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Research progress in metabolic regulatory and ecological
functions of methanotrophs driven by multi-omics
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Abstract: Methane, the second most abundant greenhouse gas after carbon dioxide, represents a
critical target in climate change mitigation efforts. Owing to their unique ability to utilize methane,
methanotrophs have received substantial attention in greenhouse gas mitigation and low-carbon
biomanufacturing, making the understanding of their metabolic pathways and ecological functions
a vibrant research area worldwide. In recent years, the rapid development of high-throughput omics
technologies and the integration of multi-omics analysis have accelerated a paradigm shift in
methanotroph research, enabling the deep evolution from the identification of single gene functions
to the elucidation of systemic metabolic processes. This review systematically summarizes the
progress in the application of genomics, transcriptomics, proteomics, and metabolomics in
methanotroph research, highlighting the decisive roles of omics technologies in elucidating carbon
assimilation flux distribution in aerobic methanotrophs, uncovering novel metabolic pathways of
anaerobic methane oxidation, and deciphering cross-domain interactions and electron transfer
mechanisms within microbial consortia. To address current bottlenecks in the industrial application
of methanotrophs, including poorly understood environmental adaptation mechanisms, imbalanced
metabolic flux in chassis cells, and limited gas-liquid mass transfer efficiency, this review proposes
a shift from descriptive omics toward function-driven and precision-intervention research. By
integrating single-cell multi-omics and artificial intelligence-enhanced modeling, future studies
may construct efficient artificial methanotrophic cell factories and synthetic microbial
communities, thereby providing innovative biological solutions for achieving the global carbon
neutrality goal.

Keywords: omics technology; methanotrophs; metabolic mechanism; ecological function; methane
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Classification and characteristic metabolic processes of methanotrophic bacteria

Classification Type Phylum

Characteristic metabolic process

Aerobic Type I

methanotrophs pathway

Type X

Gammaproteobacteria Intracellular formaldehyde assimilation via the ribulose monophosphate (RuMP)

Intracellular formaldehyde assimilation via the RuMP pathway, with partial

enzymatic activity of the serine cycle, as well as RuBisCO-mediated carbon

fixation via the Calvin-Benson-Bassham (CBB) cycle

Type Il  Alphaproteobacteria

Formaldehyde assimilation via the serine cycle, occurring on the

intracytoplasmic membrane and in the matrix

Others  Verrucomicrobiota

Anaerobic Archaca ANME

methanotrophs reduction

Bacteria NC10

Carbon assimilation via CO, fixation using the CBB cycle

Anaerobic oxidation of methane coupled to sulfate, nitrate, or metal ion

Nitrite-dependent anaerobic oxidation of methane
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Table 2 Classification and characteristics of representative methanotrophs
Classification Type Representative Key metabolic features Research significance References
model strains
Aerobic Type | Methylomonas sp.; Methane oxidation via Canonical C1 chassis [13-14]
methanotrophs Methylobacter sp.; particulate methane organisms for methane
Methylomicrobium monooxygenase (pMMO); bioconversion, metabolic
buryatense carbon assimilation through  engineering, and systems
the RuMP pathway; high biology studies
growth rate and carbon
conversion efficiency
Type II Methylosinus Methane oxidation by Important models for
trichosporium; pMMO and/or soluble methane biofixation, carbon
Methylocystis sp.  methane monooxygenase storage, and plant-microbe
(sMMO); carbon interaction studies
assimilation via the serine
cycle; strong stress tolerance
and polyhydroxybutyrate
(PHB) accumulation capacity
Type X Methylococcus Multiple carbon assimilation ~Benchmark model for
capsulatus Bath strategies combining RuMP,  studying methane oxidation
CBB cycle, and partial serine regulation, nitrogen
pathways; expression of both metabolism coupling, and
pMMO and sMMO; high environmental adaptation
metabolic flexibility
Verrucomicrobiota Methylacidiphilum Methane oxidation under Expansion of
spp. extremely acidic and methanotrophic diversity and
thermophilic conditions; ecological niches beyond
carbon fixation via the CBB  Pseudomonadota
cycle
Anaerobic ANME archaea ANME-1; ANME- Anaerobic methane Core functional guild driving [15-16]
methanotrophs 2; ANME-3 oxidation via reverse sulfate-dependent anaerobic
methanogenesis; syntrophic ~ methane oxidation (S-AOM)
association with sulfate- in marine sediments
reducing bacteria;
extracellular electron transfer
mechanisms
NC10 Candidatus Nitrite-dependent anaerobic ~ Paradigm-shifting discovery  [17]
Methylomirabilis  methane oxidation; revealing oxygen-
oxyfera intracellular oxygen independent methane

production via nitric oxide
dismutation; pMMO-driven
methane oxidation

oxidation and tight carbon-
nitrogen coupling
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Figure 1  Carbon metabolic pathway of aerobic methanotrophic bacteria®). RuMP cycle:
pathway; CBB cycle: Calvin-Benson-Bassham cycle; TCA cycle: Tricarboxylic acid cycle; EMC cycle:
pMMO: Particulate sSMMO: Soluble
monooxygenase; MDH: Methanol dehydrogenase; FDH: Formate dehydrogenase; Ru5P: Ribulose-5-phosphate;
H6P: Hexulose-6-phosphate; F6P: Fructose-6-phosphate; G3P: Glyceraldehyde-3-phosphate; R5P: Ribose-5-
phosphate; X5P: Xylulose-5-phosphate; E4P: Erythrose 4-phosphate; S7P: Sedoheptulose-7-phosphate; DPG:
Diphosphoglycerate; 3PG: 3-phosphoglycerate; 2PG: 2-phosphoglycerate; PEP: Phosphoenolpyruvic acid; G6P:
Glucose-6-phosphate; GDL: Glucaric acid lactone; 6PG: 6-phosphogluconate; H,C=H;MPT: 2-dehydropentanoyl-
HC=H,MPT:
Formyl-MFR: Formyl-methanofuran; HyMPT: 4-methyl-3-oxopentanoyl-4-phosphooctanoate; HyF: Tetrahydrofolate;
H,C=H,F: Dihydrofolate; HC=H,4F: 5,6,7,8-tetrahydrofolate; OHC-H4F: 10-formyltetrahydrofolate; RuBP:
Ribulose-1,5-bisphosphate; BGP: 1,6-bisphosphoglycerate; F1, 6P: Fructose-1, 6-bisphosphate; Glycerone-P:
Glycerone-phosphate; S-1,7-BP: 1,7-bisphosphoheptulose; MAL: Malate; OAA: Oxobutanedioic acid; FUM:

Fumarate; SUC: Succinate.
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Figure 2 Carbon metabolism pathway map of anaerobic methanotrophic bacterial
M reductase; CH3;-CoM: Methyl-coenzyme M; CH;-H4MPT: Methyl-4-methyl-5, 6, 7, 8-tetrahydropteroyl-
tetrahydromethanopterin; CH,=H4MPT: 2-dehydropentanoyl-4-phosphooctanoate; CH=H,;MPT: 4-hydroxybut-3-
yn-2-yl-4-methyl-3-oxopentanoyl-4-phosphooctanoate; CHO-H4MPT: Methenyl-tetrahydromethanopterin; CHO-
MFR: Formyl-methanofuran; Mtr: Mer:

tetrahydromethanopterin reductase; Mtd: F420-dependent methylene-tetrahydromethanopterin dehydrogenase;

Methyl-coenzyme M transferase; F420-dependent methylene-
Mch: Methenyl-tetrahydromethanopterin cyclohydrolase; Ftr: Formylmethanofuran-tetrahydromethanopterin
APS: Adenosine-5'-phosphosulfate; Dsr:
Dissimilatory sulfite reductase; Apr: Adenosine-5-phosphosulfate reductase; Sat: Sulfate adenylyltransferase;
Nar: Nitrate reductase; Nrf: Cytochrome c nitrite reductase; CH,=H,F: Dihydrofolate; CH =H,F: Methenyl-
tetrahydrofolate; CH'=H,;MPT: Methenyl-tetrahydromethanopterin; £-H;MPT: Formyl-tetrahydromethanopterin;
f-H4F: Formyl-tetrahydrofolate; Nir: Nitrite reductase; Nod: Nitric oxide dismutase; Mtd: Methylene-

formyltransferase; Fmd: Formylmethanofuran dehydrogenase;

tetrahydromethanopterin dehydrogenase; FolD: Quinone oxidoreductase.
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Table 3 Recent representative advances in omics applications in methanotrophs

Omics Strain Function References

technology

Genomics Methylomonas sp. Complete genome sequence showing metabolic diversity in methane [110]
UP202 oxidation and nitrogen compound utilization
Methylomonas sp. Complete genome sequence revealing genetic adaptation to mercury- [111]
EFPC1 contaminated environments

Methylococcus sp.

EFPC2

Methylococcus Complete genome with the ability to grow on methanol, containing both [112]
capsulatus MIR MxaFI and XoxF methanol dehydrogenases

Methylomonas Identification of a novel species containing both particulate and soluble [113]
defluvii sp. nov. methane monooxygenase genes

Methylomonas First nonpigmented Methylomonas species lacking soluble methane [114]
montana sp. nov. monooxygenase

Methylocystis sp. First genome of an Amazonian floodplain sediment Methylocystis, revealing  [115]
(Amazonian) methane oxidation and nitrogen fixation potential

Methylocystis sp. Comparative genomic analysis identifying this strain as a platform for PHB [116]
MIJCl1 biosynthesis

Methylocystis parvus Complete genome revealing the genetic basis for PHB production [117]
OBBP

Methylocystis Identification of a novel species with methane and methanol utilization and [118]
suflitae sp. nov. nitrogen fixation capabilities

ANME-2a Genomic analysis revealing Fe(III) reduction mechanisms involving [119]
enrichment cultures  multiheme c-type cytochromes

Methylotenera and ~ Metagenomic analyses in an advanced denitrification system coupled with [62]
Methylobacter aerobic methane oxidation, identification of synergistic metabolic pathways

for methane oxidation and nitrogen removal

Transcriptomics Multiple ANME Transcriptomic evidence showing differential stimulation by sulfate among [47]
lineages ANME lineages, with ANME-2a exhibiting higher metabolic activity

Methylomicrobium ~ RNA biomarker pmoA levels universally correlated with methane oxidation [120]
album BG8 activity; transcriptomic analysis revealing regulatory responses to methane
and oxygen limitation
ANME-2a Transcriptomic analysis of Fe(III) reduction-related enrichment cultures [121]
enrichment cultures  involved in anaerobic methane oxidation
M. buryatense SGB1  Utilizing transcriptomics to reveal regulatory mechanisms, and through [30]
nutritional induction strategies, redirecting the metabolic flow from biomass
accumulation to the synthesis of food components
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Omics Strain Function References
technology
M. buryatense By integrating '*C metabolism, methane and CO, were synergistically [36]
5GB1S combined to synthesize succinic acid, leading to a significant advancement in
biological upcycling and recycling
M. trichosporium Transcriptomic analysis revealed the impact of copper on physiology and [83]
OB3b gene expression during growth on methane or methanol
Alphaproteobacterial Transcriptomics elucidated the resilience and robustness mechanisms of [94]
methanotrophs strains under methane feast-famine scenarios
Methylomonas sp. Genome-scale metabolic analysis revealing a central metabolic network; [122]
ZR1 identification of unique metabolic traits supporting fast growth and high
lycopene production on methane, and metabolic imbalance during methanol
growth
Methylacidiphilum ~ Metabolic characterization of a thermoacidophilic methanotroph capable of ~ [26]
fumariolicum SolV  growth on non-methane C3 compounds (2-propanol and acetone), revealing
distinct metabolic pathways and growth kinetics
Proteomics ANME-2a archaeca  Protein landscape analysis revealing integrated system for diazotrophy and [123]
membrane fortification, showing functional coupling between AOM
machinery and auxiliary modules
Multiple ANME Comparative proteomic analyses revealing differentiation in bioenergetic [124]
lineages pathways and conserved roles of multiheme cytochromes
Methylomonas Proteomics analysis revealed changes in the expression of key proteins, [125]
particularly the impact on the activity of soluble methane monooxygenase
caused by volatile organic compounds and carbon dioxide emissions
Methylomonas Proteomic analysis identified diverse bacteriohemerythrin genes that enable ~ [71]
denitrificans FIG1 oxygen sensing and capture, supporting survival in low-oxygen ecosystems
Ca. M. sinica Proteomics combined with transcriptomics revealed that iron modulates [75]
growth by reprogramming carbon metabolism and nutrient coupling
Metabolomics ~ Methanotrophic Species-specific secondary metabolite production analyzed by LC-MS and [22]

bacteria (multiple
species)

GC-MS; identification of volatile compounds and biosynthetic gene clusters
revealing ecological roles and adaptive strategies in methane cycling
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