Pre prints.org

Article Not peer-reviewed version

Correlation Analysis Between Volatile
Flavor Compounds and Microbial
Communities During the Fermentation
from Different Ages Mud Pits of
Wuliangye Baijiu

Yanping Lu i , Yalan Li, Bing Wan , Yuzhu Li, Jian Su, Zheng_ Jia i , Dong Zhao, Yan Xu
Posted Date: 13 May 2025
doi: 10.20944/preprints202505.0981.v1

Keywords: Wuliangye Baijiu; continuous usage years of Mud Pit; microbial communities; physicochemical
properties; volatile flavor compounds; correlation analysis

Preprints.org is a free multidisciplinary platform providing preprint service
that is dedicated to making early versions of research outputs permanently
available and citable. Preprints posted at Preprints.org appear in Web of
Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This open access article is published under a Creative Commons CC BY 4.0
license, which permit the free download, distribution, and reuse, provided that the author
and preprint are cited in any reuse.



https://sciprofiles.com/profile/4432585
https://sciprofiles.com/profile/388793
https://sciprofiles.com/profile/1804254
https://sciprofiles.com/profile/469693

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 13 May 2025 d0i:10.20944/preprints202505.0981.v1

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.

Article

Correlation Analysis Between Volatile Flavor
Compounds and Microbial Communities During the
Fermentation from Different Ages Mud Pits of
Wuliangye Baijiu

Yanping Lu 2%, Yalan Li }, Bing Wan 1, Yuzhu Li }, Jian Su !, Jia Zheng 2%, Dong Zhao 12
and Yan Xu3

Wauliangye Yibin Co., Ltd., Yibin, Sichuan 644000, China

Solid-state Fermentation Resource Utilization Key Laboratory of Sichuan Province, Yibin, Sichuan 644000, China
School of Biotechnology, Jiangnan University, 1800 Lihu Road, Wuxi, Jiangsu 214122, China

Correspondence: L. Y.P.: luyanpingscut@163.com; Tel.: +86-08313566070; Z. J.: zhengwanqi86@163.com; Tel.: +86-
08313565143

¥ W N =

Abstract: The continuous usage years of mud pits significantly impact the formation of volatile flavor
compounds (VFCs) in Wuliangye Baijiu fermentation, yet their role in regulating initial microbial
diversity and VFCs during fermentation remains unclear. This study explored the dynamic
correlations among microbial communities, physicochemical properties, and VFCs from two
different aged mud pits (continuous usage for 20 years: JC20 and 40 years: JC40). As fermentation
advanced, VFCs increased, with JC40 showing a greater increment than JC20. Furthermore, the
predominated microorganisms during fermentation of two pits were significantly different, result in
a distinct microbial successions. And the microbial diversity in JC40 was higher than JC20 at the
fermentation anaphase from different layers zaopei samples. Microbes were identified that highly
correlated with physicochemical properties and VFCs, and the important microbial species differed
between the two pits, proving the importance of mud pit continuous usage years for Wuliangye Baijiu
production.

Keywords: Wuliangye Baijiu; continuous usage years of mud pit; microbial communities;
physicochemical properties; volatile flavor compounds; correlation analysis

1. Introduction

Wauliangye Baijiu ranks among the most favored Baijiu varieties in China. Renowned for its
distinctive fermentation process and characteristic flavor profiles [1,2], it enjoys widespread
consumption. The most notable feature of Wuliangye Baijiu lies in its fermentation within a
specialized mud pit (also called JiaoChi), where created an ideal habitat for microbial proliferation
[3]. The Fresh zaopei, meticulously crafted from a blend of sorghum, rice, corn, glutinous rice, wheat,
rice husks, and baobaoqu powder, undergoes a 70-day fermentation within the sealed pit, a crucial
process for developing its signature flavor compounds (Figure 1) [4,5]. Based on production
experience, the higher-quality Wuliangye Baijiu is typically distilled from the down layers zaopei
from older pits. This observation underscores that the continuous usage duration of mud pits has a
substantial impact on the fermentation of zaopei at different layers [6-9]. It is commonly accepted
that the longer the mud pit has been in use, the better the quality of Wuliangye Baijiu will be [10,11].
Consequently, it is essential to elucidate the relationship between the quality of Wuliangye Baijiu and
the continuous used years of mud pit.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 1. A brief schematic diagram of Wuliangye fermentation.

As previous research showed, older pits harbor a diverse consortium of functional
microorganisms, including Clostridium, Caproiciproducens, Methanobrevibacter, Aspergillus, and
Candida, while Lactobacillus dominates in younger mud pit [10,12,13]. These microbes actively
participate in zaopei fermentation, shaping the composition of bacterial and fungal communities in
complex ways [3,14,15].

A further study had reported that Monascus and Trichosporon represent the exclusive dominant
functional fungal species in the older mud pit. Moreover, 8 core functional microbial genera have
been identified, which are associated with the changes in volatile metabolites during the fermentation
process [6]. A comprehensive body of research has delved into the intricate microbial diversity during
strong flavor baijiu fermentation, as evidenced by the studies [16-18]. Notably, Bacilli emerge as the
predominant microbial community during the early cultivation phase. Their relative abundance
steadily escalates from approximately 65% to around 95% over the process of fermentation, trailed
by Bacteroidetes and Clostridium. At the genus level, Lactobacillus exerts significant dominance,
constituting 60% - 90% of the total bacterial population [3,19]. Another study has identified 3 bacterial
communities—Bacillus, Lactobacillus and Acetobacter —and 6 fungal genera—Issatchenkia, Pichia,
Candida, Aspergillus, Monascus, and Rhizopus—as the key microbial components in zaopei [20].
Indeed, Starch and other macromolecules are degraded and utilized with the help of microorganism
during fermentation, resulting in the accumulation of more than 3000 compounds in zaopei.
However, the dynamic succession process during the fermentation of Wuliangye between
compounds and microorganisms, as well as between microorganismes, still remains unclear.

So far, numerous studies have explored the VFCs in strong flavor baijiu. Analytical techniques
such as gas chromatography/olfactometry have been employed to identify key VFCs in renowned
baijiu brands, including Wuliangye, Yanghe, Jiananchun, and Gujinggong[21-23]. The VFCs of
Wuliangye Baijiu were further analyzed by LiChrolut ENSPE fractionation coupled with
comprehensive 2D gas chromatography and time-of-flight mass spectrometry (GCxGC-TOFMS)
,identifying about 500 compounds from over 3000 peaks [24]. He et al. used GCxGC - TOFMS and
sensory analysis to clarify the chemosensory features of strong flavor baijiu from various regions [25].
75 aroma components were identified in Wuliangye-flavor raw liquor by headspace solid phase
microextraction, liquid-liquid microextraction combined gas chromatography-mass spectrometry
(HS-SPME/LLME-GC-MS) [26]. Despite these advancements, no report has been conducted to
investigate the dynamic change of microorganism and its effects on VFCs formation in Wuliangye
zaopei fermentation of mud pits with different continuous used years.

This study aimed to assess how the continuous usage years of mud pits affect microbial
communities and VFCs during zaopei fermentation. Zaopei samples from mud pits with two
different continuous usage years were selected as research subjects. Physicochemical properties,
VEFCs, and microbial community structures during Wuliangye Baijiu fermentation were monitored
dynamically. Fermentation feature tests, headspace solid phase microextraction (HS-SPME) coupled
with gas chromatography mass spectrometry (GC/MS) analysis, and metagenomic sequencing were
used. Our results revealed that different continuous usage years of mud pits significantly influenced
the microbial succession patterns and VFCs profiles, thereby providing a more holistic understanding
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of microbial dynamics, as well as the changes in physicochemical properties and VFCs during
Wuliangye fermentation.

2. Materials and Methods
2.1. Sample Collection

Two mud pits (4.3 m length x 3.3 m width x 2.3 m height) with 20 years (named JC20) and 40
years (named JC40) continuous used years, from Wuliangye Yibin Co., Ltd., a representative strong-
flavor baijiu producer located in China, were selected for the fermentation of Wuliangye Baijiu. And
zaopei samples were collected from each pit on the Oth, 5th, 15th, 20th, 27th, 34th, 41th, 48th, 55th,
and 69th day of fermentation. Zaopei samples were collected from three locations in the up, middle,
and down layers of each pit using a hollow cylindrical sampler. Replicate samples were combined
and mixed fully on site in sterile plastic bags. Samples were immediately transferred to the
laboratory, and stored at -80 oC until required for analysis.

2.2. Physiochemical Properties of Zaopei

To examine fermentation processes in different pits, five fermentation parameters (i.e.,
fermented tempertature, titratable acidity, moisture, total starch and titratable reducing sugar) were
measured. The moisture content of zaopei was determined using the gravimetric method by drying
the zaopei samples at 105 oC for at least 3 h. The total titratable acidity in the zaopei samples was
determined through titration with NaOH (0.1 M), which involved the use of phenolphthalein as an
indicator (endpoint of pH 8.2). The Fehling’s reagent was used to determine starch and titratable
reducing sugar contents.

2.3. Analysis of VFCs in Zaopei

1 g of zaopei sample was taken into the headspace bottle and then tighten the bottle cap
immediately. To perform gas chromatography mass spectrometry (GC-MS), we used the Agilent
8890 GC coupled with an Agilent 7000D gas chromatography-tandem mass spectrometry system. A
50/30 um DVB/CAR/PDMS fiber (Supelco, Inc., Bellefonte, PA) was used for the extraction of volatile
components. The samples were equilibrated at 50 oC for 5 min and extracted for 45 min at the same
temperature.

After extraction, the fibers were inserted into the 250 oC gas chromatograph injection port for 5
min to desorb analytes. Analysis was conducted using an HP-5 column (30 mx0.32 mm i.d., 0.25 um
film thickness). The chromatograph settings were: helium as carrier gas at 1 mL/min, oven
temperature held at 50 oC for 2 min, ramped to 230 oC at 4 oC/min, then held at 230 oC for 15 min.
The mass spectrometer operated in 70 eV electron ionization mode with a 230 oC ion source. Full-
scan analysis covered 35-550 amu for compound characterization. Identification used NIST library
matching (score > 80), retention indices from n-alkanes, and comparison with reference standards. 4-
Octanol (Sigma-Aldrich, USA) at ~100 ppm served as the internal standard. Semi-quantification was
based on the volatile compounds' relative peak areas to 4-octanol.

2.4. DNA Extraction

DNA was extracted from homogeneous frozen samples (0.5 g) using a PowerSoil® DNA
Isolation Kit (Mo Bio Laboratories, USA) according to the manufacturer’s instructions. A NanoDrop
2000 UV spectrophotometer (Thermo Scientific, USA) was used to determine the DNA quality and
quantity. All DNA samples were stored at -80 oC until required for analysis.

2.5. Statistical Analysis

Data were presented as the mean + standard deviation (SD). R language were used for date
analyse. The Pearson correlation coefficient r2 was calculated using R language and the heat map of
r2 was drawn by R 3.5.1. Differences were considered to be statistically significant at P < 0.05.
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3. Results and Discussion
3.1. Dynamics of Fermentation Properties During Wuliangye Baijiu Making Process

We systematically monitored the dynamic variations in fermentation temperature, moisture
content, total starch, titratable reducing sugar, and titratable acidity throughout the fermentation
processes of JC20 and JC40 (Figure 2). Initially, as Baijiu is produced in an open environment, the
temperatures of JC20 and JC40 were comparable. As fermentation progressed, the temperature
increased rapidly and gradually declined until the end. Notably, in both mud pits, the temperature
gradient was consistent with traditional practices, where the lower layer zaopei registered the highest
temperature, while the upper layer zaopei exhibited the lowest (Figure 2A). Regarding moisture
content, a consistent upward trend was observed in both mud pits throughout the fermentation
period. However, the lower layer zaopei of JC20 demonstrated a more pronounced increase, rising
from 55.70% + 0.14 to 72.26% + 1.00, compared to JC40's range of 56.55% + 0.92 to 69.49% + 0.02 (Figure
2B). Total titratable acids steadily accumulated during fermentation in both samples, reaching their
peak concentrations at the end of the process (Figure 2C). Across all three layers, the zaopei from
JC20 exhibited higher acidity levels than those from JC40, with the lower layer zaopei of both mud
pits having the most significant acidity values: 4.56 + 0.07 for JC20 and 5.25 + 0.05 for JC40. Total
starch content started high at the beginning of fermentation and steadily decreased until the final
sampling point in both JC20 and JC40 (Figure 2D). Specifically, the middle and lower layers of zaopei
in JC20 showed greater starch consumption compared to their counterparts in JC40. For the middle
layers, the starch content decreased from 21.7% + 0.84 to 12.35% = 0.25 in JC20, contrasting with
22.92% + 0.29 to 15.00% =+ 0.13 in JC40; for the lower layers, the reduction was from 24.30% + 0.34 to
9.50% + 0.10 in JC20 versus 21.59% =+ 0.22 to 13.58% + 0.13 in JC40. The titratable reducing sugar
content in JC40's zaopei across all three layers underwent a rapid increase followed by a sharp decline
during fermentation. In contrast, the changes in JC20 were more subdued, characterized by a modest
rise and subsequent decrease (Figure 2E).
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Figure 2. Dynamics of zaopei fermentation properties during Wuliangye Baijiu fermentation. (A) Temperature,
(B) Moisture, (C) Total titratable acidity, (D) Starch, (E) Titratable reducing sugar. The differet color curve
represent different layer zaopei samples (Blue, red, green, purple, yellow and black represent JC20-up, JC20-
middle, JC20-down, JC40-up, JC40-middle and JC40-down samples, respectively. Each data point is the mean of
three measurements + SD.

3.2. Variation of VECs in Fermentation Process

To explore the impact of mud pit continuous usage years on VFCs, H5-SPME/GC-MS was used
to analyze zaopei from JC20 and JC40. A total of 63 VFCs were semi quantified, including 33 esters,
11 alcohols, 8 acids and 11 others. Heat map analysis (Figure 3) showed that metabolite profiles
increased during fermentation, with greater variation in JC40 than in JC20. However, these flavor
substances had distinct dynamic changes during fermentation.
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significantly higher than those in JC20. Among them, ethyl hexanoate, ethyl acetate and ethyl lactate
dominated the ester composition in all zaopei samples (Supplement Table 1). As a key determinant
of Wuliangye Baijiu's quality, ethyl hexanoate content in the three layer zaopei of JC40 at the end of
fermentation was superior to that of JC20, following the order: JC40-D > JC40-M > JC40-U > JC20-D >
JC20-M > JC20-U (Supplement Table 1). This results aligned with previous research [6], suggesting
that longer mud pit continuous usage years lead to better - quality Wuliangye Baijiu production.

Volatile acids are essential components among the VFCs of Wuliangye Baijiu, playing a pivotal
role in its aroma profile. An optimal concentration of these acids endows the liquor with a
harmonious and enduring pleasantness [27]. For example, hexanoic and acetic acids are major acids
in strong flavor baijiu; suitable amounts enhance liquor aroma, but excessive levels disrupt its style
[26]. In this study, hexanoic acid, acetic acid, butanoic acid and pentanoic acid were main volatile
organic acids identified in both JC20 and JC40 (Figure 3). Their concentrations exhibited an initial
increase during the early fermentation phase, followed by either stabilization or a decline. This trend
can likely be attributed to their involvement in esterification reactions, where they serve as key
precursors for the synthesis of corresponding esters (Figure 3). Notably, as the primary precursors
for ethyl hexanoate, hexanoic acid levels in all three layers of JC40 zaopei were significantly higher
than those in JC20 (P < 0.05, Supplement Table 1). This disparity in hexanoic acid content may well
account for the elevated ethyl hexanoate levels observed in the zaopei of JC40 compared to JC20.

Alcohols, formed through glucose metabolism and the dehydrodecarboxylation of amino acids,
act as essential precursors for ester formation. Higher alcohols are one of the important flavor
compounds in Wuliangye Baijiu, yet excessive concentrations are unpalatable. In this study, alcohol
synthesis predominantly took place during the early stages of fermentation. Among the alcohol
compounds detected in all zaopei samples, phenylethyl alcohol, hexaethylene glycol, and propylene
glycol emerged as the dominant components throughout the fermentation process (Figure 3).
Notably, isopentanol, a key constituent of higher alcohols, exhibited significantly higher
concentrations in the three layer zaopei samples of JC20 compared to JC40 at the end of fermentation
(P <0.05, Supplement Table 1). Moreover, the levels of 2-2-dimethyl-1-3-butanediol, 2-2-himethyl-1-
decanol, 3-methylthiopropanol and 2-hexadecanol were generally more elevated in the three layer
zaopei of JC20 than in those of JC40.

3.3. Diversity and Differences in Microbial Community Composition During Fermentation

To explore the composition of microbial communities in different ages mud pits, the
fermentation process were monitored over a 70-day period. After quality control, a total of
1,179,351,053 high quality sequences were successfully retrieved for the bacterial communities across
all samples. The number of sequences per sample ranged from 1,839,808 to 35,301,333. For eukaryote
sequences, 23,505,524 high - quality reads were obtained, with the read counts per sample spanning
from 10,582 to 3,541,662.

Subsequently, sequencing data were classified at both the phylum and genus levels to
comprehensively analyze the community succession dynamics over fermentation. The results
showed that 4 bacterial and 4 fungal phyla were identified, with relative abundance above 0.1%
(Supplement Figure 1). Among the bacterial communities, Firmicutes, Actinobacteria, Proteobacter
and Bacteroidetes dominated in the early stages of fermentation in both mud pits. Their abundances
then decreased while Firmicutes increased during fermentation with a relative abundance of more
than 95.74% at the end of fermentation of JC40 and JC20 but except the up layer zaopei sample of
JC20, which was 56.98% (Supplement Figure 1A and 1B). For fungi, Ascomycota was identified to be
the predominant organism throughout the entire fermentation process. Moreover, at the end of
fermentation, all zaopei samples had a relative abundance of Ascomycota exceeding 88.76%
(Supplement Figure 1C and 1D).

At the genus level, the succession of microbial communities during the fermentation of JC20 and
JC40 exhibited distinct characteristics. The distribution of microbial genera in JC40 was more
balanced than that in JC20, potentially explaining why high quality Wuliangye Baijiu is commonly

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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produced in older mud pits such as JC40. Initially, Pantoea and Kosakonia emerged as the
predominant genera, while Cronobacter was dominant latter. As fermentation advanced, the relative
abundances of Pantoe, Kosakonia, and Cronobacter decreased, possibly due to the significant
enrichment of lactic acid bacteria towards the end of the fermentation period.

Bacillus, a key functional microorganism, secretes numerous hydrolytic enzymes that aid in the
formation of flavor compounds during Wuliangye Baijiu fermentation. In JC20, Acinetobacter was a
major genus from day 5-15 but its proportion dropped rapidly as fermentation continued.
Apilactobacillus became dominant on day 20 and remained so until the end of fermentation in both
JC20 and JC40 (Figure 4A,B). Moreover, a notable divergence was observed in the dominant microbial
communities of zaopei samples between JC40 and JC20 during the early fermentation stage (Figure
4B), which might due to the differences in mud pit microorganisms and environmental
microorganisms.

Fungi play a crucial role in Wuliangye Baijiu fermentation, secreting diverse enzymes that drive
the biosynthesis of flavor compounds [28]. Among them, Saccharomyces stands out as a pivotal
microorganism for alcohol production. It demonstrates remarkable efficiency in sugar conversion,
predominantly driving ethanol fermentation during the brewing of Wuliangye Baijiu. Our results
indicate that in the upper and middle layer zaopei of JC20 and JC40, the relative abundance of
Saccharomyces rose rapidly in the early and middle fermentation stages, consisted with the fact that
the up and middle layer zaopei have a higher yield than the down layers. Kazachstania and
Aspergillus also exhibited abundance at the beginning fermentation of JC20 and maintain relative
stability as fermentation progressed (Figure 4C). For JC40, apart from the significant increase in
Saccharomyces, the proportion of Pichia was also found to be increased during the fermentation
(Figure 4D). Additionally, the relative abundances of Aspergillus and Lichtheimia were maintain
relative stability in each samples, highlighting their stable contribution to the fermentation ecosystem
(Figure 4D).

=]

L

I
1
|
T .

1
|
I/
|
1
|
I .

| .
I
|
I
'
|
| I
. |

”"'-'-l'l e |--|||I

‘ I
|
!

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202505.0981.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 13 May 2025 d0i:10.20944/preprints202505.0981.v1

8 of 14

Figure 4. Bacterial (A, B) and fungal (C, D) community structure succession at the genus level. A and C (B and
D) represent the results of JC20 (JC40).

3.4. Correlations Analyses Revealed the Relationships Between Different Microbes of Different Pits

Microbial interactions play a pivotal role in shaping the microbial composition, as they are
intricately linked to fluctuations in microbial populations and have a direct impact on microbial
metabolism during the fermentation process [29,30]. To elucidate these complex relationships,
Pearson’s correlation coefficients and P values were computed for the top30 bacterial and fungal
genera from JC20 and JC40 (Figure 5). The correlation analysis results revealed that in JC20, 19
bacterial and 24 fungal genera exhibited correlated behavior (Figure 5A), while in JC40, 22 bacterial
and 29 fungal genera showed similar patterns of correlation (Figure 5B). Notably, across both JC20
and JC40, bacterial communities generally displayed a negative correlation with fungal communities.
Conversely, positive associations were observed among different fungal genera within each sample.

Delving deeper into the findings, in JC20, Levilactobacillus, Fructilactobacillus, Apilactobacillus
and Clostridioides were strongly positively correlated (Ir| >0.9, P <0.05). In contrast, Clostridioides
negatively correlated with Methylobacter, Acinetobacter, and several other genera (11| >0.7, P <0.05).
Multiple lactobacillus related genera were negatively correlated with Methylobacter (Irl > 0.7, P <
0.05), except for Rhodococcus, which showed a strong positive correlation with it (Ir| > 0.9, P <0.05)
(Figure 5A). Regarding JC40, Clostridioides negatively correlated with Methylobacter,
Flavobacterium, Acinetobacter, Lipomyces, Thauera, and Rhodococcus (Irl > 0.7, P < 0.05), but no
genera showed a strong positive correlation with Clostridioides (Ir| > 0.9, P <0.05). 7 bacterial genera
(Levilactobacillus, Fructilactobacillus, Lentilactobacillus, Apilactobacillus, Ligilactobacillus,
Lactiplantibacillus and Clostridioides) displayed significant negative correlated with Methylobacter
(Irl > 0.7, P < 0.05), while Acinetobacter and Clostridium were positively correlated with
Methylobacter (Il > 0.9, P < 0.05) (Figure 5B). For fungi, in JC20, Aspergillus correlated positively
with 16 fungal genera and Rhizopus with 17 (Irl > 0.9, P < 0.05) (Figure 5A). For JC40, Aspergillus
positively correlated with 15 fungi (Irl > 0.9, P < 0.05) but negatively with 5 bacteria (Ir| > 0.7, P <
0.05). Similarly, Rhizopus had positive links with 15 fungi and negative ones with 5 bacteria under
the same significance. Saccharomyces, and Pichia were positive correlated with Torulaspora and
Piloderma (Irl > 0.9, P < 0.05), respectively (Figure 5B). Overall, bacteria-fungi correlations were
mostly negative (Irl > 0.7, P <0.05) (Figure 5).

A _’,’. - ."L“.

L ey o ®

Figure 5. Association network diagram of bacteria and fungi for JC20 (A) or JC40 (B). The red and blue circles
refer to bacteria and fungi, respectively, and the red and green lines refer to positive correlations (r > 0.7 and P <
0.05) and negative correlations (r <—0.7 and P < 0.05), respectively.

The results of high throughput sequencing revealed that the dominant microbial genera in JC20
and JC40 samples evolved with fermentation time and environmental changes. This suggests that
certain genera, such as Secundilactobacillus, Acinetobacter, Limosilactobacillus and Flavobacterium,
may struggle to adapt to rising ethanol concentrations and increased acidity. These environmental
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shifts result from the selective pressure exerted by Apilactobacillus and Saccharomyces. Morever,
there were 3 bacteria (Limosilactobacillus, Lactobacillus, Staphylococcus) and 1 fungi (Geotrichum)
showed correlated behavior only in JC20, while 6 bacteria (Bacteroides, Leuconostoc, Prevotella,
Acetobacter, Secundilactobacillus, Lacticaseibacillus) and 6 fungi (Pichia, Penicillium,
Saccharomyces, Talaromyces, Piloderma, Lipomyces) showed correlated behavior only in JC40.
Correlation analyses indicated that microbial community interactions in JC40 were more diverse and
stronger than in JC20, which was in line with the typical characteristics of the brewing process of "the
older the pit, the better the baijiu"[31]. Additionally, as dominant fungal genera, Rhizopus and
Saccharomyces genera demonstrate robust fermentation, decomposition capabilities, and resistance
to acid and ethanol [30,32,33].

3.5. Correlations Between Microorganisms with Physiochemical Properties

Environmental factors govern the changes in microbial community structures. To elucidate the
relationships between microbial communities and physicochemical properties during the
fermentation of JC20 and JC40, RDA was conducted (Figure 6). The results demonstrated that the
microbial community dynamics were significantly influenced by variables such as total starch
content, titratable acid levels, moisture, titratable reducing sugar, and fermented temperature. In
terms of bacterial communities, in JC20 fermentation, Acinetobacter, Clostridium and
Corynebacterium were associated with total starch and titratable reducing sugar and Lactococcus,
Acetobacter, Staphylococcus and Pediococcus had significantly positive correlation with titratable
acids of JC20 (Figure 6A). As for JC40, Acinetobacter, Clostridium, Methylobacter, Pediococcus and
Staphylococcus was only correlated with total starch over the fermentation of JC40 (Figure 6B). And
Fructilactobacillus and Apilactobacillus had significantly positive correlation with titratable acids
(Figure 6B). According to previous studies, these bacteria can produces acids by using carbohydrates
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Figure 6. RDA of microorganisms (topl5) and fermentation properties. Correlation between fermentation

properties and bacterial genera (A and B) or fungal genera (C and D). A and C represent the results of JC20; B
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and D represent the results of JC40. TS: Total sugar, TA: Titratable acid, MC: Moisture content, TRS: Titratable

reducing sugar, FT: Fermented temperature.

For fungi, Aspergillus plays a central role in the saccharification, fermentation, and esterification
processes that are fundamental to Chinese Baijiu production [37-39]. In this study, in JC20,
Aspergillus was linked to titratable acids (Figure 6C), while in JC40, it correlated with titratable
reducing sugar and temperature (Figure 6D). Furthermore, Rhizopus and Kazachstanic were related
to the total starch content in both JC20 and JC40. Rhizopus is known for its strong amylase -
producing ability during Wuliangye Baijiu fermentation [30,40], and can break down starch into
fermentable sugars [41], consistent with our findings. Moreover, Pichia exhibited significant positive
associations with titratable reducing sugar and temperature, highlighting its potential role in
responding to key environmental factors during the fermentation process.

3.6. Correlations Between Microorganisms with VFCs

In the production of Chinese Baijiu, understanding the interactions between microorganisms
and VFCs during fermentation is crucial, given the complexity of the Baijiu fermentation system,
which involves numerous microorganisms and chemical compounds [39,42]. Therefore, Pearson’s
correlation coefficient was used to reveal the interaction between microorganisms (top 10 bacteria
and top 10 fungi) and 19 main VECs in this study (Figure 7).
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Figure 7. Correlation analyses between microbiota and VFCs during the fermentation of JC20 (A) and JC40 (B).
Pearson’s rank correlations between microorganisms (top 10 bacteria and top10 fungi) and 19 main VFCs. Strong
correlations are indicated by large circles, whereas weak correlations are indicated by small circles. The scale bar
colour denotes the nature of the correlation, with 1 indicating a perfect positive correlation (dark blue) and —1
indicating a perfect negative correlation (dark red). Significant correlations (Ir! > 0.7, P <0.01) and (Irl > 0.9, P

<0.01) are shown with * and **, respectively.

The correlation analysis result revealed that nearly all top 10 fungal species in both JC20 and
JC40 fermentation pits played pivotal roles in synthesizing main VFCs, including ethyl hexanoate
[E1], ethyl acetate [E2], and ethyl lactate [E3]. These fungi also contributed to the formation of alcohols
like hexaethylene glycol [A2] and 2-3-butanediol [A5], along with organic acids such as acetic acid
[S1] and pentanoic acid [S3]. To the best of our knowledge, Aspergillus facilitates esterase production
[39,43], and Paecilomyces, Rasamsonia and Kazachstania produce glucoamylase to break down
glucose and generate various VFCs such as acids, esters, and alcohols [34]. Our findings in Figure 7
supported these observations. However, differences emerged in the production of other VFCs. For
JC20, the synthesis of ethyl butyrate [E4], ethyl valerate [E5], isopentanol [A1] and butanoic acid [S2]
positively correlated with most fungal species (Figure 7A). While for JC40, ethyl caprylate [E6], ethyl
palmitate [E8], phenylethyl alcohol [A3], tert-hexadecanethiol [A4] and hexanoic acid [S4] were
positive correlated with most fungal microorganisms (Figure 7B).
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In contrast, most bacteria showed no relation to the formation of VECs during the fermentation
process, and some bacteria such as Acetobacter, Lactobacillus, Lentilactobacillus,
Secundilactobacillus, Apilactobacillus, Levilactobacillus and Fructilactobacillus showed negative
correlation with VFCs synthesis of JC20 (Figure 7A). Similarly, in JC40, Lentilactobacillus,
Secundilactobacillus, Apilactobacillus, Levilactobacillus and Fructilactobacillus showed negative
correlations with the production of the majority of VFCs (Figure 7B).

The correlation analysis between VFCs and microorganisms offers valuable insights into the
microbial species driving VFC biosynthesis. This knowledge can be leveraged to precisely regulate
VFC production during Wuliangye Baijiu fermentation. However, it is crucial to acknowledge that
fermentation is a multifaceted process influenced by numerous factors. For instance, introducing or
increasing the abundance of specific microbial strains may have far - reaching effects on the entire
fermentation ecosystem. Only by taking a holistic approach and considering all variables involved in
fermentation can we achieve consistent VFC production, uphold the quality of zaopei, and ultimately
produce superior Wuliangye Baijiu.

5. Conclusions

In this study, two different continuous used years mud pits (JC20 and JC40) from Wuliangye
were selected to monitor the microbial community succession and dynamic changes in
physiochemical properties and volatility metabolites during fermentation. The results showed a
positively association between different fungi genera while it were presented a negative generally
correlation between different bacteria genera or between fungi and bacteria genera from both two
pits. Morever, fungal microorganisms were found to make greater contributions to the synthesis of
main VFCs during the fermentation process of both two pits. Additionally, the diversity of
microorganisms successfully identified of three different layers zaopei samples from JC40 at
fermentation anaphase were significantly higher than that of JC20, which also resulted in the
production of higher quality Wuliangye from JC40. Our findings provided important insights into
the metabolically active microbiota that promote the generation of VFCs during Wuliangye
fermentation.
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