
npj | biofilms and microbiomes Article
Published in partnership with Nanyang Technological University

https://doi.org/10.1038/s41522-025-00805-8

Prokaryotic evolution shapes specialized
communities in long term engineered pit
mud ecosystem
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Tingyao Tu4, Lingfei Lu4, Rui Zhang4, Hui Yu4, Suyi Zhang4, SongtaoWang4, Caihong Shen4, Jinsong Shi3 &
Zhenghong Xu1

Elucidating the temporal dynamics of complex microbial consortia is crucial for engineering robust
microbiome. We investigated prokaryotic evolution in pit mud, a centuries-old engineered
environment used in Chinese liquor fermentation. Metagenomic analysis of 120 pit mud samples
across different ages revealed a transition from generalist-dominated to specialist-enriched
communities. This shift was characterized by decreased hydrolytic potential and increased organic
acid metabolism, with key taxonomic changes including declines in Proteiniphilum and Petrimonas,
and increases in Methanobacterium and Caproicibacter. The mature specialist community
accelerates the short-chain organic acids turnover through syntrophic fatty acid oxidation,
methanogenesis, and carbon chain elongation, maintaining ecosystem stability. While nutrient
availability primarily shapes early stages community interactions, environmental stress becomes a
dominant factor in mature systems. These insights into long-term prokaryotic adaptation provide a
foundation for the rational design of resilient, functionally optimized microbial communities for
biotechnological applications.

Microbiome engineering has emerged as a promising approach to address
challenges in human health, agriculture, and environmental management1.
However, significant hurdles remain in establishing long-term functional
stability of microbial communities2. Recent perspectives suggest that these
challengesmay stem from insufficient consideration of ecological principles
governing microbial community assembly and persistence3. Of these
principles, the dynamicsof functional traits and their interactionswithin the
community remain among the least explored aspects in microbiome engi-
neering research, presenting a critical knowledge gap.

Fermented food systems offer tractable models for studying microbial
ecology in situ due to their reproducible microbiomes4–7. Specifically, the
traditional Chinese strong-flavor liquor (CSFL) fermentation system is an
engineered environment refined over centuries for industrial production. In
this system, grain is fermented under solid-state conditions in a sealed pit,
with thewalls and bottom covered by a layer ofmud known as pitmud (Fig.
1, Supplementary Fig. 1). This pit mud harbors a diverse and complex
microbial community8–10 that engages in intricate metabolic interactions

with the fermenting substrate, contributing unique flavors to the final
product11,12.

The pit mud microbiome undergoes successive perturbations during
repeated CSFL production cycles over decades or even centuries, and
represents distinct development stages11–13. This process exemplifies top-
down microbiome engineering, where the desired functional outcomes
drive the selection and adaptation of microbial communities over time8. It
creates natural chronosequences of pitmud, spanning timescales fromyears
to centuries, providing an unparalleled opportunity to investigate long-term
microbial community dynamics in situ8,11.

While previous studies have provided valuable insights into the
taxonomic and compositional shifts in pit mud microbiomes across
varying ages8,11,13–17, the functional dynamics and ecological mechanisms
governing assembly and maturation in these ecosystems remain
incompletely understood. These studies have revealed a dynamic evo-
lution of the pit mudmicrobiome with age, significantly impacting liquor
quality. Metagenomic analyses have identified key genes and metabolic
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pathways responsible for flavor compound synthesis, highlighting the
crucial role of microbial succession in liquor production. Tao et al.18

pioneered read-based annotation of three pit mud samples (25–50 years),
identifying foundational caproate biosynthesis pathways. Subsequent
work by Fu et al.15 reconstructed 703 metagenome-assembled genomes
(MAGs) from 20 pit mud samples, establishing comprehensive taxo-
nomic and functional profiles. Ren et al.19 compared artificial and natural
pit mud systems across ages using 187 MAGs, while Li et al.20 analyzed
32 samples to delineate functional divergences between young and aged
pit mud communities. However, these studies primarily focused on
snapshots of different pit mud ages rather than tracking the temporal
succession patterns of microbial communities and their metabolic
functions. A systematic investigation of the dynamic changes in pit mud
microbial communities over time remains to be conducted.

In this study, we employed genome-resolved metagenomics across a
pit mud chronosequence spanning 100 years (n = 120), physicochemical
data, to elucidate functional and taxonomic transitions in pit mud micro-
biomes over centennial timescales. Under this study design, we tested the
following hypotheses: (1) Prokaryotic functional potential follows succes-
sional patterns shaped by environmental filtering and assembly processes;
(2) Ecosystem-level organic acid metabolism correlates with genomic sig-
natures of community maturation; (3) Specific microbial lineages possess
genomic adaptations enabling age-dependent dominance. Elucidating the
drivers of assembly and function optimization will provide fundamental
insights into microbial ecosystem development over long anthropogenic
timescales, potentially informing strategies for engineering stable and
functional prokaryotes across various applications.

Results
Long-term liquor fermentation enriches nutrients in pit mud
We observed usage duration-dependent changes in pit mud physico-
chemical properties during the long-term CSFL production (Table 1,
Supplementary Fig. 2). pH decreased from weakly alkaline (P3) to weakly
acidic (P100), while organic matter (OM), dissolved organic carbon
(DOC), total carbon (TC), and total nitrogen (TN) significantly
increased. Short-chain fatty acids (SCFAs) showed age-dependent
accumulation: lactate, acetate, and butyrate peaked in P100; propionate
and caproate increased steadily. Among inorganic ions, NH4

+, Cl-, and

PO4
3- exhibited significant accumulation with pit age. The buildup of ions

resulted in a marked increase of EC in old pits. Notable correlations
among pit mud physicochemical properties were revealed by Pearson
correlation analysis (Supplementary Fig. 3).

Metagenomic reconstruction reveals novel microorganisms in
the pit mud
Metagenomics analysis of 120 pit mud samples yielded 4082 medium-
quality MAGs with CheckM-estimated completeness ≥70 and contamina-
tion ≤5 (Supplementary Data 1)21. Dereplication produced 634 repre-
sentative MAGs (rMAGs), comprising 569 (89.74%) bacterial and 65
(10.26%) archaeal rMAGs (Fig. 2A, Supplementary Data 2). Bacterial
rMAGs predominantly belonged to Firmicutes A (175 rMAGs), Bacter-
oidota (86), FirmicutesG (49), andFirmicutesB (46),while archaeal rMAGs
were primarily Halobacteriota (30), Thermoplasmatota (20), and Metha-
nobacteriota (15) (Fig. 2A, Supplementary Data 2).

Of the634 rMAGs, only 198 (31.23%)matchedknowngenera,with the
remaining genomes distributed across uncultured lineages at various
taxonomic levels: genus (162 rMAGs, 25.55%), family (132, 20.82%), order
(64, 10.09%), class (72, 11.36%), and phylum (6, 0.95%) (Fig. 2B). This
indicates most rMAGs are novel compared to the GTDBtk database. Venn
diagram shows overlap of rMAGs across different pit ages (Fig. 2C). Total
rMAGs decreased from 292 in P3 to 221 in P30 before increasing to 309 in
P100, reflecting fluctuating richness of pit mud prokaryote with age.

A coremicrobiome of 78 rMAGs persisted across all ages, representing
68.23–79.09% relative abundance (Supplementary Data 3, Supplementary
Fig. 4A). The core rMAGswere primarily Bacteroidota (13), Halobacteriota
(5), Firmicutes A (25), and Firmicutes G (5) (Supplementary Fig. 4A). Age-
unique rMAGs numbered 131 (P3), 102 (P10), 32 (P30), and 122 (P100),
contributing 14.2–19.0% relative abundance (Supplementary Data 4, Sup-
plementary Fig. 4B). Unique rMAGs belonged largely to Chloroflexota,
Proteobacteria, and Bacteroidota.

Prokaryotes dynamics over the pit age are marked by
specific genera
Taxonomic analysis revealed dynamic compositional shifts across pit ages.
Bacterial dominance decreased progressively (64.90–75.38% relative
abundance), while archaea abundance increased consistently from 25.31 to

Fig. 1 | The schema of the production process
of CSFL. A To produce CSFL, water-soaked grains,
predominantly sorghum, are steamed and mixed
with a fermentation starter. This mixture, known as
jiupei, is then placed in a fermentation pit covered by
pit mud. Within the pit, jiupei undergoes simulta-
neous saccharification and spontaneous solid-state
fermentation due to the activity of fungi and bac-
teria. This fermentation process generates lactate,
acetate, and ethanol, which are absorbed by the pit
mud, serving as an energy source for microorgan-
isms and raw material for the biosynthesis of longer
fatty acids. The fatty acids diffuse throughout the
jiupei, contributing to the unique flavor of CSFL.
After ~40 days of fermentation, the jiupei is taken
out and distilled to produce fresh CSFL.BAn empty
fermentation pit. The fermentation pit is a pit or hole
in the ground and covered with a layer of pit mud.
C The workers fill the pit with jiupei. D The pit is
then covered with a layer of mud to seal in the jiupei
and create an anaerobic environment, which
encourages the growth of specific microorganisms
that are responsible for the fermentation process.
We would like to acknowledge the Luzhou Laojiao
Co., Ltd. for providing photos.
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32.34% with pit age (Supplementary Data 2, Supplementary Fig. 5). The
dominant bacterial phyla were Bacteroidota (16.3–38.50%), Firmicutes A
(5.52–15.40%), Firmicutes G (2.51–18.58%), Firmicutes B (3.47–11.37%),
andChloroflexota (0.34–13.77%) (SupplementaryFig. 5).Archaeabelonged
to Halobacteriota (18.65–24.30%), Methanobacteriota (4.09–11.48%), and
Thermoplasmatota (0.35–1.88%) (Supplementary Fig. 5).

Temporal community dynamics revealed distinct successional pat-
terns (Fig. 3). The relative abundance profiles of the top 20 genera (Fig. 3A)
revealedMethanoculleus, Proteiniphilum, and Petrimonas as predominant
taxa. Alpha diversity analysis (Fig. 3B) demonstrated significantly higher
Shannon indices in P10 compared to P30 and P100 (p < 0.01), while beta
diversity analysis through principal co-ordinates analysis (PCoA) (Fig. 3B)
confirmed significant age-related compositional differences (R² = 0.11,
p < 0.001). These results collectively indicate a clear temporal succession
pattern in pit mud microbial communities, characterized by peak diversity
in early stages followed by increased selection pressure in older pits. Linear
regression identified key age-associated genera including Proteiniphilum
(r2 = 0.2, FDR < 0.001), Petrimonas (r2 = 0.17, FDR < 0.001), UBA4882
(r2 = 0.08, FDR < 0.001), Syner-03 (r2 = 0.07, FDR < 0.001), SR-FBR-E99
(r2 = 0.09, FDR < 0.001), Methanobacterium A (r2 = 0.16, FDR < 0.001),
Caproicibacter (r2 = 0.1, FDR < 0.001), UBA4871 (r2 = 0.23, FDR < 0.001),
and Pseudomonas_E (r2 = 0.1, FDR < 0.001) (Supplementary Fig. 6).

Physicochemical properties displayed significant correlations with top
20 genera (Supplementary Fig. 7). The genera Proteiniphilum, Petrimonas,
T78,Methanothrix, Pseudomonas E, Syner−03, and SR− FBR− E99 were
negatively correlated with OM and ions, while Methanoculleus, Methano-
bacterium A, Caprobacter, Methanobacterium C, UBA4871, Methano-
sarcina, Syntrophaceticus, Sedimentibacter and UBA4844 were positively
associated with nutrient levels. Random forest modeling identified 23 age-
discriminatory genera, achieving 89.77% variance explanation (Supple-
mentary Fig. 9). Key predictive taxa included Methanobacterium_A

(increasing) and Proteiniphilum (decreasing), highlighting their utility as
maturation biomarkers.

Long-term fermentation reduces polymer degradation capacity
in pit muds
Metabolic pathway reconstruction employed stringent criteria requiring
≥80% completeness for enzyme systems and pathways (Supplementary
Data 5–7), with manual curation based on KEGG module com-
pleteness (Supplementary Data 8). Key metabolic genes and pathways
in abundant rMAGs ( > 0.5% relative abundance) are presented in
Fig. 4. We quantified metabolic capacity through gene abundance-
weighted metrics (Supplementary Data 9), revealing significant age
correlations via Spearman analysis (Supplementary Data 10, Sup-
plementary Fig. 10).

To elucidate polymer degradation, we analyzed peptidase, lipase,
and carbohydrate-active enzyme (CAZyme) diversity and occurrence,
which catalyze macromolecule hydrolysis (Fig. 4, Supplementary
Data 7, Supplementary Data 10). Polymer-degrading genes were
enriched in Firmicutes E, Firmicutes H, Acidobacteriota, Armati-
monadota, Planctomycetota, Bacteroidota, and Verrucomicrobiota
(Supplementary Data 11). However, considering abundance,
CAZymes were predominantly encoded by Bacteroidota (e.g.,
MAG246.1, MAG254.1), Firmicutes A (MAG554.1, MAG545.1),
Firmicutes G (MAG300.1, MAG109.1), and Armatimonadota
(MAG394.1, MAG397.1), while peptidase and lipase genes were
mainly found in Bacteroidota, Firmicutes A, Firmicutes G, and
Halobacteriota (Fig. 4, Supplementary Data 11). These phyla likely
represent major polymer degraders in pit mud. Notably, capacity for
lipase (rho =−0.38, FDR < 0.001), glycoside hydrolase (GH, rho =
−0.50, FDR < 0.001), carbohydrate esterase (CE, rho =−0.37,
FDR < 0.001), carbohydrate binding module (CBM, rho =−0.46,

Table 1 | Physicochemical properties of cellar muds in different ages (Mean ± SD)

Property P3 P10 P30 P100

Water content (%) 28.53 ± 4.93a 37.05 ± 4.96b 30.80 ± 4.90a 36.82 ± 6.23b

Organic matter (%-TS) 7.78 ± 3.81a 11.17 ± 3.64b 13.61 ± 6.22b 16.72 ± 7.46c

pH 7.31 ± 0.96ab 7.72 ± 1.11a 6.53 ± 1.63c 6.75 ± 1.37bc

Electrical conductivity (μS cm−1) 491.33 ± 193.29a 786.97 ± 237.41b 741.33 ± 273.1b 1054.53 ± 381.90c

Total Carbon (%) 2.69 ± 1.72a 4.86 ± 1.74b 4.73 ± 3.19b 7.18 ± 4.61c

Total Nitrogen (%) 0.39 ± 0.20a 0.71 ± 0.19b 0.61 ± 0.32b 0.96 ± 0.50c

Carbon/Nitrogen ratio 6.65 ± 1.22a 6.71 ± 1.52a 7.63 ± 1.95b 7.14 ± 1.19ba

Dissolved organic carbon (g kg−1-TS) 4.11 ± 4.37a 7.41 ± 6.15a 12.06 ± 9.90b 17.00 ± 12.88c

Dissolved inorganic carbon (g kg−1-TS) 0.33 ± 0.20a 0.74 ± 0.43b 0.20 ± 0.20a 0.34 ± 0.38a

NH4
+ (g kg−1-TS) 1.26 ± 0.46a 1.91 ± 0.67b 1.24 ± 0.49a 3.28 ± 1.24c

NO2
− (mg kg−1-TS) 0 ± 0a 1.23 ± 3.28ba 0 ± 0a 1.66 ± 5.32b

NO3
− (mg kg−1-TS) 0 ± 0a 0 ± 0a 1.62 ± 4.47ba 2.4 ± 7.39b

Na+ (mg kg−1-TS) 64.60 ± 28.73a 52.73 ± 23.7 a 61.40 ± 20.97a 113.62 ± 143.50b

K+ (g kg−1-TS) 0.96 ± 0.41a 1.07 ± 0.38a 1.23 ± 0.35a 2.89 ± 0.88b

Cl- (mg kg−1-TS) 161.52 ± 51.79a 191.03 ± 41.32b 197.06 ± 54.91b 293.21 ± 76.05c

PO4
3- (g kg−1-TS) 0.29 ± 0.33a 0.28 ± 0.20a 0.82 ± 0.78a 2.29 ± 2.23b

SO4
2- (mg kg−1-TS) 34.23 ± 21.99a 22.68 ± 20.93ab 11.72 ± 15.24b 78.49 ± 44.82c

Lactate (g kg−1-TS) 4.17 ± 3.21a 5.98 ± 4.91ab 3.52 ± 4.62a 7.76 ± 7.17b

Acetate (g kg−1-TS) 2.83 ± 1.98a 3.21 ± 2.10a 3.00 ± 1.56a 5.05 ± 3.20b

Propionate (g kg−1-TS) 0.28 ± 0.37a 0.51 ± 0.66ab 0.81 ± 0.68b 0.59 ± 0.56b

Butyrate (g kg−1-TS) 0.53 ± 0.69a 1.16 ± 1.14b 1.32 ± 1.06b 1.55 ± 1.46b

Valerate (g kg−1-TS) 0.02 ± 0.07a 0.36 ± 0.89b 0.19 ± 0.2ba 0.11 ± 0.19a

Hexanoate (g kg−1-TS) 2.48 ± 3.69a 5.64 ± 4.07b 9.83 ± 6.47c 4.78 ± 4.78ba

a, b, cDifferent lowercase letters indicate significant differences among cellar muds of different ages based on ANOVA analysis.
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FDR < 0.001), and polysaccharide lyase (PL, rho =−0.4, FDR < 0.001)
decreased with age, while auxiliary activities (AA, rho = 0.46,
FDR < 0.001) increased (Supplementary Data 10, Supplementary
Fig. 10).

Short chain organic acid metabolic capability increases over
pit age
Lactate, acetate, propionate, and butyrate are major anaerobic polymers
hydrolysis byproducts and important flavor compounds in CSFL12,22. High
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potential for alcohol and lactate metabolism via acetyl-CoA was observed
(Fig. 4, Supplementary Data 9), with the relative abundance of rMAGs
containing the two pathways was 43.64% and 51.00%, respectively (Sup-
plementary Data 7, Supplementary Data 9). Lactatemetabolizer abundance
significantly decreased with pit age (rho =−0.32, FDR < 0.001), while the
alcohol metabolism capacity was stable (Supplementary Data 10, Supple-
mentary Fig. 10). Bacteroidota genera Petrimonas and Proteiniphilum had
the highest lactate catabolism potential, which declined over time. In con-
trast, Firmicutes A genera Caproicibacter, Sedimentibacter, and various
unculturedmembers becamepredominant lactate utilizers in older pits (Fig.
4, Supplementary Data 9). Despite stable alcohol degradation (Supple-
mentary Data 10), dominant alcohol-utilizing genera shifted from Petri-
monas, uncultured SR-FBR-E99, andSyner-03 in the youngpits (P3, P10) to
Pseudomonas E,Caproicibacter, andCaproicibacterium in the old pits (P30,
P100) (Fig. 4, Supplementary Data 9).

We examined fatty acid biosynthetic microbes in pit mud prokaryote,
since short chain fatty acids (SCFAs) are important intermediates and
expected CSFL metabolites12. The butyrate biosynthesis pathway was
identified in 230 rMAGs, comprising 34.21–36.92% across four ages
(Supplementary Data 7 and Supplementary Data 9). While the relative
abundance of butyrate biosynthesizers remained stable, their composition
significantly changed with pit age. Specifically, Petrimonas, uncultured T78,
and UBA4882 members dominated the butyrate biosynthesis group in P3
but decreased in P100, whereas Caproicibacter, Caproicibacterium, Sedi-
mentibacter and Pseudomonas E increased in P100 (Supplementary Data 7
and SupplementaryData 9). Regarding fatty acid chain elongation, there are
two routes to obtain longer fatty acids, the fatty acid biosynthesis (FAB)
pathway and the reverse beta oxidization (RBO) pathway23. We observed a
significant increase in the abundance (8.70–25.59%) of genomes (176
rMAGs) encoding the FAB pathway within the pitmud prokaryote with pit
age (Supplementary Fig. 10 andSupplementaryData 9).Most of the rMAGs
responsible for FAB pathway were assigned to uncultured UBA4882,

Caproicibacterium, Caproicibacter, and Pseudomonas E (Fig. 4 and Sup-
plementary Data 7). Conversely, the RBO pathway, was observed in 67
rMAGs, accounting for 4.40–7.50% of the whole community across the pits
of four ages, with most of them being assigned to Pseudomonas E, uncul-
turedUBA4851, andUBA5314 (SupplementaryData 7 and Supplementary
Data 9).These results indicate that theFABpathway is essential for fatty acid
chain elongation in the pit mud prokaryote.

The syntrophic oxidation of SCFAs with methanogenic partners was
proposed as a key step in anaerobic process22. According to the elevated
butyrate and acetate concentrations, the pit mud prokaryotes exhibited
increased potential of syntrophic butyrate (rho = 0.20, FDR < 0.05) and
acetate (rho = 0.28, FDR < 0.01) oxidation with pit age, whereas propionate
degradationpotential decreased (rho =−0.24, FDR < 0.05) (Supplementary
Data 10, Supplementary Fig. 10). We identified 99 rMAGs with butyrate
oxidation pathways, the relative abundce increase from 16.77% in P3 to
23.63% in P100 (Supplementary Data 9). Petrimonas, Caproicibacterium,
UBA4844, and UBA5389 members dominated the butyrate oxidation
group in each age, whereas species affiliated within Pseudomonas E and
unculturedT78 considerably increased in P100 (Fig. 4, SupplementaryData
9). Propionate degradation group comprised 72 rMAGs (Supplementary
Data 7), and the relative abundance of these rMAGs decreased from23.38%
in P3 to 16.46% in P100, with Petrimonas, Proteiniphilum, and uncultured
UBA4882 mainly contributing to the metabolic capacity of propionate
oxidation (Fig. 4, Supplementary Data 9). For syntrophic acetate oxidation,
27 and 111 rMAGs encoded the Wood-Ljungdahl (WLP) and glycine
cleavage pathways (GCP), respectively (Supplementary Data 7). Average
relative abundance was 3.01% for WLP and 10.61% for GCP, suggesting
GCP is dominant (Supplementary Data 9). Syntrophaceticus members,
including known acetate oxidizer S. schinkii (MAG106.1) were main WLP
microbes (Fig. 4, Supplementary Data 7). With respect to GCP, we found
that Sedimentibacter, uncultured UBA4844, and UBA4975 were abundant
genera (Supplementary Data 9). Additionally, 25 WLP and 104 GCP
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rMAGs were identified uncultured, indicating abundant novel acetate
oxidizers in pit mud (Supplementary Data 7).

We ubiquitously identified methanogenesis pathways in the archaeal
rMAGs of this study (Fig. 4, SupplementaryData 7). The hydrogenotrophic
pathway in 37 of 65 archaea was most prominent, significantly increasing
(rho = 0.35, FDR < 0.001) from 17.38% in P3 to 29.03% in P100 (Supple-
mentary Fig. 10 and Supplementary Data 7). Methanoculleus (9 rMAGs),
Methanobacterium C (5 rMAGs), and mixotrophic methanogen Metha-
nosarcina members (9 rMAGs) mainly contributed to the hydro-
genotrophic methanogenesis across the pits of the four ages (Fig. 4,
Supplementary Data 7, Supplementary Data 9). The relative abundance of
Methanoculleus first rose from 8.78% in P3 to 17.79% in P10 before
decreasing to 14.54% in P100. Notably, Methanobacterium A (2 rMAGs)
significantly increased from0% to 7.82%with pit age (Fig. 4, Supplementary
Data 7, Supplementary Data 9). The proportion of acetotrophic methano-
gens fluctuated from 9.32% in P3 to 5.07% in P100 with no significant
correlationwith pit age (Supplementary Fig. 10 and SupplementaryData 7).
Methanothrix (2 rMAGs) and Methanosarcina (9 rMAGs) were the
abundant acetotrophic methanogens. We also identified methylated

compounds (i.e., methanol, dimethylamine, and monomethylamine)
metabolismproducingmethane in the communities (SupplementaryData7,
Supplementary Data 9). The methylotrophic methanogenesis capacity
increased from 4.86% to 7.61% with the pit age, withMethanobacterium C,
Methanosarcina, and Methanobacterium A dominating this group (Sup-
plementary Data 7, Supplementary Data 9). Additionally, 20 Thermo-
plasmatota rMAGs were identified as methylotrophs, including 17
uncultured Methanomassiliicoccales (Supplementary Data 7, Supplemen-
tary Data 9). Complementing methanogenesis, diverse phyla encoded sup-
porting energetic and metabolic functions (Fig. 4, Supplementary Data 12,
Supplementary Note). The presence of various electron transfer modules
highlights the importance of energy conservation pathways in CSFL
fermentation.

Ecological factors shaping prokaryotic structure and function
Ecological drivers were analyzed through Mantel tests and Pearson corre-
lations, revealing pit age as the strongest predictor of both taxonomic
(rho = 0.39, P < 0.001) and function (rho = 0.33, P < 0.001) variation
(Fig. 5A). Potassium showed significant correlations with taxonomy
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(rho = 0.24, p < 0.001) and function (rho = 0.22, p < 0.001). Moderate cor-
relations occurred between microbial community andMC, EC, NH4

+, TN,
Cl- and DIC (p < 0.01). Weak/non-significant associations occurred with
SO4

2−, TC, DOC,Na+, PO4
3−, organic acids and C/N ratio (p > 0.05). PCoA

confirmed significant age-related divergence in taxonomy (R2 = 0.11,
P < 0.001) and functional structure (R2 = 0.09, P < 0.001) by pit age (Fig. 3C,
Supplementary Fig. 10A). Additionally, significant time-decay relationships
were observed for composition (R2 = 0.16, P < 0.001) and function
(R2 = 0.13, P < 0.001) similarities versus age gap (Supplementary Fig. 11B,
C). Despite both similarities decreasing along with the gap age of pits, our
results suggest that there is high taxonomic variability but similar functional
structure across pit mud prokaryotes during the development of pits.
(Supplementary Fig. 11D).

Structural equation modeling (SEM) was employed to evaluate mul-
tivariate relationships between communities and environment. Our find-
ings indicate that caproate, which positively relates to butyrate, directly

affects both taxonomic (rho = 0.28, P < 0.001) and functional (rho =−0.22,
P < 0.001) composition (Fig. 5b). Furthermore, functional composition was
mostly determinedby taxonomic (r =−0.71,P < 0.001) composition,which
was directly influenced by MC (rho = 0.42, P < 0.001), EC (rho = 0.43,
P < 0.001), pH (rho = 0.39, P < 0.001), and Cl− (rho =−0.27, P < 0.05).
These environmental variables were positively driven by DOC and VS,
which were positively and directly affected by pit age.

To gain insight into microbial assembly, we further constructed ran-
dommatrix theory (RMT)-based Spearman’s rank correlation networks to
identify the potential ecological interactions amongprokaryoticmembers of
pit mud24. Network analysis revealed shifting interaction patterns (Fig. 5C,
Supplementary Data 13). Despite larger MAG datasets in P100, network
complexity decreased (Fig. 5C), suggesting enhanced functional integration
with age25. The proportion of negative correlations rose from 52.22% in P3
to 90.34% in P30 (Supplementary Data 13), indicating increased competi-
tion potentially fromnutrient enrichment, which is consistent with “hunger
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games” hypothesis that competition is more frequent in copiotrophic
environment26. Although nutrients continued accumulating in P100, posi-
tive links increased to 42.86%, implying enhanced cooperation assists sur-
vival under environmental stress27.

Discussion
Temporal studies of microbial communities reveal unique ecological prin-
ciples that are otherwise inaccessible28. Chronosequence approaches
employing space-for-time substitution enable exploration of community
dynamics across extended timescales29. Through systematic metagenomic
analysis of a 100-year pit mud chronosequence, this study advances our
understanding of structure-function relationships in traditional fermenta-
tion ecosystems. Our investigation elucidates pit ecosystem ecology while
establishing managed chronosequences as model systems for studying
microbial community evolution11. These findings provide critical insights
for microbial community engineering, revealing three key principles: (1)
Functional redundancy enables stability despite taxonomic turnover; (2)
Metabolic specialization increases with community maturation; (3) Envir-
onmental filtering drives predicted successional patterns.

In complex anaerobic microbial web, cross-feeding cascades likely
establish interspecific nutrient cycling in shared pools, enabling continuous
turnover that balances stoichiometry and stabilizes communities30–32. Our
metabolic reconstruction identified four interacting functional groups
governing carbon flow (Fig. 6):

(1) Hydrolysis Bacteria (HB): Most abundantly encoding peptidases,
lipases, and CAZymes, are generalists that hydrolyze biopolymers into
monomers, which were then fermented into H2, CO2, and SCFAs
(Fig. 6). Consistent with previous studies15, members of genera Pro-
teiniphilum and Petrimonas belonging to phylum Bacteroidota were
major HB within the pit mud.

(2) Fatty Acid Chain-Elongation Bacteria (FCEB):Although SCFAs are
keyCSFLflavor compounds, uncontrolled accumulationwill cause pH
decline and community disruption13,33. FCEB convert SCFAs into
longer fatty acids (mainly butyrate, caproate) by chain elongation
(Fig. 6)12,34. Longer chain fatty acids diffused into the jiupei through the
concentration gradient could provide flavoring compounds for CSFL,
as well as decrease the organic acids concentration of pit mud18.
Elongation occurs via reverse RBO or FAB using ethanol/lactate35.
Acetate could be elongated to butyrate via acetyl-CoA36. Butyrate is
subsequently used to synthesize caproate with a specific caproyl-CoA:
acetate CoA transferase within the pit mud37. We detected high
butyrate biosynthesis capacity in this study, likely produced abundant
butyrate and caproate for the CSFL. Surprisingly, FAB pathway
capacity increased over time in this study despite lower theoretical
efficiency than RBO35. Previous study also reported high expression
levels of genes related to FAB responsible for the elongation of short
chain carboxylates to medium chain in mixed culture38. Dominant
FCEBwere Firmicutes lineages likeCaproicibacter,Caproicibacterium,
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Sedimentibacter andUBA4882 in the present study.Caproicibacterium
and Sedimentibacter have been reported to be well-known dominant
butyrate and caproate producers within the pit mud11,39,40.

(3 & 4) Syntrophic fatty acid oxidation bacteria (SFOB) andmethanogens:
SFOB-methanogen coupling removes SCFAs to produce CH4 (Fig. 6),
as well as reducing the acid stress for the community. Propionate/
butyrate get converted to acetate, formate, and H2, while acetate
undergoes acetoclastic methanogenesis or a syntrophic degradation
between acetate oxidizers and hydrogenotrophic methanogens30.
Despite hydrogenotrophic and acetoclastic methanogenic pathways
were simultaneously detected, the hydrogenotrophic methanogens like
Methanoculleus andMethanobacterium were the dominant methano-
gens within the pit mud. Moreover, the minor presence of acetoclastic
methanogens (Methanosarcina andMethanothrix) but the ubiquitous
presence of potential SFOBs strongly suggests that SCFAs are
syntrophically oxidized in the pit mud. By integrating the fatty acid
chain elongation and syntrophicmethanogenesis, communities rapidly
remove organic acids, and prevent strong acidification during long-
termCSFL fermentation toguarantee the stabilityofpitmudecosystem.

Metagenomic analysis assistedwith the identification of novel bacteria in
various anaerobic environments41–43. A large number of novel species was
observedacross the fourgroups.Previousmetagenomicanalysisof thepitmud
found that only 32.97%of theDNAsequenceswere taxonomically classified15.
Consistently, our metagenomic data showed that almost 70% of the rMAGs
(436of 634 rMAGs)were defined as the uncultured species, implying the large
knowledge gaps inmicroorganismswithin long-termCSFL fermentation.We
detected SCFA oxidation pathways in abundant unclassified organisms,
indicated the potential role of novel species in syntrophic fatty acid oxidation

within the pit mud. Most of the novel SFOBs were affiliated to the Firmicutes
lineages classes, which contain well-known SFOBs such as S. schinkii and S.
methylbutyratica30,44. Fatty acids biosynthesis pathways were found in the
unclassified species, e.g., MAG294.1 (genus uncultured UBA4839, class
Clostridia) and MAG56.1 (genus uncultured T78, class Anaerolineae).
Methanogenesis that uses oxidized carbon like CO2 as a terminal electron
acceptor is crucial for carboncycling in anaerobic environment45. In this study,
we found 17 rMAGs that encoded methylotrophic methanogenesis pathway
belonging to the uncultured order Methanomassiliicoccales (Supplementary
Data 7). The order Methanomassiliicoccales is a novel methanogen lineage
proposed for the phylum Thermoplasmatota46.

Pitmudcommunities aremostly shapedby their local physicochemical
conditions11. Consistent with the previous studies16,17, our results showed
that the pit mud properties displayed nutrient enrichment but acidification
and salinization during long-term CSFL fermentation (Fig. 7). The meta-
bolic cross-feeding cascades shifted accordingly (Fig. 7), reflected in taxo-
nomic and functional succession patterns (Supplementary Fig. 10). Here we
propose a conceptual model to comprehend the microbial succession pat-
tern with increasing pit age: Our findings suggest a shift from a ‘generalist-
dominated’ to a ‘specialist-enriched’ community along the pit mud
chronosequence. The early-stage prokaryote exhibits high functional
diversity, particularly in hydrolytic capabilities, enabling the exploitation of
diverse substrates.As thepitmudmatures,weobserve a transition towards a
community with enhancedmetabolic potential for organic acid production
and utilization, indicating functional specialization in response to the
selective pressures of the fermentation environment. (Fig. 7).

In the early stages of pit mud development (P3), we observed low
carbon availability (Table 1) coupled with high diversity and cooperative
interactions (Figs. 1, 5C). This aligns with the “hunger games” hypothesis
proposed by recent studies26, suggesting that nutrient scarcity promotes

FCEB
(Fir,Bac,Chl)

BT, CA
longer FA

HB
(Bac,Fir,Arma)

SFOB
(Bac,Fir,

Syn)

Ther

Me-culleus
Me-bac

H2/Fo

CH3SX

CH4

Jiupei

Monomers

Jiupei Ferm
Lac,Eth,AC

 mud

Jiupei Ferm

Me-sarcina
Me-thrix

PR
AC

FCEB
(Fir,Bac)

BT, CA
longer FA

HB
(Bac,
Fir)

SFOB
(Bac,Fir,

Syn)

Ther

Me-culleus
Me-bac

H2/Fo

CH3SX

CH4

Jiupei

Monomers

Jiupei Ferm
Lac,Eth,AC

 mud

Jiupei Ferm

Me-sarcina
Me-thrix

PR
AC

FCEB
(Fir,Bac,Chl)

BT, CA
longer FA

HB
(Bac,

Arma)

SFOB
(Bac,Fir,

Syn)

Ther

Me-culleus
Me-bac

H2/Fo

CH3SX

H2O

CH4

Jiupei

Monomers

Jiupei Ferm
Lac,Eth,AC

 ageInitiation
(A few years)

Maturation
(Decades)

Deep Aging
(A hundred years)

 mud

Jiupei Ferm

Me-sarcina
Me-thrix

PR
AC

H2O H2O

Nutrients enrichment
 Generalist-dominated community  Specialist-enriched community

Fig. 7 | Genome-resolved conceptual models of the microbial succession within
the pit mud during initiation, maturation, and deep aging. Ferm Fermentation,
Lac lactate, Eth ethanol, Fo formate, Ac acetate, PR propionate, BT butyrate, CA
caproate, FA fatty acd, HB hydrolysis bacteria, FCEB fatty acid chain elongation

bacteria, SFOB syntrophic fatty acid oxidation bacteria, Bac Bacteroidota, Fir Fir-
micutes, Chl Chloroflexota, Arm Armatimonadota, Syn Synergistota, Ther Ther-
moplasmatota, Me-bacMethanobacterium, Me-thrixMethanothrix, Me-sarcina
Methanosarcina, Me-culleus Methanoculleus.

https://doi.org/10.1038/s41522-025-00805-8 Article

npj Biofilms and Microbiomes |          (2025) 11:186 9

www.nature.com/npjbiofilms


cooperation for efficient resource utilization26,47. The initial community
exhibited functional versatility, characterized by abundant hydrolytic
potential (Fig. 4), a trait commonly observed in early-stage ecosystems48,49.
This generalist strategy enables the community to exploit diverse polymeric
substrates, initiating the complex fermentation cascade that produces
SCFAs, amino acids, and eventually longer fatty acids, CO2, andmethane30.

As thepitmudmaturesoverdecadesofCSFL fermentation,weobserve a
significant shift in community composition and function. The accumulation
of metabolites from fermentation (Table 1) correlates with a decrease in the
relative abundance of hydrolytic bacteria (HB) and an increase in short-chain
fatty acid-oxidizing bacteria (SFOB) and hydrogenotrophic methanogens
(Fig. 7). This transition is accompanied by an increase in negative associations
(SupplementaryData 13), consistentwith the “hunger games”hypothesis that
predicts more frequent competition in nutrient-rich environments26.

We propose that this shift represents a transition from a generalist-
dominated to a specialist-enriched community (Fig. 7), evidenced by: (i) a
decrease in the relative abundance of genes encoding hydrolytic enzymes
and an increase in genes involved in organic acid metabolism (Supple-
mentary Fig. 10), and (ii) a taxonomic shift fromHB likeProteiniphilum and
Petrimonas to specialized organisms such as the FCEB Caproicibacter,
syntrophic bacteria Syntrophomonas, and hydrogenotrophic methanogens
Methanoculleus. This specialist-enriched community, with its enhanced
capacity for organic acid turnover, likely plays a crucial role in maintaining
pH stability and community resilience16,50.

In the deep aging phase, despite continued acidification (Table 1) and
further decline of HB, we observed increased species diversity and positive
correlations (Fig. 2, SupplementaryData 13). This apparent contradiction to
the “hunger games” hypothesis26 suggests that additional factors, such as
environmental stress (e.g., pH and salinity), significantly influence com-
munity dynamics in mature engineered prokaryotes. Our structural equa-
tionmodeling (SEM) confirms the direct influence of these stress factors on
microbial community composition (Fig. 5B).

The insights gained from this study have broad implications for pro-
karyote engineering.While our conservative pathway completeness threshold
ensures robust functionalpredictions,weacknowledge that this approachmay
underestimate the prevalence of distributed metabolic networks across our
634 MAGs. Nevertheless, our systematic characterization of metabolic
handoffs between functional guilds establishes a valuable framework for
engineering stable and efficient microbial communities. The process flows
from hydrolyzers through carbon elongators and syntrophs to methanogens.
The comprehensive genomic repository generated here not only enables
targeted cultivation and interaction studies but also lays the groundwork for
future investigations using advanced techniques such as genome-scale
metabolic modeling and proteome-resolved network inference. These find-
ings and resourcesholdprofound implications forbiotechnologyapplications,
from optimizing industrial fermentation processes to enhancing environ-
mental remediation systems, ultimately advancing our ability to harness and
engineer complex microbial communities for sustainable solutions.

Methods
Sample collection
Pit mud samples were collected from Luzhou Lao Jiao Co., Ltd, in Luzhou
city, Sichuan province, China (105.5021° E, 28.9024° N) from August 2020
to April 2021 after one batch of CSFL fermentation for each pit. Three
parallel fermentation pits continually used for ~3 (P3), ~10 (P10), ~30
(P30), and ~100 years (P100) were selected for sampling, respectively. For
each pit, ten representative composite samples were collected using a sys-
tematic spatial sampling strategy (Supplementary Fig. 1). The pit walls were
sampled at four vertical levels, with both shallow and deep samples obtained
at each level. Samples from identical heights and depths were pooled to
create composite samples. The pit bottom was sampled using a pentagon-
based approach, with five sampling points collected at both shallow and
deep depths and subsequently pooled. In total, 120 pitmud samples from12
pits across four ages were collected for physicochemical analysis and
metagenomic sequencing (Supplementary Data 14).

Physicochemical analysis
Water content and OM were determined by gravimetric analysis. TC and
TN were measured using an elemental analyzer (vario EL cube, Elementar,
Germen). Electrical conductivity (EC) and pH were determined using EC
indicator (SG3,Mettler Toledo,USA) and pHmeter (HM-25G, TOADKK,
Tokyo) in a 1:10 (w/v) soil-water suspension. DOC and dissolved inorganic
carbon (DIC) were quantified using a Shimadzu TOC analyzer (TOC-VE,
Shimadzu, Japan) after extracting sampleswithdeionizedwater andfiltering
through0.45 μmmembranefilters. Inorganic ion concentrations (NH4+, K
+, Na+, NO2

-, NO3
-, SO4

2-, Cl-, and PO4
3-) were measured using ion chro-

matography (ICS-1500, Dionex, USA). following water extraction and
membrane filtration51. The concentrations of lactate, acetate, propionate,
butyrate, valerate, and caproate were determined by high performance
liquid chromatography (HPLC), as previously described52. Analysis was
performed using aWaters E2695 HPLC system equipped with a 2998 PDA
detector. Lactic acidwas analyzed using aWatersAtlantis T3 column (5 μm,
4.6mm× 250mm) at 30 °C with 20mMNaH2PO4 (pH 2.7) as the mobile
phase at 0.7mL/min. SCFAswere analyzedusing a SEPAXCarbomixH-NP
5:8 column (5 μm, 7.8 mm× 300mm) at 55 °C with 2.5 mM H2SO4 as the
mobile phase at 0.6mL/min. All compounds were detected at 210 nm with
an injection volume of 10 μL and quantified using external standard curves.
All experiments were performed in triplicates.

DNA extraction, sequencing, assembly and mapping
Total DNA was extracted via the cetyl-trimethyl ammonium bromide
(CTAB) method53. Briefly, samples were homogenized with preheated
CTAB extraction and incubated at 65 °C for 30min. The mixture was then
treated with phenol-chloroform-isoamyl alcohol (25:24:1), followed by
chloroform-isoamyl alcohol (24:1) extraction. DNA was precipitated with
isopropanol, washed with 70% ethanol, and resuspended in sterile water.
DNA quality and quantity were assessed using both agarose gel electro-
phoresis and a spectrophotometer (NanoDrop 2000, Thermo, USA). DNA
samples were sequenced using an Illumina HiSeq X Ten platform in
Shanghai Majorbio Biopharm Technology Co., Ltd. (Shanghai, China) to
generate paired-end reads (2 × 150 bp), ensuring that the sequencing data
volume for each sample exceeded 20 gigabases.

Raw reads were quality filtered using Trimmomatic v0.39 with a
quality cutoff of 30 and minimum length cutoff of 100 bp54. Filtered reads
from each site and age were co-assembled usingmetaSPAdes v3.14.0 (-k 19,
39, 59, 79, 99). Co-assembled contigs were binned into MAGs using the
MetaWrap v1.3.1 with metabat2 v2.12.1, maxbin2 v2.2.6 (minimum contig
length 1000), and concoct v1.0.055–58. MAGs were combined with Binnin-
g_refiner v1.4 and assessed for quality using CheckM v1.0.12 (complete-
ness ≥ 70 and contamination ≤ 5)59,60. RPKM(reads per kilobase permillion
mapped reads) of the MAGs for each sample was predicted using BBMap
v38.90 (minid = 0.99)61. The filtered MAGs from all samples were derepli-
cated toobtain representative genomes (rMAG)usingdRepv2.6.2 (-pa 0.90,
-sa 0.95, -nc 0.60)62. Taxonomy of rMAGswas estimated by GTDBtk v1.5.0
(GTDBRelease 202)63. The relative abundance of rMAG in each samplewas
determined using following formula:

P
RPKM of MAGs affiliated to each rMAG

P
RPKM of MAGs

× 100%

The community composition was also determined using Kraken264.

Gene annotation and metabolic reconstruction
For rMAGs, open reading frames were predicted and translated using
Prokka v1.14.665. The rMAGs were examined for carbohydrate/protein/
lipid hydrolysis potential by identifying CAZyme, peptidase, and lipase
families using the CAZyme database66,67, MEROPS database68, and lipase
engineeringdatabase69, respectively. The genes involved in syntrophic SCFA
degradation, methanogenisis pathway, energy conservingmechanisms, H2/
formate metabolism were determined through blastp (v2.9.0+ ) with
database containing relevant enzymes downloaded from UniProt70 and
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NCBI-NR database (minimum length of 50 amino acids, >40% amino acid
similarity). Glycolysis, pentose phosphate pathway, alcohol metabolism,
lactatemetabolism, reverse tricarboxylic acid cycle, SCFAbiosynthesis, fatty
acid elongation, nitrogen metabolism, and sulfur metabolism were pre-
dicted using KofamKOALA v1.3.0 with the KO database71. KEGG module
completeness was calculated using MicrobeAnnotator v2.0.572. The result-
ing annotation of genes was manually curated through rpsblast with a
conserved domain database73. Phylogenetic analysis was performed using
PhyloPhlAn3.0,which classifies genomesbasedon thepresenceofup to400
universal prokaryotic markers74. MAGs were included if they contained
more the 100 of these markers to enable robust phylogenetic inference.

Network construction
The networks of prokaryotic community were constructed based on the
rMAGs’ relative abundance datasets using molecular ecological network
analysis pipeline24. To enhance the statistical power and reliability of our
correlation analysis, we applied a detection threshold where MAGs present
in at least 30% of samples were retained. This approach helps mitigate
potential biases from transient taxa while maintaining a comprehensive
view of the community composition. RMT-based strategy was applied to
calculate the appropriate correlation coefficient cutoff 75. The network
modules were detected based on fast greedy modularity optimization.

Statistical analysis
Statistical analysis were performed in R v4.0.3. One-way ANOVA with LSD
tests comparedenvironmentalvariablesbetweenagegroups.Linear regression
revealedrelationshipsbetweenpitageandenvironmentalvariables, taxonomy,
and metabolism. To further model pit age as a function of prokaryotes com-
position,wedeveloped full randomforestmodels forpit samples by regressing
the relative abundance of all genera against the pit age with randomForest
Rpackage. The environmental variables and prokaryotic composition data
were scaled using function decostand in package vegan v2.5 with standardize
and Hellinger methods, respectively. Dissimilarity matrix of environmental
variables and biotic datawere calculated using vegdist functionwith Euclidean
and Bray-Curtis methods, respectively. Mantel tests evaluated correlations
between environmental and biotic matrices using mantel_test function in
linkET package. Alpha diversity based on Kraken2 species composition and
PCoA were analyzed using phyloseq package76. Pearson and Spearman cor-
relation analysis were performed using stats and ade4 package. The rate of the
time-decay relationships was represented by the slope in the linear regression
modelbetweenthegapinyearsbetweentwopitsversusprokaryotic taxonomic
and functional community composition similarity. FDR-adjusted p values
were calculated by Benjamini-Hochberg method.

Data availability
The metagenomic sequence data used in this study can be found under BIG
Sub Genome Sequence Archive (https://ngdc.cncb.ac.cn/gsa/browse/
CRA007136) under the bio-project number PRJCA009789. All metage-
nomic analyses were performed with the metaWRAP pipeline, a modular
wrapper suite for genome-resolved metagenomics. The pipeline version,
installation instructions, dependencies, and underlying software are publicly
documented at https://github.com/bxlab/metaWRAP. Exact command-line
parameters and software versions used for quality control, assembly, binning,
refinement, reassembly, taxonomic profiling, and functional annotation are
provided in the “Methods” section. The downstream statistical analysis and
visualizations were carried out in R (version 4.3). Custom code used for
diversity calculations, differential abundance testing, correlation analysis,
Mantel test, SEM analysis and random forest models were written specifi-
cally for this project and are not packaged or deposited in a public repository.
These short, project-tailored scripts are available from the corresponding
author upon reasonable request from qualified researchers.

Code availability
All metagenomic analyses were performed with the metaWRAP pipeline, a
modular wrapper suite for genome-resolved metagenomics. The pipeline

version, installation instructions, dependencies, andunderlying software are
publicly documented at https://github.com/bxlab/metaWRAP. Exact
command-line parameters and software versions used for quality control,
assembly, binning, refinement, reassembly, taxonomic profiling, and
functional annotation are provided in the “Methods” section. The down-
stream statistical analysis and visualizations were carried out in R (version
4.3). Custom code used for diversity calculations, differential abundance
testing, correlation analysis, Mantel test, SEM analysis and random forest
models were written specifically for this project and are not packaged or
deposited in a public repository. These short, project-tailored scripts are
available from the corresponding author upon reasonable request from
qualified researchers.
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