333
Genistin 1 0.903 ** −0.908 ** −0.903 ** −0.907 ** −0.908 ** −0.705 ** −0.237 −0.897 ** −0.912 ** −0.327

TGI 1 −0.879 ** −0.865 ** −0.880 ** −0.879 ** −0.862 ** 0.007 −0.861 ** −0.905 ** −0.094
Daidzein 1 0.991 ** 0.999 ** 0.999 ** 0.748 ** 0.425 0.991 ** 0.994 ** 0.472 *
Glycitein 1 0.992 ** 0.993 ** 0.722 ** 0.432 0.984 ** 0.989 ** 0.474 *
Genistein 1 0.999 ** 0.754 ** 0.425 0.993 ** 0.993 ** 0.471 *

TAI 1 0.748 ** 0.426 0.992 ** 0.994 ** 0.472 *
DPPH 1 −0.018 0.745 ** 0.753 ** 0.131
ABTS 1 0.479 * 0.365 0.945 **

RP 1 0.984 ** 0.537 *
FRAP 1 0.417
CHA 1

* Correlation was significant at the 0.05 level (two-tailed). ** Correlation was significant at the 0.01 level (two-tailed). TGI, total glucosides isoflavones; TAI, total aglycones isoflavones; DPPH, DPPH radical
scavenging activity; ABTS, ABTS·+ scavenging activity; FRAP, ferric antioxidant power; RP, reducing power; CHA, chelating ability.
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3.7. Effect of SSF on Volatile Organic Compounds (VOCs)

The flavor is one of the most important characteristics of fermented products for con-
sumers. Volatile compound changes of black soybeans during fermentation with E. crista-
tum were performed with HS-GC-IMS. Figure 4A shows the data of BS and FBS illustrated
by the three-dimensional (3D) topographical visualization. It was noted that the VOCs of
BS and FBS were similar, whereas some of the peak signal intensities were different between
BS and FBS, which suggested that some of the certain VOCs changed during fermentation.
Considering different kinds of VOCs were difficult to be detected by the 3D spectra; thus, a
GC-IMS 2D spectrum obtained from the overhead view of the 3D-topographic plot was
performed for further comparison, and the result is depicted in Supplementary Figure S2.

Figure 4. em Cont.
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Figure 4. (A) Representative three-dimensional topographical plot of volatile fingerprints in non-fermented black soybeans
(BS) and E. cristatum-fermented black soybeans (FBS). (B) Changes volatile compounds in the two-dimensional (2D)-
topographic of black soybeans during solid-state fermentation with E. cristatum. (C) Principal component analysis (PCA) of
volatile organic compounds based on the signal intensity obtained with non-fermented black soybeans (BS) and E. cristatum-
fermented black soybeans (FBS).

The result normalized the position of the ion migration time and the reactive ion peak
(RIP), and all the headspace compounds of BS and FBS could be reflected in the whole
2D spectrum [57]. The signal intensity of the VOCs could be indicated by the color. The
darker the color, the stronger the intensity [57]. White implies a lower intensity, whereas
red indicates a higher intensity. Furthermore, differential comparison mode was also
performed to illustrate the different VOCs between BS and FBS, as marked in Figure 4B.
The spectrum of FBS was obtained by deducting the control spectral background (BS was
used as a reference), in which the blue dot area suggested that the content was lower in
comparison to that of the control, whereas the red dot area indicated the content was higher
compared with that of the control. It was obviously observed that the content of VOCs
of black soybeans notably changed by fermentation, which could also be supported by
the PCA result (Figure 4C) that established by the VOCs signal intensity. It was observed
that BS and FBS were well separated in the distribution plot, implying that the VOCs of
BS and FBS exhibited substantially different. This methodology had been widely used in
the food research field, such as identification and classification analysis of different fruit
flavor compounds, fruit processing, fermentation of fruit and vegetable, as well as the
other aspects [58,59]. The results revealed that some flavor compounds varied significantly
throughout the fermentation processes, and others did not show distinct changes. SSF of
black soybean with E. cristatum remarkably contributed to the alteration of VOCs, which
might be indispensable for the unique flavor of the produced fermented products.

Furthermore, the compounds were characterized based on a comparison of drift time
(RIP relative) and retention index (RI). A total of 66 volatile substances were observed in
FBS and BS. Among them, 56 VOCs were successfully identified from the GC-IMS library
database, as displayed in Table 7 and revealed in Supplementary Figure S2. It was noted
that some of the certain compounds had produced various signals or spots (dimer or
monomer) as a result of their different concentrations, similar to a previous report [57]. The
identified VOCs belonged to several chemical families; specifically, there were 19 aldehy-
des, 11 alcohols, 10 esters, 3 hydrocarbons, 6 ketones, 2 acids, 3 heterocyclics, 1 phenol,
and 1 terpenoid (Table 7). This result coincides with previous studies that reported that
aldehydes, alcohols, and esters were the main volatile compounds for the bean prod-
ucts [7,60]. However, we found that the concentrations of these main VOCs were greatly
influenced by fermentation with E. cristatum. Among them, it could be seen from Table 7
that the intensities of alcohols (3-methylsulfanylpropanol, ethanol-M), aldehydes (hexanal-
M, hexanal-D, acetal, pentanal-M, pentanal-D, Methylpropanal), esters (butyl propanoate,
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propyl butanoate-M, butyl acetate-M, methyl 2-methylbutanoate-M, ethyl propanoate)
significantly increased by fermentation. Compared with those detected in BS, the intensi-
ties of seven alcohols, nine aldehydes, four ketones remarkably decreased. The findings
demonstrated that FBS displayed accepted flavor compounds, and E. cristatum used for
fermentation of black soybeans achieved higher levels of esters. Microorganisms used for
fermentation led to an increase in ester levels has also been observed by other researchers.
Esters are generally considered as one of the most important volatile compounds that
contributing to the flavor of food products [61]. Previous studies have verified that the
esterification of alcohol is one of the sources of esters. Our present study revealed in
Table 7 that most alcohols significantly decreased whereas esters greatly increased might
possibility due to the esterification of alcohols during SSF. Some esters might be synthe-
sized by microorganisms under the action of acetyltransferase that could use alcohol as
the substrate [62]. GC-IMS fingerprint profiles of VOCs were analyzed to more directly
clarify the different substances of BS and FBS, and the result is presented in Figure 5. All
the signal peaks of each sample displayed in each row while each column indicated the
same compounds in all the studied samples, and the color of each square suggested the
content of VOCs. It was noted that the volatile compounds of BS and FBS are greatly
different. With respect to other volatile constituents, it was found that only one phenol
(maltol), two acids (pentanoic acid, heptanoic acid), three heterocyclics (2-pentylfuran,
trimethylpyrazine, 2-ethylfuran) were detected from BS and FBS, and minor differences for
these volatile constituents were recorded during fermentation. However, the content of
limonene in FBS was at a low level, suggesting that fermentation facilitated its metabolism
or transformation. These results confirmed that SSF with E. cristatum greatly influenced
the volatile organic compounds of black soybeans. Thus, the GC-IMS data from the current
study provided useful information and could be considered as an effective technique for
the characterization of aroma profile and characteristic volatile organic compounds during
legume fermentation. All of these obtained data would support and provide novel insights
into the development of new fermented black soybean products in the future. Additionally,
as can be seen from Figure 5, some VOCs in BS and FBS have not yet been identified but
varied greatly, such as “1”, “2”, etc., which would be studied in our group in the future.

Figure 5. Gallery plot of volatile organic compounds (VOCs) fingerprints of non-fermented black soybeans (BS) and E.
cristatum-fermented black soybeans (FBS).



Agronomy 2021, 11, 1029 20 of 25

Table 7. GC-IMS integration parameters of volatile compounds detected in E. cristatum-fermented and non-fermented black soybeans by GC-IMS.

No. Compounds CAS Formula MW Classification RI 1 Rt 2 [sec] Dt 3 [RIPrel]
Signal Intensity

p-Value
BS FBS

1 Nonanal C124196 C9H18O 142.2 Aldehydes 1114 509.59 1.476 182.89 ± 9.39 a 167.14 ± 5.19 a 0.064
2 Maltol C118718 C6H6O3 126.1 Phenols 1095.7 483.39 1.213 193.07 ± 5.43 a 194.21 ± 6.22 a 0.823
3 2-Octanol C123966 C8H18O 130.2 Alcohols 1042.8 407.29 1.456 100.89 ± 2.80 a 125.73 ± 15.62 a 0.106
4 Acetophenone C98862 C8H8O 120.2 Ketones 1063.2 436.61 1.186 132.49 ± 2.69 a 133.83 ± 11.00 a 0.848
5 Limonene C138863 C10H16 136.2 Terpenoids 1026.8 384.21 1.224 97.92 ± 9.65 a 68.76 ± 3.12 b 0.008
6 Octanal C124130 C8H16O 128.2 Aldehydes 1007.6 356.65 1.405 71.94 ± 6.52 a 65.82 ± 3.93 a 0.236

7 3-
Methylsulfanylpropanol C505102 C4H10OS 106.2 Alcohols 997.9 342.61 1.082 958.00 ± 17.40 b 1198.75 ± 57.96 a 0.002

8 2-Pentylfuran C3777693 C9H14O 138.2 Aromatic
heterocycle 998.9 344.09 1.255 222.17 ± 20.01 a 217.42 ± 5.39 a 0.712

9 Benzaldehyde-M C100527 C7H6O 106.1 Aromatic
aldehydes 962.3 312.30 1.150 730.74 ± 64.70 a 295.70 ± 15.03 b <0.001

10 Benzaldehyde-D C100527 C7H6O 106.1 Aldehydes 963.2 313.04 1.473 208.89 ± 26.42 a 55.49 ± 5.25 b 0.001
11 Trimethylpyrazine C14667551 C7H10N2 122.2 Heterocyclics 996.2 340.39 1.182 153.82 ± 19.20 a 163.65 ± 9.99 a 0.476
12 (E)-2-Heptenal C18829555 C7H12O 112.2 Aldehydes 958.3 308.97 1.259 90.22 ± 4.80 a 53.41 ± 1.94 b <0.001
13 5-Methyl-3-heptanone C541855 C8H16O 128.2 Ketones 942.7 296.03 1.272 30.12 ± 5.25 a 37.40 ± 6.86 a 0.218
14 Butyl propanoate C590012 C7H14O2 130.2 Esters 909.3 268.31 1.285 53.74 ± 10.20 b 77.97 ± 3.25 a 0.017
15 Propyl butanoate-M C105668 C7H14O2 130.2 Esters 899.5 260.18 1.262 321.84 ± 31.67 b 400.06 ± 17.18 a 0.02
16 Propyl butanoate-D C105668 C7H14O2 130.2 Esters 899.9 260.55 1.692 92.39 ± 14.54 a 87.07 ± 7.56 a 0.604
17 Heptanal C111717 C7H14O 114.2 Aldehydes 903 263.14 1.329 165.00 ± 23.16 a 93.19 ± 2.64 b 0.006
18 pentanoic acid C109524 C5H10O2 102.1 Acids 888.7 252.42 1.229 41.92 ± 6.73 a 39.07 ± 2.89 a 0.538
19 Styrene-M C100425 C8H8 104.2 Hydrocarbons 894.1 255.74 1.054 173.83 ± 4.23 a 189.00 ± 14.90 a 0.165
20 Styrene-D C100425 C8H8 104.2 Hydrocarbons 895 256.48 1.426 78.34 ± 4.73 b 90.15 ± 2.53 a 0.019

21 p-Xylene C106423 C8H10 106.2 Aromatic
hydrocarbons 869.6 242.81 1.085 65.42 ± 9.64 b 133.11 ± 5.22 a <0.001

22 Butyl acetate-M C123864 C6H12O2 116.2 Esters 805.2 210.56 1.238 158.12 ± 9.87 b 248.72 ± 13.34 a 0.001
23 Butyl acetate-D C123864 C6H12O2 116.2 Esters 804.3 210.08 1.622 84.17 ± 10.43 a 87.13 ± 6.86 a 0.703
24 hexanal-M C66251 C6H12O 100.2 Aldehydes 791.1 203.47 1.254 298.68 ± 26.49 b 603.37 ± 28.91 a <0.001
25 hexanal-D C66251 C6H12O 100.2 Aldehydes 791.1 203.47 1.566 701.58 ± 47.41 b 861.02 ± 38.06 a 0.01

26 Methyl
2-methylbutanoate-M C868575 C6H12O2 116.2 Esters 776 196.86 1.180 335.34 ± 37.14 b 678.28 ± 27.51 a <0.001

27 Methyl
2-methylbutanoate-D C868575 C6H12O2 116.2 Esters 775.4 196.62 1.531 1027.19 ± 59.60 a 1066.12 ± 11.23 a 0.329

28 Acetal C105577 C6H14O2 118.2 Aldehydes 731.7 179.85 0.963 117.77 ± 5.97 b 285.29 ± 4.12 a <0.001
29 1-Pentanol C71410 C5H12O 88.1 Alcohols 757.5 189.77 1.250 106.86 ± 5.42 a 55.02 ± 2.90 b <0.001
30 Pentanal-M C110623 C5H10O 86.1 Aldehydes 684.5 162.37 1.187 252.48 ± 4.75 b 302.53 ± 8.87 a 0.01
31 Pentanal-D C110623 C5H10O 86.1 Aldehydes 686.6 162.84 1.427 30.12 ± 4.30 b 186.99 ± 11.37 a <0.001
32 2-methylbutanal C96173 C5H10O 86.1 Aldehydes 643.7 153.15 1.403 730.51 ± 66.57 a 256.71 ± 13.21 b 0.005
33 3-methylbutanal C590863 C5H10O 86.1 Aldehydes 624.9 148.90 1.408 337.40 ± 11.26 a 120.78 ± 5.38 b <0.001
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Table 7. Cont.

No. Compounds CAS Formula MW Classification RI 1 Rt 2 [sec] Dt 3 [RIPrel]
Signal Intensity

p-Value
BS FBS

34 Ethyl Acetate C141786 C4H8O2 88.1 Esters 580.9 138.98 1.343 1023.20 ± 14.34 a 507.37 ± 2.40 b <0.001
35 Butanal C123728 C4H8O 72.1 Aldehydes 567.4 135.91 1.292 823.53 ± 23.62 a 582.81 ± 5.13 b <0.001
36 2-butanone-M C78933 C4H8O 72.1 Ketones 553.8 132.84 1.060 166.36 ± 6.68 a 100.93 ± 6.33 b <0.001
37 2-butanone-D C78933 C4H8O 72.1 Ketones 554.8 133.07 1.250 2578.98 ± 26.31 a 1826.58 ± 10.60 b <0.001
38 Propanal C123386 C3H6O 58.1 Aldehydes 482.6 116.77 1.158 2182.32 ± 33.63 a 1408.48 ± 13.67 b <0.001
39 Acetone C67641 C3H6O 58.1 Ketones 458.6 111.34 1.120 10551.34 ± 157.48 a 9855.17 ± 48.51 b 0.002
40 Ethanol-M C64175 C2H6O 46.1 Alcohols 397.9 97.64 1.045 904.61 ± 72.52 b 1178.05 ± 2.00 a 0.003
41 Ethanol-D C64175 C2H6O 46.1 Alcohols 403.1 98.82 1.130 1718.50 ± 52.54 a 1576.09 ± 59.08 b 0.036
42 Methylpropanal C78842 C4H8O 72.1 Aldehydes 541.2 130.002 1.287 68.44 ± 3.82 b 982.23 ± 36.18 a <0.001
43 ethyl propanoate C105373 C5H10O2 102.1 Esters 720.6 175.595 1.448 25.25 ± 1.48 b 55.22 ± 0.60 a <0.001
44 1-Octen-3-ol C3391864 C8H16O 128.2 Alcohols 987 332.795 1.163 453.41 ± 34.17 a 97.74 ± 6.56 b <0.001
45 (E)-2-hexenal-M C6728263 C6H10O 98.1 Aldehydes 848.4 232.191 1.181 96.38 ± 5.19 b 128.67 ± 2.25 a 0.001
46 (E)-2-hexenal-D C6728263 C6H10O 98.1 Aldehydes 849.2 232.583 1.518 22.18 ± 2.32 a 23.66 ± 1.21 a 0.381
47 Heptanoic acid C111148 C7H14O2 130.2 Acids 1096 483.753 1.364 115.59 ± 3.22 a 119.27 ± 1.35 a 0.142
48 1-Hexanol-M C111273 C6H14O 102.2 Alcohols 871.2 243.628 1.324 264.44 ± 20.47 a 18.49 ± 3.50 b <0.001
49 1-Hexanol-D C111273 C6H14O 102.2 Alcohols 870.7 243.374 1.639 190.19 ± 28.24 a 15.11 ± 0.27 b <0.001
50 Isopentyl acetate C123922 C7H14O2 130.2 Esters 884.9 250.491 1.315 186.43 ± 14.27 a 190.40 ± 11.02 a 0.722

51 2-Ethylfuran C3208160 C6H8O 96.1 Aromatic
heterocyclics 691.9 164.578 1.048 235.99 ± 7.17 a 221.92 ± 13.06 a 0.177

52 2-Heptanone C110430 C7H14O 114.2 Ketones 893.3 255.094 1.635 99.81 ± 13.34 a 20.93 ± 5.08 b 0.001
53 3-Methylpentanol C589355 C6H14O 102.2 Alcohols 856.8 236.403 1.308 116.68 ± 11.47 a 22.96 ± 1.90 b 0.004
54 1-Butanol C71363 C4H10O 74.1 Alcohols 650.5 154.69 1.172 392.10 ± 46.75 a 74.47 ± 15.80 b <0.001
55 Methanol C67561 CH4O 32 Alcohols 380.6 93.742 0.991 2995.40 ± 307.14 a 2128.25 ± 249.44 b 0.019
56 Acetoin C513860 C4H8O2 88.1 Aldehydes 704.5 169.395 1.329 1447.94 ± 135.12 a 580.25 ± 4.09 b 0.008

D: dimer, M: monomer. Means with different letters within a row differ significantly (p < 0.05). 1 Represents the retention index in the capillary GC column. 2 Represents the retention time in the capillary GC
column. 3 Represents the drift time in the drift tube.
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4. Conclusions

The present work has studied the nutritional components (proximate composition,
amino acids, minerals, and fatty acids), total phenolics, isoflavones, and antioxidant effects
of fermented black soybeans using E. cristatum. Moreover, reliable information regards
with the VOC changes during black soybean fermentation was firstly investigated in this
work. The research showed that the amount of crude protein, total amino acids, most
essential amino acids, total phenolics, and aglycone isoflavones of black soybean increased
obviously after fermentation with E. cristatum. Furthermore, there is a clear indication
that the antioxidant activities of black soybeans were considerably enhanced by SSF with
E. cristatum, which were highly positive correlated with the augmentation of total phenolics
and aglycone isoflavones. Furthermore, SSF significantly (p < 0.05) increased most of the
minerals, including calcium, phosphorus, and magnesium, whereas decreased greatly
decreased (by 21.1%) the potassium content of black soybean. SSF slightly influenced the
fatty acids composition; however, the relative content of oleic acid significantly increased,
and palmitic acid (16:0) significantly decreased by fermentation with E. cristatum, and FBS
exhibited greater unsaturated fatty acids than BS. A total of 66 volatile components were
observed in FBS and BS, of which 56 VOCs were successfully identified by GC-IMS analysis.
Among them, aldehydes, alcohols, and esters were the main VOCs, but their concentrations
were distinctly influenced by fermentation with E. cristatum. The findings revealed that
E. cristatum used for fermentation of black soybeans achieved higher levels of esters (butyl
propanoate, propyl butanoate-M, butyl acetate-M, methyl 2-methylbutanoate-M, ethyl
propanoate). Collectively, data presented herein suggest that SSF with E. cristatum was
an efficient and innovative processing strategy to considerably improve the nutritional
value and bioactivity of black soybeans. From the overall obtained results, we believe that
the black soybean processed by SSF using E. cristatum might have great potential to be
applied in the production of nutraceuticals and functional foods. Fermented black soybean
used as a dietary adjunct for the treatment and prevention of lifestyle-related oxidative
diseases such as atherosclerosis, arthritis, and cancer might be recommended and thus
was considered of great potential for the food and pharmaceutical industry. In addition,
fermented black soybeans could be used as an ingredient in the design and development of
various cereal- and legume-related food products (e.g., biscuits and bread). Furthermore,
investigation of this fermented black soybean is indispensable to estimate its potential
health beneficial effects by in vivo studies to develop functional foods.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/agronomy11061029/s1. Figure S1. (A) Loading plot of principal component analysis (PCA) of
total phenolic content (TPC), isoflavones content, and antioxidant activity. (B) Score plot of principal
component analysis (PCA) of discrepant solvent extracts of non-fermented black soybean and
E. cristatum-fermented black soybean. -M, -E, and -A indicate non-fermented black soybean (BS) and
E. cristatum-fermented black soybean (FBS) were extracted with 80% methanol, 80% ethanol, and 80%
acetone, respectively. Figure S2. Topographic plots of GC-IMS spectra with the 56 selected markers
obtained from non-fermented black soybean (A) and E. cristatum-fermented black soybean (B).
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