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ARTICLE INFO ABSTRACT

Keywords: The genome of an organism is directly or indirectly correlated with its environment. Consequently, different
Anaerobe microbes have evolved to survive and sustain themselves in a variety of environments, including unusual
Anaerobic

anaerobic environments. It is believed that their genetic material could have played an important role in the
early evolution of their existence in the past. Presently, out of the uncountable number of microbes found in
different ecosystems we have been able to discover only one percent of the total communities. A large majority of
the microbial populations exists in the most unusual and extreme environments. For instance, many anaerobic
bacteria are found in the gastrointestinal tract of humans, soil, and hydrothermal vents. The recent advance-
ments in Metagenomics and Next Generation Sequencing technologies have improved the understanding of their
roles in these environments. Presently, anaerobic bacteria are used in various industries associated with biofuels,
fermentation, production of enzymes, vaccines, vitamins, and dairy products. This broad applicability brings
focus to the significant contribution of their genomes in these functions. Although the anaerobic microbes have
become an irreplaceable component of our lives, a major and important section of such anaerobic microbes still
remain unexplored. Therefore, it can be said that unlocking the role of the microbial genomes of the anaerobes

Extreme environments
Metagenomics
Microbes

can be a noteworthy discovery not just for mankind but for the entire biosystem as well.

1. Introduction

Microbes - the small tiny forms of life, have become an indispensable
part of our lives, however, their omnipresent existence and their
contribution to the environment are underappreciated. Microbes are
classified into two broad categories, i.e., aerobic and anaerobic, based
on their oxygen requirement for growth and metabolism (Singh et al.,
2017). There is a third category of microbes that are “facultative” in
nature that lies between aerobic and anaerobic microorganisms. An
obligate aerobe is defined as a microorganism that requires oxygen for
its growth and survival (Scheld, 2012). On the other hand, obligate
anaerobes are microorganisms that do not require oxygen for growth,
and the presence of oxygen can be toxic to them (Lu and Imlay, 2021).
Facultative microorganisms can grow in the presence or absence of ox-
ygen and are further classified as facultative aerobes or facultative an-
aerobes, respectively (André et al., 2021).

A wide range of unicellular and multicellular microorganisms,
including several bacteria, fungi, and protozoa, fall under the category
of facultative or obligate anaerobes (Pitt and Barer, 2012). These
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anaerobic microorganisms can survive in the absence of oxygen with the
help of the special enzymes encoded by their genes (Lu and Imlay,
2021). Furthermore, owing to their genomes and the very nature of
these microbes to survive in oxygen-less environments, these anaerobic
microbes are of immense value to a variety of commercial and
non-commercial sectors (Nguyen et al., 2019; Andrade et al., 2020). The
anaerobic microbes have great versatility in terms of the metabolic
products they can synthesize. Therefore, understanding the genetic
makeup and its roles is very useful as this can help us discover the
possible applications of these anaerobic microorganisms.

In this review, we will be discussing the applications of the microbial
genomes in the anaerobic environments. Also, the review presents
detailed information on what possible roles the microbial genomes
could have played in the past and the present scenarios. Lastly, the
future scope of these microbial genomes in the anaerobic conditions is
discussed.
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2. The past

During the early evolution of life on earth, the conditions were not
very stable and it is believed that the environment back then lacked
oxygen. This could have possibly supported the growth of anaerobic
heterotrophs. The Last Common Ancestor (Luca) is believed to be an
anaerobic prokaryote (Sousa et al., 2016). Later, the first aerobic bac-
teria evolved around 2.4 billion years ago as the conditions became
favourable for their growth. Methanogens and Clostridia are the most
ancient lineages not just amongst anaerobes but also prokaryotes in
general (Decker and Jungermann, 1970).

The first evidence of anaerobic microbial life was proposed by
Antonie van Leeuwenhoek, who observed that some "animalcules" were
capable of living in the absence of oxygen (Finegold, 1993). Louis Pas-
teur discovered the first pathogenic anaerobic bacterium, the septic
vibrio (later termed Clostridium septicum) (Sebald and Finegold, 1995).
In 1863, Pasteur coined the terms aerobes and anaerobes based on their
requirement of oxygen for growth. In 1877, for the first time, Louis
Pasteur and Jules Francois Joubert successfully cultured an anaerobic
human pathogen, Clostridium septicum (earlier known as Vibrion septique)
(Sebald and Hauser, 1995).

Since the culturing of anaerobes is difficult, there was not much in-
formation available on them and most of the time they were poorly or
even wrongly classified. Several attempts were made to culture them,
but most of them suffered from significant drawbacks. However, in
1916, a milestone discovery was seen when McIntosh and Fildes intro-
duced the anaerobic jars to isolate and cultivate anaerobic microbes
(Mcintosh et al., 1916). In 1977, Carl Woese and George Fox used the
16S rRNA gene as a genetic marker for taxonomic classification and
phylogenetic analyses (Woese and Fox, 1977). After almost two decades,
Craig Venter and his colleagues published the first complete genome of
the free-living bacteria, Haemophilus influenzae, a facultative anaerobe
(Fleischmann et al., 1995). Later in 1988, the 18S rRNA gene was used
for the first time as a genetic marker to study the evolutionary re-
lationships among Metazoa, a group of multicellular eukaryotic animals
(Field et al., 1988). Fungi are also usually studied using the 18S rRNA
gene marker. Another important genetic marker that is commonly used
for fungi is Internal Transcribed Spacer (ITS) sequences. An ITS is a
non-coding DNA region situated between the rRNA genes and these are
useful universal genetic markers for taxonomic classification and
phylogenetic analysis of fungi.

Schoch and colleagues had successfully evaluated six different ITS
regions as DNA barcode markers for phylogenetic analysis and classifi-
cation of fungi at different taxonomic levels (Schoch et al., 2012). To
assess the barcoding performance, Schoch et al. carried out a compar-
ative analysis of four different DNA biomarkers for fungi, namely ITS,
LSU (28S rRNA gene), SSU (18S rRNA gene), and RPB1 (RNA poly-
merase II subunit) across 742 strains or specimens and two additional
protein-coding markers (MCM?7 and RPB) across a subset of about 200
fungi. DNA was isolated from cultures, purified, and subjected to PCR
amplification and sequencing. PCR experiments showed that ribosomal
RNA genes are more reliable compared to the protein-coding genes.
However, the PCR success rate varied across taxonomic group. None-
theless, maximum success was observed for ITS, that is, 65% to 100%
depending on the taxonomic group. This study implies that ITS is
generally superior to LSU in species discrimination, have a more clearly
defined barcode gap, and exhibit good overall probability of correct
species identification. ITS combines the highest resolving power for
discriminating closely related species with a high PCR and sequencing
success rate across a broad range of Fungi. Furthermore, based on the
data, the authors also suggest the use of two-maker (ITS and LSU) based
system for the taxonomic classification of fungi (Schoch et al., 2012).

Albeit all the challenges faced in handling the anaerobic microor-
ganisms, they have been extensively used in the past for several
important commercial applications, which are discussed in the sections
below.
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2.1. Anaerobes in the fermentation and brewing processes

Alcoholic fermentation under anaerobic conditions has been one of
the oldest applications of anaerobes. However, the involvement of mi-
crobes remained unknown, partly due to the lack of suitable microscopic
facilities (Alba-Lois and Segal-Kischinevzky, 2010). Only after the
development of a microscope, the role of Saccharomyces cerevisiae could
be sufficiently understood in this process (Barnett, 1998). Moreover, the
natural fermentation is a slow and time-consuming process and a lack of
suitable facilities hindered the large-scale commercialization using
microbes.

2.2. Anaerobes in the baking industry

The earliest records of the role of Saccharomyces cerevisiae in the
baking process come from ancient Egypt and China (Samuel, 1996). The
commercialization of yeast began around the 1700s, however, it did not
involve any modern pure culture methods (Frey, 1931). As a result, the
identification of individual yeast strains was difficult. Further, failure to
maintain hygiene, suitable culturing conditions, and lack of under-
standing of the genetics adversely affected the commercialization.
Nonetheless, the baking industry continued to evolve alongwith the
expansion of modern microbiology (Linko et al., 1997).

2.3. Anaerobes in the dairy industry

Anaerobes have been used in the dairy industries for years as markers
to check the quality of milk (Martin et al., 2016). For example,
spore-forming Bacillus spp. spores have been used in the past to indicate
the presence of contamination in milk (Doyle et al., 2015). In addition,
Clostridia spp. have also been found as pathogenic contaminants in milk
(Doyle et al., 2015).

3. The present

Presently, innumerable anaerobic microbes, including fungi, bacte-
ria, and protozoan, are widely used in various industrial and non-
industrial applications. Their wide applicability comes from the fact
that their genomes can code for proteins that are not only useful to the
microbe itself but are involved in the production of a variety of other
products, which are of industrial relevance. Despite their wide appli-
cability, we have not yet been able to make efficient use of their pres-
ence. One of the major challenges towards this is the uncultivable nature
of some species, specifically bacteria (Steen et al., 2019). Many Micro-
biologists believe that around ninety-nine percent of the microbes are
unculturable (Locey and Lennon, 2016). Furthermore, the anaerobic
microorganisms are even more difficult to culture, given the unusual
environmental condition they require for their growth.

The taxonomic exploration of natural environments has been per-
formed since quite long ago with the help of the traditional 16S rRNA
based genetic marker (Johnson et al., 2019). However, significant ad-
vancements in this direction have been possible in the recent past with
the emergence of the field of metagenomics. The major applications of
“Metagenomics” in this direction have been benefited by the advance-
ments and developments of the next generation sequencing (NGS)
techniques (Metzker, 2010). These developments together have made it
possible to identify and classify the microorganisms from the extreme
anaerobic habitats by recovering their complete genomic materials for
further exploration from their natural environmental habitats. Hence,
metagenomics has brought a paradigm shift in modern microbiology,
especially in the microbiology of uncultivable anaerobes. Nevertheless,
at least one percent of the entire anaerobic microorganisms are known
and are extensively used at present for various applications. They have
wide applicability and are presently used in various fields, some of
which have been listed below. Fig. 1 provides a comprehensive overview
of the different commercial and non-commercial applications of the
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Fig. 1. Applications of anaerobic microbes in various industrial and non-
industrial fields.

anaerobes.

3.1. Agriculture

Soil naturally comprises a large number of microbial communities
belonging to a variety of taxonomic groups. Anaerobes are helpful in the
process of biological soil disinfestation (BSD) (Ueki et al., 2018). It is a
process that involves the suppression of plant pathogens, soil pathogens,
parasites, and plant weeds by stimulating the microbial activity of the
indigenous microbiome of the soil using organic materials (Roku-
nuzzaman et al., 2016). It is an efficient, environment-friendly, and
cost-effective process as compared to the other chemical methods (Wen
et al., 2016; Ueki et al., 2018). Several anaerobes carry out this process
via the production and release of organic acids such as acetate and
butyrate (Zhou et al., 2021) and also metal ions, such as Fe™? and Mn™*?
(Momma et al., 2011). Moreover, it has been reported that the Clos-
tridium spp. produce antifungal enzymes to eliminate soil-borne fungal
pathogens (Ueki et al., 2018). These microbes are also known to syn-
thesize enzyme Chitosanases, which degrade chitosan or chitin, present
in the cell wall of pathogenic fungi such as Fusarium (Mahawar et al.,
2019).

3.2. Fermentation industry

With the growing demand for fermented products, the use of
anaerobic microbes in this industry has increased exponentially. For
instance, various benefits of probiotics, increased consumption of fibers,
and an increased health-consciousness amongst people has led to a
significant boost in probiotics consumption (Sanders et al., 2019).
Likewise, an increasing energy demand, a decline in petrol and other
fossil fuels, and environmental concerns have led to an increased de-
mand for eco-friendly compounds. Ethanol, for example, is the most
commonly produced fermentation product currently (Tse et al., 2021).
And, it is rapidly emerging as an efficient, environment-friendly alter-
native. It is produced by the fermentation of different agro-based bio-
masses. It has been studied that Saccharomyces cerevisiae is capable of
utilizing starch-rich microalgae such as Chlorella, Chlamydomonas,
Spirulina, and others, in the anaerobic fermentation process of
Bio-ethanol production (Tsolcha et al., 2021).

The process of Bio-ethanol production requires enzymes such as
cellulase. This cellulose enzyme can be obtained from Clostridium, Cel-
lulomonas, Bacteroides, Ruminococcus, and Erwinia (Gupta and Verma,
2015). The production of cellulases is not only limited to the bacterial
kingdom, but it is also produced by anaerobic fungi, such as Piromyces
and Neocallimastix (Lee et al., 2015). In addition, the anaerobic micro-
organisms produce other fermentation products. For example, vitamin
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B, (riboflavin) (Zhao et al., 2016), acetone (Tondro et al., 2020), and
butanol (Al-Shorgani et al., 2019) are produced using Clostridium ace-
tobutylicum. Likewise, ethanol is produced using Saccharomyces cer-
evisiae (Ahmad et al., 2021).

3.3. Textile industry

With the rapid increase in the demand for synthetic colorants and
dyes in the textile industries (Pavithra et al., 2019), the environment is
facing a wrath of harmful waste generated by these toxic dyes. The waste
released from the textile industries can pollute water bodies (Bhatia and
Devraj, 2017). Therefore, it is important to degrade and remove these
toxic compounds from the environment. The most commonly used dyes
are the azo dyes (Gicevic et al., 2020), which have a complex molecular
structure that makes it challenging to degrade them. As a result, these
dyes remain in the environment as recalcitrant for a longer time (Sarkar
et al., 2017).

However, anaerobic microbes can be used to overcome this problem.
Anaerobes produce different types of enzymes that have efficient
degradation capacity (Ajaz et al., 2020). Hence, they are used for the
biodegradation of azo dyes that are present in the industrial waste.
Anaerobic bacteria belonging to the Proteobacteria phylum are promi-
nent microbes involved in dye biodegradation. Besides, some of the
anaerobic sulfate-reducing bacteria are also responsible for this process
(Dai et al., 2020). In addition, a few anaerobes found in the human gut
are capable of dye degradation, including Eubacterium hadrum, Clos-
tridium paraputrificum, Eubacterium sp., Clostridium clostridiiforme, Bac-
teroides sp., Clostridium nexile, and Butyrivibrio sp. (Chung, 2016). These
anaerobes produce enzymes, including oxidases and peroxidases, to
degrade the azo dyes. Furthermore, Saccharomyces cerevisiae, a faculta-
tive anaerobic yeast, is known to produce an enzyme known as “ferric
reductase”, which can reduce azo dyes (Chen, 2006). In addition, other
anaerobic fungi, for example Penicillium spp., can degrade a wide range
of polycyclic aromatic hydrocarbons, xenobiotics, dyes, and phenol
derivatives under anaerobic production conditions (Leitao, 2009).

3.4. Sewage and wastewater treatment

Anaerobic microorganisms play a significant role in the wastewater
treatment process. Even though aerobic microbes predominate waste
and sewage water, some anaerobic microbes are also present in these
environments (Cyprowski et al., 2018). The anaerobic bacteria, which
are responsible for methane fermentation in sewage include Meth-
anosarcina (Hardegen et al., 2018), Methanosaeta (Vitéz et al., 2020),
Clostridium, and Bifidobacterium (Cyprowski et al., 2018). Moreover, it
has been found that Clostridium is predominantly found in the sludge and
can be used as a microbial indicator of water pollution (Saxena et al.,
2015; Li et al., 2021). The presence of anaerobes improves the efficiency
of wastewater treatment in many ways. These primarily include low
energy input of the system as no energy is required for oxygenation,
lower production of excess sludge, lower nutrient requirement due to
lower biological synthesis, and production of biogas, a valuable energy
source, from the degradation of waste organic material (Muralikrishna
and Manickam, 2017).

3.5. Enzyme source

Anaerobic microbes are found in extreme environments. They have
evolved with the capacity to efficiently utilize a variety of compounds,
including the recalcitrant (Hatti-Kaul and Mattiasson, 2016). They
produce highly stable enzymes, which can be used for the hydrolysis of
polysaccharides, lipids, biopolymers, and others (Blair et al., 2021).
Interestingly, the cellulolytic Clostridium thermocellum has been reported
to contain a multienzyme complex termed as Cellulosome, which is
more efficient than a free enzyme as it comprises multiple enzymes
(including hemicellulases) capable of acting on several different
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Table 1
List of potential anaerobic microorganisms and their genes involved in the industrial applications.
References (Ravi et al., (Luo et al., (Luo etal., (Invernici et al.,
2021; Qi et al., 2014) 2014) 2018)
2011; Gruninger
et al., 2016)
Potential industrial Lignocellulose Benzoate Benzoate Probiotics
application biomass degradation degradation
degradation
Product/Metabolic  Esterase Benzoate Benzoyl- -
Pathway CoA ligase ~ CoA
reductase
Gene AmCE1/FaelA bzdA bzdQ -
Anaerobic microbe  Anaeromyces Azoarcus Azoarcus Bifidobacterium
mucronatus spp.

(Luo et al., (Luo et al., (Luo et al., (Pidot et al., (Dunbar et al., (Lueders and von
2014) 2014) 2014) 2014) 2018; Li etal., Netzer, 2014)
2019)
Benzene Benzene Benzene Antibiotic ~ Antibiotic Hydrocarbon
degradation degradation degradation degradation
Benzene Putative Putative Clostrubin  Closthioamide  Benzylsuccinate
iron-sulfur anaerobic A pigment synthase
binding benzene
protein carboxylases
bamD bamE abcA, abcD PKS gene cta bssA
cluster
Clostridiales  Clostridiales  Clostridiales Clostridium  Clostridium Georgfuchsia
beijerinckii  cellulolyticum toluolica

substrates (Barth et al., 2018).

These enzymes are also useful in food industries. For example,
cellulase is used in the juice industry in combination with other enzymes
to extract and clarify juices (Santana et al., 2021). The highly thermo-
stable enzyme “a-amylase” is used for starch saccharification, brewing,
and baking and is obtained from Bacillus amyloliquefaciens (Devaraj
et al., 2019), Bacillus licheniformis (Rakaz et al., 2021), or Bacillus
stearothermophilus (Ravindran et al., 2019).

Catalase enzyme is used to remove excess Hydrogen Peroxide from
fabric and food processing industries (Raveendran et al., 2018).
Although catalase enzyme is mainly found in aerobic organisms, few
anaerobic bacteria have also been reported to exhibit catalase activity.
For example, the bacteria Bacteroides fragilis shows increased catalase
levels in the presence of haem in the culture media (Paunkov et al.,
2021). Bacillus maroccanus, a facultative anaerobe, can produce catalase
enzyme (Kauldhar and Sooch, 2016).

3.6. Gut microbiome

Many anaerobic microbes have been found to coexist in the gut or
digestive tract of herbivores such as cattle (Alipour et al., 2018). It has
been reported that anaerobes are present in the gut of herbivores in a
symbiotic relationship (Morais and Mizrahi, 2019). Anaerobic fungi
belonging to the Neocallimastigomycota phylum play an important role in
the digestion of fiber in the host gut (Hartinger and Zebeli, 2021).
Anaerobic fungi produce cellulolytic enzymes for fiber digestion and
exhibit better tissue penetration capacity than bacteria (Hess et al.,
2020). Further, these anaerobic fungi can coexist with the other aerobic
and anaerobic bacteria to carry out the process of fiber digestion more
efficiently (Azad et al., 2020). A recent review has highlighted the role of
anaerobic fungi in the gut of herbivores (Hartinger and Zebeli, 2021).

3.7. Probiotics

Anaerobic microorganisms are under investigation for their role as
probiotics. However, their applicability as probiotics has not been
explored well enough. Nevertheless, some anaerobes are being used as
probiotics, such as Lactobacillus spp. and Bifidobacterium spp. (Masoumi
et al., 2021). These are associated with various benefits such as immu-
nological activity, anti-cancer activity, and enhancement of
gastro-intestinal digestion (Silva et al., 2020).

Recent advancements in molecular and genomic technologies have
played a significant role in building our knowledge of the genomic

construct of the anaerobes. More valuable information is on its way as
we continue unlocking the role of microbial genomes of these anaerobes
and a plethora of anaerobic microorganisms is awaiting discovery. The
genomes of these microorganisms comprise of genes that encode en-
zymes which are useful in various sectors such as biodegradation, dairy
industry, textile industry, food industry, etc. Many microbial genes and
the metabolic pathways associated with their gene products are of
immense value to several industries. Table 1 shows a list of some po-
tential industrially important anaerobic microorganisms and their genes
along with the products produced by them.

4. The future

Given the important roles that have been known for various anaer-
obic microbes, the future holds a variety of opportunities for their wider
applications. The major bottlenecks in the wider applications of anaer-
obic microbes include their extreme habitats, which are still unexplored,
their unculturable nature, and the lack of knowledge of their genomic
and metabolic capabilities. However, the advancements in sequencing
techniques, metagenomics approaches, and functional metagenomics
screening-based methods have opened new avenues for exploring the
wide applications of microbes residing in the extreme anaerobic envi-
ronments. The use of metagenomic approaches to decipher the taxo-
nomic diversity of the yet unexplored environments will lead to the
identification of novel anaerobic microbial strains with previously un-
known metabolic capabilities (Alalawy et al., 2021; Fischer et al., 2021).
This can be followed with the application of the functional metagenomic
screening based strategies to explore the novel metabolic capabilities of
anaerobic microbes living in an environment (Macdonald et al., 2019).
Additionally, the efficiency of the potential microbes can be improved
further by modifying their genomes by following the genetic engineer-
ing principles, for various anaerobic applications (Croux et al., 2016).

In this direction, the gut microbiome of patients (Armour et al.,
2019), Himalayan region (Sahay et al., 2017), Spacecraft clean-room
facilities (Wood et al., 2021), and others can provide valuable sources
of novel anaerobes. These microbial genomes are valuable targets for
several new industrial and non-industrial applications. For example, the
gut of herbivores is an important source of microbial diversity. Anaer-
obic fungi, which are found in the gut of ruminant host help in digestion
of plant material including fibres. Despite the unknown mechanism,
boosting the indigenous anaerobic fungi population is of great interest.
The underlying mechanism through which the indigenous anaerobic
fungi improve the digestibility can be identified by understanding the
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(Mamo, 2016; (Town et al., (Rabah et al., (Wang et al., (Luo et al., 2014) (Ahmad et al.,, (Rischer et al., (Franchi et al., (Lueders and (Ma’As
Trmcic et al., 2014) 2018; Falentin 2020; Piwowarek 2021; Walker  2018) 2018) von Netzer, et al., 2020)
2011) et al., 2010) et al., 2018) and Stewart, 2014)
2016;
Chatsurachai
et al.,, 2020)
Antimicrobial Anaerobic Swiss Cheese Vitamin By, Benzoate Bioethanol, Pharmacological Anaerobic Nitrate Biofuel
peptide wastewater degradation alcoholic compound digestion of reduction during
treatment beverages Phenolics in hydrocarbon
sludge degradation
Nisin - Carbon dioxide,  Tetrapyrrolic 6- Glycolysis, Barnesin A Hydrolase/ Benzylsuccinate Bioethanol/
Propionate/ derivatives Hydroxycyclohex- anaerobic Anaerobic synthase Entner-
Glycolysis, Wood- synthesis 1-ene-1-carboxyl- fermentation degradation (fumarate- Doudoroff
Werkman cycle pathway CoA (pyruvate to pathway (4- adding pathway,
dehydrogenase ethanol) hydroxybenzoate enzymes) PPP
pathway to benzoyl-CoA pathway
pathway)
nisABTCIPRKFEG - lac, gal, thp, murQ, hemB, hemC, had ADH, HXT, brn bamA bssA xylA/B
operon mutA, mutB, cat,  hemD, cbi, cob TPI1, SUC2 operon
and others
Lactococcus lactis ~ Methanosarcina  Propionibacterium  Propionibacterium  Proteobacteria Saccharomyces  Sulfurospirillum  Syntrophorhabdus  Thauera Zymomonas
barkeri freudenreichii freudenreichii cerevisiae barnesii aromatica mobilis

role of their genomes. With the decline in natural resources, such as
farmable land area, it will be essential to improve the utilization of
low-quality animal feed. Hence, exploring the enzyme repertoire by
decoding their genomes will immensely contribute to the improved
utilization of animal feed as well as animal derived products (Hess et al.,
2020). In the subsequent sections, we have discussed the role of meta-
genomics and metagenomics-assisted techniques to explore the anaer-
obic diversity in the extreme environments.

4.1. Metagenomics - a field of future

Metagenomics has opened several avenues for microbial analysis of
the most unexplored and otherwise inaccessible sites, including the
hydrothermal vents, hot springs, gut, and others, which are major
habitats for anaerobic microbes. One of the most unexplored sites in
India includes the Himalayan region and only limited information about
the microbial diversity of this region is available currently. The
extremely ‘cold’ regions and some extremely high temperature ‘hot-
spring’ regions (Manikaran, Ringigad, and Soldhar) (Narsing Rao et al.,
2018) make it a highly diversified and valuable site for comprehensive
metagenomic studies (Sahay et al., 2017). The anaerobic thermophilic
microbes isolated from such sites can produce highly thermostable
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biocatalysts, which can be used in commercial industries.

Another clinically important target for metagenomic studies to
analyze the novel gene pools includes the anaerobic human gut envi-
ronment to perform studies related to gut associated diseases and their
potential treatment methods (Mobeen et al., 2020). Overcoming the
challenges in the field of “Probiotics” can be another important area of
research in this direction. Highly specific strains for personalized
treatment, identification of the underlying mechanism used by them,
identification of other health benefits, and modification of the gut
microbiome complexity are some of the important prospects that could
be investigated (Jain, 2020).

The uncultivable anaerobes can also be identified, characterized, and
analyzed based on their genomes in a culture-independent manner
(Forbes et al., 2017). This will further contribute to our better under-
standing of their taxonomic classification, which is presently vague and
undefined. Presently, metagenomics, is used for the analysis of these
anaerobic bacteria (Zhang et al., 2019). It is a culture-independent study
of microbial diversity in a given environment (Escobar-Zepeda et al.,
2015). This powerful tool can be extensively used to study and analyze
more and more anaerobic genomes. Fig. 2 represents a general scheme
used in the metagenomic analysis of samples from different habitats.

However, there are certain limitations of metagenomics that need to
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Fig. 2. A general schematic for metagenomic analysis.
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be addressed in future in order to improve the understanding of mi-
crobial diversity. Marker-based (16S rRNA or 18S rRNA) and whole-
genome shotgun are the two commonly used metagenomic techniques.
Both differ in their approach, but both suffer from some limitations.
Marker-based technique employs the use of 16S rRNA or 18S rRNA
genes to identify and classify the microbial diversity. However, it in-
volves PCR-based amplification step, often leading to inevitable PCR
bias. Other limitations are its inapplicability to viruses, failure to iden-
tify strain level differences, and the lack of functional analysis (Gupta
et al., 2019). In contrast, the shotgun metagenomic sequencing enables
study of viruses and functional analysis. However, it is very costly, in-
volves greater risk of contamination, generates large number of reads
leading to difficulty in assembly, and involves use of highly complex
bioinformatics analysis (Petersen et al., 2019). More efforts are required
to address these bottlenecks in order to expand the use of metagenomics
in exploring the anaerobic microbial diversity.

As metagenomics is dependent on the sequencing techniques, the
limitations of a sequencing platform can also adversely affect the met-
agenomic study. Each sequencing platform itself suffers from some
shortcomings. For instance, Illumina, though being the most commonly
used sequencing technique, generates shorter reads which hinder the
downstream analysis (Wang et al., 2022). Furthermore, PacBio, a
third-generation sequencing technique, overcomes the limitation of
[lumina, but results in high error rate (Wang et al., 2022). The read
length and error frequencies are very critical aspects while exploring the
novel microbial diversity. Hence, it is important to overcome these
problems of sequencing platforms in order to expand the use of meta-
genomics in exploring the novel microbial diversity.

Functional metagenomic screening is a metagenomic assisted
approach involving the isolation of metagenomic DNA from the micro-
bial communities residing in the extreme environments to study the
functional roles of the microbial proteins (Ngara and Zhang, 2018).
Therefore, functional metagenomic screening enables
culture-independent study of microbial genomes and their metabolic
pathways. In a recent study by Macdonald and colleagues, functional
metagenomic screening was used to screen microbial communities with
Glycoside phosphorylases (GPs) activity (Macdonald et al., 2019). The
methods for the identification of GP activity containing microbes in-
volves collection of metagenomic DNA from the cellulose-rich envi-
ronments enriched with cellulose-degrading microbial communities,
followed by generation of Fosmid metagenomic libraries and screening
of these libraries. GP has valuable biocatalytic application in conversion
of high-value carbohydrates and hence identification of microbial
strains with GP activity can be of valuable application to various in-
dustries. Further, the study also suggest that the metabolic efficiency
advantage of GPs is more impactful in anaerobes than in aerobic mi-
croorganisms and therefore the emphasis is on the importance of con-
structing GP screening libraries sourced from the anaerobic
environments (Macdonald et al., 2019). Thus, such functional meta-
genomic studies can be very useful in the identification of microbial
communities with valuable metabolic potential, particularly uncultiva-
ble anaerobic microbial communities.

Further, combining metagenomics with metatranscripomics, prote-
omics, and metabolomics will enable the study of species, functions,
gene expression profiles, and metabolic pathways in an anaerobic mi-
crobial community. Therefore, more efforts are needed in understanding
the microbial diversity of anaerobic environments using metagenomics
techniques (Zhang et al., 2021).

4.2. Genetic engineering

As we are reminded of the fact that we cannot cultivate around
ninety-nine percent of the microbes, can we modify their genomes
without culturing them in the lab? With a combined approach involving
functional metagenomics and genetic engineering, this has become
possible recently. Genetic engineering can be used to modify the
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genomes of anaerobes to produce products of our interest or improve
their efficiency in various present-day applications.

Multiple Clostridium spp. are used in biogas degradation and
industrial-scale production of enzymes, solvents, and organic acids.
Their genomes can be genetically modified to increase the yield and
efficiency of the production process using multiple methods, including
strain improvement, vector-based method, gene deletion, genetic
recombination, and others (Croux et al., 2016; Wang et al., 2016; Her-
man et al., 2017). CRISPR (clustered regularly interspaced short palin-
dromic repeats)/Cas (CRISPR-associated proteins) is emerging as a
powerful and revolutionary tool for genome editing. Several unsuc-
cessful attempts have been made to use CRISPR/Cas tool for Clostridium
acetobutylicum (Wang et al., 2016). However, using a tightly controlled
CRISPR/Cas9 system can provide promising results for Clostridium ace-
tobutylicum genome editing (Wilding-Steele et al., 2021).

In a recent study, the utilization of recombinant DNA application to
the genome of anaerobic fungi enabled cloning and expression of
xylAr10 gene from Anaeromyces robustus fungus in Pichia pastoris to
produce the recombinant xylanase. This enzyme has application in
various industries including bread making, paper and others (Wen et al.,
2021). Such genetic modifications can help in production of industrially
important gene products from anaerobic microbes.

Currently, gene sequences from uncultured microbes are introduced
into the expression vectors to obtain proteins of our interest (Kumar
etal., 2015). Also, the gene sequences can be synthesized in vitro and can
be introduced into the vectors (Veneziano et al., 2018). This eliminates
the need for culturing in case of uncultivable anaerobic microbes and
reduces the tedious process of culturing and cloning for cultivable ones.
Although metagenomics and genetic engineering are already being used,
their integration can lead to the development of metagenomic assisted
genetic engineering techniques which can be used to produce the
desired product in culture independent manner from anaerobic mi-
crobes (Macdonald et al., 2019).

The already existing applications of anaerobic microbial genomes
can be improved, and the scope can be further extended. For example,
with the reduced availability of land area, it has become essential to look
at alternatives that can be used as feedstock for animal consumption.
The indigenous anaerobic fungi present in the herbivore gut can be
stimulated and their accessibility for plant fiber degradation can be
improved (Hess et al., 2020). The future approaches will be focused on
boosting the indigenous population of anaerobic fungi in the gut of the
host organism. The same is applicable for anaerobic bacteria found in
the gut of these herbivore animals. The anaerobic microbial community
has a lot to offer to nature and mankind. In the future, as we see ad-
vancements in various genomic technologies, there is a good possibility
of knowing the unknown.

5. Conclusion remarks and future perspective

We are surrounded by microorganisms in our environment and these
small invisible forms of life are of immense importance to our ecosystem.
They are playing an important role in maintaining the very balance
required in the ecosystem. Hence, it can be said that any form of exis-
tence is incomplete without microbes. Anaerobic microbes grow and
survive in extreme environments and they can do so with the help of
their genomes. They tend to adapt to such harsh conditions because of
their unique genomic composition. For instance, anaerobes have certain
enzymes that scavenge oxygen and protect them from oxygen. It is
noteworthy that most of these coping mechanisms are enabled due to
the genes and their corresponding gene products.

Anaerobes have been used in the past in various fields. However, due
to the lack of a suitable cultivation method, their application was
limited, and most of them remained unidentified. Nevertheless, today
they are extensively used across fields. In the past two decades, we have
seen enormous development in molecular biology and genomics.
Moreover, the use of 16S rRNA genetic marker in metagenomics has
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helped us to unlock the roles of microbial genomes of some important
anaerobes. These have further opened new avenues for the microbiology
of anaerobes. In the future, linking of different OMICs will lead us to
study genes to proteins and structures to functions of anaerobic mi-
crobes. As more advancements are expected in science and research, we
will be able to achieve more accessibility to these anaerobic microor-
ganisms which will build our knowledge of these tiny yet giant life forms
found in nature.

The COVID-19 pandemic has brought light to a crucial fact that we
should be well aware of the microbial communities found in nature.
These microbes, including the anaerobes, can be of immense benefits,
but at the same time, they can have an adverse impact on our health.
Some of them are known to cause severe infections and diseases in an-
imals and humans (Tang et al., 2020). Hence, it becomes even more
critical to identify them and understand their biology and also their
epidemiology.
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