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Abstract: Soy (tofu) whey is one of the two side-streams from tofu processing, which has been shown
to be suitable for microbial growth. In this work, probiotic Bifidobacterium animalis subsp. lactis Bl-04
and B94 were used to ferment soy whey with different supplements to explore the possibility of
harnessing Bifidobacterium fermentation to upcycle soy whey. Soy whey was supplemented with
different supplements (control, CN; glucose, G; glucose + cysteine, GC; glucose + cysteine + yeast
extract, GCY) and inoculated with either B. lactis Bl-04 or B94. Growth, substrate utilization, and
metabolic products were monitored before and after fermentation. Bl-04 managed to grow in all four
media, while B94 needed cysteine to grow. The contents of sucrose, cysteine, methionine, and succinic
acid decreased in the fermented samples. Acetic and lactic acids were produced in fermented soy
whey ranging from 0.49-2.66 g/L and 0.58-2.88 g/L, respectively, with vitamin By, at 2.06-4.56 ug/L.
Increases in isoflavone aglycones (0.19-25.05 mg/L) and iron (0.03-0.12 mg/L) were observed. The
PCA analysis of volatiles showed a distinct clustering due to short-chain fatty acids (acetic, butyric,
and isovaleric acid), 2,3-butanedione (diacetyl), H,S, and 3-methylthiophene. Overall, the selection
of suitable bifidobacterial strains and supplements for soy whey fermentation can open avenues to
upcycle soy whey.
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1. Introduction

Plant-based diets and their different forms have been increasingly adopted in the West.
This trend has seen significant growth due to increased concerns about animal product
consumption and their detrimental carry-over effect on health and the environment [1].
With a strong worldwide interest in plant-based foods, there has been an increase in vegans
from 4 million in 2014 to nearly 20 million in 2017 in the USA alone. The global market for
plant-based meat alternatives is projected to reach a high of USD 3.5 billion by 2026 [2].
The adoption of a plant-based diet has been shown to have beneficial effects that include a
lower incidence of colon cancer and type 2 diabetes mellitus [3]. Yet, there are concerns
about deficiencies in vitamin By, iron, and amino acid quality when an array of plant-based
products is not being consumed [3].

Tofu is a product made from soybeans that is known for being plant-based and its
multitude of health benefits [4]. Tofu production is essentially standardized worldwide.
Simply put, soymilk is prepared from soybeans and is then heated before curdling by an
added coagulant, after which soy whey is pressed out from the curd (tofu). With the increase
in interest in plant-based diets, the production of tofu worldwide will inevitably increase
in tandem. The problem addressed in this study is two-facetted: one from the production
of tofu (liquid side-stream) and the other from the adoption of a plant-based diet.
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During the production of tofu, a massive amount of soy whey is produced, where
9 parts of soy whey to 1 part of tofu are produced [5]. This side-stream is the first problem
that poses a threat to the environment due to its nutrient content (carbohydrates (8.5 g/L),
proteins (1.33-8.2 g/L), fats (3.9-10 g/L), and minerals (3.9-4.6 g/L)) [6]. As a result,
attempts to use valorization of soy whey to produce products such as kefir and kombucha
have been made [7,8]. The majority of biovalorization strategies employ fermentation to
improve flavor and produce beneficial metabolites [9]. Other biovalorization strategies
include nisin and prebiotic production and nutrient recovery [6].

The second problem is associated with the adoption of a plant-based diet, where
individuals need to consume a variety of protein-rich foods to supplement their diet to
obtain sufficient essential amino acids, while possibly still lacking some micronutrients such
as iron and vitamin By, [10]. Bifidobacterial fermentation has been shown to contribute to
not only vitamin By, and amino acid formation but also the synthesis of short-chain fatty
acids (SCFA) and SCFA precursors such as lactic acids [11,12].

Vitamin By is mainly found in animal products or as a by-product of bacterial fermen-
tation. Bacillus megaterium and Propionibacterium shermanii are the main microorganisms
used in the production of vitamin B1, for the supplement industry [13]. However, bifidobac-
teria have also been shown to be capable of anabolizing vitamin By, [12]. Bj» production
in bacteria commonly occurs through the de novo or salvage pathway, where the former
can either be aerobic or anaerobic and the latter needs an ATP-driven ABC transporter to
transport cobinamide [14]. Bifidobacteria produce lactic acid and acetic acid through the
bifidus shunt where two glucose molecules are converted to three acetic acid and two lactic
acid molecules. Finally, genomic analysis has predicted the capability of bifidobacteria to
produce all 20 amino acids, with glycerate-3-phosphate being an intermediate for serine
biosynthesis or 2-oxoglutarate for proline biosynthesis [11].

Bifidobacteria are potential probiotics that have been extensively studied for their
health-promoting capabilities and as such, they have been utilized in numerous supple-
mental and food products. Studies have shown that bifidobacteria, being one of the
dominant members of the gut microflora, can confer physiological and clinical benefits
such as prevention of diarrhea, reduction in oral-fecal gut transit time, and immune system
stimulation [15,16]. B. animalis subsp. lactis, compared to its human origin counterpart B.
longum subsp. longum, is less sensitive to stressful environments, such as bile, acid, and
oxygen, which can help it survive better through the oral-fecal gut route in addition to
post fermentation acidification and long term storage [17], making it a good candidate
for fermentation of soy whey. Therefore, the objective of this study is to understand the
growth and metabolic activities of B. lactis Bl-04 and B94 in soy whey and biofortify it with
micronutrients such as vitamin By,. The result of this study will enhance our understanding
of B. lactis and its fermentation characteristics in minimally supplemented soy whey. The
results of this study can open avenues for a beverage or functional ingredient development
from an upcycled side-stream raw ingredient.

2. Materials and Methods
2.1. Bifidobacterial Cultures

Pure frozen dried cultures of B. animalis subsp. lactis Bl-04 (Danisco, Copenhagen,
Denmark), and B. animalis subsp. lactis LATFI B94 (Lallemand, Montreal, QC, Canada) were
sub-cultured twice statically in Man, Rogosa, and Sharpe (MRS) (Oxoid Ltd., Hampshire,
UK) broth supplemented with 0.05% cysteine HCl (Sigma-Aldrich, St. Louis, MO, USA)
(MRSC) for 24 h at 37 °C. Following the pre-culturing, the cell pellets were washed twice
with 0.85% (w/v) saline solution before being resuspended in unsupplemented soy whey,
serving as pre-cultures for the final fermentation.
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2.2. Soy (Tofu) Whey Preparation

Soy whey was made in a food processing laboratory based on the method reported
by Chua et al. (2018) [5]. To begin, soybeans were soaked for 16 h in a 1:6 (w/v) deionized
water ratio. Soybeans were then strained and blended using a blender with deionized
water in a 1:6 dry weight-to-volume ratio to obtain a slurry. Soymilk was filtered through a
cheesecloth to remove the pulp. Deionized water (1:2 (w/v)) was used to wash the pulp,
and the flow-through was pooled together with the soymilk. The soymilk was then brought
to a boil and held for 5 min. The soymilk was cooled down to 87 °C before 2% (soybean dry
weight) gypsum (calcium sulfate, Home Brew Ohio, Sandusky, United States) suspended
in water in a 10% ratio (w/v) was added to it. The soymilk and gypsum mixture was well
stirred and left to curdle for 15 min before being hydraulically pressed to separate the soy
whey from the tofu. Soy whey was split into four equal portions, of which one was left
as unsupplemented (CN) and the others were supplemented with 2% (w/v) glucose (G),
2% (w/v) glucose + 0.05% (w/v) cysteine-HCI (GC), or 2% (w/v) glucose + 0.05% (w/v)
cysteine-HCl + 0.25% yeast extract (GCY) (Oxoid Ltd., Hampshire, United Kingdom). The
soy whey was pasteurized at 90 °C for 30 min, and potato dextrose agar was used to verify
the effectiveness of the pasteurization.

2.3. Fermentation

Duplicate laboratory scale fermentations were conducted twice. The pre-culture was
inoculated into the respective soy whey at a 1% (v/v) inoculation ratio to obtain an initial
cell count of ~5 log CFU/mL. Aliquots of 40 mL or 10 mL were then transferred to 50 mL
or 15 mL centrifuge tubes, respectively. Incubation was at 37 °C for the 48 h fermentation
period before the 15 mL tubes were then transferred to 4 or 25 °C aerobic storage. Sampling
was conducted at 0 h, 6 h, 12 h, 24 h, 36 h, and 48 h using the 40 mL aliquots and at
1 week, 2 weeks, 3 weeks, and 4 weeks using the 10 mL aliquots. pH measurement was
performed with a pH meter (827 pH Lab, Metrohm, Herisau, Switzerland), °Brix with
a refractometer (RX-5000c, ATAGO, Tokyo, Japan), and cell count with pour plating on
MRSC agar incubated for 48 h at 37 °C in an anaerobic jar with AnaeroGen™ (Oxoid Ltd.,
Hampshire, UK).

2.4. Sugar, Acid, Isoflavone, Amino Acid Analysis

The soy whey samples were first centrifuged at 11,000x g for 10 min before being
filtered through a 0.22 um syringe filter prior to analysis using HPLC. Sugars were analyzed
using an Agilent UPLC-RID (Agilent; Santa Clara, CA, USA) with a Supelcogel C-610H
(300 x 7.8 mm; Supelco, Bellefonte, PA, USA) column. The mobile phase employed was
0.1% (v/v) sulfuric acid flowing at 0.5 mL/min with both the column and detector set
to 35 °C. All sugar analytes (Table 1) were identified and quantified using their retention
times and external standard curves (Sigma-Aldrich, St. Louis, MO, USA) with a coefficient
of determination of at least 0.98.

The organic acid and isoflavone analyses employed the methodology of [5], using
HPLC (Shimadzu, Kyoto, Japan) coupled with a photodiode array (PDA). Supelcogel C-610
H (300 x 7.8 mm; Supelco, Bellefonte, PA, USA) was utilized for organic acid separation at
40 °C. The mobile phase was 0.1% (v/v) sulfuric acid flowing at 0.4 mL/min with the PDA
set to 210 nm. All the quantified organic acids in Table 1 were obtained from Sigma-Aldrich
and used to develop the external calibration curves for quantification.

Zorbax Eclipse Plus C18 column (150 x 4.6 mm; Agilent Santa Clara, CA, USA) was
used for isoflavone separation with a gradient elution and PDA set to 262 nm. The mobile
phase employed was 0.1% acetic acid (A) and 0.1% acetic acid in methanol (B). The HPLC
grade isoflavone standards were purchased from Wako Pure Chemical Industries, Ltd.,
and the external calibration curves are developed for quantification or isoflavones listed in
Table 2.
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The amino acids were analyzed using the MembraPure (Berlin, Germany) pre-set
physiological separation program for ARACUS Amino Acid Analyzer. The quantification
was undertaken according to the MembraPure single-point calibration factor combined
with the physiological amino acid standard (Sigma-Aldrich, St. Louis, MO, USA).

2.5. Antioxidant Capacity Assays

The 2,2-Diphenyl-1-picrylhydrazyl (DPPH) radical scavenging assay and oxygen
radical absorbance capacity (ORAC) potential of the samples were assayed following the
steps outlined by [18]. In brief, the samples were centrifuged at 11,000 x g for 10 min before
being filtered through a 0.20 um syringe filter prior to analysis. For the DPPH radical
scavenging assay, the soy whey was diluted 100-fold in deionized water, while 160-fold
dilution was conducted in a 75 mM phosphate buffer (pH 7.4) for ORAC assay. Both
analyses were carried out using a multi-mode reader (Synergy HTX Multi-mode Reader,
Agilent, Santa Clara, CA, USA) set at 515 nm for the DPPH radical scavenging assay and
fluorescence for ORAC. Results from the readings are expressed as Trolox equivalents per
mL of soy whey.

2.6. Vitamin By Analysis

For the vitamin By analysis, the methodology described in [19] was followed. Briefly,
6 mL of the sample was transferred to a 15-mL centrifuge tube along with 0.1 mL of a 1%
KCN solution and 2.5 mL of a 0.4 M sodium acetate (pH 4) solution. The samples were then
vortexed and autoclaved at 100 °C for 30 min before being cooled in an ice bath. Prior to
extraction, the samples were centrifuged at 11,000 g at 4 °C. Oasis HLB SPE columns (3-cc,
60-mg bed mass, Waters, MA, USA) were conditioned with 2 mL of methanol, followed by
equilibration with 2 mL of distilled HyO. The sample was then loaded into the cartridge
followed by 2 mL of a 5% (v/v) methanol wash and 1 mL of a 90% methanol elution. The
extracted samples were then filtered through a 0.22 pm filter and stored in a 2 mL amber
vial before analysis. The sample analysis was conducted using a HPLC (Shimadzu, Kyoto,
Japan) coupled with PDA. The Zorbax Eclipse Plus C18 column (150 x 4.6 mm, Agilent,
Santa Clara, CA, USA) with a gradient elution of formic acid in water (0.1%) (A) and
methanol (B) at a flow rate of 0.25 mL/min at 40 °C with PDA set at 550 nm was employed.
The elution gradient was as follows (A:B): 0-3.5 min 100:0, 3.5-11 min 75:25, 11-19 min
65:35, 19-20 min 90:10, 20-35 min 95:5, 35-45 min 95:5. A vitamin Bj, (cyanocobalamin)
standard was purchased from Sigma-Aldrich (St. Louis, MO, USA) to develop an external
calibration curve for quantification.

2.7. Mineral Analysis

Minerals such as cobalt (Co, 238.892 nm), copper (Cu, 324.754 nm), iron (Fe, 238.204 nm),
potassium (K, 404.721 nm), magnesium (Mg, 383.231 nm), sodium (Na, 588.995 nm), phos-
phorous (P, 213.618 nm,), selenium (Se, 196.090 nm), and zinc (Zn, 213.856nm) were an-
alyzed using an ICP-OES (Shimadzu, Kyoto, Japan). The sample preparation included
centrifugation at 4000 x g for 10 min before filtering through a 0.22 pm syringe filter prior
to analysis.

2.8. Volatile Analysis

Gas chromatography coupled with mass spectrometry and flame ionization detector
(Agilent; Santa Clara, CA, USA) was employed for the volatile analysis as described by [5]
with slight modifications. The whey samples were subjected to pH adjustment to a pH of
2.5 using 1 M HCl before 5 mL was transferred to a 20 mL headspace vial supplemented
with 1 g of NaCl. A PAL autosampler (CTC, Basel, Switzerland was employed for 50 min
of extraction time at 60 °C using CAR/PDMS SPME fiber (Supelco, Bellefonte, PA, USA)
at 250 rpm/min and desorbed at 250 °C for 3 min. Separation was undertaken in an
Agilent DF-FFAP (Agilent; Santa Clara, CA, USA) column with helium as the carrier gas
at a 1.2 mL/min flowrate. The inlet was set to the splitless mode at 250 °C with an oven
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program of 50 °C for 5 min, then 5 °C/min to 230 °C, and held for 30 min. All analyses
were conducted in the ion mode with the eV and MS source set to 230 °C. NIST08, and
the Wiley 275 MS libraries were used in tandem with linear retention indices (LRI) for
peak identification.

2.9. Statistical Analysis

R v4.1.0 (R Foundation for Statistical Computing, Vienna, Austria) was primarily used
for data manipulation, visualization, statistical analysis, and principal component analysis
(PCA). A two-way ANOVA with treatment and supplementation was used to determine
the main effects and interactions effect on metabolites (Supplementary Data). When there
is a significance in interactions or main effects, Tukey’s HSD post hoc test was performed
to assess sample differences with significant differences reported as p < 0.05. Results are
reported as mean =+ standard deviations, where duplicate trials were undertaken twice
independently (n = 4), and instrumental analyses were only conducted with biological
replication and a single technical replicate.

3. Results & Discussion
3.1. B. lactis Growth and pH Changes

Tindjau et al. (2023) [19] demonstrated the capability of B. longum BB536 to grow in
GC and GCY soy whey. In this study, we monitored the growth and metabolite changes of
various supplemented soy whey media fermented by B. lactis strain Bl-04 or B94.

Figure 1 shows the cell count and pH changes of soy whey over 48 h fermentation
with B. lactis strains Bl-04 and B94. Strain Bl-04 was able to grow in non-supplemented and
supplemented soy whey, while strain B94 was able to grow in GC and GCY supplemented
soy whey. Supplementation led to a rapid increase in cell count after 24 h of fermentation
for both Bl-04 and B94 by about 1.58 (Bl-04 in GC), 2.48 (Bl-04 in GCY), 2.52 (B94 in GC),
and 2.04 log CFU/mL (B94 in GCY). CN and G soy whey were only able to sustain growth
for strain Bl-04 by 2.24 (CN) and 2.39 log CFU/mL (G) but not for strain B94. Rozada et al.
(2009) [20] hypothesized that cysteine supplementation stimulated metabolism leading to a
shorter stationary phase, which could be a necessity for strain B94 growth. As shown in
Figure 1b, the trends in pH changes were similar between B94 and Bl-04 samples where
the cell counts increased. The drops in pH correspond to lactate and acetate production
through the bifidus shunt (Section 3.2) [21]. B94 fermented CN and G samples did not
show pH decreases due to their inability to support growth.
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Figure 1. Changes of (a) cell count, and (b) pH of B. lactis Bl-04 or B94 fermented soy
whey. O CN = control, 0 G = glucose supplement, X GC = glucose and cysteine supplemented,
B GCY = glucose, cysteine and yeast extract supplemented. (For statistical interpretation of the end
of fermentation results, the reader is referred to Table 1).
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Cell count and pH were monitored for an additional 28 days after completion of
fermentation, as shown in Figure S1. Storage at 25 °C was not able to sustain live cells for
28 days, while at 4 °C, it did to some degree. Bifidobacterial survivability during storage at
refrigerated and room temperature was reported before with low temperature assisting in
the preservation of microbial populations [20,22]. During storage at 4 °C, Bl-04 had better
survivability compared to B94 in all supplemented soy whey media. Interestingly, the Bl-04
cell count was able to stay at around 7 log CFU/mL in CN (7.03 £ 0.36), G (6.92 £ 0.35),
and GCY (6.76 £ 0.72). Bl-04 was able to survive better in acidic conditions compared
to B94. Acid tolerance in B. lactis has been associated with the induction of H*-ATPase
activity [17], which suggests that the ATPase activity is more pronounced in Bl-04 compared
to B94 due to its better survivability over four weeks in storage. These conditions achieved
the minimum number of viable cell counts for Bl-04 in a probiotic beverage, where the
minimum dosage is 10° CFU per serving [23]. The single most striking observation from
this data is that B94 was not able to grow in CN and G soy whey, while Bl-04 was able
to. A possible explanation to this phenomenon could be due to the presence of a reverse
transsulfuration pathway in Bl-04 and not B94. Wada et al. (2021) [24] reported the presence
of this pathway in Bifidobacterium that enables the conversion of methionine to cysteine. The
presence of this pathway in Bl-04 enables growth in the absence of cysteine. This reinforces
the importance of understanding the different strains of B. lactis for different applications.

3.2. Sugar and Organic Acid Changes

The changes in sugars and organic acids are presented in Table 1. The initial glucose
content of unsupplemented soy whey was low at 0.78 = 0.04 g/L. Glucose was added to
provide an additional carbon and energy source. Cysteine was added as a source of sulfur,
as Bifidobacterium is a sulfur auxotroph [25], and to create a reducing environment for the
anaerobic bifidobacteria. Finally, a yeast extract was added to provide extra nitrogen and
micronutrient sources for growth. From Table 1, the total sugar utilization was different
between strains and supplements with significant interactive effects.

For Bl-04, stachyose, raffinose, glucose, and fructose did not significantly decrease,
while sucrose significantly decreased in all four different supplements compared to un-
fermented soy whey. In the case of B94, a significant decrease was only observed in the
sucrose content for GC and GCY supplementation. The inability to utilize stachyose and
raffinose while being able to significantly reduce the sucrose after fermentation in soy whey
points towards the lack of x-galactosidase and not (3-glucosidase or (3-galactosidase. This
finding is contrary to the report where B. lactis was shown to have specific ATP binding
cassette (ABC) transporters to take up x-1,6-galactosides as well as utilize both raffinose
and stachyose due to x-galactosidase activity [26]. This lack of enzyme activity could be
due to the pH of the fermentation media being well below the optimum bifidobacterial
growth pH of 6-7 [22]. In addition to that, the supplementation of yeast extract was found
to affect x-galactosidase production, albeit mixed results have been reported [27]. Finally,
although raffinose family oligosaccharides (RFO) have been shown to upregulate the gene
cluster responsible for ABC transporters in B. lactis, together with the GH_36 subfamily 1, a
hydrolase family that encompasses both a-galactosidase and a-glucosidase was reported
to be upregulated in the presence of RFO [28], but this is not the case in our study. The min-
imal changes in glucose and fructose concentrations could be attributed to the hydrolysis
of sucrose by B-fructofuranosidaseto its monosaccharides and may reflect a net balance of
both monosaccharide formation and utilization.

The observed trend of increases in pyruvic acid, x-ketoglutaric acid, lactic acid, and
acetic acid was consistent with the increases in cell count and pH reduction. Malic acid and
citric acid contents were unaffected by B. lactis fermentation, likely due to the incomplete
TCA cycle present in bifidobacteria. The increase in the F6PPK (bifidus) pathway and TCA
cycle acids, such as pyruvic and o-ketoglutaric acids, were in line with normal metabolic
activities, where carbohydrates were assimilated and broken down through the bifid shunt
to pyruvate and acetyl CoA was utilized in the TCA cycle in which a-ketoglutaric acid was
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catabolized [21]. The decreases in succinic acid in all fermented samples were unexpected
as bifidobacteria have been reported to produce succinic acid [29], but this was in line
with Tindjau et al. (2023) [19]. Succinic acid is suggested to have been produced due to
the necessity of NAD" regeneration. However, there are other pathways in the central
carbon metabolism of bifidobacteria to achieve this, namely through production of lactic
acid or ethanol [29]. Acetic acid and lactic acid production is theorized to be produced in
a 3:2 molar ratio for every mole of glucose metabolized by bifidobacteria, which is rarely
the case in vitro. This could very well explain why the strain Bl-04 acetic acid to lactic acid
(A/L) molar ratio was below 1.5, which is a necessity for NAD* regeneration through the
production of lactic acid. However, this was not the case for the strain B94 GC and GCY
samples where the A/L molar ratio was 1.61 and 1.55, respectively. The possibility of acetic
and lactic acid being produced from pathways involving amino acids or citric acid could
also lead to the elevated molar ratio.

The improved acetic acid and lactic acid content was achieved through GCY supple-
mentation. SCFAs such as acetic acid have been researched as therapies for inflammatory
bowel disease and regulators of bacterial populations in the gut [30]. Lactic acid, on the
other hand, is not an SCFA. However, in the gut, it can be further metabolized by resident
butyrate-producing microorganisms through cross-feeding to produce acetate or butyrate
and propionate [31].
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Table 1. Physicochemical parameters of soy whey before and after B. lactis Bl-04 or B94 fermentation.

CN G GC GCY
Toh? T 48 h Bl-04 T48 h B4 Toht T 48 h Bl-04 T48h B4 Toht T 48 h Bl-04 T48h B9 Toh? T48 h Bl-04 T48h B9
O Brix @ 201+002g 1.86 + 0.03 h 20040.01g 3.7340.02d 3.58 +0.02 f 3.73+0.01d 3.77 4 0.02 cd 3.65 + 0.04 e 3.64 £ 0.02 ef 4.05+0.04a 3.82 + 0.04 be 3.86 + 0.07 b
pHT*@ 5724 001a 421+ 0.05de 5.38 + 0.09 be 571+ 0.01a 414 £0.02ef 54140.10b 5224 0.00 ¢ 434+0.13d 4.18 + 0.04 def 5.36 = 0.02 be 4.01 +0.0 6f 415+0.18 ef
Cell Count Log (CFU/mL)**@ 0.00 £ 0.00 e 7.30 4 0.10 ab 3.114+040d 0.00 + 0.00 e 7.67 +021a 2,62 +0.07d 0.00 + 0.00 58+ 045¢ 779 + 044 a 0.00 +0.00 e 751 +0.07 ab 6.71 4090 b
Sugars (g/L)
Stachyose ** 353+ 0.06a 3.78+0.08a 3.76 +0.08a 335+ 0252 3.38+039a 354+0.10a 331+0.13a 3.66 +0.11a 346 +032a 342+028a 3.6+0.06a 3.66 +0.24a
Raffinose * 0.87 + 0.03 ab 0.79 + 0.04 b 0.88 + 0.03 ab 0.84 + 0.05 ab 0.87 + 0.05 ab 0.89 -+ 0.07 ab 0.85 + 0.07 ab 0.87 + 0.03 ab 0.87 £ 0.11 ab 0.84 -+ 0.09 ab 0.85 = 0.07 ab 0.97 +0.09a
Sucrose +*@ 465+004a 158 +£0.14¢ 418+0.03a 44140302 2,69 +0.41 cd 448 +0.14a 442+0.16a 341+0.04b 3.29 +0.36 be 466+033a 2.56 +0.06 d 3.22 + 048 be
Glucose **@ 0.78 +0.04 ¢ 049 +0.04 ¢ 0.84 + 0.04 ¢ 2155+ 1.75a 17.81 +2.61b 22274+ 0.14a 2230+ 0.74a 213+ 026a 20.00 + 1.48 ab 2214+ 157a 19.59 + 0.55 ab 19.7 + 1.35ab
Fructose ** 044 +0.05b 0.54 + 0.07 ab 0.67 + 0.06 ab 0.53 +0.10 ab 0.58 + 0.09 ab 0.55 + 0.07 ab 0.53 +0.10 ab 077 +£0.17a 079 +0.26a 0.59 +0.10 ab 0.61 + 0.05 ab 0.71 +£0.15ab
Total Sugars **@ 10.24 +0.05d 7.14+029d 10.31+021d 30.65 + 2.37 ab 2529 4351 ¢ 31.69 +0.27a 3136 + 1.10 ab 29.98 + 0.44 ab 28.38 + 2.4 abc 3163 +230a 27.18 + 0.65 be 28.21 4 2.21 abe
Organic acids (g/L)
Citric acid **@ 489+0.13a 4.15 + 0.28 abc 4.65+0.18 ab 4.64 + 045 ab 4,03 +0.19 be 474+0.13ab 3.83 + 043 cd 3.58 +0.12 cd 320+ 0.67d 410+ 03bc 3.67 +0.15cd 3.77 +£0.11cd
a-Ketoglutaric acid **@ 0.00 £ 0.00d 0.10 +0.01 ¢ 0.11+0.01 ¢ 0.00 £ 0.00 d 0.11£0.02¢ 0.11+0.01 ¢ 0.00 £ 0.00 d 0.12 4+ 0.01 be 0.14 + 0.03 ab 0.00 +0.00 d 0.13 % 0.01 abc 0.15+0.02a
Malic acid * 0.38 £ 0.03 ab 034 £ 0.07 ab 032+ 0.03b 0.36 = 0.04 ab 0.38 £ 0.12 ab 0.36 = 0.02 ab 0.37 = 0.06 ab 0.46 + 0.08 ab 0.41 £ 0.16 ab 053 +0.07a 0.43 = 0.09 ab 0.42 + 0.08 ab
Pyruvic acid +*@ 0.00 £ 0.00d 0.09 + 0.01 be 0.07 +0.02¢ 0.00 £ 0.00 d 0.08 = 0.02 be 0.06 + 0.02 ¢ 0.00 £ 0.00d 0.08 £ 0.01 be 0.08 = 0.02 be 0.00 +0.00d 0.1 % 0.01 ab 0.12+0.02a
Succinic acid *@ 135+ 0.05b 030+ 0.03e 0.61 =+ 0.03 cd 127 +0.16b 034+ 0.05e 0.66 + 0.05 ¢ 137 £0.23b 0.43 +0.11 cde 036+ 0.10e 161 +0.07a 036 +0.04 e 0.40 + 0.05 de
Lactic acid **@ 0.00 £ 0.00 e 2,03 +0.06 b 0.64 +0.10d 0.00 £ 0.00 e 222+0.11b 0.58 +0.03d 0.00 + 0.00 137 £026¢ 154 +0.28 ¢ 0.00 +0.00 e 288+021a 248 +05ab
Acetic acid T*@ 0.00 + 0.00 ¢ 1.66 +0.11b 054 +0.10¢ 0.00 % 0.00 ¢ 1.74+013b 0.49 +0.09 ¢ 0.00 + 0.00 ¢ 132+022b 1.66 +0.35b 0.00 + 0.00 ¢ 2,66 +0.25a 257 +0.61a
Total acids +*@ 6.60 +0.16 cd 8.63 +0.19 ab 6.90 +0.24 cd 6.25 +0.64 cd 8.85 + 0.41 ab 6.93 +0.19 cd 5.5+ 0.69 d 7.28 +0.37 be 7.36 + 1.57 be 6.22 +0.43 cd 10.18 £ 0.38a 9.87 +1.17a
Acid molar ratio (A/L)**@ 0.00 +0.00d 1.23 + 0.07 be 1.27 + 0.21 be 0.00 £ 0.00 d 118+ 0.10¢ 1.26 + 0.20 be 0.00 £ 0.00d 145 + 0.08 ab 1.61 4+ 0.08 a 0.00 +0.00d 1.39 + 0.07 abe 1.55 + 0.06 a

a—g Statistical analysis using an ANOVA at 95% confidence interval with Tukey’s post hoc test across eight treatments if the interaction effect is significant. * Depicts a significant
(p < 0.05) bifidobacterial effect. * Depicts a significant (p < 0.05) supplementation effect. © Depicts a significant (p < 0.05) interaction effect. ¥ T 0 h, data taken from Tindjau et al.
(2023) [19], as they were part of the same experiment. CN = unsupplemented control, G = glucose supplementation, GC = Glucose and cysteine supplementation, GCY = Glucose,
cysteine, and yeast extract supplementation.



Fermentation 2023, 9, 1024

9of 17

3.3. Free Amino Acid Changes

Figure 2 illustrates the predicted amino acid metabolism pathway based on Lee &
O’Sullivan (2010) [11] and the Kyoto Encyclopedia of Genes and Genomes (KEGG). Table S1
details the changes in free amino acids before and after supplementation and fermentation.
The data reveals that GC and GCY supplementation led to a non-significant change in
the total amino acid content except for strain Bl-04 in GCY soy whey, which showed a
significant decrease. CN and G supplemented soy whey had significant decreases in the
total amino acid only after fermentation with Bl-04. The minimal nutrients in CN soy whey
and lack of cysteine in CN and G samples were not optimal for bifidobacterial growth.
However, Engevik et al. (2021) [32] reported that amino acids can be used as a nutrient
source for B. dentium, which could explain the significant reduction in total free amino
acids [32]. The majority of amino acids showed a significant decrease with the exception of
cystathionine in G soy whey fermented with Bl-04, although specific changes varied with
individual amino acids (Figure 2).

Amino acid biosynthetic pathways in bifidobacteria have been proposed by Lee &
O’Sullivan. (2010) [11]. The bifidobacterial genes involved in the biosynthesis of all
20 amino acids have been predicted, however some genes may not be functional in certain
media. Amino acids are used for basic metabolic processes such as enzyme and cell
membrane syntheses [33]. The CN and G medjia are lacking in free amino acids compared
to GC and GCY soy whey, which resulted in a significant decrease in total free amino
acids. Amino acids such as lysine, serine and alanine are key amino acids in the murein
(peptidoglycan of cell wall) of B. lactis subsp. animalis, which would have led to a decrease
in its concentration through fermentation [33]. The surplus amino acids present in GCY
soy whey could possibly be converted from one to another depending on the needs of the
bacteria. The increase in threonine content in GC and GCY could be due to the synthesis
from glycerate-3-phosphate through glycolysis, which can be converted to phosphoserine
and ultimately, threonine [11]. The threonine supplement was shown to have a synergistic
effect with cysteine in the improvement of growth and acid production by bifidobacteria in
soymilk [34].

Sulfur-containing amino acids such as methionine significantly decreased for all
the treatments in both bifidobacterial fermentations, while cysteine only reduced in GC
and GCY supplements. Homocysteine, on the other hand, was significantly reduced in
the CN, G, and GCY supplements but not in the GC supplement in both fermentations.
Finally, cystathionine had a mixed trend after fermentation. Sulfur-containing amino
acids such as cysteine and methionine play an important role as sources of organic sulfur
due to bifidobacteria being a sulfur auxotroph [25]. Cysteine can be irreversibly converted
to cystathionine through a sulfur-metabolizing pathway in bifidobacteria. Cysteine is
first converted to cystathionine with cystathionine y-lyase, next to homocysteine with
cystathionine f-lyase, and finally to methionine with methionine synthase [21]. The
capability of strain Bl-04 to grow in media without cysteine supplementation was suggested
by Wada et al. (2021) [24] due to the possible existence of a reverse transsulfuration pathway
where methionine can be utilized by bifidobacteria to form cysteine [24].
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Figure 2. Predicted amino acid metabolism pathway in bifidobacteria [11]. Solid arrows refer to
single step reactions, while dotted arrows are multi-step reactions. ® = concentration reduced
after fermentation, ® = concentration increased after fermentation. CN = control, G = glucose
supplemented, GC = glucose and cysteine supplemented, GCY = glucose, cysteine, and yeast extract
supplemented. See Table S1 for detailed free amino acid composition of soy whey.

3.4. Isoflavone and Antioxidant Capacity Changes

Isoflavone changes are presented in Table 2. Fermentation by both B94 and Bl-04 led
to a significant decrease in total glucosides (22-60%) whilst increasing their respective
aglycones (50-300%). CN and G samples fermented with Bl-04 led to a significant decrease
in glucosides and a significant increase in total aglycones. Both strains also led to a
decreased concentration of isoflavone glucosides while increasing the isoflavone aglycones
in GC and GCY. The difference in 3-glucosidase activity between strain B94 and Bl-04 can
be seen in the fermented GCY samples, where B94 samples had almost twice the amount
of aglycones compared to Bl-04 samples. The supplementation had a significant effect
on total glucosides, but not total aglycones, with interactive effects being significant for
both variables (strain and supplement). The supplementation of yeast extract has been
shown to stimulate the production of 3-glucosidase in B. longum, which could explain the
significant effect in the reduction of glucosides due to supplementation [27]. The increase in
isoflavone aglycones is of significance during the development of a functional product. The
presence of the glucoside group in isoflavones has been reported to reduce its bioactivity,
as aglycones are more lipid soluble and are hence able to penetrate intestinal villi resulting
in improved bioavailability and bioactivity [35].

The antioxidant capacities of fermented and unfermented soy whey was determined
using the DPPH scavenging assay and ORAC assay. As outlined in Table 2, an increase in
aglycone concentration led to an increase in the DPPH scavenging activity (by 2-3-fold).
However, the same cannot be said about the ORAC assay. An increase in isoflavone
aglycones does not always correspond to an increase in the ORAC antioxidant capacity.
The fermentation of soy whey by non-Saccharomyces yeast was seen to result in significant
changes in the DPPH antioxidant capacity [5]. These warrant a wider range of assays to
precisely determine the antioxidant capacity of a fermented soy beverage. While in vitro
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antioxidant assays are widely employed, their physiological effects may not be reflected. Ex
vivo or in vivo experiments can be evaluated to determine its antioxidant capacities [36].

3.5. Vitamin By, Changes

The vitamin By, results are presented in Table 2. GC, and GCY supplements led to
the production of vitamin By, by both B. lactis strains. Strain Bl-04 produced 3.01 and
4.56 pg/L of vitamin By, in GC and GCY soy whey, respectively. Strain B94 produced
2.06 and 2.06 pg/L of vitamin By, in GC and GCY soy whey, respectively. Strain Bl-04
could grow in CN and G soy, however this did not lead to the production of vitamin By,
which leads us to believe that a reducing environment may be necessary for its production.
Two distinct pathways of B production exist in bacteria, namely aerobic and anaerobic.
The aerobic pathway is differentiated with oxygen being a requirement in corrin ring
biosynthesis and cobalt chelation happening late in the pathway. The anaerobic pathway is
differentiated through early cobalt chelation to precorrin-2 [13]. Facultatively anaerobic
bacteria, such as Bacillus megaterium and Propionibacterium freundenreichii, are the industrial
producers of vitamin By,. Interestingly, both microbes were able to produce vitamin B,
when grown in aerobic and anaerobic conditions [13,37]. However, this is not the case
for B. lactis Bl-04. Strain Bl-04 was able to grow in soy whey supplemented with and
without cysteine (a reducing agent). Vitamin B;, was only detected in fermented soy whey
supplemented with cysteine, which leads us to believe that the production of vitamin By,
by B. lactis can only happen in strictly anaerobic conditions.
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Table 2. Isoflavone, antioxidant capacity, and vitamin By, of soy whey before and after B. lactis B-04 or B94 fermentation.
CN G G GeY
Toht T 48 h Bl-04 T48h B9 Toht T 48 h Bl-04 T48 h Bo4 Toht T48 h Bl-04 T48 h BY4 Toh? T48 h Bl-04 T48h B94
Isoflavones (mg/L)

Daidzin ++@ 3437 +£157a 16.80 + 0.83 de 27.2 4 4.27 abed 33.02 £ 1.93 ab 21.44 + 6.47 bede 2712 + 1.7 abed 29.57 + 6.03 abc 19.95 + 6.95 cde 24.47 £ 0.10 abede 23.29 + 10.28 abede 22.77 + 4.04 abcde 14.00 £2.23 e

Glycitin 7.00+ 0.56 a 567 +£020a 62240992 7.03 + 047 a 527+ 1.63a 681+021a 592+131a 5.66 +1.57a 6.93 +0.082 45741992 573+0.90a 594 +0.36a

Genistin ** 4480 +181a 11.69 + 1.34 de 2222 +351 cde 4278 £228ab 17.18 + 5.37 de 19.97 + 0.84 cde 37.91 +7.55 ab 16.01 +5.58 de 23.92 +0.70 od 30.47 + 1364 be 1655 + 2.03 de 9.66 £2.08e

Total glucosides **@ 86.15+391a 3415 + 2.18 de 55.63 + 8.74 cde 82.81 + 463 ab 43.88 + 1342 de 53.89 + 155 cde 73.38 -+ 14.86 abc 41.62 + 1397 de 55.31 + 0.73 cde 58.32 + 2589 bed 45.04 + 6.95 de 2959 £ 419 ¢
Daidzein *@ 7.61 4+ 0.56 de 13.71 + 0.96 ab 7.64 +1.15 de 7.03 + 0.55 de 8.72 +2.94 cde 9.72 4+ 0.36 bed 5814129 de 9.59 +2.73 bed 1255 4 0.93 abe 480 £203e 8.67 +1.32 cde 1647 + 2642

Glycitein +@ 2.12 4 0.34 abed 231+ 0.18 ab 1.83 £ 0.13 bed 2.04 = 0.09 abed 1.85 £ 0.18 bed 1.95 + 0.07 bed 1.72 £0.29 cd 1.88 + 0.27 bed 223 +0.13 abe 1.64 £025d 1.89 + 0.21 bed 250+024a

Genistein **@ 336 +0.18d 11.21 4 1.02ab 7.25+1.07 ¢ 330 +023d 7.79 + 2.53 b 9.53 + 033 b 251 +046d 8.34 +2.09 be 1159 + 1.43ab 231+1.03d 8.91+1.76 be 1482 +3.02a

Total aglycones +@ 13.08 4 0.93 def 2722 £2.1ab 16.71 + 2.33 def 12.37 4 0.75 ef 1834 + 5.59 cde 21.19 4+ 0.39 bed 10.03 + 1.98 f 19.8 4+ 4.95 bede 26.35 + 2.46 abe 873 £329f 19.46 + 3.26 bede 33.79 £588a
Total isoflavones *+ 99.23 + 4282 61.36 £ 422 c 72.33 + 1092 abe 95.18 + 5.17 ab 6222 +18.89 ¢ 75.08 + 1.79 abc 83.41 + 16,81 abc 61424 18.11 ¢ 81.65 4 3.12 abc 67.04 + 29.17 abc 64.49 + 10.2 be 63.38 + 1.71 be
ORAC (Trolox equivalent, mg/mL) +:@ 0.38 £+ 0.12 de 0.65 & 0.11 bed 0.33 +0.08 e 0.48 £ 0.09 bede 0.55 = 0.06 bede 0.35+0.13 de 0.55 £ 0.09 cde 1.09+0.14a 0.70 £ 0.10 be 0.73 £0.18 be 0.77 £ 0.10 ab 0.67 £ 0.05 bed
DPPH (Trolox equivalent, mg/mL) **@ 0.004 £ 0.01 e 0.03 - 0.01 bed 0.02 + 0.01 bede 0.01 + 0.00 de 0.03 + 0.01 bed 0.02 + 0.01 bede 0.02 + 0.00 cde 0.08+0.01a 0.06 + 0.00 b 0.01 + 000 de 0.07 +0.01b 0.06 + 0.02 b

Vitamin By (ug/l) ++@ 0.00 +0.00d 0,00 +000d 0.00 +0.00d 0.00 +0.00d 0.00 +0.00d 0.00 +000d 0.00 +0.00d 301 +£073b 2,06 +0.26 ¢ 0.00 +000d 456 +£049a 2064 0.16¢

a—f Statistical analysis using an ANOVA at 95% confidence interval with Tukey’s post hoc test performed across eight treatments if the interaction effect is significant. * Depicts a
significant (p < 0.05) bifidobacterial effect. * Depicts a significant (p < 0.05) supplementation effect. ® Depicts a significant (p < 0.05) interaction effect. T 0 h, data taken from Tindjau
etal. (2023) [19], as they were part of the same experiment. CN = unsupplemented control, G = glucose supplementation, GC = Glucose and cysteine supplementation, GCY = Glucose,
cysteine, and yeast extract supplementation.
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3.6. Free Mineral Changes

The free mineral changes are summarized in Figure 3. Cobalt showed a significant
decrease in CN, G, and GCY for Bl-04 with a non-significant decrease in GC. On the other
hand, B94 showed a significant decrease in the GC and GCY samples. Copper concentration
decreased significantly in all samples after fermentation (Figure 3). Copper is an essential
element that plays a role in ATP production, DNA integrity, and antioxidant response [38].
Copper is most commonly internalized in bacterial cells through the copper uptake porter
from the extracellular region [39], which can explain the decrease after fermentation. Cobalt
is an essential cofactor in ATP production and a part of vitamin Bj, synthesis, which leads
to a decrease after fermentation [40]. Iron, on the other hand, exhibited an opposite trend
where fermented samples showed a significant increase in concentration by 0.03, 0.01, 0.1,
and 0.12mg/L in CN, G, GC, and GCY soy whey fermented with Bl-04 and 0.09, 0.09 mg/L
in GC and GCY soy whey fermented with B94. Soy whey has been shown to contain
22.4mg/L of phytic acid [5]. The breakdown of this antinutritional phytic acid could
have led to an increase in free iron content. Iron deficiency has been linked to plant-based
diets [10], and fermented soy whey could act as an avenue for plant-based diet adopters to
increase their iron intake.
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Figure 3. Free mineral composition of unfermented ( ) and B. lactis () BI-04 or B94 fermented (M)
soy whey with different supplements, where CN = control, G = glucose supplemented, GC = glucose
and cysteine supplemented, GCY = glucose, cysteine, and yeast extract supplemented: (a) cobalt,
(b) copper, (c) iron. Error bars represent mean =+ SD. Refer to Supplementary Table S2 for the detailed
statistical interpretation and mineral composition of soy whey.

3.7. Free Volatile Changes

The changes in soy volatiles, short-chain fatty acids, volatile sulfur-containing com-
pounds, and 2,3-butanedione contents are shown in Figure 4. Tables S3 and 54 contain the
complete list of volatiles. Overall, endogenous aldehydes such as hexanal and heptanal
were metabolized to low levels, while their respective alcohols and acids contents in-
creased. Short-chain fatty acids such as acetic, butyric, and isovaleric acids were produced.
2,3-Butanedione was produced independent of supplementation, while hydrogen sulfide
and thiophene-3-methyl were only produced in the GC and GCY samples, suggesting their
cysteine origin. Overall, the fermentation of non-supplemented and supplemented soy
whey with Bl-04 or B94 led to a higher total volatile peak area.

Hydrogen sulfide produced during the fermentation of the cysteine-supplemented
soy whey by B. lactis is the main byproduct of the cysteine degradation pathway [41]. The
presence of hydrogen sulfide resulted in the cysteine-supplemented samples having a
rotten egg smell, which could significantly reduce consumer acceptance of fermented soy
whey. On the other hand, 2,3-butanedione is commonly associated as the main aroma of
butter and commonly found in the volatile analysis of cheese and wine. The production of
2,3-butanedione in fermented samples is due to 2-acetolactate or acetoin oxidation [42]. The
production of 2,3-Butanedione has been reported in lactic acid bacteria through a pathway
involving the conversion of citric acid [43]. The main volatile SCFA produced by B. lactis
is acetic acid with butanoic and isovaleric acid being produced minimally. Acetic acid
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production in B. lactis is known to be through the bifidus pathway, while butanoic and
isovaleric acid production could be from the metabolism of amino acids [31,44]. SCFAs play
an important role in the treatment of inflammatory bowel diseases [30] and could improve
the functionality of B. lactis fermented soy whey. The acetic acid results from Section 3.2
are observed in our GC analyses, where acetic acid content was significantly higher in
fermented samples compared to unfermented. The reduction of soy endogenous aldehydes
(i.e., hexanal and heptanal) led to a product with less “beany” aromas. An increase in
hexanoic acid and hexanol was also observed in correspondence to the reduction in the C6
aldehyde. This can be explained by a reduction or oxidation reaction creating the respective
alcohol or acid.
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Figure 4. Free volatile composition of unfermented (' ) and B. lactis () Bl-04 or B94 fermented (H)
soy whey with different supplements, where CN = control, G = glucose supplemented, GC = glucose
and cysteine supplemented, GCY = glucose, cysteine, and yeast extract supplemented: (a) hexanal,
(b) 2-heptenal, (c) 1-hexanol, (d) 1-octen-3-ol, (e) acetic acid, (f) butanoic acid, (g) hexanoic acid,
(h) isovaleric acid, (i) damascenone, (j) 2,3-butanedione, (k) hydrogen sulfide, (1) thiophene-3-methyl,
(m) total volatile. Error bars represent mean & SD. Refer to Supplementary Table S3 for the detailed

volatile composition of soy whey and statistical interpretation.
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A PCA of 11 selected volatiles in both fermented and unfermented samples (Figure 5)
was performed. The two PCs accumulated 78.26% variance, with PC1 accounting for 63.83%
and PC2 with 14.43%. There was a clear separation between the fermented and unfermented
samples. In the fermented samples, there was a distinct separation, particularly between
samples supplemented with and without cysteine. The separation between the fermented
and unfermented samples was driven by the amount of endogenous soy aldehydes (hexanal
and heptenal), acids (butanoic, isovaleric and acetic), and 2,3-butanedione. Conversely,
the separation of the fermented GC and GCY samples was driven by the production of
hydrogen sulfide and thiophene-3-methyl.
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Figure 5. PCA plots of volatile components in fermented soy whey: (a) loading plot and (b) score
plot. © CN = control, [0 G = glucose supplementation, X GC = glucose and cysteine supplementa-
tion, @ GCY = glucose, cysteine, and yeast extract supplementation. = B94 fermented samples,
@ _ B1-04 fermented samples, @ — unfermented samples.

4. Conclusions

The present study demonstrates the possibility of utilizing B. lactis to develop a
functional beverage or ingredient by upcycling soy whey. B. lactis Bl-04 exhibited excellent
growth independent of supplementation, while cysteine supplementation is necessary for
B94 growth. In addition to growth, vitamin Bj, was only synthesized in the presence of
cysteine. Iron was improved in fermented soy whey irrespective of supplementation. Yeast
extract greatly improved the acetic acid content in soy whey, which being a short-chain
fatty acid could bring additional bioactivity. However, cysteine supplementation led to the
production of volatile sulfur compounds, resulting in an unpleasant aroma. The increase in
iron, vitamin By, and amino acids from cysteine supplementation could open possibilities
of developing a beverage or functional ingredient to supplement dietary choices that may
lack these nutrients. Future work could establish the possibility of utilizing Bifidobacterium
fermentation to upcycle side-stream products including aquafaba and cheese whey.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/fermentation9121024/s1. Figure S1: Changes of (a) cell count,
and (b) pH of B. lactis Bl-04 or B94 fermented soy whey stored for 4 weeks at ambient (25 °C) or chilled
(4 °C) temperature. Blue line represents 48-h fermentation at 37 °C. O CN = control, J G = glucose
supplemented, X GC = glucose and cysteine supplemented, Bl GCY = glucose, cysteine, and yeast
extract supplemented; Table S1. Free amino acids of soy whey before and after B. lactis Bl-04 or B94
fermentation; Table S2. Two-way ANOVA on soy whey free minerals before and after B. lactis Bl-04
or B94 fermentation; Table S3. Two-way ANOVA on soy whey volatiles before and after B. lactis Bl-04
or B94 fermentation; Table S4. Relative peak area of soy whey volatiles before and after B. lactis Bl-04
or B94 fermentation.
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