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Abstract: Metagenomics is a field that investigates microbial communities’ genetic content directly from environmental 

samples that has revolutionized our understanding of microbial diversity and function. Compared to traditional 

methods, advances in metagenomics analysis brought about by next-generation sequencing have expanded our 

understanding of microbial communities and offered a sophisticated method for identifying new and uncultivable 

microorganisms based on their genetic information derived from a specific environment. Examining the DNA of the 

entire community without the need for PCR amplification is known as shotgun metagenomics. It makes it possible to 

examine every gene in the sample. Conversely, amplicon sequencing focuses on taxonomically significant marker genes, 

whose study is limited to previously identified DNA sequences. Sequence-based metagenomics analyses DNA sequences 

straight from the environment without the need to build libraries and can identify a limited number of novel genes and 

products that can be complemented by functional genomics. In contrast, function-based metagenomics necessitates 

cloning and fragmenting the extracted metagenome DNA in a suitable host, followed by functional screening and 

sequencing clones to detect novel genes. Despite metagenomics' advancements, new problems still exist. This review 

sheds light on developments in metagenomic techniques in conjunction with next-generation sequencing, their current 

uses, the difficulties they present, and some of the more recent ones. The various forms of metagenomics are also 

covered in this study, along with developments in bioinformatics tools and their importance for metagenomic dataset 

processing. 
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I. INTRODUCTION 

Metagenomics is a field at the nexus of genomics 

and ecology which represents a revolutionary 

approach to studying microbial communities.  It is 

estimated that less than 1% of bacteria on common 

laboratory media may be identified by microbial 

community investigation using culture-based 

techniques [1]. It is impossible to detect the 

proximity of any microbial community complex in a 

pure culture setting. The efficacy of genetic and 

biotechnological research is still hampered by this 

[2]. These conventional approaches do not take into 

account the integration and interaction of different 

microorganisms and the overall climate; thus, they 

are insufficient to disclose the genetic evolution and 

natural capacity of the microbial communities in the 

relationship [3]. Traditional microbiological 

methods that depends on isolating and culturing 

individual microorganisms while metagenomics 

offers a holistic view by directly sequencing and 

analysing DNA extracted from environmental 

samples. However, this approach circumvents the 

limitations of culture-based techniques which often 

fail to capture the full diversity of microbial life due 

to the inability to culture certain species under 

laboratory conditions [4]. By capturing the 

collective genomic blueprint of entire microbial 

community’s metagenomics provides 

unprecedented insights into their genetic diversity, 

functional potential and ecological dynamics. It 

allows researchers to explore the intricate web of 

interactions among microorganisms and their 

environment which are shedding light on 

fundamental questions about microbial ecology, 

evolution and biogeography [5]. Conventional 

microbiological methods are outperformed by Next-

Generation Sequencing (NGS) and molecular 

microbiology technologies, which reveal the vast 

majority of the microbial world that is invisible. 

Important strides have been made to make 

previously uncultured microorganisms more 

cultivable. When it comes to identifying and 

extracting gene products from species found in the 

environment, the culture-independent method is the 

most promising and economical [6]. The ongoing 

development of NGS technology is crucial to 

ushering in a new era in metagenomics [8]. High 

throughput and rapidly declining DNA sequencing 

costs are made possible by this innovation's 
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sequencing effort [3, 9]. In the sequencing 

endeavour, genome-based disclosure has expanded 

to a new level for biotechnological applications that 

address unanswerable biological issues [7]. Another 

crucial development that contributes to 

metagenomics' potency is the growth of increasingly 

sophisticated bioinformatics and computational 

tools for sequence analysis across all phases of 

analysis, including pre-processing, assembly, 

binning, and annotation of sequencing data obtained 

from NGS technology. 

The significance of metagenomics extends across 

diverse ecosystems, from terrestrial and aquatic 

environments to the human body's microbiome. In 

environmental microbiology, metagenomics enables 

the exploration of microbial communities' roles in 

nutrient cycling, bioremediation, and ecosystem 

stability. In human health, it offers insights into the 

complex interplay between the microbiome and host 

physiology, with implications for understanding 

diseases, such as obesity, inflammatory bowel 

disease, and infectious disorders [10]. However, the 

sheer volume and complexity of metagenomic data 

pose significant challenges for analysis and 

interpretation. This is where bioinformatics emerges 

as a critical component of metagenomics research. 

Bioinformatics encompasses a diverse set of 

computational methods and tools designed to extract 

meaningful biological insights from raw sequencing 

data. From pre-processing and quality control to 

taxonomic classification, functional annotation, and 

data visualization, bioinformatics provides the 

analytical framework necessary to decipher the 

wealth of information encoded in metagenomic 

sequences [11]. 

This review provides an overview of recent 

developments in metagenomic techniques, next-

generation sequencing advancements, 

bioinformatics software and computational tool 

advancements, metagenomics applications, and a 

framework of the latest developments in this rapidly 

evolving field. The purpose of this study is to 

investigate the developments in NGS instruments 

and computational tools that enable metagenomics 

to advance to a mature state. This review's main goal 

is to provide a better understanding of 

metagenomics, its fundamental techniques, and its 

applications, especially in the most current and 

developing studies. Additionally, this review 

provides an examination of fundamental 

methodological and technical challenges as well as 

possible entanglements arising from metagenomic 

techniques, including data processing, 

interpretation, and research design. 

II. METAGENOMICS 

The study of the metagenome, or collective genome 

of microorganisms from an environmental sample, 

is known as metagenomics. Its purpose is to provide 

details about the ecology and microbial diversity of 

a particular habitat. There are two main types of 

metagenomics: amplicon sequencing, which focuses 

on a key portion of the gene for taxonomy studies, 

like the internal transcribed spacer (ITS) region, 16s 

rRNA, and 18s rRNA. Marker gene-based 

metagenomics is another name for amplicon 

sequencing. Creating a nonspecific primer from a 

preserved area of a microbial community is the main 

requirement for this method. ITS region for fungus, 

18s rRNA gene for eukaryotic organisms, and 16s 

rRNA gene for bacteria and archaea are the most 

often used marker genes. A low-cost method for 

profiling the genus makeup of the microbiota is 

often the 16s rRNA marker gene [12]. The 

hypervariable region (V1-V9) located in the 

conserved area of the 16s rRNA gene is amplified 

using the generic primer designed from the 

conserved region to provide a species-specific 

signature [13].  The nucleotide order is ascertained 

by sequencing the amplified area. A consensus 

sequence is generated to identify the taxonomy of 

bacteria by matching in an appropriate reference 

database after the amplified region is sequenced to 

ascertain the nucleotide order. The sequence reads 

are then binned to a specific taxon based on 

sequence closeness [14]. Shotgun metagenomics, 

which involves sequencing all of the genes in the 

microbial community. In shotgun metagenomics, 

every gene found in a specific environment is 

analysed. With a moderately low cost, better time 

requirements, and more information, it provides a 

coordinated understanding of community structure, 

composition, genetic and population heterogeneity, 

functional capacity, and probable metabolic 

pathways. By directly sequencing extracted genomic 

DNA without amplifying for the particular gene, it 

circumvents the bias brought about by PCR [15]. 

Castañeda & Barbosa (2017) investigated the 

taxonomic, functional, and metabolic potential of 

the microbial population in Chilean vineyards and 

nearby natural woods using shotgun metagenomic 

sequencing [16]. Sequence-driven metagenomics 

and functional metagenomics are two more 
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subcategories of the whole-genome shotgun 

sequencing technique. The sequence-driven 

metagenomics approach, which includes gene 

prediction, assembly, binning, and annotation of 

recently discovered metagenomic sequences, 

specifically relies on sequence analysis for the 

retrieved metagenome. This method necessitates 

reference sequence data but may concentrate on 

sequencing a specific gene of interest (marker 

genes) amplified by PCR [7] or direct sequencing of 

isolated metagenomic DNA without amplification. 

Every protein encoded by the metagenome is 

expressed in functional metagenomics, which 

requires building libraries from extracted 

metagenomes and cloning libraries in the proper 

culturable microorganism as host. 

III. NEXT GENERATION SEQUENCING IN 

METAGENOMICS 

Early microbial community investigations were 

greatly impacted by Sanger sequencing 

technologies. Since Sanger sequencing, the 

sequencing yield and length have significantly 

changed in the modern day. With an average length 

of 650 bp, Sanger sequencing can currently recover 

up to 96 sequences per run, which may be sufficient 

for phylogenetic marker analysis. However, millions 

of DNA molecules with varying yields and sequence 

lengths can be sequenced in parallel using 

inexpensive platforms called Next Generation 

Sequencing Technologies (NGS), which have 

beneficial effects in various fields. The process of 

ascertaining the nucleotide base order of DNA 

fragments is known as DNA sequencing. It was 

crucial to the development of molecular biology. 

From the earliest manual sequencing procedure 

(Sanger sequencing) to the portable next-generation 

sequencing used today (Oxford Nanopore), this field 

has undergone significant progress [17]. Next-

generation sequencing is a kind of DNA sequencing 

technique that determines the sequence by 

sequencing several tiny DNA fragments in parallel. 

With next-generation sequencing technology, a 

single run can generate 105–107 short sequence reads 

quickly and at a lower cost. Because NGS can 

generate a lot of datasets in a single run, it is referred 

to as "high-through-put technology." Compared to 

traditional Sanger sequencing, NGS is a potential 

method for metagenomic research because of its 

speed, volume of data produced, and lower cost. 

[18]. In 2005, 454 Roche pyrosequencing was 

introduced as the first next-generation sequencer. 

Since then, a number of next-generation sequencing 

techniques have emerged, including second and 

third-generation sequencing. This includes the 

sequencing by synthesis technology that has been 

used by Solexa/Illumina sequencers since 2006. 

To determine which microbes are present and in 

what proportions, metagenomic NGS (mNGS) 

entails simply running all of the nucleic acids in a 

sample which may contain mixed populations of 

microorganisms and assigning them to respective 

reference genomes shown in Figure 1. This is an 

extremely potent new technology that can 

concurrently identify genetic material from 

completely distinct kingdoms of creatures by 

sequencing and identifying nucleic acids from 

several different taxa for metagenomic study. The 

potential clinical uses are enormous and include, 

among many other things, the diagnosis of infectious 

diseases, the tracking of outbreaks, infection control 

surveillance, and the identification of mutations and 

pathogens. mNGS, also known as shotgun 

sequencing, has been used for a variety of clinical 

samples, such as blood, respiratory, gastrointestinal, 

ophthalmic, and cerebrospinal fluid. To targeted 

polymerase chain reaction (PCR) techniques, which 

depend on primers to identify particular targets to be 

amplified and detected, mNGS's greatest strength is 

its impartiality and lack of hypothesis. Because they 

amplify unique nucleic acid sequences that can be 

bioinformatically classified into bacteria/archaea or 

fungi, respectively, using specific primers of 

conserved 16S ribosomal RNA (rRNA) gene and 

internal transcribed spacer (ITS) sequences, even 

universal or broad-range PCR methods are not broad 

enough to be classified as metagenomic. universal 

primers present a challenge for molecular testing 

used to diagnose polymicrobial illnesses. Using 16S 

sequencing in the presence of polymicrobial 

populations will result in several base-calls per 

nucleotide, creating an unintelligible mixed 

nucleotide chromatogram. Many laboratories rely on 

next-generation sequencing of the 16S gene for 

polymicrobial samples, as opposed to de-

convolutional computational approaches, which are 

available for predicting organisms detected. Next-

generation sequencing is extremely dynamic and 

quick due to ongoing instrument improvements and 

the subsequent emergence of contemporary 

breakthroughs eliminating the need for vector 

cloning by determining the sequence information 
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from a single DNA fragment of a library. The 

primary benefit provided by these stages is the 

development of an enabling platform to directly 

obtain DNA sequence data from environmental 

samples and the use of next-generation sequencing 

technologies to diagnostic virology [19, 20].  

                          

 
Fig 1. Metagenomic Next Generation Sequencing 

The least prevalent microbe in the environment can 

be found thanks to NGS's great sequencing depth. 

However, NGS's efficacy is limited by its 

comparatively short read duration and massive data 

generation [6]. Oxford Nanopore Technology's 

(ONT) MinION is the first sequencer that uses 

nanopores that is sold commercially. By monitoring 

the shift in electrical conductivity as DNA 

molecules move through biological pores, ONT can 

distinguish between different nucleotides [21]. 

Given that plants have huge, complex genomes with 

numerous repetitive regions, MinION sequencing is 

helpful for sequencing their genomes [22]. In the 

clinical context, Yohe and Thyagarajan [23] 

describe the technique, applications, and limits of 

using NGS technology to test for tumor mutations 

and hereditary illnesses. Using pyrosequencing, Li 

and his associates investigated the organization of 

the microbial community in a mesophilic anaerobic 

digester in a different study [24]. The possibilities 

and progress of NGS for the examination of fish gut 

microbiota were further emphasized by Ghanbari 

and his associates. Reddington and associates used 

MinION Nanopore sequencing, a portable platform 

that would be helpful for future worldwide river 

monitoring, to more recently in 2020 uncover the 

microbial consortia taxonomic and functional 

potential of 11 rivers worldwide [25]. Even though 

next generation sequencing technologies are strong 

and have helped us explore new settings and uncover 

new microbial worlds, they also have unique 

drawbacks and biases that must be overcome. It is 

crucial to remember that the processing of data 

derived from second or third generation sequencing 

technologies requires certain computer resources. 

More sophisticated bioinformatics analysis and 

greater processing resources are required as the size 

of the resulting dataset increases. Large data storage 

is also required for data processing and archiving 

[26]. High-end servers are necessary for 

bioinformatic analysis, but so are knowledge of the 

UNIX operating system. The existing metagenomics 

software requires programming and scripting skills 

to run and install in order to parse and analyse the 

data. Therefore, in order to benefit from 

metagenomic data, biologists or biological scientists 

should learn the fundamentals of computation.  

IV. BIOINFORMATICS TOOLS AND 

TECHNIQUES IN METAGENOMICS 

Metagenomics has emerged as a powerful tool for 

studying microbial communities, regardless of 

whether the member organisms can be isolated and 

cultured in a lab. It has also provided a way to 

characterize the diversity of microorganisms in the 

environment, since many of them are still 

uncultivable. Extracting DNA from a community in 

order to combine the genomes of all the creatures 

inside it is known as metagenomics.   Environmental 

and community genomics, another name for 

metagenomics, is the study of microorganisms by 

directly extracting and copying their DNA from a 

collection of microorganisms found in the majority 

of the world's habitats, such as soil or water. An 

organism's genome is typically extracted from its 

surroundings, fragmented, and then cloned using its 

replicating plasmid. After that, the organisms are 

cultivated to produce metagenomic libraries, which 

are analysed via DNA sequencing. It is the study of 

genetic material recovered directly from 

environmental samples, relies on sophisticated 

bioinformatics tools and techniques to unravel the 

complexity of microbial communities. Niu et al. [27] 

describe how bioinformatics is used in metagenomic 

analysis, for as when analysing 16S rRNA data. By 

analysing 16S rRNA data, one can estimate the 

metabolic pathways of the bacteria in the sample and 

ascertain the diversity of the samples. MOTHUR 

serves as an illustration of a diversity analysis tool. 

The use of 16S rRNA sequencing data to predict a 

community's metabolic pathway from a sample 

using the PICRUSt software has been documented 

by Mallick et al. [28]. Bioinformatics tools are 
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essential for pre-processing, assembling, binning, 

annotating, and analysing the vast amount of 

sequencing data generated from metagenomic 

studies. Pipelines for metagenomic sequence 

analysis differ according on the kind of sequence 

analysis steps. 

To eliminate chimeras and low-quality sequences, 

the raw sequence read that was taken straight from 

the sequencer needs to be pre-processed. To make 

the raw sequence read standard for further 

bioinformatics analysis, this procedure is necessary. 

Pre-processing tools, FastQC is a popular tool for 

assessing the quality of raw sequencing reads. It 

provides detailed reports on various quality metrics, 

including per-base sequence quality, GC content, 

and sequence duplication levels [29]. Trimmomatic 

is a versatile tool for pre-processing sequencing data 

by removing adapter sequences, low-quality bases, 

and PCR artifacts. It employs various filtering and 

trimming algorithms to improve the overall quality 

of sequencing reads [30]. Seqtk is another 

preprocessing tool used for sequence quality control, 

format conversion, and sub-sampling of large 

sequencing datasets. It offers efficient algorithms for 

filtering low-quality reads and removing sequencing 

artefacts [31].  

The reconstruction of short metagenome reads 

linked to create a lengthy sequence is called 

assembly. The process of joining short sequence 

reads into lengthy contigs or scaffolds and 

ultimately rebuilding entire genomes is known as 

genome assembly [32]. In order to accurately 

estimate the microbial population in a given 

environment, genome assembly makes it easier to 

predict full-length protein-coding genes or 

transcripts and identify strain-specific genomic 

islands. A full genome or a good draft may be 

produced using the assembly method [33]. 

Reference-based and de novo assembly are the two 

methods of genome assembly. In order to align short 

reads with the reference database, reference-based 

assembly depends on the availability of a reference 

genome. Due to reference databases' preference for 

previously identified sequences, this approach 

significantly understates microbial diversity. When 

assembling a sequence that has never been 

assembled before, a de novo assembly is the 

optimum choice. However, the cost of this approach 

is significant, and it requires more gigabytes of 

Random-Access Memory.  Assembly makes use of 

one of two often employed techniques: the de Bruijn 

graph and overlap layout consensus (OLC) [12]. 

Other scholars have also created hybrid and iterative 

joining techniques for assembly [34, 35]. The de 

Bruijn graph, however, is the most widely used 

technique. The de Bruijn graph has the advantage of 

being less expensive than OLC due to its ability to 

be constructed without pairwise comparisons [12]. 

The bioinformatic tools BBAP, Genovo, MegaGT, 

and MEGAHIT can be used for assembly [36]. 

Assembly tools MEGAHIT is a state-of-the-art 

metagenomic assembler optimized for 

reconstructing high-quality contigs from short-read 

sequencing data. It employs an efficient de Bruijn 

graph algorithm to assemble complex metagenomic 

datasets [37]. MetaSPAdes is a metagenomic 

assembler designed to handle heterogeneous 

datasets containing multiple species with varying 

abundances. It integrates information from multiple 

sequencing libraries to improve assembly accuracy 

and contiguity [38].  

The clustering of sequences created during the 

assembly process is known as binning. Binning 

represents a biological taxon by classifying 

sequences known as contigs [12]. MetaWatt [39] 

and CONCOCT [40] are two examples of software 

alternatives utilized for binning analysis. Higher 

accuracy compared to current approaches and ease 

of use are two benefits of MetaWatt [39]. 

CONCOCT is a highly accurate software that can 

classify complex microbial communities [40]. A 

technique for identifying pieces of the same 

biological sequence is sequence analysis. Simple 

alignment and multiple alignments are the two 

categories into which sequence analysis is separated. 

Aligning two sequences together is known as simple 

alignment, but aligning more than two sequences is 

known as multiple alignment [41]. The Basic Local 

Alignment Tool, or BLAST, is one of the alignment 

tools. A tool called BLAST is used to compare the 

sequences of different kinds of organisms. The 

expectation value (E value), a gauge of statistical 

significance, is assigned to each alignment's score 

[42]. 

Annotation is the process of adding and allocating 

biological information to the sequence of short reads 

and assembled contigs in order to make sense of 

them. Various bioinformatics tools designed for this 

purpose are used to accomplish this. The 

unassembled read's taxonomic and functional 

annotation primarily depends on the database. For 

short reads, some annotation tools are USEARCH, 
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BLAT, RapSearch, and DIAMOND; for assembled 

reads, they are IMG/ER, MG RAST Server, 

WebMGA, and ggKbase. Gene prediction tools for 

metagenomic sequence reads include Prodigal, 

MetaGeneAn-notator, FragGeneScan, Orphelia, and 

MetaGeneMark [43]. Taxonomic classification tools 

QIIME (Quantitative Insights Into Microbial 

Ecology) is a comprehensive bioinformatics 

pipeline for analysing microbial community 

composition and diversity from marker gene 

sequencing data, such as 16S rRNA. It provides 

modules for sequence processing, taxonomic 

assignment, and statistical analysis [44]. Kraken is a 

fast and accurate taxonomic classification system 

that assigns taxonomic labels to sequencing reads 

using k-mer-based alignment algorithms. It 

leverages reference databases to classify millions of 

reads within minutes [45]. Functional annotation 

tools MG-RAST (Metagenomics Rapid Annotation 

using Subsystem Technology) is a web-based 

platform for annotating metagenomic sequences 

with functional information. It utilizes reference 

databases such as SEED and KEGG to assign 

putative functions to genes and pathways [46]. 

HUMAnN (HMP Unified Metabolic Analysis 

Network) is a pipeline for functional profiling of 

microbial communities using metagenomic 

sequencing data. It quantifies the abundance of 

microbial metabolic pathways and gene families, 

providing insights into community-level metabolic 

activities [47]. Comparative analysis tools STAMP 

(Statistical Analysis of Metagenomic Profiles) is a 

software package for statistical analysis and 

visualization of metagenomic data. It offers a wide 

range of statistical tests and graphical tools for 

comparing microbial community compositions 

across different experimental conditions [48]. LEfSe 

(Linear discriminant analysis Effect Size) is a 

computational tool for identifying differentially 

abundant microbial taxa or functional features 

between multiple sample groups. It employs linear 

discriminant analysis (LDA) to detect biomarkers 

associated with specific biological conditions [49]. 

Protein families are listed in the Pfam database. In 

Pfam's analysis, the double alignment generated by 

the hidden Markov model is referred to. 

Investigating the relationships between protein 

sequences at the family level is the aim of Pfam's 

investigation [42]. Amino acid sequence is referred 

to as the fundamental structure. The genes that 

encode the fundamental structure are sequenced in a 

certain way. Protein structures are divided into three 

categories: secondary, tertiary, and quaternary. 

Understanding protein structure is essential to 

comprehending how proteins work. Bioinformatics 

prediction study of protein structure can aid in 

comprehending a protein's physical properties and 

functions [50]. Phylogenetic analysis of functional 

metagenomics describes methods for predicting 

specific molecular properties and reconstructing the 

evolutionary links between groups of protein 

molecules. The likelihood, parsimony, and distance 

approaches are the techniques used to create 

phylogenetic trees. Every approach has unique 

advantages and disadvantages, and no one approach 

is flawless. MOLPHY, PHYLIP, and MEGA 

(Molecular Evolutionary Genetics Analysis) are a 

few examples of phylogenetic analysis tools [51]. 

V. APPLICATION OF METAGENOMICS  

Bioinformatics serves as the backbone of 

metagenomics, enabling researchers to decode the 

genetic information of complex microbial 

communities and extract valuable insights across 

various fields. Illustrating the profound impact of 

bioinformatics in metagenomic applications: 

5.1. Environmental Microbiology 

In a ground-breaking study by Xiong et al. (2015), 

metagenomic sequencing coupled with 

sophisticated bioinformatics analysis was employed 

to explore microbial communities thriving in oil-

contaminated soil [52]. By leveraging tools like 

QIIME for taxonomic classification and MG-RAST 

for functional annotation, researchers identified key 

microbial taxa and metabolic pathways involved in 

hydrocarbon degradation. This not only provided 

insights into the microbial ecology of polluted 

environments but also offered valuable strategies for 

bioremediation efforts. Both natural and man-made 

elements contaminate the environment, but in recent 

years, pollutants brought on by the latter such as 

different waste products from industry and other 

household activities have gotten worse. Population 

increase and industrialization are the primary causes 

of environmental pollution. To preserve the natural 

ecosystem and create a safer environment for human 

health, pollutants must be removed from 

contaminated soil and wastewater. Recently, there 

has been an increase in interest in bioremediation-

based techniques for the economical and sustainable 

removal, degradation, and adsorption of 
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contaminants [53]. Pollutants such as hydrocarbons, 

polychlorinated biphenyls (PCBs), polycyclic 

aromatic hydrocarbons (PAHs), and other aromatic 

chemicals can be broken down and changed by 

microbes [54]. An improved technique for 

identifying putative genes involved in the removal 

of metal pollutants and the breakdown of aromatic 

hydrocarbons is the use of metagenomics methods. 

A comprehensive understanding of microbial 

communities is made possible by recent 

developments in next-generation sequencing and 

bioinformatics, which also offer an invisible 

mechanism for the breakdown of contaminants. 

Finding new microbes that are essential to the 

breakdown of pollutants and identifying new genes 

that enable microbial remediation from 

contaminated environmental samples is made easier 

by metagenomics, all without the need to separate 

and cultivate the microorganisms. Furthermore, 

metagenomics identifies many methods and 

approaches to improve clean-up [55]. The fungus 

community in the soil sample affected by 

hydrocarbons was identified using a metagenomic 

technique in the recent study by Ogbonna and 

colleagues [56]. Chakraborty and associates use 

shotgun nanopore sequencing to reveal the 

functional analysis and spatiotemporal taxonomic 

diversity of hypersaline and hyperalkaline lonar 

lakes [57]. For benzoate degradation routes (KO 

00362) and nitrotoluene degradation pathways (KO 

00633) classified up to function level, they 

examined xenobiotic degrading genes and metabolic 

pathways. Another study looked at how the addition 

of nitrogen, which promotes the breakdown of total 

petroleum hydrocarbon in various treatments, 

altered the composition and organization of the 

microbial community [55]. Using the KEGG 

orthologous group (KOs), they attempted to 

determine the primary functional enzymes involved 

in the metabolism of carbon and nitrogen. Another 

study also reported the bioremediation capacity of 

the Metagenome-Assembled Genome (MAGs) of 

Oceancaulis Alexandarii NP7 isolated from the 

Mediterranean Sea-polluted marine sediments in 

terms of hydrocarbon breakdown and metal 

detoxification [58]. 

5.2. Human Health 

Metagenomic analysis of the human gut microbiome 

has revolutionized our understanding of its role in 

health and disease. Qin et al. (2010) conducted a 

seminal study wherein metagenomic sequencing and 

bioinformatics tools like MetaPhlAn and HUMAnN 

were employed to compare gut microbiota in 

individuals with and without type 2 diabetes [59]. 

The analysis revealed significant differences in 

microbial composition and metabolic pathways 

associated with disease. Such findings hold promise 

for developing personalized therapeutic 

interventions targeting the gut microbiome. Novel 

viral compositions can be found using 

metagenomics techniques in nasopharyngeal swabs 

taken from patients infected with COVID-19 [60]. 

Understanding the makeup of the gastrointestinal 

microbiota in individuals infected with SARS-CoV-

2 is the other significant application. It is established 

that the composition of the intestinal microbiome 

plays a major role in both human health and disease. 

There could be major health consequences if the 

microbiota in our intestine’s changes or declines. 

The gut microbiome's discovery and 

characterisation offer crucial information about 

people's health. Gestural symptoms may be 

experienced by patients with a severe acute 

respiratory syndrome coronavirus 2 (SARS-CoV-2) 

infection [61]. A potent method for identifying and 

detecting the gastrointestinal microbiome 

composition of individuals infected with SARS-

CoV-2 is advanced high-throughput metagenomics 

sequencing [62]. In contrast, the metagenomic 

technique greatly aids and facilitates the analysis of 

the microbial population from patient samples to 

detect the presence of harmful bacteria and genes 

responsible for toxicity and pathogenicity [63]. 

Identifying microorganisms in the examined 

samples, including those from infectious diseases, is 

possible through the use of a metagenomic method, 

which is not specific to a single isolate [64, 65]. 
Without the need for isolation in pure culture, 

metagenomics-based high-throughput sequencing 

makes it possible to identify possible pathogens 

including bacteria, viruses, fungus, and parasites in 

patient samples. NGS is appropriate for analysing 

the complete genomic contents of clinical samples 

because it produces millions to billions of readings 

in a single run. In the diagnosis of infectious 

diseases, clinical metagenomics is used to define the 

taxonomy of the pathogenic bacterium, predict 

antibiotic resistance genes in patient samples, 

identify virulence factors, and discover antiviral 

resistance genes. Additionally, this data is utilized 

for oncology, transcriptomics to study the human 

host's response to infection, and microbiome studies. 
Potential applications of viral metagenomics include 
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environmental monitoring, disease outbreak 

response, clinical diagnostics, and the identification 

of new viral pathogens [66]. Shotgun metagenomics 

is superior to other conventional microbiology and 

molecular techniques for pathogen detection 

because it is faster, less expensive, can identify low-

level pathogens, can identify novel or variant 

pathogens, can detect transmission events, and can 

detect multiple pathogens in a single test [67].  

5.3. Microbial Ecology and Evolution 

Metagenomic data coupled with advanced 

bioinformatics tools have provided unprecedented 

insights into microbial ecology and evolution. Locey 

& Lennon (2016) utilized metagenomic datasets to 

explore microbial diversity patterns across diverse 

ecosystems [68]. By applying ecological models and 

network analysis techniques, researchers deciphered 

fundamental principles governing community 

assembly, biodiversity dynamics, and ecosystem 

functioning. Such studies contribute to our 

understanding of microbial ecosystems and their 

response to environmental changes. The external 

environment is unforgiving and uncomfortable for 

microorganisms to thrive and reproduce. Extreme 

salinity and nutrients, high temperatures, changed 

gravity, and intense radiation are the characteristics 

of those environmental circumstances. Microbial 

communities persist in those settings despite the 

adverse effects those conditions have on microbial 

life. Extremophiles are microorganisms that can 

endure in those environments. Investigating 

extremophiles on Earth helps discover new 

biomarkers that could be applied in liveable areas 

beyond Earth and is crucial for comprehending their 

adaptation tactics [69]. In order to investigate if life 

exists on other extra-terrestrial planets, these 

liveable habitats are regarded as analog 

environments on Earth. 16S Amplicon Sequencing 

and shotgun metagenomics were used to assess the 

taxonomic and functional diversity of microbial 

communities in Costa Rica's Poás Volcano, which is 

perhaps one of the planet's most harsh Martian 

analog settings [70]. Utilizing culture-dependent 

approaches is not feasible for studying microbial 

communities from those similar habitats. Without 

culturing, we can thus directly access the genetic 

material of the extremophilic bacteria present in the 

sample through metagenomics, meta-

transcriptomics, and metabolomics research. The 

metagenomics technique does not necessitate 

sustaining the harsh environmental conditions and 

nutrient needs of every microorganism in lab 

settings [71]. A living cell's diverse range of 

chemical reactions and small molecules cannot be 

sufficiently explained by methods based on DNA 

and RNA. Extremophiles and environmental 

samples include tiny compounds that can be 

accurately identified by metabolomics [72]. These 

tiny chemicals are the primary means by which 

microorganisms survive in hostile environments. In 

the meanwhile, those tiny molecules are crucial for 

studying extra-terrestrial life. To profile microbial 

communities in sulfidic springs, subterranean, 

hypersaline, acidic lakes, acidic rivers, and 

permafrost settings, amplicon sequencing and 

whole-genome shotgun sequencing were employed 

[73]. All of these include the developments in 

metagenomic approaches that have made it possible 

to get insight into the intricate and multifaceted 

nature of life in a more effective manner. A study 

that used metagenomic analyses to provide a 

comprehensive view of the surface microbiome of 

the International Space Station (ISS) has shown a 

microbial burden, the prevalence of bacterial and 

fungal species, changes in the microbiome and 

resistome over time and space, as well as the 

functional capabilities and microbial interactions of 

this specially constructed microbiome [74]. In order 

to guarantee an ISS surface microbiota that supports 

astronaut health and spacecraft integrity, these 

investigations help shape regulations for next space 

missions. 

5.4. Biotechnological Applications 

Metagenomics has emerged as a powerful tool for 

bioprospecting and discovering novel enzymes with 

biotechnological potential. Ferrer et al. (2005) 

employed metagenomic sequencing and 

bioinformatics analysis to identify thermostable 

enzymes from hot springs [75]. Protein molecules 

called enzymes reduce the activation energy of 

biological reactions, speeding them up. Because of 

their sensitivity to the substrate and specificity, 

enzymes were chosen by many businesses. Enzymes 

are now widely used in sectors like textiles, paper, 

detergents, food, and beverages as a result of the 

development of technology associated to the 

manufacturing of enzyme-linked goods. Higher 

activity, heat tolerance, and pH tolerance are some 

of these enzymes' unique characteristics that help 

them meet the demands of particular industries [63]. 
The requirement for new enzymes in various sectors 

has been satisfied by metagenomics, which has 
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yielded enzymes including lipases, β-lactamases, 

polysaccharide modifying enzymes, nitrilases, 

dehydrogenases, oxidoreductases, cellulose [76], 

amylase, xylanase, and proteases. The process of 

cloning and screening the intended clone according 

to the function expressed by the host is necessary to 

identify a new biocatalyst [7]. Mirete and his 

associates summed up the significance of employing 

functional metagenomics to identify 

extremophiles—organisms that are unable to thrive 

under typical laboratory conditions—and their 

extremozymes [2].  By leveraging bioinformatics 

tools for sequence annotation and functional 

prediction, researchers isolated enzymes with 

industrial applications in bio catalysis and 

bioremediation. This illustrates the transformative 

potential of metagenomics in biotechnology and 

industrial processes. Using metagenomics 

techniques, new pathways, enzymes, and microbes 

involved in the breakdown of cellulosic biomass 

were discovered [77]. Motahar and his associates 

discovered, isolated, and described new acidic 

and/or thermostable α-amylase (persiAmy3) from 

the microbiota of sheep rumen. By raising the 

overall lowering sugar content, PersiAmy3 is 

utilized in chicken feed enhancement to improve 

starch breakdown and boost feed nutrient 

availability [78]. A more recent study looked at the 

functional characteristics and microbial composition 

of the cecum of Chinse bamboo rats [79]. They 

discovered a number of metabolic pathways for the 

genes and genomes involved in the breakdown of 

cellulosic and lignocellulosic biomass. Another 

study identified more carbohydrate-active genes and 

novel thermostable cellulose-degrading enzymes 

from anaerobic digestion sludge [80]. 

Bioinformatics and next generation sequencing, 

coupled with metagenomics, has opened new 

avenues for exploring microbial diversity, 

understanding ecosystem dynamics, and harnessing 

the biotechnological potential of microorganisms. 

Through interdisciplinary collaborations and 

technological innovations, bioinformatics continues 

to drive ground-breaking discoveries in 

environmental microbiology, human health, 

agriculture, microbial ecology, and biotechnology, 

shaping our understanding of microbial life and its 

myriad applications in diverse fields. 

VI. CHALLENGES IN METAGENOMICS 

Metagenomic data analysis, while incredibly 

powerful, is not without its hurdles. The complexity 

of microbial communities and the inherent 

limitations of sequencing technologies pose 

significant challenges. Although metagenomics has 

been shown to have significant applications across 

several industries, there are still many issues that 

must be resolved for the field to profit effectively 

[3]. The contamination of extracted DNA with soil-

derived extracts, such as humic acid, is one of the 

main and most important problems in 

metagenomics. While the absence of necessary 

purification disrupts downstream processes, 

additional purification to eliminate these 

contaminants results in sample loss [81,82]. To 

produce the library, adequate length and high-

quality DNA are needed; meeting these 

requirements, as well as the sensitivity of packing 

concentrates and of cleaned, digested, and 

dephosphorylated vector DNA for ligation, 

continues to be a challenge [81]. Another issue with 

amplicon-based metagenomics in the future is the 

limited resolution for novel microorganisms and 

their propensity for unusual amplification [3]. For 

metagenomics research, assembling the numerous 

short reads generated by the current sequencing 

method into continuous fragments (contigs) presents 

significant hurdles as well. When numerous lengthy 

repeat patterns are displayed within the genes, the 

assembly process becomes more difficult [3]. By 

advancing high-throughput gene sequencing 

technologies, these difficulties can be overcome and 

longer reads can be sequenced with more precision 

and depth. Data storage and processing power are 

the two major issues brought on by the massive 

volume of data produced by NGS [83]. 

Metagenomics examination is challenging for 

beginners due to the lack of advanced bioinformatics 

understanding and the difficulty to view all NGS 

data in an interpretable format [53]. Another 

drawback in metagenomics is the bias of the 

reference database that is used to annotate sequence 

reads. Sequences from readily available, efficiently 

culturable organisms and species with industrial or 

pathogenic implications are preferred in certain 

databases [11]. The majority of binning techniques 

are tailored to binning reads that come from bacterial 

genomes [11]. Metagenomic investigation is made 

simpler by carrying out more metagenomic research 

to build larger genomic databases [3]. 

VII. CONCLUSION  
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This review has provided a comprehensive overview 

of the role of bioinformatics and next generation 

sequencing in advancing metagenomics research. 

Through a synthesis of literature and case studies, 

several key findings and insights have been 

highlighted. Bioinformatics and next generation 

sequencing serve as a cornerstone in metagenomic 

studies, facilitating data analysis, interpretation, and 

integration across diverse applications such as 

environmental microbiology, human health and 

biotechnology. Through the use of advanced 

computational methods, algorithms, and software 

tools, researchers can extract meaningful biological 

insights from complex metagenomic datasets, 

uncovering the taxonomic composition, functional 

potential, and ecological dynamics of microbial 

communities. Bioinformatics has revolutionized our 

understanding of microbial ecology, evolution, and 

biotechnological applications. By enabling the 

exploration of microbial diversity, interactions, and 

metabolic capabilities, bioinformatics has paved the 

way for transformative discoveries in fields ranging 

from environmental remediation and disease 

diagnostics to bioprospecting and synthetic biology. 

The importance of bioinformatics and next 

generation sequencing in metagenomics cannot be 

overstated. As technological advancements continue 

to generate vast amounts of sequencing data, 

bioinformatics plays a crucial role in processing, 

analysing, and interpreting this information, thereby 

bridging the gap between raw data and biological 

insights. Without robust bioinformatics approaches, 

the full potential of metagenomics to revolutionize 

our understanding of microbial life and its 

applications would remain unrealized. 

The future prospects of bioinformatics and next 

generation sequencing in metagenomic studies are 

promising. Emerging trends such as multi-omics 

integration, single-cell analysis, machine learning, 

spatial profiling, and environmental monitoring are 

poised to further expand the frontiers of 

metagenomics research. By embracing these 

advancements and fostering interdisciplinary 

collaborations, researchers can unlock new 

dimensions of microbial complexity, diversity, and 

functionality, leading to innovative solutions for 

addressing global challenges in health, agriculture, 

environment, and biotechnology. Bioinformatics 

and next generation sequencing is indispensable in 

advancing metagenomics research, providing the 

analytical framework and computational tools 

necessary for unravelling the mysteries of microbial 

communities. As we embark on this exciting journey 

into the microbial world, bioinformatics will 

continue to be a guiding light, illuminating our path 

towards a deeper understanding of microbial life and 

its implications for humanity. 
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