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Abstract: The present study employed Hunan local Tuqu for fermentation and investigated the
physicochemical properties, microbial community composition, and volatile flavor compounds of
the fermented grains, as well as the correlation between the physicochemical indicators and the
microbial community. The findings reveal that the activities of α-amylase and glucoamylase were
highest during the initial stages of the fermentation process. The acid protease activity increased
to 30.6 U/g on the second day and then decreased. Cellulose and lipase activities both showed an
increasing trend. The moisture content increased sharply to 73.41% and then remained relatively
stable. The acidity was highest on the eighth day. Fifty genera of bacteria and twenty-two genera of
fungi were detected. Lactobacillus was dominant among bacteria, and Saccharomyces was dominant
among fungi. A correlation analysis showed that there were positive correlations between moisture,
acidity, cellulose, lipase activities and Lactobacillus, and there were positive correlations between
moisture content, acidity, cellulase activity, acidic protease activity and Saccharomyces. A total of
46 volatile flavor compounds were detected, of which 6 alcohols and 14 esters constituted the major
portion, and 9 key flavor compounds with an ROAV > 1 were identified throughout the fermentation
process. Isoamyl acetate had the highest ROAV and made the greatest contribution to the flavor.

Keywords: light-flavor Baijiu; fermented grains; bacteria; fungi; volatile flavor substances

1. Introduction

As one of the oldest distilled liquors in the world, Chinese Baijiu has a history of
thousands of years [1]. In the process of development, due to the brewing of raw materials,
fermentation strains, brewing techniques, and regional differences, 12 types of Baijiu,
such as sauce-flavor, strong-flavor, light-flavor, and rice-flavor Baijiu, have gradually
developed [2]. The liquor market in Hunan province is highly inclusive, open, and of high
consumption grade, but the competitiveness of real estate liquor is weak and the market
share is low. The annual sales of liquor are nearly 30 billion yuan, but the consumption of
real estate liquor is only more than 5 billion yuan, accounting for about one sixth of the
market share. Therefore, in order to improve the competitiveness and market value of local
liquor, it is necessary to study a liquor with local Hunan characteristics.

As one of the oldest and most popular types of Baijiu, light-flavor Baijiu, is pure, sweet,
mild, natural, and has a fresh aftertaste [3]. It can be divided into Daqu, Xiaoqu, and Fuqu
light-flavor Baijiu according to the type of starter culture [4]. Microbial starter cultures
play a very important role in the fermentation process of Baijiu. It has been shown that
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bacteria have an important function in the production of enzymes and aromas during the
fermentation of Baijiu. The flavor substances produced by the metabolism of bacteria play
a decisive role in the aroma and quality of the liquor [5]. Fungi play a key regulatory role in
the formation of flavor compounds and in ensuring the consistent food quality of fermented
foods [6]. Microorganisms of fermented grains interact with moisture, acidity, and enzyme
activity during fermentation, so it was necessary to investigate their interactions during
fermentation. In recent years, research on light-flavor Baijiu has focused on the influence
of microbial flora, the structure of functional strains, and flavor substances on the style
of Baijiu [7–9]. However, the physicochemical properties, microbial communities, and
dynamics of the flavor compounds in fermented grains are still not fully understood.

During the fermentation of Baijiu, the microbial composition and environmental fac-
tors can have a great influence on the community succession during the fermentation of
Baijiu. Microbial interactions affect the metabolic behavior of microorganisms involved
in food fermentation and, consequently, changes in volatile flavor substances. There-
fore, exploring the physicochemical properties, microbial communities, and volatile flavor
compounds of fermentation grains could not only reveal the changing rules of the physico-
chemical, microbial community, and volatile flavor substances of the fermentation process,
but also provide an important reference for controlling the quality of clear-flavored original
wine from the perspective of fermentation. In this study, the microbial flora composition of
different fermentation stages was analyzed by using Hunan Yueyang and Liuyang Tuqu
in the mixed fermentation of light-flavor Baijiu. The moisture content, acidity, associated
enzyme activity, and major volatile flavor substances were determined, and correlations be-
tween microorganisms and the moisture, acidity, and enzyme activity during fermentation
were analyzed. The aim was to investigate the evolution of the microbial flora, the vari-
ations in moisture, acidity, enzymatic activity, and other physicochemical characteristics,
and the formation of volatile flavor substances in the Tuqu fermentation process of Hunan
light-flavored Baijiu, in order to provide data reference and theoretical guidance for the
development of Hunan characteristic light-flavor Baijiu.

2. Materials and Methods
2.1. Sample Collection

All samples for this study were collected from the top of the cellar at 0 days, 2 days,
4 days, 6 days, 8 days, and 10 days of fermentation. The five-point sampling method
was used for sampling. The specific sampling points are shown in Figure 1. The samples
collected at each point were mixed and stored in a liquid nitrogen jar.

Figure 1. Sampling sites of the fermented grain samples.
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2.2. The Brewing Process of the Tuqu Fermentation of Hunan Light-Flavor Baijiu

The technological process of the Tuqu fermentation of Hunan light-flavor Baijiu in this
study is shown in Figure 2.

Figure 2. The brewing process of Hunan light-flavor Baijiu.

2.3. Major Reagents and Instruments

Concentrated sulfuric acid (analytical and pure): Nanjing Sheng Qing He Chemical
Co., Ltd. (Nanjing, China); toluene (analytical purity): Wuxi Yashang Chemical Co., Ltd.
(Yizing, China); A-amylase (A-AL) kit, acid protease (ACP) kit, glucoamylase (Gluco) kit,
cellulase (CL) kit, and lipase (LPS) kit: Suzhou Kemin Biotechnology Co., Ltd. (Suzhou,
China); constant temperature oscillation water bath: Hunan Jinnan Instrument Manu-
facturing Co., Ltd. (Jinan, China); MD enzyme standard instrument: Meigu Molecular
Instruments (Shanghai, China) Co., Ltd.; CJJ78-1 Magnetic Stirrer: Wuhan Glamour Testing
Equipment Co., Ltd. (Wuhan, China); H1200R high-speed frozen centrifuge: Shanghai
Precision Instrument Company (Shanghai, China); F6/10 handheld high-speed homog-
enizer: Shanghai Jingxin Industrial Development Co., Ltd. (Shanghai, China); XUEKE
ice-making machine: Beijing Zhongxing Baihui Technology Co., Ltd. (Beijing, China);
ZYS-50B wise copy energy measuring water meter: XiangYi Balance Instrument Co., Ltd.
(Xiangtan, China).

2.4. Determination of Physical and Chemical Indicators

The enzyme activity was determined according to the kit instructions. The moisture
was determined using an intelligent moisture tester. The acidity was determined according
to the “DB34/T2264-2014” [10] fermentation method for solid fermented grains, and the
acid–base neutralization titration method was used for the determination.

2.5. DNA Extraction, Polymerase Chain Reaction (PCR) Amplification, and Sequencing
2.5.1. DNA Extraction

The total microbial genomic DNA samples were extracted using the DNeasy PowerSoil
Kit (QIAGEN, Inc., Venlo, The Netherlands) following the manufacturer’s instructions and
stored at −20 ◦C prior to further analysis. The quantity and quality of the extracted DNAs
were measured using a NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific,
Waltham, MA, USA) and agarose gel electrophoresis, respectively.

2.5.2. 16S rRNA and ITS Gene Amplicon Sequencing

PCR amplification of the bacterial 16S rRNA gene V3-V4 region was performed using
the forwards primer 338F (ACTCCTACGGGAGGCAGCA) and the reverse primer 806R
(GGACTACHVGGGTWTCTAAT). PCR amplification of fungal internal transcribed spacer
(ITS) regions was performed with the primers ITS3 (GCATCGATGAAGAACGCAGC)
andITS4 (TCCTCCGCTTATTGATATGC). Sample-specific 7-bp barcodes were incorporated
into the primers for multiplex sequencing. The PCR components contained 5 µL of Q5
reaction buffer (5×), 5 µL of Q5 HighFidelity GC buffer (5×), 0.25 µL of Q5 High-Fidelity
DNA Polymerase (5 U/µL), 2 µL (2.5 mM) of dNTPs, 1 µL (10 µM) of each forward and
reverse primer, 2 µL of DNA template, and 8.75 µL of ddH2O. Thermal cycling consisted
of initial denaturation at 98 ◦C for 2 min, followed by 25 cycles consisting of denaturation
at 98 ◦C for 15 s, annealing at 55 ◦C for 30 s, and extension at 72 ◦C for 30 s, with a
final extension of 5 min at 72 ◦C. PCR amplicons were purified with Agencourt AMPure
Beads (Beckman Coulter, Indianapolis, IN, USA) and quantified using the PicoGreen
dsDNA Assay Kit (Invitrogen, Carlsbad, CA, USA). After the individual quantification
step, amplicons were pooled in equal amounts, and paired-end 2 × 300 bp sequencing
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was performed using the Illumina MiSeq platform with MiSeq Reagent Kit v3 at Shanghai
Personal Biotechnology Co., Ltd. (Shanghai, China).

2.6. Determination of Volatile Flavor Substances

Headspace solid phase microextraction was employed to extract VOCs from the
fermented grain samples. The detailed method was carried out as follows: in a headspace
vial with a capacity of 20 mL equipped with a magnetic stirrer, 3 g of the fermented grain
sample, 2 g of sodium chloride, 20 µL of amyl acetate (0.5275 mg/mL) as an internal
standard solution, and 4 mL of boiled ultra-pure water were combined. The top of the glass
bottle was sealed with a silicon diaphragm to create a sealed headspace environment. The
headspace glass bottle was then heated to 50 ◦C, and the tea sample was stirred at a speed
of 1100 rpm using the magnetic stirrer. After a 10 min pre-balance period, a 50/30 µm
DVB/CAR/PDMS fiber from American Supelco was inserted into the headspace vial to
extract the VOCs. The extraction process lasted for 45 min. Subsequently, the fiber was
desorbed for five minutes at the injection port of the GC–MS, operating in splitless injection
mode at 250 ◦C.

Head space solid phase microextraction (HS-SPME):
The gas chromatography conditions were as follows: column, Hp-5 ms, ultra-inert

(−60~325 ◦C) 30 m × 250 mm × 0.25 µm; injection temperature, 250 ◦C in splitless mode;
heating procedure, a starting temperature of 50 ◦C, maintained for 2 min, increased to
230 ◦C at 4 ◦C/min and maintained for 5 min; and column carrier gas, helium at a constant
flow rate of 1 mL/min.

The mass spectrometric conditions were as follows: ionization source, electron im-
pact (EI); ion source temperature, 230 ◦C; EI energy, 70 eV; quadrupole temperature, 150
◦C; scan mode, constant pressure full scan; and mass spectrometric scan range, 30–600
amu. We compared the mass spectrometry information of each chromatographic peak
obtained from GC-MS analysis with the reference compounds in the NIST 17 library to
identify unknown compounds [11]. To calculate the retention index (RI) for each peak, the
retention time (RT) of n-alkanes (C7~C21) under the same GC–MS conditions was utilized.
The identification of VOCs was accomplished by comparing the calculated RI values and
the mass spectra of all detected metabolites with those present in the NIST 17 library. For
the quantification of VOCs, the peak area ratio of the VOCs to the internal standard ethyl
caprate was multiplied by the concentration of ethyl caprate.

2.7. Analysis of Relative Odor Activity Value

The relative odor activity value (ROAV) is a method used to identify key volatile
compounds in samples, and VOCs with an ROAV value greater than or equal to 1 are
considered key volatile compounds. VOCs with an ROAV value ranging from 0.1 to <1
have a modifying effect on the overall flavor of the sample. The ROAV calculation method
was based on the ratio of a volatile component’s odor activity value (OAV) to the greatest
odor activity value (OAVmax) among the volatile compounds in the Tuqu fermentation of
Hunan light-flavor Baijiu [12], and the thresholds were obtained by finding the threshold
of perception of each volatile compound in the water based on [13].

2.8. Statistical Analysis

Experimental data were analyzed using the Origin 2018 statistical program. Correla-
tion analysis was performed using SPSS v. 22.0 software. The raw data generated by the
Illumina NovaSeq250 sequencing platform were used for sequence data analysis using the
QIIME and R package (v3.2.0). The community composition and heatmaps based on the
R language were generated using the Illumina NovaSeq250 sequencing platform.
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3. Results and Discussion
3.1. Variation Rules of Enzyme Activity during the Tuqu Fermentation of Hunan
Light-Flavor Baijiu

In the Baijiu brewing process, enzymes, as key substances in Baijiu fermentation,
have various functions, such as degrading fermented raw material particles, promoting
microbial reproduction and catalyzing biochemical reactions to produce aroma substances.
The variations in enzyme activities during the Tuqu fermentation of Hunan light-flavor
Baijiu are shown in Table 1.

Table 1. Variations in enzyme activity during the Tuqu fermentation of Hunan light-flavor Baijiu.

Fermentation
Days (d)

Alpha Amylase
Activity/(U/g)

Acid Protease
Activity/(U/g)

Glucoamylase
Activity/(U/g)

Cellulase
Activity/(U/g)

Lipase
Activity/(U/g)

0 28.1 7.6 1027.1 118.9 31.1
2 6.5 30.6 809.8 473.8 34.3
4 4.2 25.7 786.2 607.7 34.8
6 3.5 20.5 691.8 603.1 33.5
8 4.9 14.7 732.5 607.1 35.1
10 3.8 16.7 766.7 668.7 36.4

As shown in Table 1, the α-amylase and glycolytic enzyme activities decreased during
the fermentation process, and the α-amylase enzyme activity decreased from 28.1 U/g to
3.8 U/g. The acidity and alcoholic content increase during the fermentation process, which
inhibits α-amylase activity [14]. The glucoamylase activity decreased from 1027.1 U/g to
766.7 U/g. Aspergillus can produce glucoamylase at the beginning of fermentation, which
makes raw starch material decompose rapidly. As fermentation progresses, fungi such as
Aspergillus decline gradually, and glucoamylase activity also decreases gradually [15]. Acid
protease activity was highest on the second day of fermentation. Fungi such as Aspergillus,
Penicillium, and Rhizopus can produce acid proteases. In the early stages of fermentation,
there was sufficient oxygen and nutrients in the fermented grains, which promoted the
proliferation of microorganisms; therefore, the activity of acid protease was increased.
Cellulase activity and lipase activity showed an overall increasing trend, reaching peaks of
668.7 U/g and 36.4 U/g on day 10, respectively. Cellulase can act on fibrous raw materials,
while lipase can act on ester bonds, making full use of the raw materials.

3.2. Variation in Moisture and Acidity during the Tuqu Fermentation Process of Hunan
Light-Flavor Baijiu

As shown in Figure 3A, from the initial stage of fermentation, the moisture content
increased sharply from 65.04% to 73.41% and remained stable. During the prefermentation
period, the source of moisture is mainly the water added during production as well as the
water produced by the interaction between microorganisms [3]. During the fermentation
process, volatile flavor substances such as ethanol, acids, and esters are produced along
with water, thus increasing the moisture content of the fermented grains [16]. There was a
slight decrease in moisture content at 2–10 days, and then it slowly increased again. This
was due to the effect of gravity; the water flowed to the bottom of the cellar, becoming
the main component of the yellow water, resulting in a decrease in moisture. During the
fermentation process, with the progress of fermentation, yeast and other microorganisms
conducted ethanol fermentation to produce free water, so the water of the fermented
grains increased.

The acid in the fermented grains is mainly produced by microbial metabolism and is an
important flavor substance in the Baijiu body, which can play a role in flavor enhancement,
and the right amount of acid can increase the after-taste of liquor and make the Baijiu
body fuller [17]. As seen in Figure 3B, the overall acidity showed an upward trend. As
fermentation proceeded, anaerobic and partly anaerobic bacteria proliferated to produce a
variety of organic acids, such as lactic acid and acetic acid, to increase the acidity.



Foods 2024, 13, 899 6 of 20

Figure 3. Variation of moisture and acidity with fermentation days during the Toqu fermentation of
Hunan light-flavor Baijiu ((A): moisture; (B): acidity).

3.3. Variations in the Structure of Bacteria during the Tuqu Fermentation of Hunan
Light-Flavor Baijiu
3.3.1. Bacterial Alpha Diversity Analysis of the Fermented Grains

The complexity of the species diversity of the studied samples was analyzed by
calculating α-diversity indices. In α-diversity analysis, the Chao 1 index is mainly related to
the abundance of the samples, and the larger the Chao 1 index is, the higher the abundance
of the samples. The Shannon index is mainly related to the diversity of the sample, which
reflects not only the richness but also the evenness of the species; the larger the Shannon
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index is, the higher the diversity [7]. As shown in Figure 4, the Chao1 index of F4 was
higher than that of the other sample groups, which indicates that the total number of
bacterial species in the F4 group was higher than that in the other sample groups. The
Shannon index was higher in the F0 group than in the other sample groups, which indicates
that the diversity of bacterial species was higher in the F0 group than in the other sample
groups. The Shannon index decreased continuously as the fermentation proceeded, which
indicates that the unfavorable conditions of low oxygen, low pH values, and high ethanol
caused many bacteria to be inhibited. The coverage of all samples was greater than 0.996,
and the p value of the Chao1 index was 0.069, which indicates that the library coverage
of each sample was high, the sequences were basically completely sequenced, and the
sequencing results were reliable.

Figure 4. Alpha diversity analysis of bacteria in the Tuqu fermentation process of Hunan light-flavor
Baijiu. * is a marker indicating significance.

3.3.2. Analysis of the Bacterial Community Structure of the Fermented Grains

Figure 5 shows the relative abundance of species in the top 20. As seen from the
figure, the bacterial flora in the fermented grains at the genus level consisted mainly of
Lactobacillus, Geobacillus, Pediococcus, and Acetobacter. As the fermentation progressed,
Lactobacillus accounted for over 60% of the total sequence readings at 2–10 days, and a
peak value of 97.97% was observed at the tenth day. The acidity and alcoholic strength
increased, which caused the extinction of many bacteria; therefore, Lactobacillus became
the dominant bacteria. Lactobacillus could affect the growth of other microorganisms
by producing antagonistic substances such as bacteriocins and by competing with other
microorganisms for substrates [18,19]. These were the dominant bacterial genera in the
fermented grains. In addition, Lactobacillus were identified as the most abundant bacteria
during the fermentation of the fermented grains, which was consistent with the results
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revealed in previous studies [20]. The abundances of Geobacillus and Acetobacter were
highest, reaching peaks of 23.75% and 17.58% at 0 days, respectively, and then decreasing
gradually. During the fermentation of the liquor, Bacillus can produce some flavor synthesis
precursors in addition to the direct flavor substances obtained from their own fermentation.
Complex flavor substances are further synthesized by a number of chemical or biological
interactions [21]. Acetobacter are specialized aerobic bacteria that play an important role in
the aroma presentation of Baijiu. There are abundant bacteria, such as Acetobacter, in the
environment that can break down different types of sugars and alcohols into organic acids
in oxygen [22].

Figure 5. Community structure distribution of bacteria based on genus level during the Tuqu
fermentation of Hunan light-flavor Baijiu.

3.3.3. Heat Map Analysis of the Fermented Grain Bacterial Community Succession

Figure 6 shows a heat map of the bacterial composition during the Tuqu fermentation
of Hunan light-flavor Baijiu, where a color closer to green indicates a greater relative
abundance of the species, and a color closer to brown indicates a smaller relative abundance
of the genus [23]. As shown in Figure 6, the bacterial diversity and abundance in the F0
and F4 stages were more diverse, including bacteria such as Bacillus and Weissella. As
fermentation progressed, the diversity and abundance in the fermented grains decreased
rapidly. It is possible that the increase in acidity as well as the ethanol content inhibited the
growth of these bacteria. Lactobacillus became the dominant bacterium in the fermented
grains. Lactobacillus is a class of anaerobic or partly anaerobic bacteria that can ferment
sugars to produce lactic acid and provide amino acids and various vitamins and bacteriocins
for the growth and reproduction of other microorganisms. Lactobacillus plays an important
role in the microecological environment of brewing [24].

3.4. Variations in the Structure of Fungi during the Tuqu Fermentation of Hunan
Light-Flavor Baijiu
3.4.1. Fungi Alpha Diversity Analysis

From the α-diversity index in Figure 7, it can be seen that the coverage of each group
of samples was greater than 0.999, and the p value of the Chao1 index was 0.014, which
indicates that the sequencing depth was sufficient. The sequences in the samples were
basically detected completely, and the results were true and reliable for subsequent analysis.
The Chao1 index in F4 was the highest, which indicates that the total number of fungal
species was the highest in the sample groups. The Shannon index of the F6 group was the
highest, which indicates that the diversity of fungal species in the F6 group was the highest
in the samples.
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Figure 6. Heat map of the genus-based level of bacteria in the Tuqu fermentation process of Hunan
light-flavor Baijiu.

3.4.2. Analysis of the Fermented Grain Fungi Community Structure

Figure 8 shows the top 20 species in terms of relative abundance. As seen from the
figure, Saccharomyces, Saccharomycopsis, Rhizopus, and Pichia were the four main fungal
genera. Among them, Pichia had the highest abundance on the second day, which gradually
decreased as fermentation progressed. It has been shown that Pichia plays a major role in
the production of aromas in Baijiu brewing and has the ability to produce liquor metabolism
and at this stage, yeasts and bacteria proliferate and produce flavor substances from the
available sugars and other nutrients [25]. This is consistent with previous research [26].
Saccharomyces cerevisiae is the main functional bacterium in the fermentation process of
liquor, which not only has a high fermentation capacity but also produces esters and plays
an important role in the fullness of the liquor [27]. During the prefermentation period,
Saccharomycopsis and Rhizopus were the main fungi, and the relative abundance decreased
as fermentation progressed. It might be that the increased concentration of organic acids
and alcohols disrupted the growth environment. As fermentation proceeded, Saccharomyces
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was the main fungus, reaching a peak of 66.20% on the second day. Saccharomyces cerevisiae
can grow and reproduce in an anaerobic environment and is also tolerant to ethanol [2].

Figure 7. Alpha diversity analysis of fungi in the Tuqu fermentation process of Hunan light-flavor Baijiu.

Figure 8. Community structure distribution of Fungi based on genus level during the Tuqu fermenta-
tion of Hunan light-flavor Baijiu.
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3.4.3. Heat Map Analysis of Fungal Community Succession Based on the Species
Taxonomic Genus Level

Figure 9 shows a heatmap of the fungal composition during the fermentation of
Tuqu-fermented grains of Hunan light-flavor Baijiu. A color closer to green represents a
higher abundance, and a color closer to brown represents a lower abundance. As shown
in the graph, as fermentation progressed, there were different dominant fungi at different
fermentation stages, indicating a rich microbial structure. The main dominant fungi at the
F0 stage were Trichosporon, Saccharomycopsis and Rhizopus. The main dominant fungi at the
F2 stage were Pichia, Debaryomyces, and Cyberlindnera. The main fungal genera at the F4
stage were Mucor, Aspergillus, Kazachstania, Monascus, and Sarociadium. The main dominant
fungi at the F6 stage were Meyerozyma, Cladosporium, and Clonostachys. The main dominant
fungi at the F8 stage were Rhizopus and Satumispora, and the main dominant fungi at the
F10 stage were Clavispora and Wickerhamomyces. These fungi are important fungal genera in
the fermentation process of Baijiu. Among them, Wickerhamomyces and Aspergillus play a
key role in fermentation. Aspergillus can produce a variety of enzymes and plays a positive
role in regulating the saccharification, esterification, and liquefaction power of Daqu and
fermented grains. In addition, it can metabolize organic acids and fatty acids, which can
lead to the production of aromatic esters that enhance and improve the flavor of Baijiu [28].
Wickerhamomyces is an important aromatic yeast with a high acidity tolerance and a high
ester production capacity, which can impart a rich aroma to the liquor [29].

Figure 9. Heat map of the genus-based level of Fungi in the Tuqu fermentation process of Hunan
light-flavor Baijiu.
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3.5. Correlation Analysis of Microbial and Physicochemical System Indicators in the Tuqu
Fermentation Process of Hunan Light-Flavor Baijiu
3.5.1. Correlation Analysis of Bacteria at the Genus Level and Physicochemical Indicators

Spearman correlation analysis of physicochemical indicators and bacteria that were
the top 10 bacterial genera in the fermented grains was performed using SPSS software.
As shown in Figure 10 The closer the color was to green, the stronger the correlation was,
and the closer it was to brown, the weaker the correlation was. As shown in the graph,
Lactobacillus was positively correlated with moisture content, acidity, cellulase activity,
and lipase activity, which suggests that the acidity and moisture were the main factors
affecting microbial succession, which is consistent with previous research on the light-flavor
liquor [30] indicating that Lactobacillus might produce cellulase and lipase [31]. Lactobacillus
has a strong ability to metabolize carbohydrates and produce acid, providing a source of
carbon for other microorganisms. It is a precursor to the formation of flavor during the
fermentation of liquor [32]. The other three genera, Geobacillus, Pediococcus, and Acetobaceter,
which were ranked in the top four relative abundances, were all negatively correlated
with the moisture content, acidity, cellulase activity, and lipase activity. This was due to
the presence of diacetyl in the metabolites of Lactobacillus, which inhibits many spoilage
and pathogenic bacteria. Moreover, it could inhibit the growth of gram-negative bacteria
by interfering with the utilization of arginine through the binding protein reaction of
gram-negative bacteria with arginine [33].

Figure 10. Heat map of correlation between bacterial microorganisms and physicochemical indicators
based on genus level.

3.5.2. Correlation Analysis of Fungi at the Genus Level and Physicochemical Indicators

As shown in Figure 11, there were significant interactions between physicochemical
factors and most fungal microorganisms, indicating the complexity of the fungal microbial
metabolism. Moisture content and acidity were positively correlated with Pichia and
Wickerhamomyces; moisture content, acidity, lipase activity, acid protease activity, and
A-amylase activity were negatively correlated with Saccharomycopsis and Rhizopus; cellulase
activity was positively correlated with Clavwaspora and Wickerhamomyces; and glucoamylase
activity was positively correlated with Rhizopus. Traditionally, Rhizoctonia solani and others
were considered to be the main producers of the saccharification power of macrophytes,
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which is consistent with the results in this study. The strong positive correlation between
acid protease activity and the first dominant bacterium Saccharomyces suggests that acid
protease production might be associated with yeasts, and Saccharomycopsis has been shown
to produce acidic proteases capable of degrading large proteins [34].

The microbial composition and environmental factors can have a great influence on
the community succession during the fermentation of Baijiu [35], indicating that those
two factors are the main drivers that induce the succession of the fermentation from the
initial to the end stage.

Figure 11. Heat map of correlation between fungi microorganisms and physicochemical indicators
based on genus level.

3.6. Qualitative and Quantitative Analysis of VOCs by GC–MS

In this study, Table 2 provides qualitative and quantitative analysis of the identified
VOCs. As shown in Figure 12A, a total of 46 VOCs were identified using GC–MS, includ-
ing aldehydes (5), esters (14), alcohols (6), ketones (1), alkanes (4), phenols (2), acids (2),
alkenes (9), and others (3). The relative proportion of these categorized VOCs is illus-
trated in Figure 12B, with esters (30.4%), alkenes (19.6%) and alcohols (13%) constituting a
significant portion, and 63% of the total overall.

Esters were the most abundant class of flavor components in Baijiu, giving it fruity
and floral aromas [36]. It was also the most abundant flavor substance detected in the
fermented grains of Hunan light-flavor Baijiu, including ethyl lactate, isoamyl acetate,
ethyl caprylate, diethyl succinate, ethyl caprate, ethyl phenylacetate, phenethyl acetate, etc.
The esters accumulated during fermentation and reached a peak of 2130.6 (µg/kg) on the
fourth day of fermentation, increasing from 95.68 (µg/kg) at the beginning of fermentation
to 1780.7 (µg/kg) at the end of fermentation, which was 18.6 times higher than that at
the beginning of fermentation. Isoamyl acetate, ethyl caprylate, diethyl succinate, and
2-methylbutyl acetate were the most abundant in the fermentation process of the fermented
grains, accounting for 79.5% of the esters, with a fruity aroma, and are important aroma
and flavor presenting substances in the fermented grains of Hunan light-flavor Baijiu [37].
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Table 2. VOCs during the Tuqu fermentation of Hunan light-flavor Baijiu.

NO Compounds CAS RI a/RI b Identification c F0 F2 F4 F6 F8 F10 Thresholds
(µg/kg) F0 F2 F4 F6 F8 F10

Acids

a1 2-Hydroxypropan 50–21-5 838/835 MS, RI n.d. 5.86 ±
0.46 C

15.90 ±
1.19 A

11.81 ±
0.94 B n.d. n.d. n.f. - - - - - -

a2 2-amino-4-
methylbenzoic acid 2305-36-4 949/925 MS, RI 159.79 ±

19.92
240.52 ±
26.93 C

244.87 ±
16.50 AB

224.45 ±
9.42 AB

266.98 ±
10.69 A

189.91 ±
58.27 BC n.f. - - - - - -

Alcohols

a3 3-Methyl-1-butanol 123-51-3 736/740 MS, RI 698.71 ±
23.34 B

296.73 ±
50.96 D

472.78 ±
20.98 C

459.49 ±
17.67 C

1219.52
± 136.97
A

502.99 ±
53.32 C 4 35.49 2.44 5.29 6.85 19.32 3.52

a4 1-Octen-3-ol 3391-86-4 980/981 MS, RI 25.72 ±
8.43 A

15.91 ±
3.06 B

24.61 ±
2.56 A

15.65 ±
0.50 B

18.56 ±
2.31 B

15.30 ±
1.24 B 1.5 3.48 0.35 0.73 0.62 0.78 0.29

a5 2-Ethylhexan-1-ol 104-76-7 1030/1032 MS, RI 3.00 ±
0.40 A n.d. n.d. n.d. n.d. n.d. - - - - - -

a6 Phenethyl alcohol 60-12.8 1116/1117 MS, RI 273.40 ±
1.71 E

637.84 ±
52.93 D

802.88 ±
84.86 B

1031.92
± 99.92
A

485.74 ±
19.76 D

736.40 ±
71.82 BC 564.23 0.10 0.04 0.06 0.11 0.05 0.04

a7 2-Methyl-1-butanol 137-32-6 739/738 MS, RI n.d. n.d. n.d.
1052.98
± 17.40
B

328.97 ±
7.45 C

1513.12
± 99.28
A

15.9 0.00 0.00 0.00 3.95 1.31 2.66

a8 1-Octanol 111-87-5 1071/1074 MS, RI n.d. n.d. n.d. 20.65 ±
2.36 B

12.74 ±
0.82 C

32.64 ±
2.16 A 125.8 0.00 0.00 0.00 0.01 0.01 0.01

Esters

a9 Ethyl lactate 97-64-3 815/812 MS, RI 7.25 ±
0.17 E

13.30 ±
0.96 D

54.60 ±
0.90 B

69.38 ±
3.46 A

44.29 ±
1.99 B

34.78 ±
4.87 C n.f. - - - - - -

a10 Isoamyl acetate 123-92-2 876/876 MS, RI 73.83 ±
6.55 D

455.61 ±
38.73 AB

335.35 ±
22.99 B

251.52 ±
19.00 C

236.75 ±
7.32 C

536.37 ±
26.61 A 0.15 100.00 100.00 100.00 100.00 100.00 100.00

a11 Ethyl caprylate 106-32-1 1196/1200 MS, RI 7.15 ±
0.91 C

352.63 ±
11.79 A

369.77 ±
33.46 A

401.26 ±
50.43 A

239.56 ±
31.40 B

369.52 ±
17.22 A 19.3 0.08 0.60 0.86 1.24 0.79 0.54

a12 Diethyl succinate 123-25-1 1182/1186 MS, RI 2.75 ±
0.46 E

513.20 ±
47.83 B

586.85 ±
23.91 A

500.78 ±
25.07 B

248.46 ±
62.24 D

379.88 ±
10.56 C n.f. - - - - - -

a13 Ethyl caprate 110-38-3 1396/1401 MS, RI 4.70 ±
0.49 D

85.34 ±
3.71 C

126.78 ±
2.47 b

192.61 ±
15.70 A

97.32 ±
5.20 C

92.56 ±
5.18 C 5 0.19 0.56 1.13 2.30 1.23 0.52

a14 Ethyl phenylacetate 101-97-3 1246/1248 MS, RI n.d. 5.99 ±
0.39 A

5.33 ±
0.41 B

5.93 ±
1.76 A

6.70 ±
0.16 A

6.87 ±
0.19 A n.f. - - - - - -

a15 Phenethyl acetate 103-45-7 1258/1259 MS, RI n.d. 58.08 ±
9.51 B

71.15 ±
3.07 A

79.47 ±
3.86 A

72.91 ±
4.07 A

52.40 ±
1.42 A 249.59 0.00 0.01 0.01 0.02 0.02 0.01

a16 Ethyl caproate 123-66-0 1000/1004 MS, RI n.d. 311.90 ±
23.51 A

308.75 ±
27.45 A n.d. n.d. n.d. 5 0.00 2.05 2.76 0.00 0.00 0.00

a17 Ethyl nonanoate 123-29-5 1296/1299 MS, RI n.d. 7.24 ±
1.25 B

9.38 ±
1.21 A n.d. n.d. n.d. n.f. - - - - - -
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Table 2. Cont.

NO Compounds CAS RI a/RI b Identification c F0 F2 F4 F6 F8 F10 Thresholds
(µg/kg) F0 F2 F4 F6 F8 F10

a18 Ethyl laurate 106-33-2 1595/1605 MS, RI n.d. 4.08 ±
0.82 BC

5.03 ±
0.90
ABC

6.65 ±
1.30 A

5.28 ±
1.55 AB

3.38 ±
0.17 C n.f. - - - - - -

a19 2-Methylbutyl acetate 624-41-9 880/880 MS, RI n.d. n.d. 233.73 ±
12.48 D

422.28 ±
18.13 B

659.90 ±
28.35 A

292.66 ±
20.03 C 5 0.00 0.00 2.09 5.04 8.36 1.64

a20
2-hydroxy-4-
methylvalerate ethyl
ester

10348-47-7 1060/1061 MS, RI n.d. n.d. 16.76 ±
0.53 B

20.74 ±
1.93 A

12.74 ±
0.82 C

12.28 ±
2.09 C n.f. - - - - - -

a21 Ethyl heptanoate 106-30-9 1097/1105 MS, RI n.d. n.d. 7.12 ±
0.31 a n.d. n.d. n.d. 1.9 0.00 0.00 0.17 0.00 0.00 0.00

a22 Hexyl acetate 142-92-7 1011/1016 MS, RI n.d. n.d. n.d. n.d. 8.46 ±
0.20 A n.d. n.f. - - - - - -

Alkenes

a23 1-Nonene 124-11-8 889/879 MS, RI 42.09 ±
2.52 A n.d. n.d. n.d. n.d. n.d. n.f. - - - - - -

a24 3-Methyl-1-heptene 4810/9/7 1075/1071 MS, RI 14.92 ±
0.50 B

13.85 ±
0.39 B

10.50 ±
0.35 C

16.04 ±
1.50 B

23.50 ±
3.01 B

440.40 ±
12.97 A n.f. - - - - - -

a25 1-Dodecene 112-41-4 1190/1192 MS, RI 6.79 ±
0.41 B

4.94 ±
0.71 B n.d. n.d. 11.52 ±

3.59 A
10.18 ±
0.77 A n.f. - - - - - -

a26 1, 2, 3, 3
cyclopentadiene 65372-78-3 1386/1387 MS, RI 2.27 ±

0.99 C
3.21 ±
0.29 C

5.53 ±
0.32 B

7.88 ±
1.29 A n.d. n.d. n.f. - - - - - -

a27 1-Tetradecene 1120-36-1 1392/1394 MS, RI 3.49 ±
0.78 B n.d. n.d. 4.83 ±

0.17 A
4.16 ±
0.71 AB

2.45 ±
0.67 C n.f. - - - - - -

a28 (Z)-3-Un.d.ecene 821-97-6 1086/1074 MS, RI n.d. 20.78 ±
5.27 A n.d. n.d. n.d. n.d. n.f. - - - - - -

a29 l-Caryophyllene 87-44-5 1419/1421 MS, RI 11.40 ±
0.42 BC

11.83 ±
1.19 BC

14.53 ±
1.70 B

25.64 ±
3.57 A

8.89 ±
1.16 C

9.30 ±
1.01 C 64 0.04 0.01 0.01 0.02 0.01 0.00

a30 4-Methoxystyrene 637-69-4 1156/1151 MS, RI n.d. n.d. n.d. 6.34 ±
1.15 B

23.36 ±
0.25 A

3.53 ±
1.09 C n.f. - - - - - -

a31 1, 2, 3, 3
cyclopentadiene 65372-78-3 1386/1386 MS, RI n.d. n.d. n.d. n.d. 3.45 ±

0.82 A
3.01 ±
0.78 A n.f. - - - - - -

Alkanes

a32 Cis-1, 2-
dimethylcyclopentane 1192-18-3 723/724 MS, RI 715.98 ±

33.87 C
937 ±
83.22 A

814.94 ±
58.83 B

664.03 ±
58.58 C

656.27 ±
39.86 C

826.49 ±
36.56 B n.f. - - - - - -

a33 2, 6,
11-Trimethyldodecane 31295-56-4 1275/1281 MS, RI 4.04 ±

0.59 A n.d. n.d. n.d. n.d. n.d. n.f. - - - - - -

a34 Tridecane 629-50-5 1300/1301 MS, RI 4.94 ±
0.77 A n.d. n.d. n.d. n.d. n.d. n.f. - - - - - -

a35 4, 6-Dimethyldodecane 61141-72-8 1325/1327 MS, RI n.d. n.d. n.d. n.d. 6.88 ±
0.59 A

5.63 ±
0.79 B n.f. - - - - - -
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Table 2. Cont.

NO Compounds CAS RI a/RI b Identification c F0 F2 F4 F6 F8 F10 Thresholds
(µg/kg) F0 F2 F4 F6 F8 F10

Aldehydes n.f.

a36 Phenylacetaldehyde 122-78-1 1045/1046 MS, RI 4.63 ±
0.23 C

6.75 ±
0.64 B

7.99 ±
1.25 A

8.14 ±
0.88 A n.d. n.d. 6.3 0.15 0.04 0.06 0.08 0.00 0.00

a37 Decanal 112-31-2 1206/1208 MS, RI 1.34 ±
0.13 CD

4.23 ±
0.34 C

3.29 ±
0.96 CD

3.11 ±
0.34 CD

10.04 ±
2.27 A

7.81 ±
0.56 B 3 0.09 0.05 0.05 0.06 0.21 0.07

a38 Hexanal 66-25-1 800/803 MS, RI n.d. 49.69 ±
4.45 A n.d. n.d. n.d. n.d. 5 0.00 0.33 0.00 0.00 0.00 0.00

a39 1-Nonanal 124-19-6 1104/1106 MS, RI 7.51 ±
1.75 C

51.91 ±
11.88 B

92.99 ±
7.91 A n.d. n.d. n.d. 1.1 1.39 1.55 3.78 0.00 0.00 0.00

a40 2, 5-
Dimethylbenzaldehyde 5779-94-2 1208/1217 MS, RI n.d. n.d. 6.58 ±

0.38 A n.d. n.d. n.d. n.f. - - - - - -

Phenols

a41 2, 4-Di-tert-butylphenol 96-76-4 1519/1520 MS, RI 3.55 ±
0.40 A n.d. n.d. n.d. n.d. n.d. n.f. - - - - - -

a42 4-Ethylguaiacol 2785-89-9 1282/1281 MS, RI n.d. 13.13 ±
1.55 A

12.90 ±
0.75 A

12.39 ±
0.62 A

13.46 ±
0.62 A n.d. 89.25 0.00 0.00 0.01 0.01 0.01 0.00

Ketones

a43 3-Octanone 106-68-3 986/989 MS, RI n.d. n.d. n.d. n.d. 35.02 ±
1.69 A n.d. 21.4 0.00 0.00 0.00 0.00 0.10 0.00

Other

a44 Naphthalene 91-20-3 1182/1182 MS, RI 8.46 ±
0.45 A n.d. n.d. n.d. n.d. n.d. n.f. - - - - - -

a45 Benzylhydrazine 555-96-4 1118/1122 MS, RI 69.00 ±
3.06 C

319.93 ±
13.71 B

37.13 ±
2.48 D

46.18 ±
3.53 D

352.31 ±
23.38 A

46.57 ±
4.17 D n.f. - - - - - -

a46 2-Pentylfuran 3777-69-3 993/992 MS, RI n.d. n.d. n.d. n.d. n.d. 44.27 ±
5.13 A 5.8 0.00 0.00 0.00 0.00 0.00 0.21

a: retention index of compounds on HP-5MS; b: retention index of compounds in references; c: “MS”: mass spectrum comparison using NIST17 library; A–E: different letters represent
significant differences. “RI”: retention index in agreement with the literature value; ‘n.f.’: threshold was not found in the literature; ‘n.d.’: data were not detected in the sample. The
threshold of volatile compounds in water refers to the literatures [13].
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Figure 12. Numbers and percentages of volatile compounds identified in the Tuqu fermentation
process of Hunan light-flavor Baijiu: (A) numbers of different types of volatile compounds in
different steps; (B) the percentages of different volatile compounds in the Tuqu fermentation process
of Hunan light-flavor Baijiu; (C) the changes in the content of alcohols and esters of Hunan Tuqu
light-flavor Baijiu.
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3.7. Critical Volatile Compounds

It is worth noting that not all VOCs detected in the fermented grain samples fermented
at different times contribute significantly to the flavor of the fermented grains. An ROAV
analysis was conducted to assess the contribution of different volatiles to the fermented
grains’ aroma during the fermentation of the fermented grains. The ROAV value indicates
the importance of key aroma compounds, with higher scores indicating a greater contribu-
tion to the aroma quality of the fermented grains [38]. Among the VOCs analyzed (Table 2),
nine key VOCs with ROAV > 1 were identified in the fermented grains: 3-methyl-1-butanol
(ROAV = 35.49), 1-octen-3-ol (ROAV = 3.48), 2-methyl-1-butanol (ROAV = 3.95), isoamyl
acetate (ROAV = 100), ethyl caprylate (ROAV = 1.24), ethyl caprate (ROAV = 2.30), ethyl
caproate (ROAV = 2.76), 2-methylbutyl acetate (ROAV = 8.36), and 1-nonanal (ROAV = 3.78).
Isoamyl acetate had the highest ROAV and contributed the most to the flavor of the fer-
mented grains. Its content decreased and then increased, giving the fermented grains a
fruity aroma and a banana flavor. 3-methyl-1-butanol was the second most important
odor-active substance, contributing to the floral and cocoa flavors of the fermented grains.
1-octen-3-ol, decanal, despite being present in low concentrations, had a high ROAV due
to its low odor threshold, and it contributes a mushroom flavor to the fermented grains.
2-methylbutyl acetate provides a fruity and pear aroma to the fermented grains, ethyl capry-
late provides a sweet and soft floral and brandy aroma, ethyl caproate provides a brandy
and pineapple aroma to the fermented grains, and ethyl caprate provides a brandy and pear
aroma to the fermented grains. All these volatile organic compounds enhance the floral
and fruity aromas of the fermented grains. VOCs with 0.1 ≤ ROAV < 1 included phenethyl
alcohol, ethyl heptanoate, decanal, hexanal, 3-octanone, and 2-pentylfuran, which have a
moderating effect on the aroma characteristics of the fermented grains. Phenethyl alcohol
increased during fermentation, giving the fermented grains its honey and rose aromas.

4. Conclusions

The results demonstrate that the microbial metabolism exhibited significant activity
during the pre-fermentation and mid-fermentation stages, which were characterized by a
higher water content and the efficient utilization of starch for saccharification. α-amylase
and glucoamylase activities displayed a sharp decline, while acid protease, cellulase activ-
ity, and lipase activity showed an increase. Additionally, the acidity gradually increased
as the fermentation progressed. The microbial structure of Hunan light-flavor Baijiu at
different fermentation periods was investigated using high-throughput sequencing technol-
ogy. A total of fifty bacterial genera and twenty-two fungal genera were identified in this
study. Lactobacillus and Saccharomyces were found to be the predominant microorganisms
among bacteria and fungi, respectively. Notably, there were substantial variations in the
microbial composition and abundance observed across different fermentation periods,
highlighting the complexity of the microbial structure during the fermentation stage. The
results of a Spearman correlation analysis of physicochemical indicators with fungal and
bacterial microorganisms show that Lactobacillus and Saccharomyces were the dominant
genera for bacteria and fungi, respectively, which suggests that these physicochemical
indicators drive changes in the flora of Saccharomyces and Lactobacillus. At the same time,
the growth and metabolism of Saccharomyces and Lactobacillus could also have an important
effect on the enzyme activity, ethanol content, and acidity, which are conducive to the
formation of the Baijiu flavor. Additionally, a total of 46 volatile flavor compounds were
detected via GC-MS in the fermented grains samples, of which esters constituted the major
portion, and nine key flavor compounds with an ROAV > 1 were identified throughout the
fermentation process. Isoamyl acetate had the highest ROAV and made the greatest contri-
bution to the flavor, enhancing the floral and fruity aroma of the fermented grains. These
results provide a data reference and theoretical guidance for the industrial development of
light-flavor Baijiu.



Foods 2024, 13, 899 19 of 20

Author Contributions: A.H.: methodology, writing—original draft preparation, writing—reviewing
and editing; J.X.: data curation, writing—original draft preparation; T.Z.: investigation, validation;
J.H.: software; R.J.: investigation; Y.D.: validation; H.C.: project administration, Z.L.: methodology,
supervision, funding acquisition. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the Doctoral Research Start-up Fund of Guiyang University,
Micro-ecology of Wine-making and Quality Analysis of the Rounds of Wine in the Core Region of
Sauce-type Baijiu (Project No. GYU-KY-[2022]).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in the study are included in the
article; further inquiries can be directed to the corresponding author.

Conflicts of Interest: Author Huitai Chen was employed by Hunan Guoyuan Liquor Co., Ltd.
Huitai Chen has contributed toward project administration. The objectivity and authenticity of the
experimental results and discussion were not affected by the company. The remaining authors declare
that the research was conducted in the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

References
1. Yao, F.; Yi, B.; Shen, C.; Tao, F.; Liu, Y.; Lin, Z.; Xu, P. Chemical Analysis of the Chinese Liquor Luzhoulaojiao by Comprehensive

Two-Dimensional Gas Chromatography/Time-of-Flight Mass Spectrometry. Sci. Rep. 2015, 5, 9553. [CrossRef]
2. Li, R.-R.; Xu, M.; Zheng, J.; Liu, Y.-J.; Sun, C.-H.; Wang, H.; Guo, X.-W.; Xiao, D.-G.; Wu, X.-L.; Chen, Y.-F. Application Potential of

Baijiu Non-Saccharomyces Yeast in Winemaking through Sequential Fermentation with Saccharomyces cerevisiae. Front. Microbiol.
2022, 13, 902597. [CrossRef] [PubMed]

3. Huang, X.; Fan, Y.; Lu, T.; Kang, J.; Pang, X.; Han, B.; Chen, J. Composition and Metabolic Functions of the Microbiome in
Fermented Grain during Light-Flavor Baijiu Fermentation. Microorganisms 2020, 8, 1281. [CrossRef] [PubMed]

4. Tang, J.; Liu, Y.; Lin, B.; Zhu, H.; Jiang, W.; Yang, Q.; Chen, S. Effects of Ultra-Long Fermentation Time on the Microbial
Community and Flavor Components of Light-Flavor Xiaoqu Baijiu Based on Fermentation Tanks. World J. Microbiol. Biotechnol.
2022, 38, 3. [CrossRef] [PubMed]

5. Wang, L.; Wang, Y.Y.; Wang, D.Q.; Xu, J.; Yang, F.; Liu, G.; Zhang, D.Y.; Feng, Q.; Xiao, L.; Xue, W.B.; et al. Dynamic Changes in
the Bacterial Community in Moutai Liquor Fermentation Process Characterized by Deep Sequencing: Dynamic Changes in the
Bacterial Community in Moutai Liquor. J. Inst. Brew. 2015, 121, 603–608. [CrossRef]

6. Ji, X.; Yu, X.; Wu, Q.; Xu, Y. Initial Fungal Diversity Impacts Flavor Compounds Formation in the Spontaneous Fermentation of
Chinese Liquor. Food Res. Int. 2022, 155, 110995. [CrossRef] [PubMed]

7. Wang, Q.; Wang, C.; Xiang, X.; Xu, H.; Han, G. Analysis of Microbial Diversity and Succession during Xiaoqu Baijiu Fermentation
Using High-throughput Sequencing Technology. Eng. Life Sci. 2022, 22, 495–504. [CrossRef] [PubMed]

8. Wang, Z.; Sun, X.; Liu, Y.; Yang, H. Characterization of Key Aroma Compounds in Xiaoqu Liquor and Their Contributions to the
Sensory Flavor. Beverages 2020, 6, 42. [CrossRef]

9. Pan, Y.; Wang, Y.; Hao, W.; Duan, C.; Wang, S.; Wei, J.; Liu, G. Metatranscriptomics Unravel Composition, Drivers, and Functions
of the Active Microorganisms in Light-Flavor Liquor Fermentation. Microbiol. Spectr. 2022, 10, e02151-21. [CrossRef]

10. DB34/T2264-2014; The Analysis Method of Solid-State Fermented Grains. Anhui Provincial Bureau: Hefei, China, 2014.
11. Xiao, Y.; Huang, Y.; Chen, Y.; Zhu, M.; He, C.; Li, Z.; Wang, Y.; Liu, Z. Characteristic Fingerprints and Change of Volatile Organic

Compounds of Dark Teas during Solid-State Fermentation with Eurotium Cristatum by Using HS-GC-IMS, HS-SPME-GC-MS,
E-Nose and Sensory Evaluation. LWT 2022, 169, 113925. [CrossRef]

12. Xiao, L.; Yang, C.; Zhang, X.; Wang, Y.; Li, Z.; Chen, Y.; Liu, Z.; Zhu, M.; Xiao, Y. Effects of Solid-State Fermentation with Bacillus
Subtilis LK-1 on the Volatile Profile, Catechins Composition and Antioxidant Activity of Dark Teas. Food Chem. X 2023, 19, 100811.
[CrossRef] [PubMed]

13. Van Gemert, L.J. Compilations of Flavour Threshold Values in Water and Other Media, 2nd Enlarged and Revised ed.; Boelens Aroma
Chemical Information Service: Huizen, The Netherlands, 2018.

14. Zeng, Y.; Wang, Y.; Chen, Q.; Xia, X.; Liu, Q.; Chen, X.; Wang, D.; Zhu, B. Dynamics of Microbial Community Structure and
Enzyme Activities during the Solid-State Fermentation of Forgood Daqu: A Starter of Chinese Strong Flavour Baijiu. Arch.
Microbiol. 2022, 204, 577. [CrossRef]

15. Wang, B.; Wu, Q.; Xu, Y.; Sun, B. Specific Volumetric Weight-Driven Shift in Microbiota Compositions with Saccharifying Activity
Change in Starter for Chinese Baijiu Fermentation. Front. Microbiol. 2018, 9, 2349. [CrossRef]

https://doi.org/10.1038/srep09553
https://doi.org/10.3389/fmicb.2022.902597
https://www.ncbi.nlm.nih.gov/pubmed/35711782
https://doi.org/10.3390/microorganisms8091281
https://www.ncbi.nlm.nih.gov/pubmed/32842618
https://doi.org/10.1007/s11274-021-03183-3
https://www.ncbi.nlm.nih.gov/pubmed/34817705
https://doi.org/10.1002/jib.259
https://doi.org/10.1016/j.foodres.2022.110995
https://www.ncbi.nlm.nih.gov/pubmed/35400416
https://doi.org/10.1002/elsc.202200015
https://www.ncbi.nlm.nih.gov/pubmed/35865650
https://doi.org/10.3390/beverages6030042
https://doi.org/10.1128/spectrum.02151-21
https://doi.org/10.1016/j.lwt.2022.113925
https://doi.org/10.1016/j.fochx.2023.100811
https://www.ncbi.nlm.nih.gov/pubmed/37780291
https://doi.org/10.1007/s00203-022-03198-w
https://doi.org/10.3389/fmicb.2018.02349


Foods 2024, 13, 899 20 of 20

16. Luo, A.; Yang, N.; Yang, J.; Hao, J.; Zhao, J.; Shi, S.; Hu, B. Effects of Microbial Interspecies Relationships and Physicochemical
Parameters on Volatile Flavors in Sorghum-based Fermented Grains during the Fermentation of Shanxi Light-flavored Liquor.
Food Sci. Nutr. 2023, 11, 1452–1462. [CrossRef]

17. Wu, Y.; Hou, Y.; Chen, H.; Wang, J.; Zhang, C.; Zhao, Z.; Ao, R.; Huang, H.; Hong, J.; Zhao, D.; et al. ‘Key Factor’ for Baijiu
Quality: Research Progress on Acid Substances in Baijiu. Foods 2022, 11, 2959. [CrossRef]

18. Le Lay, C.; Coton, E.; Le Blay, G.; Chobert, J.M.; Haertlé, T.; Choiset, Y.; Van Long, N.N.; Meslet-Cladière, L.; Mounier, J.
Identification and Quantification of Antifungal Compounds Produced by Lactic Acid Bacteria and Propionibacteria. Int. J. Food
Microbiol. 2016, 239, 79–85. [CrossRef] [PubMed]

19. Kouitcheu Mabeku, L.B.; Ngue, S.; Bonsou Nguemo, I.; Leundji, H. Potential of Selected Lactic Acid Bacteria from Theobroma
cacao Fermented Fruit Juice and Cell-Free Supernatants from Cultures as Inhibitors of Helicobacter pylori and as Good Probiotic.
BMC Res. Notes 2020, 13, 64. [CrossRef] [PubMed]

20. Pang, X.N.; Han, B.Z.; Huang, X.N.; Zhang, X.; Hou, L.F.; Cao, M.; Gao, L.J.; Hu, G.H.; Chen, J.Y. Effect of the Environment
Microbiota on the Flavour of Light-Flavour Baijiu during Spontaneous Fermentation. Sci. Rep. 2018, 8, 3396. [CrossRef]

21. Shen, T.; Liu, J.; Wu, Q.; Xu, Y. Increasing 2-Furfurylthiol Content in Chinese Sesame-Flavored Baijiu via Inoculating the Producer
of Precursor l-Cysteine in Baijiu Fermentation. Food Res. Int. 2020, 138, 109757. [CrossRef]

22. Sun, W.; Xiao, H.; Peng, Q.; Zhang, Q.; Li, X.; Han, Y. Analysis of Bacterial Diversity of Chinese Luzhou-Flavor Liquor Brewed in
Different Seasons by Illumina Miseq Sequencing. Ann. Microbiol. 2016, 66, 1293–1301. [CrossRef]

23. Wang, H.-Y.; Zhang, X.-J.; Zhao, L.-P.; Xu, Y. Analysis and Comparison of the Bacterial Community in Fermented Grains during
the Fermentation for Two Different Styles of Chinese Liquor. J. Ind. Microbiol. Biotechnol. 2008, 35, 603–609. [CrossRef]

24. Hao, H.; Yan, R.; Miao, Z.; Wang, B.; Sun, J.; Sun, B. Volatile Organic Compounds Mediated Endogenous Microbial Interactions in
Chinese Baijiu Fermentation. Int. J. Food Microbiol. 2022, 383, 109955. [CrossRef]

25. Lin, B.; Tang, J.; Yang, Q.; Su, Z.; Zhu, L.; Li, Q.; Jiang, W.; Zhang, L.; Liu, Y.; Chen, S. Microbial Succession and Its Effect on
Key Aroma Components during Light-Aroma-Type Xiaoqu Baijiu Brewing Process. World J. Microbiol. Biotechnol. 2022, 38, 166.
[CrossRef]

26. Zhang, H.; Wang, L.; Tan, Y.; Wang, H.; Yang, F.; Chen, L.; Hao, F.; Lv, X.; Du, H.; Xu, Y. Effect of Pichia on Shaping the
Fermentation Microbial Community of Sauce-Flavor Baijiu. Int. J. Food Microbiol. 2021, 336, 108898. [CrossRef]

27. Schloss, P.D.; Gevers, D.; Westcott, S.L. Reducing the Effects of PCR Amplification and Sequencing Artifacts on 16S rRNA-Based
Studies. Edited by Jack Anthony Gilbert. PLoS ONE 2011, 6, e27310. [CrossRef]

28. Dorn-In, S.; Hölzel, C.S.; Janke, T.; Schwaiger, K.; Balsliemke, J.; Bauer, J. PCR-SSCP-Based Reconstruction of the Original Fungal
Flora of Heat-Processed Meat Products. Int. J. Food Microbiol. 2013, 162, 71–81. [CrossRef] [PubMed]

29. Wang, W.; Fan, G.; Li, X.; Fu, Z.; Liang, X.; Sun, B. Application of Wickerhamomyces Anomalus in Simulated Solid-State
Fermentation for Baijiu Production: Changes of Microbial Community Structure and Flavor Metabolism. Front. Microbiol. 2020,
11, 598758. [CrossRef]

30. Cappello, M.S.; Zapparoli, G.; Logrieco, A.; Bartowsky, E.J. Linking Wine Lactic Acid Bacteria Diversity with Wine Aroma and
Flavour. Int. J. Food Microbiol. 2017, 243, 16–27. [CrossRef]

31. Hao, F.; Tan, Y.; Lv, X.; Chen, L.; Yang, F.; Wang, H.; Du, H.; Wang, L.; Xu, Y. Microbial Community Succession and Its Environment
Driving Factors During Initial Fermentation of Maotai-Flavor Baijiu. Front. Microbiol. 2021, 12, 669201. [CrossRef] [PubMed]

32. Song, Z.; Du, H.; Zhang, Y.; Xu, Y. Unraveling Core Functional Microbiota in Traditional Solid-State Fermentation by High-
Throughput Amplicons and Metatranscriptomics Sequencing. Front. Microbiol. 2017, 8, 1294. [CrossRef] [PubMed]

33. Bartowsky, E.J.; Henschke, P.A. The ‘Buttery’ Attribute of Wine—Diacetyl—Desirability, Spoilage and Beyond. Int. J. Food
Microbiol. 2004, 96, 235–252. [CrossRef] [PubMed]

34. Yamada, T.; Ogrydziak, D.M. Extracellular Acid Proteases Produced by Saccharomycopsis lipolytica. J. Bacteriol. 1983, 154, 23–31.
[CrossRef] [PubMed]

35. Cheng, W.; Chen, X.; Lan, W.; Liu, G.; Xue, X.; Li, R.; Pan, T.; Li, N.; Zhou, D.; Chen, X. Insights into the Influence of
Physicochemical Parameters on the Microbial Community and Volatile Compounds during the Ultra-Long Fermentation of
Compound-Flavor Baijiu. Front. Microbiol. 2023, 14, 1272559. [CrossRef] [PubMed]

36. He, Q.; Zhou, W.; Chen, X.; Zhang, Q. Chemical and Bacterial Composition of Broussonetia papyrifera Leaves Ensiled at Two
Ensiling Densities with or without Lactobacillus plantarum. J. Clean. Prod. 2021, 329, 129792. [CrossRef]

37. Li, W.; Fan, G.; Fu, Z.; Wang, W.; Xu, Y.; Teng, C.; Zhang, C.; Yang, R.; Sun, B.; Li, X. Effects of Fortification of Daqu with Various
Yeasts on Microbial Community Structure and Flavor Metabolism. Food Res. Int. 2020, 129, 108837. [CrossRef]

38. Xia, D.; Tan, X.; Wang, L.; Li, Z.; Hou, A.; Zhu, Y.; Lai, L.; Wang, Y. GC-MS Coupled with Rate-All-That-Apply (RATA) to Analyse
the Volatile Flavor Substances of Yellow Wine during Fermentation. Foods 2023, 12, 1992. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1002/fsn3.3185
https://doi.org/10.3390/foods11192959
https://doi.org/10.1016/j.ijfoodmicro.2016.06.020
https://www.ncbi.nlm.nih.gov/pubmed/27350657
https://doi.org/10.1186/s13104-020-4923-7
https://www.ncbi.nlm.nih.gov/pubmed/32041667
https://doi.org/10.1038/s41598-018-21814-y
https://doi.org/10.1016/j.foodres.2020.109757
https://doi.org/10.1007/s13213-016-1223-5
https://doi.org/10.1007/s10295-008-0323-z
https://doi.org/10.1016/j.ijfoodmicro.2022.109955
https://doi.org/10.1007/s11274-022-03353-x
https://doi.org/10.1016/j.ijfoodmicro.2020.108898
https://doi.org/10.1371/journal.pone.0027310
https://doi.org/10.1016/j.ijfoodmicro.2012.12.022
https://www.ncbi.nlm.nih.gov/pubmed/23361099
https://doi.org/10.3389/fmicb.2020.598758
https://doi.org/10.1016/j.ijfoodmicro.2016.11.025
https://doi.org/10.3389/fmicb.2021.669201
https://www.ncbi.nlm.nih.gov/pubmed/34025626
https://doi.org/10.3389/fmicb.2017.01294
https://www.ncbi.nlm.nih.gov/pubmed/28769888
https://doi.org/10.1016/j.ijfoodmicro.2004.05.013
https://www.ncbi.nlm.nih.gov/pubmed/15454314
https://doi.org/10.1128/jb.154.1.23-31.1983
https://www.ncbi.nlm.nih.gov/pubmed/6339473
https://doi.org/10.3389/fmicb.2023.1272559
https://www.ncbi.nlm.nih.gov/pubmed/37965554
https://doi.org/10.1016/j.jclepro.2021.129792
https://doi.org/10.1016/j.foodres.2019.108837
https://doi.org/10.3390/foods12101992

	Introduction 
	Materials and Methods 
	Sample Collection 
	The Brewing Process of the Tuqu Fermentation of Hunan Light-Flavor Baijiu 
	Major Reagents and Instruments 
	Determination of Physical and Chemical Indicators 
	DNA Extraction, Polymerase Chain Reaction (PCR) Amplification, and Sequencing 
	DNA Extraction 
	16S rRNA and ITS Gene Amplicon Sequencing 

	Determination of Volatile Flavor Substances 
	Analysis of Relative Odor Activity Value 
	Statistical Analysis 

	Results and Discussion 
	Variation Rules of Enzyme Activity during the Tuqu Fermentation of Hunan Light-Flavor Baijiu 
	Variation in Moisture and Acidity during the Tuqu Fermentation Process of Hunan Light-Flavor Baijiu 
	Variations in the Structure of Bacteria during the Tuqu Fermentation of Hunan Light-Flavor Baijiu 
	Bacterial Alpha Diversity Analysis of the Fermented Grains 
	Analysis of the Bacterial Community Structure of the Fermented Grains 
	Heat Map Analysis of the Fermented Grain Bacterial Community Succession 

	Variations in the Structure of Fungi during the Tuqu Fermentation of Hunan Light-Flavor Baijiu 
	Fungi Alpha Diversity Analysis 
	Analysis of the Fermented Grain Fungi Community Structure 
	Heat Map Analysis of Fungal Community Succession Based on the Species Taxonomic Genus Level 

	Correlation Analysis of Microbial and Physicochemical System Indicators in the Tuqu Fermentation Process of Hunan Light-Flavor Baijiu 
	Correlation Analysis of Bacteria at the Genus Level and Physicochemical Indicators 
	Correlation Analysis of Fungi at the Genus Level and Physicochemical Indicators 

	Qualitative and Quantitative Analysis of VOCs by GC–MS 
	Critical Volatile Compounds 

	Conclusions 
	References

