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Abstract: Biogas production from waste materials has emerged as a promising avenue for sustainable
energy generation, offering a dual benefit of waste management and renewable energy production.
The selection and preparation of waste feedstocks, including agricultural residues, food waste, animal
manure, and municipal solid wastes, are important for this process, while the microbial communities
are majorly responsible for bioconversions. This review explores the role of complex microbial
communities and their functions responsible for the anaerobic digestion of wastes. It covers the
crucial physiological processes including hydrolysis, acidogenesis, acetogenesis, and methanogenesis,
elucidating the microbial activities and metabolic pathways involved in the prospects of improving
the efficiency of biogas production. This article further discusses the influence of recent progress in
molecular techniques, including genomics, metagenomics, meta-transcriptomics, and stable isotope
probing. These advancements have greatly improved our understanding of microbial communities
and their capabilities of biogas production from waste materials. The integration of these techniques
with process monitoring and control strategies has been elaborated to offer possibilities for optimiz-
ing biogas production and ensuring process stability. Microbial additives, co-digestion of diverse
feedstocks, and process optimization through microbial community engineering have been discussed
as effective approaches to enhance the efficiency of biogas production. This review also outlines the
emerging trends and future prospects in microbial-based biogas production, including the utilization
of synthetic biology tools for engineering novel microbial strains and consortia, harnessing micro-
biomes from extreme environments, and integrating biogas production with other biotechnological
processes. While there are several reviews regarding the technical aspects of biogas production, this
article stands out by offering up-to-date insights and recommendations for leveraging the potential
of microbial communities, and their physiological roles for efficient biogas production. These insights
emphasize the pivotal role of microbes in enhancing biogas production, ultimately contributing to
the advancement of a sustainable and carbon-neutral future.
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1. Introduction

The demand for energy is increasing with the growing population, and to meet the
needs, there is a limited amount of fossil fuel left on earth. The use of energy from fossil
fuels is increasing exponentially, resulting in greenhouse gas emissions, such as carbon
dioxide (CO;), having an emission rate of 1000 kg/s [1]. Pertaining to these environmental
threats associated with fossil fuel burning, researchers are now more inclined to focus on
making energy from low-carbon sources using eco-friendly technology. The most common
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type of these energy sources is biohydrogen, biomethane, bioethanol, biodiesel, etc., and
microorganisms are the main mediators of their production [2]. Waste deposition is also
a major concern, as untreated waste pollutes the ecosystem and is harmful for both the
Earth and human health [3]. The production of biogas from organic waste serves two
major environmental purposes simultaneously. Biogas is usually made up of 50-70%
methane, 25-45% carbon dioxide, 1-5% hydrogen, and a small amount of other gases
such as ammonia, hydrogen sulfide, halides, and water vapor [4]. The gases other than
methane, carbon dioxide, and hydrogen are present in a very small amount and vary
in different environments. The reaction is carried out in a large anaerobic bioreactor
where microorganisms convert feedstock into biogas in a controlled environment. A few
examples of microorganisms involved in biogas production are given in Table 1. The
reaction proceeds through four steps, viz. hydrolysis, acidogenesis, acetogenesis, and
methanogenesis [5]. These metabolic steps are interconnected, with one phase’s byproduct
becoming the substrate of the next, producing biogas and digestate as byproducts [6]. In the
hydrolysis phase, the microorganism degrades complex biopolymer components into water-
soluble ones, which serve as substrate for fermentative bacteria. During the fermentation
stage, acidogenic bacteria convert glucose, amino acids, and lipids into organic acids,
volatile fatty acids (VFAs), CO,, and Hj. In the acetogenesis step, acetic acid and butyric
acid are transformed to acetate, Hy, and CO, for use in the next stage. The organic acid
CH3COOH serves as substrate for methanogenic bacteria which converts CH3;COOH to
CHy and CO;, in the final phase [7]. Additionally, CO, combines with H; to make additional
CHy, which is facilitated by hydrogenophilic microorganisms. Acetophilic methanogenic
microorganisms convert the produced acetate to CHy [8]. However, there are limitations
pertaining to microbial processes in biogas plants, including variations in temperature,
pH, acidity, and other factors that might influence microbial growth and functionality,
consequently impacting the production of biogas [9]. Commonly used waste feedstocks are
animal waste, lignocellulosic biomass, municipal solid waste, and industrial waste; they
have inherent organic content that can be utilized as a substrate for anaerobic digestion.
Lignocellulosic biowastes include a substantial sugar content, rendering them a viable and
cost-effective feedstock for the production of environmentally sustainable fuels, such as
biogas [10]. Lignocellulosic waste was mainly digested with animal manure, for example,
wheat straw with cattle dung yields a higher production of methane (320.8 mL/gVS) among
other co-digested systems. Food waste yields 460 mL/gVS methane, which is the highest
among municipal wastes, and in industrial waste, the textile industry serves as the highest
methane producer yielding around 200400 mL/gVS [7]. Proper selection and preparation
of these waste feedstocks by applying new strategies, such as co-digestion of more than one
substrate or microbial pretreatment, results in improving yields stability [11,12]. A single
microorganism may not be able to facilitate each step; and therefore, multiple anaerobic
microorganisms work synergistically to produce biogas. Further, the use of non-sterile
feedstock also aids in the growth of indigenous microorganisms having properties for
the degradation of organic substrates along with biofuel production [13]. Syntrophic
activities involve close cooperation between at least two organisms, wherein metabolic
products are transferred from one organism to another. These interactions are essential
for the breakdown of complex organic compounds and the conversion of intermediate
products into methane [14]. The success of the process hinges on maintaining favorable
conditions for the microbial community within the digester. Consequently, changes in
fermentation conditions, time, and ecosystem can result in shifts in the microbial community
composition within the digester. Recent advancements in molecular techniques have greatly
enhanced the understanding of activities and metabolic pathways in microbial communities
and their functional potentials in biogas production from waste [15]. These techniques
provide insights into the composition, functional gene profiling, and metabolic pathway
reconstruction of microbial communities, enabling a more comprehensive understanding of
their roles in biogas production [16]. The integration of genomics and molecular techniques
with process monitoring and control strategies offers new possibilities for optimizing
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biogas production and ensuring process stability. An example of such a technique is
stable isotope probing, in which stable isotopes of carbon or nitrogen are incorporated into
the microbial population to understand the ongoing processes in the system [17]. This
holistic approach allows for real-time monitoring of microbial community dynamics and
metabolic activities, facilitating the implementation of timely interventions to maintain
optimal process conditions and maximize biogas yields [18] (Figure 1).
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Figure 1. Illustration of Biogas production through agricultural, manure, and sewage waste materials.
Several metagenomics approaches can be used to enhance the process. Produced biogas can be used
as a renewable energy resource, which helps in GHG mitigation and ultimately contributes to a
circular bioeconomy.
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Looking ahead, there are exciting emerging trends and future prospects in microbial-
based biogas production, which mainly include the utilization of synthetic biology tools for
engineering novel microbial strains and consortia with enhanced biogas production capa-
bilities, harnessing microbiomes from extreme environments to identify novel functional
microbial communities, and integrating biogas production with other biotechnological pro-
cesses for enhanced resource recovery and valorization [19] (Figure 1). Biogas production
is an important issue for today’s world, due to its environmental, energy, and economic im-
plications. Hence, various researchers have reviewed different facets of biogas production
that primarily address the technical and engineering aspects for its environmental benefits,
economic viability, policy implications, and more. Industrial optimization and applica-
tion, directly or indirectly, have been the focus of well-attended reviews [20-22]. Achinas
et al. [21] give details about the technologies for biogas production from waste materials,
while Divya et al. [22] and Mishra et al. [23] focused on technologies for enhancement and
upgradation of biogas production. The legislation framework for biogas production around
the globe is reviewed by Abanades et al. [9]. Waste management, which is another aspect
of biogas production, has been a trending topic for research and many authors reviewed
details of it around the globe [24-28]. However, more in-depth information on the role of
microorganisms in biogas production, with focus on recent technological interventions in
the area of microbiology, is required. Microorganisms play a pivotal role in this technology,
so it is imperative to comprehend the microbial mechanisms in order to facilitate the devel-
opment of biogas plants with enhanced efficiency. Ekwebelem et al. [29] and Akinsemolu
et al. [30] studied the role of microorganisms in producing renewable energy for sustainable
development. Ferdes et al. [31] and Kasinath et al. [11] discussed the role of microorganisms
in pretreatment processing, while Nwokolo and Enebe [32] summarized the significance
of microbial community in an anaerobic bioreactor. However, a comprehensive detail of
overall understanding of microbial processes, from diversity to application for this process,
is required. Therefore, this review aims to fill this gap and explore the details of intricate
microbial pathways, diversity, processes, genomics, and underlying biogas production
from waste, and provide insights into the latest advancements and future prospects in this
field. This review serves as a guide to understand the role of microorganisms in the process
of biogas production via the utilization of organic wastes.

Table 1. Microorganisms and the utilized substates for biogas production and yield.

Major Events

Microorganism Substrate during Substrate Biogas Yield Condition Ref.
. (mL/g VS)
Degradation
Acetobacteirozdes Corn straw Hydroger} 5as 258.1 Laboratory scale [33]
hydrogenigenes production
Methanospirillum Increase of
hun Z toi Nonfat dry milk methanogenic 32 Laboratory scale [34]
8 activity
Pseudobutyrivibrio . . .
xylanivorans Brewery spent grain Hydrolysis 261.3 Piolot scale [35]
C. saccharolyticus Pig slurry and Hydroger'l gas 62.5 Laboratory scale [36]
sweet sorghum production
Clostridium .
cellulolyticum Wheat straw Hydprolysis 342.5 Laboratory scale [37]
Clostridium sp. Cellulosic waste Hydrolysis 168 Laboratory scale [38]
Enterobacter cloacae Maize silage Hydrolysis 718.5 Laboratory scale [39]
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Table 1. Cont.

Major Events

Microorganism Substrate during Substrate Biogas Yield Condition Ref.
. (mL/g VS)
Degradation
T. hermosaccharolyticum
Caldanaerobacter
subterraneus Corn stover and .
Thermoanaerobacter cellulose Hydrolysis 165 Laboratory scale [40]
pseudethanolicus
C. cellulolyticum
Lignocellulose
degrading microbial Swine manure Hydrolysis 180 Laboratory scale [41]
consortium
Gelria, Anaerovorax, Grass siliage H}’gl:[(t’l}’:(ljsi; nd - Laboratory scale [42]
Dethiobacter, Clostridia & y . y
metabolism

2. Methods

A comprehensive literature search was conducted to identify relevant studies on
advancements and innovations in microbial processes for enhanced biogas production
from waste materials. The search was carried out in online academic databases includ-
ing PubMed, Web of Science, Scopus, and Google Scholar. The search terms used were
“biogas production”, “microbial processes”, “waste materials”, “anaerobic digestion”, and
“innovations.” We limited the search to articles published between 2000 and 2023 to ensure
the inclusion of recent advancements. However, for initial references of novel work, some
previous articles were also considered. Care was taken to select the articles that focused on
microbial processes for biogas production from waste materials; addressed innovations or
advancements in biogas production techniques; were published in peer-reviewed journals
or reputable conference proceedings; and have sufficient details of relevant information.

Upon identifying relevant articles, the data were extracted including authors’ names,
publication year, study objectives, waste materials used, microbial consortia employed,
experimental setup, process parameters, and key findings. Studies were categorized
based on the type of innovations discussed, such as pretreatment techniques, microbial
enrichment strategies, co-digestion approaches, and process optimization methods. Further,
no ethical considerations were applicable to this review as it involved the description and
interpretation of previously published research articles.

3. Microbial Diversity and Dynamics Involved in Biogas Production

Cellulomonas sp., Prevotella sp., Bacteroides sp., Fibrobacter sp., Clostridium sp., Propioni-
bacterium sp., Defluviitoga sp., Methanosaeta sp., Methanosarcina sp., Methanoculleus sp., etc.
are the most common microbial genera associated with biogas production and are present
in bioreactors [5]. The dominant microorganisms present in the anaerobic bioreactor are in-
fluenced by various factors such as substrate composition and availability, pH, temperature,
and feedback mechanism of metabolic byproducts. Changes in these conditions can create
physiological stress on the microorganisms, sometimes leading to a reduction in abundance.
However, when the conditions become favorable again, these microorganisms can prolif-
erate and become the dominant population within the bioreactor [43]. Consequently, the
microbial community within the digester can change over time and with fluctuations. For
example, in the initial stage of hydrolysis, bacteria such as Porphyromonadaceae, Aminobac-
terium, Bacteroides, Fibrobacter, Clostridium, Acinetobacter, Paludibacter, Acidaminococcus, and
Sphaerochaeta are abundant, as these bacteria have excellent hydrolytic activity towards
the feedstock [32]. Similarly, the fungi Pichia sp., Aspergillus sp., Candida sp., Debaryomyces
hansenii, and Mucor dominate this stage. Fungal strains are excellent degraders of cellulose
backbone; therefore, co-culture of different microorganisms is the best strategy to enhance
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biogas production [44]. Towards the end of the process, methanogens such as Methanosaeta
concilii, Methanothrix soehngenii, and Methanosarcina sp. resistant to ammonium and other
harsh chemical dominate in microbial biomass [45]. Clostridium sp. is an important microor-
ganism in biogas studies as it can remain viable in a wide range of temperatures, and its
enzymes are also functional in both mesophilic and thermophilic conditions, but sensitive
to nutrient availability [46]. The microbial diversity includes archaea, fungi, and bacteria,
which are interconnected within a biogas system through various pathways, allowing for
the efficient conversion of organic matter into biogas. Bacterial and archaeal populations
are less steady, and their abundances change as the chemical conditions of the system
change during the process of biogas production, whereas the fungal community remains
stable, but their abundance remains relatively lesser [7].

Microbial diversity varies greatly in mesophilic and thermophilic tanks in two stage
bioreactor plants. The abundance of microbial populations is found to be high in the
mesophilic part, but its effect in methane production is negligible. In a mesophilic bioreactor
the methanogenic archaea such as Methanothrix and Methanospirrillum serve as dominant
genera, followed by populations from the bacterial genera Cloacibacillus, Longilinea, and
Coprothermobacter [47]. Further, it was also reported that the age and rearing conditions
of animals, whose dung is added to the bioreactor, also have an influence on microbial
diversity in the bioreactor. Generally, young animals have a healthy gut microbiome
and their manure, when fed to bioreactors, elevates methane production, as has been
observed along with a healthy microbial community [43]. It is also proposed that the gut
microbiota can be added as a starter in biogas plants where lignocellulosic material is used
as feedstock [48].

The application of nanoparticles is also reported to enhance microbial activity within
the bioreactor. The addition of citrate-coated Fe3O4 nanoparticles in sludge and crude
glycerol supplied bioreactors enhanced the abundance of microorganisms from the orders
Bacteroidales, Clostridiales, Methanomicrobiales, and Methanosarcinales with a 49.8% accu-
mulation of methane in bioreactor [49]. In a recent study, it was found that nanoparticles
are involved in the abundance and movement of mobile genetic elements in anaerobic
digesters, and this movement is associated with an increase in antibiotic resistance genes
within the bioreactor and is found most abundant in Proteobacteria and Firmicutes [50].
Hassaneen et al. [1] documented a substantial 185.3% increase in methane production
through the incorporation of a ZnFe nanocomposite into an anaerobic bioreactor containing
cattle manure. It has also been reported that the addition of nanoparticles enhances the
production of enzyme cellulase and thereby hydrolysis efficiency is increased [51].

The common bacterial population in a digester is almost often associated with the
substrate composition of the system. The predominant bacterial taxa in a digester fed with
animal feces and municipal wastes are the Bacteroidetes and the Firmicutes [52,53]. In
addition, Proteobacteria are also found in municipal solid waste digesters [53]. According
to an earlier investigation, Firmicutes predominate in biogas reactors [54,55]. Bacteroidetes
was the second-most prevalent phylum, accounting for 12% of the whole population. The
results of earlier studies suggested that microorganisms from these phyla assist in the
decomposition of cattle manure, which primarily consists of plant biomass residues, in
biogas reactors [56,57]. Bacteroidetes are made up 30% of the mesophilic population and
8% of the thermophilic population, respectively, based on the relative abundance of 165
rRNA in the metagenome. The initial inoculum also affects the community dynamics;
for example, the presence of Methanolinea sp. in the early inoculum has an impact on
community dynamics, mainly by reducing the lag period in the bioreactor [58]. It is
observed that the introduction of 4% food waste in sewage sludge significantly reduces
the lag phase with an abundance of Methanosaeta sp. and Methanosarcina sp., while the
increasing food waste concentration drastically extends this period [59]. Incorporation of
activated sludge with food waste further enhances biogas production [2].
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4. Effect of Feedstock Substrate on Microbial Community and Biogas Production in an
Anaerobic Digester

Substrates refer to organic biomass materials supplied to the bioreactor, which can
undergo enzymatic breakdown by the microorganism, resulting in the production of biogas.
These materials encompass a range of sources, including agricultural waste, deceased ani-
mal tissues, animal dung, and poultry droppings. They have diverse chemical compositions,
including proteins, fats, cellulose, lignin, hemicellulose, lipids, and various other chemical
molecules. The presence of these chemical compounds influences their susceptibility to
biodegradation and can determine microbial preferences for their utilization [7]. In addition
to technical operation conditions, the type and composition of substrate have an influence
on the yield of biogas production as well as the abundance of microbial communities in
bioreactors [60]. In a study on methane production from different substrates, including
maize silage, chicken manure, straw, swine manure, and grass silage, the predominant
microorganisms associated with each substrate were examined. The results indicated that
Methanosarcinaceae, Synergistaceae, and Clostridium sp. were the dominant methanogens
observed across all fermented substrates. In straw and chicken manure digesters, the dom-
inant microorganisms were identified as Synergistaceae, acetate-oxidizing bacteria, and
Syntrophaceae. On an individual substrate basis, Porphyromonadaceae were predominantly
found in maize silage, swine manure, and grass silage digesters. Straw digesters exhibited
a higher abundance of Rikenellaceae, while the microbial community in the chicken manure
digester was mainly composed of Porphyromonadaceae and Ruminococcaceae. Moreover, the
13C isotope fractionations of CHy and CO, revealed that grass silage, maize silage and
swine manure have similar rates of methane production, whereas, in chicken manure-
and straw-fed systems, the production is lowest. These findings indicate that the type
of substrate plays a crucial role in shaping the microbial community and influencing the
biogas yield in anaerobic digesters [61].

4.1. Bioaugmentation with Microbial Additives to the Feedstock

The introduction of microorganisms in anaerobic digesters primarily aims to enhance
comprehension of the operational mechanisms and interrelationships within the microbial
community [62]. Bioaugmentation with microbial consortium in anaerobic bioreactors
increases enzymatic activity and counteracts the activity of various microbial byprod-
ucts, which acts as process inhibitors [63]. In a study conducted by Yan et al. [64], it was
demonstrated that the introduction of a Methanoculleus sp. culture capable of tolerating
ammonia resulted in a 21% increase in methane production yield from the organic fraction
of municipal solid waste along with a 10% reduction in volatile fatty acids compared to
the pre-bioaugmentation period. The biogas yield was observed both in single bacterium
augmentation as well as in bioaugmentation with consortium. Cater et al. [35] reported that
bioaugmentation with Ruminococcus flavefaciens, Pseudobutyrivibrio xylanivorans, Fibrobacter
succinogenes, and Clostridium cellulovorans in an anaerobic bioreactor significantly increases
the yield of methane. Pseudobutyrivibrio xylanivorans exhibited the highest methane produc-
tion, with an increase of 17.8%. This was followed by the co-culture of Pseudobutyrivibrio
xylanivorans and Fibrobacter succinogenes, which resulted in an increase in methane pro-
duction of 6.9%. Additionally, the co-culture of Clostridium cellulovorans and Fibrobacter
succinogenes demonstrated a methane production increase of 4.9% [35]. In another study;,
the introduction of Clostridium thermocellum as a starting culture in a bioreactor contain-
ing Haematococcus pluvialis microalgae biomass resulted in methane production increase
ranging from 18% to 38% [65]. Fungal species can also serve this purpose, as demon-
strated by the bioaugmentation of Piromyces rhizinflata in a bioreactor containing corn silage
and cattail. This resulted in an overall enhancement in the production of methane and
hydrogen, accompanied by an accelerated degradation rate of fatty acids derived from
both substrates [66]. The utilization of bioaugmentation in anaerobic digesters through
the introduction of microorganisms derived from manure or rumen sources is a promis-
ing approach. This method is particularly appealing due to the ease of accessibility and
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the potential to utilize these microorganisms as co-substrates in the feeding process [63].
However, it should be noted that these microorganisms exhibit sensitivity to pH levels.
Consequently, the synthesis of methane by Fibrobacter was seen to decrease as the pH
range in bioreactors deviated more from 6.0 to 6.5 [67]. In another study, methanogenic
sludge and rice straw were co-inoculated with rumen bacteria to improve the performance
of methanogenesis and a twofold increase in the average methane yield was observed,
along with an enhancement in cellulolytic activities. Moreover, they were able to alter the
community structure, which was advantageous for maintaining the stability of anaerobic
digestion [68]. Bioaugmentation with specific microorganisms increases the viability of
important microorganisms in anaerobic bioreactors. The metabolisms of syntrophic acetate-
oxidizing bacteria and hydrogenotrophic methanotrophs are closely related, and adding
one affects the other’s survival directly [69,70]. Thus, the addition of microbial additives in
anaerobic bioreactors is an important strategy to enhance biogas production.

4.2. Co-Digestion Strategy for Biogas Production from Agricultural Waste and Animal Waste

Agricultural waste biomass often contains a higher proportion of lignocellulose, which
poses challenges for its direct degradation. As a result, it is commonly co-metabolized with
other waste materials to provide the microorganisms with initial sources of nutrients such
as proteins, lipids, and simple sugars. This co-metabolism strategy enables more efficient
breakdown of the lignocellulosic components in agricultural waste [7]. Increasing lignin
content by 1% reduces methane production by 7.5 L CHy4 /kg total solid [71]. Furthermore,
lignocellulosic biomass with lignin content greater than 100 g/kg vs. (volatile solids)
drastically reduces methane output; in addition, 15% of lignin presence in an anaerobic
digester is considered as threshold [72,73]. Research was conducted to assess the methane
production capacity of various constituents of maize stover, namely stem bark, stem pith,
and leaves, and found to be 0.19 L/gVS, 0.21 L/gVS, and 0.19 L/gVS, respectively. The
reduced methane production found in stem bark can be ascribed to its higher lignin
concentration of 17.61%, which is notably higher than the lignin content of 7.16% for stem
pith and 5.16% for leaves [74].

Studies have indicated that waste substrates containing high levels of proteins and
lipids tend to exhibit increased methane production, whose high amount is present in
animal waste. This is attributed to the metabolic breakdown of these substrates, which
releases ammonium ions and long-chain fatty acids [75]. However, it has been observed
that these substances can be toxic to certain bacterial communities. Interestingly, bacteria
have demonstrated the ability to adapt and counteract this toxicity [76]. Moreover, these
bacteria have been reported to produce methane even in the presence of these potentially
harmful compounds [77]. Cattle, pig, sheep, goat, and poultry manure has been widely
reported as a suitable substrate for biogas production as it has a high concentration of
nutrients, organic matter, and buffering capacity [78-80]. The excellent buffering capacity
of these wastes aid to counter the negative effects of volatile fatty acids. A comparative
study from various literature suggests that the pig and goat dung have higher buffering
capacities which supports the growth of required microbial genera and yields higher
methane production in a range of 204439 mL/gVS and 402-500 mL/gVS, respectively.
Moreover, it is also reported that cattle manure yields the lowest methane production as the
amount of total solid (14.5-22.7%) and volatile solid (12-72%) is more in it whereas the total
water content is less, which might be due to higher lignin content in the diet of cattle [7].
In a recent study, the lignin content of various types of manure was examined. In another
study, it was found that cattle manure exhibited the highest lignin content, measuring
11.5%, while pig manure had a lignin content of 8.5% and poultry manure had a lignin
content of 4.2%. This higher lignin content in cattle manure was associated with inhibited
methane production, as indicated by the average yield of 168 mL/gVS, while 215 mL/gVS
methane was produced in pig manure, and poultry manure had the highest methane yield
of 255 mL/gVS [81].



Agriculture 2023, 13, 1689

9 of 34

To meet the diverse nutritional needs of anaerobic microorganisms involved in sub-
strate degradation for biogas production, a combination of substrates is commonly used.
This co-digestion approach aims to enhance microbial growth and activity. For example,
animal manure often has an imbalanced carbon/nitrogen ratio, which can be rectified by
co-digesting it with carbon-rich substrates. The amount of protein, fat, and carbohydrate in
a substrate directly influences the methane percentage in biogas. By combining substrates
that are rich in these components with other substrates, process stability can be achieved,
leading to improved biogas production. By adjusting the mixing ratio of corn stover and
pig manure substrate, the researchers were able to achieve different carbon-to-nitrogen
(C/N) ratios in the seven anaerobic reactors studied. The findings revealed that as the
C/N ratio decreased, the hydrogenotrophic pathway gradually replaced the acetoclastic-
methane-producing pathway [80]. This shift was accompanied by an increase in the relative
abundance of hydrogenotrophic methanogens such as Methanobacterium, Methanoculleus,
and Methanobrevibacter, particularly in response to decreased influent C/N ratios and
increased total ammonia nitrogen levels. Notably, these methanogens displayed a high
resistance to the toxic effects of ammonia nitrogen [82]. Under stable digestion conditions
without toxic stress, Methanosaeta dominated the archaea community, accounting for over
50% of its abundance and resulting in higher methane yields. In contrast, in the reactors
with high C/N ratios, the abundance of Clostridium decreased while Methanosaeta increased,
indicating competition for substrate. High C/N ratio substrates, such as cow dung, corn
straw, corn stover, and agricultural wastes, typically produce a small amount of ammonia.
However, they also stimulate the rapid consumption of available nitrogen by acidogenic
bacteria more than methanogenic bacteria. As a result, both high and low C/N ratios
negatively affect methane yield [32]. Therefore, the study suggests that co-digestion of sub-
strates is a viable approach to achieving an optimal carbon-to-nitrogen ratio. Recent studies
are mainly based on this strategy and have produced excellent results. Zhang et al. [83]
conducted a study to examine the co-digestion of corn stalk, wheat straw, and rice straw
with goat manure, in general environmental conditions. The experimental results indicated
that the most favorable biogas yields were obtained at mixing ratios of 30:70, 70:30, and
50:50 for the combinations of goat manure with wheat straw, goat manure with corn stalk,
and goat manure with rice straw, respectively. The total yield of biogas was 12.8 L/kgVS
when goat manure and wheat straw was combined proportionally by 30:70, which was
62% and 23% higher compared to the biogas yields obtained from separate digestion of
goat manure and wheat straw. In a comparable manner, the co-digestion of goat manure
and rice straw at a mixing ratio of 50:50 yielded a total of 15.7 L/kgVS, surpassing the
yields obtained from digesting rice straw or goat manure alone by 111.28% and 51.31%,
respectively. Likewise, when goat manure was co-digested with corn stalk at a ratio of 50:50,
a total biogas yield of 16 L/kgVS was achieved, which was 83% and 54.44% higher than the
biogas yields of corn stalk and goat manure alone, respectively. The results of this study
indicate a notable enhancement in the production of biogas achieved by employing the
co-digestion method. This approach effectively addresses the carbon to nitrogen imbalance
commonly observed in the digestion of single substrates. The carbon to nitrogen ratio was
reported to stabilize with the addition of animal waste to high lignocellulosic wastes [84].
In a recent study, it was reported that the production of biogas was increased significantly
up to 441.3 L/ -kg vs. when pig fat is added as supplement to the bioreactor having poultry
manure [85]. Similarly, pig manure was supplied with spent coffee grounds, resulting in
enhanced methane production [86]. The biomass of Eichornia crassipes (water hyacinth),
which is one of the most evasive macrophytes, is extensively used in biogas production as
co-metabolite with poultry waste, industrial effluents, cow dung, animal wastes etc. [87].
The type of condition in a reactor and the mixing proportion of the substrates also regulate
the concentration of methane production; for example, when corn stover is digested with
chicken manure in three physiological conditions viz. wet, semisolid, and solid state, it is
observed that the solid-state condition yields highest (14.2 Lethane / Lreactor volume) at a
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1:1 ratio of corn stover to chicken manure. Moreover, a 3:1 ratio is optimum for wet and
semisolid conditions, where yield is 218.8 mL/gVS and 208.2 mL/gVS, respectively [72].

In a comparative study, the effects of mono-digestion and co-digestion, as well as
pretreatment, were investigated using wheat straw and cattle dung as substrates. The wheat
straw was subjected to pretreatment using different concentrations of HyOy (1%, 2%, 3%,
and 4%) prior to digestion, either as a sole substrate or in combination with dung at different
ratios. The mono-digestion of H,O,-treated wheat straw resulted in methane yields of
94.8,108.5,128.4, and 118.7 mL/gVS for the 1%, 2%, 3%, and 4% pretreatment, respectively.
These values are significantly higher when compared to the methane yield of 84.3 mL/gV$S
obtained from untreated wheat straw. Moreover, a notable enhancement in methane
production was detected during the anaerobic co-digestion of HyO,-treated straw and
dung. The highest methane yield of 320.8 mL/gVS was obtained when H,O;-treated straw
and dung were mixed in a ratio of 40:60. This value is more than the methane yield achieved
through co-digestion of untreated straw and dung, which was found to be 257.6 mL/gVS.
Additionally, a transition in the composition of the methanogenic community was seen
during the process of co-digestion, whereby there was a shift from acetoclastic methanogens
to hydrogenotrophic methanogens [88]. In such studies, cattle manure is mostly used as
it is widely available because of the growing diary industry worldwide. A maximum of
386.3 NL/kg of methane is produced when the solid agricultural solid waste is pretreated
with NaHCO3 and enriched with cow dung [89]. In a recent study, researchers explored
the process of anaerobic co-digestion involving the combination of pretreated sugarcane
bagasse and cow dung. The bagasse underwent pretreatment using a solution containing
NaOH as well as Ca(OH), for a duration of one day and then it was mixed with dung at a
ratio of 1:2. The experimental results revealed that the NaOH-treated bagasse exhibited
the highest biogas production is 386 mL/gVS, while bagasse treated with Ca(OH), yielded
approximately 334 mL/gVS, which is higher than the untreated, pure bagasse produced
around 322 mL/gVS of biogas at a temperature of 35 °C. By introducing dung to the
bagasse and increasing the temperature from 35 °C to 55 °C, a noticeable rise in biogas
production yield by 27 mL/gVS was observed. This increase can be achieved because of
the adjustment in the carbon and nitrogen ratio, which shifted from 130:1 in pure bagasse
to 29:1 when dung was added [84].

The studies from the literature have demonstrated that the simultaneous digestion
of animal manure alongside agricultural residues offers several benefits, including the
enhancement in biogas production as well as improved stability of the anaerobic digestion
process. These advantages can be attributed to the achievement of a more balanced nutrient
composition, specifically in terms of carbon and nitrogen, which is made possible through
the process of co-digestion.

4.3. Biological Pretreatments of Organic Waste for Enhanced Biogas Production

At present, various biological pretreatment methods are utilized to enhance the pre-
treatment of organic biomass and achieve higher biogas yields. These pretreatments involve
the use of microorganisms and the metabolites they produce, including bacteria, white or
soft rot fungi, and actinomycetes, to degrade the resistant components of lignocellulosic ma-
terials. Generally, biological pretreatments are considered less expensive compared to other
pretreatment methods. However, one drawback is that they tend to be slower in terms of
the degradation process. Additionally, these pretreatments required relatively large spaces
and well-maintained optimized environments to maximize their efficiency. This ensures the
favorable growth and activities of the microorganisms involved. Biological pretreatment
methods employing microbial consortiums primarily target the breakdown of cellulose
and hemicellulose. The utilization of such microbial consortia for the biodegradation of
cellulose and hemicellulose has proven to be highly efficient in pretreatment for various
biotechnological applications. One significant advantage of using microbial consortia is the
avoidance of regulatory issues related to feedback and metabolite repression commonly
encountered with isolated strains. Additionally, biological pretreatment strategies involve
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the application of hydrolytic enzymes such as cellulase and hemicellulase. In a study, cow
manure was pretreated with hemicellulose digesting strain B4 in thermophilic condition.
The findings revealed that mono-digestion, where only cow manure was used as the sub-
strate, led to a significant improvement in methane production. Specifically, the methane
production increased by 30%, resulting in a methane yield of 300 mL CH,/g VS [90]. In
the study conducted by Liu et al. [91], it was shown that the removal of antibiotics from
the pig dung can have a significant positive influence on methane production. Recently,
another strategy was employed by researchers where biological pretreatment was done
by applying a biocatalyst system consisting of a microbial consortium with the capacity
of antibiotics degradation. The study’s findings indicate that the biocatalyst effectively
decomposed antibiotics, including amoxicillin, penicillin, and cefamezine, within one hour
when subjected to pretreatment. Notably, when the pretreatment was performed over a
period of three days, methane production increased by a substantial 93.2% [91]. In a study
by Costa et al. [92] biological pretreatment of organic poultry manure was carried out us-
ing bacteria strains including Clostridium cellulolyticum, Caldicellulosiruptor saccharolyticum,
and Clostridium thermocellum. In the anaerobic digestion process, sewage sludge from a
treatment plant was used as the inoculum. The findings indicated that the biologically
pretreated manure resulted in methane production of 102 mL CHy4/gVS, showcasing a
15% improvement compared to untreated samples. In another similar study, Bacillus sp.C4
was used in the pretreatment of chicken feathers for 2-8 days and was inoculated in an
anaerobic bioreactor having wastewater sludge. The results demonstrated a significant
improvement of 292% in biogas production, yielding 430 mL CHy4/g VS [93].

White or brown rot fungi play a crucial role in the degradation of lignin, as well as
cellulose and hemicellulose to a lesser extent. These fungi produce a group of extracellular
enzymes known as “lignases”,, which are responsible for breaking down lignocellulosic
materials [94]. White rot fungi, in particular, have the ability to degrade a wide range of
persistent environmental pollutants and xenobiotics. Over time, biomass can be inoculated
with these lignolytic enzymes from fungi to facilitate the degradation of lignocellulosic
material [95]. Numerous studies have indicated that the incorporation of these enzymes in
manure pretreatment can enhance the performance of anaerobic digestion systems. Com-
binations of different enzymes exhibit synergistic effects that contribute to the expansion
of small passages and increased accessibility of the cell wall, enhancing overall pretreat-
ment efficiency [96]. Various fungi are utilized in biological pretreatment, with commonly
used species including Phanerochaete, Trametes, Ceriporiopsis, Pleurotus, Ceriporia, Pycnoporus,
Cyathus, Bjerkandera, Ganoderma, Irpex, Lepista, and others belonging to genera such as
Phanerochaete, Sporotrichum, Aspergillus, Fusarium, and Penicillum, among others [81]. In one
such study, Pleurotus ostreatus and Trichoderma reesei were utilized for pre-treating straw
with the objective of enhancing its decomposition and methane yield. It was found that
the performance of fungal pretreatment was significantly influenced by the humidity level
and incubation period. At a humidity level of 75% and an incubation period of 20 days,
approximately 33.4% and 23.6% of lignin was removed, leading to a remarkable 120% and
78.3% increase in methane production by P. ostreatus and T. reesei, respectively, as compared
to unprocessed rice straw [97]. Bioaugmentation with both bacterial and fungal treatments
further enhanced the process. A higher biogas yield of 57% was obtained by the addition
of chitinolytic bacteria to the pretreated straw of wheat and millet by Chaetomium globospo-
rum in batch anaerobic fermentation. In the same study, 16% more biogas was produced
in continuous culture with similar treatment to wheat straw. Further, the abundance of
methanogens (mostly from the phyla Firmicutes, Bacteroidetes, and Proteobacteria) was
increased in pretreated conditions [98]. A few other examples of microbial pretreatment to
various feedstocks are presented in Table 2.
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Table 2. The studies conducted on the application of various biological pretreatment strategies to

increase biogas/biomethane production from different waste feedstocks.

Type of Waste

Initial and Final

Increase in

Feed into Pretreatment Microorganism ?oncenfratlon of Biogas/Biomethane Ref.
. Strategy Biogas/Biomethane . o
Bioreactor Production (%)
(mL/gVS)
Agropyron BG 120%;
Tall Wheat Grass Fungal elongatum BM 134% [99]
Ligninolytic BM
Rice Straw Bacteria Bacillus sp. Control: 270 BM 93.30% [100]
Co-culture Pretreated: 528.9
BG
. Control: 102.6
Fresh Aspergillus terreus Pretreated: 125.9 BG 22.71%;
leaves, dry leaves Fungal and Trichoderma o [101]
and cattle dun: viride BM BM 29.97%
cattie dung Control: 61.4
Pretreated: 79.8
Japanese cedar Fungal Cerzporzppszs BG 35% [102]
wood subvermispora
Forestry waste Fungal Cerip oriopsis BG 270% [103]
subvermispora
Hazel branches Fungal Cerzporzlopszs BM 60% [104]
subvermispora
Corn stover silage Fungal Phanerochqete BM 19.6-32.6% [105]
chrysosporium
Paddy straw Fungal Fusarium sp. BG 53.8% [106]
Ceriporiopsis BM
Yard trimmings Fungal subvfrmispom Control: 20.5 BM 54% [107]
P Pretreated: 44.6
Rice straw Fungal Pleurotus ostreatus BM 20% [97]
Sisal leaf Isolate CCHT-1 BG
decortication Fungal and Control: 292 BG 30-101% [108]
residues Trichoderma reesei Pretreated: 453
Organic waste Fungal Trichoderma viride BM 100% [109]
Agr'1cultura1 - Pleurotus ostreatus BM 120% [110]
Biomass
Ag1j1cultural - Trichoderma reesei BM 78.3% [110]
Biomass
BM
Rice straw Fungal Pleurotus ostreatus Control: BM 165% [111]
Pretreated: 258
Petroleum refiner BG
sludee y Bacterial Kosakonia oryziphila Control: 0.08 BG 56% [112]
& Pretreated: 5.15
Lignin-degrading
Wheat straw Fungal fungal culture BM 407.1% [113]

from their natural
habitat
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Table 2. Cont.

Initial and Final

Type of Waste . Increase in
. Pretreatment . . Concentration of . .
Feed into Microorganism . . Biogas/Biomethane Ref.
. Strategy Biogas/Biomethane . o
Bioreactor Production (%)
(mL/gVS)
BG
Control: 232
Gymnopilus Pretreated: 312 BG 25.6%
Sawdust waste i pampeanus BM BM 72.6% [114]
Control: 42.5
Pretreated: 155.2
BM
Crop waste Fungal Polyporus brumalis Control: 159.6 BM 75.75% [94]
Pretreated: 280.5
BG
Control: 270
Pretreated: 299 BG 10.74%
Crop waste Fungal Pl. ostreatus BM BM 13.98% [111]
Control: 186
Pretreated: 212
Thermoascus BG
Crop waste Fungal durantiacus Control: 390 BG 31.72% [115]
Pretreated: 514.9
Crop waste Fungal P. chrysosporium BM 10.9% [105]
BM
Crop waste Fungal C. subvermispora Control: 36.1 BM 23.55% [116]
Pretreated: 44.6
NG g sc
straminisolvens Control: 173
Pretreated: 304 BG 75.72%
Crop waste MC Pseudoanthpmonas BM BM 276.19% [117]
Brevibacillus
Control: 21
Bordetella Pretreated: 79
Clostridium ctreated:
MC having BM
Crop waste MC Ochrobactrum sp. Control: 182.7 BM 49.04% [118]
Coprinopsis cinereus Pretreated: 279
ME g o
Crop waste MC . . Control: 249.3 BM 61.3% [119]
Providencia
Pretreated: 393.4
Ochrobactrum
BM
Sawdust Fungal A. biennis Control: 101.5 BM 47.88% [120]
Pretreated: 145.3
L. menziesii BM
Sawdust Fungal A biennis Control: 101.3 BM 43.15% [121]
’ Pretreated: 149.8
BG
Control: 330.2
Animal/Fish . Pretreated: 398.1 BG 20.56%
waste Fungal F. velutipe BM BM 34.5% [99]

Control: 125.8
Pretreated: 169.2




Agriculture 2023, 13, 1689

14 of 34

Table 2. Cont.

Initial and Final

Type of Waste . Increase in
. Pretreatment . . Concentration of . R
Feed into Microorganism . . Biogas/Biomethane Ref.
. Strategy Biogas/Biomethane . o
Bioreactor Production (%)
(mL/gVS)
Bacilli BG
Animal/Fish MC Gammaproteobacteria Control: 107.9 BG 39.39% [122]
Actinobacteria Pretreated: 150.4
BM
Waste Enzymatic Aspergillus candida Control: 68 BM 164.71% [123]
Pretreated: 180
C. rugose BG
Animal/Fish Enzymatic G C‘anfi um Control: 219.4 BM 90.47% [124]
' Pretreated: 417.4
BG
Algae Enzymatic Geotrichum rugose Control: 471 BG 33% [125]
Pretreated: 626.5
BG
Control: 145.2
. P. chrysosporium Pretreated: 308.9 BG 112.74%
Fruit waste Fungal Aspergillus niger BM BM 188.22% [126]
Control: 61
Pretreated: 176
B. subtilis BG
Sludge Enzymatic A h drophila Control: 207 BG 18.07% [127]
-fyarop Pretreated: 244.4
BG
Sludge Enzymatic Bacillus jerish Control: 212 BG 120.28% [128]
Pretreated: 467
MC having Bacillus
cereus, B. subtilis,
Sz v
MSW MC o f hplozoms Control: 30.9 BM 190.61% [129]
Py Pretreated: 81.8
xylosus
P. agglomerans
P. chrysosporium
B. licheniformis and BG
MSW MC ’ Control: 24 BG 88.75% [130]

others

Pretreated: 45.3

BG—Dbiogas; BM—biomethane; MSW—municipal sewage waste; MC—microbial consortium.

4.4. Advantages and Disadvantages of Biogas Production Enhancement Strategies

The utilization of biogas offers numerous benefits, mostly stemming from the ability
to employ agricultural and industrial waste as a valuable resource in anaerobic bioreactors
(Figure 2). Biomethane, once generated, finds extensive application in industrial sectors.
Hydrogen fuel serves as a source of energy for automobiles, while CO, functions as a
substrate for the production of diverse products [131]. However, there are also a number of
limitations, including the fact that the process is labor-intensive and that mass production
is expensive [132]. In this regard, further study and innovation in design are required to
improve the efficiency of biogas generation on a large scale.

Enhancing biogas production involves optimizing the anaerobic digestion process
to increase the yield of biogas from organic waste. There are several strategies to achieve
this goal, each with its own advantages and disadvantages. Co-digestion of feedstock,
microbial pretreatments, and bioaugmentation with anaerobic microorganisms are bio-
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logical technologies to enhance biogas production [133]. The advantage of co-digestion
is mixing multiple feedstocks with varying nutrient content can enhance overall biogas
production and balance nutrient ratios [134], while proper feedstock mixing and balance
are crucial to preventing process instability. The introduction of certain feedstocks might
require additional equipment and management [135]. Bioaugmentation with specialized
microorganisms or microbial consortia can enhance digestion efficiency and biogas produc-
tion. However, ensuring the survival and stability of introduced microorganisms can be
challenging. Over time, they might be outcompeted by indigenous microorganisms [136].
Proper waste management practices and microbial pre-treatment techniques can improve
the availability and digestibility of organic matter. Advanced pretreatment methods might
incur additional costs and increase energy consumption [11]. Ensuring a proper balance
of carbon, nitrogen, and other nutrients in the feedstock can enhance microbial activity
and biogas production. Achieving and maintaining nutrient balance might require careful
feedstock selection and adjustment [137]. A holistic approach that considers a combination
of these strategies is often necessary to achieve significant biogas production enhancement.
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Figure 2. Advantages and disadvantages of biogas production.

5. Anaerobic Metabolic Pathways and Genes Involved in Biogas Production

Biogas systems, also known as anaerobic digestion systems, are designed to convert
organic waste materials into biogas through the action of microorganisms. The production
of biogas is a complex process, and these microorganisms play a crucial role in the overall
efficiency and stability of the biogas production process [31]. The production of biogas in
anaerobic system proceeds in four interrelated steps; these are hydrolysis, acidogenesis,
acetogenesis, and methanogenesis [138]. All the steps have different requirements which
are fulfilled by different groups of microorganisms. Complex organic compounds, such
as cellulose and hemicellulose, are broken down by hydrolytic bacteria. These bacteria
secrete enzymes that degrade these complex molecules into simpler compounds, such as
sugars. The hydrolytic activity of these bacteria provides a substrate for further microbial



Agriculture 2023, 13, 1689

16 of 34

degradation, and this is a rate-limiting step of this process [139]. Hydrolysis is mainly
facilitated by facultative anaerobes such as Clostridium, Bacillus, Cellulomonas, etc. [32]. Dys-
gonomonas possess metabolism for hydrolysis of lignin from plant-based wastes [140]. The
addition of food waste significantly increases the abundance of hydA (encoding hydroge-
nase) and mcrA (encoding methyl coenzyme-M reductase) [59]. Acidogenic bacteria utilize
the products of hydrolysis and ferment the simple compounds, such as sugars, to produce
volatile fatty acids (VFAs). Acidogenesis serves as an important step in the breakdown
of organic matter as 70% of products from the hydrolysis step are processed in this step
and it provides substrates for subsequent microbial groups. Acetogenic bacteria generate
acetate through the oxidation of VFAs, releasing hydrogen (H;) and carbon dioxide (CO5)
as byproducts [141]. Microbial genera Bacillus, Acidaminococcus, Streptococcus, Desulfovibrio,
and Lactobacillus are associated with these conversions [32]. Syntrophic bacteria establish
a symbiotic relationship with methanogens and play a crucial role in the breakdown of
complex compounds. They ferment organic matter, producing acetate, hydrogen, and
carbon dioxide. Syntrophaceticus, Syntrophomonas, Cloacamonas, Clostridium, Candidatus,
and Tissierella are some reported syntrophic bacteria capable of degrading organic poly-
mers into its monomers, which are then utilized by methanogens for the production of
methane gas [142,143]. Methanogens consume the hydrogen produced by syntrophic bac-
teria, maintaining a low hydrogen partial pressure and allowing fermentation to continue.
Syntrophic bacteria and methanogens rely on each other to efficiently convert complex
organic compounds into methane. Methanogenic archaea, known as methanogens, uti-
lize the hydrogen and acetate produced during the preceding steps to generate methane
gas (CHy). Methanogens can be categorized into hydrogenotrophic methanogens such
as Methanobacteria and Methanomicrobia, which utilize hydrogen and carbon dioxide to
produce methane, and acetoclastic methanogens such as Methanosaeta and Methanosarcina,
which consume acetate to generate methane [14]. The mreA gene plays an important role in
the switching stage between hydrogenotrophic and acetoclastic methanogenesis. In a study
with mutated mreA, its role was reported in the activation of acetate specific genes [144].
Methanosarcinales are the most adaptable and dominant methanogens found in large sets
of literature. These methanogens are highly sensitive to environmental conditions and
rely on a balanced microbial community for optimal methane production [145]. A few
examples of methane producing microorganisms are Methanosarcina mazei, Methanoculleus
marisnigri, Methanothermobacter thermautotrophicus, Methanosarcina barkeri, etc. [32]. About
two thirds of the methane produced in biogas plants is by acetoclastic methanogens, but this
pathway was reduced with an increase in ammonium content and proceeds towards the
hydrogenotrophic pathway [146]. A detailed microbial metabolic pathway and the genes
involved in the biogas production of an anaerobic bioreactor are presented in Figure 3.
Transcriptomic analysis identified the various genes and products: mcr, methyl-
coenzyme M reductase; mta, methyltransferase; mtr, tetrahydromethanopterin
S-methyltransferase; mer, 5,10-methylenetetrahydromethanopterin reductase; frh1, coen-
zyme F420 hydrogenase subunit; hmd, 5,10-methenyltetrahydromethanopterin hydroge-
nase; mch, methenyltetrahydromethanopterin cyclohydrolase; ftr, formylmethanofuran-
tetrahydromethanopterin N-formyltransferase; find, formylmethanofuran dehydrogenase;
fdh, formate dehydrogenase; cdh, acetyl-CoA decarbonylase/synthase complex; pta, phos-
phate acetyltransferase; ack, acetate kinase; THMPT, tetrahydromethanopterin [64,147,148].
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Figure 3. The pathways of acetate oxidation, acetoclastic methanogenesis (acetate conversion to
methane), classical CO, reduction (fixation of CO, via formation of THPMT’s as basic intermediates),
and CO, reduction via RHP (RuBisCO—mediated reductive hexulose phosphate pathway that forms
formaldehyde as an intermediate) for methane production. Through meta—transcriptomic evidence,
it is demonstrated that in a methanogenic system, both classical and RuBisCO—mediated CO, reduc-
tion to methane are facilitated by direct interspecies electron transfer. Ru5P, ribulose—5—phosphate;
RuBP, ribulose—1,5—bisphosphate; 3—PGA, 3—phosphoglycerate; BPG, 1,3—diphosphoglycerate;
GAP, glyceraldehyde—3—phosphate; FBP, fructose—1,6 —bisphosphate; F6P, fructose—6—phosphate;

Hu6P.
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6. Microbial Metagenomics, High-Throughput Sequencing, and Its Relevance to
Biogas Production

The biogeochemical cycles that support all life on Earth depend heavily on microorgan-
isms, which are pervasive in the environment [149,150]. They also serve as the foundation
for a number of currently used engineered processes, such as anaerobic digestion, which
converts organic feedstocks into energy-dense compounds such as alcohols, volatile fatty
acids, and methane to produce renewable energy [151]. Although most of the microorgan-
isms in these systems have not yet been grown, culture-dependent approaches have enabled
the identification of important populations capable of performing particular metabolic
pathways in anaerobic digestion [150]. The existing comprehension of microbial physiology
pertaining to anaerobic metabolism would be deficient and potentially skewed if exclu-
sively reliant on culture-dependent methodologies. This is because it does not explain the
resource competition and interactions, which are two environmental elements that affect
microbial activities and functions. Furthermore, a complex interrelating microbial network
may have characteristics that are not present in any of the individual species [149,152].
Therefore, culture-independent methodologies for studying microbial communities have
rapidly developed over the past decades, and this has resulted in new understandings
of their structure and function in both natural habitats and manmade systems [153,154].
Anaerobic digesters are often dominated by hitherto uncharacterized bacteria, according to
the use of culture-independent approaches, which have also revealed significant phyloge-
netic and metabolic diversity [155,156]. There should be a deeper understanding of these
microbes’ metabolic capacities, the degree of functional redundancy within a community,
and the basic processes behind interspecies interactions in order to optimize anaerobic
digestion and direct product production [157].

Maus et al. [158] conducted a study where the whole genome sequences of 22 bacterial
and archaeal strains were analyzed to investigate their functions within anaerobic digestion
communities. These strains included Clostridium thermocellum BC1, Methanoculleus bour-
gensis MS2T, Proteiniborus sp. DW1, Propionispora sp. 2/2-37, Methanobacterium congolense
Buetzberg, Herbinix luporum SD1DT, Methanobacterium formicicum Mb9, Methanobacterium
formicicum MFT, Clostridium bornimense M2 /40T, Methanobacterium sp. Mb1, Methanother-
mobacter wolfeii SIV6, Clostridium cellulosi DG5, Proteiniphilum saccharofermentans M3/ 6T,
Petrimonas mucosa ING2-E5AT, Bacillus thermoamylovorans 1A1, Defluviitoga tunisiensis L3,
Herbinix hemicellulosilytica T3 /55T, Sporanaerobacter sp. PP17-6a, and Peptoniphilaceae bac-
terium sp. ING2-D1G. The study focused on predicting and partially verifying the involve-
ment of 15 bacterial strains in the hydrolysis and/or acidogenesis/acetogenesis stages of
plant biomass decomposition through in vivo characterization of pure cultures. In total,
9 of the 22 bacteria were anticipated to be involved in acidogenesis and/or acetogenesis,
whereas H. hemicellulosilytica T3 /55T, Clostridium cellulosi DG5, C. thermocellum BC1, and H.
Iuporum SD1DT represented cellulose degraders. The hydrogenotrophic route, which is
the last link in the AD chain, was expected to be used by the seven methanogenic archaea
that were studied to create CH4. An organism named Defluviitoga tunisiensis has been
suggested as a marker for thermophilic biogas processes. A wide range of substrates
can be utilized by these species converting them into metabolites that act as substrates
for methanogenesis. Furthermore, Stolze et al.’s [158] fragment recruitment analysis of
metagenome-assembled genomes (MAGs) demonstrated that the metagenome assembly
and binning approach may also make it possible to identify and characterize previously
undiscovered but numerous species with significant functional potential in the context of
the anaerobic digestion process [18].

There are three main categories of biological diversity that the study of microbial
diversity may shed light on: the diversity of genes within a species, the diversity of ge-
ographic ranges, and the diversity of communities, or ecology. The greatest obstacle in
determining microbial diversity, however, may be the categorization of unclassified bac-
teria [159]. By assessing the divergence in molecular characteristics, such as nucleic acid
homology, biodiversity may be assessed. The community’s stability is correlated with the
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system’s stability, and stress within the system can cause instability and changes in the
variety of the species [160]. Consequently, the analysis of diversity holds great value as
it enables us to gain insights into the genetic makeup of organisms and their distribution
within the community. The provided information pertains to the functional significance of
the variety within the system, the distinct species types that are present, and the precise
quantification of each species” abundance [159]. Recent advances in sequencing technology,
referred to as high-throughput methods or next-generation sequencing (NGS), allow for
the simultaneous sequencing of many DNA molecules at a cheap cost, quick turnaround
time, and high resolution [161]. Large datasets are produced as a result of these quali-
ties, which improve statistical correlation analysis [157]. The investigation of anaerobic
bioreactor cultures has commonly utilized two main high-throughput techniques for 165
rRNA sequencing, namely Roche 454 and Illumina chemistry. Indeed, the utilization of
high-throughput sequencing techniques enables the examination of the correlation be-
tween community composition and many operational factors, including organic load rate,
temperature, ammonia concentration, feed type, etc. [162,163]. Additionally, microbial
diversity and long-term operation monitoring may reveal important details about how
communities work. According to Werner et al. [164], resilience is more crucial for main-
taining syntrophic populations than dynamic competition. Furthermore, they showed a
high correlation between substrate removal effectiveness and methanogenic activities [164].
The identification of large numbers of operational taxonomic units (OTUs) in anaerobic
digestion, as opposed to the prior discovery of just 69 OTUs, is a result of the enhanced
resolution of high-throughput sequencing technologies [164,165]. Additionally, this high
resolution can help identify populations with low abundance and their contribution to the
generation of biogas [157]. Pyrosequencing (used by the 454 Roche platform) is one of the
high-throughput methods that had been frequently used to evaluate anaerobic bioreactor’s
community composition [166]. For larger sequencing ranges, reversible dye terminator
(RDT) techniques were created [167]. RDTs can be divided into blocked and unblocked
(ubRDT and bRDT, respectively) categories [167,168]. In the termination procedure (which
is primarily utilized for second-generation sequencing), bRDT demonstrated greater per-
formance, and ubRDTs were more effective in the sequence elongation outcomes [15]. The
3'-O-azidomethyl method is used by the Illumina technology, which is a second-generation
sequencing methodology based on bRDT [167]. In comparison to the 454 Roche system plat-
form, the [llumina MiSeq platform can produce 4 terabases of sequence and 2300 base—pair
paired end reads each run [157].

As next-generation sequencing (NGS) technology improved in performance and ef-
ficacy, metagenomics became more significant for the analysis of microbial assemblages.
By using metagenome, genome, and post-genome research techniques and using high-
throughput sequencing of environmental complete community DNA and RNA, inevitable
anaerobic digestion communities were clarified. Since they provide chances for their
management and engineering, it is widely acknowledged that biogas-producing micro-
bial communities are the key to process shaping and the creation of optimization tech-
niques [169,170]. According to Yang et al. [171] the entire 165 rRNA gene or particular
sections can be used as a taxonomic marker gene. Currently, 98.65% and 94.5% of the 16S
rRNA gene’s nucleotide sequences are recommended as taxonomic criteria for species and
genera, respectively [172,173]. Amplified ribosomal DNA restriction analysis (ARDRA)
of 16S rRNA gene libraries, denaturing gradient gel electrophoresis (DGGE) analysis,
and terminal restriction fragment length polymorphism (T-RFLP) are several techniques
that were initially developed to study the diverse and dynamic structures of microbial
communities in environmental systems and to reduce the costs associated with DNA se-
quencing [174,175]. These methods are widely used for prior research on the microbial
structures found in anaerobic bioreactor or biogas reactors [176]. Since direct DNA library
sequencing was made possible by the invention of NGS systems, hundreds of samples
could be read simultaneously. This led to an optimized 16S rRNA gene study. While 165
rRNA gene sequencing-based taxonomic community profiling has several benefits, it also
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has some major limitations. The primers’ specific properties cause biased amplification
of the target region during polymerase chain reaction. Moreover, the method’s resolu-
tion is constrained by its use of short reads, which might result in an underestimating of
species diversity. The method of “full-length” 165 rRNA amplicon sequencing by using
the PacBio single molecule, real-time technology (SMRT) can be taken into consideration
to make up for resolution biases (such underestimating of species diversity) associated
with sequencing of individual variable areas [177,178]. In a study by Treu et al. [52], 44.39
billion bp of sequencing data (shotgun reads) were produced by the Illumina NextSeq
500 sequencing of bulked metagenomic DNA from biogas upgrading reactor samples.
The phylum Firmicutes constituted 60% of the entire population, hence exhibiting the
highest degree of dominance [179]. Bacteroidales received the great bulk of the Bacteroidetes,
while Flavobacteriales received the remainder. Proteobacteria, which made up 10% of the
metagenome, were the third most prevalent phylum. Gammaproteobacteria was the most
prevalent class within this phylum, followed by Betaproteobacteria, Deltaproteobacteria, and
Epsilonproteobacteria. Of the entire community, 3% was made up of both Spirochaetes and
Synergistetes. Finally, the phyla Verrucomicrobia, Actinobacteria, and Tenericutes were present
in the microbial community at a rate of around 2%. The low prevalence of Chloroflexi and
Actinobacteria indicates that the microbial community structure in biogas reactors treating
industrial and agricultural wastes is very different from that in AD systems processing
sludge and wastewater [52].

The implementation of large-scale, economically viable environmental shotgun se-
quencing initiatives was made possible by the development of second-generation ultrafast
sequencing technologies such as 454 pyrosequencing. Metagenomics evolved into a flexible
method for investigating the structure, gene content, and function of many autochthonous
microbial communities in various settings. Ultrafast sequencing techniques are being used
in an increasing number of metagenome studies [180-183]. The interpretation of metage-
nomic data using bioinformatics has been coordinately improved [184]. In order to antic-
ipate coding sequences, a novel gene identification technique was recently created [185].
It makes use of the limited information present in the 250 nucleotide reads produced by
454-pyrosequencing. Additionally, the development of bioinformatics methodologies and
tools for processing metagenomic data enhances understanding of the gene content and
community structures of microbial consortia from various environments [15,55].

6.1. Applications of Meta-Transcriptomics in Biogas Production

Meta-transcriptomics is a powerful molecular biology technique that involves analyz-
ing the RNA transcripts present in a microbial community. It provides insights into the
active gene expression patterns of the various microorganisms in a given environment and
serves as further validation of metagenomic analysis [186,187]. In the context of biogas
production, meta-transcriptomics can be applied to understand and optimize the microbial
processes involved in anaerobic digestion [188]. The meta-transcriptomics enables the as-
sessment and documentation of the functional attributes of organisms with low abundance
as well, along with their impact on the stability of biological processes [189]. It provides
insights into the gene expression patterns of microorganisms in a biogas reactor; as such, the
meta-transcriptomics study of a cellulose-rich anaerobic bioreactor reveals that Clostridium
cellulolyticum-related bacteria carry out cellulose degradation and were dominated at 35 °C,
whereas acidogenesis and acetogenesis is facilitated by Ruminococcus-related bacteria [190].
Meta-transcriptome data reveal the pathway details of a process. Ardevol et al. [191]
examined the meta-transcriptome of a Spirulina-biomass anaerobic bioreactor inoculated
with haloalkaline microorganism. The study indicated continuous biogas production with
96% methane and low CO; and H,S emission. The transcriptomic study showed that hy-
drolysis was facilitated by Bacteroidetes and Methanocalculus dominates the methanogenic
community and follows the hydrogenotrophic pathway for methane production [191]. In
a similar study, it was observed that Methanothermobacter wolfeii exhibited a 7% increase
in methane production through the upregulation of the hydrogenotrophic pathway. The
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inclusion of Hj has been observed to enhance CO, fixation pathways. Notably, Anaerobacu-
lum hydrogeniformans and Defluviitoga tunisiensis have been identified as the predominant
species in this context. These species exhibit increased expression of genes related to
electron transfer chains, which in turn promotes the establishment of syntrophic relation-
ships [192]. The study conducted by Maus et al. [193] focused on a meta-transcriptomic
analysis of a thermophilic biogas plant. The findings of this study revealed the involvement
of three bacterial species, namely Clostridium thermocellum, Clostridium stercorarium, and
Defluviitoga tunisiensis, in the hydrolysis of hemicellulose. This process resulted in the
production of ethanol, acetate, Hy, and CO,, which subsequently served as substrates
for hydrogenotrophic and acetoclastic archaeal methanogenesis. The mRNA transcript
will also serve as a marker for the evaluation of biogas production by various microbial
communities in an anaerobic bioreactor [194]. Bacterial taxa belonging to the family Pepto-
coccaceae and the order Halanaerobiales exhibited a high level of transcriptional activity
in bioreactors that were supplied with chicken manure. In the same investigation, it was
observed that Firmicutes exhibited active transcription of a wide range of genes responsible
for encoding glycosyl hydrolases. Notably, several of these enzymes were found to be
engaged in the hydrolysis process of lignocellulose [195]. Meta-transcriptome analyses
were conducted on a thermophilic full-scale biogas production system that utilized maize
silage, barley, and cattle manure as feedstock. The results revealed significant transcrip-
tional activity according to sequence tags derived from the 16S rRNA gene. The microbial
community, such as Defluviitoga from the Thermotogae phylum, Methanoculleus from the
Euryarchaeota domain, Clostridium cluster III from the Firmicutes phylum, Tepidanaerobacter
from the Firmicutes phylum, Anaerobaculum from the Synergistetes phylum, and Cel-
lulosibacter from the Firmicutes phylum exhibited notable transcriptional activity [178].
Meta-transcriptomics can be used to monitor the health of the microbial community during
anaerobic digestion. Changes in gene expression patterns can indicate stress responses, the
presence of inhibitors, or shifts in community composition that might negatively impact
biogas production [188]. Thus, meta-transcriptomics offers a comprehensive view of the
functional aspects of microbial communities in biogas production systems.

6.2. Integration of Omics Approaches with Molecular Probing Techniques

The primary goal of DNA stable-isotope probing was to evaluate the metabolic activity
of environmental microorganisms [196]. DNA-SIP (stable isotope probing) has been used
successfully to detect metabolically active microorganisms in a wide variety of habitats,
including soil, water, coal mine, petroleum oil fields, freshwater, marine, and anaerobic
settings. The growth of microorganisms on labeled substrates allows for the insertion of
stable-isotope components such as 13N or 15N into their DNA [197,198]. The combination
of SIP with metagenomic sequencing is an effective method for identifying previously
undetected active species within a microbial community [199]. Mosbeek et al. [200] first ap-
plied this technique in the field of biogas production. In this study, the recovery of methane
production after inhibition by volatile organic substance was studied. Methanosarcina,
Methanoculleus, and Clostridium sp. were associated with the recovery of acetate production.
Further, the expression of FIFHS gene, which codes for formyltetrahydrofolate synthetase,
an important enzyme in reductive acetogenesis, was found in all species of Clostridium. In
a study, SIP coupled with 165 rDNA pyrotag sequencing proved that various methanogens
(including Methanosarcina thermophila) can withstand high total ammonium nitrogen con-
centrations up to 916 mg/L [17]. This technique also proved that in thermophilic chemostat,
the commonly followed methanogenic pathway is syntrophic oxidizing pathway [201]. Un-
culturable microorganisms also contribute to the degradation efficiency of that system. The
outcome of DNA-SIP with 13C-propionate/acetate suggested that propionate-oxidizing
bacteria were Smithella, Syntrophobacter, Cryptanaerobacter, and Rhodospirillaceae, while ac-
etate oxidation was facilitated by unclassified Spirochaetaceae, Synergistaceae, Elusimicrobia,
Mesotoga, and Gracilibacter; similarly, unclassified Syntrophaceae and Syntrophomonas were
butyrate oxidizers [202]. With the application of this technique, it is revealed that the
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virus (Caudoviricetes) can alter bacterial biogeochemical fluxes in environment, suggesting
that this virus can infect non-culturable microorganisms in addition to methanogenic ar-
chaea [203]. The implementation of this integrated technique in research on the generation
of biogas is anticipated to receive significant attention in research in the near future. The
probing technique can be utilized to find numerous novel pathways, which will be of great
assistance in gaining a better knowledge of the activities that are going on in nature.

7. Biogas Production and Circular Economy

Biogas production by microorganisms plays a crucial role in the concept of circular
economy by facilitating the conversion of organic waste into a valuable energy resource.
This process not only helps in waste management and the reduction of greenhouse gas
emissions but also provides renewable energy and promotes sustainability. Biogas produc-
tion offers an efficient solution for the management of various organic wastes, including
agricultural residues, food waste, and sewage sludge. The utilization of biogas as a re-
newable energy source contributes to the transition from fossil fuels to more sustainable
alternatives [204]. Biogas can be used for heat and electricity generation, as well as a vehicle
fuel. According to a report by the International Renewable Energy Agency (IRENA), the
global production of biogas in 2018 reached approximately 57 billion cubic meters, which
corresponds to an estimated 3% of global natural gas consumption [205]. Additionally,
an increase of 90% in electricity generation from biogas was reported for the duration
2010 to 2016 [43]. The anaerobic digestion process involved in biogas production helps
mitigate greenhouse gas emissions. By converting organic waste into biogas, it prevents
the release of methane, a potent greenhouse gas, during the decomposition of waste in
landfills [206]. According to the Global Methane Initiative, anaerobic digestion projects
can reduce methane emissions, which is not achieved in other waste management prac-
tices [207]. Biogas production also facilitates the recovery of valuable nutrients from organic
waste. The byproduct of anaerobic digestion, known as digestate, is a nutrient-rich fertilizer
that can be used in agriculture, closing the nutrient loop and reducing the reliance on
synthetic fertilizers. According to a study, digestate from biogas plants has the potential
to replace up to 30% of chemical fertilizers used in Europe [208]. The biogas sector has
the potential to create employment opportunities, as is happening in commercial biogas
plants such as Microb2Energy-BioPower2Gas, EcoVolt®, etc., and contribute to countries’
economies [43]. The utilization of biogas helps in closing the loop on organic waste, turning
it into a valuable resource and contributing to a more sustainable and circular future.

8. Microbe-Based Large-Scale Commercial Biogas Plants

Improving the performance of biogas plants while keeping the costs of CH, enrich-
ment low presents a significant challenge for the widespread implementation of microbial
approaches in the industry. These studies aim to find solutions that can be scaled up
from laboratory-size reactors to large-scale plants while maximizing the CH, enrichment
in biogas, considering the economic feasibility of the process. Several microbial-based
large-scale plants have emerged as pioneers in the field of biogas production and upgrada-
tion. For example, Microb2Energy-BioPower2Gas, located in Allendorf, Germany, is the
first commercial in situ Hy injection biogas plant based on biological methanation. The
carbon dioxide present in biogas is converted to methane by methanogenic archaea. The
methanogenic bacterial population overcomes mass transfer limitations by utilizing H,
supplied from the bottom. As a result, the CHy production in the produced biogas is signif-
icantly increased up to 75% [209]. Electrochaea is an ex situ biological methane upgrading
plant in association with a wastewater treatment plant located in Denmark. This plant
utilizes H, generated from electrolysis in wastewater. The biogas contains 60% CH,4 and
40% COy; the CO; is then separated from an amine scrubbing biogas upgrading process
and used for biological methanation. The oxygen byproduct is recycled into the wastewater
treatment process. The resulting gas from the methanation reactor contains 90-95% CHy.
The final gas composition consists of 98% CHy, 2% Hj, 1% CO,, and negligible water
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vapor [43]. Electrogas is another in situ biomethanation plant in Denmark. The project
involves the direct injection of H, into thermophilic reactor where agricultural waste is
used as feedstock [210]. The EcoVolt® Reactor, which transforms industrial wastewater
into clean water and renewable methane gas, has been made commercially available by
Cambrian Innovation. A partnership between Cambrian Innovation and the US Army
was recently announced in order to demonstrate BioVoltTM, which is a self-powered
wastewater treatment system [43].

9. Future Prospects
9.1. Genetic Engineering of Microorganisms for Enhanced Biogas Production

Genetic engineering techniques offer the ability to modify microorganisms at the
genetic level, enabling the development of strains with enhanced metabolism for biogas
production. The modified strains are not only useful for the pretreatment stage but also for
the mainstream and downstream processes as well. Metabolic engineering has received a
lot of attention as a way to develop strains that are sturdy and efficient [211]. For this, it is
important to have a full understanding of the metabolic connections of the groups of mi-
croorganisms that are involved at various stages of the process. By using high-throughput
screening and high-throughput metagenomic sequencing, the important genes and path-
ways involved in producing biogas can be found. which is further taken into consideration
for manipulation [212]. Metabolic pathway reconstruction is widely used in the degrada-
tion of environmental pollutants such as crude oil, microplastics, pesticides, etc.; therefore,
its proper application in waste to energy strategy will be very promising [213]. In recent
times, the field of genetic engineering has seen the emergence of new genome-editing tools,
such as CRISPR-Cas9 (clustered regularly interspaced short palindromic repeats-associated
protein Cas9), TALEN (transcription activator-like effector nucleases), and ZFN (zinc-finger
nucleases). These tools provide efficient means of modifying genes in microorganisms.
These tools allow for targeted activation or suppression of specific gene expressions, en-
abling researchers to precisely manipulate the genetic makeup of microorganisms involved
in any specific process [213]. The utilization of these gene-interfering tools holds signifi-
cant potential in enhancing the efficiency and performance of microorganisms for biogas
production. Rollin et al. [214] employed an in vitro synthetic enzymatic pathway as part
of their metabolic engineering approach to enhance hydrogen production from biomass.
More than 10 purified enzymes were expressed into artificial enzymatic pathways, which
resulted in three times improved biogas production from glucose and xylose substrates.
These findings suggest that this enzymatic pathway approach could be applied to enhance
biogas production as well. Generally, the growth rate of anaerobes is less, to overcome
this obstacle, the enzyme encoding genes can be recombined to a microorganism having
high growth rate. By introducing genes encoding specific enzymes or metabolic pathways,
microorganisms can be engineered to break down the feedstocks more effectively, leading
to increased biogas production. A recombinant anaerobe has been designed that has an
elevated hydrolysis property with a more thermostable enzyme and that can decrease
hydraulic retention time very effectively in a biogas production unit [22]. Further, by intro-
ducing genes that confer resistance to toxins or enhance stress tolerance, microorganisms
can better withstand the challenging conditions encountered during biogas production,
resulting in improved overall performance [215]. Genetic engineering is still in its basal
state in terms of industrial applications. Therefore, further research is needed to apply
these strategies in real-time applications.

9.2. Microbial Conversion of CHy and CO; into Other Renewable Energy

Converting CHy and CO; into renewable energy sources is a challenging and complex
process. Both CH4 and CO; are greenhouse gases that contribute to climate change, and
finding ways to utilize or transform them into valuable energy resources can help mitigate
their negative impacts [216,217]. The CHy and CO; from biogas plants can be used to
produce other forms of renewable energy. The CH, reacts with steam by a methane reform-
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ing process and produces a mixture of hydrogen and carbon monoxide, known as syngas.
Syngas is a versatile feedstock that can be used to produce hydrogen fuel or converted
into synthetic fuels such as synthetic natural gas or liquid fuels through processes such as
the Fischer-Tropsch synthesis [218]. Microorganisms (mainly Clostridium sp.) can further
convert this syngas into acetic acid, which has wide applications in bioproduct indus-
tries [219]. Anaerobic microorganism such as Clostridium ljungdahlii, C. autoethanogenum, C.
carboxidivorans, Alkalibaculum bacchii, Oxobacter pfennigii, Butyribacterium methylotrophicum,
etc. can live on CO,/CO in anaerobic bioreactors and produce industrially important
bioethanol, lactate, and butyrate [219]. The symbiotic methanogens facilitate the conversion
of hydrogen and CO,, generated by the biogas plant, via the Sabatier reaction, resulting in
the production of CHy [220,221]. This synthetic methane can be stored, transported, and
used as a renewable energy source. Carbon capture and utilization involves capturing CO,
emissions from industrial processes and power plants and then using the captured CO,
as a feedstock for the production of valuable products such as chemicals, plastics, or even
in the generation of biofuels [222]. CO, and H; can be captured by microorganisms and
convert them into CHy and acetate [223]. Acetate can further be converted into CHy by
acetogenic microorganisms [224]. Microbial Electrolysis Cells is another technology where
microorganisms convert methane into methane-derived products and hydrogen gas [225].
It is important to note that while these processes offer potential solutions, they also come
with technological, economic, and environmental challenges. Developing efficient and cost-
effective conversion methods, addressing storage and transportation issues, and ensuring
the overall sustainability of these approaches are key areas of research and development in
the field of renewable energy and climate change mitigation.

9.3. Policy Support and Market Incentives from Government

Continued support from policies and incentives, such as feed-in tariffs, renewable
energy credits, and carbon pricing mechanisms, can provide a favorable market environ-
ment for biogas production [226]. Governments and regulatory bodies play a crucial role in
creating an enabling framework that encourages the development of biogas technologies,
fostering investment, and facilitating market growth. Countries such as Europe, China,
Malaysia, and Italy already have such provisions [205,227,228]. This type of initiative will
generate interest among people, generate an income source, and provide solutions to waste
management.

10. Conclusions

Biogas is the future for sustainable energy production, and microorganisms are an in-
tegral part of it. The study of microbial genomics and their diversity has provided valuable
insights into the vast potential of microorganisms and their diverse metabolic capabilities.
The advancements in genomic technologies, such as next-generation sequencing, have
revolutionized the understanding of microbial communities and their functional potentials.
These tools provided an in-depth exploration of microbial diversity which is significant
in discovery of new species, gene functions, and metabolic pathways. Moreover, the inte-
gration of multi-omics approaches, including meta-transcriptomics, meta-proteomics, and
metabolomics, has provided comprehensive insights into the complex functional interac-
tions and metabolic networks within microbial communities. Further, the combination of
substrates and other treatments also aids in enhanced biogas production. Further advance-
ments in genomic technologies will continue to unravel the hidden potential of microbial
communities and their applications. Additionally, the development of novel bioinformatics
tools and analytical approaches will enhance our ability to interpret and integrate vast
amounts of genomic data. Furthermore, synthetic biology principles should be explored
for enhanced biogas production as it is giving excellent results in other applications such as
bioremediation, industries, etc. This will open up new avenues for optimizing microbial
processes, improving yields, and expanding the range of substrates that can be efficiently
utilized. Therefore, microbial processes, genomics, and diversity are crucial areas of re-
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search with wide-ranging implications. Continued exploration of microbial communities
and their genomes will pave the way for innovative and sustainable solutions in fields
such as environmental conservation and energy production. By harnessing the desired
microorganisms, a more sustainable and bio-based economy can be developed.
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