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Abstract: The effects of calcium chloride (CaCl2), vitamin B6 (VB6), and monosodium glutamate (MSG) on the syn-
thesis of γ-aminobutyric acid (GABA) in the mixed homogeneous suspension of pea and sweet buckwheat (1:1 w/w) 
were investigated. The composition formula of raw materials in the homogeneous fluid for GABA synthesis was 
optimized via response surface methodology (RSM). The result showed that the increased content of GABA was 
dependent on the addition of CaCl2, VB6, and MSG to the mixed suspension. Box-Behnken design indicated that 
the optimal added components for GABA synthesis were: CaCl2 at a concentration of 0.85 mmol/l, VB6 at a concen-
tration of 2.29 mmol/l, and MSG at a concentration of 2.83 mg/ml. Under optimal conditions, a maximal increase 
of GABA content (51.29 µg/ml) was obtained. Analysis of variance for the regression model suggested that the model 
can exactly predict GABA synthesis in the mixed homogeneous suspension.
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Gamma-aminobutyric acid (GABA) is a non-protein 
free amino acid that is widely distributed in bacteria, 
plants, and vertebrates; it is also a neurotransmitter 
in the brain and spinal cord of mammals (Manyam et 
al. 1981). GABA was first described as a plant metabo-
lite, then its presence in brain was demonstrated, and 
it was later described in filamentous fungi suggesting 
a much broader metabolic role. GABA is primar-
ily produced by the α-decarboxylation reaction of 
l-glutamic acid (Glu) or its salts, and is catalysed 
by the enzyme glutamate decarboxylase (GAD), which 
is dependent on the cofactor pyridoxal-5’-phosphate 
or vitamin B6 (VB6) (Mayer et al. 1990). GABA shows 

multiple physiological functions, such as regulation 
of blood pressure and heart rate, anti-aging, and al-
leviation of pain and anxiety (Defeudis 1983; Lev-
enthal 2003; Cho & Lim 2016). Medically, GABA 
was used to treat hyperammonaemia in rats (Paul 
2003). In addition, GABA can enhance the flavour 
of food and has sobering or deodorant functions.

Currently, consumer interest in natural, nutritional, 
and healthful foods is growing. A plant-based diet, with 
a main focus on whole coarse cereals, has become one 
of the most important guidelines to lower the risk of 
many human diseases (Lawrence & Machlin 1995). 
Public interest in healthful and nutritious food has 
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initiated investigations that use biochemical technol-
ogy to enhance nutritious components in coarse cere-
als. Germination has been described as an effective 
method to increase the content of functional com-
ponents in coarse cereals and has been used to meet 
this objective (Ding et al. 2018). At present, most 
of the published studies focus on the biosynthesis of 
GABA in coarse cereals and its changing regularity 
to achieve increasing nutritional value during germina-
tion (Guo et al. 2011; Luo et al. 2018). However, when 
germination conditions are controlled, it remains dif-
ficult to ensure protein decomposition to amino acids 
by endogenous protease, while retaining optimal GAD 
activity for the further promotion of GABA synthesis 
in coarse cereals. During germination, lower contents 
of GABA were synthesized in several coarse cereals due 
to the increased amount of Glu in combination with 
a lower GAD activity, or alternatively, a higher GAD 
activity in combination with a small amount of Glu. 
Most tests tried to overcome the problem by add-
ing calcium chloride (CaCl2), pyridoxal-5-phosphate 
(PLP), and Glu to the soaking solution to stimulate 
GAD activity with limited success (Bai et al. 2009). 
Therefore, novel methods for GABA synthesis need 
to be explored. The pea is a bean-plant that con-
tains high levels of both proteins and Glu (Ribéreau 
et al. 2018). Sweet buckwheat is a cereal that contains 
a considerable amount of Glu (Sluková et al. 2017). 
Therefore, both pea and sweet buckwheat offer prom-
ising potential for GABA enrichment.

Pea and sweet buckwheat were chosen for this 
study, and the effects of CaCl2, VB6, and monoso-
dium glutamate (MSG) on GABA synthesis in the 
mixed homogeneous suspension of both pea and 
sweet buckwheat were investigated. Response sur-
face methodology (RSM) was applied to optimize 
the components in the complex suspension for GABA 
accumulation. The objective of this work is to provide 
a new method and scientific basis for the industrial-
ized production of GABA.

MATERIAL AND METHODS

Material. Seeds of a pea (Pisum sativum L.) were 
kindly supplied by the Gansu Academy of Agricultural 
Sciences (Lanzhou, China) and seeds of sweet buck-
wheat (Fagopyrum esculentum esculentum Moench) 
were purchased from Dingxi in Gansu Province. 
All seeds were harvested in 2015, dried naturally, 
and stored at 4°C prior to use.

GABA (purity > 99%) and phenol were purchased 
from Sigma-Aldrich (China). Sodium hypochlorite 
was purchased from Baishi chemical industry Co., 
Ltd. (China). Other commercial chemicals additives 
such as CaCl2, VB6 and MSG were of food grade.

Preparation of homogeneous fluid. Intact seeds 
of pea and sweet buckwheat were picked up, the 
surface dust was cleaned off with distilled water, 
seeds were then surface-sterilized with 0.1% (v/v) 
sodium hypochlorite solution for 30 min, and finally 
thoroughly rinsed with distilled water. The treated 
seeds were soaked in distilled water (1:5 w/v) at 30°C 
for 8 h, then drained the surface water. After that, 
the soaked seeds were placed in a mortar and ground 
gently in an ice bath, and removed the separated seed 
coats with tweezers, and then weighed. Homogeneous 
fluids were obtained by grinding the seeds under ad-
dition of 0.2 mol/l pH 5.7 sodium phosphoric buffer 
solution (1:1.5 w/v) in an ice bath.

GABA synthesis. A total of 4 g of homogeneous 
fluid of both pea and sweet buckwheat were mixed 
in proportion, adding 10 ml of 0.2 mol/l, pH 5.7 
sodium phosphate buffer solution containing CaCl2, 
VB6, and MSG. Homogeneous complex fluid reacted 
at 37°C for 2 h at an oscillating speed of 110 rpm. Un-
der these conditions, the maximal amount of GABA 
was synthesized at the optimal reaction temperature 
of endogenous protease (optimal enzyme activity 
at 37°C) and GAD (optimal enzyme activity at 40°C). 
After the reaction, the mixed suspension was cen-
trifuged at 6578 g for 20 min at 4°C. The superna-
tant was transferred to clean flask and 10% (w/v) 
trichloroacetic acid solution (2:1 v/v) was added 
to remove protein. The supernatant was obtained 
by centrifuging again at 6578 g for 10 min at 4°C.

GABA determination. The GABA content in the 
mixed homogeneous suspension of both pea and sweet 
buckwheat was investigated, following the method 
of Tsushida and Murai (1987) with modifications. 
Briefly, 300 µl of the supernatant was collected in test 
tubes, and 200 µl of 0.1 mol/l sodium tetraborate 
buffer solution of pH 9.0, 400 µl of 6% (w/v) phenol 
solution, and 600 µl of 7.5% (v/v) sodium hypochlo-
rite were successively added. The mixture solutions 
were thoroughly shaken at room temperature and 
heated in boiling water for 10 min, then immediately 
placed into an ice bath for 10 min after rapid oscil-
lation. The test tube was continuously shaken until 
the mixture solution appeared blue-green. Then, 
2 ml of 60% (v/v) ethanol were added to the test 
tubes to stop the reaction. Finally, the absorbance 
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of samples at 645 nm was assayed using UV/VIS 
spectrophotometer.

GABA standard curve. The standard solution 
of GABA (1 mg/ml) was prepared. 0, 20, 40, 60, 80, 
and 100 µl of the solution were collected in six test 
tubes, and distilled water was added to 300 µl. The 
standard solution of GABA and samples were per-
formed simultaneously. The GABA contents of sam-
ples were calculated according to the standard curve.

Determination of endogenous protease activity. The 
endogenous protease activity was investigated in the 
mixed homogeneous suspension of pea and sweet 
buckwheat, following the method of Zhai and Jiao 
(2009), with modifications. The soaked seeds of both 
pea and sweet buckwheat were skinned and ground with 
0.2 mol/l sodium phosphate buffer solution of pH 5.0. 
Then, the homogenate was centrifuged at 2570 g for 
10 min in a refrigerated high-speed centrifuge at 4°C. 
The supernatant was the crude endogenous protease 
fluid. The reaction mixture consisted of 1 ml crude 
endogenous protease fluid and 2 ml 0.2% (w/v) casein. 
The reaction solution was incubated at 37°C for 20 min 
and terminated by adding 2 ml of 10% trichloro acetic 
acid. T﻿﻿he suspension was centrifuged at 6578 g for 
10 min at room temperature. The supernatant was 
collected in a 10 ml measuring flask, distilled water 
was added to 10 ml, and detected at 274 nm using 
UV/VIS spectrophotometer. In the blank sample tube, 
1 ml crude endogenous protease fluid and 2 ml 10% 
trichloroacetic acid were added first, followed by ad-
dition of 2 ml 0.2% casein. The centrifugation and 
constant volume steps were identical those of the test 
tube. The tyrosine content was analysed via standard 
curve. One unit of enzyme activity was defined as the 
release of 1 µg tyrosine produced per 1 min at 37°C.

Determination of GAD activity. The GAD activity 
was investigated in the homogenous extract suspension 
of pea and sweet buckwheat, following the method of 
Bai, with modifications (Bai et al. 2009). The soaked 
seeds of both pea and sweet buckwheat were skinned 
and ground with pH 5.7 phosphate buffer solution. 
Then, the homogenate was centrifuged at 6578 g for 
10 min in a refrigerated high-speed centrifuge at 4°C. 
The supernatant was crude GAD fluid. The reaction 
mixture solution consisted of 1 ml crude GAD fluid 
and 2 ml substrate (0.1% of Glu, pH 5.7). The reaction 
solution was incubated at 40°C for 2 h and terminated 
by heating to 90°C for 5 minutes. The suspension was 
centrifuged at 6578 g for 20 min at room temperature. 
The GABA content of the supernatant was analysed 
by the GABA determination method as described above. 

One unit of enzyme activity was defined as the release 
of 1 µmol of GABA produced per 30 min at 40°C.

Hydration characteristics during soaking. Hydra-
tion characteristics of seeds of both pea and sweet 
buckwheat were investigated. The seeds (100 g) 
were soaked with distilled water (1:5 w/v) at 30°C 
in an incubator. A part of the soaked seeds were 
removed and weighed at specified times during soak-
ing: 0.5, 2, 4, 8, 12, 16, and 20 hours. The moisture 
contents at different periods were calculated accord-
ing to Equation (1):

Moisture content (%) = (M1 – M0)/M0 × 100	 (1)

where: M1 – represents the weight of seeds soaked at differ-
ent soaking times; M0 – represents the weight of untreated 
seeds.

Effect of soaking time on endogenous protease 
and GAD activity. Sterilized seeds of pea and buck-
wheat (50 g/per portion) were soaked with distilled 
water at 30°C for 4, 8, 12, 16, and 20 h and taken out 
at specified times as indicated in Table 1 and endog-
enous protease and GAD activity were measured.

Proportion of homogeneous fluid on GABA syn-
thesis. The homogeneous fluids of pea and sweet 
buckwheat were mixed at proportions of 1:0, 3:1, 
1:1, 1:3, and 0:1 (pea:sweet buckwheat).

Effect of CaCl2, VB6, and MSG in homogenous 
extract suspension on GABA synthesis. To deter-
mine the proper scope of CaCl2, VB6, and MSG for 
GABA synthesis in the homogenous extract suspen-
sion of pea and sweet buckwheat, different reaction 
solutions were prepared. Various concentrations 
were applied: CaCl2 ranging from 0 to 1 mmol/l, 
VB6 ranging from 0 to 5 mmol/l, and MSG ranging 
from 0 to 4 mg/ml. All solutions were prepared using 
phosphate buffer solution at pH 5.7.

Optimization of components in mixed homog-
enous extracts suspension for GABA synthesis. 

Table 1. Changes in endogenous protease and GAD activi-
ties in response to soaking at 30°C

Soaking time (h)
Endogenous pro-
tease activity (U) GAD activity (U)

pea buckwheat pea buckwheat
4 1.88 4.62 0.24 0.31
8 2.18 3.42 0.25 0.39
12 2.36 2.78 0.13 0.41
16 2.92 2.72 0.07 0.43
20 3.20 2.08 0.13 0.34
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Based on a single factor experiment, the components 
in homogenous extraction mixed suspension, namely 
CaCl2 (X1), VB6 (X2), and MSG (X3), for GABA content 
in the mixed suspension were optimized using RSM 
(Design-Expert version 7.0.1.0 Trial). The factors and 
levels were investigated in a Box-Behnken design 
as shown in Table 2. Fifteen combinations, including 
three replicates of the centre points were employed 
to evaluate the combined effects of variables on the 
resulting GABA content. The second-order polyno-
mial coefficients were calculated and analysed using 
Design Expert Software. A second-order polynomial 
model, which includes all interaction terms, was 
used to predict response as shown in Equation (2):

                            
3                          3                      2     3

   

Y = β0 + Σ BiXi + Σ BiiXi
2 Σ Σ BijXiXj	 (2) 

                     
i = 1                       i = 1                    i = 1 i < j

where: Y – dependent variable (increased content of GABA); 
β0 – intercept; Bi, Bii, and Bij – regression coefficients esti-
mated by the model; Xi and Xj – levels of the independent 
variables.

The model equation represent the linear, quad-
ratic, and interaction regression effects of the X1, 
X2, and X3 factors on the reaction, respectively. The 
fitted polynomial equation is then expressed in the 
form of three-dimensional surface plots to visual-
ize the relationship between the reaction and the 
experimental levels of each variable and to deduce 

the optimal reaction conditions. The combination 
of different optimized variables was determined in 
an attempt to verify the validity of the model. Subse-
quently, three additional confirmation experiments 
were conducted to verify the validity of the obtained 
statistical experimental strategies.

Calculations and statistical analysis. Average 
values and standard deviations were computed for 
all experimental data. Statistical analysis was per-
formed using Fisher’s F-test. P < 0.05 or 0.01 indi-
cated significance levels. For experiments performed 
in duplicate, two separate samples were analysed 
twice. Two values were accepted as replicates only 
if they differed by not more than 5%. In cases where 
this did not occur, a third confirmatory analysis was 
performed and the outlier values were dropped. 
In triplicate analysis, three samples were analysed.

RESULTS AND DISCUSSION

Hydration characteristics of seeds of pea and 
sweet buckwheat during soaking. The soaking 
process of the dry seeds had three distinct phases: 
physical absorption, sluggish absorption, and grow-
ing absorption.

As shown in Figure 1, an obvious difference was 
found between seeds of pea and sweet buckwheat 
with regard to the water content during soaking. 
Under a specific condition of physical absorption 

Table 2. Box-Behnken and the responses for increased content of GABA in homogeneous mixed fluids

Trials CaCl2 (mmol/l) VB6 (mmol/l) MSG (mg/ml)
Increased content of GABA (µg/ml)
true value predicted value

1 –1 –1 0 23.92 23.71
2 1 –1 0 32.92 31.38
3 –1 1 0 35.33 36.88
4 1 1 0 40.45 40.66
5 –1 0 –1 23.26 22.59
6 1 0 –1 41.73 42.39
7 –1 0 1 33.18 32.52
8 1 0 1 23.50 24.17
9 0 –1 –1 22.54 23.42
10 0 1 –1 37.91 37.04
11 0 –1 1 20.79 21.66
12 0 1 1 31.39 30.51
13 0 0 0 49.92 49.91
14 0 0 0 51.01 49.91
15 0 0 0 48.79 49.91
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before 8 h of soaking, the moisture content of peas 
first exceeded 95% and then changed rarely after 
8 hours. Because the volume swell of seeds was limited 
by the hull, the absorption velocity slowed gradu-
ally and even reached a balance of 108% after 16 to 
20 h of soaking. In contrast, the moisture content 
of sweet buckwheat seeds reached 57% for 8 h of 
soaking, changed rarely after 8 to 12 h of soaking, 
and retained sluggish absorption with 62%.

Effect of soaking time on endogenous protease 
and GAD activity. Physiological and biochemical 
reactions occurred after soaking of seeds, showing 
vigorous life activity and synthesis as well as decom-
position metabolic functions.

The activities of both endogenous protease and 
GAD in seeds changed during soaking (Table 1). En-
dogenous protease activity in pea increased by 1.88 to 
3.20 from 4 to 20 h, respectively. Endogenous protease 
activity in sweet buckwheat was the highest during 
soaking for 4 h and then gradually decreased from 
4.62 to 2.08. The highest GAD activity in pea was 
obtained during soaking for 8 h, however, in sweet 
buckwheat for 12 hours. GAD activity of both pea 
and sweet buckwheat first increased and then de-
creased. Therefore, the optimal soaking time was 
4 h, the turning point from the physical absorption 
phase to sluggish absorption. At this point, both en-
dogenous protease and GAD activity were vigorous.

Published studies have reported that plant seeds 
dramatically change during soaking. Amino acids 
stored in seeds as storage proteins are decomposed 
under the action of endogenous protease activated 
by water absorption and change into transportable 
amides (Sharma et al. 2018). GAD is activated upon 
water absorption, and Glu is converted to GABA 
(Komatsuzaki et al. 2007).

Effect of proportion of homogeneous f luid 
on GABA synthesis. Proteins in seeds were decom-
posed to amino acids by endogenous protease. l-Glu 
can be converted to GABA by GAD. When the ho-
mogeneous fluids of pea and sweet buckwheat were 
mixed in specific proportion, the content of synthe-
sized GABA was higher than that of individual pea 
or sweet buckwheat (Figure 2). The highest GABA 
content was obtained when pea and sweet buck-
wheat (1:1 w/w) were mixed. Thus, the mixture of 
both pea and sweet buckwheat was more conducive 
to GABA synthesis.

Effect of CaCl2 in homogeneous extraction suspen-
sion on GABA synthesis. There is a calmodulin (CaM) 
binding domain at the C-terminus of GAD in plant 
(Akama et al. 2007) and GAD activity is regulated by 
calcium ion (Ca2+) or CaM. Recent studies have indicated 
that increasing cytosolic Ca2+ concentration stimulates 
GAD activity and promotes GABA synthesis, which also 
confirms that GAD is regulated by the Ca2+/CaM signal 
transduction pathway (Wang et al. 2010). The effect 
of increasing exogenous CaCl2 concentration on the 
ncreased content of GABA is presented in Figure 3.

The produced content of GABA increased first 
and then decreased. When CaCl2 concentration was 

Figure 1. Hydration characteristics of seeds of pea and 
sweet buckwheat in response to soaking at 30°C

Figure 2. Effect of the proportion of homogeneous extract 
suspension on GABA synthesis

Figure 3. Effect of CaCl2 in homogeneous extract suspen-
sion on GABA synthesis
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in the range of 0–0.8 mmol/l, the GABA content 
increased with increasing CaCl2 concentration and 
the maximal content reached 13.16 µg/ml at a CaCl2 
concentration of 0.8 mmol/l. CaCl2 concentrations 
decrease steeply at 0.8–1 mmol/l. Therefore, the 
optimum added amount of CaCl2 is 0.8 mmol/l. 
By adding exogenous Ca2+ in germinated millet, the 
maximal GABA yield of 37.9 mg/100 g FW appeared 
at Ca2+ concentration of 2.5 mM, and the maximum 
of GAD activity was stimulated via that was 1.0 mM 
(Bai et al. 2009). The findings of the present study 
show that increasing Ca2+ levels promoted GABA 
synthesis due to GAD activity, which stimulated 
homogeneous extraction suspension.

Effect of VB6 in the homogeneous extraction sus-
pension on GABA synthesis. Pyridoxal 5-phosphate 
(PLP) is a coenzyme of GAD and plays an important 
role as a cofactor in stimulating GAD activity (Tong 
et al. 2002). It has been reported that GAD is spe-
cific to the substrate Glu and requires PLP through 
qualitative analysis in vitro to crude extract fluid 
of GAD in plants tissue. Pyridoxamine (VB6) is a cheap 
analogue of PLP, which is often used to promote the 
synthesis and accumulation of GABA.

Within the concentration range of 0–5 mmol/l of VB6, 
the GABA content first increased and then decreased 
(Figure 4). There was a gradual increase in GABA con-
tent with increasing VB6 concentration of 0–2 mmol/l, 
but a sharp decrease occurred when the VB6 concen-
tration exceeded 3 mmol/l, following little change 
with VB6 concentration of 3–5 mmol/l. Therefore, the 
optimal concentration of VB6 was 2 mmol/l.

The increase of the PLP concentration favoured 
GABA-transaminase activity, which was depend-
ent on the PLP concentration and converted GABA 
to succinate semialdehyde (Narayan & Nair 1990). 
The data obtained in the present study show that ad-

dition of VB6 into the mixture suspension enhanced 
GABA synthesis.

Effect of MSG in the homogeneous extraction 
suspension on GABA synthesis. Glu or its salts were 
the reaction substrate during GABA synthesis. Glu 
addition increased the substrate concentration in the 
vicinity of the cytosolic GAD, and further regulation 
of GAD activity and GABA content (Komatsuzaki 
et al. 2005). In this study, MSG was chosen instead 
of Glu due to its solubility in distilled water. The 
effect of MSG addition, in homogeneous extrac-
tion suspension of pea and sweet buckwheat, on in-
creased content of GABA is shown in Figure 5. GABA 
synthesis increased continuously with increasing 
MSG. The maximal content of GABA synthesis was 
334.82 μmol/l under the condition of optimal concen-
tration of 17.74 mmol/l; however, it rapidly decreased 
at an MSG concentration of 17.74–23.65 mmol/l. 
These data indicated that higher concentration of 
MSG was not conducive to GABA synthesis.

Recently, the regulation of GAD activity by gluta-
mate availability has been investigated in situ (Scott-
Taggart et al. 1999). Elevated glutamate levels 
stimulated GABA synthesis in isolated Asparagus 
mesophyll cells (Cholewa et al. 1997). Increases 
of GABA levels were likely caused by an increase of 
the substrate in the vicinity of the cytosolic GAD, 
which suggests that both GAD activity and GABA 
content were regulated by glutamate addition (Ko-
matsuzaki et al. 2005).

Optimization of components for GABA 
synthesis

Analysis of Box-Behnken experiments. The Box-
Behnken design and the corresponding experimen-

Figure 4. Effect of VB6 in homogeneous extract suspension 
on GABA synthesis

Figure 5. Effect of MSG in homogeneous extract suspen-
sion on GABA synthesis

C
on

te
nt

 o
f G

A
BA

 (µ
g/

m
l)

VB6 (mmol/l)

C
on

te
nt

 o
f G

A
BA

 (µ
g/

m
l)

MSG (mmol/l)

https://www.agriculturejournals.cz/web/cjfs/
http://xueshu.baidu.com/s?wd=author:(Noriko Komatsuzaki) &tn=SE_baiduxueshu_c1gjeupa&ie=utf-8&sc_f_para=sc_hilight=person


298

Technol. and Econ., Engineering and Physical Properties	 Czech Journal of Food Sciences, 37, 2019 (4): 292–300 

https://doi.org/10.17221/480/2017-CJFS

tal data are shown in Table 2. Multiple regression 
analysis of the data demonstrated that the RSM 
design model was consistent with the second-order 
polynomial Equation (1). The second-order poly-
nomial model, describing the correlation between 
GABA content and the three variables in this study 
is shown in Equation (3):

Y = 49.91 + 2.86X1 + 5.61X2 – 2.07X3 – 0.97X1X2 – 
7.04X1X3 – 1.19 X2X3 – 7.25X1

2 – 9.51X2
2 – 12.24X3

2	 (3)

where: X1, X2, and X3 – codes of CaCl2, VB6, and MSG con-
centration, respectively.

Statistical analysis (Table 3) indicated that the pro-
posed model was adequate and achieved a satisfac-
tory R2 value of 0.9920. The ‘Pred R2’ of 0.8939 was 
in reasonable agreement with the ‘Adj R2’ of 0.9775. 
The F test reflected the effective value of regression 
model, containing lack of fit test and significance test 
of regression equation. An F of 68.64 was obtained 
by ANOVA, which implied that the model was very 
significant (P < 0.01), and an adequate precision of 
22.150 showed an adequate signal. The ‘Lack of Fit F’ 
of 2.63 implies that the Lack of Fit is not significant 
relative to the pure error. These results proved the 
validity of the experimental model.

X2, X1X3, X1
2, X2

2, and X3
2 were very significant 

(P < 0.01), X1 and X3 were significant (P < 0.05), 
X1X2 and X2X3 were not significant (P > 0.05), see 

Table 3. Non-significant terms were not deleted for 
convenience of analysing and discussing the model.

Interaction analysis between two factors. Re-
sponse surfaces plots were used to illustrate the 
interactive effects of CaCl2, VB6, and MSG concen-
trations on GABA synthesis in Figures 6A, B and C.

Figure 6A shows the effect of CaCl2 and VB6 on GABA 
content at an MSG concentration of 2.83 mg/ml. Both 
CaCl2 and VB6 had most significantly effects on GABA 
accumulation, but CaCl2 and VB6 did not interact 
significantly (P > 0.05) (Table 3). At a fixed CaCl2 
concentration, the GABA content first increased 
sharply with addition of VB6, then decreased for 
a VB6 concentration above 2.29 mmol/l. When the 
VB6 addition was set, CaCl2 led to a gradual increase 
of GABA synthesis at an optimal concentration of 
0.85 mmol/l.

Figure 6B shows the effect of CaCl2 and MSG on the 
GABA content at a constant VB6 concentration of 
2.29 mmol/l. There was a significant interaction (P = 
0.0003) between CaCl2 and MSG, which also influ-
enced GABA synthesis. At a fixed MSG concentration, 
the GABA content increased sharply and decreased 
later. At fixed CaCl2 addition, GABA accumulation 
constantly increased with MSG addition at the begin-
ning, but later decreased at an MSG concentration 
of 2.83 mg/ml. The maximal GABA content was 
obtained at a CaCl2 concentration of 0.85 mmol/l 
and a MSG concentration of 2.29 mg/ml.

Table 3. Analysis of variance (ANOVA) for the response surface regression model

Source Sum of squares/10–3 df Mean square/10–3 F P Significance level

Model 1506.50 9 	 167.39 68.64 0.0001 ***
X1 65.61 1 65.61 26.90 0.0035 **
X2 252.11 1 252.11 103.38 0.0002 ***
X3 34.36 1 34.36 14.09 0.0132 **
X1X2 3.76 1 3.76 1.54 0.2692 *
X1X3 198.11 1 198.11 81.23 0.0003 ***
X2X3 5.69 1 5.69 2.33 0.1872 *
X1

2 193.85 1 193.85 79.49 0.0003 ***
X2

2 333.64 1 333.64 136.81 < 0.0001 ***
X3

2 553.47 1 553.47 226.96 < 0.0001 ***
Residual 12.19 5 2938.53 – – –
Lack of Fit 9.73 3 6155.34 – – –
Pure error 2.46 2 525.92 2.63 0.2873 *
Cor total 1518.69 14 – – – –

*not significant at P > 0.05; **significant at P < 0.05; ***significant at P < 0.01; R2 = 0.9920; adj R2 = 0.9775; pred R2 = 0.8939; 
adequate precision = 22.150
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The effect of VB6 and MSG, at a constant CaCl2 con-
centration of 0.85 mmol/l, on GABA synthesis is shown 
in Figure 6C. The interaction between two variables, 
in the model, on GABA synthesis was not significant 
(P > 0.05) (Table 3). The GABA content increased when 
VB6 addition increased from 0 to 2.29 mmol/l, but 
decreased above 2.29 mmol/l at a fixed MSG concen-
tration. When the VB6 concentration was set, GABA 
synthesis sharply increased with the addition of MSG 
and the optimal concentration was 2.83 mg/ml.

Component optimization and model verifica-
tion. According to the RSM test results, the op-
tional components in the homogeneous extraction 
suspension of pea and sweet buckwheat for GABA 
synthesis were 0.85 mmol/l of CaCl2, 2.29 mmol/l 
VB6, and 2.83 mg/ml MSG. Under optimal condi-
tions, the maximal increased content of GABA was 
51.29 µg/ml. Verification of the model in Equation (2) 
was performed under the optimum conditions for 
GABA synthesis. The observed increased content 
of GABA under optimal conditions was 49.91 µg/ml, 
which agreed with the predicted value of 51.29 µg/ml 
in the model. The experimental results proved that 
the model was valid.

Verifying test. Under the conditions of different 
added contents obtained by RSM test results and 

other treatments, the resulting GABA contents are 
presented in Table 4.

CONCLUSIONS

When seeds of pea and sweet buckwheat were steeped 
for 4 h, endogenous protease and GAD activities were 
stimulated. When the homogeneous fluids of both 
pea and sweet buckwheat were mixed, GABA syn-
thesis dramatically increased compared to single pea 
or sweet buckwheat fluids. The effect of CaCl2, VB6, 
and MSG on γ-aminobutyric acid synthesis in the 
homogeneous extraction suspension of pea and sweet 
buckwheat were studied. The results showed that ad-
dition of CaCl2, VB6, and MSG dramatically increased 
GABA content. ANOVA analysis in RSM demon-
strated that the designed model was valid. CaCl2, 
VB6, and MSG addition markedly influenced GABA 
synthesis; however, the interaction between CaCl2 
and MSG was most significant on GABA synthesis. 
The optimal combination in the homogeneous com-
plex suspension was 0.85 mmol/l CaCl2, 2.29 mmol/l 
VB6, and 2.83 mg/ml MSG. Under optimized con-
ditions, the highest GABA content of 51.29 µg/ml 
was obtained. All these results proved the mixture 
of pea and sweet buckwheat for GABA synthesis 
as an effective method.
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