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ABSTRACT
Advancement in next generation sequencing (NGS) and development of high-performance bioinformatics tools have improved understanding of 
microbial communities. The massive data production and substantial cost reduction in NGS have led to the rapid growth of metagenomic research 
tools. The basic goal of any metagenomic project is the full characterization of a community i.e. “who's there? “what are they doing”?  The science 
of metagenomics made it possible to investigate resource for the development of novel genes, enzymes, pathways and chemical compounds for use 
in biotechnology. Present review highlights the major breakthrough in the eld of metagenomics, providing insights into current boundaries of the 
eld and forthcoming challenges.
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1. INTRODUCTION
Microorganisms are present almost everywhere on the earth.  Many 
challenges have been experienced during identication of unexplored 
entities and in their ways of interaction with their environment. Over a 
decade, metagenomics has been proven an advance eld of research by 
explaining non-cultured microbes which represent the majority of life 
forms in most habitats of this planet. Metagenomics has risen as a 
strong weapon that can be used to study microbial communities despite 
inability of member organisms to be cultured in the laboratory using 
conventional isolation. Meta-genomics involves the extraction of the 
genetic material from the community so that genetic- material of all 
organisms in the community are pooled. Metagenomics is also 
described as environmental and community genomics that involves 
genome isolation from environmental sample, fragmentation and then 
cloned into plasmid which has capacity to replicate. Organisms are 
then cultured to create libraries and then the data is analysed. The two 
main and principally distinct outcomes of the metagenomic approach 
are the emerging new outlook at the complexity of the microbial 
communities, in forms of both species diversity and community 
dynamics, and identication of genetic determinants for production of 
biologically active molecules and processes that carry a potential for 
medical and biotechnological applications. This review intends to 
comprehensively explores the work on functional metagenomics, 
approaches and its applications.

2. BRIEF HISTORY OF METAGENOMICS
The history of metagenomics should probably be traced back to the 
work of Stanley and Konopka (1985), rst reporting on 'great plate 
count anomaly', and the works of the Woase group, identifying the 16S 
rRNA gene as a marker gene for evaluating microbial diversity [1]. 
Later on, this idea of 16S rRNA marker gene analysis by Sanger 
sequencing method transformed the way microorganisms are 
classied taxonomically. The practical use of 16S rDNA analysis as a 
tool for phylogenetic proling of microbial communities has been 
established by the Pace group in early nineties, constituting the onset of 
metagenomics as a sub-eld of microbial biology [2]. Later the term 
'metagenomics' was given by the Handelsman group [3]. The two 
inuential works, rst described the simple microbial community of an 
acid mine drainage [4] and the second one described a much more 
complex community of the Sargasso Sea [5]. Together they dened the 
most widely accepted meaning of metagenomics. Whole-genome 
shotgun (WGS) sequencing based analysis of microbial diversity in 
environmental samples, were published in 2004. Over the same time, 
advancement of alternative sequencing technologies like NGS, 
promising a signicantly higher throughput and signicantly reduced 
the cost of sequencing, known as next generation sequencing 
technologies have been tested in metagenomic applications [6]. These 
new sequencing technologies have also facilitated new elds of 
metagenomics, ti t led meta-transcriptomics (i .e.  shotgun 
characterization of environmental transcripts) and meta-proteomics 
(i.e. analysis of community protein content) and marked the arrival of a 
whole new era of metagenomics.

3. Next Generation Sequencing (ngs) Technologies 
The Sanger sequencing method is considered as 'rst generation' 
technology while the advanced methods are known as 'next-generation 
sequencing' (NGS) technologies. It has been more than a decade to 
arrival of the next generation sequencing technologies. These 
technologies rely on template preparation, attachment to the solid 
surface, sequencing and imaging, base calling and quality control. 
Roche 454 is the world's rst second generation sequencer. 454 
technologies are based on sequencing-by-synthesis, with the release of 
pyrophosphate (PPi) from the DNA polymerization reaction as a 
consequence of nucleotide incorporation and used to generate light 
signal [7]. The read length of Roche 454 was initially 100-150 bps and 
200000+ reads per run which is upgraded up to read length of 700 bps 
and output of 0.7GB data per run in 454 GS FLX system [8]. However, 
insertion-deletion errors in the homopolymeric regions are the main 
limitation of this technique. In 2006, Solexa/Illumina technology 
became one of the most active technologies because its low cost and 
high yields. This sequencer is based on reversible- termination 
sequencing by synthesis with uorescently labelled nucleotides. The 
DNA fragments with xed adaptors are denatured to single strand 
templates and then grafted to the owcell, where the sequencing 
reaction takes place by incorporating a labelled nucleotide. The 
uorophore of incorporated nucleotide is excited by laser and signal is 
captured by charged – coupled device (CCD).

Table1 | Comparison among sequencing technologies suitable for 
metagenomics

Thereafter, uorophore molecule is cleaved and followed by 
incorporation of next nucleotide [9]. The drawback of Illumina is 
substitution errors and occurs more frequently in the distal part of 
reads.  In 2007, Applied Biosystems (ABI) launched the Sequencing 
by Oligo Ligation Detection (SOLiD) based on the nucleotide probe 
ligation and two-base encoding system [9]. In SOLiD, eight- 
nucleotide probe has ve specic nucleotides complementary to 
template and rest three are non-specic bases. The probes are 
uorescently labelled using a scheme for two-base encoding with four 
uorophores. During sequencing reaction, probes containing all 
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possible combinations of rst ve bases are added. The probe with 
perfect match is hybridised and ligated and after imaging the 
uorescent label and last three bases are cleaved off, and a new set of 
probes is added.  Sequencing error rate is very low in case of SOLiD as 
each base is sequenced twice [10]. These techniques can sequence 
millions of molecules in parallel and eliminate the need of fragment-
cloning methods and detect sequencing output directly without 
electrophoresis. The major pitfall of these second-generation 
sequencing technologies is short read length which create problem in 
assembly and metagenomics analysis [11]. Also, standard PCR is used 
to randomly amplify genomic fragments; hence there are chances of 
relative deviation in amplication of fragments, resulting in accuracies 
in gene expression analysis. To overcome these limitations of second-
generation technologies, third generation sequencing technologies 
was developed. Third generation sequencing technologies allow single 
molecule based analysis as well as enable real time sequencing. At 
present, Nanopore [12], and SMRT [13] are single molecules, real-
time sequencing technologies that lower amplication bias generated 
by PCR and short read length problem. 

4. ANALYSIS METHODS OF METAGENOMICS
4.1 AMPLICON SEQUENCING ANALYSIS:
Amplicon sequencing method is based on the amplication of marker 
genes found in different organisms in the environmental sample. As 
16SrRNA gene is highly conserved among prokaryotes (bacteria and 
archea), it is widely used as genetic marker to analyze the bacterial 
phylogeny and taxonomy. However, in case of fungi and eukaryote 
internal transcribed spacer (ITS) and 18SrRNA genes respectively are 
used as marker genes. 

Marker gene proling relies on PCR to amplify a range of different 
microorganisms as a wide as possible. Introduction of biases by 1) 
PCR as selection against particular group of organisms, 2) presence of 
different copy number of 16SrRNA genes in bacterial genomes and, 3) 
horizontal transfer among the organisms inuence the relative 
abundance of microorganism in the sample. Mostly bioinformatic 
pipelines used to analyze amplicons of marker genes are designed for 
Roche 454 sequences. QIIME [14] Mothur [15] MEGAN [16] are 
some open source packages for amplicon analysis. Any typical 
pipeline involves three basic steps. First, ltration of sequence data 
through several quality lters as read length, phred score, low 
complexity sequences and removal of adaptor sequences. Second, 
clustering of sequences into operational taxonomic units based on their 
sequence similarity at particular level of taxonomy and then searched 
in reference databases to get closest match to an OTU to assign 
taxonomy classication. Some widely used databases are Greengenes 
for 16S [17], RDP [18], Silva for 16S and 18S [19] and Unite for ITS 
[20]. Third and nal step is quantifying microbial diversity of the 
sample from resulting data.

4.2 SHOTGUN METAGENOMICS
 a) Assembly
Assembly is a process of merging overlapped short reads generated 
from NGS technologies into larger genomic contigs and orientation of 
these into scaffolds. In metagenomic studies, for accurate functional 
annotation, it is advantageous to use large contigs as assembled data 
increases the probability of complete genes (or operons) 
reconstructions and also simplify the analysis by mapping long contigs 
instead of short reads [21]. Basically, there are two approaches for 
assembling short reads into contigs: 1) reference-based assembly, 2) de 
novo assembly. Earlier in metagenomic studies, reference-based 
approach was applied to metagenome assembly process. The 
reference-based assembly is based on the use of reference 
metagenomes as a “map” for generating contigs, which can represent 
genomes or part of genomes that belong to a particular species or 
genus. Newbler, MIRA 4 and AMOS are commonly used for 
referenced-based assemblies. 

While De novo assembly concern to the generation of assembled 
contigs without using prior reference of known genome. De novo 
assemblers are preferred with low coverage and complex metagenome 
data. MetaVelvet [22], Ray-Meta [23] and Meta-IDBA [24] are some 
de novo assemblers. MetaVelvet and Met-IDBA decompose de-Bruijn 
graph based on k-mer frequencies and then assemble each subgraph. 
While Ray Meta is based on heuristics-guided graph approach to nd 
optimal assembly [25].

b) Binning
Taxonomic classication of reads or grouping reads or contigs into 

individual genomes and assigning the groups to specic genus or 
species is called binning. Binning can be carried out using either reads 
or contigs. Two different binning strategies to get taxonomical 
classication are: 1) composition-based binning and, 2) similarity or 
homology-based binning. The former is based on k-mer frequencies 
i.e. individual genomes involve a unique allocation of k-mer 
sequences considered as “genomic signatures”. Tetra [26] and 
MetaclusterTA [27] are the tools that work based on composition-
based binning. Some other tools like Amphora and Maxbin rely on the 
k-mer signatures as well as GC content and coverage information. 
While homology-based methods use alignment algorithms such as 
hidden Markov Models and BLAST to map reads directly to individual 
reference genomes or pen-genomes. CARMA [28] and Megan [29] are 
currently used reference-based binning tools.

 c) Gene Prediction and Functional Assignment
The fundamental step for functional annotation is gene prediction or 
gene calling i.e. identication of genes within the reads/contigs. 
MetaGeneMark [30] and Glimmer-MG [31] are some of the coding 
gene predictor that utilize different models for gene prediction such as 
Hidden Markov Models, di-codon usage. MetaGeneMark uses codon 
usage-incorporated HMM; MetaGeneMark is based on di-codon 
usage and FragGeneScan [32] uses sequencing error model and codon 
usage-incorporated HMM. Noncoding genes such as tRNAs and 
rRNAs genes are predicted using pipelines such as tRNAscan [33] and 
RDP [18] respectively.

Next step of functional annotation is the functional assignment to the 
predicted protein coding genes. This can be achieved by using 
homology-based searches (HMM) and similarity-based searches 
(BLAST). IMG-MER, MG-RAST, CAMERA [34]. IMG/MER [35] 
utilizes HMM search to associate genes to PFAM. It can utilize its own 
sources, using them as reference non-redundant databases from which 
it retrieves additional functional annotation. While MG-RAST [36] 
utilizes other databases for annotation as well as taxonomy 
classication.

d) Metabolic Pathways Reconstruction and Comparative 
Metagenomics
Metabolic pathways reconstruction is generally performed using the 
KEGG database [37].  Computational tools such as IMG-M, 
CAMERA AND MG-RAST use KEGG database and KEGG graphs, 
which allow analyses beyond annotation like taxonomy classication 
and pathways reconstructions. METATREP is a tool to compare 
annotated metagenomes by graphical information for taxonomical and 
functional classication [25]. Minpath [38] and MetaPath [39] are 
currently used programs to construct metabolic pathways utilize 
information stored in KEGG and MataCyc repositories.

Finally, relationship between different environments and the microbial 
population and their environments can be established by comparing 
the taxonomy and functional proling. Parallel-meta [40] and 
MEGAN [29] are the useful computational tools to perform 
comparative metagenomics. 

Table 2 | Metagenomic tools according to their functionality.
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5. APPLICATIONS
In microbiology, metagenomics has emerged as dynamic tool and has 
changed the way by which a microbiologist solves many problems. It 
has been estimated that less than 1% of the microorganisms in the 
natural environment can be cultured in laboratory. It is increasingly 
recognised that a huge number of natural products exists in non-
cultural microbes with chemical, biological activities with potential 
uses in various industrial and biomedical applications [41]. 
Metagenomics provides an unlimited resource for the development of 
novel genes, enzymes, natural products, bioactive compounds, and 
bioprocesses.

5.1 METAGENOMICS AND NOVEL ENZYMES
Metagenomics has proven powerful approach for the ample demand of 
novel enzymes and biocatalysts [42]. Some industrially important 
novel enzymes such as cellulases, proteases, xylanases have been 
identied by using metagenomic approaches. Some of the main 
enzymes that have been unlocked from genetically unexploited 
resources have been described below.

A) Cellulases
Cellulase, a multi-component enzyme refers to class glycosyl 
hydrolases (GHs) that perform three major types of enzymatic 
activities: (1) endoglucanases (EC 3.2.1.4), (2) exoglucanases (3) β-
glucosidases (EC 3.2.1.21) [43]. Because of wide diversity of 
cellulases applications, they have gained much interest. They are 
extensively used for processing of food and fruit drinks, textile area, 
improving the nutritional quality and digestibility of animal feeds, in 
processing of fruit juices. Besides all these, now a day's use of 
cellulases in paper industry for de-inking of papers' is yet another 
emerging application [44]. Cellulases have been isolated from 
numerous natural sites as soil, rumen, compost soil and many more 
using metagenomic techniques by constructing the metagenomic 
libraries followed by screening of the biologically functional clones. 
Many researchers reported isolation of cellulose enzymes from niche 
environments which include anaerobic digester, alkaline and saline 
lakes [45]. In 2013, Yeh and his coworkers [46] reported GH12 
cellulase gene, RSC-EGI, encodes for 464 amino acids protein along 
with two other ORFs was extracted from metagenomic library derived 
from rice straw compost. This protein has more than 70% similarity at 
the amino acid level with cellulose from Micromonospora aurantiaca 
and Thermobispora sp. Kyong and his colleagues [47], in 2013, 
identied and characterized a novel CelEx-BR12 gene had an open 
reading frame (ORF) of 1140bps that encoded for a 380-amino acid-
protein from ruminal bacteria using a robotic, high-throughput 
screening system. The observed enzyme is multifunctional as 
endocellulase/exocellulase/xylanases activities were observed against 
uorogenic and natural glycosides, such as 4-methylumbelliferyl-β-d-
cellobioside (0.3Umg (-1)), birch wood xylan (132.3U mg (-1), oat 
split xylan (67.9 U mg (-1)), and 2-hydroxyethyl-cellulose (26.3 U mg 
(-1)) that may useful for biotechnological applications in industrial 
area. Another novel enzyme halotolerant cellulase Cel5A, soil 
metagenome-derived enzyme (endoglucanase), is highly stable and 
also active at high pH and salt concentration revealing the importance 
of metagenomic cellulases in industrial applications [48].

B) Lipases
Lipases are triacylglycerol acylhydrolases that catalyzed the 
hydrolysis of triacylglycerol to glycerol and fatty acids. Due to their 
hostility on extreme conditions such as temperature, pH, organic 
solvents, they have been obtained special industrial attention. Due to 
their potential signicance in industry largely in oil and fats, 
detergents, dairy and pharmaceutical industries the lipases from 
microbial sources like bacteria, yeast and fungi are presently earning 
particular attention [49]. Lipases have been reported using unique 
metagenomes e.g. from thermal environments, from saline lakes, and 
from marine sediments. Florence and his collegues, reported ve 
solid-attached and four liquid-associated rumen bacteria clones 

exhibited lipolytic activity. Isolated lipases/esterases were shown 
activity against mostly short to medium-chain substrates over a 
spectrum of temperatures and pH indicating their potential industrial 
eld [50]. Recently, three novel genes conferring lipolytic activity 
were identied from Kamchatka thermal spring volcanic metagenome 
[51]. Few lipolytic enzymes also have been extracted from marine sea 
sediments; one lipase h1Lip1 from metagenomic libraries of the Baltic 
Sea [52] and two esterases (estAT1 and estAT11) from the Arctic 
seashore [53].  In both cases metagenomic libraries were constructed 
using fosmid vectors. Out of these lipolytic enzymes, estearses, 
EstAT11, preferentially hydrolyzed (S)-racemic olfozacin butyl ester 
showing 70% enantiomeric excess value, displaying great potential for 
the chiral resolution of heat-liable substrates. Unique lipolytic 
enzymenamed Lipo l, was isolated from a metagenomic library of 
activated sludge source. Lipo l showed highest activity at temperature 
of 10°C and pH 7.5, decreases at temperature above 50°C, and 
resistance in presence of detergents, which might be useful as 
biocatalyst in organic chemistry and laundry industry [54]. EstATII, 
unusual esterase was isolated from Red Sea Atlantis 2 brine pool using 
metagenomic functional approach. EstATII was found thermophilic, 
halotolerant active up to 4.5M NaCl and maintains at least 60% of its 
activity in the presence of toxic (heavy) metals. These unique 
biochemical characteristics of the Red Sea Atlantis 2 brine pool 
isolated extremophilic esterases, i.e., halotolerance, thermophilicity, 
and resistance to heavy metals, shows its potential as biocatalyst [55].

C) Proteases
Proteases act as an invincible player in industrial biotechnology, 
especially in detergent, food and pharmaceutical eld. Though, large 
numbers of proteases present in a wide range of living organisms; 
proteases from microbial origins have often been reported to have 
distinct prevalence because they have almost all characteristics desired 
for biotechnological applications. Several proteases have been 
discovered using metagenomic approaches in the recent times. 
Nowadays, alkaline-based detergents are used because of their better 
cleaning properties due to high stability and activity of proteases under 
harsh conditions such as elevated temperature and pH [56]. Protease 
from metagenomic DNA isolated from goat skin surface and 
metagenomic libraries were constructed using pSP1 plasmid. Upon 
screening, clones carrying recombinant plasmid pSP1 exhibited 
protease activity. The cloned insert DNA has an ORF of 1890bps 
encodes for 630 amino acids showed signicant homology with 
peptidase S8 of Shewalenna sp. Although alkaline Serine protease 
(AS-protease) was over expressed and found inactive resulting in 
inclusion bodies formation [57]. Neveu et al. 2011, also isolated two 
serine proteases DV1 and M30 from metagenomic libraries derived 
from surface sand of the Gobi and Death Valley deserts. These 
proteases seem to belong to subtilisin family and exhibited unique 
biochemical properties. Protease DV1exhibit optimal activity at pH 8 
and temperature 55°C while M30 works good at pH >11 and 
temperature 40°C [58]. 

d) Amylases
Amylases are starch degrading enzymes. These enzymes play potential 
roles in a number of industrial processes like food, fermentation and 
pharmaceutical industries for the hydrolysis of starch. An exceptionally 
cold-adopted alpha amylase Amy13C6, from a metagenomic library of 
cold and alkaline environment was puried and was shown to have 
signicant homology to α-amylases from the class Clostridia. The 
enzyme was tested against two commercial detergents and was found 
that enzymes displayed activity in both of them, suggesting that the 
Amy13C6α-amylase may be effective as a detergent enzyme in 
environment friendly, low temperature laundry processes. Sharma et al., 
2010, discovered a novel amylase from a soil metagenome having 
maximum activity at 40°C under neutral pH whereas retained 90% of 
activity even at low temperature suggesting its potential candidature for 
possible industrial applications [59]. A thermostable and calcium-
dependent amylase was isolated from a soil metagenome and suggested 
its utilization in baking and de-starching [60].

5.2 METAGENOMICS AND BIODEGRADATION
Different kinds of waste such as petroleum discharge and incomplete 
explosion of fossils fuels, produced by industries are responsible for 
accretion of petroleum hydrocarbons in the environment. The 
generation of these anthropogenic compounds, through oil-related 
production, introduces ample amount of aromatic hydrocarbons into 
the surrounding, resulting in the contamination of environment [61]. 
Microorganisms are directly involved in the biogeochemical cycles 
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and responsible for the degradation of many carbon sources, can 
breakdown aromatic rings, like those of benzene, toluene, and 
mineralize their carbon skeleton [62]. Therefore, metagenomics is a 
tool that eliminates cultivation steps, as it consists of direct extraction 
of environmental DNA and its cloning into suitable vector. Isabel and 
coworkers in 2014 reported the potential of the metagenomic 
functional approach for the identication and characterization of new 
genes and the pathways in rarely studied environments and provide a 
broader aspect on the hydrocarbon degradation processes in oil 
reservoir [63]. Recently, researchers studied metagenomic libraries 
constructed from sludge DNA sample and obtained more than 400 
positive clones out of 13,200 clones for phenol degradation. These 
clones were selected to evaluate potential of microorganisms present 
in wastewater treatment plant for degradation, focusing mainly on 
genes and their metabolic pathways related to degradation of phenol 
and other aromatic compounds in sludge samples [64].

5.3 Metagenomics And Fecal Microbiota Transplants
The existence of symbiotic relationship between gut microbiota and 
human health is well established and human intestine is known to 
harbor around 10^14 microbes with 3500 different species [65]. 
Human gut microbiota plays signicant role in postnatal structural and 
functional maturation of gut, development of immune system and 
nervous system. Imbalance of micro-biota in body can lead to diseases 
such as antibiotic-associated diarrhea. Fecal micro-biota 
transplantation has proven to be valuable in restoring the disturbed 
micro-biota. At the rst time, Ge Hong used fecal transplantation in 
treating food poisoning [66]. There are many clinical reports on using 
FMT for disease conditions such as autism, depression, obesity, and 
multiple sclerosis [67]. In this scenario metagenomics play an 
important role by determining the microbial diversity in both healthy 
and diseased gut before and after the microbial transplantation.

7. CONCLUSION
New emerging eld of next generation sequencing (NGS) based 
metagenomics provide an access to the complete genetic material of 
microbial community of an environment. NGS based methods rule out 
the limitations of conventional genomic methods which are based on 
culture dependent isolation of genetic material. Metagenomics allows 
the identication of new genes, proteins and metabolic pathways with 
better accuracy than conventional molecular methods. NGS based 
methods have provided thorough understanding of genomics of 
microbial communities involved in degradation of xenobiotics. Also, 
mining of metagenomes has resulted in exploration of various novel 
enzymes like cellulases, proteases, lipases and amylases. Metagenomics 
of human gut resulted in identication of microbiome which has 
eventually led to the development of treatment technology called as 
Fecal Microbiota Transplant. This has been successfully employed for 
the treatment of diseases like colitis, obesity, and multiple sclerosis. In 
near future, metagenomics will be essential and elemental part of 
genome-based studies for comprehensive understanding of our 
environment in coordination with other omics-based methods like meta-
transcriptomics and meta-proteomics.
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