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Abstract: N-propanol is a vital flavor compound of Chinese baijiu, and the proper n-propanol
contents contribute to the rich flavor of Chinese baijiu. However, the excessive content of n-propanol
in liquor will reduce the drinking comfort. Based on the Box-Behnken design principle, the response
surface test was used to optimize the factors affecting the production of n-propanol in a simulated
liquid state fermentation of Chinese baijiu, and the best combination of factors to reduce n-propanol
content was determined. Results showed that the content ratio of additional glucose to threonine
and temperature had a significant effect on the production of n-propanol (p = 0.0009 < 0.01 and
p = 0.0389 < 0.05, respectively). The best combination of fermentation parameters obtained was: the
ratio of additional glucose to threonine content was 6:4, the temperature was 32 °C, and the initial pH
was 4.40. Under these conditions, the production of n-propanol was 53.84 & 0.12 mg/L, which was
close to the theoretical value. Thus, the fermentation parameter model obtained through response
surface optimization is reliable and can provide technical guidance for regulating the production of
n-propanol and realizing high-quality baijiu brewing.

Keywords: n-propanol; liquid state fermentation; Chinese baijiu; influencing factors; response
surface methodology

1. Introduction

Chinese baijiu is one of the world’s six major distilled liquors. In 2020, the output
of Chinese liquor was 7.41 million kiloliters, with a market value of approximately USD
89.8 billion. Chinese baijiu is popular among consumers worldwide because of its unique
flavor and rich taste [1,2]. The flavor substances only account for about 2% of baijiu, but
their type and content determine the flavor and quality of the baijiu [3,4]. N-propanol is
one of the important flavor substances of liquor. A moderate amount of n-propanol forms a
refreshing and mellow taste in baijiu. However, if its content is too high, the baijiu will have
an ethereal odor and bitter taste, which makes it unpleasant to drink and can even cause
poisoning [5-8]. It is very important to control the content of n-propanol in the process of
Chinese baijiu brewing to realize high-quality liquor brewing.

N-propanol is mainly the primary metabolite produced through the reproduction and
metabolism of Saccharomyces cerevisiae, and it is synthesized via the amino acid metabolism
pathway [9,10] and pyruvate synthesis pathway [11,12] in the fermentation process. The
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main method to control the content of n-propanol in liquor is to select good S. cerevisiae, hav-
ing a low-yield of n-propanol [13,14], and transform the key genes that affect n-propanol
production in yeast cells [15,16]. However, the modification of yeasts through molecu-
lar means for reducing the production of n-propanol is still in the laboratory stages and
has safety problems when applied in food production. In addition, the production of
n-propanol can also be controlled by changing the brewing raw materials [17]; adjust-
ing the fermentation conditions, such as temperature, dissolved oxygen, and x-amino
nitrogen [18-20]; adding additional enzymes during liquor fermentation [5]; and using
nanofiltration membranes to filter the new brewing base baijiu [21]. Although these control
methods reduce n-propanol content, they also reduce ethanol content, and these methods
are aimed at a certain type of liquor. However, the process of Chinese baijiu production is
complicated, and the same control method is not suitable for different liquor brewing pro-
cesses, increasing the difficulty in regulating n-propanol content in Chinese baijiu brewing.

Chinese baijiu usually uses solid state fermentation technology, which has a com-
plicated process and a long-fermentation cycle. Simulating the solid state fermentation
process of baijiu in the laboratory has the problems of unevenness in fermentation and pro-
duction of metabolites among others, which increases the difficulty of the experiment [22].
There is also a certain market for baijiu fermented by liquid state fermentation. Liquor
obtained from cereals as the raw material, using a liquid fermentation process and liquid
distillation, has the characteristics of being low cost, a short fermentation cycle, and a
high degree of mechanization [23,24]. In the laboratory, the mechanisms of n-propanol
production in baijiu brewing can be quickly explored by using the liquid fermentation
process to guide the brewing and production of Chinese baijiu [25].

Response surface analysis is a statistical experimental design that can continuously
analyze all levels of the experiment. It has the characteristics of simple calculation, small
number of experiments, and reasonable and reliable results, and it is widely used in process,
such as optimization and experimental optimization [26]. Therefore, this study selected
three factors, namely the content ratio of additional glucose to threonine, temperature, and
initial pH. Using the Box—Behnken design of single factor experiment and response surface
test, the production of n-propanol was used as a response surface for optimization, and the
parameter combination model with the lowest production of alcohol was established to
provide guidance for regulating the production of n-propanol in liquor production.

2. Material and Methods
2.1. Raw Materials and Strains

The raw material was sorghum, which was procured from Anhui Wenwang Brewing
Co., Ltd. The starter used in liquid state fermentation was commercial high-temperature-
resistant alcohol fermentation active dry yeast (1 x 108 CFU/g). Before useglucose, ac-
counting for 2% of the amount of yeast used, was weighed to prepare a glucose-water
solution diluted 20-fold to activate S. cerevisiae in a water bath at 30 °C for 30 min.

2.2. Liquid Fermentation Process

The liquid state fermentation process of baijiu is shown in Figure 1. A total of 100 g of
crushed sorghum (particle size 1.5 mm) was weighed and 60 mL of hot water (90-95 °C)
was added to moisten the grain for 20 h, and then, it was steamed for 90 min after adding
30 mL of cold water (25-30 °C). Next, the solution was left to cool. After the sorghum cooled
down to 25-30 °C, it was put into a 500 mL Erlenmeyer flask and 300 mL of cold water, «-
amylase (50 U/g sorghum; 3700 U/g; AOBOX, Beijing, China), and glucoamylase (50 U/g
sorghum; 100,000 U/g; AOBOX, Beijing, China) were added. The solution was stirred well,
put in 60 °C water bath for 2 hours, then cooled to 25-30 °C. S. cerevisiae, accounting for 1%
of the amount of sorghum used, was used for inoculation, and the solution was allowed to
stand and ferment at 30 °C for 5-7 days, and then distilled. Distillate of 100 mL was taken
for analysis. Each experiment was repeated 3 times.
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Figure 1. The process of simulated liquid state fermentation of Chinese baijiu.

2.3. Optimization of Fermentation Parameters

Considering many factors, from the point of view of controllable fermentation process,
three factors (the content ratio of additional glucose to threonine, temperature, and initial
pH) that have great influence on the n-propanol production were selected to study. Before
inoculating the starter, glucose and threonine accounting for 1% of the amount of sorghum
used were added to the Erlenmeyer flask, the ratio of glucose to threonine was set to 10:0,
8:2, 6:4, 4:6, 2:8, 0:10, and the effect of the content ratio of additional glucose to threonine
on the production of n-propanol was studied. Under the conditions of optimized glucose
and threonine, the effect of different temperatures (23 °C, 28 °C, 32 °C, 37 °C, 40 °C)
on the production of n-propanol was studied. Based on the above, the initial pH of the
fermentation system was adjusted to 4.00, 4.50, 5.00, 5.50, 6.00 with acetic acid solution,
and the effects of different initial pH on the production of n-propanol were compared.

2.4. Box—Behnken Design

According to Box-Behnken design principle, taking n-propanol production content
as the response surface, a three-factor and three-level response surface optimization ex-
periment was designed to determine the best combination of fermentation parameters to
reduce the production of n-propanol. Among them, the three independent factors were the
content ratio of additional glucose to threonine, temperature, and initial pH. To make the
impact of each parameter on the response surface consistent, each independent variable
was coded into three levels, namely low (—1), medium (0), and high (+1). The experimental
design factors and levels are shown in Table 1, and the actual level of each factor was
calculated with the following formula [27]:

High level — low level n High level 4 low level
2 2

Actual level = coaded value x

A total of 17 sets of experiments were designed, comprising 12 sets of factorial point
experiments and 5 sets of zero-point experiments. To estimate the error in the experi-
ment, the zero-point test was repeated 5 times. The response surface design results are
shown in Table 2. Using the response surface software, the response surface 3D map and
two-dimensional contour map were drawn for the model, and the best combination of
parameters of factors was predicted.
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Table 1. The factor and level of Box-Behnken experiment for n-propanol.

Levels
Variables Symbol Coded
-1 0 1
Glucose/Threonine A 8:2 6:4 4:6
Temperature B 28 °C 32°C 37 °C
Initial pH C 4.00 450 5.00
Table 2. Results of response surface design.
Variables
Number Y N-Propanol Production (mg/L)
A B C

1 -1 -1 0 71.99

2 1 -1 0 110.41

3 -1 1 0 73.99

4 1 1 0 104.58

5 -1 0 -1 88.49

6 1 0 -1 129.34

7 -1 0 1 103.30

8 1 0 1 133.19

9 0 -1 -1 135.69

10 0 1 -1 93.14

11 0 -1 1 121.23

12 0 1 1 103.44

13 0 0 0 58.61

14 0 0 0 55.30

15 0 0 0 59.54

16 0 0 0 66.765

17 0 0 0 54.43

The model between the response variable and the parameter is represented by the
following second-order polynomial [28]:

Y = by + byA + byB + bsC + bgAB + bsAC + bgBC + byA? + bgB? + beC?

where Y is the response variable; A, B, and C are the parameters that affect the response vari-
able; and bg-bg are the regression coefficients of the intercept term, linear term, quadratic
term, and inter-factor interaction term.

2.5. Determination of N-Propanol Concentration

After the fermentation was completed, the fermentation broth was filtered, 300 mL of
the boiled and distilled fermentation broth was put into a 1000-mL distillation flask, and
100 mL of the distillate was stored at —4 °C for use. Gas chromatography (Auto System
XL; PerkinElmer; Waltham, MA, USA) was used to detect the content of n-propanol in
the distillate. The sample solution was analyzed using a CP-Wax 57CB capillary column
(50 m x 0.25 mm x 0.2 um). The detection conditions were as follows: column temperature
program was with an initial temperature of 30 °C, which was constant for 5 min, heated
at 5 °C/min to 60 °C, heated at 6 °C/min to 120 °C, which remained constant for 5 min,
and then heated according to program at 8 °C/min to 210 °C, which remained constant for
5 min. High purity N; was the carrier gas, with a flow rate of 1 mL/min and split ratio of
10:1. H; flow rate was 45 mL/min, air flow rate was 450 mL/min, detector temperature
was 260 °C, sampler temperature was 240 °C, and injection volume was 1 pL.

2.6. Data Analysis

Microsoft Excel was used to summarize all data and each group of the experimental set
was repeated 3 times. Origin 8.5 software was used for drawing; Design-Expert software
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(version 8.0.6.1) was used for response surface analysis; ANOVA, R?, and Adj-R? were
used to evaluate the rationality of the model. p < 0.05 indicated significance and p < 0.01
indicated extreme significance.

3. Results and Discussion
3.1. Effect of Glucose to Threonine Ratio on N-Propanol Production

When there are insufficient amino acids in the fermentation system, yeast cells use
soluble sugars to synthesize excessive n-propanol. When there are sufficient amino acids
in the fermentation system, yeast cells do not need to synthesize their own amino acids,
and sufficient amino acids will inhibit the occurrence of pyruvate synthesis pathway. Yeast
cells synthesize n-propanol mainly through amino acid metabolism [29]. Maintaining
an appropriate ratio of carbon to nitrogen sources is very important in regulating the
production of n-propanol. In the baijiu brewing system, the carbon and nitrogen sources
are mainly sorghum. Additional glucose is added as the available carbon source, and
additional amino acids are added as the available nitrogen source, among which threonine
is the precursor of n-propanol [30,31]. Therefore, this study determined the effect of carbon
and nitrogen metabolism on the production of n-propanol by adding additional glucose
and threonine. The results are shown in Figure 2a. When the content ratio of additional
glucose to threonine in the fermentation system is in the range of 10:0-6:4, the production of
n-propanol gradually decreases. When the content ratio of additional glucose to threonine
is 6:4, the production of n-propanol is the lowest, which is 87.94 mg/L. Thereafter, with the
increase in threonine content, the production of n-propanol increases rapidly. In addition,
the same rule was found when studying inorganic nitrogen sources (Figure S1). It shows
that when the content of carbon and nitrogen sources in the fermentation system reaches
a certain ratio, the production of n-propanol can be effectively reduced. Therefore, the
ratios of additional glucose to threonine contents of 8:2, 6:4, and 4:6 were selected as the
response surface optimization levels. There are few studies on the effect of yeast carbon and
nitrogen source metabolism on the regulation of the production of n-propanol. This article
is the first to study the effect of the ratio of carbon to nitrogen sources on the production of
n-propanol. The final concentration of n-propanol is significantly and positively affected
by the initial nitrogen content (p < 0.001) using the response surface methodology [27]. The
results of this study are similar, when the initial threonine content of the fermentation
system increases, the production of n-propanol increases. The difference is that the former
study was conducted in a single nitrogen source environment, whereas carbon and nitrogen
sources were used in this study.

3.2. Effect of Temperature on N-Propanol Production

Temperature is an important parameter in regulating the brewing process [32]. When
the temperature is too high, the microorganisms grow rapidly, accelerating the utilization
of soluble sugars and free amino acids and generating more n-propanol [33]. As shown
in Figure 2b, the amount of n-propanol produced at 23——32 °C gradually decreases. It
is the lowest at 32 °C, which is 31.57 mg/L. Thereafter, as the temperature increases,
the production of n-propanol increases rapidly, but when the temperature is 40 °C, the
production of n-propanol decreases rapidly. It might be due to the inactivation of some
yeast cells caused by the high temperature. Therefore, 28 °C, 32 °C, and 37 °C were selected
as the optimized temperature of the response surface. Research by Ough et al. [34] showed
that n-propanol was produced at the lowest amount at 35 °C. In this study, the content of
n-propanol was low when the temperature was 32 °C. Yamamoto et al. [19] studied the
effect of 20 °C, 28 °C, and 38 °C temperatures on the production of n-propanol by yeast
and found that the n-propanol content was low when the temperature was 38 °C, whereas
the amount of n-propanol produced was high when the temperature reached 37 °C. It may
be that the research subjects were different, which was beer in their study and liquor in the
present study.
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Figure 2. Effects of several factors on n-propanol production. (a), ratio of additional glucose to threonine; (b), temperature;
(c), initial pH. Each parameter was tested at least in triplicate. Error bars represent the standard deviation of the mean. The
optimum conditions were (a) 6:4; (b) 32 °C; and (c) pH 4.50.

3.3. Effect of Initial pH on N-Propanol Production

pH has an impact on the production of n-propanol in liquor brewing. Low-pH values
inhibit the growth and metabolism of microorganisms, whereas high-pH values are not
conducive for the formation of other flavors in Chinese baijiu [35]. Because the adjustment
of pH in liquor mainly relies on organic acids, such as acetic acid and lactic acid, we used
acetic acid to adjust the initial pH of the fermentation system. The results are shown in
Figure 2c. The production of n-propanol showed, at first, a decreasing and then an increas-
ing trend. When the pH was 4.50, the production of n-propanol was the lowest, which
was 8.63 mg/L. When the pH in the fermentation system exceeded 5.50, the production
of n-propanol decreased slightly. When the pH was lower than 4.00, the fermentation
environment had high acidity. Thus, the microorganisms could not grow or reproduce,
and n-propanol was not detected. Therefore, pH 4.00, 4.50, and 5.00 were selected as the
response surface optimization levels.
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3.4. Prediction Model for Regulation of N-Propanol Content

Through the multiple regression fitting analysis of the data in Table 2, the regression
equation with the production of n-propanol as the response value is obtained as:

Y(mg/L) = 58.93 4 17.47A — 8.02B + 1.81C — 1.96AB — 2.74AC + 6.19BC+
15.76 A2 4 15.55B2 + 38.89C2,

where A is the content ratio of additional glucose to threonine, B is the temperature, and
C is the initial pH. The analysis of variance and the significance verification of regression
coefficients were performed on the above models, and the results are shown in Table 3.
Model p = 0.0006 (p < 0.01) indicates that the model has reached a very significant level.
Concurrently, the lack-of-fit term p = 0.0511 (p > 0.05) is not significant, indicating that
the model is reasonable and the experimental method is accurate and feasible within the
range of experimental parameters, and it can be used to speculate and analyze the process
experiment for regulating the content of n-propanol. In addition, the negative correlation
coefficient R? = 0.9566 of the model indicates that the model can predict 95.66% of the
data, and the determination coefficient Radjz =0.9009 of the equation indicates that the
experimental value is closely related to the predicted value and the model is reliable [36].

Table 3. ANOVA for the response surface quadratic model.

Source Sum of Squares Df? Mean Squared F Value p Value
Model 12,352.02 9 1372.45 17.16 0.0006 Significant
A-Glucose/Threonine 2441.26 1 2441.26 30.52 0.0009 **
B-Temperature 514.72 1 514.72 6.43 0.0389 *
C-Initial pH 26.28 1 26.28 0.33 0.5844
AB 15.33 1 15.33 0.19 0.6748
AC 30.03 1 30.03 0.38 0.5594
BC 153.26 1 153.26 1.92 0.2088
A? 1045.70 1 1045.70 13.07 0.0086 *
B2 1018.67 1 1018.67 12.74 0.0091 **
C? 6368.71 1 6368.71 79.62 <0.0001 **
Residual 559.93 7 79.99
Lack of Fit 464.64 3 154.88 6.50 0.0511 Not significant
Pure Error 95.29 4 23.82
Cor Total 12,911.95 16

RZ =0.9566 P R,gi? = 0.9009 ©

Note: * was significant (p < 0.05); ** was extremely significant (p < 0.01); ?, df, degree of freedom; b R2, R-Squares; ¢, Radjz, Adj. R-Squared.

It can be seen from Table 3 that the linear terms, glucose to threonine ratio, and
temperature, have a significant effect on the production of n-propanol (p = 0.0009 < 0.01
and p = 0.0389 < 0.05, respectively), whereas the initial pH has no significant effect on the
production of n-propanol (p = 0.5844), and the interaction between the factors is also not
significant (p > 0.05). In the quadratic terms, A2, B?, and C? have extremely significant
effects on the production of n-propanol (p < 0.01). From the F value and p value, it can be
seen that the factors affecting the production of n-propanol, from large to small, are the
content ratio of additional glucose to threonine (A) > temperature (B) > initial pH (C).

3.5. Analysis of Response Surface (3D) and Corresponding Contour (2D) on N-Propanol

The response surface and contour map can directly reflect the influence of the inter-
action between the two factors on the response surface. When the slope of the response
surface is steeper, the contour is denser and the contour ellipse is more obvious, then
the interaction between the two factors is stronger [37,38]. The results of the interaction
between the three factors and their influence on the production of n-propanol are shown
in Figure 3. The response surface openings are all upward. The response surface graph
obtained by the interaction between the content ratio of additional glucose to threonine
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between temperature and initial pH (Figure 3e,f) have steep slopes, but the difference is
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result is consistent with Table 3.
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Figure 3. Response surface (3D) and corresponding contour (2D) of n-propanol production affected by the interaction of
two factors. (a,b) Effect of the interaction of glucose/threonine ratio and temperature on the n-propanol production. (c,d)

Effect of the interaction of glucose/threonine ratio and pH on the n-propanol production. (e,f) Effect of the interaction of
temperature and pH on the n-propanol production.

3.6. Model Verification Test Results

The optimal conditions obtained by the response surface optimization design are as
follows: the content ratio of additional glucose to threonine is 113:100, the temperature is
31.24 °C, and the initial pH is 4.46. Under these conditions, the theoretical production of
n-propanol is 53.92 mg /L. Considering the feasibility of the actual operation, the actual
experimental conditions are as follows: the content ratio of additional glucose to threonine
is 6:4, the temperature is 32 °C, and the initial pH is 4.40, and the experiment is repeated
thrice. The average production of n-propanol under this condition is 53.84 + 0.12 mg/L,
which is close to the theoretical value, indicating that the regression model is reasonable and
can effectively reflect the influence of various factors on the production of n-propanol in the
simulated liquid state fermentation of Chinese baijiu. In addition, before optimization, the
content of n-propanol in the fermentation of liquid simulated baijiu was 93.54 £ 2.87 mg/L.

The optimized fermentation process in this study reduced the content of n-propanol
by 42.44%.

4. Conclusions

To the best of our knowledge, this is the first study to determine the influence of
glucose to threonine ration on the production of n-propanol during liquor fermentation
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from the perspective of the ratio of carbon to nitrogen sources. The single factor test results
showed that the most suitable conditions for reducing the content of n-propanol were as
follows: the ratio of additional glucose to threonine was 6:4, the temperature was 32 °C,
and the initial pH was 4.50. The Box-Behnken design of the response surface test was
used to optimize the above conditions, and the optimal process conditions for regulating
the production of n-propanol were obtained as follows: the content ratio of additional
glucose to threonine was 6:4, the temperature was 32 °C, and the initial pH was 4.40.
Under these conditions, the production of n-propanol was 53.84 £ 0.12 mg/L, which
is close to the theoretical value. Compared to before the optimization, the content of n-
propanol was reduced by 42.44%. The regression model obtained through the response
surface optimization experiment was reasonable, which can effectively reduce the content
of n-propanol during the fermentation process of the liquor, and provide a reference for
regulating the content of n-propanol in Chinese baijiu during brewing.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/ fermentation7020085/s1, Figure S1: Effect of glucose to ammonium phosphate ratio
on n-propanol.
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