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Abstract: γ-aminobutyric acid (GABA) is an important inhibitory neurotransmitter in the human body, but its con-
tent decreases with age. So it is suitable to supplement the body's GABA from diet. Hongqu wine is popular because 
of the addition of Monascus strains in the saccharification process, which makes the wine rich in functional ingredi-
ents such as  GABA, and monacolin  K. In  this study, the  fermentation parameters of  Hongqu wine were optimised 
to maximise the GABA content through response surface methodology (RSM). The optimal conditions were as  fol-
lows: 500 g of steamed rice was mixed with 115.4% of boiled water containing 10 g of sodium glutamate and adjusted 
to pH 3.8 with lactic acid, and then 32% of Hongqu seed inoculum was added. After 5 days of fermentation at 28 °C, 
1.5 g of activated yeast was inoculated for ethanol fermentation at 30 °C for 5 days. Finally, the average content of GABA 
in Hongqu wine amounted to 710.24 mg L–1, which is close to the value predicted by RSM model (692.44 mg L–1), indi-
cating the statistical fit is good. This provided technical support and theoretical guidance for the production of Hongqu 
wine rich in GABA by two-stage fermentation.

Keywords: γ-aminobutyric acid; Huangjiu; safety and health; response surface analysis; Monascus pilosus CBS 290.34

Huangjiu, also called Chinese yellow wine, Chinese 
rice wine or yellow wine, is a type of brewed wine pre-
pared by  cooking, adding koji  (Qu), saccharification, 
fermentation, pressing, filtering, decoction, storage, 
and blending with rice, glutinous rice, maize, millet, 
wheat, etc. as the main raw materials (Shen et al. 2012a; 
Tian et al. 2016). Huangjiu has a history of more than 

2 500 years, which is known as the world's three largest 
ancient wines along with beer and wine (Xu et al. 2018; 
Liang et al. 2020). Huangjiu is popular among the Chi-
nese people because of its low alcohol content, unique 
aroma and subtle sweet flavour. In addition, Huangjiu 
contains active ingredients such as polyphenols, mela-
noidin, glutathione, etc., which function as scavenging 
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free radicals, preventing cardiovascular diseases, and 
have anti-cancer and anti-aging properties (Que et al. 
2006; Shen et al. 2012a; Chen et al. 2020). With thou-
sands of years of historical and cultural accumulation, 
Huangjiu occupies an important position in traditional 
Chinese culture. In recent years, its market share has 
been increasing in China (Shen et al. 2012b).

Hongqu wine, also called Hongqu Huangjiu, red yeast 
rice wine or  Hongqu rice wine, is  one of  the typical 
representatives of Huangjiu popular in central, eastern 
and southern China (Lu et al. 2019). It is highly praised 
since a Monascus strain is used as saccharifying agent 
producing special ingredients such as γ-aminobutyric 
acid (GABA), cholesterol lowering agent monacolin K 
and appealing red colour (Journoud and Jones 2004; 
Tian et al. 2016). GABA is a non-proteinogenic natu-
ral amino acid commonly found in animals, plants and 
microorganisms. It has been demonstrated that GABA 
possesses many physiological functions such as regu-
lation of blood pressure, heart rate and hormone lev-
els, reduction of  blood lipid, as  well as  improvement 
of  liver and kidney function and so  on (Bown and 
Shelp 1997; Hayakawa et  al. 2004; Ma et  al. 2020). 
Body builders also use it  to  increase muscle growth. 
Given the  important role of  GABA promoting hu-
man health, GABA is allowed to be added to a variety 
of foods except for special populations by many coun-
tries and organisations (Yamatsu et  al. 2016). As  one 
grows older, the  GABA content in  the body gradu-
ally decreases. Therefore, supplementing GABA from 
the  diet is  a  good way to  maintain the  body's needs. 
Hongqu wine rich in  GABA has aroused widespread 
interest and has a  broad market prospect (Lv  et  al. 
2013; Wu et al. 2015).

In this study, we optimised fermentation conditions 
through response surface methodology (RSM), and ob-
tained GABA-rich Hongqu wine with Monascus pilosus 
CBS 290.34 as the saccharifying agent. The GABA con-
tent in the wine reached 710.24 mg L–1, which is more 
than the  GABA  content of  similar products on  the 
Chinese market. This study provides a  reference for 
the production of GABA-rich Hongqu wine.

MATERIAL AND METHODS

Chemicals and strain
Monascus pilosus CBS  290.34 was purchased from 

Centraalbureau voor Schimmelcultures (CBS, Neth-
erlands). GABA and 2,4-dinitrofluorobenzene (DNFB) 
standard with purity ≥ 99% were purchased from the 
Aladdin company. Other conventional chemical re-

agents, such as sodium glutamate, were purchased from 
China National Medicines Corporation  Ltd.  (China). 
Active dry yeasts were purchased from Angel Yeast 
Corporation Ltd. (China).

DNFB solution (1%): 0.2 g DNFB was dissolved in 20 mL 
of acetonitrile and mixed and stored in the dark.

Seed broth (seed medium): 50 g dextrose, 10 g pep-
tone, 2 g NH4H2PO4, 0.5 g MgSO4·7H2O, and 0.1 g CaCl2 
in 1 000 mL of potato juice, adjusted to pH 6.0 (Sayy-
ad et al. 2007).

Preparation of seed fermentation broth
Monascus pilosus CBS  290.34 strain was cultured 

on potato dextrose agar (PDA) slants at 28 °C for 7 days, 
and spores were washed off with sterile water to pre-
pare the spore suspension, the concentration of which 
was adjusted to 1.0 × 106 spore mL–1. Then, 10% spore 
suspension (v/v) was inoculated into 500  mL flasks 
containing 100  mL of  seed broth, and was incubated 
at 28 °C for 33 h with 110 rpm in a HY-6 shaker (Ruihua 
Instrument Co., Ltd., China).

Fermentation process of Hongqu wine
The preparation for Hongqu wine was described 

as follows: 500 g of rice was soaked in tap water for 6 h 
and washed until no white slurry was produced. Then, 
the  soaked rice was drained properly and steamed 
at  121  °C for 20  min (Zealway  G154DWS; Xiamen, 
China) followed by spreading and cooling; later it was 
put into 2.5 L of ceramic tank with sterile water, sodi-
um glutamate and seed inoculum. Lactic acid was used 
to adjust the pH value of this fermentation broth. After 
5  days of  fermentation for saccharification, activated 
yeast was added for ethanol fermentation. Five days 
later, Hongqu wine is obtained by filtration.

Optimisation of fermentation conditions of Hongqu 
wine rich in GABA

Screening of  key fermentation parameters 
by  Plackett-Burman design. In  order to  determine 
the parameters affecting the content of GABA in Hon-
gqu wine, different fermentation parameters were 
evaluated in a  two-step experimental design strategy. 
In  the  first step, a  two factorial design, Plackett-Bur-
man statistical experimental design, is  used  to  iden-
tify the  key variables, a  very useful approach 
to optimisation of fermentation parameters. A 12-run 
Plackett-Burman design was achieved by  Design Ex-
pert  8.06  software (Statease, USA) and six  factors 
(Table  1) were screened by  single factor experiments 
described by  Chen and Chen (2009). The  Plackett- 

-Burman experimental design is based on the equation 
of the first-order polynomial model:

	 (1)

where: y – predicted response (GABA yield); β0, β1, β2, 
β3, β4, β5, and β6 – regression coefficients; x1, x2, x3, x4, 
x5 and x6 – coded levels of the independent variables.

All six variables were studied at  two widely spaced 
levels. The low level (−1) and the high level (+1) of each 
factor are listed in  Table  1. GABA yields were de-
tected by  high-performance liquid chromatography 
(HPLC) (DGU-20A; Shimadzu, Japan), and the  re-
sults of Plackett-Burman design were analysed by us-
ing the  Design Expert  8.06  program. If the  P-value 
of a specified factor was less than 0.05, it would be con-
sidered as  a  significant term which can be  selected 
as a parameter for the next RSM analysis.

Steepest ascent design. Based on  the main effect 
factors screened by  Plackett-Burman design, a  series 
of  trials was performed in  the direction of  the steep-
est ascent for high content of GABA (Table 2). Three 
fermentation parameters, Hongqu seed inoculum (x2), 
amount of water added (x3) and pH (x6) were further 
optimised by steepest ascent experiments. The steep-
est ascent directions and change distance were deter-
mined by the coefficients of parameters obtained from 
Plackett-Burman design.

Box-Behnken design (BBD). RSM design was formu-
lated according to the Box-Behnken tool using Design 

0 1 1 2 2 3 3 4 4 5 5 6 6y x x x x x x= β + β + β + β + β + β + β

Expert  8.06  software. Three fermentation parameters 
including Hongqu seed inoculum, amount of  water 
added and pH were optimised in the Box-Behnken ex-
periments, and the GABA yield in Hongqu wine was 
regarded as  the response value in  this design. Statis-
tical analysis of the model was performed to evaluate 
the analysis of variance. The coefficient of determina-
tion, R2, was used to  judge the quality of  the polyno-
mial model equation, and F-test was used to determine 
its statistical significance (Tan et  al. 2012; Feng et  al. 
2014). The results of RSM were analysed using the De-
sign Expert 8.06 program.

GABA analysis. GABA was detected by HPLC fol-
lowing the  previous description with minor modifi-
cation (Li  et  al. 2016). Firstly, GABA was subjected 
to  derivatisation reaction. GABA standard solution 
or  Hongqu wine (0.2  mL) was mixed with 0.2  mL 
of  DNFB  solution (1%,  w/v) and 0.2  mL of  NaHCO3 
(0.5 mol L–1, pH 9.0) in a 2-mL centrifuge tube (round 
bottom; Axygen, China). The  mixture was placed 
in a water bath at 60  °C for 1 h in  the dark. After re-
turning to room temperature, the volume was adjusted 
to 2 mL with KH2PO4 (0.01 mol L–1, pH 7.0). The re-
action solution was filtered through a membrane filter 
(0.22 μm; Jinteng, China) before HPLC analysis.

HPLC was performed on a Shimadzu LC-20AT sys-
tem with a  diode array ultraviolet detector (Japan). 
The Inertsil ODS-3 C18 column (4.6 mm × 250 mm, 
5  μm; Shimadzu, Japan) was employed and the  col-
umn temperature was set at  35  °C. The  mobile 
phase was a  mixture of  50%  ACN and 0.01  mol  L–1 
KH2PO4 (40  :  60,  v/v); the  flow rate was maintained 
at 1.0 mL min–1. The injection volume was 20 μL.

RESULTS AND DISCUSSION

Results of  Plackett–Burman design. In  our pre-
vious study, Monascus pilosus CBS  290.34 produced 

Table 1. Experimental independent variables at two levels 
used for improving GABA in Hongqu wine with Monascus 
strain CBS 290.34 by using Plackett–Burman design

Factor Level
Variable parameter low (−1) high (+1)

x1
yeast addition time 
(d) 3 5

x2
Hongqu seed inoculum 
(%, v/w) 10 20

x3
amount of water added 
(%, v/w) 150 300

x4
sodium glutamate 
(%, w/w) 1 2

x5
amounts of yeast addition 
(%, w/w) 0.15 0.30

x6 pH 4 6

GABA – γ-aminobutyric acid

Table 2. Experimental design and results of steepest ascent 
experiments

Run
Variable GABA 

(mg L–1)x2 x3 x6

1 20 150 4.0 560.54
2 30 120 3.8 673.32
3 40 90 3.6 629.37
4 50 60 3.4 321.84

GABA – γ-aminobutyric acid; the symbols of the coded 
variables are the same as those used in Table 1
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high GABA and had strong saccharification ability, 
but it did not produce any mycotoxin (citrinin). These 
features are very suitable for producing Hongqu prod-
ucts rich in GABA. Six fermentation parameters were 
employed in Plackett-Burman design (Table 3). The re-
sults (Table 4) indicated that model terms could be rec-
ognised as  significance based P-value (0.018  <  0.05). 
Three parameters, namely Hongqu seed inoculum (x2), 
the  volume of  water added  (x3) and pH  (x6), were 
considered to  be  significant model terms because all 
of their P-values were less than 0.05. Therefore, these 
three parameters were assessed as  key factors in  the 

steepest ascent experiment. The  fitted first-order 
model equation for GABA yield in Hongqu wine could 
be written as follows:

1 2

3 4 5 6

104.51 53.17 86.87
136.14 51.26 6.80 86.67

y x x
x x x x

= + + −
− + + −

	 (2)

where y – response values (GABA yield); x1, x2, x3, x4, 
x5 and x6  –  yeast addition time, Hongqu seed inocu-
lum, the  volume of  water added, sodium glutamate, 
the amounts of yeast and pH, respectively.

As shown in  Table  4, the  coefficients of  some fac-
tors are positive, such as the yeast addition time (x1), 
Hongqu seed inoculum (x2), sodium glutamate (x4) and 
the  amounts of  yeast  (x5), so  we can improve GABA 
yields by increasing or extending these factors. On the 
contrary, the volume of water added (x3) and pH (x6) 
exhibited negative effects. The  model P-value was 
0.018, indicating this model is significant.

Results of steepest ascent experiments. The results 
of  steepest ascent experiments are shown in  Table  2. 
The  maximum yield of  GABA in  steepest ascent ex-
periments was obtained when 2.5  L of  ceramic tank 
containing 500  g of  steamed rice, with 54.55% mois-
ture content of the substrate (the sum of rice and wa-
ter), 10 g of sodium glutamate and at pH 3.8 with 30% 
of seed inoculum were incubated at 30  °C for 5 days, 
and followed by addition of 1.5 g yeast for further 5-day 
fermentation at  28  °C. The  yield of  GABA reached 
the maximum (673.32 mg L–1) in the fermenting sys-
tem. Therefore, volume of seed inoculum (x2), amount 
of water added (x3), and pH (x6), these three factors and 
their levels were selected for the second-order experi-
ment, that is, Box–Behnken design.

Results of Box-Behnken design (BBD) experiment. 
To achieve the optimum levels of fermentation param-
eters that influenced GABA yield in  the preparation 
of Hongqu wine, amount of water added, pH and vol-
ume of Hongqu seed inoculum were further optimised 
by RSM experiments [Table S1, see electronic supple-
mentary material (ESM)]. An  experimental design 
of  17  runs, containing 5  central points, was achieved 
according to the Box--Behnken design (BDD). The yield 
of GABA was set as the response value. Figure 1 clearly 
suggested that most points were nearby the line adjust-
ment, meaning that the experimentally determined val-
ues were similar to those predicted by the model. Data 
in each run were analysed by Design Expert 8.06 soft-
ware and shown in  Table  S2 (see ESM). Accordingly, 
the second-order model equation for GABA yield could 
be written as follows:

Table 3. Results of Plackett-Burman design

Run
Coded variable level GABA 

(mg L–1)x1 x2 x3 x4 x5 x6

1 –1 1 –1 –1 –1 1 83.14
2 1 1 1 –1 1 1 13.29
3 –1 –1 1 1 1 –1 2.65
4 –1 1 1 1 –1 1 30.79
5 1 –1 1 1 –1 1 104.54
6 1 –1 1 –1 –1 –1 60.89
7 –1 1 1 –1 1 –1 34.52
8 –1 –1 –1 –1 –1 –1 163.49
9 1 1 –1 1 –1 –1 593.64
10 –1 –1 –1 1 1 1 171.37
11 1 –1 –1 –1 1 1 142.09
12 1 1 –1 1 1 –1 570.80

GABA – γ-aminobutyric acid; the symbols of the coded 
variables are the same as those used in Table 1; "–1" and 
"1" levels are shown in Table 1

Table 4. Coefficients and P-values calculated from Plack-
ett-Burman design

Source Coefficient SE F P
Model 104.51 56.10 10.89 0.018*
x1 53.17 25.09 4.49 0.1014
x2 86.87 25.09 11.99 0.0258*
x3 –136.14 26.61 26.18 0.0069**
x4 51.26 25.09 4.17 0.1105
x5 6.80 23.47 0.084 0.7865
x6 –88.67 23.47 14.28 0.0195*

SE – standard error; the symbols of the coded variables are 
the same as those used in Table 1; the P-term is used to con-
firm factors that have significant effects on the response; 
if a factor has a P-value of less than 0.05, it is a significant 
factor; *P < 0.05, **P < 0.01, *** P < 0.001

( )

2 2 2

689.39 17.80 5.64 14.17
4.70 3.05 5.88
56.24 22.85 31.33

y G A B C
AB AC BC

A B C

= − − + −
− + + −

− − −
	 (3)

where: y(G), A, B, and C  – GABA yield, the  amounts 
of  water added, pH and the  volume of  Hongqu seed 
inoculum, respectively.

Both the  amounts of  water added and the  volume 
of  Hongqu seed inoculum were significant factors 
(P  <  0.05) (Table  5). Coefficient analysis of  the re-
gression equation of  fermentation parameter model 
is summarised in Table S3 (see ESM). We can see that 
the P-value of the test model was 0.0002 (< 0.01), which 
means that the  regression model is extremely signifi-
cant. The lack of fit was not significant relative to the 
pure error (P > 0.05). Moreover, the coefficient of de-
termination R2 is 0.9669 (Table S4; see ESM), indicating 
that 96.69% of the variability in the response can be ex-
plained by the model. The adjusted R2 value of 0.9242 
(Table S4) was also high enough to advocate for a high 
significance of the model. Adequate precision measures 
the signal-to-noise (S/N) ratio, and the ratio > 4 is de-
sirable (Yolmeh and Jafari 2017). The  ratio of  14.112 
(Table S4) in  this study indicated an adequate signal. 
From the  data above, there was a  good fit between 

the  measured and predicted GABA yields, and this 
model is sufficient to approximate the response surface 
of  the experimental design. The  interactions between 
different investigation factors and the 3D response sur-
face curves (Figure  2) were obtained through Design 
Expert 8.06. As shown in Figure 2A, there is an inter-
section between the three selected factors, and the open-
ing direction of the curve is downward, indicating that 
there is a negative interaction between all parameters. 
Moreover, as shown in Figure 2B–2D, the profiles of the 
response surfaces between the amount of water added 
and pH, the amount of water added and Hongqu seed 
inoculum, as  well as  Hongqu seed inoculum and pH 
are all convex with an  open downward direction, in-
dicating the optimal fermentation conditions of GABA 
yield exist within the designed level of  factors. Maxi-
mum GABA yield (692.44  mg  L–1) was predicted for 
500 g of steamed rice in 2.5 L of ceramic tank contain-
ing 115.4% water, 10 g sodium glutamate and 32% seed 
inoculum precultured for 33 h at 28 °C at pH value 3.8, 
fermented for 5 days followed by addition of 1.5 g yeast 
for further fermentation. To verify the reliability of the 
model, it  was validated under these conditions, and 
an average GABA yield of 710.24 mg L–1 was obtained, 
which is far more than that of other Chinese rice wines 
(Wu et al. 2015; Qian et al. 2016).

Influenced by  cultural customs and dietary habits, 
there is  a  slight difference in  the process of  making 
Hongqu wine. In  this study, a  two-stage fermenta-
tion process was adopted to  brew Hongqu wine rich 
in  GABA. First, Hongqu seed inoculum was blended 
with steamed rice to saccharify the materials at 28 °C 
for 5 days, then, highly active yeast used in Huangjiu 
production was added for ethanol fermentation. This 

Table 5. Analysis of variance of model parameters

Model 
parameters df F P

A 1 19.76 0.0030**
B 1 1.98 0.2019
C 1 12.52 0.0095**
AB 1 0.69 0.4340
AC 1 0.29 0.6063
BC 1 1.08 0.3341
A2 1 103.80 < 0.0001***
B2 1 17.13 0.0044**
C2 1 32.21 0.0008***

If a factor has a P-value of less than 0.05, it is a significant 
factor; *P < 0.05, **P < 0.01, *** P < 0.001
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Figure 1. Plot of predicted vs. actual values for GABA yield

GABA – γ-aminobutyric acid
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fermentation process is also helpful to avoid the prob-
lem of high alcohol content inhibiting GABA produc-
tion (Wang et  al. 2003; Cai et  al. 2019). Moreover, 
this process is in line with the natural growth charac-
teristics of  Monascus strain secreting GABA. In  ad-
dition, the  pH was adjusted to  3.8, which not only 
inhibits  the  growth of  other bacteria, but also allows 

the sodium glutamate to be partially converted to glu-
tamate (Alamäe and Järviste 1995; Kono and Himeno 
2000). The statistical model also demonstrated that pH 
was a very important factor affecting the GABA yield 
of Hongqu wine. Another factor with a significant ef-
fect on GABA yield is the amount of water added be-
cause the moisture content of the culture substrate will 
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Figure 2. Perturbation plot and 3D graphs of the response surface model: (A) effects of selected factors on GABA 
yield, (B), (C), (D) effects of two factors on GABA yield, where A, B, and C are the amount of water added, pH and 
Hongqu seed inoculum, respectively

affect the permeability, the diffusion of heat generated 
by  the fermentation process, and whether Monascus 
can better penetrate into the  rice to  produce GABA. 
The Hongqu seed inoculum also had a significant effect 
on GABA. When the nutrition is adequate, the accu-
mulation of metabolites is proportional to the inoculum 
of Hongqu seed solution, but too much inoculum will 
lead to mycelial propagation and slow down the pro-
duction of metabolites.

CONCLUSION

In this study, the optimised fermentation parameters 
of Hongqu wine rich in GABA were established by RSM. 
Under the optimum conditions, the mean GABA value 
of this Hongqu wine reached 710.24 mg L–1. The etha-
nol concentration of final product was 12.8% (v/v). This 
inspiring result provides a reference for the application 
of Monascus pilosus CBS 290.34 in fermented food in-
dustries to produce GABA-rich food.
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