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Abstract 

Background Pit mud (PM) hosts diverse microbial communities, which serve as a medium to impart flavor and qual-
ity to Baijiu and exhibit long-term tolerance to ethanol and acids, resulting in a unique ecosystem. However, the ecol-
ogy and metabolic functions of PM remain poorly understood, as many taxa in PM represent largely novel lineages. 
In this study, we used a combination of metagenomic analysis and chemical derivatization LC–MS analysis to provide 
a comprehensive overview of microbial community structure, metabolic function, phylogeny, horizontal gene trans-
fer, and the relationship with carboxyl compounds in spatiotemporal PM samples.

Results Our findings revealed three distinct stages in the spatiotemporal changes of prokaryotic communities in PM: 
an initial phase dominated by Lactobacillus, a transitional phase, and a final state of equilibrium. Significant variations 
in α- and β-diversity were observed across different spatial and temporal PM samples. We identified 178 medium- 
and high-quality non-redundant metagenome-assembled genomes (MAGs), and constructed their phylogenetic 
tree, depicting their roles in the carbon, nitrogen, and sulfur cycles. The Wood-Ljungdahl pathway and reverse TCA 
cycle were identified as the main carbon fixation mechanisms, with both hydrogenotrophic and aceticlastic methano-
gens playing a major role in methane production, and methylotrophic pathway observed in older PM. Furthermore, 
we identified relationships between prokaryotes and 29 carboxyl metabolites, including medium- and long-chain 
fatty acids. Horizontal gene transfer (HGT) was widespread in PM, particularly among clostridia, Bacteroidota, Bacilli, 
and Euryarchaeota, and was shown to play critical roles in fermentation dynamics, carbon fixation, methane produc-
tion, and nitrogen and sulfur metabolism.

Conclusion Our study provides new insights into the evolution and function of spatiotemporal PM, as well as its 
interactions with carboxyl metabolites. Lactobacillus dominated in new PM, while methanogens and clostridia 
were predominant in older or deeper PM layers. The three distinct stages of prokaryotic community development 
in PM and HGT played critical roles in metabolic function of spatiotemporal PM. Furthermore, this study highlights 
the importance of α-diversity, β-diversity, methanogens, and Clostridium as useful indicators for assessing PM quality 
in the production of high-quality Baijiu.
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Introduction
Baijiu, one of the six oldest distilled liquors originating 
from China, is distinguished by its unique solid-state 
fermentation process and deep connections to Chi-
nese culture [1]. The distinct flavor profiles of Baijiu are 
categorized into four main aroma types: strong, light, 
sauce, and rice aroma taste characteristics [2]. Among 
these, Chinese strong-flavor Baijiu (CSFB), also known 
as Luzhou-flavor Baijiu, dominates Chinese Baijiu pro-
duction, with an impressive annual output of 9.1 million 
tons, accounting for nearly 70% of total Baijiu produc-
tion [3]. Typically, CSFB production relies primarily on 
sorghum as the main raw material, often supplemented 
with a mixture of other grains such as corn, wheat, sticky 
rice, and regular rice [4]. The overall production process 
entails several steps: (1) crushing and mixing the raw 
materials with a specific ratio of microbial starter Daqu-
starter (w/w) to form Jiupei, (2) anaerobically fermenting 
the mixture in a cellar for a minimum of 60 days, (3) dis-
tilling the fermented material to obtain Chinese Baijiu, 
and (4) aging the resulting strong-flavor baijiu (SFB) in 
either pottery jars or stainless-steel vessels to enhance its 
organoleptic qualities [5].

Pit mud (PM) that covers the interior walls of the 
rectangular fermenting cellars, enclosing the Jiupei 
(fermented grains), is home to diverse microbial com-
munities [6–8] (Fig.  1). This unique underground fer-
mentation process involves multiple rounds of recycling 
and occurs in an anaerobic environment, producing 
ethanol and various organic acids [9]. Continuous batch-
to-batch manufacturing activities shape and domesti-
cate the microbial consortia within the PM. Notably, 
the highest quality CSFB is produced in old cellars that 
have been in continuous use [10, 11]. One prominent 
example is the Luzhou Laojiao cellars, located in Luzhou, 
Sichuan, China. These cellars have been in operation 
for over 400  years, since the Ming dynasty (1573 CE), 
and are recognized and protected by the National Cul-
tural Heritage Conservation Board of China. They have 
also been proposed for inclusion on the Tentative List 

of World Cultural Heritage sites. The aged PM not only 
serves as a fermentation vessel, imparting flavor and 
quality to CSFB, but it is also regarded as a distinct type 
of fermented soil [10–12], offering valuable insights into 
long-term microbial tolerance to ethanol and acids under 
anaerobic conditions.

PM represents a complex ecosystem, housing a wide 
range of bacteria and archaea, particularly anaerobic 
microorganisms [12]. The microbial communities in 
cellars of different ages undergo noticeable shifts, often 
exhibiting mutual cooperation [13]. PM quality is posi-
tively correlated with the presence of Clostridium and 
Methanobacteria, whereas lactic acid bacteria (such as 
Lactobacillus, Pediococcus, and Streptococcus) are nega-
tively associated with PM quality [6]. For instance, the 
relative abundance of Clostridia which contribute to 
the production of carboxyl metabolites, such as butyric 
acid and caproic acid, is lower in degraded PM than in 
both normal and high-quality PM [3–14]. Furthermore, 
the microbial communities and corresponding carboxyl 
compounds varied across PM quality grades [14]. How-
ever, the ecology and metabolic functions of PM micro-
bial communities remain poorly understood.

Currently, the taxonomic classification of metagen-
omic DNA sequences from PM is largely incomplete, 
with many unclassified, uncultured, and yet-to-be-
characterized species [7, 8, 15]. These species are often 
referred to as “microbial dark matter” (MDM) [16, 17]. 
Microbial metabolic activity plays a crucial role in driv-
ing nutrient and energy transformations, as well as main-
taining community and functional stability in response 
to environmental fluctuations [18]. However, knowledge 
on the MDM species and their metabolic functions in 
PM remains limited. Recently, scalable software like 
METABOLIC has enabled metagenome-based inter-
pretation of the microbial community’s metabolic and 
functional potential at the individual genome level, pro-
viding insights into biogeochemical cycling, such as car-
bon, nitrogen, and sulfur cycles [19]. Moreover, chemical 
derivatization LC–MS is a highly effective technique for 
identifying and quantifying a wide range of metabolites 
[20].

We employed metagenomic analysis and chemical deri-
vatization LC–MS analysis to investigate the community 
structure and metabolic functions of microorganisms 
in PM. The specific objectives were: (i) to character-
ize the spatiotemporal microbial community structure 
and genetic diversity in PM, (ii) to unravel the functions 
within these complex communities, (iii) to investigate 
evolutionary processes, including horizontal gene trans-
fer, in PM microbial communities, and (iv) to reveal the 
relationships between carboxyl metabolites and micro-
bial community structure. The scientific questions are Fig. 1 A diagram of a CSFB fermenting cellar
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microbial structure, metabolic function, phylogenetic, 
horizontal gene transfer as well as the relationship with 
carboxyl compounds in spatiotemporal PM. The findings 
of this study will enhance our understanding of the spa-
tiotemporal PM microbiome at a mechanistic level and 
contribute to optimizing high-quality CSFB production.

Methods
Sample collection, DNA extraction, and sequencing
PM samples were collected on June 21, 2022 and April 22, 
2023, at Luzhou Laojiao Group Co., Ltd., in Luzhou (105° 
29′ 50″ E, 28° 53′ 47″ N), Sichuan, China. Subsamples 
(5  g PM per position) were taken from upper, middle, 
and lower layers on four sides of each 4.6 m long × 3.1 m 
wide × 2.5  m high cellar (Fig.  1). A total of 144 samples 
from six old cellars (in operation for more than 100 years) 
and six new cellars (less than 10  years) were aseptically 
collected in sterilized plastic bags, immediately cold-
transferred to the laboratory, and stored at − 80  °C until 
further analysis. The four samples from the same layer in 
each cellar were combined into one composite sample. 
Total genomic DNA was extracted using the FastDNA 
SPIN Kit for Soil (MP  Biomedicals,  USA) according to 
the manufacturer’s protocol. DNA concentration and 
quality were evaluated using a Nanodrop2000 spectro-
photometer (Thermo Scientific, USA) and quantified 
using a Qubit 3.0 system (Life Invitrogen, USA). Shot-
gun metagenome sequencing libraries were constructed 
and sequenced on an Illumina NovaSeq 6000 platform 
(Illumina Inc, CA, USA), using 2 × 150  bp paired-end 
(PE150) sequencing. Raw sequence reads were quality-
filtered, and adapter sequences and contaminant reads 
were removed using fastp [21]. After preprocessing, the 
remaining 2,175,056,900 reads, averaging 60,418,247 
reads per sample, were used for further analysis.

Read‑based profiling and genomic binning
Microbial community profiling were carried out using 
Kraken2 with k-mer matching to classify reads, followed 
by estimating relative abundance with Bracken [22, 23]. 
SPAdes (v3.15.4) was used for metagenomic assembly in 
meta-mode with default parameters [24]. Draft genomes 
(bins) were generated using metaBAT2, MaxBin2, and 
vamb. MaxBin2 results were further refined by Graph-
Bin, which utilized the assembly graph of Maxbin2, and 
the results from the individual binning approaches were 
used as inputs for genomic binning consolidated by 
metaWRAP v1.3.2 (bin_refinement -A metabat2_bins/ 
-B GraphBin_bins/ -C vamb_bins/ -c 50 -x 10) [25]. 
The refined bins were combined and dereplicated using 
dRep (v3.2.2) at a 95% average nucleotide identity (ANI) 
threshold. Completeness, contamination, and heteroge-
neity of reconstructed metagenome-assembled genomes 

(MAGs) were assessed using CheckM (v.1.0.5). A total 
of 178 high-quality MAGs (completeness > 75% and con-
tamination < 10%) were retained for subsequent analy-
sis [26]. Taxonomic classification was carried out using 
GTDB-Tk v1.7.0 with the parameters “classify_wf” based 
on the Genome Taxonomy Database (GTDB) (release 
202). Phylogenetic analysis was conducted using IQ-
TREE v2.1.2. Detailed MAG taxonomy information is 
provided in Supplementary Table S1.

MAGs functional annotation
Functional annotation was performed using META-
BOLIC v4.0, which integrates Kyoto Encyclopedia of 
Genes and Genomes (KEGG), TIGRfam, Pfam, dbCAN2, 
and MEROPS databases, along with a protein motif vali-
dation step to assess the presence of metabolic pathways 
based on KEGG modules [19]. Metabolic profiling and 
functional assessment were conducted using metabolic 
weight score (MW-score) based on metabolic profiling 
and gene coverage from metagenomic reads [19].

Horizontal gene transfer identification
Horizontal gene transfers (HGTs) were identified using 
MetaCHIP across 89 high-quality MAGs (complete-
ness > 90% and contamination < 5%). The inputs for 
MetaCHIP were MAGs and their taxonomic classifica-
tions based on the Genome Taxonomy Database (GTDB), 
specified at user-defined ranks [27]. The function of 
HGTs were annotated using eggNOG-Mapper v2.1.12 
(http:// eggnog- mapper. embl. de/) [28], BlastKOALA and 
GhostKOALA [29].

Carboxyl metabolites analysis
Carboxyl compound analysis was conducted using 
chemical derivatization (DmPA bromide) isotope labe-
ling liquid chromatography-mass spectrometry (CIL–
LC–MS) following previous protocols [30]. In brief, 
100  mg PM in 0.5  mL of LC–MS-grade MeOH/water 
(4:1, v/v) was homogenized twice in an ice bath using a 
homogenizer (PRO Scientific, Oxford, CT), incubated 
at − 20 °C for 10 min, and centrifuged at 12,000 rpm and 
4  °C for 10 min, followed by collecting the supernatant. 
Aliquots of 25 μL and a pooled sample were dried and 
re-dissolved in 25 μL of LC–MS-grade ACN/water (3:1, 
v/v) for DmPA bromide derivatization for carboxyl labe-
ling as per the SOP manual. A 10 μL aliquot was directly 
injected for UHPLC-Q-TOF/MS analysis (Agilent 1290 
LC linked to Agilent 6546 Q-TOF Mass Spectrometer). 
LC–MS analysis, data processing, and metabolite identi-
fication were conducted as described previously [30].

http://eggnog-mapper.embl.de/
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Statistical analysis and visualization
Statistical analysis and visualization, including 
α-diversity (Shannon and Pielou indices), β-diversity 
(Bray–Curtis dissimilarity), one-way anova and linear 
discriminant analysis effect size (LEfSe) [31] analyses, 
Mantel and Wilcoxon rank sum tests, and cladograms 
of differential features, were conducted using the 
microeco package (https:// chili ubio. github. io/ micro 
eco_ tutor ial/) [32]. Phylogenetic trees were visualized 
using iTOL (https:// itol. embl. de/) through automated 
annotation file generation [33, 34].

Results
α‑ and β‑diversity
Shannon and Pielou indices were higher in the old 
PM than in the new PM (P < 0.05) (Fig. 2A, B). In both 
the old and new PM, Shannon and Pielou indices 
were higher in the lower layer than in the upper layer 
(P < 0.05) (Fig.  2C–F), suggesting that the α-diversity 
decreases with increasing spatial position within PM. 
The microbial community compositions in the new and 
old PM were clearly different (Wilcoxon rank sum test 
adjusted P value = 7.2e−51) (Fig.  2G, H), with greater 
within-group dissimilarity in old PM than in new PM 
(Fig. 2H).

Microbial community structure
Assessing the microbial community composition 
revealed that the relative abundances of Methanocul-
leus, Methanosarcina, Methanobacterium, Clostridium, 
Petrimonas, Paenibacillus, and Caproiciproducens were 
higher and those of Lactobacillus (e.g., bin.4) and Ace-
tilactobacillus (e.g., bin.1146) were lower in old PM 
than in new PM (Fig.  3A) (Supplementary Table  S1). 
Interestingly, the relative abundances of Lactobacil-
lus decreased from the upper to lower layer in old PM, 
while those of Methanobacterium (e.g., bin.440) and 
Caproiciproducens increased (Fig. 3B). Similarly, in new 
PM, the relative abundance of Lactobacillus was lower 
in the lower than in the upper layer, despite it being 
the dominant genus in new PM (Fig. 3C). On the other 
hand, Acetilactobacillus had higher relative abundances 
in the lower layer of new PM compared to the upper 
layer (Fig. 3C).

L. acetotolerans was the dominant species in the 
Lactobacillus genus, especially in new PM (Fig.  4A). 
In contrast, species such as Methanoculleus maris-
nigri, Methanoculleus bourgensis, Methanosarcina 
barkeri, Petrimonas mucosa, and Paenibacillus larvae 
were more abundant in old PM. Linear discriminant 
analysis (LDA) showed that the relative abundances 
of the classes Clostridia, Methanomicrobia, and 

Methanobacteria, including Clostridium and various 
Archaea, were higher in old PM, suggesting these taxa 
increase with PM age (Fig. 4B), likely related to human 
brewing activities.

Phylogenetic analysis of prokaryotes in PM
For phylogenetic analysis, we identified 178 medium- 
and high-quality, non-redundant metagenome-
assembled genomes (MAGs) (completeness > 75%, 
contamination < 10%) in PM, including 32 archaeal 
MAGs and 146 bacterial MAGs (Supplementary 
Table  S1). Among the archaeal genera, methanogens 
Methanoculleus (12 MAGs), Methanobacterium (six 
MAGs), Methanosarcina (four MAGs), Methanothrix, 
and VadinCA11 were predominant, while Caproicibac-
ter, Caproicibacterium, Clostridium, and Lactobacillus 
were the most predominant bacterial genera. Identifying 
several methanogen MAGs highlighted their important 
roles in maintaining the structural integrity of PM [7]. 
At the phylum level, the most abundant bacterial phy-
lum was Firmicutes, followed by Bacteroidota (Fig. 5). In 
addition, 6 archaeal and 47 bacterial MAGs were unclas-
sified at the species level in the Genome Taxonomy Data-
base (GTDB) (release202) (Fig. 5), suggesting that many 
microbial dark matter (MDM) strains are present in PM 
[8, 35]

Microbial functional annotation and pathways present 
in PM
Functional annotation of the 178 medium- and high-
quality MAGs showed that the old PM community 
could perform various metabolic and biogeochemical 
transformations related to the carbon, nitrogen, and 
sulfur cycles (Figs.  6, 7). Regarding the carbon cycle, 
the MAGs carried genes linked to organic carbon oxi-
dation, carbon fixation, acetate oxidation, hydrogen 
generation, fermentation, methanogenesis, metha-
notrophy, and hydrogen oxidation (Fig.  7). Notably, 
Methanosarcina, Methanoculleus, Methanobacterium, 
and Clostridium were found to utilize the Wood-Ljun-
gdahl pathway, while Methanothrix employed both the 
Wood-Ljungdahl pathway and the reverse TCA cycle 
for carbon fixation. Several methanogenic MAGs, such 
as Methanoculleus, Methanobacterium, Methanothrix, 
and Methanosarcina, contained methane metabo-
lism pathways (Supplementary Table  S5). Thirty-two 
MAGs classified as Archaea contained genes encod-
ing the MCR complex (mcrABC) and methyl-CoM 
reductase (MCR)-like enzymes, which are essential for 
methane production. This suggests that these archaea 
may have the potential for methane or short-chain 
alkane metabolism. Interestingly, the reverse tri-
carboxylic acid (TCA) cycle (aclAB) was exclusively 

https://chiliubio.github.io/microeco_tutorial/
https://chiliubio.github.io/microeco_tutorial/
https://itol.embl.de/
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Fig. 2 Analysis of α- and β- diversity in pit mud. A, B Old pit mud (PM) vs new PM; C, D old PM at different layers; E, F new PM at different layers; G, 
H PCoA based on Bray–Curtis dissimilarity and Wilcoxon rank sum test analysis between old and new PM
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Fig. 3 Differential abundance analyses in pit mud. A Top 10 abundant genera in old vs new PM; B top 10 abundant genera across upper, middle, 
and lower layers in old PM; C top 10 abundant genera across layers in new PM. One-way ANOVA multiple comparison method in “anova” using 
the microeco package (https:// chili ubio. github. io/ micro eco_ tutor ial/)

https://chiliubio.github.io/microeco_tutorial/
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Fig. 4 Cladogram and linear discriminant analysis between old and new PM
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Fig. 5 Phylogenetic analysis of Archaea (A) and Bacteria (B) in old PM based on GTDB-Tk (s_ indicates unclassified at the species level)
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detected in Methanothrix (Supplementary Table  S6), 
further emphasizing the microbial community’s activ-
ity in carbon metabolism and carbon fixation in old 
PM. Similarly, the MAGs carried various genes related 
to nitrogen and sulfur cycling. Notably, iron reduction 
emerged as a significant pathway in the microbial com-
munity of old PM.

Each transformation/step is represented by an arrow 
within a cycle. The number of genomes capable of per-
forming the corresponding reaction is indicated, with 
coverage calculated from the abundance of metabolic 
genes in these genomes. The chemical states of nitro-
gen or sulfur atoms are labeled in brackets, represent-
ing different steps in the cycle.

Comparison of metabolic profiles between lower 
and upper microbial communities
Comparing metabolic weight scores revealed that the 
capacities for aromatics degradation, carbon fixation 
via the Wood-Ljungdahl pathway, methanogenesis, 
hydrogen oxidation, and  N2 fixation were higher in the 
lower than in the upper layer in the old PM. The capac-
ity for complex carbon degradation and iron reduction 
was higher in the upper layer while that for iron oxida-
tion was higher in the lower layer (Fig.  8), suggesting 
distinct roles in biogeochemical cycling for the micro-
bial communities in different layers.

Fig. 6 Schematic diagrams of functional cycling processes present in old PM



Page 10 of 16Li et al. Environmental Microbiome           (2025) 20:10 

Extensive horizontal gene transfers in PM
Assessing horizontal gene transfer (HGT) across 89 
MAGs (Supplementary Table  S2) revealed 1,067 HGT 
candidates, out of which 110 were removed as false 
positives. Of the remaining 957 HGT candidates, 251 
were further validated and the direction of gene flow 
was determined using the phylogenetic (PG) approach. 
These HGTs mainly occurred within classes such as 
Bacteroidia, Clostridia, Methanomicrobia, and Bacilli 
(Fig. 9A). HGT events were also observed between gen-
era, such as Caproicibacter and Clostridium, Caproici-
bacter and Caproicibacterium, and Proteiniphilum and 
Petrimonas (Fig.  9B). The number of genes transferred 
from Clostridia to other classes was higher than that 
from other classes to Clostridia. Functional annotation 
of the HGT genes showed their involvement in a range 
of biological processes, including genetic information 
processing, carbohydrate metabolism, and signaling and 

cellular processes (Fig.  9C). Furthermore, KEGG map-
per reconstruction revealed that the HGT genes included 
carbon fixation, methane metabolism, nitrogen metabo-
lism, and sulfur metabolism in prokaryotes related genes 
(data not shown). The HGT genes were assigned to bac-
terial phyla Clostridia, Bacteroidota, Bacilli, and archaeal 
phyla Euryarchaeota and Candidatus Thermoplasmatota 
(Fig. 9D).

Relationship between taxa and carboxyl metabolites
We identified 29 organic compounds, including amino 
acids, fatty acids, and phenylpropanoic acids, in PM 
(Supplementary Table  S3). Assessing the relationships 
between taxa and carboxyl metabolites showed that 
six genera correlated with a range of carboxyl com-
pounds (Fig.  10). For instance, Lactobacillus corre-
lated with 2-phenylbutric acid, hendecanoic acid, and 
tridecylic acid (P < 0.05). Regarding medium-chain/

Fig. 7 Sankey diagram representing metabolic and biogeochemical processes, as well as entire elemental cycles. The taxonomic groups shown 
in the diagram include primarily Firmicutes (c__Bacilli), Firmicutes_A (c__Clostridia), Halobacteriota (c__Methanomicrobia, c__Methanosarcinia), 
and Methanobacteriota (c__Methanobacteria). The first column represents taxonomic groups based on the number of genomes; the second 
column shows the contribution of each microbial group to metabolic functions, calculated based on genome coverage; the third column illustrates 
each group’s contribution to functional categories and biogeochemical cycles
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long-chain fatty acids, Lactobacillus, Methanoculleus, 
and Petrimonas correlated with tetradecanedioic acid; 
Methanoculleus, Methanosarcina, Petrimonas, and Cap-
roiciproducens correlated with octadecanedioic acid; 
Lactobacillus, Petrimonas, and Caproiciproducens cor-
related with pentadecylic acid; Methanoculleus, Metha-
nosarcina, Petrimonas, and Caproiciproducens correlated 
with 2-hydroxydecanoic acid; and Methanoculleus, Meth-
anosarcina, Petrimonas, and Paenibacillus correlated 
with hydroxyoctanoic acid (P < 0.05).

Discussion
Using continuously utilized old pit mud (PM) or lower-
layer PM results in higher-quality Chinese strong-flavor 
Baijiu (CSFB) compared to using new PM or upper-layer 
PM [10, 11, 36]. The prokaryotic communities in PM 
change with the age of the cellar, which impacts the qual-
ity of CSFB and contributes to a unique ecosystem [37]. 
However, the ecological and metabolic functions of these 
communities remain poorly understood.

We investigated the spatiotemporal changes in prokar-
yotic communities in PM. The results indicated that 
the evolution of these communities includes three dis-
tinct phases: an initial phase dominated by Lactobacil-
lus, a transitional phase, and a state of equilibrium. The 
Lactobacillus-dominated phase was characterized by 
abundant Lactobacillus, especially L. acetotolerans, lead-
ing to increased acidity and decreased alpha diversity 

and species richness in anaerobic conditions. The lac-
tic acid produced by Lactobacillus during fermentation, 
along with pH, significantly influences the structure of 
the prokaryotic community in PM [38]. The transitional 
phase was marked by increased diversity, particularly 
among archaea, accompanied by a decline in Lactobacil-
lus abundance. Methanogens, Clostridium, Petrimonas, 
Paenibacillus, and Caproiciproducens were more preva-
lent in old PM or the lower layer, compared to new PM 
or the upper layer. Notably, many of these microorgan-
isms were associated with various carboxyl compounds, 
including medium-chain/long-chain fatty acids. The 
equilibrium phase was characterized by intricate interac-
tions among different taxa, especially between archaea 
and bacteria, which is crucial for sustaining the deg-
radation process and preventing hydrogen buildup or 
excessive acidification in PM [39]. Maintaining micro-
bial diversity and balance between archaea and bacteria 
are essential for adapting to environmental changes and 
facilitating diverse functional capabilities. During CSFB 
fermentation, polymers in the starch-rich raw materials 
are broken down and metabolized by microorganisms in 
PM into various small flavor compounds, such as alco-
hols, acids, and esters. Therefore, preserving microbial 
diversity and balance in PM is critical for ensuring effi-
cient responses to environmental variations and sustain-
ing diverse functional abilities, which serve as quality 
benchmarks for PM.

Fig. 8 Comparison of metabolic weight scores (MW-score) between the lower and upper layer of old PM
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Lactobacillus dominates not only in new PM but also in 
Jiupei samples, where it produces large amounts of lactic 
acid. High levels of lactic acid can lead to the formation 
of ethyl lactate, which negatively affects CSFB quality 
[8]. Moreover, lactic acid can cause significant acidifica-
tion, thereby degrading PM quality [11]. The shift from 
Lactobacillus dominated state to a more diverse state 
can be influenced by selection and drift, driven by fac-
tors such as the materials utilized in Jiupei (fermented 
grains), the fermentation processes (long-term tolerance 
to ethanol and acids), and environmental conditions like 
temperature in anaerobic settings [40]. The activities of 
microbial communities in PM are sensitive to environ-
mental factors like ethanol concentration, pH, nutrients, 
and the brewing process. Exposure to high concentra-
tions of ethanol and acid stress can inhibit mRNA syn-
thesis, cause irregular transcription termination, and 

alter membrane-lipid composition, all of which are det-
rimental to cell viability [41]. However, periodic batch-
to-batch fermentation allows functional microbial taxa in 
PM to adapt and display metabolic versatility in anaero-
bic conditions, supporting processes such as hydrolysis, 
acidogenesis, acetogenesis, and methanogenesis [42]. 
Consequently, PM can be classified as “single-stage” 
anaerobic digestion system that produces organic acids 
like acetate,  H2, and  CO2 from sugar fermentation and 
fatty acid degradation, and supports the growth of meth-
anogens through hydrolysis and acidogenesis [43].

When new Jiupei is introduced into PM, signifi-
cant shifts occur in fermentation conditions, includ-
ing changes in ethanol concentration, pH, dissolved 
oxygen, and nutrient levels. Methanogens, which col-
laborate with bacteria in decomposing organic matter 
and converting it into organic acids and amino acids 

Fig. 9 Analysis of horizontal gene transfer (HGT) in PM (A HGTs at the class level; B HGTs at the genus level; C Functional categorization of HGT 
genes based on KEGG; D Taxonomic analysis of HGT genes)
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through various metabolic pathways, play a crucial role 
in this process [19, 37]. The composition and activities of 
methanogens in PM are influenced by pH; for instance, 
Methanocorpusculum thrives at pH 7.0, while Metha-
nosarcina grows well at both pH 6.0 and 8.0 [44]. Addi-
tionally, pH influences the types of fermentation that 
occur, with higher pH favoring butyric acid-type and 
mixed acid-type fermentations, while lower pH pro-
motes ethanol fermentation [45]. Temperature also plays 
a significant role in methanogenesis. Moderate tem-
peratures around 35  °C typically lead to a combination 
of hydrogenotrophic and acetoclastic methanogenesis. 
At lower temperatures around 5–10  °C, methanogens 
primarily metabolize acetate to methane. Conversely, at 
temperatures exceeding 40 °C, hydrogenotrophic metha-
nogenesis dominates, leading to marked changes in the 
structure and function of the methanogen community 
[46]. This dynamic interplay of factors is crucial for car-
bon cycling in PM. Notably, hydrogen produced during 
fermentation must be released, as a high partial pressure 
of hydrogen (≥  10−4  atm) inhibits acetogenesis, which 
produces volatile fatty acids (VFAs) such as propionic 
acid, butyric acid, and acetic acid [43]. The adaptation of 
niche-selected microbial populations in PM to anaerobic 

conditions is essential, and measures should be taken to 
enhance methanogenic activity by adjusting pH, temper-
ature, and substrate to improve CSFL aroma production.

Our results also provide a foundation for understand-
ing the roles of methanogens and Clostridium in carbon 
cycling under anaerobic conditions in PM. Thirty-three 
metagenome-assembled genomes (MAGs), mostly 
assigned to methanogens and Clostridium, demonstrated 
the capacity for carbon fixation through the Wood-Ljun-
gdahl pathway (WLP) and/or the reverse TCA cycle. Fur-
thermore, substrates such as acetate, lactate, butyric acid, 
and/or ethanol can be converted into caproate and hexa-
noic acid through carboxylic acid chain elongation pro-
cesses between bacteria and methanogens [10]. However, 
methanogenic activity can be inhibited by acid accumula-
tion [47].

CH4 production is carried out by mainly three metha-
nogenic pathways, i.e., hydrogenotrophic, acetoclastic, 
and methylotrophic pathways [48]. While many metha-
nogenic species remain uncultivable, genomic-centered 
metagenomic approaches offer insights into their phylog-
eny and functions. In this study, both hydrogenotrophic 
(e.g., Methanoculleus and Methanobacterium) and ace-
toclastic (e.g., Methanosarcina) methanogens dominated 

Fig. 10 Relationships between taxa and carboxyl metabolites
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the methanogens in old PM. In particular, Methanobacte-
rium showed higher abundance in the lower layer of old 
PM, indicating that  CO2/H2 and acetate were the main 
substrates for methanogenesis in old PM [14, 37]. Detect-
ing methanogens such as Methanocorpusculum, Metha-
nothrix, Methanogranum, and Methanomethylophilus 
suggested the presence of methylotrophic pathway in old 
PM [49]. Many archaeal and bacterial MAGs remained 
unclassified at the species level, highlighting the complex 
ecology of PM and expanding our understanding of the 
phylogenetic diversity of prokaryotes in PM. However, 
since the activity of the PM microbiome cannot be con-
cluded based on DNA sequencing, future studies should 
focus on metatranscriptomics to uncover the mecha-
nisms by which these microorganisms respond to envi-
ronmental fluctuations.

Interestingly, we observed extensive horizontal gene 
transfer (HGT) in PM. HGT is an important force in 
microbial evolution and adaptation to environmental 
and genetic perturbations [50]. Most of the HGTs were 
involved in pathways related to genetic information pro-
cessing, carbon fixation, methane metabolism, nitrogen 
metabolism, and sulfur metabolism in prokaryotes, sug-
gesting that HGT plays a critical role in substrate utili-
zation and competition, enhancing microbial adaptation 
to long-term ethanol and acid fermentation fluctuations 
in PM. Contrary to previous studies [11], the number of 
genes transferred from Clostridia to other classes was 
higher than from other classes to Clostridia. Since HGT 
can maintain stable biodiversity even when competing 
species co-exist [51], the results indicated that HGT may 
contribute to the evolutionary complexity in PM.

The genera Lactobacillus, Methanoculleus, Methano-
sarcina, Petrimonas, Paenibacillus, and Caproiciprodu-
cens contributed to the carboxyl compounds that, along 
with ethanol, are crucial for the flavor of Chinese Baijiu 
[52]. Lactobacillus, Caproiciproducens, and Petrimonas 
produce organic acids and short-chain fatty acids under 
anaerobic fermentation [53]. Additionally, methanogens, 
in collaboration with fermentative bacteria, enhance the 
production of organic acids through syntrophic interac-
tions in PM, contributing to carbon cycling and generat-
ing protons and hydroxyl ions [54]. Therefore, the results 
show that methanogens and Clostridium play critical 
roles in maintaining the structure and function of PM 
and in producing carboxyl compounds that affect the 
quality of CSFB, and explain why high-quality Baijiu is 
produced exclusively in old cellars.

Conclusions
In conclusion, our study provides a comprehensive 
understanding of the microbial community structure, 
metabolic functions, phylogenetics, horizontal gene 

transfer, and their relationship with carboxyl com-
pounds in spatiotemporal PM. Lactobacillus domi-
nated in new PM, while methanogens and clostridia 
were predominant in older or deeper PM layers. We 
demonstrated that the evolutionary divergence of spati-
otemporal prokaryotic communities in PM can be cate-
gorized into three distinct stages. HGT played a critical 
role in metabolic function of spatiotemporal PM. Addi-
tionally, α-diversity, β-diversity, methanogens, and 
Clostridium can serve as valuable indicators to assess 
the quality of PM for producing high-quality Baijiu in 
the industry. These findings enhance our understanding 
of microbial ecology and metabolic processes in PM, 
with important implications for the production of Chi-
nese Baijiu.
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