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Abstract

Lactic acid is a key metabolite in Baijiu fermentation and plays an important role in ester
formation and overall flavor development. However, D-lactic acid commonly accumulates
in Baijiu and often exceeds L-lactic acid, resulting in low L/D ratios that may negatively af-
fect fermentation performance and sensory quality. Therefore, regulating the optical com-
position of lactic acid is of significant importance. In this study, an L-lactic acid-enriched
wheat bran Qu was developed by inoculating Bacillus cereus B12 and applied in light-flavor
Baijiu fermentation. The preparation conditions were optimized using single-factor exper-
iments and orthogonal experimental design. The optimal conditions were an inoculation
level of 3%, moisture content of 55%, cultivation temperature of 37 °C, and cultivation
time of 60 h, under which the microbial biomass reached 2.02 x 1019 CFU/ g. The L-lactic
acid-enriched wheat bran Qu influenced fermentation characteristics, including substrate
utilization and physicochemical parameters. Notably, it significantly increased lactic acid
production, particularly L-lactic acid, thereby improving the optical composition of lac-
tic acid. Meanwhile, the concentrations of key ester compounds, including ethyl lactate
and ethyl acetate, were significantly enhanced (p <0.05). Microbial community analysis re-
vealed shifts in bacterial composition with enrichment of lactic acid-related genera. These
findings demonstrate that L-lactic acid-enriched wheat bran Qu can regulate lactic acid pro-
duction and promote ester formation, providing a potential strategy for improving flavor
quality in light-flavor Baijiu fermentation.

Keywords: Baijiu fermentation; L-lactic acid-enriched wheat bran Qu; L-lactic acid; ester
formation; microbial community; light-flavor Baijiu

1. Introduction

Baijiu is one of the most widely consumed distilled spirits in China and is produced
through a complex solid-state fermentation process involving diverse microbial communi-
ties [1,2]. During fermentation, microorganisms convert carbohydrates and proteins from
raw materials into a wide range of metabolites, including organic acids, alcohols, and es-
ters, which collectively contribute to the characteristic aroma and flavor of Baijiu [2,3].
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Among the various Baijiu styles, light-flavor Baijiu is characterized by a relatively clean
and delicate aroma profile, in which ester compounds, particularly ethyl acetate and ethyl
lactate, play key roles in determining overall flavor quality [4,5].

Lactic acid is an important intermediate metabolite in Baijiu fermentation and serves
as a key precursor for ester formation [6]. Notably, lactic acid exists in two optical isomers,
L-lactic acid and D-lactic acid, which exhibit different sensory properties [6,7]. Previous
studies have indicated that L-lactic acid generally contributes a smoother and milder acid-
ity, whereas D-lactic acid is associated with a sharper and more persistent acidic percep-
tion [6-8]. In addition, the accumulation of D-lactic acid is commonly observed in Baijiu,
with its concentration often exceeding that of L-lactic acid in most commercial products,
leading to relatively low L/D ratios [6,9]. Excessive D-lactic acid may increase mash acid-
ity, disrupt normal saccharification and fermentation processes, and negatively affect the
sensory quality of the final product by imparting a sharp and less desirable taste [6-8]. In
addition, although D-lactic acid is commonly present in Baijiu and there is currently no na-
tional standard specifying the content or L/D ratio of lactic acid enantiomers, excessive ac-
cumulation of D-lactic acid has also been associated with potential physiological concerns
under certain conditions [7]. Therefore, regulating the optical composition of lactic acid
during fermentation may influence the balance of flavor compounds and, consequently,
the sensory quality of Baijiu.

Traditional Baijiu fermentation relies on complex microbial ecosystems derived from
Daqu and the surrounding environment [3,10]. While this open fermentation system con-
tributes to the diversity of flavor compounds, it also introduces variability in fermenta-
tion performance and product quality [11]. In recent years, the use of functional microbial
starters has emerged as a promising strategy to regulate microbial succession and improve
fermentation consistency [12]. Wheat bran Qu, due to its rich nutrient composition, favor-
able aeration properties, and suitability for microbial growth, has been widely used as a
carrier for microorganisms in solid-state fermentation and represents a potential platform
for developing functional starter cultures [13,14]. Functional microorganisms with specific
metabolic properties may provide a targeted strategy for regulating lactic acid composition
and ester formation during Baijiu fermentation. Therefore, identification and application
of native functional strains capable of producing high levels of L-lactic acid are important
for improving fermentation stability and flavor-related metabolic regulation.

In this study, an L-lactic acid-producing strain (Bacillus cereus B12 (B. cereus B12)) iso-
lated from pit mud was used to develop a L-lactic acid-enriched wheat bran Qu (hereafter
referred to as enriched wheat bran Qu) [15]. The preparation conditions were optimized
through single-factor experiments followed by orthogonal experimental design. The en-
riched wheat bran Qu was then applied to light-flavor Baijiu fermentation to evaluate its
effects on fermentation characteristics, lactic acid production, ester formation, and bacte-
rial community structure. This study aims to provide a potential approach for regulating L-
lactic acid production and improving flavor formation in light-flavor Baijiu fermentation.

2. Materials and Methods
2.1. Microorganism and Culture Medium

The L-lactic acid-producing strain used in this study was B. cereus B12, which was
isolated from pit mud used in Baijiu fermentation and preserved in the laboratory. This
strain had been previously identified as a high-yield L-lactic acid producer [15].

Luria—Bertani (LB) medium was used for strain activation and cultivation. The com-
position of LB medium was as follows (per liter): tryptone 10 g, yeast extract 5 g, sodium
chloride 10 g, and distilled water to 1000 mL. For solid medium, agar 20 g/L was added.
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2.2. Preparation of Seed Culture

LB liquid medium was prepared and sterilized at 121 °C for 20 min and inoculated
with B. cereus B12 under aseptic conditions. The culture was incubated in a shaking incu-
bator at 37 °C and 150 rpm for 14 h to obtain an actively growing seed culture. The ODgg
was measured using a UV-visible spectrophotometer, and the culture was adjusted to an
ODgqp of 1.0 prior to use in subsequent experiments [16].

2.3. Biomass Quantification of Seed Culture

The viable cell concentration of the seed culture (ODgpy = 1.0) was determined using
the plate count method, as previously described [17]. Serial dilutions of the bacterial sus-
pension were prepared in sterile saline, and aliquots were spread onto LB agar plates. After
incubation at 37 °C for 24 h, colonies were counted. Plates containing 30-300 colonies were
considered valid, and the results were expressed as colony-forming units (CFU/mL).

2.4. Preparation of Enriched Wheat Bran Qu

A solid-state cultivation system was established for the preparation of enriched wheat
bran Qu using B. cereus B12. Wheatbran (170 g) was placed in sterile shallow trays, and ster-
ile distilled water was added to adjust the moisture content to 55% (w/w). The substrates
were covered with sterile gauze and sterilized at 121 °C for 20 min.

After cooling to room temperature, the sterilized wheat bran was inoculated with
the seed culture (OD600 = 1.0) at an inoculation level of 10% (v/w) and thoroughly mixed
under aseptic conditions. Control samples were prepared by adding sterile distilled water
instead of the inoculum. The substrates were then incubated statically at 37 °C for 3 days
for solid-state cultivation. Following cultivation, the samples were dried at 40 °C until the
moisture content decreased to <12%. The resulting enriched wheat bran Qu was vacuum-
sealed and stored at 4 °C for subsequent use.

The preparation process of enriched wheat bran Qu is illustrated in Figure 1. These
conditions were used as the baseline for Qu preparation and were further optimized as
described in Section 2.7.

Liquid Seed Culture

l Static Drying L-Latic Acid

Wheat Bran — Adjustment —> Sterilization — Inoculation — Incubation — (40°C, <12% — Enriched

(170g)

(121°C, 20min) (87°C) moisture ) Wheat Bran Qu

Figure 1. Preparation process of L-lactic acid-enriched wheat bran Qu.

2.5. Biomass Quantification of Enriched Wheat Bran Qu

Microbial biomass was determined using the plate count method and expressed as
colony-forming units per gram of wheat bran Qu (CFU/g Qu). Briefly, 10 g of Qu sample
was suspended in 90 mL sterile saline and shaken in a water bath shaker at 80 °C and
150 rpm for 30 min to detach microorganisms from the solid substrate [18]. This treatment
inactivates heat-sensitive vegetative cells while allowing bacterial endospores to survive
and subsequently germinate on agar plates.

The resulting suspension was serially diluted with sterile saline, and aliquots were
spread onto LB agar plates. After incubation at 37 °C for 24 h, plates containing 30-300 CFU
were selected for enumeration. All measurements were performed in triplicate.

2.6. Verification of Dominant Bacterium in Enriched Wheat Bran Qu

To verify whether the dominant bacterium in the enriched wheat bran Qu corre-
sponded to the inoculated strain, bacterial 165 rRNA gene sequencing was performed. It
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should be noted that 165 rRNA gene sequencing provides limited resolution for differen-
tiating closely related members of the B. cereus group. Therefore, the present analysis was
used to confirm the dominant culturable Bacillus isolate at the genus/species-complex level
rather than definitive strain-level identification.

Representative colonies were isolated from LB agar plates and purified by repeated
streaking. Genomic DNA was extracted using a Rapid Bacterial DNA Isolation Kit (B518225-
0100, Sangon Biotech, Shanghai, China) according to the manufacturer’s instructions.

The extracted DNA was used as a template for PCR amplification of the bacterial 16S
rRNA gene using the universal primers 27F (5'-AGAGTTTGATCATGGCTCAG-3') and
1492R (5'-ACGGTTACCTTGTTACGACTT-3').

PCR products were first checked by agarose gel electrophoresis followed by sequenc-
ing (by Shanghai Sangon Biotech Co., Ltd., Shanghai, China). The obtained sequences
were assembled and manually corrected using DNASTAR software (Lasergene 17.3) and
compared with reference sequences in the NCBI database using the BLASTn (version
2.14.0+) to determine sequence homology and verify the identity of the dominant bacte-
rial population [19].

2.7. Optimization of Enriched Wheat Bran Qu Preparation

The preparation conditions of enriched wheat bran Qu was optimized to maximize
microbial biomass, which was used as the evaluation index.

2.7.1. Single-Factor Experiments

Single-factor experiments were conducted to evaluate the effects of key cultivation
factors including inoculation level (1%, 2%, 3%, 4%, and 5%), cultivation time (24, 36, 48,
60, and 72 h), moisture content (40%, 45%, 50%, 55%, and 60%), and cultivation tempera-
ture (31, 33, 35, 37 and 39 °C). During each experiment, one factor was varied while the
other parameters were kept constant to evaluate the microbial biomass changes in wheat
bran Qu. Enriched wheat bran Qu was prepared following the procedure described in
Section 2.4, and microbial biomass was determined as described in Section 2.5.

2.7.2. Orthogonal Experimental Design

Based on the results of the single-factor experiments, an Lo(3*) orthogonal design was
applied to further optimize the preparation conditions of enriched wheat bran Qu. Inocu-
lation level (A), cultivation time (B), moisture content (C), and cultivation temperature (D)
were selected as independent variables, while microbial biomass (CFU/g Qu) was used as
the response variable.

The factors and levels used in the orthogonal design are presented in Table 1. En-
riched wheat bran Qu samples were prepared according to the combinations specified in
the orthogonal array, and microbial biomass was determined as described above.

Table 1. Factors and levels of the Lo(3%) orthogonal experimental design for enriched wheat bran
Qu preparation.

Level A:Inoculation (%)  B: Cultivation Time (h)  C: Moisture Content (%) D: Cultivation Temperature (°C)
1 48 50 35
2 60 55 37
3 72 60 39

The analysis was performed using K and R values to evaluate the relative influence of
the investigated factors and to identify an appropriate parameter combination for enriched
wheat bran Qu preparation.
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2.7.3. Validation Experiment

To validate the reliability of the optimized parameter combination, experiments were
conducted under the selected cultivation conditions. Enriched wheat bran Qu was pre-
pared using the optimized parameters, and microbial biomass was quantified to evaluate
the reproducibility and stability of the process. The results were compared with those
obtained under the baseline conditions described in Section 2.4.

2.8. Application of Enriched Wheat Bran Qu in Light-Flavor Baijiu Fermentation

A laboratory-scale solid-state fermentation model was established based on the tradi-
tional light-flavor Daqu Baijiu process. Japonica sorghum was used as the raw material
and crushed into 4-8 fragments. The crushed sorghum was hydrated with boiling water
at 55% (w/w, relative to grain weight) and soaked for 20 h, followed by steaming for 1 h
until complete gelatinization.

After steaming, additional water was added at 5% (w/w) of the grain weight according
to standard practice [20], and the grains were cooled to room temperature. Traditional
light-flavor Daqu was added at 10% (w/w) of the grain weight. L-lactic acid-enriched wheat
bran Qu prepared in Section 2.4 was simultaneously introduced as an auxiliary starter.

Fermentation was carried out in sealed stainless-steel vessels at approximately 16 °C
for 21 days to simulate pit fermentation conditions. After 21 days of fermentation, the fer-
mented grains were distilled to obtain Baijiu according to the traditional light-flavor Baijiu
process. The overall fermentation process is illustrated in Figure 2. Due to the practical
constraints and relatively high operational cost associated with laboratory-scale solid-state
Baijiu fermentation, the fermentation experiment was conducted using a single fermenta-
tion vessel per treatment group. The triplicate measurements reported in this study there-
fore represented analytical/technical replicates rather than independent biological fermen-
tation replicates.

Addition of starter cultures:
Daqu (Control) or
Daqu + enriched wheat bran Qu

|

Sorghum Crushing — Moistening — Steaming —> Cooling—> Fermentation — Distillation — Light Flavor Baijiu

Figure 2. Process Flow Diagram of Ligh-flavor Baijiu Fermentation.

2.9. Analysis of Key Physicochemical Properties of Fermented Grains

Fermented grain samples were collected at 5-day intervals during fermentation. Ap-
proximately 100 g of material was randomly sampled from three different positions within
each fermentation vessel and homogenized prior to analysis. Moisture content was deter-
mined by oven drying at 105 °C to constant weight according to GB 5009.3-2016 [21]. Total
acidity was determined by titration with 0.1 mol/L NaOH using phenolphthalein as the
endpoint indicator [22]. Reducing sugar content was determined using the Fehling titra-
tion method (GB/T 5009.7-2016) [23]. Starch content was determined following acid hy-
drolysis and subsequent Fehling titration [24]. All analyses were conducted in triplicate.

2.10. Analysis of Lactic Acid and Optical Purity
L- and D-lactic acid were analyzed using high-performance liquid chromatography
(HPLC) as previously described [9]. Analyses were performed using an HPLC system (K2025,
Shandong Wukong Instrument Co., Ltd., Dezhou, China) equipped with a UV detector.
Chiral separation was achieved using an FMB-AAOA3-EONU Chiral AAOA column
(5 x 4.6 mm, 3 pm; Guangzhou Philomen Scientific Instrument Co., Ltd., Guangzhou,
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China). The mobile phase consisted of 0.2 mmol/L. CuSO4-isopropanol (95:5, v/v). De-
tection was carried out at 254 nm with a column temperature of 25 °C and an injection
volume of 10 pL. Quantification was performed using external calibration with L- and D-
lactic acid standards.

Total lactic acid was determined using HPLC (K2025, Shandong Wukong Instrument
Co., Ltd., China) equipped with a C18 column (5 um, 4.6 x 250 mm; Shimadzu Enter-
prise Management Co., Ltd., Shanghai, China). The mobile phase consisted of KHyPO4—
methanol (95:5, v/v), and detection was performed at 215 nm. Optical purity was calculated
as the proportion of L-lactic acid relative to total lactic acid. All measurements were con-
ducted in triplicate.

2.11. Analysis of Ester Compounds

After 21 days of fermentation, fermented grains were distilled to obtain Baijiu. The
distillate fraction collected between 50 and 200 mL was retained as the analytical sample
and stored at 4 °C prior to analysis.

Ethyl lactate and ethyl acetate were quantified by gas chromatography as previously
described [25], using a GC system (GC 8890, Agilent Technologies, Santa Clara, CA, USA)
equipped with a flame ionization detector (FID) and a capillary column (50 m x 0.32 mm
x 1.0 um; Agilent Technologies, Santa Clara, CA, USA).

Prior to analysis, Baijiu samples were adjusted to 50% (v/v) with ultrapure water and
filtered through a 0.22 um membrane. Mixed standard solutions of ethyl lactate and ethyl
acetate were prepared in 50% ethanol for external calibration.

Nitrogen was used as the carrier gas at a flow rate of 1.0 mL/min with a split ratio of
10:1. The injector and detector temperatures were both set at 220 °C. The oven temperature
program was as follows: 60 °C (3 min), increased to 90 °C at 3 °C/min (held for 5 min),
then to 140 °C at 3 °C/min (held for 2 min), followed by 150 °C (held for 5 min), and finally
increased to 220 °C at 5 °C/min (held for 10 min).

Quantification was performed using external calibration with ethyl lactate and ethyl
acetate standards. All measurements were conducted in triplicate.

2.12. Bacterial Community Analysis of Fermented Grains

Microbial community analysis of fermented grains was performed using high-throughput
sequencing of bacterial 165 rRNA genes.

Fermented grain samples were suspended in sterile distilled water and shaken to de-
tach microorganisms from the solid matrix. The resulting suspension was centrifuged to
collect microbial biomass for DNA extraction.

Total microbial DNA was extracted using a commercial DNA extraction kit according
to the manufacturer’s instructions. DNA concentration and integrity were evaluated prior
to PCR amplification.

The bacterial 16S rRNA gene was amplified using universal primers. The resulting
amplicons were sequenced using a high-throughput sequencing platform by Majorbio Bio-
Pharm Technology Co., Ltd. (Shanghai, China).

Raw sequencing reads were processed using standard bioinformatic pipelines. Briefly,
raw paired-end reads were demultiplexed and quality-filtered (bases with quality score < Q20
were trimmed; reads shorter than 200 bp were discarded). Paired-end reads were merged
using FLASH. Chimeric sequences were identified and removed using UCHIME. Se-
quences were clustered into operational taxonomic units (OTUs) at 97% sequence identity
using UPARSE, with one representative sequence selected per OUT. Taxonomic assign-
ment of the resulting sequences was performed against the SILVA 138.2 bacterial 165 rRNA
gene reference database to determine the microbial community composition.
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2.13. Statistical Analysis

All measurements were performed in triplicate unless otherwise stated, and the re-
sults are presented as mean =+ standard deviation (SD). Statistical analyses were performed
using SPSS 19.0 software (SPSS Inc., Chicago, IL, USA). Differences among treatments were
evaluated using one-way analysis of variance (ANOVA) followed by Duncan’s multiple
range test. A p-value < 0.05 was considered statistically significant.

Graphs were generated using Origin and Microsoft Excel. Orthogonal experimental
results were analyzed using Orthogonal Design Assistant II (Version 3.1).

3. Results
3.1. Development and Optimization of Enriched Wheat Bran Qu

To develop the enriched wheat bran Qu, B. cereus B12 was inoculated into a wheat
bran-based solid-state system. Process optimization was then performed to maximize mi-
crobial biomass by systematically evaluating key cultivation parameters, including inoc-
ulation level, temperature, time, and moisture content, using single-factor experiments
followed by a multivariate optimization design, and the optimal preparation conditions
were subsequently determined and validated. The investigated ranges for each factor
were selected based on preliminary trials and previously reported conditions for solid-
state fermentation using wheat bran or related cereal substrates. Inoculation levels of
1-5% were examined to identify an appropriate inoculum level while avoiding excessive
inoculation that may not further promote biomass accumulation [26,27]. The cultivation
temperature range of 31-39 °C was centred around 35-37 °C, which is commonly used
for mesophilic Bacillus cultivation in solid-state fermentation [28,29]. The cultivation time
range of 24-72 h was selected to capture biomass accumulation during the main growth
phase [30,31]. Moisture content was varied from 40% to 60% to cover the commonly re-
ported range suitable for microbial growth and enzyme production in wheat bran-based
solid-state systems [15,32,33].

3.1.1. Influence of Inoculation Level on Microbial Biomass During Qu Preparation

The inoculation level is an important factor influencing microbial growth during the
preparation of enriched wheat bran Qu. As shown in Figure 3A, the microbial biomass
increased initially and then decreased with increasing inoculation level.

When the inoculation level was 3%, the microbial biomass reached 5.3 x 10? CFU/g,
which was significantly higher than those observed in the other groups (p < 0.05). In con-
trast, the biomass obtained at 1% inoculation was only 5.2 x 10® CFU/g, indicating insuffi-
cient microbial growth under low inoculation conditions.

However, when the inoculation level increased to 5%, the biomass decreased markedly,
possibly due to intensified competition for nutrients and space among microbial cells dur-
ing solid-state cultivation. Therefore, an inoculation level of approximately 3% was con-
sidered appropriate for the preparation of enriched wheat bran Qu.

3.1.2. Influence of Cultivation Temperature on Microbial Biomass During Qu Preparation

Temperature is a critical factor influencing microbial metabolism during solid-state
fermentation. As shown in Figure 3B, the microbial biomass increased with increasing
temperature from 31 °C to 37 °C, reaching a maximum value of 6.57 x 10° CFU/g at 37 °C,
which was significantly higher than those observed at other temperatures (p < 0.05).
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Figure 3. Effect of single-factor cultivation conditions on the microbial biomass in enriched wheat
bran Qu preparation: (A) different inoculation levels at fixed temperature (37 °C), cultivation time
(72 h) and moisture content (55%), (B) different cultivation temperature at fixed inoculation level
(3%), cultivation time (72 h) and moisture content (55%), (C) different cultivation time at fixed inocu-
lation level (3%), temperature (37 °C) and moisture content (55%), (D) different moisture content at
fixed inoculation level (3%), temperature (37 °C) and cultivation time (72 h). Different letters above
the bars indicate significant differences among groups (p < 0.05).

When the cultivation temperature further increased to 39 °C, the biomass decreased
markedly to approximately 2.75 x 10° CFU/g. This reduction may be associated with the
inhibitory effect of elevated temperature on microbial growth under solid-state cultivation
conditions. Therefore, 37 °C was considered the optimal cultivation temperature for the
preparation of enriched wheat bran Qu.

Overall, the observed differences in microbial biomass should be interpreted pri-
marily as general trends in microbial growth and enrichment efficiency during wheat
bran Qu preparation, rather than as emphasizing minor numerical differences between
individual treatments.

3.1.3. Influence of Cultivation Time on Microbial Biomass During Qu Preparation

Cultivation time is an important factor affecting microbial growth during the prepa-
ration of enriched wheat bran Qu. As shown in Figure 3C, the microbial biomass increased
with increasing cultivation time during the early stage of solid-state cultivation.

At 48 h, the microbial biomass reached 3.9 x 10° CFU/g, and continued to increase
slightly, reaching a maximum value of 4.33 x 10° CFU/g at 60 h. However, when the culti-
vation time was extended to 72 h, no significant further increase in biomass was observed,
and the biomass remained at a level comparable to that at 60 h.

The absence of biomass further increases at prolonged cultivation time may be re-
lated to nutrient depletion or reduced water availability in the solid substrate. Therefore,
60 h was considered the appropriate cultivation time for the preparation of enriched wheat
bran Qu.
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3.1.4. Influence of Moisture Content on Microbial Biomass During Qu Preparation

Moisture content is a key factor affecting microbial growth during solid-state fermen-
tation. As shown in Figure 3D, the microbial biomass increased with increasing moisture
content from 40% to 55% and then decreased when the moisture content was further increased.

The maximum biomass was obtained at 55% moisture content, reaching 7.30 x 10° CFU/g,
which was significantly higher than that observed under other moisture conditions (p < 0.05).
In contrast, when the moisture content was 40%, the biomass was only 1.46 x 10° CFU/g,
indicating insufficient water availability for microbial growth.

When the moisture content increased to 60%, the biomass decreased compared with
that at 55%, suggesting that excessive moisture may negatively affect oxygen transfer and
microbial activity during solid-state cultivation. Therefore, 55% moisture content was con-
sidered optimal for the preparation of enriched wheat bran Qu.

3.1.5. Optimization of Qu Preparation Conditions Using Orthogonal
Experimental Design

To further optimize the preparation conditions of enriched wheat bran Qu, an Lg(3%)
orthogonal experimental design was employed based on the results of the single-factor
experiments. Inoculation level (A), cultivation time (B), moisture content (C), and cultiva-
tion temperature (D) were selected as independent variables, while the microbial biomass
in enriched wheat bran Qu was used as the evaluation index.

The factors and their levels are presented in Table 1, and the experimental results
are summarized in Table 2. One experimental run (Run 3) showed a notably low biomass
value, which may be attributed to the unfavorable combination of high temperature (39 °C),
high moisture content (60%), prolonged cultivation time (72 h), and low inoculation level (1%),
conditions that are generally unfavorable for microbial growth during solid-state fermentation.

Table 2. Results of the L9 (3%) orthogonal design.

A: B: & D: Microbial Biomass
No. Inoculation Level Cultivation Time Moisture Content  Cultivation Temperature (108 CFU/g)

(%) (h) (%) e °

1 1 48 50 35 33.0

) 1 60 55 37 112.3

3 1 7 60 39 4.7

s 3 60 50 39 60.3

. 3 7 55 35 110.3

7 5 48 55 39 55.3

g 5 60 50 35 72.0

Range analysis of the orthogonal experimental design is presented in Table S1. K val-
ues represent the sum of experimental results at each factor level, and the range (R) value
was used to evaluate the relative influence of each factor. The results indicated that the in-
fluence of the four factors on microbial biomass followed the order: D > C > A > B, indicat-
ing that cultivation temperature had the greatest effect on biomass, followed by moisture
content, inoculation level, and cultivation time.

According to the analysis, the optimal parameter combination was A;B,C,D;, corre-
sponding to inoculation level 3%, cultivation time 60 h, moisture content 55% and cultiva-
tion temperature 37 °C. These conditions were therefore selected as the optimal parameters
for the preparation of enriched wheat bran Qu.
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3.1.6. Validation of Optimized Preparation Conditions

To verify the reliability of the optimized parameters obtained from the previous section,
enriched wheat bran Qu was prepared under the optimal conditions (A;B,C;D»), and the
resulting biomass was compared with that obtained under the baseline preparation conditions.

As shown in Figure 4, the microbial biomass in the optimized group reached 2.02 x 10°
CFU/g, which was significantly higher than that in the control group (1.23 x 10'° CFU/g,
p <0.05). These results confirm that the optimized preparation conditions effectively im-
proved the microbial biomass in enriched wheat bran Qu.

*
250+

200 ——

150

100

50

Microbial Biomass (108 CFU/g)

1
&& &‘o\
@é‘ <
&

Figure 4. Validation of optimized preparation conditions for enriched wheat bran Qu. *, p <0.05.

3.2. Identification of the Dominant Bacterium in Enriched Wheat Bran Qu

To verify whether the inoculated strain (B. cereus B12) dominated the microbial pop-
ulation in enriched wheat bran Qu, representative colonies isolated from the Qu were sub-
jected to 16S rRNA gene sequencing. The obtained sequences were compared with refer-
ence sequences in the NCBI database using the BLAST program (BLASTN 2.14.0+).

A phylogenetic tree was constructed using MEGA 7, and the result is shown in
Figure 5. The isolated strain clustered with B. cereus and exhibited 100% sequence simi-
larity with the reference strain.

———  Bacillus pseudomycoides

100
53 -
Bacillus mycoides
68 Bacillus spizizenii
68 100 Bacillus Stratosphericus
Bacillus aerophilus
Bacillus thermocloacae
100 Bacillus cereus

— BI12

Bacillus altitudinis

Figure 5. Phylogenetic tree of the dominant bacterium.

These results indicate that the dominant bacterial population in the prepared en-
riched wheat bran Qu was consistent with the inoculated Bacillus isolate at the B. cereus
group/species-complex level.
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3.3. Effects of Enriched Wheat Bran Qu on Fermentation Characteristics

To evaluate the effects of enriched wheat bran Qu on the fermentation characteristics
of light-flavor Baijiu, key physicochemical parameters of fermented grains were systemat-
ically monitored throughout fermentation, including starch and reducing sugar contents,
acidity, moisture, and temperature.

3.3.1. Changes in Substrate Utilization (Starch and Reducing Sugars)

The changes in starch and reducing sugar contents during light-flavor Baijiu fermen-
tation are shown in Figure 6A and Figure 6B, respectively.
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Figure 6. Changes in substrate utilization during light-flavor Baijiu fermentation: (A) starch content,
and (B) reducing sugar content.

As shown in Figure 6A, the starch content of fermented grains decreased continu-
ously during fermentation in both the control and experimental groups. In the early stage
of fermentation (0-10 d), the starch content in the control group decreased more rapidly
than that in the experimental group. During the middle stage (10-15 d), the starch content
in the experimental group remained relatively stable, whereas that in the control group
continued to decline. After 15 d, the starch contents of both groups decreased rapidly and
exhibited similar decreasing trends. These results suggest that enriched wheat bran Qu
had limited influence on starch degradation during light-flavor Baijiu fermentation.

The changes in reducing sugar content are presented in Figure 6B. At the beginning of
fermentation (0 d), the reducing sugar contents of the two groups were low and nearly iden-
tical. As fermentation progressed, the reducing sugar content in the experimental group
increased rapidly and reached a maximum value of 3.0-3.5% at 5 d, followed by a gradual
decrease. In contrast, the control group showed only a slight increase, reaching approxi-
mately 1.5% at 5 d, and then remained relatively stable or slightly decreased. These results
indicate that enriched wheat bran Qu enhanced sugar metabolism during fermentation.

3.3.2. Changes in Fermentation Environment (Acidity, Moisture, and Temperature)

The changes in acidity, moisture content, and fermentation temperature during light-
flavor Baijiu fermentation are shown in Figure 7.

As shown in Figure 7A, the acidity of fermented grains in both the control and exper-
imental groups gradually increased during fermentation. During the early fermentation
stage (0-10 d), the experimental group showed a slightly faster increase compared with
the control group. During the middle stage of fermentation (10-15 d), the acidity in both
groups continued to increase and reached relatively high levels. In the later stage of fer-
mentation, the acidity of both groups decreased slightly and then increased again toward
the end of fermentation. Overall, the acidification trends of the two groups were similar,
indicating that enriched wheat bran Qu did not significantly alter the acidification pro-
cess. The gradual increase in acidity during the early and middle stages of fermentation
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was likely associated with active microbial metabolism and organic acid production. The
slight decrease in acidity observed during the later fermentation stage may be related to re-
duced acid production following substrate depletion, as well as the conversion of organic
acids into ester compounds through esterification reactions during fermentation.
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Figure 7. Changes in fermentation environment during light-flavor Baijiu fermentation: (A) acidity,
(B) moisture, and (C) temperature.

The moisture content of fermented grains showed moderate fluctuations during fer-
mentation (Figure 7B). During the early stage (0-10 d), the moisture contents of both
groups increased, with the experimental group showing a slightly larger increase. In the
middle stage (10-15 d), the moisture content in the experimental group exceeded that of
the control group. During the later stage (15-20 d), the moisture content of the experimen-
tal group decreased slightly, whereas that of the control group remained relatively stable.
Toward the end of fermentation (20-25 d), the moisture contents of the two groups became
similar and remained relatively stable. The observed fluctuations in moisture content may
be associated with microbial metabolic activity, substrate degradation, and water redis-
tribution during solid-state fermentation. Appropriate moisture levels are important for
maintaining microbial growth and metabolic activity throughout the fermentation process.

The changes in fermentation temperature are shown in Figure 7C. At the beginning
of fermentation (0 d), the temperatures of both groups were relatively low and similar.
During the early stage of fermentation, the temperature increased gradually and reached
a peak at around 10 d, with the experimental group reaching approximately 28 °C and the
control group approximately 26 °C. After the temperature peak, the temperatures in both
groups gradually decreased. By the end of fermentation (25 d), the temperatures declined
to approximately 23 °C in the experimental group and 22 °C in the control group. The in-
crease in temperature during the early fermentation stage was likely associated with active
microbial growth and metabolic heat generation. The subsequent decline in temperature
during the later stage may reflect reduced microbial activity and substrate utilization as
fermentation progressed.

Overall, these results indicate that enriched wheat bran Qu did not substantially af-
fect the physicochemical environment of light-flavor Baijiu fermentation, although minor
variations in fermentation dynamics were observed. These results indicate that enriched
wheat bran Qu did not substantially alter the physicochemical environment of light-flavor
Baijiu fermentation, although minor variations in fermentation dynamics associated with
microbial metabolic activity were observed.

3.4. Effects of Enriched Wheat Bran Qu on Lactic Acid Profiles and Ester Formation

To further evaluate the effects of enriched wheat bran Qu on lactic acid production
and ester formation during light-flavor Baijiu fermentation, the variations in total lactic
acid, L-lactic acid, and key ester compounds were systematically analyzed.
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3.4.1. Changes in Total Lactic Acid During Fermentation

The changes in lactic acid concentration during light-flavor Baijiu fermentation are
shown in Figure S8A.
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Figure 8. Changes in lactic acid profiles during light-flavor Baijiu fermentation: (A) lactic acid con-
centration, and (B) L-lactic acid concentration.

As fermentation progressed, the lactic acid concentration in both the control and ex-
perimental groups increased gradually. During the early fermentation stage (0-5 d), the
experimental group exhibited a faster increase in lactic acid concentration and showed
significantly higher levels than the control group. From 5 to 15 d, the lactic acid concentra-
tions in both groups continued to increase, although the rate of increase in the experimental
group decreased.

After approximately 15 d, the lactic acid concentration in the experimental group
reached a relatively stable level of about 1.4 g/L, whereas the control group continued to
increase slowly and reached approximately 0.8 g/L at 20 d.

These results indicate that the addition of enriched wheat bran Qu enhanced lactic
acid accumulation during light-flavor Baijiu fermentation.

3.4.2. Changes in L-Lactic Acid During Fermentation

The changes in L-lactic acid concentration during light-flavor Baijiu fermentation are
shown in Figure 8B.

As fermentation progressed, the L-lactic acid concentration in both the control and
experimental groups increased gradually. During the early fermentation stage (0-5 d), the
experimental group exhibited a markedly faster increase in L-lactic acid concentration com-
pared with the control group, indicating enhanced L-lactic acid production at this stage.

From 5 to 10 d, the L-lactic acid concentration in the experimental group remained at
relatively high levels with minor fluctuations, whereas the control group showed a slower
but continuous increase. During the middle fermentation stage (10-15 d), the L-lactic acid
concentration in the experimental group continued to increase and gradually approached
a stable level, while the control group increased at a lower rate.

In the later stage of fermentation (15-20 d), the L-lactic acid concentration in the exper-
imental group remained relatively stable, whereas the control group continued to increase
slowly. Throughout the fermentation process, the L-lactic acid concentration in the exper-
imental group remained consistently higher than that in the control group.

The corresponding changes in D-lactic acid concentration during fermentation are pre-
sented in the Supplementary Materials (Figure S1). Although the enriched wheat bran Qu
markedly promoted L-lactic acid accumulation, D-lactic acid remained detectable through-
out the fermentation process and still accounted for approximately 25-50% of the total
lactic acid concentration at different fermentation stages. These results suggest that the
enriched wheat bran Qu shifted the optical composition of lactic acid toward L-lactic acid
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dominance; however, complete suppression of D-lactic acid production may be difficult in
the complex microbial ecosystem of traditional Baijiu fermentation.

These results demonstrate that the addition of enriched wheat bran Qu enhanced L-
lactic acid accumulation during light-flavor Baijiu fermentation.

3.4.3. Optical Purity of Lactic Acid

The optical purity of lactic acid, defined as the proportion of L-lactic acid in total
lactic acid, was evaluated to assess the effect of enriched wheat bran Qu on lactic acid
composition during fermentation. As shown in Figure 9, the optical purity in both groups
increased during the early stage of fermentation and gradually stabilized thereafter.
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Figure 9. Changes in optical purity during light-flavor Baijiu fermentation.

Notably, the enriched wheat bran Qu group consistently exhibited higher optical pu-
rity compared to the control throughout the fermentation process. The difference became
more pronounced after 5 days of fermentation and remained stable at later stages. This
indicates that the increase in L-lactic acid was more pronounced relative to D-lactic acid in
the enriched wheat bran Qu group, resulting in an improved L/D ratio.

Although D-lactic acid was also present during fermentation, the relative enhance-
ment of L-lactic acid dominated the overall compositional shift. The improved optical pu-
rity suggests that the enriched wheat bran Qu effectively regulated lactic acid stereoisomer
composition toward a more favorable profile, which may contribute to enhanced flavor de-
velopment in light-flavor Baijiu.

3.4.4. Changes in Ethyl Lactate and Ethyl Acetate Formation in Light-Flavor Baijiu

The concentrations of ethyl lactate and ethyl acetate in light-flavor Baijiu are shown
in Figure 10. The addition of enriched wheat bran Qu significantly increased the con-
centrations of both ester compounds compared with the control group (p < 0.05). In the
experimental group, the ethyl acetate concentration reached 148.96 mg/100 mL, whereas
the control group contained 93.01 mg/100 mL. Similarly, the ethyl lactate concentration in-
creased to 55.44 mg/100 mL in the experimental group, compared with 36.93 mg/100 mL
in the control group. This increase in ethyl lactate is consistent with the higher lactic
acid levels observed during fermentation. These results indicate that the addition of en-
riched wheat bran Qu enhanced the formation of key ester compounds during light-flavor
Baijiu production.
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Figure 10. Concentration of ethyl lactate and ethyl acetate in light-flavor Baijiu. * p <0.05.

3.5. Effects of Enriched Wheat Bran Qu on Bacterial Community Structure During Fermentation
3.5.1. Alpha Diversity of Bacterial Communities Under Enriched Wheat Bran Qu and
Control Conditions

The bacterial o-diversity indices of fermented grain samples are summarized in Table 3.
The sequencing coverage of all samples exceeded 99%, indicating that the sequencing
depth was sufficient to capture the majority of bacterial diversity in the fermented grains.

Table 3. x-diversity indices of bacterial communities in fermented grains.

ACE Chao 1 Shannon Coverage (%)
F1 122 121.71 3.03 99.97
F2 172 172.00 3.47 99.99

F1: fermented grains without enriched wheat bran Qu. F2: fermented grains with enriched wheat bran Qu.

Compared with the control group (F1), the experimental group (F2) exhibited higher
ACE, Chaol, and Shannon indices, suggesting that the addition of enriched wheat bran Qu
increased both the richness and diversity of bacterial communities in the fermented grains.

3.5.2. Genus-Level Bacterial Community Composition Under Enriched Wheat Bran Qu
and Control Conditions

The genus-level bacterial community composition of fermented grains is presented in
Figure 11.

In the control group (F1), the dominant bacterial genera included Pantoea, Leuconostoc,
Bacillus, Weissella, Enterococcus, and several members of the Enterobacteriaceae family. With
the addition of enriched wheat bran Qu (F2), noticeable changes in microbial composition
were observed. The relative abundances of several lactic acid bacteria, including Levilacto-
bacillus, Lactiplantibacillus, and Lentilactobacillus, increased in the inoculated fermentation
system. In addition, genera such as Kosakonia were also detected at higher levels in the
inoculated samples.

Overall, the addition of enriched wheat bran Qu altered the bacterial community struc-
ture of the fermented grains. The enrichment of lactic acid-related bacterial genera may
contribute to enhanced lactic acid metabolism during fermentation.
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Figure 11. Heatmap of bacterial community composition.

4. Discussion
4.1. Optimization of Enriched Wheat Bran Qu Preparation

The preparation conditions of enriched wheat bran Qu had a significant impact on
microbial biomass, highlighting the importance of process optimization in solid-state
fermentation systems. Among the investigated factors, moisture content plays a criti-
cal role by regulating oxygen transfer, substrate accessibility, and microbial metabolic
activity [34-36]. In this study, the optimal moisture content was determined to be 55%,
which is consistent with previous reports indicating that moderate moisture levels can sup-
port microbial growth while maintaining adequate aeration during solid-state fermentation.

Temperature was another key factor influencing biomass accumulation. The highest
microbial biomass was observed at 37 °C, which is close to the optimal growth temper-
ature reported for many Bacillus species. At higher temperatures, microbial growth may
be inhibited due to thermal stress and reduced enzymatic activity, leading to decreased
biomass formation [37,38]. These results collectively demonstrate that appropriate con-
trol of moisture and temperature is essential for achieving efficient biomass production in
enriched wheat bran Qu preparation.
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4.2. Impact of Enriched Wheat Bran Qu on Fermentation Characteristics

The addition of enriched wheat bran Qu influenced several physicochemical parame-
ters during light-flavor Baijiu fermentation. Changes in acidity, moisture, and fermentation
temperature reflected the metabolic activity of the microbial community during fermentation.

Although the addition of wheat bran Qu did not significantly alter the overall trends
of starch degradation, the reducing sugar content increased more rapidly in the inoculated
fermentation system. This phenomenon may be attributed to the enzymatic activities of
Bacillus species, which are known to produce various hydrolytic enzymes, including amy-
lases and proteases [39,40]. These enzymes can promote the hydrolysis of starch and en-
hance the availability of fermentable sugars for microbial metabolism [41].

4.3. Regulation of Lactic Acid Production During Fermentation

Lactic acid is an important intermediate metabolite in Baijiu fermentation and plays
a key role in flavor formation. In this study, the addition of enriched wheat bran Qu sig-
nificantly increased the concentration of lactic acid during fermentation, particularly the
L-lactic acid isomer.

Previous studies have shown that L- and D-lactic acid exhibit different sensory char-
acteristics in alcoholic beverages. L-lactic acid generally produces a smoother and milder
acidic taste, whereas D-lactic acid tends to contribute a sharper acidity [6-8]. There-
fore, increasing the proportion of L-lactic acid may help improve the sensory balance of
Baijiu [6-8].

The results of this study suggest that the addition of enriched wheat bran Qu may
regulate the metabolic pathways involved in lactic acid production during fermentation.
This regulation could be associated with interactions between Bacillus species and lactic
acid bacteria within the fermentation ecosystem.

4.4. Mechanisms of Enhanced Ester Formation Induced by Enriched Wheat Bran Qu

Ester compounds are key contributors to the aroma and flavor of Baijiu, among which
ethyl lactate and ethyl acetate are particularly important in light-flavor Baijiu [4,5]. In the
present study, both esters were detected at significantly higher concentrations in the fer-
mentation system supplemented with enriched wheat bran Qu, indicating a positive role
of this starter in modulating ester formation.

The enhanced production of ethyl lactate is likely associated with the elevated lactic
acid levels observed during fermentation, as ethyl lactate is primarily formed through the
esterification of lactic acid with ethanol [42]. Therefore, the increased availability of lactic
acid may have provided a greater substrate pool for esterification, thereby promoting ethyl
lactate formation. In addition, the increase in ethyl acetate suggests that enriched wheat
bran Qu may also influence broader esterification processes, potentially through its impact
on microbial activity and metabolic interactions [43,44].

Overall, these findings suggest that the addition of enriched wheat bran Qu not only
altered organic acid production but also facilitated the formation of key ester compounds,
which may contribute to flavor formation in light-flavor Baijiu.

4.5. Microbial Basis of Fermentation Changes

High-throughput sequencing revealed that the addition of enriched wheat bran Qu
altered the bacterial community structure of fermented grains. In particular, several lactic
acid-producing genera, including Levilactobacillus, Lactiplantibacillus, and Lentilactobacillus,
showed increased relative abundance in the inoculated fermentation system.

These microorganisms are known to participate in carbohydrate metabolism and or-
ganic acid production during fermentation [45-47]. Their enrichment may explain the in-
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creased production of lactic acid and L-lactic acid observed in this study. The selective en-
richment of these LAB genera in F2 may be attributed to the enzymatic activity of B. cereus
B12, which increased reducing sugar availability in the early fermentation stage (Figure 6B)
and thereby created a more favorable substrate environment for fastidious LAB, as well as
to the early accumulation of lactic acid in F2 (Figure 8), which selectively favored acid-
tolerant genera while suppressing acid-sensitive Enterobacteriaceae that dominated F1. The
decreased relative abundance of Pantoea and Enterobacteriaceae members in F2 is consistent
with this competitive exclusion under the more acidic conditions established early in fer-
mentation. The increase in Kosaknoia, a genus associated with carbohydrate utilization and
biomass degradation, may reflect its capacity to utilize the complex substrates present in
the fermentation system, though its specific functional role warrants further investigation.
In addition, the higher alpha diversity observed in F2 suggests that the introduction of en-
riched wheat bran Qu not only enriched specific functional genera but also broadened the
overall bacterial community structure, which may contribute to a more complex metabolic
network during fermentation.

Overall, the results suggest that enriched wheat bran Qu can reshape the microbial
ecosystem of fermented grains and thereby regulate metabolic pathways involved in or-
ganic acid and ester formation.

Given that B. cereus B12 was used as the functional strain in the present study, its po-
tential biosafety implications should also be considered. Although B. cereus is recognized
as an opportunistic foodborne pathogen, its pathogenic potential is highly strain-specific
and is determined by the presence and functional expression of particular toxin-encoding
genes rather than by species membership alone [48]. The principal virulence determinants
responsible for food poisoning—the emetic toxin cereulide (ces), non-hemolytic entero-
toxin (Nhe), hemolysin BL (Hbl), and cytotoxin K (CytK)—are distributed unevenly across
strains within the B. cereus group, and their absence in a given isolate is associated with
negligible pathogenic risk [49]. The B. cereus group therefore encompasses strains ranging
from highly pathogenic to entirely non-pathogenic, and species-level classification alone
cannot be used to predict safety [50]. Strain B12 used in the present study was isolated
directly from Zaopei, the fermented grain environment of Baijiu, where B. cereus is a nat-
urally dominant and well-documented member of the bacterial community [15,51,52]. In
addition, strain B12 has previously been isolated, characterized, and applied in a peer-
reviewed Baijiu fermentation study focused on L-lactic acid and ethyl lactate production,
confirming its established role as a native functional microorganism in this fermentation
system [15]. The strain was selected in the present study based on its functional perfor-
mance in promoting L-lactic acid production and regulating ester formation during Baijiu
fermentation. The application of B. cereus-group strains at high concentrations in food and
feed contexts has been demonstrated to be safe when the strain is confirmed non-toxigenic.
Williams et al. (2009) conducted a comprehensive safety review of B. cereus var. toyoi (Toy-
ocerin), a non-toxigenic B. cereus-group strain used as a commercial feed probiotic, and
reported no adverse effects in acute, subchronic, or chronic toxicity studies in rodents at
up to 3 x 10!! spores/kg body weight/day, and no adverse effects in an eight-day human
clinical trial at 1 x 10'° spores/kg body weight/day, demonstrating that high-count ap-
plication of non-toxigenic B. cereus-group strains does not inherently constitute a safety
risk [53]. Furthermore, consumer exposure to viable B. cereus cells via the final distilled
product is negligible. Takahashi et al. (2021) demonstrated experimentally that B. cereus
spores do not proliferate during the manufacturing of fermented alcoholic beverages, that
emetic toxin was not detected in any product samples, and concluded that the microbiolog-
ical safety risk in such products is negligible [54]. Given that Baijiu undergoes a distillation
step at high temperature that sake does not, elimination of viable bacterial cells and poten-
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tial thermolabile toxins from the final product is expected to be complete. Taken together,
the native origin of strain B12 from the Baijiu fermentation environment, the established
precedent for non-toxigenic B. cereus-group strains in food and feed applications, and the
safety barrier provided by the distillation process collectively indicate that the application
of strain B12 in the present study does not pose a significant biosafety risk to consumers.
However, further biosafety evaluation of strain B12, including toxin-related characteriza-
tion and safety assessment under industrial application conditions, would still be valuable
before large-scale industrial application.

4.6. Limitations and Future Perspectives

Although this study demonstrated that the incorporation of an L-lactic acid-producing
strain can enhance L-lactic acid levels during light-flavor Baijiu fermentation, several lim-
itations should be acknowledged.

Firstly, the experiments were conducted at the laboratory scale, and the performance
and stability of the enriched wheat bran Qu under industrial fermentation conditions re-
main to be validated. In addition, due to the practical constraints and relatively high op-
erational cost associated with laboratory-scale solid-state Baijiu fermentation, the fermen-
tation experiment was conducted using a single fermentation vessel per treatment group.
Therefore, the reported replicate measurements represent analytical/technical replicates
rather than independent biological fermentation replicates. Although this limitation does
not affect the observed trends, future studies incorporating independent biological fermen-
tation replicates would further strengthen the robustness of the findings. The complexity
and variability of large-scale production systems may influence the reproducibility of the
observed effects. In industrial Baijiu fermentation, factors such as larger fermentation vol-
umes, heterogeneous temperature and moisture distributions, and more complex micro-
bial interactions may affect fermentation performance and flavor formation. Therefore, fur-
ther pilot-scale and industrial-scale studies are required to evaluate the practical applicabil-
ity and stability of the enriched wheat bran Qu under commercial production conditions.

Secondly, although shifts in bacterial community composition were observed follow-
ing inoculation, the interactions between the introduced strain and the native microbiota
were not fully elucidated. It remains unclear whether B. cereus B12 directly interacted with
native microorganisms, altered the fermentation environment, or indirectly promoted the
enrichment of lactic acid-related genera such as Levilactobacillus. In addition, 165 rRNA
gene sequencing mainly provides taxonomic information and cannot directly reveal mi-
crobial functional activities or specific metabolic pathways. Therefore, future studies in-
tegrating microbial interaction analysis, metagenomics, high-throughput sequencing, and
metabolomics are needed to clarify microbial succession, functional metabolic pathways,
and flavor-related regulation during Baijiu fermentation [55-57]. Moreover, water activ-
ity was not measured during optimization of moisture content in the present study. As
water activity is closely associated with microbial growth and metabolic activity during
solid-state fermentation, future studies incorporating water activity analysis may provide
further insight into the relationship between moisture conditions and microbial regulation
during enriched wheat bran Qu preparation. Furthermore, genus-level bacterial commu-
nity analysis of the enriched wheat bran Qu itself was not performed in the present study.
Such analysis would provide additional information on the microbial composition of the
starter culture and help clarify its role in regulating microbial succession during Baijiu
fermentation. Future studies should include microbial community profiling of enriched
wheat bran Qu to further strengthen the understanding of its functional contribution.

Thirdly, sensory evaluation was not conducted in the present study. Although the
increased L-lactic acid proportion and enhanced ester formation suggest potential effects
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on flavor development, whether these chemical changes lead to improved sensory quality
or consumer preference remains to be confirmed. Future studies should include trained
sensory panels and consumer preference tests to evaluate the sensory impact of enriched
wheat bran Qu on the final Baijiu product.

5. Conclusions

In this study, an enriched wheat bran Qu containing the L-lactic acid-producing strain
B. cereus B12 was developed and applied to light-flavor Baijiu fermentation. The prepara-
tion conditions of the enriched wheat bran Qu were optimized using single-factor experi-
ments and orthogonal design, and the optimal parameters were determined as an inocula-
tion level of 3%, moisture content of 55%, cultivation temperature of 37 °C, and cultivation
time of 60 h.

The addition of enriched wheat bran Qu influenced the fermentation characteristics
of light-flavor Baijiu, including changes in physicochemical parameters and carbohydrate
metabolism during fermentation. More importantly, the inoculated fermentation system
showed increased production of lactic acid, particularly L-lactic acid, resulting in a higher
proportion of the L-lactic acid isomer.

In addition, the concentrations of key ester compounds, including ethyl lactate and
ethyl acetate, were significantly increased in the light-flavor Baijiu produced with enriched
wheat bran Qu. Microbial community analysis further indicated that the inoculation al-
tered the bacterial community structure of fermented grains, with increased abundance of
several lactic acid-related genera.

Overall, these findings demonstrate that enriched wheat bran Qu containing B. cereus
B12 can regulate lactic acid metabolism and promote ester formation during light-flavor
Baijiu fermentation. This strategy provides a potential approach for modulating L-lactic
acid composition and improving flavor formation in Baijiu production. Future studies
should further evaluate the industrial applicability and long-term stability of enriched
wheat bran Qu under commercial fermentation conditions. In addition, integrated sensory
evaluation and multi-omics approaches are needed to better elucidate the relationships
among microbial regulation, lactic acid metabolism, ester formation, and flavor quality
during Baijiu fermentation.
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