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Abstract: Acid-producing bacteria in pit mud play a crucial role in the fermentation of Chinese
liquor, significantly influencing its flavor, taste, and overall quality. This study investigates three
strains of anaerobic acid-producing bacteria from pit mud to optimize both single and combined
bacterial fermentations for enhanced acid production. Acid production levels were quantitatively
measured using gas chromatography-mass spectrometry. The Design Expert software was
employed to identify significant nutritional factors affecting the production of hexanoic and butyric
acids. These factors were optimized through climbing tests and response surface analysis. The Box-
Behnken Design (BBD) experimental design and variance analysis were used to determine the
optimal levels of each significant factor. The SJ-1/S]J-3/SJ-8/enriched solution exhibited the highest
acid production, with a total acid production of 2216.07+0.10 mg/100 ml. The yields of caproic acid
and butyric acid were 801.94+0.11 mg/100 ml and 1167.33+0.14 mg/100 ml, respectively. The
optimized fermentation medium for caproic and butyric acid production consisted of 5.1 g/L
peptone, 5.04 g/L sodium acetate, and 4.45 g/L sodium butyrate, with a pH of 6.4. Under these
conditions, the production of caproic acid and butyric acid reached 1172.73 mg/100 ml and 2382.45
mg/100 ml, respectively. These values represent significant increases (’<0.05) of approximately
46.24% for caproic acid and 104.09% for butyric acid compared to initial levels. The model predicts
caproic and butyric acid production to be 1184.21 mg/100 ml and 2387.84 mg/100 ml, respectively,
which closely aligns with experimental results. This indicates the model’s effectiveness and
provides valuable insights for enhancing acidity in liquor production.

Keywords: pit mud; anaerobic bacteria; caproic acid; butyric acid; optimization

1. Introduction

Chinese strong-aroma liquor is renowned for its distinctive cellar aroma (Qiao et al., 2023; Ren
etal., 2024c), which is primarily derived from the fermentation, distillation, and aging processes (Wei
et al.,, 2020). This aroma results from the decomposition of raw materials by cellar microorganisms
and enzymes (Ren et al., 2024b), microbial metabolites, and the transformation of these metabolites
during fermentation (Liu et al.,, 2023; Tang et al., 2014; Wang et al., 2019). Pit mud serves as the
primary environment for the growth and proliferation of functional bacteria that contribute to the
strong aroma of the liquor (Li et al., 2024). Microbial metabolites such as organic acids and esters
formed during fermentation are fundamental to this characteristic aroma (Hirst & Richter, 2016; Ren
et al., 2024d; Xu et al., 2022).

Pit mud is a unique fermentation vessel for strong-aroma liquor and also functions as a habitat
and breeding ground for essential brewing microorganisms (Gong et al., 2022; Zhang et al., 2020;
Zhou et al., 2024b). Over time, and through repeated selection and adaptation in high-alcohol, high-
acidity, and closed fermentation environments, pit mud becomes enriched with anaerobic bacteria
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that produce aromatic compounds (Ren et al., 2024a). Studies on the distribution of anaerobic bacteria
in old pit mud reveal that these bacteria are more abundant than in new cellars (Sun et al., 2017),
correlating with the superior quality of old cellar wine compared to that from new cellars (Hu et al.,
2021). Thus, the production of strong-aroma liquor relies heavily on pit mud microorganisms,
particularly anaerobic ones (Hu et al., 2015).

Research has identified and studied hundreds of anaerobic bacteria in pit mud, with significant
groups including Clostridium, Lactobacillus, Bacillus (Liu et al., 2022a), and Actinomycetes (Liu et al.,
2022b). Acid-producing bacteria, such as those producing caproic and butyric acids, are particularly
crucial as they directly influence the formation of characteristic flavor compounds in strong-aroma
liquor (Yuan et al., 2022).

For instance, Zhao Hui et al. isolated three facultative anaerobic bacteria from strong-aroma
liquor pit mud, measuring caproic acid production by gas chromatography at 2.13 mg/mL, 1.70
mg/mL, and 1.03 mg/mL, respectively. Wan Zhen et al. isolated a butyric acid-producing bacterium
from old pit mud at Daohuaxiang Winery, achieving butyric acid production of up to 300 mg/100
mL. When butyric acid and caproic acid bacteria were co-inoculated at a 1:1 ratio, caproic acid
production increased by approximately 50%. Additionally, Hu Cheng et al. demonstrated that
adding a carbon source for methanogens to the growth medium of caproic acid bacteria resulted in
an 8.69% increase in caproic acid production compared to controls. These findings suggest that while
individual acid-producing strains may exhibit limited acid production, synergistic fermentation can
significantly enhance yields (Luo et al., 2018).

Optimized acid-producing bacterial mixtures can be utilized for cellar maintenance and artificial
pit mud cultivation, effectively improving the microecological environment of pit mud and thereby
enhancing the quality of strong-aroma liquor (Li et al., 2023b; Zhou et al., 2024a). Techniques for
optimizing culture media, such as partial factorial experimental design and response surface
experimental design (Luo et al.,, 2022), as well as the addition of butanol (Xue et al., 2013) or butyric
acid (Regestein et al., 2015), have been applied in the production of biofuels and biomaterials.

This study aims to optimize compound fermentation using anaerobic functional bacteria
isolated from pit mud. By employing Design Expert software, ramp tests, response surface analysis,
Box-Behnken Design (BBD), and variance analysis, we seek to identify the optimal conditions for
synergistic production of caproic and butyric acids. The findings of this study will provide valuable
insights for expanding dominant bacterial populations in artificial pit mud and improving the quality
of strong-aroma liquor.

2. Materials and Methods
2.1. Strains and Culture Media

Strains SJ-1 (Bacillus tequilensis), SJ-3 (Bacillus aerius), and SJ-8 (Clostridium butyricum subsp.),
along with pit mud enrichment, were prepared at the Liquor Making Biotechnology and Application
Key Laboratory of Sichuan Province. The fermentation medium composition (g/L) was as follows:
MES 0.50, KH2POx4 0.50, Na250a4 0.50, NaCl 1.00, MgCl2-6H20 0.40, NaHCO:s 0.30, CaCl>-2H-0 0.15,
yeast extract 1.00, peptone 1.50, glucose 0.50, sodium acetate 3.00, soluble starch 5.00, sodium
caproate 3.00, and cysteine hydrochloride 0.25. All chemicals were purchased from Chengdu Kelong
Chemical Reagent Factory (Chengdu, China). The medium was adjusted to pH 6.8 and sterilized at
121 °C for 15 minutes (Liu et al., 2014).

2.2. Seed Culture

Activated strains were transferred to seed culture at a concentration of 105/mL. The cells were
subjected to a water bath at 80 °C for 10 minutes. Each strain’s seed culture was then inoculated into
sterile tubes to prepare a mixed seed culture. These strains were added to 80 mL of deoxygenated,
sterilized fermentation medium at a 3% inoculation rate and cultured at 28 °C for 12 days.
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2.3. Gas Chromatography (GC) and Mass Spectrometry (MS) Procedures

GC conditions: A DB-WAX column (60 m x 250 pum x 0.25 pm; Agilent, USA) was used. Helium
(high purity) was the carrier gas, with a flow rate of 1 mL/min and an inlet temperature of 230 °C.
The temperature program was as follows: initial temperature at 60 °C for 1 minute, ramped to 180 °C
at 8 °C/min, then to 230 °C at 15 °C/min for 5 minutes.

MS conditions (Agilent, USA) : The electron ion source operated at 70 eV in full scanning mode,
with a mass range of 20-550 u. The ion source temperature was 230 °C, the quadrupole rod
temperature was 150 °C, and the interface temperature was 230 °C (Amaral et al., 2018).

A group of mixed strains with optimal fermentative effects were selected and inoculated with
equal amounts of the enriched culture. The fermentation products were analyzed by GC-MS.
Characteristic ions were used for qualitative analysis, with a matching degree greater than 80%.
Identification was confirmed by comparing mass spectra with the standard database (NIST05a.L)
provided by Agilent, USA (Wang et al., 2011).

2.4. Experimental Design

Design-Expert software (Version 8.0.6) was used to optimize the culture medium. The study
investigated five factors: pH, ethanol, peptone, sodium acetate, and sodium butyrate (Li et al., 2023a).
Each factor was tested at three levels: +1 (high), 0 (intermediate), and -1 (low). The experimental
design levels and coding are shown in Table 1.

Table 1. The code and value range of the factors in fractional factorial design.

Horizontal extent

Factor coding

-1 0 1
pH A 5 6 7
alcohol (%) B 0 1 2
peptone (g/L) C 1 5 9
sodium acetate (g/L) D 0 3 6
sodium butyrate (g/L) E 0 3 6

Table 2. The experimental design and measurements.

Sodium Sodium  Hexanoicacid  Butyric acid
Std Run pH Alcohol Peptone Y
acetate butyrate (mg/100mL) (mg/100mL)

1 -1 -1 -1 -1 1 0.00 1414.01 0.239
4 2 1 1 -1 -1 1 0.00 1656.77 0.330
10 3 1 -1 -1 1 1 497.81 1707.45 0.597
3 4 -1 1 -1 -1 -1 2.88 781.28 0.001
12 5 1 1 -1 1 -1 636.19 1236.12 0.487
6 6 1 -1 1 -1 1 764.44 1177.43 0.530
5 7 -1 -1 1 -1 -1 813.38 1091.23 0.521
16 8 1 1 1 1 1 1005.75 2105.43 1.000
14 9 1 -1 1 1 -1 857.25 2021.07 0.890
10 -1 1 1 -1 1 34.09 1676.28 0.355
1 1 1 1 -1 -1 852.19 1705.62 0.773
12 1 -1 -1 -1 -1 391.50 1039.88 0.390
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9 13 -1 -1 -1 1 -1 426.09 1417.68 0.452
11 14 -1 1 -1 1 1 0.00 1777.15 0.376
13 15 -1 -1 1 1 1 16.88 1852.34 0.413
15 16 -1 1 1 1 -1 918.00 2074.25 0.945

Significant factors were optimized using hill-climbing and response surface analysis (Yildiz,
2009). The optimal levels for each significant factor were determined using Box-Behnken Design and
ANOVA. The optimal fermentation medium for hexanoic and butyric acid production was identified.
Each trial was performed in triplicate, and the average values were normalized to a scale of 0 to 1
(Jensen et al., 2008).

3. Results and Discussion
3.1. Pure Culture and Mixed Culture Fermentation

To evaluate the impact of synergistic fermentation on target product formation, we tested three
strains of anaerobic bacteria in both pure culture and mixed culture conditions. In the pure culture
fermentations, the yields of butyric acid, n-butanol, and hexanoic acid were lower compared to those
achieved in synergistic (co-culture) fermentations involving SJ-1 and SJ-3. Notably, ethyl hexanoate
and ethyl butyrate were not detected in the pure culture fermentations, indicating that the two strains
can enhance each other’s primary metabolite production when co-cultured. The synergistic
fermentation of SJ-1 and SJ-8 led to increased production of butyric acid and ethanol but reduced the
production of 2,3-butanediol. In contrast, co-culturing SJ-8 with SJ-3 did not produce n-butanol, but
the yields of acetic acid and 2,3-butanediol increased. This suggests that SJ-3 inhibits n-butanol
production by SJ-8, while SJ-8 promotes the production of acetic acid and 2,3-butanediol from SJ-3.

The mixed culture fermentation involving SJ-1, SJ-3, SJ-8, and the enriched pit mud culture
achieved a yield of 27.70 g/L, significantly higher than the yield of 9.86 g/L obtained from the pit mud
enriched culture alone. Additionally, the concentrations of butyric acid and hexanoic acid increased
to 11.67 g/L and 8.02 g/L, respectively, compared to 4.84 g/L and 2.22 g/L in the pit mud enriched
culture fermentation. These results demonstrate that the combined use of SJ-1, SJ-3, and SJ-8 with the
enriched pit mud culture enhances synergistic effects, making it a promising approach for optimizing
the pit mud environment.

3.2. Fractional Factorial Design to Determine the Main Influencing Factors of the Culture Medium

In this study, a fractional factorial design was employed to optimize the fermentation conditions,
using N=5 factors as detailed in Table 1. A total of 16 experiments were conducted based on this
design. The weights for caproic acid and butyric acid contents were both set at 0.5. The
comprehensive value (Y) for each sample was calculated by normalizing each index, multiplying by
its weight, and then summing the results. The formula used is: Comprehensive value (Y) = caproic
acid normalized value x 0.5 + butyric acid normalized value x 0.5. The results of the fractional factorial
design are summarized in Table 3.

Table 3. The variance analysis of fractional factorial design.

Factors Coefficient F value P value Significance
model 0.520 7214.03 0.0001 *
A-pH -0.052 3696.91 0.0003 *
B-alcohol -0.066 5993.56 0.0002 *
C-peptone -0.120 19492.98 <0.0001 **
D-sodium acetate 0.031 1356.76 0.0007 *

E-sodium butyrate 0.017 379.59 0.0026 *
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AB 0.012 201.35 0.0049 *

AC -0.041 2276.76 0.0004 *

AD 0.031 1367.62 0.0007 *

AE -0.100 15201.78 <0.0001 **

BC -0.020 563.94 0.0018 *

BD 0.160 35341.89 <0.0001 *

CE 0.071 6914.38 0.0001 *

DE -0.027 994.82 0.0010 *

Note: * indicates P <0.01; ** indicates P <0.0001.
Table 4. Results of path of steepest ascent experiment.
Peptone Sodium Sodium Hexanoic Butyric acid
Number pH acetate butyrate acid Y
(g/L) (mg/100mL)
(g/L) (g/L) (mg/100mL)

1 7.0 9.0 3.0 3.0 916.95 1712.04 0.445
2 6.8 7.8 3.6 3.4 1007.10 1919.28 0.684
3 6.6 6.6 4.2 3.8 1008.28 2181.54 0.905
4 6.4 54 4.8 42 1042.88 2217.31 0.960
5 6.2 4.2 5.4 4.6 842.06 2264.94 0.853
6 6.0 3.0 6.0 5.0 538.31 1729.76 0.183
7 5.8 1.8 6.4 54 469.49 1771.64 0.168
8 5.6 0.6 6.8 5.8 358.77 1667.81 0.000

Variance analysis was performed using Design-Expert software to evaluate the effect coefficients
of each factor and determine their significance. This analysis identified pH, ethanol, peptone, sodium
acetate, and sodium butyrate as major influencing factors on the production of hexanoic acid and
butyric acid (P < 0.01). The order of significance for the production of caproic acid and butyric acid
was determined to be: peptone > ethanol > pH > sodium acetate > sodium butyrate (Figure 1).

The effect coefficients for sodium acetate and sodium butyrate were positive, indicating a
significant positive impact on the production of both caproic acid and butyric acid. Conversely, the
effect coefficients for pH, ethanol, and peptone were negative, reflecting a significant negative impact
on the production of these acids. The regression equation derived from the coefficients is: Y=0.52-
0.052A-0.066B-0.12C+0.031D+0.017E+0.012AB-0.041AC+0.031 AD-0.10AE-0.02BC+0.16BD+0.071CE-
0.027DE. The signal-to-noise ratio of the model is 314.077, and the coefficient of determination (R?) is
0.988. These metrics indicate a high level of model reliability and fit, suggesting minimal
experimental error. This regression model is thus effective for predicting and analyzing the
production of hexanoic acid and butyric acid during fermentation.
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Figure 1. The standardization effect diagram of the variance analysis. A, pH; B, ethanol; C, peptone;
D, sodium acetate; E, sodium butyrate.

3.3. The Steepest Climb Test Determines the Center Point of Significant Influencing Factor Levels

Based on the analysis of the factor tests, it was determined that pH, ethanol, peptone, sodium
acetate, and sodium butyrate all significantly affect the production of caproic acid and butyric acid.
To maximize the production of these acids, pH, sodium acetate, sodium butyrate, and peptone were
selected as variables for further optimization, while ethanol was excluded from the tests. The steepest
climb test was used to identify the optimal levels for these variables, adjusting the step size and
climbing direction based on the coefficients from the fractional factorial design.

In these experiments, peptone was reduced, sodium acetate and sodium butyrate were
increased, and the pH was lowered. The specific conditions and results of the steepest climb test are
detailed in Table 5. The production of caproic acid and butyric acid initially increased with changes
in the culture medium components, but eventually began to decrease after reaching a peak. The
comprehensive value (Y) for caproic and butyric acids peaked at 0.960 in the fourth experimental
group, indicating that the concentrations of the components in this group approached the optimal
range for maximizing acid production.

Table 5. Box-Behnken design experimental factors code level.

Code level
Factors Code
-1 0 1
peptone (g/L) A 4.2 5.4 6.6
sodium acetate (g/L) B 42 4.8 5.4
sodium butyrate (g/L) C 3.8 42 4.6

Given that the difference in initial pH values between Group 4 and the neighboring Groups 3
and 5 was minimal, the initial pH value (pH = 6.4) was not varied in the subsequent Box-Behnken
experimental design. Consequently, the center point of the component concentrations from Group 4
was chosen for further testing and data analysis.
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3.4. Box-Behnken Experimental Design

The center points for values of the three factors of peptone, sodium acetate, and sodium butyrate
were determined through the steepest climb test. The Design Expert software was used for Box-
Behnken experimental design and data analysis. The coding level obtained by taking the three
significant influencing factors of peptone, sodium acetate, and sodium butyrate as independent
variables is shown in Table 6. Taking the Y comprehensive value as the response value, the Design
Expert software was used to conduct the Box-Behnken experimental design, in which the factorial
part was carried out 17 times, and the center point repeated experiments were 5 times. The
experimental design and results are shown in Table 7.

Table 6. Box-Behnken design results.

Sodium Sodium

Std  Run Peptone acetate butyrate Hexanoic acid ~ Butyric acid

(g/L) (e/L) (o/L) (mg/100mL) (mg/100mL)
12 1 5.4 5.4 4.6 1074.62 2298.45 0.674
6 2 6.6 4.8 3.8 967.80 2104.24 0.271
14 3 5.4 4.8 4.2 1167.28 2359.74 0.902
17 4 5.4 4.8 4.2 1108.17 2302.58 0.736
4 5 6.6 5.4 4.2 996.00 2313.76 0.557
2 6 6.6 4.2 4.2 908.32 1996.76 0.048
3 7 4.2 5.4 4.2 1147.56 2289.45 0.788
5 8 4.2 4.8 3.8 957.28 1956.87 0.086
9 9 5.4 4.2 3.8 942.43 2054.54 0.172
1 10 4.2 4.2 4.2 906.79 2004.22 0.054
10 11 5.4 54 3.8 1002.57 2167.20 0.402
8 12 6.6 4.8 4.6 1024.20 2191.02 0.466
11 13 5.4 4.2 4.6 1099.54 2253.93 0.666
16 14 5.4 4.8 4.2 1162.57 2267.23 0.789
15 15 5.4 4.8 4.2 1199.74 2339.32 0.934
7 16 4.2 4.8 4.6 1123.67 2307.87 0.768
13 17 5.4 4.8 4.2 1152.15 2397.62 0.919

Table 7. The ANOVA analysis of Box-Behnken design.

Source df Sumof  Meansquare F value P value Significance
model 9 1.430 0.160 6.94 0.0091 **
A-peptone 1 0.016 0.016 0.68 0.4360
B-sodium acetate 1 0.270 0.270 11.95 0.0106 *
C-sodium butyrate 1 0.340 0.340 14.70 0.0064 *
AB 1 0.013 0.013 0.55 0.4819
AC 1 0.059 0.059 2.58 0.1520
BC 1 0.012 0.012 0.54 0.4875
A2 1 0.350 0.350 15.16 0.0059 **
B2 1 0.180 0.180 7.84 0.0265 *
¢ 1 0.120 0.120 5.35 0.0540
Residual 7 0.160 0.023
Lack of Fit 3 0.130 0.043 5.56 0.0654
Pure Error 4 0.031 7.7E-0033
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sum 16 1.590
correlation coefficent R2=0.8992 R2.4=0.7697
Note: * indicates P <0.01; ** indicates P <0.0001.

Use Design Expert software to perform multiple quadratic regression fitting on the test result
data of the BBD experimental design and establish a quadratic regression equation for the full
variable coding level with Y comprehensive value as the response value. The transformation formula
between independent variables and coding variables is xi= (Xi-X0) /A, in the formula: A is
Independent variable step size, xi is the encoded value of the independent variable, Xi is the actual
value of the independent variable, and X0 is the actual value of the independent variable at the center.

Using the transformation formula of independent variables and coding variables, the quadratic
regression equation of the coding level of all variables is converted into the quadratic regression
equation of the non-coding level of all variables as follows: Y comprehensive value=-
52.90106+3.55969A+7.21500B+11.95750C-0.078125AB-0.25365AC-0.23125BC-0.19965A2-0.57431B2-
1.06719C2.

From the variance analysis Table 8, it can be seen that the model P<0.01, the lack of fit item
P=0.0654>0.05, indicating that the model is significant. The coefficient of determination of the
regression equation R?=0.8992 shows that the second-order regression equation fits the experiment
well and has a small experimental error. It shows that the reliability of the experimental method is
relatively high and can be used to theoretically predict the comprehensive score value of the test
produced by fermentation of caproic acid and butyric acid. In the regression equation, C and A2 are
significant on the comprehensive score (P<0.01), B and B2 have a significant impact on the
comprehensive score (P<0.05), while A, AB, AC, BC, and C2 are not significant (P> 0.05). The order of
priority of the influence for these three factors is C>B>A, that is, sodium butyrate>sodium
acetate>peptone.

3.5. Optimization of Significant Factor Levels

To illustrate the impact of peptone, sodium acetate, and sodium butyrate on the comprehensive
score, a response surface was generated using Design Expert software (Figure 2). The optimal levels
of the factors, as determined from the regression model, are peptone (A) at 5.1 g/L, sodium acetate
(B) at 5.04 g/L, and sodium butyrate (C) at 4.45 g/L. At these levels, the model predicts a maximum
comprehensive score (Y) of 0.962. Additionally, the maximum estimated concentrations for caproic
acid and butyric acid under these conditions are 1184.21 mg/100 mL and 2387.84 mg/100 mL,
respectively (Figure 2).
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Figure 2. Effect of three factors of peptone, sodium acetate, and sodium butyrate on the composite
score value. A-peptone, B-sodium acetate, C-sodium butyrate.

3.6. Verification Test of the Optimization Results

To assess the impact of the optimized culture medium formula on the production of caproic acid
and butyric acid, a verification test was performed with the original culture medium formula as a
control. Using the optimized fermentation medium, the contents of caproic acid and butyric acid
were 1172.73 mg/100 mL and 2382.45 mg/100 mL, respectively. The results indicated a significant
increase in caproic acid and butyric acid levels compared to those obtained with the original medium
(P<0.05) (Figure 3A). Furthermore, these values did not differ significantly from the model’s
predicted values (P>0.05), confirming the effectiveness of the model (Figure 3B).
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Figure 3. Verification test results. (A) caproic acid and butyric acid production before and after
optimization; (B) Verified values and predicated values. * significant difference (P<0.05).

4. Conclusions

This study optimized the production of caproic acid and butyric acid using both pure and mixed
cultures through response surface methodology. The results revealed significant differences in the
flavor compounds produced by pure culture fermentation compared to mixed culture fermentation.
The best results were achieved by adding a mixed culture of Bacillus tequilensis, Bacillus aerius, and
Clostridium butyricum to the enriched pit mud culture for collaborative fermentation. This approach
resulted in notably higher levels of total volatile compounds, butyric acid, and caproic acid compared
to other groups. Specifically, the production of caproic acid and butyric acid reached 801.936 mg/100
mL and 1167.33 mg/100 mL, respectively, showing significant improvements over other collaborative
fermentation conditions (P<0.05). The optimal medium formulation was found to be: peptone 5.1 g/L,
sodium acetate 5.04 g/L, and sodium butyrate 4.45 g/L, with a pH of 6.4. The concentrations of
hexanoic acid and butyric acid after optimization were significantly higher than those before
optimization (P<0.05). The yields of caproic acid and butyric acid obtained from the verification test
were consistent with the model’s predicted values, demonstrating the model’s high accuracy and
effectiveness. This study utilized anaerobic Clostridium and Bacillus strains as functional bacteria in
the fermentation process and optimized the acid-producing culture medium. The findings provide a
theoretical foundation for the application of functional bacteria in cellar maintenance, cellar
protection, the cultivation of artificial cellar mud, and the production of esterification liquid for
strong-aroma Daqu.
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