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Abstract

Mustard bran is enriched with bioactive phenolic compounds and glucosinolates, yet it is underutilized as a low-
value processing by-product. Here, we investigate the effects of solid-state fermentation (SSF) using various 
food-grade microorganisms (Aspergillus spp., Rhizopus spp., Bacillus subtilis, Saccharomyces cerevisiae) on the 
phytochemical composition and antioxidant activities of oriental mustard and yellow mustard brans. The total 
phenolic contents (TPC) and antioxidant activities (FRAP, DPPH assays) of oriental and yellow mustard brans were 
significantly improved (p < 0.05) after fermentation, especially by R. oligosporus and R. oryzae. Moreover, SSF by 
R. oligosporus and R. oryzae significantly increased (p < 0.05) the levels of p-hydroxybenzoic acid, syringic acid, 
protocatechuic acid, sinapic acid and kaempferol-3-O-glucoside in both mustard brans. Conversely, a significant 
reduction (p < 0.05) of major glucosinolates in oriental and yellow mustard brans were observed after SSF by R. 
oligosporus. Findings from this study show that SSF by filamentous fungi is a promising strategy to enhance the 
phenolic contents, antioxidant properties and overall value of oriental and yellow mustard brans.
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1. Introduction

Oriental mustard (Brassica juncea) and yellow mustard (Sinapis 
alba) belong to the Brassicaceae family and are widely known 
around the world for their various food applications. Mustard 
seeds, in particular, are commonly used to produce condiments, 
sauces, spices, and edible oils. Aside from having desirable fla-
vour characteristics, mustard seeds are also enriched with a vari-
ety of bioactive components, especially glucosinolates and phe-
nolic compounds (Mayengbam et al., 2014; Torrijos et al., 2023). 
Glucosinolates (GSL) are plant secondary metabolites that are 

ubiquitously distributed in cruciferous plants, such as broccoli, 
cauliflower, and mustard. GSLs are composed of a thiohydroxi-
mate-O-sulfonate group linked to a glucose molecule and an alkyl, 
aryl or indolyl side chain. These compounds remain relatively inert 
until hydrolyzed into biologically active compounds by myrosi-
nase, a β-thioglucoside glucohydrolase enzyme (Sikorska-Zimny 
and Beneduce, 2021). Upon plant tissue damage and in the pres-
ence of water, myrosinases released from specialized myrosin 
cellular compartments can hydrolyze GSLs to produce isothiocy-
anates (ITCs), nitriles and thiocyanates (Ishida et al., 2014). These 
hydrolysis products are responsible for the sharp and pungent 
flavours associated with cruciferous plants. GSL hydrolysis prod-
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ucts, especially ITCs, have been found to exert antimicrobial, an-
tioxidant, anti-inflammatory and anticarcinogenic effects (García-
Ibañez et al., 2022; Sikorska-Zimny and Beneduce, 2021). Studies 
have identified sinigrin and sinalbin as the main GSLs in oriental 
and yellow mustard seeds, respectively (Bouranis et al., 2021; Pan 
et al., 2022).

In addition to glucosinolates, mustard seeds are also a source 
of phenolic compounds, which can occur in either soluble or in-
soluble forms (Torrijos et al., 2023). Soluble phenolic compounds 
can occur as free forms or conjugated forms, esterified or cova-
lently bound to sugars or small peptides (Shahidi and Yeo, 2016). 
Conversely, insoluble or bound phenolics are associated with plant 
cell wall structures, such as pectin, cellulose, hemicellulose and 
structural proteins, through covalent bonding, hydrogen bonding 
and hydrophobic interactions (Shahidi and Yeo, 2016; Zhang et al., 
2020). Phenolic compounds are known for their antioxidant prop-
erties, which have been linked to the reduced incidence of various 
inflammation-related chronic diseases, including type-2 diabetes, 
cardiovascular disease, obesity and certain cancers (Anhê et al., 
2015; Hashemzaei et al., 2017; Kleemann et al., 2011; Li et al., 
2015). The phenolic composition of mustard seeds have gener-
ally been found to consist of sinapic acid and its ester derivatives, 
sinapoyl choline (sinapine), sinapoyl malate and sinapoyl glucose; 
although, other phenolic compounds have been detected as well 
(Nguyen et al., 2021; Torrijos et al., 2023).

A recent study has shown that the bran fractions of oriental and 
yellow mustard seeds are highly enriched with various phenolic 
acids, including p-hydroxybenzoic acid, salicylic acid, ferulic 
acid and especially, sinapic acid (Torrijos et al., 2023). Despite 
being rich sources of these bioactive compounds, the bran lay-
er of mustard seeds are commonly removed during the milling 
process and discarded as a by-product (Mustard 21 Canada Inc., 
2019). A major limitation that may hinder the utilization and re-
covery of phenolic compounds from bran substrates is the low 
bioaccessibility of these compounds. Studies have shown that the 
phenolic compounds present in the mustard bran fraction mainly 
occur in bound forms, which have poor bioaccessibility and typi-
cally require the use of acid or base hydrolysis to facilitate their 
release from the cell wall matrix (Torrijos et al., 2023). Therefore, 
to improve the economic and functional values of mustard bran, 
strategies are needed to enhance the soluble phenolic contents in 
this substrate.

Solid-state fermentation (SSF) is a bioprocessing treatment 
that has been traditionally used in the production of fermented 
foods and is a potential strategy to enhance the bioaccessibility 
of phenolic compounds from bran by-products. It involves the 
growth of microorganisms on solid substrates in a low moisture 
environment, without a free-flowing aqueous phase. Advantag-
es of SSF over conventional submerged fermentation systems 
include: having lower water and energy requirements, lower 
demand for sterility, and the capability of utilizing low-value 
agro-industrial residues as substrates (Bhanja Dey et al., 2016). 
Filamentous fungi, yeasts, and bacteria have shown SSF to be an 
effective treatment to enhance total phenolic contents (TPC) and 
antioxidant activities of substrates, such as wheat bran (Călinoiu 
et al., 2019; Moore et al., 2007; Roasa et al., 2021; Zhang et 
al., 2014). The TPC and individual phenolic components of 
wheat bran, including ferulic acid, vanillic acid, dihydroxyben-
zoic acid, and apigenin glucoside, significantly increased after 3 
days of fermentation by Saccharomyces cerevisiae, which was 
also accompanied by higher DPPH radical scavenging activities 
(Călinoiu et al., 2019).

Mustard bran is an excellent source of bioactive compounds 
with health-promoting properties, making it a promising candidate 

for human health applications. Currently, the impacts of SSF on 
the phenolic and GSL composition, and potential health attributes 
of mustard bran are largely unknown. Therefore, as an unexplored 
area of research, our objective was to evaluate the effects of SSF 
on the phytochemical composition and antioxidant activities of 
oriental mustard and yellow mustard brans. Furthermore, an ad-
ditional goal was to determine the most suitable microorganism 
to yield the desired results from each bran substrate; hence, SSF 
experiments were carried out using seven different microorgan-
isms (Aspergillus awamori, A. niger, A. oryzae, Rhizopus oligospo-
rus, R. oryzae, Bacillus subtilis, Saccharomyces cerevisiae) over a 
7-day fermentation period. Results from this study may eventually 
lead to the development of mustard bran products with added value 
and greater health attributes.

2. Materials and methods

2.1. Samples

Oriental (Lot No.: Jan 08/20) and yellow (Lot No.: Dec 14/19) 
mustard bran samples were supplied by G.S. Dunn Ltd. (Hamil-
ton, ON). All bran samples were stored in sealed plastic bags in 4 
oC prior to analysis. Aspergillus oryzae (ATCC 42149), A. niger 
(ATCC 9029), A. awamori Nakazawa (ATCC 38854), Rhizopus 
oryzae (ATCC 9363) and Saccharomyces cerevisiae L17 were pro-
vided in-house by the Guelph Research and Development Centre 
(Guelph, ON). Commercially available Tempeh starter culture (R. 
oligosporus) was purchased from Cultures For Health (Akron, 
OH, USA) and Bacillus subtilis natto was purchased from T&T 
Supermarket (Mississauga, ON).

2.2. Chemicals and reagents

HPLC-grade chemicals and solvents were obtained from EMD 
Chemicals (Gibbstown, NJ, USA), VWR (Mississauga, ON) and 
Caledon Labs (Georgetown, ON) unless otherwise specified. Analyt-
ical standards (e.g., gallic acid, Trolox) were obtained from Sigma-
Aldrich (Oakville, ON). Culture media were purchased from VWR 
(Mississauga, ON) or Fisher Scientific (Nepean, ON) and Tween 20 
was purchased from Sigma-Aldrich. Reagents for antioxidant and 
total phenolic content assays, including 1,3,5-tri(2-pyridyl)-2,4,6-
triazine (TPTZ), L-ascorbic acid, Folin-Ciocalteu’s phenol reagent, 
sodium bicarbonate, fluorescein, 2,2-diphenyl-1-picrylhydrazyl 
(DPPH) and 2,2′-azobis-(2-methylpropionamidine) dihydrochloride 
(AAPH), were also purchased from Sigma-Aldrich. Sodium acetate, 
ferric chloride hexahydrate, sodium phosphate monobasic and sodi-
um phosphate dibasic were purchased from Caledon Labs. Distilled 
and deionized water were obtained from a Thermo Scientific Barn-
stead Nanopure ultrapure water purification system (Ottawa, ON).

2.3. Solid-state fermentation (SSF)

Preparation of microbial cultures and SSF experiments were per-
formed using modified versions of previously reported methods 
(Bhanja Dey and Kuhad, 2014; Chen et al., 2020; Moore et al., 
2007; Sandhu et al., 2016; Shin et al., 2019; Torino et al., 2013). 
Aspergillus spp. and Rhizopus spp. were cultured on potato dex-
trose agar (PDA, 15 g/L agar, 20 g/L dextrose, 4 g/L potato extract) 
plates and incubated at 30 °C for 3–5 days. Spore suspensions were 
prepared by suspending the top mycelia on each PDA plate using 
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10 mL 0.1% Tween 20, followed by filtration of spores through a 
sterilized cheese cloth. Filtration was repeated twice more using 
10 mL of 0.1% Tween 20 and the volume was adjusted to obtain a 
final suspension volume of 50 mL (approximately 105–106 spores/
mL). An isolated pure colony obtained from streak plating Bacil-
lus subtilis natto on PDA was aseptically transferred into 5 mL of 
lysogeny broth (LB, 10 g/L tryptone, 5 g/L yeast extract, 10 g/L 
NaCl) and incubated at 37 °C for 24 h, with constant shaking at 
150 rpm. The resulting broth culture (5 mL) was transferred into 
100 mL of LB broth and incubated at 37 °C for 24 h, with constant 
shaking at 150 rpm. An isolated pure colony obtained from streak 
plating S. cerevisiae L17 on PDA was aseptically transferred into 
5 mL of yeast malt (YM, 10 g/L glucose, 3 g/L malt extract, 5 g/L 
peptone, 3 g/L yeast extract) broth and was incubated at 33 °C for 
24 h under anaerobic conditions, with constant shaking at 150 rpm. 
The broth culture (5 mL) was then transferred into 100 mL of YM 
broth and incubated once more at 33 °C for 24 h under anaerobic 
conditions, with constant shaking at 150 rpm. The bacterial sus-
pension (105 colony forming units (CFU)/mL) was kept at room 
temperature for immediate use in SSF experiments. Fungal spore 
and yeast suspensions (106 CFU/mL) were stored in 4 °C prior to 
experiment use.

Mustard bran samples were weighed (∼30 g) into aluminum 
trays, which were then loosely covered with aluminum foil and 
were autoclaved (121 °C, 20 min). Once cooled, 1.0 g of each bran 
was accurately weighed into 15 mL tubes in triplicate. Each tube 
was inoculated aseptically at a 10% inoculum ratio using the pre-
pared fungal spore, bacterial and yeast suspensions. The moisture 
contents of Aspergillus spp. and Rhizopus spp. were adjusted to 
50% using sterilized modified Czapek-Dox broth (3.0 g/L NaNO3, 
0.5 g/L MgSO4, 0.5 g/L KCl, 1.0 g/L K2HPO4, 0.01 g/L FeSO4), 
whereas B. subtilis and S. cerevisiae groups were adjusted to 70%. 
Non-fermented samples (0 h) were immediately stored at −20 °C 
after inoculation. Tubes with Aspergillus spp. and Rhizopus spp. 
groups were partially covered and incubated for 24, 48, 72, 96, 
120 and 168 h at 30 °C in static mode. B. subtilis tubes were also 
partially covered and incubated for the specified fermentation du-
ration at 37 °C, with constant shaking at 150 rpm. S. cerevisiae 
tubes were sealed (anaerobic) and incubated at 33 °C, with con-
stant shaking at 150 rpm. Fermented bran samples were stored in 
−20 °C prior to further analysis.

2.4. Extraction

Extractable phenolics and glucosinolates were extracted from 
raw (non-autoclaved, untreated), non-fermented (0 h) and fer-
mented (24, 48, 72, 96, 120 and 168 h) mustard bran samples 
using aqueous methanol according to a slightly modified ver-
sion of previously reported methods (Alrifai et al., 2021; Chen 
et al., 2015). Briefly, 5 mL of 70% methanol with 0.1% formic 
acid (v/v) was added into each 15 mL tube containing 1.0 g bran. 
Each tube was then vortexed for 30 s by an IKA MS1 Minishaker 
(IKA Works, Wilmington, NC) and sonicated for 15 min at room 
temperature (VWR, Mississauga, ON), which was followed by 
constant rolling on a rotary shaker (Scientific Industries Inc., Bo-
hemia, NY) at 150 rpm for 18 h. The mixture was centrifuged at 
4,000 rpm for 10 min by Eppendorf centrifuge (5810R, Brink-
man Instruments Inc., Westbury, NY, USA) and the extraction 
was repeated twice more with 5 mL extraction solvent for 2 h 
each. The volumes of the pooled crude extracts were adjusted 
15 mL. Crude extracts were filtered through Phenex-NY syringe 
filters (4mm, i.d.; 0.2μm particle size; Sigma-Aldrich) prior to 
LC-MS/MS analyses.

2.5. Total phenolic contents

The TPC of bran extracts was determined by the Folin-Ciocalteu 
method (Li et al., 2012). Authentic gallic acid standards were pre-
pared at concentrations: 0, 0.0313, 0.0625, 0.125, 0.250, and 0.500 
mg/mL. Briefly, 25 μL of extracts or standards were mixed with 
125 μL of 0.2 M Folin-Ciocalteu reagent in a 96-well microplate, 
which were allowed to react for 6 min at room temperature. Subse-
quently, 125 μL of 15% Na2CO3 was added into each of the wells 
and was allowed to react for 30–120 min at room temperature. The 
absorbance was measured at 765 nm using a UV-Vis microplate 
kinetic reader (EL 340, Bio-Tek Instruments, Inc., Winooski, VT, 
USA). TPC was determined using the gallic acid calibration curve 
and was expressed as mg gallic acid equivalents per g dry weight 
bran (mg GAE/g DW).

2.6. Antioxidant assays

2.6.1. Ferric-reducing antioxidant power (FRAP) assay

FRAP activities of mustard bran extracts were determined us-
ing a previously reported procedure (Li et al., 2012). Briefly, 
ferric-TPTZ reagent was first prepared by mixing 300 mM ac-
etate buffer (pH 3.6), 10 mM TPTZ in 40 mM HCl, and 20 mM 
FeCl3•6H2O at a ratio of 10:1:1 (v/v/v). Diluted extracts (10 μL) 
or ascorbic acid standards (62.5, 125, 250, 500, 750 and 1,000 
μM) were allowed to react with 300 μL of ferric-TPTZ reagent in 
a 96-well microplate for 2 h at room temperature. The absorbance 
was read at 593 nm using a UV-Vis microplate kinetic reader (EL 
340, Bio-Tek). FRAP activities were calculated using the ascor-
bic acid calibration curve and were expressed as μmol ascorbic 
acid equivalents (AAE) per g bran on a dry weight basis (μmol 
AAE/g DW).

2.6.2. 2,2-Diphenyl-1-picrylhydrazyl (DPPH) assay

The radical scavenging activities of mustard bran extracts were 
determined according to a previously reported method with minor 
modifications (Li et al., 2012). Briefly, 25 μL of appropriately di-
luted extracts or Trolox standards (125, 250, 500, 750, 1,000 and 
1,250 μM) were mixed with 225 μL of 350 μM DPPH• in metha-
nol in a 96-well microplate. The mixtures were allowed to react 
for 6 h under subdued light at room temperature. The absorbance 
was measured at 517 nm using a UV-Vis microplate kinetic reader 
(EL 340, Bio-Tek). The DPPH radical scavenging activity was 
calculated using the Trolox calibration curve and was expressed 
as μmol Trolox equivalents per g bran on a dry weight basis (μmol 
TE/g DW).

2.6.3. Oxygen radical absorption capacity (ORAC) assay

ORAC activities of mustard bran extracts were determined using a 
previous method with minor modifications (Li et al., 2012). Briefly, 
25 μL of blank, Trolox (6.25, 12.5, 25, 50, and 100 μM) or diluted 
bran extracts were mixed with 150 μL of 8.68 × 10−5 mM fluores-
cein solution in phosphate buffer (pH 7.4) in a 96-well microplate, 
which was then incubated for 30 min at 37 °C. The reaction was 
initiated by addition of 25 μL 153 mM AAPH solution (phosphate 
buffer, pH 7.4), followed by shaking for 10 s. The fluorescence (ex-
citation at 485 nm; emission at 520 nm) was monitored kinetically, 
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with data read every minute for about 120 min, in a Bio-Tek Fluores-
cence Spectrophotometer equipped with an automatic thermostatic 
holder (PLX 800, Bio-Tek). The calibration curve was constructed 
by plotting the difference between the area under the fluorescein de-
cay curve of known standards and the blank against their respective 
concentrations. ORAC results were expressed as μmol TE per g bran 
on a dry weight basis (μmol TE/g DW).

2.7. LC-MS/MS analysis

A targeted, quantitative profiling approach using LC-MS/MS 
was performed on extracts of selected mustard bran samples us-
ing a slightly modified protocol (Alrifai et al., 2021). LC-MS/
MS analysis was conducted using a Thermo® Scientific Q-
Exactive™ Orbitrap mass spectrometer equipped with a Van-
quish™ Flex Binary UPLC System (Waltham, MA, USA). The 
chromatographic separation was performed on a Kinetex XB-
C18 100A HPLC column (100 x 4.6 mm, 2.6 µm, Phenomenex 
Inc., Torrance, CA, USA). The binary mobile phase consisted of 
solvent A (99.9% H2O/0.1% formic acid) and solvent B (94.9% 
MeOH/5%/0.1% formic acid). High purity LC-MS grade metha-
nol, acetonitrile and formic acid were used for LC-MS analy-
sis (Optima grade, ThermoFisher Scientific, Mississauga, ON). 
Most phenolic and GSL compounds were detected by using nega-
tive ionization mode and two compounds (sinapine and syrin-
galdehyde) were determined by using positive ionization mode. 
The negative mode solvent gradient was: 0–5 min, 0% to 12% 
B; 5–15 min, 12% to 23% B; 15–30 min, 23% to 50% B; 30 - 40 
min, 50% to 80% B; 40–42 min, 80% to 100% B; 42–45 min, 
100% B; 45–46 min, 100% to 0% B; 46–52 min, 0% B. The posi-
tive mode solvent gradient was: 0–5 min 20% B; 5–6 min, 20% 
to 100% B; 6–9 min, 100% B; 9–10 min, 100% to 20% B; 10–16 
min, 20% B. The column temperature was set at 40 °C, the flow 
rate was set at 0.700 mL/min, and the injection volume was 2 µL; 
UV peaks were monitored at 280 nm, 320 nm, 360 nm and 520 
nm. The spray voltages for negative and positive modes were 
set at 4.5 kV an 3.3 kV, respectively. Mass spectrometry data 
were collected using either Full-MS mode for quantification, or 
DDMS2 (TopN = 10, NCE = 30) mode for identification. Data 
were visualized and analysed using Thermo FreeStyle™ 1.7PS2 
software. Quantification was achieved using calibration curves 
generated from selected analytical standards in serial dilutions 
(0.78–200 mg/L; r2 = 0.99).

2.8. Statistical analysis

All mustard bran samples were analysed in triplicates and results 
were expressed as mean ± standard deviation (n = 3). A two-
way analysis of variance (ANOVA) followed by Tukey’s Hon-
est Significant Difference (HSD) test was performed to analyze 
the effect of fermentation duration and microbial group on the 
TPC and antioxidant activities of mustard bran samples. Moreo-
ver, one-way ANOVA followed by Tukey’s HSD test was used 
to evaluate the effect of fermentation per microbial group on the 
glucosinolate and phenolic contents of each mustard bran. Sig-
nificant differences were considered at p < 0.05. Pearson’s corre-
lation coefficient (r) was used to evaluate the correlations among 
variables. Principal component analyses (PCA) were performed 
to gain an overview of the relationships between individual phe-
nolic and glucosinolate compounds throughout fermentation. 
Statistical analysis was performed using RStudio Software (Bos-
ton, MA, USA).

3. Results and discussion

3.1. Total phenolic contents

To the best of our knowledge, the impacts of SSF on mustard 
processing by-products have not been extensively investigated 
in literature. Some studies have evaluated the use of mustard 
oilseed cakes as fermentation substrates for the production of 
industrially relevant enzymes, such as amylase and lipase (Sax-
ena and Singh, 2011; Sethi et al., 2016); however, the effects 
of SSF on the phenolic and GSL composition of mustard bran 
have not been reported. It is important to note that the TPC of 
mustard bran samples in the present study mainly refer to the to-
tal soluble phenolic contents. Mixtures of aqueous-organic sol-
vents are widely used to extract phenolic compounds from plant 
materials. This method, however, preferentially isolates soluble 
phenolics while neglecting insoluble or bound phenolic com-
pounds, which remain associated with structural components 
in the plant cell wall matrix (Saura-Calixto and Pérez-Jiménez, 
2018). Therefore, results in this study mainly reflect the effects 
of SSF on the composition of extractable phenolics in oriental 
and yellow mustard brans.

Prior to SSF experiments, a sterilization step was employed 
for the removal of endogenous microbes and the thermal inactiva-
tion of myrosinases to prevent the premature hydrolysis of glu-
cosinolates in the mustard bran samples. Interestingly, the TPC 
of oriental mustard bran was found to decrease after autoclaving 
while the TPC of yellow mustard bran generally increased (Figure 
S1–2). These results could be explained by the stability and ini-
tial composition of phenolic compounds in each bran. The soluble 
phenolics present in the native state of oriental mustard bran may 
be sensitive to high temperatures and susceptible to degradation, 
resulting in a decrease in TPC after autoclaving. Conversely, the 
increase in soluble phenolic contents in yellow mustard bran after 
thermal treatment may be due to the release of bound phenolics 
from the bran matrix. Similar results have been observed after 
the thermal treatment of other bran substrates, such as wheat bran 
(Spaggiari et al., 2020). The fermentation process was also found 
to significantly enhance (p < 0.05) the soluble TPC of both oriental 
and yellow mustard bran, which greatly depended on fermentation 
duration and the microbe used (Figures 1a and 2a). A minimum 
fermentation duration of 24 h for R. oligosporus and R. oryzae, 
and 48 h for A. awamori and A. niger were sufficient at signifi-
cantly improving the TPC of oriental mustard bran. The TPC of 
bran samples continued to increase after 48 h, reaching maximum 
TPC results at different fermentation times based on the treatment 
group. The TPC of oriental mustard bran fermented by A. awamori 
had a maximum increase of +63.5% after 72 h of fermentation, 
whereas R. oligosporus fermented samples had a maximum in-
crease of +54.3% after 96 h of treatment relative to non-fermented 
bran. SSF by A. niger (+109.6%) and R. oryzae (+79.5%) led to the 
highest increases in TPC after 168 h of treatment relative to non-
fermented bran. No significant changes in TPC were observed in 
oriental mustard bran fermented by A. oryzae and B. subtilis. Con-
versely, significant changes in the TPC of yellow mustard bran was 
only observed in samples fermented by R. oligosporus and R. ory-
zae. The TPC of yellow mustard bran was significantly improved 
as early as 24 h for both R. oligosporus (+8.9%) and R. oryzae 
(+15.4%) fermented samples. Notably, the TPC of yellow mustard 
bran fermented by these Rhizopus spp. did not significantly change 
past 24 h of treatment.

Currently, there is a lack of research on the impacts of SSF on 
the phenolic contents of mustard bran; hence, this research pro-
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Figure 1. Total phenolic contents (a) and antioxidant activities FRAP (b), DPPH (c), and ORAC (d) of oriental mustard bran extracts during solid-state 
fermentation by various microbes. 

Figure 2. Total phenolic contents (a) and antioxidant activities FRAP (b), DPPH (c), and ORAC (d) of yellow mustard bran extracts during solid-state fer-
mentation by various microbes. 
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vides new information on this area. Results from this study are in 
line with research on other substrates, such as wheat bran, which 
show that SSF is an effective method to improve the extractable 
phenolic contents of bran (Călinoiu et al., 2019; Moore et al., 
2007). The significant improvement of TPC may be attributed to 
the activity of microbial enzymes, which can catalyze the degra-
dation of cell wall structures and liberate bound phenolics from 
the bran matrix. Consequently, differences in TPC results may 
be due to the release of different enzymes, such as amylase, pro-
tease, esterase and cellulase, by each microorganism used in this 
study (Sharma et al., 2020). Filamentous fungi are generally con-
sidered to be more adapted for SSF than yeast or bacteria due to 
the ability of fungal hyphae to penetrate the surface of solid sub-
strates. R. oryzae and R. oligosporus have been traditionally used 
to produce solid fermented food, such as tempeh (Cantabrana et 
al., 2015). Therefore, due to their pre-existing food applications 
and effectiveness at enhancing the soluble phenolic contents of 
mustard bran, R. oryzae and R. oligosporus may be suitable in 
transforming mustard bran into a fermented food product or in-
gredient.

3.2. Antioxidant activities

The antioxidant activities of oriental mustard bran samples, 
measured through the FRAP, DPPH and ORAC assays, through-
out the fermentation period are summarized in Figure 1b–d and 
Table S1. Significant increases in FRAP activities were observed 
in oriental mustard bran fermented by all Aspergillus spp. and 
Rhizopus spp. while bran fermented by B. subtilis had no signifi-
cant change in FRAP activities relative to non-fermented bran. 
SSF by A. niger (+35.0%), A. oryzae (+42.6%), R. oligosporus 
(+30.2%) and R. oryzae (+43.5%) significantly enhanced the re-
ducing power of mustard bran after 48 h of treatment. In contrast, 
a minimum of 72 h of fermentation by A. awamori was required 
to attain a significant improvement in FRAP activities. Trends in 
FRAP results of oriental mustard bran throughout SSF treatment 
generally corresponded well with DPPH radical scavenging ac-
tivities. B. subtilis, S. cerevisiae and A. oryzae treatment groups 
had no significant effects on DPPH radical scavenging activities 
of oriental mustard bran. For all treatment groups, ORAC ac-
tivities of oriental mustard bran samples were found to decrease 
after 24 h of fermentation, which was subsequently followed by 
a general upward trend in ORAC results as fermentation time 
increased. SSF by A. niger and R. oligosporus led to the highest 
percent increases in ORAC activities in oriental mustard bran, 
reaching +51.6% after 96 h and +32.9% after 48 h of fermenta-
tion, respectively.

Regarding the antioxidant activities of yellow mustard bran 
samples, significant differences were observed between ferment-
ed and non-fermented bran, which varied based on the treatment 
group (Figure 2b–d; Table S2). Similar to the effects of SSF on the 
TPC of yellow mustard bran, R. oligosporus and R. oryzae were 
the most efficient at enhancing the FRAP activities of bran sam-
ples, increasing by +41.0% and +58.8% after 24 h of fermentation, 
respectively. Interestingly, DPPH scavenging activities of yellow 
mustard bran were significantly improved by all microorganisms 
as early as 24 h of fermentation. Percent increases in the DPPH 
scavenging activities of yellow mustard bran samples after 24 h 
of treatment ranged from +24.1–121.4%, which were reached by 
each microorganism in the following order: A. awamori < R. oli-
gosporus < A. niger < A. oryzae < R. oryzae < S. cerevisiae < B. 
subtilis. In contrast to FRAP and DPPH results, changes in the 
ORAC activities of yellow mustard bran samples throughout SSF 

generally followed different trends. SSF by R. oryzae, B. subtilis 
and S. cerevisiae led to significant enhancement of ORAC results 
compared with non-fermented bran, increasing by +25.3, 29.5 and 
28.7%, respectively. On the other hand, the ORAC values of yel-
low mustard bran fermented by the remaining microorganisms, es-
pecially by A. awamori, A. niger and A. oryzae, were significantly 
reduced throughout fermentation.

The favourable effects of SSF on the antioxidant activities of 
mustard bran are in line with results reported by studies on other 
substrates (Zhang et al., 2014). In one study, Zhang et al (2014) 
evaluated the effects of fermentation using various microbes on 
the TPC and antioxidant activites of wheat bran and found that 
R. oryzae could significantly increase the antioxidant capacity 
of wheat bran. The discrepancy between trends in antioxidant 
activities measured through FRAP, DPPH and ORAC assays 
could be attributed to the individual activities of various phenolic 
compounds or other antioxidant metabolites released or altered 
by SSF treatment. FRAP, DPPH and ORAC assays are widely 
used chemical-based methods to measure antioxidant activities; 
however, each method is characterised by different mechanisms 
of action. For instance, electron transfer reactions are the basis 
for FRAP and DPPH assays while the ORAC method is based on 
hydrogen atom transfer (HAT) (Amorati and Valgimigli, 2015). 
The antioxidant activities of phenolic and related compounds are 
greatly influenced by their chemical structures. As such, differ-
ences in the phytochemical profiles of fermented bran samples 
can lead to discrepancies in results between the antioxidant as-
says used.

3.3. Characterization of phenolic and glucosinolate profiles

The phenolic and glucosinolate (GSL) contents of mustard bran 
samples were analyzed and quantified using LC-MS/MS. After an 
initial, untargeted pre-screening to determine major compounds 
that were significantly altered by SSF treatment of oriental (Table 
1) and yellow (Table 2) mustard brans, a total of 4 GSL and 9 phe-
nolic compounds were selected for quantification. The extracted 
ion chromatograms (XIC) of relevant phenolic compounds that 
were most affected during fermentation are also shown in Figure 
3 and 4. Due to the favourable performance of filamentous fungi, 
especially by R. oligosporus and R. oryzae, at improving the TPC 
of both oriental and yellow mustard bran, these treatment groups 
were considered for individual quantification of phenolic and GSL 
compounds. Bran samples fermented by A. awamori were also in-
cluded in the LC-MS/MS analysis for comparison.

Notable phenolic compounds in oriental and yellow mustard 
brans that increased significantly during the first 72 h of SSF by 
R. oligosporus and R. oryzae include: syringic acid, p-hydroxy-
benzoic acid, sinapic acid, protocatechuic acid and kaempferol-
3-O-glucoside. In contrast, phenolic compounds that significantly 
decreased in both mustard brans after fermentation, include sali-
cylic acid, sinapine and syringaldehyde. GSL contents, including 
sinigrin, sinalbin, gluconasturtiin and glucobrassicin, were found 
to either decrease or remain constant throughout SSF treatment. 
In oriental mustard bran samples fermented by R. oligosporus, 
the sinigrin contents decreased significantly by −67.9% after 72 h 
of treatment, whereas no significant change was observed in the 
sinigrin contents of the R. oryzae group. Likewise, the sinalbin 
contents of yellow mustard bran after 72 h of SSF by R. oligospo-
rus significantly decreased by −68.4% while the sinalbin contents 
of R. oryzae fermented bran remained relatively constant. These 
results may be attributed to the microbial release of myrosinase-
like enzymes by R. oligosporus capable of hydrolyzing GSLs in 
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Table 1.  Quantification of main glucosinolates and phenolic compounds in oriental mustard bran fermented by A. awamori, R. oligosporus and R. oryzae

Compound [M-H]− m/z RT (min)
Contents (µg/g)

0 h 24 h 48 h 72 h
A. awamori
  Sinigrin 358.03 3.42 11,821 ± 924c 11,212 ± 891bc 9,963 ± 308ab 8,855 ± 281a
  Sinalbin 424.04 4.81 63.68 ± 4.26a 58.55 ± 3.67a 63.36 ± 7.08a 62.77 ± 3.47a
  Glucobrassicin 447.05 9.85 12.23 ± 0.65b 9.50 ± 0.60a 12.06 ± 1.05b 11.72 ± 0.05b
  Gluconasturtiin 422.06 12.48 26.98 ± 2.89b 24.00 ± 1.39ab 23.18 ± 2.35ab 19.26 ± 0.94a
  Sinapine* 310.16 2.79 3,483 ± 808b 1,298 ± 618a 319.8 ± 146.5a 81.54 ± 62.39a
  Syringaldehyde* 183.07 2.99 2.53 ± 0.09ab 5.01 ± 0.95b 2.62 ± 2.32ab 1.29 ± 1.04a
  Protocatechuic acid 153.01 6.92 n.d. 0.24 ± 0.01a 0.89 ± 0.42b 0.47 ± 0.05ab
  p-Hydroxybenzoic acid 137.02 9.70 1.71 ± 0.12a 6.78 ± 0.55c 3.65 ± 0.13b 1.44 ± 0.38a
  Syringic acid 197.05 14.91 0.46 ± 0.20a 1.54 ± 0.56a 10.16 ± 6.42a 6.71 ± 5.27a
  trans-Ferulic acid 193.05 19.87 n.d. 0.07 ± 0.04a 0.30 ± 0.12b 0.17 ± 0.05ab
  Salicylic acid 137.02 20.35 1.51 ± 0.36b 1.32 ± 0.19b 0.62 ± 0.03a 0.17 ± 0.07a
  Sinapic acid 223.06 21.06 2.02 ± 0.13a 2.05 ± 0.03a 4.23 ± 3.18a 3.04 ± 1.26a
  Kaempferol-3-O-glucoside 447.09 27.20 0.16 ± 0.02a 1.49 ± 0.07b 1.33 ± 0.51b 0.62 ± 0.13a
R. oligosporus
  Sinigrin 358.03 3.42 14,314 ± 385c 14,306 ± 61c 7,393 ± 710b 4,587 ± 650a
  Sinalbin 424.04 4.81 107.6 ± 7.2c 95.93 ± 8.68c 58.65 ± 8.15b 32.05 ± 3.12a
  Glucobrassicin 447.05 9.85 19.2 ± 0.30c 21.18 ± 0.88d 15.08 ± 0.75b 9.20 ± 0.27a
  Gluconasturtiin 422.06 12.48 42.22 ± 0.64c 43.03 ± 1.12c 26.45 ± 2.71b 12.83 ± 3.49a
  Sinapine* 310.16 2.79 2,764 ± 103c 1,977 ± 158b 1,640 ± 136b 951.0 ± 220.2a
  Syringaldehyde* 183.07 2.99 10.92 ± 0.5c 4.33 ± 0.71b 3.05 ± 0.23a 3.45 ± 0.16ab
  Protocatechuic acid 153.01 6.92 0.13 ± 0.03a 0.56 ± 0.12bc 0.85 ± 0.12c 0.49 ± 0.19b
  p-Hydroxybenzoic acid 137.02 9.70 2.54 ± 0.16a 15.14 ± 0.67bc 16.59 ± 0.68c 7.27 ± 6.13ab
  Syringic acid 197.05 14.91 1.14 ± 0.23a 4.07 ± 1.22a 12.71 ± 3.83b 6.30 ± 2.56a
  trans-Ferulic acid 193.05 19.87 0.11 ± 0.09a 0.32 ± 0.12ab 0.39 ± 0.06b 0.23 ± 0.07ab
  Salicylic acid 137.02 20.35 2.90 ± 0.07c 4.39 ± 0.09d 2.06 ± 0.13b 1.28 ± 0.27a
  Sinapic acid 223.06 21.06 0.94 ± 0.34a 0.83 ± 0.47a 10.49 ± 2.71b 6.65 ± 1.70b
  Kaempferol-3-O-glucoside 447.09 27.20 0.22 ± 0.03a 4.36 ± 0.23b 8.63 ± 1.70c 6.71 ± 1.84bc
R. oryzae
  Sinigrin 358.03 3.42 13,454 ± 665a 14,308 ± 852a 14,699 ± 697a 15,225 ± 913a
  Sinalbin 424.04 4.81 98.37 ± 11.58a 98.8 ± 3.50a 107.7 ± 2.6a 104.8 ± 4.6a
  Glucobrassicin 447.05 9.85 18.02 ± 1.07a 22.64 ± 1.46b 24.00 ± 0.98b 23.96 ± 0.99b
  Gluconasturtiin 422.06 12.48 26.09 ± 0.99a 27.69 ± 1.13a 26.20 ± 2.55a 25.06 ± 1.56a
  Sinapine* 310.16 2.79 1,646 ± 53c 825.8 ± 56.4b 711.0 ± 122.0ab 474.4 ± 159.0a
  Syringaldehyde* 183.07 2.99 11.49 ± 0.37c 4.48 ± 0.15a 4.85 ± 0.55a 7.18 ± 0.60b
  Protocatechuic acid 153.01 6.92 0.08 ± 0.01a 0.22 ± 0.06a 0.20 ± 0.10a 0.10 ± 0.04a
  p-Hydroxybenzoic acid 137.02 9.70 3.36 ± 0.79a 20.32 ± 0.81b 20.94 ± 1.45b 24.39 ± 1.01c
  Syringic acid 197.05 14.91 n.d. 3.87 ± 0.84a 10.39 ± 3.94b 10.57 ± 3.35b
  trans-Ferulic acid 193.05 19.87 n.d. n.d. n.d. n.d.
  Salicylic acid 137.02 20.35 3.35 ± 0.11c 0.80 ± 0.19b 0.07 ± 0.02a 0.14 ± 0.05a
  Sinapic acid 223.06 21.06 0.54 ± 0.40a 0.42 ± 0.23a 0.72 ± 0.71a 1.17 ± 0.38a
  Kaempferol-3-O-glucoside 447.09 27.20 0.19 ± 0.02a 14.54 ± 1.42b 19.76 ± 0.82c 18.32 ± 1.09c

*Positive ionization mode was used ([M+H]+). n.d., not detected; RT, retention time. Results are expressed as mean ± standard deviation (n = 3) on a dry weight basis. Means fol-
lowed by a common letter within the same row are not significantly different by the Tukey’s HSD test at the 5% level of significance.
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Table 2.  Quantification of main glucosinolates and phenolic compounds in yellow mustard bran fermented by A. awamori, R. oligosporus and R. oryzae

Compound [M-H]- m/z RT (min)
Contents (µg/g)

0 h 24 h 48 h 72 h
A. awamori
  Sinigrin 358.03 3.42 35.58 ± 4.01b 31.46 ± 50b 20.35 ± 1.47a 12.95 ± 1.12a
  Sinalbin 424.04 4.81 17,876 ± 1,305c 14,780 ± 987b 13,209 ± 511ab 11,271 ± 327a
  Glucobrassicin 447.05 9.85 9.19 ± 0.90ab 6.80 ± 0.84a 10.24 ± 1.52b 7.87 ± 1.09ab
  Gluconasturtiin 422.06 12.48 0.29 ± 0.08a 0.23 ± 0.09a n.d. n.d.
  Sinapine* 310.16 2.79 9,557 ± 745c 2,725 ± 474b 690.6 ± 614.1a 226.1 ± 262.3a
  Syringaldehyde* 183.07 2.99 5.29 ± 3.15a 0.78 ± 0.04a 2.89 ± 1.65a 2.05 ± 1.29a
  Protocatechuic acid 153.01 6.92 0.27 ± 0.01a 0.66 ± 0.03bc 0.87 ± 0.09c 0.47 ± 0.13ab
  p-Hydroxybenzoic acid 137.02 9.70 22.52 ± 0.39b 58.15 ± 3.09c 20.75 ± 4.9b 6.99 ± 3.32a
  Syringic acid 197.05 14.91 2.08 ± 0.64a 229.7 ± 11.2b 73.78 ± 39.62a 46.39 ± 50.66a
  trans-Ferulic acid 193.05 19.87 1.77 ± 0.30b 1.50 ± 0.18b 0.44 ± 0.34a 0.17 ± 0.13a
  Salicylic acid 137.02 20.35 0.31 ± 0.06b 0.18 ± 0.03a n.d. n.d.
  Sinapic acid 223.06 21.06 25.08 ± 4.05b 81.71 ± 12.89c 9.58 ± 2.76ab 5.13 ± 3.31a
  Kaempferol-3-O-glucoside 447.09 27.20 0.47 ± 0.05a 0.58 ± 0.08a n.d. n.d.
R. oligosporus
  Sinigrin 358.03 3.42 80.94 ± 32.91b 45.18 ± 3.87ab 36.68 ± 33.19ab 6.65 ± 3.98a
  Sinalbin 424.04 4.81 23,772 ± 810c 24,873 ± 1,330c 14,636 ± 521b 7,519 ± 2,574a
  Glucobrassicin 447.05 9.85 15.83 ± 1.00b 21.57 ± 1.22c 14.96 ± 0.87b 8.14 ± 2.83a
  Gluconasturtiin 422.06 12.48 0.46 ± 0.07b 0.45 ± 0.02b 0.35 ± 0.10ab 0.27 ± 0.04a
  Sinapine* 310.16 2.79 5,037 ± 441c 3,959 ± 558b 1,862 ± 248a 932.2 ± 121.4a
  Syringaldehyde* 183.07 2.99 7.58 ± 0.20c 3.45 ± 0.41b 2.36 ± 0.28a 2.23 ± 0.05a
  Protocatechuic acid 153.01 6.92 0.46 ± 0.01a 2.13 ± 0.03c 2.12 ± 0.46c 1.27 ± 0.07b
  p-Hydroxybenzoic acid 137.02 9.70 32.03 ± 0.30a 109.4 ± 4.4c 93.11 ± 18.25bc 66.34 ± 23.64ab
  Syringic acid 197.05 14.91 3.31 ± 0.05a 13.53 ± 1.46a 68.34 ± 26.85b 148.8 ± 17.5c
  trans-Ferulic acid 193.05 19.87 3.24 ± 0.08a 6.81 ± 1.06b 3.67 ± 0.17a 3.47 ± 0.31a
  Salicylic acid 137.02 20.35 0.54 ± 0.01a 0.72 ± 0.03b 0.49 ± 0.11a 0.41 ± 0.02a
  Sinapic acid 223.06 21.06 29.15 ± 5.75a 269.1 ± 20.0b 259.5 ± 102.1b 200.6 ± 37.9b
  Kaempferol-3-O-glucoside 447.09 27.20 0.76 ± 0.02b 1.33 ± 0.17c 0.91 ± 0.03b 0.43 ± 0.15a
R. oryzae
  Sinigrin 358.03 3.42 61.56 ± 2.60b 61.57 ± 3.79b 42.2 ± 4.63a 41.59 ± 2.42a
  Sinalbin 424.04 4.81 25,107 ± 767b 24,285 ± 656b 24,694 ± 441b 21,737 ± 568a
  Glucobrassicin 447.05 9.85 15.63 ± 0.94a 20.78 ± 1.06b 23.24 ± 0.83b 22.45 ± 1.70b
  Gluconasturtiin 422.06 12.48 0.27 ± 0.02a 0.51 ± 0.05b 0.32 ± 0.03a 0.35 ± 0.05a
  Sinapine* 310.16 2.79 3,191 ± 281c 2,160 ± 173b 1,334 ± 305a 741.2 ± 121.5a
  Syringaldehyde* 183.07 2.99 6.86 ± 0.08c 2.09 ± 0.42a 2.60 ± 0.34ab 2.95 ± 0.35b
  Protocatechuic acid 153.01 6.92 0.46 ± 0.01a 2.06 ± 0.13b 2.62 ± 0.16c 2.77 ± 0.17c
  p-Hydroxybenzoic acid 137.02 9.70 35.11 ± 0.86a 144.9 ± 9.2b 233.7 ± 25.4c 302.1 ± 15.0d
  Syringic acid 197.05 14.91 3.21 ± 0.03a 24.5 ± 2.26b 65.39 ± 10.06c 105.3 ± 7.0d
  trans-Ferulic acid 193.05 19.87 3.55 ± 0.13b 3.30 ± 0.29b 1.63 ± 0.22a 2.29 ± 1.18ab
  Salicylic acid 137.02 20.35 0.59 ± 0.02b 0.26 ± 0.04a n.d. n.d.
  Sinapic acid 223.06 21.06 29.73 ± 1.73a 339.2 ± 53.0b 441.5 ± 87.0b 440.0 ± 43.9b
  Kaempferol-3-O-glucoside 447.09 27.20 0.78 ± 0.04a 2.13 ± 0.19b 2.36 ± 0.22b 1.97 ± 0.12b

*Positive ionization mode was used ([M+H]+). n.d., not detected; RT, retention time. Results are expressed as mean ± standard deviation (n = 3) on a dry weight basis. Means fol-
lowed by a common letter within the same row are not significantly different by the Tukey’s HSD test at the 5% level of significance.
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the mustard bran (Zhang et al., 2022).
In this study, the levels of phenolic compounds in oriental 

and yellow mustard brans prior to fermentation treatments were 
generally comparable with the contents reported by Torrijos et al 
(2023). Any differences in initial contents of individual phenolics 
may be due to the impact of sterilization, which may have led 
to degradation. Comparatively, yellow mustard bran contained 
higher phenolic contents than oriental mustard bran, both before 

and after SSF. In fact, a +760.5%, +3,181% and 1,380% increase 
in p-hydroxybenzoic acid, syringic acid and sinapic acid, respec-
tively, was observed in yellow mustard bran after 72 h of SSF. 
The significant improvement in sinapic acid contents may be due 
to the conversion of sinapine into sinapic acid and sinapate es-
ters, such as sinapoyl malate, by microbial enzymes (Nguyen et 
al., 2021). Moreover, due to having higher contents of phenolic 
compounds, these findings suggest that yellow mustard bran may 

Figure 3. Extracted ion chromatograms (XIC) of sinapine, p-hydroxybenzoic acid, syringic acid and sinapic acid in oriental mustard bran after 0, 24, 48 and 
72 h of fermentation by R. oryzae. Individual compounds were identified and quantified using analytical standards.
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exhibit more potent antioxidant activities than oriental mustard 
bran.

3.4. Correlation and principal component analyses

Pearson’s correlation analysis was performed to determine the cor-
relation between the total phenolic contents, antioxidant activities 

and individual compounds quantified in oriental and yellow mus-
tard bran (Figure 5). Based on the LC-MS/MS analysis, R. oli-
gosporus, R. oryzae and A. awamori treatment groups were used 
to evaluate correlation between variables. The FRAP and DPPH 
activities of oriental mustard bran samples in all three treatment 
groups were found to highly correlate with TPC results. On the 
other hand, the R. oligosporus treatment group was the only one 
observed to exhibit a strong correlation between TPC and ORAC 

Figure 4. Extracted ion chromatograms (XIC) of sinapine, p-hydroxybenzoic acid, syringic acid and sinapic acid in yellow mustard bran after 0, 24, 48 and 
72 h of fermentation by R. oryzae. Individual compounds were identified and quantified using analytical standards.
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results. Regarding individual compounds, the TPC of R. oryzae 
fermented samples was highly correlated with p-hydroxybenzoic 
acid, syringic acid and kaempferol-3-O-glucoside, suggesting that 
these compounds may contribute greatly to the TPC, FRAP and 
DPPH activities of oriental mustard bran throughout fermentation. 
Likewise, oriental mustard bran fermented by R. oligosporus ex-
hibited strong positive correlations between TPC and the contents 
of syringic acid, sinapic acid and kaempferol-3-O-glucoside. In 
contrast, the TPC of bran samples fermented by A. awamori did 
not exhibit high correlation with any of the individual phenolic 
compounds.

The TPC of yellow mustard bran was found to highly corre-
late with FRAP and DPPH activities for both R. oligosporus and 
R. oryzae treatment groups. Compared with individual phenolic 
compounds, the TPC of R. oryzae fermented bran showed strong 
positive correlations with several phenolic compounds, including 
p-hydroxybenzoic acid, protocatechuic acid, syringic aid, sinapic 
acid and kaempferol-3-O-glucoside. Conversely, the TPC of bran 
samples fermented by R. oligosporus showed weak to moderate 
positive correlations against p-hydroxybenzoic acid, protocatechu-
ic acid, syringic aid and sinapic acid. Similar to oriental mustard 
bran, the TPC of yellow mustard bran fermented by A. awamori 
did not yield strong positive correlations with any individual phe-
nolic compounds. Aside from potentially catalyzing the liberation 
of bound phenolics from the bran matrix, which may in turn lead 
to an increase in total soluble phenolic contents, the microbial en-

zymes released by the microbes may also produce fermentation 
metabolites that can influence the TPC results. This may explain 
the disagreement between the increase in TPC yet lack of signifi-
cant changes in individual phenolic contents of oriental mustard 
bran fermented by A. awamori (Spaggiari et al., 2020).

To gain further insights on the impacts of SSF using different 
microorganisms on the GSL and phenolic contents of oriental and 
yellow mustard bran, principal component analysis (PCA) was 
conducted (Figure 6). PCA is a useful method to reduce the dimen-
sionality of large datasets by projecting data points onto a few prin-
cipal components, while preserving the total variation. As shown 
in Figure 6a, the first three principal components explain about 
83.9% of the total variance in the oriental mustard bran dataset; 
hence, principal components 1, 2 and 3 were used to create the 
PCA biplot. For yellow mustard bran, the first three principal com-
ponents were also considered in the analysis since they accounted 
for about 84.1% of the total variance in the data set (Figure 6b). 
Loading variables, which represent individual GSL and phenolic 
compounds, are denoted as vectors while individual results for 
each day of fermentation per microorganism (A. awamori, R. oli-
gosporus, R. oryzae) are denoted as points.

PCA results show that GSL and phenolic contents significantly 
differ between non-fermented and fermented samples, for both 
types of mustard bran. SSF of oriental mustard bran by R. oryzae 
was generally found to favour an increase in p-hydroxybenzoic 
acid, syringic acid and kaempferol-3-O-glucoside contents, where-

Figure 5. Correlation heatmaps between the total phenolic contents (TPC), antioxidant activities (FRAP, DPPH, ORAC), and glucosinolate and phenolic 
contents of (a) oriental mustard bran and (b) yellow mustard bran fermented by A. awamori, R. oligosporus and R. oryzae. Strong positive correlations 
are denoted by a deep red color. Strong negative correlations are denoted by a deep blue color. FERA: trans-ferulic acid, GBR: glucobrassicin, GNS: gluco-
nasturtiin, KAEM: kaempferol-3-O-glucoside, PA: protocatechuic acid, PBA: p-hydroxybenzoic acid, SALA: salicylic acid, SBIN: sinalbin, SGRIN: sinigrin, SIN: 
sinapine, SINA: sinapic acid, SYR: syringaldehyde, SYRA: syringic acid.
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as SSF by R. oligosporus led to increases in the contents of ferulic 
acid, protocatechuic acid and sinapic acid. On the other hand, R. 
oryzae was found to be effective at increasing the p-hydroxyben-
zoic acid, sinapic acid, protocatechuic acid and kaempferol-3-O-
glucoside contents in yellow mustard bran after fermentation. 
These results further demonstrate the suitability of Rhizopus spp. 
at enhancing the soluble phenolic contents of mustard bran.

4. Conclusions

Currently, mustard bran remains an underutilized by-product of 
mustard seed processing and their applications for human con-
sumption have been largely unexplored. Results from this study 
reveal that SSF is an effective strategy to enhance the TPC of both 
oriental and yellow mustard bran, which was dependent on both 
fermentation duration and microbial treatment group. The antioxi-
dant activities of fermented mustard brans were found to positively 
correlate with TPC results, especially with FRAP and DPPH ac-
tivities. Results from the LC-MS/MS analysis revealed that fer-
mentation by R. oligosporus and R. oryzae led to significant im-
provement in the contents of p-hydroxybenzoic acid, syringic acid, 
protocatechuic acid, sinapic acid and kaempferol-3-O-glucoside in 
both oriental and yellow mustard brans. Yellow mustard bran was 
also generally found to possess higher levels of individual phe-
nolic compounds than oriental mustard bran, both before and af-
ter fermentation. Conversely, SSF led to a significant decrease in 
the contents of salicylic acid, sinapine and syringaldehyde in both 
mustard brans. Regarding the levels of major glucosinolates, SSF 
by R. oligosporus was found to significantly reduce the sinigrin 
and sinalbin contents of oriental and yellow mustard brans. These 
results collectively support SSF as an efficient strategy to improve 
the soluble phenolic contents and antioxidant activities of orien-
tal and yellow mustard brans. Overall, findings from this research 
provide valuable groundwork that may lead to the development 
of value-added mustard bran products or ingredients with health-
promoting properties.
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