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Abstract

Metagenomic is a promising technique that has many applications in different 
fields. In fact, metagenomics is the ideal culture-independent technique that unravels 
the microbial composition and biodiversity in the sample, which helps scientists to 
study and understand how this biodiversity is affected by continuously changing 
conditions in the environment and how this microbial community interacts with each 
other. In the past, the microbial composition in extreme environments was undiscov-
ered due to the difficulty of isolation, culturing, and identification of microbes living 
there. However, nowadays after the development and combination of metagenomic 
and next-generation sequencing techniques, it became more easy to study the micro-
bial composition in extreme environments without culturing. In this chapter, the use 
of metagenomic techniques to study the microbial biodiversity in different extreme 
environments are discussed. In addition, different NGS platforms are discussed in 
terms of principles, advantages, and limitations.

Keywords: metagenomics, extreme environment, salinity soil, microbial taxonomy, 
biodiversity, sequencing approaches

1. Introduction

Microorganisms are crucial to the control of many activities, including the 
recycling of essential elements and nutrients, the dynamics of the biogeochemical 
cycles (such as carbon, nitrogen, and oxygen cycles), and the development of soil 
structure. To increase our knowledge of microbial diversity, activity, and interactions 
with different ecosystem components, it is essential to have an understanding of 
the structure, function, and activities of microbes [1]. Prokaryotic taxonomy is the 
term used to describe the traditional classification of the diversity of microorganisms 
based on the ideas of classification, naming, and characterization. Based on their 
morphology (form), growth environments, bacterial pathogenicity, and early inves-
tigations introduced the ideas of genera and species into the taxonomy of bacteria [2]. 
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Later, the classification scheme developed by the American Society for Microbiology 
included the biochemical and physiological characteristics of bacteria. DNA–DNA 
hybridization (DDH) methods have been used as the de facto method for prokaryotic 
classification based on genomic similarity since the 1960s [3].

As a way to distinguish between different bacterial species and research bacterial 
phylogeny, 16S rRNA sequence similarity emerged as one of the most used methods 
[4]. Later, following the discovery of the polymerase chain reaction (PCR), molecular 
methods to study prokaryotic classification were developed, including denatur-
ing gradient gel electrophoresis (DGGE), temperature gradient gel electrophoresis 
(TGGE), restriction fragment length polymorphism (RFLP), terminal restriction 
fragment length polymorphism (TRFLP), ribosomal intergenic spacer analysis 
(RISA), and real-time PCR (quantitative PCR) [5]. The field of microbial taxonomy 
has been transformed most significantly by high-throughput DNA sequencing 
technologies, such as metagenomics shotgun sequencing.

When researching soil microbiology, genomics is especially crucial. According 
to different researches, one gram of soil may contain more different microorgan-
isms than that have been grown in laboratory to date [6]. Therefore, metagenomics 
appears to be the best culture-independent method for revealing soil biodiversity and 
researching how this biodiversity is impacted by constantly changing environmental 
factors. The first step in the approach for metagenomics research is to choose an 
appropriate ecological or biological setting that supports a diverse range of microbial 
communities with potential biotechnological and therapeutic uses. Extreme condi-
tions are mostly what draw metagenomic researchers to certain environments. These 
include highly alkaline or acidic pH conditions, high metal concentrations, pressures, 
or radiation, as well as settings with high salinity or extreme temperatures [7].

Beginning with the isolation of genomic DNA from the soil sample that represents 
the entire population, a DNA library is built from the isolated DNA, and the DNA 
library is then screened for a target sequence (Figure 1). It is crucial to choose a DNA 
extraction procedure that will generate enough DNA. The diversity of the entire 
microbial community in the target environment. One of the most difficult steps in 
the metagenomic analysis is still this one. Depending on the type of soil analyzed, 
the chemical and physical features of soils are quite diverse and complex, which will 
make it challenging to design a reference method for DNA extraction from soils. 
Additionally, a variety of chemicals found in soils co-extract genomic DNA and have 
an inhibiting influence on the subsequent processing of extracted DNA. Humic and 
fulvic acids are two examples [8]. As a result, for each kind of soil, optimization and 
comparison of various extraction methods are typically necessary [9–11].

The genomic DNA that was extracted from the target environment is then used 
to create a DNA library. This is accomplished by first dividing the isolated DNA into 
pieces of the proper sizes to facilitate cloning. Either mechanical shearing or restric-
tion enzyme digestion is used to accomplish this. These procedures produce fragments 
of DNA that are then cloned into the appropriate cloning vector. Short-insert genomic 
libraries are created by inserting small DNA fragments into plasmid vectors. Large 
inserts can be cloned onto BAC or cosmid vectors, which can carry inserts larger than 
40 Kb, or fosmid or cosmid vectors, which can handle inserts up to 40 Kb in size [12].

1.1 Metagenomic methods

The term “metagenomics” refers to a collection of methods and techniques used 
to analyze the entire genomes of microorganisms residing in a given environment 
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without regard to culture [13]. It has a wide range of beneficial applications 
and shows great promise in both medical and environmental microbiology. 
Metagenomics is most frequently used in environmental microbiology to research 
the total genomic DNA analysis that has been used to study the diversity of micro-
bial communities in various settings, how various microorganisms interact with 
one another there, and how these communities adapt to changes in the physical 
and chemical characteristics of these environments [14]. Additionally, metage-
nomics offers the chance to find and isolate new enzymes with industrial uses from 
harsh habitats where uncultivable extremophiles reside. Functional metagenomics 
enables the isolation of genes encoding extremozymes, enzymes capable of cata-
lyzing in severe settings, or genes that will improve understanding of the mecha-
nisms that make such organisms resistant to extreme environmental conditions in 
such situations [7].

E.coli, a microbe that has been extensively studied and is simple to work with in 
the lab, is typically used to create DNA libraries. Shuttle vectors are employed to 
transfer the libraries into the appropriate host in the event that the genes contained in 
DNA inserts need to be expressed in other microorganisms [15].

Finally, a screening test is used to look for a gene that performs a certain func-
tion, and the gene product is then functionally examined. There are two distinct 
metagenomics approaches that are frequently applied in studies. The first one focuses 
on using marker genes, such as the ribosomal genes 16S rRNA [16] and 18S rRNA, to 
research the makeup of microbial communities in certain environments or a specific 
protein-coding gene of medical or industrial value [17, 18]. Targeted metagenomics 
is the name given to this tactic. Shotgun metagenomics is the second method. In this 
method, high-throughput next-generation sequencing is used to get broad coverage 
of genomic DNA sequences in order to evaluate the overall taxonomic structure or 
functional potential of microbial communities [19].

Figure 1. 
Metagenomic protocol. (a) the first step of metagenomic analysis is DNA extraction by using different DNA 
extraction techniques and (b) the second step of metagenomic analysis by using software data analysis to analyze 
the huge data collected from samples.
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Recent times have seen a significant increase in the use of various next-generation 
sequencing (NGS) platforms, each with its own advantages and disadvantages, for 
the taxonomic profiling, characterization, and analysis of microbial communities. 
High-throughput, short read sequences, and relatively declining costs are all charac-
teristics of metagenomic samples. These platforms are beneficial in that they do not 
require DNA fragment cloning [20]. Recent improvements in NGS technology have 
been made to accommodate a wide range of applications, costs, and capabilities [21]. 
The 454 life sciences (Roche) and Illumina systems (Solexa) platforms are the most 
often utilized ones [22]. The 454-sequencing technology, which was the first next-
generation technology to be commercially accessible, is based on the pyrosequencing 
method. It offers analysis with a high-throughput at a reasonable cost [23]. This 
method sequencing procedure involves the insertion of nucleotides into the capture 
of the released pyrophosphate, which undergoes an enzyme process to produce light, 
and allows for the detection of the developing chain. In order to assign a distinct 
nucleotide to each nucleotide incorporation event, different nucleotides are succes-
sively added. The light signals are finally transformed into sequencing data. The DNA 
fragments are fixed on beads in a water–oil emulsion before being amplified in a 454 
pyrosequencer [24]. The thermophilic cellulose-degrading microbial species isolated 
from the hot springs in Xiamen, China, have been studied using pyrosequencing. It 
was also widely used to analyze the diversity of microbes in a variety of habitats, such 
as different soil environments [25–28] and marine environments.

Reversible terminator nucleotides that are fluorescently tagged are a key compo-
nent of Illumina sequencing technology. The terminator nucleotides are coupled with 
blocking groups that may be removed from the nitrogen base in a single step, unlike 
deoxynucleotides, which are chemically changed to stop further DNA synthesis as 
is the case with sanger sequencing. On a chip with attached primers, DNA synthesis 
takes to happen. Following each cycle of synthesis, a laser is used to excite the dyes 
attached to each nucleotide. This is followed by scanning of the integrated bases. The 
blocking group and the dye must first be eliminated by a chemical reaction in order 
for the subsequent synthesis cycle to start. Multiple settings, including freshwater 
sponges, the gastrointestinal system, soils, and marine environments, were effectively 
studied using the Illumina sequencing technology.

In addition to the methods already described, metagenomics research also makes 
use of recently developed sequencing technology. These include the single-molecule 
real-time (SMRT) DNA sequencing from Pacific Biosciences, Ion Torrent’s semicon-
ductor sequencing, and Applied Biosystems’ SOLiD 5500 W Series [22]. Technologies 
that are more advanced and cutting-edge are being created, and they could be very 
helpful in metagenomics research. Oxford nanopore technologies are actively work-
ing on strand sequencing technologies, which make it possible to sequence whole 
DNA strands as they travel through a protein nanopore [29]. One of the most exciting 
new technologies in the genomics era is Irys technology, created by BioNano genom-
ics. The analysis of the enormous number of sequence data that are produced from the 
screening phase in metagenomics is the component of the procedure that is the most 
difficult built-in library many bioinformatics tools have grown over time to assist in 
analyzing the metagenomic data and comparing it to online databases.

1.2 Metagenomics to identify microbial diversity in extreme environments

Both industrial microbiologists and ecologists are interested in the study of 
microbial communities in extreme conditions, such as saline soil or other saline 
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habitats, such as saline waterways or saline sediments [30]. Understanding the 
impacts of salinity on soil ecosystems can aid in understanding how the structure of 
the microbial community changes in response to changes in salinity. However, due 
to their benefits over mesophilic enzymes in commercial applications, industrial 
microbiologists are more interested in isolating halophilic bacteria or organisms that 
like to survive in salty environments, or their enzymes.

Vera-Gargallo [31] used metagenomics to explore the microbial communities 
in two hypersaline soils in the Odiel saltmarshes of Spain. They then matched their 
findings to the information found in the databases for the 13 saline aquatic habitats. 
In contrast to hypersaline aquatic habitats, they discovered that hypersaline soils had. 
more diversified microbial communities that include non-halophilic organisms. In 
order to understand how salt impacts microbial dispersion in saline environments, 
more research has recently been focused on saline soils. Using high-throughput 
sequencing technology, it was recently shown that bacterial communities were 
more abundant in surface soils (0–10 cm) than in deep soils in the saline soils of 
Qarhan Sale Lake, China (15–30 cm). This was linked to the fact that underground 
soils had low oxygen content in other investigations as well [32]. Proteobacteria, 
Bacteroidetes, and Gemmatimonadetes were discovered to be the three phyla with the 
greatest abundance in this study. Proteobacteria contain the Alphaproteobacteria, 
Deltaproteobacteria, and Betaproteobacteria and were the next most prevalent classes 
after Gammaproteobacteria [33]. Previous research [34] revealed similar findings. 
Nevertheless, there was no discernible variation in the microbial community between 
the surface and deep saline soils.

The structure and metabolic processes of microbial communities are being 
impacted by soil salinity, according to more recent studies. According to a study 
by Chen [35], the phyla Planctomycetes and Bacteroidetes of bacteria were observed 
to decline under continuous irrigation with saline water, while proteobacteria, 
Actinobacteria, and Chloroflexi grew. They also discovered that irrigation with salt 
water has a significant impact on the metabolic activities of soil microorganisms. The 
salinity of irrigation was observed to boost soil bacterial richness.

Uncertainty surrounds the exact method by which salinity alters the composition 
of microbial communities. Morrissey [36] hypothesized that microbes’ preferences 
for saline soils are influenced by their evolutionary history. They discovered that most 
proteobacteria favored saltwater, while many proteobacteria chose freshwater in their 
study of wetland soils. There was a connection between the quantity of microorgan-
isms that responded to salinity and phylogenetically grouped salinity preferences. 
Analysis of the 16S rRNA gene sequences of bacteria isolated from soil in Italy’s A 
horizon that has varied salt concentrations. The findings demonstrated that variations 
in soil salt concentration cause differences in the composition of bacterial communi-
ties. Proteobacteria > Actinobacteria > Acidobacteria > Verrucomicrobia > Gemmatimono
dates > Firmicutes > Chloroflexi > Bacteriodes > Chlorobi were the most prevalent bacte-
rial species in this soil in terms of abundance. However, they discovered that various 
levels of some taxonomic groups were present in the soil that had varying salt values. 
Nevertheless, several bacterial species did not have salt levels, which were present in 
equal amounts at all of the investigated sites [37].

The same bacterial groups that were found in the prior research were also found 
in large numbers in saline soils [38]. Functional genomics has been effectively used to 
separate the genetic components of osmoadaptation from the isolated metagenome 
library. In order to better understand the mechanisms by which the microbial popula-
tion responds to salinity, they were able to locate salt-tolerant genes. Through genetic 
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engineering, numerous genes have been cloned to enhance salt tolerance in crops, 
such as P5CS, DREB1A, and AtNHX1.

By using metagenomic analysis, several more severe settings have been exam-
ined. Organic carbon sources are scarce in alkaline environments, such as soda 
lakes and low-saline-alkaline habitats. Understanding the diversity of microbes 
present in these harsh conditions, according to scientists, may help us better 
comprehend the early and rare forms of life [39]. Five novel species of the candi-
date phyla radiation were abundantly found in the hypersaline soda lake, according 
to a recent metagenomic investigation [40]. To investigate the microbial diversity 
in contaminated soils, metagenomics is a potent investigative tool. Heavy metal 
contamination of the soil at mining sites can be detrimental. The most prevalent 
bacteria in these conditions were determined to be Solirubrobacter, Geobacter, 
Edaphobacter, and Pseudomonas [41]. Other environments that metagenomics is 
probably being used to investigate acidic, low-oxygen, and volcanic settings are 
among the methods [42–44].

2. Conclusion

Due to the presence of non-cultivable microorganisms, traditional culturing 
techniques, such as isolation, do not reflect the real structure of microbial community 
when studying extreme environments. However, the emergence and development 
of metagenomic techniques boosted the identification and profiling of the micro-
bial community in extreme environments and allowed to overcome non-cultivable 
microorganisms issues. Nowadays, by using metagenomic approaches scientists 
are able to profile microbial community and investigate the biodiversity in a given 
environment and also able to study and understand how these microorganisms have 
adapted to such environments. Resulting in, many different secondary metabolites 
have been discovered that are produced by microorganisms in order to adapt to 
extreme environments. The 16S rRNA gene is the most suitable gene to study micro-
bial biodiversity and establish a phylogenetic relationship among unculturable and 
novel microorganisms.
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