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Preface

Methanogens are extraordinary prokaryotes that are indispensable in the Earth’s
carbon cycle and environmental sustainability. Although they are relatively less stud-
ied than other microorganisms, methanogens are crucial in processes such as methane
production, carbon recycling, and symbiotic relationships within the gastrointestinal
microbiota. Methanogens — Unique Prokaryotes is a comprehensive edited volume

that explores these fascinating microorganisms, as well as their biological functions,
industrial potential, and growing significance across various scientific disciplines.

The first chapter, “Unlocking the Power of Methanogens: Revolutionary Applications
in Sustainable Energy and Biotechnology”, focuses on the increasing role of methano-
gens in biotechnology and energy. This chapter examines methanogens’ contributions
to biogas production, anaerobic digestion processes, and biofuel development. As

the global demand for renewable energy continues to rise, methanogens are gaining
recognition for their role in reducing greenhouse gas emissions, recycling organic
waste, and generating alternative energy sources.

The second chapter, “Pioneering Methanogens: The Architects of Modern Eco-
Friendly Renewable Energy Solutions”, delves into the transformative power of
methanogens in ecological energy production. By emphasizing the biological pro-
cesses in which methanogens play a key role, this chapter explains how these micro-
organisms serve as essential components of sustainable energy solutions. The ability
of methanogens to efficiently utilize natural resources positions them as promising
agents in shaping the future of energy production.

The third chapter, “Genomic Mobility: Transposons in Methanoarchaea”, introduces
anew perspective on the genetic adaptation processes of methanogens. This chapter
explores how mobile genetic elements, such as transposons and plasmids, contribute
to methanogens' genetic diversity and evolution. Understanding these mechanisms
enhances our knowledge of how methanogens thrive in diverse ecological niches,
ranging from the human gut to wetlands and deep-sea environments.

The fourth chapter, “Co-Production of Hydrogen and Methane by Anaerobic
Digestion”, focuses on the potential roles of methanogens in renewable energy sys-
tems. This chapter examines how methanogens can simultaneously produce hydrogen
and methane—two energy-rich gases—through anaerobic digestion. The ability of
methanogens to facilitate this process offers promising opportunities for developing
cleaner, more sustainable, and cost-effective energy production methods.

The final chapter, “The Hidden Influence of Methanogens in the Gut Microbiota”,
provides a comprehensive understanding of the biological significance of methano-
gens within the human gut. This chapter explores the complex interactions between
methanogens and the gut microbiota, highlighting their role in digestion, immune
system regulation, and the gut-brain axis. The potential impact of methanogens on



mental health and their association with various neurological disorders present a new
frontier in gut microbiome research.

This book is a valuable resource for researchers, professionals, and enthusiasts in
microbiology, biotechnology, energy production, and environmental sciences.
Methanogens — Unique Prokaryotes presents the latest research and technological
advancements, emphasizing the interdisciplinary importance of methanogens. This
book provides insights into how methanogens contribute to energy production,
environmental conservation, and human health by offering a broad perspective on
their applications.

This volume results from the collective expertise of many distinguished authors, each
contributing to a multidimensional understanding of methanogens. The collabora-
tive efforts of the authors have produced a scientifically rich and practically relevant
resource, bridging the gap between fundamental research and industrial applications.

We sincerely thank all authors, editors, and reviewers who contributed to this book.
Their dedication and expertise have been instrumental in creating this comprehensive
collection of methanogen research. We hope this book will inspire future research
and technological advancements, paving the way for further discoveries in the field of
methanogen biology.

Dr. Sevcan Aydin
Professor,

Biotechnology Department,
Istanbul University,
Istanbul, Turkey
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Chapter1

Unlocking the Power of
Methanogens: Revolutionary
Applications in Sustainable Energy
and Biotechnology

Salomeh Chegini

Abstract

Methanogens, unique microorganisms within the archaea domain, produce
methane as a byproduct of methanogenesis, a crucial process in the global carbon
cycle. Thriving in anaerobic environments such as wetlands, landfills, and ruminant
guts, these archaea hold tremendous potential for renewable energy and environmen-
tal sustainability. This chapter explores the innovative applications of methanogens,
including their pivotal role in biogas production, anaerobic digestion, biofuel devel-
opment, and advanced waste treatment. By leveraging their metabolic versatility
and engineering capabilities, methanogens can address pressing challenges in global
energy security and carbon neutrality. This chapter provides insights into their meta-
bolic pathways, engineering optimization, and the integration of methanogens into
circular economy models and hybrid energy systems. Through case studies, cutting-
edge research, and emerging technologies, this work underscores the transforma-
tive potential of methanogens in biotechnological and industrial applications. The
discussion also highlights challenges, including slow growth rates and environmental
sensitivities, while proposing solutions for scaling methanogen-based systems. This
overview serves as a valuable resource for researchers, policymakers, and industry
stakeholders pursuing innovative methods for biofuel production, environmental
management, and carbon capture.

Keywords: methanogens, methanogenesis, anaerobic digestion, biogas production,
renewable energy, waste management, carbon capture

1. Introduction

Methanogens, ancient microorganisms from the archaea domain, are uniquely
adapted to thrive in oxygen-free environments. Their ability to utilize substrates such
as carbon dioxide (CO,), hydrogen (H,), and acetate, converting them to methane
(CH,4), makes them integral to anaerobic ecosystems and pivotal in sustainable energy
innovations [1]. Found in habitats ranging from wetlands to the guts of ruminants,
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methanogens play a critical role in the global carbon cycle and have gained significant
attention for their potential in renewable energy and biotechnology [1].

This chapter explores the role of methanogens in biogas production, biofuel
generation, and advanced waste treatment. It discusses innovative strategies, includ-
ing genetic engineering and co-digestion technologies, which aim to enhance the
efficiency of methanogens. Additionally, the chapter addresses challenges such as
their sensitivity to environmental fluctuations and their slow metabolic rates, while
highlighting technological advancements and potential solutions. The ability of
methanogens to convert organic waste into bioenergy positions them as essential
players in advancing circular economy models and energy systems globally [1-3].

2. Methanogen metabolism

Methanogens possess distinct cell structures, such as rigid pseudomurein cell
walls and specialized coenzymes like coenzyme M, which are essential for methane
production. Their ability to survive in extreme conditions, including high salinity and
temperature, makes them fascinating subjects for study [4-6].

2.1 Methanogenic pathways

Methanogens utilize three primary metabolic pathways:

Hydrogenotrophic methanogenesis: Uses CO, and H, to produce methane and water.
It is significant in environments rich in hydrogen, such as anaerobic digesters.

Acetoclastic methanogenesis: Converts acetate into methane and CO,, critical in
organic matter degradation. So, this pathway is particularly important in the degrada-
tion of organic matter in various ecosystems.

Methylotrophic methanogenesis: This pathway involves the use of methylated com-
pounds, where methanogens convert these substrates into methane. It plays a crucial
role in methanogenic communities that inhabit specialized niches [1, 4-7].

3. Methanogens in anaerobic digestion

Anaerobic digestion (AD) is a biological process that dissolves organic matter in
the absence of oxygen, producing biogas, primarily composed of methane and carbon
dioxide. Methanogens are the essential microorganisms in this process; they are
essential for converting volatile fatty acids and hydrogen into methane. The efficiency
of anaerobic digestion systems depends on the health and activity of the methano-
genic population, which can be influenced by factors such as temperature, pH, and
the composition of the substrate. Optimizing conditions for methanogens is crucial
for maximizing biogas production and ensuring stable performance in the reactor.
The main parameters in the AD process are including [4, 8, 9]:

o Temperature: Mesophilic (35-40°C) and thermophilic (50-60°C) ranges optimize
methanogen activity.

* pH: Neutral conditions (pH ~7.5) enhance methanogenesis.

* Substrate composition: Balanced carbon-to-nitrogen ratios improve microbial
efficiency.
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3.1 Microbial community dynamics in anaerobic digestion

The anaerobic digestion process involves a synergistic interplay between vari-
ous microbial communities, each responsible for specific biochemical stages. These
microbial groups include hydrolytic bacteria, acidogenic bacteria, acetogenic bacteria,
and methanogens. Their interactions and balance are crucial for maintaining system
stability and optimizing biogas production [10, 11].

* Hydprolytic bacteria: These microbes initiate the digestion process by breaking
down complex organic polymers (e.g., carbohydrates, proteins, and lipids) into
simpler monomers like sugars, amino acids, and fatty acids. The efficiency of this
step is crucial for subsequent microbial activity.

* Acidogenic bacteria: These bacteria metabolize the products of hydrolysis,
producing volatile fatty acids (VFAs), hydrogen, and carbon dioxide. A balanced
VFA production is vital to avoid system inhibition caused by acid accumulation.

o Acetogenic bacteria: Acetogens further convert VFAs into acetic acid, hydrogen,
and carbon dioxide, serving as precursors for methanogens.

* Methanogens: As the ultimate step, methanogens utilize these intermediates to
produce methane and carbon dioxide [10, 11].

Figure 1 illustrates the sequential stages of anaerobic digestion, emphasizing the
critical role of methanogens in the final methanogenic phase.

The community structure and dynamics in anaerobic digestion (AD) are crucial
for the efficient breakdown of organic material into biogas (mainly methane and
carbon dioxide).
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Figure 1.
Anaerobic digestion process [9].
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Advanced molecular techniques, such as 16S rRNA gene sequencing and metage-
nomics, have provided detailed insights into microbial community structure and
dynamics [12, 13]:

* 16S rRNA gene sequencing technique identifies and classifies microorganisms by
targeting the highly conserved 16S ribosomal RNA gene, enabling researchers to
determine microbial diversity and population structure in an anaerobic digestion
system [12, 14].

* Metagenomics method provides a more comprehensive view, analyzing the entire
genetic material of microbial communities. Metagenomics allows for the identifi-
cation of functional genes and pathways involved in anaerobic digestion, offer-
ing deeper insights into metabolic capabilities and potential interactions among
microbes [15].

These methods allow for real-time monitoring and optimization of anaerobic
digestion systems by identifying dominant microbial taxa and tracking their
responses to operational changes [12, 14, 15].

Also, several environmental and operational factors, such as substrate composition,
temperature, pH, and the carbon-to-nitrogen (C/N) ratio, have significant effects
on microbial diversity and stability, influencing the process’s efficiency and stability.
The interaction between these factors shapes the microbial community structure in
anaerobic digestion. These microbes work together in distinct phases of the process,
from hydrolysis to methanogenesis. Understanding and controlling these factors is
essential for optimizing the efficiency and stability of the anaerobic digestion process.
Maintaining an appropriate balance ensures that the microbial community remains
functional, efficient, and capable of producing biogas at maximum rates. Here is a
deeper look into how these factors impact the microbial ecosystem [4, 8, 10, 16]:

3.1.1 pH and volatile fatty acids (VFAs)

Anaerobic digestion generates volatile fatty acids (VFAs) as intermediate prod-
ucts, particularly during the hydrolysis and acidogenesis phases of digestion. If VFAs
accumulate to elevated levels, they can lower the pH of the system. A pH drop can
be problematic because methanogens (microorganisms that produce methane) are
sensitive to pH levels. At low pH, methanogens struggle to function efficiently, which
inhibits methane production and can lead to the accumulation of intermediates like
VFAs, further disturbing the process. In extreme cases, this can result in process
failure methanogenic bacteria thrive at a neutral to slightly alkaline pH, typically
around seven. Methanogenic activity, which is the ultimate step of AD, is essential for
converting the organic material into methane. A pH drop below 6.5-6.0 can signifi-
cantly inhibit methanogenesis, causing lower biogas yields or even halting the process
altogether [4, 8, 17].

3.1.2 Substrate composition

The type of organic material being digested directly affects the microbial commu-
nity dynamics. Simple substrates like sugars and proteins are more easily degradable,
and the microbial community tends to favor fermentative and acidogenic bacteria
in the initial stages. However, more complex materials like lignocellulosic biomass
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(found in plant materials) are harder to break down. Lignocellulosic materials consist
of cellulose, hemicellulose, and lignin, which require the involvement of special-

ized microbial groups. Municipal solid waste also contains diverse organic fractions,
requiring a broad spectrum of enzymatic activities. This necessitates a highly diverse
microbial community for efficient degradation [6, 18].

In the case of lignocellulosic substrates, hydrolytic bacteria play a key role in break-
ing down complex polysaccharides (like cellulose and hemicellulose) into simpler
sugars. Acetogenic bacteria then convert these sugars into acetic acid and other VFAs,
which serve as substrates for methanogens. The specific types of bacteria that domi-
nate depend on the complexity of the substrate, and if the substrate is more difficult
to degrade, it might lead to a shift toward specific microbial groups that are more
capable of handling that complexity, like the hydrolytic and acetogenic bacteria [19].

3.1.3 Temperature: Mesophilic vs. thermophilic

Under mesophilic conditions (30-40°C), the microbial community is more stable
and diverse, typically favoring methanogenic bacteria. These conditions support a
broad range of microbes, and the process tends to be more robust to fluctuations in
substrate composition and operational conditions. Methanogens in the mesophilic
range are generally more efficient at producing methane, making this the most com-
mon temperature range for anaerobic digestion processes.

When the temperature shifts to thermophilic conditions (50-60°C), micro-
bial diversity typically decreases, and the overall microbial activity increases.
Thermophilic bacteria, which can thrive at higher temperatures, are more efficient at
breaking down organic matter quickly. However, higher temperatures can also make
the process less stable due to the sensitivity of certain microbial groups to temperature
fluctuations. In thermophilic conditions, the balance between hydrolytic, acetogenic,
and methanogenic bacteria changes, and thermophilic methanogens become more
dominant. This shift may increase the rate of methane production but can also lead to
the rapid accumulation of VFAs if not carefully controlled [12, 20].

3.1.4 Carbon-to-nitrogen (C/N) vatio

The C/N ratio is a crucial factor in anaerobic digestion because it influences the
nutrient balance available for microbial growth. A C/N ratio that is too high (excess
carbon relative to nitrogen) can lead to a lack of nitrogen, which is essential for
microbial protein synthesis. This limits microbial growth, especially for bacteria that
participate in the later stages of digestion, including methane-producing methano-
gens. A balanced C/N ratio of around 20:1 to 30:1 is typically optimal for anaerobic
digestion, as it ensures that microbes have enough nitrogen for growth without an
overabundance of carbon, which can promote the production of excess VFAs. If
the C/N ratio is too low, nitrogen becomes the limiting factor, potentially stunting
microbial activity and reducing biogas production [13, 18, 21].

3.2 Impact of key environmental factors on methanogenic activity across diverse
feedstocks: Experimental insights for optimizing biogas production

The efficiency of biogas production depends significantly on the activity of
methanogens, which is influenced by various environmental factors. Methanogens
are sensitive microorganisms, and their activity can fluctuate based on temperature,
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pH, nutrient availability, and the composition of the feedstock. To assess the impact
of environmental variables like pH and salinity on methanogen activity across diverse
feedstocks, a range of experimental approaches can be designed. These experiments
would help determine how methanogenic archaea respond to changing environmen-
tal conditions in different substrates.

3.2.1 Temperature: The thermophilic vs. mesophilic

Temperature is a critical determinant of methanogenic activity. Methanogens typi-
cally thrive in two temperature ranges: mesophilic conditions (30-40°C) and thermo-
philic conditions (50-60°C). Experimental evidence suggests that thermophilic digestion
leads to faster substrate breakdown and higher biogas yields due to enhanced microbial
activity. However, thermophilic systems are more sensitive to fluctuations, requiring pre-
cise control to maintain stability. Mesophilic systems, on the other hand, are more robust
and energy-efficient, making them suitable for a wider range of applications, especially
in regions with limited resources for temperature regulation [8, 12, 16, 20, 22].

3.2.2 pH and alkalinity: Balancing the biochemical environment

The pH of the digestion environment plays a pivotal role in maintaining metha-
nogenic activity. Methanogens perform optimally in a neutral to slightly alkaline
pH range (6.8-7.5). Deviations from this range, either due to the accumulation of
acids during acidogenesis or external factors, can inhibit methanogenic activity.
Experimental interventions, such as the addition of alkaline buffers (e.g., calcium
carbonate or sodium bicarbonate), have been shown to stabilize pH levels and
enhance methane yields [16, 20].

3.2.3 Feedstock composition: Substrate diversity and nutrient balance

The composition of feedstock significantly influences methanogenic performance.
Co-digestion of diverse substrates, such as food waste, agricultural residues, and
wastewater sludge, provides an accelerating carbon-to-nitrogen (C:N) ratio, which
is essential for optimal microbial activity. Experimental results indicate that a C:N
ratio of 20-30:1 is ideal for maximizing biogas production. Additionally, the presence
of inhibitors such as ammonia, sulfates, or heavy metals in certain feedstocks can
suppress methanogenic activity. Pre-treatment methods, such as ammonia stripping
or the use of microbial inhibitors, can mitigate these effects [22-24].

3.2.4 Trace nutrients and additives: Catalysts for enhanced methanogenesis

Methanogens require trace elements such as iron, cobalt, and nickel for enzyme
function and metabolic pathways. Studies show that supplementation of these
micronutrients in anaerobic digestion systems can significantly improve methane
yields. For instance, the addition of iron has been found to stimulate the activity of
hydrogenotrophic methanogens, leading to higher biogas output [16, 20, 22].

3.2.5 Hydraulic retention time (HRT) and ovganic loading rate (OLR)

The HRT and OLR are key operational parameters that influence methanogenic
activity and biogas production. Experimental data indicate that an optimal balance
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between HRT and OLR ensures efficient substrate degradation without overloading
the system. Prolonged HRT allows sufficient time for methanogens to process com-
plex substrates, while an appropriate OLR prevents the accumulation of inhibitory
by-products [16, 22, 23].

Visions from these experiments highlight the need for tailored approaches to
anaerobic digestion, depending on the feedstock characteristics and environmental
conditions. For instance:

* Inregions with abundant agricultural residues, co-digestion with nutrient-rich
substrates like food waste can address nutrient imbalances.

* For systems processing high-ammonia feedstocks, pre-treatment strategies, and
microbial acclimation can enhance methanogenic tolerance.

Advanced monitoring tools can ensure real-time adjustments to pH, temperature,
and loading rates, optimizing methanogenic activity.

By leveraging these experimental understandings, industry stakeholders can
design and operate biogas systems that maximize efficiency, stability, and sus-
tainability. The optimization of methanogenic activity across diverse feedstocks
holds the key to unlocking the full potential of biogas as a renewable energy
source [22, 23, 25].

4. Biogas: A sustainable energy solution powered by methanogens
4.1 Methanogens in sustainable energy

In the search for sustainable energy sources, biogas has emerged as a significant
contender, due to the impressive efficiency of methanogens. These microorganisms
are essential for anaerobic digestion, transforming organic waste into valuable energy
through a complex and fascinating biochemical process.

Methanogens are a diverse group of archaea that thrive in oxygen-free envi-
ronments, playing a critical role in the breakdown of organic matter. They can
be found in various habitats, from wetlands to the digestive tracts of herbivores.
These microorganisms have developed unique metabolic pathways that enable
them to produce methane, the primary component of biogas. The importance of
methanogens in renewable energy and biogas production cannot be overstated, as
they facilitate the conversion of waste into energy and help reduce greenhouse gas
emissions [3, 23, 25].

4.2 The process of biogas production

Biogas production consists of multiple stages, beginning with the breakdown
of complex organic materials. The first phase is hydrolysis, where larger organic
molecules are decomposed into simpler compounds through the action of enzymes.
This is followed by acidogenesis, during which anaerobic bacteria convert these
simpler compounds into organic acids, hydrogen, and carbon dioxide. The final stage,
methanogenesis, is where methanogens shine. They use the by-products from earlier
processes to produce methane and carbon dioxide. This biogas can be harvested for
various applications, making it a versatile renewable energy source.
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The combustion of biogas can produce electricity and heat, while upgraded bio-
gas, known as biomethane, can be used as vehicle fuel, providing a cleaner alternative
to fossil fuels [8, 23].

4.3 Applications of biogas

Biogas has multiple applications, including:

Electricity generation: Biogas can be used in gas engines or turbines to generate electric-
ity. This is especially beneficial for rural areas or farms where organic waste is plentiful,
providing a decentralized energy solution and reducing dependence on fossil fuels.

Heating: Biogas can be directly burned in boilers for heating, offering an efficient
means to heat residential and commercial spaces, as well as for industrial processes.

Vehicle fuel: With appropriate upgrades, biogas can be transformed into biometh-
ane, a clean-burning alternative to natural gas. This application holds promise in the
transportation sector, where the demand for sustainable fuel options is increasing.

Fertilizer production: The leftover digestate from anaerobic digestion is nutrient-
rich and can be used as organic fertilizer, returning valuable minerals to the soil, and
promoting sustainable agricultural practices [23, 26, 27].

4.4 Environmental benefits, challenges, and comparative insights on biogas
4.4.1 Environmental benefits of biogas

Biogas production offers significant environmental advantages by utilizing metha-
nogens to convert organic waste into energy. This process reduces the volume of waste
sent to landfills, alleviating pressure on waste management systems and curbing the
release of methane—a potent greenhouse gas generated during landfill decomposi-
tion. Moreover, biogas production supports the principles of a circular economy by
transforming waste into valuable resources like energy and fertilizers. This reduces
resource consumption and enhances sustainability [24, 28].

4.4.2 Challenges in biogas adoption

Despite its benefits, the widespread adoption of biogas faces several challenges.
Technical issues, such as optimizing anaerobic digestion systems and managing
diverse feedstocks, require innovative solutions. Additionally, public awareness about
biogas’ potential and the pivotal role of methanogens in sustainable energy systems
need to be amplified. Addressing these challenges is essential to unlocking the full
potential of biogas as a renewable energy source [28].

Future research is likely to focus on improving the efficiency of methanogens
and developing innovative operational strategies for anaerobic digestion. Advances
in synthetic biology and genetic engineering may open new avenues for optimizing
microbial activity, potentially increasing biogas yields and enhancing overall system
performance [28, 29].

4.5 Comparative insights on biogas and other renewable energy sources

Renewable energy is essential for mitigating climate change, enhancing energy
security, and promoting sustainable development. Key sources such as biogas, ethanol,
biodiesel, and solar energy each contribute uniquely while facing specific limitations.
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This section compares biogas with other renewable energy sources based on
energy content, feedstock requirements, greenhouse gas emissions, infrastructure
needs, production costs, and environmental impacts. The analysis highlights the
distinctive advantages of biogas, particularly its role in waste management and
greenhouse gas mitigation [23-25, 30]. By harnessing the complementary strengths
of various renewable energy technologies, a diversified and resilient energy portfolio
can be established to sustainably meet future energy demands [26].

4.5.1 Energy content

Biogas has a lower energy content and density compared to ethanol and biodiesel.
However, it remains a versatile energy source, suitable for heating, electricity genera-
tion, and as a vehicle fuel when purified or compressed. In contrast, solar energy does
not produce fuel but generates electricity, which can either be stored in batteries or
fed directly into power grids. The efficiency of each energy source varies depending
on the application and specific end-user needs [23, 31].

4.5.2 Feedstock sustainability

Biogas relies on waste streams, making it a circular economy solution and preventing
landfill methane emissions. It transforms waste streams into energy while addressing
waste management challenges. Biochemically, the anaerobic digestion process involves
the breakdown of organic matter by microorganisms, producing methane and carbon
dioxide. This process is sensitive to pH, temperature, and feedstock composition, which
influence its efficiency and scalability. Biogas systems are particularly advantageous in
regions with abundant organic waste and limited agricultural land [26].

Ethanol is produced from corn and sugarcane, and ethanol’s reliance on crops intro-
duces concerns about food security and land competition. The biochemical fermentation
process used in ethanol production requires significant water and energy inputs, leading
to environmental trade-offs. Land-use changes for ethanol crops can lead to deforestation
and biodiversity loss, further intensifying its environmental impact [26].

Biodiesel is derived from vegetable oils and animal fats, biodiesel production faces
similar sustainability challenges as ethanol due to its dependence on agricultural
resources, resource competition and the environmental costs of crop cultivation. The
transesterification process used in biodiesel production requires chemical catalysts,
which can generate hazardous waste. Furthermore, the reliance on monoculture crops
contributes to soil degradation and reduces biodiversity.

Solar energy uses sunlight, an inexhaustible resource, but its reliance on mined
materials for panel production raises concerns about resource depletion and the
environmental impacts of mining activities. The scalability of solar energy systems is
often constrained by the availability of rare earth metals and the need for sustainable
recycling technologies.

4.5.3 Greenhouse gas emissions

Biogas has a low greenhouse gas (GHG) emission profile, particularly when meth-
ane is captured and utilized effectively, preventing its release into the atmosphere.
This reduces its global warming potential significantly.

Conversely, ethanol and biodiesel emit CO, during combustion and have signifi-
cant indirect emissions due to land-use changes, deforestation, and high fertilizer
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use, which can release nitrous oxide (a potent greenhouse gas). Solar energy, while
emission-free during operation, involves lifecycle emissions associated with panel
manufacturing, transportation, and disposal. Addressing these lifecycle emissions
through green manufacturing practices and recycling programs is essential to mini-
mize environmental trade-offs [20, 23, 26].

4.5.4 Infrastructure requirements

Biogas: Requires digesters and gas storage systems. These systems are scalable and
suitable for decentralized energy production and well-suited for decentralized energy
production in rural and urban settings. However, the initial investment and opera-
tional maintenance can be barriers to widespread adoption, particularly in developing
regions. Technological advancements in bioreactor designs and feedstock preprocess-
ing can improve scalability.

Ethanol: Relies on distilleries, which are capital-intensive and energy demanding,
posing challenges for scalability. Additionally, the concentration of ethanol produc-
tion in specific regions can strain local water resources and infrastructure.

Biodiesel: Requires refineries that demand substantial resources and infrastructure,
often limiting their feasibility in resource-constrained regions. The environmental
impact of these facilities can be mitigated through the adoption of cleaner production
technologies and sustainable sourcing of feedstocks.

Solar energy: Involves solar panels, inverters, and sometimes battery storage. While
simpler and increasingly cost-effective, large-scale solar installations may require
significant land, raising potential land-use conflicts. Urban solar installations, such as
rooftop panels, can alleviate some scalability challenges but may not meet large-scale
energy demands.

4.5.5 Production cost

Biogas systems are moderately expensive to establish but offer long-term cost
benefits, especially for facilities with abundant organic waste. Innovations in biogas
purification and storage technologies can further reduce costs and enhance scalabil-
ity. Ethanol and biodiesel production are costly due to their reliance on agricultural
inputs and energy-intensive refining processes. Solar energy, though increasingly
cost-competitive, often depends on government incentives or subsidies to offset
initial installation expenses. The development of efficient recycling systems for solar
panels could also reduce lifecycle costs and enhance environmental sustainability.

4.5.6 Environmental impact

Biogas effectively addresses waste management and pollution issues, offering a
dual benefit of energy production and environmental conservation. Its role in reduc-
ing methane emissions and providing renewable energy makes it a critical component
of climate change mitigation strategies. Ethanol and biodiesel, while renewable, are
associated with unsustainable agricultural practices, including water-intensive crop
cultivation and fertilizer overuse, which contribute to soil degradation and water
scarcity. Biodiesel’s land-use impacts, such as deforestation and habitat loss, further
highlight its environmental trade-offs. Solar energy, with minimal operational
impact, requires sustainable solutions for managing land-use and recycling panels
at the end of their lifecycle. Advances in panel design, such as the use of less toxic
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materials and improved energy efficiency, could significantly reduce its environmen-
tal footprint.

4.6 Broader environmental implications

Biogas not only mitigates waste but also enhances soil health by providing
nutrient-rich digestate as a byproduct, which can be used as organic fertilizer. This
contributes to sustainable agriculture by reducing dependence on synthetic fertilizers.
Ethanol and biodiesel production, while renewable, exacerbate water scarcity and
can disrupt local ecosystems due to pesticide runoff and nutrient leaching into water
bodies. The environmental implications of solar energy include habitat disruption
from large installations and the challenges associated with end-of-life panel disposal.
Developing circular economy solutions for panel recycling and utilizing brownfields
for installations can mitigate these impacts [32].

5. Innovative technologies in biogas production

The field of biogas production has witnessed significant advancements in recent
years, driven by the need to maximize yield, improve efficiency, and enhance
sustainability. Several innovative technologies and methodologies have emerged,
positioning biogas as a crucial player in renewable energy and waste management
systems. New techniques like co-digestion, where multiple organic substrates are
digested together, have been shown to increase biogas yields. Advanced biogas
upgrading systems, such as membrane separation, allow for the purification of biogas
to natural gas standards [8].

5.1 Co-digestion for enhanced biogas yields

Co-digestion is an emerging technique that involves the simultaneous digestion of
multiple organic substrates, such as food waste, agricultural residues, and wastewater
sludge, in the same anaerobic digestion system. Co-digestion of mixed substrates
increases biogas yields by optimizing nutrient balance and microbial activity.
Application in municipal waste management and agriculture demonstrates cost-
effectiveness and efficiency [17, 28].

The advantages of co-digestion systems can be summarized as follows:

* Higher biogas yields: Combining substrates with complementary characteris-
tics, such as carbon-to-nitrogen ratios, enhances microbial activity and biogas
production.

* Improved waste management: Co-digestion enables the effective treatment of
various waste streams in one system, reducing disposal challenges.

* Cost-effectiveness: By processing multiple wastes together, facilities can achieve
economies of scale and reduce operational costs.

* Applications: Municipal waste treatment plants and agricultural biogas facili-
ties increasingly employ co-digestion to improve efficiency and profitability
[17, 28, 33].
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5.2 Advanced biogas upgrading systems

Raw biogas contains impurities like carbon dioxide (CO,), hydrogen sulfide (H,S),
and water vapor, which limit its direct use. Advanced upgrading technologies have
been developed to purify biogas into biomethane, a renewable substitute for natural
gas. Key methods include:

Membrane separation: A highly efficient technique that uses selective membranes
to separate methane (CH,) from other gases. Advantages include compact design,
scalability, and low energy consumption [17, 28, 34].

Pressure swing adsorption (PSA): Removes CO, and other impurities by cycling gas
through absorbent materials under varying pressure. PSA offers high purification
efficiency and is widely adopted in large-scale facilities [17, 34].

Water scrubbing and chemical absorption: These technologies use water or chemical
solutions to absorb impurities, yielding high purity biomethane [17, 34].

Cryogenic separation: Is an innovative technique that cools biogas to effectively
separate its components at their condensation points. This method results in high-
quality biomethane and facilitates the recovery of valuable by-products such as liquid
CO;, [17, 34].

6. Economic feasibility and lifecycle analysis of advanced biogas
technologies

To validate the scalability and sustainability of advanced biogas technologies, a
detailed assessment of their economic feasibility and lifecycle impact is essential:

Economic feasibility: Initial investment and operational costs vary significantly
between upgrading methods. Membrane separation and PSA offer lower operational
costs and higher energy efficiency, making them more suitable for mid to large-scale
operations.

Cryogenic separation, although capital-intensive, provides opportunities for
revenue generation through the sale of by-products like liquid CO,. The ability to
monetize these by-products can offset the higher initial costs and make the technol-
ogy viable in the long-term.

Integration with renewable energy sources, such as solar or wind power, can
further reduce operational costs by providing a sustainable energy supply for upgrad-
ing processes [26, 27, 35].

Life-cycle analysis (LCA): Comprehensive LCAs reveal that biogas upgrading
technologies significantly reduce greenhouse gas emissions compared to fossil fuel
usage. For instance, replacing natural gas with biomethane derived from upgraded
biogas can cut carbon footprints by up to 90%.

Biogas systems contribute to waste reduction by diverting organic waste from
landfills and reducing methane emissions from decomposition.

Circular economy principles are evident in these technologies, as they not only
produce clean energy but also recover valuable resources like nutrients and carbon
dioxide [26, 27, 34, 35].

Scalability and adaptability: Advanced biogas technologies can be adapted to
different scales, from small agricultural setups to large municipal treatment facilities.
Modular designs, particularly in membrane separation systems, allow for phased
expansions as demand grows.
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Policy incentives, such as carbon credits and subsidies for renewable energy
production, enhance the economic feasibility of adopting these technologies globally
[26, 27, 32, 34, 35].

By addressing both economic and environmental dimensions, advanced biogas
production and upgrading technologies ensure not only enhanced energy yields
but also long-term sustainability, making them a cornerstone of modern renewable
energy solutions.

7. Challenges and future directions in biogas production

Despite advancements, biogas production faces significant challenges that require
innovative solutions. Methanogens, the microorganisms central to biogas production,
are highly sensitive to environmental factors such as temperature, pH, and substrate
composition. These factors affect metabolic activity and the stability of anaerobic
digestion systems. Additionally, the high initial capital and operational costs of
constructing and maintaining digesters pose barriers to adoption, especially for
small-scale operators.

To tackle these challenges effectively, it is important to examine the core issues
impacting biogas systems and explore cutting-edge solutions. Addressing technical
and biological challenges is key to overcoming these hurdles and ensuring sustainable
advancements [29, 34].

7.1 Addressing technical and biological challenges

The sensitivity of methanogens and the complexities of AD systems necessitate
advanced approaches to ensure stability and efficiency. These include:

Advanced biotechnological approaches: Genetic engineering of methanogens
offers solutions to improve AD performance. Enhanced strains can withstand
environmental stresses such as high-ammonia concentrations, maintaining
stability and efficiency under diverse conditions. For instance, overexpression of
key enzymes in the methanogenesis pathway, such as methyl-coenzyme M reduc-
tase, has shown promise in improving methane yield. Tools like CRISPR-Cas9
enable precise genome editing, fostering the development of robust methanogen
strains [36].

Tailored microbial consortia: Synergistic microbial consortia, combining cel-
lulolytic bacteria and methanogens, accelerating the breakdown of lignocellulosic
biomass, addressing feedstock variability issues and enhancing biogas production
efficiency [13, 29].

Process optimization: Co-digestion of multiple feedstock types and real-time
monitoring of AD system parameters optimize efficiency and stability. Advanced
monitoring systems with integrated sensor technologies and data analytics ensure
rapid detection and correction of imbalances [8].

Smart monitoring and control systems: The use of sensors, Internet of Things (IoT)
devices, and machine learning algorithms in anaerobic digestion systems has revolu-
tionized biogas production:

* Real-time monitoring: Advanced sensors track key parameters such as pH,
temperature, and gas composition, ensuring optimal reactor performance.
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* Predictive maintenance: Al-based systems can predict equipment failures, reduc-
ing downtime and maintenance costs.

* Dynamic optimization: Machine learning algorithms optimize feedstock mix-
tures and process conditions to maximize biogas yields [37].

7.2 Emerging research trends: Expanding horizons in biogas technology

Emerging research trends are shaping the future of biogas production, with a
focus on integrating biogas systems into broader environmental and energy strategies:

Methanogens in carbon capture and storage (CCS): Methanogens are gaining
attention for their potential role in carbon capture and storage (CCS). These micro-
organisms can convert CO, into methane under anaerobic conditions, enabling
simultaneous renewable energy production and greenhouse gas reduction. Research
focuses on enhancing CO, conversion efficiency through genetic modifications and
optimized reactor designs. Integrating biogas systems with CCS technologies could
transform anaerobic digestion into a dual-purpose solution for mitigating climate
change and providing sustainable energy [38].

Microbial electrochemical systems (MES): Innovations in MES enable the direct use
of electricity to drive microbial methane production from CO, and hydrogen. This
approach has potential for integrating renewable electricity sources, such as wind or
solar, with biogas production [39].

Valorization of by-products: Beyond biomethane, researchers are exploring ways to
extract value from by-products of anaerobic digestion, such as biochar, digestate, and
volatile fatty acids (VFAs). These by-products can be repurposed as soil amendments,
feed additives, or chemical precursors, enhancing the overall economic and environ-
mental viability of biogas systems [40].

Synthetic biology applications: Synthetic biology enables the design of custom
microbial consortia tailored to specific feedstocks and operating conditions.
Engineered microbes can be programmed to perform complex metabolic functions,
such as enhanced degradation of lignocellulosic biomass or precise regulation of
methanogenesis pathways.

Integration with civcular economy principles: The development of closed-loop
systems that integrate biogas production with waste management, agriculture, and
energy sectors is gaining traction. These systems optimize resource use, reduce waste,
and create synergistic benefits across industries [34, 39].

8. Integration with renewable energy systems

Innovative integration of biogas systems with other renewable energy technolo-
gies, such as solar and wind, enhances energy efficiency and reliability:

Hybrid systems: Biogas plants equipped with solar panels or wind turbines can
meet the energy demands of auxiliary equipment like pumps and compressors. This
integration ensures a consistent energy supply, even during periods when biogas
production alone may not meet peak energy demands. For example, hybrid systems
in rural regions can provide off-grid energy solutions, reducing reliance on fossil fuels
and promoting energy equity [24, 41].

Power-to-gas technology: This technology uses surplus electricity from renew-
able sources to produce hydrogen via electrolysis, which is then injected into biogas
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reactors to produce methane through a biological or chemical methanation process.
Power-to-gas systems offer a dual benefit: enhancing the calorific value of biogas and
providing a storage solution for excess renewable electricity. Successful pilot projects
in countries like Germany have demonstrated the potential of this approach in stabi-
lizing energy grids and maximizing the utility of renewable energy [24, 41].

Energy hubs: Integrating biogas plants into larger renewable energy hubs that
combine solar, wind, and biomass technologies can create synergistic benefits. These
hubs can optimize resource use, reduce waste, and ensure a balanced energy supply
throughout the year. Such systems also foster economic resilience by diversifying
income streams for energy producers [24, 41].

The integration of biogas systems with other renewables underscores the impor-
tance of holistic energy strategies. By leveraging the unique strengths of each technol-
ogy, hybrid systems can overcome individual limitations, reduce dependency on fossil
fuels, and accelerate the global transition to sustainable energy.

9. Regulatory and policy frameworks supporting the adoption of
methanogen-based technologies

The successful adoption and scaling of methanogen-based technologies for biogas
production depend significantly on supportive regulatory and policy frameworks. As
the renewable energy landscape continues to evolve, industry stakeholders, including
biogas producers, technology developers, and investors, need clear guidelines and
incentives to foster innovation and implementation [42].

Government incentives and subsidies: To accelerate the adoption of biogas tech-
nologies, many governments offer financial incentives such as grants, subsidies,
and tax credits. These incentives are particularly important for covering the high
initial capital costs associated with the construction of biogas plants and the imple-
mentation of advanced technologies. For example, subsidies for the installation of
anaerobic digesters or biogas upgrading systems like membrane separation can lower
entry barriers for smaller operators, enabling them to invest in innovative solutions.
Policymakers should continue to expand these incentives to support the develop-
ment of methanogen-based biogas systems that focus on maximizing efficiency and
sustainability [38, 42, 43].

Carbon credit and emission reduction programs: Methanogen-based biogas systems
play a vital role in reducing greenhouse gas emissions by capturing methane that
would otherwise be released into the atmosphere from landfills or wastewater treat-
ment plants. Regulatory frameworks that support carbon credit markets, such as the
Clean Development Mechanism (CDM) or the European Union Emission Trading
Scheme (EU ETS), provide biogas producers with financial returns for reducing
emissions. By facilitating the trade of carbon credits, governments can incentivize
investments in biogas systems and reward companies that adopt methanogen-based
technologies that contribute to carbon sequestration [43, 44].

Renewable energy standards and renewable gas mandates: Many countries have
established renewable energy targets, often requiring a certain percentage of energy
to come from renewable sources. These standards can include provisions for the
inclusion of biogas in the energy mix. Renewable gas mandates or guarantees of
origin (GOs) allow biogas producers to prove the renewable origin of their gas and
access premium markets. Such regulatory frameworks provide a stable market for
biomethane, ensuring that the industry remains economically viable and competitive.
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Additionally, aligning biogas production with national or regional renewable energy
targets helps secure long-term investment in methanogen-based technologies [42].

Research and development support: Given the complexity of biogas production sys-
tems, especially those utilizing methanogens in the production of biomethane, ongo-
ing research, and development are essential for addressing technical challenges and
advancing system efficiency. Governments and international organizations can foster
R&D by funding academic and industrial research projects, providing grants for pilot
programs, and facilitating collaboration between the public and private sectors. Policy
frameworks that prioritize research into the genetic engineering of methanogens,
optimization of anaerobic digestion processes, and integration of biogas with other
renewable energy technologies will accelerate technological advancements [23, 29, 42].

Waste management and civcular economy policies: Methanogen-based technologies
have the dual benefit of providing renewable energy while addressing waste manage-
ment challenges. By incentivizing the use of organic waste streams such as agricultural
residues, food waste, and wastewater sludge, policymakers can align biogas production
with circular economy principles. Waste diversion policies that promote the use of
organic waste for biogas production, such as landfill diversion mandates or organic waste
recycling laws, create an enabling environment for the adoption of methanogen-based
biogas systems. These policies reduce waste and contribute to a cleaner, more sustainable
environment while supporting the growth of the biogas industry [26, 32, 42].

Streamlined permitting and regulatory approvals: The permitting process for biogas
projects can often be cumbersome and time-consuming, deterring potential investors.
Simplified and expedited permitting procedures are essential to ensure that biogas
projects can be implemented quickly and efficiently. Policymakers can help by creat-
ing clear, transparent, and standardized regulations for biogas projects, particularly
for small-scale systems or pilot projects. This includes setting guidelines for site selec-
tion, environmental impact assessments, and safety protocols to ensure that biogas
projects meet regulatory requirements without excessive delay [42].

Public-private partnerships (PPPs): Industry stakeholders can also benefit from
public-private partnerships (PPPs) that facilitate the adoption of methanogen-based
biogas technologies. These partnerships allow for the pooling of resources, expertise,
and risk-sharing between governments and private enterprises. For instance, joint
ventures can support large-scale biogas projects that incorporate the latest technolog-
ical innovations and provide training, capacity building, and access to international
markets. Governments can contribute to these partnerships by providing infrastruc-
ture support, regulatory guidance, and long-term policy stability [42, 45, 46].

9.1 Practical perspective for industry stakeholders

For industry stakeholders, navigating the regulatory landscape and leveraging these
supportive frameworks is key to successful implementation. Investors and technol-
ogy developers should stay informed about changes in policy incentives, carbon credit
schemes, and renewable energy targets to align their strategies with emerging opportu-
nities. Collaboration with policymakers can ensure that the necessary regulatory frame-
works are in place to support the deployment of methanogen-based technologies at scale.

Furthermore, building partnerships with academic institutions and research
organizations can help industry stakeholders stay at the forefront of technological
innovations. By engaging in joint research initiatives or participating in pilot projects,
companies can assess innovative solutions in real-world settings, refine their tech-
nologies, and build a competitive edge [46].
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10. Case study: Analysis of methanogenic populations in OFMSW
treatment

As mentioned earlier, methanogens play a crucial role in biogas production.

These microorganisms break down organic matter into methane and carbon dioxide,
providing a renewable energy source and addressing global waste management
challenges. Among various applications, the anaerobic digestion (AD) of the organic
fraction of municipal solid waste (OFMSW) is a biologically optimizable process with
significant potential for sustainable energy production.

This part delves into the importance of methanogens in AD, focusing on a case
study that highlights microbial population dynamics in two parallel digesters treating
OFMSW. It explores the relationship between methanogen diversity, environmental
conditions, and methane yield to demonstrate how bioindicators can enhance diges-
tion performance.

10.1 Overview

A key industrial case study analyzed microbial balance in two pilot-scale anaerobic
digesters operated by ACEA Pineries Industriale. ACEA is a modern multi-utility
company that processes 60,000 tonnes per year of the organic fraction of municipal
solid waste (OFMSW), serving approximately 1 million residents. The thermophilic
digestion process, maintained at 55+ 1 °C, occurs within two parallel biodigesters,
referred to as Reactor A and Reactor B. Both digesters had identical designs and
were fed the same OFMSW, except for the inclusion of a biopolymer additive in one
system. The aim was to assess how the additive influenced methanogenic communi-
ties and methane yield [47]. The results revealed a decrease in total methanogen
abundance and activity with the additive inclusion:

* Total methanogens decreased from 7.67 to 748 Log gene copies/mL sludge.

* Methanobactin spp., the most dominant methanogen, declined from 6.05 to 5.69
Log gene copies/mL sludge (T-test p < 0.01).

This reduction correlated with a slight decline in methane yield (—8%), indicating
that while Methanobactin played a dominant role, the broader methanogenic com-
munity was highly heterogeneous and complex. The study underscored that varia-
tions in methanogen populations can act as bioindicators of digestion performance.
Even slight modulations in key methanogens like Methanobactin can impact methane
production. However, only a fraction of the active methanogens was characterized,
highlighting the need for further research to fully understand the microbial interac-
tions within digesters [47].

10.2 Implications and applications
The findings from this case study provide several key insights:

* Optimization potential: Understanding methanogen dynamics can improve
digester performance by enabling targeted interventions, such as additive
selection or feedstock adjustments.
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* Sustainability: The use of OFMSW in AD offers a sustainable pathway for waste
management and renewable energy production, reducing reliance on fossil fuels.

* Bioindicators: Methanogen population shifts serve as valuable bioindicators,
offering a predictive tool for digestion efficiency under varying conditions.

This research demonstrates the critical role of methanogens in advancing sustain-
able anaerobic digestion technologies. Future work should focus on characterizing the
full methanogenic community and further exploring genetic or biochemical interven-
tions to enhance methane yields [47].

11. Conclusion

Methanogens are pivotal to the sustainable energy landscape, driving the produc-
tion of biogas—a renewable energy source with vast potential. As the world seeks to
transition toward more sustainable energy solutions, understanding and harnessing
the power of these microorganisms will be key to unlocking a cleaner, greener future.
With advancements in biogas technologies, including co-digestion, advanced upgrad-
ing systems, and integration with renewable energy sources, biogas is positioned
to play a critical role in addressing global energy demands and waste management
challenges [24, 29, 32].

The future of biogas lies in continued innovation. Technologies like smart moni-
toring and control systems are optimizing biogas production by enhancing efficiency
and reducing operational costs. Advanced approaches in biotechnology, such as
genetic engineering and tailored microbial consortia, are improving process stability,
and increasing biogas yields. These innovations, combined with the adoption of circu-
lar economy principles, help ensure that biogas systems not only provide clean energy
but also recover valuable resources, further advancing sustainability goals [37, 48].

To fully realize the potential of biogas, a unified vision for innovation and collabo-
ration is essential. Addressing economic, technical, and regulatory challenges requires
coordinated strategies that include increased funding for research, incentives for bio-
gas adoption, and the establishment of supportive policy frameworks. Collaboration
among researchers, industry stakeholders, and policymakers will be key to overcom-
ing these barriers and scaling biogas systems for widespread use [29, 49].

Regulatory frameworks and policies play a critical role in enabling the adoption of
methanogen-based biogas technologies. Government incentives, carbon credit markets,
renewable energy standards, and research funding all contribute to creating an environ-
ment that supports biogas production. Policies that encourage waste diversion, streamline
permitting processes, and incentivize public-private partnerships will further enhance
the scalability and economic viability of biogas systems. By fostering such supportive
frameworks, industry stakeholders can confidently invest in and implement innovative
technologies, accelerating the transition to a sustainable energy future [29, 42, 43].

By leveraging innovative technologies and fostering a collaborative environment,
biogas production can evolve into a scalable, reliable, and sustainable component of
global renewable energy and waste management systems. This will not only contrib-
ute to energy independence but also promote environmental stewardship, ensuring a
healthier planet for future generations [34].

In conclusion, methanogens and biogas production are central to the renew-
able energy transition. Through innovation, collaboration, and a commitment to
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sustainability, biogas can become a cornerstone of our global energy solutions—driv-
ing cleaner, greener, and more resilient communities.
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Abstract

Methanogens present a class of Archaea which are crucial for the production
of biogas. The process involved in this type of energy production is the anaerobic
digestion process which is a key component in contributing to the conversion of waste
materials to useful energy materials, and it contributes to environmentally friendly
renewable energy solutions. This chapter discusses the biological aspect, metabolic
reactions, and pathways involved in converting organic waste into methane with the
help of methanogens. Additionally, the role of methanogens as contributors toward
sustainable alternative energy solutions and upgradation by various biotechnologi-
cal, genetic engineering, and co-digestion approaches will be discussed. This helps
to reduce the emission of greenhouse gases and to solve the problems related to
climate and environmental changes. This chapter will also discuss the environmental
impact of methanogen-based approaches for biogas production, utilization of waste
resources, and waste treatment to contribute to green energy production. The contri-
bution toward the growing importance and significance of renewable energy solu-
tions will also be discussed, addressing technical challenges and possibly discussing
the future potential of these organisms.

Keywords: methanogens, anaerobic digestion, biogas production, renewable energy,
climate change mitigation, co-digestion, genetic engineering

1. Introduction

Methanogens are a particular group of microbes that are associated with the
domain of Archaea. This group of microorganisms is particularly studied and well
known for their ability to produce methane, which is an important bio-based fuel.
The driving mechanism behind this methane production is a metabolic process
known as methanogenesis. Methanogenesis occurs in an anaerobic, oxygen-free envi-
ronment and can potentially occur in a variety of habitats, which can include landfills,
working lands, and even the digestive tract of ruminant animals such as dairy animals
(cows and goats) [1]. This process is carried out by methanogens, and the process
plays a vital role in the carbon cycle by conversion of organic matter within waste

25 IntechOpen



Methanogens — Unique Prokaryotes

materials into methane. This leads to the production of biogas, which is a renewable
and sustainable energy alternative from biological resources [2].

The recent energy crisis has led to the discovery and consideration of various
alternative energy resources. Methanogens have emerged as a possible alternative to
traditional fossil fuel energy resources. The traditional fossil fuel energy resources
are not only impacting the environment by climate changes, but there is a significant
decrease in the global reserves of these nonrenewable energy resources, and this has
disturbed the economic balance of various countries and has forced the policymakers
to focus on sustainable energy alternatives that can address the issues of both environ-
mental impact and depleting energy resources [3]. Hence in this regard, methanogens
offer a unique solution to the underlying problem by utilizing organic base material for
the production of clean alternative renewable energy resources, biogas. Additionally,
the burning of biogas produces fewer greenhouse gases than conventional burning up
close to the field such as coal and natural gas [4]. Another advantage of using biological
production of renewable energy resources is the economic benefit that comes with the
utilization of waste in producing biogas as an energy alternative. The impact of biologi-
cal resources can be determined as a choice by various economic experts and policy-
makers as a possible alternative, as it balances economic instability by reducing the
costs of waste treatment and increasing the production of energy simultaneously [5].

1.1 Methanogens: The natural sources of methane

As methanogens are a group of Archaea, they have distinct features from bacteria
and hence involve several metabolic pathways, which allow them to thrive in diverse
environmental conditions and be able to withstand high temperatures and extreme
conditions. Hence, the methanogens can produce methane under three different
temperature conditions that include lower temperature, optimized temperature,
and high temperature [6]. In the range of optimized temperature, the best produc-
tion of methane occurs, and this temperature is in the range of 30-40°C. However,
as discussed earlier, the potential of methanogens to produce methane at different
temperatures. They have the ability to produce methane and withstand diverse envi-
ronmental conditions; due to the presence of these properties, they are widely used
for biogas production [7]. Another characteristic feature of methanogens is their abil-
ity to provide methane in the absence of oxygen. Most organisms use oxygen for their
respiratory purposes; however, methanogens are involved in anaerobic environments.
Additionally, they can produce methane as a byproduct in the absence of oxygen.

The ability of methanogens to convert carbon compounds results in the formation of
byproduct methane. These carbon compounds included carbon dioxide and acetate.
This process is a key parameter that is considered in the production of methane under
various industrial processes. A series of complex biological processes and biochemical
reactions contribute toward the production of methane by methanogenesis in this
regard. The carbon dioxide and hydrogen molecules are utilized by methanogens and
broken down through a series of processes to form methane and water as byproducts
[8]. Moreover, methanogens can metabolize methyl amine compounds, acetates, and
methanol eventually leading to the production of methane.

1.2 Methanogens in biogas production

There are four main steps involved in the production of methane by the process of
methanogenesis. These four steps are points of consideration many researchers and
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experts have often targeted these steps in order to maximize the production of biogas
from methane. These four steps include hydrolysis, acidogenesis, acetogenesis, and
finally methanogenesis, which is the step that yields methane [9]. Methane produced
at the end of these steps is harnessed and used as a clean resource of energy for vari-
ous purposes.

The process of anaerobic digestion can be carried out by various industrial
processes such as wastewater treatment and agriculture waste management, all
of these processes can contribute toward the production of biogas from organic
waste materials. By utilization of the methanogenesis process in the waste treat-
ment plants, the substrates and organic waste materials in the sludge are converted
into biogas, which is then processed in such a way that they can then be used as
aresource for the generation of electricity and headed for the industrial facility
[10]. Likewise, agricultural-rich materials commonly manure, crop residues, and
waste material from various vegetables and food wastes are processed, there will
be conditions to produce biogas which is then utilized as an energy resource in
rural areas.

The advantages of biogas over conventional fossil fuel energy resources are
diverse. These renewable energy alternatives can not only be used for local produc-
tion of energy, but they can also reduce the carbon footprint on a global scale [11].
The utilization of methane as a heat source from biogas produces a lesser amount of
carbon dioxide compared to the amount released by burning fossil fuels. Additionally,
the methane produced is captured and harnessed for the production of green energy,
and hence its release into the environment is controlled, as it would otherwise act as

a toxic greenhouse gas that has a considerably higher greenhouse effect compared to
carbon dioxide [12].

1.3 Global significance and ecological effects

The increasing demand for energy sources, levels of population, and waste
materials is a point to consider, as it is related to the changes in the environment and
increased pollution rates. The utilization of sustainable energy alternatives is, how-
ever, an alternative approach to address all these issues and to produce a renewable
form of energy that can be utilized in a renewable way [13]. This unique property of
biological organisms is the reason why they are considered as eco-friendly alternatives
to fossil fuels and waste management.

Anaerobic digestion is a highly beneficial process, not only for capturing methane
as an energy source and preventing its release as a potent greenhouse gas but also for
producing valuable byproducts. The materials generated after digestion are rich in
natural nutrients that can be used as fertilizers, promoting plant growth and sup-
porting sustainable agriculture [14]. These fertilizers offer cost-effective and better
alternative to synthetic fertilizers.

The adaptability of biogas production via methanogenesis has a wide range of
applications included, but are not restricted to the generation of electricity, produc-
tion of heat, and as a transportation fuel in the form of compressed biomethane. This
highlights the significance of biofuels as economic players and driving factors for the
economic stability of a country [15]. As these renewable alternatives are cost-effective,
they can be implemented at smaller scales as well as larger scales ranging from con-
ventional household registers in small communities to large-scale industrial facilities
making methanogenesis an easy cost-effective, and accessible energy option for diverse
populations [16].
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1.4 Current developments and technological innovations

There is a lot of potential for renewable energy resources toward addressing the
issues that are faced in economical and environmental sectors. Despite this potential,
various associated challenges need to be considered and optimized for the bet-
ter performance of these renewable energy systems and not used as solutions for
economic and environmental stability [17]. These issues can be addressed by recent
advancements in the fields of biotechnology, genetic engineering, and biochemical
processing. All these fields are focused on maximizing the amount of methane that
is produced in the process of methanogenesis while ensuring the least production of
other harmful substances that can potentially damage the environment. Additionally,
these research approaches also focus on maximizing methane production by increas-
ing the tolerance of microbes involved in diverse environments and extreme condi-
tions [18]. One easy and cost-effective approach in this regard is the development
of a co-digestion process where multiple substrates are processed by microbes, and
this results in the production of methane. The advantage of this system is that it not
only provides a diversity of multiple substrates but also the diversity of conditions for
various microbial communities present in an anaerobic system so that they can work
on the production of methane from waste [19]. This approach is being considered
along with modifications, and it will be digestion conditions, bioreactor design, and
retention capturing techniques for optimizing the overall methane production from
resources.

2. Methanogens biology and ecology

As previously discussed, methanogens possess unique characteristics that make
them an ideal candidate for the production of methane, a renewable energy source. In
addition to this property, they also possess a variety of biological and ecological char-
acteristics that help them to survive in extreme conditions. The production of biogas
from methanogens is also accompanied by the production of anaerobic digester
waste, which is an excellent resource of fertilizer for plants and can be processed to
provide natural product-based products in replacement of conventional chemical
fertilizers.

2.1 Classification of methanogens

Although methanogens fall under the domain Archaea, which is different from
Bacteria and Eukarya, their characteristic features are main points to classify them
further into several orders and families based on their phylogenetic relationships,
metabolic pathways, and substrates used for methane production [20].

The main classes of methanogens include:

Methanobacteriales: In this order, Methanobacterium and Methanobrevibacter
are some commonly understood methanogens [21]. The members of this group have
the ability to utilize carbon dioxide as well as hydrogen for the production of methane
and are typically named as hydrogenotrophic methanogens.

Methanococcales: This category of methanogens is also hydrogenotrophic, able to
survive in complex environments and extreme conditions such as hot springs [22].
This group of methanogens is named Methanococcus methanogens.
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Methanomicrobiales: The group of methanogens includes acetate-utilizing
methanogens as well as hydrogenotrophic methanogens [23], as a result, they are both
acetoclastic and hydrogenotrophic.

Methanopyrales: These are important species in geothermal ecosystems because
they are high-temperature loving and are able to survive and produce methane in
high-temperature conditions [24]. This class of methanogens is also useful in high
heat-producing industrial processes.

Methanocalculus: The organisms of this order can grow and produce methane in
environments of high salinity (Figure1).

This classification of methanogens highlights the diversity of their work environ-
ments and their spread across various ecological systems. The adaptability of metha-
nogens in varying conditions is the reason why they should be considered as a good
alternative resource for the production of renewable energy [25].

2.2 Methanogenesis pathways

The pathways of methanogenesis involve the breakdown of various organic
compounds into simpler compounds, and then these simpler compounds are further
processed by various metabolic pathways, which lead to the production of methane
[26] through the following key metabolic reactions:

Hydrogenotrophic methanogenesis: This is a methanogenesis process where the
utilization of hydrogen and carbon dioxide results in the production of methane [27].
The organic waste that is used as a substrate for these types of reactions is first broken
down into hydrogen and carbon dioxide, which are then converted into methane
under with following Eq. (1).

4H2+C02 — CH4+2H20 1)

This pathway commonly occurs in anaerobic environments where hydrogen is
produced as a byproduct during the degradation of organic matter.

Acetoclastic methanogenesis: Under the conditions where acetate ions are
produced [28], the methanogens adapt to acetoclastic methanogenesis. The overall
reaction can be summarized using Eq. (2) as follows.

CH3COO—-+H20 - CH4+CO2 )

Classification of Methanogens

—

” Y
(Class 1)
S

Methanopyrales i i
L ethanosarcinales
Methanococcales Methanomicrobiales Matharocellale
Methanobacteriales

Figure 1.
Classification of methanogens.
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Methylotrophic methanogenesis: In this type of reaction, methanol is primarily
used as a substrate for the production of methane [29]. The methylated substrates
produce methane through the following conversion reaction Eq. (3).

CH30H — CH4 + H20 (3)

These types of reactions typically occur in marine sediments and during the
degradation of organic matter.

The abovementioned pathways highlight the significant biochemical activity that
is involved in the production of methane from its methanogenic classes. Over the
years, the varying conditions and creating substrate types have pushed the metha-
nogens toward genetic evolution, and hence these evolutions have resulted in the
adaptability of methanogens over varying conditions for the production of methane.

2.3 Environmental niches and adaptation

The adaptability of methanogens in various environmental conditions stems from
their ability to adapt to various stressful environments and changes in their genetic
makeup through the process of evolution. These methanogens can work in various
anaerobic conditions and in varying oxygen conditions, which marks their ecological
success and diversity [30]. The diverse habitats of methanogens include:

Wetlands: The wetlands are composed of organic material and hence provide an
ideal environment for the methanogens. These saturated soils are the ground for the
decomposition of matter from animal and plant wastes and lead to significant meth-
ane production.

Landfills: The landfills are sites where the anaerobic conditions build up over time
by accumulation of organic wastes, and this provides an environment for metha-
nogens to work efficiently and produce methane. The methane produced in these
processes is captured and used as biogas for the generation of energy.

Digestive tracts of ruminants: This is a natural phenomenon and occurs in the
gastrointestinal tract of various ruminant animals. This has significance in terms of
the digestive system of animals, as it helps to break down complex carbohydrates and
is the fermentative process where methane is produced as a byproduct.

Hydrothermal vents: In the presence of high temperatures as well as high-pressure
marine conditions such as those present in hydrothermal vents, methanogens are able
to grow and produce methane through biogeochemical cycles.

Extreme salinity environments: Methanogens are able to survive in hypersaline
conditions, which has marked their adaptability and allowed them to cover various
ecological grounds which are otherwise uninhabitable by other microbial species
(Figure 2).

2.4 Role of methanogens in the carbon cycle

The key process of methanogenesis by methanogens is a vital factor in addressing
the issue of the global carbon cycle. The conversion of organic carbon to methane,
which is released into the atmosphere or captured as biogas, has a significant impact
in terms of environmental sustainability and the production of energy.

In natural ecosystems and controlled environments, methanogens can contrib-
ute to the utilization of organic waste matter to transform it into useful methane

30



Pioneering Methanogens: The Architects of Modern Eco-Friendly Renewable Energy Solutions
DOI: http://dx.doi.org/10.5772/intechopen.1008419

e CEEes

" Landfills )

= [ Wet Lands - . | ~ i

3 | Biogas Production and
. Consumption

Figure 2.
Diversity of habitats for methanogens to thrive.

products. The carbon cycle in the natural ecosystem is also completed when methanol
drops convert methane back into carbon dioxide. This leads to the completion of the
carbon cycle, and an interplay between methanogens and methanotrophs is a key
balance to maintain sustained levels of carbon in the environment [31]. Moreover,
methane is more potent compared to carbon dioxide; it has a significantly less lifespan
than carbon dioxide and hence contributes less toward climate change [32]. The cap-
ture and utilization of methane by various biogas systems are eventually helping the
environment and reducing the production and emission of methane in the ecosystem.

3. Methanogens in renewable energy applications

The unique processes occurring in anaerobic systems have made methanogens
an important class of microbes, highlighting their role in the production of energy
through products produced during the anaerobic digestion process. The outline of the
process is the introduction of microbes and waste materials in a specialized environ-
ment known as bioreactors in which controlled conditions are maintained. These
components then undergo an anaerobic digestion process that over time converts the
waste materials to byproducts and the methane is released through this process which
is then collected, processed, and then stored in the form of biogas [33]. This section
highlights the important role of methanogens in the production of biogas and their
role in the generation of energy.

3.1 Biogas production

The anaerobic digestion process is one of the most important processes as it
yields methane and involves the processing of organic waste matter from food
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waste, agricultural waste, and manure waste. Another important parameter in

this process is the absence of oxygen, which enhances the metabolic activities of
methanogens [34]. However, the process is broken down into a series of steps that
occur consecutively throughout the whole process making sure that all the material
is properly utilized in the process and that waste material is converted into useful
byproducts.

Hydrolysis: The process of anaerobic digestion is continuous, and all the pro-
cesses occur simultaneously meaning that at any particular time in a reactor, the
process is undergoing different steps. However, the first stage of the process is the
hydrolysis process, where the complex organic matter is broken down into simpler
forms/compounds [35]. They are easily consumable products for the microbes
that process these byproducts in the preceding stages of anaerobic digestion. The
microbes involved in this process are hydrolytic bacteria and the enzymes that are
involved in this process are hydrolytic enzymes are produced and released by these
hydrolytic bacteria [36]. This is important because the process converts the complex
carbohydrates, fats, and proteins present in the waste material into simpler sugars,
fatty acids, and amino acids, which are easily soluble and act as byproducts for the
next process.

Acidogenesis: The next process is acidogenesis, which utilizes the products of
hydrolysis and further processes them to even shorter forms, comprising smaller
chains of fatty acids, hydrogen molecules, CO,, and alcohols via fermentation [37].
The bacteria involved in this process are acidogenic bacteria, and this is a crucial step
the acidogenesis process yields the byproducts [38] which are then further consumed
in the later part of the fermentative process. The acetogenesis acts as a platform for
the methanogen bacteria for the production of methane.

Acetogenesis: This is the mixture of the elements from the fermentation process,
where the acetogenic bacteria convert these short-chain fatty acids and alcohol-based
products into acetate ions, hydrogen, and carbon dioxide. This process is fundamen-
tal, as it provides a setting stage for the methanogens [39], which consume these
acetates as an imported substrate for the production of methane. Furthermore, the
products of this process are also vital, as acetoclastic methanogenesis converts the
acetates as substrates for the production of methane.

Methanogenesis: The final stage is ultimately the production of methane from the
whole anaerobic digestion process and the key players in this process are methano-
gens, which convert the products of acetogenesis and acidogenesis (collectively called
fermentation) into methane [40]. One particular point of consideration here is the
utilization of substrates for the production of methane. Depending upon the avail-
ability of resources, the methanogens either use hydrogenotrophic, acetoclastic, or
methylotrophic pathways, and this leads to variation in the amount of methane that is
produced in the reaction (Figure 3).

The variation of production of methane in an anaerobic digestion process var-
ies, and this depends upon various factors that include changes in pH, temperature,
processing time, and the composition of waste material or organic feedstock that was
used [41]. The process of anaerobic digestion yields biogas which is comprised of
methane, carbon dioxide, and small amounts of other gases. The amount of methane
is primarily 50-75% and the concentration of carbon dioxide is 25-50% while there is
a 1% concentration of other gases [42]. The produced methane can then be purified
through processing and can be used for electricity generation and heating or can we
upgrade it to be used as vehicle fuel.
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Figure 3.
Anaerobic digestion and methane production by methanogens.

3.2 Bioenergy generation

The generation of energy from biological systems represents an innovation in the
field of energy production and an alternative to traditional methods. The product of
methanogenesis yields methane [43], which can be processed for various purposes:

Electricity generation: One of the important purposes of biogas produced from
methanogenesis is that it can be burned in systems known as combined heat and
power (CHP) systems for the production of electricity [44]. These are high-efficiency
systems that can convert approximately 90% of energy content from biogas into
usable energy in the form of electricity. This is a useful approach as it minimizes the
organic risk, maximizes its consumption, and maximizes the amount of energy that is
produced through this organic waste.

Production of biofuel: Biofuel production is the process of upgrading biogas to
produce biomethane. The main purpose of this process is to increase the methane
content within the gas that is purified, allowing it to be used as a transportation fuel
for combustion engines [45]. It is an increasing trend of modification and upgrada-
tion of biofuel production methods, maximizing the amount of methane so a bad trial
mechanism can be used as a suitable alternative compared to fossil fuels, which have
comparatively higher greenhouse gas emissions.

Grid injection: Another co-beneficial process involves the tradition of biogas to
meet natural gas quality standards. This is helpful as produced biogas can then be
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injected into natural gas grids [46]. This practice can reduce the consumption of fossil
fuels and increase the utilization of renewable energy resources.

Chemical feedstock: In terms of the useful products, yielded through anaerobic
digestion, biogas is used as a combustible product while other intermediate products
produced during this process can be used as feedstocks for the synthesis of various
chemicals including hydrogen and other organic compounds [47]. This is an impor-
tant point of process as it not only produces methane but also facilitates in production
of various chemical products which holds significance in the bio-based economy.

3.3 Cutting-edge technologies using methanogens

The recent research focuses on the enhancement of the digestion process, as
marked by the significance of the utilization of analytic techniques to enhance the
useful properties of methanogens. The main purpose of these technologies is to
enhance the output of energy by maximizing the production of methane at the end
of the anaerobic digestion process [48]. However, this approach not only focuses on
upgrading the methanogenesis step of the anaerobic digestion process, but it also
focuses on several factors and steps of the anaerobic digestion process to achieve
maximum methane at the end of the process.

Microbial fuel cells (MFCs): These fuel cells are composed of microbial com-
munities that can directly transfer electrons to an electrode, producing an electric
current. These fuel cells are being researched to be implemented for the production
of electricity and to convert waste into electricity during the treatment process of
wastewater [49].

Integrated anaerobic digestion systems: The main focus of these systems is to con-
vert this material by combining waste management and treatment technologies with
anaerobic digestion systems [50]. The utilization of these systems aims to enhance the
interactions between different microbial species, including methanogens, which can
increase biogas production.

Genetic engineering of methanogens: Genetic engineering is one of the most
significant and advanced aspects of the modification of microbes for useful purposes.
Unethical engineering techniques such as CRISPR/CAS 9 have provided a platform
to modify methanogens and improve their methane production and utilization of a
variety of substrates [51]. Additionally, these methanogenic strains can withstand
variations in the environment and can improve the stable production of biogas in
anaerobic digestion systems.

Engineering microbial community: Optimization of microbial communities and
their synergistic environment can increase the production of biogas at the end of the
anaerobic digestion process [52].

Carbon capture and utilization (CCU): In addition to genetic engineering technolo-
gies, the carbon capture and utilization technology is being focused on the capture of
carbon dioxide that is produced in the industrial systems that are processed and con-
verted into methane by methanogens [53]. Success in this approach can significantly
increase the production of energy while decreasing the emission of greenhouse gases.

4. Factors affecting biogas production

As discussed earlier, there are various factors that can lead to an increase or
decrease in the production of biogas from methanogenesis. This includes various
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environmental and operational factors that can collectively impact the production of
biofuels, and optimization of these factors can lead to an increase in the production of
methane.

4.1 Temperature

Temperature variations play a crucial role in the production of methane from
methanogenic processes. These variations can affect the metabolic activity of metha-
nogens and other microbial communities. Additionally, fluctuation in temperature
beyond the optimum temperature ranges can induce a stress response and impact
microbial activity, leading to a decline in methane production [54]. However, the
optimum temperature range of the different classes of microbial communities in an
anaerobic digestion process can vary depending upon the temperature range, that is,
psychrophilic (below 20°C), mesophilic (30-40°C), and thermophilic (above 50°C)
range.

The psychrophilic range is the low-temperature range in which the metabolic
activity of microbes is slower in contrast to the mesophilic digestion range. This
means the amount of methane produced in the process is comparatively less, however,
bacteria are still able to produce methane as a byproduct [55].

The mesophilic digestion range is the most common and commercially used range
in order to balance the microbial activity and stability of another big decision process
[56]. The typical operating temperatures in this range are 35-37°C, and this results in
efficient production of biogas.

The thermophilic temperature range is the high-temperature range that has
faster degradation rates and higher production of methane, but this is an important
consideration because the stability reaction process is less, and there is a high risk of
microbial destruction [57]. Hence, these processes are carried out in controlled and
carefully monitored environments in order to ensure maximum methane production
while ensuring a lower risk (Figure 4).

4.2 pHlevels

The variations in the pH range of the anaerobic digestion process can impact the
process by affecting the enzyme activity of different metabolic enzymes and by dis-
turbing the buffering balance of different microbial environments, which ultimately
leads to fluctuating biogas production. The usual working range of methanogens
is in the pH range of 6.5-8.5 [58]. The variation in the process rates, for example,

a decrease in pH, can favor the acidogenesis process; however, this can offset the
balance of all other steps involved in anaerobic digestion, leading to instability of the
process. Additional buffer agents can be used in anaerobic digesters to increase the pH
stability.

4.3 Substrate availability

The variability of substrates for the anaerobic digestion process is a crucial factor
for enhancing the methanogenic activity. In addition, the utilization of waste mate-
rial at the start of the process needs to be ensured to yield the maximum amount of
biogas at the end of the reaction. A smooth availability of substrates means that there
will be an abundance of substrates for microbial communities to consume the organic
matter and convert it into useful products. Hence, to ensure maximum availability of
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Methane production under various Environmental Conditions ,
Thermophilic (high),psychrophilic(low),and mesophilic ( optimal)

Psychrophilic

Thermophilic Mesophilic

Methanogens convert Carbon compounds such as
C02,H2,acetate, and methanol into methane

Figure 4.
Temperature vanges for methanogens growth.

substrates, various pre-treatment techniques can be applied, which include mechani-
cal, thermal, or chemical processing to increase the surface area of the substrate for
proper utilization in the anaerobic digestion process [59]. Another important factor
is the proper mixing of organic waste material inside the anaerobic digestion system.
Hence, the use of agitators and rotors is ensured in the anaerobic digester to ensure
that there is suitable mixing and the organic material is properly exposed to microbes
for maximum efficiency of biogas production. Another technique in this aspect is the
co-digestion of various materials inside the bioreactor. This means that more than one
type of substrate is available. This is useful as there is a diversity of microbes in the
digester, and the availability of substrates means that different microbes can utilize
different substrates, which leads to maximum production of biogas.

5. Innovative methanogen-based strategies

This section is focused on providing information about advanced technologies that
are focused on providing key improvements for maximizing the production of biogas
through anaerobic digestion.

5.1 Enhancing yields by optimizing biogas production parameters

These parameters are focused on the enhancement of the overall efficiency of
anaerobic digestion to achieve maximum methane through this process:

Process monitoring and control: The crucial step of optimizing any process is to
monitor the activities that are occurring in the process to optimize the fluctuating
conditions and achieve a stable rate of production of desired products. In terms of
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biogas production, parameters such as temperature, pH, concentration of volatile
fatty acids, and biogas composition are continuously monitored to achieve steady
production of methane from the process [60]. This data is implemented in real
time and analyzed through automated systems to have precise control over reactor
conditions.

Time management for retention: Retention time means how long the process is
carried out and how substrates are treated inside the reactor. Adjusting the retention
time is a critical step for the optimization of the process. Parameters such as hydraulic
retention time (HRT) are evaluated during reactor running to ensure that the com-
plex organic matter is efficiently degraded into byproducts that are biodegraded to
obtain biogas [61]. Longer retention times mean more degradation of organic matter
and hence higher production and lower retention times mean rapid degradation rates.
There is a need for balance in terms of retention times to obtain an equilibrium in the
production of biogas in the process. The balance of this equilibrium also needs con-
sideration of the choice of substrate as different feedstocks have different degradation
rates and hence different hydraulic retention rates.

Pre-treatment methods: These methods comprise a set of techniques that are
used to increase the substrate availability that can ensure maximum biodegradability
of organic matter and hence maximum biogas yield. These methods include physi-
cal, chemical, or biological pre-treatments that can further be subcategorized [62].
However, the most common methods of pre-treatment include mechanical grinding
and the freeze-thaw method, which ensure material conversion to a simpler and
accessible form that can promote digestion of organic matter.

5.2 Continuous vs. batch systems

There are considerable variations between continuous and batch systems for the
anaerobic digestion process that can result in different progress yields. Continuous
systems allow for continuous consumption of feedstock material through input and
biogas production and capture through output [63]. These systems run in a continu-
ous fashion, and there is no interruption of the reactor operation batch systems,
on the other hand are more manageable and are usually conducted at smaller-scale
operation reactors. In this type of system, the processing times are longer, and the
development of the products is relatively less compared to continuous batch systems.
The choice between continuous and batch systems is dependent on operational
goals, for how long the system is to be operated and what amounts of the product are
desired.

Improved process stability: The stability of the system and reaction conditions
depends on various factors and all of these factors have to be optimized to ensure that
the stability of the process is achieved and there is consistency in the production of
products [64]. The consideration of reactor and conditions stability is vital, as it can
ensure smooth processing and desired production of biogas.

5.3 Genetic engineering of methanogens

Genetic engineering of methanogens is focused on improving the quantity of
biogas produced in digesting systems by enhancing the metabolic pathways of
methanogens through the implementation of genetic engineering. This leads to more
efficient strains with better and diverse substrate consumption and enhanced meth-
ane production [65].
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Metabolic pathway engineering: Several metabolic pathways are involved in the
conversion of feedstock organic material into methane [66]. This involves a set of
genes that are involved in the regulation of various parameters and conditions that
lead to the activation of these pathways for biogas production. The modification of
these genetic factors is a vital step that can increase the utilization of organic matter in
efficient ways to get good degradation and conversion rates.

Enhancing tolerance to inhibitors: In addition to enhancing the metabolic activity
of methanogens another parameter is to develop tolerance of methanogens toward
several inhibitors that are produced in an anaerobic digester system. The byproducts
of multiple steps involved in anaerobic digestion include ammonia and various sulfur
compounds which are toxic to methanogens and can decrease their activity [67].
Hence, the modification through genetic engineering ensures that these strains have
improved tolerance compared to conventional strains.

Field trials and real-world applications: The laboratory-based approaches are
focused on the enhancement of methanogens, and the results hold a promise of the
upgradation of methanogens. However, field trials are essential for knowing how
these successful results will apply to real-world situations where there are varying
environmental conditions that can affect microbes differently compared to controlled
lab conditions [68].

5.4 Integration of methanogens into wastewater treatment

Methanogen integration in anaerobic environments yields biogas production.
However, this reactor-based system can be combined with wastewater treatment
to further enhance the process to attain certain benefits. One of such benefits is the
treatment of organic matter in addition to generating renewable energy [69]. This
approach can improve sustainability parameters and efficiency of wastewater treat-
ment while ensuring steady biogas production.

Anaerobic treatment technologies: Integration of methanogens in anaerobic
environments, that is, reactors, is focused on the production of biogas and its collec-
tion. Common reactor types used in this regard are anaerobic baffled reactors (ABRs)
and up-flow anaerobic sludge blanket (UASB) reactors, which efficiently increase the
consumption of organic matter and produce biogas [70].

Resource recovery: The additional factor for biogas production is the recovery
of the amount of biogas produced followed by its processing. The end-product of
digestion is slurry, which is processed waste material rich in nitrogen, phosphorus,
and potassium contents. These contents can be recovered and used as excellent bio-
fertilizers as they are in comparison to traditional fertilizers, cost-effective, efficient,
and less toxic.

Decentralized treatment systems: The reactor-based systems not only provide
solutions to waste management but also to the treatment of the wastewater, and this is
a dual-benefit situation where waste is treated and electricity is generated simultane-
ously. Hence, these systems hold a promise of less greenhouse gas emissions and a
positive environmental impact.

Research and development: There is ongoing research regarding the development
of innovative technologies and techniques to improve anaerobic digestion for biogas
production. These studies eventually aim to uplift the processing of waste material
and biogas production at the same time.
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6. Environmental impact and sustainability

This section focuses on emphasizing the huge potential of renewable energy sys-
tems in terms of producing a bio-based economy to provide solutions to waste man-
agement and improve energy production. There is a vast impact of these renewable
energy resources, and these will produce a positive impact on several environmental
and health factors indirectly which will lead to their consideration as important in
comparison to other resources.

6.1 Role of methanogens in climate change mitigation

Methanogens have an important role in controlling the changes in the environ-
ment by addressing the issues of waste accumulation and greenhouse gas emissions.
As this process utilizes waste materials, biogas as an energy product is produced and
the slurry or end-product of digestion is used as bio-fertilizer [71].

Carbon sequestration: Anaerobic digestion system can be considered as carbon
sequestration processes where greenhouse gas emissions are controlled as biogas
produced is utilized as a renewable energy source [72]. This is a key point to consider
when evaluating biofuels as alternatives to traditional fossil fuels.

Waste management solutions: Methanogens offer an effective solution to waste treat-
ment technologies. In normal practice, the waste management systems used to utilize
combustion for incineration and utilization of land sites for disposal of waste materials.
However, in the case of anaerobic digestion, the waste materials are consumed properly
and converted into useful products that are then used for various purposes.

Sustainable agriculture: The methanogens are linked to the agricultural systems in
terms of the utilization of products produced in anaerobic digestion. As these prod-
ucts are produced after the consumption of waste, they form slurry, which serves as
bio-fertilizer that is nutrient-rich fertilizer and promotes soil health.

Circular economy principles: Methanogens hold the potential to create a bio-
based economy that can ensure energy production, waste management, and reduced
environmental impact and climate change [73]. By conversion of organic waste into
renewable energy organic waste resources are efficiently utilized.

6.2 Methanogen-driven energy systems life cycle analysis

Life cycle analysis (LCA) is an important parameter for consideration that can
evaluate the environmental impact of methanogens. The life cycle of methanogens and
the reactor systems is evaluated, and this can give an insight into which substrates can
be utilized for energy production, which leads to improvement and sustainability [74].

Assessment of inputs and outputs: LCA helps to determine the feedstock material
input for methanogenesis in anaerobic digesters. Furthermore, the outputs are also
evaluated, and the comparison between input and output ratios is done to determine
the balanced conditions for maximum biogas production.

Energy balance: To have an anaerobic digestion process that produces maximum
biogas, LCA can help as it can determine the amount of biogas produced in relation to
the amount of feedstock that is utilized. Understanding the energy balance of metha-
nogen-driven systems is crucial for assessing their sustainability. An effective system
should produce more energy in the form of biogas than is consumed in the production
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process. LCA can help to determine whether the energy output justifies the resources
utilized, providing insights into the overall effectiveness of system.

6.3 Comparison with other renewable energy sources

In comparison to conventional energy generation systems, biogas production and
utilization as an energy source are relatively more useful and offer various advantages.
Insight into this comparison can help in highlighting the strengths and drawbacks of
each technology and knowing which technology is most suitable depending on the
amount and type of substrate available [75].

6.4 Biogas vs. solar energy

Solar energy systems transform radiations from the sun into electrical energy. In
contrast, methanogens utilize organic matter for the production of biogas, which can
be used for the generation of electricity. Solar energy has higher efficiency and pro-
duces more energy, but on the other hand, methanogens offer better waste manage-
ment and produce energy at the same time regardless of weather conditions.

Biogas vs. wind energy: Wind energy uses energy from wind blowing across to
rotate a rotor that produces electricity. Same as in the previous case, methanogens
utilize organic waste and produce energy but utilize wastes and also have less environ-
mental impact.

7. Challenges and future directions

Due to the significant use of methanogens in waste management and renewable
energy, there are still some challenges that need to be addressed for better use. In this
section, we investigate the technical challenges caused by methanogens, their utiliza-
tion, and socioeconomic factors that restrict their widespread integration [76].

7.1 Technical challenges in methanogen utilization

Despite the optimistic potential of methanogens, there is a need to address the
technical challenges that inhibit the capabilities of biogas production and environ-
mental application:

1. Substrate variability: The proficiency of the methanogen processes is highly
dependent on the substrate type and quality of the organic substrate. Different
organic compounds have their own biochemical composition that impacts meth-
ane production and rate of degradation. The unstable quality of the substrate can
cause fluctuations in biogas production, which results in complications in the
optimization process.

2. Process stability: Anaerobic digestion is the complex chemical process that occurs
in the absence of oxygen, influenced by many factors, such as PH changes,
temperature fluctuations, and the collection of many inhibitory substances. The
controlled environmental conditions are essential for steady biogas production
any interruption can lead to less production of methane which can result in the
failure of the optimistic system.
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3. Inhibition by toxic compounds: The toxic compounds such as heavy metals,

ammonia, and phenolic compounds that limit the activity of methanogens.
Determining and reducing these inhibitors is important for healthy methanogens
and enhancing the bioproduction of gas. There is a need for many advanced
pre-treatment methods that decrease the toxicity of many substrates before
anaerobic digestion.

4. Slow growth rates: Methanogens showed lower growth rates as compared to

other microorganisms engaged in anaerobic digestion. This can inhibit the fast
formation of the microbial community and lead to a longer holding time in the
reactors of the biogas. This challenge can be solved by increasing the growth rates
of methanogens by genetic engineering or co-culturing with the fast-growing
microorganism.

5.Limited understanding of microbial interactions. The biochemical process

of anaerobic digestion is associated with complex interactions among many
microbial populations. There is a need for a more extensive understanding of the
complex changes in the interactions among different microbial communities in
order to upgrade biogas production. The advanced genomic and metagenomic
techniques provide us with an understanding of microbial interaction within the
methanogenic association.

6.Biogas upgrading and utilization: Many applications can be used for biogas its

composition includes impurities like hydrogen sulfide and carbon dioxide, which
need to be excluded for efficient use. Developing effective updating technolo-
gies is important to improve the quality of biogas and assist its incorporation in
already existing energy systems.

7.2 Socioeconomic barriers

Along with many technical challenges, some socioeconomic barriers can impede

the extensive implementation of methanogen-based technologies:
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1. High initial investment: The capital needed to initiate methanogen-based biogas

systems as a consideration, discourages the possible investors. In the long run,
the cost of the functional setup may be low [77] in the developing area, primary
setup and their financial needs are challenging because of the lack of resources.

2.Regulatory and policy frameworks: Irregular or unclear regulatory frameworks

can create ambiguity for shareholders seeking to invest in methanogen technolo-
gies. There is a need for policymakers to create guidelines that urge shareholders
to invest in the waste and energy management systems that harness methano-
gens, including rewards for biogas production and their implementation [78].

3. Awareness and education: In public and industrial investors, the importance

and knowledge of the methanogen technologies are limited, which can hinder
the implementation and acceptance of the biogas systems. Different awareness
campaigns and educational programs are required in order to initiate the under-
standing of the importance of the methanogenic processes and their capability to
contribute to long-term viability.
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4. Competition with established energy sources: The energy systems that are based
on methanogens may encounter competition because of the already existing
energy sources like fossil fuels which are available at low costs. To support the
long-term benefits of renewable energy, such as energy independence and envi-
ronmental sustainability, there is a need for the implementation of methanogens
technologies.

5.Community engagement: For the success of the methanogen-based projects,
there is a need for local communities to be encouraged to participate in the plan-
ning and integration of these systems. For the acceptance of these technologies,
itis very essential to discuss the concerns of the community and involve inves-
tors in the decision-making process to further proceed with these technologies
on the road to success and stability.

7.3 Future research opportunities

To address the existing challenges of the methanogens and to increase their exploi-
tation, many research avenues are needed to further investigate [79].

7.3.1 Advances in bioengineering

Bioengineering plays an important role in the productivity and performance of the
methanogens:

1. Metabolic engineering: By utilizing different genetic engineering techniques
methanogens are changed to increase the substrate utilization and improve
methane. Production rates, and withstanding inhibitory compounds. The strains
that are established with improved metabolic pathways can lead to better biogas
production systems.

2. Synthetic biology: By using synthetic biology, enable the tailored methanogens
networking, utilizing many important microbial communities in order to increase
the synergistic interactions and improve biogas production. In this approach, dif-
ferent microbial strengths are harnessed to make a vigorous anaerobic digestion
system.

3.Bioprocess optimization: Research is focused on the improved anaerobic diges-
tion process by using the latest monitoring and control technologies. These
technologies help in the increase of reliability and efficiency. The integration of
real-time monitoring systems helps in the evaluation of many factors like pH,
temperature, and composition of biogas that are helpful for the efficient and
controlled conditions of methanogen-based biogas system productions.

7.3.2 Expanding methanogen applications

Beyond traditional biogas production techniques, the research should focus on the
increasing application of methanogens:

1. Bioremediation: Examining the capability of the methanogens for bioreme-
diation of contaminated areas, like landfills and wastewater treatment sites,
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potentially creates new opportunities for the utilization of methanogens. It
helps in removing toxins from organic pollutants and increases the health of the
environment [80].

2. Combining renewable technologies: Analyzing the incorporation of renewable
energy technologies with methanogen-based systems, like wind and solar, gov-
erns hybrid systems that increase energy production and help in the utilization
of resources. This incorporation helps in the overall efficiency and durability of
renewable energy systems.

3.Development of novel bioproducts: By examining the byproducts of the methano-
genic processes, which are bio-fertilizers or bioplastics that increase the feasibility
of the methanogen-based systems. These byproducts can seek help in the invest-
ment of stakeholders that will be helpful for the development of the system.

8. Conclusion

For environmental protection, the world is shifting toward sustainable and effi-
cient energy resources. Methanogens play an important role in the renewable energy
domain. Their capability to transform organic waste into biogas introduces environ-
mentally friendly solutions as compared to traditional fossil fuels. They also limit
the challenges of waste management and greenhouse gas emissions. In this summary
section, we summarize all the key points of the methanogens that we examined, their
importance in renewable energy and prospects in different fundamental domains
essential for the stability of the environment.

8.1 Summary of key findings

The investigation of methanogens and their application in renewable energy
unveils different interpretations:

1. Biological diversity and ecological significance: Methanogens contain diverse
groups of microorganisms that have an important role in anaerobic environments,
aiding substantial global carbon cycles, and impacting on changing ecosystems.
The metabolic adaptability of microorganisms allows them to grow in many habi-
tats, from wetlands to the digestive system of ruminants, leading to the balance of
the ecosystem.

2. Anaerobic digestion and biogas production. The anaerobic digestion process that
involves methanogens provides an effective method to transform organic waste
into biogas, consisting of carbon dioxide and methane. This process plays an
important role in limiting greenhouse gas emissions, organic waste disposal, and
producing valuable fertilizers.

3.Innovative biotechnologies: With the advancement in biotechnology, synthetic
biology and genetic engineering increases the optimization of biogas produc-
tion. The innovations that play an important role in the efficiency and stability
of anaerobic digestion systems, include co-digestion techniques and microbial
networking.
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4.Environmental impact: The climatic changes are reduced by using methanogens.

They offer renewable energy solutions but instead depend on fossil fuels. The
methanogen-based energy system attains the reduction of greenhouse gas emis-
sions as compared to conventional energy sources.

.Challenges and barriers: Methanogens have great capabilities and high adapta-

tion in anaerobic conditions, still there are many challenges in the integration

of methanogens-based systems, including technical hurdles, required vigorous
regulatory frameworks, and socioeconomic barriers. To reduce these challenges,
there is a need for continuous efforts by researchers, policymakers, and industry
investors.

8.2 The future role of methanogens in renewable energy

Methanogens are an important contributor to substantial energy systems because

of their ability to transform a variety of organic waste materials into renewable energy
sources. This capability is helpful for the ecosystem and limits carbon emissions and
waste. There are many trends that are important to shape the future of methanogens
and their role in sustainability.
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1.Integration with circular economy: Economic models are changed and shifted

rounds, according to the needs of society. Methanogens are essential transitions
of recycling organic waste material into the products that are valuable and sus-
tainable. The integration of these methanogens into systems is not only helpful
for efficient resources but also supports the best waste management practices.

2. Collaboration with renewable energy systems: The role of methanogens is

enhanced by combining these technologies with other systems. Examples of
these synergistic systems are solar and wind which provide a continuous and
stable energy source. The multiple sources combine and form a hybrid, this
hybrid is essential for efficient energy reliability and security.

3. Advancements in research and development: The research that is continuously

focused on methanogens, their microbial interactions, and metabolic pathways,
leads to innovation in biogas technologies. Due to the discovery of new tech-
nologies, the bioengineering of the methanogen base system is improved which
enhances the production of biogas. The improved methanogen base system is
more economical than conventional systems because of the efficient production.

4. Policy support and incentives: To increase the capability of methanogens in

renewable energy it is important to make strict guidelines for supporting renew-
able sources. Different government and regulatory bodies play an important
role in endorsing public awareness about the importance of methanogen base
systems and support financially through industry investors.

.Global collaboration: Climatic change is a global problem. Methanogen-based

systems are eco-friendly and best for a healthy environment. It is essential for
the collective efforts of researchers, industry leaders, and the government to
share the resources and knowledge that are helpful for the development of
methanogen-based solutions worldwide.
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Chapter 3

Genomic Mobility: Transposons
in Methanoarchaea

Luise Rentz, Finn O. Gehlert and Ruth A. Schmitz

Abstract

Methanoarchaea, a unique group of archaea, play a crucial role in the global
carbon cycle through methanogenesis, a process where different carbon sources such
as carbon dioxide (CO,)/hydrogen (H,), acetate, formate, methanol, and methyl-
amines are metabolized and methane is produced. Transposons are mobile genetic
elements (MGEs) capable of moving within and between genomes, thus significantly
influencing genetic diversity and evolution. This chapter will investigate the presence,
diversity, and functional implications of transposons in methanoarchaea. We explore
the various types of transposable elements (TEs) identified in methanogenic genomes
and highlight their structural and functional characteristics. Our focus is on insertion
sequences (IS), miniature inverted-repeat transposable elements (MITEs), and the
recently described casposons, which show similarities to eukaryotic transposons,
using Casl solo as the transposase. Summarizing current knowledge on the diversity,
mechanisms, and impacts of TEs in methanoarchaea reveals their significant role
in genome plasticity, adaptation to diverse environmental conditions, and potential
contributions to horizontal gene transfer (HGT) within microbial communities.
Understanding transposons in methanoarchaea not only provides insight into the
fundamental processes governing microbial evolution but also offers potential appli-
cations in biotechnology and environmental management. This review synthesizes
current understanding of archaeal TEs, focusing on their diversity, mechanisms, and
evolutionary significance.

Keywords: mobile genetic elements (MGEs), transposons, insertion sequences (IS),
miniature inverted-repeat transposable elements (MITEs), casposons,
methanoarchaea, CRISPR-Cas systems, Casl solo, genome evolution

1. Introduction

Mobile genetic elements (MGEs) are key players in the dynamic landscape of
genomes, contributing significantly to genetic diversity, evolution, and adaptation
across various organisms and are further exchanged via horizontal gene transfer
(HGT) [1, 2]. MGEs include various elements, such as viruses, plasmids, and transpo-
sons, that can shift their genomic position within a host or between host cells [1, 2].
MGESs are DNA sequences capable of moving or copying themselves to new positions
within a genome of a single cell (intracellular translocation) or transferring between
two or more cells (HGT). In addition to the core genes necessary for transfer, MGEs
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often carry accessory genes that provide selective advantages (e.g., resistances).
Furthermore, the rearrangement due to MGE:s plays a crucial role in genome evolu-
tion, adaptation, and variability as they can disrupt existing genes, create new gene
combinations, or alter gene expression, leading to significant shifts in the host
organism’s phenotype. MGEs in archaea are less extensively studied compared to
those in bacteria and eukaryotes. The limited knowledge of MGEs in archaea arises
from the challenges associated with the complex isolation and cultivation methods
required for those organisms. Especially the more unique and outstanding proper-
ties of archaea, often inhabiting some of the most extreme environments on Earth,
rely heavily on the mutational benefits of MGEs. The transfer of genes between
species is one of the most powerful strategies to adapt and survive under those harsh
conditions. Studies have shown that MGEs in archaea contribute to their genetic
diversity and ability to thrive in extreme conditions by transferring genes crucial for
survival and adaptation. The distribution of MGEs varies inside the archaeal domain,
with notable prevalence in extremophiles [3-5]. In particular, the Halobacteriales,
Sulfolobales, Thermoplasmatales, and Methanosarcinales often harbor a rich variety of
MGE:s [3, 6-8]. For this review, we are mainly focusing on the specialized group of
Methanoarchaea, Sulfolobales, and Halobacteriales. Due to their methane production,
these microorganisms are vital to the carbon cycle. Further, we will focus on the
group of transposable elements and will in detail summarize the knowledge on the
recently described prominent casposons found exclusively in archaea.

2. Main

2.1 Mobile genetic elements in general

Mobile genetic elements occur in all three domains of life and include transposons,
plasmids, and viruses (Figure 1). Viruses and phages possess linear or circular genomes
of single- or double-stranded DNA or RNA, which are typically encapsulated in
protein and lipid membranes. In some cases, they display mechanistic or structural
similarities to plasmids and transposons [10-13]. Another prominent class of MGEs
are plasmids which are small, circular DNA molecules that can replicate independently
in prokaryotic cells, often carrying genes that provide selective advantages such
as antibiotic resistance (resistance plasmids) [10]. While conjugative plasmids are
able to transfer between prokaryotes via conjugation, non-conjugative plasmids are
immobile [14, 15]. Besides resistance plasmids, some cells exhibit degradative plas-
mids that contain genes that enable the host cell to metabolize unfamiliar substrates.
Pointing out archaea, for example, the plasmid pDLIO in Desulfurolobus ambivalens
harbors genes involved in sulfur metabolism, enabling the archaeon to utilize sulfur
compounds as energy sources and adapt to extreme environments [16]. The plasmid
pTIK4, found in the crenarchaeal thermoacidophile strain Sulfolobus neozealandicus,
enables its host to outcompete or eliminate rival Sulfolobus strains without the need to
diffuse a toxic agent, potentially through cell contact [17].

One of the most well-studied types of MGEs is transposons that can change their
position within the genome, causing mutations and altering the cell’s genetic identity.
These “jumping genes”, first discovered by Barbara McClintock in maize plants in the
1940s, play a significant role in genome evolution and diversity [18-20]. Nowadays
transposons are known to be ubiquitous across all life forms, including archaea
[3, 21, 22]. Some transposons can exhibit an extrachromosomal stage resembling
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H(;gm'zonml Gene Transfer Mechanisms. The diagram illustrates multiple mechanisms for DNA uptake or exchange
in prokaryotic cells as well as intracellular processes that show mobile genetic elements: (1) Vesicle-mediated
transformation involves DNA delivery via vesicles. (2) Transduction involves the transfer of viral DNA into a
host cell via phages. (3) Ced as a crenarchaeal system for exchange of DNA that occurs in Sulfolobus strains.
Transformation can be (4) natural, with naturally competent cells taking up free DNA from the environment
(e.g., B. subtilis), or (5) induced in the laboratory, through e.g., chemotvansformation. (6) Conjugation occurs
through divect DNA transfer between cells mediated by a conjugative pilus. (7) Retrotransposons move via an
RNA intermediate in a “copy-and-paste” mechanism, facilitated by transposase enzymes. (8) DNA Transposons
move mainly via an “cut-and-paste” mechanism but also can use a “copy-and-paste” mechanism. (9) Caspsons,
exclusively found in archaea, move via a distinct mechanism where a loop-structure is formed prior to excision
from its original target site leaving an empty target site left in the genome and a civcular intermediate of

the casposon. (10) Transposons integrate into new sites on the chromosome or plasmids by non-homologous
recombination (adapted from [9], created in BioRender.com.).

plasmids [23-25]. These transposons, whether encoded on chromosomes or extra-
chromosomal DNA, can be transferred between cells via phages or plasmids [10, 14,
26]. Transposons can be autonomous, carrying the necessary genes for their own
transposition, or non-autonomous, requiring enzymes encoded by other elements for
movement [27, 28]. Additionally, transposons may sometimes carry intact or defec-
tive segments of phage capsid proteins [29, 30]. The detection of a wide variety of
transposons required a practical classification system, resulting in transposons being
primarily categorized by their translocation mechanisms as well as their size, struc-
ture, gene organization, and domain structure of their encoded proteins [27, 31, 32].
At first, transposons are classified into two main categories based on their trans-
position mechanisms: Class I (retrotransposons) move via an RNA intermediate in a
“copy-and-paste” mechanism. In this process, the transposon is first transcribed into
RNA, which is then reverse-transcribed back into DNA by reverse transcriptase and
inserted into a new location in the genome mediated by integrases [27, 28, 33]. On the
other hand, Class I (DNA transposons) primarily utilize a “cut-and-paste” mecha-
nism that is facilitated by transposase enzymes. In this mechanism, the transposon is
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excised from its original location and integrated into a new site within the genome.
Although Class II transposons predominantly operate through the “cut-and-paste”
mechanism, some may exhibit a “copy-and-paste” mechanism [27, 28, 33]. Most DNA
transposons are characterized by terminal inverted repeats (TIRs) and their linear
structure and include families like Tc1-Mariner and Transib belonging to subclass 1,
and Mavericks belonging to subclass 2 [27, 34, 35].

Retrotransposons further subdivide into long terminal repeat (LTR) retrotrans-
posons, which have repeated sequences at both ends and non-LTR retrotransposons,
which lack these repeats [28, 36, 37]. LTR retrotransposons are particularly abundant
in many eukaryotes, such as flowering plants, animals, and yeasts [37-40].

In summary, MGEs are fundamental to genetic diversity and evolution. Their abil-
ity to move and integrate across different genomic contexts plays an important role
in shaping genomes, influencing evolutionary processes, and driving the adaptation
of organisms to changing environments. The detailed classification of transposons,
beyond whether they use an RNA intermediate, varies widely among publications
and author groups, remaining a topic of active debate and continual evolution as new
transposon types are discovered [32, 41]. However, most of these classifications were
based on the analysis of eukaryotic TEs, and their relevance to prokaryotic transpo-
sons is generally restricted [32, 41].

2.2 Intercellular transfer mechanisms in archaea

Although transduction, conjugation, and transformation (Figure 1) have been
initially discovered for bacteria, several have been also identified in a small number of
archaeal species [14]. Transduction is a process of MGE transfer mediated by viruses
and is divided into undirected general transduction which includes lytic and lysogenic
phages and specialized transduction which includes only lysogenic phages [42-45].
Lytic phages cause rapid lysis of the host cells, immediately starting to replicate and
thereby releasing new phages. In contrast, lysogenic phages integrate their genome
into the host cell’s chromosome or maintain it as an extra-chromosomal element
known as a prophage, resulting in an inactive state that is replicated alongside the
host’s DNA during cell division [14, 42]. In this state, some genes may be expressed,
which can provide advantages to the host, such as immunity to superinfection by other
phages. For example, the cI gene of the Lambda Phage encodes the lambda repressor
protein, which maintains the prophage state by inhibiting the activation of the lytic
cycle [46]. Lysogenic phages can switch between the lysogenic lifestyle, where they
remain integrated, and the lytic lifestyle, where they activate and begin replicating.
This switch is influenced by environmental conditions and the general infection state
within the host cell population using quorum sensing-like mechanisms [47, 48].

While transduction is extensively studied in bacteria, this phenomenon has also
been observed in various archaeal environments [49]. Since the first discovery of
archaeal viruses infecting Halobacterium salinarium in 1974, genome sequencing has
uncovered a wide variety of proviruses within archaeal genomes [49-51]. Studies have
shown that archaeal viruses can package host DNA during proliferation and amplifi-
cation and subsequently introduce this genetic material into new host cells [52-54].
Research has documented the role of Sulfolobus spindle-shaped viruses (SSVs) in the
transfer of host genes among Sulfolobus species, highlighting the significance of viral-
mediated gene transfer in archaeal evolution and ecology [49, 54].

In contrast, conjugation involves the direct transfer of genetic material between
cells through physical contact and is dependent on autonomously replicating elements
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like chromosomally integrated conjugative elements (ICEs), conjugative transposons
(CTns) or conjugative plasmids. This process has been observed in various archaeal
species, such as Sulfolobus, where conjugative plasmids like pNOBS facilitate the
exchange of DNA during cellular interaction [55, 56]. Research on Sulfolobus acido-
caldarius has shown that conjugation can lead to extensive genomic recombination,
enhancing genetic diversity within populations [55, 57]. Notably, studies of E. coli
have shown its capacity to transfer DNA to a wide range of genetically distinct recipi-
ents, including archaea [58]. Additionally, studies have highlighted that conjugative
mechanisms in archaea share similarities with bacterial conjugation systems, suggest-
ing an evolutionary link between these processes [56, 59, 60].

Transformation is a fundamental mechanism for genetic exchange in prokaryotes.
This process involves the uptake and integration of free DNA from the environment
into a cell’s genome, facilitating genetic diversity and adaptability. In archaea, trans-
formation is often mediated by type IV pili, which play a crucial role in DNA trans-
port and cell adhesion [59]. Research on the archaecon Methanobacterium marburgensis
(formerly Methanobacterium thermautotrophicum), as well as Methanosarcina mazei,
has demonstrated successful artificial transformation, highlighting the potential for
genetic manipulation in these microorganisms [55, 61, 62]. Over the past 30 years,
remarkable steps have been made in developing genetic systems for Methanosarcina.
One major achievement is the establishment of DNA transformation methods
[63] and markerless gene deletions have been successfully implemented [64-66].
Researchers have also generated shuttle vectors to enable efficient gene expression
[67, 68]. More recently, genome editing using the Cas9 system has become possible
[69]. Besides laboratory gene manipulation, some methanogenic archaea exhibit
natural competence such as M. marburgensis, Methanococcus voltae. Methanococcus
mavipaludis, Methanocellus thermophilus, and Thermococcus kodakarensis, enabling
efficient genetic modifications [70-72].

Beyond the well-known DNA transfer systems mentioned above, other mecha-
nisms for DNA transfer have been identified in archaea. It is hypothesized that
Thermococcales exchange plasmid DNA through the use of vesicles [73]. Further,
the exchange of chromosomal DNA through spontaneous cell fusion processes was
observed in Haloarchaea [74, 75]. Finally, members of Sulfolobales showed species-
specific aggregates to exchange chromosomal DNA using proteins for DNA trans-
port which was proposed as Crenarchaeal system for the exchange of DNA (Ced),
although the precise mechanism is still not solved (Figure 1) [76].

2.3 Transposable elements in archaea

The mobility of genetic elements is not exclusively dependent on intercellular
interactions of transposable elements in archaea, which act as important agents
of genomic rearrangement and adaptation. The smallest representatives of TEs
are miniature inverted-repeat transposable elements (MITEs) which are non-
autonomous class II TEs. In case of MITEs, transposase genes are mutated up to
partial or full deletions [1, 77]. In archaea, short insertion sequence (IS) elements
represent the most abundant TEs showing similarities to bacterial IS-elements
[1, 3], but their distribution is uneven across the archaeal domain, with a higher
prevalence in orders such as Halobacteriales, Sulfolobales, Thermoplasmatales,
and Methanosarcinales [3, 6-8]. Some archaeal genomes, like M. marburgensis,
lack IS-elements entirely [1, 78, 79]. Deppenmeier and colleagues detected 102
transposases in the M. mazei genome [4]. S1-family transposons are one common
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group of TEs found in methanoarchaea e.g., M. mazei, Methanosarcina barkeri,

and Methanococcoides burtonii [3]. Detection and quantification of TEs in archaea
are biased due to the limited number of fully sequenced archaeal genomes and

the tools used for prediction, likely leading to an underestimation of IS-element
numbers and the representation of archaeal IS-element families [3, 32]. Unlike the
well-studied eukaryotic TEs such as Tcl-mariner and Transib, archaeal TEs display
unique structural and functional characteristics [3, 34, 80]. Classified by their
catalytic motifs typical transposases which were detected in archaea belong to DDE
transposases, serine (S) transposases and relaxase transposases [3]. The regulation
of IS-element activity in archaea, while potentially linked to small non-coding
RNAs (ncRNAs) regulating translation of transposase genes and translational
readthrough, remains not fully understood. Observations in M. barkeri and M.
mazei indicate that antisense RNAs (asRNAs) are primarily induced under stress
conditions, implying that the regulation of IS elements through ncRNAs may be
stress-dependent [3, 4, 81]. Additionally, during these stress responses, transposase
activity tends to decrease, reducing the mobility of IS elements. This downregula-
tion likely plays a role in preventing potential genomic instability, but the precise
molecular mechanisms behind this remain to be clarified.

Early studies identified IS-elements in halophilic archaea, such as Halobacterium
salinarium and Halobacterium volcanii, which harbor many MGEs causing significant
genomic rearrangements [3, 82-86]. These elements were integrated into various
chromosomal and plasmid sites, notably influencing phenotypes by disrupting
operons like gvp and genes such as bop [87-92]. A link between high IS frequency
and a challenging environment was observed in Pyrococcus isolates (36) from hydro-
thermal systems in the Pacific Ocean and the Mediterranean Sea (Vulcano Island).
Using Multilocus sequence typing, it was found that Pyrococcus populations from
different geographic locations were genetically distinct. The population from Vulcano
Island had a notably high frequency of IS elements compared to populations in less
challenging environments. This suggests that IS elements might play a role in driving
genetic divergence between these geographically separated populations resulting in
adaption [93]. Another example of evolving through genome plasticity like HGT and
transposase activity is the psychrophile archaeon M. burtonii that potentially enable
adaption to the cold as well as to biological and physical changes. To investigate the
correlation between transposases and adaption, phylogenetic profiling was used to
look for patterns of gene evolution. This demonstrated that transposases distinguish
M. burtonii from other archaea, and their genomic characteristics indicate they have
an important role in evolving the M. burtonii genome [94].

2.4 Casposons: A newly identified group of complex transposons in archaea

Casposons represent a fascinating class of TEs that bridge gaps between traditional
transposons and the CRISPR-Cas adaptive immune systems in prokaryotes [95-105].
Discovered relatively recently, casposons stand out due to their exclusive structure
and function, distinguishing them from other TEs. Recent studies have revealed
that while most archaeal TEs show no significant similarity to eukaryotic elements,
casposons share features with Polintons/Mavericks, including coding sequences for
type B family DNA polymerases [35, 95, 106]. Besides, they are characterized by
typical target site duplications (TSDs) and terminal inverted repeats (TIRs) similar
to IS-elements but are unique in having multiple coding genes and a size extending
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to several kilobase pairs [95, 96]. These elements are primarily characterized by their
encoding of a specific protein, Casl solo (or stand-alone Casl) belonging to the Casl-
family, also referred to as casposase, which is essential for their transposition process.
Classical Casl enzymes are essential components of the CRISPR-Cas immune system
in prokaryotes, responsible for integrating new spacers into the CRISPR array during
the adaptation phase of the immune response [101, 107]. Unlike classic transposons
that encode conventional transposases, casposons lack these enzymes, highlighting
their unique evolutionary pathway [95, 96, 98, 100, 108-110]. To date, four distinct
casposon families have been identified, classified primarily by the domain structure
of their Casl solo enzyme [96, 108].

The casposase enzyme encoded by casposons is thought to catalyze the excision
and integration of these elements within the host genome. This process is hypoth-
esized to be similar to the adaptation phase of the CRISPR-Cas immune response,
where new spacers are integrated into the CRISPR array by Casl-Cas2 [95-105]. The
activity of Casl solo enzymes was postulated based on their conserved active site
residues E141, H208, D218, and D221, homologous to those in CRISPR Casl, and
their presence in casposons supports an evolutionary link to CRISPR-Cas systems
[95-97, 99-105, 108]. Consequently, casposons, in particular the casposon TIRs may
have contributed to the development of CRISPR-Cas systems, potentially serving as a
precursor or evolutionary ancestor to these adaptive immune systems [95-97, 99-101,
103-105, 108]. Krupovic and colleagues proposed a translocation model similar to the
transposition of Polinton/Mavericks, predicting a TIR-mediated looping out of the
casposon during cellular replication, followed by Casl solo-mediated excision, polB
replication, and Casl solo-mediated reintegration into the genome [12, 95, 106, 111].
The reintegration, involving the generation of target site duplications, is proposed to
function similarly to the spacer adaptation module of CRISPR systems [95]. Research
involving heterologously expressed Casl solo enzymes has revealed their ability to
excise and integrate casposon derivatives and small synthetic oligonucleotides in
vitro [98, 100, 109, 110]. These studies primarily focus on analyzing Casl solo protein
activities. Investigations into the casposon from the archeaon Aciduliprofundum boo-
nei, particularly its Casl solo variant, have provided significant biochemical insights
into the translocation mechanism and indicated possible iz vivo activity [98, 100,
109]. Experiments with purified Casl solo from both A. boonei and M. mazei demon-
strated that these enzymes can site-specifically integrate casposon derivatives or short
synthetic oligonucleotides into various target sites on pUC19-derived plasmids iz vitro
[96, 98, 109, 110]. This site-specific integration process resembles the incorporation
of new spacer sequences into CRISPR arrays during the CRISPR-Cas adaptation phase
[95, 110]. Until recently, in vivo evidence for casposon activity has been lacking. In
addition to the scarcity of suitable model systems and the limited number of geneti-
cally tractable hosts, a major challenge has been the absence of a selectable marker to
detect casposon “hopping” or mobility. This limitation makes it difficult to directly
observe integration events, assess their impact on growth or fitness, and detect poten-
tial loss of the casposon over time, as there is no clear selective advantage to track these
changes [95, 96, 112]. Recently, the proposed iz vivo translocation activity of the M.
magei casposon. MetMaz-C1 [96] was explored through a 472-day long-term evolution
experiment (which corresponds to approximately 600 generations) [112]. MetMaz-C1
has a size of around 10 kb, encoding eight genes and is flanked by TIR of 31 nt and
TSD of 14 nt [112]. The study with four different stress treatments (native conditions,
high temperature, high salt, mitomycin C) examined and demonstrated translocation
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of the casposon employing an optimized nested qPCR to track casposon presence at
various genomic sites and is now reported as an active MGE [112]. Moreover, in an
independent approach the activity of a synthetic MetMaz-C1 derivative was tested
using a mini-casposon assay, where the mini-casposon containing an R6Ky origin
and two antibiotic resistance genes flanked by TIRs and TSDs demonstrated active
translocation from a suicide vector into the host genome [98, 100, 109, 110, 112]. Both
methods confirmed precise casposon excision, leaving behind a single empty target
site, and provided preliminary evidence for reintegration into new genomic loci,
the formation of a possible circular intermediate, and the casposon’s ability to create
tandem structures by using the same target site repeatedly [112]. Furthermore, the
long-term evolution experiment, using strains with and without Caslsolo overex-
pression, revealed differences in casposon excision frequencies under various stress
conditions [112].

Casposons, with their distinct structural features and transposition mechanisms,
provide valuable insights into the role of MGEs in genomic evolution. Their pres-
ence in archaea highlights the evolutionary relationships between MGEs and cellular
processes, while also offering clues to the origins of complex gene-editing systems.
Studies of casposons in mixed cultures could further enhance this aspect and future
respective discoveries might deepen our understanding of casposons’ influence on
the genomic adaptability of archaea. Additionally, future studies should investigate
the distribution and frequency of transposons in the currently available genomes to
enable quantitative assessments.

2.5 Biotechnological applications of transposons

The development of genetic techniques for archaea has lagged behind the rapid
advancements in molecular biology. As a result, we now encounter many instances
where microbial genomes have been fully sequenced, but few or no genetic tools are
available for those organisms. Transposons and casposons are valuable tools that have
been widely used in bacteria, but their use in archaea has been much more limited. So
far, only a few have been applied in archaea.

Using a modified mariner transposable element Himar1, originally found in the
insect Hematobia irritans was implemented by Zhang et al. to allow iz vivo trans-
poson mutagenesis in the methanogenic archaeon Methanosarcina acetivorans C2A
[113]. Modified mini-Himar1 elements were designed to include selectable markers
functional in Methanosarcina species, along with the Himar1 transposase expressed
from known Methanosarcina promoters. Due to its independence from host-specific
factors, this system could potentially be widely applicable across various microor-
ganisms [113]. Furthermore, the reprogrammed archaeal TnpB found on a short
1S200/1S605 transposon in Sulfolobus islandicus REY15A is used for genome editing.
It was taken advantage of that TnpB utilizes a single noncoding RNA to guide the
cleavage of double-stranded DNA, demonstrating its genome editing capability in
human cells [114].

Those are only some examples of how transposons are indispensable in many
fields of research. Their ability to move within and between genomes has made
them powerful tools for genetic studies, enabling scientists to investigate gene
function, genome structure, and evolutionary processes. In biotechnology, trans-
posons are used for mutagenesis, gene delivery, and genome editing. Moreover,
their applications extend to medicine, where transposon-based systems are being

developed.
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3. Conclusions

In conclusion, the exploration of MGEs within archaea has revealed their pro-
found influence on genetic diversity, adaptability, and evolution. MGEs, including
plasmids, transposons, and casposons, play critical roles in shaping genomes, facili-
tating HGT, and driving the evolutionary processes that allow organisms to thrive in
extreme environments. While much research has focused on bacterial and eukaryotic
MGEs, recent studies on archaeal MGEs have highlighted their unique structural
and functional characteristics, particularly in extremophiles. The classification and
mechanisms of transposons show the complexity and diversity of these elements
across different domains of life.

The discovery and analysis of casposons have provided new insights into the evo-
lutionary link between transposons and the CRISPR-Cas adaptive immune systems,
emphasizing the dynamic nature of genetic elements and their role in prokaryotic
defense mechanisms.

As research continues to unravel the complexities of these elements, it is expected
that new discoveries will deepen our knowledge of genome function and the intricate
relationships between genetic elements and their hosts. MGEs, particularly in archaea,
are poised to remain a crucial area of study, offering valuable insights into the mecha-
nisms that drive genetic innovation and adaptation across all domains of life.
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Chapter 4

Co-Production of Hydrogen and
Methane by Anaerobic Digestion

Fang Yin, Junlin Ji and Wudi Zhang

Abstract

According to the analysis of material metabolic pathway, mutual symbiotic flora, and
energy cooperative sharing, the paper proposed that the ideal anaerobic digestion metab-
olism process of hydrogen production followed by methane production coincided with
the mutual symbiotic and synergistic mechanism. (1) Hydrogen, carbon dioxide, and
acetate acid are the important intermediates in the process of anaerobic digestion for co-
production of methane and hydrogen. (2) Hydrogen-producing acetogenic, bacteria and
hydrogen-consuming methanogenic bacteria undergo mutual coupling to become the
anaerobic symbiotic compact, sharing organic material degradation and contributing
chemical energy (15 kJ/mol). (3) From the point of view of adenosine triphosphate (ATP)
energetics, we explain the phenomenon of low energy dissipations of anaerobic digestion,
which is about 20 kJ/mol of energy requirements for symbiotic community survival. The
viewpoint of mutual symbiosis was supported by the typical case of mutual symbiotic
community in the 1960s and H, hypothesis in the 1970s” which also verified the optimal
energy conversion efficiency of co-production of hydrogen and methane.

Keywords: anaerobic metabolism, co-production of hydrogen and methane,
cooperative energy sharing, symbiotic microbial, mutualism

1. Introduction

1.1 Significate of co-production of hydrogen and methane by methanogenic
metabolism

In the early 1990s, the production of biological hydrogen by fermentation of organic
wastewater drew attention [1]. The physiological and ecological theory of acidogenic
fermentation of microorganisms was presented, and a series of hydrogen-producing
technologies of biological fermentation were implemented by exploiting the acidogenic
fermentation effect of acidogenic bacteria. In their proposition regarding the hydrogen
production efficiency of the biological fermentation hydrogen production system to
address the key technical issues, the hydrogen conversion efficiency per unit substrate
(measured in glucose G) is extremely low, merely 2 mol/molG, and the majority of the
hydrogen in the raw material is still fixed in the fermentation products, such as propionic
acid, butyric acid, lactic acid, and ethanol. There are microflora with complex population
relationships within the fermentation system. Hydrogen-producing acetogenic bacteria
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are capable of converting propionic acid, butyric acid, and ethanol into acetic acid,
hydrogen (H,), and carbon dioxide (CO,). With the assistance of the stepwise degrada-
tion of glucose by fermentation of acidogenic bacteria and hydrogen-producing
acidogenic bacteria, the hydrogen conversion rate of the substrate can reach over 2.5 mol/
molG. How to break through the metabolic barrier of anaerobic activated sludge to
biomass fermentation hydrogen production and enhance the hydrogen conversion rate
per unit substrate has emerged as the bottleneck restricting the hydrogen-producing
technologies of biological fermentation [2].

Utilizing Eupatorium adenophorum Spreng. as the feedstock, the raw materials
(cellulose, hemicellulose, and lignin) were analyzed and assessed through a sequential
fermentation process of hydrogen production followed by methane production, as
well as methane production followed by hydrogen production. Concurrently, gas
generation and gas production rate were evaluated and compared. It was observed
that adopting the pathway of hydrogen production followed by methane production
enhanced the degradation efficiency of raw materials within the fermentation system,
thus representing a rational material flow route.

2. Energy efficiency analysis of joint production of hydrogen and methane

By comparing and analyzing the productivity efficiency of fermentation systems,
it was determined that the anaerobic digestion degradation mode involving hydrogen
production prior to methane production exhibits an optimal and efficient perfor-
mance [3]. This mode demonstrates a rational metabolic flow path for anaerobic
digestion compared to the alternative approach of hydrogen production after methane
production, thereby aligning with the energy sharing mechanism.

2.1 Potential for producing hydrogen and methane

In Experiment 1, hydrogen fermentation was conducted first. After hydrogen
production ended, the pH was adjusted to 7 and then methane fermentation was
carried out. The experiment was conducted for a total of 50 days (Figure 1).

In Experiment 2, methane fermentation was conducted first. After methane pro-
duction ended, the pH was adjusted to 5 and then hydrogen fermentation was carried
out. The experiment was conducted for a total of 669 days (Figure 2).
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Figure 1.

Gas production curve in Experiment 1.
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Figure 2.
Gas production curve in Experiment 2.

The gas production rates of total solids (TS) and volatile solids (VS) in each stage
of Experiment 1 are observed to be higher than those of Experiment 2, as indicated by
the data presented in Table 1.

2.2 Comparative analysis of raw material utilization

The contents of cellulose, hemicellulose, and lignin in fermentation raw materials,
inoculants, and feed liquid before and after fermentation were determined, as shown
in Table 2.

The utilization rate of raw materials (cellulose, hemicellulose, and lignin) in each
stage of Experiment 1 is observed to be higher than that in Experiment 2, as indicated
by the data presented in Table 2.

2.3 Characteristics of hydrogen production stage

Hydrogen-producing acetogenic bacteria and methanogenic bacteria are
interdependent and mutually constrained in a fermentation system, and the “inter-
species hydrogen transfer” between them allows the hydrogen-producing bacteria to
continuously provide hydrogen, while the methanogenic bacteria continuously con-
sume hydrogen. By artificially regulating the pH of the system, a dynamic balance
between hydrogen production and utilization can be achieved [4].

Adjust the pH of the fermentation system with acetic acid (HAc) and hydrochloric
acid (HCI), respectively. Compared with the HCl regulation method, the fermentation
with HAc-adjusted pH had a better gas production effect, while the fermentation with
HCl-adjusted pH started faster. The cellulose degradation rate regulated by HAc is
higher than that regulated by HCI, and the energy conversion and utilization effect of
the system is better.

2.3.1 Terminal judgment of hydrogen production stage

The gas production during the hydrogen production stage in Experiment 1 and
Experiment 2 is shown in Figures 3 and 4. It can be seen from the figures that there is
a peak in gas production every time the pH is adjusted. The gas production of the
experimental group is higher than that of the control group, but the difference in gas
production between the experimental group and the control group is significantly
reduced in the later stage. The peak of gas production in the experimental group
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Measurement indicators Cellulose Hemicellulose Lignin
content (%) content (%) content (%)
Experiment 1 Raw material 30.08 22.43 21.99
Before/after hydrogen production 28.09/26.72 19.88/17.52 20.76/20.33
fermentation
Utilization rate of hydrogen 4.88 11.87 2.07
production stage
Before/after methane 26.72/22.48 17.52/14.57 20.33/18.96
fermentation
Utilization rate of methane 15.87 16.84 6.74
production stage
Experiment 2 Raw material 31.42 24.61 20.93
Before/after methane 26.96/23.21 20.48/16.96 19.41/18.41
fermentation
Utilization rate of methane 13.83 16.66 5.41
production stage
Before/after hydrogen production ~ 23.21/22.88 16.96/16.52 18.41/18.34
fermentation
Utilization rate of hydrogen 1.42 2.59 0.38
production stage
Table 2.
Analysis of cellulose, hemicellulose, and lignin content.
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Figure 3.

Gas production curve of hydrogen production stage in Experiment 1.

occurred after the peak of gas production in the control group, and the increase of
pH in the control group was higher than that in the experimental group, which may be
due to the microbial community in the control group being in a nutrient-deficient
environment, and the lactic acid used to regulate pH could be used as a carbon source

75



Methanogens — Unique Prokaryotes

400 56
54
350 59
\ 32
300 ) : 3
E 48
25
g 250 46 .
Q 44 =
=] L —
B 12§
> L 7 jamy
g 150 ; =9
O 38
100 + 36
) &
s/ -
9 4
s0 | N P v \\_‘ - ?
S = S 32
0 1 1 il 1 1 A 1 1 ' 1 1 A 1 3
0 1 2 3 4 5 6 7 8 9 10 11 12 13
Time (days)
~=—Control group gas production /mL —+—Experimental group gas production /mL
pH of control group pH of experimental group
Figure 4.

Gas production curve of hydrogen production stage in Experiment 2.

for its metabolism. In the environment where the microbial community of the exper-
imental group is located, the substances that are more easily decomposed in the raw
materials can become their metabolic raw materials, and the rate of consumption of
lactic acid is lower than that of the control group, resulting in a slower increase in the
pH of the system.

It can be determined whether the hydrogen production stage is complete by
assessing whether the gas production trends of the experimental and control groups
align. As shown in Figure 4, on the seventh day, when the gas production trends of
both groups converged, further lactic acid additions were made to adjust pH and
extend the fermentation period. The gas production trends of both groups continued
to converge, with the experimental group no longer showing a significant production
advantage over the control group, indicating that fermentation had been completed.

2.3.2 Comparison of raw material utilization in hydrogen production stage

There is a difference between the hydrogen production effect of direct fermenta-
tion and the hydrogen production after methane fermentation. Assuming the index
values in the hydrogen production stage of Experiment 1 are 1, we can visually
compare the differences between the two processes by referring to Experiment 1’s
index values, as illustrated in Figure 5.

If hydrogen is first produced through fermentation, the acidic environment of the
system is conducive to the accumulation of hydrogen-producing bacteria and interme-
diate metabolites, especially acetic acid and butyric acid, which determine the amount
of hydrogen produced. If methane is first produced through fermentation, the metabo-
lites in the system, including ethanol, acetic acid, pyruvic acid, butyric acid, and other
organic acids, are initially converted into methane, and then the pH value is adjusted to
produce hydrogen. The acidic environment restimulates the accumulation of hydrogen-
producing bacteria and hydrogen-producing intermediate metabolites in the system, so
that the remaining organic acids can be finally converted into hydrogen.

The utilization rate of raw materials for hydrogen production through initial fer-
mentation is observed to be higher than that for biogas production followed by
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Figure 5.

Comparison of various indicators during hydrogen production.

hydrogen generation, as depicted in Figure 5. The acidic environment during the
hydrogen production stage facilitates the degradation and utilization of raw materials,
such as cellulose, hemicellulose, and lignin.

2.4 Characteristics of methane production stage
2.4.1 Comparison of raw material utilization in methane production stage

The methanogenic effects differ between the two processes: fermentation of first
producing hydrogen then methane and fermentation of directly producing methane
from raw materials. Taking the index values in the methane production stage of
Experiment 1 as 1, and comparing the index values in the methane production stage of
Experiment 2 with those of Experiment 1, the differences between the two processes
can be intuitively compared, as shown in Figure 6.

Except for methane (CH,) content, all other indicators in Experiment 2 were lower
than those in Experiment 1. The reason may be that the raw materials were first
subjected to acid treatment in the hydrogen production stage, which increased the
degradation rate of cellulose, hemicellulose, lignin, and other substances. The utiliza-
tion rate of metabolites in the system, including ethanol, acetic acid, pyruvic acid,
butyric acid, and other organic acids, also increased accordingly.

2.4.2 Comparison of methane production rates

The methane production stage of Experiment 1 only lasted for 36 days, and the
methane production reached 2557.92 mL. While the methane production stage of
Experiment 2 lasted for 56 days, and the methane production only reached
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Figure 6.
Comparison of various indicators in the methane production stage.

1713.69 mL. Indicators, such as gas production volume and gas production rate,
indicate that Experiment 1 has a higher utilization rate of raw materials than Experi-
ment 2.

Thus, we calculated the methane production rate of the raw material, which can be
calculated using the following formula:

n
-V
v, = EV;; x 100% (1)

In the formula, V,,—the methane production rate of the raw material, %; V,—
methane production from the ith day of raw materials, mL; and V—total methane
production of raw materials, mL.

The gas production rates of raw materials of Eupatorium adenophorum Spreng. in
different experimental groups are shown in Figure 7.

From Figure 7, it can be seen that the initial methane production rate in Experi-
ment 1 is lower than that in Experiment 2. Experiment 2 first ferments to produce
methane, and the inoculum is activated sludge that has been domesticated in the
laboratory for a long time. Among them, methanogens have higher activity and start
the methane production process faster. After hydrogen-producing fermentation in
Experiment 1, a large number of hydrogen-producing bacteria were enriched, and the
activity of methanogens was low, manifested as a slow start of the methane produc-
tion stage. After the seventh day of reaction, the methane production rate in
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Figure 7.
Methane production rates of Experiment 1 and Experiment 2.

Experiment 1 increased significantly compared to Experiment. At the same time, the
methane producing hydraulic retention time (HRT) of Experiment 1 was 36 days,
which was shorter than 56 days of Experiment 2, indicating that the hydrogen pro-
duction following methane producing stage is beneficial for shortening the fermenta-
tion cycle of methane production.

2.5 Analysis of energy conversion efficiency
2.5.1 Analysis of energy conversion efficiency for hydrogen and methane production

The energy utilization rate of the raw materials in this experiment can be calcu-
lated by the following formula:

Vi, X Q, + Ven, X Qcp,
Qpas X mrs

x 100% (2)

In the formula, Vi, and Vpy are the experimental volumes (mL) of hydrogen
and methane, respectively. Quy, Qcna, and Qgas are the combustion calorific
values of hydrogen, methane, and Eupatorium adenophorum Spreng., respectively.
The combustion calorific value of Eupatorium adenophorum Spreng. is 17,220 J/g [5],
and mrs is the experimental dry matter mass gram of Eupatorium adenophorum
Spreng. The energy utilization efficiency at different experimental stages is shown in
Figure 8.

From Figure 8, it can be seen that the energy utilization efficiency of the hydrogen
production stage and methane production stage in Experiment 1 is higher than that in
Experiment 2, and the experimental values of both groups are higher than the litera-
ture values [6]. The joint fermentation of hydrogen and methane production can
improve energy utilization efficiency. Fermentation of first producing hydrogen and
then methane can increase energy utilization efficiency by 68.54%, while fermenta-
tion of first producing methane and then hydrogen can increase energy utilization
efficiency by 15.35%.
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Figure 8.
Energy utilization efficiency of two experimental groups at different stages.

2.5.2 Comparison of utilization of different fermentation reaction substances and energy

For a long time, hydrogen production through fermentation from pure carbohy-
drates, agricultural and forestry waste straw, organic waste, and wastewater sludge
has been hindered by the low calorific value per unit volume of hydrogen, resulting in
low energy conversion efficiency when using biomass to produce hydrogen. In addi-
tion, fermentation to produce methane has a more effective conversion technology
than fermentation to produce hydrogen, which has always been a bottleneck
restricting the industrial application of fermentation to produce hydrogen [7].

However, the production of hydrogen is faster than that of methane. Experiment 1
showed that the fermentation process of producing hydrogen first and then methane
was completed in 50 days, while the fermentation process of producing methane first
and then hydrogen only completed the production of methane within 50 days, and
continuing to produce hydrogen requires a delay of 15 days. So, joint fermentation for
hydrogen production shortens the fermentation reaction cycle compared to producing
methane alone or producing methane first and then hydrogen.

3. Metabolic substrates for anaerobic hydrogen and methane production

When the substrate of anaerobic digestion (carbon or carbonaceous compounds)
and environmental factors (such as temperature, pH, absence of oxygen, etc.) meet
specific requirements, the process of anaerobic digestion for hydrogen (H,) and
methane (CH,) production is realized. Generally, the substrate consists of H,, CO,,
and acetic acid as fundamental substances for metabolism.

3.1 Growth substrate for anaerobic hydrogen and methane production

As a group, methanogens can only utilize a few simple compounds, most of which
are compounds containing only one carbon element (Table 3) [8]. The special phys-
iological function of methanogens will result in most methanogenic bacteria in
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Bacteria Reaction Product AG® (kJ/
molCH,)

Most methanogens 4H, + CH,4 + 3H,0 —135

HCO;™ + H*
Many hydrogenotrophic methanogens 4HCO3;™ +H" + CH,4 + 3HCO;3~ —145
H,0
Methanobacterium and Methanosarcina 4CO + 5H,0 CH, + 3HCO;™ + 3H" —196
Some hydrogenotrophic methanogens 2CH;CH,OH+ 2CH;COO™ + H'+ —-116
HCO;™ CH, + H,0

Methanosarcina and Methanothrix spp. CH;COO™ + H,0 CH,4 + HCO3™ -31

Methanosarcina and other 4CH;0H 3CH, + HCO3;™ + H,O+ H* —105

methylotrophic methanogens

Methanosarcina and other 4(CH3)3-NH* + 9CH, + 3HCO;3;™ + 4NH "+ -76

methylotrophic methanogens 9H,0 3H*

Some methylotrophic methanogens 2(CHj3),- 3CH4 + HCO3™ + 2H,S + H* —49

S + 3H,0
Methanosphaera stadtmanae, CH;0H + H, CH,4 + H,0O -113

methylotrophic methanogens

Table 3.
Reactions of methanogens using different substrates.

anaerobic habitats requiring other microorganisms to provide them with substrates.
Therefore, most organic matter requires the interaction of different groups of anaer-
obic microorganisms in the food chain in order to ultimately be converted into meth-
ane. While in an aerobic ecosystem, a single microorganism can typically completely
oxidize a complex organic compound into CO,.

The reason why methanogenic bacteria cannot convert some slightly more com-
plex organic molecules, such as glucose, into CH, and CO, is that methanogenic
bacteria cannot compete with fermentative bacteria that are more specific in utilizing
complex organic molecules. The free energy of each electron in fermentative bacteria
is much more negative than that in complete metabolic reactions coupled with
methanogenesis or sulfate reduction, and the reaction is easier to carry out. The AG®
of glucose fermentation conversion into acetic acid and H, is —27 kJ/electron, while
the AG? of glucose complete degradation into CH, is only —16 kJ/electron. Therefore,
a hypothetical methanogenic bacterium that utilizes glucose has to compete with more
efficient fermentative bacteria (AG® per electron is —39 k]/electron under anaerobic
bioreactor conditions). If this methanogenic bacterium converts glucose into acetic
acid and CHy, each electron in the reaction can store —42.7 k] of free energy, but the
existence of such a methanogenic bacterium has not yet been discovered [9].

From Table 3, it can be seen that the most common decomposition reaction of
methanogens is the reduction of CO, to CH,4 using H, as a reducing agent. H, is the
main fermentation product of anaerobic microorganisms, fungi, and protozoa. Most
methanogenic bacteria (hydrotrophic type) capable of producing CH, from H,-CO,
can also use formate dehydrogenase to reduce CO, with formic acid as an electron
donor [10]. Methanobacterium thermoautotrophicum and Methanosarcina barkeri can
grow by utilizing carbon monoxide (CO) dehydrogenase to obtain electrons from CO
(H;) may be an intermediate metabolite in this reaction process [11]. Some
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hydrogenotrophic methanogens can also use short-chain alcohols as electron donors to
oxidize secondary alcohols into ketones [12] and primary alcohols into carboxylic
acids [13]. This discovery overturns the traditional view that alcohols other than
methanol cannot be directly utilized by methanogens. The methanogenic bacteria
Methanosarcina and Methanothrix, which are acetic acid trophic methanogens, can
utilize different substrates, including methyl compounds, and sometimes H,-CO,
[14]. Some methylotrophic methanogenic bacterial communities, including
Methanosarcina, Methanococcus, Methanolobus, and Methanohalilius, can utilize meth-
anol and methylamine, while some cultures can also utilize methyl sulfides [15].

3.1.1 Utilizing hydrogen and carbon dioxide to produce methane

Apart from some methanogens, such as Methanothrix spp., which can only metab-
olize acetic acid, Methanosphaera stadtmanae, which uses hydrogen to reduce metha-
nol, Methanolobus tindarius, which can only use methanol and methylamine, most
methanogens can grow using hydrogen and carbon dioxide as energy sources:

4H, + CO;, — CH4 +2H,0  AG® = —131kJ/mol (3)

In methane ecosystems, the hydrogen partial pressure is usually between 1 and
10 Pa. At this low concentration of hydrogen, the variable of free energy (AG®) during
methane production using hydrogen and carbon dioxide is —20 kJ/mol to —40 kJ/mol.
In cells, the synthesis of ATP from adenosine diphosphate (ADP) and inorganic phos-
phates requires a minimum free energy of 50 kJ/mol. Therefore, under physiological
growth conditions, less than 1 mole of ATP can be synthesized per mole of methane
produced, which can serve as evidence for the coupling of methane production capacity
and ADP phosphorylation through chemical permeation mechanism.

3.1.2 Production of methane through acetic acid oxidation

The degradation of acetic acid contains two reactions: the dehydrogenation of acetic
acid and anaerobic oxidation of acetic acid. In the syntrophic methanogenic bacterial
community (acetate-oxidizing bacteria and methanogenic archaea), the oxidation of
acetic acid reaction can occur, indicating that the acetate-oxidizing bacteria first oxidize
acetic acid into H,/CO,, and then the hydrogenotrophic methanogenic archaea convert
H,/CO, into methane, which is in accordance with the biochemical metabolic rules.

3.1.2.1 Acetic acid as an intermediate metabolite

The process of methane production through anaerobic digestion using hydrogen
reduction involves the oxidation of sugars, peptides, lactic acid, and pyruvic acid to
CO,, or the fermentation of these organic matters to produce acetic acid and other
products. These processes are generally divided into the following steps: sugar degra-
dation to produce pyruvic acid, conversion of pyruvic acid to acetyl-CoA (coenzyme
A), oxidation of acetyl-CoA to 2 molecules of CO, (sulfur, sulfate, and oxygen as
terminal electron acceptors), or conversion of acetyl-CoA to acetic acid. When the
inorganic electron acceptors, such as oxygen, nitrate, iron, magnesium, and sulfate,
are lacking, these complex organic matter undergo anaerobic digestion to produce
methane as the main degradation pathway, which consists of four steps: primary
fermenting bacteria—hydrolyze macromolecular organic matter into amino acids,
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Process Fermentation equation AG® (KkJ/mol)

(1) Aceticlastic methanogenesis *CH53COO + H,O — *CH,4 + HCO; -31.0

(2) Syntrophic acetate oxidation *CH3COO + 4H,0— H*CO;3 + 4H, + HCO3 + H* +104.6

(3) H,-consuming methanogenesis 4H, + HCO3 + H*— CH4 + 4H,0 —135.6

(4) Sum of (2) + (3) *CH,COO + H,0 — H*CO; + CH, ~31.0

(5) Hy-consuming acetogenesis 4H, + 2HCO3 + H*— CH3COO + 4H,0 —104.6
Table 4.

Acetic acid oxidation process.

sugars, and long-chain fatty acids; secondary fermenting bacteria (proton-reducing
intertrophic bacteria)—hydrolytic products are acetic acid, hydrogen, and carbon
dioxide; acetic acid hydrolysis methanogens—acetic acid degradation; and
hydrogenotrophic methanogens—convert hydrogen and carbon dioxide into
methane [16].

3.1.2.2 Acetic acid oxidation

The degradation of acetic acid to produce methane can be divided into two
processes:

The first process is aceticlastic methanogenesis, in which acetic acid is cracked into
methyl and carbonyl groups. Through biochemical reactions, the methyl group is
directly converted into methane, while the carbonyl group is oxidized to carbon
dioxide [17]. This reaction can occur spontaneously. Both Methanosarcina and
Methanosaeta are currently known to produce methane through this reaction.

The second process contains two reactions, syntrophic acetate oxidation and
hydrogenotrophic methanogenesis. This process was originally proposed by Barker
[18] in 1936. In the process of syntrophic acetate oxidation, the methyl and carbonyl
groups of acetic acid are oxidized to CO, and produce H, (Reaction 2 in Table 4).
Although syntrophic acetate oxidation cannot occur spontaneously (AG” = +104.6 kJ/
mol), it is accompanied by hydrogen consumption by methanogens like ethanol or
fatty acid oxidation (Reaction 3 in Table 4) [19] (AG® = —135.6 kJ/mol), making the
entire reaction process (Reaction (2) + (3)) become spontaneous (AG” = —31.0 kJ/
mol) (Reaction 4 in Table 4) [20], which has the same stoichiometric formula with
aceticlastic methanogenesis.

It can be seen that acetic acid is the most important intermediate metabolite in the
process of methane production by anaerobic mineralization of organic matter.

3.2 Conclusion

The anaerobic digestion process relies on H,, CO,, and acetic acid as the metabolic
basis. When the substrate (carbon) and environmental factors (such as temperature,
pH, oxygen isolation, etc.) of anaerobic digestion can meet the system requirements,
there are two ways to utilize the substrate:

1. Using hydrogen and carbon dioxide to produce methane;

4H, + CO; — CH4 +2H,0  AG® = —131kJ/mol (4)
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2. There are two ways to produce methane from acetic acid oxidation and acetic acid:
One is direct cracking,

*CH3COO™ + H,0 — *CH4 +HCO3-  AG° = —310 kJ/mol (5)

The other is syntrophic acetate oxidation and hydrogenotrophic methanogenesis,
accompanied by the hydrogen consumption of methanogens (AG® = —135.6 kJ/mol),
the entire reaction AG® = —31<0,

*CH3COO™ + 4H,0 — H*COj5- + 4H, + HCO3- + H*  AG° = +1046 kJ/mol (6)
4H, + HCO3- + H" — CH,4 + 4H,0  AG® = —1356 kJ/mol 7)
*CH;CO0~ + H,0 — H*CO3- + CH;  AG° = —310 kJ/mol (8)

It can be seen that the coupling of acetic acid oxidation reaction accompanied by
hydrogen consumption to produce methane is the key metabolic pathway for the
entire anaerobic oxidation to produce methane.

4. Symbiosis between anaerobic and methanogenic microorganisms

Anaerobic digestion is an extremely complex microbial and biochemical process. In
the gradual understanding of the distribution and degradation steps of microbial
communities in the anaerobic digestion process, it has been found that the most
important link is substrate degradation and the interaction between different micro-
bial communities [21]. First, substrate degradation mineralization produces methane
through the oxidation of acetic acid to H,/CO,, which is then converted to methane.
As long as the partial pressure of hydrogen in the system is maintained at a low level,
energy release from the reaction can be guaranteed, and energy conservation of the
system as well as stable cell growth can be sustained.

Second, neither methanogenic archaea nor hydrolytic bacteria can degrade organic
matter alone, but both must be involved. Different bacterial communities live together
in a compact group that is close to thermodynamic equilibrium. The evolutionary
metabolic mechanism among different bacterial communities allows them to share the
chemical energy of biochemical reactions among themselves. (Although the energy
value released by the interaction between acetate-oxidizing bacteria and methanogenic
bacteria is very low, AG® = -31.0 kJ/mol, the two bacterial communities only share this
energy of 15.5 kJ/mol for their own survival needs.) This energy deficiency will cause
slow growth of bacterial communities, and they are difficult to separate from each
other, even unable to survive independently after separation. This also explains why it
has been difficult to achieve the separation and purification of acetic acid oxidizing
bacterial systems for a long time [22]. Therefore, non-methanogenic hydrolytic bacteria
and methanogenic archaea coexist, depend on each other, and constrain each other in
anaerobic digestion systems. Their potential bacterial symbiosis is an important guaran-
tee for maintaining normal life activities to achieve balance in the entire digestion
process, and is a key factor to ensure the efficient degradation of hydrogen and methane
production in the anaerobic digestion system [23].

In anaerobic environments, bacteria and archaea achieve methanogenesis and
oxidation by interspecific electron transfer [24] (interspecific hydrogen transfer),
which shuttles back and forth. In facultative intertrophic bacteria, the substrate is
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fermented by a single hydrolytic bacterium, while the growth of microorganisms and
their metabolites is regulated by hydrogen-consuming methanogens [25]. These
mutualistic bacterial communities have the following distinct characteristics:

1.Neither archaea nor bacteria can independently degrade specific organic
compounds, the hydrolysis and growth of these organic compounds must involve
both parties [26].

2.The distance between the syntrophic flora can affect the degradation and growth
rate of organic matter, resulting in the formation of compact aggregates of
bacteria and archaea.

3.The syntrophic flora live in a state close to thermal equilibrium, so the metabolism
of one type of flora directly affects the metabolism of another type of flora.

4.The progressive biochemical metabolic mechanism of the syntrophic flora allows
the sharing of chemical energy of biochemical reactions among the flora [27].

4.1 The culture scheme of interspecific hydrogen transfer-dependent syntrophic
flora

Strict anaerobic bacteria can generate acetic acid, carbon dioxide, and hydrogen from
glucose. When hydrogen partial pressure is low, from the perspective of energy balance,
oxidation of nicotinamide adenine dinucleotide (NADH) and reducing ferredoxin and
reduction of coupled protons are feasible, so hydrogen will be the only reduction product:

Glucose — 2 acetate™ 4+ 2CO, + 4H, + 4Ht AG® = -216 kJ /mol 9)

When the fermentation bacteria (without hydrogen-consuming methanogens) are
isolated and grown in pure medium, hydrogen will accumulate to a higher concentra-
tion, and then NADH oxidation will no longer occur, and sugar degradation and
growth will stop. However, many fermenting bacteria can also oxidize NADH by
reducing intracellular metabolites (as shown in Table 5).

AG?, standard Gibbs free energy change expressed in kJ/mol.

The energy advantage of the coexistence of these fermentative bacteria and
hydrogen-consuming methanogens in the syntrophic flora is that they can obtain
more ATP. For example, when Ruminococcus albus grows in pure medium, it converts
glucose into ethanol and produces 2 molecules of ATP. However, when Ruminococcus
albus and hydrogen-consuming methanogens intergrow, glucose is converted into
acetic acid, producing 4 molecules of ATP. Such a facultative syntrophic flora utilizes
a feasible thermodynamic dynamic reaction to conserve maximum energy.

Bacteria that can oxidize NADH and produce coupled hydrogen can survive by
consuming hydrogen through other anaerobic methanogens. Therefore, such fermen-
tative bacteria, including Synechococcus and Bacillus, should be considered as special-
ized syntrophic flora [28]. It is possible for many fermentative bacteria that rely on
low concentrations of hydrogen and formic acid to survive in methane-producing
environments. However, just like other fermentative bacteria that grow rapidly, rely-
ing on the symbiotic survival of methanogenic bacteria cannot be obtained using
ordinary standard enrichment and isolation methods, as shown in Figure 9.
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Species Reaction AG”

Ruminococcus albus Glucose — 2 ethanol +2CO, —235K]

Selenomonas ruminantivm Glucose — 2 lactate™ + 2H* —198 kJ

Ruminococcus flavefaciens Glucose —acetate™ + succinate” + H, + 3 H* —169 kJ

Acetobacterium woodii Glucose — 3 acetate™ + 3H* —311kJ
Table 5.

H*

reactions with NADH oxidation.

a Batchculture b Serial dilution ¢ Serial dilution d Chemostat culture e Floating filter culture
with methanogens

Figure 9.
Different strategies for enriching microorganisms in anaerobic environments.
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The enrichment and separation operation method is as follows:

a. Batch culture, a traditional specialized medium for batch cultivation, is suitable
for the enrichment and isolation of rapidly growing bacteria.

b. Serial dilution, a sequence dilution method for batch cultivation in specialized
culture media, is suitable for the enrichment and isolation of a large number of
bacteria, especially those coexisting with methane-producing bacteria.

c. Serial dilution with methanogens, the batch culture sequence dilution of
methanogenic bacteria pregrown in a hydrogen containing substrate. Most
methanogenic bacteria can effectively engulf hydrogen and formic acid and
provide suitable growth conditions for bacteria that coexist with methanogenic
bacteria.

d. Chemostat culture, a constant culture that enriches microorganisms with high
affinity for substrates.

e. Floating filter culture, suitable for the enrichment and separation of demanding
bacteria with high nutrient requirements that cannot grow on solid medium.
The samples are first filtered through a 0.2-pm polycarbonate and polyester
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fiber membrane, and then concentrated and placed on the surface of liquid or
solid medium containing carbon sources.

4.2 Symbiosis between hydrogen-producing bacteria and hydrogen-consuming
methanogens

In the mutualistic microbiota, hydrogen-producing bacteria and hydrogen-
consuming methanogens share redox states, affecting mutual metabolism. Under high
concentration hydrogen conditions, the metabolism of hydrogen-producing bacteria
is inhibited, methane metabolism is stimulated, and vice versa [29]. The transfer of
metabolites between microorganisms is caused by diffusion, and the diffusion flow
rate is defined by Fick’s formula:

J = DA[(c2 - c1)/d] (10)

In the formula, D represents the diffusion coefficient in water, A represents the
surface area of the producing bacteria, C represents the concentration of metabolites,
D represents the distance between two microorganisms, and ] represents the flow rate
of metabolites.

According to the calculations of Schink and Thauer [30], the proportion of interspe-
cific hydrogen transfer increases significantly with cell aggregation. Anaerobic digesters
and methanogens gather together to form a dense microbial community structure, similar
to organs, rather than independent functional microbial suites. As early as 1936, Barker
proposed the synergistic oxidation fermentation of acetic acid to produce methane and
CO; [31], and the verification result was only observed in 1984 through the experiment of
isolating the acetic acid oxidizing strain aldehyde ferredoxin oxidoreductase (AOR) from
a high-temperature reactor (58°C) [32]. It also confirmed that it is a homoacetogen that
can rely on hydrogen growth and reduce CO, to produce acetic acid [33].

Figure 10 shows the dense methanogenic particle structure, which is formed by the
spontaneous aggregation of anaerobic digesters and methanogenic bacteria in an efficient
methane reactor [34]. The figure is stained to show different microbial flora. Green is
archaea, red is digestive bacteria and methanosaeta. The methanosaeta labeled with red
and green can produce yellow fluorescence, which is easy to distinguish from bacteria.

In general, the initialization and final formation of granulation is a complex pro-
cess involving physicochemical and biochemical interactions. Methane-producing
sludge granulation can only be produced when the microbes are tightly packed
together. The precipitation of granulation can effectively prevent microorganisms
from being washed out of the reactor. The physical and mechanical damage of the
granulation will lead to the serious inactivation of methanogens based on interspecific
hydrogen transfer, while the activity of methanogens based on acetic acid remains
unchanged. In addition, by constructing artificial aggregates or adding additional
methanogens in the suspended co-culture solution, the distance between granulation
is increased, and the conversion efficiency is significantly improved.

4.3 Conclusion

Since the oxidative methanogenesis of acetic acid requires the coupling of
hydrogen-consuming methanogens, this shows the fact that:
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Figure 10.
Syntrophic flora of digestive bacteria and methanogenic bacteria in sludge granulation in a methanogenic
bioreactor [34].

Neither hydrolytic bacteria nor methanogenic archaea can degrade organic matter
alone, but both must be involved. The formation of compact aggregates by the
syntrophic flora is necessary to improve the degradation rate of the substrate. The
sharing of chemical energy among the syntrophic flora is necessary to meet the
biochemical metabolic mechanisms.

Although the interaction between acetate-oxidizing bacteria and methanogenic bacte-
ria results in the release of energy (AG® = -31.0 kJ/mol), the two bacterial communities
must share this energy of 15.5 kJ/mol for their own survival needs. The lack of this energy
supply will cause: (1) slow growth of microbial communities—anaerobic digestion process
is relatively time-consuming; (2) the formation of a mutually beneficial symbiotic coexis-
tence—syntrophic flora that are difficult to separate, explaining that the isolation and
pure cultivation of methanogenic flora are impossible.

Bacteria and archaea live together in a syntrophic way, relying on each other and
constraining each other, especially between hydrogen-acetogenic bacteria and
methanogenic archaea. By utilizing their mutually beneficial metabolic abilities, they
overcome energy barriers and digest compounds that cannot be degraded by them-
selves, which is an important guarantee for maintaining normal life activities and
achieving balance in the entire digestion process.

5. Energy collaborative sharing in anaerobic hydrogen and methane
production processes

In the process of anaerobic digestion, even compounds that are difficult to digest
can be combined with hydrogen consumption and methanogenesis (AGo’ = —135.6 kJ/
mol), as long as a low hydrogen partial pressure is maintained in the fermentation
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system and the reduction equivalent is transferred by the component of interspecific
electron transfer (interspecific hydrogen transfer) shuttling back and forth. Although
the process of acetic acid oxidation and hydrogen consumption to produce methane is
achieved by acetic acid oxidizing bacteria and hydrogenotrophic methanogenic bac-
teria, the result of their interaction is the release of energy, but the energy value is
very low (AG” = —31.0 kJ/mol). At the same time, the two types of bacteria must
share this energy value for their own survival needs. Insufficient supply of this energy
will cause the slow growth of mutualistic bacterial communities, and form strict
mutually beneficial symbiotic coexistence that is difficult to separate from each other,
making it impossible for them to live independently after separation. This also
explains why it has long been difficult, or even impossible, to achieve the separation
and purification of a mixed culture system for the oxidation of syntrophic acetic acid.

As early as the 1940s, Russian microbiologist Vasily L. Omelianski proposed that
ethanol is an excellent methanogenic hydrogen producing substrate. Subsequently,
Professor Albert Barker from the University of California, USA, continued to study the
utilization of ethanol for methane production and the biochemical metabolic mecha-
nisms of methane production, and named this methane-producing bacterium
Methanobacillus omelianskii [35]. The study also found that during methane production,
the Methanobacillus omelianskii strain uses ethanol as an electron acceptor to reduce
carbon dioxide. In the absence of carbon dioxide, this strain oxidizes ethanol and
releases hydrogen until thermodynamic equilibrium [36]. In 1967, Marvin P. Bryant’s
[37] research group at the University of Illinois in the United States conducted experi-
ments showing that Methanobacillus omelianskii is a mixed culture consisting of S-
organisms and MoH methane-producing strains. The S-organisms ferment ethanol to
produce acetic acid and hydrogen, which is then utilized by the MoH strain to achieve
optimal thermodynamic equilibrium and promote their growth. Then, M. J. Wolin of
the same research group theorized that the stress effect of hydrogen formation mecha-
nism is related to the change of the free energy of chemical reaction equilibrium
NADH + H" — NAD" + H,, which is conducive to the formation of hydrogen only under
the condition of low partial pressure of hydrogen. In 1985, Professor ].G. Zeikus of
Michigan State University proposed a co-culture system of Methanosarcina barkeri and
Desulfovibrio vulgaris. With ethanol or acetic acid as the growth substrate providing
carbon source and energy, the sulfate reduction of Desulfovibrio vulgaris is coupled with
interspecific hydrogen transfer, and hydrogen as an electron acceptor participates in the
reduction of sulfate and reduces methanogenesis. Although this is not a conventional
mutuotrophic synergistic metabolic effect, it also illustrates that the loss of a potential
electron acceptor for methanogenesis can be a competitive mechanism to reduce its
methanogenic potential [30].

5.1 H, hypothesis theory

In 1970, American biologist Lynn Margulis published a book “The Origin of
Eukaryotes,” in which she proposed that aerobic bacteria are engulfed by amoeba-like
prokaryotes and consume long-term symbiotic energy to become mitochondria, blue-
green algae are engulfed and consume symbiotic energy to become chloroplasts, and
spirochetes are engulfed and consume symbiotic energy to become primitive flagella.
Subsequently, the endosymbiotic hypothesis [38] has been popularized, stating that
mitochondria originate from bacteria, meaning that bacteria are engulfed by eukary-
otes and evolve into mitochondria over a long period of symbiosis. This theory
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suggests that the ancestral promitochondria (a Gram-negative bacterium that
undergoes tricarboxylic acid (TCA) cycling and electron transfer) are engulfed by
prokaryotes and form a symbiotic relationship with the host. In this symbiotic rela-
tionship, both the symbiote and the host gain: the promitochondria can obtain more
nutrients from the host, while the host can borrow the oxidative decomposition
function of the promitochondria to obtain more energy.

The traditional theory of mitochondrial origin holds that for the host, the benefit of
mitochondria is to degrade hydrocarbons through respiration to increase ATP pro-
duction efficiency. However, the premise of accepting this view is to accept the
following hypotheses: (1) The host cannot synthesize enough ATP on its own. (2)
Symbionts produce far more ATP than they need. (3) Symbionts can export ATP to
the surrounding environment, so that the host can feel this benefit. Most archaea are
strictly dependent on hydrogen to produce ATP [39]. In addition, H,O and CO, are
both energy and carbon sources for most inorganic autotrophic methanogens, and
only a few methanogens can use alternative carbon sources, such as methylamine,
formic acid, and acetic acid (all of which are metabolites of eubacteria), and a very
small number can be grown in a separate acetic acid substrate [40]. For methanogens,
the three anaerobic metabolites of the symbiotic organism (CO,, H,, and acetate)
provide energy for their growth. In addition, methanogens coupled with hydrogen-
producing hydrogenase and independently living non-symbiotic eubacteria are
strictly anaerobic. Under such hypothetical conditions, a symbiotic system is formed
between eubacteria (symbiote) capable of independent survival, producing H, and
CO,, and methanogenic archaea (host). They should satisfy an anaerobic environment
where there are enough CO, and environmental H, (geological H,) that the host
methanogens are able to survive from the start, as shown in Figure 11(a).

If the environmental H, of the symbiotic system is removed due to physical factors
(regardless of how), the host immediately transforms into heterotrophic symbionts—
eubacteria—to survive, as shown in Figure 11(b). There are two states: (1) the host
tightly adheres to the symbiont and (2) the host benefits the most from the symbiotic
connector. It can be imagined that the larger the surface area of the host cell, the more
it can envelop the symbiote (archaea do not contain a cytoskeleton and do not
undergo phagocytosis), allowing more H, and CO; to enter through the host cell fluid.
A single input substrate cannot meet the needs of the host to meet the requirements of
the symbiotic organism. The input carbon metabolism flows in different directions.
First, the host’s hydrocarbon metabolism must gradually improve its regulatory prop-
erties to move backward (a sequence of evolutionary processes). Second, the hydro-
carbon metabolism of the symbiotic organism must first be transferred to the cell fluid
and then transferred through endosymbiotic gene transfer (single reset of existing
components). The two carbon metabolism pathways flow in opposite directions
(catabolism and synthetic assimilation) in the same cell fluid. Only by abandoning the
host’s metabolic pathway can the symbiotic organism survive, as shown in Figure 11
(d). The hydrogen hypothesis theory explains a fundamental eukaryotic cell lifestyle
different from those previously proposed. First, it is believed that the origin of het-
erotrophic organs (symbionts) is the same as that of eukaryotic cell populations.
Second, there are three requirements for the host methanogens: (1) anaerobic, (2)
strictly dependent on H, metabolism, and (3) strictly autotrophic.

The H; hypothesis theory tells us that:

Most archaea rely heavily on H; to produce ATP, while H,O and CO, are both
their sources of energy and carbon. Only a few methanogens can utilize alternative
carbon sources, such as methylamine, formic acid, and acetic acid (all of which are
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Figure 11.
Symbiotic system between eubacteria- producing H, and CO, and methanogenic archaea [27].
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metabolites of eubacteria), and a very small number can grow in a separate acetic acid
substrate. For methanogens, the three anaerobic metabolites (CO,, H,, and acetate) of the
symbiotic system provide energy for their growth. The anaerobic mutualism between
methanogens and hydrogen-producing organisms has been confirmed [41], and the
endosymbiotic methanogens are dependent on hydrogenase particles in the

cytoplasm [42].

5.2 ATP energy mechanism of anaerobic digestion microbial community

Due to the low energy involved in anaerobic metabolism, the symbiotic microbial
communities are experts in “minimizing” energy utilization. As a universal energy
source for cellular metabolism, ATP synthesis requires +32 kJ/mol under standard
conditions, while in the assumed [ATP] = 10 mM, [ADP] = 1 mM, and [P;] = 10 mM
cell growth environment, it requires +50 kJ/mol [43]. In addition, the thermal reaction
steps in the total energy budget always experience heat loss, which is inevitable during
the metabolic process. The estimated heat loss per 1 mole of ATP synthesized is about
20 kJ/mol. Therefore, the entire metabolic process requires 70 kJ/mol to synthesize
1 mole of ATP, which is the lowest energy required to synthesize 1 mole of ATP in
known metabolic processes [44].

Under normal physiological conditions, a change in free energy from —60 kJ to —70 kJ
requires phosphorylation of 1 mole of ADP to 1 mole of ATP. This energy does not require
an energy-level gradient, just like the formation of ATP through substrate-level phos-
phorylation, but can be transported by membrane-bound protons for redox reactions or
other exothermic reactions, including relying on membrane-bound ATP synthase to drive
ATP synthesis to achieve small quantum reactions. Assumptions have been made regard-
ing the ratio of three-proton transport required to form each molecule of ATP, although
studies have shown that this stoichiometry varies with the formation or hydrolysis of
three to five protons in each ATP molecule [27]. This means that free energy changes in
the range of 15-25 kJ (equivalent to a proton passing through the cell membrane),
maintaining energy balance and cell growth. As described in Table 6, these values are
characteristic values for bacteria converting propionate or butyrate [45].

AG?”, standard Gibbs free energy expressed in kJ/mol, H partial pressure expressed
in 1 Pa, CH and CO partial pressures expressed in 104 Pa, and other compound
concentrations expressed in 10 mM.

The propionate and butyrate conversion metabolism caused by syntrophic bacillus
and monas, respectively, is shown in Figure 12.

During the metabolic process, the formation of oxidized coenzyme A esters in
cellular tissues consumes ATP, while the hydrolysis of oxidized coenzyme A esters in
cellular tissues produces ATP. In the metabolism of propionate, the decarboxylation of
oxaloacetate to pyruvate can drive the energy absorption of acetyl-CoA to
methylmalonyl CoA [46]. The conversion of malate to oxaloacetate in propionate
metabolism and the oxidation of hydroxybutyryl CoA in butyrate metabolism both
rely on NADH reactions, while the oxidative coupling of NADH from ferredoxin to
hydrogenase produces hydrogen. So far, no NADH-dependent hydrogenase gene has
been found in the obtained genome sequences of syntrophic bacterial communities.
From an energy perspective, the oxidation of succinate in propionate metabolism to
fumarate and butyryl CoA in butyrate metabolism to crotonyl CoA are the most
difficult steps. Even at a hydrogen partial pressure of 1 Pa (the lowest hydrogen partial
pressure required to maintain the survival of methanogens), these reactions are also
energy-absorbing reactions. To drive these reactions, a metabolic energy called
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Reaction AG” AG’ (at1PaH,)

Proton-reducing bacteria

Propionate™ + 2H,0 — acetate™ + 3H, +72 K] -21kJ
Butyrate™ + 2H,0 — 2 acetate” + H* + 2H, +48 kJ -22KkJ
Methanogens
4H, + CO, — CH4 + 2H,0 —131kJ -15kJ
Acetate” + H' — CO, + CHy —36kJ -36 kJ
Table 6.
Energy characteristic values of syntrophic flora.
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Figure 12.

Biochemical metabolic pathways of syntrophic propionate and butyrate oxidation (a means propionate oxidation,
b means butyrate oxidation, the unit values of AG” and AG' (at 1 Pa H,) for each metabolic reaction are kj/mol,
and the veduction equivalent values in the oxidation veaction ave [H])

“Reverse Electron Transport” needs to be inputted. The metabolic mechanism for the
oxidation of succinic acid to fumarate (E” = +33 mV) in a syntrophic bacterial growth
system is highly likely to be similar to the energy conversion mechanism of fumarate
respiration in Wolinella succinogenes, but the actual situation is opposite. Bacillus
subtilis can also utilize reverse electron transfer to oxidize succinic acid and simulta-
neously couple with methyl naphthoquinone for reduction (E” = -80 mV) [47].
Methyl naphthoquinone binds to cytochrome b on the outer side of the cell mem-
brane, and when reduced methyl naphthoquinone is oxidized in the cytoplasm
between membranes, it forms protons that move inward. In the syntrophic propionate
metabolism system, the oxidation of methyl naphthoquinone is linked to membrane-
bound hydrogenases or formate dehydrogenases. The oxidation of succinate to fuma-
rate requires a proton gradient across the membrane, and ATP is required to ensure
the formation of hydrogen or formic acid outside the plasma membrane. In a
syntrophic system, methanogens consume the hydrogen and formic acid produced in
the system. When hydrogenase is specifically used to reduce protons located in the
intermembrane cytoplasm, formate dehydrogenase in the cytoplasm produces formic
acid. The membrane-bound methyl naphthoquinone complex enzyme allows elec-
trons to shuttle back and forth between hydrogenase and formate dehydrogenase,
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achieving succinate oxidation. This hypothesis enables enzyme complexes to convert
ATP into hydrogen and formic acid (Figure 13).

The widely accepted view is that regardless of bacterial or mitochondrial membranes,
hydrolysis of one molecule of ATP will result in three protons passing through the
membrane structure [48]. Therefore, the smallest energy unit that living cells in the body
can utilize is no longer the unit structure of ATP, but the proton carrier in the form of
mass energy conversion, which obtains one-third of the energy equivalent to ATP units
during the process of crossing the cell membrane. It can be considered that the minimum
reaction free energy value at the disposal of microbial cells in metabolic reactions is
—20 kJ/mol, which is the minimum energy requirement for microbial communities to
survive on their own in the process of mutualistic symbiosis metabolism.

5.3 Energy conversion of hydrogen and methane production in the syntrophic
process

5.3.1 Hydrogen production depends on hydrogenase and ferredoxin

Although hydrogen is not abundant in nature, it plays a crucial role in microbial
metabolism [49]. Some microorganisms can continuously produce and consume
hydrogen because they contain hydrogenases, which can reversibly convert hydrogen
into protons and electrons. Anaerobic microorganisms use protons as terminal elec-
tron acceptors to oxidize organic matter and produce hydrogen [50]. Although the
generation of hydrogen is a simple redox reaction, it requires the participation of
enzymes with complex reactive centers. The midpoint redox value of the redox couple
H,/H* (E” = —414 mV) is lower than that of O,/H,0 (E® = +818 mV). By comparing,
the midpoint redox value of O,/H,0 is 1.2 V higher, which is important for aerobic
respiration. However, from the energy perspective, it is difficult to use the electron
transfer intermediate NADH/FADH, (flavin adenine dinucleotide) to reduce protons
with a lower midpoint redox value of H,/H*. The midpoint redox values E° of NAD*/
NADH and FADH/FADH, are —320 and — 220 mV, respectively. Another
common electron transfer intermediate is ferredoxin, whose redox value E® of Fd (y/
Fd(req) is —398 mV, or even lower. In the reaction of converting pyruvate into acetic

Succinate

Fumarate + 2H*

Cytoplasm

Figure 13.
Possible biochemical metabolic mechanism of reverse electron transfer for the oxidation of succinate to fumarate.
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acid and carbon dioxide, ferredoxin is a key electron transfer intermediate and an
intermediate step in the metabolic process of strictly anaerobic bacteria (such as
Clostridium) [33].

Pyruvate” + H' + HS — CoA + 2Fd(ox) — acetyl — CoA + CO, + 2Fd (red)AG® = —22 kJ/mol
(11)

The conversion of acetyl-CoA to acetic acid is coupled with the synthesis of ATP
by substrate-level phosphorylation, and the oxidation of reducing ferredoxin is
coupled with the reduction of protons, and is an energy release process. Therefore, in
the pure culture of anaerobic microorganisms, accompanied by pyruvate fermenta-
tion and growth, a large amount of hydrogen can be produced [51].

Facultative anaerobic bacteria, like Escherichia coli and Enterobacter aerogenes,
Shewanella oneidensis and Citrobacter freundii [52], use pyruvate formase to convert
pyruvate during fermentation.

Pyruvate + HS — CoA — acetyl — CoA + formate~ AG® = —16kJ/mol (12)

Formic acid is converted to hydrogen by formate hydrogenase (a membrane con-
nective enzyme complex) [53]. In terms of energy conversion, hydrogen produced by
formate hydrogenase is similar to hydrogen produced by ferredoxin intermediates, as
shown in Table 7.

In methanogenic syntrophic bacterial systems, energy balance is critical for the
oxidation of NADH, especially the oxidation of FADH, and the reduction of coupled
protons [54]. Methanogens consume hydrogen to reduce the partial pressure of
hydrogen, and this conversion reaction releases energy so that proton reduction
can be achieved, and energy balance is maintained. There are also many
methanogens that use hydrogen to reduce carbon dioxide, and here it is necessary to
strictly distinguish whether methanogens contain cytochrome b [55]. Methanogens,
which do not contain cytochrome b, use the electron transport intermediate-
ferredoxin and the F,,( factor (E” F420/F420H; = 357 mV). These methanogens con-
sume low concentrations of hydrogen and are the most important hydrogen scaven-
gers in the syntrophic flora.

Reaction AG” AG’ (at1PaH,)

Hydrogen formation by anaerobic bacteria

2 Fd(reqy + 2H" — 2 Fd(ox) + Hy +3KkJ -26 kJ
Formate™ + H* — CO, + H; -3k -32KkJ
NADH + H* — NAD" + H, +18 kJ —11kJ
FADH, — FAD + H, +37kJ +8K

Hydrogen consumption by methanogens

H, + Fapo — Fazo — Hy 1k +18 k]
H, + 2 Fd (o) — 2 Fd req) —31J 126 K]
Table 7.

Energy of intracellular vedox veactions.
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5.3.2 Methane production depends on H, and hydrogen-consuming bacteria

The conversion of complex organic macromolecules (such as cellulose) into methane
and carbon dioxide in natural habitats requires the synergistic action of four different
microbial communities, namely, primary hydrolytic bacteria, secondary hydrolytic bac-
teria, and two types of methanogens. The degree of interdependence of these microbial
communities varies greatly depending on the type of bacteria. Like the food chain,
secondary organisms always depend on and use primary organisms as substrates, and also
exert influence on primary metabolites by removing primary metabolites. The polymers
(polysaccharides, proteins, nucleic acids, lipids, etc.) are first converted into oligomers
and monomers (sugars, amino acids, purines, pyrimidines, fatty acids, and glycerol)
under the action of extracellular hydrolases, which are hydrolyzed by primary fermenta-
tion bacteria and further convert the monomers into fatty acids, succinic acid, lactic acid,
ethanol, etc. In these hydrolytic fermentation products, acetic acid, H,, CO,, and other
carbon compounds can be converted into methane and carbon dioxide by methanogenic
bacteria. For other fermentation products (such as fatty acids with more than two car-
bons, ethanol with more than one atom of carbon, branched chain, or aromatic fats),
hydrolysis is required by other fermenting bacteria, so-called secondary hydrolytic bacte-
ria (specialized subreductants), which convert the substrate into acetic acid, carbon
dioxide, hydrogen, and formic acid, the latter of which is used by methanogens to
produce methane. Under the action of methanogenesis, the degradation function of
primary fermentation bacteria is exerted through the oxidation of hydrophilic bacteria,
the end of the degradation chain. When the hydrogen partial pressure is lower than 10 Pa,
the electrons of NADH reoxidation potential (—320 mV) are released in the form of H,
molecules, so that the fermentation products are more converted into acetic acid, CO,,
and Hy, rather than into ethanol and butyrate. In this way, more ATP can also be
produced. The process takes the fermentation reaction of hexose by Clostridium butyricum
as an example [56].

Glucose + 2H,0 — 0.7 butyrate + 0.6 acetate + 1.3H" +2CO, + 2.6H,

AG® = —233 kJ/mol (each molecule of glucose produces 3.3 molecules of ATP) (13)

When [H,] = 10 Pa, the entire reaction becomes:

Glucose + 2H,0 — 2 acetate + 2H* + 2CO, + 4H, AG® = —280 kJ/mol (each
molecule of glucose produces 4 molecules of ATP, of which 2 molecules are from
glycolysis and 2 molecules from the acetokinase reaction).

It can be seen that in order to ensure the 70 kJ/mol required for ATP synthesis and
obtain the best energy utilization path, the bacteria will make a trade-off choice whether
to maintain a low hydrogen partial pressure according to the substrate conditions.

In a normal anoxic sediment system containing a hydrophilic active community and
maintaining a low hydrogen partial pressure, the pathway of carbon flow and electron
flow is the “peripheral” pathway. In comparison, the role of the pathway of fermentation
intermediate metabolites in the “intermediate” pathway is not very significant. However,
the role of the “intermediate” pathway is not useless, as the lipids and amino acids in the
fermentation raw material always produce fatty acids during the fermentation process,
and once any situation occurs that triggers an increase in the amount of hydrogen in the
system (for example, excessive fermentation substrate is used to inhibit methanogenesis,
resulting in a decrease in pH < 6.0, or the production of certain toxic compounds), the
“intermediate” metabolite pathway is very important. When the amount of fatty acids in
the system increases, it will cause a decrease in pH value and inhibit the occurrence of
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hydrogenotrophic methane production. In this case, the final result will be a “flip” of the
entire system, which means that as a large amount of odorous fatty acids accumulate, the
fermentation methane production will completely stop, just like the situation in an unbal-
anced anaerobic sludge digester. It can be seen that in the entire process of methane
production, the hydrogenotrophic methanogenic bacterial community plays the most
basic role as a flow regulator, while the syntrophic fatty acid hydrolytic oxidation flora is
affected by whether there is residual hydrogen in the system that has not been removed
by hydrogenotrophic methanogenic bacteria in a timely manner.

Homoacetogens (® in Figure 14) not only convert one carbon compound and
hydrogen into acetic acid during the degradation process, but also participate in the
fermentation of sugars and the degradation of special substrates, such as N-methyl
compounds and methylphenol. In certain low pH and low-temperature environments,
it can also complete the methanogenic reaction with hydrogenophilic methanogens.

5.3.3 Energy conversion in hydrogen and methane production processes

Compared with aerobic degradation or anaerobic respiration, anaerobic methane
production process releases the least amount of energy. From hexose to methane and
carbon dioxide, the energy released by anaerobic process is only equivalent to 15% of
the energy released by aerobic process [57].

CeH1p06 + 60, — 6CO, + 6H,0  AGY = —2870 kJ /mol (14)
CeHpOg — 3CO, +3CHs  AG® = —390 kJ/mol (15)
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FIG. 1 Cabon and electron flow through the various trophic groups of
microceganisms involved in the methanogenic degradation of complex ceganic
matter in an ancdc freshwater habitat. Groups of bactenia invalved: 1, primary
fermenting bacteriz; 2, hydrogen-oxdizing methanogens; 3, acetate<leaving
methanogens, 4, secendaryfermenting (“syntrophic™) bacteria; 5, homoaceto-
genic bacteria. [, II, and IlI, steps in degradation. Based on reference 144;
modified from reference 95,

Figure 14.
Carbon and electron flow pathways in anaerobic digestion process.
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From the equation, it can be seen that compared with other oxidative degradation
processes, anaerobic digestion methane production releases lower energy, which
explains why methane production occurs only when other electron acceptors have
been reduced, and methane is the last product of the carbon cycle. The digestion
process produces such a small amount of energy that the result is that methane, as a
reaction product, stores a significant portion of the energy value equivalent to that
available during the degradation of oxygen-consuming biomass. This energy can be
utilized under subsequent aerobic conditions, that is, what we call the use of its
thermal or physicochemical energy as an energy substance.

The energy value released by methanogenic transformation is low, requiring the
microorganisms involved in the transformation process to collaborate in an efficient
manner. Under the condition of limited energy supply, if one of the interdependent
hydrolytic bacteria and archaea does not participate in the reaction, the other will not
be able to complete the reaction. The combination of the two shows an indispensable
metabolic pattern, and we also call such a synergistic effect as mutuotrophic symbio-
sis. Two different microorganisms are interdependent and synergistic when degrading
a certain substrate due to energy reasons. In such a symbiotic organism, in order to
maintain efficient synergies, it is objectively required that the amount of material
shuttling back and forth between them be kept at a low level (Table 8).

5.4 Evaluation of energy conversion efficiency for joint production of hydrogen
and methane

The processes of anaerobic digestion, such as hydrolysis stage, hydrogen and acid
production stage, and methane production stage, are essentially the organic coupling
of hydrogen production and methane production. First, the hydrogen and acid pro-
duction stage is the process in which various water-soluble products obtained from
the hydrolysis stage are further decomposed and metabolized by hydrogen and acid-

Reaction AG® (kJ/mol)

Hydrogen-releasing veactions

CH;CH,0H™ + H,0 — CH;CO0™ + H'+ 2H, +9.6 K
CH;CH,CH, COO™ + 2H,0 — 2CH;CO0™ + 2H*+ 2H, +48.3 K]
CH;CH,CO0™ + 2H,0 — CH;CO0™ + CO, + 3H, +76.0 K]
CH;CO0™ + 2H,0 + H* — 2C0O,+ 4H, +94.9 K
CH;CH(CH;)CH,COO™ + CO, + 2H,0 — 3CH5CO0™ + 2H"+ H, +252 K]

Hydrogen-consuming veactions

4H, + 2CO, — CH;CO0™ + H* + 2H,0 —94.9J

4H, + CO, — CH, + 2H,0 ~131.0 kJ

H, + S® — H,S —33.9K

4H, + SO,>~ + H* — HS + 4H,0 —151.0 kJ

H,C(NH;*)COO™ + Hy — CH3COO0™ + 2NH,* ~78.0kJ

Fumarate + H, — succinate —86.0 kJ
Table 8.

Reaction equations of hydrogen and methane production in syntrophic process.
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producing bacteria to form substrates for methane-producing bacteria [4]. The prod-
ucts mainly include acetic acid, hydrogen, and carbon dioxide. Second, the hydrogen
production process provides substrates and energy for methane production. The
methane production process consumes hydrogen, reduces hydrogen partial pressure,
and enables the hydrogen production process to proceed normally. However, the
process of hydrogen fermentation often involves the production of a large amount of
carbon dioxide, resulting in a significant loss of carbon sources in the system, which is
also unfavorable for energy recovery.

5.4.1 Energy conversion efficiency of hydrogen and methane production separately

Yang Bin from Yunnan Normal University [58] calculated the energy conversion
efficiency of anaerobic digestion systems for producing hydrogen and methane sepa-
rately.

The energy conversion efficiency of methanogenic fermentation is not high (see
Table 5.7) [59], which is not only related to the low utilization rate of raw materials
and the narrow range of substrates that can be directly utilized, but also due to the fact
that the important energy gas H2 produced during methane fermentation is not
recovered and utilized, but is instead utilized by hydrogen-phagocytic methanogens
and converted into CH, (4H, + 2CO, — CH, + 2H,0). For every 1 mol of methane
produced, 4 mol of hydrogen is consumed, resulting in an energy loss of 169.2 kJ/mol
(Table 9).

For hydrogen-producing fermentation, due to the accumulation of propionic acid
and butyric acid, the fermentation of raw materials is incomplete, and part of raw
materials will be left, and small molecular organic acids, such as acetic acid, propionic
acid, and butyric acid, in the fermentation products and alcohols will not be further
utilized and remain in the hydrogen-producing fermentation liquid, resulting in the
energy contained in these organic substances not being converted into a certain form.
As a result, the energy conversion efficiency of hydrogen-producing fermentation is
low, which has been confirmed by many scholars [60]. In conventional anaerobic
digestion, because the hydrogen produced by fermentation can be quickly utilized by
hydrogen-phagocytic methanogens and converted into CH,, the hydrogen partial
pressure can be kept very low in the environment, so that the intermediate product of
fermentation is mainly acetic acid. However, for hydrogen-producing fermentation,
because the activity of methanogens that can use hydrogen is inhibited, the generated
hydrogen is easy to accumulate, resulting in higher hydrogen partial pressure, so that
the above-mentioned reaction cannot proceed to the right, and the electrons gener-
ated in the process of glycolysis will accumulate in the intermediate products, thus
forming reductive products, such as propionic acid, butyric acid, and ethanol.

Fermentation raw Theoretical efficiency of energy Actual efficiency of energy
materials conversion (%) conversion (%)
Corn stalks 65.55 32.78
Wheat straw 61.14 30.58
Straw 64.05 32.02
Pig manure 65.56 32.80
Table 9.

Energy conversion efficiency of methane production from common raw materials.
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Propionic acid and butyric acid can cause toxic effects on hydrogen-producing fer-
mentation, inhibit the progress of hydrogen-producing fermentation, and lead to
incomplete hydrogen-producing fermentation [61].

As shown in Figure 15, when fermenting bacteria perform glycolysis, different
products will be generated due to the difference in the partial pressure of hydrogen in
the environment. Carbohydrates initially convert hexose to pyruvate via the Embden-
Meyerhof-Parnas (EMP) pathway and release hydrogen, which is then transferred to
the carrier NAD" to become NADH. Under anaerobic conditions, NADH is restored to
NAD? by generating molecular hydrogen, i.e. NADH + H* « — NAD" + H,. However,
the free energy of this reaction in the standard state is A\GP = +18 k], so the reaction is
thermodynamically unfavorable. In order for the reaction to proceed smoothly to the
right, the partial pressure of hydrogen must be reduced. It can be seen from the
calculation that when the partial pressure of hydrogen drops to 10~ * atm, the reaction
free energy of the above-mentioned reaction will be less than zero, and then the
reaction may proceed to the right [62].

5.4.2 Quantitative velationship of energy conversion for joint production of hydrogen and
methane

Hallenbeck [63] and Benemann [64] quantitatively described the basic principles
and energy conversion relationships of hydrogen and methane production in anaero-
bic digestion. Hydrogen production is accompanied by the generation of intermediate

CoAS
. pyruvat
1
1
1
1 :
1 Oxaloacetat  lactic
1
H2 Acetyl : H20 ‘1 A1 Hz‘l CoASH
1
C : Succinic acid
Acetyl
: ety butanedioic  Acrylic
1
1 4 NAD 4H
1
C

: CoAS

v !
1

acelic i acetic butyra || propion oH,
1
1
Low hydrogen partial High hydrogen partial

Figure 15.
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Fermentation reaction equation Energy conversion rate (%)
(1) CeHpOg + 2H,0—2CH;3COOH + 2CO,; + 4H, 335
(2) 4CgH,06—2CH;COOH + 3CH3CH,CH,COOH + 8CO, + 8H, 16.8
(3) CeHpO—3CH, + 3CO, 83.2
(4) CeHp,06 + 2H,0—2 CH, + 4CO, + 4H, 89.9

Note: The energy conversion rate of hydrogen and methane production through joint fermentation is based on the ratio of
the calorific value of methane and hydrogen to that of glucose (the calorific values of glucose, hydrogen, and methane are
2888, 242, and 801 kJ/mol, respectively).

Table 10.
Energy conversion of different fermentation reactions using glucose as substrate.

metabolites, such as volatile fatty acid (VFA) and alcohols (acetate, butyrate, and
ethanol). With glucose as substrate and acetic acid as the only intermediate metabo-
lite, 1 mol of glucose has a maximum theoretical hydrogen production rate of 4 mol,
which is called the Thauer Limit. However, in the actual fermentation process, the
intermediate metabolite is often a mixture of acetate and butyrate. Even if the maxi-
mum theoretical value of hydrogen production can be achieved, there is obviously
energy stored in intermediate metabolites, which are the best substrates for
methanogens, and these metabolites can be used by methanogens to produce
methane (Table 10).

Based on the calorific values of glucose, hydrogen, and methane, we can theoretically
calculate the energy conversion efficiency of different anaerobic digestion reaction
processes:

1. Glucose as the substrate, the ideal fermentation is acetic acid as the only
intermediate metabolite. The system has a maximum hydrogen production of up to
4 mol, which is the Thauer Limit. At this time, the energy conversion efficiency of
the reaction is 33.5%, indicating that the carbon and hydrogen sources in the
substrate are still stored in the intermediate metabolites of acetic acid and have not
been released.

2.The actual fermentation is that the intermediate metabolite is a mixture of
acetate, butyrate, and ethanol, and even if the hydrogen production in the
system can reach the maximum, the energy conversion efficiency of the reaction
is the lowest, only 16.8%, indicating that the carbon source and hydrogen source
in the substrate are still stored in the intermediate metabolite in large quantities,
awaiting further digestion and degradation in the next step.

3.1If the energy stored in intermediate metabolites is completely released to
produce methane, that is, the mixture of acetate, butyrate, and ethanol continues
to ferment and degrade to produce methane, the energy conversion rate of the
reaction can reach a relatively high 83.2%. It is precisely these intermediate
metabolites that become the best substrates for methanogens and are fully
utilized by methanogens that can achieve better energy conversion effects.

4.The optimal situation is that the hydrogen generated in the metabolic process is
collected in time, and accompanied by acetate, butyrate, ethanol, and other
intermediate metabolites to further produce methane, in theory, the highest
energy recovery efficiency can be obtained, that is, the energy recovery
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efficiency of combined hydrogen and methane production is not only far greater
than that of hydrogen production alone, but also greater than that of methane
production in anaerobic digestion alone.

5.5 Conclusion

Due to the low energy values involved in anaerobic metabolism processes
(approximately 15.5 kJ/mol), we can analyze from ATP energetics:

Under standard conditions, the synthesis of 1 mole of ATP (as the universal value
of metabolic energy of cells) requires +32 kj/mol; under normal cell growth environ-
ment ([ATP] = 10 mM, [ADP] = 1 mM, and [Pi] = 10 mM), +50 kJ/mol is required,
including the heat loss of 20 kJ/mol during cell metabolism. A total of +70 kJ/mol is
required. Because the hydrolysis of one molecule of ATP will have three protons
passing through the membrane structure, which is equivalent to one-third of the
energy value, the minimum metabolic reaction free energy value at the disposal of the
microorganisms is —20 kJ/mol, which is the minimum energy requirement for the
survival of the symbiotic flora.

The proposal of the typical syntrophic symbiosis in the 1960s and the H, hypoth-
esis in the 1970s both support the view that different flora live together (although the
energy value of the syntrophic flora is low):

1. A typical example of symbiosis in the 1960s

Marvin P. Bryant from the University of Illinois in the United States proposed
a mixed culture (Methanobacillus omelianskii), in which the two are in
thermodynamic equilibrium and beneficial for their growth:

S organism : 2CH;CH,OH + 2H,0 — 2CH;C00™ + 4H, + 2H" AG® = +19kJ (16)
MoH strain : 4H, + 3CO, — CH4 + 2H,0 AG® = —131 k] /methane (17)

Co — culture : 2CH3;CH,0H + CO, — 2CH3COO~ +2H" + CH,4 AGY = —112 kJ /methane
(18)
1. The H, hypothesis theory in the 1970s

Assuming that the host (methanogenic archaea) cannot synthesize enough
ATP, while the symbiote (releasing H,, CO,, and acetic acid) can produce a
large amount of ATP and export it to the peripheral space. If both parties
coexist, and the symbiotic organism obtains organic matter from the external
environment as a metabolic substrate, producing H; and energy continuously
to supply the host, allowing the host to complete autotrophic metabolism in
an anaerobic environment, this win-win interest drives them to coexist
together, explaining the origin of energy metabolism.

The joint hydrogen and methane production process linked by interspecific hydrogen
transfer can theoretically achieve the highest energy recovery efficiency. The hydrogen
produced in the metabolic process can be collected in time, and the intermediate metab-
olites, such as acetate, butyrate, ethanol, and so on, can be further anaerobically digested
to produce methane. The energy recovery efficiency of the joint hydrogen and methane
production is not only far greater than that of hydrogen production alone, but also greater
than that of methane production by anaerobic digestion alone.
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6. Metabolic mechanism model of producing hydrogen then methane in
anaerobic digestion system

nat

Based on the analysis of the material metabolism process, energy sharing coordi-
ion, bacterial interaggregation, and symbiosis of anaerobic digestion system, the

metabolic mechanism model of producing hydrogen then methane in anaerobic

dig

estion system is proposed, which can better degrade organic matter, better release

system energy, and better shorten fermentation reaction cycle, and is an ideal meta-

bol
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ic flow pathway of anaerobic digestion:

1.Metabolic process of anaerobically digested substances: H,, CO,, and acetic acid
are important intermediate metabolites in the process of anaerobic digestion to
produce hydrogen and methane. Theoretically, 33% of methane production
comes from H, (using hydrogen and carbon dioxide to produce methane), and
the remaining 67% comes from acetic acid (acetic acid oxidation reaction),
which is accompanied by the mutual coupling of hydrogen consumption and
methane production. It is the key metabolic process of the whole anaerobic
digestion to produce methane, which not only realizes the interspecific hydrogen
transfer, but also makes hydrogen and methane production possible in the
anaerobic digestion process.

2.The interaggregation and syntrophic mechanism of different populations of
microorganisms: Acetic acid oxidation and hydrogen-consuming methanogenic
bacteria are coupled with each other, causing hydrolytic bacteria and
methanogenic archaea to form relatively compact aggregates that are difficult to
separate. They share the chemical energy (—15.5 kJ/mol) required for the
survival of the flora by digesting the organic matter that cannot be degraded by
themselves, and maintain normal life metabolic activities.

3.Energy collaborative sharing principle of anaerobic digestion: ATP energetics
provides a good explanation for the low energy value of anaerobic metabolism
(20 kJ/mol is the minimum energy requirement for the survival of mutualistic
bacterial communities). The mutualistic symbiosis in the 1960s and the H,
hypothesis in the 1970s both support the view of mutualistic symbiosis among
different species. Symbiotic organisms obtain substrates from the external
environment, and the energy (including H,) produced by metabolism enables
anaerobic hosts (methanogens) to achieve autotrophic metabolism. The energy
interests of both parties drive them to coexist together, which is consistent with
the origin of energy metabolism.
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Chapter 5

The Hidden Influence of
Methanogens in the Gut Microbiota

Ozge Dua Zengin and Sevcan Aydin

Abstract

Methanogens are a distinct group of archaea characterized by their ability to
produce methane as a metabolic byproduct. These microorganisms play a crucial
role in the gut microbiota, influencing various physiological processes, including
digestion, immune modulation, and the gut-brain axis. Although their abundance
is lower compared to bacteria, the impact of methanogens on health and disease
is significant. This review aims to elucidate the hidden influence of methanogens
within the gut microbiota, with a particular focus on their associations with gastro-
intestinal and neurological disorders. By synthesizing recent findings, the review
seeks to underscore the critical role of methanogens in health and disease and to
offer novel insights into potential therapeutic strategies aimed at targeting these
archaea.

Keywords: methanogens, archaea, human archaeome, gut microbiota, gastrointestinal

health

1. Introduction

The human gastrointestinal microbiota, a complex and dynamic ecosystem,
is home to a vast array of microorganisms, including bacteria, viruses, fungi, and
archaea [1]. While much of the research has focused on bacteria, recent advances have
brought attention to another, often overlooked domain of life: the archaea, in human
health and disease. The human archaeome, which refers to the collection of archaeal
species within the human body, is increasingly understood to play a significant role
in maintaining health and contributing to disease [2]. Unlike bacteria, archaea are
a distinct domain of life characterized by unique molecular structures, metabolic
pathways, and ecological roles [3]. Although their presence in the human microbiome
is less abundant than bacteria, their impact is profound, particularly in terms of
metabolic processes and interactions with the immune system [4].

Archaea are distinct from bacteria and eukaryotes in terms of their cellular
structure and metabolic pathways [3]. Methanogens, a specialized group of archaea,
are especially prevalent in the human gut, where they play a vital role in the final
stages of anaerobic digestion [5]. Species such as Methanobrevibacter smithii and
Methanosphaera stadtmanae are key players in this process, converting hydrogen
and carbon dioxide into methane. This methanogenesis process is essential for

1 IntechOpen
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maintaining hydrogen balance in the gut, which, in turn, supports the efficient
fermentation of dietary fibers by bacteria [6]. The end products of this fermentation,
particularly short-chain fatty acids (SCFAs) like acetate, propionate, and butyrate,
are crucial for host health [5]. SCFAs serve as a primary energy source for colono-
cytes, support the maintenance of gut barrier integrity, and exert anti-inflammatory
effects that are vital for immune homeostasis [7]. Methanogens are particularly
associated with the modulation of the gut-brain axis, a bidirectional communication
network that connects the central nervous system (CNS) with the gastrointestinal
system [8]. Disruptions in this axis have been associated with a range of neuro-
logical disorders, including anxiety, depression, and neurodegenerative diseases.
Methanogens may influence these conditions by affecting gut motility, immune
responses, and the production of neurotransmitters [2].

In addition to their role in the gut, archaea are also present in other body sites,
contributing to different physiological processes. For example, ammonia-oxidizing
archaea (AOA) are found on the skin and in the upper aerodigestive tract (UAT),
where they are involved in the oxidation of ammonia to nitrite. This process is crucial
for regulating skin pH, which can influence skin conditions such as acne, and for
maintaining respiratory health. The presence of archaea in these diverse environ-
ments underscores their adaptability and ecological versatility within the human
body. For instance, methanogens in the gut have been associated with gastrointes-
tinal disorders such as irritable bowel syndrome (IBS) disease, obesity and allergic
diseases. In the skin and UAT, shifts in archaeal populations have been observed
in conditions like refractory sinusitis and vaginosis [2]. Moreover, recent research
has highlighted the complex interactions between archaea and the human immune
system. Certain archaeal molecules, such as RNA and unique glycerolipids, can trig-
ger immune responses by activating specific receptors, including Toll-like receptor
8 (TLR8) and C-type lectin receptors like MINCLE [9]. These interactions suggest
that while archaea are not direct pathogens, they can influence immune function and
potentially contribute to inflammatory processes [10].

This review explores the hidden influence of methanogens within the gut micro-
biota, focusing on their connections to gastrointestinal and neurological disorders. By
examining recent studies and integrating insights from multiple disciplines, we aim
to provide a comprehensive understanding of how these archaea contribute to health
and disease. The potential for targeting methanogens in therapeutic interventions
will also be discussed, highlighting the need for continued research into this often-
overlooked component of the human microbiome.

2. Methanogens in the human gut: Composition and function

Methanogens are a specialized group of archaea characterized by their ability to
produce methane, a process that occurs under anaerobic conditions in the human gut
[11]. These microorganisms are found in various environments, including wetlands,
sediments, and the digestive tracts of ruminants, but they also play a crucial role in
the human gastrointestinal system [10]. The human gut harbors a relatively small
population of methanogens compared to bacteria, yet their metabolic activity has a
disproportionate impact on gut physiology and microbial ecology.

The human gut hosts a diverse population of methanogens, with M. smithii being
the most prevalent species, followed by M. stadtmanae and Methanomassiliicoccus
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luminyensis. Studies indicate that M. smithii and M. stadtmanae are the most domi-
nant methanogens in the human gut microbiota, with prevalence rates reaching up
to 95.7% for M. smithii. This high prevalence highlights their significant role in the
gut ecosystem [12]. These organisms play a pivotal role in the anaerobic digestion
process, where they facilitate the breakdown of complex carbohydrates into SCFAs,
which are vital for maintaining gut health. Methanogenesis, the process by which
methane is produced, has significant implications for gut health [6]. Methane is a
non-toxic gas that is typically excreted in the breath or passed as flatulence. However,
the production of methane is associated with slower intestinal transit times, a factor
that can contribute to gastrointestinal disorders such as constipation-predominant
IBS (IBS-C) [13]. Studies have shown that individuals who are methane-positive, as
determined by breath testing, often experience delayed colonic transit compared to
methane-negative individuals [14]. This suggests that methanogens, by producing
methane, play a direct role in regulating gut motility.

Beyond their role in gut motility, methanogens also influence the overall com-
position and function of the gut microbiota [15]. The presence of methanogens can
impact the balance of other microbial populations, particularly those involved in
the production of SCFAs, which are important for maintaining gut barrier integrity,
modulating inflammation, and providing energy to colonocytes [7]. Methanogens
rely on syntrophic interactions with other gut bacteria that produce substrates
necessary for methanogenesis. These interactions are crucial for efficient metabolic
regulation and are key to the stability and resilience of the gut microbiome [12].
Methanogens’ ability to modulate hydrogen levels ensures that bacterial fermentation
processes remain efficient, leading to a stable and resilient gut microbiome [16]. The
composition and activity of methanogens in the human gut are influenced by various
factors, including diet, age, and genetics [15]. Diets rich in fiber, for example, pro-
mote the growth of hydrogen-producing bacteria, which in turn support methanogen
activity. Conversely, diets low in fermentable substrates may reduce the availability of
hydrogen, potentially leading to lower methanogen populations [16]. Understanding
these interactions is crucial for developing dietary interventions aimed at modulating
methanogen activity to improve gut health (Figure1).

Recent research compared the results of the lactulose breath test (LBT) between
patients with irritable bowel syndrome and healthy individuals. The findings indi-
cated that LBT was unable to distinguish between IBS patients and healthy subjects.
Additionally, methane production in IBS patients was linked to constipation, while it
was inversely related to diarrhea. The study highlights that the current LBT criteria
are not effective for diagnosing IBS [17].

The diversity of methanogens in the human gut is not limited to M. smithii
and the other methanogens already mentioned. Other methanogens, such as
Methanobacterium formicicum and Methanobrevibacter ruminantium, have also been
detected, though less commonly. These species, while not as well-characterized as M.
smithii, contribute to the overall metabolic activity of the gut microbiota and high-
light the potential for a broader range of methanogens to influence gut health [18]. As
research continues to explore the human archaeome, it is becoming increasingly clear
that methanogens play a multifaceted role in the gut. Their ability to interact with
other microbial species, influence gut motility, and impact overall microbial balance
underscores their importance in maintaining gut health and homeostasis. By deepen-
ing our understanding of these interactions, we can better appreciate the contribu-
tions of methanogens to both health and disease.
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Engvironmenml and dietary factors influencing gut microbiota metabolism and brain communication. Antibiotics
and dietary components such as dietary fiber and animal-derived saturated lipids modulate gut microbiota
composition and activity. This results in the production of short-chain fatty acids (SCFAs) like acetate,
propionate, and butyrate. These signaling metabolites enable the gut microbiota to communicate with the brain,
highlighting the interplay between gut health and neurological function. (Created in BioRender.com,).

3. Methane production and gastrointestinal disorders

Methanogens have been implicated in various gastrointestinal disorders, with their
activity linked to both beneficial and pathological outcomes. One of the most exten-
sively studied associations is between methanogens and constipation-predominant
irritable bowel syndrome. Methane production is known to slow down gastrointesti-
nal transit, which can worsen constipation symptoms. Elevated levels of methane are
linked to reduced gut motility, further intensifying the discomfort associated with
constipation. Research indicates that methane can impact motor functions within the
gastrointestinal tract, occasionally increasing intestinal contractions. This relation-
ship is especially significant for individuals with constipation-predominant irritable
bowel syndrome, as they often exhibit higher methane levels, which are correlated
with more pronounced constipation symptoms [19].

Clinical studies have consistently demonstrated that patients with IBS-C have
elevated levels of breath methane, reflecting increased methanogen activity in the
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gut. Methane production correlates with delayed intestinal transit times, which
exacerbate the symptoms of IBS-C, including abdominal discomfort, bloating, and
constipation [20].

The pathophysiology of IBS-C in the context of methanogen activity involves the
modulation of smooth muscle contractions within the gastrointestinal tract. Methane
is believed to influence the enteric nervous system, altering the release of neurotrans-
mitters that regulate peristalsis [21]. For instance, methane may reduce the activity
of serotonin, a neurotransmitter critical for promoting gut motility. This reduction
in serotonin activity could explain the prolonged transit times observed in methane-
positive patients with IBS-C. Moreover, the presence of methanogens, particularly M.
smithii, has been associated with an altered gut microbiota composition, which may
further contribute to the dysbiosis observed in IBS patients [22].

In addition to IBS-C, methanogens are also implicated in small intestinal bacterial
overgrowth (SIBO), a condition characterized by an excessive proliferation of bacteria
in the small intestine [23]. In clinical practice, the lactulose breath test is widely used
to assess small intestinal bacterial overgrowth and other gastrointestinal conditions,
including IBS. Lactulose, a non-absorbable sugar, is ingested and metabolized by gut
bacteria, producing hydrogen and methane, which can be measured in exhaled breath.
The test typically involves administering a standard dose of lactulose (10 g), followed by
breath sampling at 15-20-minute intervals for up to 3 hours. The key principle behind
the LBT is the identification of abnormal gas production profiles. A normal result shows
a single peak of hydrogen or methane when lactulose reaches the colon. In contrast,
individuals with SIBO may exhibit an early peak when lactulose is metabolized by bac-
teria in the small intestine, followed by the normal peak upon entry into the colon [23].

Studies have demonstrated that while hydrogen breath tests alone can miss cases,
particularly those involving methane-producing archaea, simultaneous measurement
of both hydrogen and methane offers improved diagnostic accuracy. Approximately
30-50% of IBS patients may produce methane, which has been linked to constipa-
tion-predominant IBS due to methane’ effect of slowing intestinal transit. Recent
advancements have made dual detection more accessible, contributing to better
clinical management of IBS and SIBO [23].

Methane-positive SIBO, also referred to as intestinal methanogen overgrowth
(IMO), is distinguished by its association with constipation rather than diarrhea,
which is more common in hydrogen-dominant SIBO [24]. The presence of methano-
gens in the small intestine exacerbates symptoms by further slowing intestinal transit,
leading to increased bacterial fermentation, gas production, and discomfort [25].

A recent study specifically examined the role of serotonin in IBS patients who
produce methane (CH,). Findings suggest that methane production may be linked to
reduced serotonin levels in the gut, a neurotransmitter crucial for regulating intesti-
nal motility. Lower serotonin levels can contribute to delayed transit times, offering a
possible explanation for how methane impacts gastrointestinal function. In methane-
producing IBS patients, serotonin levels were found to be lower than in those who
only produce hydrogen, highlighting methane’s potential influence on gut motility
dynamics [26].

The role of methanogens in other gastrointestinal disorders, such as inflammatory
bowel disease (IBD) and colorectal cancer, is also of interest. In IBD, the contribution
of methanogens to disease pathology remains unclear. However, some studies suggest
that methanogen-related dysbiosis may influence the chronic inflammation charac-
teristic of the disease [27]. In colorectal cancer, methanogens may impact tumorigen-
esis through their interactions with the gut microbiota and the immune system [28].
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For instance, the production of methane and other metabolites by methanogens
could create a microenvironment conducive to cancer progression [29]. According to
Armougom et al. 2009, it has been determined that the concentration of Lactobacillus
species increases in obese individuals, while the level of M. smithii rises in patients
with anorexia nervosa. The study examined the bacterial communities in the feces of
20 obese patients, 9 patients with anorexia nervosa, and 20 normal-weight healthy
controls. The results showed that the proportion of Bacteroidetes was reduced in the
feces of obese individuals, while the Lactobacillus species were found at higher levels
in obese patients. In patients with anorexia, the concentration of M. smithii was found
to be significantly higher compared to the normal-weight control group [30]. These
associations underscore the need for further research to elucidate the complex role of
methanogens in gastrointestinal health and disease.

4. Methanogens and the gut-brain axis: Connections to neurological
disorders

The gut-brain axis is a sophisticated communication network that connects the
central nervous system with the gastrointestinal system [31]. This bidirectional
system comprises various pathways, including neural, hormonal, and immunological
mechanisms, enabling the gut and brain to affect each other’s functions [32]. Recent
research has highlighted the significant role of the gut microbiota in modulating the
gut-brain axis, with disruptions in this axis linked to a variety of neurological and
psychiatric disorders [33]. Methanogens, as key members of the gut microbiota, are
emerging as important players in this intricate network [34].

One of the key mechanisms by which methanogens may influence neurological
health is through their impact on neurotransmitter production. The gut microbiota is
essential for the synthesis and metabolism of neurotransmitters, including serotonin,
dopamine, and gamma-aminobutyric acid (GABA). Methanogens, by modulating the
activity of other microbes in the gut, can affect the levels of these neurotransmitters
[16]. For example, reduced microbial diversity, which is often associated with high
methanogen levels, can lead to imbalances in the production of short-chain fatty
acids, which have neuroactive properties. SCFAs can cross the blood-brain barrier and
influence brain function, potentially contributing to the development or exacerbation
of neurological conditions [15]. A recent study revealed the presence of methano-
gens, specifically Methanobrevibacter oralis, in brain abscess samples, suggesting
that methanogens may play a role in central nervous system infections. The findings
indicated that M. oralis could be neurotoxic, with its methane production having
potential negative effects on neural tissue [35].

A recent study revealed that Bacteroides and other gut bacteria are capable of
producing GABA, with these pathways actively expressed in healthy individuals.
Additionally, a negative correlation was observed between the relative abundance of
Bacteroides and brain signatures linked to neurological disorders such as depression.
The research also suggests that methanogens may play a role in GABA production
within the gut, highlighting its potential significance in the pathogenesis of neuro-
logical disorders [36].

The relationship between methanogens and the gut-brain axis extends beyond gut
motility. Methane production by M. oralis may act as a neurotoxin, as demonstrated in
experimental studies where it caused increased mortality in neural tissue models [35].
Methane has been shown to exert anti-inflammatory effects, which may influence
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systemic inflammation-a key factor in the development of neurodegenerative dis-
eases such as Alzheimer’s and Parkinson’s. Chronic low-grade inflammation, often
associated with gut dysbiosis, can contribute to the pathogenesis of these conditions
by promoting neuroinflammation and oxidative stress. By modulating inflamma-
tion, methanogens may have a protective role in maintaining brain health [15].
Recent studies have also explored the potential link between methanogens and mood
disorders. Patients with IBS, particularly those with IBS-C, often exhibit comorbid
conditions such as anxiety and depression. The altered gut motility and inflammation
associated with methane production may contribute to these psychological symp-
toms. For example, a study by Wang et al. found that patients with IBS-C who were
methane-positive had higher levels of anxiety and depression compared to methane-
negative patients. This suggests that methanogens, by influencing the gut-brain axis,
may play a role in the development or exacerbation of mood disorders [37].

In addition to mood disorders, the gut-brain axis is implicated in the pathophysiol-
ogy of autism spectrum disorder (ASD). Alterations in the gut microbiota have been
observed in individuals with ASD, including changes in the abundance of methano-
gens. Some studies have suggested that the presence of methanogens may be linked to
gastrointestinal symptoms commonly seen in ASD, such as constipation [38]. These
findings raise the possibility that methanogens could contribute to the gut-brain
interactions that influence the behavioral and cognitive features of ASD.

The potential for targeting methanogens to modulate the gut-brain axis presents
new therapeutic opportunities. Interventions aimed at reducing methane production,
such as antibiotics or dietary modifications, could help alleviate symptoms associated
with both gastrointestinal and neurological disorders [20]. Additionally, psychobiot-
ics—probiotics that influence mental health—may offer a novel approach to treating
conditions like anxiety and depression by modulating methanogen activity and
restoring balance to the gut microbiota [39]. Overall, methanogens play a significant
role in the gut-brain axis, influencing both gastrointestinal and neurological health.
By understanding the mechanisms through which methanogens affect this communi-
cation network, we can develop targeted therapies that address the underlying causes
of intestinal-brain disorders and improve patient outcomes.

5. Methanogens and immune modulation

Methanogens interact with the human immune system in complex and multifac-
eted ways, influencing both innate and adaptive immunity. These archaea can activate
various immune cells, including dendritic cells, macrophages, and T cells, through
mechanisms that are still being uncovered. One key pathway involves the recognition
of microbe-associated molecular patterns (MAMPs) by Toll-like receptors (TLRs),
particularly TLR7 and TLR8, which detect single-stranded RNA-a feature common to
methanogens. The activation of these TLRs triggers downstream signaling cascades
that result in the production of proinflammatory cytokines such as IL-1p, IL-6, and
TNF-a [40]. These cytokines play critical roles in orchestrating the immune response,
driving inflammation, and recruiting other immune cells to sites of infection or injury
(Figure 2).

The activation of the NLRP3 inflammasome by methanogens is particularly
relevant in the context of allergic and atopic diseases. The NLRP3 inflammasome
is a multiprotein complex that plays a central role in the maturation and secretion
of IL-1B, a cytokine that is pivotal in the initiation of inflammatory responses.
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Figure 2.

This figure illustrates the role of methanogenic archaea in the gut-brain axis and their potential impact on
neurological disovders. Gut dysbiosis can lead to the proliferation of proinflammatory archaea species. These
archaea can stimulate an inflammatory vesponse in the gut by producing proinflammatory molecules. This
inflammatory response leads to the activation of Toll-like receptors (such as TLR7 and TLR8) and the release

of proinflammatory cytokines, including IL-6, IL-1, and TNF-a. These inflammatory signals can travel to the
brain, potentially causing inflammation in neurons and contributing to neurological disorders. The image shows
the pathway of inflammatory molecules from the gut to the brain, where they may disrupt neuronal function and
compromise blood—brain barrier integrity, activating pathways associated with neurological conditions. (Created
in BioRendev.com).

In conditions such as asthma and allergic rhinitis, methanogen-induced activation of
the NLRP3 inflammasome could exacerbate inflammation, contributing to the sever-
ity of these diseases. Additionally, methanogens have been implicated in the modula-
tion of T helper cell responses, particularly the differentiation of Thl, Th2, and Th17
cells, which are central to the immune response in allergic conditions [16]. According
to Choiledin et al., the relationship between T cells, which are part of the immune
system, and the diversity of the gut microbiome in patients with multiple sclerosis
(MS) was investigated. The study identified decreased levels of methanogens, such
as Methanobrevibacter, in the gut microbiome of MS patients, suggesting potential
effects on immune responses. Additionally, it was found that increased CXCR3+ T
cells, particularly Th1 cells, were associated with reduced gut microbiome diversity,
which may contribute to MS pathology [41].

In addition to their proinflammatory effects, methanogens may also exhibit
immunoregulatory properties. The SCFAs produced by the fermentation of dietary
fibers by gut bacteria, a process facilitated by methanogens, are known to promote
the differentiation of regulatory T cells (Tregs). Tregs are essential for maintaining
immune tolerance, preventing autoimmunity, and resolving inflammation. By sup-
porting SCFA production, methanogens may indirectly contribute to the regulation
of immune responses, highlighting their dual role in both promoting and resolving
inflammation [42].
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Based on recent research, methanoarchaea such as M. stadtmanae and M. smithii
have been found to activate immune responses by increasing the expression of
CD86 and CD197 on antigen-presenting cells. This leads to T cell-mediated immune
responses. Such modulation of both innate and adaptive immune systems suggests
a potential role for methanogens in inflammatory bowel diseases and highlights the
importance of phagocytosis in immune cell activation [43].

Moreover, methanogens have been associated with the modulation of antimicro-
bial peptide production. These peptides are crucial for maintaining the integrity of
mucosal surfaces and preventing the overgrowth of pathogenic microbes. The ability
of methanogens to influence antimicrobial peptide production suggests that they play
arole in maintaining the balance between commensal and pathogenic microorgan-
isms, further emphasizing their importance in immune homeostasis [44].

6. Therapeutic potential of targeting methanogens

The clinical implications of methanogen activity in the human gut are broad,
extending from gastrointestinal disorders to neurological conditions. As research
continues to uncover the connections between methanogens and health, new thera-
peutic strategies are being developed to target these archaea and improve patient
outcomes.

Therapeutic strategies targeting methanogens include the use of antibiotics, probi-
otics, prebiotics, and dietary interventions. Rifaximin, a non-systemic antibiotic, has
shown promise in reducing methane production and improving symptoms in patients
with IBS-C. Studies have demonstrated that rifaximin, particularly when combined
with neomycin, can effectively reduce methanogen populations in the gut, leading to
improved gut motility and symptom relief. However, the long-term effects of antibi-
otic treatment on the gut microbiota and the potential for antibiotic resistance remain
concerns that need to be addressed in future research [45].

Probiotics and prebiotics offer an alternative approach to modulating methanogen
activity. Probiotics containing hydrogen-consuming bacteria, such as Lactobacillus
and Bifidobacterium species, could potentially compete with methanogens for hydro-
gen, thereby reducing methane production. Prebiotics, on the other hand, could be
used to promote the growth of beneficial microbes that outcompete methanogens for
substrates [46]. Prebiotic fibers, such as inulin, fructo-oligosaccharides (FOS), and
galacto-oligosaccharides (GOS), are fermented by gut bacteria, leading to the produc-
tion of short-chain fatty acids and gases such as hydrogen [15]. This hydrogen can
then be utilized by methanogens to produce methane. The availability of hydrogen as
a substrate is a key factor influencing methanogen activity. Therefore, prebiotics that
increase hydrogen production may indirectly promote methanogenesis, potentially
impacting gut motility and microbial balance. These dietary interventions may help
manage methanogen-related disorders by altering the composition and function of
the gut microbiota. Future research should aim to clarify the interactions between
different types of prebiotics and methanogens, exploring how these interactions
influence gut health and disease. Understanding the conditions under which prebiot-
ics either enhance or inhibit methanogen activity will be crucial for developing effec-
tive dietary strategies that optimize gut function while minimizing adverse effects.
Additionally, the exploration of novel prebiotics that specifically target methanogens
without disrupting the broader gut microbiota could open new avenues for managing
conditions associated with altered methane production [12].

119



Methanogens — Unique Prokaryotes

In addition to gastrointestinal disorders, the potential for targeting methano-
gens in the treatment of neurological conditions is an exciting area of research. As
discussed earlier, methanogens influence the gut-brain axis and may contribute to
mood disorders, neurodegenerative diseases, and autism spectrum disorder [15].
Psychobiotics, a class of probiotics that affect mental health, represent a novel
therapeutic approach for these conditions. By modulating methanogen activity and
restoring balance to the gut microbiota, psychobiotics could help alleviate symptoms
associated with both gastrointestinal and neurological disorders.

The development of targeted therapies for methanogens also extends to dietary
interventions. Diet plays a crucial role in shaping the gut microbiota, and specific
dietary patterns may influence methanogen activity. For example, diets high in
fiber promote the growth of hydrogen-producing bacteria, which in turn support
methanogenesis. Conversely, low-fiber diets may reduce the availability of hydro-
gen, potentially leading to lower methanogen populations [10]. Understanding the
relationship between diet and methanogen activity is essential for developing dietary
interventions that can modulate the gut microbiota and improve health outcomes.

The concept of “archaebiotics,” which involves the administration of specific
methanogenic archaea to modulate gut microbiota, is also gaining attention as a
potential therapeutic strategy. By harnessing the natural metabolic capabilities of
methanogens, archaebiotics could help restore microbial balance and reduce disease
risk [47]. Understanding the complex interactions between methanogens, other gut
microbes, and the host is essential for developing effective therapeutic strategies that
target methanogen activity.

7. Conclusions

The investigation into the influence of methanogens within the gut microbiota has
revealed their potential importance in both health and disease. While these archaea
appear to play a crucial role in maintaining gut health, it is essential to acknowledge
that their relationship with human health is complex and multifaceted. Emerging
research suggests that targeting methanogens could lead to innovative approaches
for managing gastrointestinal disorders and a range of other health issues, including
metabolic and immune-related complications. However, it is critical to approach these
findings with caution. The interaction between methanogens and other microbial
communities, as well as their impact on host physiology, remains an area of active
investigation.

Although methanogen research holds promise for developing new therapeutic
strategies, it is important to recognize that the pathway to clinical applications may
be long and require extensive validation. The exploration of personalized medicine,
informed by individual genetic and microbial profiles, could indeed pave the way for
tailored interventions. However, the integration of methanogen-targeted therapies
into clinical practice will necessitate a thorough understanding of their roles and
interactions within the broader microbial ecosystem.

In conclusion, while the potential of methanogens to influence health outcomes is
significant, it is essential to maintain a balanced view that considers the complexities
of microbial interactions and the need for further research. Advancements in our
understanding of methanogens could undoubtedly contribute to the evolution of
modern medicine, but a holistic approach will be vital in ensuring the effectiveness
and safety of future therapeutic interventions.
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