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Abstract 

Okara, a renewable biomass resource, is a promising fermentative raw material for the bio-production of value-added 
chemicals due to its abundance and low-costs. we developed a process for the enzymatic hydrolysis of okara, and 
then engineered Bacillus subtilis to utilize mixed sugars to produce acetoin in okara hydrolysis without the addition of 
a supplemental nitrogen source. Okara was initially hydrolyzed with cellulase, β-glucosidase, and pectinase to obtain 
okara hydrolysate containing mixed sugars (32.78 ± 0.23 g/L glucose, 1.43 ± 0.064 g/L arabinose, 7.74 ± 0.11 g/L galac-
tose) and amino acids. In this study, Bacillus subtilis 168 was used as the acetoin-producing strain, and the key genes 
bdhA and acoA of the acetoin catabolism pathway were knocked out to improve the fermentation yield of acetoin. 
In order to utilize the galactose in the hydrolysate, the recombinant strain BS03 (Bacillus subtilis168∆bdhA∆acoA) was 
used to overexpress the arabinose transporter-encoding gene (araE) drive heterologous expression of the Leloir path-
way gene (galKTE). The corn dry powder concentration was optimized to 29 g/L in the reducing sugar okara hydro-
lysate. The results show that the recombinant bacterium BS03 could still synthesize 11.79 g/L acetoin without using 
corn dry powder as a nitrogen source. Finally, using okara enzymatic hydrolysate as the carbon and nitrogen source, 
11.11 g/L and 29.7 g/L acetoin were obtained by batch fermentation and fed-batch fermentation, respectively, which 
was further converted to 5.33 g/L and 13.37 g/L tetramethylpyrazine (TTMP) by reaction with an ammonium salt.
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Introduction
Lignocellulosic is renewable biomass resource used in 
fermentation to produce biofuels and platform chemicals 
feedstocks (Martı́n et  al. 2002). Among potential ligno-
cellulosic biomasses, okara is a promising, readily avail-
able, low-cost renewable resource (Cui et al. 2021). As a 
by-product of the processing of soymilk and tofu, okara 

has a wide range of sources (2.8 million tons of okara 
waste are produced annually in China alone) and is rich 
in nutrients (100 g dried okara contains 42.4–58.1% car-
bohydrate, 15.2–33.4% protein and 8.3–10.9% crude fat) 
(Redondo-Cuenca et  al. 2008; Su et  al. 2021). In previ-
ous studies, okara was generally used for solid-state 
fermentation of fungi and bacteria to extract bioactive 
substances or to produce directly edible foods (Vong and 
Liu 2016). Few studies have focused on preparing fer-
mentable sugar from okara to produce microbial fermen-
tation chemicals. Choi et  al. (2015) used various fungal 
species to produce cellulase, hemicellulose, and pectinase 
to hydrolysis okara as valorization biomass for bioetha-
nol production. Xu et al. (2022) use commercial cellulase 
and hemicellulose hydrolysis okara to produce lactic acid. 
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However, these studies were limited to the utilization 
of sugar and did not consider the simultaneous utiliza-
tion of nitrogen components in okara. Considering that 
okara also contains 15.2–33.4% crude protein, the utiliza-
tion of okara as a nitrogen source has needs to be further 
investigated.

Acetoin (3-hydroxy-2-butanone) is an important four-
carbon platform compound that is used to synthesize 
pharmaceuticals, flavorants, and multifunctional materi-
als (Jia et al. 2018). Bacillus subtilis is a natural producer 
of acetoin, and can utilize many crude materials due to 
the variety of carbohydrate metabolism genes it possesses 
(Xiao and Lu 2014). Therefore, Bacillus subtilis is also an 
ideal chassis for acetoin production. For example, Zhang 
et al. (2016) overexpressed the 168 endogenous arabinose 
transporter (araE) and exogenous xylose isomerase genes 
(xylA and xylB) in B. subtilis; the strain was able to use 
glucose, xylose, and arabinose simultaneously from lig-
nocellulose for the fermentative production of acetoin. 
Jia et al. (2017) used heat-tolerant Bacillus subtilis IPE5-4 
as the acetoin-producing strain to produce 22.76 g/L ace-
toin from alkali pre-treated corncobs in a 5-L fermenter 
via the simultaneous saccharification and fermentation 
(SSF) process. Although a significant amount of research 
and practical application of okara biomass has been dem-
onstrated, there exist very few studies directly address-
ing the potential of okara as a cheap carbon and nitrogen 
source for the conversion of bioproducts.

In this study, we optimized the multi-enzyme hydroly-
sis of okara raw materials and obtained okara hydrolysate 
rich in mixed sugars (including glucose, galactose, arab-
inose) and amino acids. In order to fully convert the car-
bon sources in okara hydrolysate into acetoin through 
microbial fermentation, we constructed a recombinant 
strain BS03 strain that effectively utilized arabinose and 
galactose obtained from the okara hydrolysate. Through 

further optimization of the concentration of hydrolysate, 
we were able to obtain a high acetoin yield with supple-
menting corn dry powder as a nitrogen source. These 
results demonstrate that okara enzymatic hydrolysate is 
a good carbon source and an excellent nitrogen source 
for acetoin fermentation. Finally, in a 7.5L bioreactor, 
we established a fermentation process route for acetoin 
production from okara hydrolysate. This study provides a 
reference for the commercial production of acetoin from 
renewable biomass resources.

Material and methods
Experimental material
Okara samples were obtained from Nanjing Guoguo 
Food Co. Ltd. (Nanjing, China). The wet okara was 
dried at 80  °C to a constant weight and then pulverised 
using a pulveriser (HangZhou XuZhong Food Machin-
ery Co., Ltd, Hangzhou, China) and filtered through a 
40-mesh sieve for later use. Cellulase (130 FPU/g) (Cel-
lic CTec2), β-glucosidase (45 FBG/g) (UltraFLO L), xyla-
nase (500 FXU-S/g) (Shearzyme 500 L), and pectinase 
(3300 PGNU/g) (Pectinex UF) were purchased from 
Novozymes China (Beijing) Investment Company. Para-
chloro-phenylalanine (p-Cl-Phe; Lot No. SHBC0245V) 
was purchased from Sigma-Aldrich (Nanjing, China). All 
analytical reagents were purchased from Nanjing Wan-
qing Chemical Glass Wear & Instrument Co. Ltd.

Strains and plasmids
The strains and plasmids used in this study are listed 
in Tables  1. E. coli DH5α and MG1655 were used for 
plasmid amplification and the source (preparation) of 
the galactose metabolism gene cluster galKTE, respec-
tively. The host strain B. subtilis 168 and pheS* counter-
screening markers were provided by Prof. Yan Xin of 
Nanjing Agricultural University (Nanjing, China). The 

Table 1  Strain and plasmid used in study

Name Characteristic Ref.

Strain

 JM109 recA1, endA1, gyrA96, thi, hsdR17, supE44, relA1, Δ (lac proAB)/F, [traD36, proAB + , lacqlacZ∆M15] Takara

 BS168 Bacillus subtilis168 Lab stock

 BS01 Bacillus subtilis168 derivate, BS168∆bdhA, ∆acoA This study

 BS02 BS01 derivate, expressing araE gene under the control of HpaII promoter via the plasmid pMA5 This study

 BS03 BS01 derivate, expressing araE,galKTE gene under the control of the HpaII promoter via the plasmid pMA5 This study

 BS04 BS01 derivate, BS01 ∆ptsG, ∆yyzE, ∆ypqE, expressing araE, galKTE gene under the control of HpaII promoter via 
the plasmid pMA5

This study

Plasmids

 pMA5 Amp, Kana, E.coli-Bacillus shuttle vector, HpaII promoter Lab stock

 pMA5-araE pMA5 harboring araE gene under the control of HpaII promoter This study

 pMA5-araE-galKTE pMA5 harboring araE, galKTE gene under the control of HpaII promoter This study
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E. coli-B. subtilis shuttle plasmid pMA5 was purchased 
from Wuhan Miaoling Biotechnology Co., Ltd. (Miaol-
ing, Wuhan, China).

Plasmid construction and transformation
The primers used in this study are listed in Additional 
file  1: Table  S1. The B. subtilis 168 and E. coli MG1655 
genomes were extracted using the TIANamp Bacteria 
DNA Kit (Tiangen, Beijing, China). The arabinose trans-
porter-encoding gene araE and galactose-related gene 
cluster galKTE (Gene ID:945358,945357,945354) were 
amplified from the genomes of B. subtilis 168 and E. coli 
MG1655, respectively, using 2 × Phanta Max Master Mix 
DNA polymerase (Vazyme, Nanjing, China). The pMA5 
plasmid was digested with restriction enzymes BamHI 
and MIuI (Takara, Beijing, China), and each gene was 
ligated into the vector using the ClonExpress Ultra One 
Step Cloning Kit (Vazyme, Nanjing, China). The recom-
binant plasmid was transformed into B. subtilis using the 
Spizizen method (Vojcic et al. 2012).

The knockdown procedure was based on previous 
work by Zhou et al. (2017) (Fig. 1b). Primers were used 
to amplify the upstream (~ 800  bp) (LF) and the down-
stream homologous arm (~ 800  bp) (RF) of the deleted 
fragment, repeat sequence DR (~ 500  bp), and PC cas-
sette (Pbc-pheS* -cat cassette) (~ 1900  bp). LF, DR, PC, 
and RF were fused using overlapping PCR. Positive 
clones were screened on 5  μg/mL erythromycin plates, 
and subsequently cultured in a non-resistant LB medium 
until the OD600 reached 1 and coated with sterile water 
diluted 100-fold onto MGY-Cl (5 g/L glucose, 4 g/L yeast 
extract, 1  g/L NH4NO3, 0.5  g/L NaCl, 1.5  g/L K2HPO4, 
0.5  g/L KH2PO4, 0.2  g/L MgSO4, 5  mM p-Cl-Phe, and 
20  g/L agar powder) on solid medium. The knockout 
strains were verified using PCR and sequencing.

Preparation of okara hydrolysate
Enzymatic saccharification of acid‑pretreated okara
The dried okara was treated with 500  mM sulphuric 
acid for 1.5 h at 121 °C, with a loading rate of 6 g/50 mL. 
After pretreatment, the pH was adjusted to 4.8 using 3M 
NaOH, and enzymatic hydrolysis was carried out for 36 h 
with cellulase loading at 8 FPU/mL, the supernatant was 
collected after centrifugation for 15 min at room temper-
ature, 6000 rpm, and used for analysis.

Enzymatic hydrolysis of okara
The enzymatic hydrolysis was performed in a 250-mL 
conical flask with a working volume of 50 mL and a solid-
to-liquid ratio of 6  g/50  mL. The pH of the enzymatic 
hydrolysis system (cellulose, β-glucosidase, xylanase, and 
pectinase) was controlled between 4.8 and 5.0 using a 
citrate-sodium citrate buffer (50 mM). The conical flask 

was placed in a water bath shaker (Henan Bainian Instru-
ment Co., Ltd.) at 50 °C and 150 rpm for 36 h during the 
reaction. At the end of hydrolysis, the samples were auto-
claved at 105  °C for 10  min to inactivate the enzymes. 
The supernatant was centrifuged (room temperature, 
6000  rpm, 15  min) and used for analysis and fermenta-
tion. A rotary evaporator was used to concentrate the 
enzymatic hydrolysate for the bioreactor fermentation 
scale-up.

Medium and culture conditions
Seed liquid was cultured in LB medium at a volume of 
100/500 mL. Fermentation experiments were performed 
in a 50/250-mL conical flask at 37 °C using M9 medium 
and acetoin production meduium (carbon source, 15 g/L 
corn dry power, 3 g/L urea, pH 6.8 after sterilization) for 
strain fermentation with a rotating speed of 100 rpm.

Batch fermentation of individual sugars
Batch fermentations were carried out in a conical flask 
with 10  g/L of commercial monosaccharides (glucose, 
xylose, galactose, and arabinose) as the carbon source, 
15 g/L corn dry powder, and 3 g/L urea.

Acetoin production using conical flask fermentation
The effect of an initial reducing sugar concentration in 
the hydrolysate (with a range of 8 g/L to 41 g/L and sup-
plemented with 1.5% corn dry powder and 0.3% urea) 
on acetoin production was investigated by conical flask 
fermentation. Subsequently, optimization of corn dry 
powder with a concentration range of 0–3% and 29 g/L 
reducing sugar containing hydrolysate as the carbon 
source was carried out for acetoin production.

Bioreactor culture
After optimization of the shake flask culture (29  g/L 
reducing sugar containing hydrolysate, 0.3% urea), batch 
and fed-batch fermentations were performed in a 7.5-L 
fermenter with a working volume of 3 L. The pH, temper-
ature, and rotation speed were 6.8, 37  °C, and 400 rpm, 
respectively. The inoculum volume was 5% (v/v), and the 
aeration ratio was 1 vvm (air volume/culture volume/
min).

TTMP synthesis
(NH4)2HPO4 and acetoin were mixed in a molar ratio of 
3:1 and reacted at 105 °C for 3 h to obtain TTMP as pre-
viously described (Peng et al. 2020).

Scanning electron microscopy (SEM)
A Hitachi S-4800 (Japan) scanning electron microscope 
(SEM) was used to photograph the surface morphological 
changes of okara before and after enzymatic hydrolysis.
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Analysis method
The fundamental components of okara, cellulose, 
hemicellulose, and lignin were determined using the 
Van Soest method (Syaftika and Matsumura 2018). 
The crude protein content was determined using the 

Kjeldahl method as per the Chinese national stand-
ard GB 5009.5–2016. Pectin and ash were measured as 
per the Chinese national standard GB 25533-2010 and 
GB/T 5505-2008, respectively. Organic acids (succinic, 
acetic, and lactic acids), acetoin, and 2,3-butanediol 

Fig. 1  a Overview of the production of TTMP from a mixture of glucose and galactose by B. subtilis engineered bacteria. Green words represent 
genes expressed on plasmid pMA5. Red words represent knockout genes. b pheS* counter-screening marker gene knockout process
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were detected by liquid chromatography on an Agilent 
1290 Infinity (Agilent Technologies, Waldbronn, Ger-
many) instrument. The column model was an Aminex 
HPX-87H (Bio-Rad), injection volume was 20 μL, 
mobile phase was 5 mM H2SO4, flow rate was 0.6 mL/
min, column temperature was 60  °C, and a refractive 
index detector was used (Souza et  al. 2021). TTMP 
was determined as per Peng et  al. (2020). The mobile 
phase included 0.1% formic acid and acetonitrile mixed 
at a ratio of 8:2 (v/v), the flow rate was 0.8  mL/min, 
injection volume was 10 μL, column temperature was 
40  °C, and column used was an XBridge C18 (5  μm, 
4.6 × 250  mm). The detector wavelength was 278  nm. 
Monosaccharides were determined using a Shodex 
SUGAR SP-G 6B (6.0  mm I.D. × 50  mm) column; the 
mobile phase was double distilled water, flow rate was 
0.5  mL/min, column temperature was 80  °C, injec-
tion volume was 10 μL, and a refractive index detec-
tor was used (Ding et  al. 2019). Amino acid content 
was determined using PITC pre-column derivatisa-
tion (Hao et al. 2016; Li et al. 2021), and the conditions 
were as follows: column model Hedera ODS-2 col-
umn (4.6  mm × 250  mm, 5  μm, Hanbon Sci. & Tech., 
Jiangsu, China); UV detector wavelength 254  nm; col-
umn temperature 40  °C, flow rate 1  mL/min, injec-
tion volume 10 μL; mobile phase A, 0.1 mol/L sodium 
acetate pH 6.5; mobile phase B, 80% acetonitrile; gradi-
ent elution, (5  min 3%B, 14  min 11%B, 17  min 21% B, 
29 min 34% B, 41 min 100% B, 43 min 100% A, 47 min 
100% A). Biomass was determined by a spectrophotom-
eter (756S, China) at 600 nm. The cell dry weight using 
the empirical formula 1 OD600 = 0.352 DCW (g/L) (Hu 
et al. 2020).

Results
Optimisation of the enzymatic hydrolysis of okara
The composition of dry okara is shown in Table  2. The 
main components of okara include 28.3% cellulose, 
17.15% hemicellulose, 12.3% lignin, 2.36% pectin, 17.5% 
crude protein and 3% ash. The remaining undetected 
components have been previously described as mainly 
some crude fat, malonyl glucoside, isoflavone glucoside, 
isoflavone glycoside, etc. (Vong and Liu 2016). Two meth-
ods were used to treat okra to prepare the hydrolysate: 
the first method, the okara acid hydrolysate was obtained 
after pre-treated with high-temperature dilute sulphuric 
acid, followed by cellulase hydrolysis. The carbohydrate 
concentrations (25.25  g/L glucose, 14.6  g/L galactose, 
7.56 g/L arabinose, 4.1 g/Lxylose, 2.1 g/L mannose) of the 
okara acid hydrolysate are shown in Table 2. Dilute acid 
hydrolysis is a fast and specific method to break-down 
the hemicellulosic fraction of cell wall into their mono-
meric constituents (Moutta et al. 2012). During the acid 
catalyzed process at high temperature, hemicelluloses 
fraction of cell wall is depolymerised into simple sug-
ars. The second method, without pre-treatment, reduce 
sugars (32.78 ± 0.23  g/L glucose, 1.43 ± 0.064  g/L arab-
inose, 7.74 ± 0.11 g/L galactose) and amino acids in okara 
can also be obtained by enzymatic hydrolysis (cellulase, 
β-glucosidase, xylanase, and pectinase) (Fig. 2d).

Figure  2 shows the optimization of the enzymatic 
hydrolysis process for dry okara. At a substrate concen-
tration of 120  g/L, enzyme loading of 20 FPU/ml cellu-
lase resulted in the highest total sugar concentration in 
the okara hydrolysis solution (approximately 30.58  g/L 
glucose). Further addition of cellulase did not improve 
the total sugar content (Fig.  2a). It is well known that 

Table 2  Dried okara and okara acid hydrolysate components

Component Dry okara (%)

Cellulose 28.3 ± 0.14

Hemicellulose 17.15 ± 0.35

lignin 12.3 ± 0.28

Pectin (Calculated as galacturonic acid) 2.365 ± 0.17

Crude protein 17.5 ± 0.56

Ash 3 ± 0.14

Acid + Cellulase Okara 
hydrolysate 
(g/L)

Glucose 25.25 ± 0.63

Galactose 14.6 ± 0.42

Xylose 4.1 ± 0.09

Arabinose 7.56 ± 0.14

Mannose 2.10 ± 0.13
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cellobiose inhibits the action of exo-glucanase. Supple-
mentation with β-glucosidase enabled further hydrol-
ysis of cellobiose released by cellulase. Addition of 
β-glucosidase (3 FBG/mL enzyme loading) increased 
the glucose concentration by 4.79%. Meanwhile, low dis-
solved concentrations of arabinose (0.74 g/L) and galac-
tose (4.26 g/L), increased the hydrolysis of hemicellulose 
(Fig. 2b). Figure 2c shows that the xylanase concentration 
in a range of 3–67 FXU-S/mL did not affect the disso-
lution of total sugars and amino acids, a result which is 
consistent with Xu et al. (2022). In dry okara, the pectin 
component affects the release of okara monosaccharides. 
Consequently, different concentrations of pectinase were 
added to the enzymatic hydrolysis system. When the 
pectinase loading reached more than 383 PGNU/mL, 
the dissolution of monosaccharides, especially galac-
tose and amino acids, was observed. SEM showed that 

after the addition of pectinase, the surface structure of 
okara changed from tight and orderly to loose (Fig.  3). 
In this study, reducing sugar produced from 120  g/L of 
okara addition was applied in the following fermenta-
tion experiments. Approximately 43  g/L of total sugar 
(32.78 ± 0.23  g/L glucose, 1.43 ± 0.064  g/L arabinose, 
7.74 ± 0.11  g/L galactose) and 12.21  g/L of total amino 
acids were obtained at this substrate concentration 
(Fig. 2d, Additional file 1: Table S2).

Acetoin production by engineered B. subtilis cultured 
in glucose‑galactose mixtures
In this study, the main monosaccharide components of 
the okara hydrolysate were glucose and galactose (Fig. 2d, 
Table 2). However, B. subtilis 168 cannot grow on galac-
tose and xylose as the sole carbon sources in an M9 
minimal salt medium (Chen et al. 2013). The engineered 

Fig. 2  Effects of addition of cellulase, β-glucosidase, xylanase, and pectinase on the dissolution of monosaccharides and amino acids from okara. a 
Cellulase; b 20 FPU/mL cellulase and β-glucosidase; c 20 FPU/mL cellulase, 3 FBG/mL β-glucosidase and xylanase; d 20 FPU/mL cellulase, 3 FBG/mL 
β-glucosidase and pectinase
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strain BS01 (B. subtilis 168∆bdhA∆acoA) was used as the 
starting strain for acetoin production (Fig. 1a, Additional 
file 1: Fig. S2). The engineered strains was fermented in 
mixed sugar M9 minimal salt medium (10  g/L glucose 
and 5  g/L galactose), and BS01 containing the empty 
plasmid pMA5 was used as a control strain. In the co-fer-
mentation of glucose and galactose, BS01-pMA5, BS02, 
and BS03 completely consumed glucose within 36  h. 
During this period, the engineered strains BS01-pMA5 
and BS02 did not consume galactose (Fig. 4a, b). In the 
presence of glucose/galactose mixtures diauxic growth 
was observed with glucose as the preferred substrate. 
After consuming 1.59 g/L galactose at a rate of 0.13 g/L/h 
from 12 to 24  h, the biomass decreased sharply. The 
remaining galactose was not consumed (Fig.  4c), possi-
bly owing to the M9 basic salt medium, which could not 
meet the bacterial growth requirements of from galactose 
(Krispin and Allmansberger 1998). We knocked out the 
key enzymes (ptsG, yyzE, ypqE) in the PTSGlc system of B. 
subtilis (Fig. 1a, Additional file 1: Fig. S1), improving the 

co-utilization efficiency of galactose and weakening the 
effect of carbon catabolite inhibition (CCR). The results 
are shown in Fig.  4d, the glucose consumption rate 
decreased by 0.414–0.268 g/L/h, the galactose consump-
tion rate increased by 0.13–0.21 g/L/h after inactivating 
of the PTS system, and the consumption increased by 
approximately 59.4% to 2.535  g/L (Fig.  4c, d). Although 
the consumption rate of galactose increased, the fer-
mentation yield of acetoin (3.05  g/L) also decreased by 
10.4%. The production rate decreased from 0.0847 to 
0.0759 g/L/h.

Acetoin fermentation using different substrates 
of the engineered strain under micro‑oxygen conditions
The monosaccharide components in the okara hydro-
lysate included xylose and arabinose, in addition to glu-
cose and galactose (Table  2). To evaluate the feasibility 
of using okara hydrolysate as a cheap carbon source for 
acetoin fermentation, the monosaccharide components 
in okara hydrolysate were used as the only carbon source 

Fig. 3  SEM images of okara samples, either untreated dry okara (a1, a2, a3) or treated using cellulase (b1, b2, b3) and 
cellulase + β-glucosidase + pectinase (c1, c2, c3). The magnification and scale bars are provided in each micrograph
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for batch fermentation. As shown in Fig. 5, monosaccha-
rides such as glucose, arabinose, xylose, and galactose 
were effectively utilized by the recombinant strain BS03. 
Figures 5a and d show the relationship between acetoin 
and lactic acid synthesis.

When glucose and arabinose were added as substrates, 
from 12 to 48 h, the acetoin concentration increased by 
2.84-fold and 3.5-fold, respectively, while the lactate 
concentration gradually decreased from 3.54  g/L and 
2.83 g/L to 0 g/L, respectively (Fig. 5a, d). With glucose as 
the sole carbon source, the concentration and production 
rate of acetoin were 4.26  g/L and 0.089  g/L/h, respec-
tively, which were slightly higher than those with arab-
inose (2.8 g/L and 0.058 g/L/h) as the sole carbon source 
(Fig. 5a, d). When glucose was used as the substrate, the 
acetic acid concentration dropped to a dropped to an 
undetectable level (0 g/L) in the later fermentation stage 
(Fig.  5a). Other carbon sources (xylose, galactose, and 
arabinose) resulted in higher acetic acid concentrations; 

galactose and xylose as the substrates resulted in the 
highest acetic acid concentration of 2.16 g/L and 2.68 g/L 
in the fermentation broth, respectively. At 72 h, the ace-
toin concentration using galactose and xylose as sub-
strates was only 0.07 g/L and 0.48 g/L (Fig. 5b, c), and the 
sugar consumption rate was 0.083 g/L/h and 0.138 g/L/h, 
respectively.

Fermentation production of acetoin using okara enzymatic 
hydrolysate
Compared with okara acid hydrolysate, the proportion of 
glucose in the okara enzymatic hydrolysate was higher, 
with no inhibiton (furfural, 5-methylfurfural, and phe-
nolic compounds) caused by the thermal acid pre-treat-
ment (Fig. 2, Table 2). Furthermore, the conversion rate 
of glucose to acetoin (0.426 g/g) for the engineered strain 
BS03 was much higher than that of galactose (0.04  g/g; 
Fig. 5a, b). The low efficiency of galactose to acetoin con-
version indicates that using okara enzymatic hydrolysate 

Fig. 4  Recombinant strain fermented acetoin under microaerobic conditions in M9 mixed sugar medium (10 g/L glucose + 5 g/L galactose). a 
BS01-pMA5; b BS02; c BS03; d BS04
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as a carbon source is more suitable for the biotransfor-
mation of acetoin (Table 2, Fig. 2). Table 3 shows acetoin 
production by the engineered strain BS03 at different 
concentrations of reducing sugars. The results show that 
at an initial sugar concentration of 29 g/L under micro-
aerophilic conditions produced approximately 11.05 g/L 
acetoin, 1.4 g/L 2,3-butanediol, 2.01 g/L acetic acid, and 

1.07 g/L succinic acid; the conversion rate of acetoin was 
the highest (46.08%).

Corn dry powder is recognized as the best nutrient 
source for acetoin fermentation using Bacillus subtilis 
(Gudiña et al. 2015; Tian et al. 2016). Given the abundant 
nutrients in okara, such as amino acids, vitamins, poly-
peptide, and minerals, acetoin fermentation using okara 

Fig. 5  The recombinant BS03 strain was fermented with different monosaccharides to produce acetoin under micro-aerobic conditions. a Glucose; 
b Galactose; c Xylose; and d Arabinose

Table 3  Acetoin production under varied initial concentrations of reducing sugar

ND Not Detected

Initial concentrations 
of reducing sugar (g/L)

Acetoin (g/L) 2,3-Butanediol (g/L) Acetate (g/L) Succinic acid (g/L) Residual reducing 
sugar concentration 
(g/L)

Acetoin yield (%)

8 3.12 ± 0.049 ND ND ND 0 39

20 8.19 ± 0.037 0.92 ± 0.005 1.27 ± 0.035 0.71 ± 0.025 1.92 ± 0.07 45.29

29 11.05 ± 0.02 1.4 ± 0.015 2.01 ± 0.03 1.07 ± 0.025 5.02 ± 0.06 46.08

41 15.55 ± 0.06 1.89 ± 0.02 2.53 ± 0.04 1.23 ± 0.04 6.85 ± 0.1 45.53
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as a carbon source may reduce the required corn dry 
powder concentration. Figure 6 shows the effect of differ-
ent concentrations of corn dry powder (0, 2.5, 7.5, 15, and 
30  g/L) on acetoin fermentation. The engineered strain 
BS03 produced approximately 11.79 g/L acetoin without 
the addition of corn dry powder. The main reason for this 
was that cellulase and pectinase increased the nitrogen 
content in the medium during the enzymatic hydrolysis 
of okara (Fig.  2). In the fermentation of sugar mixtures 
simulating okara hydrolysate sugar composition (29  g/L 
total sugar) and supplemented with (2.5, 7.5, 15 g/L) corn 
dry powder and (2.5, 7.5, 15  g/L) yeast extract, respec-
tively, the highest acetoin production and yield were 
obtained with 7.5  g/L of corn dry powder, with values 
comparable with those attained with okara hydrolysate 
(29 g/L reducing sugar) without supplementation of corn 
dry powder (Fig. 6b).

Batch and fed‑batch fermentations
A pilot test of acetoin production was performed in 
a 7.5-L bioreactor using okara hydrolysates. The ini-
tial concentrations of glucose, galactose, and arabinose 
were 22.35, 5.31, and 1.36  g/L, respectively. As shown 
in Fig.  7a, the engineered strain BS03 showed sequen-
tial utilization of glucose–galactose. At 33  h, the engi-
neered strain showed the highest fermentation yield of 
acetoin (11.11 g/L), which could be converted to TTMP 
(5.33  g/L). At this time, glucose and arabinose were 

Fig. 6  a Production of acetoin using okara enzymatic hydrolysate as carbon source in conjunction with different amounts of corn dry powder 
(CDP). Control: okara enzymatic hydrolysate as the carbon source, 15 g/L corn dry power. b Comparison of acetoin fermentation between okara 
hydrolysate (29 g/L reducing sugar) supplementation of 3 g/L urea and containing 3 g/L urea simulating okara hydrolysate sugar composition 
(29 g/L reducing sugar), supplemented with (2.5, 7.5, 15 g/L) corn dry powder and (2.5, 7.5, 15 g/L) yeast extract, respectively. Control: okara 
enzymatic hydrolysate as the carbon source, 3 g/L urea (*Significance code: p < 0.05, **Significance code: p < 0.01)

Fig. 7  Batch fermentation a and fed-batch fermentation of 
recombinant strains in okara enzymatic hydrolysate medium to 
produce acetoin (b)
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completely consumed, and galactose was being con-
sumed at 0.12  g/L/h. Cheng et  al. (2011) showed that 
when glucose, arabinose, and galactose coexisted in the 
medium, the order of the mixed sugar utilized by Bacil-
lus subtilis was glucose, arabinose, and galactose, which 
was also confirmed by our experimental results. The 
fermentation was completed at 36  h, when the galac-
tose consumption was approximately 2.105  g/L and the 
acetoin yield decreased by 6.67%. To obtain a higher 
acetoin concentration, the BS03 strain was used for fed-
batch fermentation, and approximately 29.7  g/L ace-
toin was obtained from 90.56  g/L glucose within 69  h, 
which was transformed into 13.37  g/L TTMP. At this 
point, 18.48 g/L of galactose and 0.905 g/L of arabinose 
remained. After extending the fermentation period to 
117  h, galactose and arabinose were completely con-
sumed, and the acetoin yield decreased by 10.3%.

Discussion
The use of the renewable biomass okara as a carbon and 
nitrogen source for acetoin synthesis is crucial to the 
realization of commercial acetoin production. Dilute 
acid pre-treatment promoted in dissolution of cellulose 
and hydrolysis of hemicellulose, which led to increased 
sugar recovery in the liquid fraction and more available 
cellulose for enzymatic hydrolysis (Dionísio et al. 2021). 
Therefore, after dilute acid pretreatment and enzymatic 
hydrolysis, the concentration of arabinose and galactose 
in the hydrolyzed solution was significantly higher than 
in the untreated enzymatic hydrolysis solution (Table 2, 
Fig.  2). However, direct enzymatic digestion allows 
higher glucose concentrations without worrying about 
the production of inhibitors. In contrast to bagasse and 
corn cob, okara can be directly enzymatically digested 
to monosaccharides (Rastogi and Shrivastava 2022). In 
the former, it is necessary to remove lignin from the raw 
material or destroy its structure before cellulase can act 
effectively (Cai et al. 2016). Our results suggest that cel-
lulase alone can hydrolyze cellulose from okara (Fig. 2a). 
In addition to cellulase, β-glucosidase, xylanase, and pec-
tinase were also screened in the enzymatic hydrolysis 
reaction of okara. It is well known that cellobiose inhib-
its the action of exo-glucanase. If the cellulase complex 
does not have sufficient β-glucosidase activity, external 
supplementation is necessary to increase the enzyme effi-
ciency (Pallapolu et al. 2011). To enhance the hydrolysis 
effect of commercial enzymes provided by Novozymes 
(Coppehagen, Denmark) on lignocellulose, hemicellu-
lase is added to β-glucosidase, which led to an increase 
of galactose and arabinose concentrations in the hydro-
lysate. According to Kasai et al. (2004), the secondary cell 
wall of okara is a pectin-like substance that is resistant to 
hemicellulases, proteases, and even pectinases, which, 

explains why xylanase does not hydrolyze hemicellu-
lose in okara. It has been shown that the okara primary 
cell wall can be easily digested by cellulase. However, 
only pectinase is capable of digesting the secondary cell 
wall, thereby releasing sugars and proteins (Kasai et  al. 
2003). Other components, such as lignin that cannot be 
hydrolyzed, remain in the enzymatic hydrolysate residue 
of okara. Figure  2 shows that pectinase can effectively 
hydrolyze hemicellulose and release free amino acids in 
okara. Finally, a hydrolsate rich in monosaccharides and 
amino acids was obtained by the combined hydrolysis of 
cellulase, β-glucosidase and pectinase.

Digestion of cellulose produces glucose and cellobiose, 
while digestion of hemicellulose produces mostly xylose 
and other sugars, such as galactose, mannose, arabinose, 
as secondary products (Kortei et  al. 2014). D-galactose 
is abundant as a renewable biological resource in ter-
restrial plants, marine macroalgae, and dairy waste 
(Beniwal et al. 2021). Moreover, galactose content ranks 
second following glucose in okara enzymatic hydro-
lysate. To improve the galactose utilization efficiency in 
the acetoin-producing BS03 strain, the arabinose trans-
porter protein (araE) and the galactose metabolism gene 
cluster galKTE were co-expressed in this study. Control 
strain BS01-pMA5 and BS02 exhibited no galactose deg-
radation in mixed sugar media, while BS03 was affected 
by CCR and could only metabolize galactose after glu-
cose depletion (Fig.  4c). CcpA, the global transcription 
factor of Bacillus subtilis, binds to the phosphorylated 
cofactor HPr to form a ternary complex that represses 
other carbon-derived catabolite related gene expression 
during mixed sugar fermentation (Sousa et  al. 2019). 
It was suggested by Lu Lin et al. (2020) that CCR could 
be relieved by inhibiting the activities of two enzymes, 
CcpA (the global transcription factor of Bacillus subti-
lis) and HPrK. For example, Zhang et al. (2006) knocked 
down CcpA to alleviate CCR and improved riboflavin 
fermentation yields. Acetoin production from CcpA 
mutants was greatly reduced because CcpA is essential 
for AlsS expression (Sprehe et  al. 2007). To reduce the 
CCR effect, we attempted to knock out the PTS system 
to improve the co-utilization efficiency of glucose and 
galactose, but the results showed that the CCR effect 
was not solely dependent on the PTS system. The results 
of the fermentation with the BS03 strain using different 
substrates (glucose, galactose, arabinose, xylose) to pro-
duce acetoin showed that the conversion efficiency of 
galactose to acetoin was low (Fig.  5b). Galactose usage 
requires four enzyme reactions to enter into the glyco-
lytic pathway from glucose-6-phosphate. Consumption 
of d-glucose was faster than consumption of d-galactose. 
Approximately 72  h were required to ferment 6.01  g/L 
d-galactose, more than which is longer than is needed to 
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ferment 10 g/L d-glucose (Fig. 5a, b). The slower metabo-
lism could be one of the reasons low acetoin concentra-
tions was produced from the fermentation of d-galactose. 
Liu et al. (2011) isolated the Bacillus licheniformis strain 
MEL09 from soil for use as an acetoin producer and 
found that fermentation with 60 g/L galactose resulted in 
only 0.06  g/L acetoin. The sugar concentration in okara 
enzymatic hydrolyzate and corn dry powder was opti-
mized to increase acetoin yield. Even without nitrogen 
supplementation, the acetoin fermentation yield was only 
3.4% lower than the highest yield. Considering the cost 
of the fermentation medium, corn dry powder was not 
added. Peptides, amino acids, and proteins released dur-
ing the enzymatic digestion of okara provided sufficient 
nitrogen for acetoin production. Batch and fed-batch fer-
mentation of okara enzymatic hydrolyzate with an initial 
concentration of 29 g/L sugar was performed in a 7.5 L 
bioreactor. The recombinant strain did not suffer from 
significant growth inhibition, which can be attributed to 
using milder enzymatic hydrolysis process to produce the 
okara hydrolysate. When a mixture of glucose, galactose, 
and arabinose was present, glucose was consumed by the 
BS03 strain first. Additionally, the expression of the genes 
involved in galactose metabolism is repressed in the pres-
ence of arabinose, when the glucose had been entirely 
consumed, arabinose was utilized for cell growth and 
acetoin production, and galactose was used as the car-
bon source. The low consumption rate of galactose after 
glucose depletion may directly affect the synthesis of ace-
toin. A possible explanation for this problem might be 
the limited expression levels of galactose metabolic genes 
in the engineered strain during acetoin fermentation. 
On the other hand, the arabinose transporter of Bacillus 
subtilis has different affinities for arabinose, xylose, and 
galactose, and this may cause the galactose uptake rate to 
be lower than xylose and arabinose (Geng et al. 2022).

According to our research, the food processing waste 
okara is a good substrate for producing acetoin and 
TTMP. Compared to agricultural waste, such as straw 
and corn cobs, food processing by-products like okara 
are readily available throughout the year, while agricul-
tural waste requires seasonal considerations (Mardawati 
et  al. 2018). Despite the low acetoin concentration syn-
thesized by Bacillus subtilis from galactose, this research 
provides a reference for Bacillus subtilis in converting 
galactose to other bioproducts.
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