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Abstract

The increasing concentration of atmospheric carbon dioxide (CO2) is a major cause of global climate
change (Falkowski et al., 2008). The metabolic versatility and ecological ubiquity of microorganisms play
a central role in natural carbon cycling and offer promising eco-friendly solutions for CO- sequestration
(Falkowski et al., 2008; Lal, 2008). This article explores the various microbial mechanisms involved in CO2
capture and storage, including photoautotrophy, chemolithoautotrophy, carbonate mineralization, and the
formation of stable soil organic matter through microbial biomass turnover (Liang et al., 2017; De Muynck
et al., 2010).

Photoautotrophic microorganisms such as cyanobacteria and microalgae fix atmospheric CO: using
light energy, forming the base of aquatic food webs and contributing significantly to oceanic and freshwater
carbon sinks (Raven & Beardall, 2016). In contrast, chemolithoautotrophic bacteria like Nitrosomonas and
Thiobacillus utilize energy from the oxidation of inorganic compounds to assimilate CO-, functioning
effectively in subsurface and extreme environments (Canfield et al., 2010). Another significant pathway
involves microbially induced carbonate precipitation (MICP), where microbes facilitate the conversion of
CO: into stable mineral forms such as calcium carbonate (De Muynck et al., 2010). Additionally,
heterotrophic microbes contribute to carbon stabilization by producing necromass that binds with soil
minerals, forming long-lived soil organic carbon (Liang et al., 2017; Schmidt et al., 2011).

The potential of microbial CO: sequestration is vast, especially in enhancing soil carbon stocks and
supporting ecosystem services such as nutrient cycling and water retention (Lal, 2008; Schmidt et al., 2011).
However, environmental variability, microbial respiration, and challenges in measuring long-term
sequestration remain major limitations (Schmidt et al., 2011). This paper reviews current knowledge,
practical applications, and future directions in utilizing microbial systems for climate mitigation.
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1. Introduction

Anthropogenic activities such as fossil fuel combustion, deforestation, and industrial processes have
drastically increased atmospheric carbon dioxide (CO:2) concentrations, contributing substantially to global
climate change (Falkowski et al., 2008).

Among the nature-based CDR strategies, microbial carbon sequestration is emerging as a promising and
sustainable solution. Microorganisms are foundational to Earth’s biogeochemical cycles and play a vital
role in the natural regulation of atmospheric CO:. They possess diverse metabolic pathways that allow them
to capture, fix, transform, and stabilize carbon in various environmental settings.

1.2. Microbial Mechanisms of Carbon Dioxide Sequestration

Microorganisms are pivotal drivers of Earth's carbon cycle, playing both direct and indirect roles in the
capture and long-term stabilization of carbon dioxide (CO:). Their metabolic diversity allows them to
operate across a wide range of environments—from surface waters and soils to deep subsurface ecosystems.
Microbial CO: sequestration can occur through four major biological pathways: photoautotrophy,
chemoautotrophy, biomineralization, and soil organic matter stabilization. Each of these mechanisms
contributes to the conversion of atmospheric CO: into stable carbon forms, either in living biomass, organic
compounds, or mineral deposits.

Microbial carbon dioxide (CO:) sequestration encompasses a range of metabolic pathways that either
directly incorporate atmospheric CO: into biomass or transform it into more stable chemical forms. These
processes contribute substantially to the global carbon cycle and offer sustainable routes for mitigating CO-
emissions (Falkowski et al., 2008).

1.3. Photoautotrophy

Photoautotrophic microorganisms, particularly cyanobacteria and microalgae, are primary producers
in aquatic ecosystems. They utilize light energy through oxygenic photosynthesis to fix atmospheric CO-
into organic carbon (Raven & Beardall, 2016). This biological carbon fixation is not only critical for
supporting aquatic food webs but also plays a significant role in global carbon sinks, particularly in oceanic
phytoplankton communities. Marine cyanobacteria such as Prochlorococcus and Synechococcus are
estimated to contribute significantly to oceanic primary production, thereby. influencing atmospheric CO-
concentrations (Raven & Beardall, 2016).

1.4. Chemolithoautotrophy

Chemolithoautotrophic bacteria fix CO: using energy derived from the oxidation of inorganic
molecules such as ammonia, nitrite, sulfur compounds, or ferrous iron. Representative genera include
Nitrosomonas, Nitrobacter, and Thiobacillus (Canfield et al., 2010). These microbes operate in deep soil
horizons, sediments, hydrothermal vents, and other light-deprived habitats where photoautotrophy is not
possible. By oxidizing inorganic electron donors, they not only capture CO: but also play essential roles in
the nitrogen and sulfur cycles, further linking microbial activity to ecosystem functioning.

1.5. Microbially Induced Carbonate Precipitation (MICP)

MICP is another important microbial mechanism for CO: sequestration. In this process, bacteria
such as Sporosarcina pasteurii induce the precipitation of carbonate minerals, primarily calcium carbonate,
by altering local pH and producing carbonate ions (De Muynck et al., 2010). This biomineralization process
effectively converts dissolved inorganic carbon into stable mineral forms, facilitating long-term geological
sequestration. MICP has been explored for biocementation of construction materials and soil stabilization,
offering dual benefits of CO: sequestration and material enhancement (De Muynck et al., 2010).
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1.6. Soil Organic Carbon Formation

Heterotrophic microbes, although not directly fixing CO:, contribute indirectly to sequestration
through the turnover of microbial biomass. The necromass of microbial cells interacts with soil minerals to
form stable organo-mineral complexes, resulting in persistent soil organic carbon (Liang et al., 2017). This
process is critical in terrestrial ecosystems where microbial residues become an integral part of soil carbon
pools, enhancing soil fertility and carbon storage capacity (Schmidt et al., 2011).

1.7. Emerging Genetic and Synthetic Approaches

Advances in synthetic biology have opened possibilities for engineering microbial strains with
enhanced carbon-fixing capabilities (O'Malley, 2016). Metabolic pathways can be optimized to increase
carbon assimilation efficiency, while microbial consortia can be designed to function synergistically in
controlled environments such as bioreactors. Such engineered systems hold potential for industrial-scale
biological carbon capture.

Collectively, these microbial processes represent diverse and adaptable mechanisms for CO: sequestration,
functioning across a variety of ecological niches and contributing both to natural carbon sinks and
engineered climate mitigation strategies.

2. Potential and Applications

Microbial CO: sequestration holds promising potential in both natural and engineered ecosystems.
In agricultural soils, promoting microbial activity through biochar amendments, organic fertilization, and
conservation tillage practices can enhance soil carbon stocks while improving soil structure and fertility
(Lal, 2008). Cyanobacterial biofilms and algal mats are being investigated for their role in carbon capture
in wetlands and rice paddies, contributing to both carbon sequestration and nitrogen fixation (Raven &
Beardall, 2016).

Industrial applications are expanding, with microbial consortia being. integrated into
photobioreactors and bioelectrochemical systems designed to capture and convert CO. into biofuels,
bioplastics, and other value-added compounds (O'Malley, 2016). Furthermore, microbial-induced carbonate
precipitation (MICP) has practical uses in the construction industry, where bacteria are employed to produce
biocement, offering a sustainable alternative to traditional cement production, which itself is a major source
of CO: emissions (De Muynck et al., 2010).

Marine ecosystems naturally dominated by photosynthetic microorganisms such as cyanobacteria
and microalgae contribute significantly to global carbon sequestration. Enhancing phytoplankton blooms
through iron fertilization has been proposed as a geoengineering strategy to promote oceanic carbon sinks,
although its ecological risks remain debated (Falkowski et al., 2008).

3. Environmental Significance

Microbial carbon sequestration is integral to maintaining the stability of Earth's carbon cycle and
mitigating climate change. By capturing atmospheric CO: and incorporating it into biomass or minerals,
microorganisms reduce greenhouse gas concentrations and regulate biogeochemical fluxes across terrestrial
and aquatic ecosystems (Falkowski et al., 2008). Soil microbial processes, in particular, stabilize organic
carbon, which plays a crucial role in sustaining soil fertility, water retention, and nutrient cycling (Schmidt
etal.,, 2011).

In aquatic environments, microbial primary producers form the base of food webs and act as major
drivers of carbon fluxes to deeper ocean layers, where carbon can be stored for centuries.
Chemolithoautotrophic microbes in deep-sea hydrothermal systems and subsurface environments expand
the scope of CO2 sequestration to regions beyond the reach of photosynthesis (Canfield et al., 2010).
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Beyond carbon capture, microbial activity influences the cycling of other elements such as nitrogen
and sulfur, creating complex interactions that shape global climate processes (Falkowski et al., 2008).
Therefore, microbial sequestration contributes not only to carbon neutrality but also to ecosystem resilience
and sustainability.

4. Challenges and Limitations

Despite their potential, microbial CO: sequestration strategies face several limitations.
Environmental variability, such as fluctuations in temperature, moisture, and nutrient availability, influences
microbial community structure and function (Schmidt et al., 2011). Additionally, microbial respiration
releases CO: back into the atmosphere, partially offsetting sequestration gains.

Quantifying long-term carbon storage remains difficult due to the complexity of soil and aquatic
carbon pools, and distinguishing between transient carbon fixation and permanent sequestration is
challenging (Liang et al., 2017). Moreover, large-scale industrial applications of microbial systems are
constrained by scalability issues, economic costs, and potential ecological risks of releasing engineered
microbes into natural environments (O'Malley, 2016).

5. Future Directions

Future research should focus on optimizing microbial metabolic pathways through genetic
engineering and synthetic biology to enhance carbon fixation rates (O'Malley, 2016). Developing robust,
stress-tolerant microbial consortia and improving bioreactor designs could improve the scalability and
reliability of microbial carbon capture systems.

Field-based studies are essential to assess the real-world performance of microbial CO: sequestration
strategies across different biomes. Coupling microbial systems with existing carbon capture and storage
(CCS) technologies could create integrated solutions for industrial emissions mitigation (Falkowski et al.,
2008). Additionally, interdisciplinary approaches combining microbiology, ecology, and climate science
are needed to predict the long-term impacts of microbial sequestration on global carbon cycles.

6. Conclusion

Microbial CO: sequestration offers a sustainable and ecologically grounded approach to mitigating
climate change. Through diverse metabolic pathways such as photoautotrophy, chemolithoautotrophy, and
carbonate mineralization, microorganisms capture and stabilize atmospheric carbon in various ecosystems.
Their applications extend from enhancing soil carbon storage to developing bioengineered solutions for
industrial carbon capture. Despite environmental and technical challenges, microbial systems present an
untapped potential that could complement existing climate mitigation strategies. Advancing our
understanding of microbial carbon cycling and integrating it with modern biotechnological innovations will
be critical for realizing a carbon-neutral future.
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