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Abstract: 

Methanotrophs or methane-oxidizing bacteria, play a pivotal role in mitigating methane emissions, a 

potent greenhouse gas by converting methane into biomass and carbon dioxide. This review 

consolidates recent advancements in methanotroph research, highlighting their environmental 

relevance, physiological adaptations, and potential biotechnological applications. Prominence is placed 

on their ecological spreading, metabolic pathways, response to environmental factors such as pH, and 

novel and innovative applications in biotechnology. 
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1. Introduction:  

Methanotrophs are specialized microorganisms that utilize methane as their sole carbon and energy 

source (Hanson & Hanson, 1996). They are integral to the global methane cycle, acting as biological 

filters that reduce methane emissions from various ecosystems. Considering their ecology, physiology, 

and potential usages is crucial for developing strategies to mitigate climate change and harness their 

capabilities for biotechnological innovations (Strong et al., 2015). 

Role in the Methane Cycle: 

They play a crucial role in the global methane cycle by oxidizing methane into carbon dioxide (CO2), 

a less potent greenhouse gas. 

Ecology: 

Methanotrophs are found in various environments, including wetlands, soils, marshes, rice paddies, 

landfills, and aquatic systems (Knief, 2015).  

Research into methanotrophs can lead to new strategies for reducing methane emissions and developing 

sustainable biotechnologies (Kalyuzhnaya et al., 2015).  

 

Schematic representation (conceptual): 
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2. Environmental Relevance and Ecological Distribution:  

Methanotrophs are ubiquitous, inhabiting diverse environments such as wetlands, forest soils, marine 

sediments, and extreme habitats like geothermal vents (Knief, 2015). Their distribution is influenced 

by factors including methane and oxygen availability, temperature, pH, and nutrient concentrations 

(Semrau et al., 2010). Recent studies have explicated their role in natural and anthropogenically 

influenced ecosystems, emphasizing the environmental conditions, distribution, function, co-existence, 

interactions, and the availability of electron acceptors that likely play key roles in regulating their 

function (Rocha et al., 2019).  

3. Physiological Diversity and Metabolic Pathways: 

Methanotrophs exhibit diverse metabolic pathways for methane oxidation, primarily categorized into 

Type I and Type II based on their carbon assimilation mechanisms (Hanson & Hanson, 1996). Type I 

methanotrophs, belonging to the Gammaproteobacteria, utilize the ribulose monophosphate (RuMP) 

pathway, while Type II methanotrophs, part of the Alphaproteobacteria, employ the serine pathway. 

Recent discoveries have expanded our understanding of methanotrophs thriving in extreme 

environments, including strongly acidic and alkaline conditions, highlighting their metabolic versatility 

and ecological significance (Kits et al., 2015). 

4. Response to Environmental Factors: 

Environmental parameters, notably pH, significantly influence methanotrophic activity and community 

composition. While many methanotrophs grow optimally at neutral pH, certain species have adapted to 

thrive in strongly acidic or alkaline environments. Considering these adaptations is crucial for predicting 

methanotrophic responses to environmental changes and for optimizing their application in 

biotechnological processes (Strong et al., 2015). 

5. Biotechnological Applications:  

The unique metabolic capabilities of methanotrophs have been harnessed for various biotechnological 

applications: 

Nutrient Recovery: Methanotrophs have been explored for nutrient recovery processes, contributing 

to sustainable development goals by transforming waste into valuable products (Strong et al., 2015).  

Biopolymer Production: Certain methanotrophs can produce biopolymers such as 

polyhydroxyalkanoates (PHAs), which are biodegradable plastics with potential industrial applications 

(Kalyuzhnaya et al., 2015). 

Biofuel Production: Methanotrophs have been engineered to convert methane into liquid fuels, 

offering a renewable energy source and a method to reduce greenhouse gas concentrations (Strong et 

al., 2015).  

Environmental Remediation: Their ability to oxidize methane positions methanotrophs as key players 

in mitigating methane emissions from landfills, agricultural practices, and natural gas industries 

(Hanson & Hanson, 1996). 
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6. Future Perspectives: 

Despite their potential, methanotrophic applications face challenges such as: 

a) Optimization of methane-to-biomass conversion efficiency 

b) Genetic and metabolic engineering limitations 

c) Scalability of methanotroph-based industrial processes 

Future research should focus on genome editing, synthetic biology approaches, and bioprocess 

optimization to enhance methanotrophic efficiency in environmental and industrial applications 

(Kalyuzhnaya et al., 2015). 

7. Research advancement in methanotrophs in recent era:  

Research in methanotrophs microorganisms capable of using methane as their sole carbon and energy 

source has accelerated in the modern era to address both climate change and the demand for sustainable 

bioproducts (Guerrero-Cruz et al., 2021). By early 2026, advancements have moved beyond laboratory 

observation toward optimized industrial-scale applications, focusing on high-growth strains and 

complex co-cultivation systems. 

7.1 Emergent and Optimized Organisms 

Modern research has pivoted toward "efficient" methanotrophs that overcome the traditional limitations 

of slow growth and low mass-transfer rates (But et al., 2024; Sana et al., 2022). 

High-Efficiency Strains: A newly isolated strain of Methylocystis parvus (Strain M6) has demonstrated 

a 230% increase in growth rate compared to standard laboratory models (Methylocystis parvus strain 

M6, 2025). This strain is particularly valuable because it can utilize alternative carbon sources like 

citrate when methane supply is low (Methylocystis parvus strain M6, 2025). 

Agricultural Bio-inoculants: Species like Methylomonas Kb3 and Methylomagnum ishizawai KRF4 

are being used as bio-inoculants in rice cultivation (García Martínez et al., 2022). These organisms 

reduce methane emissions from flooded paddies while simultaneously providing nitrogen fixation to 

enhance crop yields (García Martínez et al., 2022). 

Genetic Engineering for Yield: Modern research has produced glycogen-deficient mutants of 

Methylococcus capsulatus MIR (But et al., 2024). By inactivating specific genes researchers have 

diverted carbon flux away from storage molecules (glycogen) toward protein production, increasing the 

efficiency of single-cell protein (SCP) synthesis (But et al., 2024). 

7.2. Value-Added Products (2025–2026) 

The "Biological Gas-to-Liquid" (Bio-GTL) sector is now producing a diverse range of high-value 

metabolites from methane (Sana et al., 2022). 

 

Product 

Category 

Primary 

Organism(s) 

Key Feature / Advancement 
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Single-Cell 

Protein (SCP) 

M. alcaliphilum 20Z, 

M. ishizawai KRF4 

Used as resilient food/feed; nutritional profiles now match 

commercial fish meal and soymeal (But et al., 2024). 

Biodiesel 

(FAME) 

Methylosarcina sp. 

LC-4 

Modern media optimization (using copper and tungstate) 

has increased fatty acid yields by 85.7% (Sana et al., 2022). 

Bioplastics 

(PHA) 

Methylocystis parvus Synthesis of biodegradable plastics 

(Polyhydroxyalkanoates) without requiring cost-intensive 

carbon sources (Methylocystis parvus strain M6, 2025). 

Biomedical 

Molecules 

Various wastewater 

methanotrophs 

Production of ectoine (skin protection) and 

methanobactins (copper-chelating agents for Wilson's 

disease) (Salem et al., 2021). 

 

7.3. Advanced Cultivation Strategies 

Algae-Methanotroph Symbiosis: A major 2026 research focus is the co-cultivation of methanotrophs 

and algae. 

Scalable Downstream Processing: Large-cell species like Methylomagnum are being favored for 

industrial use because their size makes it significantly cheaper to separate biomass from the growth 

medium compared to smaller traditional strains (García Martínez et al., 2022). 

 

8. Conclusion:  

Methanotrophs are vital to the global methane cycle and offer promising avenues for biotechnological 

innovations aimed at environmental conservation and resource recovery. Continued research into their 

ecology, physiology, and metabolic pathways will enhance our ability to harness their capabilities for 

sustainable development. 

Recent advances in methanotroph research have highlighted the dual importance of these 

microorganisms in environmental methane mitigation and emerging biotechnological applications. 

Improved understanding of their physiological diversity, including Type I and Type II methanotrophs 

as well as extremophilic and newly identified lineages, has expanded knowledge of methane oxidation 

across diverse habitats.  

Developments in genomic and multi-omics approaches have revealed novel metabolic pathways, 

enzymes, and regulatory mechanisms that enhance methane utilization efficiency. These scientific 

advances have positioned methanotrophs as promising biocatalysts for the conversion of methane into 

value-added products such as single-cell protein, biofuels, biopolymers, and industrial chemicals. 

Progress in bioreactor design, metabolic engineering, and microbial consortia has improved process 

feasibility, addressing key challenges related to methane solubility, cultivation, and scalability. 

However, further research is needed to optimize strain performance, ensure process stability, and better 

understand microbial interactions in both natural and engineered systems. 
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Overall, methanotroph-based technologies offer a sustainable and innovative approach for transforming 

methane from an environmental liability into a valuable resource, contributing to climate change 

mitigation and the development of a circular bioeconomy. 
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