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Microbiology has completely transformed in the last 25 years and the 

realization that most microorganisms cannot be grown in a pure culture 

resulted in new methods of analyzing genomic diversity. One such 

method, Metagenomics, refers to the study of microorganisms on the 

basis of their genomic diversity, acquired directly from environmental 

samples. It facilitates the study of physiology and ecology of 

environmental microorganisms through a vast array of sequencing and 

functional techniques. Over the years, many sequencing techniques like 

Sangers Sequencing, Shotgun Sequencing, Whole Metagenomic 

Sequencing and 16s rRNA gene sequencing were used, which 

revolutionized the portrait of the microbial world. Microbiome profiles 

of these samples can be generated and analysed through various 

statistical tools like functional annotations, marker data profiling and 

biomarker detection which can give a description of community 

membership, and provide insight into the genetics and biochemistry of 

the members. The application of metagenomic sequence information 

will result in better culturing strategies and help link genomic analysis 

with pure culture studies. 

 
Copy Right, IJAR, 2022,. All rights reserved. 
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Introduction:- 
Microbes are everywhere. They take part in many biochemical cycles that convert key elements of life (carbon, 

nitrogen, oxygen, sulfur) to biologically assembled forms. Microbes function as multicellular organisms causing 

metabolic versatility which can regulate the majority of matter on Earth either as an individual or in a symbiotic 

association. 

  

Microbes were first discovered in the late 18th century due to the invention of microscopes. Thus began the 

molecular biology and genomics revolutions to gain a thorough understanding of its underlying genetic basis. From 

the discovery of ‘nuclein’ (now known as DNA) by Friedrich Miescherin in 1871 to the ‘Human Genome Project’ in 

1990, genomics became a field of increasing interest. Almost all knowledge of microbes is largely laboratory 

knowledge and is attained in unusual and unnatural circumstances of growing them optimally in artificial media in a 

pure culture. Although it greatly contributed to understanding genomics, on the other hand, it limits the ability to 

elucidate the dynamics of microbial communities. 

 

It is estimated that only 0.1-1.0% of the living bacteria present in soil can be cultured in standard conditions. So, it 

became important to find non-traditional approaches through which microorganisms could be studied without the 

necessity of culturing. Therefore, the role of metagenomics outshines as an approach to investigate microbes from 

their natural environment without the need of culturing. 
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What Is Metagenomics 

Metagenomics refers to the study of microorganisms on the basis of their genomic diversity, acquired directly from 

environmental samples. It overcomes the unculturability of many microbes, resulting in advances in clinical and 

environmental microbiology. The traditional cultivation based methodologies, although proven successful in the 

identification and analysis of microorganisms, fails to recognise a population of highly similar yet distinguishable 

individual genotypes which cannot be cultured. Thus, metagenomics uses various bioinformatic tools and statistical 

pipelines to analyse the genetic information of a microbiome. It is a new and evolving field and the application of 

next generation technologies further increases the amount of sequence data observed through various databases like 

NCBI, HOMD, eHOMD, greengenes. 

 

Many different techniques like Sangers sequencing, shotgun sequencing, 16s rRNA sequencing and whole 

metagenome sequencing are used in metagenomics. 

 

Sanger sequencing, also known as the ‘chain termination method’, refers to the process of determining the 

nucleotide sequence of DNA. It is the oldest sequencing technique, developed in 1977 by Frederick Sanger, and is 

the basis for next generation sequencing. Unlike the PCR, which is used to amplify and duplicate DNA in its 

entirety, Sanger sequencing is used to generate every possible length of DNA up to the full length of the target DNA 

and so, dideoxynucleotides (ddNTP) are necessary. The three main steps to Sanger's sequencing include DNA 

sequence for chain terminator, size separation by DNA electrophoresis and gel analysis and determination on gene 

sequence. Although Sangers sequencing is a first generation method, it is essential for clinical purposes. However, 

sangers sequence can only sequence small strands of DNA, there could be errors in ddNTP, and the DNA sequence 

cannot be randomly cut. In 1981, Sanger developed the shotgun sequencing method, through which data from 

different sequences is compiled to form a larger genome. In this process, a genome is randomly broken into small 

fragments which are then sequenced individually. This type of metagenomic sequencing allows researchers to 

sequence thousands of organisms in parallel. As many samples could be combined in a single sequencing run, high 

sequence coverage per sample can be obtained and thus, low abundance members of the microbial community that 

may be missed or are too expensive to identify using other methods can be detected. 
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Sources of Samples in Metagenomics 

Only about 1% of the microbes present in different environments can be cultured thus leaving a vast array of 

microorganisms unknown. This diversity can be estimated through culture independent approaches using 

environmental samples, some of them includes: 

 

1. SOIL:  

Soil holds a quarter of the total biodiversity on the planet and is one of the main reservoirs of taxonomy. It has a 

high level of heterogeneity and many microorganisms, including insects, mollusks, protozoa, algae, bacteria, fungi, 

etc. The diversity of microorganisms depends on a number of factors like organic matter content, soil mineral 

composition, pH and soil management practices. Bacteria in the soil play a key role in nutrient recycling 

(Nitrosomonas), development, soil structuring (rhizobia), regulation of diseases and the depollution of contaminated 

soils. They can form symbiosis with plants by interacting in the rhizosphere and can also be pathogenic, for both 

plants and animals. Studying such bacteria helps generate more information about biodiversity in soils. 

 

2. WATER: 

Many water bodies, including water springs, deep ocean vents, drinking water supply, groundwater, lakes etc 

provide an important ecosystem to microbial communities that remain largely unknown. Bacteria like E. coli, 

Campylobacter jejuni, Giardia lamblia, Legionella pneumophila, etc are all pathogenic bacteria found in water. 

 

3. AIR: 

Microbes in the air mainly consist of bacteria that are airborne, often attached to dust particles or droplet dispersion 

from coughs and sneezes or breezes over land or bodies of water. The spore formation in the aerosols that persist in 

the environment includes a number of bacteria like Bacillus, Micrococcus, Staphylococcus, etc. Microbes in the air 

are in low concentrations and can be collected by sampling large volumes of air through air handling units. 

 

Different Techniques of Metagenomics: 

Metagenomic DNA Sequencing: 

Sequencing metagenomics refers to the study of microbial and functional diversity of an environmental sample 

using reference databases. It relies on the identification of comparison of sequences with previously annotated 

sequences uploaded to databases. The sequences obtained can be aligned to generate a phylogenetic tree in which 

the diversity of microorganisms in the sample is revealed. However, sequences with a low similarity to the given 

databases are classified as unidentified and thus, novel genes are often disregarded and entire gene sequences are 

rarely revealed. This leaves ambiguity around the gene products which prevents comprehensive biochemical and 

functional annotation.  

 

Functional Metagenomics 

Functional metagenomics refers to the study of the functions of encoded proteins in microorganisms by isolating 

DNA from microbial communities. In this process, DNA fragments are cloned, their genes are expressed in a 

surrogate host, and are screened for enzymatic activities. The construction and screening of metagenomic libraries 

and cosmid/fosmid libraries are preferred due to their large and consistent insert size and high cloning efficiency. To 

construct such libraries, DNA is first extracted from its environmental sample, size selected, and end repaired 

followed by ligation to a cos-based vector. This library is used to transform a bacterial host which can be 

manipulated in the lab. A number of novel enzymes could be identified on the basis of their DNA sequences. 

Information from the following approach annotates the genome from sequenced based analysis while functional 

metagenomics complements the prior ones. 

 

16S rRNA Sequencing: 

The 16s rRNA sequencing is a method used to identify, classify, and quantify microbes within complex biological 

mixtures (like environmental samples or gut samples). It was first proposed in 1977 by Carl Woese and George E. 

and the first microbial community study was conducted in 1990 by Giovannoni. The comparison of the 16s rRNA 

gene sequence allows differentiation between organisms at the genus level across all major phyla of bacteria. This 

gene is a highly conserved component of the transcriptional machinery of all microorganisms and so, is a suitable 

target gene for sequencing DNA in samples containing thousands of species. It is about 1500 bp long and thus, with 

sufficient polymorphisms of the 16s rRNA gene, can make distinguishing and statistically valid measurements. As 

the 16s rRNA has both conserved and variable regions, the PCR targets the conserved regions of 16s while 

sequencing the variable regions allows discrimination between specific different microorganisms. With the coupling 
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of 16s rRNA PCR and the next generation sequencing, samples from comprehensive time series can be analysed to 

quantify microbial community dynamics across many sites or produce detailed 3D maps of microbial communities. 

Moreover,   

1. it’s present in almost all bacteria,  

2. its function has not changed overtime (thus random sequence changes are a more accurate measure of time) 

3. The gene is large enough for informatic purposes 

 

The 16S rRNA gene sequencing has been determined for a large number of strains. Genbank (the largest databank of 

nucleotide sequences) has over 20 million deposited sequences, out of which over 90000 are of 16S rRNA gene. 

These are the most common genetic markers to study bacterial phylogeny and taxonomy as the 16S rRNA gene 

sequence analysis can discriminate far more finely among strains of bacteria than is possible with phenotypic 

methods. It provides genus and species identification for isolates that don't fit in any recognised biochemical profiles 

(those strains that generate only a ‘low likelihood’ or ‘acceptable’ identification according to the databases.) The 

usefulness of 16s rRNA gene sequencing as a tool for identification is dependent on the deposition of complete 

unambiguous nucleotide sequences into databases and applying the correct ‘label’ to each sequence.  Studies show 

that 16S rRNA sequencing provides genus identification in more than 90% of the cases but in none of the studies 

has the definition of species matched more than 99%, i.e. there has never been a perfect match established.  

 

Although this type of sequencing is very useful in regards to bacterial classification, it has a low phylogenetic power 

at the species level and poor discriminatory power for some genera. Moreover, when the 16s rRNA sequences have 

very high similarity scores, the data cannot distinguish between recently diverged species and thus, cannot provide a 

definitive answer. Thus, to differentiate a species within a particular genus, a better gene may be found to identify 

the species.  

 

Whole Metagenomic Sequencing: 

Whole metagenomic sequencing, first employed in 1977 to sequence the phiX174 virus, refers to the sequencing of 

all genomes existing in an environmental sample to analyse the biodiversity and functional capabilities of the 

microbial community studied. It aims to sequence the entire genetic material of the sample and characterise the 

complete diversity of a habitat, including archaea, bacteria, eukarya, and viruses. This method of sequencing offers 

not only the possibility to characterise the genomic diversity of the community but also the potential and novel 

functions that are present in a community. Through correct sequencing depth, it is possible to assemble full genomes 

from metagenome data to gain insights into the genomic diversity of microbial communities and to obtain draft 

genomes of uncultured microorganisms. Data quality control is a critical and often challenging step in whole 

metagenomic sequencing as it aims to distinguish natural genetic variations within reads obtained from sequencing 

errors. 

 

This approach allows taxonomy to be assigned at the species and strain levels. Whole metagenomic sequencing is 

easily achieved in habitats like the human skin, or the lungs, characterised by low biomass and high host DNA 

contamination although better results are generated for simpler organisms, such as bacteria. However, biases in 

metagenomic output may affect whole metagenomic sequencing. It is less affected by biases associated with the 

PCR necessary for amplifying the marker genes. Rather it is affected by biases in metagenomic output due to the 

whole metagenomic protocol.  

 

Marker Data Profiling 

The process by which microbiome profiles can be generated through quality filtered data is known as marker data 

profiling. All raw sequencing data is processed before microbiome profiles are generated and biologically relevant 

information is obtained. Evaluation of data quality and filtering of low quality data is carried out for analysing 

taxonomic microbiome profiles based on the relative abundance of taxa. The functional capacity of the genetic 

expression individually amongst the community explains the relevance amongst various functional pathways. The 

feature of community profiling which is majorly studied includes alpha-beta diversity and core microbiome analysis 

and characterisation through LEfSe and random forests.  

 

Alpha diversity refers to the variability of species in a sample. It measures the richness, the number of species in an 

environment, and evenness, the homogeneity in abundance of different species in the sample. Some indices include 

the Chao1 index and Shannon index. Beta diversity measures the differences in microbiome diversity in different 

samples. For example, Bray-Curtis, UniFrac, weighted Unifrac distance, Jaccard index and the aitchison distance. 
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PCoA, standing for principal coordinate analysis, refers to the diagrammatic representation of microbial 

communities in a sample. Points that are closer together have microbial communities similar in sequence 

composition. Core microbiome analysis helps to distinguish between the different types of functions carried out by 

host associated microbes. 

 

LEfSe is an algorithm for high dimensional biomarker discovery. It identifies genomic features, characterising the 

differences between two or more biological conditions. 

 

Functional Annotations 

Functional annotation refers to the process of collecting information about and describing a gene's biological 

identity i.e its various aliases, molecular function, biological roles, subcellular location, etc. It is the method of 

attaching biological information to sequences of genes or proteins. 

 

The most basic level of functional annotation is using sequence alignment tools like BLAST for finding similarities, 

and then annotating genes or proteins based on that. Due to technological advancements, additional information of 

biological functions is added to the annotation systems. This allows hand operated annotation to distinguish genes 

that have the same annotation. Thus, computational annotation methods to characterise genes from their sequence 

are increasingly important.  

 

Metadata Correlation  

Information associated with DNA sequences is known as metadata. Metadata correlation refers to the analytical 

approach of identifying patterns in ecological properties of microbial communities. This could be done by 

sequencing community structure and function and defining the physical, chemical and biological parameters of the 

ecosystem. 

 

Biomarker Detection 

A biomarker is a characteristic that is objectively measured and evaluated as an indicator of normal biological and 

pathogenic processes. It is a measurable diagnostic indicator for assessing the risk or presence of disease. The 

discovery of biomarkers has proven to be one of the most broadly applicable and successful means of translating 

molecular and genomic data into clinical practice. The detection of biomarkers in bodily fluids such as blood and 

urine is a powerful tool for early diagnosis and treatment of diseases. Biomarker detection can be formulated as 

determining the most revealing features that can differentiate multiple sets of samples. It is challenging for 

metagenomic biomarkers to identify the most biologically informative features differentiating two or more 

phenotypes. Powerful statistical tools are required to ensure the reproducibility of conclusions drawn from 

metagenomic data as they are crucial for the clinical application of biological findings. 
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