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Abstract
γ-Aminobutyric acid (GABA) is a non-protein amino acid with a variety of physiological functions. Recently, yeast Kluyvero-
myces marxianus strains involved in the catabolism and anabolism of GABA can be used as a microbial platform for GABA 
production. Okara, rich in nutrients, can be used as a low-cost fermentation substrate for the production of functional materi-
als. This study first proved the advantages of the okara medium to produce GABA by K. marxianus C21 when l-glutamate 
(l-Glu) or monosodium glutamate (MSG) is the substrate. The highest production of GABA was obtained with 4.31 g/L at 
optimization condition of culture temperature 35 °C, fermentation time 60 h, and initial pH 4.0. Furthermore, adding peptone 
significantly increased the GABA production while glucose and vitamin B6 had no positive impact on GABA production. 
This research provided a powerful new strategy of GABA production by K. marxianus C21 fermentation and is expected to be 
widely utilized in the functional foods industry to increase GABA content for consumers as a daily supplement as suggested.
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Introduction

γ-Aminobutyric acid (GABA) is a four-carbon non-protein 
amino acid, as an important inhibitory neurotransmitter, 
showing a variety of physiological activities [1], including 
anti-hypertensive [2], anti-insomnia, and anti-oxidant [3], 
anti-obesity [4] and immunity enhancement [5]. It is con-
sidered to be a functional ingredient in food [6] and pharma-
ceutical industries, so the application of GABA in various 
industries has led to a demand for efficient production.

GABA synthesis is the irreversible enzymatic decarboxy-
lation of glutamate catalyzed by the glutamate decarboxy-
lase (GAD), using 5'-pyridoxal phosphate (PLP) as a cofac-
tor [7]. Although GABA was found in a variety of plants and 
animals, a larger number of microorganisms contribute to an 
important source of GABA. Many varieties of microorgan-
isms were already found in fermented foods and beverages 
[8, 9] such as cheese [10], yogurt-sake [9], and fermented 
soybeans [11]. At present, lactic acid bacteria (LAB) [12], 
molds and yeasts are the most common strains as GABA 
producers [13], for example, Lactobacillus brevis RK03 
[14], L. brevis TISTR 860 [15], Streptococcus thermophi-
lus Hp [9], L. plantarum Taj-Apis362 [16], L. paracasei 
[17], Aspergillus oryzae [18], Pichia silvicola UL6-1 [19], 
etc. As a functional food additive, GABA should meet very 
strict safety requirements, it has recently been reported that 
GABA can be produced by yeast Kluyveromyces marxianus 
[20], which is characterized by fast growth, thermotoler-
ance, broad substrate spectrum [21]. So the K. marxianus 
is generally regarded as a safe food or pharmaceutical pro-
cessing material [22], what’s more it has been awarded QPS 
(Qualified Presumption of Safety) and GRAS status from 
the European Food Safety Authority (EFSA). The study [20] 
reported that 50 strains of K. marxianus isolated from differ-
ent dairy products released a low amount of GABA, and the 
production only ranged from 2.54 to 7.33 μg/mL. Therefore, 
increasing the production of extracellular GABA remains to 
be explored. In addition, using low-cost substrates to obtain 
GABA to reduce production costs is a possible prospective 
strategy and okara (soybean residue) can be a good candi-
date substrate [23].

Okara, is a by-product, mainly from the production 
of tofu, soymilk and other soybean products, containing 
approximately 40–60% carbohydrates and 20–30% protein 
[24] with rich l-glutamate [25], providing necessary nutri-
ents for the growth of specific microorganisms [26]. China 
is a major producer and largest consumer of soybeans, pro-
ducing approximately 2.8 million tons of okara every year 
[24], and recycling a large amount of okara is an extremely 
important approach in soybean industries. Our previous 

studies showed that K. marxianus C21, which was isolated 
from Kefir grain, not only grew well in the okara matrix but 
also improved the function and physicochemical properties 
of okara [25, 27].

To further extend the quality of okara, in this study, we 
explored the ability of GABA production from okara by K. 
marxianus C21 fermentation, then optimized the fermenta-
tion process conditions for GABA production through sin-
gle-factor experiments and response surface methodology 
(RSM) to increase GABA production in okara. This study 
will provide strong evidence for the add-value utilization 
of large-scale production from agricultural residues, such 
as okara.

Materials and methods

Materials and strain

Soybeans (HeiHe 43, Heilongjiang, China) were purchased 
from Shandong Shengfeng Seeds Co., Ltd. (Jining, Shan-
dong, China). YPD, PDA culture medium, and peptone were 
purchased from AoBoXing Biotechnology (Beijing, China). 
Glucose and vitamin B6 were purchased from Beijing 
Chemical Works (Beijing, China). l-Glutamate (l-Glu) was 
purchased from Shanghai Chemical Industry Park (Shang-
hai, China). Monosodium glutamate (MSG) was purchased 
from China Huishi biochemical reagent Co., Ltd (Shanghai, 
China). Commercial LAB starter including S. thermophilus, 
L. bulgaricus, Bifidobacterium infantis, B. lactis, B. longum, 
B. breve, and B. bifidum was purchased from Qingdao Kema-
son Food Technology Co., Ltd. Yeast of K. marxianus C21 
isolated from Kefir grain [28] was preserved by the Chinese 
Microbe Preservation Management Committee (CGMCC, 
No. 13907, Beijing, China).

Preparation of okara

According to the method described by our previous study 
[25]. raw soybeans were soaked in tap water at a ratio of 
1:5 (w/v) for 8–12 h and then ground with water (80 °C) 
at a low speed for 3 min using a soymilk machine (JYL-
Y20, Joyang Co., Ltd., Shandong, China) at a ratio of 1:9 
(w/v). The slurry was filtered through a 60-mesh sieve to 
obtain the fresh okara. The fresh okara was then sterilized 
at 121 °C for 20 min in a vertical pressure steam steriliza-
tion pot (YXQ-S-50A, Shanghai Boxun Enterprise Co., Ltd., 
Shanghai, China).
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Culture of K. marxianus C21

For seed cultures, strain K. marxianus C21 was grown in 
YPD medium and was incubated at 30 °C in an incubator 
shaker (ZHWY-1120, Shanghai Zhicheng analytical instru-
ment Co., Ltd, Shanghai, China) at 120 rpm for 12 h. After 
incubation, the suspension was centrifuged at 5500 rpm and 
4 °C for 5 min (3k15, Sigma, Berlin, Germany). The cen-
trifuged yeast was washed with sterile water three times, 
resuspended [25] and adjusted to  107 cfu/mL as a fermenta-
tion starter.

GABA production in okara

Okara soaked in distilled water at a ratio of 1:5 (w/v) with 
34 mM l-Glu or MSG was placed in a 250-mL Erlenmeyer 
flask, sterilized at 121 °C for 20 min and cooled to room 
temperature. 10% (v/v) K. marxianus C21 and 0.1% (w/v) 
commercial LAB starter were added separately or 5% (v/v) 
K. marxianus C21 and 0.05% LAB (w/v) were mixed to the 
okara, and they were fermented for 60 h under aerobic condi-
tions. The GABA content in the supernatant was measured 
after centrifugation at 12,000 rpm for 10 min.

Optimization of fermentation conditions of GABA 
production by K. marxianus C21 in okara medium

Single‑factor experiments

Kluyveromyces marxianus C21 was the fermentation strain; 
single-factor experiment was performed to study the influ-
ence of the following six factors: initial pH, culture tem-
perature, fermentation time, inoculum level, rotation speed, 
and l-Glu amount, on the production of GABA. The opti-
mization conditions of the single factor experiment included 
initial pH (3.0, 3.5, 4.0, 4.5 and 5.0), culture temperature 
(20, 25, 30, 35 and 40 °C), fermentation time (24, 48, 60, 
72 and 96 h), inoculum level (8, 9, 10, 11 and 12%), rotation 
speed (60, 90, 120, 150 and 180 rpm) and l-Glu amount (7, 
20, 34, 48 and 61 mM). Then, the production of GABA was 
analyzed. Each experiment was repeated in triplicate.

Response surface methodology (RSM)

By analyzing and processing the results of the single-fac-
tor experiment, the temperature, initial pH, and fermenta-
tion time were selected for RSM experiment based on a 
Box–Behnken center combination design (DTD) [29], and 
the production of GABA as the response values. The factors 
and levels of the research design are shown in Table 1.

Qualitative and quantitive of GABA

TLC analysis

Thin-layer chromatography with a silica gel plate 
(10 × 10 cm) (Qingdao, China) was used for the qualitative 
analysis of GABA. The method was described by Cho et al. 
[30] with slight modifications. An aliquot (4 μL) of the fer-
mentation supernatant was loaded onto a silica gel plate. 
Using a mixture of n-butanol: acetic acid: distilled water 
(3:1:2, v/v/v) as the developing solvents. The plate was used 
2 g/L ninhydrin solution as a colorant and then the color was 
developed in the oven at 100 °C.

Colorimetric method

GABA content was determined according to the method of 
Chi et al. [31] with minor modifications. The suspension 
was centrifuged at 12,000 rpm for 10 min. 200 μL of the 
supernatant was reacted with 400 μL borate buffer (pH 9), 
200 μL phenol (6%, w/v) and 1 mL sodium hypochlorite 
(10%, v/v) and allowd tostand for about 3 min and then for 
10 min in hot water (98 °C) and immediately put into an ice 
bath for 10 min. Finally, 4 mL alcohol (60%, v/v) was added 
to each sample, and absorbance was measured at 645 nm. 
The standard curve of GABA was drawn in the same way as 
above described. The absorbance of the sample to be meas-
ured was substituted into the standard curve to convert the 
GABA production.

Cell biomass

The effects of different culture media on the growth of cells 
were determined by the plate enumeration method on YPD 
agar. The method was described by Marino et al. [32] with 
slight modifications. The fermentation microbial suspen-
sion was serially diluted with 0.85% (w/v) saline; 100 μL 
of microorganism suspensions were plated on YPD agar at 
37 °C for 48 h to count the yeast colony.

Table 1  Factors and levels of response surface analysis

Encoding A: temperature 
(°C)

B: initial pH C: fermen-
tation time 
(h)

−1 32 3.8 48
0 35 4.0 60
1 38 4.2 72
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Statistical analysis

Microsoft Excel 2010 software was used to draw the stand-
ard curve of the test data. GraphPad Prism 7 software was 
used to draw the test curve, and SPSS 20 software (SPSS 
Inc., Chicago, IL, USA) was used to analyze the significant 
differences. The difference was considered to be significant 
when p < 0.05 using Duncan's multiple range test. Design 
expert 8.0.6 software (STAT-EASE Inc., MN, USA) was 
used to design, optimize, and analyze the response surface.

Results and discussion

Yeast K. marxianus C21 effectively produced GABA 
during okara fermentation

First, the feasibility of GABA production by K. marxianus 
C21 in okara was particularly analyzed. l-Glu or MSG was 
used as substrates separately to compare the converting abil-
ity of GABA by K. marxianus C21 in okara fermentation as 
well as LAB. Surprising results were that K. marxianus C21 
effectively converted GABA from both of l-Glu or MSG 
while LAB has almost no GABA production in the okara 
matrix. And when K. marxianus C21 ferments with LAB, 
no significant difference in GABA production was observed 
compared with only K. marxianus C21 fermentation, which 
shows that the dominance of K. marxianus C21 in okara 
environment to produce GABA (Fig. 1a and b).We have 
observed that the LAB we used did not have a conversion 
effect in okara, but many studies reported that the LAB iso-
lated from other environments was GABA-producer, such as 
Linares et al. reported the use of S. thermophilus APC151 
strain, isolated from the digestive tract of fish, for produc-
tion of GABA [33], Gangaraju et al. confirmed the highest 
production of GABA (37 mM) in TYG medium by L. bul-
garicus CFR 2028 [34], and Yunes et al. confirmed the most 
efficient GABA-producers were Bifidobacterium strains (up 
to 6 g/L) [35], which may be due to the different metabolic 
abilities of the same LAB species isolated from different 
environments in different media. However, whether the LAB 
we used has the ability of GABA production in other media 
or other LABs have the ability to produce GABA in okara, 
was not mentioned in this paper and remains to be verified. 
Considering the specific substrate, the production of l-Glu 
was higher than that of MSG, indicating that l-Glu was 
more appropriate for K. marxianus C21 to produce GABA 
in the okara matrix (Fig. 1a and b). Furthermore, the abil-
ity of K. marxianus C21 to produce GABA was measured 
under different kinds of media and the results showed that 
K. marxianus C21 in the medium of okara, YPD and PDA 
effectively produced GABA (Fig. 1c and d). Compared with 
okara, more free amino acids were detected in YPD and 

PDA medium. This will inevitably lead to the difficulty and 
recovery of GABA in the future. The strain of K. marxianus 
C21 used in this study was not only a high β-glucosidase-
producing yeast [28] but also confirmed a great secretion of 
β-glucosidase in okara fermentation. An interesting study 
showed that date residue treated with carbohydrate-degrad-
ing enzymes was greatly increased GABA production by L. 
brevis JCM  1059T fermentation, but the reason also remains 
unknown [36]. It is speculated that the K. marxianus C21 
has a high GABA production capacity, which may also be 
related to the expression ability of β-glucosidase or the deg-
radation products of β-glucosidase, and further research is 
needed. Overall, K. marxianus C21 isolated from Kefir grain 
in dairy products showed a wide range of ability to produce 
extracellular GABA without restriction by culture medium, 
regardless of Glu or MSG as substrate and the mechanism 
remains to be explored.

Establishment a quantitative method for GABA 
in okara

There are many quantitative methods for GABA, such as 
radioreceptor (RRA) [37], high-performance liquid chro-
matography (HPLC) [38], and colorimetry [31, 39]. The 
detection of GABA by using HPLC can be relatively accu-
rate and usually used in many GABA studies, but it requires 
sample derivatization and does not meet for a large num-
ber of GABA detection [38]. Colorimetric determination 
of GABA is based on Berthelot reaction using phenol and 
sodium hypochlorite to react with ω-amino acids to generate 
colored substances to determine trace amounts of ammo-
nia and its salts in different systems, with extremely high 
sensitivity [39]. It is suitable for the detection of GABA 
in fermentation broth matrices because it is fast, valuable, 
and cost-effective, and there was no significant difference 
between the Berthelot colorimetric and the HPLC [40]. To 
determine the influence of the composition in the deter-
mination of GABA in K. marxianus C21 fermented okara 
solution, the standard curves of GABA in water and okara 
were established, respectively (Fig. 2). The results showed 
that the l-Glu did not interfere with the determination of 
GABA either in water nor okara solution. The R2 in water 
was 0.9997 (Fig. 2a) while 0.9950 in okara fermentation 
broth (Fig. 2b) indicating that the colorimetric method can 
be used for precise quantification of GABA in the okara 
fermentation broth.

Effect of different culture media on cell biomass 
and GABA production by K. marxianus C21

To further determine the advantages of okara medium in pro-
ducing GABA, PDA and YPD medium were used to com-
pare the biomass and GABA production by K. marxianus 
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C21 (Fig. 3). The results showed that GABA production 
reached the highest point when the fermentation time was 
60 h in media. At this time 2.14 g/L of GABA in okara 
(Fig. 3a), 2.54 g/L in YPD (Fig. 3b), and 1.28 g/L in PDA 
(Fig. 3c) were obtained, respectively. The amount of GABA 
produced by K. marxianus C21 in YPD was much higher 
than that reported by Perpetuini et al. [20]. This may be due 
to differences in strains, culture temperature, and substrates. 
In this study, l-Glu was used as a substrate for optimization 
experiments. Perpetuini et al. [20] used MSG as a substrate, 
and the amounts of the two substrates were different. The 
interesting thing is that the biomass in the PDA medium is 

higher (8.17 log cfu/mL) than that of okara (8.05 log cfu/
mL) and YPD (8.02 log cfu/mL). These data indicated that 
there was no direct relationship between biomass and GABA 
production similar to observation reported by LAB fermen-
tation [41]. To be sure, although the production of GABA in 
okara was slightly lower than that in YPD medium, okara is 
undoubtedly a feasible substrate for the production of GABA 
in terms of economic costs.

Fig. 1  TLC analysis of GABA 
by K. marxianus C21 fermen-
tation in different strains and 
culture media. a Okara with 
l-Glu. b Okara with MSG. c 
Okara, PDA and YPD medium 
with l-Glu. d Okara, PDA and 
YPD medium with MSG. K. 
marxianus C21 (K); LAB (L); 
K. marxianus C21 and LAB 
(K + L)
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Effect of fermentation conditions for the production 
of GABA by K. marxianus C21 in okara medium

Continuously, the effect of fermentation conditions for 
GABA production in okara medium was carried out and 
the results are shown in Fig. 4. Compared with the different 
ranges of initial pH (3–5) in okara, the highest GABA was 
observed at pH 4 and the production was 3.94 g/L (Fig. 4a). 
A study has shown that the optimal conditions of fermenting 
microorganisms vary according to the different properties of 
GADs, with optimal pH ranging from pH 3.5–5.0 [12]. The 
highest GABA production was observed at 35 °C than other 
temperatures (20, 25, 30, and 40 °C), reaching values of 
3.23 g/L (Fig. 4b). This may be related to the specific high-
temperature resistance of K. marxianus C21 [42]. The initial 
pH and culture temperature were key factors for GABA pro-
duction by strains because it not only influences the growth 
of microorganisms but also affects the GAD activity [43, 
44].

The control of fermentation time also plays an important 
role in the production of GABA. The highest GABA produc-
tion was detected at a fermentation time of 60 h at 30 °C and 
pH 5, after which the production was significantly reduced to 
only 63% of the highest production at 96 h (Fig. 4c). On the 
one hand, it may be due to the decreased metabolic capacity 
of microorganisms and GAD activity in the later fermenta-
tion period so that nutrients cannot continue to provide the 
growth of microorganism cells. On the other hand, it may be 
that the accumulated GABA was converted firstly to succinic 
semialdehyde (SSA) by GABA transaminase (GABA-T) and 

then to succinate (Suc) by succinic semialdehyde dehydro-
genase (SSADH) [16].

The inoculum level is another important factor that 
directly affects the initial viable amounts of microorganisms 
in the fermentation broth, and the amounts of microorgan-
isms in the fermentation broth directly affect the growth and 
metabolism of microorganisms [42], so it was necessary to 
investigate the inoculum level. It showed the enhancement 
of GABA concentration with increasing inoculum level from 
8 to 11% (v/v), where the highest GABA (2.73 g/L) was 
obtained (Fig. 4d).

Rotation speed determines the oxygen flow of the 
medium, and yeast was aerobic microorganisms [42], so 
it was necessary to investigate the rotation speed. Fig-
ure 4e shows the enhancement of GABA concentration 
with increasing rotation speed from 60 to 120 rpm, where 
the highest GABA was obtained. This may be due to the 
increase in rotation speed that slowed down the aggregation 
of the yeast and increased the mass transfer rate of oxy-
gen [45]. However, with the increase of rotating speed to 
180 rpm, the production of GABA slowly decreased. It was 
supposed that the high rotational speed might have formed 
a certain shear force, which would cause certain damage to 
the cells, and the normal physiological metabolism could not 
be maintained. l-Glu was aimed to stimulate the production 
of GABA by GAD via the GABA shunt way. Increased con-
centration of GABA 3.84 g/L was obtained by K. marxianus 
C21 in okara supplemented with 20 mM of l-Glu (Fig. 4f). A 
further increase in l-Glu amount to 61 mM inhibited GABA 
production that high concentrations of l-Glu may inhibit 
the ability of yeast to produce GABA [16]. The conversion 

Fig. 2  The standard curves of GABA and l-Glu in different solutions. a Distilled water. b Okara fermentation broth
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rate reached to 128%, which is due to the endogenous l-Glu 
from okara [41] and the generation of l-Glu from protease 
enzymatic okara in the yeast fermentation process [46] par-
ticipated in the GABA conversion.

Optimization of fermentation conditions 
for the production of GABA by K. marxianus C21 
in okara medium

RSM results

To model the fermentation process based on single vari-
able optimization, the initial pH of 4, culture temperature 
of 35 °C, and fermentation time of 60 h were chosen as 
effective variable and the central point for response surface 
analysis as shown in Table 2. Quadratic multiple regres-
sion fitting was carried with the results of the Box–Behnken 
experimental design and a multiple quadratic response sur-
face regression model was established. The obtained quad-
ratic regression Eq. (1) was as follows:

where Y represents the GABA production, A represents the 
initial pH, B represents the culture temperature, C represents 
the fermentation time.

The results of ANOVA are shown in Table 3. The F test of 
the regression model presented high significance (p < 0.01), 
the R-squared was 96.52%, indicating that the fitting degree 
of this model was good, and only 3.48% of the variation 
could not be explained. The lack of fit was 0.2308 more than 
0.05, which was non-significant. The Adeq Precision of this 
design was 15.846. It shows that the model can be used to 
predict the production of GABA.

RSM analysis of the best process parameters

The analysis charts were drawn using the linear regres-
sion equation fitted by the RSM, and the shape of the fitted 
response surface was examined to determine the optimal 
value of each factor. The RSM analysis diagrams are shown 
in Fig. 5. It could be seen from the 3D response surface 
diagrams that there was a good interaction between the cul-
ture temperature, initial pH, and fermentation time, and the 
effects of these three factors were all significant. By analyz-
ing the obtained linear regression equation, it was found 
that there was a stable point, which was also the maximum 
point in this experiment. In the linear regression equation 
of the three significant impact factors for partial derivatives, 
respectively, the final results encompassed culture tempera-
ture 35 °C, initial pH 4.0, fermentation time 60 h. Under 
these optimized conditions, the GABA production reached a 
maximum of 4.50 g/L. To verify the reliability of the regres-
sion equation, under the optimized conditions, the produc-
tion of GABA was 4.31 g/L, reaching 95.6% of the predicted 
value, and the phase pair error was only 4.4%, indicating that 
the established equation model had high accuracy. It is very 

(1)

Y = 4.50 − 0.20A − 0.91B + 0.066C − 0.039AB

+ 0.049AC − 0.047BC − 1.28A2
− 1.10B2

− 1.46C2,

Fig. 3  Effect of different culture media with l-Glu on cell bio-
mass and GABA production by K. marxianus C21. a Okara; b YPD 
medium; c PDA medium. Values and error bars represent means and 
standard deviations of triplicate experimental data
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noteworthy that the conversion of GABA under this condi-
tion is as high as 140%, which showed the strong potential of 
K. marxianus C21 to produce GABA in the okara medium.

The ability of GABA production varies with the strain 
and the substrate. A few studies showed that many yeasts 
produce limited amounts of GABA, such as P. silvicola 
UL6-1 showed a maximum GABA production of 136.5 μg/
mL when it was cultured for 30 h at 30 °C in yeast extract-
peptone-glucose medium [19]. The amount of GABA pro-
duced by P. guilliermondii 89-J-1 was 98.2 μg/mL. From the 
results of this study, K. marxianus C21 as a strain for pro-
ducing GABA seems to be very suitable. A large number of 
studies showed that LAB was effective producers of GABA 

but the composition of the medium was not economical and 
practical compared with the okara medium. For example, 
Lactobacillus brevis BJ-20 [47] produced only 0.08 g/L of 
GABA during the fermentation of sea tangle extract and Lac-
tobacillus plantarum Taj-Apis362 [16] produced 0.74 g/L 
of GABA in YPD medium. In contrast, high production 
of GABA of 44.47 mM (4.53 g/L) was reported in YPD 
medium with 10% red kidney beans by Lactobacillus brevis 
TISTR 860 [15] but it took a long time of 12 days. In gen-
eral, the yeast of K. marxianus C21 produced above 4 g/L of 
GABA in okara medium (okara and l-Glu), a cost-effective 
substrate, just through 60 h of fermentation time. Convinc-
ing results have been obtained, that is the physicochemical 

Fig. 4  Effects of different 
parameters on GABA produc-
tion: a Initial pH; b culture 
temperature; c fermentation 
time; d inoculum level; e rota-
tion speed; f l-Glu amount. 
Values and error bars represent 
means and standard deviations 
of triplicate experimental data
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and functional properties of K. marxianus C21 fermented 
okara have been significantly improved [47, 48]. Coupled 
with the high content of GABA, it can be fully believed that 
the okara-related products fermented by K. marxianus C21 
can be better applied in the development of functional foods.

Effect of glucose, peptone, and vitamin B6 on GABA 
production at the optimal conditions

Many studies confirmed that the carbon source and nitrogen 
source in the medium have a significant impact on GABA 
production [47, 48] as well as a coenzyme of glutamate 
decarboxylase such as vitamin B6 [49]. Therefore, after opti-
mization, 1% (w/v) glucose, 1% (w/v) peptone, and vitamin 
B6 were added to the okara medium to preliminary explore 
the effect on GABA production. It was found that both 
glucose and vitamin B6 could not further promote GABA 
production, but reduced GABA production. The good thing 
was peptone highly promoted the production of GABA by 
18.6% than control (Fig. 6) indicating that the medium with 
sufficient nitrogen source had the greatest impact on the pro-
duction of GABA. The similar phenomenon was reported 
by other researches [15, 50], such as during the fermenta-
tion of red kidney bean and barley grain by Lactobacillus 
brevis TISTR 860; there were no statistical differences in 
the maximal GABA production among the tested concentra-
tions of glucose, while GABA production increased signifi-
cantly according to the concentration of peptone [15]. Park 
et al. reported that the production of GABA using Lactoba-
cillus plantarum with simple medium, when glucose was 
increased, was inhibited. Conversely, GABA production 
increased as the amount of yeast extract increased [50]. This 
provides a good direction for us to further efficiently produce 
GABA on the basis of a single-okara medium.

Table 2  Experimental design of Box–Behnken and corresponding 
results

Experi-
ment 
number

A: initial pH B: tem-
perature 
(°C)

C: fermenta-
tion time (h)

GABA (g/L)

1 3.8 35 72 2.14
2 4.2 35 48 1.28
3 4.0 38 72 0.55
4 4.0 32 72 3.61
5 4.0 35 60 4.43
6 4.2 35 72 1.37
7 4.0 38 48 1.21
8 4.2 38 60 1.38
9 3.8 35 48 2.25
10 4.0 35 60 4.15
11 4.0 35 60 4.25
12 4.2 32 60 2.95
13 4.0 35 60 4.48
14 3.8 38 60 1.37
15 3.8 32 60 2.79
16 4.0 32 48 2.39
17 4.0 35 60 4.50

Table 3  Regression analysis 
for the GABA production 
according to the BoxBehnken 
DTD experimental design

R-squared = 96.52%
Adeq precision = 15.846
SS sum of squares, DF degree freedom, MS mean square

Source SS DF MS F value Prob > F

Model 31.26 9 3.47 21.56 0.0003 Significant
A 0.31 1 0.31 1.91 0.2097
B 6.57 1 6.57 40.79 0.0004
C 0.035 1 0.035 0.22 0.6560
AB 6.241E−003 1 6.241E−003 0.039 0.8496
AC 9.604E−003 1 9.604E−003 0.060 0.8141
BC 0.89 1 0.89 5.5 0.0515
A2 6.91 1 6.91 42.89 0.0003
B2 5.11 1 5.11 31.74 0.0008
C2 9.00 1 9.00 55.87 0.0001
Residual 1.13 7 0.16
Lack of fit 0.70 3 0.23 2.20 0.2308 Not significant
Pure error 0.43 4 0.11
Cor total 32.39 16
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Conclusions

This study attempted to use K.marxianus C21 fermented 
okara to produce GABA which provides a prerequisite for 
the production of a novel GABA-enriched products. It was 
found that K. marxianus C21 could convert l-Glu or MSG 
to GABA in okara fermentation. The highest production 
(4.31 g/L) of GABA was displayed under optimized fer-
mentation conditions by K. marxianus C21. Adding peptone 
had a significant positive impact on GABA production. How 
to utilize and regulate the nitrogen source and other inducers 
in the okara medium to further adjust the amount of GABA 
products added economically and effectively was worth 
exploring and developing.
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