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a b s t r a c t

Hyperthermophilic composting (HC) represents a promising approach for converting organic solid 
waste into valuable resources by leveraging extreme temperatures to enhance microbial degradation 
and detoxification processes. In this high-temperature environment, microbial communities undergo 
dynamic succession, where thermophilic bacteria dominate and drive efficient organic matter trans-
formation through adapted metabolic pathways and stress responses. These adaptations include the 
stabilization of cellular structures and enzymes, often mediated by heat shock proteins (HSPs) that 
prevent protein misfolding under thermal stress. However, the integrated mechanisms linking 
community-level functional shifts to molecular-level protein remodeling in thermophiles during HC 
remain poorly understood. Here we show a coordinated interaction of functional succession and mo-
lecular adaptations within thermophilic bacteria in HC, which collectively achieve heat resistance. This 
interaction encompasses enhanced metabolic and genetic modules, accounting for 97% of the variance 
observed in thermophile abundance. Metagenomic analyses revealed upregulation of translation, 
transcription, amino acid metabolism, and cell wall biosynthesis, coupled with suppression of mobi-
lome functions to maintain genomic stability, as confirmed by partial least squares path modeling and 
Boruta analyses. Molecular dynamics simulations of key enzymes from the thermophile Truepera further 
demonstrated intrinsic structural rigidity, reduced hydrophobic exposure, and hierarchical chaperone 
activity involving DNAJ, DNAK, and GroEL for protein repair. These findings enhance our comprehension 
of microbial thermotolerance and establish a foundation for optimizing composting efficiency and 
advancing heat-resistant microbial applications in biotechnology and waste management. Additionally, 
they offer insights into the evolution of thermophiles, protein engineering, and stress adaptation across 
various biological and industrial systems, thereby promoting the integration of environmental engi-
neering and systems biology.
© 2025 The Authors. Published by Elsevier B.V. on behalf of Chinese Society for Environmental Sciences, 
Harbin Institute of Technology, Chinese Research Academy of Environmental Sciences. This is an open 
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

In the face of escalating global environmental challenges, hy-
perthermophilic composting (HC)—with its extreme temperature 
(>80 ◦ C) environment and high-efficiency humification charac-
teristics—demonstrates revolutionary potential in the field of 
organic solid waste resource utilization. The core process of HC
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involves three dynamic balances: the dynamic succession of 
thermophilic microbial communities, the degradation and trans-
formation of organic matter, and thermally driven gas–liquid–solid 
mass transfer processes. Notably, the formation of a three-
dimensional (3D) gradient field of temperature, oxygen concen-
tration, and moisture within the compost heap establishes a dy-
namic ecological environment for microorganisms with varying 
heat resistance. This environment not only selects for unique 
hyperthermophiles strains but also drives microorganisms to 
evolve complex regulatory mechanisms for thermotolerance. 
Thermophiles, primarily bacteria and archaea capable of thriving 
at elevated temperatures (>55 ◦ C), have been extensively isolated 
from extreme environments, such as compost heaps, hot springs, 
volcanoes, and geothermal habitats [1]. They exhibit a wide array 
of industrial applications, including biopharmaceutical production 
[2,3], genetic engineering [4–7], and biochemicals synthesis 
[8–10]. Oshima and Moriya first demonstrated the feasibility of 
inoculating thermophiles into compost systems to achieve tem-
peratures exceeding 100 ◦ C, markedly surpassing conventional 
composting peaks of approximately 65–70 ◦ C [11]. Compared to 
traditional composting methods, HC facilitates more efficient 
organic matter degradation, significantly shortens processing 
time, enhances humification [12], and accelerates the removal of 
pathogens, toxic metals, and antibiotics [13–15].
During the HC process, thermophiles activate several thermo-

tolerance mechanisms involving multiple complex biological pro-
cesses, primarily including adaptation of cell membranes, protein 
stabilization, and maintenance of metabolic enzyme function. 
Studies have revealed that the membranes of thermophi-
les—especially hyperthermophiles—are enriched with saturated 
fatty acids and specific lipid molecules—such as diethyl and tet-
raethers—which confer structural stability at extreme temperatures 
[16]. Moreover, thermophiles can synthesize large quantities of heat 
shock proteins (HSPs), such as HSP70 and HSP60, in response to 
heat stress. These proteins play a protective role in cellular stress 
responses by preventing protein denaturation and aggregation 
[17–19]. In addition to membrane and protein stability, the enzyme 
systems of thermophiles also exhibit a high degree of thermosta-
bility [9,20–22]. The catalytic efficiency of these thermotolerant 
enzymes is maintained at elevated temperatures and is widely 
utilized in biotechnology, such as for the industrial production of 
cellulases and amylases [23–25]. However, existing research has 
predominantly focused on the thermotolerance characteristics of 
single strains under laboratory conditions, and studies on the 
functional differentiation and cooperative mechanisms of thermo-
philes and hyperthermophiles in complex real-world environments 
remain limited. Specifically, the unique heat adaptation strategies of 
these thermophilic microorganisms in composting environ-
ments—including the synergistic repair mechanism of misfolded 
proteins by HSPs and the thermotolerance regulatory network of 
metabolic functions under heat stress—have not yet been system-
atically analyzed. Given the tremendous potential of HC to trans-
form organic solid waste into a valuable resource and to facilitate its 
harmless disposal, an in-depth investigation into the heat resistance 
mechanisms of thermophiles and hyperthermophiles during com-
posting is essential. Such research will elucidate their survival 
strategies in highly complex and dynamic environments, providing 
a scientific foundation and technical support for optimizing com-
posting processes, harnessing thermophilic microbial resources, 
and advancing their conversion into bioenergy.
This study aims to bridge this research gap by providing new 

insights into the evolution and synergy of microbial heat resistance 
mechanisms during HC, thereby offering a solid theoretical foun-
dation for optimizing HC processes and improving the efficiency of 
organic waste degradation. The specific objectives are: (1) to clarify

the metabolic pathways of thermophiles in HC; (2) to explore the 
potential mechanisms affecting the thermal stability of thermo-
philes and hyperthermophiles; (3) to uncover the physiological 
adaptability and heat resistance molecular mechanisms of key en-
zymes in thermophiles under high-temperature conditions; and (4) 
to analyze the 3D structures of HSP–substrate protein complexes at 
high temperatures, locate key thermostable structural domain 
allosteric regulatory sites, and further verify their molecular con-
formations and functional stability under heat stress.

2. Materials and methods

2.1. Hyperthermophilic composting devices and materials

To achieve the stated objectives, we employed a semi-
automated intelligent aerobic composting device consisting of a 
composting reactor, a temperature and moisture content detector 
(Campbell, CS650, Logan, Utah, USA), an aeration system (Jieba, 
XGB-120, Dongguan, China), and an intelligent control and feed-
back system. The composting reactor had a capacity of 1 m 3 and 
was equipped with ventilation and drainage pipes at the base, 
enabling an airflow rate of 1.2 m 3 h − 1 . The reactor exterior was 
insulated to minimize heat loss. Real-time data on temperature 
and water content were collected by a data acquisition module 
(Yanhua, USB-5820, Kunshan, China) and transmitted to a host 
computer. The composting feedstock consisted primarily of 
chicken manure (200 kg), agricultural waste (including corn stalks, 
rice bran, and wheat bran, 100 kg), all sourced from a farm in 
Shenyang, Liaoning Province, China. The initial moisture contents 
of the raw materials were 74.3% for chicken manure and 12.3% for 
the agricultural waste. The microbial agents (containing thermo-
philic bacteria such as Calditerricola and Thermaerobacter; 20 kg) 
were provided by Northeastern University in China, and decom-
posed products from a previous composting cycle were used as 
auxiliary materials (60 kg) to enhance the efficiency of the com-
posting process [12,14].

2.2. Experimental procedure and HC sample collection

The raw materials were thoroughly mixed with 20 kg of water 
and loaded into the composting reactor, which was connected to 
the temperature and moisture content detection devices, as well 
as to the aeration system (Fig. 1a). The experiment was conducted 
in three groups, with the results averaged for analysis, each group 
employed identical experimental conditions and procedures to 
validate the reliability and stability of the results. Turning and 
sampling were performed on Days 0, 3, 6, 9, 12, 15, 18, and 24. At 
each time point, we collected three samples per group, each 
composed of five subsamples taken from the corners and center of 
the heap to minimize spatial heterogeneity. These samples were 
treated as independent biological replicates. All samples were 
stored at − 80 ◦ C for subsequent physicochemical analysis and 
high-throughput sequencing. Real-time changes in temperature 
and water content were continuously recorded. Total organic 
carbon (TOC) and total nitrogen (TN) contents were measured 
using a TOC analyzer (HACH, QL3550, Shanghai, China) and a ni-
trogen monitor (HACH, NT6800, Shanghai, China). We determined 
ammonia, nitrate, and nitrite nitrogen levels by a triple nitrogen 
meter (Lianhua, LH-NC3M, Beijing, China). Based on temperature 
dynamics and humification index (HI—humic acid (HA) to fulvic 
acid (FA) ratio), the composting process was divided into three 
phases: the initial phase (IP; Day 0), the thermophilic phase (TP; 
Days 1–12, average temperature >70 ◦ C), and the maturation phase 
(MP; Days 13–24, HI > 2.0). Samples were collected at each phase 
and subjected to metagenomic sequencing to cover the entire
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process of physical and chemical changes and the microbial 
community succession.

2.3. DNA extraction and detection

Total DNA was extracted from the compost samples using the 
FastDNA® Spin Kit for Soil DNA Extraction (MP Biomedicals, USA). 
The integrity of the genomic DNA was assessed using 1% agarose 
gel electrophoresis, and the DNA concentration and purity were 
measured with a NanoDrop2000 spectrophotometer (Thermo 
Scientific, USA). The DNA was then fragmented to approximately 
350 bp using an ultrasonic processor (Covaris M220, Woburn, 
USA). Then, a DNA library was constructed using the NEXTFLEX 
Rapid DNA-Seq Kit (Bluescape Scientific, Beijing, China).

2.4. Metagenomic sequencing

Metagenomic sequencing was performed using the Illumina

NovaSeq X Plus sequencing platform (Shanghai Majorbio Bio-
pharm Technology Co., Ltd, China). Initially, the amplified tem-
plate molecules were immobilized on a chip, where dense DNA 
clusters were formed and then linearized into single strands 
through bridge amplification. Modified DNA polymerase and flu-
orescently labeled deoxy-ribonucleoside triphosphates (dNTPs) 
were subsequently added to synthesize one base per reaction cy-
cle. The fluorescent signals produced during the synthesis were 
recorded via laser scanning to identify the nucleotide species. After 
several cycles, the “fluorescent group” and the “termination 
group” were cleaved, restoring the 3’ end adhesion and enabling 
the decoding of the template DNA sequence.

2.5. Metagenomic data quality control and assembly

We conducted quality control of the sequencing data using the 
software fastp (version 0.20.0, USA, https://github.com/ 
OpenGene/fastp) [26]. Adapter sequences were trimmed from

Fig. 1. Composting workflow and physicochemical dynamics. a, Schematic of the intelligent monitoring and control system for composting process automation. T: temperature. 
b, Temporal profiles of temperature and moisture content during hyperthermophilic composting. Error bars represent standard error (n = 3 biological replicates). Circular markers 
indicate turning events for oxygen replenishment and homogeneous fermentation. c, Evolution of total organic carbon (TOC) and total nitrogen (TN) during composting. d, 
Dynamic changes in carbon content within humic substances. HS: humic substances; HA: humic acid; FA: fulvic acid.
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both the 3′ and 5’ ends, and reads were discarded if they were 
shorter than 50 bp, had an average base quality score below 20, or 
contained N bases. We retained high-quality paired-end reads, 
along with single-end reads, for further analysis. The remaining 
data were assembled using the software megahit (version 1.1.2, 
USA, https://github.com/voutcn/megahit) [27], following the 
principle of succinct de Bruijn graphs. From the assembly, contigs 
of ≥300 bp were selected as the final output. Open reading frame 
prediction was performed for the assembled contigs using the 
software Prodigal (version 2.6.3, USA, https://github.com/hyattpd/ 
Prodigal) [28]. Genes with a nucleic acid length of ≥100 bp were 
translated into amino acid sequences. The predicted gene se-
quences from all samples were clustered using the software CD-
HIT (Cluster Database at High Identity with Tolerance, version 
4.6.1, USA) [29] at 90% identity and 90% coverage. The longest se-
quences in each cluster were selected as representative sequences 
to form a nonredundant gene set. High-quality reads from each 
sample were then aligned to the nonredundant gene set using 
SOAPaligner (Short Oligonucleotide Analysis Package, version 2.21, 
China) [30] at a 95% identity threshold, and gene abundance was 
calculated accordingly. To gain insights into the taxonomic and 
functional characteristics, amino acid sequences of the nonre-
dundant gene set were compared against the Non-Redundant 
Protein Database (NR), Kyoto Encyclopedia of Genes and Ge-
nomes (KEGG), and other databases using the Diamond software 
(version 0.8.35, USA) [31]. The BLASTP expectation e-value was set 
to 1 × 10 − 5 . Relative species and functional abundances were then 
derived from normalized gene abundance values.

2.6. Molecular dynamics simulation of Truepera radiovictrix key 
enzyme under thermal stimulation

To investigate the thermal stability of key enzymes in the 
thermophile Truepera radiovictrix (T. radiovictrix) during HC, we 
retrieved target protein structures from the Uniprot database. 
Classical molecular dynamics (MD) simulations were performed 
using the software GROMACS 2020 (the Netherlands) [32,33], with 
the AMBER99SB-ILDN force field and the spc216 three-point water 
model to accurately describe the protein's secondary structure and 
side-chain interactions at high temperatures. The protein was 
placed in a cubic or orthorhombic box with a minimum 1.0 nm 

buffer from the box boundary. Na + or Cl − ions were added to 
neutralize the system and maintain physiological ionic strength. 
Energy minimization was conducted using the steepest descent 
algorithm, followed by number of particles, volume, temperature 
(NVT) equilibration with a modified Berendsen thermostat, and 
number of particles, pressure, temperature (NPT) equilibration 
using Parrinello–Rahman pressure coupling to stabilize pressure at
1 bar. After releasing positional restraints, the v-rescale thermostat 
was applied to maintain the temperature at 360 K. Simulation runs 
consisted of 100 ns simulations with a 2 fs timestep, employing the 
LINCS algorithm to constrain hydrogen bonds and ensure confor-
mational convergence and achieve dynamic equilibrium. To ensure 
reliability, we conducted three independent parallel simulations. 
Post-simulation, trajectories were corrected for periodic boundary 
effects, and indicators—including the root mean square deviation 
(RMSD), root mean square fluctuation (RMSF), radius of gyration 
(Rg), and solvent-accessible surface area (SASA)—were analyzed 
to evaluate conformational stability, hydrogen-bonding networks, 
and protein compactness. Additionally, free energy landscape 
analysis was employed to identify global folding barriers and the 
distribution of metastable conformations, thereby uncovering the 
intrinsic thermotolerance and chaperone-assisted mechanisms 
that enable thermophiles to survive under extreme composting 
conditions.

2.7. Chaperone–protein docking

To investigate the intracellular chaperone-synergistic mecha-
nisms in thermophiles during HC, chaperone–protein docking was 
conducted using the software HADDOCK 2.4 [34,35]. This platform 

integrates nuclear magnetic resonance (NMR) chemical shift 
perturbation data to refine active-site definitions and improve 
docking accuracy. Protein structures derived from molecular dy-
namics simulations were used as receptors, and heat shock pro-
teins (HSPs; e.g., dnaK and dnaJ) as ligands. Preprocessing removed 
nonessential molecules (water, Na + , Cl − ), rebuilt missing atoms, 
and defined active and passive residues. Active residues were 
identified based on NMR chemical shift perturbation data and 
relevant literature, while passive residues were defined as regions 
adjacent to the active site, enhancing the biological relevance of 
the docking. The docking process followed a multistage optimi-
zation strategy, comprising rigid-body docking, semiflexible 
refinement of the interfacial region, and hydrate refinement in an 
explicit aqueous environment to generate high-quality complex 
models. Candidate models were screened using scoring functions 
and cluster analysis, and representative structures were selected 
for further mechanistic studies. Binding interfaces and interaction 
patterns between the intracellular HSPs (e.g., dnaK and dnaJ) and 
the target proteins were visualized using the PyMOL software 
(USA), providing a critical structural foundation for understanding 
the molecular mechanisms of chaperone synergy in HC.

2.8. Statistical analysis

All experiments were conducted with triplicate biological 
replicates (n = 3). We visualized data using the software tools 
Origin 2021 and R Studio (v4.4.2, USA), and performed statistical 
analyses in Prism 10.4.2 (GraphPad Software, USA). Differential 
KEGG metabolic pathways were visualized using volcano plots 
generated with the DESeq2 package in R. Beta diversity was 
assessed via principal coordinates analysis, implemented using the 
vegan package in R. Microbial co-occurrence networks were con-
structed and visualized in Gephi (v0.9.2, France). We used ggcor 
package in R to perform the Mantel tests (P < 0.05) to evaluate 
correlations between the abundance of dominant thermophiles 
and associated metabolic functions. To elucidate variable in-
teractions in thermotolerance mechanisms, we applied partial 
least squares path modeling (PLS–PM) using the plspm package, 
and quantified variable importance with the random forest-based 
Boruta algorithm, implemented via the Boruta package in R.

3. Results and discussion

3.1. Physicochemical properties and metabolic functional 
succession of microbial communities during HC

This study highlights the significant advantages of HC in 
accelerating humification and improving the efficiency of organic 
matter transformation. The pile temperature rapidly peaked at 
87 ◦ C within 24 h (Fig. 1b), surpassing the 70 ◦ C threshold 
commonly used to define HC in current research and practice 
[13,36–38]. The moisture content steadily decreased from 55% to 
37%, indicating efficient water evaporation and the vigorous 
metabolic activity of extreme thermophiles, which is consistent 
with the characteristics of HC [12]. During the TP, the daily TOC 
degradation rate reached 3.7%, while TN retention increased by 
17.2% (Fig. 1c). This phenomenon can be attributed to the mass 
concentration effect and microbial immobilization unique to HC, 
highlighting its effectiveness in mitigating carbon loss and 
conserving nitrogen. Meanwhile, these extreme conditions not
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only accelerated pathogen inactivation but also significantly 
enhanced humus synthesis [39]. Both the humic substances (HS) 
and HA contents increased significantly, with HS increasing by 
6.1 mg L − 1 from the initial level and the HA/FA ratio reaching 2.1 
(Fig. 1d), suggesting the conversion of HA into more stable HS and 
improved humus maturity and stability.
The tight coupling between these physicochemical properties 

and temperature variations is primarily driven by microbial 
communities and their functional traits. To elucidate this linkage, 
we employed metagenomic sequencing to characterize microbial 
communities and functional profiles across distinct composting 
phases—IP, TP, and MP. The phyla Bacteroidota and Bacillota were 
dominant during the IP (29.8% and 25.4%, respectively; Fig. 2a), 
primarily consisting of anaerobic or facultative anaerobic taxa, 
consistent with the early presence of complex organic matter. 
During the TP, the relative abundance of Bacillota significantly 
increased to 71.1%, indicating strong thermotolerance. In the MP, 
Bacillota, Pseudomonadota, and Bacteroidota were the dominant 
bacterial phyla, with relative abundances of 37.2%, 26.3%, and 
18.0%, respectively. This suggests a recovery of microbial diversity 
at this stage, with a broader range of bacterial taxa participating in 
the later stages of organic matter degradation. Notably, the relative 
abundance of the extreme thermophilic phylum Deinococcota 
increased from 0.1% in IP to 4.7% in MP. This dynamic shift not only 
underscores the phylum's remarkable adaptability to high-
temperature environments but also implies its potential central 
role in key functions such as high-temperature organic matter 
degradation and oxidative stress resistance [40].
Genus-level community succession displayed significant ther-

mal adaptation traits (P < 0.05) throughout the composting pro-
cess (Fig. 2b and c). During the TP, canonical thermophiles—such 
as the genera Bacillus, Truepera, Thermobifida, Caldibacillus, and 
Pseudogracilibacillus—exhibited rapid enrichment, with their 
combined relative abundance rising from 5.7% in the IP to 24.3% in 
the TP. This underscores their high efficiency in degrading complex 
organic compounds under hyperthermophilic conditions (>80 ◦ C). 
Changes in the Simpson and Shannon indices further support this 
observation (Fig. 2d and e), reflecting dynamic community 
restructuring under environmental selection pressures. Among 
them, Bacillus, Caldibacillus, and Pseudogracilibacillus all belong to 
the phylum Bacillota and exhibit strong tolerance to extreme 
environmental conditions [39]. These genera demonstrate excep-
tional capabilities in depolymerizing complex macromolecular 
organic matter under hyperthermophilic conditions. Notably, Ba-
cillus, Caldibacillus, and Pseudogracilibacillus are spore-forming 
genera that exhibit remarkable extremotolerance, particularly to 
thermal stress. Truepera (phylum Deinococcota) and Thermobifida 
(phylum Actinomycetota) possess broad substrate degradation 
capabilities and highly efficient thermostable enzyme systems. 
These traits enable them to withstand radiation, hyperthermia, 
and oxidative stress, while contributing to ecological balance and 
carbon cycling in extreme environments. During the MP, the col-
lective abundance of these thermophiles declined to 12.5%, sug-
gesting a shift toward multifunctional microbial consortia 
involved in maturation and nutrient cycling as the temperature 
dropped, substrates were depleted, and microenvironmental ho-
meostasis was established [29,41].
Shifts in the functional categories of clusters of orthologous 

groups (COGs) and KEGG pathways further elucidate the molecu-
lar adaptation mechanisms employed by thermophiles under 
high-temperature conditions (Fig. 2f and g; see the COG functional 
category definitions in Supplementary Table S1). During the TP 
and MP, functions related to translation (functional category J), 
transcription (functional category K), and amino acid metabolism 

(functional category E) were significantly enriched compared to

the IP (P < 0.01). In parallel, genes involved in cell wall or mem-
brane biosynthesis (functional category M) and carbon meta-
bolism (functional category G) were upregulated. These changes 
supported the sustained synthesis of new proteins and coenzymes 
at elevated temperatures, while simultaneously reinforcing 
membrane thermal stability and improving energy metabolism 

efficiency [42]. Conversely, the downregulation of the mobilome 
category (functional category X) and energy conversion pathways 
(functional category C) reflects the strategic suppression of hori-
zontal gene transfer and mobile element activity. This likely serves 
to minimize genomic instability caused by exogenous DNA inser-
tion or gene rearrangements, thereby maintaining chromosomal 
integrity and the stability of key physiological processes under 
thermal stress [43]. This strategy also helps optimize cellular 
resource allocation and enhances the overall survival of the mi-
crobial community. Corresponding KEGG pathway analysis 
revealed significant enrichment in the “Metabolism” and “Envi-
ronmental Information Processing” pathway categories during the 
TP and MP (P < 0.001), indicating two parallel adaptation strate-
gies: (i) reinforcement of anabolic and stress-resilient metabolic 
processes to mitigate oxidative and thermal damage, and (ii) 
enhanced dynamic sensing of temperature, pH, and redox fluctu-
ations to facilitate rapid environmental responses. These func-
tional shifts provide a molecular basis for the precise regulation of 
thermostable protein folding, membrane lipid remodeling, and 
antioxidant defense systems [44,45]. Critically, regression analysis 
between COG and KEGG annotations demonstrated remarkable 
consistency (R 2 = 0.98, P < 0.0001, Fig. 2h), confirming that both 
metagenomic approaches reliably captured the core functional 
dynamics of HC. This multidimensional evidence establishes a 
robust foundation for unraveling the mechanisms of thermal ho-
meostasis regulation in extremophilic microbial communities.

3.2. Differences in gene expression and functional contributions of 
microorganisms at different stages

During HC, microbial communities exhibit adaptive responses 
characterized by hierarchical functional regulation and precise 
molecular remodeling. These processes are driven by temperature 
fluctuations and are accompanied by the activation and dynamic 
regulation of HSPs. In this study, we systematically examined 
overall patterns and stage-specific changes in microbial commu-
nity functions and gene expression during HC. First, we compared 
KEGG pathway expression between the IP and TP, as well as be-
tween the TP and MP. A total of 2223 pathways were down-
regulated in the TP compared to the IP (Fig. 3a), with 478 of them 

being significantly downregulated; and 3510 pathways were 
upregulated, with 103 of them being significantly upregulated. The 
upregulated pathways were primarily associated with protein 
folding, including chaperone systems, HSP70, and groEL, as well as 
DNA replication and repair. These pronounced changes in gene 
expression reflect the rapid adaptation of microbial communities 
to high-temperature environments, suggesting that enzymatic 
disruptions caused by thermal stress necessitate the prompt 
activation of protein repair systems to maintain metabolic conti-
nuity [46]. Thus, enrichment and activation of HSPs constitute a 
core strategy for microbial adaptation to extreme environments at 
this stage. Meanwhile, in the MP, compared to the TP, 1245 path-
ways were downregulated (six significantly), while 2789 pathways 
were upregulated (11 significantly) (Fig. 3b). Following high-
temperature selection and adaptation, the microbial functional 
network became more mature and stable, characterized by an 
efficient thermal adaptation mechanism and chaperone system 

that supports sustained intracellular metabolic activity accompa-
nied by a marked decline in differential expression.
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To further elucidate the molecular adaptation mechanisms of 
microbial communities during HC, this study screened heat stress-

related genes and focused on the expression of HSPs, such as dnaK, 
dnaJ, and groEL (Fig. 3c). Compared with the IP, molecular

Fig. 2. Community succession and functional metabolic shifts during the hyperthermophilic composting (HC). a, Microbial community composition at the phylum level 
across different stages of HC. IP: initial phase; TP: thermophilic phase; MP: maturation phase. b, Genus-level community composition at each stage, with legend background 
colors corresponding to phylum-level classifications in panel a. c, Changes in functional categories of clusters of orthologous groups (COGs) during HC, with functional codes 
defined in Supplementary Table S1 d–e, Shannon (d) and Simpson (e) diversity indices at the genus level across different composting stages, *P < 0.05, **P < 0.01. f, Principal 
coordinates analysis (PCoA) of β-diversity among samples from different stages of HC. g, Differential metabolic pathway profiles at Kyoto encyclopedia of genes and genomes 
(KEGG) level 3 across composting stages. EIP: environmental information processing; GIP: genetic information processing; CP: cellular processes; ***P < 0.001. h, Correlation 
analysis between KEGG and COG functional abundances, with shaded regions indicating the 95% confidence interval. RPKM: reads per kilobase per million mapped reads.
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chaperone genes associated with heat stress were significantly 
upregulated during the TP, reflecting microbial community 
remodeling at the molecular level to ensure proper protein folding 
and maintain cellular homeostasis [47]. HSPs serve as frontline 
defense agents against high-temperature stress, and their 
enrichment and elevated expression are typically accompanied by 
disaggregation of protein aggregates and enhanced refolding effi-
ciency. This ensures the continuity of cellular metabolic activity 
and enables flexible regulation of enzymatic reactions [48]. As the 
composting process enters the MP, the expression levels of these 
heat shock-related genes stabilize. This coordinated upregulation 
across multiple genes and pathways indicates that, under extreme 
heat stress, various thermophilic bacteria employ a redundant and 
complementary molecular chaperone network to maintain protein 
homeostasis and sustain the activity of key metabolic enzymes, 
thereby ensuring continuous metabolic function [49–51]. 
Spearman correlation analysis between thermophilic bacteria and 
heat stress-related genes further supports this conclusion (Fig. 3d). 
Representative thermophilic genera—such as Truepera, Thermobi-
fida, and Bacillus—exhibited significant positive correlations with 
key heat shock genes (e.g., dnaK, HSP20, HSP90A, dnaJ, and grpE; 
P < 0.05; detailed P values are presented in Supplementary 
Table S2), suggesting that they employ a shared molecular chap-
erone system to maintain cellular homeostasis during the TP of 
composting. Notably, compared with the aforementioned genera, 
Caldibacillus exhibited generally higher correlation coefficients 
with these heat stress genes, suggesting that it may possess more 
efficient or specialized synergistic mechanisms.
This study illustrates the relative contributions of KEGG 

metabolic functions by the 15 most dominant bacterial genera 
(Fig. 3e). Analysis of KEGG level 3 pathway contributions revealed 
distinct functional partitioning among these dominant genera, 
associated with thermal adaptation. In typical thermophilic 
genera, such as Truepera and Thermobifida, core metabolic path-
ways and the biosynthesis of secondary metabolites contribute 
significantly. Additionally, pathways related to adenosine 
triphosphate (ATP)-binding cassette transporters (ABC trans-
porters), amino acid biosynthesis, and quorum sensing were 
relatively enriched, suggesting that these genera can rapidly adjust 
cellular metabolism under extreme thermal conditions by effi-
ciently importing nutrients, exporting toxic byproducts, and 
sensing environmental fluctuations [52]. Divergent COG functional 
profiles further delineate genus-specific thermotolerance strate-
gies (Fig. 3f). All dominant genera exhibited elevated representa-
tions of COG functional category E (amino acid transport and 
metabolism) and functional category J (translation and ribosomal 
biogenesis), with Truepera and Thermobifida showing particularly 
strong enrichment. This suggests enhanced ribosomal assembly 
and translational efficiency, coupled with reinforced amino acid 
metabolism, to support proper protein folding under thermal 
stress [53]. These conserved and divergent functional signatures 
elucidate the molecular basis of thermophilic consortia coevolu-
tion during HC, highlighting the pivotal role of HSPs in microbial 
thermotolerance.

3.3. Thermodynamically driven functional network assembly and 
microbial cooperation mechanisms in HC

This study correlates composting temperature with specific

microbial functions and elucidates their associations with ther-
mophilic bacteria, revealing microbial thermal adaptation mech-
anisms ranging from macrolevel metabolic pathways to microlevel 
molecular processes. The co-occurrence network (Fig. 4a) in-
tegrates nodes representing temperature, KEGG level 3 pathways, 
and COG numbers, which are categorized into four functional 
groups: metabolism, cellular processes, environmental response, 
and genetic information processing. The network exhibits a high 
average clustering coefficient of 0.985, indicating dense in-
terconnections within each functional group and strong 
modularity.
Statistical analysis revealed positive correlations in 86.1%, 

66.3%, and 56.4% of KEGG–KEGG, COG–COG, and KEGG–COG in-
teractions, respectively. Notably, 88.2% of KEGG nodes and 92.0% of 
COG nodes were positively correlated with temperature (Fig. 4b). 
Additionally, clear coupling and division-of-labor relationships 
were observed among different functional modules. Among the 
positively correlated intermodule interactions, 60.6% occurred 
between metabolism and environmental response, 58.4% between 
metabolism and genetic information processing, and 53.4% be-
tween environmental response and genetic information process-
ing (Fig. 4c). These findings suggest that as pile temperature rises, 
most functional genes are synchronously upregulated, forming a 
positively correlated and synergistic network. To further investi-
gate the drivers behind these functional shifts, we performed 
correlation analyses between the three major modules and both 
temperature and the abundance of thermophilic bacteria 
(Fig. 4d–i). Spearman correlation analyses between temperature 
and the three major modules—metabolism, environmental 
response, and genetic information processing—further support 
this trend (Fig. 4d–f, and h).
Additionally, functional modules are not isolated under HC 

conditions; rather, they form an interconnected, temperature-
driven network that ensures energy and substrate supply, acti-
vates membrane repair and defense mechanisms, and maintains 
genomic and protein homeostasis, thereby enabling multilevel 
thermal adaptation [46]. Additionally, approximately 40.0% of the 
negative correlations suggest that the microbial community ad-
justs its functional priorities and makes trade-offs under extreme 
thermal stress, depending on environmental or resource 
constraints.
Notably, the synergistic coevolution of functional modules is 

particularly evident within the network. KEGG pathways that are 
significantly positively correlated with temperature are primarily 
involved in core metabolic and repair functions, including cofactor 
biosynthesis, ABC transporters, and DNA repair pathways such as 
homologous recombination and mismatch repair. These findings 
suggest that high temperatures drive microorganisms to enhance 
energy metabolism and activate repair systems to preserve 
metabolic and genomic stability. The corresponding COG func-
tional proteins further clarify molecular-level heat tolerance 
mechanisms. For example, glucose transporter protein (COG2814) 
and ABC transporters (COG1131) synergistically ensure energy 
supply and substrate uptake to support efficient carbon meta-
bolism under high temperatures [54]. Site-specific recombinases 
(COG1961) and DNA-binding proteins (COG0629) safeguard 
genomic integrity by rapidly repairing DNA double-strand breaks 
and modulating supercoiled DNA structures [55]. Ribosomal pro-
tein (COG0456) and arginine–tRNA synthetase (COG0013) ensure

Fig. 3. Functional contributions and gene expression variations in microbial communities. a, Differential KEGG metabolic pathways between the IP and the TP. Significantly 
downregulated pathways (log 2 (fold change) < − 1, Adjusted P value < 0.05) are marked in red, upregulated pathways (log 2 (fold change) > 1, Adjusted P value < 0.05) in blue, and 
non-significant pathways in gray. b, Differential KEGG metabolic pathways between TP and the MP. IP: initial phase; TP: thermophilic phase; MP: maturation phase. c, Lollipop 
plot of expression levels of selected heat stress-related genes. d, Spearman correlation between dominant thermophilic bacteria and heat stress genes. e–f, Functional contri-
butions of the top 15 dominant communities at KEGG level 3 (e) and COG functional categories (f).
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Fig. 4. a, Co-occurrence network of metabolic functions and temperature, where green lines indicate positive correlations and pink lines indicate negative correlations. b–g, The 
correlations of metabolism (b, c), environmental response (d, e), and genetic information processing (f, g) with temperature (b, d, f) and thermophilic bacterial abundance (c, e, g), 
the shaded area represents the 95% confidence interval. h–i, The proportion of positive and negative correlations among interactions within (h) and between (i) functional
modules in the co-occurrence network. T: temperature; GIP: genetic information processing. RPKM: reads per kilobase per million mapped reads. 
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translational fidelity, thereby preventing protein synthesis errors 
induced by thermal stress [56]. The coupling of these COGs with 
KEGG pathways confirms that microorganisms in hyperthermo-
philic environments prioritize allocating limited energy and re-
sources to sustaining core metabolism and synthesizing essential 
proteins. This synergistic efficiency is directly reflected in the 
strong correlation between COG and KEGG abundance changes 
(R 2 = 0.98, P < 0.0001; Fig. 2h).
Furthermore, correlation analysis between the three major 

functional modules—Metabolism, Environmental Response, and 
Genetic Information Processing—and the abundance of thermo-
philic bacteria (Fig. 4e–g, and i) revealed significant positive cor-
relations in all cases (P < 0.05). The highest R 2 values were 
observed for the Metabolism and Environmental Response mod-
ules, indicating that these functional categories are most strongly 
associated with shifts in the microbial community. In other words, 
rising temperatures drive tight coupling and coevolution among 
functional modules during community succession. Thermophilic 
bacteria, as functional executors, adapt to and sustain extremely 
high-temperature environments by enhancing energy meta-
bolism, stabilizing genetic information, and activating stress 
response pathways, thereby ensuring both system stability and 
efficient organic degradation under thermal stress. The functional 
roles and adaptive strategies of dominant thermophilic bacteria 
further support these proposed mechanisms.

3.4. Potential mechanisms affecting the thermal stability of 
thermophilic bacteria

To clarify the potential relationships among variables, PLS–PM 

was used to assess the direct and indirect effects of temperature 
and key functional modules on microbial heat tolerance mecha-
nisms. In this model, temperature, environmental response, ge-
netic information processing, metabolism, and HSP functional 
genes were defined as latent variables, while thermophilic bacte-
rial abundance was used as the response variable to represent 
microbial heat tolerance (Fig. 5a). The PLS–PM model yielded a 
goodness-of-fit value of 0.851, indicating strong model reliability 
and explanatory power. The five latent variables collectively 
explained 97.4% of the variation in thermophilic bacterial abun-
dance, indicating that temperature is the primary driver of heat 
resistance in HC.
Temperature not only exerted the strongest direct effect on 

thermophilic bacterial abundance (path coefficient = 0.714) but 
also indirectly influenced community structure by significantly 
activating the environmental response (0.848), genetic informa-
tion processing (0.919), and metabolism (0.632) modules. Among 
these, genetic information processing exerted a direct effect 
(0.456) on thermophilic bacterial abundance, suggesting that 
preserving genomic stability and repair capacity under thermal 
stress supports the proliferation of thermophilic microbes. In 
contrast, the negative effect of metabolism (− 0.364) implies that 
basal carbon flux may impose an energetic burden under extreme 
heat stress.
Notably, HSP functional genes serve as key intermediary nodes, 

positively regulated by temperature (0.509) and environmental 
response (0.372). They directly promote the proliferation of ther-
mophilic bacteria (0.522) and partially mitigate the metabolic 
burden (0.318). The total indirect effect of temperature across 
multiple pathways was 0.205 (Fig. 5b), further confirming its 
central regulatory role. The weak negative effect of the environ-
mental response module on thermophilic bacteria (− 0.376) was 
counterbalanced by the positive regulation of HSP genes, high-
lighting the finely tuned allocation of thermal defense resources 
within the microbial community [57].

Ultimately, this model elucidates that temperature governs 
heat resistance through a three-tiered mechanism: directly stim-
ulating microbial proliferation, enhancing genetic stability, and 
activating HSP-mediated protein protection. HSP genes function as 
a central hub, integrating environmental cues and metabolic de-
mands to sustain microbial resilience.
The study further validated the diverse adaptive strategies 

underlying microbial heat tolerance under ultrahigh-temperature 
conditions using Boruta random forest screening and Mantel cor-
relation analysis. Boruta-based feature importance analysis 
(Fig. 5c) identified mismatch repair, HSP molecular chaperones 
(HSP90A and HSP20), and key COG functions—translation initia-
tion (COG functional category K), amino acid metabolism (COG 
functional category E), and coenzyme transport (COG functional 
category H)—as the most predictive indicators of microbial heat 
resistance. These findings underscore the central role of protein 
quality control in microbial survival under thermal stress—a 
conclusion further supported by Mantel correlation analysis 
(Fig. 5d).
However, homologous recombination, DNA replication, 

mismatch repair, and related functions exhibited systematic 
negative correlations (Pearson's r < 0), suggesting a dynamic 
reallocation of cellular resources under extreme thermal stress. 
When temperatures exceed the functional thresholds of DNA 
repair enzymes, cells redirect limited resources toward immediate 
protein protection mediated by HSPs and the maintenance of core 
metabolic processes, thereby ensuring the stability and functional 
resilience of microbial communities under extreme thermal con-
ditions [58].

3.5. Molecular dynamics insights into the thermal stability 
mechanisms of key enzymes in thermophiles

While thermophiles are renowned for their resilience to 
extreme conditions such as radiation and elevated temperatures, 
the molecular mechanisms underlying their thermal adaptability 
remain incompletely understood. To investigate this, we selected 
T. radiovictrix—a thermophilic bacterium that exhibits high rela-
tive abundance during composting—as the model organism. We 
focused on three of its key enzymes: DNA polymerase A (DNA-
polA), ATP synthase subunit α (ATPase_α), and cytidine triphos-
phate synthase (CTPase), which are not only highly expressed 
during composting but also play central roles in genetic mainte-
nance and energy metabolism.
To elucidate the structural basis of thermal adaptation, MD 

simulations of these proteins were performed at 360 K. This study 
summarizes the simulation outcomes and key thermodynamic 
parameters for T. radiovictrix DNApolA (Fig. 6a). Remarkably, 
DNApolA exhibited limited conformational disruption under heat 
stress, with only localized unwinding observed in certain α-helical 
regions. The RMSD remained stable throughout the trajectory 
(Supplementary Fig. S1), indicating that the global conformation of 
DNApolA was largely preserved at high temperatures. RMSF 
analysis revealed minimal residue-level fluctuations, except in 
flexible loop regions, suggesting that the core catalytic domains 
retained high structural rigidity.
The number of intramolecular hydrogen bonds fluctuated 

slightly but remained consistently elevated, highlighting the crit-
ical role of hydrogen bonding in stabilizing DNApolA's secondary 
and tertiary structures. Moreover, reductions in both the total 
SASA and the SASA of hydrophobic residues were observed, 
implying that the protein may mitigate heat-induced denaturation 
by shielding hydrophobic residues through structural compaction 
[59]. The Rg stabilized at approximately 3 nm following the initial 
equilibration phase. While minor fluctuations along the x-axis
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suggested localized flexibility, the consistent Rg along the y- and z-
axes indicated a tightly packed and structurally rigid core. 
Collectively, these findings suggest that T. radiovictrix DNApolA 

achieves thermostability through a combination of compact 
folding, stable hydrogen bond networks, and reduced solvent 
exposure of hydrophobic surfaces.
As an extremophile adapted to high-temperature environ-

ments, T. radiovictrix relies heavily on V-type ATP syntha-
se—particularly V-ATPase_α—as a central component of its energy 
metabolism machinery. This subunit plays a pivotal role in cata-
lyzing ATP synthesis, a process essential for sustaining cellular 
function under thermal stress [60]. ATPase_α demonstrated 
exceptional structural resilience during the MD simulations con-
ducted at 360 K (Fig. 6b). The RMSD remained consistently low 
throughout the trajectory (Supplementary Fig. S1), indicating

minimal global conformational drift and strong preservation of the 
tertiary structure. Stable hydrogen bond counts and sustained 
secondary structure elements throughout the simulation further 
emphasized the thermal robustness of this enzyme, reflecting its 
ability to retain functional integrity in extreme conditions. RMSF 
analysis revealed low overall flexibility, with pronounced fluctu-
ations restricted to noncore loop regions, suggesting that the 
catalytic and structural domains maintain high rigidity. The Rg and 
SASA metrics remained steady, with no signs of thermally induced 
expansion or compaction, confirming that the protein preserved 
its compact folded architecture. Collectively, these results under-
score the exceptional thermostability of ATPase_α and highlight its 
indispensable role in preserving ATP production and cellular en-
ergy balance under ultrahigh-temperature conditions.
Although V-ATPase_α is generally stable, partial unwinding of

Fig. 5. a, Partial least squares path model (PLS–PM) of thermophile thermotolerance. Arrows show standardized path coefficients (red, negative; blue, positive). The model 
explains the relationships among temperature, environmental responses, genetic information processing, metabolism, heat shock protein (HSP) functional genes, and thermophile 
abundance (goodness-of-fit = 0.851). **P < 0.01. b, Standardized effects on thermophiles abundance derived from PLS–PM analysis. c, Boruta random forest analysis identifying 
key variables influencing thermophiles' abundance. ABC transporters: adenosine triphosphate-binding cassette transporters. d, Correlation analysis between temperature, 
functional modules, and heat stress-related genes.
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Fig. 6. Stability of key enzymes of Truepera radiovictrix at elevated temperatures. Dynamic changes in the protein conformation of DNApolA (a), ATPase_α (b), and CTPase (c) 
at 360 K. Left: structures before heat-stress simulation; right: structures after simulation. RMSF: root mean square fluctuation; Rg: radius of gyration.
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the localized α-helix occurs within its nucleotide-binding domain 
and N-terminal extension region. The relevant amino acid residues 
involved in this unwinding are mainly Arginine (Arg), Glutamic 
(Glu), Valine (Val), Proline (Pro), Leucine (Leu), Phenylalanine 
(Phe), and Methionine (Met). Among them, Pro has a rigid ring 
structure that restricts the flexibility of the backbone and disrupts 
the hydrogen bond pattern, making the helix more susceptible to 
loosening under thermal stress. Additionally, the combination of 
the helix-destabilizing residues Pro and Glycine (Gly) with the 
hydrogen bond-forming residues Glutamine (Gln) and Serine (Ser) 
generates a region that is more sensitive to thermal fluctuations 
[61]. Meanwhile, thermal motion further intensifies atomic vi-
brations, weakening hydrophobic interactions between residues 
such as Val, Leu, Phe, and Met. This reduction in hydrophobic 
stabilization contributes to localized structural instability under

thermal stress.
As CTPase is a key enzyme in nucleotide metabolism, main-

taining its structural stability and function under high-
temperature conditions is crucial for cell survival. Despite minor 
local adjustments, its overall conformation remained relatively 
stable at 360 K (Fig. 6c). This observation is further supported by 
the consistent RMSD trajectory, hydrogen bond count, and sec-
ondary structure changes throughout the simulation. The RMSF 
fluctuated more stably, except for a few isolated residues, and the 
Rg exhibited large fluctuations along the y- and z-axes, reflecting 
increased protein flexibility in certain directions that may facili-
tate adaptation to dynamic perturbations induced by high tem-
perature. Notably, the SASA of hydrophobic amino acids in CTPase 
showed a significant upward trend, which may contribute to 
incorrect protein interactions.

Fig. 7. Molecular repair mechanisms of heat shock proteins on CTPase. a–c, DNAJ (a), DANK (b), and GroEL (c) binding sites on CTP synthase. Pink: DNAJ/DNAK/GroEL; green: 
N-terminal domain; red: glutamine amidotransferase domain. d–f, Detailed interaction patterns between DNAJ (d), DNAK (e), GroEL (f) with CTP synthase, showing binding sites 
and molecular docking mechanisms.
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3.6. Molecular chaperone-mediated protein repair mechanisms 
under heat stress in thermophiles

As demonstrated in the previous section, the hydrophobic 
groups of CTPase were significantly exposed under high-
temperature conditions. At this moment, thermophiles typically 
increase their thermal stability by forming salt bridges or tight-
ening hydrophobic cores. However, at extreme temperatures, re-
gions such as flexible loops and the N/C termini can still undergo 
loosening or conformational changes; these regions often serve as 
“hot spots” where molecular chaperones such as DNAK, DNAJ, and 
GroEL recognize and bind.
To investigate the molecular repair mechanisms employed by

T. radiovictrix under heat stress, we performed protein docking 
between molecular chaperones and CTPase (Fig. 7a–c). The func-
tional region of DNAJ binds to the unfolding region of CTPase, and 
the amino acids in the key binding site include Arg, Gln, Lysine 
(Lys), Glu, Aspartic (Asp), and Gly (Fig. 7a–d). Among them, the 
binding of Arg99 and Glu406 forms an ion pair, and the in-
teractions between the polar amino acids facilitate sustained close 
contact between DNAJ and the target protein, ensuring effective 
recognition and repair of misfolded proteins [62–64]. 
Hydrogen-bonded interactions between Arg227, Asp427, 

alanine (Ala) 426, and Glu421—particularly between Arg227 and 
multiple acidic amino acids—form a stable charge network that 
accelerates the folding of the target protein [65]. The

Fig. 7. (continued).
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hydrophobic contacts typically formed by the interaction be-
tween the aromatic amino acids Phe92 and tyrosine (Tyr) 56 
stabilize the target protein, preventing its misfolding or aggre-
gation [66]. Through this stabilization, DNAJ exposes the hydro-
phobic regions of the target protein, enabling DNAK to bind to 
them and initiate the correct folding process.
Glu209 and Arg214 are key sites for initiating DNAK's ATP hy-

drolysis cycle (Fig. 7b–e), and they contribute to the stabilization of 
the protein–chaperone complex through hydrogen bonding or ion-
pair binding [67]. Arg415 forms hydrogen bonds with Tyr45 and 
Ser16, promoting stable binding of DNAK to the hydrophobic re-
gion of the target protein. The Lys416 and Val13 binding sites 
reinforce this binding by strengthening the hydrophobic region to 
prevent unwanted aggregation of misfolded proteins with other 
molecules. Additionally, hydrogen bonding and binding of hydro-
phobic residues—such as Glu161, Val302, Ala303, Asn183, and 
Ser217—ensure the target protein's gradual return to its correct 
folding state by modulating its 3D structure [68].
At these binding sites, DNAK establishes strong contact with 

the target protein, stabilizing it and preventing it from unfolding at 
high temperatures through the ATP hydrolysis cycle. The presence 
of hydrophobic and charged residues at the binding sites further 
enhances the structural stability of the target protein under high-
temperature conditions.
GroEL provides an ideal folding environment for target proteins 

through its internal cavity and hydrophobic interactions, thereby 
facilitating the proteins’ proper final folding [68]. Docking studies 
have revealed that GroEL enhances its recognition and binding to 
target proteins via the electrostatic interactions of Lys42 and 
Arg468 (Fig. 7c–f), enabling the proteins to smoothly enter its 
cavity [65]. This process not only stabilizes the protein–chaperone 
complex through electrostatic forces but also supports the final 
folding and repair of the target proteins within GroEL.
Moreover, GroEL's mechanism is not solely dependent on its 

charge network; interactions among hydrophobic residues, such 
as Met548, Tyr475, and Phe550, form a tighter stabilization zone 
that prevents the misfolding or aggregation of the target proteins 
[69]. Additionally, the amino and carboxyl groups of Asn270 can 
form hydrogen bonds with the hydroxyl group of Tyr45, while the 
polar side chain of Gly242 can establish hydrogen bonds with 
oxygen or nitrogen atoms in either Asn270 or Tyr45. These 
hydrogen bond networks stabilize local structures, reduce the 
formation of disordered intermediates, accelerate protein folding, 
and promote correct repair within the GroEL environment [65,66].

4. Conclusion

Our findings offer new insights into microbial adaptation 
strategies during HC. Rapid temperature elevation accelerated 
organic matter decomposition, stabilized HSs, and improved 
nutrient retention efficiency. Microbial succession was character-
ized by an initial dominance of anaerobes, followed by a shift to-
ward highly thermotolerant Bacillota, and a subsequent recovery 
of community diversity. Functional enrichment in pathways 
related to metabolism, environmental response, and genetic in-
formation processing under heat stress highlighted the impor-
tance of maintaining genomic integrity and efficient protein 
quality control via molecular chaperones. Moreover, integrative 
network modeling and statistical analyses identified key func-
tional modules and predictive biomarkers associated with ther-
mophilic adaptation.
Under heat stress, microbial communities reprogram their 

metabolism to prioritize HSP synthesis and reorganization of core 
metabolic pathways, thereby optimizing energy and resource 
allocation. Additionally, key proteins in hyperthermophiles exhibit

excellent thermal stability. In Truepera, protein thermal stability 
was found to rely not only on intrinsic structural rigidity but also 
on reduced exposure of hydrophobic regions, optimized amino 
acid composition, reinforced hydrogen bonds and salt bridge 
networks, and the synergistic action of molecular chaperone sys-
tems. Moreover, hierarchical interactions within the chaperone 
network were confirmed and elucidated.
Collectively, these findings reveal key thermotolerance mech-

anisms in thermophilic bacteria and functional streamlining in 
extreme environments, providing a theoretical foundation for 
overcoming bottlenecks in composting and enhancing the effi-
ciency of organic matter conversion.
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