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1.  Introduction

Jiang-flavor Baijiu (JFB), as a typical Baijiu, is carefully blending 
with the complex and distinct stylistic characteristics of the 7 types of 
base Baijiu. From the appearance, the variations in style characteristics 
of 7 rounds can be attributed to the differences in the composition and 
content of flavor compounds in the base Baijiu for each round[1]. But 
in essence, the difference of flavor characteristics in 7 rounds is closely 
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related to the characteristics of microbiota because flavor compounds are 
metabolites of microorganisms. Therefore, revealing the microbial and 
functional differences in 7 rounds is of great significance to explain the 
differences in flavor characteristics of 7 rounds of base Baijiu. Among 
several processes that are closely interfaced with microorganisms, 
including high-temperature daqu making, high-temperature stacking 
fermentation, and high-temperature pit fermentation, pit fermentation 
is particularly important. Firstly, pit fermentation commands the lion’s 
share, spanning 7/12 of the entire production timeline. Besides, the 
brewing environment transitions into an anaerobic environment, thereby 
fostering the generation of a diverse array of volatile compounds through 
the intricate succession of the microbiota, encompassing alcohols, 
aldehydes, acids, esters, and pyrazine[2]. Consequently, the composition 
and dynamics of the microbial community during pit fermentation 
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emerge as a pivotal determinant influencing the eventual flavor structure 
of JFB.

Recently, researchers have undertaken various research on dynamics 
and diversity in the pit fermentation of JFB by employing high-
throughput sequencing technology. An investigation into the microbial 
composition during the early stages of JFB fermentation has unveiled 
that Lactobacillus, Pichia and Saccharomyces were the dominant 
genera[3]. Further extending the scope, a study comparing the microbial 
communities and flavor compounds in the upper, middle, and lower 
layers of fermented grains during the 5th and 6th pit fermentation revealed 
that heightened ester content in the 5th round was mainly attributed to 
fungi, whereas the emergence of off-flavors such as p-cresol demonstrated 
associations with specific bacterial and fungal species[4]. Moreover, an 
investigation into the bacterial community dynamics thought rounds 4 to 7 
revealed the dominance of Lactobacillaceae, Thermoactinomycetaceae, 
Bacillaceae, and Enterobacteriaceae. Notably, Lactobacillaceae exhibited 
sustained predominance across all rounds investigated[5]. Additionally, 
a study has researched the evolving composition of microbial 
community and flavor-related chemicals in the initial 3 rounds of base 
Baijiu production, identifying that ester synthesis was promoted by 
the bacteria genus Lactobacillus and many low abundances of fungal 
genera[6]. In addition, the microbial communities of different rounds of 
pit fermentation in Maotai town were compared, and the common and 
endemic genera were found[7]. These research results greatly contributed 
to reveal the microbial structure of JFB fermentation and its influence on 
the formation of flavor compounds. However, the differences in microbial 
structure, potential function, and biomarkers among the 7 rounds, as well 
as the reasons for the variations in microbial succession across these 
rounds, remain unclear. This lack of clarity persists because many studies 
only involve comparisons of microbial communities across a few rounds 
or simplistic analyses focusing on common and unique genera within 
the 7 rounds. Hence, a more systematic sample composition and deeper 
data analysis can reveal its micro-ecological structure and fermentation 
mechanism in more detail and depth. 

In this study, the microbial community and diversity characteristics of 
the fermented grains in the whole cycle (1–7 rounds) of pit fermentation 
of JFB were analyzed via high-throughput sequencing technology. 
Subsequently, the biomarkers of each round were identified and the 
differences of biotic and abiotic factors driving microbial succession were 
clarified by using multivariate statistical analysis. Finally, PICRUSt II was 
used to illuminate disparities in functional attributes. By amalgamating 
these strands of investigation, this study aspires to comprehensively 
analyze the differences of microbial communities and biomarkers of 7 
rounds in the whole fermentation rounds of JFB. At the same time, the 
flavor differences of 7 rounds of base Baijiu were explained from the 
point of view of microorganisms. This study also lay a foundation for a 
comprehensive exploration of the interplay between microbial ecological 
structures and the intricate flavor dynamics emblematic of Baijiu.

2.  Methods 

2.1  Sample collection and processing

All samples were collected from the same Baijiu-brewing 
workshop in Xishui County (28.14 N, 106.18 E), Zunyi, China. 
Samples were collected during the pit fermentation stage of Baijiu 
brewing, with samples taken every 5 days from the start to the 

end of pit fermentation (approximately 30 days). In addition, the 
fermentation grains samples were selected from different locations 
(points A, B, and C) (Fig. S1). Under aseptic conditions, the samples 
from the 3 points (A, B, and C) in the same layer were mixed into 1 
sample. A total of 426 samples obtained from 7 rounds were used to 
form 146 composite samples. The composite samples were divided 
into 2 portions: one was used for total DNA extraction and the other 
was used to determine the fermentation parameters. Samples were 
stored at –20 ℃. The 1–7 rounds were represented as JC1–JC7 
respectively.

2.2  Fermentation parameters detection

The moisture of the fermentation grain was monitored via a 
gravimetric method by drying samples to a constant weight at 105 ℃. 
The total acidity, starch and reducing sugar content of the fermented 
grains were determined as described by Wang et al.[8].

2.3  Total DNA extraction, amplicon sequencing and 
bioinformatics analysis

The sample pre-treatment and DNA extraction methods were 
obtained by Song et al.[9]. For bacteria, the 16S rRNA region was 
amplified using the universal primer sets 338F and 806R. For fungi, 
the internal transcribed spacer (ITS) region was amplified with 
primers ITS3 and ITS4[10]. The purified amplicons were sequenced on 
the Illumina MiSeq platform (Illumina, San Diego, USA) at Majorbio 
Bio-Pharm Technology (Shanghai, China).

Raw sequences were processed version 1.8.0 Quantitative Insights 
into Microbial Ecology (QIIME) (version 1.8.0). The representative 
bacterial operational taxonomic unit (OTU) sequences were annotated 
using the Silva 128/16S rRNA database; the representative fungal 
OTU sequences were compared using the UNITE fungal ITS database 
(version 8.0). For both bacteria and fungi, a 97% identity threshold 
was set. The coverage percentage (coverage index), diversity 
(Shannon index), and richness (Chao index) were calculated at the 
OTU level.

2.4  Statistical analysis

A one-way ANOVA and Kruskal-Wallis test performed with 
SPSS (version 19.0) were used to determine the significance of 
microbial data and statistical significance was indicated by P < 0.05. 
The heatmap was drawn by TBtools (version 1.082). The microbial 
composition map and correlation heat map were drawn by R (version 3.4.4) 
with “ggpolt” package and “corrplot” package. LEfSe plots were 
plotted by R with the “tidyverse” and “ggtree” packages, and the 
LDA threshold score > 3 was employed to identified biomarkers[11]. 
All Spearman’s rank correlations among the genera used the “Hmisc” 
package of R and the Mantel test was conducted through “vegan” 
package in R. The network was created by using the data of high and 
significant correlation (P < 0.05, |R| > 0.6) between dominant genera 
(relative average abundance > 1%) and then the ecological network 
was divided into modules through the “Modularity” in Gephi (version 9.5). 
The PICRUSt II was used to predict microbial function.



	 H. Wang et al. / Food Science and Human Wellness 15 (2026) 9250344	 3

3.  Results and discussion

3.1  Changes of physicochemical properties during pit 
fermentation of 7 rounds

The dynamic changes in moisture, starch contents, reducing 
sugar contents, and acidity were examined across 7 rounds. 
As illustrated in Fig. 1, the change trend of moisture content, 
acidity, and starch content in fermentation grains during the pit 
fermentation of each round in JFB was similar, except for reducing 
sugar content. Nevertheless, variations existed in the alterations 
of physicochemical properties across 7 rounds. Among these 
parameters, moisture and acidity exhibited a continual increment 
throughout each fermentation stage, while the starch content 
underwent a progressive decrease. In the context of distinct 
rounds, the starch content exhibited a diminishing trend with 
successive rounds (ranging from 30.41% to 13.15%), accompanied 
by an average reduction rate of 5.65%, 5.33%, 3.28%, 0.89%, 
1.06%, and 1.04%, respectively. This trend found its origin in the 
unique brewing process of JFB, wherein sorghum was introduced 
solely in JC1. The starch content was constantly consumed with 
the continuous cooking and microbial metabolism[12], aligning with 
previous research findings[3,13]. The moisture levels and acidity rise 
in the initial 4 rounds (JC1–JC4) out of the 7, followed by a decline 
in the subsequent 3 rounds (JC5–JC7). JC4 exhibited the highest 
mean values for moisture (56.65%) and acidity (4.16 mmol/10 g). 
Conversely, the alteration trends of reducing sugar varied among 
7 rounds. In JC1, reducing sugar content experienced a continuous 
increase throughout the fermentation process (1.12 to 3.01 g/100 g). 
For JC2 to JC4, reducing sugar content initially decreased, then 
increased, and subsequently decreased again. In JC5 to JC7, a 

consistent decline in reducing sugar content was observed as 
fermentation progressed (3.39 to 1.91 g/100 g, 1.90 to 1.27 g/100 g, 
and 1.25 to 0.92 g/100 g, respectively). This phenomenon was 
attributed to the rapid early-stage degradation of starch content, 
leading to an accumulation of reducing sugar. In the JC5 to 
JC7 stages, despite insufficient starch content, microorganisms 
continued to utilize reducing sugar, a pattern in alignment with 
previous investigations[13]. 

Therefore, trends of changes in physicochemical properties within 
each round exhibit similarities. However, notable disparities emerge 
in these indicators across 7 rounds. Specifically, starch levels decrease 
gradually, acidity and moisture initially rise before declining, and the 
concentration of reducing sugar undergoes intricate fluctuations.

3.2  Microbial diversity in 7 rounds

A total of 4 309 003 valid reads were obtained from bacterial 
16S rRNA V3–V4 sequences and 4 244 164 high-quality reads were 
acquired from fungal ITS sequences. The 16S rRNA gene (2 111 OTUs) 
and ITS (2 402 OTUs) amplicon sequences were clustered at a 97% 
similarity level. The Coverage estimator of bacteria and fungi across 
JC1 to JC7 ranged from 98.99% to 99.94% (Table S1), indicating that 
major bacterial and fungal OTUs had been captured.

The Shannon and Chao index among 7 rounds were compared by 
Kruskal-Wallis analysis. As shown in Fig. 2, discernible differences 
were found in microbial diversity (Shannon index) and richness (Chao 
index) of bacteria and fungi among 7 rounds (P < 0.01). Specifically, 
there was no significant difference in bacterial diversity during the 
initial 4 rounds. However, the diversity notably increased in the last 
3 rounds compared to the first 4 (Fig. 2A). Conversely, the fungal 
diversity across 7 rounds exhibited cyclical fluctuations, with notably 
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Fig. 1  Changes in the physicochemical properties of fermented grains in 7 rounds of pits fermentation. (A) Moisture content; (B) Acidity; (C) Reducing sugar 
content; (D) Starch content.
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higher Shannon index values in JC2, JC4, and JC6 compared to the 
other rounds. The richness (Chao index) showed a gradient increasing 
trend among 7 rounds. The Chao index value in JC1 was significantly 
lower than in other rounds, followed by no significant difference was 
observed among JC2 to JC5. Conversely, the Chao index value of JC6 
and JC7 markedly exceeded that of the other rounds. In terms of fungi, 
the richness observed in JC2, JC4, and JC5 significantly exceeded 
that of the other rounds. This phenomenon could be attributed to 
the predominance of bacteria originating from high-temperature 
daqu, characterized by their high resistance. In contrast, fungi 
predominantly derive from the surrounding environment, exhibiting 
lower resistance[14-15]. These findings collectively underscore that the 
microbial community in 7 rounds of pit fermentation had distinct 
characteristics and underwent dynamic changes.

3.3  Microbial community compositions and succession in  
7 rounds

For pit fermentation spanning JC1 to JC7, a total of 826 bacterial 
genera and 683 fungal genera were detected within fermented grains. 
As shown in Fig. 3A, the trend of bacterial succession observed over 
7 rounds, showed a consistent pattern. Throughout each round of 
fermentation, the microbiome consistently shifted towards dominance 
by Lactobacillus. In the process of Baijiu brewing, Lactobacillus 
was the dominant genus in fermentation, and the rapid increase of its 
relative abundance implied the stage shift of fermentation[16]. Moreover, 
Lactobacillus was identified as a biomarker for the microbial community 
succession in the fermentation process of JFB[17]. Hence, Lactobacillus 
can not only be implied the stage shift in fermentation, but can also be 
used to reveal transitions in 7 rounds in JFB. 

Fig. 2  Box diagram of diversity index of JFB in 7 rounds of pit fermentation. (A) Shannon index of bacteria; (B) Chao index of bacteria; (C) Shannon index
of fungi; (D) Chao index of fungi. Different lowercase letters represent significant difference.

c c

Kruskal-Wallis, P = 4.5 × 10-12

5.0

2.5

0.0

A B

C D

c

c
b a

a

JC1 JC2 JC3 JC4 JC5
Group

Group

JC6 JC7

Sh
an

no
n 

in
de

x

b

a

Kruskal-Wallis, P = 2.4 × 10-5

5.0

2.5

0.0

b

a

b
a

b

JC1 JC2 JC3 JC4 JC5 JC6 JC7

Sh
an

no
n 

in
de

x

1 000

500

0

JC1 JC2 JC3 JC4 JC5
Group

JC6 JC7

Ch
ao

 in
de

x

c

b

Kruskal-Wallis, P = 4.1 × 10-15

b

b
b

a

a

400

200

0
JC1 JC2 JC3 JC4 JC5

Group
JC6 JC7

Ch
ao

 in
de

x

c

bc

a

b b

Kruskal-Wallis, P = 3.5 × 10-6

a

a



	 H. Wang et al. / Food Science and Human Wellness 15 (2026) 9250344	 5

Fig. 3  Identification of short-chain acylcarnitines associated important microbe modules on WGCNA. (A) Clustering dendrograms of microbiota. (B) Heatmap 
depicted the relationship between the microbiota modules and the significant changed in serum metabolites. (C) Degree topological analysis method of degree 

provided by cytohubba explored the top 10 important microbes in 2 modules with correspondence with short-chain acylcarnitines. Node colors were from yellow 
to red, represented the higher rank of the degree index. 

JC
1-

0d
JC

1-
5d

JC
1-

10
d

JC
1-

15
d

JC
1-

20
d

JC
1-

25
d

JC
1-

30
d

JC
1-

38
d

JC
2-

0d
JC

2-
5d

JC
2-

10
d

JC
2-

15
d

JC
2-

20
d

JC
2-

25
d

JC
2-

30
d

JC
3-

0d
JC

3-
5d

JC
3-

10
d

JC
3-

15
d

JC
3-

20
d

JC
3-

25
d

JC
3-

30
d

JC
4-

0d
JC

4-
5d

JC
4-

10
d

JC
4-

15
d

JC
4-

20
d

JC
4-

25
d

JC
4-

30
d

JC
5-

0d
JC

5-
5d

JC
5-

10
d

JC
5-

15
d

JC
5-

20
d

JC
5-

25
d

JC
5-

30
d

JC
5-

35
d

JC
6-

0d
JC

6-
5d

JC
6-

10
d

JC
6-

15
d

JC
6-

20
d

JC
6-

25
d

JC
6-

30
d

JC
7-

0d
JC

7-
5d

JC
7-

10
d

JC
7-

15
d

JC
7-

20
d

JC
7-

25
d

JC
7-

28
d

Lactobacillus
Bacillus
Lactococcus
Kroppenstedtia
Lentibacillus
Delftia
Oceanobacillus
Enterococcus
Pseudomonas
Streptococcus
Rhizobium
Thermoactinomyces
Acinetobacter
Acetobacter
Stenotrophomonas
Prevotella-7
Carnobacterium
Sphingomonas
Paenibacillus
unclassified-f-Enterobacteriaceae
norank-f-Bacteroidales-S24-7-group
norank-p-Candidate-division-WS6
Prevotellaceae-NK3B31-group
unclassified-f-Comamonadaceae
Flavobacterium
Sphingobacterium
Escherichina-Shigella
Geobacillus

Brevundimonas
Ralstonia
Comamonas
Mesorhizobium
Lutibacter
Arcobacter
Prevotellaceae-UCG-003
Leptrotrichia
Dysgonomonas
Myroides
Others

A
Re

la
tiv

e a
bu

nd
an

ce
 (%

)
100

80

60

40

20

0

Samples
Apiotrichum
Colletotrichum
Chaetomium
Cutaneotrichosporon
Gibberella
unclassified-p-Ascomycota
unclassified-p-Rozellomycota
unclassified-p-Chytridiomycota
Saitozyma
Mortierella
Debaryomyces
Naganishia
Cephalotrichum
unclassified-f-Nectriaceae
Curvularia
Dekkera
Setophoma
Pseudeurotium
Pseudallescheria
Clonostachys
unclassified-c-Lecanoromycetes
Monosporascus
unclassified-o-Saccharomycetales
Others

Issatchenkia
Thermoascus
Kazachstania
Byssochlamys
Thermomyces
Malassezia
Aspergillus
Torulaspora
Rasamsonia
Monascus
Candida
Cladosporium
Penicillium
Neurospora
Wallemia
Fusarium
Tausonia
Wickerhamomyces
Cyberlindnera
Gibellulopsis
Trichosporon
Metarhizium
Arthrinium
Beauveria
Alternaria
Pichia
Didymella
unclassified-k-Fungi

JC
1-

0d
JC

1-
5d

JC
1-

10
d

JC
1-

15
d

JC
1-

20
d

JC
1-

25
d

JC
1-

30
d

JC
1-

38
d

JC
2-

0d
JC

2-
5d

JC
2-

10
d

JC
2-

15
d

JC
2-

20
d

JC
2-

25
d

JC
2-

30
d

JC
3-

0d
JC

3-
5d

JC
3-

10
d

JC
3-

15
d

JC
3-

20
d

JC
3-

25
d

JC
3-

30
d

JC
4-

0d
JC

4-
5d

JC
4-

10
d

JC
4-

15
d

JC
4-

20
d

JC
4-

25
d

JC
4-

30
d

JC
5-

0d
JC

5-
5d

JC
5-

10
d

JC
5-

15
d

JC
5-

20
d

JC
5-

25
d

JC
5-

30
d

JC
5-

35
d

JC
6-

0d
JC

6-
5d

JC
6-

10
d

JC
6-

15
d

JC
6-

20
d

JC
6-

25
d

JC
6-

30
d

JC
7-

0d
JC

7-
5d

JC
7-

10
d

JC
7-

15
d

JC
7-

20
d

JC
7-

25
d

JC
7-

28
d

B

Re
la

tiv
e a

bu
nd

an
ce

 (%
)

100

80

60

40

20

0

Samples

Cladosporium
Neurospora
Wallemmia
Fusarium
Tausonia
Metarhizium
Arthrinium
Beauveria
Alternaria
Didymella
Colletotrichium
Chaetomium
Gibberella
Mortierella
Cephalotrichum
Curvularia
Setophoma
Pseudeurotium
Pseudallescheria
Clonostachys
Monosporascus
Monascus
Penicillium
Aspergillus
Rasamsonia
Byssochlamys
Thermoascus
Thermomysces

JC
1-

0d
JC

1-
5d

JC
1-

10
d

JC
1-

15
d

JC
1-

20
d

JC
1-

25
d

JC
1-

30
d

JC
1-

38
d

JC
2-

0d
JC

2-
5d

JC
2-

10
d

JC
2-

15
d

JC
2-

20
d

JC
2-

25
d

JC
2-

30
d

JC
3-

0d
JC

3-
5d

JC
3-

10
d

JC
3-

15
d

JC
3-

20
d

JC
3-

25
d

JC
3-

30
d

JC
4-

0d
JC

4-
5d

JC
4-

10
d

JC
4-

15
d

JC
4-

20
d

JC
4-

25
d

JC
4-

30
d

JC
5-

0d
JC

5-
5d

JC
5-

10
d

JC
5-

15
d

JC
5-

20
d

JC
5-

25
d

JC
5-

30
d

JC
5-

35
d

JC
6-

0d
JC

6-
5d

JC
6-

10
d

JC
6-

15
d

JC
6-

20
d

JC
6-

25
d

JC
6-

30
d

JC
7-

0d
JC

7-
5d

JC
7-

10
d

JC
7-

15
d

JC
7-

20
d

JC
7-

25
d

JC
7-

28
d

C

Re
la

tiv
e a

bu
nd

an
ce

 (%
)

100

80

60

40

20

0

Samples



6	 H. Wang et al. / Food Science and Human Wellness 15 (2026) 9250344

As shown in Fig. 3B, noticeable variations became apparent in the 
fungal community structure across 7 rounds. Notably, the initial fungal 
community structure markedly diverged from that present at the end of 
the last round, suggesting that the initial difference of fungi across varied 
rounds was mainly from the stacking fermentation process. This result 
further confirmed that the stacking fermentation of JFB was an effective 
process to fully enrich fungi[10]. Concurrently, the roles enacted by molds 
and yeasts within the fungal community were distinct throughout the pit 
fermentation process. Thus, the microbial communities of fungi were 
further separated according to function. As shown in Fig. 3C, a shared 
similarity was observed in the mold structure between JC3, JC4, and JC5, 
wherein Thermoascus (the average abundance was 14.33%, 19.82%, 
15.29%, respectively), Monascus (3.61%, 5.67%, 3.21%, respectively), 
and Aspergillus (5.60%, 6.64%, 5.80%, respectively) dominated. 
Furthermore, the mold structure of JC6 shared similarities with JC3 to 
JC5, as Thermoascus (24.41%), Aspergillus (19.32%), and Byssochlamys 
(18.54%) were the predominant genera. In contrast, the mold structures 
of JC1, JC2, and JC7 diverged from this pattern. JC1 was dominated 
by Thermomyces (37.85%) and Thermoascus (16.68%), JC2 exhibited 
Penicillium (10.57%) and Thermoascus (4.05%) as primary contributors, 
while JC7 was distinguished by the predominance of Byssochlamys 
(39.26%) and Monascus (6.14%). It is generally recognized that the base 
Baijiu in JC3 to JC5, colloquially known as “Da Huijiu”, exhibit superior 
quality, while those of JC6, or “Xiao Huijiu”, possess a roasted or burnt 
taste, attaining a slightly diminished quality[18]. Previous research also 
found that some moulds also synthesize flavor compounds[2]. Thus, unlike 
previous studies, we propose that the distinct mold communities might 
also be intrinsically linked to the flavor profiles of base Baijiu.

In the pit fermentation process, yeasts play a crucial role as 
primary functional microorganisms responsible for generating 
ethanol and flavor compounds[2]. The compositions of yeast were 
shown in Fig. 3D, wherein the yeast structure within JC2 and JC3 
appeared similar, with Kazachstania dominating (23.55% and 
49.19% respectively). However, unclassified_k_Fungi accounted a 
substantial proportion (37.72%) within JC2. The yeast composition 
of JC4 exhibited an intermediate profile, positioned between JC3 
(Kazachstania, 23.55%) and JC5 (Issatchenkia, 57.80%). It was 
marked by the initial dominance of Kazachstania in the early phase, 

transitioning to Issatchenkia in the later stages. In JC6, Kazachstania 
reigned as the predominant yeast, whereas JC7 was characterized 
by the dominance of Issatchenkia (21.37%) and Candida (14.09%). 
JC1 exhibited significant variability in yeast composition, with 
Torulaspora being the most prevalent genus at 30.04%. Therefore, 
the characteristic yeast structure across 7 rounds was postulated to 
be the main influencing variations in alcohol production and flavor 
compounds of base Baijiu.

Furthermore, an analysis was conducted on the distribution 
characteristics of dominant microorganisms (with an average 
abundance exceeding 1%) within distinct rounds. Depicted in Fig. 4A, 
the count of dominant bacteria displayed a general increasing trend 
among 7 rounds (9, 7, 11, 14, 13, 13, and 20 genera, respectively). 
This phenomenon predominantly stemmed from the decreasing 
abundance of Lactobacillus during JC1–JC7, because Lactobacillus 
can produce lactic acid, and acetic acid[9] to increase the acidity of the 
fermented grains, and metabolic bacteriocins produced to antagonize 
other microorganisms[19]. This result was also consistent with the 
change of acidity in the physicochemical factor (Fig 1). Furthermore, 
Lactobacillus and Bacillus emerged as the dominant bacteria across 
all rounds, while Kroppenstedtia was the dominant bacteria of all 
rounds, except JC2. This triad of genera collectively constituted the 
core microbiome for JFB, the result consistent with previous studies[5]. 

The distribution characteristics of fungi were shown in Fig. 4B, 
with the dominant fungi counts 11, 21, 14, 18, 19, 21, and 15 in 
JC1–JC7. Of which, the dominant mold numbers were 7, 15, 13, 10, 
12, 17, and 9, while the dominant yeast counts were 4, 4, 1, 4, 7, 3, 
and 6 in JC1 to JC7, respectively. The results indicated that more 
dominant molds than dominant yeasts were found in pit fermentation. 
Core molds included Aspergillus, Byssochlamys, Thermoascus, 
and Thermomyces, dominating in all rounds and showing heat-
resistant characteristics. These were also the core molds in stacking 
fermentation[10].

3.4  Biomarkers of microbial communities in 7 rounds

To gain insight into the microbial characteristics of fermented 
grain across JC1–JC7, the microbial communities of fermented grains 
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were analyzed using LEfSe analysis to identified the biomarkers of 
each round. As depicted in Fig. 4C, the biomarkers existed across 
7 rounds were different, with 7, 9, 6, 6, 6, 16, and 14 biomarkers 
identified in each round.

Specifically, the biomarkers of JC1 were Escherichia-Shigella, 
Lactobacillus, Colletotrichum, Thermomyces, Cyberlindnera, 
Torulaspora, and Wickerhamomyces. Among them, Escherichia-
Shigella was detected in Xijiu[10] and Langjiu[5], signifying its unique 
presence within the upper Chishui River environment. Lactobacillus 
was the functional contributor to ethanol, lactic acid, and acetic 
acid[20]. Thermomyces, equipped with the capacity to produce 
amylases and proteases[20], was also implicated in promoting amino 

acids degradation and short-chain fatty acids synthesis (such as 
acetic acid, propionic acid, and butyric acid)[11]. This potentially 
accounting for the notable rise in acidity within JC1 fermented 
grains. Meanwhile, Torulaspora displayed the ability to enhance ethyl 
hexanoate, ethyl octanoate and higher alcohols contents[21], while 
Wickerhamomyces played a crucial role in elevating the content of 
ethyl butyrate, ethyl lactate and ethyl hexanoate[22]. Cyberlindnera, an 
aromatic yeast, could metabolize higher alcohols, ethyl acetate and 
other flavor substances[23]. These results indicated that the biomarker 
of JC1 mainly contribute some aroma compounds, such as higher 
alcohols, acetic acid, ethyl acetate, and ethyl butyrate. These results 
may explain the previous research findings, wherein JC1 own high 

Fig. 4  Distribution of dominant genera and biomarkers in 7 rounds. (A) Distribution characteristic of dominant bacteria genera in 7 rounds. Red dot represents 
the dominant genus in a certain round, the blue bar chart in the column was the total number of dominant genera in a certain round, and the blue bar chart in the 
row represent the number of times that a certain genus was identified as the dominant genus in 7 rounds. (B) Distribution characteristic of dominant fungi genera 

in 7 rounds, molds were marked with black fonts, yeasts were marked with blue fonts, and unclassified genera were marked with green fonts. LEfSe analysis 
identified (C) bacterial and (D) fungal biomarkers in 7 rounds. 
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content of higher alcohols and acetic acid, ethyl acetate, and ethyl 
butyrate[24].

The biomarkers attributed to JC2 comprised Paenibacillus, 
unclassified_f_Enterobacteriaceae, Alternaria ,  Didymella , 
Gibberella, Mortierella, Penicillium, Naganishia, and unclassified_
k_Fungi. Interestingly, most of JC2 biomarkers exhibited robust 
enzyme-producing capabilities. Paenibacillus, for instance, could 
produce a diverse variety of enzymes such as amylases, cellulases, 
hemicellulases, lipases, and pectinases[25]. Penicillium could produce 
protease, cellulase and esterase[26], while Alternaria contributed 
to the synthesis of protease, cellulase, esterase, and pectinase[27]. 
Naganishia, has been reported as an aroma producing yeast, yielding 
n-hexanol, n-pentanol and ethyl acetate[28]. Thus, a variety of enzyme-
producing microorganisms coupled with few aroma-producing 
microorganisms characterizes the microbial community of JC2. This 
profile was largely attributed to the near-exhaustive utilization of 
crushed fermentation grain in JC1, compelling JC2 to rely extensively 
on fungal interactions for starch hydrolysis within the uncrushed 
remnants, thereby yielding fermentable sugars[29]. This result explains 
the reason of the highest consumption rate of starch in JC2 (7.43) 
than in other rounds (1.20, 4.44, 1.4, 0.92, 1.04, 1.31). Nevertheless, 
unclassified_k_Fungi in JC2 need attention, as they could potentially 
contribute significantly to JC2’s flavor or enzyme composition. 
Advanced methodologies are essential for further elucidation of this 
aspect.

The biomarkers of JC3 comprised Leptotrichia, Lutibacter,  
Chaetomium, Metarhizium, Rasamsonia, and Kazachstania. 
Notably, Chaetomium could produce thermostable xylanase, lactase, 
cellulase, amylase, and glucanase[30]. Rasamsonia, characterized as 
a heat-resistant microorganism, facilitates pH recovery through the 
conversion of lactate to pyruvate[31]. Metarhizium displayed stabilized 
chitinase activity even under extreme pH and temperature conditions [32]. 
Kazachstania, identified as a robust performer in fermentation comparable 
to S. cerevisiae, and could grow under conditions of high osmolarity, 
acidity, ethanol, and salt[33]. Besides, Kazachstania could metabolize higher 
alcohols, particularly propanol and isoamyl alcohol[34]. The biomarkers of 
JC4 encompassed Delftia, Mesorhizobium, Pseudomonas, Ralstonia, 
Sphingomonas, and Pseudeurotium. Among these, Delftia was known 
to produce β-1,3-glucanases optimally active at 50 °C and pH 4.0[35]. 
The brewing function of other biomarkers was unknown. The 
biomarkers associated with JC5 consist of Lentibacillus, Wallemia, 
Apiotrichum, Cutaneotrichosporon, Issatchenkia, and Pichia. 
Lentibacillus could secret amylase and lipase, coupled with acid 
metabolism[36]. Issatchenkia exhibited high tolerance to acidity during 
brewing and contributed to the metabolism of lactic acid, creating a 
favorable environment for the growth of other yeasts[37]. Furthermore, 
Issatchenkia exhibited efficient ethanol production from cellulose 
and hemicellulose hydrolysate[38]. Pichia displayed robust lactate 
tolerance. Besides, it exhibited the capacity to synthesize a range of 
compounds, including ethanol, isoamyl alcohol, isobutanol, ethyl 
acetate, ethyl propionate, and phenylethyl acetate[2]. In conclusion, the 
biomarkers identified within JC3–JC5 predominantly encompassed 
enzyme-producing and aroma-generating microorganisms with 
remarkable tolerance. These functional microorganisms were capable 
of metabolizing lactic acid and reducing acidity in the environment. 
This explains the relatively slower rate of acidity increase in JC3–JC5 
(0.47, 1.04, 0.63) compared to JC1 (2.08) and JC2 (1.73).

The biomarkers identified in JC6 included Acinetobacter, 
Bacillus ,  Brevundimonas ,  Carnobacterium ,  Enterococcus , 
Lactococcus, Rhizobium, Stenotrophomonas, Streptococcus, 
Arthrinium, Aspergillus, Cladosporium, Monascus, Tausonia, and 
Thermoascus. Among these genera, Bacillus, known for its capacity 
to metabolize protease and amylase[39], contributed significantly to 
the formation of flavor[40], such as ethyl caproate[41]. Aspergillus could 
produce a wide array of extracellular enzymes (acid/alkaline proteases 
and amylase)[42] and pyrazines[40]. Thermoascus, characterized by 
its ability to produce xylanase, heat-resistant alkaline catalase, and 
other enzymes, played a vital role in influencing the Jiang flavor 
during fermentation[20,43]. Monascus could produce protease and 
lipase enzyme, which could enhance the production of amino acids 
and esters[44]. Cladosporium could produce various enzymes such as 
liquefying, cellulose-degrading, proteolytic, and esterifying enzymes. 
liquefaction, cellulose degradation, proteolysis, and esterification[27]. 
Enterococcus and Lactococcus were recognized as contributors to 
lactic acid production[45-46]. Thus, the biomarkers of JC6 primarily 
focused on microorganisms that produce enzymes, specifically 
those responsible for synthesizing proteases and amylases. Given 
the limited carbon source remaining in JC6, the prevalence of 
these enzyme-producing microorganisms played a crucial role in 
maintaining fermentation. Furthermore, the biomarkers in JC6 were 
closely associated with pyrazine metabolism, which may explain prior 
findings that higher pyrazine content in base Baijiu from JC6[24].

The biomarkers of JC7 included Acetobacter, Arcobacter, 
Comamonas, Flavobacterium, Kroppenstedtia, Oceanobacillus, 
Prevotella-7, Sphingobacterium, Thermoactinomyces, unclassified_
f_Comamonadaceae, Byssochlamys, Candida, Trichosporon, and 
Zygosaccharomyces. Among these genera, Kroppenstedtia, recognized 
for its protease production capabilities[47], not only enhanced the 
levels of acetic acid, lactic acid, and ethyl acetate but also lowered 
the content of ethyl lactate in Baijiu fermentation[48]. Byssochlamys 
displayed efficient growth even in extremely acidic environmental 
conditions[49] and demonstrated the ability to secrete xylanase enzymes 
and produce ethanol[50]. Oceanobacillus played an important role 
in enzyme production during the fermentation of Baijiu, including 
protease, amylase, cellulase, and esterase[14]. Candida could produce 
esterase, and phenylethyl alcohol[40]. Zygosaccharomyces participated 
in carbohydrate and amino acid metabolism, and could produce ethyl 
acetate, ethyl phenylacetate, and isoamyl acetate[51]. Consequently, 
a microbial community primarily engaged in the metabolism of 
amylase, protease, and cellulase emerged in JC7 following the 
exhaustion of starch in sorghum. Furthermore, Zygosaccharomyces 
could thrive under high nitrogen conditions[52], and its abundance 
progressively increased from JC1 to JC7 (Fig. 4D). this result 
suggested its significant role in influencing the flavor of JFB during 
the latter stages of fermentation. Future investigations could delve 
deeper into this aspect. 

In summary, the functional microorganisms in 7 rounds of 
pit fermentation encompass fungi and bacteria originating from 
daqu (e.g., Lactobacillus, Bacillus, Paenibacillus, etc.). Other 
bacteria (such as Escherichia-Shigella, Comamonas, Leptotrichia, 
and Prevotellaceae-UCG-003, etc.) were common environmental 
bacteria and could occasionally cause human disease. However, their 
abundance decreased rapidly during fermentation, suggesting that the 
traditional fermentation process regulates the microbial community, 
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effectively suppressing the growth of harmful microorganisms and 
ensuring the quality and safety of Baijiu. Additionally, the biomarkers 
observed in 7 rounds were associated with the specific environment 
and can explain the differences in wine body style in 7 rounds. 
Therefore, the biomarkers of 7 rounds play an important role in 
analysing the flavor differences of 7 rounds of base Baijiu.

3.5  Characteristics of biotic and abiotic factors of dominant 
microbiome in 7 rounds

Microbial succession is driven by biotic and abiotic factors. In 
order to analyze the biotic and abiotic driven factors of microbial 
succession in 7 rounds, the co-occurrence networks of microbial 
community were established base on the interaction of dominant 
genera, and the correlation between microbiota and physicochemical 
factors were calculated. As shown in Fig. 5A, the co-occurrence 
networks of microbial community could be divided into 7 modules 
according to the closeness between microorganisms[53], and the 
distribution characteristics of modules align consistently with the 
characteristics of dominant genera in 7 rounds. This result indicated 
that there was a certain relationship between different rounds and 
modules, and co-occurrence network modules could reflect the 
characteristics of different rounds.

Specifically, the 2 largest modules were M7 (the nodes accounted 
for 23.6% of the total nodes) and M6 (23.6%), both containing 21 
genera. M7 was primarily characterized by bacteria, encompassing 14 
bacterial and 7 fungal members, all of which belonged to dominant 
genera in JC7. This phenomenon may be attributed to the higher 
resistance of bacteria compared to fungi[14], as well as the broader 
range of carbon sources utilized by many bacteria in JC7, such as 
Acetobacter[54], Arcobacter[55], Dysgonomonas[56], Lentibacillus[57], 
Geobacillus[58], and Pseudomonas[59]. The Mantel test (Fig. 5B) further 

demonstrated that M7 was predominantly governed by reducing 
sugars (R = 0.74, P = 0.001). M6, on the other hand, consisted of 9 
bacterial genera and 12 fungal genera, all of which were predominant 
in JC6. This result suggested that fungi primarily dominated the 
microbial community in JC6. Additionally, the dominant fungi 
exhibited positive correlations, implying a synergistic relationship in 
the catalytic hydrolysis of fermentation substrates. The Mantel test 
revealed that physicochemical factors did not significantly regulate 
the microbial community in M6, indicated that the succession of 
microbial community in JC6 was mainly regulated by biotic factors.

The second largest module, M2 (19.1%), comprised 17 genera 
(3 bacteria and 14 fungi), all originating from JC2, except for 
unclassified_p_Ascomycota. Fig. 5A shows that the microorganisms 
within M2 displayed positive correlations. Among them, some genera 
(Paenibacillus, Penicillium, Alternaria, Fusarium, and Mortierella) 
exhibited robust enzyme-producing capabilities, could degrade 
carbohydrates to fermentable glucose[25-27,60-61]. This result further 
indicated that not only the largest number of enzyme-producing fungi 
were enriched in JC2, but also that microorganisms strengthened 
carbohydrate degradation through mutual promotion. Similar to 
M6, the microbial community within M2 exhibited no significant 
regulation by physicochemical factors. This result indicated that 
the succession of microbial community in JC2 was also primarily 
regulated by biotic factors.

Other modules had less members. Among which, M5 (10.11%) 
had 9 genera (2 bacterial genera and 7 fungal genera), and most 
of these genera were the dominant genera in JC5 (exception of 
Metarhizium and norank_f_Bacteroidales_S24-7_group). The 
Mantel test showed that M5 was notably linked to moisture 
(R = 0.30, P = 0.003 2) and starch (R = 0.36, P = 0.004 8). M1 
(8.99%) included 2 bacterial genera and 6 fungal genera, and all of 
them were the dominant genera of JC1. The Mantel test showed that 
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Fig. 6  KEGG pathway annotation of biomarker enzymes in 7 rounds. (A-G) The A-G represent the KEGG pathway annotations of biomarker enzymes of JC1–JC7 
respectively. The bold black font represents the primary category of KEGG, and the different colors represent the secondary category in KEGG (Metabolism: red; 
Genetic information processing: sky blue; Environmental information processing: green; Cellular processes: blue; Organismal systems: orange; Human disease: purple). 
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M1 was significantly correlated with acidity (R = 0.81, P = 0.013). 
The constituents of M4 (7.87%), including 4 bacterial genera and 3 
fungal genera, were exclusively sourced from JC4. The Mantel test 
discerned that M4 exhibited substantial correlation with moisture 
(R = 0.54, P = 0.021) and acidity (R = 0.6, P = 0.007). M3 (6.74%) 
contained 4 bacteria and 2 fungi, all of which were from JC3. The 
Mantel test founded that M3 displayed noteworthy correlation with 
acidity (R = 0.16, P = 0.041).

Thus, a robust correlation exists between modules in the micro-
ecological network and rounds, and closer interactions among 
dominant genera in the same round. This result may be due to the fact 
that dominant genera in the same round came into contact with each 
other, leading to nutritional competition or symbiosis[62], resulting in 
a stronger correlation among microorganisms within the same round. 
It is noteworthy that predominantly positive correlations among 
dominant genera within the same round, which also proved that 
the dominant genera in the same round promoted fermentation by 
mutual promotion and homeostatic regulation. Furthermore, acidity 
mainly regulated the microbial community in the first 4 rounds of 
fermentation, whereas nutrient limitation was the main cause of 
microbial succession from the 5th round.

3.6  Characteristic of potentially functional enzymes in 7 
rounds

To further analyze the differences of the potentially functions 
of microbial communities in 7 rounds of pit fermentation, the 
functions of the dominant microbes were predicted by PICRUSt II. 
Subsequently, the enzymes with significant differences in 7 rounds 
were founds. A total of 114, 167, 76, 104, 155, 269, and 77 distinct 
enzymes were obtained in JC1–JC7, respectively. According to the 
classification of enzymes at level 2 within the metabolic pathways of 
KEGG, substantial variations in enzyme profiles were observed across 
7 rounds. As shown in Fig. 6, carbohydrate metabolism and amino 
acid metabolism emerged as prominently active level 2 metabolic 
pathways in JC1–JC7.

To conduct a more comprehensive analysis of the primary 
flavor-related metabolic functions within 7 rounds of microbial 
communities during the pit fermentation, the differential enzymes 

closely associated with carbohydrate degradation, fermentation, fatty 
acid metabolism, and the synthesis of flavor-related amino acids were 
screened out. A total of 117 enzymes were identified and enriched in 
the aforementioned pathways (Fig. 7A).

It is known that the most crucial aspect of carbohydrate 
metabolism in the process of Baijiu brewing involved the degradation 
of macromolecular substances, such as starch, into glucose. This 
process served as a pivotal source of carbon to facilitate microbial 
growth. Among 7 rounds, JC2 and JC6 exhibite a greater numbers 
of carbohydrate-related enzymes compared to other rounds. 
Specifically, pectinesterase (EC:3.1.1.11), cellulase (EC:3.2.1.4), and 
chitin deacetylase (EC:3.5.1.41) were most abundant in JC2 while 
chitinase (EC:3.2.1.14), amylase (EC:3.2.1.1) and glucoamylase 
(EC:3.2.1.3) exhibited the highest abundance in JC6 (Fig. 7B). 
Correlation analysis showed that these enzymes were positively 
related to the dominate fungi of JC2 and JC6 (Fig. S2B). Among 
these, Fusarium was confirmed to have a strong ability to produce 
cellulase, while both Penicillium and Fusarium were able to secrete 
chitinase[63]. Additionally, Aspergillus demonstrated the capability 
to produce amylase[42]. Bacterial-derived chitinase (EC:3.2.1.14) 
and β-xylosidases (EC:3.2.1.37) played a significant role in JC7 (Fig. 7B) 
and positively related to the dominate bacteria of JC7 (Fig. S2A).  
These findings suggest that the main functional enzymes of 
carbohydrate degradation were concentrated mainly in the fungi 
of JC2 and JC6, while in the bacteria of JC7. And this result was 
aligning with the trend of enzyme-producing microorganisms among 
the microbial community biomarkers.

Amino acids play a crucial role as essential nutrients for microbial 
growth and metabolism. Besides, free amino acids serve as precursors 
for higher alcohol (n-propanol, isobutanol, 2-methylbutanol, and 
3-methylbutanol)[64] and acetoin, which was the precursor of pyrazine 
compounds[65], 2,3-butanediol and 2-butanol[66]. Among 7 rounds, 
JC6 has the most enzymes related to amino acid metabolism (100), 
followed by JC1 (49). Specifically, diacetyl reductase ((R)-acetoin 
forming) (EC:1.1.1.303) and diacetyl reductase ((S)-acetoin forming) 
(EC:1.1.1.304) were responsible for acetoin synthesis, while (R,R)-
butanediol dehydrogenase (EC:1.1.1.4) and (S,S)-butanediol 
dehydrogenase (EC:1.1.1.76) facilitate the interconversion of acetoin 
and 2,3-butanediol. Remarkably, JC6 exhibited a higher abundance 
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of EC:1.1.1.303 and EC:1.1.1.4, whereas JC1–JC4 showed elevated 
abundance of EC:1.1.1.304 and EC:1.1.1.76. Correlation analysis 
showed that EC:1.1.1.303 and EC:1.1.1.4 were mainly positively 
correlated with Bacillus while EC:1.1.1.304 and EC:1.1.1.76 were 
mainly positively correlated with Lactobacillus (Fig. S2A). Besides, 
Bacillus has been reported to be the important microorganism 
for the synthesis of acetoin and pyrazine[67], and Lactobacillus 

could benefit the synthesis of 2-butanol[68]. Previous studies[1,24,69] 
showed that the content of pyrazines in JC6 was higher and that 
of 2-butanol in JC1 was higher than other rounds. These results 
indicating that Lactobacillus in the early stage mainly mediated 
the conversion of acetoin to 2-butanol, while Bacillus promoted 
the synthesis of pyrazines by acetoin in the later stage. For the 
synthesis of higher alcohols, threonine, valine, isoleucine, and 
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leucine serve as precursor substances for n-propanol, isobutanol, 
2-methylbutanol, and 3-methylbutanol respectively. Among them, 
enzymes such as EC:1.1.1.95, EC:3.1.3.3, EC:2.6.1.45, EC:2.1.2.1, 
and EC:4.1.2.5 were involved in threonine synthesis. Fig. 7 shows 
that their combined abundance was found to be highest in JC1, 
potentially explaining the elevated content of n-propanol in JC1[24,69]. 
For the synthesis of valine, isoleucine, and leucine, serval enzymes, 
including EC:2.6.1.42, EC:2.6.1.66, EC:4.2.1.9, EC:4.2.1.33, and 
EC:1.1.1.85, played a role. Notably, fungi contribute predominantly 
to enzymes such as EC:2.6.1.42 and EC:4.2.1.9. Their abundance 
was highest in JC1 and JC6, aligning with the patterns observed for 
alcohol dehydrogenase (EC:1.1.1.1). The correlation results showed 
that the above enzymes were significantly positively correlated 
with the markers of JC1 and JC6 (Colletotrichum, Thermomyces, 
Torulaspora, Arthrinium, and Thermoascus). Torulaspora was 
reported to have the ability to produce higher alcohols[70]. Previous 
studies[24,69] also indicated higher levels of isobutanol and isoamyl 
alcohol in JC1 and JC6 compared to other rounds. These findings 
provided a possible explanation for the reported higher alcohol levels 
in the base Baijiu of JC1 and the increased pyrazine content in the 
base Baijiu of JC6[24]. 

Acetic acid, ethanol, and lactic acid were pivotal compounds with 
the highest yield during pit fermentation, playing significant roles in 
maintaining the fermentation environment and imparting flavor to 
Baijiu[9]. As shown in Fig.7A, lactic acid could derive from pyruvate 
and methylglyoxal. Notably, the abundance of lactate dehydrogenase 
from bacteria (EC:1.1.1.27 and EC:1.1.1.28) decreased across JC1–JC7. 
Correlation analysis also showed that these two enzymes were 
significantly positively correlated with Lactobacillus. Previous 
studies have also shown that Lactobacillus as a principal lactic 
acid producer[71]. Focusing on lactate-related enzymes from fungi, 
the total abundance of these enzymes (EC:1.1.1.27, EC:1.1.1.28, 
EC:1.1.1.79, EC:3.1.2.6, and EC:4.4.1.5) was highest in JC1, 
followed by JC2. These outcomes corresponded to the acidity results in 
Fig.1. Acetaldehyde, a precursor of ethanol and acetic acid, originated 
from the decarboxylation of pyruvate. As revealed in Figs. 7B and C,  
pyruvate decarboxylase (EC:4.1.1.1) displayed heightened 
abundance in JC1, JC3, JC5, and JC4, indicating that a significant 
potential for alcohol production in these rounds. However, alcohol 
dehydrogenase (EC:1.1.1.1 and EC:1.1.1.2), which was provided 
by both bacteria and fungi, displayed high abundance in JC1, JC6, 
and JC7. This was inconsistent with the conclusion that the alcohol 
yields were the highest in JC3–JC5[18]. This discrepancy may stem 
from acetaldehyde dehydrogenase catalyzing higher aldehydes 
to generate higher alcohols. Acetic acid forms from acetaldehyde 
via acetaldehyde dehydrogenase. bacterial-derived acetaldehyde 
dehydrogenase (EC:1.2.1.3) was primarily abundant in JC4–JC7, 
while fungal-derived acetaldehyde dehydrogenase (EC: 1.2.1.3 and 
EC:1.2.1.5) were notable in JC6 and JC1. Additionally, pyruvate 
could yield acetate through other pathways (EC: 1.2.5.1, EC:2.7.2.1, 
and EC:3.6.1.7), with these enzymes being more prevalent in JC6 
and JC7. Thus, the enzymes that generate acetate showed the highest 
abundance in JC6, and this was inconsistent with the content of acetic 
acid in the literature[24]. This incongruity may stem from EC:1.2.1.3, 
the most prevalent enzyme, also engaging in fatty acid degradation 
and amino acid metabolism.

Fatty acid was an important taste substance in Baijiu and fatty acid 
CoA served as the vital precursor for esters formation[72]. A total of 28 

enzymes related to fatty acid synthesis were screened out in 7 rounds. 
Among these, Acetyl-CoA, the important precursor of fatty acid and 
fatty acid CoA, could be generated from pyruvate and acetate to through 
EC:6.2.1.1, EC:2.8.3.18, EC:1.2.4.1, and EC:2.3.1.12. Their abundance 
was high in JC1, and JC2, in accordance with previous research 
that highlighted the elevated levels of total ethyl esters, particularly 
ethyl acetate[24]. The enzyme EC:1.1.1.100 was involved in fatty acid 
elongation, exhibiting increased abundance in bacteria across JC1–JC6 
while diminishing in JC7. This result was consistent with the variation in 
acid content observed in 7 rounds of JFB[68]. 

4.  Conclusion

In summary, this study revealed the similarities and differences 
in the structure and potential function of microbial communities, 
and identified biomarkers and driving factors in 1–7 rounds of 
the pit fermentation process. Results showed that the bacterial 
structure across 7 rounds was dominated by Lactobacillus, while 
the fungal community structure among 7 rounds showed discernible 
dissimilarities. The driving factors of the microbial community 
were dissimilarities among 7 rounds. Acidity mainly regulated the 
microbial community in the first 4 rounds of fermentation, whereas 
nutrient limitation was the main cause of microbial succession from 
the 5th round. Pertinently, functional predictive analysis underscored 
the enrichment of amino acid metabolism-related enzymes within 
JC6, further emphasizing the roles of functional enzymes within JC2, 
JC6, and JC7 in carbohydrate degradation during the fermentation 
process. Overall, this study enhanced our comprehension of microbial 
community structure, succession, biomarkers identification, and 
metabolic attributes across 7 rounds, providing a pivotal foundation 
for the precise regulation and enhancement of pit fermentation, 
ultimately producing high-quality JFB. 
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